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Genomic diversity and analysis of resistance determinants
of Salmonella enterica subspecies enterica serotype
Kentucky isolated in Russia
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Abstract

Introduction. Salmonella Kentucky sequence type ST198 is one of the epidemiologically significant non-typhoidal
Salmonella clones worldwide and is characterized by the presence of highly resistant strains and the ability to
adapt to different animal hosts and environmental conditions.

The aim of this study was to analyze S. Kentucky strains isolated from various sources in Russia in terms of their
phylogenetic position within the global diversity of the pathogen and their genetic characteristics.

Materials and methods. We examined 55 strains of S. Kentucky by whole-genome sequencing, which were
isolated from 2010 to 2022 from various sources (clinical strains, food, as well as from farm animals, feed and
environmental samples). Whole genome sequencing was performed using lllumina platforms. Phylogenetic
analysis based on nucleotide variation analysis included an additional 390 S. Kentucky strains.

Results. Most of the Russian strains (n = 50) belonged to the ST198 sequence type, four strains were ST314
and one strain was ST152. Of the 50 Russian sequence-type ST198 strains, 44 belonged to the international
monophyletic MDR lineage S. Kentucky ST198, and belonged to four separate sublineages, six strains occupying
a basal position in relation to the MDR lineage. A total of 320 genes and mutations responsible for resistance to
antimicrobial agents were identified. The most common were point mutations in the QRDR region. In most cases,
Russian strains were characterized by the presence of variants of the SGI1-K genomic island. Moreover, the
putative structure of SGI1 was correlated with the phylogenetic clustering of S. Kentucky sublineages.
Conclusions. The results of the study made it possible to assess the population structure of Russian S. Kentucky
ST198 strains on a global scale and determine the genetic determinants of antibiotic resistance, including the
structure of the SGI1 genomic island.

Keywords: Salmonella enterica, Salmonella Kentucky, ST198, SGI1, antibiotic resistance, whole genome
sequencing
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feHOMHOe pa3HOOOGpa3ve n aHanu3 feTepMNHAHT
pe3uncrteHTHOCTUN Salmonella enterica nogBupg enterica
cepoBap Kentucky, nsonuposaHHbix B Poccun

Kynewos K.B."™, MaBnoBa A.C.', KpemneBa A.A.2, KapneHko A.E.",

Munxannosa 10.B.', KpytoBa H.E.!, JincuybiHa M.P.', Monosa K.P.},
Becenosa O.A.', Mogkon3uH A.T.", AKUMKuH B.I.

'LleHTpasbHbI HayYHO-UCCIEA0BATENbCKNIN UHCTUTYT anuaemmnonorumn PocnotpebHaasopa, Mocksa, Poccus;
2PepepanbHbiil LEHTP OXpaHbl 300P0BbA XKMBOTHbIX, MockBa, Poccus

AHHOMauusi

BBepneHue. Salmonella Kentucky cukseHc-Tuna ST198 oTHOCUTCSI K OOHOMY U3 3NUAEMMUONOrMYECKN 3HAYNMBbIX
KITOHOB HETU(ONAHBLIX CanbMOHEN BO BCEM MUPE N XapaKTepn3yeTCcsl HannyineM BbICOKOPE3UCTEHTHbLIX LUTaM-
MOB, a TaKke BO3MOXHOCTbI afanTaumm K pasfnyHbiM XNBOTHBIM-X035i€BaM U YCIOBUSAM OKpYXXatoLLen cpeabl.
Llenb paboTtbl — nccrnegoBaHue wrammoB S. Kentucky, BbligeneHHbIX 13 pas3nuyHbIX ICTOYHUKOB Ha TeppuTopumn
Poccun, B acnekte ux unoreHeTM4eckoro nonoxeHmsa B macwtabax rnobansHoro pasHoobpasus natoreHa u
onpepgerneHne Nx reHeTU4ecknx ocobeHHOCTEN.

Martepunanbl n metoabl. MeTO4OM MONTHOFEHOMHOIO CEKBEHMPOBAHUSA uccneqosaHo 55 wrammoB S. Kentucky,
KoTopble Obinn n3onupoBaHbl B 2010-2022 rr. M3 pa3nuyHbIX UCTOYHMKOB (KMMHUYECKME LITaMMbl, NULLEBbIE
NpoAyKThbl, @ TaKKe OT XUBOTHbLIX, KOPMOB M OOBLEKTOB OKpyXKatoLLen cpefbl). [MonHOreHoMHoe CEKBEHNPOBaHWE
npoBOAMM C Ucnosnb3oBaHneM nnartgopm «lllumina». dunoreHeTUYECKUA aHaNM3 Ha OCHOBE aHanmns3a HyKneo-
TUAHBLIX Bapuauui, gononHuTenbHo Bkodan 390 wrammos S. Kentucky.

PesynbraTbl. Bénblas yactb poccunckmx wrammoB (n = 50) oTHocunacb k ST198, 4 wramma — k ST314,
1 wramm — k ST152. N3 50 poccunckux wtammoB ST 198 44 npuHagnexanu K MexayHapogHoM MOHOUNUTNYe-
ckot MDR-nunHum S. Kentucky ST198 n oTHocunmcs Kk 4 otaenbHbIM cybnuHmam, 6 wraMmmoB 3aHumanu 6asans-
HOe MonoXeHwne no oTHoweHunto kK MDR-nnHun. Beero 6bino BeiseneHo 320 reHOB U MyTauuii, OTBETCTBEHHBIX
3a Pe3nNCTEHTHOCTb K MPOTUBOMUKPOOHBIM npenapatam. Hanbonee yacto BCTpeyanvcb TOYEYHblE MyTauun B
obnactn QRDR. B 60nbLUMHCTBE CriydaeB 41151 POCCUMICKUX LUTaMMOB ObINo XxapakTepHO NPUCYTCTBUE BapnaHToB
reHomHoro octpoBa SGI1-K. lMNpu atom runotetTuyeckas cTpyktypa SGI1 cooTHocunacb ¢ hUnoreHeTUYECKOn
knactepusaumen cybnvHuin S. Kentucky.

BbiBoabl. PesynsraTthl MccnegoBaHUs NO3BONUAW OLEHUTb MONYNSALMOHHYIO CTPYKTYPY POCCUMCKUX LUTaMMOB
S. Kentucky ST198 B mnpoBom macLutabe v onpeaenuTb reHeTUYeCKME 4ETEPMUHAHTBI @aHTUOMOTUKOPE3UCTEHT-
HOCTW, BKItOYasi CTPYKTYpy reHOMHoro octposa SGI1.

KnioueBble cnoBa: Salmonella enterica, Salmonella Kentucky, ST198, SGI1, aHmubuomukope3ucmeHmHocmb,
10/ITHO2EHOMHOE CeKeeHUpo8aHuUe

Hcmoyruk gpuHaHcupoeaHus. iccnenoBaHve NpoBeaeHo B paMKkax OTPacrieBol Hay4YHO-UCCreaoBaTenbCKov Npo-
rpammbl PocnotpebHaasopa Ha nepuog 2021-2025 rr. (Ne HUOKTP AAAA-A21-121011990054-5).

KoHgbnnukm uHmepecoe. ABTOpbl AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLe CTaTbu.

Ans yumupoearus: Kynewos K.B., Naenosa A.C., Kpemnesa A.A., Kapnenko A.E., Muxannosa t0.B., Kpytosa H.E.,
Jucuupiva M.P, Monoea K.P,, Becenosa O.A., MNMogkonavnH A.T., AkuMkuH B.I. FfeHOMHOe pa3Hoobpasve u aHanus ge-
TepPMUHaHT pe3ncTeHTHoCTU Salmonella enterica nogsua enterica ceposap Kentucky, nsonmposaHHbix B Poccuu. XKyp-
Hasn Mukpobuosnoauu, anudemuorioauu u ummyHobuonoauu. 2024;101(3):303-314.
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Introduction

One of the epidemiologically significant serotypes
of nontyphoidal salmonellae is the Salmonella enteri-
ca subspecies enterica serotype Kentucky (hereinafter
referred to as S. Kentucky). A number of studies have
described cases of isolation of strains producing ex-
tended-spectrum [-lactamases (ESBLs), and in some
cases even resistant to carbapenems. S. Kentucky is
considered one of the target serotypes for monitoring
prevalence in poultry production [1].

Various studies in recent years have shed light
on the emergence, drivers, and potential threats of
S. Kentucky, in particular the sequence type (ST)
ST198, which readily adapts to the selection pressure
exerted by antibiotic use under various environmen-
tal conditions. This Salmonella serotype has evolved
from no resistance before 1990 to an increase in the
prevalence of ciprofloxacin-resistant isolates in the
early 21st century (from 55% in 2007 to 88% in 2017
[2, 3]). In the first years of this decade, studies record
the accumulation of genetic elements responsible for
resistance to a wide range of antimicrobial drugs [2].
The intensive use of antibiotics in animal husbandry
and medicine is one of the primary causes of this phe-
nomenon. Globalization of trade and travel opportuni-
ties create favorable conditions for the spread of resis-
tant bacterial clones internationally. In Europe, human
infection with the strain S. Kentucky ST198 multi-
drug-resistant (MDR) strain was previously mainly
associated with travel to North Africa or Southeast
Asia, with Egypt being the most likely source of these
bacterial isolates [2, 4, 5].

It is shown that all MDR strains of S. Kentucky
ST198 belong to a single genetic lineage that has ac-
cumulated antimicrobial resistance determinants since
the early 1990s. [5]. The different determinants of
chromosomal resistance since the mid-1990s are asso-
ciated with Salmonella genomic island 1 (SGI1) inte-
gration. SGI1 is a 43,000 bp genomic island originally
described in S. Typhimurium DT104 [6] and encodes
resistance to a variety of antimicrobial drugs, includ-
ing amoxicillin, gentamicin, and sulfonamides [7]. The
insertion of SGI1 was followed by cumulative muta-
tions in the gyr4 and parC genes, leading to resistance
to nalidixic acid and then to ciprofloxacin in 2002. It is
assumed that it is due to the peculiarities of genetic or-
ganization — chromosome-integrated resistance — that
explains the clonal success of this MDR lineage and
its rapid and wide spread worldwide [5, 8]. Previous
studies have demonstrated that the acquisition of SGI1
compared to the acquisition of resistance plasmids does
not require the cost of adaptation (bacterial fitness)
during growth under nutrient-limited conditions [9],
which may directly affect the effective spread of antibi-
otic-resistant strains and makes it necessary to closely
monitor the trends and dynamics of circulation of this
pathogen not only regionally but also globally.

Existing studies based on whole genome se-
quencing data and population structure analysis have
provided a useful basis for understanding the ongo-
ing evolution of the MDR lineage of S. Kentucky
ST198 [5]. MDR-lineage strains were mainly found
in Egypt until 2005 and then rapidly spread through-
out Africa and the Middle East [4]. Another cause for
concern is the expanding range of sources of detec-
tion of MDR-lineage strains of S. Kentucky ST198.
Initially, they were detected in autochthonous poul-
try, but later in various animals and food products
(Salmonella-contaminated spices in France and the
USA, turkey flocks in Germany and Poland, and wild
animals) [4, 10-12].

According to salmonellosis monitoring data,
S. Kentucky is not among the ten dominant serotypes
of salmonellae in Russia. The cases of salmonella de-
tection from various sources do not exceed 0.3% during
the last year', which corresponds to several dozens of
strains per year. At the same time, according to pub-
lished data, this serotype was not an etiologic agent of
cases of group morbidity from 2019 to the present [13],
and information about the isolation of strains of S. Ken-
tucky ST198 in Russia is limited to single cases [14]. At
the same time, the question of the population structure
of Russian strains and their genetic characteristics in
comparison with strains circulating in other regions of
the world remains open.

The aim of this study is to analyze S. Kentucky
strains isolated from various sources in Russia in terms
of their phylogenetic position in the scale of global
pathogen diversity and determination of their genetic
features.

Materials and methods

Selection of isolates and microbiological studies

Between 2010 and 2022, 55 strains of S. Kentucky
isolated on the territory of the regions of the Russian
Federation from various sources were studied.

Microbiological analysis of Salmonella strains

Prior to total DNA extraction for whole genomic
sequencing, bacterial culture was sieved to single col-
onies and serotype confirmation was performed using
polyclonal (PETSAL) and monoclonal (Sifin) sera.

Whole-genome sequencing

Total DNA from 7 x 10° CFU was extracted using
the Ribo Prep kit (AmpliSens). Genomic libraries for
whole genome sequencing of each Salmonella strain
were prepared from 70 ng of total DNA using the Nex-
teraXT kit (Illumina). Massively parallel sequencing

! Information bulletins of the reference Center for Monitoring of
Salmonellosis No. 35-26.
URL.: https://www.epid-oki.ru/otchety.html
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was performed on MiSeq, Hiseq, and NextSeq (Illumi-
na) platforms.

Processing of whole genome sequencing data
and de novo assembly of genomes

Removal of adapters and low quality nucleotide
reads was performed using the BBTools package?. De
novo assembly of contigs for each of the strains was
performed using the SKESA assembler [15]. The num-
ber of nucleotide reads and assembly quality were
considered sufficient for further analysis under the fol-
lowing conditions: (1) an average of more than 30-fold
sequencing depth was achieved by reverse mapping the
original nucleotide reads to the assembled contigs; (2)
the requirements for the metrics of the obtained con-
tigs were met’: total contig length from 4 to 5.8 million
bp, N50 more than 20,000 bp, number of contigs less
than 600, proportion of "N" nucleotides less than 3%,
and percentage of contigs belonging to the Salmonella
genus more than 70%. At the final stage of assembly
validation, the obtained contigs were used to confirm
the belonging of the sequenced strain to the serotype
S. Kentucky using the SISTR [16] and SeqSero [17].

Phylogenetic analysis

The total collection of genomes for phylogenetic
analysis included 445 genomes of S. Kentucky strains,
including 55 strains of Russian origin (GenBank acces-
sion numbers SAMN42109132—-SAMN42109186) and
390 strains sequenced in previous studies [5, 9, 18, 19].
Bioinformatic analysis was based on the search for in-
formative single nucleotide polymorphisms (SNPs) by
mapping the nucleotide reads of each of the sequenced
bacterial isolates to the reference genome of S. Ken-
tucky (NCBI accession number: CP028357) using the
SnapperDB software pipeline [20]. The analysis was
performed with the following parameters: minimum
consensus depth — 10x, minimum read mapping quali-
ty to account for variation — 30x, minimum major vari-
ant fraction — 90%, minimum required genome-wide
average coverage — 30x. The resulting SNP profiles
were converted to alignment format. Subsequent phy-
logenetic tree reconstruction and removal of SNPs lo-
cated in recombination regions were performed in the
Gubbins v. 3.2.1 program [21]. Bootstrap analysis with
1000 repetitions was performed to confirm the tree to-
pology. Phylogenetic sublineages (genetically homoge-
neous groups of SNP profiles) were determined using
the Fastbaps program with the parameters "optimize.
baps". As a result, the clusters identified at the first level
of clustering were used [22].

2 BBTools. URL: https://jgi.doe.gov/data-and-tools/software-
tools/bbtools/ (nata obpamenus 12.12.2023)

EnteroBase. Quality Assessment evaluation. URL: https://
enterobase.readthedocs.io/en/latest/pipelines/backend-pipeline-
qaevaluation.html (nara obpamenus 12.12.2023).
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Determination of sequencing type, genetic
determinants of antibiotic resistance
and plasmid replicons

ST based on 7 housekeeping genes were deter-
mined using mlst program®. Antibiotic resistance genes
and point mutations were searched using AMRFinder-
Plus v. 3.10.40 with the parameters "-1 0.9 -¢ 0.6 -O
Salmonella" (minimum percentage of identity — 90%,
minimum overlap — 60% with filtering of results spe-
cific to the Salmonella genus) [23]. Plasmid type deter-
minations were performed using the MOB-suite v. 3.0.0
program [24].

SGI1 analysis

We determined the presence and analyzed the
putative structure of the SGII island by mapping the
short nucleotide reads of each genome to the SGI1-K
reference sequence (NCBI database access number
AY463797.8). In the comparison set, we also included
the genomes of S. Kentucky, which were characterized
by different SGI1-K island variants, as well as other de-
rived SGI1-K island variants, SGI1-P and SGI-Q [5].

Results

According to theresults of the analysis, the majority
of strains (n = 50) belonged to ST198 (90.9%), 4 (7.3%)
strains were represented by ST314 and only 1 (1.8%)
strain was ST152. Strains with these STs belonged to
separate phylogenetic lineages with a high level of ge-
netic divergence at the level of core SNP indicating the
polyphyletic nature of this serotype, i.e., the ancestral
strains of these STs evolutionarily acquired the same
O-antigens through convergent evolution (Fig. 1, a)
[25]. Since the majority of the Russian strains belonged
to the ST198 genotype, further analysis focused on the
detailed analysis of this group. For comparison, we
used the previously sequenced genomes of S. Kentucky
ST198 that are deposited in international databases (n =
390). These strains were characterized by a wide time-
frame (1937-2022), geographic range of strain isolation
(5 continents), and belonged to diverse sources (human,
food, animal and environmental).

Phylogenetic analysis of 440 ST198 strains al-
lowed us to identify 13 sublineages (BAPS genetic
clusters) represented by more than 1 strain. At the same
time, 9 sublineages belonged to the international mono-
phyletic MDR lineage of S. Kentucky ST198, and 4 oc-
cupied a basal position relative to it (Fig. 1, b). The bas-
al clades of each sublineage of the international MDR
clone included strains isolated in African countries,
supporting the hypothesis of the origin of the MDR lin-
eage S. Kentucky ST198 on the African continent and
subsequent spread throughout the world.

4

mlst: scan contig files against traditional PubMLST typing
schemes. URL: https://github.com/tseemann/mlst (nara oGparie-
Hus 12.12.2023).
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ala 6|b

Fig. 1. Maximum likelihood phylogenetic tree.

a — tree reconstructed based on SNPs of 173 S. Kentucky strains of sequence types ST314, ST152, and ST198. Strains belonging
to individual sequence types belong to separate phylogenetic lineages with a high level of genetic divergence;
b — maximum likelihood phylogenetic tree reconstructed based on SNPs of 445 S. Kentucky sequence-type ST198 strains. The genome of
strain 98K (accession number SRR6898532), isolated in the USA in 1937 from chicken, was used as an outgroup. The clade shown in red
indicates the MDR lineage S. Kentucky ST198, which includes nine sublineages SLK1-SLK9, identified in the Fastbaps program. The date
of MDR lineage origin (1989 year) is indicated according to J. Hawkey et al., 2019 [5]. The outer sectors of different colors represent the
geographic regions in which the strains were isolated. Gray sectors on the tree highlight 50 strains of S. Kentucky ST198 isolated in Russia.

Of the 50 Russian ST198 strains, 44 strains be-
longed to the international monophyletic MDR lineage
S. Kentucky ST198 and belonged to 4 separate sublin-
eages (SLK-1, SLK-2, SLK-4, SLK-7), while 6 strains
belonged to the SLK-11 sublineage and occupied a bas-
al position in relation to the MDR lineage of S. Ken-
tucky ST198 (Fig. 1, b). The largest number of Russian
strains of S. Kentucky (n = 25) belonged to the SLK-2
subline, the smallest — to the SLK-7 sublineage (n = 2).
Note that the SLK-4 sublineage was mainly represented
by strains from Europe.

Phylogenetic analysis and geographical region of
isolation of S. Kentucky strains in Russia did not reveal
any correlations. At the same time, Russian strains of
the SLK-2 sublineage are characterized by predominant
isolation in the North Asian part of Russia (Omsk and
Irkutsk regions, Republic of Buryatia, Krasnoyarsk and
Altai krais), while for the SLK-11 sublineage — in Euro-
pean Russia (Moscow and Tula regions), and strains be-
longing to sublineages SLK-1, SLK-7 and SLK-4 were
found in both territories.

Analysis of genetic clustering of Russian strains
of S. Kentucky at the level of differences within 5 SNPs
allowed us to identify 6 t5-SNP clusters that belonged
to 3 sublineages (Fig. 2). Two t5-clusters were asso-
ciated with the SLK-2 sublineage. One of the t5-clus-
ters included 8 strains that were isolated from differ-

ent sources (human, environmental and food) during
2019-2020. The second cluster included 2 strains iso-
lated from humans in 2022.

Russian strains of S. Kentucky SLK-1 sublin-
eage strains also included 2 separate t5-SNP clusters,
to which 14 strains belonged. The first cluster included
12 strains isolated from the environment of the poultry
farm and turkey during the enzootic of salmonellosis
in poultry, thus confirming the clonal relationship of
salmonella cases detected at the poultry farm. The sec-
ond cluster included 2 sporadic strains from humans in
2018 and 2019.

SLK-11 sublineage was characterized by 2 t5-SNP
clusters: 1 cluster was for strains isolated from turkey
feed in 2020 and the other cluster was for strains isolat-
ed from turkey litter at the poultry farm in 2022.

Genetic determinants of S. Kentucky ST198 antibiotic
resistance and plasmid diversity

All ST198 strains isolated in Russia contained
genes or mutations responsible for antibiotic resistance.
Moreover, 62% of the strains contained a total of 6-11
resistance genes. A total of 320 genes and mutations
responsible for antimicrobial resistance were identified
among the 50 strains. The most frequent point muta-
tions were in the QRDR region determining resistance
to quinolones, namely in the gyr4 (S83F) genes —
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Fig. 2. Genetic diversity and population structure of Russian strains of S. Kentucky ST198 (n = 50).

Maximum likelihood phylogenetic tree reconstructed based on SNP alignment of 51 S. Kentucky sequence-type ST198 strains. The genome
of the S. Kentucky strain 93-6429 (short read archive accession number SRR6898537), isolated from a human in 1993 in Indonesia, was
used as an outgroup. Individual clades on the phylogenetic tree correspond to the identified sublineages of Russian S. Kentucky isolates. The
diagram shows isolate information: geographic region of isolation, source of strain, the epidemiological situation (outbreak/sporadic), identified
genetic clusters at the level of differences in 5 SNPs (t5-SNP clusters), as well as information about the presence or the absence of genetic
determinants of antibiotic resistance and plasmid replicons.

13.8% and parC (S80I) — 13.8%. The tetA tetracycline
resistance gene was found in 11.9% of strains. The
bla_,,, ., aac(3)-1d and aadA7 genes were present in 5%
of strains.

When analyzing various combinations of gene-
tic determinants of resistance, 14 combinations were
found. The most frequent (26%) was the combination
gyrA(S83F,  D87Y)-parC(S80I) bla.,,  sull-aac(3)-
Id-aadA7-tet(A), gyrA(S83F, D87N)-parC(S801)-sull-
tet(A) and gyrA(S83F, D87N)-parC(S801)-dfrA14-sull-
sul2-aph(6)-1d-aph(3")-1b-tet(A) combinations ranked
2" and 3" in frequency of occurrence (8% each).

The nature of the set of identified resistance genes
and mutations was reasonably consistent with the phy-
logenetic clustering of the strains studied. All strains of
SLK-2 sublineage were characterized by the presence
of 3 chromosomal mutations (gyr4 (S83F, D87N) and
parC(S801)), and the genes dfrd14, sull, sul2, aph(6)-
1d, aph(3")-Ib and tetA were found in the majority of
strains. At the same time, bla and aadA genes were ab-
sent in the group of SLK-2 strains after 2015 in com-
parison with others.

Russian strains of SLK-1 also carried 2 mutations
in the QRDR region, gyrA(S83F) and parC(S80I), but
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differed from SLK-2 by a mutation in the gyr4(D87Y)
gene. All strains carried the same set of resistance genes
bla_,,, -sull-sull-aac(3)-1d-aadA7-tet(A).

The 2 strains of SLK-7 sublineage, like SLK-
2, were characterized by similar mutations in the
gyrA(S83F, D87N) and parC(S801) genes. At the same
time, strain SLK 5298 included the entire set of genes
characterlstlc of the SGI1-K genomic island (bla,,

-sull-aac(3)-1d-aph(6)-1d-aph(3")-1d-aph(3")- Ib
aadA7 tet(A)) [19], and strain SLK 10077 was charac-
terized by the absence of resistance genes.

SLK-4 sublineage strains were characterized by
set of mutations in gyrA4(S83F, D87G) and parC(S80I).
Moreover, 2 strains (SLK 10358 and SLK 4955) car-
ried the bla..., , , gene, in addition to other genes en-
coding antibiotic resistance.

In comparison with the other strains, only the plas-
mid-mediated resistance gene gnrB19 was detected in
representatives of the SLK-11 sublineage. No muta-
tions in the QRDR-region and other resistance genes
were detected.

Analysis of plasmid diversity allowed us to deter-
mine the presence of 13 known types of plasmid incom-
patibility among sequenced Russian isolates. Col156,
rep_cluster 2335 and rep_cluster 2350 were the most
frequent. The greatest diversity of plasmids was char-
acteristic of SLK-2 sublineage strains, which, in addi-
tion to the above-mentioned plasmids, included IncX,
Inc-gamma and ColpVC groups.

SGI1 genomic island analysis

The presence of SGI1 island genes in the se-
quenced genomes was considered as evidence of SGI1
embedding into the bacterial chromosome, namely in
the region from the 3'-end of the ##mE gene to the 5'-
end of the yidY gene. The results of SGI1-K reference
sequence overlap analysis for Russian S. Kentucky
strains are presented in Fig. 3.

The main differences in SGI1-K variants consist
in the variation not only in the composition of the is-
land genes, but also in the set of transposons. In par-
ticular, the reference SGI1-K carries a set of 5 trans-
posons Int4-Tn21-Tn1721-Tn5393-Tn3, while the pre-
viously described SGI1-K variant in strain 08-KS6 is
characterized by the absence of transposon 775393 and
shortened variants of transposon 7nl721 (Int4-Tn2l-
ATnl1721-Tn3), strain 08-5707 has a shortened 7n5393
transposon  ([nt4-Tn21-Tn1721-ATn5393-Tn3), and
strain 07-1511 has only 3 transposons (Tn1721-Tn21-
Tn3) with region inversion.

The SLK-11 sublineage strains were characterized
by the absence of both SGII island genes and mobile
genetic elements Int4, Tn21, Tn1721, and Tn3, which
are characteristic of SGI1-K, indicating the absence of
SGI1 island integration into the chromosome.

For strains of SLK-2 sublineage, the SGI1-K ref-
erence sequence overlap ranged from 19% to 61%. At

the same time, most strains were characterized by the ab-
sence of the main part of the backbone genes in the range
from the S005 gene to the resG gene and the presence
of transposons Int4, Tn21, Tni721 carrying resistance
genes. SLK 7836, SLK 7843 and SLK 7842 strains,
which lacked mobile elements, were also characterized
by the absence of antibiotic resistance genes. SLK 6643
strain was characterized by a similar pattern of reference
sequence overlap with SGI1-K. In turn, SLK 5116 and
SLK 4223 strains were similar to the SGI1-K 08-5707
variant with a deletion of the bark traG-resG genes and
a set of Int4-Tn21-Tnl721-Tn3 mobile elements.

All SLK-1 sublineage strains had a similar com-
position of SGI1 island genes and 90% overlap of the
SGI1-K reference sequence. The set of mobile ele-
ments, including Int4-Tn21-Tn1721-Tn3, was similar
to the SGI1-K variant described previously in strain
08-KS6.

In the SLK-7 sublineage, strain SLK_ 10077 was
characterized by 60% percent overlap of the reference
sequence due to the presence of island genes and ab-
sence of mobile elements, which correlated with the
absence of resistance genes in the contig analysis. At
the same time, the nucleotide reads of strain SLK 5298
overlapped the reference sequence SGI1-K by 100%.

SLK-4sublineage strains were characterized by dif-
ferent variants of SGI1. For example, strain SLK_ 10358
(61% overlap) was characterized by the presence of all
island genes, while only transposon 7rn5393 was pres-
ent among mobile elements. SLK 4955 (87% overlap)
and SLK 1731 (85% overlap) strains were character-
ized by a similar set of Int4-Tn21-Tnl721-Tn539 trans-
posons. However, SLK 1731 lacked the SGI1 island
genes (S025-resG).

Discussion

The epidemiologic significance of S. Kentucky se-
rotype is due to its potential for spread, adaptability to
various environmental conditions, and genetic mecha-
nisms, including chromosomal and plasmid-mediated,
which allow resistance to a wide range of antimicro-
bial drugs to be realized. Along with a high proportion
of strains resistant to ciprofloxacin, cases of combined
resistance to ciprofloxacin and cefotaxime (III genera-
tion cephalosporins) have been registered. In particular,
strains with combined resistance were registered on the
island of Malta and belonged to bacterial isolates pro-
ducing ESBL [26]. S. Kentucky strains with genes for
ESBL (CTX-M-1, -M-14, -M-15, -M-104), cephalo-
sporinase AmpC beta-lactamases (CMY-2 and -4), and
carbapenemases (VIM-2, OXA-48, NDM-1) localized
not only on plasmids but also in the SGI1 chromosom-
al region [4, 5, 19, 26-29]. Although salmonellosis is
considered a strictly zoonotic infection, there have been
suggestions of the spread of some epidemic clones of
S. Kentucky from human to human and that humans are
areservoir [18].
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Fig. 3. The degree and nature of overlap of the reference sequence SGI1-K (NCBI accession number AY463797.8)
with short nucleotide reads of each of the compared genomes.

The order of strains in the diagram corresponds to the order of strains in the phylogenetic tree in Fig. 2.

To date, there are 10 different STs of S. Kentucky,
3 of which (ST198, ST152, and ST314) are the most
frequent [30]. In certain cases, different representation
of these STs has been noted, both territorially (interna-
tional differences) and in relation to the sources of Sal-
monella isolation [31, 32]. However, the predominance
of ST198 and ST152 in humans and poultry has been
noted [33]. In our study, more than 90% of the strains
associated with different isolation sources were ST198
and ST152 was represented by a single strain, which is
consistent with international data.

The use of whole genome sequencing is the gold
standard and universal tool for genomic surveillance
of socially important pathogens [34, 35]. The possi-
bility of hierarchical clustering of phylogenetically
significant markers of a certain pathogen at different
levels of detail and comparison with sequences de-
posited in international databases not only provides
valuable information on evolutionary trends and as-
sessment of pathogen spreading factors on a global
scale, but also makes it possible to determine clonal
and familial relationships between strains for epide-

miological investigation of outbreak and sporadic
morbidity [36-38].

According to the phylogenetic analysis, the major-
ity of ST198 strains circulating in Russia belonged to
4 major sublineages of the international monophyletic
MDR lineage of S. Kentucky ST198, which includes
strains with MDR phenotype to antimicrobials [5].
A majority of Russian strains belonged to phylogenetic
sublineages SLK-1 and SLK-2. At the same time, the
long period of isolation of strains from different sourc-
es belonging to these two sublineages may indicate the
presence of two established and genetically distinct
subpopulations of the MDR-lineage of S. Kentucky
ST198 on the territory of Russia. It is interesting to note
that the character of phylogenetic clustering into sepa-
rate sublineages coincided with a certain combination
of 3 mutations in the gyr4 and parC genes, determining
resistance to quinolones, which allows us to use them
as markers for differentiation of Russian S. Kentucky
ST198 strains into the main phylogenetic sublineages.

Two strains of the SLK-4 sublineage, SLK 10358
(Irkutsk, sporadic case in 2022) and SLK 4955 (a re-
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presentative strain from a salmonellosis outbreak in
Izhevsk in 2015), were representatives of the phylo-
genetic sublineage that has been associated with the
S. Kentucky population established since 2005 in Euro-
pean countries [18]. The peculiarity of these ciproflox-
acin-resistant S. Kentucky strains is the presence of the
bla .y \,.., gene integrated into the chromosome, encod-
ing ESBL [18]. This gene was also detected in Russian
strains of SLK-4 sublineage. Cases of isolation of such
strains may indicate single and independent cases of
introduction of strains of S. Kentucky bla ., ,, , from
the territory of the EU countries, but this assumption
requires investigation of an expanded sample of strains.

The data obtained, based on the identification of
genetically similar strains, using a clustering approach
at a level not exceeding 5 nucleotide variations between
strains (t5-SNP cluster), revealed 6 groups of clonally
related strains within 3 sublineages of Russian S. Ken-
tucky ST198 strains. The size of the groups varied from
2 to 11 strains. In most cases, the identified t5 clusters
were associated with the circulation of a particular clone
of S. Kentucky ST198 in a limited area and in a relatively
short period of time (not more than 1 year): in an epizo-
otic outbreak of salmonellosis at a turkey poultry farm
in Tula region (2012); detection of salmonella strains in
turkey litter at a poultry farm in Moscow region (2022);
in mixed feed for turkeys in the Moscow region (2022);
and in 2 independent cases of salmonellosis in humans
in Angarsk and Irkutsk in 2022. At the same time, our
studies demonstrate the possibility of the existence of la-
tent circulation of a certain clone of S. Kentucky ST198
with strains detected in 2019 and 2020 in Omsk (rn = 7)
and Irkutsk (n = 1), which were associated with sporad-
ic cases of salmonellosis and isolation of salmonellae
from environmental objects and from food products,
thus indicating a probable epidemiologic linkage.

The approach used in our study to analyze the
structure of the SGI1 genomic island allowed us to
indirectly assess its composition and demonstrate the
sensitivity of this genomic region to genetic rearrange-
ments caused by the activity of transpositional ele-
ments [5, 9, 19]. These rearrangements can lead to the
deletion of some or all genes within SGI1 [5]. In most
cases, Russian strains are characterized by the presence
of SGI1-K variants. Nevertheless, in a number of ge-
nomes, the detected set of transposons differed from the
existing SGI1 variants, which probably indicates the
presence of a new variant of the genomic island. High
variation of this island was also observed in previous
studies, where almost every strain was characterized by
a different SGI1 structure. In addition to large deletions
of the SGI1 island, some strains had inversions of all or
part of the segment including resistance genes, as well
as transposon rearrangements [5].

The analysis of SGI1 organization and phyloge-
netic clustering of strains based on the analysis of SNP
profiles generally correlated with each other for differ-

ent SLK sublineages. However, in SLK-2 strains be-
longing to the same t5-SNP cluster, the SGI1 structure
showed differences in set of transposons. Such discrep-
ancies may indicate a high rate of genetic rearrange-
ments of the SGI1 region in clonally related strains and
explain the difference in antibiotic resistance gene set.

The presence of SGI1 correlated with the detected
antibiotic resistance gene set. Most strains (86%) were
characterized by the presence of aadA7, bla_,,, ,, sull
and tetA genes, which are known to be associated with
SGI1 in S. Kentucky ST198 strains [19].

Collectively, the antimicrobial resistance genes
identified were responsible for resistance to various
classes of antibiotics, including aminoglycosides,
B-lactams, phenicols, quinolones, sulfonamides and
tetracyclines. Based on the data obtained, there is still
uncertainty about the association of certain resistance
genes with the detected plasmid type due to the lack
of completed genome assembly. However, the data ob-
tained on the diversity of plasmid types indicate their
ability to transfer resistance genes. It has been shown
that the small ColRNAI plasmids, rep cluster 2335
and rep_cluster 2350 can successfully carry a diverse
range of resistance genes, such as bla, \, .o, blag,,
bla e blagy, > ac(3)-1la, strB, strd, aadAl6, gn-
rB66, ogxA and ogxB [39-42].

Conclusion

Despite the relatively small sample of strains,
we were able not only to come closer to understand-
ing the population structure of Russian S. Kentucky
ST198 strains on a global scale, but also to conduct a
detailed study of the genetic determinants of antibiotic
resistance, including the structure of the SGI1 genomic
island. The findings provide a basis for understanding
and tracking the ongoing evolution of the MDR lineage,
which is a globally distributed clone capable of rapid
expansion and accumulation of antimicrobial resistance
determinants. Our data demonstrate instances of circu-
lating clonally related S. Kentucky ST198 strains in dif-
ferent sources, which indicates the need to develop an
integrated approach to salmonellosis surveillance based
on the One Health concept.
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Abstract

Introduction. Campylobacteriosis is among the leading causes of acute gastrointestinal infections. The severity
of campylobacteriosis and the development of long-term complications may be influenced by the genotype of the
pathogen, whose biological properties can affect immune response parameters.

The aim of the study was to identify common genotypes of epidemic clones of Campylobacter pathogens and to
investigate characteristics of the immune response and severity of the disease.

Materials and methods. The study included 203 patients aged from 1 month to 17 years with campylobacteriosis
who underwent treatment at the clinic of the Federal State Budgetary Institution "DNKCIB FMBA" in 2019-2021.
The diagnosis was confirmed using polymerase chain reaction method. Patient samples were also analyzed
using culture-based methods. Total DNA was extracted using the QIAamp DNA Mini Kit. Genetic determinants
encoding virulence factors and MLST typing were performed using the ResFinder program. The immune status
of patients was assessed on days 1 and 7 of the illness. Immunological investigation included measurement of
serum immunoglobulin concentrations (IgA, IgM, IgG), C-reactive protein, and cytokines (IL-13, IL-1, IL-2, IL-4,
IL-5, IL-6, IL- 7, IL-8, IL-10, TNF-a, and IFN-y).

Results. When analyzing the frequency of detection of Campylobacter sequence types in children with clinical
intestinal infections, it was found that the profile of isolated isolates is most similar to those from countries of North
America (USA and Canada), Northern Europe (Great Britain, Holland ) and Scandinavia (Denmark, Sweden,
Finland). Identification of a pathogen with the flgE*, cdtA*, cdtC* genotype was accompanied by a statistically
significant increase in the level of IL-8 and a decrease in the content of IgA in the peripheral blood serum, which
reflected the low efficiency of the immune response during infection with Campylobacter and predetermined the
severe course of the infectious process during the disease.

Keywords: campylobacteriosis, cytokines, whole-genome DNA sequencing, immune status
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AHHOMauyusi

BBepneHue. Kamnunobaktepum BXOAAT B YMCMO BeAYLLMX BO3OyaUTENEN OCTPbIX KULLIEYHbIX MHAEKUMIN. TsHKeCTb
kamnunobakteprosa u opMUPOBaHNE OTAANEHHBIX OCMOXHEHWUI MOTYT ObITb 0OYCNOBMNEHbI FreHOTUNOM BO36Yy-
avTens, buonornyeckme CBOMCTBa KOTOPOro OKa3bIBalOT BIUSIHUE HA NapameTpbl UMMYHHOTO OTBETa.

Lenblo nccnegoBaHua ABunucb obHapyxeHne Hanbonee pacnpocTpaHEHHbIX FEHOTMMNOB 3NUOEMUYECKUX KITO-
HOB BO30yauTenen kamnunobakrepmnosa 1 oLeHka Xxapaktepa UMMYHHOIO OTBETa U TSXKeCTU 3aboneBaHus.
MaTepuanbl u metoabl. B nccneposaHue BkntodeHbl 203 naumeHTa B Bo3pacTte oT 1 mec o 17 nert ¢ kamnu-
nobakteprosom, npoxoguswmnx neveHne B 2019-2021 rr. B knuHuke OHKLUNB ®MBA. MopTteepxaeHne gua-
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nccrefoBaHWe BKIKOYarno onpegerneHme KOHUEHTpauMn CbiIBOPOTOYHbIX MMMYHOrMoGynvMHoB knaccoB A, M, G,
C-peaktuHoro 6enka, uHtepnerkuHos-14, -1, -2, -4, -5, -6, -7, -8, -10, cpakTopa Hekpo3a onyxonu-a u nHrepde-
poHa-y.

PesynbraTthl. Npn aHannse pacnpoCTpaHEHHOCTU CUMKBEHC-TUMOB KaMnunobakTepUn, BbISIBMEHHbIX Yy OETEW C
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OyauTens n ocobeHHOCTAMM MMMYHHOTO pearnpoBaHusi, LienecoobpasHo AanbHeiee u3yyeHme reHoTUnoBoro
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poBaHus OTAANEHHbBIX OCNOXHEHW 3aboneBaHms.
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Introduction identify “epidemic clones” — virulent strains capable

Campylobacter spp. are one of the leading caus-
ative agents of acute intestinal infections (All) in de-
veloped countries, exceeding in some regions the fre-
quency of salmonellosis and escherichiosis registration.
They are the cause of one third of cases of “travelers'
diarrhea” among residents of industrial countries vis-
iting regions with high levels of Campylobacter spp.
circulation [1]. According to the latest WHO data, cam-
pylobacteriosis is one of the most common foodborne
infectious diseases. Campylobacteriosis is being reg-
istered in all age groups, more often in children aged
1 to 5 years. Relative increase in disease cases is ob-
served in older children and young people (compared
to other age categories). Thermophilic Campylobacter
species (TC) C. jejuni And C. coli [2] are of greatest
importance in human infectious pathology, as they are
characterized by a variety of genetic determinants that
influence the pathogenetic and clinical features of the
disease.

Unlike other pathogens of acute intestinal infec-
tions of a bacterial nature, thermophilic Campylobacter
spp. are considered one of the most difficult micro-
organisms to cultivate, requiring special conditions
and equipment. The isolation of a pure culture of the
pathogen from stool samples for campylobacteriosis
laboratory diagnosis is challenging due to their massive
concomitant microbial contamination. In this regard, in-
formation on the incidence of this infection is fragmen-
tary and does not provide a complete picture of its real
spread [3, 4]. In recent years, the use of molecular re-
search methods was considered not as an alternative, but
as a mandatory addition to regulated diagnostic schemes
for acute intestinal infections, allowing for the rapid and
effective identification of pathogens of acute intestinal
infections, including thermophilic Campylobacter spp.
At the same time, it does not imply species identification
and determination of sensitivity to antimicrobial drugs.

It is known that most Campylobacter spp. are re-
sistant to the action of bile [5] and have the ability to
colonize all parts of the intestine causing inflammation,
edema, hyperplasia of the mucous membrane and ero-
sions [6] . The pathogenic properties of campylobac-
teria are largely determined by their mobility, ability
to adhere, invade and produce toxins. The flagella of
campylobacteria determine their motility and move-
ment along the epithelium [7, 8]. Adhesion and pene-
tration of enterocytes contributes to the destruction of
the intestinal mucosa, a pronounced inflammatory re-
action and the development of hemorrhagic colitis [9].
Severe forms of campylobacteriosis are associated with
the production of heat-stable and/or heat-labile entero-
toxins and/or endotoxin (cell wall lipopolysaccharide),
which affect the absorption of fluid and electrolytes, de-
termining the development of diarrhea [10].

Campilobacter spp. genotyping methods are very
important for epidemiological analysis allowing to

of widespread distribution [11]. The study of the domi-
nant genotypes of Campylobacter spp. can significant-
ly supplement epidemiological monitoring, providing
important information about the sources of infection,
current transmission factors, and also assess the extent
of the spread of resistance to antibacterial drugs [12]. It
also cannot be ruled out that determining the genotype of
the causative agent of campylobacteriosis may help clar-
ify the prognosis of the severity of the infectious process
and select the optimal drug therapy regimen [13].

Many researchers suggest that clinical manifes-
tations of campylobacteriosis are largely due to the
body's immune response [14]. Immunopathological
reactions also predetermine numerous post-infectious
complications, in particular, the development of Guil-
lain—Barré syndrome, reactive arthritis and irritable
bowel syndrome [15]. The variety of clinical forms
and complications of campylobacteriosis determines
special interest in the study of its pathogenesis, in-
cluding the characteristics of the body’s immune re-
sponse to this disease [16, 17]. At the same time, the
severity of the infectious process and the formation
of long-term complications can be determined by the
genotype of the pathogen, the biological properties
of which influence the parameters of the immune re-
sponse [18]. That is why the features of the spread
of epidemic clones, the association of the pathogen
genotype with the severity of the disease and the im-
mune response are of undoubted interest.

The purpose of this study was to detect the most
common genotypes of epidemic campylobacteria
clones and assess the nature of the immune response
and the severity of the disease, taking into account the
genotypic characteristics of pathogen.

Materials and methods

The study included 203 patients aged from 1
month to 17 years (mean age 4.8 + 1.2 years) with a
diagnosis of the underlying disease campylobacteriosis,
treated in 2019-2021 at the PRCID clinic. The study
was carried out with voluntary informed consent from
the legal representatives of minor patients. The docu-
mentation and design of the study were approved at a
meeting of the Local Ethics Committee at the FMBA
(Protocol No. 11 of 03/05/2019).

To assess the severity of campylobacteriosis, the
Clarke scale was used based on a score of the severity
and duration of fever, diarrhea syndrome, vomiting and
the general condition of the patient (Table 1). A score
of more than 16 points corresponded to the severe form
of campylobacteriosis.

The diagnosis of campylobacteriosis was con-
firmed based on the results of studies of stool samples
using the polymerase chain reaction method with hy-
bridization-fluorescence detection using the AmpliSens
AlI screen-FL reagent kit (Central Research Institute
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Table 1. Clarke scale for assessing the severity of acute intestinal infections in children

Severity of disease manifestations

Severity criterion

1 point 2 points 3 points
Number of bowel movements per day 2-4 5-7 >8
Duration of diarrhea, days 1-4 5-7 >8
Number of vomiting episodes per day 1-3 4-6 >7
Duration of vomiting, days 2 3-5 >6
Increase in body temperature, °C 37,1-38,2 38,3-38,7 > 38,8
Duration of fever, days 1-2 3-4 >5

s Convulsions or a loss

Changes general state Agitation or refusal to play Lethargy or apathy of CONsCIOUSNEss
Duration of conservation pathological 1- 3.4 5

behavioral symptoms, days

of Epidemiology of Rospotrebnadzor) for the detec-
tion and differentiation of DNA (RNA) of microor-
ganisms of the genus Shigella spp./EIEC, Salmonella
spp., Campylobacter spp. (thermophilic), Adenovirus
(group F), Rotavirus (group A), Norovirus (genotype 2)
and Astrovirus. Samples in which fluorescence levels
were consistent with genetic determinants of thermo-
philic Campylobacter spp. were studied by the cultural
method according to the Guidelines “Microbiological
diagnosis of campylobacteriosis” No. 01/15702-8-34.
To isolate Campylobacter strains spp., the following
nutrient media were used: Columbia agar containing
sheep blood (Sredoff LLC) and charcoal agar with a se-
lective additive (Oxoid). Inoculation on nutrient media
was carried out using cellulose acetate filters (Sartori-
us) with a pore diameter of 0.45 um. Campylobacter
cultivation was carried out under microaerophilic con-
ditions at 42°C for 48 hours using CO2GEN gas-gener-
ating packages (ThermoFisher).

For species identification, traditional routine tests
were used based on the determination of key pheno-
typic characters: cell morphology and relation to Gram
staining, cytochrome oxidase and catalase production,
hydrolysis of sodium hippurate and indoxyl acetate, as
well as MALDI-TOF mass spectrometry (Bruker Dal-
tonik MALDI Biotyper).

Total DNA from bacterial strains was isolat-
ed using the QIAam p kit DNA Mini Kit (Qiagen).
Whole-genome DNA sequencing was performed us-
ing the MiSeq (Illumina) and DNBSEQ-G50 (MGI)
sequencing platforms with read lengths of 2x300 and
2x100. Raw readings were processed by Trim Galore
v.0.6.7 program to remove adapter sequences and trim
for quality. Processing quality control was carried
out using the FastQC v.0.11.9 program. The genomes
were assembled de novo using SPAdes assembler
v.3.13.1 software. The assembly results were evaluat-
ed in QUAST v.5.2.0 program. The search for genetic

determinants encoding virulence factors and MLST
typing were carried out using the online resource plat-
form Center for Genomic Epidemiology'.

The study of immune status was carried out on the
I*tand 7" days of the disease. The immunological study
included the quantitation of serum immunoglobulins
(Ig) classes A, M, G, C-reactive protein, cytokines: in-
terleukin (IL) -1B, -1, -2, -4, -5, -6, -7, -8, -10, tumor
necrosis factor-a and interferon y. The concentration
of serum IgA, 1gM, IgG and cytokines was assessed
using an enzyme-linked immunosorbent assay (Vec-
tor-Best-Baltika). Fecal calprotectin (a non-inva-
sive marker of neutrophilic intestinal inflammation)
in stool samples was determined using a sandwich
version of an enzyme-linked immunosorbent assay
(R-Biopharm AG).

Statistical processing of the obtained data was
carried out using the Statistica program for Windows
v.10" (StatSoft). Quantitative indicators were assessed
by compliance with the normal distribution using the
Shapiro—Wilk criteria (for the number of subjects less
than 50) and the Kolmogorov—Smirnov criterion (for
the number of subjects more than 50). Quantitative in-
dicators with a normal distribution were combined in-
to variation series, in which arithmetic means (M) and
standard deviations (SD) were calculated. Sets of quan-
titative indicators, the distribution of which differed
from normal, were described using the values of the
median and the lower and upper quartiles Me [Q; Q,].
When comparing average values in normally distribut-
ed sets of quantitative data, the Student t-test was used;
when comparing independent sets in cases where there
were no signs of normal distribution of data, the Mann—
Whitney U test was used.

' Center for Genomic Epidemiology.
URL: http://www.genomicepidemiology.org/services
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Results
Clinical and laboratory data

The average severity of campylobacteriosis on
the Clark scale was 12.6 + 1.6 points. The severity of
campylobacteriosis was assessed as moderate in 156
(76.85%) children, severe in 35 (17.24%), and mild in
12 (5.91%). Changes in the hemogram on the 1* day
were characterized by neutrophilic leukocytosis in the
range of 15-35 x 10 ?cells/l and acceleration of ESR in
the range of 2040 mm/h. During repeated studies on
the 7% day, 16 (7.88%) patients still had minor devia-
tions of hemogram parameters from normal values. An
increase in the level of C-reactive protein was detected
in 70.44% of patients. A strong positive correlation was
established between the severity of campylobacteriosis,
the total level of leukocytes (» = 0.56; p = 0.047) and
C-reactive protein (» = 0.63; p = 0.016). Analysis of the
levels of fecal calprotectin revealed a tendency towards
its lower content in the blood serum of patients with a
moderate form of the disease, compared to the severe
form — 120.59 + 47.21 and 242.80 + 105.99 pg/g, re-
spectively (p > 0.05).

Immunological status of patients
with campylobacteriosis

The study of cytokine status showed that the level
of interferon-y and tumor necrosis factor-o were with-
in the reference values and did not differ significantly
in patients with different degrees of campylobacterio-
sis severity. The most significant results were obtained
when analyzing the pro-inflammatory cytokines IL-1p,
-6, -8 and regulatory IL-10 (Fig. 1).

On the 1* day of the disease, an increase in the
level of IL-1p was detected in patients with moderate
and severe forms of campylobacteriosis, IL-6 — only
in patients with severe forms. The concentrations of
these cytokines decreased by the 7" day of the disease,
but only IL-6 levels reached normal reference values.
Despite the fact that the level of IL-8 in a significant
proportion of patients (44.1%) on the 1% day was with-
in the reference values, there was a statistically signi-
ficant increase in this indicator in patients with severe
campylobacteriosis compared with the rest children
(» =0.002). An increase in this marker on the 1 day of
the disease was one of the most significant predictors of
severe campylobacteriosis (OR =7.6 £ 1.7; p <0.001).
A strong correlation was found between the level of
IL-8 and the severity of campylobacteriosis
(r=0.781; p = 0.006). By the 7" day of the disease,
this indicator decreased in all patients, but in severe
cases of campylobacteriosis remained significantly
higher than normal.

The regulatory cytokine IL-10 in all patients on
the 1% day of the disease did not exceed the reference
values. At the same time, on the 7" day, this indicator
significantly exceeded reference level in patients with

severe campylobacteriosis, which can be explained by a
compensatory reaction of the body aimed at preventing
the development of allergic and autoimmune processes.
A study of the concentrations of Ig, IgM and IgG
on the 1% day of the disease showed that, regardless of
the severity of the infection, they were within the ref-
erence values. By day 7, there was an increase in the
average level of immunoglobulins, statistically signifi-
cant for IgA and IgM (p = 0.003 and p = 0.021, respec-
tively). Both classes of immunoglobulins are produced
during the acute period of the immune response, which
appear in the blood upon first contact with infection.
Thermotolerant Campylobacter spp. were isolated
by cultural method in 48 out of 203 studied stool sam-
ples from 28 children with gastroenteric and 20 with
enterocolitic variants of campylobacteriosis, of which 6
(12.50%) had a mild disease, 30 (62.50%) had a moder-
ate course and 12 ( 25.00%) — severe disease. Species
identification revealed that 32 strains belonged to the
species C. jejuni, 16 strains belonged to C. coli.

Frequency of detection of campylobacter
virulence genes

Key virulence genes responsible for cheiotaxis,
adhesion and colonization, invasion, morphogenesis of
flagella and capsule, production of toxins and sidero-
phores were present in all isolated strains of C. jejuni
and C. coli (Table 2).

Analysis of genetic determinants of pathogenicity
showed that genes associated with motility (flaA, flaB,
fhA, fhB, figB, figE, fliM, fliY), adhesion (cadF, dnal,
jlpA, pldA, racR, virB11), colonization (cheA, cheB,
cheR, cheW, cheY, cheZ), invasion (iamA, ciaB, ceu
E), synthesis of toxins (cdtA, cdtB, cdtC, wlaN), cap-
sule (kpsM) and siderophores (cfrA, Fur) without sta-
tistically significant differences were found in C. jejuni
and C. coli strains.

The prevalence of genes encoding flagellin syn-
thesis, according to the total data, ranged from 62.50%
(flaB) to 100% (flaA, figB, fliM, fliY). Analysis of the
results of detection of genes associated with adhesion
showed that all strains contained the dna J gene. No
statistical differences in the presence of genetic deter-
minants encoding the ability to chemotaxis were detect-
ed. All strains were characterized by the presence of the
cdtB gene, responsible for the production of a cytolethal
toxin involved in the suppression of the proliferation of
enterocytes with their subsequent death. Invasion-asso-
ciated genes iamA, ciaB, ceuE were identified in 91.67,
87.50, 83.33% of Campylobacter strains spp., respec-
tively. Analysis of the presence of genetic virulence de-
terminants encoding the synthesis of the capsule and
siderophores did not reveal significant differences in
the strains of C. jejuni and C. coli.

Campylobacter spp. characterized by virulence
genotype flgE*, cdtA*" and cdtC* was found in 83.3% of
patients with severe campylobacteriosis. According to
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Fig. 1. Concentration of cytokines in the blood serum of children with moderate and severe forms of campylobacteriosis

on days 1 and 7 of the disease (n = 42).
Here and in Fig. 2: * p < 0.05, ** p < 0.001. Reference values are highlighted by a frame.

1 7 1 7 1 7 1 7

Moderate Severe Moderate Severe Moderate Severe

IgA 1gG IgM

Day of illness

Fig. 2. Dynamics of the level of serum immunoglobulins in children with campylobacteriosis (n = 46).
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Table 2. Frequency of detection of virulence genes in Campylobacter strains spp.
Genes and factors C. jejuni (n = 32) C. coli (n = 16) ) Total (n = 48)
virulence R % R % R %
Mobility
flaA 32 100,00 16 100,00 0,05 48 100,00
flaB 16 50,00 14 87,50 0,011 30 62,50
flnA 28 87,50 12 75,00 0,05 40 83,33
flnB 30 93,75 14 87,50 0,05 44 91,67
flgB 32 100,00 16 100,00 0,05 48 100,00
flge 25 78,13 16 100,00 0,05 41 85,42
fliM 32 100,00 16 100,00 0,05 48 100,00
fliy 32 100,00 16 100,00 0,05 48 100,00
Adhesion
cadF 29 90,63 12 75,00 0,05 41 85,42
dnaJ 32 100,00 16 100,00 0,05 48 100,00
jlpA 20 62,50 7 43,75 0,05 27 56,25
pldA 22 68,75 7 43,75 0,05 29 60,42
racR 28 87,50 12 75,00 0,05 40 83,33
virB11 11 34,38 5 31,25 0,05 16 33,33
Chemotaxis
cheA 30 93,75 16 100,00 0,05 46 95,83
cheB 31 96,88 13 81,25 0,05 44 91,67
cheR 24 75,00 12 75,00 0,05 36 75,00
cheW 30 93,75 10 62,50 0,0062 40 83,33
cheY 31 96,88 15 93,75 0,05 46 95,83
cheZ 28 87,50 9 56,25 0,015 37 77,08
Infestation
iamA 29 90,63 15 93,75 0,05 44 91,67
ciaB 29 90,63 13 81,25 0,05 42 87,50
ceuE 24 75,00 16 100,00 0,05 40 83,33
Toxins
cdtA 20 62,50 10 55,56 0,05 30 62,50
cdtB 32 100,00 16 100,00 0,05 48 100,00
cdtC 21 65,63 12 75,00 0,05 33 68,75
wilaN 4 12,50 2 12,50 0,05 6 12,50
Capsule
kpsM 29 90,63 13 81,25 0,05 42 87,50
Siderophores
cfrA 27 84,38 11 68,75 0,05 38 79,17
Fur 30 93,75 14 87,50 0,05 44 91,67
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multivariate analysis, this genotype increases the like-
lihood of severe campylobacteriosis by 12.57 [3.159;
50.019] times (p < 0.001).

Sequence types Campylobacters and their
geographical distribution

Phylogenetic analysis showed that some strains
classified as C. jejuni formed a separate genetically dis-
tinct group. In 8 strains, some alleles belonging to the
C. jejuni taxonomic cluster were also found in C. coli
and vice versa, caused by the genetic mosaic occurring
within the genus.

A comparison of the diversity of constitutional
genes in C. coli and C. jejuni was performed. Among
32 C. jejuni strains, multilocus sequencing typing
(MLST) revealed 18 different MLST sequence types,
which were sorted into 12 different complexes. The
geographical distribution of the identified genotypes in
other regions of the world is presented in Table. 3.

When matching sequence types of Campylobac-
ters isolated from patients with data from international
databases, the similar sequence types were shown to be
most common in North America ( USA and Canada),
Northern Europe (Great Britain, Holland) and Scandi-
navia (Denmark, Sweden, Finland). Among 16 C. coli
strains, 10 different types of MLST sequences were de-
tected. Various types of sequences are maximally rep-
resented in Great Britain, Holland and Luxembourg.
The nature of the geographical distribution of isolated
C. jejuni and C. coli in patients in the study had a num-
ber of similarities, in particular, the dominance of se-
quence types, most common in Northern Europe, was
noted. Close socio-economic ties and geographic prox-
imity of the countries represented create the prerequi-
sites for the multiple routes of the pathogen transmis-
sion, which probably explains such a distribution.

Discussion

Contradictions and lack of consistency in data on
the forms of the disease and severity are associated with
the pathogenic potential of the pathogen and differences
in the immune response. Previous studies have demon-
strated the high conservation of flagellar genes, which
are critical virulence factors [19, 20] ensuring the colo-
nization and survival of campylobacteria [21]. Flagella
are necessary to resist intestinal motility, which might
otherwise displace the microorganism from the gastro-
intestinal tract [22]. The flagellar filament consists of
the protein flagellin, which is encoded by two adjacent
genes: flaA and flaB. In the works of L. Koolman et al.
flaB-negative campylobacters have been shown to ex-
hibit partial motility and can remain viable [23]. How-
ever, in a number of other studies there was evidence
that the absence of flaB reduced the colonization abil-
ity and virulence of the pathogen [24]. It is also worth
noting that the absence of flaB was significantly more
often detected in C. jejuni isolates compared to C. coli.
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Genes flaA and flaB involved in the assembly of
flagella, according to L. Koolman et al., are critical for
invasion [25]. Not a single strain that lacked both genes
simultaneously was isolated in this study, which partial-
ly confirms this hypothesis.

When analyzing the frequency of detection of vir-
ulence genes, attention was drawn to the rare detection
of the virB11 and wiaN genes. The virB11 gene en-
codes proteins responsible for adhesion to enterocytes
[25]. According to D. Bacon et al., identification of the
vir B11 gene led to a sharp increase in the ability of
adhesion compared to wild-type strains [26]. Similarly,
the wlaN gene that encodes a b-1,3-galactosyltransfer-
ase involved in cell wall synthesis, greatly increases
the ability of campylobacters to attach to the surface of
the intestinal epithelium [27]. Apparently, the frequent
detection of isolates that do not contain these genes in-
dicates their auxiliary role, and their absence does not
lead to a significant decrease in virulence.

Gene wla is considered in a number of publica-
tions as a key trigger of immunopathological reactions,
in particular, triggering the development of autoim-
mune polyradiculopathies [28]. Its low prevalence in
the study group may partly explain the lack of a large
number of reports of confirmed cases of Guillain—
Barré syndrome in children after campylobacteriosis
in Russia.

The catalase gene kat A was detected in 78% of
isolates. This gene helps protect Campylobacter spp.
against oxidative stress, increases survival within mac-
rophages. At the same time, the presence of this gene
leads to increased resistance to antibacterial drugs [29].
Iron uptake genes (cfrA and fur) were also present in the
majority of isolates (79.17 and 91.67%, respectively).

In the group with severe campylobacteriosis, the
IgA level was statistically significantly lower than in
moderate campylobacteriosis (p = 0.239). It cannot
be excluded that IgA deficiency negatively affects the
course of the disease due to insufficient neutralization
of pathogen toxins. An increase in the level of IgG,
which makes up 75-80% of antibodies in plasma, pro-
viding long-term humoral protection against re-infec-
tion, was observed only in patients with severe campy-
lobacteriosis (p = 0.039). Obviously, in these patients,
the elimination of Campylobacter from the body was
delayed, which led to a longer and more massive stim-
ulation of the immune response by pathogen antigens.
Another predictor of severe campylobacteriosis was an
increase in the level of [L-8. IL-8 is considered as a key
trigger of nonspecific immune defense, being a chemo-
attractant affecting mainly neutrophils and monocytes
[14]. An assessment of the dynamics of IL-8 levels
also demonstrated undoubted prognostic significance.
Long-term persistence of an increase in this marker
acted as an unfavorable prognostic factor and was of-
ten observed during a protracted course of the disease.
It was noteworthy that the pathogen genotype flgE",
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cdtA*, cdtC* was more often detected in severe campy-
lobacteriosis in the presence of significant deviations
in the parameters of the immune response, which may
be an additional prerequisite for the severe course of
the disease. Analysis of the immunological parameters
of the course of campylobacteriosis with the causative
agent genotype fIgE*, cdtA”, cdtC* revealed statistically
significant differences in the level of IL-8 (0.013) and
IgA (p = 0.021) on the 1* day of the disease compared
to patients, in which other genotypes of pathogens were
detected.

Conclusion

Thus, when analyzing the frequency of detec-
tion of campylobacter sequence-types in children with
clinical intestinal infections, it was found that the pro-
file of isolated isolates is most similar to those from
countries of North America (USA and Canada), North-
ern Europe (Great Britain, Holland) and Scandinavia
(Denmark, Sweden, Finland). Children with C. coli and
C. jejuni infections with genotype fIgE*, cdtA”, cdtC*,
had a number of clinical differences during the infec-
tious process from patients with other genotypes of the
pathogen. Identification of Campilobacter spp. with the
genotype fIgE", cdtA*, cdtC* on the 1% day of the dis-
ease is accompanied by a more frequent increase in the
level of IL-8 and a decrease in the content of IgA in the
peripheral blood serum, which may indicate insufficient
efficiency of the immune response when infected with
campylobacters of this genotype. It cannot be exclud-
ed that the identified features of the immune response
during infection with campylobacters with genotypes
AgE", cdtA*, cdtC* underlie the long-term persistence
of disease symptoms and an increase in the severity of
the disease. Considering the high social and clinical
significance of campylobacteriosis, it is advisable to
further study the genotypic composition of circulating
pathogens to assess the risk of developing severe forms
of the disease and the formation of its long-term com-
plications.
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COOTBETCTBME CBOEro aBTOPCTBA KpuTepusam MexayHapogHoro Ko-
MUTETa PeaakTopoB MeOULIMHCKMX XypHAmnoB, Npounu u ogobpunu
duHanbHY Bepcuio Ao nybnmkauum.
CraTbsa noctynuna B pegakumio 12.03.2024;
npuHsTa Kk nybnukauum 12.05.2024;
onybnukosaHa 29.06.2024
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Abstract

Introduction. The traditional surveillance system for influenza and ARVI provides a general description
of epidemics, but does not provide information on the age-related characteristics of the etiology and clinical

peculiarities of severe acute respiratory diseases (SARI) in hospitalized patients.

Aim. To monitor the etiology of SARI in hospitalized children and adults, assessing the impact of the COVID-19

pandemic on this process.

Materials and methods. Standardized clinical and laboratory monitoring of SARI among 18,458 hospitalized
patients was carried out in hospitals in three cities of Russia with weekly PCR detection of 11 types of pathogens.
Results. According to the investigation of hospitalized patients with SARI for the period from 2018 to 2023, the
viral etiology of respiratory diseases was deciphered in 58.3% of cases. Weekly monitoring showed a change
in the etiological mosaic of SARI pathogens during the SARS-CoV-2 pandemic with a sharp decrease in the
frequency of detection of influenza and respiratory syncytial virus (RSV) during the 2020-2021 season against
the background of a significant increase of metapneumovirus and rhinovirus infections in children. During the
2022-2023 season an increase in the proportion of RSV infection in children under 6 years of age (up to 36.2%)
was noted against the background of a significant decrease in the frequency of SARS-CoV-2. In the intensive
care units (ICU), RSV infection was most often in children during the post-pandemic period (up to 30.1-53.6% of

positive cases, p < 0.001); in adults, SARS-CoV-2 was mostly detected (76,5-100% of cases, p < 0.001).

Conclusion. Hospital surveillance data significantly complements the epidemiological information obtained
in the traditional surveillance system. Monitoring of infections has shown a continuously changing etiological
infrastructure of SARI, with the disappearance of influenza and RSV during the COVID-19 pandemic and their

return to circulation in the post-pandemic period.

Keywords: influenza, parainfluenza, SARS-CoV-2, COVID-19, respiratory syncytial virus, rhinoviruses,

adenoviruses, metapneumovirus, etiology, surveillance, hospital
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N3meHeHMA 3TNONOrMYeCcKON CTPYKTYPbI TAKENDIX OCTPbIX
pecnupaTopHbIX BUPYCHbIX UHPeKL NN y AeTen N B3POoCabIX
nopa sanaHnem naHgemun COVID-19

ComuHunHa A.A."%, NaHunexko [.M.", Komuccapos A.b.', Mnucapesa M.M.’,

MycaeBa T.[.", Cronapos K.A.!, AbaHacbeBa O.W.!, TumoHuHa B.C.2,

Benes E.B.’, JleBaHiok T.I.!, CmopoauHueBa E.A.", Kypckasa O.I'3,

LWectonanoB A.M.3, JleneHkoBa E.B.*, CemeHoB A.B.%, JInosHos [1.A.">

'HayuHo-nccnepoBatenbcKuin UHCTUTYT rpunna um. A.A. CmopoauHueBa, CaHkT-MNeTepbypr, Poccus;

2[leTckan ropofckan 6onbHuLa Ceaton Onbru, CaHkT-MNeTepbypr, Poccus;

3DefepanbHbIi NccnefoBaTeIbCKUA LeHTP dyHAaMeHTaNnbHOM 1 TPaHCALMOHHOM MeaunLmMHbl, HoBocuburpck, Poccns;
‘OepepanbHblil HAyYHO-UCCNEA0BATENBCKMNIA MHCTUTYT BUPYCHbBIX MHbeKL M «Bupom», EkaTtepuHbypr, Poccus;
Mepsbit CaHKT-TNeTepbyprckuin rocyaapCTBEHHbI MeAULMHCKUA YHUBEPCUTET UMeHN akagemuka W.MN. NMaBnosa,
CaHkTt-lNetepbypr, Poccua

AHHOMauus

BBegeHue. TpaamumoHHas cuctemMa Ha3opa 3a rpunmnoM M OCTPbIMU PECNUPaTOPHBLIMU BUPYCHBLIMU MHMEKLIN-
AMU OaET 0o6LLYyI0 XapaKTepucTUKy anMaeMunii, Ho He obecneynBaeTt noryyeHne MHoOpMaLumM No BO3pacTHbIM
0COBEHHOCTAM 3TUOMOMMU N KNMHUKK TSHXKEMBIX OCTPbIX pecnupatopHbix 3abonesaHun (TOPW) y rocnutanuau-
POBaHHbIX BOMbHbLIX

Llenb paboTbl — NpoBecTM MOHUTOPUHI aTmonorun TOPW y rocnntannampoBaHHbIX AeTen U B3POCHbIX C OLEH-
KOW BNUSAAHUSA Ha 3TOT npouecc naHgemun COVID-19.

Matepunanbl un metoabl. CTaHOAPTU30BaHHbIV KNMHMKO-NabopaTopHbIn MoHUTOpUHr TOPU cpean 18 458 rocnu-
TanuampoBaHHbIX BOMNbHbBIX NPOBEAEH B cTaumoHapax 3 ropogoB Poccum ¢ exeHegenbHoun agetekuven 11 Tunos
BO30yauTENnen ¢ MOMOLLbHO NMONMMEPa3HON LienHOW peakumm.

PesynbraTthbl. o gaHHbIM 06cnenoBaHmsa rocnutanuanpoBaHHbix 6onbHbIX ¢ TOPU 3a 2018-2023 rr. BupycHas
3TUONOrNs pecnupaTopHbIX 3abonesaHunn 6bina pacwmdposaHa B 58,3% cny4vae. ExeHegenbHbI MOHUTOPUHT
nokasan u3meHeHve atmonornyeckon mosamnkm sosdyautenen TOPU B nepmoa naHgemmn COVID-19 ¢ peskum
CHWXXEHWEM YacToTbl AETEKLMUM BMPYCOB rpunna u pecnupaTtopHo-cuHumuTuansHoro supyca (PCB) B ce3oH 2020—
2021 rr. Ha ¢hOHEe AOCTOBEPHOr0 pocTa y AeTel MeTarnHeBMOBUPYCHOM N PUHOBUPYCHOM MHADEKLMI. B ce3oH
2022-2023 rr. oTMeueH pocT yaenbHoro Beca PCB-nHgekummn y aeten B Bo3pacte o 6 net (8o 36,2%) Ha oHe
[OOCTOBEPHOrO CHWkeHus YactoTbl COVID-19. B otaeneHusix peaHnmauum n MHTEHCUBHOW Tepanun y OeTew B
nocTtnaHgemuyeckuin nepuog vawe Bcero (4o 30,1-53,6% oT uncna nonoxuTenbHbIx cnyyaes, p < 0,001) BbisB-
nanu PCB-uHdekuuto, y B3pocnbix — SARS-CoV-2 (76,5-100% cnyyaes, p < 0,001).

3akntouyeHue. [laHHble [ocnuTansHOro Hag3opa CcyLeCcTBEHHO AOMOMHSAT 3NMAEMUONONMYECKY0 MHGOpMaUuio,
nory4yaemyto B TpaguUMOHHOWN cucteme Haasopa. MOHUTOPUHI MHAEKLUIA NOKa3an HeENpPepbIBHO MEHSIIOLLYHOCS
aTuonorunyeckyto nHdpactpykrypy TOPU ¢ ncyesHoseHunem rpunna n PCB B nepuoa naHgemun COVID-19 n nx
BO3BpaLLEHNEM B LIMPKYNAUMIO B NOCTNAHAEMUYECKUI NepUoa.

KnroueBble cnoBa: epunn, napazpunn, SARS-CoV-2, COVID-19, pecrnupamopHo-cuHyumuarsnbHbIl 8upyc, pu-
HoBsUpPYCbI, a0eHO8UPYCbI, MEMArHE8MO8UPYC, 3muosioausi, Had3op, cmayuoHap

Amuyeckoe ymeepxdeHue. VccnegosaHne NpoBoAMNoCh Npy Ao6pOBONbHOM MHAPOPMUPOBAHHOM COFflacumn naum-
€HTOB WUIMM UX 3aKOHHbIX NpeacTaBuTenen. MNpoTokonsl nccneqoBaHna ogobpeHbl ATudeckum kommutetom HANM rpunna
um. A.A. CmopoauHuesa (npotokonbl Ne 194 ot 12.12.2022, Ne 178 ot 10.01.2022, Ne 161 ot 14.12.2020, Ne 149 ot
18.12.2019, Ne 136 ot 21.12.2018, Ne 3120 ot 18.12.2017).

© Sominina A.A., Danilenko D.M., Komissarov A.B., Pisareva M.M., Musaeva T.D., Stolyarov K.A., Afanasyeva O.1., Timonina V.S., Venev E.V., Levanyuk T.P,,
Smorodintseva E.A., Kurskaya O.G., Shestopalov A.M., Lelenkova E.V., Semenov A.V., Lioznov D.A., 2024
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BnazodapHocmsb. ABTOpbI CTaTby BbipaxaloT GnarogapHocTb akc-aupekTopy Ekatepunbyprckoro HAW BupycHbix
uHdekuuii K.M.H. A.B. AnumoBy 3a yyacTue B opraHumsauum paboT mo rocnutanbHoMy Hapsopy B EkatepuHbypre
(2018-2020 rr.), a Takke M.H.c M.}O. BakaeBy v Mm.H.c. B.B. loH4Yapy 3a KOHTpOnb NPaBuUbHOCTY 3anonHenns NHamem-
OyanbHbix KapT 60nbHbIX U BBOA AaHHbIX MNLIP-gnarHocTvky B anekTpoHHyto 6a3y gaHHeix HAU rpunna um. A.A. Cmo-
poAVHLEBa.

HNcmoyHuk ¢huHaHcupoeaHusi: MuHncTepcTBO 3apaBooxpaHeHns Poccuiickon ®epepaumm (tembl HAP ocypapcT-
BEHHOro 3afaHusi: 1. Pa3pabotka u anpobaunsi METOAUKM FrOCNUTANbLHOMO Haj3opa 3a rpunnoM u apyrumu OPBU B
Liensx BbIiBNEHNA hakTopoB prcka hOPMUPOBaHUS TSHKENbLIX (POPM OCTPbIX PECNUPaTOPHbIX NHDEKLMIA B YCIOBUAX
kpynHoro meranonuca (2018-2020), Per. Ne HUOKTP AAAA-A18-118022790102-7; 2. dopMnpoBaHne KOMMIEKCHOM
cuctembl Haasopa 3a rpunnom n apyrummn OPBU Ha ocHoBe coBepLUeHCTBOBaHUS MHAPACTPYKTYpPbl KMMHUKO-3NUAe-
MMOOrMYECKOro aHanmn3a, MoreKynsipHON AMarHOCTUKU U TEHETUYECKOW XxapaKTepucTukn Bo3dyautenen (2021-2023)
Per. Ne HWOKTP 121051900143-7 npu nogaepxke co ctopoHbl ®oHaa no anugemuornorun ®dpaHumm («Fondation
pur I'epidemiologie de la grippe», France), Ysegomnenus: Ne Engt: 00079655 ot 13.11.2017; Ne Engt: 00090223
ot 21.11.2018; Ne Engt: 00100527 ot 22.11.2019; Ne Engt: 00111470 ot 25.11.2020; Ne 00123945/EF-2021-19956
ot 29.12.2021).

KoHpriukm uHmepecoe. ABTOpbI [EKNapupyoT OTCYTCTBME SIBHBLIX U MOTEHLMATbHBIX KOH(PIMKTOB MHTEPECOB, CBS-
3aHHbIX ¢ NyGnnKaumen HacTosLeR cTaTbu.
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Introduction

Although progress has been made in influenza and
acute respiratory disease surveillance and prepared-
ness for the upcoming influenza pandemic through im-
proved methods for specific detection and monitoring
of acute respiratory viral infections (ARVI), vaccina-
tion of target populations, development and validation
of platform technologies for rapid vaccine release, ex-
pansion of vaccine production capacity, and improved
collaboration among countries in the World Health Or-
ganization (WHO) system with the development of the
Global influenza strategy', many problems and unre-
solved issues remain in this area, specifically in the area
of epidemiology and prevention. The existing system
of traditional surveillance of influenza and acute re-
spiratory infections has only statistical information on
the total number of diseases and hospitalizations with
these infections, as well as deciphering their etiology in
general among the surveyed groups, but does not pro-
vide information on the clinical features and severity
of diseases depending on their etiology, age of patients
and other individual characteristics. At the same time,
in recent years, new data on the role of co-morbidities
in influenza, as well as the long-term consequences of
severe acute respiratory infections (SARI) of differ-
ent etiologies (heart attacks, strokes, exacerbations of
chronic obstructive pulmonary disease, diabetes, etc.)
have been emerging [1-3]. This determines the need for
further improvement of surveillance of influenza and
other acute respiratory infections.

The importance of personalized clinical and epi-
demiological surveillance became evident during the

' World Health Organization. Global influenza strategy 2019—
2030. Geneva; 2019. URL: https://www.who.int/publications/i/
item/9789241515320 (date of access: 16.04.2024).

development of the latest influenza pandemic caused
by the emergence of a new reassortant with the anti-
genic formula A(HIN1)pdmO09 in 2009. To this end, in
Russia, starting in 2010, a pilot project began to investi-
gate the possibilities of Signal (sentinel) surveillance of
SARI and influenza-like illnesses and acute respiratory
infections [4], and since 2012 — in-depth Hospital Sur-
veillance (HS) for influenza and other acute respiratory
infections as part of the Global Influenza Hospital Sur-
veillance Network [5-9]. This system, currently used
for scientific purposes in more than 20 countries in the
Northern and Southern Hemispheres, makes it possi-
ble to study the etiology of severe influenza, identify
risk groups in need of priority protection, determine the
age-specific etiology of SARI with the identification
of dominant pathogens, dangerous combinations with
comorbidities leading to hospitalization, and assess the
severity of the epidemic/pandemic.

In the HS system, for each patient included in the
study, an anonymized card is filled in, containing the
hospital code, patient number, information on gender,
age, chronic diseases, influenza and COVID-19 vacci-
nation status, bad habits, previous hospitalizations, as
well as criteria for the severity of the course of infec-
tion (need for oxygen support, hyperthermia, transfer
to the intensive care unit (ICU), etc.), disease outcome
and laboratory diagnosis data. It should be noted that all
participants of the system use unified standardized case
definitions and patient records, which allows compar-
ing the features of SARI according to uniform criteria
in different countries of the world. The main feature is
diagnosis using polymerase chain reaction (PCR) for
respiratory infectious agent viruses of all patients in-
cluded in the study, and sequencing and antigenic anal-
ysis for a number of samples from patients. Analysis of
the antigenic and genetic structure of influenza viruses
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can determine whether viruses circulating in a parti-
cular season match the strains included in the vaccine.

The spread of the COVID-19 pandemic has led to
a marked shift in the pattern of circulating influenza and
acute respiratory viruses among hospitalized patients of
different age groups with SARI. Therefore, the aim of
the study was to monitor the etiology of SARI in hospi-
talized children and adults, assessing the impact of the
COVID-19 pandemic on this process.

Materials and methods

Study design

Clinical and laboratory monitoring of influenza,
COVID-19 and other acute respiratory viral infections
among hospitalized patients in the HS was conducted
in 9 hospitals in St. Petersburg, Novosibirsk and Yekat-
erinburg in accordance with the Standard Protocols for
Children Under 5 Years of Age and for Patients 5 Years
of Age and Older used in the HS. In addition to the ba-
sic parameters (seX, age, hospitalization period, etiolo-
gy according to PCR data, vaccination history, diagno-
sis at admission and discharge, concomitant pathology,
smoking, disease outcome, etc.), physicians assessed
the severity of the disease. The study was conducted ac-
cording to the principles of Good Clinical Practice after
approval by the Local Ethics Committees. Through-
out all 5 seasons (from 2018-2019 to 2022-2023), the
screening survey started from week 40 and the main HS
surveys started on the week when the first 3 laborato-
ry-confirmed cases of influenza were detected by PCR
in the city hospitals. Surveys were completed at the end
of the influenza epidemic season, usually in week 18-
20, when no more cases of SARI with laboratory-con-
firmed influenza were identified in the wards of all hos-
pitals included in the study. The duration of the study
averaged 6-7 months. The results of the examination of
patients were submitted by physicians into Individual
patient charts and sent via the Internet to the Electronic
Database at the A.A. Smorodintsev Research Institute
of Influenza, where they (after control of completeness
and accuracy of filling) were stored throughout the pe-
riod of work with the possibility of automated output of
the requested data.

To be included in the study, patients had to have a
combination of the following symptoms: 1 or more of
4 systemic symptoms: fever, weakness, headache, my-
algia, and 1 or more of 3 respiratory symptoms: cough,
sore throat, rapid breathing. The duration of the disease
at the time of inclusion in the study should have been
no more than 7 days from the onset of registration of
symptoms, the duration of hospitalization — no more
than 48 h. The study was conducted with the volun-
tary informed consent of the patients or their legal rep-
resentatives. The study protocols were approved by
the Ethics Committee of the Smorodintsev Research
Institute of Influenza (protocols No. 194, dated De-

ORIGINAL RESEARCHES

cember 12, 2022; No. 178, dated January 10, 2022;
No. 161, dated December 14, 2020; No. 149, dated De-
cember 18, 2019; No. 136, dated December 21, 2018;
No. 3120, dated December 18, 2017).

Criteria for exclusion from the study: the patient is
not a resident of the city, duration of illness more than
7 days, duration of hospitalization less than 24 hours,
patient's belonging to a specialized medical or social
institution, lack of patient's consent to participate in the
study, inability to communicate with the patient.

Collection and statistical analysis of data

Data collection, their subsequent correction, sys-
tematization of initial information and analysis of the
obtained results were carried out by specialists of the
A.A. Smorodintsev Research Institute of Influenza us-
ing the Individual patient records entered by physicians
in the Electronic Database of HS.

Statistical processing of the results was carried out
using the Statistica v. 10 program: descriptive statistics,
nonparametric criteria. When assessing quantitative in-
dicators, the median was counted as the center of dis-
tribution, and the first (Q,) and third (Q,) quartiles were
counted as variation indicators. The results of quali-
tative traits were expressed in absolute numbers with
indicating percentages. Comparison of nominal data
between groups was performed using Pearson's ¥ test.
When the number of expected observations in any cell
of the quadratic table was less than 10, Fisher's exact
test was used to assess the significance level of differ-
ences. Differences were considered statistically signi-
ficant at p < 0.05.

PCR diagnostics

For laboratory diagnosis, nasopharyngeal and
oropharyngeal swabs were taken from each patient
aged > 14 years, and nasal and pharyngeal swabs were
taken from children younger than 14 years. Laborato-
ry testing for influenza viruses and other ARI patho-
gens was performed by PCR within the first 48 h of
hospitalization. For clinical specimens, velour swabs
(Copan) were used, which were immersed in universal
transport medium UTM-330C (Copan) for mycoplas-
mas, chlamydia and viruses. RNA was isolated from
clinical samples using AmpliSens RIBO-prep (Inter-
LabService) or QIAGEN RNeasy Mini (Qiagen) kits.
RNA reverse transcription was performed with the Re-
verta-L kit (InterLabService) or QIAGEN OneStep RT-
PCR (Qiagen). AmpliSens Influenza virus A/B-FL kits
(InterLabservice) were used to test for influenza A and
B; influenza A-positive samples were used to subtype
influenza viruses A(HIN1)pdm09 and A(H3N2) using
AmpliSense Influenza virus A/H1-swine-FL kits (Inter-
Labservice) and AmpliSens Influenza A subtyping-FL
kit (InterLabservice). All samples were also tested for
the presence of other ARVI pathogens (human respi-
ratory syncytial virus, metapneumovirus, parainfluenza
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virus types 1-4, coronavirus, rhinovirus, adenoviruses,
bocavirus) and examined using the AmpliSens ARVI-
screen-FL kit (InterLabservice). Specific sequences of
influenza B virus of the Yamagata or Victoria linecages
were determined in all influenza B-positive samples us-
ing the QTAGEN OneStep RT-PCR Kit (Qiagen) with
WHO-recommended primers and probes. Real-time
PCR was performed on a Rotor-Gene 6000 (Corbett
Research) or the CFX96 Touch™ Real-Time PCR De-
tection System (Bio-Rad).

Results

Age distribution of patients

Over a 5-year period, starting from the 2018-2019
season, 18,458 patients hospitalized in ARVI wards
with primary diagnoses of influenza, acute respiratory
viral infection, pneumonia, acute bronchitis, and other
manifestations of acute respiratory infections of vary-
ing severity were examined in 3 infectious diseases
hospitals for adults and 6 multidisciplinary hospitals for
children in St. Petersburg, Novosibirsk and Yekaterin-
burg. Analysis of the age distribution of the hospitalized
(on average) showed a significant proportion of chil-

Table 1. Age distribution of the admitted patients included in
the study

Age, years Number of patients yhg:ga(gigg;)
0-2 7321 11* (5; 23)
3-6 3418 4,25 (3,5; 5,33)
7-17 2880 10,33 (8,42; 12,5)
18-64 3645 31,66 (21,5; 45,8)
265 1194 75,75 (70,0; 83,7)
Total 18458 4,75 (1,5; 21,7)

Note. *For children of group 0-2 years, age indicated in months.

100

dren (73.8%), including those aged < 2 years (39.7%),
3-6 years (18.5%), 7-14 years (15.6%). The frequency
of hospitalization of patients aged 15-64 years aver-
aged 19.7% for the whole period, including patients
aged 65 years and older — 6.5% (Table 1).

The frequency of hospitalization of children
of the 0-2 years age group was significantly higher
(p < 0.001) than patients of all other age groups in
general during the study period, and also significant-
ly higher in 2018-2019 and 2020-2023. In the period
from October 2019 to September 2020, when the first
wave of the pandemic developed in Russia, the age dis-
tribution of patients hospitalized in wards with acute
respiratory infections changed: the frequency of hos-
pitalization in the group 15—64 years increased to 37%
against the background of a decrease in hospitaliza-
tion of children aged < 2 years to 29.3% (p < 0.001).
In 2021-2022, there was an increase in the frequency
of hospitalization of patients aged 65 years and older
compared with the frequency of hospitalization in other
years (p < 0.000; Figure 1).

Etiology of ARVI

The viral etiology of diseases was deciphered in
58.3% of cases on average over the entire period (57.8—
59.1%; p = 0.95). In our observations, the frequency of
cumulative detection of non-influenza acute respiratory
infections during the entire period and in the last 3 sea-
sons was significantly higher (»p < 0.0001) than cases
of laboratory-confirmed influenza and SARS-CoV-2.
Interestingly, the ratio of patients hospitalized with
laboratory-confirmed influenza and other acute respi-
ratory infections was similar before the pandemic in
2018-2019 and 2019-2020 (0.95 and 1.2, respectively;
p = 0.275), but changed dramatically in the following
3 years due to the spread of SARS-CoV-2. Thus, in
2020-2021, influenza virus was practically eliminat-
ed from circulation and was detected in the HS system
in only 0.1% of cases, although other SARI pathogens

8 7 | 34 | | 33 | [ 35 | 128
§ 80 4 146
2 137 238
2 60 - 11,0 25,8
o 189 120 164 16,8
ks 40 A 17,9
|5
© 20 39,8 476 433 410
o) 29,3
o
0
2018-2019 2019-2020 2020-2021 2021-2022 2022-2023
Seasons

00-2 03-6 O7-17 @18-64 W65+

Fig. 1. Age distribution of patients with influenza, COVID-19 and other acute respiratory infections included in the study.
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(excluding RSV) were detected with the same, or even
higher frequency (89.0%).

In the post-pandemic period, the detection rate
of influenza viruses among hospitalized persons be-
gan to increase (to 11.7-22.3%), but never reached the
pre-pandemic level and remained significantly lower
(» <0.001) compared to ARVI (4.3 and 2.9 times in the
2021-2022 and 20222023 seasons). The frequency of
SARS-CoV-2 detection peaked (38.4%) in the 2021—
2022 season with a decrease to 11.4% in the latter sea-
son (Figure 2).

Analysis of diseases caused by different
types/subtypes of influenza virus

In the 2018-2019 and 2019-2020 seasons, in-
fluenza A(HIN1)pdmO9 virus was the main etiologic
agent, causing 53.2% and 44.0% of influenza illness-
es, respectively, and co-circulating with influenza
A(H3N2) virus (45.1%) in 2018-2019 and with influ-
enza B Victoria virus (48.6%) in 2019-2020. Few ca-
ses of Yamagata influenza B lineage were reported at

ORIGINAL RESEARCHES

the end of the 2018-2019 (9 cases) and 2019-2020
(2 cases) seasons, while the remaining influenza B cas-
es were detected only with Victoria lineage viruses. In
the 20202021 season, with the start of the active phase
of'the COVID-19 pandemic in Russia, no influenza cas-
es were registered among hospitalized patients, except
for 2 cases in Yekaterinburg, when trace amounts of in-
fluenza B virus RNA were detected in patients, which
did not allow its subtyping to be performed.

The 2021-2022 season was characterized by an
unusually early onset of influenza A(H3N2) virus cir-
culation: the first influenza cases among hospitalized
patients were detected as early as week 41 of 2021,
and the number of influenza cases peaked in week 48.
The epidemic was mono-ethiologic (97.0%) and was
caused by influenza A(H3N2) virus. Only at the end of
the season, sporadic cases of influenza B were detect-
ed. Against the background of the increased number of
hospitalizations with COVID-19, the total number of
influenza cases among hospitalized patients became
significantly lower (p < 0.001) by 4.0 and 5.5 times
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Fig. 2. Changes in the frequency of laboratory-confirmed cases of influenza, ARVI (total) and COVID-19 among hospitalized
patients over a 5-year period.
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compared to the 2018-2019 and 2019-2020 seasons,
respectively. The last influenza epidemic season was
characterized by a cardinal change of the pathogen
with the return of influenza virus subtype A(HIN1)
pdm09 and influenza B viruses of the Victoria lineage
(Table 2, Fig. 3).

Thus, a feature of the last 2 epidemics was an ear-
lier onset of influenza virus circulation (by 6-9 weeks
compared with the epidemics of the pre-pandemic peri-
od) with peak PCR detection of viruses in hospitalized
patients as early as the 48" and 50™ weeks of the year
(compared with 5—7 weeks of the following year in the
pre-pandemic seasons) (Fig. 3).

Monitoring the etiology of non-influenza acute
respiratory diseases

A study of the structure of respiratory morbidity of
non-influenza etiology, whose incidence among hospi-
talized patients was significantly higher than that of in-
fluenza (38.2% vs. 21.7% of the number of patients ex-
amined; p < 0.0001), showed that in the pre-pandemic
period the most significant (p < 0.0001) pathogen was
RSV, which caused the greatest number of hospitaliza-
tions (up to 26.8% in children aged < 2 years). Rhino-
viruses were the next most important (up to 16.6% in
this age group). The role of the other pathogens was
generally relatively minor.

The emerging COVID-19 pandemic has funda-
mentally changed the etiologic picture: in the 2020-
2021 season, RSV (as well as influenza viruses) prac-
tically disappeared from circulation, and only isolated
cases of this infection were registered among hospital-
ized patients. Of particular interest is the sharply in-
creased (6—12 times) importance of metapneumovirus
infection (p < 0.000), the pathogen of which belongs to
the same family as RSV (Pneumoviridae). In the next
season (2021-2022), there were practically no cases
of metapneumovirus infection, but RSV reappeared in
the circulation, which became even more active in the
2022-2023 season, reaching the indicators characteris-
tic of the pre-pandemic period (Fig. 4).

Age-specific etiologies of the most important
respiratory infections

Analysis of the total annual data on the role of the
main pathogens in the hospitalization of patients de-
pending on age showed that in all these years, except
for two seasons of active spread of SARS-CoV-2, RSV
affected predominantly children of younger age groups
0-2 and 3-6 years (up to 16.5-26.8% of patients), but
was rarely registered in age groups 7 years and older
(p < 0.0001). The age range for rhinovirus infection
was significantly wider, covering all pediatric age
groups. The frequency of rhinovirus detection in hos-
pitalized children in the 0-2 year age group ranged
from 10.1 to 16.6% and was significantly higher than
in adult patients aged 18—64 and > 65 years in all years
(p < 0.001). Differences between rhinovirus detection
rates in hospitalized children aged 0-2 and 3-6 years
were not significant. Interestingly, in the 2020-2021
season, when RSV circulation decreased dramatical-
ly, there was a significant increase in the frequency of
rhinovirus detection compared to the previous two sea-
sons (p < 0.001). In the last season compared to 2021—
2022, there was a trend of increasing frequency of RSV
(» < 0.001) and rhinovirus infection (p < 0.001)
against the background of decreasing significance of
COVID-19 (p <0.001).

In contrast to RSV and rhinovirus infection,
COVID-19 as a cause of hospitalization was reported
significantly less frequently in children than in adults
(p <0.001). At the beginning of the pandemic (2019—
2020 season), no COVID-19 cases were reported
among hospitalized children under 17 years of age; in
the following season, the detection rate of the virus in
children across age groups was also low, ranging from
0.8% to 2.4% of those examined in this age group (with
a detection rate of 52.1-66.7% in adults). In the 2021-
2022 season, the detection rate of SARS-CoV-2 among
hospitalized children increased to 6.8—13.6%. These
differences became less pronounced in the latter sea-
son due to a decrease in SARS-CoV-2 detection among
both children and adults. The detection rate of SARS-

Table 2. The role of influenza viruses A(H1N1)pdm09, A(H3N2) and B) in the development of acute respiratory diseases

requiring hospitalization over 5 consecutive seasons

Influenza cases Percentage of PCR-positive influenza cases by type/subtype
Season o:‘\j :;T;ig?l:s AHINT)

number % pdm09 A(H3N2) A not subtyped B
2018-2019 3057 1108 36,2 53,2 45,1 0,4 1,3
2019-2020 4044 1420 35,1 44,0 54 2,0 48,6
2020-2021 2519 2 0,1 0,0 0,0 0,0 -
2021-2022 4131 270 6,5 0,0 97,0 0,4 2,6
2022-2023 4707 657 14,0 42,8 0,3 18,7 38,2
Total 18458 3457 18,7 43,3 243 4,5 27,9
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CoV-2 in adult patients aged 18—64 and >65 years was
significantly higher compared with other age groups
in all seasons (p < 0.001), but the differences between
the detection rates of SARS-CoV-2 in the 18—64 and
> 65 age groups were only significant in the 20222023
season, when the percentage of hospitalizations among
adults aged 18-64 years decreased 3.5-fold (p < 0.001;
Figure 5).

Etiology of respiratory disease in intensive care units

During the entire period, 1112 (6.0%) of the total
18,458 hospitalized patients included in the study were
referred to the ICU. Influenza viruses, SARS-CoV-2
or other ARI pathogens were detected in 668 patients.
Children under 6 years of age were most frequently
hospitalized in ICU in 517 (77.4%) cases during the
whole period, children aged 717 years in 86 (12.9%)
cases, and adults were the least frequently hospitalized
in ICU in 65 cases (9.7% of the total number of patients
in ICU (the differences are significant, p < 0.001).

In young children (0—6 years of age), RSV in-
fection was most frequently diagnosed in all sea-
sons except 2020-2021, when SARS-CoV-2 spread
widely (28.9—47.7% of all PCR-positive cases in the
ICU). In the 2020-2021 season, the RSV detection
rate dropped to 3.6% against the background of a

ORIGINAL RESEARCHES

2-5-fold increased role compared with previous years
of metapneumovirus infection (up to 28.4%), seasonal
coronavirus infection (up to 14.2%), bocaviruses (up
to 11.2%), and rhinoviruses (up to 20.9%) (p <0.001).
In the next 2 seasons, the incidence of RSV and rhi-
noviruses increased to 28.9—-41.7% and 45.4-18.7%,
respectively, while COVID-19 was diagnosed in only
0.5-7.2% of cases in this group. The role of influen-
za viruses varied by season: during the pre-pandem-
ic period, influenza A(HIN1)pdm09 virus was more
frequently reported in children aged < 6 years (11.9—
16.4% of cases), influenza A(H3N2) virus was detect-
ed in 0.9-7.3%, and influenza B virus in up to 9.2% of
cases. In the 2020-2021 season, diseases of influenza
etiology among children were not registered in ICU,
and their detection rate in the postpandemic period in
ICU did not exceed 4.1%.

In school-aged children 7—17 years of age, the
leading causes of hospitalization in the ICU were in-
fluenza A(HIN1)pdmO09 viruses, 66.7 and 25.0% in
the 2018-2019 and 2022-2023 seasons, influenza
A(H3N2) viruses, 12.5 and 30.0% in the 2019-2020
and 2021-2022 seasons, and influenza B viruses, 50.0
and 19.4% in the 2018-2019 and 2019-2020 seasons,
while metapneumovirus (24.0%), seasonal coronavirus
(14.0%), and rhinoviruses (30.2%) were most frequent-

Table 3. Age-related peculiarities of the etiology of the most significant respiratory infections

Age, years
Season
0-2 3-6 | 7-17 | 18-64 | 65+
RSV
2018-2019 26,8 16,5 4,8 2,2 4,9
2019-2020 257 13,6 3,3 1,0 2,3
2020-2021 1,7 1,2 0,3 0,0 0,0
2021-2022 13,4 6,9 3,6 1,2 1,3
2022-2023 241 12,1 3,8 1,3 2,3
Rhinovirus
2018-2019 10,1 11,3 7.4 43 2,9
2019-2020 10,2 8,3 5,1 3,8 1,5
2020-2021 16,6 14,6 14,6 2,3 1,1
2021-2022 13,8 13 6,5 2,6 0,8
2022-2023 14,2 13,7 12,2 5,2 2,9
SARS-CoV-2

2018-2019 0,0 0,0 0,0 0,0 0,0
2019-2020 0,0 0,0 0,0 5,3 15,2
2020-2021 1,2 0,8 24 52,1 66,7
2021-2022 10,6 6,8 13,6 50,7 53,6
2022-2023 47 1,5 4,0 13,5 34,6
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ly detected in the 2020-2021 season. COVID-19 cases
were most frequently (32.0%) detected in schoolchil-
dren in the 2021-2022 season, with a decrease to 8.4%
in the following season due to the increased role of in-
fluenza and RSV viruses.

A different picture was observed in adult patients.
If in the pre-pandemic period, influenza B viruses
were the main cause of hospitalization in SARI, then,
starting from the season 2019-2020, SARS-CoV-2 vi-
rus became the main cause of hospitalization in ICU
(60—100% of cases). The role of other pathogens in the
development of SARI in adults was insignificant.

A comparative analysis of disease etiology in
patients admitted on general acute respiratory (GAR)
and ICU wards showed that young children had the
highest incidence of RSV diagnoses in ICU in all sea-
sons except pandemic season 2020-2021, exceeding
diagnosis incidence in GAR by 8.1-13.2%. In the
2021-2022 season, an excess of rhinovirus infection
diagnosis was observed in ICU compared to GAR.
In children 7-17 years of age, during the seasons of
active circulation of influenza A(HIN1)pdmO9 virus
(2018-2019 and 2022-2023), this pathogen was diag-
nosed more frequently in ICU compared to GAR. In
adult patients, the main differences concerned SARS-
CoV-2, the detection rate of which was distinctly high-
er in ICU than in GAR. Differences in other infections
were insignificant (Fig. 6).

Discussion

Over a 5-year period, all 18,458 patients hospital-
ized in infectious diseases hospitals in 3 major Russian
cities (St. Petersburg, Novosibirsk, and Yekaterinburg)

were examined by PCR to determine the role of influ-
enza viruses A(HIN1)pdm09, A(H3N2), Victoria and
Yamagata B lineages, SARS-CoV-2, as well as other
pathogens such as RSV, rhinoviruses, metapneumovi-
ruses, coronaviruses, adenoviruses, parainfluenza vi-
ruses, bocaviruses, in the development of SARI requir-
ing hospitalization, and to determine age-specific etio-
logy of disease. Weekly monitoring of influenza cases
among the examined patients showed an alternation of
dominant pathogens: A(HIN1)pdm09 and A(H3N2) in
the 2018-2019 season, A(HIN1)pdm09 and B in the
2019-2020 season, A(H3N2) in the 2021-2022 sea-
son, A(HIN1)pdm09 and B in the 2022-2023 season.
Among influenza B viruses, strains of the Victoria lin-
eage predominated in all seasons. The last cases of in-
fluenza B lineage Yamagata in our study among hospi-
talized patients were reported at the end of 2019-2020
season. In 2020-2021 season (developed SARS-CoV-2
pandemic), there were almost no cases of influenza A
and B among the hospitalized patients studied. In the
2022-2023 season, the data obtained on the monitor-
ing of influenza etiology among hospitalized patients
clearly correlated with the results of traditional sur-
veillance in Russia [10], while in North America and
Western Europe, influenza A(H3N2) viruses were most
prevalent [11, 12]. Such differences determine the ne-
cessity to formulate its own strategy of strain selection
for vaccines in Russia (taking into account WHO rec-
ommendations) in order to improve the effectiveness of
vaccine prophylaxis, as it is carried out at the national
level in other highly developed countries, for example,
the National Immunization Advisory Committee Tech-
nical Working Group in China [13].

Table 4. Comparison of the etiology of SARI in children 0—6 years old hospitalized in general wards for ARVI
and in intensive care units (ICU) over a 5-year observation period

Secon | A | avanz) | & | e | Aderor | gy | Metspreuno- | Corna- | Boca- | R | sus.cov
All patients
2018-2019 23,1 13,5 0,4 3,9 3,3 27,1 8,9 4,1 3,6 12,1 0,0
2019-2020 22,7 2,0 15,2 55 5,7 26,2 3,7 3,3 3,8 11,8 0,0
2020-2021 0,0 0,0 0,1 16,9 53 2,0 29,8 14,8 9,0 20,7 1,3
2021-2022 0,0 11,4 0,3 12,3 6,9 20,1 0,4 4,6 3,7 23,5 16,6
2022-2023 9,1 0,1 6,3 7.2 4,4 28,5 6,1 71 6,6 19,5 52
ICU patients
2018-2019 16,4 7,3 1,8 9,1 3,6 38,2 515 3,6 73 7,3 0,0
2019-2020 11,9 0,9 9,2 2,8 0,9 47,7 55 3,7 4,6 12,8 0,0
2020-2021 0,0 0,0 0,0 11,2 6,0 3,0 28,4 14,2 11,2 20,9 5.2
2021-2022 0,0 4,1 0,0 3,1 3,1 28,9 0,0 52 3,1 454 7,2
2022-2023 2,7 0,0 3,2 9,1 3,7 41,7 7,0 5,9 75 18,7 0,5
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Table 5. Comparison of the etiology of SARI in children 7—7 years old hospitalized in general wards for ARVI
and in intensive care units (ICU) over a 5-year observation period

season | “Jinng’ | AKON2) | B |08 | e | RSV M| S| s | virus | SARS-Cov2

All patients

2018-2019 35,3 28,4 1,0 2,5 2,0 7.8 4,9 4,4 1,5 12,3 0,0

2019-2020 21,8 59 45,7 3,1 59 5,5 2,4 0,0 1,0 8,7 0,0

2020-2021 0,0 0,0 0,0 14,5 5,6 0,6 24,0 14,0 6,1 30,2 5,0

2021-2022 0,0 34,9 0,8 54 3,3 5,0 0,0 29 0,4 15,4 32,0

2022-2023 15,4 0,2 21,2 3,9 5,8 8,1 6,0 5,1 0,4 25,7 8,4
ICU patients

2018-2019 66,7 0,0 0,0 0,0 0,0 11,1 0,0 11,1 0,0 11,1 0,0

2019-2020 12,5 12,5 50,0 0,0 12,5 0,0 0,0 0,0 0,0 12,5 0,0

2020-2021 0,0 0,0 0,0 59 59 0,0 23,5 29,4 0,0 35,3 0,0

2021-2022 0,0 30,0 0,0 5,0 0,0 10,0 0,0 10,0 0,0 20,0 25,0

2022-2023 25,0 0,0 19,4 0,0 5,6 13,9 8,3 2,8 2,8 19,4 2,8

Table 6. Comparison of the etiology of SARI in patients 18+ years hospitalized in general wards for ARVI

and in intensive care units (ICU) over a 5-year observation period

season | “Sinng’ | ACON2) | B 0i | e | RSV M e | T | s | virus | SARS-Cov2

All patients

2018-2019 31,0 45,2 1,2 3,3 1,6 4,5 2,7 3,1 0,0 7,4 0,0

2019-2020 25,3 3,4 38,6 3,3 3,3 21 1,3 3,2 0,4 7,0 11,9

2020-2021 0,0 0,0 0,0 4,7 0,5 0,0 57 5,2 0,5 2,8 80,6

2021-2022 0,0 2,5 0,2 0,3 0,3 2,2 0,9 1,2 0,3 3,0 89,1

2022-2023 59 0,0 4,7 3,7 2,5 4,7 5,0 3,1 0,0 11,5 58,9
ICU patients

2018-2019 0,0 0,0 50,0 50,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

2019-2020 10,0 0,0 20,0 0,0 0,0 0,0 10,0 0,0 0,0 0,0 60,0

2020-2021 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 100,0

2021-2022 0,0 0,0 0,0 0,0 4,2 4,2 0,0 0,0 0,0 0,0 91,7

2022-2023 0,0 0,0 0,0 0,0 0,0 0,0 6,3 0,0 0,0 12,5 81,3

Interesting data were obtained by monitoring the
expanded etiologic infrastructure of respiratory infec-
tions. It is generally believed that the sharp decline in
the activity of influenza and RSV viruses in the early
years of the pandemic caused by SARS-CoV-2 was due
to the wide implementation of anti-epidemic measures
[14]. Without denying this, it should be noted that ac-
cording to our more extensive studies, against the back-
ground of suppression of these infections in the season
2020-2021, the role of such pathogens as seasonal coro-
naviruses, parainfluenza viruses and, especially, metap-
neumoviruses in the development of SARI increased

significantly, despite the anti-epidemic measures. In the
following seasons, the frequency of RSV and influenza
virus detections began to recover, and the importance
of metapneumovirus infection in the hospitalization of
patients decreased to the usually reported rates. These
data support the earlier assumption that there is inter-
ference between individual pathogen species at the
population level [15], which was previously observed
only during the development of influenza pandemics.
Thus, it is known that the subtype of seasonal influen-
za A(HIN1) in 2009-2010 was completely displaced
by the newly emerged reassortant of human, swine and
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avian influenza viruses — variant A(HIN1)pdm09, in
1957-1958 the A(HIN1) subtype was displaced by the
"Asian" influenza A(H2N2) virus, and in the 1968—
1969 season, the A(H2N2) influenza virus subtype was
completely displaced by the newly emerged pandemic
A(H3N2) strain of the "Hong Kong influenza" virus.
The mechanisms of this phenomenon need to be further
investigated. Obviously, the results of the HS signifi-
cantly complement the data of the existing traditional
surveillance system, allowing to analyze the etiology
of SARI requiring hospitalization, which is not only
of theoretical interest, but also important for practical-
ly significant calculations of socio-economic damage
from costly hospitalization of patients. It is known that
the system of traditional surveillance allows determin-
ing the start/end of the epidemic on the basis of com-
parison of the actual level of morbidity with threshold
values (base lines) calculated from archival materials
of non-epidemic morbidity for the previous 5 seasons.
Furthermore, these data allow estimating the intensity
of the epidemic based on the average statistical data for
the previous years [16-20]. At the same time, the WHO
guidelines have recently set new tasks: they point out
the need to define such indicators "as the severity of
the disease". It is stated that "the severity of the dis-
ease depends on the host organism, such as the presence
of concomitant medical conditions that predispose the
individual to develop severe disease, history of pre-
ventive vaccination (e.g., influenza and pneumococcal
disease), the age of the individual, and the availability
of medical care". HS opens up new possibilities for de-
fining these indicators, which will be reflected in the
following publications.

Summary

Peculiarities of etiology of severe acute respira-
tory infections in children and adults were determined
with assessment of the impact of the COVID-19 pan-
demic on the etiologic infrastructure of diseases.

Weekly monitoring showed a change in the etio-
logic mosaic of SARI pathogens during the COVID-19
pandemic, with a sharp decrease in the detection rate of
influenza and RSV viruses and its gradual recovery in
the post-pandemic period.

Age-specific etiologic features of SARI in ICU
have been established. Severe forms of diseases in
children in ICU in the post-pandemic period were
most often associated with respiratory syncytial infec-
tion, while in adults the main pathogen of SARI was
SARS-CoV-2.

Conclusion

HS data significantly complement epidemiologic
information obtained in the traditional surveillance sys-
tem, which determines the feasibility of its introduction
into clinical and epidemiologic practice. Monitoring of
infections showed a continuously changing etiologic

infrastructure of SARI, with the disappearance of in-
fluenza and RSV during the COVID-19 pandemic and
their return to circulation in the post-pandemic period.
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Abstract

Introduction. Fluoroquinolones remain the key second-line anti-tuberculosis drugs.

The aim of the study was the molecular characterization of fluoroquinolone-resistant Mycobacterium tuberculosis
strains from newly diagnosed tuberculosis patients in the Northwest of the Russian Federation.

Materials and methods. The retrospective study collection included M. tuberculosis isolates isolated in 2015—
2019 from previously untreated tuberculosis patients. Susceptibility to antituberculosis drugs (including the
fluoroquinolone ofloxacin) was determined using the BACTEC MGIT960 or absolute concentration method.
Mutations in the gyrA gene as a marker of resistance to fluoroquinolones, were detected by real-time PCR.
Beijing genotype and its subtypes were detected by PCR and real-time PCR methods. Non-Beijing strains were
spoligotyped.

Results and discussion. Phenotypic resistance to ofloxacin was detected in 6.7% (40/599) of strains and in
17.4% (40/230) of MDR strains. 34 of 40 (85%) ofloxacin-resistant strains belonged to the Beijing genotype.
18 (45%) strains were assigned to the Russian epidemic subtype Beijing BO/W148 and 12 (30%) to Beijing
Central Asian/Russian. The remaining 6 ofloxacin-resistant strains belonged to the Euro-American phylogenetic
lineage. Mutations in the gyrA gene were found in 97.5% (39/40) of strains. The most common were mutations in
codon 94 (69.2%, 27/39). The Asp94Gly substitution was identified in 57.5% (23/40) of ofloxacin-resistant strains
and was dominant among Beijing (19/34) and non-Beijing (4/6) strains. The second most common substitution
was Ala90Val (25%, 10/40). More than half of the ofloxacin-resistant strains, Beijing BO/W148 (10/18) and Central
Asian/Russian (7/12), carried the Asp94Gly mutation.

Conclusion. In the Northwest of Russia in 2016-2019, primary resistance of M. tuberculosis to fluoroquinolones
was 6.7% in the total collection and 17.4% of MDR strains, and was mainly caused by the gyrA Asp94Gly and
Ala90Val mutations. Beijing BO/W148 genotype was characterized by the largest proportion of fluoroquinolone-
resistant strains.

Keywords: Mycobacterium tuberculosis, gyrA, drug resistance, fluoroquinolones, ofloxacin, Beijing genotype,
Central-Asian/Russian, BO/W148
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MoneKynspHas XxapakTepncTmka ¢TOPXNHONMOH-YCTOMYNBbIX

wrammoB Mycobacterium tuberculosis oT BnepBbie BbiIBIeHHbIX

60nbHbIX TYy6epKyNnésom Ha ceBepo-3anage Poccun

BsasoBas A.A.™, ConoBbeBa H.C.2, lepacumoBa A.A.", ’Kypasnes B.}0.2, Mokpoycos .B.™

'HayuHo-rccneoBaTelbCKUin UHCTUTYT SNNLEMMONIOTAM 1 MUKpobuonorum um. MNactepa, CaHkT-MeTepbypr, Poccus;
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AHHOMayus

BeeaeHune. PTOPXMHONOHLI OCTAIOTCS KIOYEBLIMU NPOTUBOTYBEPKYNE3HBIMM NpenapaTaMu 2-ro psaa.

Llenb nccnegosanns — MOneKynapHaa XxapakTepucTuka (bTOpXVIHOJ'IOH-yCTOVI‘-IVIBbIX LTaMMOB Mycobacterium

tuberculosis oT BnepBble BbiSABNEHHbIX 60MbHbLIX Tybepkyné3om Ha ceBepo-3anage Poccun.

MaTtepuanbl n metoabl. PeTpocnekTuBHas Konnekuus uccrnenoBaHus Bkrnovana usonstel M. fuberculosis,
BbigeneHHble B 2015-2019 rr. oT paHee He neyveHHbIX 60MnbHbIX TyOEepKyné3oM, NPOXMBAIOLWUX B Pas3nnyHbIX
obnacTtsix ceBepo-3anaga Poccun. YyBCTBUTENBHOCTL K NPOTUBOTYOEPKYNE3HBIM NpenapaTtam (B TOM yucre K
PTOPXMHOMNOHY OdhnokcaumHy) onpegensnu ¢ npumeHeHnem BACTEC MGIT960 unu metoga abcontoTHbIX KOH-
ueHTpauuin. Mytauumn B reHe gyrA Kak mapkepe yCTOMYMBOCTU K (PTOPXMHOMOHaM BbIsBRANu metogom MUP B
peansHoM BpeMeHwu. [pnHagnexHocTb Kk reHotuny Beijing n ero cy6tunam ycranaenmeanu metogamu MUP n

MUP B peansHom Bpemeru. LUtammbl apyrux reHotunos (He-Beijing) cnonurotunuposanu.

Pe3ynbraTbl n obcyxaeHue. PeHoTUNMYECKAs: YCTONYMBOCTb K odoriokcaumHy yctaHosneHa y 6,7% (40/599)
wrammoB 'y 17,4% (40/230) wtammoB C MHOXECTBEHHOWN NEKapCTBEHHOW ycTonumnBocThio. K reHoTuny Beijing
npuHagnexanun 34 (85%) n3 40 yctonumBbIX K odrnokcaumHy wrammos, 18 (45%) wtaMmMoB Oblny OTHECEHBI
K poccuiickomMy anugemuyeckomy cyotuny Beijing BO/W148-knactep n 12 (30%) — k Beijing Central Asian/
Russian. OcTtanbHble 6 odnokcaunH-yCTOMYMBBLIX LUTAaMMOB MPUHAANEXann K eBpo-aMepukaHckon dunore-
HeTuyeckow nuHun. MyTaumm B gyrA obHapyxeHbl y 97,5% (39/40) wrammoB, Hambornee 4acTo — B KOOOHe
94 (69,2%; 27/39). 3ameHa Asp94Gly bbina BeisiBneHa B 57,5% (23/40) odnokcaunH-yCTONYMBBIX LUTAMMOB U
OOMVHMpoBana cpeau LWTammoB Kak Beijing (19/34), Tak n He-Beijing (4/6). Bropon no yactote 6bina 3ameHa
Ala90Val (25%; 10/40). Bonee nonosuHbl oriokcauuH-ycTon4mebix Wwtammos Beijing BO/W148 (10/18) n Central

Asian/Russian (7/12) Hecnu myTauuto Asp94Gly.

3aknrouyeHue. Ha ceBepo-3anage Poccun B 2016-2019 rr. nepBuyHasn pesncteHTHocTb M. tuberculosis k dpTop-
XWHOMOHaM cocTaBnsina 6,7% B obwel nonynsauun Bo3byautens Tybepkynésa u 17,4% y WTaMMOB C MHOXe-
CTBEHHOW NeKapCTBEHHOW YCTOMYMBOCTLIO 1 Gbina obycrnoBneHa npenMyLLeCTBEHHO MyTaumsamu gyrA Asp94Gly
n Ala90Val. HanbonbLwias aonsa hTOPXMHOMOH-PE3NCTEHTHbIX LWTaMmmoB M. tuberculosis 6eina y reHotvna Beijing

BO/W148.

KnroueBble cnoBa: Mycobacterium tuberculosis, gyrA, nekapcmeeHHasi ycmou4yugocmb, (hMOPXUHOIIOHbI,

ogpriokcayuH, eceHomun Beijing, Central-Asian/Russian, BO/W148
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Introduction

The decline in tuberculosis (TB) incidence in Rus-
sia (from 57.7 per 100,000 of the population in 2015 to
31.1 in 2022) is accompanied by the continued spread
of drug-resistant, primarily multidrug-resistant strains
of Mycobacterium tuberculosis. The share of multidrug
resistance (MDR) among first-time diagnosed patients
(primary MDR) increased from 27.5% in 2016 to 34%
in 2022.!

The World Health Organization’s (WHO) classic
long-standing definition of MDR is that strains that are
simultaneously resistant to two key first-line antibiot-
ics: isoniazid and rifampicin. Treatment of MDR-TB
requires the use of 2nd-line drugs, to which mycobac-
teria has also become resistant. In addition to MDR-
TB, in 2006, WHO introduced the definition of broad
(extensive resistance to fluoroquinolones and injectable
antibiotics; XDR) and pre-broad (extensive resistance
to either fluoroquinolones or injectable antibiotics; pre-
XDR) drug resistance in 2006 [1]. The declining role
of injectable antibiotics and the wider use of newer
drugs has led to a modification of the definition of XDR
and pre-XDR TB, which is recommended by WHO for
use in clinical and surveillance purposes from January
2021. According to the new classification, TB caused by
MDR strains of M. tuberculosis resistant to any of the
fluoroquinolones was designated as pre-XDR-TB2. Pre-
XDR strains with extensive resistance to bedaquiline or
linezolid are defined as XDR-TB.

Thus, fluoroquinolones (previously ofloxacin, cur-
rently levofloxacin and the new generation fluoroquino-
lone moxifloxacin) have retained their importance in
the treatment of MDR-TB. The development of resis-
tance has implications for treatment outcomes: a study
in Arkhangelsk in 2005-2008 showed that adverse out-
comes were more likely among patients with acquired
resistance to capreomycin (100% vs. 25.9%), ofloxacin
(83.6% vs. 22.7%) or XDR (100% vs. 24.4%) [2].

The target of fluoroquinolones is the DNA-gy-
rase enzyme, which is necessary for replication and
transcription of M. tuberculosis in the cell [3]. Resis-
tance to fluoroquinolones in 90% of cases is associated
with mutations in the gyr4 and gyrB genes encoding
DNA-gyrase. Mutations in the hotspot of the gyr4
gene (the region determining resistance to quinolones,
codons 88-94) represent the main mechanism of resis-
tance, while mutations in the gyrB gene are much less
common and the role of several of them in resistance to
fluoroquinolones is not always obvious [4, 5]. The most
common mutations in gyr4 are Ala90Val, Asp94 (Gly,

! National Medical Research Center for Phthisiopulmonology and

Infectious Diseases. URL: https://nmrc.ru/for_specialists/main-
directions/tuberculosis

2 World Health Organization. Meeting report of the WHO expert
consultation on the definition of extensivey drug-resistant
tuberculosis / Geneva: World Health Organization; 2021.
URL: https://www.who.int/publications/i/item/9789240018662
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Ala, His, Asn or Tyr) and Ser91Pro, and the Gly88Cys
mutation is less common [6—12].

Ofloxacin is currently not used for TB therapy,
and a substantial proportion of strains phenotypically
resistant to ofloxacin are sensitive to moxifloxacin. At
the same time, the rapid development of drug resistance
to ofloxacin and, as a result, a significant decrease in
therapeutic efficacy led to a policy rejection of the use
of this drug in the treatment of TB. In recent years, the
WHO recommendations, as well as the Russian guide-
lines [13], have been significantly amended in terms of
drug susceptibility testing of M. tuberculosis by bacte-
riological methods — ofloxacin, cycloserine, para-ami-
nosalicylic acid were excluded from the list of drugs to
which testing is recommended.

At the same time, the molecular mechanism of
resistance to all fluoroquinolones is mediated by mu-
tations in DNA-gyrase genes, and the new WHO cat-
alog of resistance mutations to antituberculosis drugs
contains a list of proven resistance mutations in gyr4
in relation to the new generation fluoroquinolone —
moxifloxacin [14]. At the same time, a number of muta-
tions are defined as leading to a high level of resistance
to moxifloxacin: gyrd Gly88Cys, Asp94Asn, Asp94Gly,
Asp94His, Asp94Tyr.

In northwest Russia, the first study of ofloxacin-re-
sistant M. tuberculosis strains aimed at investigating the
variability of the gyr4 and gyrB genes was conducted
in 2008 and was mainly based on strains isolated from
previously treated TB patients (85.4%) [15]. Analysis
of such a sample does not provide a reliable answer to
the question regarding which strains are currently ac-
tively circulating; such an analysis requires a cohort of
newly diagnosed patients.

M. tuberculosis is characterized by a clonal popu-
lation structure consisting of large phylogenetic lineag-
es, smaller genotypes and genetically compact clusters
of closely related strains. Some genotypes or their sub-
types are characterized by association with drug re-
sistance, increased transmissibility or hypervirulence,
which determines their clinical significance and the
need for more careful monitoring of their spread. Rus-
sia is characterized by the dominance of the Beijing
genotype in the general population, especially strong
among resistant strains. An earlier study of ofloxa-
cin-resistant strains in northwestern Russia showed
that 73% of strains from previously treated patients
and 71% of strains from newly diagnosed patients be-
longed to the Beijing genotype [16]. A mutation in the
gvr4 gene was found in 89% of Beijing strains and
69% of strains of other genotypes. This dominance
of Beijing strains among those resistant to ofloxacin
is significantly higher than the share of the Beijing
genotype in northwestern Russia: 52-56% [16, 17] in
the general population; 34% among sensitive strains
in St. Petersburg [17]. The authors of the 2008 study
concluded that, similar to the spread of MDR-TB, the
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spread of fluoroquinolone-resistant TB in Russia may
be due to the predominance of the Beijing genotype in
the M. tuberculosis population [15].

In another study in northwestern Russia [18], the
Beijing genotype was detected in 70.8% of isolates
with a low level of ofloxacin resistance, 84.6% of iso-
lates with a high level of resistance, and 50% of sensi-
tive strains; the proportion of Beijing was significantly
higher among strains highly resistant to ofloxacin com-
pared to sensitive strains (p = 0.03). However, it is pos-
sible that the association of Beijing with high levels of
ofloxacin resistance is not so much a matter of Beijing
dominance among MDR strains.

In 2006, in various regions of northwestern Rus-
sia, the proportion of M. tuberculosis strains resistant
to ofloxacin ranged from 1.1-1.6% among newly di-
agnosed TB patients and 4.1-10.3% among previously
treated patients [15]. Analysis of the drug susceptibility
pattern of M. tuberculosis among newly diagnosed TB
patients in northwest Russia for 2010-2021 showed a
rapid (2.5-fold) increase in drug resistance to rifampi-
cin in combination with fluoroquinolones (from 2.4%;
95% confidence interval (CI) 2.2-2.6 to 6.1%; 95% CI
5.6-6.6) [19].

Due to the spread of MDR-TB and the use of se-
cond-line drugs, it is important for clinical practice to
test the sensitivity of the pathogen to fluoroquinolones
other than isoniazid and rifampicin.

Given the increasing proportion of MDR strains of
M. tuberculosis isolated from newly diagnosed patients
in Russia, it was relevant to study the distribution of
mutations in genes that cause resistance to fluoroquino-
lones in the modern period.

The aim of the present study was the molecular
characterization of a retrospective collection of oflo-
xacin-resistant M. tuberculosis strains from newly di-
agnosed TB patients in northwestern Russia.

Materials and methods

The study collection included 599 M. tuberculosis
isolates from the working collection of the bacteriolog-
ical laboratory of the St. Petersburg Research Institute
of Phthisiopulmonology, which was isolated in 2015—
2019 from previously untreated TB patients living in
various regions of northwest Russia.

Cultivation and determination of drug sensitivity
of M. tuberculosis to the main antituberculosis drugs
were performed using the standard indirect method of
absolute concentrations on dense nutrient media and
with the modified proportion method on liquid medi-
um in a system with automated growth detection for
antituberculosis drugs BACTEC MGIT960 (Becton
Dickinson). The critical drug concentrations used were
1.0 pg/mL for streptomycin, 0.1 pg/mL for isoniazid,
5.0 pg/mL for ethambutol, 1, 0 pg/mL for rifampicin,
100 pg/mL for pyrazinamide, 1.0 ug/mL for amikacin,
2.5 ug/mL for capreomycin, 2.0 ug/mL for ofloxacin,

and 5 pg/mL for ethionamide®.

DNA was isolated from pure cultures of M. tuber-
culosis as described previously [15]. To determine ge-
notypic resistance to fluoroquinolones, multiplex PCR
was used (Amplitub-MLU-RV and Amplitub-FQ-RV
(Syntol) kits).

Belonging to the Beijing genotype and its sub-
types BO/W148, Central Asian/Russian, CAO, Beijing
1071-32-cluster, 14717-15-cluster was determined by
PCR and real-time PCR methods to identify specific
markers [20]. Strains of other genetic groups (non-Bei-
jing) were spoligotyped [21]. The obtained spoligotype
profiles were compared with the SITVIT2 international
database* and the SIT (Spoligotype International Type)
number was determined.

Statistical analysis was performed using Med-
Calc®. Differences between groups were determined by
the y? criterion; differences were considered statistically
significant at p < 0.05.

Results and discussion

Drug sensitivity assessment of 599 M. tuberculo-
sis strains isolated from newly diagnosed TB patients
showed that 292 (48.7%) strains were sensitive to all
1*-line antituberculosis drugs (streptomycin, isonia-
zid, rifampicin, ethambutol), 230 (38.4%) isolates had
MDR. Phenotypic resistance to ofloxacin was estab-
lished in 6.7% (40/599) of strains in the general sample
and in 17.4% (40/230) of MDR strains of M. tuberculo-
sis. According to the new WHO definition, all 40 oflo-
xacin-resistant strains were pre-XDR (Table 1).

Genotyping showed that in the total collection of
M. tuberculosis strains, the share of the Beijing geno-
type was 57.8% (346/599). The remaining 253 strains
belonged to different genetic families of the Euro-Ame-
rican phylogenetic lineage of M. tuberculosis (another
name is lineage 4), predominantly T (31.6%; 80/253),
LAM (Latin American Mediterranean) (25.3%; 64), Ural
(22.9%:; 58), and Haarlem (9.9%; 25). The Central Asian/
Russian (including the CAO subtype) and BO/W148
clusters of the Beijing genotype included 34.2%
(205/599) and 17.4% (104) of strains, respectively.

Ofloxacin-resistant strains were predominantly
(85%; 34/40) of the Beijing genotype. At the same
time, 18 (45%) strains were assigned to the best known
Russian epidemic subtype Beijing BO/W148-cluster,
12 (30%) to Beijing Central Asian/Russian. Of the
latter, 2 strains represented the CAO subtype, which
is more characteristic of Central Asia and quite rare
in Russia [20, 22]. All Beijing strains had the SIT1
spoligotype, 1 strain belonged to the ancient sublin-

3 Order of the Ministry of Health of Russia dated December 29,
2014 No. 951 “On approval of methodological recommendations
to improve the diagnosis and treatment of respiratory
tuberculosis.”

4 SITVIT2. URL: http://www.pasteur-guadeloupe.fr:8081/SITVIT2

5 MedCalc. URL: http://www.medcalc.org/calc/odds_ratio.php
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Table 1. Spoligoprofiles of 40 ofloxacin-resistant M. tuberculosis strains

. . . Number of .
SIT, family 43-spoligoprofile strains gurA mutation
SIT1 Beijing o o o o o o} | | | [ | [ ] | 34 19 — Asp94Gly
8 — Ala90Val
3 — Asp94Ala
2 — Ser91Pro
1—no
SIT42 LAM LI L]l mmmm |]]]]]]mumms |]]]]]] 2 1 — Ala90Val
1 — Asp94Gly
SIT252 LAM AEEEEEEEEN (EEEEEEEE (0SS EEEEEEC0IEEEEEE 1 Asp94Gly
SIT4 LAM* o o [ [ [ o o] | | [ [ [ | | [mimwmwm] [ ] ] ] 1 Asp94Gly
SIT53 EEEEEEEEESSSSEEEEEEEEEEEEEEEEEEER( (A EEEEEE 1 Asp94Gly
L4-unclassified
SIT251 EEEEEEEROO0000000000000000EEEECO O 00IEEEEEE 1 Ala90Val

L4-unclassified

Note. *Strain SIT4 belongs to the LAM genotype based on 24-MIRU-VNTR typing and clustering with reference profiles from the

MIRU-VNTRplus.org database.

eage (cluster 1071-32), and the others to the modern
sublineage of the Beijing genotype. We also identified
4 strains of genotype LAM and 2 strains with spoligo-
types SIT53 and SIT251, which belong to group T ac-
cording to the SITVIT2 database. Taking into account
the heterogeneity and polyphyletic nature of both the
T group as a whole and the SIT53 spoligotype [23,
24], it is more appropriate to define these strains as
L4-unclassified.

Mutations in the gyrd gene were detected in
97.5% (39/40) of M. tuberculosis strains (Table 2).
The most frequent mutations were found in codon 94
(69.2%; 27/39); they were represented by 3 variants
of single-nucleotide polymorphisms, among which the
Asp94Gly substitution was detected in 57.5% (23/40)
of ofloxacin-resistant strains and was dominant among
both Beijing (19/34) and non-Beijing (4/6) strains. The
second most frequent substitution was 4/a90Val (25%,
10/40) which was established in 23.5% (8/34) of Bei-
jing strains and 33.3% (2/6) of non-Beijing strains.
Cumulatively, M. tuberculosis strains with Asp94Gly
and A/a90Val mutations in the gyr4 gene accounted for

82.5% (33/40). The simultaneous presence of 2 muta-
tions in a single strain was not detected.

When analyzing the polymorphism of the gyr4
gene, it should be taken into account that not all muta-
tions, even in codons adjacent to hotspots, contribute to
resistance. The most well-known phylogenetic substi-
tution is a mutation in gyr495, which was proposed as
an evolutionary marker back in 1997 for the very first
scheme of dividing M. tuberculosis species into major
genetic groups [25]. Currently, as a modern source of
information on the significance of resistance mutations
(or lack thereof), one can refer to the WHO Mutation
Catalog, the second edition of which was published in
2023. [14]. The enumeration of this codon gyr495 in
the same row with mutations in the hotspot of the gyr4
gene [7, 26] creates an erroneous impression of its cor-
relation with resistance to fluoroquinolones.

Analysis of ofloxacin-resistant strains of different
genotypes revealed all variants of the detected muta-
tions in the gyr4 gene in strains of the Beijing Central
Asian/Russian subtype. More than a half of ofloxa-
cin-resistant strains Beijing BO/W148 (10/18) and Cen-

Table 2. Mutations in the gyrA gene in ofloxacin-resistant M. tuberculosis strains

gyrA mutation All strains Beijing, all | Beijing Bow14g | DSUing Central | pejing others | non-Beijing
n 40 34 18 12 4 6
Ala90Val 10 (25%) 8 5 2 1
Ser91Pro 2 (5%) 2 1 1
Asp94Gly 23 (57,5%) 19 10 7 2 4
Asp94Ala 3 (7,5%) 3 1 1 1
Asp94Tyr 1(2,5%) 1
Not detected 1(2,5%) 1 1

Note. *2 Beijing Central Asian/Russian strains belonged to the CAO subtype and had Ala90Val and Ser91Pro mutations. **1 strain belonged
to the 1071-32 cluster of the ancient sublineage of the Beijing genotype and had the Ala90Val mutation.
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tral Asian/Russian (7/12) had the 4sp94Gly mutation.
No significant differences in the mutation spectrum de-
pending on the M. tuberculosis genotype were found.

In the studied sample of 40 patients from whom
ofloxacin-resistant M. tuberculosis strains were iso-
lated, clinical forms of infiltrative and disseminated
pulmonary TB prevailed (16 and 14 patients, respec-
tively; Table 3). Comparison of clinical forms of the
disease and genotype of strains did not reveal statisti-
cally significant differences. The proportion of dissem-
inated pulmonary TB was higher in patients infected
with Central Asian/Russian strains (41.7%; 5/12) than
with BO/W148 (27.8%; 5/18; p = 0.4). The proportion
of patients with infiltrative pulmonary TB was higher in
the BO/W148 group (55.6%; 10/18) than Central Asian/
Russian (33.3%; 4/12; p = 0.2). It is possible that statis-
tically insignificant differences between groups are due
to small sample size or different reactivity of patient’s
body.

We compared our results with previous Russian
studies [7, 8, 15, 26, 27]. As in our study, gyr4 mu-
tations 94Gly, 90Val, 944la were the most frequent,
regardless of the region of Russia. In the second edi-
tion of the WHO Catalog [15] published in 2023 for the
new fluoroquinolone moxifloxacin, the most frequent
of these gyrdA mutations, Asp94Gly, was identified to
be leading with high confidence to a high level of re-
sistance to moxifloxacin, along with gyrd Gly88Cys,
Asp94Asn, Asp94His, and Asp94Tyr. Other mutations
in gyr4 and gyrB have been identified to be resulting in
low levels of resistance to moxifloxacin.

Mutations in gyrB, which are not included in the
test system used in this study, are generally rare [8,
15] or have not been detected at all in some local col-
lections [26], although, for example, found in 10% of
ofloxacin-resistant strains in the Leningrad region [18].
Some ofloxacin-resistant strains do not carry mutations
in gyrA or gyrB [15, 18]. Their resistance to ofloxacin
can be hypothetically explained by a mutation in anoth-
er target gene or active efflux [28, 29].

The reverse situation, namely multiple mutations
in the same strain, was not observed in the studied
sample, but was described earlier in other Russian stu-
dies. For example, in a study of a collection of strains
from different regions of Russia, 4 isolates carried gyr4

Asp94Gly and gyrB Asn5384sp mutations simulta-
neously, 1 Beijing BO/W148 strain had gyrd (Ala-
90Val-Ser91Pro, Asp94Asn) and gyrB (Ala543Val) mu-
tations simultaneously [7]. There is no correlation be-
tween the level of phenotypic resistance and the type of
mutation or the presence of more than 1 mutation. In the
Leningrad region in 2011. 54.3% of isolates with a low
level (2 ug/mL) and 76.9% of isolates with a high level
(10 pg/mL) of ofloxacin resistance had mutations in
gyrA4 [18]. Two isolates with low levels of ofloxacin re-
sistance had mutations in gyr4 and gyrB genes simulta-
neously, and major mutations in gyr4 codons 94 and 90
were found among strains with both high and low levels
of resistance [18]. This contradicts the statement in the
WHO Catalog [14] that “multiple genetically linked
mutations with low levels of resistance to moxifloxa-
cin have an additive effect and should be considered
as conferring high levels of resistance”. Hypothetically,
multiple mutations could arise due to mutator (hyper-
mutable) alleles of DNA repair genes in such strains,
similar to the situation with rifampicin resistance and
multiple mutant alleles of ¥poB [30].

An interesting result of a previous study in north-
western Russia was the detection of a high proportion
of heteroresistant isolates, i.e., those with both mutant
alleles and wild-type gyr4 or gyrB alleles [15]. How-
ever, this current study did not detect such cases, i.c.,
strains with already persistently acquired resistance to
ofloxacin are actively spreading at present.

Conclusion

The widespread use in the past of phenotypic
drug resistance testing based on absolute concentration
method data may have led to false results, which further
increases the importance and necessity of genetic typ-
ing. The new version of the guidelines [13] includes ad-
ditional provisions that prioritize the proportion method
over the absolute concentration method in phenotypic
susceptibility testing of M. tuberculosis clinical isolates
to antituberculosis drugs. Critical concentrations for
rifampicin (0.5 mg/L instead of 1 mg/L), levofloxacin
(1.0 mg/L instead of 1.5 mg/L), moxifloxacin (0.25 and
1 mg/L instead of 0.5 and 2.0 mg/L) were changed ac-
cording to WHO recommendations. This complicates
retrospective comparison of phenotypic drug suscepti-

Table 3. Distribution of clinical forms of the disease among strain genotypes

Clinical forms of tuberculosis Total BOMW148-cluster| CeMAASIaN' | gijing other | non-Beijing
n 40 18 12 4 6
Disseminated 14 5 5 4
Infiltrative 16 10 4 1 1
Fibrous-cavernous 6 2 2 1 1
Cavernous 2 1 1

Focal 2
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bility data and further strengthens the role of molecular
genetic studies aimed at establishing genetic markers
of resistance.

In the studied sample of M. tuberculosis strains
from different regions of northwestern Russia collected
in 2015-2019, primary resistance to fluoroquinolones
amounted to 6.7% in the general population and 17.4%
in MDR strains and was mainly due to 4sp94Gly and
Ala90Val mutations in the gyrA gene. The largest propor-
tion of fluoroquinolone-resistant M. tuberculosis strains
was represented by the Beijing BO/W 148 genotype.

In the population of M. tuberculosis in northwest-
ern Russia, resistance to fluoroquinolones is currently
forming against the background of already existing
MDR, and strains with Asp94Gly and Ala90Val muta-
tions in the gyr4 gene play a major role in the spread
of pre-SDR-TB. It is advisable to detect mutations in
genes associated with resistance of M. tuberculosis to
antituberculosis drugs and monitor the circulation of
these genotypes to evaluate their epidemiologic signifi-
cance.
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Detection and type identification of non-polio enteroviruses
in children against the background of acute intestinal
infections of various etiologies: 2018-2023

Svetlana G. Selivanova™, Vladimir V. Zverev, Natalya V. Ponomareva, Artem V. Leonov,
Alexander Yu. Kashnikov, Natalia V. Epifanova, Anastasia V. Polyanina, Nadezhda A. Novikova

Academician I.N. Blokhina Nizhny Novgorod Research Institute of Epidemiology and Microbiology,
Nizhny Novgorod, Russia

Abstract

Introduction. Enteroviruses (EV) are characterized by: species and type diversity, polymorphism of clinical
manifestations, a tendency to epidemic spread, and are often the cause of disease outbreaks, which determines
the relevance of monitoring EV strains in various clinical forms of infection, including in conditions of anti-epidemic
measures.

The aim of the study: to characterize the prevalence and diversity of non-polio enteroviruses (NPEV) types in
children with acute intestinal infection (All) in the period 2018-2023, including the COVID-19 pandemic.
Materials and methods. The RT-PCR method was used to study 7302 samples of feces from children hospitalized
with a diagnosis of All in the infectious diseases hospital of Nizhny Novgorod. Genotyping of EV strains was
carried out using fragment Sanger sequencing of the genome region encoding capsid protein 1 (VP1) and the
online resource BLAST.

Results. EVs were found in 5.0 £ 0.3% (1.7—-7.8%), both in mono- and mixed infections with other enteric viruses.
The long-term dynamics of the frequency of EV detection and the incidence of EV infection in children in the
Nizhny Novgorod region was characterized by a sharp decrease in indicators in 2020 against the backdrop of
the introduction of anti-epidemic measures. When genotyping 299 strains, 41 types of NPEV of 4 species were
identified. The spectrum included the main pathogens of exanthema and neuroinfections and rare types found in
“minor” or intestinal forms of infection. During the study period, a redistribution of NPEV species was established.
Before the pandemic, the ratio of Enterovirus A : Enterovirus B : Enterovirus C species was as follows —
41.0:46.7 : 12.3%; during the 2020 pandemic season the ratio was 0.0 : 37.5 : 62.5%; after the lifting of restrictive
measures — 47 : 29 : 23%, which may be due to the different effectiveness of the restrictive measures on the
mechanisms of transmission of EVs of different types.

Conclusion. The genetic diversity of NPEVs detected in children with All complements information on the typical
composition of the territorial enterovirus population. In children with All, when the airborne transmission of SARS-
CoV-2 was blocked, there was a decrease in the frequency of detection of viruses of the Enterovirus B type, the
absence of detection of Enterovirus A and the constant presence of Enterovirus C.

Keywords: Non-polio enteroviruses, genotyping, All
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O6HapyxeHune n TMNoBana NAeHTUPMKaLNA HENONNOMMNENINTHDbIX
DHTEpPOBMPYCOB Yy fieTell Ha POHe OCTPbIX KNLIEeYHbIX MHpeKLunin
pasnuyHon sTnonorun: 2018-2023 rr.

CenusaHoBa C.I*, 3BepeB B.B., MoHomapesa H.B., JleoHoB A.B., KawHukos A.l10.,
EnunédaHosa H.B., MonaHuHa A.B., HoBukosa H.A.

Huxeropogckuin HayuyHo-MCCefoBaTeNIbCKU MHCTUTYT SMUAEMMUOSIOTN 1 MUKPOOMONOrnm
UmeHn akagemuka W.H. bnoxuHoi PocnoTpebHag3opa, HuxHuin HoBropog, Poccusa

AHHOMauyusi

BBepneHue. OHTepoBupychbl (OB) xapakTepu3yroTcsl BUAOBBIM M TUMOBBLIM pasHoobpasveM, nonMMopguaMom
KIMHUYECKMX MPOSABIIEHWUIA, CKIMOHHOCTBIO K 3NUAEMUYECKOMY pPacrnpOCTPaHEHUIO, YacTo SBMSKTCS MPUYUHON
BCMbllWeK 3aboneBaHnin, YTO onpeaensieT akTyanbHOCTb MOHUTOPUHIA LWTaMMOB OB npu pasHbIX KMMHUYECKUX
dopmax UHGEKLMM, B TOM YMCIEe B YCIOBUSX NPOBEAEHNSI NPOTUBOINUOAEMUYECKUX MEPOMPUATUIA.

Llenb uccnenoBaHns — xapakTepucTiKka pacnpoCcTpaHEHHOCTU 1 TUMOBOIO pa3HOO6pa3ust HEMONMOMUENUTHbBIX
OB (HM3B) y geteit ¢ octpoin knwedHon nHdekumen (OKN) B nepuog 2018—-2023 rr., BKNOYAKOLWNIA NaHAEMUIO
COVID-19.

Matepunanbl n metogbl. Metogom OT-MNUP nccnegosaHo 7302 obpasua dekanuin geten, rocnMtannanpoBaH-
HbIX ¢ gnarHo3om OKW B MHbEKUMOHHBIN cTaumoHap HmxkHero Hoeropoaa. NeHoTunnpoBaHue wrammoB 3B npo-
BOOMINY METOAOM hparMeHTHOro cekBeHnpoBaHus no CaHrepy obnacTtun reHoma, koampyoLlen kancuaHsii 6enok
1 (VP1), n onnann-pecypca BLAST.

PesynbraTbl. OB o6HapyxeHbl B 5,0 + 0,3% (1,7—7,8%) cny4aeB kak B MOHOMHMPEKLIMN, TaK U B COYETAHUN C BU-
pycamu KuwieyHow rpynnbl. MHOronetTHasa agnHaMmuka 4actoTel 0bHapyxeHus OB u 3aboneBaemoctn 3B-nHdek-
umen geten B Huxeropogckoi obnactu xapaktepusoBanach pe3kumMm cHukeHneM nokasateneli B 2020 r. Ha doHe
BBEAEHMSA NPOTUBOINNAEMUYECKNX MeponpusaTun. Npu reHoTunMpoBaHnn 299 WwTammoB MaeHTUULMpoBaH 41
Tvn HMN3B 4 Bugos. CnekTp BKMoYan OCHOBHLIX BO30yAuTEnemn 3k3aHTEMHbIX M HEMPOUHMEKLNIA 1 peaKve TUMbI,
BCTpevaloLmecs npyu «Manomn» unu kuweyHowm dopmax nHdekumm. B nsyyaemoli nepmoq yctaHoBeHO nepe-
pacnpepnenexve sugos HIMN3B. [Jo naHaeMumn cooTHoLeHne BUaoB Enterovirus A : Enterovirus B : Enterovirus C
6bino cnegytowmm — 41,0 : 46,7 : 12,3%; B ce3oH naHgemumn 2020 r. — 0,0 : 37,5 : 62,5%; nocne cHATMA orpa-
HUYUTENBHBLIX Mep — 47 : 29 : 23%, 4To MOXET BbITb CBA3aHO C pasnuyHon 3hPEKTUBHOCTbLIO BMSIHUS OFPaHn-
YUTEMbHBLIX MEPOMPUSATUIA HA MeXaHU3Mbl Nepefayn B pasHbIx BUOOB.

3akntoueHue. leHeTnyeckoe pasHoobpasue HIMOB, BrisBnaemsix y getert ¢ OKW, pononHset nHpopmamio o Tu-
NOBOM cocTaBe TepputopuansHon 3B-nonynsumu. Y geteii ¢ OKU B ycnoBusix 6riokMpoBkM acnnpaumoHHOro me-
xaHuama nepegayun SARS-CoV-2 Habnoganock CHWXKEHMEe YacToThl OOHapyxeHnss BUpYcoB Buaa Enterovirus B,
OTCYyTCTBME BbISiBNEHWA Enterovirus A n noctosiHHoe npucyTtcTeue Enterovirus C.
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HWUK CTaTbu.
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Introduction

Enteroviruses (Picornavirales: Picornaviridae:
Enterovirus; EVs) are small in size (30 nm diameter),
non-enveloped, icosahedral (pseudo T = 3) capsid (+)
RNA-containing viruses. An important role in human
infectious pathology is played by non-polio EVs (NPE-
Vs), represented by more than 100 types belonging to
4 species: Enterovirus A, Enterovirus B, Enterovirus C,
Enterovirus D'. In most cases, infection with NPEV is
asymptomatic, but these viral agents can also be associa-
ted with central nervous system damage, myocarditis,
neonatal sepsis, and other serious diseases [1-4]. It is
important to note that NPEVs of different species and
types can cause the same clinical syndromes, and the
intestinal form of EV infection (EVI) can accompany
infection with any type of EV [5].

EVs play an important role in the epidemic up-
surges and outbreaks that have been reported in ma-
ny countries. For example, a large-scale outbreak of
EV-D68-respiratory disease with neurologic syndrome
was recorded in 2014 in the United States and Europe
[6, 7]; furthermore, periodic outbreaks of oral and ex-
tremity exanthema (EB-A71 infection) in the Asia-Pa-
cific region [8] and serous meningitis (EVM) in Europe,
the United States and Russia (CMV3, ESNO30) are
also registered [9-11].

The diversity of clinical symptoms of varying se-
verity, the risk of emergence and wide spread of epi-
demic variants of the virus among the population de-
termine the relevance of worldwide studies aimed at
molecular genetic monitoring of circulating EV strains?
[12]. In Russia, monitoring the circulation of NPEV is
an integral part of epidemiologic surveillance of EVI?,
which allows predicting epidemic outbreaks and the
formation of foci of infection, and making timely ma-
nagement decisions.

Previously, we have shown the importance of ex-
amination of children with acute intestinal infection
(AIID) for molecular monitoring of EV circulation. An-
nual detection and a diverse type landscape of NPE-
Vs, including not only Enterovirus A and Enterovirus
B (pathogens of herpangina, exanthema, serous men-
ingitis, etc.), but also latently circulating Enterovirus
C NPEVs (mainly minor forms of infection, acute re-
spiratory viral infections, All), allow us to additionally
obtain data expanding information on the specifics of
circulation of EVs of different species [13, 14].

' Picornaviridae Home Page. URL: https:/picornaviridae.

com/ensavirinae/enterovirus/enterovirus.htm (date of access:
13.03.2024).

WHO. Enterovirus Surveillance Guidelines — guidelines for
enterovirus surveillance in support of the polio eradication.
Regional Office for Europe: World Health Organization. 2015.
URL: https://iris.who.int/handle/10665/344375 (date of access:
13.03.2024).

“Epidemiological surveillance and prevention of enterovirus
(nepolio) infection for 2023-2027” Program. URL: https://fcgie.
ru/page,3,koord_tsentr.html (date of access: 13.03.2024).

In 2019, a disease (COVID-19) caused by a no-
vel coronavirus (SARS-CoV-2) was reported in Wuhan,
China, which spread very rapidly around the world. In
March 2020, WHO declared a pandemic of the dis-
ease and the need to introduce anti-epidemic measures
aimed at reducing the activity of spread of the virus
transmitted by airborne and household contact’. The
widespread introduction of the emergency regime has
affected the incidence not only of COVID-19, but also
of other infectious diseases, mainly viral in nature. For
example, in Oslo (Norway) in 2020-2021, the number
of hospitalizations of children with acute bronchiolitis,
viral pneumonia, gastroenteritis and viral infections of
the central nervous system decreased by 90, 89, 74 and
78%, respectively, compared to previous years [15].
Japanese researchers reported that the number of pa-
tients with influenza, respiratory syncytial virus, human
metapneumovirus and Mycoplasma pneumoniae with
respiratory symptoms decreased dramatically by more
than 98% during the restrictive measures [16]. Other
studies have also reported a decrease in the incidence
of various infections of viral etiology in children during
the COVID-19 pandemic, including a decrease in the
detection rate of enteric viruses (rotaviruses by 87%
and noroviruses by 40%) [17].

In Russia during the year 2020, against the back-
ground of unprecedented anti-epidemic and preventive
measures aimed at combating the COVID-19 pandemic,
a significant decrease in the incidence of EVI/EVM was
observed. In 2021 and 2022, there was a gradual increase
in incidence and the rates returned to the average annual
level before the pandemic (2010-2019) [18].

The aim of this study is to characterize the prev-
alence and type diversity of NPEV in children with
All in the period of 2018-2023, which includes the
COVID-19 pandemic.

Materials and methods

In this study, 7302 fecal samples of children
aged 0—17 years hospitalized with a diagnosis of All
(A08.4 — viral intestinal infection unspecified, ICD-
10) in a pediatric infectious disease hospital in Nizhny
Novgorod in 2018-2023 were examined for the pres-
ence of EV and viruses — causative agents of acute
gastroenteritis (rotaviruses, noroviruses, adenoviruses,
astroviruses).

Voluntary informed consent was obtained from
all participants or their legal representatives. The study
protocol was approved by the local Ethical Committee
of the Academician I.N. Blokhina Nizhniy Novgorod
Scientific Research Institute of Epidemiology and Mi-
crobiology (protocol No. 5 of 24.03.2020).

4 WHO. Transmission of SARS-CoV-2: implications for infection
prevention precautions. URL: https://www.who.int/news-room/
commentaries/detail/transmission-of-sars-cov-2-implications-
for-infection-prevention-precautions (date of access: 13.03.2024).
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RNA of entero-, rota-, noro-, astroviruses and
DNA of adenoviruses from fecal samples were isolated
using the RIBO-prep reagent kit, for reverse transcrip-
tion we used the REVERTA-L kit (Central Research
Institute of Epidemiology). Detection of RNA of EV
and enteric viruses was performed using AmpliSens
Enterovirus-FL and AmpliSens Viro-Screen-FL test
systems (Central Research Institute of Epidemiology)
according to the manufacturer’s instructions.

Samples containing EV RNA were used to deter-
mine the virus type. For the same purpose, 123 EV-con-
taining fecal samples of children with All provided by
the CDC in the Nizhny Novgorod region in 2018-2023
were additionally investigated.

The EV type was determined by partial sequenc-
ing of the gene encoding capsid protein 1 (VP1). The
375 bp fragments of the EV genome were amplified
according to the recommendations [19]. The nucleo-
tide sequences of cDNA fragments were determined in
automatic analyzers GenomeLab™ GeXP (Beckman
Coulter) and Nanofor-05 (Institute of Analytical Instru-
mentation, Russian Academy of Sciences) using DTCS
Quick Start Kit (Beckman Coulter) and GenSek (Syn-
tol) reagent kits.

To identify closely related EV strains, the nucle-
otide sequences of VP1 gene fragments were analyzed
using the online resource BLAST®.

Statistical processing of the results was carried out
using the generally accepted method of calculating the
mean error (m) and Student’s mean and probability (7)
using an online calculator®.

The multi-year dynamics of the incidence of EVI
in children under the age of 17 in the Nizhny Novgorod
region was analyzed on the basis of official statistics
(Form No. 1 of statistical reporting “Information on
infectious and parasitic diseases”) for the years 2018—
2023.

Results

Detection of enteroviruses in children
with acute intestinal infection

A total of 7302 children hospitalized with a diag-
nosis of All in 2018-2023 were examined for the pres-
ence of EV RNA in feces. The detection of EVs was
performed as part of the etiologic interpretation of the
disease. Enteric viruses (rotaviruses, noroviruses, astro-
viruses, and group F adenoviruses) and EVs combined
were detected in 46.9% of cases (3424/7302), with EVs
detected both as mono-infection (2.7%; 195/7302) and
in combination with viruses that were pathogens of
acute gastroenteritis (2.3%; 169/7302).

5 BLAST. URL: https://blast.ncbi.nlm.nih.gov/Blast.cgi (date of
access: 13.03.2024).

¢ Medical statistics. URL: https://medstatistic.ru/calculators/
averagestudent.html (nata oopamenus 13.03.2024).
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EVs were detected in 364 (5.0 = 0.3%) cases. In
different years of the observed period, the frequency
of EV detection in children with AII ranged from 1.7-
7.8%. In the period before the COVID-19 pandemic,
EVs were significantly more frequently detected in
2018 (7.5 £ 0.7%; 120/1607; p = 0.009). Their detec-
tion rate decreased in 2019 and reached a minimum in
2020 (1.7 £ 0.3%, 24/1427; p = 0.0000001), when pan-
demic-related restrictive anti-epidemic measures were
implemented. In 2021, after the partial lifting of the
lockdown and when the mask regime was relaxed, the
rate of EV detection in children with All increased sig-
nificantly (4.1 = 0.5%; 58/1417; p = 0.00004) and pea-
ked in 2022 (7.8 + 0.9%; 65/832; p = 0.002136). Fig. 1
shows that the dynamics of the frequency of EV detec-
tion until 2023 repeats the dynamics of the incidence of
all forms of EVI in children in the Nizhny Novgorod
region. Both dynamics have a pronounced decrease in
rates in 2020 and an increase in 2021-2022. Howev-
er, in 2023, the increase in the incidence of EVI con-
tinued, and the frequency of EV detection in children
with All significantly decreased (3.7 £ 0.9%; 18/493;
p = 0.000001) compared to 2022. Comparison of the
incidence rates of EVI and EVM in the analyzed time
period revealed that the increase in the incidence rate
in 2023 was due to non-meningeal forms of infection
(in 2022 — 31.82%; in 2023 — 42.38°/ ). The in-
cidence of EVM remained approximately the same (in
2022, 13.52°% . in 2023, 12.42% ).

The monthly frequency of EV detection in dif-
ferent age groups of children with AIl in 2018-2022
was analyzed. It was found that in 2018 and 2019 the
dynamics of changes in the frequency of EV detection
was homogeneous. A similar pattern was observed
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Fig. 1. Dynamics of the frequency of detection of NPEV (%)
and incidence of EVI (per 100 thousand children under the
age of 17 years) in the Nizhny Novgorod region in the period
2018-2023.
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when comparing the seasons of 2021 and 2022, which
made it possible to single out the combined seasons of
2018-2019 (pre-pandemic) and 2021-2022 (pandemic,
cancellation of the lockdown) for comparison. The anal-
ysis showed that before the pandemic, EVs were de-
tected in children with intestinal infection year-round,
starting in April and ending in January—February of the
following year. Peaks were recorded in May (10.0%;
22/221) and September (15.8%; 38/241). In 2020, EV
detection peaked in September (5.7%; 7/123). During
the 2021-2022 pandemic season, after phasing out re-
strictive measures, EVs in children with AIl were de-
tected from June through December, with a peak detec-
tion rate in July (10.8%; 34/315). In the 2023 season,
EVs were more frequently detected in August (8.2%;
6/73) (Fig. 2).

Children of all ages are susceptible to NPEV in-
fection. At the same time, the frequency of EV detec-
tion in patients with All differed in different age groups
during the study period (Fig. 3). Thus, prior to the
COVID-19 pandemic, EVs were significantly more fre-
quently detected in children under 3 years of age (7.3 +
0.6%; 120/1644; p = 0.006739), whereas in 2021-2022,
EVs were most frequently detected in children aged 3-7
years (6.8 = 0.9%; 53/778; p = 0.044991) compared to
children older than 7 years. In 2020 and 2023, against
a background of low detection rates of EVs in children
with All, no significant group differences were found,
with no EVs detected in children over 7 years of age
in the 2023 season, despite the fact that the number of
children aged 7-17 years examined in 2022 and 2023
differed little (169 and 118, respectively).

It was of scientific and practical interest to study
the peculiarities of the type composition of EVs found
in children with AIl before the COVID-19 pandemic,
during the pandemic and after its end.

Analysis of the diversity of NPEV types
in children with All

In order to study the diversity of EV types detect-
ed in hospitalized children diagnosed with AlIl, 299
typed strains were analyzed. All strains were identified
as NPEVs.

A total of 41 types of NPEV identified in 2018-
2023 were defined. Fig. 4, a shows that a number of
NPEYV types were identified in a single or small number
of cases (n = 64: KA3, KA7, KAS8, EV-A76, EV-A90,
KV1, KV2, KV3, KV4, E1, E2, E3, E6, E7, E13, E14,
E18, E21, E24, E25, KA19, KA20, KA21, KA24,
EV-C99, EV-C116, EV-D68), while other types were
detected relatively frequently (n = 135: KA2, KAS,
KA10, EVA71, KA9, KV5, E9, E11, E30, KA22), 4
viruses were prevalent (n = 100: KA4, KA6, KAL16,
KAT). The detected viruses belonged to 4 species: En-
terovirus A (44.5%; 133/299), Enterovirus B (35.1%;
105/299); Enterovirus C (20.1%; 60/299); Enterovirus
D (0.3%; 1/299).
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Fig. 2. Monthly frequency of detection of NPEV in children
with All during the period before the COVID-19 pandemic
and after the lifting of the lockdown, %.
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Fig. 3. Frequency of detection of EVs in different age groups
of children with All in the periods before the pandemic,
during and after the COVID-19 pandemic.

*p =0.006739; **p = 0.044991.

Twelve types of Enterovirus A species were iden-
tified among the NPEVs, with KA4 (18.8%; 25/133),
KAG6 (14.3%; 19/133), and KA 16 (15%; 20/133) virus-
es being detected more frequently. Enterovirus B spe-
cies included 20 types of NPEVs, dominated by virus-
es KA9 (11.4%; 12/105), KV5 (15.2%; 16/105), E11
(14.3%; 15/105), and E30 (13.3%; 14/105). Eight types
of Enterovirus C NPEVs were identified, with KA1 vi-
rus being the most frequently detected (60%; 36/60).
RNA of EV-D68 was detected in feces in one case.

The spectrum of NPEV types in different seasons
of the study period was analyzed (Fig. 4, b). Thus,
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before the COVID-19 pandemic, Enterovirus A was
dominated by EV-A71 (13.3%; 14/105), which was
subsequently undetected, and was replaced by virus
KA16 (13.6%; 18/132). In 2023, KA4 (16.7%; 9/54)
and KA10 (20.4%; 11/54) viruses were dominant.
KA2, KAS and KA6 viruses were detected relatively
frequently. It is indicative that in 2020, in the conditions
of strict anti-epidemic measures, representatives of En-
terovirus A were not identified.

In2018-2019, among Enterovirus B,KV5 (10.5%;
11/105), E30 (9.5%; 10/105) and E9 (5.7%; 6/105) vi-
ruses were detected more frequently than others; in the
2020 season, E9, E14 and E24 viruses were detected in
single cases, whereas after the partial lifting of restric-
tive measures, KA9 (6.8%; 9/132) and E11 (10.6%;
14/132) viruses were detected. In 2023, KVS5 virus
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(9.3%; 5/54) resumed circulation and E30 virus (5.6%;
3/54) was detected, while other EVM pathogens (E6
and E11 viruses) were not detected in the feces of chil-
dren with AIL

Among Enterovirus C EVs, KA1 virus dominat-
ed both before the pandemic and during the pandemic
(during the restrictive measures and after the lockdown
was lifted). It is worth noting that in 2021-2022, its
share in the type structure of NPEVs detected in chil-
dren with AIl amounted to 16% (21/132).

We analyzed the distribution of NPEV types in
different seasons of the study period. Fig. 5 shows that
before the COVID-19 pandemic, Enterovirus A (41.0 £
4.8%; 43/105) and Enterovirus B (46.7 £ 4.9%; 49/105)
were detected in approximately equal proportions and
statistically significantly predominated over Enterovi-
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Fig. 4. Diversity of NPEV types identified in children with All in 2018-2023 (a), before the pandemic (2018-2019),
during the pandemic (2021-2022) and after its end (2023) (b).
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Fig. 5. Species distribution of NPEV isolated from children with All in 2018—-2023.
*p =0.000001; **p < 0.002142; ***p < 0.009897.

rus C (12.3 + 3.2%; 13/105; p = 0.000001), while af-
ter the lockdown was lifted (2021-2022), Enterovirus
A (47.0 £ 4.3%; 62/132; p < 0.002142) was more fre-
quently detected. During the period of the severe re-
strictive measures due the pandemic (2020), no EVs
of Enterovirus A species were detected, and the major
proportion among identified NPEVs belonged to En-
terovirus C species (62.5 = 17.1%; 5/8). In 2023, the
distribution of NPEV species did not differ significantly
from that in 2021-2022 and was characterized by a sig-
nificant predominance of Enterovirus A.

Thus, during the period under study, children
with AIl showed a change in the frequency of detec-
tion of different types of NPEVs due to the change of
the dominant type: before the pandemic — Enterovi-
rus B (46.7%), Enterovirus A (41.0%), Enterovirus C
(12.3%); during the pandemic season, during the period
of strict restrictions (2020), Enterovirus C (62.5%) and
Enterovirus B (37.5%) were detected; after the lock-
down was lifted, Enterovirus A (47.0%), Enterovirus B
(28.8%), Enterovirus C (23.5%), Enterovirus D (0.7%);
in 2023, Enterovirus A (51.8%), Enterovirus B (27.8%),
and Enterovirus C (20.4%) were detected.

Discussion

Many types of EVs are prone to epidemic spread,
which determines the need to monitor their circula-
tion. For this purpose, detection and type identifica-
tion of NPEVs are performed in patients with differ-
ent clinical presentation of the disease. In the present
study, detection and type identification of EVs were
performed in children hospitalized with AIl in one of
the infectious diseases hospitals of Nizhny Novgorod,
as part of the etiological deciphering of the disease
during the period including the time of the COVID-19
pandemic.

In 2018-2023, EVs both in mono-infection and in
combination with other enteric viruses were detected
in an average of 5.0% of cases. At the same time, be-
fore the pandemic (2018-2019), the frequency of EV
detection was 6.4%, which is comparable to the data
for 2006-2011, when in children hospitalized with
All in the same infectious disease hospital in Nizhny
Novgorod, NPEVs were detected in 7.6 £ 0.3% of cases
[14]. According to the data of foreign authors, EVs in
children with AII before the COVID-19 pandemic were
detected in the range of 3.3—-11.0% [20-22].

The analysis of the incidence of all forms of EVI
in the Nizhny Novgorod region and the frequency of
EV detection in children diagnosed with AIl showed
that in 2018-2022 the dynamics of the frequency of
EV detection repeated the dynamics of EVI incidence,
and in 2020 in both cases a sharp decline in the stud-
ied indicators was observed. The incidence of EVI in
children under 17 years of age in the Nizhny Novgorod
region decreased by 22.7 times (according to offi-
cial statistics), the frequency of EV detection — by
4.5 times. In 2020, in connection with the COVID-19
pandemic, anti-epidemic measures (mask regime, ban
on mass events, self-isolation regime, quarantine, hy-
giene awareness, movement restrictions) were intro-
duced in the Nizhny Novgorod region, as well as in the
country as a whole, aimed at preventing the spread of
SARS-CoV-2 due to the airborne transmission. At this
time, the incidence of EVI in children under 17 years of
age in the Nizhny Novgorod region decreased to 2.16
per 100,000, and the frequency of NPEV detection in
children with AIl reached a minimum (1.7%). These
data indicate an effect of restrictive anti-epidemic mea-
sures on the activity of EV circulation, which can be
transmitted via different mechanisms and routes, and,
accordingly, the impact on the EVI incidence.
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In 2021-2022, against the background of a marked
increase in the incidence of all forms of EVI, the fre-
quency of EV detection in children with All increased,
averaging 5.5% (4.1-7.8%). The gradual increase in the
detection rate correlates with the results of a study con-
ducted in the Republic of Belarus in 2020-2022, where
NPEVs in children with AIl were identified in a total of
3% of cases, and the annual detection rate also tended
to increase (1.1-3.7%) [23]. However, after the pan-
demic in 2023, against the background of an increase in
the incidence of all forms of EVI, the frequency of EV
detection in children with the symptoms of All signifi-
cantly decreased by 2.1 times (7.8-3.7%).

EVs were detected in fecal samples during the sea-
sonal summer-autumn rise in the incidence of EVI in all
age groups of children hospitalized with AIl. However,
the peak months and the dominant age group of their
detection varied in different years of the study period.
Before the pandemic, the highest EV detection rates
were recorded in May and September, predominantly
in the age group of children under 3 years of age, while
after the cancellation of the lockdown — in July, in the
age group of 3—7 years (organized preschool children).
It is noteworthy that in 2023 there were no cases of EV
detection in children with AIl in the age group older
than 7 years, which is characterized by a high incidence
of EV causing neurological forms of infection (KVS5,
E6, E30) [24]. The decrease in the frequency of EV de-
tection in children hospitalized with AIl in 2023 and the
absence of cases of their detection in the age group old-
er than 7 years may be associated, among other things,
with the emergence in the general EV population of
new epidemically significant EV variants causing spe-
cific clinical forms of EVIL.

During 2018-2023, we identified 41 types of
NPEV in children with a clinic of AIl. The spectrum of
EB types included widespread pathogens of exanthemal
forms of infection and neuroinfections (in 2018 — KV5,
E9, E30, EV-A71;in 2019 — KA6, KA4, EV-AT1, E6;
in 2021 — KA6, KA9, El1; in 2022 — KA6, KAS,
KA16,KA9, El1;1in 2023 — KA6, KA10, E30), which
reflects the type composition of the Nizhny Novgorod
EV population. Thus, in the Volga Federal District,
including the Nizhny Novgorod region, during the
pre-pandemic period, viruses E6, E30, KA6, EV-A71
circulated widely [25]; in 2021, KA6 was dominant,
KA10 and KA9 were identified’.

In addition to EVs, which are the etiologic cause
of various symptomatic diseases, the types found, as
a rule, in minor or intestinal forms of infection (KA3,
El, E2, E3, KA20, KA21, KA22, KA24, EV-C116)
and types rarely detected in Russia (EV-A76, EV-A90,
EV-C99) were identified in children with AIlL. The iden-

7 Informative electronic bulletin. 2022. Ne 9. C 3-16. URL:
https://nniiem.ru/file/publicat/2022/nniiem-inf-byulleten-evi-za-
2021-n9.pdf (date of access: 27.02.2024).
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tification of rarely occurring types of NPEV in fecal
samples of children with intestinal infection has com-
pleted the characterization of the type composition of
the EV population in Nizhny Novgorod. The impor-
tance of screening of children with AIl to detect rare
types of NPEVs is also indicated by the results of a
study conducted in Mozambique in 2014-2018 [26].
EVs detected in children with AIl were of 4 types:
Enterovirus A (44.5%), Enterovirus B (35.1%), Entero-
virus C (20.1%), Enterovirus D (0.3%). Meanwhile,
27 types were identified before the COVID-19 pande-
mic, 5 types were identified during the 2020 pandemic,
24 after the lifting of restrictive measures during the
pandemic, and 20 after the pandemic. The number of
NPEYV types detected in children with diarrheal disease
at different time periods in different territories can vary
considerably. In our previous study, 22 types of Entero-
virus A (38.6%), Enterovirus B (38.6%), and Enterovirus
C (20.8%) were identified during the typing of EVs de-
tected in children with AII in 20062011 [14]. Accord-
ing to the data of foreign authors, in children examined
in cases of All, Enterovirus B and Enterovirus C types
of NPEVs were detected more often. Thus, in India,
23 types of EVs, mainly of Enterovirus B species
(73.68%; 28/38), were identified during the examination
of 305 children with AIl in 2011-2012 [27]. In North-
ern Brazil, in 2010-2011, 19 types of EV were identified
in 175 children with symptoms of acute gastroenteritis,
with 11 types (61.1%; 22/36) belonging to the Enterovi-
rus B species [28]. In contrast, in North America in 2012,
only 8 types of Enterovirus A and Enterovirus B were
identified in children with acute gastroenteritis, and En-
terovirus C was not detected in children with AII [21].
Analysis of the relative species distribution of
NPEVs identified in children with AIl in 20182023
showed that the ratio of EV species changed over time.
For example, prior to the COVID-19 pandemic, Entero-
virus A and Enterovirus B species EVs were predomi-
nantly identified, in approximately equal proportions.
During the pandemic (2020), during the period of strict
restrictive anti-epidemic measures, Enterovirus C EVs
were predominantly identified (Coxsackie A1 predomi-
nated), Enterovirus B in isolated cases, and none of the
Enterovirus A types were identified. The latter resumed
their circulation after the relaxation of restrictive mea-
sures and the end of the pandemic and dominated the
spectrum of viruses detected. A significant decrease in
the incidence of oral and extremity exanthema and her-
pangina, the main pathogens of which are EV-A71 and
CAL16, during the pandemic was observed in studies
conducted in China [29, 30], which, according to the
authors, indicates the prevention of EV transmission by
aspiration and contact mechanisms due to the applica-
tion of anti-epidemic measures. Our study shows differ-
ences in the effectiveness of restrictive measures aimed
at blocking the airborne transmission of SARS-CoV-2
on the frequency of detection of different types of
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EVs in children with acute respiratory tract infections,
which, most likely, is a consequence of their realization
of different transmission mechanisms.

Conclusion

The data of 6-year monitoring of NPEVs in chil-
dren with AIl demonstrate their genetic diversity, rep-
resented by at least 41 virus types of Enterovirus A—D
species. The spectrum of types includes the main caus-
ative agents of serous meningitis, oral and extremity
exanthema, herpangina, exanthema, myocarditis and
rare types occurring in minor or intestinal forms of in-
fection, which complements the characterization of the
territorial EV-population.

The results of the study demonstrate a pronounced
effect of the influence of the complex of anti-epidemic
measures carried out during the COVID-19 pandemic
on the incidence of EVI and the activity of circulation
of NPEV of different types. In children with AIl under
the conditions of blocking the aspiration mechanism
of SARS-CoV-2 transmission, there was a decrease in
the frequency of detection of Enterovirus B, absence
of Enterovirus A and constant presence of Enterovirus
C in feces.
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Abstract

Introduction. Bacillus anthracis, the pathogen of a particularly dangerous zoonotic disease known as anthrax,
requires strict epidemiological control and is characterized by high genetic homogeneity, which necessitates the
development of genotyping methods.

The aim of the study were to to find and characterize the VNTR and INDEL loci of B. anthracis and to develop on
their basis a genotyping technique by PCR with electrophoretic detection of the results.

Materials and methods. Marker search and phylogenetic analysis were performed on a sample of 388 genomes
of B. anthracis strains, 322 from the GenBank collection (RefSeq) and 66 from the collection of the Stavropol Anti-
Plague Institute of Rospotrebnadzor. Phylogenetic analysis was performed on the basis of SNP crustal alignment
using the Parsnp program. The search for markers was carried out using the Mauve program and author's scripts
in Python. PCR was performed using a ScreenMix-HS kit (CJSC "Eurogen”, Russia).

Results. Genomic variations of B. anthracis strains (SNP — 25,664, SNR — 14,387, VNTR — 693, INDEL —
14,667) were found, bioinformatic analysis of which revealed nine new VNTR and six INDEL molecular markers
most suitable for genotyping. The genetic (allelic) variants of the markers are described. Primers were selected
for the found markers and a PCR protocol with detection by electrophoresis in agarose gel was developed. When
typing using VNTR markers was applied, the strains were divided into nine clusters: A.Br.Ames, A.Br.001/002, A.Br.
Aust94, A.Br.005/006, A.Br.008/009 (Tsiankovskii), A.Br.008/009 (STI), A.Br.008/009 (A.Br.125), A.Br.008/009
(strain 228/269), B.Br.001/002. When typing using INDEL markers, the strains were divided into six clusters:
A.Br.Ames, A.Br.001/002, A.Br.Aust94, A.Br.008/009(Tsiankovskii), B.Br.001/002(B.Br.014), as well as a cluster
comprising several genetic lineages: A.Br.008/009 (STI), A.Br.008/009 (A.Br.125), A.Br.005/006 1 B.Br.001/002.

Conclusion. The use of the developed methodology for the identification of variable VNTR and INDEL loci makes
it possible to reliably determine the phylogenetic position of B. anthracis strains and is promising for use in the
epidemiological investigation of anthrax outbreaks.
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PaspaboTka meToanKkn MoneKynsipHOro TMNMPoOBaHNSA
witammoB Bacillus anthracis c ncnonb3oBaHieM HOBbIX
VNTR- n INDEL-mapkepoB
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AHHOMayus

BBepeHue. Bacillus anthracis — Bo36yanTenb 0co00 onacHoOro 300Ho3a CMOMPCKON A3Bbl — OTNMYAETCH BbICO-
KOV reHeTU4ECKOW OAHOPOAHOCTBIO, YTO BbI3bIBAET HEOOXOAMMOCTb COBEPLLUEHCTBOBAHMS METOA0B reHOTUMMPO-
BaHWs.

Llensimn nccnepgoBaHus 6binm nouvck, onncanmne VNTR- u INDEL-nokycoB B. anthracis n pa3paboTka Ha nx OCHO-
BE METOAMKM FreHOTUNMPOBaHWSA NOCPEACTBOM nonmmepasHon uenHon peakumn (MUP) ¢ anekTpodopeTtnyeckomn
OeTekunen pe3ynsTaToB.

MaTtepuansbi u metogbl. lNMonck VNTR- n INDEL-mapkepoB 1 urnoreHeTUYECKNiA aHann3 BbINOSHANN Ha BbIOOpP-
ke u3 388 reHomoB wTammoB B. anthracis: 322 n3 GenBank (RefSeq) n 66 — 13 konnekumm CTaBpononbCKOro
NPOTMBOYYMHOIO MHCTUTYTA. PUNOreHeTU4ECKMIn aHanm3 NpoBoaunu Ha ocHoBe SNP KOpOBOro BbipaBHUBaHUS C
NMOoMOLLbI0 Nporpammbl «Parsnp». [oMck MapkepoB OCYLLECTBNSANM C UCMONb30BaHNEM nporpammel «Mauvey n
aBTOPCKMX CKpMNTOB Ha s3bike Python. MLP BbinonHsanm ¢ nomolbio Habopa «ScreenMix-HS».

Pe3ynbratbl. HavaeHbl reHoMHble Bapuauum wtammoB B. anthracis (SNP — 25 664, SNR — 14 387, VNTR —
693, INDEL — 14 667), 6buomHdopmaTyeckuii aHanma KoTopbix no3sonun BeisButb 9 HoBbix VNTR 1 6 INDEL
MOINEKYMNSIPHbIX MapKepoB, Hanbonee nogxoddwmx Ans reHotunmpoBaHusa. OnucaHbl reHeTu4eckue (annenb-
Hble) BapuaHTbl MapkepoB. [ns HanAeHHbIX MapKepoB noaobpaHbl npanMepsl 1 pa3pabotaH npotokon MLP ¢
JeTekunen MeToloM anekTpodopesa B arapo3HoM rene. B pesynsraTte knactepusauuy npy TUNMpoBaHUK C UC-
none3osaHnem VNTR-mapkepos wTammbl pasgensanuce Ha 9 knactepos: A.Br.Ames, A.Br.001/002, A.Br.Aust94,
A.Br.005/006, A.Br.008/009 (Tsiankovskii), A.Br.008/009 (STI), A.Br.008/009 (A.Br.125), A.Br.008/009 (wTtamm
228/269), B.Br.001/002. Mpw TunupoBaHuu ¢ npumeHeHnem INDEL-mapkepoB wtammel pasgensnunce Ha 6 kna-
ctepos: A.Br.Ames, A.Br.001/002, A.Br.Aust94, A.Br.008/009 (Tsiankovskii), B.Br.001/002(B.Br.014), a Takxe
Knactep, BKMNoYalLWuin npeactaBuTenen HeCcKonbknx reHetnyeckux rpynn: A.Br.008/009 (STI), A.Br.008/009
(A.Br.125), A.Br.005/006 n B.Br.001/002.

3aknrouyeHue. Vicnonb3oBaHue pa3paboTaHHON MeToaMkN naeHTudmkauumn sapmnabensHoix VNTR- n INDEL-no-
KYCOB NO3BOSSIET AOCTOBEPHO ONpeaensiTb UnoreHeTM4eckoe NonoXeHue WrammoB B. anthracis n nepcnekTus-
HO AN NPUMEHEHUS B MpoLiecce 3NMAEeMMNOIOrMYecKoro paccrneoBaHust BCrblLLeK CMOMPCKON S3BbI.

KnioueBble cnoBa: ceHomunuposaHue, VNTR, INDEL Bacillus anthracis, noflHoeeHOMHOE CEeK8eHuUposaHue,
gunozeHemuyeckull aHanu3

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

KoHpriukm uHmepecoe. ABTOpbI [EeKNapupyoT OTCYTCTBME SIBHBLIX U MOTEHLMAbHBIX KOH(PIMKTOB MHTEPECOB, CBSi-
3aHHbIX ¢ NyGnnKaumen HacTosLeR cTaTbu.
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MoB Bacillus anthracis ¢ ucnonb3oaHmem HoBbiX VNTR- n INDEL-mapkepoB. XKypHan mukpobuomnoauu, anudemuorsno-
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Introduction

Bacillus anthracis is a spore-forming Gram-pos-
itive bacillus, the pathogen of anthrax, a particularly
dangerous infection with a global distribution area. In
early studies, attempts to determine the genetic vari-
ability of B. anthracis were unsuccessful, indicating
the high genetic monomorphism of this species [1].
The first genetic marker suitable for differentiation of
B. anthracis strains was tandem repeats in the chromo-
somal locus vrr4, which are sequentially repeated iden-
tical DNA fragments (variable number tandem repeats,
VNTR) [2]. Allelic variants of vir4 with the number
of repeats from 2 to 6 allowed all strains to be divided
into 5 groups [2, 3]. The marker was included in the
first typing scheme by MLVAS (Multiple loci VNTR
analysis, MLVA) consisting of 6 chromosomal and 2
plasmid VNTR loci. VNTR loci in general differ from
other variable regions in the fact they have a high fre-
quency of variability and a larger number of variants, as
well as the manifestation of the homoplasy effect, i.e.
independent or parallel mutations in different genetic
lineages [4]. Therefore, genotyping based on the analy-
sis of VNTR loci makes it difficult to study intraspecific
evolution, but this method is convenient for epidemio-
logic investigation of anthrax outbreaks. Active search-
es for B. anthracis loci with tandem repeats led to the
discovery of 32 VNTR markers in 6 MLVA genotyping
schemes [5-10].

In order to study genetic diversity, a genotyping
method based on the analysis of canonical SNPs (canS-
NP typing) with the identification of 12 major genetic
lineages was developed and tested on a large selection
of strains [8]. The canonical lineages most accurately
reflect the evolutionary groups of B. anthracis; there-
fore, they are best suited to describe the distribution of
anthrax strains in the world. Subsequently, large-scale
phylogenetic studies were performed with detailed de-
scriptions, creation of a nomenclature of names and re-
lationships of genetic clusters. Subclusters of canonical
lineages were assigned numbers or trivial names [11,
12]. In particular, the canonical lineage A.Br.008/009
includes the Tsiankovskii and STI subclusters, which
are widely represented in the Commonwealth of Inde-
pendent States.

In 2019, an anthrax outbreak occurred in the Re-
public of Dagestan with isolates that clustered into a
separate phylogenetic group A.Br.125 belonging to the
STI subcluster.

The canonical lineage B.Br.001/002 contains the
Siberia and Europe clusters, making up B.Br.014, as
well as the Asia and B.Br.018 clusters.

Taking into account the established and newly
identified designations of genetic lineages and groups,
we used the following order in the subsequent descrip-
tion. The canonical lineage is indicated first, followed by
a new subgroup or cluster within it with an established
designation, if identified. For example, most strains of
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the main lineage A, isolated in Russia, are designated
as A.Br.008/009 (Tsiankovskii) or A.Br.008/009 (STI).

Molecular markers also include INDELs (inser-
tion/deletion), which are non-repeat variable regions
that exist predominantly as two genetic variants: with
deletion or with insertion.

For Francisella tularensis, an INDEL typing
scheme was developed, including 38 INDEL loci. The
study showed that the use of such markers increases the
accuracy of typing [13]. Genotyping methods based on
INDEL-locus analysis have also been developed for
Helicobacter pylori, Burkholderia pseudomallei, Vib-
rio cholerae, Yersinia pseudotuberculosis and proved
to be of high resolution and reliable in determining the
phylogenetic position of strains [14-17]. Currently, the
INDEL genotyping system for B. anthracis has not
been developed.

The objectives of the study were to find and char-
acterize VNTR and INDEL loci of B. anthracis and to
develop on their basis a genotyping technique by PCR
with electrophoretic detection of the results.

Materials and methods

Marker search and phylogenetic analysis were
performed on a sample of 388 genomes of B. an-
thracis strains: 322 from the GenBank collection
(RefSeq), 66 from the collection of pathogenic mi-
croorganism genomes of the Stavropol Anti-Plague
Institute, described earlier [12]. Genome num-
bers are given in Appendix 1 on the journal website
(https://doi.org/10.36233/0372-9311-487-s1).  Geno-
mic sequences of B. anthracis strains from the collec-
tion of the Stavropol Anti-Plague Institute have been
deposited in the “National Interactive Catalog of Patho-
genic Microorganisms and Biotoxins” (State Scientific
Center for Applied Microbiology and Biotechnology).

Markers were searched with the help of an algo-
rithm (Pipeline) consisting of pairwise alignment of
complete genomes to a reference sequence using the
Mauve program and subsequently, with the help of the
author’s scripts in the Python language, extraction of
genetic variants from the alignments, merging and their
analysis.

Marker verification and determination of marker
lengths were performed in the BLASTn program using
flanking sequences or specific primers.

In order to compare phylogenetic groups with
genetic markers, a phylogenetic tree was constructed
on the basis of core SNP alignment using the Pars-
np program from the Harvest suit package with the
reference genome of B. anthracis Ames Ancestor
(GCF_000008445.1). Positions with the unknown N
nucleotide were removed from the core SNPs. The
SNPs from the VCF file were then converted to a
FASTA file. The phylogenetic tree was constructed in
the MEGA XI program using the maximum likelihood
method with the Tamura-Nei substitution model [18].
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Comparison of the lengths of genetic variants of
markers with phylogenetic dendrogram and data visu-
alization were performed in R language environment
with ggtree and ggplot2 libraries.

Primers were designed using the Primer-BLAST
program and synthesized at the Stavropol Plague Institute.

Sample preparation of B. anthracis cultures was
carried out according to MG 1.3.2569-09 “Organization
of laboratories using nucleic acid amplification methods
when working with material containing microorganisms
of pathogenicity groups I-IV”’. DNA extraction of B. an-
thracis was performed using the DNA-Sorb-B kit (ILC).

A representative phylogenetic sample of se-
quenced strains was used for verification of data ob-
tained by PCR with electrophoretic detection. PCR was
performed using the ScreenMix-HS kit (Eurogen). The
amount of primers in the reaction was equal to 0.3 uM.
The following thermocycling mode was used: the first
stage (activation) — 95°C, 5 min — 1 cycle, the second

stage — denaturation 95°C, 20 s, annealing 60°C, 20 s,
elongation 72°C, 60 s — 40 cycles, the third stage (final
elongation) — 72°C, 5 min — 1 cycle. Electrophoresis
was performed in 2% agarose gel using a 100 bp molec-
ular weight marker (SibEnzyme).

Clustering of data obtained from PCR results with
electrophoretic detection was performed using the sin-
gle (Nearest Point Algorithm) method in Python with
the scipy library.

Results and discussion

The study included two main stages. The first
stage involved the search and description of marker lo-
ci, and the second stage involved experimental confir-
mation and validation of the typing technique using the
found markers.

The algorithm resulted in the following genomic
variations: SNP — 25,664, SNR — 14,387, VNTR —
693, INDEL — 14,667.

Fig. 1. Comparison of the phylogenetic tree and selected markers B. anthracis (some strains with repeated marker patterns
were removed).
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The search for markers among all found variations
was performed stepwise with filtering according to a
number of criteria. The difference in the size of variants
of variable loci should be at least 15 bp. We selected
mainly such loci with at least one genetic variant in the
set of B. anthracis strains from the collection of patho-
genic microorganisms of the Stavropol Anti-Plague
Institute that was different from the variants of other
strains. Variable loci already described were excluded.
Using the criteria, 537 variable regions were found.

Following this, the frequency of allelic variants
of loci of strains in certain genetic linecages was inves-
tigated by comparing the lengths of genetic variants
of markers with the phylogenetic dendrogram based
on SNPs of the bovine genome (Fig. 1). Most of the
variant loci were found in only 1 strain or a minimal
number of strains. A significant group consisted of vari-
ants sharing the major genetic lineages A, B, and C,
including the previously found INDEL indE1 of 38 bp
in length. [19], which is logical since these are the most
evolutionarily distant genetic lineages.

Fifty-six VNTR and INDEL loci were selected
(Table 1). The most phylogenetically significant and
optimal for electrophoresis were selected from them.
Thus, as a result, 9 VNTR markers and 6 INDEL mark-
ers most suitable for genotyping were selected (Fig. 1).
The peculiarity of the INDELSs found lies in the repeats
flanking the INDELSs, with one of the repeats being in-
cluded in the deletion and the other not. For this reason,
we can assume the formation of a complex structure
between DNA strands during replication, which may
cause the polymerase complex to mistakenly double
the DNA strand by excising part of the sequence. In
this case, reverse INDEL insertion is impossible, which
likely reduces the effects of homoplasy.

The indels indS1 (FAD-binding oxidore-
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ductase gene), indS2 (hypothetical protein gene
WP _000829051.1), and indS6 (cell surface protein
gene) localized in the protein-coding genes are ge-
nomic variations without a shift of reading frame.
IndS4 localizes in the region between the GBAA
RS02140 (ABC transporter ATP-binding protein) and
GBAA_RS02145 (ABC-F family ATP-binding cassette
domain-containing protein) genes. IndS5 localizes in
the region between the genes GBAA RS03470 (hypo-
thetical protein) and GBAA_RS03475 (alanine:cation
symporter family protein). Indel indS3 shifts the read-
ing frame of the gene encoding the SPFH/Band 7/PHB
domain protein.

The indel indS1 genetic variant with deletion is
characteristic of the A.Br.008/009 (Tsiankovskii) clus-
ter. The indel indS2 is unusual in that there are 3 ge-
netic variants of this locus: an insertion and 2 deletion
variants. The difference between the two deletions is
a shift of 9 nucleotide pairs. One variant is character-
istic of the Siberia and Europe canSNP subgroups of
the B.Br.001/002 group, the other is characteristic of
strains of the B.Br.Kruger group. The indS3 locus vari-
ant with deletion is found in strains of the A.Br.Aust94
group, except for strain 9080-G isolated in Georgia and
Kanchipuram strain from India. Variants indS4, indSS5,
indS6 with deletion are found in A.Br.004, A.Br.001
and A.Br.Ames clusters, respectively.

The number of allelic variants of the selected VN-
TR markers varies from 2 to 6 with repeat lengths rang-
ing from 30 bp to 196 bp (Fig. 1). The vrrS1 locus has a
425-bp variant found in A.Br.008/009 and A.Br.WNA,
as well as one unique 337-bp variant specific to strain
228/269. Genetic variants of the virS2 locus are found
in the A.Br.008/009 and A.Br.Aust94 groups. Two VN-
TR markers, vrrrS3 and virS4, were found on the pX02
plasmid. Separate genetic variants of virS3 are found in

Table 1. Description of the identified molecular B. anthracis markers

Coordinates of the locus in the genome

The number of the allele variant

Marker accordir;?r:i)nt?gé\'r__rl%soégggifsr.;e;ference Replicon (the length of the genetic variant, bp)
indS1 1276500-1276764 Chromosome 1 (265, 266), 2 (241)
indS2 1904893-1905267 Chromosome 1(373-375), 2 (312)
indS3 1944246-1944531 Chromosome 1(286), 2 (253)
indS4 402388-402715 Chromosome 1(328), 2 (423-424)
indS5 655408-655662 Chromosome 1 (255), 2 (272, 284-285)
indS6 4691499-4691775 Chromosome 1(277), 2 (388-389)
vrrS1 1721221-1721733 Chromosome 1(513), 2 (425)
vIrS2 4489063-4489484 Chromosome 1(422), 2 (381), 3 (299,307), 4 (217), 5 (258) 6 (338-340)
vrrS3 8316-8860 pX02 1 (544-546), 2 (301-302), 3 (464), 4 (383)
vrrS4 8916-9269 pX02 1 (354-355), 2 (263-264), 3 (444), 4 (534), 5 (174)
vrrS5 3155556-3155727 Chromosome 1(172), 2 (142)
vIrS6 1092722-1092959 Chromosome 1(238), 2 (198), 3 (318-319), 4 (398), 5 (278)
vrrS7 5088417-5088723 Chromosome 1 (306-307), 2 (190), 3 (229), 4 (385), 5 (346), 6 (268) (385)
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End of the Table 1

Coordinates of the locus in the genome

The number of the allele variant

Marker accordiggr;?nt?gég%soéggngsr.qe)ference Replicon (the length of the genetic variant, bp)
vrrS8 5031546-5031803 Chromosome 1 (258, 263-265), 2 (354, 359-366)
vrrS9 3742896-3743541 Chromosome 1 (646), 2 (450)
indNS1 130607-131099 pXO1 1 (454, 456), 2 (494—-495)
indNS2 596340-596832 Chromosome 1(352), 2 (492—493)
indNS3 122138-122690 pXO1 1 (551-555), 2 (485, 487)
indNS4 77192-77540 pXO1 1(330), 2 (349), 3 (619)
indNS5 482012-482157 Chromosome 1(146,149), 2 (504)
indNS6 385564—385837 Chromosome 1(271-276), 2 (305-308)
indNS7 1372136-1372298 Chromosome 1(163), 2 (181)
indNS8 2559203-2559485 Chromosome 1(282-284), 2 (335-336)
indNS9 3855034-3855252 Chromosome 1(219), 2 (231), 3 (239-241)
indNS10 4303573-4303825 Chromosome 1(253), 2 (310-311)
indNS11 4965875-4966088 Chromosome 1(214), 2 (321)
indNS12 1209302-1209701 Chromosome 1(253), 2 (399-401)
indNS13 2728738-2729257 Chromosome 1(229), 2 (519-520)
indNS14 486258-486638 Chromosome 1(285), 2 (381)
indNS15 1287411-1287701 Chromosome 1(201), 2 (291)
indNS16 910496-910796 Chromosome 1(301), 2 (490,491)
indNS17 2533966-2534193 Chromosome 1(228), 2 (634-636)
indNS18 2593388-2593616 Chromosome 1(228-230), 2 (283)
indNS19 3352013-3354229 Chromosome 1(193,194), 2 (2124), 3 (2207, 2215-2218, 2223)
indNS20 3829833-3830053 Chromosome 1 (220-221), 2 (251)
indNS21 4811428-4811664 Chromosome 1(236-237), 2 (600, 602)
indNS22 29253-29436 pXO1 1(184), 2 (269)
indNS24 1146673-1147101 Chromosome 1(256), 2 (270-272), 3 (427-430)
indNS25 2224848-2225376 Chromosome 1(270), 2 (418), 3 (529-530, 537)
indNS26 2687438-2687847 Chromosome 1(240-241), 2 (410,408-410), 3 (429) 4 (580)
indNS27 3304833-3305473 pXO1 1 (245, 257), 2 (640-641)
vrirNS1 226241-226786 Chromosome 1 (545-547), 2 (694, 697-699), 3 (845-847),
4 (997-998), 5 (1146), 6 (1296—1298)
vIrtNS2 1333990-1334961 Chromosome 1(343), 2 (554, 552), 3 (700), 4 (758, 762-763),
5 (779), 6 (971-974), 7 (1182-1183), 8 (1393)
vritNS3 2014690-2015095 Chromosome 1(277), 2 (364), 3 (406, 409), 4 (535)
vrrNS4 4233686-4234066 Chromosome 1(237), 2 (273, 279), 3 (306, 309, 322), 4 (381), 5 (417), 6 (345)
vrirNS5 4351696-4351908 Chromosome 1(213), 2 (231)
virNS6 4598742-4598948 Chromosome 1 (195, 207), 2 (171, 183)
vritNS7 811781-812154 Chromosome 1(284), 2 (302), 3 (320), 4 (374), 5 (428), 6 (482)
virNS8 1395847-1396186 Chromosome 1 (340), 2 (385)
virNS9 1238148-1238579 Chromosome 1 (361, 366), 2 (398), 3 (430-433), 4 (465), 5 (498)
virNS10 2264930-2265251 Chromosome 1(244), 2 (283), 3 (322), 4 (361), 5 (439), 6 (517)
vrrNS11 4352078-4352327 Chromosome 1(220), 2 (235), 3 (250, 251), 4 (264-266), 5 (295), 6 (310)
virNS12 4927425-4927645 Chromosome 1(181), 2 (221)
virNS13 4769700-4770199 Chromosome 1 (499-501), 2 (352-353)
vrirNS15 1151194-1151463 Chromosome 1(148), 2 (269-270), 3 (291), 4 (392-393, 396), 5 (514, 520)
virNS16 2006677-2007157 Chromosome 1(481), 2 (433, 435-436), 3 (526), 4 (301), 5 (345-347),

6 (390-391), 7 (255-257)
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A.Br.008/009 (Tsiankovskii), B.Br.KrugerB and main
lineage B, respectively. The virS4 locus separates the
strains into lineages A and B. The 142 bp allelic vari-
ant vrrS5 is found simultaneously in strains of lineage
B, A.Br.WNA and A.Br.003/004 groups. The vrrS6
variants are characteristic of part of the strains of the
A.Br.008/009 group, the A.Br.004 cluster and lineage
B. The vrrrS7 307 bp genetic variant is specific for the
A.Br.Ames group. The 258 bp vrrS8 variant is specific
to the A.Br.Ames and A.Br.001/002 groups. The 646 bp
virS9 genetic variant is specific for A.Br.Ames strains
isolated in North America.

Variable loci can be grouped according to their be-
longing to certain genetic clusters. For example, vari-
ants of indels indS3, indNS27, and VNTR - virNS7
have similar belonging to the A.Br.Aust94 group. In-
dels indS4 and indNS11 are characteristic of A.Br.004,
indNS17 and virS9 are characteristic of A.Br.Ames
strains isolated in North America. Variants indNSS5,
indNS9, indNS10 are found in strains of the A.Br.Ames
and A.Br.001/002 groups.

For the major lineage B, the characteristic lo-
ci are indNS1, indNS12, indNS19, indNS2, indNS3,
indNS13, indNS14, and vrrNS12. Characteristic lo-
ci for both lineages B and C are indNS18, indNS21,
indNS4, indNS6, indNS7 and indNSS.

Some of the unselected markers could also be
used for typing. For example, virNS1 has high vari-
ability but a long repeat of 150 bp and a large length
difference between the minimum and maximum genetic
variant, which is difficult for electrophoretic detection
by PCR. The VNTR of vrrrNS15 is variable within the
A.Br.008/009 group. The tandem repeats virNS16, vr-
rNS2, virNS4 do not have strict specificity.

The primers were selected for the found markers

Table 2. Primers to VNTR and INDEL loci B. anthracis

ORIGINAL RESEARCHES

(Table 2) and a PCR protocol with detection of the
results by agarose gel electrophoresis was developed
(Fig. 2, Fig. 3). The selected markers had a nucleotide
sequence length sufficient for reliable determination of
genetic variants of loci (Table 3).

Some strains lack the pXO2 plasmid, and accord-
ingly, they also lack the vrrS3 and vrrS4 loci.

As a result of clustering based on the INDEL
typing, strains were divided into 6 clusters: A.Br.
Ames, A.Br.001/002, A.Br.Aust94, A.Br.008/009
(Tsiankovskii), B.Br.001/002 (B.Br.014), as well as
a cluster including representatives of several genetic
groups: A.Br.008/009 (STI), A.Br.008/009 (A.Br.125),
A.Br.005/006 and B.Br.001/002. The cluster is singled
out as a separate group because no specific INDEL
markers have been identified for the strains of these lin-
eages (Fig. 4).

As a result of clustering based on VNTR-typing,
strains were divided into 9 clusters: A.Br.Ames, A.Br.001
/002, A.Br.Aust94, A.Br.005/006, A.Br.008/009 (Tsian-
kovskii), A.Br.008/009 (STI), A.Br.008/009 (A.Br.125),
A.Br.008/009 (strain 228/269), B.Br.001/002 (Fig. 4).
Strain 228/269 is a member of the A.Br.008/009 (Tsian-
kovskii) group.

The discriminatory power determined using the
Hanter—Gaston diversity index [20] was 0.7 for canSNP
typing, and 0.79 and 0.84 for typing based on the anal-
ysis of new VNTR and INDEL markers, respectively.

Conclusion

Thus, as a result of genome analysis of 388 B. an-
thracis strains, variable regions were identified and
characterized. New VNTR- and INDEL-markers were
found and their binding to clusters of global phylogeny
was studied. The developed protocol for marker iden-

Name Forward primer Reverse prime
indS1 TATTGGGCAGCAGCATTTGG ATGAGTTGTACGGGACGCAA
indS2 TGGAGGGGTTGTTCAAGCG GCGTAACTCGGAGACCATGTA
indS3 AGCAACAGAAAAATGGGGCG AATCGCTCTTGCTTCCCCTT
indS4 AGAAGGAACAAAAGGAAAAGTAGAG CAACATGCTCGCCCTTCAAT
indS5 GGTCTATACGGCACACTCCA GCTTCCAATATTCCCCCTCC
indS6 AGCCCCTTCTTTCGGTGTAT CGATGAAGATGTAAGACAGCCC
vrrS1 TCGTCCTGGAGCATCTTTCA CCAAATCGCCCCTAGACCAA
vrrS2 GTTGTTTCATACGTCTATCCCCTTC GTCCTTTTGGACAGCCTCTCTT
vrrS3 ACTGTAGTTGTCCCTACCCTT AGAAGTACAGGTGGGACAGGA
vrrS4 TTTCCTTGCGATGCTTCAGT TGCTGGTATAGAGCCATCTGC
vrrS5 AGCAATGTTTAATTCACCATCAAGT GTACGCTTTAGTCGGAGACGG
vIrS6 AGGAAGCAGGTTAGCGTTGT GCGCTATGTGGCGTCTTTTC
vrrS7 AGGAACACTGGTTCAGCCTAT AGCAGGATCGCTTGCTAGAT
vrrS8 CTGCAATTGCCTTCGCCTTT GCGAAAAAGAGAAAGCGCTAC
vIrS9 ATGAAGGTGTGACATGCCGT GTGAAGCTGTAATTGTGGCGT
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Fig. 2. Results of PCR
reaction of INDEL loci with
detection by electrophoresis.
The font colors of the strains

correspond to the canonical
lineages according to Fig. 1.

Fig. 3. Results of PCR
reaction of VNTR loci with
detection by electrophoresis.
The font colors of the strains

correspond to the canonical
lineages according to Fig. 1.

Table 3. Lengths of INDEL and VNTR loci according to phylogenetic groups

Phylogenetic groups
Markers A s | B ooaito | ooarto .0/88%0 ) 0081000 o 0011062
(STI) | (A.Br.125) | Tsiankovskii | (228-269) (B.Br.014)
indS1 265 265 265 265 265 241 241 265 265 265
indS2 375 375 375 375 375 375 375 375 375 312
indS3 286 286 253 286 286 286 286 286 286 286
indS4 328 328 328 424 424 424 424 424 424 424
indS5 255 255 285 285 285 285 285 285 285 285
indS6 277 388 388 388 388 388 388 388 388 388
vrrS1 513 513 513 513 425 425 425 337 513 513
vIrS2 422 422 340 422 422 422 422 422 299 299
vrrS3 545 545 545 545 545 545 464 464 383 383
vrrS4 354 354 354 354 354 354 354 354 444 444
vIrS5 172 172 172 172 172 172 172 172 142 142
vITS6 238 238 238 318 318 318 318 318 278 278
vrrS7 307 346 346 346 346 346 346 346 346 346
vIrS8 258 258 360 360 360 264 360 360 360 360

vrrS9 450 450 450 450 450 450 450 450 450 450
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Fig. 4. Clustering of B. anthracis strains based on VNTR and
INDEL typing.

tification by PCR with electrophoretic visualization
of the results allows reliable determination of allelic
variants of markers. The found 9 VNTR markers and
6 INDEL markers allow to divide B. anthracis strains
into 6 and 9 genetic groups when typing with separate
analysis of these markers and into 10 groups when an-
alyzing them together. The genotyping technique based
on the analysis of new VNTR- and INDEL-markers
is recommended to be used jointly or separately as an
addition to the existing genotyping schemes. The use
of the developed methodology for the identification of
variable VNTR- and INDEL-loci allows reliable deter-
mination of the phylogenetic position of B. anthracis
strains and is promising for use in the epidemiologic
investigation of anthrax outbreaks.
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BnusaHwue Yersinia pestis ¢ pasnnyHbiM NnasMUgHbIM COCTaBOM
Ha MeMOpaHy SpnTPOLIUTOB B KPOBN MOPCKNX CBUHOK

KnioeBa C.H., ByropkoBa C.A., EpoxuH I.C., ToHuaposa A.l0., KpaBuos A.J1.

Poccniickni npoTMBOYYMHbIN MHCTUTYT «MurKpob» PocnoTtpebHaasopa, Capatos, Poccus

AHHOMauusi

BBegeHue. 3puTpouunThl Y4acTBYIOT B PasBUTUM U peanv3aumu BakUMHANbHOrO U MHAEKLUMOHHOMO MpoLLeccoB
npu yyme. lameHeHns nx noBepXHOCTHOWM apXUTEKTYPbl MOTYT CTaTb MHPOPMATUBHBIMU KPUTEPUAMU ANS AOKNN-
HMYECKOWN OLIEHKN NPOTUBOYYMHbIX BaKLVH.

Llenb paboTbl — METOAOM aTOMHO-CUITOBOW MUKPOCKOMUM OXapakTepn3oBaTb COCTOAHUE MeMbpaHbl 3puTpoLm-
TOB KPOBM MOPCKMX CBMHOK B OTBET Ha MNOOKOXHOE BBeAeHMe BakumHHOro wramma Yersinia pestis EV HUASI n
€r0 U30reHHbIX NPON3BOAHbIX.

Martepuanbi 1 MeToabl. [N UMMYHU3aLUMK XMBOTHbIX ucnone3osanu Y. pestis EV HUN3I (pYT*, pYV*, pYP*) u
€ro nsoreHHole npoussogHele Y. pestis KM216 (pYT-, pYV-, pYP*), Y. pestis KM217 (pYT-, pYV*, pYP-), Y. pestis
KM218 (pYT-, pYV-, pYP-). AHan13 MembpaHbl 3pMTPOLUTOB MPOBOAMITN HA CKaHUPYHOLLIEM 30HAOBOM MUKPOCKO-
ne «Solver P47-PRO» («NT-MDT»).

PesynsraTtbl. Hanbonee BblpaXeHHbIE M3MEHEHUSI NOBEPXHOCTHOW apXUTEKTOHUKN MeMOpaHbl 3pUTPOLUTOB
MOPCKMX CBMHOK YCTAHOBMEHbI B Te4eHne nepBbixX 3 CyT (hOPMMPOBaHNA UMMYHHOIO OTBETa B OTHOLLEHWU LUTaM-
Ma Y. pestis EV HUNDI n ero nsoreHHoro BapuaHTa Y. pestis KM217, B reHOMe KOTOPOro CoXpaHeHa nnasmuaa
pYV, B3saTbix B go3e 5 x 108 KOE. Peructpuposanu 3Hadmmoe (p < 0,05) nosbiweHne gonu TpaHchopMmpo-
BaHHbIX dhopm KneTok (43,67 + 3,63 n 37,83 £ 7,03% npoTue 4,08 + 0,86% B KOHTpoOne), cpegHekBagpaTUYHON
wepoxoBatoctn (319 + 8 1 312 + 7 Hm npotuB 70 + 6 HM B kOHTporne), mogyns HOHra (125,73 £+ 4,48 n 113,8
5,41 klMa npotue 53,03 + 1,47 klMa B koHTpone). K 21-m cyTkaM BenuunHa ykasaHHbIX nokasatenemn cHmxanach
B cpegHem B 2,7; 2,0 n 1,5 pa3a coOOTBETCTBEHHO, YTO yKa3bIBano Ha BOCCTaHOBMEHNEe MeMOpaHbl 3pUTPOLUTOB.
3aknouyeHue. YCTaHOBMEHa 3aBUCMMOCTb POPMUPOBAHNS N3MEHEHMUI U CKOPOCTb MX BOCCTAHOBMEHNS B MEM-
6paHe apuUTPOLMTOB OT NNasMMAHOrO cocTtaBa WTaMMOB Y. pestis. MNonyyYyeHHble AaHHble CNoCOBCTBYIOT NOHU-
MaHuIo NpoLieccoB B3aumogencTens Y. pestis ¢ MembpaHol 3puTpOLMTOB U MOTYT BbITb MCMOMNb30BaHbI Kak Ao-
NONMHUTENbHbIE XapakTEPUCTUKN Npu pa3paboTKe HOBLIX KPUTEPUEB AOKIMMHNYECKON OLIEHKU CPEeACTB cneundm-
YeCcKoWn NPOMUNaKTUKN YyMbl.

KnroueBble cnoBa: Yersinia pestis, nnaamudsi pYT, pYV, pYP, amomHo-cuioeasi MUKPOCKOMUSI, 3pUmpoyumsi;
MOpCKUEe C8UHKU, mpaHCcOopMUpo8aHHbie hopMbl, cpedHeKksadpamuyHasi Wepoxosamocms og8epxHocmu 3pu-
mpouyumos, Modyrb FOHea

Amuyeckoe ymeepxdeHue. ABTOpPbI NOATBEPXKAAIOT coBNogeHNe MHCTUTYLIMOHaNbHbBIX Y HauMOHarbHbIX CTaHdap-
TOB MO MCMOMb30BaHNIO NTabopaToOPHbLIX XMBOTHBLIX B cOOTBETCTBUM C «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). MNpoTokon uccnegoBaHusi onobpeH Ha 3acepaHun Komuceun no 6rnoatuke Poccuiickoro Hayu-
HO-MCCrefoBaTenbCKOro MPOTUBOYYMHOTO MHCTMTYTa «Mukpob» PocnotpebHapsopa (npotokon Ne 3 ot 15.04.2022).

UcmoyHuk puHaHcupoeaHus. ViccnenosaHve BbIMOMHEHO Npu nofgaepxke 6104KeTHOro (PUHaHCMPOBaHUS B pamKkax
Tembl HAP AAAA-A21-121012090064-0.

KoHebriukm uHmepecoe. ABTOPbI [AEKNapUPYOT OTCYTCTBUE SIBHBLIX U NMOTEHLMANbHBLIX KOH(ITUKTOB MHTEPECOB, CBS-
3aHHbIX C NyGnyKaLmeit HacTosALLei CTaTbu.
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Abstract

Introduction. Based on data on the role of blood erythrocytes in the development and implementation of
the vaccine and infectious processes in plague, it was of interest to evaluate changes in erythrocyte surface
architecture from the position of searching for informative criteria for the preclinical evaluation of anti-plague
vaccines.

Aim — using atomic force microscopy to characterize the state of the blood erythrocyte membrane of guinea
pigs in response to subcutaneous administration of the vaccine strain Yersinia pestis EV NIIEG and its isogenic
derivatives.

Materials and methods. For immunization of animals strain Y. pestis EV NIIEG (pYT*, pYV*, pYP*) and its
isogenic derivatives Y. pestis KM216 (pYT-, pYV-, pYP*), Y. pestis KM217 (pYT-, pYV*, pYP-), Y. pestis KM218
(pYT-, pYV-, pYP-) were used. Analysis of the erythrocyte membrane was carried out using a Solver P47-PRO
scanning probe microscope (NT-MDT, Russia).

Results. The most pronounced changes in the surface architectonics of the membrane of guinea pig erythrocytes
were established during the first three days of the formation of the immune response to the Y. pestis EV strain NIIEG
and its isogenic variant Y. pestis KM217, in the genome of which the pYV plasmid is preserved, administered at a
dose of 5 x 108 CFU. A significant increase (p < 0.05) in the proportion of transformed cell forms (43.67 = 3.63%
and 37.83 + 7.03% versus 4.08 + 0.86% in the control group), root mean square roughness (319 8 nmand 312 +
7 nm versus 70 = 6 nm in the control group), Young's modulus (125.73 + 4.48 kPa and 113.8 + 5.41 kPa versus
53.03 + 1.47 kPa in the control group). By the 21st day, the value of these indicators decreased by an average of
2.7, 2.0 and 1.5 times, respectively, indicating restoration of the erythrocyte membrane.

Conclusion. The dependence of the changes in the erythrocyte membrane and the rate of their restoration on the
plasmid composition of Y. pestis strains has been established. The data obtained contribute to the understanding
of the processes of interaction of Y. pestis with the erythrocyte membrane and can be used as additional charac-
teristics in the development of new criteria for preclinical evaluation of plague candidate vaccines.

Keywords: Yersinia pestis, plasmids pYT, pYV, pYP, atomic force microscopy, guinea pig; red blood cells,
transformed forms, root mean square roughness of the erythrocyte surface, Young's modulus
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BeepeHue PETYIATOPAMH PEAKIUi BOCIAJIEHUS U BPOXKIEHHOTO

B Hacrosiiee Bpemst coxpaHsieTcst HEOOXOIUMOCTb
KaK B COBEpLICHCTBOBAaHUM MMEIOIIUXCS CPEJICTB UM-
MYHONIPO(WIAKTUKH YyMBI, TaK U B pa3zpaboTke 3¢-
(eKTHBHBIX M 0€30IaCHBIX HOBBIX MpPENapaTroB, B TOM
Yyclie BAaKLIMH HOBOTO TOKOJIEHUsI, CO3AaHHBIX Ha OC-
HOBE aBUPYJIEHTHBIX LITAMMOB Yersinia pestis ¢ 4€T-
KO KOHTPOJHPYEMBIMH T'€HETUYECKUMH JedeKTaMu
[1, 2]. Hauboitee cnoKHOM SABISICTCS TOKIMHHUYECKAS
OLIGHKa BAaKIMH, MOCKOJbKY OT WH(POPMATUBHOCTH H
aJIeKBaTHOCTH MCIIONb3YEMBIX METOJIOB HCCIIe0Ba-
HUS Ha 9TOM 3Tare OyJeT 3aBHCETh Ka4eCTBO TOTOBOTO
npenapara.

OCHOBHBIM MHIMKATOPOM, OTPaXKAIOIIUM JIIOObIC
CABUTM B COCTOSHUHU OpraHu3Ma, SIBISE€TCS KPOBb, B
COCTaBe KOTOPOH OAHOW W3 AaKTHMBHO TECTUPYEMBIX
KJIETOYHBIX TPYII SBISAIOTCA 3pUTpouuThl [3]. Dpu-
TPOLMTHI Hapsay ¢ JICHKOOUTaMH M TPOMOOLUTaMu
BKJIIOUEHBI B KaTETOPHUIO 3aIUTHBIX KIETOK, CHOCO0-
HBIX yOMBaTh OaKTepUH, W SIBISIOTCA YYaCTHHKaMHU U

uMMyHHTEeTa [4]. DpuTpouUTapHbIle MEMOpaHbI Ipe-
CTaBISIOT cOOO0M TBEpAOYNpPYTHil OENKOBBHIM Kapkac,
STYCHKH KOTOPOTO 3aIOJHEHBI JIMITUAHBIM OuciaoeM [5].
BenkoBblil kapkac 0051aaeT BHICOKOH 3IaCTHYHOCTHIO
1 00yCJIOBIMBAET BA3KOYIIPYTUE CBOMCTBA MHTAKTHBIX
MeMmOpaH. [Inazmonemma SpUTPOLMTOB COMACPKHUT HE
menee 100 pa3nuyHbIX OeNkoB, (QOPMHUPYIOUIMX LIHU-
TOCKEJIETHBIA KapKac, KOTOPbIA NPUIAET 3PUTPOLIUTY
XapaKTEepHYIO JBOSKOBOTHYTYIO popmy. JlokazaHo, 4To
ommure (HOpMBI SPUTPOLIUTOB OT HOPMAJIBHOU JBOS-
KOBOTHYTOHM SIBISI€TCS IOKa3aTeleM MaToIOrHYeCcKOro
npotiecca [6]. M3yueHa poib 3pUTPOIMTOB KPOBU Ye-
JIOBEKa B MpoILeccax MOAYISLUH Npoiaudepanny 1 Bbl-
JKUBaHUs T-KJIETOK NMOCPEICTBOM YCHIIEHUS CEKpELUn
psAaa UUMTOKMHOB, MHIAYKIMH PELENTOPOB HHTEpIEH-
KHHa-2 ¥ peryisaun cootHomenus CD47/CD8* [7-9].
VIMeHHO MO3TOMY MNpencTaBiIsieT HHTEPEC H3yueHHe
MOBEPXHOCTHOW CTPYKTYpPHl 3pUTPOLMTA, SBISAOLIE-
rocs cBO€OOpa3HOW KJIETOUYHOW TECT-CUCTEMOM IpH

© Klyueva S.N., Bugorkova S.A., Erokhin P.S., Goncharova A.Yu., Kravtsov A.L., 2024
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pa3nUYHBIX GU3NOIOTUIECKUX, TOCTUH(EKINOHHBIX U
MOCTBAKIIMHAJILHBIX NTPOLIECCaX.

HauGonee »¢(ekTuBHBIM METOJIOM H3yUYCHUS
COCTOSIHUSI TIOBEPXHOCTHBIX MEMOpaH SBJISIETCSl aTOM-
HO-cuioBasi Mukpockonust (ACM) [10, 11], mpumensie-
Mas JUIsl OLIEHKH TaKUX TPEXMEPHBIX apaMeTpoB, KaKk
ToJIMHA (BhICOTA), 00BEM, CpEeHEKBaJApaTHYHAS IIIe-
POXOBaTOCTh MOBEPXHOCTH, TIO3BOJIAIOIIUX XapaKTepH-
30BaTh (PyHKIMOHANBHOE COCTOSHHE KJIETOK. AHaiu3
CWJIOBBIX KpUBBIX MO pe3ynasrataM ACM HampaBieH
Ha KOJMYECTBEHHOE OIpE/e]IeHNe MEXaHWYECKUX Ma-
pamerpoB: aedopmanuu, >kectkoctu, monyns HOHra
(MIO) (BaKHBII KOJIMYECTBEHHBIN MapaMeTp, OT KOTO-
pOro CyLIECTBEHHO 3aBHCAT PEOJIOIMYECKHE CBOWCTBA
KpOBH, €€ TeKy4ecTh 0 KalWUISIpHOMY pyciy) [6, 12].

OKCIepUMEHTANbHO MOKa3aHo, YTO OT IUIa3MU-
HOTO MPO(QWIIS U30TCHHBIX MPOU3BOAHBIX BAKIIMHHOTO
mITaMMa YyMHOTO MHKpOOa 3aBHCUT UX WMMYHOTCH-
HocTh [13], mosToMy Uil moucka WH(POPMATHBHBIX
KPUTEPUEB JTOKIMHUYECKON OIIEHKH JKHMBBIX UYMHBIX
BaKILIMH MPEICTaBIsAET UHTEpEC AEeTaTu3alus Mpoliec-
COB B3aMMOJEUCTBUS IITAMMOB C Pa3IUYHBIM ILIa3-
MUJHBIM COCTAaBOM C 3PUTPOLUTAMU KPOBH.

Heawb padotet — MetonoM ACM oxapakrepus3o-
BaTh COCTOSIHUE MEMOPaHbI SPUTPOLIUTOB B KPOBU MOP-
CKHX CBHHOK B OTBET Ha MOJKO)KHOE BBEJICHHE BaKL[MH-
Horo mramMma Y. pestis EV HUMDI u ero m3oreHHbIX
MIPOU3BO/IHBIX.

MaTepman bl N meToAbl

HccnenoBanus MpoBOIMIN C BaKIMHHBIM IITaM-
MoM Y. pestis EV HUUDT (pYT", pY V™, pYP") u ero
M30TE€HHBIMU MTpou3BOAHBIMU Y. pestis KM 216 (pYT,
pYV,, pYPY), Y. pestis KM 217 (pYT-, pYV", pYP),
Y pestis KM 218 (pYT-, pYV, pYP"), nonyueHHbIMU
u3 locCymapcTBEHHOW KOJJICKIUM MATOTEHHBIX Oak-
Tepuil npu PoccuiickoM NPOTMBOYYMHOM HMHCTUTYTE
«Muxkpob». ltammer Y. pestis BbIpaliuBaiyd Ha ara-
pe LB (pH 7,2) B Teuenue 48 4 npu 28°C. JKuBoTHBIX
MMMYHH3UPOBAJIM YKa3aHHBIMU IITaMMaMu Y. pestis B
koHreHTparusax 5 x 108 KOEu 5 x 10° KOE.

B kadectBe OGnmoMoznenu ObUIH BEIOpaHBI MOPCKHUE
cBUHKU Maccoit 35400 1, mosrydeHHbIe U3 TUTOMHUKA
mpu PoccuilckoM NpPOTHUBOYYMHOM HHCTUTYyTE «Mu-
KpoO». U3 xuBoTHBIX (50 ocobeli) Obu copmu-
poBaHBI § OMBITHBIX TPYMII 0 6 0COOEH B KaXI0i M
KOHTPOJIbHAS IPyINIa — HHTaKTHBIE MOPCKHE CBUHKHU
(2 ocobu). Bce MaHumynsiuy ¢ >KUBOTHBIMH TIPOBOJIHU-
JII B COOTBETCTBUU C 3aKOHOIATeIbCTBOM Poccuiickon
Depepanuu’' 1 MeXIyHApOAHBIME TpHHINIAMK®. [Tpo-
rpaMMa 3KCIIEpUMEHTAIbHOW PabOTHl C KMBOTHBIMHU

1

[Ipuka3 Munzapasa Poccuu ot 01.04.2016 Ne 199H «O6 yTBepx-
nennn [paBuin Hasexarei 1adopaTopHOi IPaKTHKI.

2 NupextuBa EBpomneiickoro napnamenta u Cosera EBpomneiickoro
Coro3a ot 22.09.2010 Ne 2010/63/EU o 3amurte >KUBOTHBIX, HC-
TIOJB3YIOIINXCS B HAYYHBIX IIEJISX.

ORIGINAL RESEARCHES

onobpena Komuccueit nmo 6uostuke mpu Poccuiickom
MPOTUBOYYMHOM HHCTUTYTe «MUKpOO» (IIPOTOKOI
Ne 3 or 15.04.2022).

Ha 1, 3 u 21-e cyTku nocie UMMyHHU3alUH y MOp-
CKHX CBMHOK 3a0HMpajy KpoBb U3 yIIHOW BeHbI. OleH-
Ky COCTOSIHUSI KJIETOK IMPOBOAMIIM C MTOMOIIBIO MUKPO-
ckona «Olympus CX41» («Olympus») u nudpoBoit
kamepel «VZ-C31S» («VideoZavr») B mporpamMme
«VideoZavr v. 1.5». [Toncu€r spUTpOLUTOB C XapakTe-
PUCTUKON MOP(OJIOTHH BBIOIHSIIN B 5 TIOJISIX 3peHHS,
yuuThiBasg He MeHee 800 KIIeTOK.

Jnss ACM KpoBb )KHBOTHBIX cOOMpPaH B IpoOUp-
Ku ¢ 2,5% pacTBOpoM IIyTapajbJeruja B COOTHOILIE-
Huu | : 3 u pukcupoBanu B TeyeHue 2,5 4 B COOTBET-
CTBHUM C METOIMYECKUMHU yKa3zaHusMu MY 1.3.3103-13
«Opranuzanust paboTel 1a60paTopuil, UCIOIB3YIOMINX
METOJbI 3JIEKTPOHHOM U aTOMHO-CHJIOBOM MMKPOCKO-
MM TPY HUCCIIEAOBAaHUM KYJIBTYpP MHKPOOPTaHHU3MOB
I-IV rpynn matoreHHOCTH». DPUTPOLUTHI OCAXKJAIH
ueHTpudyrupoBanuem npu 1500 o6opoTax B TeueHue
5 muH. Knetku aBaxapl oTMbiBasid pochaTabiM Oyde-
poM pH 7,4 nipu Tex ke yCIOBUAX HEHTPUPYTHPOBAHHS.
ITonydyeHHy!0 B3BECh KIIETOK IIYTEM JECATUKPATHOIO
pa3BeleHusd IUCTUWUIMPOBAHHOW BOAOW JTOBOJWIM 10
koHUeHTpanuu 3 x 10° kierok/n. KoHTposbs abcomoTHO-
r'0 KOJIMYECTBA KJIETOK B KOHEUHOH MPOOE OCYILECTBIIS-
JIM TIOACYETOM 3pUTPOLMTOB B KaMmepe lopsieBa, npume-
HSISl CBETOBYIO MUKpockonuio (yBenuuenue x400).

Ananu3 mpo0 OCYMIECTBISUIM Ha CKaHUPYIO-
meM 30HJ0BOM Mukpockorne «Solver P47-PRO»
(«<NT-MDT») [10] B pexumMe MpepbIBUCTOTO U HEMpe-
PBIBHOTO KOHTAKTa C UCIIOIb30BaHUEM KPEMHHEBBIX KaH-
tuiieBepoB «NSGO1» («NT-MDT»; pezonancHas gacro-
ta 120 k['11, koHcTaHTa *KecTKocTH 5,5 H/M) u «CSG10»
(«(NT-MDT»; pe3onancHas yacrora 20 k['1, koHCTaHTa
xectroctu 0,1 H/M) coorBercTBenHo. st 00paborku
ACM-u300paxxeHui UCIOb30BaH Iporpammy «Novay
(«<NT-MDT»), no3BojsONIyl0 peIakTHpOBaTh IONIY-
yeHHble ACM-u300pakeHHns1, a TaKKe MPEACTaBISTh UX
B TpexMepHOM Qopmare. Ha momsix ckaHMpoOBaHUs OT
15 x 15 g0 50 x 50 MxkM? aHANMM3y TOABEPTaIn MOBEPX-
HOCTb OTJEIBHO JIeXKAINX SpUTPoUNTOB. Busyanuzarus
PE3YJIbTaTOB U3MEPEHUS COCTOsIIA B IIPEJCTABICHUH pe-
abeda B BHIE TOMOrpapuIecKod KapThl U TPEXMEPHBIX
n3o0paxxenuii. Ha Tomorpadguyecknx kaprax mpoBOAH-
JIM CEYEHHS, BJOJIb KOTOPBIX CTPOWIIM MPOQHIH HOBEPX-
HOCTH U BBIIONHSIN Pacy€T CPEAHEKBAIPATUYHOM LIe-
poxoBarocTi MeMOpaH 3putporuTos (Rq).

Ha xaxnom mnpenapare B ClydallHOM MOPSIIKE
BbIOupanu 10 SpUTPOLMTOB, Ha MEMOpaHe KOTOPBIX
B 9 TOUKax HccienoBalid yNpyrocTs MEMOpaHbl C IMO-
CTpOCHHEM TpadyKa CHIOBBIX KPUBBIX U C AallbHEH-
LIMM BBIYUCIICHUEM CpPEIHETO apu(METHYECKOTo 3Ha-
yennst MIO mo kaxxaoit ckanupoBaHHO# knetke. MIO
MPUMEHSUTH AJIS1 OLIEHKH KECTKOCTH MEMOpaH 3pUTPO-
LIMTOB Ha OCHOBE Mojenu [ eplia, onuceiBatoniei ynpy-
ryio AeopManuio I1ByX KOHTAaKTHpYomux tei [12]:
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F =%, xExR% xh'3,

rne F — cuna, pelictByromas Ha oOpasen; E — MIO;
R — paauyc 30u12; h — niryouna nporu6a MmemMOpaHsbl.
C yuérom paamyca 3aKpyIJICHUS KaHTHJICBEPOB, KOTO-
pBI€ UCITIOJIB30BAJIU B JIAHHOM HMCCJIC/IOBAHUH, BBIBOJIH-
mu popmyny onpenenenust MIO (k[1a):

E =3, x F/R" x h',

CratucTuyeckyro 00pabOTKy IONY4YEeHHBIX pe-
3yJBTaTOB OCYLIECTBISUIM C TOMOIIBIO_CTaHAAPTHO-
ro nmakera nporpamm «Microsoft Office Excel 2016y,
«Statistica v. 10.0» («StatSoft Inc.»). B3aumocss3b
MEXy IIepEeMEHHBIMH OIPEAEIISUIN C IIOMOILBIO PaHTO-
BOTr'0 KOppessinoHHOTo aHanu3a o Crnupmeny. Koppe-
JSIMOHHYIO CBSI3b CUMTAIHM CHUJIBHOW MpH K03 duim-
ente koppensuuu » = 0,7—1,0, ymepeHHoii (cpemHeit)
cuwisl — npu » = 0,3-0,7, cnaboit — mpu r = 0-0,3,
XapakTep cBs3u (TIpsiMas, oOpaTHas) ONpEACISIIN IO
3HaKy (+; —) mepen 3HaueHHEeM. KoppensiHOHHYIO
CBsI3b cuMTaNu AoctoBepHoi mpu p < 0,05. loctoBep-
HOCTh Pa3IM4iii CPaBHUBAEMBIX BEJIWYHMH OLICHUBAIU
C TIOMOILIBIO NapHoTo t-kputepus CreioneHTa. JJaHHbIe
MpeACTaBIsM B Buae M + m, tne M — cpennee apud-
METHYECKOE 3HAYCHHE, 1 — OLIMOKa CpeaHero apud-
METHYECKOTO.

PesynbraTtbl

OpUTPOLUTE MHTAKTHBIX MOPCKHX CBHUHOK IPH
HAOMIOIGHUM B CBETOBOM MHKPOCKONE B CTaHAApT-
HOM PEXHME CBETJIOT0 MOJS NPENCTaBIsUIM COOOH
ONTHYECKN KOHTPACTHBIE OOBEKTHI OKPYIJIOH (OPMEI
(puc. 1, a). B orBeT Ha UMMYHM3aIMIO MOPCKHUX CBH-
HOK IITaMMaMU Y. pestis B KPOBU MPOUCXOIUIIO H3Me-

ala

HeHHE (POPMBI U Pa3MEPOB SPUTPOLUTOB, MOSIBISUIUCE
SPUTPOLHUTHI TPAHCHOPMUPOBAHHOM POPMBI (IXMHOLIU-
ToI (puc. 1, 6), chepounThl, KOOOLUTEHI).

Meronqom ACM ycTaHOBIIEHO, YTO B KPOBU HH-
TaKTHBIX MOPCKUX CBHHOK a0COJIIOTHOE OONBIIMHCTBO
3puTpouuToB (10 96%) OBLIO MPEACTABICHO JBOSKO-
BOTHYTBIMH JUCKOLIMUTaMU (pHc. 2, a), ¢ IIagKoi mo-
BEPXHOCTBIO, C YTOJIICHUSIMH MO KpasM (TOp) U LIeH-
TpasibHOM BmanuHoi (memnop). CpeaHuid auamerp
kietku coctaBmsl 6,0 £ 0,2 MKM, 9TO yKIaJbIBaeTCA
B JMana3oH 3HAYCHWH AMaMeTpa HOPMAalbHBIX 3pU-
TPOLMTOB Y JAHHOTO BUZA JaOOpaTOPHBIX >KUBOTHBIX
(4,3-7,0 mxm) [14]. [To nanaeiMm ACM, BbICOTa TOpa
JIUCKOIUTOB He npeBbimana 1,3 + 0,1 mxM, a niyOuHa
Braauuel — 0,47 = 0,04 mxwM (puc. 3, a).

AtunuHble QOpPMBI KIETOK, KOTOpPbIC OSBIIS-
JIUCh B pe3yJIbTaTe BO3JEUCTBUA IITAMMOB Y. pestis, —
3TO SXUHOLMTHI (pHC. 2, 0, 8), chepouutsl (puc. 2, 6),
KOJIOUUTHI (pUC. 2, 2) ¥ IUIOCKUE KJICTKH. AHAJINU3 T'd-
CTOrpaMM HOPMaJIBHBIX PUTPOLUTOB U TpaHCHOPMU-
poBanHbIX Gopm (TD) nokazai, 4To y HEU3MEHEHHBIX
(OpM THUIUYHBIA JBOSKOBOTHYTBHIA MPOQHIL KICTKH
Ha KPHUBOH CEYEHHs NpEACTaBICH AByMsS paBHOMEp-
HBIMH cHUHYycouaaMmH (puc. 3, a), B To Bpems kak y TP
ObUTH BBISIBIICHBI BBIPa)KCHHBIE M3MEHEHHUSI CTPYKTY-
pel MeMOpaHHOW moBepxHocTH. JI00oe HapyieHue
B pelbede SPUTPOLUTA OTPakaJoCh Ha HM3MEHEHUH
npoduis KIETKH, TIPEICTaBICHHOTO B THCTOTpaMMax
(puc. 3, 6—2).

Cpenu n3MeHEHHBIX (OPM 3PUTPOLUTOB OOJIb-
mMHCTBO (65,2 + 2,6%) NpUXOIUIIOCh Ha TOJI0 SXUHO-
LUTOB C €TUHUYHBIMHA U MHOKECTBEHHBIMU BEIPOCTAMHU
tommuHoM 220 + 30 HM, paBHOMEPHO pacIpeaeIEHHBI-
MU Ha MOBEPXHOCTHU KieTku (puc. 3, 6). Ha momnto xo-

61b

Puc. 1. OputpoumnTbl MOPCKOW CBUHKM (CBETOBas MUKpOCKonus 6e3 okpacku).

a — 3pUTPOLUTbI MHTAKTHOM MOPCKOW CBUHKM (X 400); 6 — 3pUTPOLMTHI MOPCKOWM CBUHKU, UMMYyHU3MpoBaHHou Y. pestis EV HUNJI™ (x 1000):
1 — ANCKOLMT; 2 — 3XMHOUMUT.

Fig. 1. Guinea pig erythrocytes (light microscopy without staining).

a — intact guinea pig erythrocytes (x 400); b — guinea pig erythrocytes immunized with Y. pestis EV NIIEG (x 1000): 7 — discocyte;
2 — echinocyte.
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Puc. 2. TpéxmepHble ACM-1n306paxkeHns 3pMTpoLUTOB MOPCKOWM CBUHKWU, UIMMYHU3MpoBaHHou Y. pestis EV HUNJT.

a — puckouunTsl, 20 x 20 MKM?; 6: 1 — 3xuHOUUT, 2 — chepouuT, 15 x 15 MKM?; 8: 1 — KOZOUUT, 2 — IXMHOLMUT, 3 — AncKkouuT, 25 x 25 Mkm?;
2 — kogoumt, 15 x 15 Mkm2.

Fig. 2. 3D AFM images of erythrocytes from a guinea pig immunized with Y. pestis EV NIIEG.

a — discocytes, 20 x 20 ym?; b: 1 — echinocyte, 2 — spherocyte, 15 x 15 ym?; ¢: 1 — codocyte, 2 — echinocyte,
3 — discocyte, 25 x 25 ym?; d — codocyte, 15 x 15 ym2.

JIOLMTOB (B CEpeUHE KIETKH HAXOAUTCS HE MIIIOop, a
BBIITYKJIOCTb WJIM MUILIEHb — YTOJIIEHHE, B KOTOPOM
CKaIlJIMBAETCS FeMOTTIOONH) U CPEPOLUTOB (IPUTPOLIHU-
ThI, UMCIOIIIUE HETPaBUWIbHYIO, chepudeckyro dpopmy)
npuxoauinoch 32,4 £ 1,2%. Jluametp MUIIEHH KOJIOITH-
TOB He mpesbiman 3,0 £ 0,5 MKM, 4TO COCTaBISAET MOY-
1 40% nuameTtpa kieTku (puc. 3, ). Beicota mumene-
BUJHON CTpYyKTypbl cocTtasisna 0,70 + 0,01 Mkm, 4to
B 1,7 paza MeHbIlIe BBICOTHI OCTAJILHON YacTH KJIETKU
(1,2 £ 0,1 mxm). [Ipoduns cdheporura umMen BUI Kymo-
na BeicoToi 2,5 + 0,2 MM u muamerpoM 6,0 = 0,3 MM
(puc. 3, 2). [Inockue KIETKH, Ha IO KOTOPBIX IIPUXO-
qtock Beero 2,0 + 0,5%, npenctaBisia OO0l TUCKU
C IIAJAKOM POBHOW IMOBEPXHOCTBIO AMAMETPOM 7,5 =+
0,5 mxm u tommumuoM 0,40 £ 0,05 MxM, Oe3 yrryOneHust
B LICHTpE.

Amnanu3 pe3ynsratoB ACM 3pUTpPOIMTOB B OTBIT-
HBIX TpyIIax MO3BOJIMI KOJIMYECTBEHHO CPAaBHUTH CTe-
MeHb M XapakTep BO3ACHCTBUS BAaKIMHHOIO IITaMMa
Y. pestis EV u ero usoreHHeIX IPOU3BOJAHBIX Ha IO-
BEPXHOCTHYIO CTPYKTYPY 3PUTPOLUTOB B KPOBU MOp-
ckux cBHHOK (Ta0a. 1). Haubonee 3Haunmble pasnu-
YHsl, XapaKTepU3YIolLIrecs MOBHILICHHEM (B CPETHEM B
8,6 paza) TD 3pUTPOIIUTOB 10 CPABHEHUIO C KOHTPOJIEM
(p < 0,05), ycTaHOBJICHBI B TEUCHUE INEPBBIX 3 CYT B
oTHomeHuN mwrammoB Y. pestis EV HUNOTI u Y. pestis
KM 217, o61muM 17151 KOTOPBIX SIBJISETCS HATUYHE B CO-
craBe miasMuiel pY'V (45 m/la), ¢ HaIMYMEeM KOTOPOit

CBA3BIBAIOT KJIETOUHYIO aAre3uI0, ayTOarnIIoTHHALMIO,
MMOBEPXHOCTHYIO arIFOTUHALIMIO, a TAKXKe CUHTE3 Oell-
KOB Hapy>KHOW MeMOpaHbl, B TOM uucie V- u W-aHTu-
T€HOB U APYruX OEJIKOB, ACHCTBHE KOTOPHIX HaIpaBIie-
HO Ha MojapJieHre (HarouuTapHOH aKTHBHOCTH KIIETOK
HMMYHHOH CHCTEMBI, a ClieloBaTeNbHO, obecreye-
HUE Jy4dlled NpHKUBAEMOCTH BAaKIMHHBIX IITaMMOB.
K 21-m cyrkam konmudectBo T® 3pUTPOLUTOB B 3TUX
rpymnnax JJOCTOBEPHO CHUKAJIOCh B CpeiHEM B 2,8 pa3a
(p <0,05) o cpaBHEHHUIO ¢ 1-MU CyTKaMu, HO IPOJOI-
JKaJo B CpeJHEM B 3 pasa MpeBbIIaTh aHAJIOTUYHBIN
[0Ka3aTejb B IPYyMIe WHTAaKTHOro KOHTpons. CrexyeT
OTMETHUTH BHsAHUE 035l Y. pestis EV HUNII Ha konu-
yecTBO T® 3puTpOIUTOB HA 3-U CYTKH MMMYHOTEHE3a.
Tak, npumenenue Y. pestis EV HUNOTI" B BrIcOKOIt 110-
3e (5 x 10*KOE) Bb3biBanio yBenuuenue TO B 1,5 paza
(»p < 0,05) Ooinble, yeM Ha BBEJACHUE HU3KOW JI03bI
(5 x 10° KOE). Konuyecto T® B oTBET HA HIMMYHH-
3anuio Y. pestis KM 216 — mraMMoM, B COCTaBe KO-
TOPOr0 MMeEJIACh JIMIIb OJHA IuIasMuaa pY P, nerepmu-
HUpYIOIIasi CHHTEe3 OakTepronuHa (IecTUHH 1) U ak-
TUBATOpa IUIa3MUHOI€HA, BIPOUYEM, KaK U Ha BBEICHUE
mramma Y. pestis KM 218, numénnoro Bcex 3 Kitoue-
BBIX IUIa3MHJ YYMHOTO MHUKPOOa, YBEIMYMBAIOCH HA
1-e 1 3-u cyTkH B cpefHeM B 3,6 pas3a [0 CpaBHEHHUIO
C aHaJOTMYHBIM I0Ka3aTeJIeM B MHTAaKTHOM KOHTpOJIE,
HO Ha 21-e CyTKH JOCTOBEPHOI0 OTJIMYHS IO ATOMY I10-
Ka3aTreiro OT UHTAaKTHOTO KOHTPOJIS HE BBIABIICHO.
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Puc. 3. Mpodunu pasnnyHbix opM 3pUTPOLIMTOB MOPCKOWM CBUHKU, UMMYHU3UpoBaHHON Y. pestis KM 217.
a — OUCKOUMT; 6 — 9XMHOUMT; 8 — KOOOUMT; 2 — cchepoumT.
Fig. 3. Profiles of various forms of erythrocytes from a guinea pig immunized with Y. pestis KM 217.
a — discocyte; b — echinocyte; ¢ — codocyte; d — spherocyte.

Tabnuua 1. Konnyectso TpaHcopMmnpoBaHHbIX (HOPM 3pUTPOLIMTOB B OTBET HA MMMYHM3ALMIO MOPCKMX CBUHOK LUTAMMaMm
Y. pestis ¢ pa3annu4Hon N3oreHHoW CTPyKTypown no gaHHbIM ACM

Table 1. The number of transformed forms of erythrocytes in response to immunization of guinea pigs with Y. pestis strains
with different isogenic structures according to AFM data

LWTamm Mpynna MMmyHM3mpytoLas Konuyectso knetok, % | Number of cells, %
Strain Group Immurfilgi:;ag’ g(?si, CFU 1-e cyTkn | 15t day 3-n cyTkn | 3¢ day 21-e cyTku | 215t day
Y. pestis EV HUWASI 1 5x10° 28,71 £ 6,24* 28,09 + 3,83* 11,43 £1,47*°
2 5x 108 37,5+ 5,07 43,67 + 3,63* 15,15 + 2,02*3
Y. pestis KM 216 3 5x10° 13,57 + 4,13* 17,66 + 3,48* 8,0+2,12
4 5x 108 18,33 + 4,26* 20,77 + 4,54* 9,17 + 3,29
Y. pestis KM 217 5 5x10° 34,45 £ 5,23* 35,47 + 6,85* 10,65 + 2,56*°
6 5x 108 36,15 £ 6,07* 37,83 £7,03* 14,58 + 4,84*°
Y. pestis KM 218 7 5x10° 11,89 £ 3,71* 16,71 +£2,72* 6,29 + 2,87
8 5x 108 16,85 + 2,74~ 19,65 + 3,27~ 9,09+2,3
KoHTpons | Control 9 - 4,08 + 0,86

Mpumeuanme. 3geck u B Tabn. 2: *p < 0,05 no cpaBHeHUto ¢ KOHTponeM; #p < 0,05 pasnuuusa mexay gosamu; °p < 0,05 no cpaBHeHUto ¢ 1-Mu
cyTKamu.
Note. Here and in the Table 2: *p < 0.05 compared with control; #p < 0.05 differences between doses; °p < 0.05 compared with 15t day.
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B nanpHelmux vcciaegoBaHUAX C LEIbIO XapakK-
TEPUCTUKU KJIETOYHOH MOBEPXHOCTH OBLI UCIONB30-
BaH napaMeTp QYHKIHOHAIBHBIX H3MEHEHHH peibeda
sputpouuta — Rq [10]. B Teuenue nepsrix 3 cyT no-
Kazarenb Rq MeMOpaH 3pUTPOLUTOB BCEX UMMYHHBIX
MOPCKHX CBHHOK JOCTOBEpHO mpesbiman (p < 0,05)
COOTBETCTBYIOIIEE 3HAYEHHE B KOHTpoisie (Taldja. 2).
Haubonee 3naunmble paznuuus B 3HaYeHHUsIX Rq ycra-
HOBJIEHHI B oTHoweHuu Y. pestis EV HUNII (pYT",
pYV', pYPY) u Y. pestis KM 217 (pY V™) B 3aBUCUMO-
CTH OT /I03bl BO BCE CPOKH MMMYHHOTO OTBeTa. Tak,
IPH UCIIOJB30BaHUH BBILICTIEPEYUCICHHBIX IITAMMOB
B BBICOKO# f03¢ (5 X 108 KOE) Benuunna Rq B cpen-
HeM B 1,7 pasa mpeBbimana (p < 0,05) cooTBeTCTBY-
IOIIME BEJIMYMHBI Tpu Hu3kou no3ze (5 x 10° KOE).
Ha 21-e cyTku 3aperucTpupoBaHO CTaTHCTHUECKHU
3HaYMMOE CHW)XEHHUE IMoKa3arenss Rq mpu umMmyHuH-
3alUM KUBOTHBIX mTaMMmamu Y. pestis EV HUU-
OI' (pYTY, pYV?, pYP?), Y. pestis KM 216 (pYP"),
Y. pestis KM 217 (pYV") B obeux J103ax mo cpaBHe-
HUIO C aHAJIOTUYHBIMH IIOKa3aTelsiMH Ha 1-€ CyTKH
UMMYyHHoOrO oTBeTa (p < 0,05).

JedopmalMoHHy0  CIIOCOOHOCTBH  3PHUTPOILIHU-
TOB MOPCKMX CBHMHOK OlleHHWBanu ¢ nomouipio MIO.
Cpennue 3HadeHuss MKO Bo Bcex ONBITHBIX TpyIIax
Ha MPOTSHKEHUU C 3-X Mo 21-e CyTKH NpeBOCXOANIH
KOHTPOJIbHBIHM NIOKazaTenb (Tadi. 2). Haubonbiue 3Ha-
yenus MIO peructpupoBanu Ha 3-U CyTKM UMMYHO-
resesa npu uMMmyHusanuu Y. pestis EV HUUIT, oco-
OCHHO MPU WHOKYJSIIMK BaKIUHHOTO MITaMMa B JI03€
5% 10* KOE o cpaBHEHUIO C 1-MU CyTKaM# M KOHTPOJIEM
(» < 0,05). B cnyuae npumeHeHus: mramma Y. pestis
KM 216 (pYP*) B mo3e 5 x 10° KOE k 21-m cyTkam
uMMyHoreHes3a BennunHa MIO nocroBepHo mpeBblina-
na 3HaueHus 1-x cytok (p < 0,05). Ilpu ucnonb3oa-
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HuU OecriasMuaHoro mramma Y. pestis KM 218 (7-s
u 8-s rpymribl) nokasarens MIO ocraBancst Ha ypoBHE
1-x cytok. 1, Ha0060poT, TP UMMYHHU3AILMHA MOPCKHUX
cBUHOK mTammamu Y. pestis EV HUUOI, conmepxa-
mero 3-u OCHOBHBIE MIa3MUAbI (1- ¥ 2-s Tpynmbl) U
Y pestis KM 217 (pY V") (5-1 u 6-s1 TpynIibl), BeNUIHHA
MIO nocroBepHo cHmkanack (p < 0,05) mo cpaBHEHUIO
C T0Ka3aTeNIIMU, YCTAaHOBJICHHBIMH B 1-€ CyTKHU.

[Hanee ObL1 mMpoBenéH KOPPESIMMOHHBIA aHAM3
3aBUCHMOCTH T1apaMeTpOB, XapaKTEpU3YIOIIMUX IO-
BEPXHOCTHYIO apXHTEKTOHHKY MeMOpaHBbl SPUTPOLH-
toB (T®, Rq, MIO), oT mna3mMuaHOrO CoCTaBa ITaM-
MOB Y. pestis. B pe3ynbrare BbISIBICHA [IPsiMasi yMEpEH-
HOU CHIIBI CBS3b MEXKY IIOKa3areseM Rq u HanuuueM y
mramma Y. pestis mnasmuast pY VvV w/uwimu pYP (r = 0,5;
p=0,04).

O6cyxpeHune

B pesynbrare NpoBEeNEHHOIO HCCIENOBAHUS Ha-
ISITHO TIPOAEMOHCTPUPOBAHO BOBIICUCHHE 3PHUTPO-
LUTOB KPOBH MOPCKHX CBMHOK B MpOIIECCHI B3aUMO-
JIEUCTBUSA CO LITaMMaMU Y. pestis, XapakTep KOTOPOro
3aBHCEN OT WX IUIa3MUAHOTO cocraBa. Pesymbratom
TaKOrO B3aMMOJCHUCTBUS ObUIO (HOPMUpPOBAHHE psja
CTPYKTYPHBIX TPeo0pa3oBaHUl MEMOpaHbI KJICTKH
MaKpoOpraHu3Ma U, CJIe[OoBaTelbHO, U3MEHEHHE e&
¢ynkuun. [lo HammMM IaHHBIM, OOJBIIMHCTBO TpaHC-
(hopMHPOBaHHBIX (POPM SPUTPOLIMUTOB COCTABIISIIN IXU-
HOIMTHI (65,2 £ 2,6%), a Takke KOIOIMTHI U chepo-
uuthl (32,4 £ 1,2%). Beero 2,0 £ 0,5% 3putponuron
MPUXOJUIIOCH Ha JOJIO IMJIOCKHX KIIETOK, KOTOPBIE, T10
JTaHHBIM JIUTEpaTypslI [15], BeposiTHEE BCero, SABISAIOTCS
Pa3HOBUAHOCTBIO MOJIOIBIX (POPM SPUTPOLIUTOB.

OCHOBHBIE U3MEHEHUS IOBEPXHOCTHOW apXUTEK-
TOHUKH SPUTPOLMTOB MPOUCXOAMIIH B TEUCHHUE MEPBHIX

Tabnuua 2. JuHammka nameHeHns ACM-napameTpoB NOBEPXHOCTU 3PUTPOLMTOB MOPCKUX CBMHOK B OTBET HA MMMYHU3aLMIo
MOPCKUX CBMHOK LUTaMMamu Y. pestis ¢ pa3nnM4HoM M30reHHOM CTPYKTypoun no AaHHbiM ACM

Table 2. Dynamics of changes in AFM parameters of the surface of guinea pig erythrocytes in response to immunization
of guinea pigs with Y. pestis strains with different isogenic structures according to AFM data

VMmyHU- ACM-napameTtpbl | AFM parameters
Ipynna Lramm ZV;Z?E*SE 1-e cyTkn | 15t day 3-n cyTkm | 3" day 21-e cyTku | 21¢t day
Group Stain | immunizing Rq, HM MIO, KTla R, HM MIO, KTla R, HM MIO, KTa
dose, CFU Rg, nm MU, kPa Rg, nm MU, kPa Rg, nm MU, kPa
KoHTpons | Control - 70+ 6 53,03 + 1,47 72+6 54,03 £ 1,79 68 + 6 52,03 + 1,62
1 Y. pestis 5x10° 131 £ 7% 95,25 + 2,86** 137 £6™  125.00 £ 3,75*° 111 £ 7**° 61,14 + 2,46*
2 E\é %sv;gr 5x 108 319 + 8*# 125,73 £4,48** 183 £ 7** 142,58 +£5,98** 150 £ 8*° 77,92 £ 3,73*#
EV NIIEG

3 Y. pestis 5x10° 129 + 8* 62,28 + 2,87 179 £ 9*° 70,02 + 2,76* 101 £ 8*° 80,27 + 2,76*°
4 KM 216 5x 108 153 £ 9* 72,11 £ 2,16* 203 + 9*° 80,08 + 3,73* 110 £ 9*° 76,98 + 3,82*
5 Y. pestis 5x10° 228 + 7** 101,13 + 3,04* 201 £ 7*#° 76,14 + 2,28*° 88 + 5*#° 80,60 + 2,42*°
6 KM 217 5x 108 312+ 7+ 113,80 + 5,41* 280 + 8*#° 81,61+ 2,45*° 164 + 6*#° 84,41+ 2,53*°
7 Y. pestis 5x10° 90+5 65,80 + 1,98* 101 £ 4* 71,22 +2,32* 71+ 5% 68,52 + 2,29*
8 KM 218 5x 108 110 £ 10* 74,70 £ 2,24* 111 £ 6* 80,37 + 2,47*° 104 + 6™ 77,55 +2,51*
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3 cyT nocie BBEIEHUS BaKIIMHHOI'O IITaMMa U €T0 U30-
TeHHBIX TPOM3BOIHBIX, YTO YKJIAIbIBACTCS B PaMKH,
MPEeAYCMOTPEHHbBIE Pa3BUTHEM HECTEPUIBHON (a3bl
MMMYHUTETA, CONPSKEHHON ¢ AKTUBHBIM Pa3MHOKEHU-
eM OakTepuil B MECTe BBEICHHSI, pETHOHAPHBIX JTrM(pa-
THYECKHX Y3JIaX U BO BHYTPEHHHX OopraHax (cene3éHka,
nedeHs, jérkue) [16]). CreneHp BBIPaXXEHHOCTH 3THX
M3MEHEHM 3aBHcera OT IIa3MUAHOIO COCTaBa ILITaM-
MOB, B35ITHIX B HCCJICIOBAHUE, U UX UMMYHHU3HUPYIOIIEH
J103bl. DTU JJaHHBIE COMIACYIOTCS C paHee MOIydYeHHOH
nHpOpMAIHEH O pa3IMuYHON CIIOCOOHOCTH BAKLIMHHOTO
mramMma Y. pestis EV HUUOI u ero u3oreHHsIx npo-
W3BOAHBIX HMHIYLUPOBaTh Ha l-€ CyTKM MMMYyHOICHe-
32 CEKPETOPHYIO IErpaHy/IILuI0 HEUTpO(UIIOB KPOBU
MOPCKHX CBHHOK C BHICBOOOXKICHHEM BO BHEKJIETOUHOE
MIPOCTPAHCTBO JieHKouuTapHOM 3mactassl [17], koTopas,
BBI3BIBAs ICCTPYKLMIO OEIKOBOTO KapKaca SpUTPOLIUTOB
[18], MOXKeT MHOYLIMPOBATh MOSBICHHE B KPOBU OOJIb-
LIOT0 KOJIMYECTBA 3XWHOLUTOB U APYTHX MOP(OIOTHU-
YeCKH U3MEHEHHBIX (hopM dpuTpounTos [19].

B niepBbie 3 cyT MIMMYHHOTO OTBETa MAKCHMAJIBHOE
KOJIMYECTBO TPaHCPOPMUPOBAHHBIX IPUTPOLIUTOB 00-
Hapy>XEHO B OTBET HA UMMYHHU3AIIHIO IOTHOLEHHBIM T10
IJ1a3MHUJIHOMY cocTaBy mrtammoM Y. pestis EV HUNOT
(PYTY, pYV', pYP") u MoHOIUIa3MUIHBIM IITAMMOM
Y. pestis KM 217, conepxkamum miazmMuny pY 'V, Koau-
pytomryto Oenku cuctemsl cexkpeuun 11 tuma (T3SS),
s dexropusie 6enku Yops (YopE, YopH, YopM, YopP,
YopT, YopO) u perynsaropusie 6enku [20]. C omHOM
CTOpOHBI, 3P dekTopHbie Oenku Yops 3ddekTuBHO ak-
TUBUPYIOT NMAaTOT€HHbIE BUIbI HEPCUHUI AJIS TTOAABIIC-
HUS BPOXKJAEHHOTO UMMYHHOTO OTBETa XO3sIMHA ITyTEM
pEryIALMT 3apOrpaMMHUPOBAHHON THOENN KIIETOK, a
TaKXKe JJIs1 MHruOupoBaHus (Garouuro3a U MpomyKIHN
psAaa NpOBOCHATIUTEIBHBIX LIUTOKUHOB [21], Hapymias
AKTHHOBBII ITUTOCKENET KJIETOK X0351Ha, a C JPyrol —
MOBEPXHOCTHO PACIOJIOKEHHbIE OSJIKM BHEIIHEH MeM-
Opausl (Yops), kogupyemsie iasmunoii pY'V Y. pestis,
SIBJISIFOTCSL HanOosiee nMepCreKTHBHBIMUA MULICHSAMU IS
HMMYHOIIPOQHUIAKTUKA U UMMYHOTEpAuK 4yMblI [22].

N3BecTHO, yTO W1asMuaa pY V sBISETCS TEHETU-
YECKUM 3JIEMEHTOM, UMEIOIIUM pEeIIatolee 3HaueHUue
JUIS TAaTOT€HHOCTH, OTBETCTBEHHA 32 MOLIHYIO HHBa3U-
OHHYIO CIIOCOOHOCTH BO3OYIUTEIISI UyMBI Y. pestis U ero
remopparuyeckue cBoiictBa [23]. [lonmagas B KpoBb,
mramMm Y. pestis EV HUNOI BcTynaer Bo B3aumonei-
CTBHE C dpUTpPOLUTAMU KpoBH. Tak, paHee B 3KcIepH-
MEHTaX Kak in vivo, Tak W in vitro Obuia oOHapyKeHa
CIOCOOHOCTh IITAMMOB Y. pestis, HE3aBUCUMO OT UX
¢denorumna, comnpsok€HHOro ¢ nurMenranuend (Pgm™/
Pgm"), u mnasmMuaHoro nmpoduis, NpoOHUKATh BHYTPh
SPUTPOLMUTOB YEIOBEKA U MBIIIH U pa3pyllaTbh UX MEM-
Opany [24]. Kpome toro, mramm Y. pestis EV HUUDI
o0naiaeT BBIPAKCHHBIMHU aiT€3MBHBIMU CBOMCTBAMHU K
SPUTPOLIUTAM YeJIOBEKa B pe3ynbTare THAPO(POOHBIX
B3alMOJIEUCTBUI, KOTOpBIE O0YCIIOBIEHBI TOBEPXHOCT-
HBIMU CTPYKTYPaMH MHUKPOOHBIX KJIETOK, OTHOCSIIU-

MHUCS K Jidnonporeuaam [25], uro 00yCIOBIMBACT €ro
BIIMSIHUE HA MEMOpaHy KIICTKH.

Hawnmensb1ee koau4yecTBO TpaHCHOPMUPOBAHHBIX
SPUTPOLUTOB OOHAPY)KEHO B OTBET HA MMMYHHU3ALHIO
MOHOIIIa3MHUIHEIM ITamMmMoM Y. pestis KM216, conep-
JKallUM TOJIBKO INIa3MUAY INECTULUHOIEHHOCTU PYP,
u OecriasMuIHBIM mTamMmMoM Y. pestis KM 218, 4ro
COIIPSDKEHO C UX HU3KOH MMMYHOTE€HHOCTBIO Ha (o-
HE c1abod MPHKUBAEMOCTH B Makpoopranusme [13].
K Tomy e mTaMMbl 9yMHOTO MHKpPOOa, OTIHYAIOIIU-
ecsl Mo IUIa3MUAHOMY MPOQUII0, B YACTHOCTH, OTCYT-
ctBuro wiasmua (pYP, pYV), obnagaror Huzkoi anre-
3MBHOM aKTMBHOCTBIO K 3PUTPOLUTAM U JIETKO MOINIO-
marTcs (arolUTaMyu TpU BBEICHUHM J1a00paTOPHBIM
JKUBOTHBIM [26].

B Hamem ucciegoBaHUM BBISBICHO H3MEHEHUE
nporuba MeMOpPaHbI SPUTPOLIUTA ITPH B3aUMOICHCTBUU
KJIIETOK C Y. pestis, 00ycIOBIEHHOE U3MEHEHHEM YIIPY-
THX CBOMCTB MEMOpaHbI, IMEIOIIUM MECTO B 1-e cyT-
KM UMMYHOTEHE3a, 1 IIOCTENEeHHO npoxosiiee K 21-m
cyTKaM HaOmroneHus [27]. VisMeHeHrue BeNTHUYuHbI IIPOo-
ruba MeMOpaHbl CONPSHKEHO ¢ HapylleHHeM e€ popMBl,
KOTJIa YMEHBIIIAETCsl OCTPOBEPIINHHOCTH Kpasi 3pUTpo-
LUTa, MPONAAAET JIUHEUHBIM yUaCTOK MEXAY LIEHTPOM
SPUTPOLIUTA U €r0 KpaeM, KOOPJUHATEl MAKCUMyMa Ha
cpe3e MeMOpaHbI CTAaHOBSITCS Pa3MBITBIMH, & €CJIU MPO-
rud Mcye3aeT NOITHOCTHIO, TO TOBEPXHOCTh MEMOpaHbI
CTAHOBMTCS BBIITYKJION, YTO CKa3bIBaeTCsl Ha Ipolec-
cax MUKpPOLMPKYJISIIIMU B TKAHSX.

Emé ogHum napaMerpoM, HCIIOIB3YEMBIM IS
aHamu3za ACM-u300pakeHHil MOBEPXHOCTH KIETOK,
SIBIIIETCSL LIEPOXOBATOCTh, IOKAa3bIBAIOIIAasl OTKIIOHE-
HUE peribeda KIeTOYHOW MOBEPXHOCTH OT CPEAHEro
3HaueHus. HawmOosee BbIpakeHHOE BO3JCHCTBHE Ha
BEJIMUYMHY CPEIHEKBaJAPaTHYHON MIEPOXOBATOCTH IIO-
BepxHocTH (RQ) 3pUTPOLUTOB B KPOBH MOPCKHX CBU-
HOK okasbBad mtamMm Y. pestis EV HUUII (pYT",
pYV*, pYP*) u ero usorennsiii Bapuanr Y. pestis KM
217 (pY V") npu npumeHeHnn B Boicokoi go3e (5 x 108
KOE). CornacHo pe3ynbraram psia UCCIeIOBaHUM, MO-
BhILIIEHNE BenW4uHBl Rq 00ycioBieHo obOpazoBaHHeM
BBIIISTYMBAHUA HMHTETPAIBHBIX OCNIKOB W3 JIUMUAHOTO
Ouciost MmeMOpaHbl sputpormra [28, 29], KOCBEHHBIM
CBU/IETENILCTBOM YETO SIBJISIETCS aKTUBALIUA MPOLIECCOB
nepekucHoro okuciaeHus aunuaos [30]. B atoit cBsa3u
BBISIBJICHHAs! KOPPEALMOHHAs CBSA3b MEXKIY HAJIUYUEM
mnasMubl pYV U pYP y H3ydeHHBIX IITAMMOB 4YyMHOTO
MHUKpoOa U mokazarenieM Rq, mo-BuanMomy, oObsICHSIET-
CsI OBBILIEHHON aATre3UBHOM CIIOCOOHOCTBIO IITAMMOB,
cogepxkamx pYV u pYP [26], u yknagpIBaeTcs B paHee
ONHCAHHYI0 TUHAMUKY U3MEHEHHs MOBEPXHOCTHOM ap-
XUTEKTOHUKH 3PUTPOLIMTOB Ha JKMBbIE BaKI[MHBI B pa3-
JMYHBIE CPOKHU TOCIEe IMMYHH3aIuKl 6rnomonenu [3].

YcTaHOBIEHHOE HAaMH JJOCTOBEPHOE MOBBIIIEHUE
MIO Ha 3-u CyTKM HMMYHOT'€HE3a 10J] BIUSHUEM I10JI-
HomasmuaHoro mramma Y. pestis EV HUNOT apnsercs
CBUJIETETILCTBOM CHM)KEHUS MACTUYHOCTH U BA3KOCTH
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KJICTOYHO MeMOpPaHbI ¥ IOBbIIIeHUs e€ xécTtrkocTr [31].
OpnHako Ha MOMEHT (D OPMHUPOBAHHSI IMMYHHOTO OTBETa
B CTEpWIBbHOM (aze umMmyHHTEeTa (21-€ CyTKH) 3TOT TO-
Ka3aTesb CyIIECTBEHHO CHMIKAJICS, YTO YKa3bIBAaeT Ha
BOCCTAHOBJICHHE IApaMETPOB KIETOYHON MeMOpaHbI
3pPUTPOLUTOB (MOBBIIIEHHE TACTUYHOCTH U yBEIUYe-
HUE BA3KOCTH IIPU OTHOBPEMEHHOM CHUXEHUU JKECTKO-
CTH KJICTOYHOH MeMOpaHbI SPUTPOLIUTA).

[Ipoucxoasmue B mepBble 3 cyT IOCIE UMMY-
HU3aIUU TOJHOIJIA3MHIHBIM BaKIMHHBIM IITAMMOM
Y. pestis EV cTpykTypHBle HW3MEHEHUS B MeMOpaHe
3PUTPOLIUTOB MOPCKUX CBUHOK CONPSKEHBI C BBICOKOH
CHOCOOHOCTBIO ATOTO IITaMMa MPHKUBATHCS B KJIETKAX
U TKaHSIX MaKpOOpPIraHH3Ma, CIEICTBUEM YEro sBIseT-
Csl €ero BBICOKash MMMYHOTE€HHOCTb. DTO COIJIACYETCs C
pe3yabpTaTamMu cciel0BaHHs CPAaBHUTENbHOW HIMMYHO-
TEHHOCTH BaKUMHHOTO ITtamma Y. pestis EV HUUDI
U €0 U30T€HHBIX MPOU3BOJIHBIX, IPOIEMOHCTPUPOBAB-
IIETO MPSIMYIO 3aBUCHUMOCTh 3TOTO NOKa3aTess OT Ha-
mmans pY'T, pYV upYP [13].

Takum oOpa3oMm, MOJy4YEeHHBIE NaHHBIC, HILTIO-
CTPUPYIOILUE JUHAMHUKY HM3MEHEHHUS IMOBEPXHOCTHOM
APXUTEKTOHUKH MEMOpaHBI SPUTPOLUTOB B MpOLECcCe
MMMYHOT€HE3a B OTBET Ha BaKIIMHHBINA IITAMM YyMHO-
ro MUKpO0Oa 1 €ro U30reHHbIE IPOU3BOJHBIC, HE TOJIBKO
CHOCOOCTBYIOT HMOHMMAaHHIO OTICIBHBIX 3TaloB B3a-
UMOJIEICTBUS MMKpPO- M MaKpOOpPTraHu3Ma, HO MOTYT
OBITH UCTIONIb30BaHBI KaK JOMOIHUTEIbHBIE XapaKTepH-
CTHKH TIPH pa3pabOTKe HOBBIX MH(POPMATUBHBIX KpH-
TEpUeB JOKIMHUYECKON OLEHKH CPEeACTB crenuduyie-
CKOH MPOQUIAKTHUKH YyMBI.
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BnnaHne yrneBoAHbIX aAbOBAHTOB B COCTaBe 3KCNepnMMeHTaJIbHOTro

XAHTAaBNPYCHOIro BaKUMHHOIO npenaparta Ha ANHaAMUKY

HeNTPanusyoLWMX aHTUTEN B CbIBOPOTKaX KPOBN MOPCKNX CBUHOK

Kypawosa C.C.", EropoBa M.C.', BetpoBa A.H.', banosHeBa M.B.', Monosa 0.B.",
Teopoposunu P.A.", MupoHeHko A.A.%, AnapuH .l JibBoB B.J1.%,

TkaueHko E.A.", [13arypoBa T.K.

'MepepanbHblil HAYYHbIV LIEHTP UCCNefoBaHUN 1 pa3paboTKn MMMYHOBUONOrMYeCKrX NpenapaTos
nmenn M.M. Yymakosa PAH (UHcTuTyT nonnommenuta), Mocksa, Poccus;

2[ocypapCTBEHHbIN HayuHbI LUeHTp «HCTUTYT ummMyHonorum», MockBa, Poccua

AHHOMAauus

BBeaeHue. BakumHaumsa morna 6bl ctate Hanbonee adpeKkTMBHBIM CMOCOBOM KOHTPOMNS reMopparnyeckon nv-
Xopagku ¢ noveyHsiM cuHgpomom ([TIMNC), koTopas 3aHMMaeT BegyLlee MeCTO cpean 300HO30B M OAHO U3 nep-
BbIX MECT Cpean NpUpPoaHO-04aroBbIX 3aboneBaHuii Yenoseka. B cBsian ¢ aTuM akTyanbHbl pa3paboTka addek-
TMBHOIO BaKLMHHOTMO Mpenapara, a Takke NMOVCK HOBbIX HETOKCUYHBIX U 3(PdEKTUBHBLIX afblOBaHTOB, KOTOPbIE
MOryT cnoco6CcTBOBaThL YCUMEHUIO Y MPOMNOHIMPOBAHMIO UMMYHHOIO OTBETA, CHXEHUIO KOHLEHTpaUun aHTureHa
N YMEHBLLEHWNIO KpaTHOCTU BBEAEHMS NpenapaTos.

Llenb vccnegoBaHus — onpeaennutb 3aBUCMMOCTb MMMYHOMEHHOW akTUBHOCTU SKCMEPUMEHTaNbHOIO XaHTaBu-
pycHoro npenaparta Ha ocHoBe Bupyca lMyymana (XI1) oT 403kl aHTUreHa Kak B HaTUBHOM BUAE, Tak U B codeTa-
HWUM C YrMeBOAHLIMU afblOBaHTaMM.

MaTtepuanbl u meToabl. ViccrnieqoBaH MMMyHoaabioBaHTHBIN adpdbekT Ac3-JIMNC Shigella sonnein S. flexneri 1B
1 3MYIbCUM HAHO3MYMbIrMpoBaHHoro ckeaneHa Sepivac SWE (SWE) B coctase XI1 B onTumansHON 1 MUHUMarb-
HOW 103aX MO MHOYKLUMN HEUTPanuU3yoLWnx aHTuTen nocne 3-kpatHon nmmyHusauum (0, 14, 182-1 AeHb) MOpPCKUX
CBUHOK (Cavia porcellus). Pasanuumsa B uMmyHoreHHowm aktmBHocTH XI1 oLeHnBanu B peakuum HenTpanusaumm no
50% nopaeneHuto hokycobpasytoLmx eauHnL B Kynbtype knetok Vero E6.

PesynbraTtbl. CTAaTUCTUYECKM 3HAYMMOE MOBLILLIEHNE YPOBHA HENTPANU3YHOLWMX aHTUTEN OTMEYanu yxe nocne
1 ummyHm3aumm kak ans Xl B onTMansHoOM Jo3e, Tak v A ero komomHaumm ¢ agbloBaHTamu. Hanbonee Bbipa-
XXEHHbIV MMyHOaAbloBaHTHbIN addekT npossunun Ac3-NMC S. sonnein SWE, B koHUeHTpaummn 50 n 100 mkr/go-
3y COOTBETCTBEHHO. VMIMMyHOaabIOBaHTHEIN adhchekT, 06ycnoBneHHbin kombuHaumen X c Ac3-NMC S. sonnei n
SWE, cnocobcTtBoBan Kak yCuneHnto MMMYHHOTO OTBETA, Tak U ero NpoAoIPKUTENbHOCTU. YMEHbLUEHME A03bl aH-
TureHa B 10 pa3s B npucytcteum SWE nossonser onTumMmnsnpoBaTb MMMYHHbIN OTBET A BakUMHHOIO npenapara.
BbiBoAa. Pesynsrathl MCCriegoBaHUsi nokasanu nepcnekTMBHOCTb ucnonb3oaHus Ac3-JMNC S. sonnei n Sepivac
SWE B BakuumHe ans npocumnaktuku MMNC.

KnioueBble crnoBa: cemoppasuyeckas iuxopaoka ¢ noYeyHbiM cUHOpomom, supyc lMyymarna, xaHmasupycHabil
8aKUUHHbIU ripenapam, adbiogaHmbl, CxemMa 88e0eHUSsI, Helmpanusyruue aHmumerna, UMMYHHbIO omeem

Amuyeckoe ymeepxxdeHue. ABTOpbI NOATBEPXKAAIOT COBMNoAEHNE MHCTUTYLMOHANBHBIX U HALMOHanNbHbLIX CTaHaap-
TOB MO MCMOMb30BaHUO NabopaTopHbIX XMBOTHBLIX B cooTBeTCTBUM ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NpoTtokon nccneposarHns ogobpeH dtudeckum komutetom PHUNPUM um. M.IM. Yymakosa PAH
(npotokon Ne 100622-5 ot 10.06.2022).

BnazodapHocms. Bbipaxaem GnarogapHocTb K.x.H. J1. KapumoBown, anpektopy no passutuio 6usHeca B Poccun u
ctpaHax CHI" komnaHumn «Seppicy, 3a npegocTaBrneHne agbioBaHTa Sepivac SWE gns nccnegosaHui.

UcmoyHuk ¢huHaHcupoeaHusi. ABTOpbI 3asBnsOT 06 OTCYTCTBUM BHELUHErO (PUHAHCMPOBAHUS NPU MPOBEOEHUU
uccnegoBaHus. PaboTta BbinonHeHa B pamkax oc3agaHust Ne 122041800054-7, Ha 6ase depgepanbHOro HayyHoro
LieHTpa uccrnenoBaHuin u pa3pabotkv MMMyHobuonoruyeckux npenapatos M. M.MN. Yymakosa PAH (UHcTuTyT nonvo-
MuenuTa).

KoHgpbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHLIX M MOTEHUMANbHbLIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukaunen HacTosLLEN CTaTbu.

Ansa yumupoeaHus: Kypawosa C.C., Eroposa M.C., Betposa A.H., banosxesa M.B., NMonosa }0.B., Teogoposuy PA.,
MwupoHeHko A.A., AnapuH I.I., JTbBos B.J1., TkayeHko E.A., [3aryposa T.K. BnusiHne yrneBoaHbIX agbloBaHTOB B CO-
CTaBe 3KCMNepVMEHTaNbHOIO XaHTaBUPYCHOTO BaKLMHHOTO Npenaparta Ha AMHaMUKy HEWTpanu3yoLmMx aHTUTEN B CbIBO-
pOTKax KpOBM MOPCKNX CBUHOK. XKypHas Mukpobuonoauu, anudemuonoauu u ummyHobuomnoauu. 2024;101(3):383-392.
DOI: https://doi.org/10.36233/0372-9311-523
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The effect of carbohydrate adjuvants in the composition of the
experimental hantavirus vaccine on the dynamics of neutralizing
antibodies in the blood sera of guinea pigs

Svetlana S. Kurashova'™, Maria S. Egorova’, Anna N. Vetrova', Maria V. Balovneva’,

Yulia V. Popova', Rostislav D.Teodorovich', Anna A. Mironenko?, Peter G. Aparin?,

Vyatcheslav L. Lvov?, Evgeniy A. Tkachenko', Tamara K. Dzagurova'

'M.P. Chumakov Federal Scientific Center for Research and Development of Immunobiological Drugs (Polio Institute),
Moscow, Russia;

“National Research Center Institute of Immunology, Moscow, Russia

Abstract

Introduction. Vaccination could be the most effective means of preventing hemorrhagic fever with renal syndrome
(HFRS), which is one of the leading zoonoses and a major cause of natural disease in humans. Therefore,
research to develop an effective vaccine and the search for new non-toxic and effective adjuvants that can
enhance and prolong the immune response, reduce the antigen concentration and reduce the frequency of dose
administration is an urgent task.

The aim of the study was to determine the dependence of the immunogenic activity of an experimental hantavirus
vaccine based on Puumala virus (HV) on the antigen dose both in native form and in combination with carbohydrate
adjuvants.

Materials and methods. The immunoadjuvant effect of Ac3-LPS S. sonnei and S. flexneri 1B and emulsions of
nanoemulsified squalene Sepivac SWE (SWE) as part of HV at the optimal and minimal doses was investigated
by induction of neutralising antibodies after 3-fold immunisation (day 0, 14, 182) of guinea pigs (Cavia porcellus).
Differences in the immunogenic activity of HV were assessed in the neutralisation reaction by 50% suppression
of focal units in Vero E6 cell cultures.

Results. A statistically significant increase in neutralising antibodies levels was observed after immunization both
with HV at the optimal dose and for its combination with adjuvants. Ac3-LPS S. sonnei and SWE showed the most
pronounced immunoadjuvant effect at concentrations of 50 and 100 ug/dose, respectively. The immunoadjuvant
effect of the combination of the hantavirus vaccine with Ac3-LPS S. sonnei and SWE contributed to both an
enhanced immune response and its duration. The tenfold reduction of the antigen dose in the presence of SWE
allows optimization of the immune response to the vaccine.

Conclusion. The results of this study show the prospects of using Ac3-LPS S. sonnei and Sepivac SWE in the
vaccine for the prevention of HFRS.

Keywords: hemorrhagic fever with renal syndrome, Puumala virus, hantavirus vaccine, adjuvants, administration
scheme, neutralizing antibodies, immune response.
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BBepeHue

OCHOBHYIO POJIb B CTPYKTYpe 3a00JI€BaCMOCTH
reMOpParuyeckoi JIMXOpPaJKod C IOYEYHBIM CUHIAPO-
moM (IJITIC) urpaer Bupyc Ilyymana, Ha JOII0 KOTO-
poro mpuxomutcs 97,7% ciyuaes 3abonesanunii [JITIC
B Poccun, a Ha gomo BupycoB Xanraan, Ceyn, Amyp
u aByx nontunos (Kypkuno u Coun) Bupyca Jloopasa/
benrpan — menee 3% [1]. Takas snuaeMuoaorudeckas
o0CcTaHOBKa Ha TeppuToprH Poccun mpeacrasiseT co-
0ol cepbE3HYI0 YIpo3y HaceaeHuo. BBuay oTcyTcTBHS
strotponHoro neuenus [JIIIC akryanbpHa paspaboTka
BaKLMHHOTO Npenapara ajst e€ npouiIakThku [2].

OTan JUIEH3UpPOBaHMs NPOLIIM 6 XaHTaBHUpPYC-
HBIX BakIMH: 3 KyJbTypaJbHBIX U OfiHa Mo3roBas B Ku-
Tae U no ogHor Mo3rosoii BakuuHae B KHIIP u FOxHo
Kopee, xoTopsie Mpon3BoAATCS Ha OCHOBE XaHTaBUPY-
coB Xantaan wm Ceyn. Hu onHa W3 3TUX BakIMH HE
MOKET IIPUMEHSATHCS B EBPOIIEUCKUX peruoHax Poccun,
ITOCKOJIbKY HE 00J1a1aeT 3aIUTHBIM JIEHCTBUEM IIPOTHB
Bupyca Ilyymana — ocHoBHoro Bo30yautens [JIIIC na
atoit Tepputopuu [3]. B Poccuu paszpaborka TexHoo-
MM W3TOTOBJICHHST WHAKTUBUPOBAHHBIX (POPMAIMHOM
unn OeTa-IpoIUOIaKTOHOM LIEJIbHOBUPHOHHBIX BakK-
LIMHHBIX [IPENapaToB Ha NEPEBUBAEMOM JIMHUHU KIIETOK
Vero nauanacs B 1990 1., korma ynanoch ONTUMU3ZHPO-
BaTh TOJY4YE€HHE BBICOKOTHUTPAXXHOTO ypoxkas BUpyca
[lyymana [4]. YcneumHo npouuiv TOKIMHUYECKUE HC-
clefoBaHUs 3 KaHAMJATHBIX BAaKIMHHBIX Ipernapara:
MOHOBaKILIMHA C HCIOJb30BaHMEM Bupyca Ilyymana
«PUUVAX» B 1990 1. [4], AByXKOMIIOHEHTHASI BaKIIH-
Ha «KomoOu-I'JITIC-Bak» Ha ocHOBe BUpycoB [lyymana
u Jlobpasa/benrpan (moarun Kypkuno) B 2008 r. [5],
TpéxxomnonenTHas BakiuHa «[JIIIC-Bak» Ha ocHOBe
BupycoB [lyymana, [lo6paBa/benrpan (moxtun Coun)
u Xantaan B 2018 1. [6].

VIMMyHOT€HHYI0 aKTUBHOCTb U HPOTEKTHBHOCTh
MHAKTUBUPOBAHHBIX IIEIbHOBUPHUOHHBIX BaKLMHHBIX
npenaparoB A NPOQHUIAKTUKY Pa3IMYHbIX HHPEKINH
MOKHO TIOBBICUTBH C IIOMOIIBIO a/bIOBAHTOB, KOTOPHIE
CHOCOOCTBYIOT IPOJIOHTMPOBAHUIO UMMYHHOTO OTBETA,
CHIDKEHHUIO KOHIIEHTpAIlMM aHTUI€Ha U YMEHBIIECHUIO
KpaTHOCTH BBEJICHHS ITpenaparos, oOecreynBas pamuo-
HaJbLHOE COOTHOIICHHUE 103a—0TBET [7, 8]. BakiuuubIii
npenapar s npodunaktuku [JIIIC He sBnsiercs uc-
KJtoueHueM. PaHee B paMKax JAOKIMHUYECKHUX HCCIIe-
JIOBaHUHM MBI OLIEHUBAJIN BO3MOXHOE BIMSHHUE pa3iIny-
HBIX TPYyMNI aJbIOBAHTOB HAa MOBBIIIEHHE UMMYHOTEH-
HOM aKTMBHOCTH MOHOBAJEHTHOIO U IMOJIMBAJIEHTHOIO
BaKUMHHBIX npenaparoB it npopunaktuku [JIIIC B
OTBeT Ha MX BBeAcHHe MbinaMm BALB/c [9]. YcraHos-
neHbl HauOonpiuas 3(Q(EeKTUBHOCTh U Ienecoolpas-
HOCTb IIPUMEHEHUS TPYIIb! YITIEBOAHBIX abIOBAHTOB
Ha IMpHUMepe HU3KOIHIOTOKCUYHOIO alHupOTeHHOIO
munononucaxapuaa (JIIIC), comepkaiero Tpuanuib-
Hble npousBoaHble Jmnuaa A — Ac3-JIIIC Shigella
Sonnei, B BaKIMHHOM TIpemapare Uil NpOoQHUIaKTUKA
[JITIC [10]. Taxxe Ha mprax guaud BALB/c u mop-

CKHX CBHHKAX ObLIN YCTAHOBJICHBI ONTUMAJILHAS U MU-
HUMaJIbHAs UIMMYHHU3UPYIOIINE JI03bl XaHTaBUPYCHOTO
BakiuHHOro mpemnapara (XII) [9, 11]. Jns pemenus
BOIPOCA O BIMSHUH aJbIOBAHTOB HA CWIIy U JJIUTEIb-
HOCTb MMMYHHOI'O OTBETa B JaHHOM HCCIIEIOBaHUU B
KaueCTBE MOJICIIH SKCIIEPUMEHTANBHBIX KHUBOTHBIX Obl-
71 BEIOpaHbl MOpckue cBUHKH Cavia porcellus.

AZBIOBaHTBl XapaKTEepU3YyIOTCS OONBIIMM Pa3HO-
o0OpazueM, MO3TOMY MOA00pP OCYIIECTBISETCS MYTEM
cpaBHEHHS UX 3PPEKTUBHOCTH Ha MOJICIISX )KUBOTHBIX, &
TaK¥kKe OI[CHKH UX 0€30MacHOCTH U epeHocuMocTH [ 12].
OHHu crocoOHBI YCHIMBaTh HOPMUPOBaHHE HMMYHHOTO
OTBETa, FEHEPUPYS JOINTOBPEMEHHYIO T- 1 B-KIeTOUHYIO
namsTh [13], onpenensaTb KOHKPETHBIH THIT UMMYHHOT'O
OTBETa, KOTOPBI MOXKET OBITH CMEILIEH B CTOPOHY OTBE-
TOB LIUTOTOKCUYECKUX T-KJIIETOK, ONMpENeIEHHBIX Kilac-
coB T-xenmepoB u u3otunos anturen [14]. Bpoxnéunas
MMMYHHasi CHCTEMa MOXET pAaclO3HaBaTh IATOTEHbI
HApsAMYIO 4Yepe3 pa3iiMuHble 00pa3-pacro3HalolIue
PELenTOpbl, CPEAH KOTOPBIX HanOosee BaKHBIMU SIBIISI-
totcsa Toll-momobusie penentopsl (TLR) [15, 16]. Onu
9KCIIPECCUPYIOTCA Ha JEHJPUTHBIX, SHIOTEINATBHBIX
W TY4YHBIX KJIETKaX, Makpodarax, HeWTpodunax u T. 1.
1 00JIaJal0T MIUPOKOW CHEUU(PUIHOCTHIO B OTHOILICHUT
KOHCEpPBAaTUBHBIX MOJIEKYJISIPHBIX MTATTEPHOB MaTOr€HOB
[17]. TpamuumOHHO TIPUMEHSIEMBIC aIBIOBAHTHI HA OC-
HoBe amromMuHus 1 MF59 manoaddextuBHbl 1 He oka-
3bIBAIOT 3aMETHOTO BO3/IEUCTBUS HA KJIETOYHBIA UMMYH-
Heil oTBeT [18]. B mocnennee Bpemst ocoboe BHUMaHUE
CTaJIM YACNATH aAbIOBaHTaM Ha OCHOBE yIIIEBOJIOB [12],
KOTOpBIE 0€30MacHbI, OMOCOBMECTUMBI M CITOCOOHBI CTH-
MYJIHMpOBaTh CHJIBHBIE M JUINTENbHBIE TYMOpaJIbHBIE U
KJIETOYHble UMMYyHHbIe peakuuu [19] gepes TLR [20,
21], HyKICOTHA-CBI3BIBAIOIINE JOMEHBI OIUTOMEPHU3a-
uu, conepxane oenok 2 [22], C-tuna jekrtunsl [23]
i CDI1d-3aBucuMBIE €CTECTBEHHBIC KHILIEPhI [24],
KOTOpPbIE BIOCJEACTBUM CTUMYIMPYIOT NPOAYKLHUIO LU~
TOKUHOB [25]. Beuto mokazano, uTo MOHO(OCHOPHILIIH-
U A, sIBISISICh HEeTOKCHYHBIM kKommoHeHToM JITIC [26]
1 BMECTE C TeM eAUHCTBEHHBIM aronnctoMm TLR4 [27],
0700peH B KauecTBE aIbIOBaHTa B BaKIMHAX IS JicUe-
HUS paKa, ajyieprud 1 MHQEKIMOHHBIX Oomne3nel [28].
Jpyroii yrieBoIHbIN aJblOBAHT — NIFOKOIUPAHO3UIUIU-
U A — B TOKIIMHUYECKUX UCCIEA0BaHUAX UHAYLIUPO-
BaJI BEIPaOOTKY IUTOKWHOB B COCTaBe BAaKI[MHHBIX IIpe-
MapaToB 3a CYET CTUMYIALUN UMMYHHBIX KIETOK [29].
VYrieBoAHbIE aJbIOBAHTHl PACTUTENBHOTO MPOUCXOXK/IE-
HUSI MOTYT OCYUIIECTBIIATh AOCTaBKY aHTWUIEHA K aHTHU-
TeHIIPE3EHTUPYIOMUM KiieTkaM [30], sBisisAch aroHucTa-
mu TLR4 [27] unu ycunutenasiMyd MMMYHHOTO OTBETa
[31]. OTH curHanbpHBIC KacKaabl B KOHEYHOM HTOTE Te-
HEepUpyrT anTureHcnenudpuueckue T- u B-kinerounsle
peaxiyy, KOTOpbIE aJTFOMUHUI HE MOXKET MHTyLIMPOBaTh
[32], uTo caenano uxX MPUTrOAHBIMHE TS pa3pabOTKH BaK-
LUHHBIX MPENapaToB, B TOM YUCIIE IPOTUB BUPYCOB Be-
TPSIHOM OCITbl, IMMYHOAE(HUINTA YETIOBEKA, HATHILIOMBI
yenoBeka u remaruta B [33].
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BesonacHocTh W KIMHWYECKass MNPUMEHUMOCTD
Ac3-JIIIC kak kmacca MOJIEKYN IOKa3aHa B KIMHUYE-
CKUX HCCIEAOBaHUAX KaHAWAATHOW JAU3EHTEPUUHOU
BakUMHbI poTuB Shigella flexneri «PnekcBak» Ha oc-
HoBe Ac3-JIIIC S. flexneri 2a [34]. B uccnenopanusx
UMMYHOTCHHOW aKTUBHOCTU BaKI[UHBI IIPOTUB TPUIIIA
H7N9 nobGaenenue anproBanta Sepivac SWE (SWE;
SMYJIBCHS CKBAJICHA B BOJIE) YCHIINBAIIO (DYHKIIMOHANb-
HBbIE PEAKIHU aHTHUTEN Y XOPHKOB, a TaKKe MO3BOJISIIO
CHUXATh JI03y aHTUTE€HA 10 MEHbIIIEH Mepe B 6 pa3 [35].
B cocraBe OenkoBBIX CyOBEIUHHYHBIX BAaKIUH IPO-
tuB COVID-19 agsroBantr SWE Ha Momenu MblImien
BALB/c m03BoJisis1 COKpaTuTh KOJIUUECTBO J103, CIIOC00-
CTBOB&JI YBEJIIMYCHHUIO KOIMYECTBA HEUTPaTU3YIOLIMX
antuten (HAT) W wHIYUMpoBan cOanaHCHUPOBAaHHBIE
ummyHHbIe oTBeThl Th1/Th2 mo cpaBHEHHIO € THIPOK-
cugoM amomunus [36]. SWE-agbioBanTHas BaklMHA
npotuB COVID-19 COVAC-2 Bblnuia Ha KIMHUYECKHUE
ucnbitanus NCT04702178! u NCT05209009>.

Lesbl0 1aHHOTO HCCIEAOBaHUS ABJSUIOCH OMpe-
nenenne 3(Q(EKTUBHOCTH YIIIEBOIHBIX A bIOBAHTOB
Pa3IMYHOrO MPOMCXOXKIEHHUSI B COCTAaBE 3KCIIEPUMEH-
tanbHOro XII Ha ocHoBe Bupyca Ilyymana Ha monenu
MOPCKHX CBHHOK.

MaTepman bl N meToAbl

Ucnonw3oBanu kynbTypsl kietok Vero (ATCC
CCL-81) — nepeBuBaemast KyJabTypa KJIETOK [TOYKH 3€-
nénoit mapteimku, Vero-E6 (ATCCNo. CRL-1586) —
koH Vero C1008 xynerypst VERO.

Bupyc Ilyymana, mramm PUU-TKD-VERO, ne-
noHupoBaH B [OCyHapCTBEHHON KOJUIEKLIMM BUPYCOB
(HaumoHanbHBIN HCCIIEA0BATEIILCKUI LIEHTP SITHIEMHO-
JOTUM U MHUKPOOHOJIOTHMH WM. MOYETHOTO aKaJeMHKa
H.®. I'amanen M3 P®) non nomepom Ne 1026. Ilon-
HoreHoMHble cukBeHChl 1mTamma PUU-TKD-VERO
3apeructpupoBansl B GenBank mox Homepamu: S —
MH251331, M — MH251332, L — MH251333.

Jlis BBISBIEHMS. M TUTPOBAaHUs XaHTaBHPYCOB B
KyneType kietok Vero E6 mpumensn merton ¢okyc-
o6pazyromux enunaul (POE) [37]. BupycHeiitpanu3yto-
mue antutena (HAT) BesaBisim o nopasnenuio ©OE
B KyJbType KieTok Vero E6 B peakiuu HeHTpanuzauu
[38]. 3a Tutp HAT npuHHUMaNU pa3BeACHUE CHIBOPOTKH,
nonasisoniee 50% ®OE (PH/®OE, ), BhisBIECHHBIX B
KOHTpOJIbHOM oOpasue Bupyca. Kaxnas mpoba cbIBO-
POTKH KPOBH TPHX/Ibl HccnenoBana B PH/®OE, .

MonyueHue 3KkcnepuMeHManbHO20 XaHMAasUpPyCcHO20
npenapama

Jnst uccnenoBaHWi CpaBHUTENBHON 3(QeKTHB-
HOCTH aJBIOBAaHTOB ToTOBWIM monyhadpukarsl XII,

' A Clinical trial of COVAC-2 in healthy adults.
URL: https://clinicaltrials.gov/study/NCT04702178
2 A Clinical trial of COVAC-2 in adults.
URL: https://clinicaltrials.gov/study/NCT05209009
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ucnons3ys Bupyc Ilyymana [6, 38]. Ilocne xpoma-
TOorpadMuecKoil OYMCTKM TEPBHYHOTO KOHLEHTpara
Bupyca Ilyymana Ha MyJIBTHMOJAILHOM COpOEHTE
«Capto Core 700» («GE Healthcare») tutp BHpY-
ca jo uHaktuBanuu cocrasisut 5,0 £ 0,4 Ig ®OE/mi,
2,32 x 109+ 98 konmii BupycHoit PHK/mu, 06mimii 6enok
30 + 6 mxr/mi. Beyenenue PHK u onpenenenue konu-
yectBa kot PHK/mn metomom TT1IP B peansHOM Bpe-
MEHHU ONUCaHBI panee [39]. DTan nHAKTUBAIIUU IIPOBO-
T 6€Ta-IpOINHOIAKTOHOM B KOHEUHOM DPa3BEIEHUU
1 : 6000 mpu kOMHaATHOIl TeMIeparype B TedeHue 1 u
Ha memanke [40]. OntumanbHOM no3e XII coorBer-
CTBOBaJIO copepkaHue Bupyca 4,5 + 0,3 Ig ®OE/Mn
(1 x 10*+ 98 xonuii BupycHoit PHK/mit) u o61ero 6ei-
ka 20 + 6 MKr/Mi, a 32 MUHUMAJIBHYIO 103y PUHUMA-
mu XI1, pa3BenéHHbIi (QU3MOTOTHYECKUM PacTBOPOM
B 10 pa3 [9].

MHakTUBUPOBaHHBIH [Ipenapar XpaHwiIn IpU TEM-
neparype 6 + 2°C. Ocratounyto HHGEKIHOHHOCTh XI1
onpenensiv no onvcannoi meronuke [40]. Ilpu orcyT-
CTBHM MHQPEKIHMOHHOCTH TOCIIE 5 TOCIeA0BaTEIbHBIX
Naccakel B KyJIBType KIETOK Vero MpUCTYIalu K KOH-
TPOJII0 UMMYHOTEHHON aKTUBHOCTU SKCIIEPUMEHTAIIb-
HBIX BaKIMHHBIX [IPEMapaToB.

OKCHEPUMEHTHI C MCIMOJIb30BaHHEM HH(EKINOH-
HBIX MaTepUalioB IPOBOIMIIHU B Taboparopuu, 000pyao-
BaHHOMW CICIMAILHBIM OJIOKOM Jyisi paboThI ¢ BUpYyCa-
MU 2-# TpyMITbl ATOTEHHOCTH, Ha Pa0OTy C KOTOPBIMU
umeercs paszpeuienne Pocnorpednanzopa.

AO0B08aHMBbI

Bapuante Huskosngorokcumunbix JIIIC pona
Shigella nns vccnenoBaHusl BIUSHUS HA UMMYHOTCH-
HYI0 akTUBHOCTbh B cocTtaBe XII, momyuennsie B I'HI]
«MHcTtuTyT MMMyHOJorHM» [11, 34]:

1) Hu3KO3HOTOKCUYHBIH anuporeHHsit  JIIIC,
COJIepKaIlMii TOMOTEHHBIE JIMHHBIE O-Toaucaxapui-
Hele poMeHbl Ac3-JITIC S. sonnei (JIIICT-S. sonnei,
50 MKr/no3y);

2) HHM3KO’HIOTOKCHUYHBIN anuporeHHsii JITIC, co-
JIepKaluil CMECh KOPOTKUX U JUIMHHBIX O-monucaxa-
punabix gomeHoB Ac3-JIIIC S. sonnei (JILIC-S. sonnei,
50 MKr/no3y);

3) rOMOTreHHBI HM3KOIHAOTOKCHUYHBIM amupo-
reausid JITIC, conmepskamuii TOMOTEHHBIC IITUHHBIC
O-nonucaxapuanbie qoMmenbl Ac3-JITIC S. flexneri 1B
(JITIC-S. flexneri, 50 Mkr/no3y).

OMyNbCUS  HAaHOAMYJIBTHPOBAHHOIO  CKBaJIeHA
’KUBOTHOTO TIPOUCXOXKJCHUS TI0 TUITy «MAaclio B BOJEH
(amanor MF-59) SEPIVAC SWE (SWE, B konien-
tparmu 100 MKr/mo3y?®) 6pi1a 6€3B03ME3IHO Mepeaana
KOMITaHUEH «Seppic» IJis MPOBEJCHUS TaHHBIX UCCIIC-
JIOBaHMH.

3 SEPIVAC SWE.
URL: https://www.seppic.com/en/sepivac-swe-pharma
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MMMyHU3GuUﬂ KUBOMMHbIX

Ilepen HavyamoM uccienoBaHUs KUBOTHBIE, OTBE-
YaroIIUe KPUTSPHUSIM BKITFOUCHUS B SKCIICPUMEHT, ObLITU
pacnpesneneHsl paHIOMU3UPOBAHHO Ha Tpynsl. Mcce-
JIOBaHUS BBITIOJHSII Ha CaMKaX ayTOPEIHBIX MOPCKUX
cBuHOK Hartley maccoii 290-330 r (n = 6), nocrapmsie-
MBIX (uinanoMm «AHapeeBka» HayuHoro meHtpa 6uo-
MEIUIIMHCKUX TEXHOJOTUNA. ABTOPHI IMOITBEPKAAIOT
COOJIIOZICHUE WHCTUTYLMOHAIBHBIX M HAI[MOHAJIBHBIX
CTaHJapTOB IO UCTIOJIL30BAHUIO JTA00OPATOPHBIX )KUBOT-
HBIX B COOTBETCTBUHU C MpPaBUIaMU, MPUHATHIMU EBpo-
MEeMCKON KOHBCHIIMEH MO 3alUTe KUBOTHBIX, UCIOIb-
3YEMBIX I DKCIEPUMEHTABHBIX W WHBIX HAyYHBIX
ueneii (CrpacOypr, 1986), u npaBuwiamMu 1a00paTopHOI
npaktuku (IIpukaz MuHHCTEpCTBa 3ApaBOOXpaHEHUS
P® ot 19.06.2003 Ne 267). OnobpeHue ucciieaoBaHus
MOATBEPKAAETCS BBITUCKON M3 MPOTOKOJIA 3THYECKOTO
komutetoM @HLIUPUIT um. M.I1. Yymakosa PAH (1u-
cTUTyT nonuomMuenura) ot 10.06.2022 Ne 100622-5.

K XII ¢ onTuManbHON U MUHUMAILHONH KOHI[EH-
TpalusIMU aHTHICHA JOOABIISUIM aibIOBaHThI. JKUBOT-
HBbIM KOHTPOJIbHBIX T'PYIIIT BBOAWIN (PU3HOJIOTUICCKUI
pacTBOp B TOM k€ 00bEME U C COOTBETCTBYIOIIECH KOH-
LIEHTpaluell aIbI0BaHTa, YTO U HKCIIEPUMEHTAIILHBIM.

JKuBotHbIx sxcnepumMenTanbHbIX Tpymm (X1, XTI-
JIICT-S. sonnei, XII-JITIC-S. sonnei, XII-JIIIC-S. flex-
neri, XII-SWE) uMMyHU31pOBanu aHTUI€HOM B ONTHU-
MaJbHOM WU CHIKEHHOH B 10 pa3 KOHIIEHTpAaIUK.

JKMBOTHBIM OIBITHBIX TPYII BBOJWJIM HCCICAYyE-
MBI mpenapar B fo3e 0,3 Myl TpEXKpAaTHO BHYTPHUMBI-
mieuno (0, 14, 182 aus). [Iposenens! 3 cepun SKcnepu-
MEHTOB B WICHTHYHBIX J103aX. 3a00p KPOBH Y MOPCKHX
CBHUHOK MPOBOJWIN KaxKble 14 AHEH oT Havasa dKcre-
pUMEHTa ITyHKIMEN cepala B TeUEHUE Toja.

CBIBOPOTKH KPOBU MOPCKHX CBUHOK IPOTPEBAIU
pu 56°C B Teuenue 30 MUH U XpaHWUITU J0 UCCIEIOBA-
Hus npu 6 + 2°C.

Cmamucmuyeckut aHanu3

MuHuMaIbHBIH 00BbEM BBHIOOPKH PAaCCUMTHIBAIN
NP IOMOIIHM 0a30BOM PyHKLUH power.t.test Ui ypOBHS
CTaTUCTUYECKOW 3HAYMMOCTH He MeHee 95%. Pesynb-
TaThl SKCIIEPUMEHTOB (COBOKYIHBIC JAaHHBIC 3 HE3aBH-
CHMBIX OIBITOB) OBUTM MpPOaHAJIM3HPOBAHBI, CreHEpHU-
pOBaHbI ¥ TpadUUecKl NPeICTaBICHbI B MPOrPAMMHOM
obecrieyenun «GraphPad Prism v. 9.4.0». YpoeHb
3HAYMMOCTH Pa3IUuUil MEXIy HECKOIBKUMHU TPYIIaMu
ONPEICTSUIA C HCIONBb30BAaHUEM HEMapaMeTpHYecKo-
ro MeTofa TPEXCTOPOHHETO HCIEPCHOHHOIO aHalH3a
ANOVA ¢ TecToM MHOKECTBEHHOI'O CpaBHEHHS THIOKU.
VIMMyHOTEHHYI0 aKTHBHOCTH BBIPa)Kaill B BUJE CpEIHE-
reoMeTpUYeCKHUX 3Ha4eHUM TuTpa HAT B IBOMYHBIX JIO-
rapumax + cTaHAapTHOE OTKIOHEeHHe. CTaTUCTUYECKU
3HAUUMBIMH MIPUHUMAIH pa3auuus npu p < 0,05.

PesynbraTbl

Tutpel aHTUTEN y JKMBOTHBIX A0 Hadyaja UMMY-
HU3allMd BO BCEX TpyNmnax ObUIM OTPHLATEIbHBIMH,
a B IpyMNIax OTPHUIATEIBHOTO KOHTPOJIS OCTaBaJHCh
orpunarenbHbIMU (TUTPEl HAT < 4) B TeueHHe BCEro
skcnepuMenTa. CpenHue reoMeTpuueckue TUTphl HAT,
BbIpa0aThIBAEMBIX B OTBET Ha pa3luuHble KOMOMHALIMT
BakuHbI npotuB [lyymana c anproBanTamu u 6e3, npu-
BeZieHbI Ha puc. 1-4. ['pynnaMu cpaBHEHUS SBIIAINCDH
XIT n XII-1/10. CpaBuenue tutpoB HAT npoBoxunu
MEXJly HUIMH U APYTUMH TpYIIIaMi, UMMYHU3UPOBaH-
HeiMu XI1 ¢ 100aBiieHUEM pa3IMYHBIX aJbIOBAHTOB B
COOTBETCTBYIOIIUI JIeHb OTOOpa CBIBOPOTKH KPOBH.
B skcnepumenTanbHbIXx rpynmnax HAT ompenensiauch
yepe3 14 nHeil mocne 1-i UMMyHHU3alMKU y BCEX KHU-
BOTHBIX. AHaJIN3 IMHAMHUKU HapacTaHus TUTpa HAT B
CBIBOPOTKaX KPOBU MOPCKUX CBMHOK B JKCIEPHMEH-
TaJbHBIX TPYMNINax MPOAEMOHCTPUPOBAN CYIIECTBEH-
Hble pa3nuyus. [lepBUYHBINH OTBET BBIpa)Kaics B MOBbI-
meHny ypoBHS HAT B CHIBOPOTKax KpOBHU yKe MOcCHe
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Puc. 1. Kunetnka tutpa HAT B CbIBOPOTKax KpOBM MOPCKUX CBMHOK B OTBET Ha ABYykpaTHoe BBeaeHne XI1 B onTrmansHon
fnose.

Fig. 1. Kinetics of neutralizing antibody titers in guinea pig blood sera in response to two doses of HV administered
at optimal dosage.
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Puc. 2. KnHeTuka Tutpa HAT B CbIBOPOTKax KPOBU MOPCKMX CBUHOK B OTBET Ha TPEXKpaTHOe BBeaeHue XI1.
Fig. 2. Kinetics of neutralizing antibody titers in guinea pig blood sera in response to three doses of the HV.
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aHTureHa B XI1.

Fig. 3. Kinetics of neutralizing antibody titers in guinea pig blood sera in response to two doses of HV administered

at minimal dosage.
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Puc. 4. KnHetuka Tntpa HAT B CbIBOPOTKax KpOBM MOPCKUX CBUHOK B OTBET Ha BycTepHoe BBeAeHWEe MUHUManbHON J03bl

UMMyHoreHa B cocTtase XI1.

Fig. 4. Kinetics of neutralizing antibody titers in guinea pig blood sera in response to booster administration

of HV at a minimal dose.
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1-if *MMYHHU3aLlMK BO BCEX IpylNmax Mo CPaBHEHMIO C
KOHTpoJieM. [IMKoBbIe 3HAYSHHUSI 17151 Pa3HBIX TPYIII Ha-
Omronanu B pa3Hble qHU: Ha 56-it nenb — quist XI1 (9,0 +
0,2log,), XII-JITIC-S. sonnei (9,2 +0,25log,), XII-SWE
(10,15+0,22log,), na 70-i nens — XII-JIICI -S. sonnei
(9,54+0,28log,), na 126-ii nenb — XII-JIIIC-S. flexneri
(8,92 £ 0,22log,).

Hns XTI-JITICT-S. sonnei u XII-JIIIC-S. sonnei
HaOMI0ay MJIaBHOE CHIO)KEHHE TUTPoB HAT HuKe Ta-
koBoro ans XII. K 364-my nuio tutp HAT coctaBisn
4,6+0,2;5,00+0,23 1 5,6 +0,21l0og, COOTBETCTBEHHO.
B rpynmne XII-JITIC-S. flexneri nabmonanu Gonee cTpe-
MUTEJIbHOE CHIbKeHUe TUTpoB HAT, nocTuriiee nopora
orcedueHus Ha 336-i1 nenp. B npucyrctBun SWE Ha-
Orogany KpailHe MEAJICHHOE CHW)KEHHE TUTpOB HAT.
Ha 364-it nens Tutp HAT ocraBascs Ha ypoBHe 7,0 +
0,2log,. B cbIBOpOTKax KPOBH BCEX KCIHEPHMEHTAIb-
HBIX MOPCKHX CBHHOK K 364-My JIHIO moclie AByKpar-
HOM MMMYyHM3alMU coxpaHsnuch HAT.

Ha ¢one cHmwxkenuss HAT B CHIBOPOTKax Kpo-
BM MOPCKMX CBHHOK OyCTEpHOE BBEACHHE Mperapara
Ha 182-i1 neHp OT Hayala MMMYHHU3aLUU MPUBOJUIIO
K (opmupoBaHuio aHajmoruuHoro npoduns HAT mis
BCeX HccneayeMbIx rpymi (puc. 2). Hapactanue no nu-
KOBBIX 3Ha4YeHMI HaOmonanmu: k 238-my nuro mus XI1
(9,48 £0,3log,), na 266-i nenb — XII-JIIIC-S. flexneri
(8,92 +0,2log,) u XII-SWE (9,19 + 0,22log, ), na 294-ii
nenb — XII-JIICT-S. sonnei (9,4 + 0,25log,) u XII-
JIIC-S. sonnei (9,7 + 0,25log)), ¢ mnocieayromum
IUTaBHBIM CHUYKCHUEM.

Ilpu 5TOM yMEHbBLIEHHWE KOHLEHTPALUH HUMMY-
HoreHa B XII B 10 pa3 MHAyUMpPOBaiIO aHAJIOTHYHYIO
JUHAMHUKY HapacTaHus THTpa HAT mponopuuoHaIbHO
BBOJIMMOM 7103€, HO MMMYHOMOIYJIUpPYIOIIas 3PQek-
TUBHOCThH QJBIOBAHTOB B TaKHX YCJIOBHUSX TakKkKe ObI-
na paznuusa (puc. 3). [IukoBbIe 3HAYCHUS I Pa3HBIX
rpyIn HaOIogany B pa3Hble THU: HA 14-i neHb — ams
XII-1/10-JIIC-S. flexneri (5,34 + 0,3log,), na 28-ii —
XII-1/10 (6,50 + 0,26log,), XII-1/10-JIIIC-S. sonnei
(5,43 + 0,26log,) n XII-1/10-SWE (6,35 + 0,30log,),
Ha 56-i — XII-1/10-JIIICT-S. sonnei (5,7 + 0,2log,).
CHuxenue ypoBHS HAT B ChIBOPOTKaX KpPOBU HUXKE
ropora oTceueHus Habonanu Ha 266-i nens st XI1-
1/10-JIIICT-S. sonnei (4,00 + 0,2log,), na 294-i —
XII-1/10-JIIC-S. sonnei (4,0 = 0,2log,), na 308-i —
XII-1/10-JIIC-S. flexneri (4,0 + 0,2log,) n XII-1/10-
SWE (4,0 +0,2log,), na 364-ii — XII (4,32 = 0,25log,).

BycrepHast uMMyHH3aLus 3TUMH e Ipenapara-
Mu depe3 182 aHs mpuBoAMIIA K MHUKOBBIM 3HAUEHUSIM
HAT B CBIBOPOTKax KpOBH MOPCKHMX CBHHOK: Ha 224-i
nenb s XI1-1/10-JIIC-S. sonnei (6,50 + 0,26 log,) n
XII-1/10-JIIC-S. flexneri (6,1 £ 0,3log,), na 238-ii —
XII-1/10-JIICT-S. sonnei (6,76 = 0,2log,), na 294-ii —
XII-1/10 (7,57 + 0,20log,) u XII-1/10-SWE (8,23 +
0,26log,) (puc. 4). Ilocne MakCHUMalIbHBIX 3HAYEHUH TH-
Tpa HAT HabOmromanu uX MIaBHOE CHWKEHHE K 364-My
JHIO (BBILIE IOPOTa OTCEYCHNU).

O6¢cyxpeHune

BrnepBeie paccmoTrpeHa 3((EeKTHBHOCTD aabIO-
BaHTOB B COCTaBe 3kcnepuMeHTanbHoro XII Ha ocHoBe
Bupyca [lyymarna Ha MOPCKHX CBHHKaX, KOTOpPbIE 4acTo
WCIIONIL3YIOTCS B KaU€CTBE MOJEIIH ISl psiaa HHQpeKuu-
OHHBIX 3200JIEBaHHUI YeNIOBEKa M3-3a CXOJCTBA MHAYK-
MM UMMyHHOTO OoTBeTa [40].

AHanu3 TuHaAMHUKHU npoxyuupoBaHus HAT B 3kc-
MEPUMEHTAIBHBIX TIpyMNax I10Ka3ajl CYyIIECTBEHHOE
pasiauuue CTENeHUd UX MMMYHOTCHHOM akTHMBHOCTH B
3aBUCUMOCTH 0T KoMOuHanuu XI1 ¢ agproBanToM. I1o-
JOOHBIE pe3ybTaThl Mbl HAOIIOAAIH B HAIIUX HPEABbITY-
IIMX dKcnepuMeHTax Ha moxeinu BALB/c, korna Obuia
YCTAHOBJIEHA WHAYKLHSA T'yMOpPAJbHOIO U KJIETOYHOIO
WMMYHHOTO OTBeTa Ju1s HaTuBHOTO XI1 11 ero KoMOuHa-
LMY C aABIOBAHTAMH PA3JIMYHOTO MPOUCXOXKIEHUS [9].
OpnHaxko Mosienb MOPCKUX CBUHOK ITO3BOJIMIIA IOATBEp-
IUTH (HOPMHPOBAHHE MMMYHOJIOTHYECKOH MaMATH U
BBISIBUTH CYILECTBEHHBIE pa3ivuus B HAPAaCTaHWUU TH-
TpoB HAT Ui pa3HBIX SKCIEPUMEHTAJbHBIX TPYIII,
HECMOTpSl Ha OJMHAKOBYIO CXeMy HWMMYHHU3aIUH.
B uenom Habmonanace cxoxasi TMHaAMUKa TUTPOB HAT
nocse umMmyHu3zauuu XII kak B onTUMalIbHOM, TaK U
B CHIDKEHHOU B 10 pa3 koHUeHTpauuu aHturesa [11].
BripaxkeHHbIi 1 000MX BapuaHTOB OyCTEPHBIH (-
(deKxT xapakTepuszoBaiicsi Oojiee BBICOKHMM YPOBHEM
HAT B CBIBOPOTKaX KpPOBU IKCIIEPUMEHTAJbHBIX >KHU-
BOTHBIX, YTO NOATBEPXkAaeT 3P (HEKTHBHOCTH UIMMYHH-
3allMU U MO3BOJSET CYAUTh O BO3MOXKHOCTH IIPUMEHE-
HUS CHM)KEHHOW [103bl aHTUIEHA Ul ONpPENEeNIEHHBIX
rpynn rpaxnaad [11]. CTout oTMeTuTh, 4TO B JAHHOM
WCCIIeIOBaHUH BaXKHBIM KpUTepHeM 3()HeKTHBHOMN HM-
MyHHU3alMKu OBbIJIO ONpeneneHue BIUSHHUA OyCTepHOH
nmmyHm3anun XI1 B koMOMHAIMU C yIIeBOXHBIMHU
anpioBaHTamMu uyepe3 182 gus mocne 1-if umMmyHM3a-
UK, OCOOCHHO I MUHUMAJbHBIX 703 HMMYHOTEHA,
YTO MOXKET 3HAUUTENBHO YBEJIWYHUBATh JOCTYITHOCTb
BaKILIMHBI B YCIOBHAX SMUAEMUOIOTHYECKUX BCIIBIIIEK.

st au3ko’HnoTokcuyHOoro anuporeHHoro JIIC
pona Shigella, WCNOIL30BAHHOTO B Ka4eCTBE ailb-
I0BaHTa, HAOMIONAIN Pa3IM4YHYI0 KapTHHY B JHMHAa-
muke HapactaHusi HAT. XII-JIIICT-S. sonnei u XII-
JITIC-S. sonnei B xoHUeHTparusax S0 MKr/mo3y MHIY-
LUAPOBAJIA PAHHUI I'yMOPAJIbHbIII UMMYHHBIN OTBET, C
¢dopmupoBanueM «1miaato» HAT ¢ BBICOKUM THTPOM C
14-ro mo 126-i1 nens mocne 1-ii umMMmyHuzanuu. Js
XII-JITICT-S. sonnei oTMe4anoch 3HAUYUTEIHHOE MPO-
noHrupoBanue UHAYKIMKU HAT 1o 224-ro nHs ¢ MeHee
BBIPOKEHHBIM MOIBEMOM TIOCIIe OyCTEpPHOTO BBEACHUS
Ha 294-i nenb, kak u g XII-JIIIC-S. sonnei. Taxoit
3¢ (PeKT MOXKHO CBA3aTh C M3OBITOYHON CTUMYISAIUCH
WMMYHHOH CHCTEMBI W AJISl YMEHBLICHHUS TOIO0OHOTO
BO3JEHCTBUSL 11e1eco00pa3HO YBEIUYUTh HHTEPBAJ
Ui OycTepHOW MMMyHH3auuu 10 1 roma nmubo cHH-
3UTh KOHILIEHTPAlMIO aHTWI€HAa B BaKLMHHOM IIpera-
pare. Takum 00pa3oM, UMMYHOAbIOBaHTHBIH ddeKT
JITICT -S. sonnei 3axntoyaeTcst B POJIOHTUPOBAHUU T'y-
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MOpaJIbHOI'0O UMMMYHHOT'O OTBETA, YTO MO3BOJIUT yBEIH-
YUTh UHTEPBAJIbl B CXeM€ HMMYyHM3aluU. be3yciaoBHO,
HU3KOAHAOTOKCHYHbIe anuporeHHsie Ac3-JIIIC sBus-
I0TCSI MHOTOOOCLIAIONIMMY aIbIOBAHTaMH C MTOATBEPK-
JNEHHBIM B KJIMHUYECKHX HCCIEOBAaHUAX OTCYTCTBHEM
CTUMYJISIIMU MPOAYKLIMHU MPOBOCHAIUTEIBHBIX LIUTOKHU-
HOB ((pakTOpa HEKpO3a OIMyXOJH-0., UHTEPICKUHOB-1 [ 1
-6), CHCTEMHBIX U MECTHBIX 3HJIOTOKCHYHBIX TTOOOYHBIX
peakuuii mpu mapeHTepalbHOM BBEACHHU J00POBOJb-
naM B go3e 50 Mkr [34]. [laHHbIC HaIIETO HCCIIEA0OBAHUS
MOKa3aJM CyIeCTBEHHBIH noabéM TuTpa HAT B oTBeT
Ha OyCTepHYI0 MMMYHH3ALHUIO MpenaparoM, couepka-
M B 10 pa3 MeHbIIIe aHTUICHA B KOMOWHAIIUYU C TPEMSI
JITIC, omuako tutp HAT He moAHUMAJICS B CHIBOPOTKAX
KpPOBU MOPCKUX CBUHOK CTaTUCTHYECKH 3HAYMMO BBIIIIE,
yem nipu BBeneHun XI1-1/10. Takum 0Opazom, Hauboee
BBIPaKCHHBII IMMYHHOa1bi0BaHTHBIH 3¢ dext JITIC 3a-
KJIFOYaJICs B MPOJIOHTMpoBaHuK MHAYKIMK HAT npu on-
THUMaJbHOM J103€ aHTUTCHA.

MeHee BbIpakeHHBIM HMMMYyHHBIM oTBeT XII-
JIIC-S. flexneri B konuentpauuu 50 MKr/mosy BbIpa-
xaJicsi B 0osiee oTAanéHHOM GOpPMUPOBaHUY Muka HAT
(x 126-my nHi0) B cpaBHeHuu ¢ XII (Ha 56-i neHs).
Hns XTI-JITIC-S. flexneri mepBUYHBII OTBET BhIpaXKa-
csl B OoJiee 3HAYMTEILHOM MOBBILICHHN YPOBHsI HAT B
CBIBOPOTKE KPOBM MOPCKUX CBHHOK IO CPAaBHEHHIO C
HatuBHBIM XII nmocne nepBoil uMMyHuU3auu. bycrep-
HO€ BBEJICHHE Ipernapara MPUBOAUIIO K IMOBBILIEHUIO
ypoBus HAT ¢ dhopmupoBaHHEeM MOBTOPHOTO MHKa Ha
266-i1 1eub.

Hnst SWE B xonnentpanun 100 Mkr/mo3y Habmo-
Janu HauOoJee BBIPaKCHHBIH MMMYHOQJIbIOBAaHTHBIN
3¢ dexr. OaHako U3-3a U30BITOYHOW CTUMYIISIIIUA UM-
MYHHOH cHcTeMBbl OycTepHOe BBEIEHHE Mpenapara Ha
182-if neHbp He MPUBOAWIO K OXKUAAEMOMY HOABEMY
ypoBHs HAT B CBIBOPOTKax KpOBH MOPCKHUX CBHHOK.
BeposTHO, yBennueHHe MHTEpBala B CXeME UMMYHHU-
3allMd TIO3BOJIMIIO OBl KOMIIGHCHPOBaTh HArpy3Ky Ha
MMMYHHYI0 cuctemy. Hanbonee BbIpakeHHBIN IMMYH-
HBIA OTBeT ObLT monyueH B orBeT Ha XII-1/10-SWE.
3TO MoATBEp)KIAET TEOPHIO 00 YCHICHUH UMMYHHOTO
OoTBETa 3a CYET ONTUMAJIBHOTO COOTHOIIEHHS aHTH-
reH : agproBanT [11]. lns agproBanta Sepivac SWE B
koHueHTpanuu 100 MKr/mo3y mokazaHa UMMYHOJIOTH-
YyecKass ¥ SKOHOMHYECKas 11elecoo0pa3HOCTh MpHMe-
HEHWS HU3KUX 103 aHTuUreHa. [logqoOHass koMOUHALMA
Ha (OHE YCHJICHHS aHTHI'CHCHECUU(PUUECKUX HMMYH-
HBIX peakuuii U (popMHpPOBaHMSI UMMYHOJIOTHYECKOM
MaMATH TMO3BOJSET YMEHBIINTh ONTUMAJIBHYIO J03Y
AHTUTEHA W/WJIHA KOJIMYEeCTBO MHBEKLUH.

3aKniouyeHue

Pesynbrarsl cBUAETENBCTBYIOT O paHHEM (OPMHU-
PpOBaHUU UMMYHHOTO OTBETA, UHTEHCUBHOCTb KOTOPOI'O
3aBHCEINa OT 103l BBOIUMOTO IMMYHOTEHa 1 KOMOMHA-
UM ¢ agploBanTamu. HaOmionaemple 3aKOHOMEPHOCTH
IpU MMMYHM3allUd ONTHMAJIbHBIMH M CHHXEHHBIMU

ORIGINAL RESEARCHES

B 10 pa3 KOHIEHTpaUUsIMH aHTUTEHAa B OTBET Ha Oy-
CTEpPHOE BBEJCHHUE OOOCHOBBIBAIOT LIEIECOOOPA3HOCTD
MEHBIINX /03 WM YBEIUYEHHE HHTEPBAJOB MEKIY
OyCTepHBIMU UHBEKIIMSIMH BO U30CKAHUE M30BITOUHOM
CTUMYJIALIMM UIMMYHHOH CHCTEMBI, 4TO OBLIO MTOKAa3aHO
Hamu panee [ 11]. O6001mas pe3yabsTaThl HCCIEAOBAHUS,
MOXHO C/IeNaTh BBIBOJ O TOM, YTO Haubolee mepcrex-
tuBHBIMH B coctaBe XII mporus IJIIIC moxHO pac-
CMaTpuBaTh HU3KOHIOTOKCUYHBIHN aluporeHHsld Ac3-
JITIC S. sonnei, conepkaluii TOMOTEHHBIE IITUHHBIC
O-nonucaxapuIHble JOMEHBI, U SMYJIBCHIO HAHOIMYIIb-
THPOBAHHOTO CKBaJIEHA >XMBOTHOTO TPOUCXOXKICHUS
IO TUITY «Macjo B Boge» (aHanor MF59) Sepivac SWE
B KoHIeHTpauusax 50 u 100 MKr/n03y cOOTBETCTBEHHO.
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Hospital environment microbiome
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Kemerovo State Medical University, Kemerovo, Russia

Abstract

The aim of the review is to give a brief description of the biodiversity and structure of the hospital environment
microbiome based on molecular genetic research methods.

Until a certain time, studies of the hospital environment microbiota for the purposes of epidemiological surveillance
and control of healthcare-associated infections (HAIs) were based on routine microbiological identification of
clinically relevant bacterial taxa. Discovery of DNA, the development of sequencing technologies, PCR and
cloning techniques enabled the investigation of microbial communities using cultivation-independent, DNA and
RNA-based approaches. At the current level of knowledge, the hospital environment can be considered as a
superorganism with its own microbiome. Multiomic technologies, including meta-transcriptomic, meta-proteomic
and metabolomic approaches, provide detailed information about microbial activity in the environment. Now it has
been established that there is a stable core of the hospital microbiome where the vast majority of microorganisms
are necessary for the functioning of the hospital ecosystem and are not classified as human pathogens. The
hospital microbiome has a homogeneous structure composed by a massive dominance of a few taxa and microbial
network with low connectivity forming a clustered topology. A keystone species is a taxon whose importance for
maintaining community structure is relatively higher than others and its identification is of paramount importance.
Due to the lack of knowledge of the hospital environment microbiome by molecular genetic technologies, there is
no single shared point of view on the microbial diversity in different healthcare facilities. But there is no doubt that
molecular genetic technologies will shed light on the evolution of hospital strains and determine which indicators
are the most informative for monitoring and prognosis of HAls.

Keywords: healthcare-associated infections, hospital environment, microbiome, biodiversity
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Munkpo6uom 6onbHUYHON CpeAbl
BpycuHa E.B.”

KemepoBCKnin rocyfapCcTBEHHbIM MeAULNHCKIIA YHUBepcuTeT, Kemeposo, Poccna

AHHOMauus

Llenb 0630pa — Aatb KpaTkylo XapakTepucTuky GruopasHoobpasuto 1 CTpykType Mnukpobrnoma 60nbHUYHON cpe-
Obl HA OCHOBE MOMEKYNAPHO-reHeTUYECKMX METOAOB UCCneaoBaHus.

[lo onpenenéHHoro BpeMeHn UCCreqoBaHms MUKPOOUOTLI BONBHUYHON Cpeabl ANs Lenen anMaeMmonornyeckomn
ONarHOCTUKM UH(EKUMIA, CBA3AHHbLIX C OKa3aHWeM MEAMLMHCKOW MOMOLLM, U UX KOHTPOMsS OCHOBbIBaNuUChb Ha
KynbTyparnbHbIX MeToAax. Bmecte ¢ HOBbIMU MOMNEKYNAPHO-TEHETUYECKMMUN TEXHOMOMMSMN U3yYeHUs MUKPOBUuo-
Ma NMosiBUIacb U BO3MOXHOCTb NMPUMEHEHUS Gonee LWMPOKOro Anana3oHa XxapakTepUcTUK MMKPOGHOro 6ruopasHo-
obpasusa. Ha coBpeMeHHOM ypoBHe 3HaHUI GonbHUYHAA cpeda MOXET paccMaTpuBaThCs Kak cynepopraHmaMm ¢
CcO6CTBEHHBIM MUKPOOMOMOM. MynbTUOMHbIE TEXHOMOMMK, BKIOYAs METATPaHCKPUNTOMHBIN, METANPOTEOMHBIN 1
MeTaboNOMHbIA NOAXOAbI, MPEeAOCTaBNAT NOAPOOHYI0 MHPOPMALIMIO O MUKPOOHOM akTUBHOCTU B OKpY>KatoLLemn
cpene. YCTaHOBMNEHO, YTO CyLLECTBYET ycTonumBoe 34po 60nbHNUYHOro Mrkpobroma, B KOTOPOM noAasnsitoLlee
BOMNbLUIMHCTBO MUKPOOPraHM3MoB HEOOX0aAMMbI AN (PyHKLMOHMPOBaHUS 6ONBbHUYHON 3KOCUCTEMbI U HE OTHOCAT-
Cs1 K YUCITY MUKPOOPTraHM3MOB, BbI3bIBaIOLLMX MHGEKLMOHHBIN NPOLIecC Y YyenoBeka. MocnmMTanbHbIi MUKPOGUOM
roMOreHeH, UMeeT OfHOPOAHYIO CTPYKTYpY, B KOTOPOW HECKOMNbKO TAKCOHOB AOMWHUPYIOT, @ OCTalbHble KOM-

© Brusina E.B., 2024
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REVIEWS

NMOHEHTbI MUKPOBHON ceTM 06nafatoT HU3KOW CBA3HOCTLIO, 0OpasytoLent knactepHyto Tornonoruio. Knovesbiv
BMOOM SIBMSETCHA TAKCOH, 3Ha4YeHMe KOTOPOro Ass nogaep)aHus CTPYyKTypbl cOObLEeCcTBa OTHOCUTENBHO BbILLE,
YeM Apyrux, U ero naeHTudukauma MMeeT NepBoCTeNeHHoe 3HadYeHre. V3-3a manon n3y4eHHoOCTn MUKpoburo-
Ma BONbHUYHON cpefbl MOMEKYNAPHO-TEHETUYECKMMMN TEXHONOMMAMN HE CYLLECTBYET €4MHON TOYKM 3pEeHUs Ha
cTeneHb MMKPOBOHOro pa3Hoobpasmns B pasHbiX MEAMLIMHCKUX OpraHnsaumsix. HeCOMHeHHO, YTO MoneKynsipHo-re-
HeTM4ecKme TeXHOMNOrM NO3BONAT MPONUTL CBET Ha NpoLiecc (POPMUPOBAHNS FOCNUTANbHbLIX LTaMMOB, onpeae-
NUTb, KaKMe MHAWKATOPHbIE AETEPMUHAHTLI ABMNSIOTCA Hanbonee MHPOPMAaTUBHBIMW C TOYKN 3PEHUS MOHUTOPWH-

ra u nporHo3a annaemMm4eckoro He6narononyqvm.

KnroueBble cnoBa: UHgbeKyuu, cesidaHHble C OKazaHueM mMeduuyuHCKOU riomouwu, 6onbHUYHas1 cpeda, MUKpPO-

6uom, buopasHoobpasue

UcmoyHuk d)uuchupoeaHun. ABTOp 3asBnseT 06 OTCYTCTBMU BHELLHEro duHaHCHpoBaHNA NP NPoBeAEHUN uccne-

[oBaHuA.

Komimuxm UHmMepecos. ABTop OeKnapupyeTt OTCYyTCTBUE ABHbIX N NOTEHUMalbHbIX KOHMIMKTOB MHTEPECOB, CBSA3aH-

HbIX C NybnvKaumen HacTosLWEN CTaTby.

Ans yumupoeaHusi: bpycuHa E.B. Mukpo6uom 6onbHUYHON cpeabl. XXypHan Mukpobuonorum, snuaemMmonorum um
nmmyHobmonoruu. 2024;101(3):393-398. DOI: https://doi.org/10.36233/0372-9311-520

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

Introduction

Healthcare-associated infections (HAIs) accom-
pany all healthcare settings in the world without excep-
tion and significantly affect the quality of care. Their
frequency varies considerably and, according to various
estimates, is 130-203 episodes per 1000 patient-days'.
In severe forms of HAIs, mortality can reach 30% [1]
and increase by another 20% within a year after sepsis
[2]. The cost of patient treatment in case of complica-
tions of HAIs increases by 2.7 times [3].

The frequency of HAIs is a variable parameter and
depends on many variables: the capacity of a medical
organization, its architecture, equipment, medical tech-
nologies used, the type of departments, the prevailing
pathology and age of patients, their comorbidity, du-
ration of hospitalization, the system of prevention and
control of HAIs and others. However, even with the
marked heterogeneity of indicators and determinants
influencing them, it is obvious that HAIs continue to
be a global problem with a heavy burden in the form of
ethical, medical, financial and social components [4].

A significant proportion of the events that deter-
mine the epidemic process of HAIs occur in the hospital
environment. The hospital environment is a complex,
dynamic, unique chemical and physical habitat charac-
terized by a high diversity of microorganisms and special
conditions for their selection and growth. Its uniqueness
is determined by the relative limited space within which
hospital microorganisms circulate in the population of
weakened by the main disease, often immunodeficient
patients; the combination of natural and artificial path-
ways and factors of microbial transmission; and the con-
stant selective pressure of antimicrobial agents [5].

! 'WHO. Report on the Burden of endemic Health Care-Associated
Infection = Worldwide;2011.  URL:  https://www.who.int/
publications/i/item/report-on-the-burden-of-endemic-health-
care-associated-infection-worldwide

© BbpycuHa E.B., 2024

Compared to public buildings, multi-storey and
private houses, the hospital environment is subjected to
aggressive exposure to a variety of chemicals (disinfec-
tants, antibiotics, drugs), which leads to the dominance
of human-associated bacteria with a higher component
of pathogenic and opportunistic microorganisms [6].

To date, it has been established that low (less than
0.4) biodiversity coefficient and virulence are pathog-
nomonic features of hospital strain populations. Selec-
tion of a hospital strain (clone) is the result of complex
interpopulation interactions, adaptation of a certain mi-
croorganism to specific hospital conditions, in the pro-
cess of which it acquires properties that significantly in-
crease its competitive advantages. The primary forma-
tion of hospital strains (clones) occurs in intensive care
units. It has been established that a limited spectrum
of bacteria has epidemic potential, necessary and suf-
ficient for epidemic spread in the hospital environment
and colonization of the main ecological niches [5, 7, 8].

The evolution of etiologic and clinical forms of
HALIs is largely dependent on the level of development
of medicine and its technologies. Historically, it has
traveled a centuries-old path from plague and cholera
in the first hospice houses to modern HAIs caused by
ESKAPE pathogens [9]. Understanding the ecology of
this complex community is extremely important for the
effective control of HAISs, as these processes are the ba-
sis for the selection of hospital strains that cause at least
60% of HAIs.

The aim of the review is to briefly characterize the
biodiversity and structure of the hospital environment
microbiome on the basis of molecular genetic research
methods.

At the current level of knowledge, the hospital en-
vironment can be considered as a superorganism with
its own microbiome [10]. The type of persistent micro-
biome is particularly important because it directly cor-
relates with the risk of HAIs [11].
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The concept of microbiome was first formulated
in 1988 by J.M. Whipps et al. [12]. The microbiome is
defined as a characteristic microbial community occu-
pying a well-defined habitat with distinct physical and
chemical properties. Microbiome not only refers to the
microorganisms involved, but also covers the sphere
of their activities, which leads to the formation of cer-
tain ecological niches. The microbiome, which forms
a dynamic and interactive microecosystem subject to
changes in time and space, is integrated into macroeco-
systems including eukaryotic hosts and here is crucial
to their functioning and health [13].

Little is known about how the microbiome of a
medical organization is formed and what factors influ-
ence its evolution [14].

It is well established that, compared to the micro-
biome of urban infrastructure facilities, the microbial
diversity of the hospital environment is significantly
lower [15].

Until a certain time, studies of the microbiota of
the hospital environment for the purposes of epidemio-
logic diagnostics of HAIs and their control were based
on culture methods. However, numerous studies have
shown the random nature of the results obtained with this
approach and significant limitations, and the approach it-
self has been figuratively characterized as a search for a
needle in a haystack. However, these methods certainly
provide an opportunity to detect indicator bacteria. Using
these methods, the spectrum of isolated microorganisms
is limited to those that are able to grow on the selected
culture media, which does not effectively characterize
the microbial diversity of abiotic hospital surfaces [16].

To monitor microbial communities in hospitals,
16S rRNA sequencing technology has been used in re-
cent decades [17, 18].

Technological advances in next-generation se-
quencing and metagenomics have transformed the ability
to study microbial diversity in the hospital environment,
as evidenced by the explosive growth of microbial ecolo-
gy research [19]. There is an unprecedented opportunity
for rapid global studies of microorganisms and their tax-
onomic and functional annotation, which is particularly
important for surveillance of microorganisms, including
those acquiring antimicrobial resistance [20, 21].

Together with new molecular genetic technologies
for studying the microbiome, a broader range of micro-
bial biodiversity characterization has become possible.
There are more than 40 different biodiversity indices
widely used in biology, some of which are suitable for
characterizing the biodiversity of the microbiomes of
the hospital environment, patients and medical staff.
The assessment of alpha diversity is based on species
richness (number of species per unit area) and the even
distribution of species in terms of their abundance in
the community. Dominant, associated and rare species
(relative abundance of less than 1%) are assessed. Be-
ta-diversity characterizes the variability of alpha-diver-

sity indices in space — along gradients of environmental
factors or during the transition from one community
type to another. It is assessed through similarity and
heterogeneity indices. The most commonly used indi-
ces to characterize biodiversity are Shannon, Simpson,
Chaol, Bray—Curtis, Serensen—Dyce and others. They
reflect the complexity of microbial community structure
and the degree of prevalence of certain bacteria [22].

Multiomic technologies including meta-transcrip-
tomic, meta-proteomic and metabolomic approaches
provide detailed information on microbial activity in
the environment. A stable core of the hospital micro-
biome was found to exist, in which the vast majority
of microorganisms are essential for the functioning of
the hospital ecosystem and are not among the microor-
ganisms that cause infectious process in humans. The
complex communities they form are represented by a
large number of taxa in which species interactions and
communication are crucial for population dynamics
and functional activity [23].

Studies of the microbiome of the hospital envi-
ronment during the period when the buildings were not
yet operational confirmed the presence of this rather di-
verse and stable microbial community, which was sub-
sequently joined by microorganisms typical of human
skin when the clinic started operating. Over time, the
biodiversity decreased significantly [24].

Because of the poor understanding of the micro-
biome of the hospital environment by molecular ge-
netic technologies, there is no consensus on the degree
of microbial diversity in different healthcare settings.
Few studies have focused on adult and pediatric inten-
sive care units [25, 26]. K.M. Hewitt et al. found that
each surface from which samples were taken in neo-
natal intensive care units was populated by tens to hun-
dreds of bacterial genera, with an average of about 100
bacterial genera on the surface [27]. It was found that a
significant (W = 110; p = 1.3 x 10”) decrease in micro-
bial diversity on the surfaces by 50% was accompanied
by a significant (W =202.5; p =0.01) increase (by 20%)
in the proportion of resistant bacterial strains [10].

M.M. Mustapha et al., using comparative ge-
nomics methods, identified a huge diversity of bac-
terial pathogens. They identified bacteria belonging
to 97 different species that encompassed 14 different
species groups. Furthermore, 23 species that had not
been previously described were identified, including
potentially new species of Acinetobacter, Citrobacter,
Proteus, Providencia, Pseudomonas, Serratia and Ste-
notrophomonas. A total of 41 (1.4%) isolates belonged
to these potentially novel species [28]. However, pro-
nounced microbial diversity was not only detected in
potentially pathogenic bacterial species inhabiting
the surfaces of the hospital environment. K. Li et al.
showed using 16S rRNA gene sequencing that Proteo-
bacteria and Firmicutes were the most important types
in two intensive care units in China (70.55 and 15.58%
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of all samples, respectively) [29]. R. Dai et al. investi-
gated the hospital microbiome during the COVID-19
pandemic and also found Firmicutes (51.6%), Bacte-
roidetes (25%), and Proteobacteria (13.6%) to be pre-
dominant, while Ascomycota and Basidiomycota were
the dominant fungi (39.4 and 14.2%, respectively) [30].
It is also worth noting that Propionibacterium were not
found among the dominant ones as found in previous
studies [29, 31].

Significant microbial diversity was also demon-
strated by our study of dust particles from hospital ven-
tilation grids [32].

A study by P.H. Rampelotto et al. researched the
complex picture of interrelationships between bacterial
taxa coexisting in the hospital environment using net-
work analysis [18]. The model of network analysis in
conditions of deep uncertainty allows to consider dif-
ferent scenarios of situation development. The centra-
lity index identifies the key elements that play a major
role in the system. Contrary to previous studies [11],
the hospital microbiome has been shown to be homo-
geneous, with a homogeneous structure in which a few
taxa dominate and the remaining components of the mi-
crobial network have low connectivity, forming a clus-
tered topology [18]. These structural properties offer
opportunities to understand which microorganisms are
most important for maintaining the structure and inter-
actions of microbial communities in hospital settings.
A keystone species is a taxon whose importance in main-
taining community structure is relatively higher than
others and its identification is of paramount importance
[33]. To date, limited research has been conducted on
microbial competition events in a spatial and multi-
plexed manner, partly due to the lack of available tools.

P.H. Rampelotto et al. showed that the strategy of
identifying mutualistic and competitive intermicrobial
relationships can be used as a theoretical framework
to identify potentially strong negative correlations be-
tween pathogens and other species, to determine how
one species inhibits the growth of another, and to es-
tablish which components are involved in such interac-
tions [18]. As a proof of concept, using in vitro co-cul-
ture, D.J. Gonzalez et al. demonstrated that Bacillus
subtilis, which is almost ubiquitous in nature, is able to
inhibit the growth of an epidemic isolate of Staphylo-
coccus aureus and has the ability to specifically release
a molecule with antimicrobial and metabolism-altering
properties [34].

Without regular inoculation, human-associated
bacteria do not persist in high relative numbers on hos-
pital environmental surfaces. These bacteria, adapted to
exist on the skin of their human host, may be displaced
by resistant environmental associated species [14].
Some ecological species (e.g., Bacillus spp.) are able to
survive in nutrient-poor environments through behav-
iors such as direct antagonism, competition for limited
resources and/or spore formation [35-37].

REVIEWS

M.M. Mustapha et al. found that Clostridium diffi-
cile had the lowest rate of evolution, vancomycin-resis-
tant Enterococci and methicillin-resistant Staphylococ-
cus aureus had intermediate rates, and Pseudomonas
aeruginosa had the highest rates. Rates overall varied
nearly 100-fold among the species studied, ranging
from 0.4 single polymorphisms per genome per year
for C. difficile to 28.80 for Pseudomonas aeruginosa.
These data partly explain the difference in the rate of
formation of hospital strains (clones) in different bacte-
rial species [28].

The use of next-generation sequencing-based meth-
ods allows us to demonstrate horizontal transfer of ge-
netic material between microorganisms through conju-
gation, but transformation and transduction can also con-
tribute to spread of resistance and virulence genes [38].

Because of the significant exchange between the
human microbiome, particularly the skin and intestinal
tract, and the microbiome of the hospital environment
(building), the essential role of the hospital microbiome
is evident but far from fully understood [39, 40].

A more variable part of virulent microorganisms,
often highly resistant to antimicrobial agents and capa-
ble of causing pathologic processes in patients, are add-
ed to the stable core of the hospital microbiome. The
taxonomic composition of this part of the hospital mi-
crobiome depends on the type of department, medical
technology, and patients and is highly correlated with
the human skin microbiota. Its variability may also be
determined by the peculiarities of the microbiome out-
side the medical organization and may be influenced by
climatic factors such as average daily seasonal tempera-
ture and humidity. In intensive care units, the microbial
community varies considerably with the season of the
year, yet several pathogen species are present on surfac-
es of the hospital environment year-round, but there is
very limited information on such relationships [29].

It remains to be determined whether the variation
in the microbiome is essentially a stochastic process or
whether deeper analysis will reveal patterns [41].

Conclusion

Despite the very scarce data available to us, it is
clear that molecular genetic technologies have opened
up qualitatively new opportunities to study the hospital
microbiome. This new direction will allow us to un-
derstand how the core of the microbiome is structured,
which taxa play a key stabilizing role, what changes in
this structure affect the process of formation of hospital
strains (clones), and which determinants are the most
informative in terms of monitoring and predicting epi-
demic disease. This new knowledge, together with an-
tibiotic stewardship programs, epidemiological surveil-
lance, isolation and restriction measures, disinfection
and adherence to hand hygiene protocols, will provide
effective approaches to preventing infections caused by
the selection of hospital strains of microorganisms.
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Abstract

Discontinuation of vaccination after the completion of Smallpox global eradication program led to a sharp decrease
in the level of collective immunity not only to smallpox but also to other orthopoxvirus infections. Over the past
10-15 years, the world has seen an increase in the frequency of diseases caused by smallpox viruses of cows,
buffaloes, camels. The outbreak of mpox (a disease caused by the monkey pox virus) occurred in 2022-2023.
Analysis of the literature data on the organization of the orthopoxvirus genome suggest that smallpox could have
occurred in the past as a result of evolutionary changes in the zoonotic progenitor virus. In this regard, there is
a threat of a new particularly dangerous anthropozoonosis, the pathogen of which can occur both naturally and
artificially.

The aim of the review is to analyze open science published data on aerobiological research with OPVs conducted
by the U.S. Department of Defense from 1994-2013, which was a period of restricted research and storage of
smallpox virus samples. The authors did not find any publications of the results of aerobiological research with
orthopoxviruses conducted by the US Department of Defense after 2013 in open scientific sources.

The review presents a data analysis in Russian and English-speaking scientist publication as well as those
posted on the Internet.

The presented results of aerobiological studies with orthopoxviruses indicate the interest of the US military
department in carrying out experimental work of dual use, including monitoring of the properties of orthopoxviruses
and a possible change in their pathogenicity for humans, selection of optimal laboratory models for studying the
properties of orthopoxviruses, and the possibility of modeling the properties of the smallpox virus when using
other orthopoxviruses (cowpox virus, rabbit pox virus, monkey pox virus), modeling of the main characteristics
of the disease caused by the smallpox virus in humans and evaluation of the effectiveness of existing and newly
developed vaccines against smallpox, comparative study of effectiveness of antiviral drugs for regular or post-
exposure prophylaxis of naturally occurring smallpox and monkey smallpox.

Keywords: orthopoxviruses, smallpox virus, rabbitpox virus, monkeypox virus, cowpox virus, laboratory model,
modeling of virus properties, medical protection products
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AHHOMauus

MpekpalyeHne BakuMHaumm nocrne 3aeeplleHns «lporpammbl rnobanbHOM NMUKBMAALMKW HaTypanbHOW OCMbl»
NPUBENO K PE3KOMY CHKEHUIO YPOBHS KONMEKTUBHONO UMMYHUTETA HE TOMBKO K HaTyparbHOM ocre, HO U K Apy-
rMm opTonokcBupycHbiM (OlB) nHdpekumam. 3a nocnegHune 10—15 neTt B MMpe Npoun3oLLINIO YBENMUYEHME YacTOoThbl
3abonesaHui, BbI3BaHHbLIX BMPYCaMun OCMbl KOPOB, ocnbl BynBonos, ocnbl Bepbniogos. B 2022-2023 rr. npowu-
3owna BChbllKa Mpox (3abonesaHue, Bbi3biBaeMoe BMPYCOM ocrbl 06e3bsiH). AHanm3 AaHHbIX nuTepaTypbl 06
opraHu3aunm reHoma OlNB no3eonsieT NpegnonoXuTb, YTO BO30yAUTENb HAaTypanbHOM OCMbl MOT B MPOLLIOM BO3-
HUKaTb B pesynbsrare 3BOMIOLMOHHBLIX M3MEHEHMWI 300HO3HOIO BUpYca-npapoanTens. B cBs3n ¢ aTum cyuiecTsyeT
yrpo3a BO3HWKHOBEHWNSI HOBOrO 0COB0 OMAacHOro aHTPONO300HO3a, BO30yAMTENb KOTOPOro MOXET BO3HUKHYTb Kak
€CTECTBEHHbIM, TaK N NCKYCCTBEHHBLIM MyTEM.

Llenbto 0630pa fBnsieTcs aHanu3 onyornmMKoBaHHbIX B OTKPbITbIX HAYYHbIX MCTOYHUKAX AaHHbIX 06 aapobuono-
rmyeckux nccregoanusix ¢ OMNB, nposogmMMbix MuHuctepctBom 060opoHbl CLUA B 1994-2013 rr. — B nepuoa
OrpaHNYeHNs Hay4YHbIX UCCIeAOBaHUA N XpaHeHus obpasuoB BMPYcoB ocnbl. [lybnvkaumm pesynsratoB aspo-
Bronornyeckmx nccrneaoBaHnii ¢ opTonokesmpycamu, nposoanmeix MuHoboporsl CLUA nocne 2013 r., B OTKpbI-
TbIX Hay4HbIX MCTOYHUKaX aBTOpaMu He HanaeHbI.

Pesynbrathl aspobuonornyecknx ncenegosaruii ¢ ONB cBUMOETENBCTBYIOT O 3aUHTEPECOBAHHOCTU BOEHHOIO Be-
pomctea CLUA B npoBefeHun akcnepumMeHTanbHbIX paboT ABOMHOMO HasHa4YeHWsi, BKMOYAOT MOHUTOPUHT 3a
csoncteamu OlB 1 BO3MOXHOE M3MEHEHWEe NX NAaTOreHHOCTM AN YernoBeka, BbiIbop onTuMarnbHbIX nabopatop-
HbIX MoAenen Ans ndyveHus ceoncts OlNB 1 BO3MOXHOCTY MOAENMPOBaHMSA CBOMCTB BMPYCa HaTyparbHOW OCMbl
npu ucnonb3oBaHun gpyrux OB (B1pYyCbl OCMbI KOPOB, OCTbI KPOMMKOB, OCMbl 00€3bsIH), MOAENMPOBaHNE OCHOB-
HbIX XapakTepUCTUK 3aboneBaHus, Bbi3bIBAEMOro BYUPYCOM HaTypanbHOWM OChbl, Y YenoBeka 1 oLeHka addeKkTmBs-
HOCTM MMEILUXCHA U BHOBb paspabaTtbiBaeMblX BaKLUH NPOTMB HATyparbHOW OCMbl, CPaBHUTENbHOE MU3yYeHne
3 PEKTUBHOCTU NPOTUBOBUPYCHBIX NEKAPCTBEHHBLIX CPEACTB ANS NPOMUNAKTUKM NN IKCTPEHHOW NpogdunakTu-
KW HaTyparnbHOW ocnbl 1 OCMbl 06e3bsH.

KnioueBble croBa: 0pmornoKceupychl, 8UPYC HamyparibHOU OCrbl, 8UPYC OCIbI KDOSILUKO8, 8UPYC OCbl 06e3bsiH,
eupyc ocrbl Kopos, nabopamopHasi Moderib, ModernuposaHue ceolicme supyca, cpedcmea MeduyuHckol 3auju-
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Introduction

The discontinuation of vaccination after the com-
pletion of the Global Smallpox Eradication Program
has led to a dangerous situation, as a significant propor-
tion of the world's population has become susceptible
to both smallpox and other human pathogenic ortho-
poxviruses (OPVs) due to the loss of population im-
munity [1, 2]. The latter can lead to a global epidemic
emergency [2, 3].

A clear example of this is the development of
monkeypox outbreak in 2022-2023 (since 28.11.2023
the disease has been renamed by the Taxonomic Com-
mittee and is now known as “mpox”) [4], the increase
in the frequency of diseases caused by cowpox, buffalo
pox and camelpox viruses in the world over the last 10-
15 years [5].

In nature, representatives of various zooanthro-
ponotic OPVs circulate practically on all continents and
periodically cause diseases among animals and humans.
For example, isolated cases of poxvirus infections have
been reported in Brazil and other parts of South Ameri-
ca [6, 7]. Isolates from humans and livestock have been
found to have a high degree of affinity to the vaccine
virus [8, 9]. When investigating the possible role of
primates as carriers of vaccine-like viruses, a high per-
centage of seropositive results was found [10].

Analysis of literature data on the organization of
the OPV genome suggests that the smallpox pathogen
may have arisen in the past as a result of evolutionary
changes in the zoonotic progenitor virus. In this regard,
there is a threat of a new particularly dangerous an-
thropozoonosis [11-13].

The aim of the review is to analyze open scientific
published data on aerobiological research with OPVs
conducted by the U.S. Department of Defense during
the years 1994-2013. During this period, the World
Health Organization imposed restrictions on research
and storage of smallpox virus samples for all institu-
tions worldwide, except for two international reposi-
tories: the Center for Disease Control and Prevention
(USA) and the State Scientific Center for Virology and
Biotechnology "Vector" of Rospotrebnadzor (Russia)'.

The authors did not find any publications of the
results of aerobiological studies with orthopoxviruses
conducted by the US Department of Defense after 2013
in open scientific sources.

To study numerous aspects of the infection, spe-
cialists of research institutions of the US Department
of Defense actively use various laboratory animals
and pathogenic OPVs for them. These are white mice,
lower primates (mainly Javan macaques, rhesus ma-
caques) and rabbits. Ectromelia, cowpox and smallpox

! World Health Organization. Report of the meeting of the Ad hoc
Committee on orthopoxvirus infections (Geneva, 09.09.1994).
URL: https://iris.who.int/bitstream/handle/10665/59062/WHO _
CDS_BVI 94.3.pdf?sequence=1

vaccine viruses were used to infect mice, rabbitpox and
smallpox vaccine viruses were used to infect rabbits,
and smallpox vaccines were used to infect monkeys
[14-16]. According to American researchers, the opti-
mal model should combine the possibility of using a
low infectious dose to infect animals and the transmis-
sion of the virus from a sick animal to a healthy one.
The peculiarities of the spread of smallpox are modeled
to the greatest extent using experimental work with
smallpox of rabbits and monkeys.

The importance of rabbit pox virus as a model
agent for studying OPV infections was demonstrated in
the early 1960s, when it was shown that hyperimmune
sera provided protection to aerogenically infected rab-
bits when administered immediately after infection at a
dose of 175 PFU (plaque forming units) per individual
or even 3 days after infection. In this experiment, a dry
biological formulation with an average particle size of
about 1 um was used [17].

Because aerosol particles larger than 10 um are
trapped in the upper respiratory tract, in almost all
aerogenic infection experiments conducted by US Ar-
my Medical Research Institute of Infectious Diseases
(USAMRIID) staff, the median diameter of generated
particles penetrating the lower respiratory tract is 1 um
[18]. A number of parameters characterizing the course
of rabbit smallpox in aerogenically infected animals
makes it possible to model human smallpox disease
(Table 1).

Thus, at low infectious doses (< 200 PFU), the
incubation period was 4—6 days. The first clinical sign
of the disease was fever, followed by anorexia, weak-
ness, rapid weight loss, depression, lethargy, drop in
body temperature to subnormal values and death on the
8—14" day after infection.

At high infectious doses (more than 200 PFU),
rabbit pox virus caused a rapidly progressive lethal in-
fection resembling the hemorrhagic form of smallpox.
The incubation period of the disease in this case was
2-3 days. The disease ended with death on the 6™ day.

According to the data of the USAMRIID Aerobio-
logy Research Center, the LD, value for aerogenic
infection of rabbits with rabbit pox virus is 15 PFU
[19]. This result coincides with the data obtained by
H.S. Bedson et al. in 1963 using a dry preparation of
rabbit pox virus [20].

When rabbits are aerogenically infected with a
fine aerosol and the process of disease spread from one
animal to another is studied, the above parameters are
modeled for smallpox. Consequently, rabbit pox virus
can be used to test protective agents against small-
pox [19]. Rabbit smallpox virus can be used to model
such characteristics of smallpox virus as the ability to
cause aerogenic infection under conditions of low in-
fectious dose and the ability to transmit infection from
patients to healthy individuals [19]. M. Nicas et al.
evaluated a mathematical model that determines the in-
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Table 1. Similarities and differences between smallpox and rabbit pox (by aerosol route of infection) [19]

Nosological form

Parameter
HSmallpox

(common type)

rabbitpox

(infectious dose < 200 PFU)

rabbitpox
(infectious dose > 200 PFU)

Transmission method Aerosol

Incubation period, days 7-17 4-6

Prodromal phase, days 2-4

Clinical signs of the disease Fever, pharyngitis, skin lesions

Macules — papules —
vesicles — pustules —
crusts — pospinas

Characterization of skin lesions

L Pneumonia, blindness,
Complications

encephalitis
Lethality of the disease, % =30 =100
Time of death, day 29_28 8—14

from the beginning of the disease

Fever, pharyngitis, skin lesions,
erosions in the nasopharynx

Macules — papules —
vesicles — pustules

2-3
0-2

Fever, pharyngitis, skin lesions,
erosions in the nasopharynx

Macules — papules —
vesicles

Pneumonia, multiple necroses

100

5-7

Table 2. Results of evaluation of the effectiveness of specific and nonspecific means of protection against OPV (using rabbit

pox virus, Utrecht strain, as a model agent in case of aerogenic infection) [22]

PFU infectious

Administration process that provides:

dose, Me, D Preparation
total protection partial protection
10 ml of 1 : 100 dilution when administered
Purified 1 day after infection or 10 ml of whole drug 10 ml of 1 : 10 dilution when administered

175 (146-1795) hyperimmune serum

> 1000 Thiosemicarbazone
2860 (1140-5000) ST-246

Lngocosup
el Cidofovir

when administered on the 3 day after
infection

None

40 mg/kg of animal weight for 14 days at
the first injection immediately after infection

10 mg/kg animal weight for 3 days at first
injection, either immediately or 24 h after
infection

on the 3 day after infection

100-200 mg/kg of animal weight daily
for 4 days

40 mg/kg animal weight for 14 days at first
injection, 24, 48 or 72 h after infection

1 mg/kg animal weight for 3 days at the first
injection either immediately or 24 h after
infection

Note. Me — median infectious dose; D — range of variation of infectious dose during the experiment.

fectious dose of smallpox virus for conditions of aero-
genic infection [21]. The authors concluded that one
complete virion is sufficient to infect a person.

C.J. Roy et al. conducted a comparative study
of the efficacy of nonspecific defenses against small-
pox [22]. The antiviral drugs thiosemicarbazone, cido-
fovir and ST-246 were tested using rabbit smallpox vi-
rus as a model agent. For comparison, experiments were
carried out with administration of a specific protective
agent, namely a purified hyper-immune rabbit serum, to
animals. Data on the efficacy of these antiviral prepara-
tions at aerogenic infection of animals with rabbit pox
virus (Table 2) indicate that full protection of animals
was revealed when using cidofovir at a dose of 10 mg/kg
of animal weight for 3 days at the first injection either

immediately or 24 h after infection, and ST-246 at a
dose of 40 mg/kg of animal weight for 14 days (at the
first injection immediately after infection). Thiosemi-
carbazone provided only partial protection.

A. Nalcaetal. [19] and N.L. Garsa et al. [23] test-
ed the efficacy of a third-generation smallpox vaccine
(MVA-BN) in aerogenic infection of rabbits with rab-
bitpox virus. During a single immunization with a low
dose of the vaccine, some rabbits showed some signs of
disease, but all animals survived (Table 3). In case of
double immunization with an interval of 14 days or a
single immunization with a high dose of vaccine there
were no signs of disease in animals.

Based on these studies, specialists from the
USAMRIID Pathology, Toxinology and Aerobiology
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Table 3. Results of the evaluation of the efficacy of the third-generation smallpox vaccine (MVA-BN) in aerogenic infection

of rabbits with rabbit pox virus [19]

Animal group

Percentage of animals with signs

Percentage of surviving

of disease, % animals, %

Once immunized with a low dose of vaccine followed

: . 30 100
by infection
Twice immunized with a low dose of vaccine followed

) - 0 100
by infection
Once immunized with a high dose of vaccine 0 100
Control group (infected animals without immunization) 100 0
Control group (once immunized with a high dose of vaccine 0 100

without infection)

Note. An infectious dose of rabbit pox virus 200 CFU/animal was used in challenge experiments. The low vaccine dose
was 1 x 10® PFU/specimen, and the high vaccine dose was 1 x 10° PFU/specimen.

Departments consider rabbitpox virus to be a promising
agent mimic for smallpox virus [24, 25].

In 1999, monkeypox virus was included by the
Ad Hoc Group of States Parties to the Convention on
the Prohibition of the Development, Production and
Stockpiling of Bacteriological (Biological) and Toxin
Weapons and on Their Destruction in the List of Bio-
logical Agents — Human Pathogens, which was recog-
nized as significant in the context of developing a list of
biologically destructive agents for specific measures to
strengthen the “Convention...” [26]. It should be noted
that according to the public opinion formed before the
middle of 1998, smallpox of monkeys was considered
as a zoonotic infection, which is not significant for hu-
man pathology.

When analyzing the outlined studies (including
aerobiological studies) conducted with the monkeypox
virus at the leading specialized foreign military-medi-
cal center, the US Army Medical Research Institute of
Infectious Diseases, two significant directions can be
distinguished: modeling of the main characteristics of
the disease caused by the smallpox virus in humans and
evaluation of the effectiveness of existing and newly
developed smallpox vaccines.

According to N. Hahon, a member of the U.S.
Army Chemical Corps, monkeypox virus allows mod-
eling some basic characteristics of the disease caused
by human smallpox virus. Thus, according to the litera-
ture, 4 species of lower primates (Macaca cynomolgus,
M. irus, M. rhesus, and Saimiri) are susceptible to aero-
genic infection with smallpox virus [14].

Experimental infection in Javan macaques by
aerogenic infection with monkeypox virus was studied
[27]. Monkeypox virus, strain Zaire-79, isolated in
1979 during a fatal human disease, was used in this
work. The inoculum for aerosol formation was the
supernatant of infected Vero cells. The average mass
diameter of the aerosol particles was 1.2 pm, and the
calculated infectious dose ranged from 1.0 x 10* to
1.4 x 10° PFU. Javan macaques of both sexes weigh-

ing 1.6-4.7 kg were used in the experiment. The in-
fectious dose was determined for each monkey during
the entire exposure period (10 min). Aerosol sampling
was performed in DMEM medium with defoamer. The
virus concentration in the aerosol samples was deter-
mined by subsequent titration of the obtained samples
using the negative colony method on a monolayer of
Vero cells.

All infected monkeys died from the 10th to 17th
day after infection (the average life time before the
animals died was 11.2 days). Lethal outcome was as-
sociated with the development of bronchopneumonia.
There was no correlation between the time of death and
infectious dose.

Subsequently, an additional study of experimen-
tal infection was carried out during aerogenic infec-
tion of Javan macaques with monkeypox virus [28].
Infection was carried out using an automated system
of biological aerosol exposure, which allows for pre-
cise administration of the infectious dose to each ani-
mal depending on its individual respiratory character-
istics. The Zaire strain V79 was used in the aerogenic
infection experiments. According to the data present-
ed in Table 4, the outcome of the disease is apparently
determined by the individual characteristics of the in-
fected animals; in any case, no correlation between the
administered dose and the proportion of dead animals
was observed. At the same time, according to foreign
military specialists, the clinical features of the disease
in Javan macaques resemble the course of smallpox in
humans [29].

Subsequently, the possibility of using reverse
transcription polymerase chain reaction (RT-PCR)
for quantitative determination of monkeypox virus in
bioassays obtained from aerogenically infected Javan
macaques was evaluated [30]. The sensitivity of the
method was found to be 200 PFU/cm’. The infectious
dose ranged from 2.5 x 10*to 9.3 x 10° PFU. The mean
median aerosol particle size was 1.07 um and varied
for each individual experiment between 1.06 and 1.09
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Table 4. Results of the study of experimental infection indices during aerogenic infection of Javan macaques with monkeypox
virus [28]

Infectious dose, PFU

Indicator
4,3 x 10 1,4 x 10° 4,4 x 10° 1,1 x 10*

Fever

onset, day after infection 4.7 3.8 2.8 4.3

duration, h 215.3 244.7 266.7 2781
Temperature. °C

maximum increase from normal 25 3.3 3.4 3.5

average increase from normal 1.9 1.9 21 2.3
Life expectancy before death, days 10.0 9.0 9.6 8.5
Percentage of dead animals 2/3 4/6 5/6 2/3

Table 5. Estimated virus concentration in the blood of monkeys aerogenically infected with monkeypox virus, PFU/cm? [31]

Time after infection, days

Infectious dose, PFU/cm?

0 2 4 6 8 10 14 18 21
4.2x10* <200 <200 51x10°% 7.0x10* 15x10° 4.0x10° 3.1x10° 12x10° <200
2.5%x 104 <200 <200 <200 7.4x10* 3.0x10° 26x10° 4.1x10* <200 <200
1.2x10° <200 <200 7.8x10° 1.8x10° 27x10° b - - -
2.8 x10° <200 <200 <200 9.1x10* 3.6x10° b = = =
3.9 x10° <200 <200 9.3x10° 4.8x10° * - - - -
9.3 x 10° <200 <200 25x10* 6.9x10° 45x10° 4.8x10° b = =

Note. Here and in Table 6: < 200 — concentration of the pathogen in blood is lower than the limit of detection of RT-PCR assay
(200 PFU/cm?). *The animal died on the 7" day; **the animal died on the 9" day; ***the animal died on the 12" day after aerogenic infection.

Table 6. Estimated virus concentration in nasopharyngeal washings of monkeys aerogenically infected with monkeypox virus,
PFU/cm?® [31]

Time after infection, days

Infectious dose, PFU/cm?

0 2 4 6 8 10 14 18 21
4.2 x 104 <200 <200 <200 25x10° 1.1x10° 25x10° 3.1x10° 6.3x10° <200
2.5 x 10 <200 <200 <200 <200 1.4 x10° 4.1x10° 4.1x10* 3.5x10° <200
1.2 x10° <200 <200 <200 <200 3.0 x 104 > - - -
2.8 x10° <200 <200 <200 8.4 x102 2.1x10° ** - - -
3.9 x10° <200 <200 3.2x102 9.0 x10° * - - - -
9.3 x 108 <200 <200 53x10° 58x10* 1.9x10%° 4.6 x 108 ok = =

um. The LD, for monkeys for this mode of infection  sopharyngeal washings on the 4"-18" day after aero-

was approximately 7.8 x 10* PFU, and the time to death
was 7—10 days after infection. Viremia and virus con-
centration in nasopharyngeal washings from infected
animals were determined by extrapolation of the results
of quantitative RT-PCR.

As follows from the data presented in Table 5 and
Table 6, monkeypox virus is detected in blood and na-

genic infection. The onset of detection of the pathogen
correlates with the infecting dose.

Taking into account that the course of monkeypox
in Javan macaques can simulate human smallpox dis-
ease, it can be concluded that the probability of virus
transmission from a sick person to a healthy person
reaches a maximum on the 810" day (the virus con-
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Table 7. Results of evaluating the protective efficacy of 2" and 3 generation smallpox vaccines (against monkeypox virus

during aerogenic infection of Javan macaques) [32]

Characterization of the course of the disease

Group Immunization process dlinical time of papule | average c?fur:tlzﬂe survival
) appearance, | number of . orpap o
signs disappearance, rate, %
days papules days
Administration of buffered saline 28 days before A *
1 infection (control) +++ 6 51 Didn't disappear 0
Injection of Acam2000 once at a dose
2 of (2.5-12.5) x 10° PFU 28 days before + 9 3 5 100
infection by skin scarification
Subcutaneous injection of Imvamune once at a dose x
3 of 2.0 x 108 TCPD,, 28 days before infection i ° 10 5 67
4 Subcutaneous injection of Imvamune twice at a dose + 6 7 5 100

of 2.0 x 108 TCPD,, 28 days before infection

Note. TCPD,, — 50% tissue cytopathic dose. + — mild; ++ — moderate; +++ — expressed signs of disease.
*Animals died on the 7"—11" day; **Animals died on the 7" and 9" day after aerogenic infection.

centration in nasopharyngeal washings has the highest
values and approximately corresponds to the virus con-
centration in blood).

Specialists of the U.S. Department of Defense
together with the U.S. Center for Disease Control and
Prevention evaluated the protective efficacy of second-
generation (Acam 2000) and third-generation (Imva-
mune) vaccines. In experiments on aerogenic infec-
tion of Javan macaques, monkeypox virus, strain Zaire
79, was used, with an infectious dose of (2.1-3.1) X
10° CFU per animal. The results presented in Table 7
indicate that, although the level of virus-neutralizing

antibodies was not significantly different between ani-
mals of groups 2 and 4, the signs of disease were slightly
more pronounced in group 4. It is concluded that the use
of aerogenic infection of Javan macaques provides an
assessment of the efficacy of various vaccines intended
for human immunization under conditions where clinical
trials are not feasible [32]. It was found that the dynamics
of antibody production in vaccinated Javan macaques is
similar to that in vaccinated humans [33, 34].

Despite the fact that the cowpox virus is not
considered a potential biologically destructive agent,
leading foreign military medical centers, including the

Table 8. Results of evaluation of susceptibility of BALB/c white mice to aerogenic infection with cowpox virus [35]

Average weight Infectious dose,

Disease symptoms

Average survival time Percentage of

of animals, g PFU to death, days dead animals, %
Reduced body weight, ruffled coat, significant decrease
6

5x10 in functional activity 12 100

12 5 x 10 Decrease in body weight, slight decrease _ 0
in functional activity

5 x 102 None - 0

17 5x 108 Decrease in body weight and functional activity 12 65

Table 9. Results of a study of the susceptibility of white mice to aerosolized infection with ectromelia, vaccinia and cowpox

viruses [16]
Virus Strain White mouse line | Infection method | Infectious dose, PFU Disease symptoms
Intranasal 1 x 108 Inflammation of the bronchi, alveoli, pleura
Ectromelia Hampstead Autobred animals
Aerosol 1 x10°8 Inflammation of the bronchi, alveoli, pleura
. Bronchopneumonia with manifestations
6
Vaccines WR BALB/c Intranasal 1% 10 - p—"
) Bronchopneumonia, rhinitis, sinusitis
6 ) ) )
Cowpox Brighton BALB/c Aerosol 5x10 meningitis, exanthema
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U.S. Army Medical Research Institute of Infectious
Diseases, conduct research with this pathogen. Anal-
ysis of the data published in the open press indicates
that cowpox virus is also used in studies to evaluate the
efficacy of existing and newly developed nonspecific
prophylaxis against smallpox.

The results of the assessment of the susceptibi-
lity of BALB/c mice to aerogenic infection with cow-
pox virus (Table 8) indicate that aerogenic infection
of BALB/c mice weighing 12 g with cowpox virus,
Brighton strain, at a dose of 5 x 10° PFU causes 100%
mortality of the animals.

Data on the susceptibility of inbred white mice
to intranasal and aerosol infection with various OPVs
(Table 9) indicate that all tested viruses caused respi-
ratory tract damage. In case of aerosol infection with

REVIEWS

cowpox virus, symptoms of meningitis and exanthema
were also recorded.

The study of morphologic changes in tissues of
white BALB/c mice during intranasal or aerosol in-
fection with cowpox virus, Brighton strain (Table 10)
indicates that this pathogen is a promising model agent
for screening tests of nonspecific prophylaxis against
smallpox. This is due to the fact that the disease caused
by this strain in the aerosol method of infection of white
mice is characterized by a variety of symptoms, as well
as the fact that this pathogen is pathogenic for humans,
which simplifies the possibility of extrapolating the ob-
tained data regarding the antiviral efficacy of the inves-
tigated therapeutic and prophylactic agents.

Thus, the antiviral effect of cidofovir (1-[(S)-3
hydroxy-2]-(phosphonomethoxy)-propyl cytosine) was

Table 10. Results of morphologic changes in tissues of white BALB/c mice during intranasal or aerogenic infection with

cowpox virus, Brighton strain [24]

Tissues and organs

Morphologic changes

Presence of cowpox

Infection method virus antigen

in organs
. . . . +
Lungs, bronchi, bronchioles, Inflammation, eczema, necrosis, hemorrhages, Aerosol
alveoli inclusion bodies Intranasal +
Bronchiolar vessels Inflammation, necrosis, degeneration, inclusion bodies Aerosol +
Pleura Inflammantion Aerosol -
Trachea Inflammation, eczema, necrosis, corpuscles Aerosol +
. . +
Inflammation, eczema, necrosis, hemorrhages, Aerosol
Nasal tract inclusion bodies
Intranasal +
. " +
Glands Inflammation, eczema, necrosis, hemorrhages, Aerosol
inclusion bodies Intranasal a
Aerosol +
Connective tissues Inflammation, hemorrhages
Intranasal +
Mammary gland ducts Inflammation, necrosis, inclusion bodies Aerosol
+
Inflammation, eczema, necrosis, hemorrhages,
Nasopharyngeal ducts . - . Intranasal +
inclusion bodies
Eustathian pipe Inflammation, inclusion bodies Intranasal +
. . +
Middle ear Inflammation, necrosis, hemorrhages, Aerosol
inclusion bodies Intranasal _
Muscles Inflammation, necrosis, inclusion bodies, Aereme] o
tissue regeneration
Aerosol -
Bone marrow Myelogenous hyperplasia
Aerosol +
Tail skin Inflammation, necrosis, inclusion bodies, s -
epidermal proliferation Intranasal o

Note. + — detection of labeled viral antigen by immunohistological method; — — No detection of labeled viral antigen.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMI. 2024; 101(3)

DOI: https://doi.org/10.36233/0372-9311-522

407

OB30PbI

studied on the model of white BALB/c mice aerogeni-
cally infected with cowpox virus, Brighton strain [35].
This strain causes bronchopneumonia in BALB/c mice
when aerogenically infected with a fine aerosol (par-
ticle size 1 um) with subsequent death. Subcutaneous
administration of cidofovir at a dose of 100 mg/kg
(once) provided 90—100% protection of aerogenically
infected animals when administered not later than 4 days
after infection. When cidofovir was administered on the
day of infection, the virus titer in the lungs decreased
10-100 times, the severity of viral pneumonia de-
creased and pulmonary hemorrhages were prevented.
Administration of cidofovir did not cause an in-
crease in the concentration of urea, creatine, aspartate
aminotransferase and alanine aminotransferase in the
blood sera of infected and intact animals. It was found
that the disease did not develop with daily subcutane-
ous administration of cidofovir at doses of 20.5 and
even 1 mg/kg. The time of the first administration of
the drug is important. The dose of 5 m/kg protected al-
most 100% of mice when the drug was administered
on the day of infection. However, if the beginning of
drug administration was delayed for at least 1 day, daily
administration of higher doses was required to protect
the animals. Aerosol application of cidofovir was sig-

nificantly more effective [36, 37]. The results of deter-
mining body weight, virus concentration in the lungs,
pathologic changes in the lungs, and survival of infect-
ed animals established that a dose of cidofovir in the
range of 0.5-5.0 mg/kg was always more effective than
a dose of 25 mg/kg, and sometimes even more effective
than a dose of 100 mg/kg when administered subcuta-
neously. Consequently, the antiviral efficacy of cidofo-
vir is largely due to the drug retention in the respira-
tory tract of animals. Subsequently, the dependence of
the antiviral efficacy of cidofovir on the scheme of its
administration into the body of white mice aerogeni-
cally infected with cowpox virus was determined [37]
(Table 11). Based on the results obtained, the authors of
the study concluded that cidofovir when administered
aerosolized can be effective in the prophylaxis or emer-
gency prophylaxis of smallpox or monkeypox.
Analysis of the presented data indicates that spe-
cialists of the US Department of Defense use cowpox
virus as a model agent for screening tests and methods
of application of nonspecific medical defenses against
smallpox. When summarizing the results of the presen-
ted studies, it is possible to conclude about the dual-use
character of the conducted research. Thus, it can be
stated that the USAMRIID staff has substantiated the

Table 11. Results of antiviral efficacy of cidofovir when administered by aerosol or subcutaneous injection to BALB/c white
mice aerogenically infected with cowpox virus, Brighton strain, at a dose of 5 x 108 PFU [37]

Method of drug Period of drug

Ratio of surviving to infected

Percentage of surviving

administration Dose, mgfkg administration, day animals animals, % p
-2 8/10 80 <0.05
-1 9/10 90 <0.05
0.5-5.0 0 10/10 100 <0.05
+1 10/10 100 <0.05
+2 9/10 90 <0.05

Aerosol

-2 0/10 0 N. d.
-1 7/10 70 <0.05
0.06-0.50 0 10/10 100 <0.05
+1 9/10 90 <0.05
+2 7/10 70 <0.05
-2 7/10 70 <0.05
-1 7/10 70 <0.05
Subcutaneously 100 0 10/10 100 <0.05
+1 10/10 100 <0.05
+2 10/10 100 <0.05

Placebo 0 0/10 0 -

Note. —2 — administration of cidofovir 2 days before infection; 0 — administration of cidofovir on the day of infection; +2 — administration
of cidofovir 2 days after infection. p — reliability level of differences in relation to the experiment variant with placebo administration.

N. d. — differences are not reliable.
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choice of rabbit pox and monkey pox viruses as agent
mimics of the smallpox virus.

At the same time, the data obtained in the ear-
ly 2000s were compared by US military specialists
with the results obtained in the early 1960s using a
dry agent mimic based on rabbitpox virus [20]. In
their opinion, the rabbit pox virus can simulate such
characteristics of the smallpox virus as the level of re-
production in various systems, including cell cultures
in suspension cultivation, and resistance when trans-
ferred to aerosol. The LD, value for rabbits during
aerogenic infection is quite low (in contrast to other
laboratory animals during aerogenic infection with
other OPVs) [19].

When conducting aerobiological studies, special
attention was paid to the fractional-disperse composi-
tion of the agent simulant. Such specification is obvi-
ously unnecessary for the declared by the authors goals
of the conducted studies. As an infectious preparation
for these studies, in most of the research projects of US-
AMRIID staff, the direct culture of monkey pox and
rabbit pox virus strains was used. However, according
to a number of indirect signs (composition of sampling

REVIEWS

fluids, presence of different concentrations of defoam-
er, different concentrations of fetal calf serum), it can be
concluded that in reality, during a number of aerobio-
logical tests, virus-containing materials obtained by
growing the pathogen in suspension cell culture were
used as an infectious preparation.

Conclusion

The presented results of aerobiological studies
with OPVs indicate the interest of the U.S. Military
Department in conducting dual-purpose experimental
work, including monitoring for the properties of OPVs
and possible changes in their pathogenicity for humans,
selection of optimal laboratory models for studying the
properties of OPVs as well as the possibility of model-
ing the properties of smallpox virus using other OPVs
(cowpox, rabbitpox, monkeypox viruses), modeling the
main properties of the disease caused by smallpox virus
in humans and evaluation of the efficacy of available
and newly developed smallpox vaccines, and the com-
parative study of the efficacy of antiviral drugs for regu-
lar or post-exposure prophylaxis of naturally occurring
smallpox and monkey smallpox.
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TexHonorus nonyyeHNA MOHOKJIOHAJIbHbIX aHTUTEN. 50 net Pa3BUTnNA
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Review

AHHOMauyusi

MoHOKNOHanbHbIE aHTUTENA LUMPOKO UCMOMb3YIOTCA BO BCex obnactax Guonorum n meguumHsbl. MNoseneHune n
pas3BUTUE TEXHOMOMMU UX NOMYyYEHUsI MPOM3BENO PEBOSIOLIMIO B MMMYHOMOMMU U NO3BONWUMAO CO34aTh HE TOMbKO
HOBblE METOAbl AMArHOCTUKU, HO U MHOXECTBO 3(P(EKTMBHLIX JIEKaPCTBEHHbIX npenapaTtoB. Llenblo Halero
ob3opa ctann aHanu3 1 o600LeHne akTyanbHbIX OAHHbIX, 3aTparnBatoLLMX TEXHOMOMMIO NOMYyYEHUsT MOHOKMO-
HanbHbIX aHTUTEN. Hamu npoBenéH aHanu3 nHpopmauumn n3 70 coBpeEMEHHbIX UCTOYHUKOB NUTEPATYpPbI, NOCBS-
LLEHHbIX PasnnUYHbIM METoAAM UX MOSyYEHUs!, B TOM YMCIIe KITacCuYecKor rmbpmuaoMHoON TexHonornm. B HacTos-
ey paboTe Mbl NONbITANUCL OXBAaTUThL BECb CMEKTP METOAO0B, UCTMONb3yeMbIX AN MOMYyYEeHMUST MOHOKIOHAmNbHbIX
aHTuTen.

KniouyeBble cnoBa: MOHOK/IOHarbHbIe aHmumerna, 2ubpudomHas mexHonoausi, pekombuHaHm+as [JHK, pekom-
buHaHmHble aHmumena, ghaeosbil ducnned, supyc dnwmetiHa—bapp, NGS, CRISPR/Cas9, supyc eenamuma C

UcmoyHuk pbuHaHcupoeaHusi. ABTOpPbI 3asBNSIIOT 06 OTCYTCTBUM BHELUHEro (PHaHCMPOBaHWS NPU NPOBEAEHWUMN UC-
crnegoBaHus.

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

Ans yumupoeaHusi: MaccuHo HO.C., TapakaHoBa KO.H., Ceran O.J1., MNMeuentonbko A.A., Akoenesa [O.A., JNlnuytu-
Ha M.B., Omutpues O.A., OmutpueB A.[l. TexHonorna nony4eHnsi MOHOKNOHarnbHbIX aHTuten. 50 net passutus. XKyp-
Han Mukpobuosnoauu, anudemuonoauu u ummyHobuonoauu. 2024;101(3):412-427.
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Monoclonal antibody techniques. 50 years of development
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Dinora A. Yakovleva, Maria V. Lichutina, Dmitriy A. Dmitriev, Alexander D. Dmitriev

I. Mechnikov Research Institute for Vaccines and Sera, Moscow, Russia

Abstract

Monoclonal antibodies are widely used in all fields of biology and medicine. The emergence and development of
the technology for their production revolutionized immunology and allowed the creation of not only new diagnostic
methods, but also many effective drugs. The purpose of our review is to analyze and summarize relevant data
concerning the technology of obtaining monoclonal antibodies. We have analyzed information from 70 modern
literary sources devoted to various methods of obtaining them. In this review, we tried to cover the entire range of
methods used to obtain monoclonal antibodies today.

Keywords: monoclonal antibodies, hybridoma technology, recombinant DNA, recombinant antibodies, phage
display, Epstein—Barr virus, NGS, CRISPR/Cas9, hepatitis C virus
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BBepeHue

OmHUM M3 caMbIX BBIIAIOMIMXCS H300pETCHUI
XX B. B 001acTH OMOJOTHYECKUX HAyK U OMOTEXHOJIO-
T TI0 TIPaBy CUUTAETCS METOJ MOJyYeHHsT MOHOKJIO-
HanbHbIX antuTen (MKA) ¢ momomsio rubpuauzannu
COMaTHYECKUX KIJIETOK, 32 KOTOPBIA €ro aBTOpaM —
C. Milstein u G. Kéhler — B 1984 r. Obuta Bpyue-
Ha HoGeneBckass mpemusi. Jlo m300peTeHus] B KOHLE
1970-x rr. rubpunomuoii texnonoruu (I'T) uccnenona-
TEJSM B OCHOBHOM OBUIH JOCTYITHBI MOJIMKIOHAIBHBIC
antutena ([TKA), BeigensieMble U3 CHIBOPOTKH KPOBH
yenoBeka miau KUBOTHBIX'. Takue ITKA, maxke mocie
X appUHHON OYUCTKH, SIBJISSIOTCS CMECSIMU MOJICKYJ
HMMYHOIJIOOYJIMHOB, 00pa30BaHHBIX Pa3HBIMU B-1mM-
¢ountamu. OHM OTIMYAIOTCS U MO CTPYKTYpE CBOUX
BapraOeNbHBIX yYacTKOB, OTBETCTBEHHBIX 32 CBSI3bIBa-
HHUE C aHTUTCHOM, U 10 CIEUU(PHUYHOCTH K Pa3IHYHBIM
snutonam aHturesa. [Ipuuém napruu [IKA, nomyuen-
HBIE OT Pa3HBIX JOHOPOB, UMEIOT PAa3JIMUHBIA COCTAB U
HMMYHOXHMHUYECKUE XapaKTEPUCTUKU (B OTHOLICHUHU
cneuupuuHoctd U addunnoctn). I'T, geusromasics
OJIeCTAINM MPAKTUIECKUM [TOATBEP)KICHUEM KIIOHAb-
HO-CEJIEKIHOHHOW TEOPUH T'yMOPaIbHOTO HMMYHHTETA,
MO3BOJSIET B HEOTPAHUYCHHOM KOJMYECTBE MOIy4aTh
MOTOMCTBO MHINBHUAYaJIbHBIX B-miM(poLIuToB, cexpeTu-
PYIOILMX aHTHUTENA, HAMPaBICHHbIE K WHINBUAYaJIbHO-
My SMMTOITYy Ha MoJieKyine anTuresa, — MKA [1].

NMoasneHune FI/I6pI/I,E|OMHOI7I TexHonormmn

[pouecc nonyuenuss MKA no I'T, kak oH ObLT
ormucan G. Kohler u C. Milstein, B 001ux yeprax cBo-
JUTCS K CIIEIYIOIINM OCHOBHBIM JTaraM:

1. IMMyHH3a1Us )KUBOTHOTO (J1a00paTOPHOI MbI-
[I1) aHTUTCHOM.

2. I'mbpuamzanus (mocjiae MONMydYeHHss UMMYHHO-
ro OTBETa) JUMQOLHUTOB CENE3EHKH MBIIIH C HOMO-
LIbI0 CIELMATBHOIO CIMBAIOILIEIO areHTa, HalpuMmep,
Bupyca Cenpail unu nommdtuieHrukons (11910, c
KJIETKAMHM MUEJIOMBl MBIIIY, HECYIIEH I'€HETUYECKHU
IeeKT — MyTalHio reHa, KOAUPYIoero GepMeHT Iru-
MOKCaHTHH-TyaHUH-(pocpopudo3untpancdepasy, 4UTO
MIPUBOAUT K yTpaTe Tak Ha3bIBaEMOI0O «3allaCHOIo» ITy-
TH CUHTE3a HYKJIEOTH/IOB.

3. Cenexius MONXYYEeHHOW TMOCHE CIUSHUS CMe-
CH KJIETOK Ha KyJbTypajbHbBIX IUIAHIIETaX C POCTOBOM
cpeoi, copeprKalleil TMIOKCAHTUH, AaMUHONTEPUH U
TUMHUIUH (Tak Ha3eiBaemas cpena [AT) nns otOopa ru-
Opunnbix Knetok. Cpena AT conepkUT aMUHONTEPHH,
OJOKUPYIOIIUI OCHOBHOW MyTh CHHTE3a HYKJIEOTHAOB,
Ha HEW MOTYT BBDKMBATb TOJBKO KJIETKH, CHOCOOHBIE
HCIIOJIB30BATh «3allacHON» IyTh. 1103TOMY ponurens-
CKHE KJIETKM MHUEJIOMBI Ha 3TOH cpefe TMOHYT. B-nuMm-

! I'myxantok E., TopsiinoBa O. Kparkas HCTOpHS OTKPBITHS H

npuMeHeHHst aHTuTen. buomonekyma. 2018. URL: https:/
biomolecula.ru/articles/kratkaia-istoriia-otkrytiia-i-primeneniia-
antitel (mara oOpamenus: 11.06.2024).

(OLUTHI U APYTHe KIETKH CeJIe3EHKU MBIILIH SIBISIOTCS
KOPOTKOXKHBYILIUMH (B OTJIUYME OT MHEIOMHBIX KIle-
TOK) U Takxe ObICTPO TMOHYT NPH KyITbTHBUPOBAHHUU
in vitro. B pe3synbrare BbIpacTarOT TOJBKO KOJIOHUU
THOPUAHBIX KJIETOK, CPEAN KOTOPBIX €CTh MOTOMKH THU-
OpHIIOB OT cUsHUS B-TuMponuToB (Ipoayupyomux
MKA K aHTUTEHY) M KJIETOK MHUeloMbl. Takum oOpa-
30M, 3TH B-mumdonutsl momyyaror «beccMepTHe» OT
37I0KaU€CTBEHHBIX KJIETOK MUEIOMBI.

4. TectupoBaHHE BBIPOCHIUX KOJIOHHW THOpHI-
HBIX KJIETOK Ha CIIOCOOHOCTH CEKPETUPOBATH B KYJIBTY-
panbHyto cpeny MKA k antureny.

5. HeoHOKpAaTHBII NPOLIECC KIOHUPOBAHUSL OTO-
OpanHbIX THOpUAOM — TpoaynentoB MKA c menbro
MOJIYYUTh YUCTYIO KJIETOYHYIO JIMHUIO, COCTOSIIYIO H3
KJIETOK — TIOTOMKOB OJHOTO-€AWHCTBEHHOTro B-nmwm-
¢ormra, 0OpeTIIero «0eccMepTre) 3a CUET CIUSHUS C
KJIETKOM MHUEJIOMBL.

6. B pesynbrare npumepHo uepe3 5—6 Mec nocie
CIUSHUS TIOJNy4YaloT KJIOHMPOBaHHbIE THOPHIOMHEIE
KJICTOYHbIC JIMHUU, KOTOPhIE MOTYT Pa3MHOXAaThCS B
OONBIINX KOMUYECTBAX (MPH COXPaHEHUU YaCTH KIETOK
B KHJKOM a30T€) U CIY>KUTh HECKOHYaeMbIM UCTOYHU-
KoM omHOpoaHbIX MKA.

U3o0pereHnto OMUCaHHOW TEXHOJOTHH IMpesiie-
CTBOBAJI PsAJl IOCTHXKEHUI B 001aCTH KJIETOYHOU OHO-
nmoruu. B wactHoctu, 1960-1970-¢ rr. — 310 Bpems
Pa3BUTHS TEHETUKU COMAaTHYECKHX KJIETOK, B KOTOPOE
aJanTHPOBAIM METOJbI, paHee pazpaboTaHHbIE B 00-
JIACTU T€HETUKU OaKTepHil U BUPYCOB, ISl UCIIOIB30-
BaHHUSA C KyJIBTUBUPYEMBIMH KJIETKAMH MJICKOIMTAIO-
OIUX — KaK HOPMaJbHBIMH KIIETKAMU MEPBUYHBIX
KyJIBTYp, TaK W 3JI0KaY€CTBEHHBIMU (TpaHCHOpMU-
POBaHHBIMH) KJIETOUYHBIMU JIMHHAMHU. Bpuin paspabo-
TaHbl METOABI TMOPHUIM3AaLUU COMATHUYECKHX KIETOK
W TIONy4YeH psf TCHETUYECKH MapKUPOBAHHBIX Kile-
TOYHBIX JIMHWH, HMCIONBb30BaHHE KOTOPBIX B THOpH-
JU3alliy TO3BOJIMIIO MPOBOIUTH OTOOpP THOPHIOB C
MOMOLIBIO CIIEUUANBHBIX CEIeKTUBHBIX cpel. Camoit
MEPBOi CEIEKTUBHON CHCTEMOH (B JajbHEHIIEM OKa-
3aBUIelicss W HauOosee NpPUMEHseMOH) Obula cpena
I'AT, uzobperennas B 1962 r. BamnaBom u Dnuzaber
HIubansckumu®. JDx. Jlurmnpung B 1964 1. onmcan
ycremHoe ucnoiib3oBanue cpeasl TAT s orGopa
ruOpHIOB COMAaTHYECKUX KJIETOK’. BrepBbie misi OT-
O0opa ruOpUA0OB MOCIIE COMATHYECKOW THOpUAM3AIMH
cpeny I'AT mpumenun k. Jlurroung B 1964 1. [2].
B ToT *e mepuoj NMpPOMCXOAMT MIMPOKOE BHEIPEHHUE
METOIOB JU(PPEepEeHIIUATLHON OKPACKH XPOMOCOM, I10-
3BOJISIIOIICH JIeTalbHO M3y4aTh 3aKOHOMEPHOCTH H3Me-
HEHHSI XPOMOCOMHOI'O COCTaBa COMAaTHYECKUX THOPHI-

2 Szybalska E.H., Szybalski W. Genetics of human cell line. TV.
DNA-mediated heritable transformation of a biochemical trait.
Proc. Natl. Acad. Sci. U S 4. 1962;48(12):2026-2034.

3 Littlefield J.W. Selection of hybrids from matings of fibroblasts in
vitro and their presumed recombinants. Science. 1964;145:709—
710.
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HBIX KJIETOK, 4aCTO OTJIMYAIOMINXCS HECTAOMIBLHOCTBIO
Kapuotuna (OCOOGHHO MPH CIUSHUM COMAaTHYeCKHX
KJIETOK Pa3HBIX BUIOB JKMBOTHBIX WU JKUBOTHBIX M
yenoBeka) [2]. C. Milstein, KOTOPOro Ha3bIBAIOT «OT-
[OM THOPUIOMHOMN TexHOJOruM» [3], B TeueHHUE psia
JIeT U3ydall SKCIPECCHI0O MMMYHOTJIOOYJIHHOB B KyJb-
Typax KJIETOK, B TOM UYHCJIE UCHOJIb3Yys METOJbI COMa-
THYeckol ruOpuamzanmu [2]. W 3TH uccnenoBaHus,
KOHEYHO, TOCIYKHIU Ba)XHBIM IOJTOTOBUTEIHHBIM
9TaroM K BBIJIAIOIIEMYCSl H300pETEHHIO 110 MTOTYYCHUIO
cekperupyomux MKA ki1eTouHbIX TuHMN (Ha3BaHHBIX
«rubpugomom»), cienanHomy C. Milstein BmecTe ¢ pa-
00TaBIIMM B €ro J1abopaTropuu HEMELUKUM HUMMYHOJIO-
rom G. Kohler.

Bonpmoii 3acnyroii C. Milstein nepen mexmyHa-
POAHBIM Hay4YHBIM COOOIIECTBOM OKAa3al0Ch U TO, YTO
3TO U300peTeHre He OBbLIO UM 3amareHToBaHO. MeTon
ObUl omMcaH B OTKPBITOM HayyHOH MyOnIMKauuu (K
pasouapoBanuto Mapraper TaTuep, TOrmamHero mnpe-
Mbepa bpuranuu, 03aboueHHOV (UHAHCOBBIMU HHTE-
pecaMu OpUTaHCKOW OMOTEXHOJOTHH), U, OOJIEee TOro,
MuwiblUTEH MNO3BOJMI HCIOJIB30BaTh IOIYUYECHHYIO
UM JIMHUIO KJIETOK MHEJIOMBI MBIIIK X-63 U B APYTHX
nabopatopusx Ui BHEAPEHHUS THOPUIOMHON TEXHOIO-
run [1]. AtMocdepa Tex jJeT B OHOJIOrHUeCKoi HaykKe
Ha 3amane Obuia Ooniee cBOOOIHA OT AaBJICHUS UHTE-
PECOB KOMMEPIIMH, M CYMTAIOCH BaKHBIM B HHTEpEcax
pa3BUTHA HAayKd OCTaBISTh HAay4YHbBIC JOCTHXKEHUS B
CBOOOIHOM JIOCTYIIE AJISl ITMPOKHUX KPYTOB YUEHBIX.

B pesynsrare I'T crana ObICTpO pacnpoCTpaHATh-
cs B pa3HbIX cTpaHax. B yactHocTH, B 1970-1980-€ T
B psie Hay4yHbIx HeHTpoB CCCP (mampumep, B nabo-
paropuu MMMYHOXMMHU Bcecoio3Horo oHKoJOrmye-
CKOT0 Hay4YHOTO ILIEHTpa, BO3MIABIISIEMON H3BECTHHIM
umMMmyHoxuMHukoM .M. AGeneBbIM, U 1p.) TaKKe Hadu-
HaeT akTUBHO pa3BuBarbcs ['T ¢ ucnonp30BaHUEM JIU-
HUW MHUEJIOMBI MBI X-63, eaApo MpenocTaBIeHHOM
C. Milstein. HexoTopbie u3 aBTOpoB 3TOr0 0030pa Tax-
K€ TIOJTyYHIIU B 3TOT MEPUOA CBOU NEPBbIe THOPHIOMBI,
paboras Ha 6a3e BcecorozHoro HayyHOro LEHTpa MCH-
XHUYECKOTO 3/I0pOBbs [4].

PazpaboTka ruOpHIOMHOrO MeTona NPHMEPHO
COBIIAJIA 110 BPEMEHH C TAKUM Ba)KHBIM JJOCTHKCHHEM B
o0JlacTH UMMYHOXHMHH, KaK M300peTeHHUE METO/a MM-
MyHO(epMeHTHOro aHanu3a [S]. Bece 3t HanpasieHust
OBICTPO COEMHUITUCE, 1aB MOLIHBIN NMITYJILC PAa3BUTHIO
OMOTEXHOIOIMYECKON HHAYCTPHH 1O TPOU3BOACTBY pas-
HO0Opa3HbiX MKA 1 OCHOBaHHBIX Ha HUX TECT-CUCTEM
(c pasnMuYHBIM JU3AHOM) JUISl HCCIIEAOBATEILCKUX H
JUAarHOCTHYECKUX Leel (B TOM YHcie AJs JUarHOCTH-
KM MH(EKIUH, OIyXO0JIEBBIX MapKepoB u jp.) [5].

Bwmecre ¢ Tem ¢ camoro Hauata u3ooperenus [ Ty
uccienoBaresel ObUI0 CTpeMJICHHUE MPUMEHHUTD e€ ISt
nonyyeHus TepaneBrudeckux MKA, KoTopble MOXKHO
ObUTO OBl MCTOJIB30BaTh MPH JICYCHUU Paka U APYTHX
onacHbix 3aboneBanuii. C MKA cBs3bpiBanucy 00ib-
IME HAJICKIbI, KaK C HEKIMHU «BOIIIEOHBIMH MYIISIMI.

REVIEWS

B 1986 r. YnpaBienue no caHuTapHOMY HaJ[30py 3a Ka-
YECTBOM IHILEBBIX MPOIYKTOB U MennkaMeHToB CIIIA
(Food and Drug Administration, FDA) omobpuio nep-
Boe TepaneBTyeckoe MKA (Muromonab-CD3). 3to
meimHOe MKA mpenHa3HaueHo Ajisi CHIDKEHUS peak-
LMK OTTOP>KEHUS NP TPaHCIJIaHTALUK ToYeK [6].

K coxanenuro, 3a mepBeIM 3HTY3Ha3MOM BCKOpE
rocJezoBajio pazouapoBanue. Mpimnnasie MKA, nomy-
yeHHble ¢ noMoulpio I'T, naBay CUIIBHYI0O UMMYHHYO
pPEeakLuIO MpU BBEJIEHMH B OPTaHU3M YENOBEKa, U UX
3¢ (eKTUBHOCTh OBICTPO MOJABNISIACH. Y HHUX TaKKe
OBLT OTHOCUTENLHO KOPOTKUH TIEPHOJI TIOTYBBIBEICHHS
10 cpaBHEHUIO ¢ yenoBeueckuM IgG (BcaencTue crna-
0oro cBs3bIBaHMs ¢ yesioBeueckuM FcRn-penentopom).
Haxonen, mpimmasie MKA mposiBisitor cnalyro cro-
COOHOCTH BBI3BIBATH AHTUTEJ03aBUCUMYIO KIETOUHYIO
LUTOTOKCUYHOCTh ¥ KOMITJIEMEHT3aBUCUMYIO [TUTOTOK-
CHUYHOCTh IPU BBEJCHHM B OpPraHU3M YEJIOBEKa, YTO
cHmwKaeT 3¢pQexTuBHOCT, MBIIMHBIX MKA, ocoGen-
HO TIPH OHKOJIOTHYECKUX IMMOKa3aHUSX K MX MpUMEHe-
Huto [7]. Jaxe cranu pa3maBaTbCs rojioca CKEITUKOB,
coMHeBarommxcs, yto MKA oKa)XyTCs TOJE3HBIMU IS
LIMPOKOTO MPUMEHEHUSI B MEAULIMHE B KAUECTBE JIeKap-
CTBEHHBIX Ipenaparos [6].

PekoMOUHaHTHbIe aHTUTENA
n metoabl X nony4yeHMA

OpHaxo B pe3yiabTaTe 3TH IepBble HEyaul TOIbKO
MOCJIY>KUJIM CTUMYJIOM K Ba)KHBIM yCOBEpPILEHCTBOBA-
HusM B obnactu ['T. B wacTHocTH, ais ipeomosieHus
mpo0ieM, CBSI3aHHBIX C HMMYHOTE€HHOCTBIO MBIITHHBIX
MKA, npusnekiu TexHonoruu pekomorHanTHex JJHK
[8—10]. Oxka3zanmoch, 4TO €ClIM C MOMOIILIO METOJOB
reHHOI nHXeHepuH Yy MpIHBIX MKA 3aMeHnTh KOH-
CTAaHTHBIEC YYACTKHU JIETKUX U TSKENBIX LEIEH HA TaKo-
Bble IgG denoBeka, TO mpobiaemMa ¢ IMMYHOT€HHOCTBIO
BO MHOTOM mpeononeBaerca. Takue MKA momyumnu
Ha3BaHUE «XUMEpHBIX». EmE MeHee MMMYHOI'CHHBI-
MU MOTYT OBITH TaK Ha3bIBAEMbIE «T'YMaHHU3UPOBAH-
Hble MKA», y KOTOPBIX OT HCXOJHBIX MBIIIMHBIX MKA
OCTalOTCsl TOJBKO TuriepBapuabdensusie yuactku CDR
(complementarity determing regions — obnactu Mo-
JIEKYJbl UMMYHOIJIOOYNMHA, ONpeAeisionye e€ KoM-
IJIEMEHTApHOCTh K aHTUTEHY), a BCE OCTaJIbHbIE YaCTH
MOJIEKYJIbl COOTBETCTBYIOT IgG uenoBeka. I'eneTunue-
CKHE KOHCTPYKTHI, cooTBeTcTBytonme MKA c Takoii
HU3MEHEHHOW CTPYKTYpPOHM, MOXHO 3KCIPECCUPOBATh B
KyJBType KJIETOK, JUJIsl YeTO YacTO MCIOIb3YIOT JTUHUIO
KJIETOK SIMYHUKOB KHTaiickoro xomsauka CHO u Heko-
Topble Apyrue nuHuu. [locae Tpancdopmannu KIETOK
BEKTOpaMH, BKJIIOYAIOIIUMHU T'€Hbl PEKOMOMHAHTHBIX
MKA, Takue KynbTypbl CaMH CTaHOBATCS «(abpuka-
Mu» 1o npomssonctBy MKA (nanomoOue rubpuio-
MHBIX KJIeTouHBIX JuHui)!. [To maxubM 3a 2022 1., B

4 Scuprit . buotexuomnorus anturen. bruomonekyna. 2018. URL:
https://biomolecula.ru/articles/biotekhnologiia-antitel (maTa 006-
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MUpe HacuuThIBAIOCh 162 MKA, 0100peHHBIX IS Te-
paneBTUYECKOro IPUMEHEHHUs 110 KpallHEe! Mepe OQHUM
peryasitopoMm (Brirouasi 112 MKA, onoOpennbsix FDA u
114 MKA, ono6pennsix B Eporie) [11]. 3naunrenshas
noist 3tux MKA 1o cBoeMy npoHCXOKISHHIO SBISAIOT-
Csl PCKOMOWHAHTHBIMH aHTUTEJIAMHU (XUMEPHBIMU WIIH
rYMaHU3UPOBAHHBIMU ), TPOU3BOIHBIMH MBIIIUHBIX TH-
opunomubsix MKA [6, 10].

U 310 Nanexo He €IMHCTBEHHOE yCOBEPILIEHCTBO-
BaHHe MeTonOB nonyuenuss MKA, u3BectHoe B HacTO-
siIee BpeMs. YCIOBHO 3TH YCOBEPILIEHCTBOBAHUS MOXK-
HO pa3lenuTh Ha ABe Oosblune Kateropuu. K mepsoit
IpyMIe OTHOCATCS TEXHOJIOTHYECKUE YCOBEPILIEHCTBO-
BaHUs, KOTOpPbIE BHOCATCS B «CTapyro» («Kiaccuue-
ckyto») I'T, Bocxonsuyto k uzooperenuto C. Milstein
u G. Kohler. Ko BTopoii rpymiie 0oTHOCSATCS Takue TeX-
HoJoruu noiyuenust MKA, kotopblie oTOIIH OT COOCT-
BEHHO CO3/IaHHsI TMOPUIOM U OCHOBAHbBI HA MHBIX TIPUH-
nunax. Hike OyayT cHayana KpaTko pacCMOTpPEHBI 3TH
«HETUOPHUIOMHBIC» METOJIbI, C TEM YTOOBI IIOTOM CHOBA
BepHyThCS K I'T.

®aroBbin gucnnen

W3 Takux «HErHOPUIOMHBIX)» METOJOB NPEKIC
BCEro ClenyeT YMNOMSHYTh METOH «{aroBoro mamc-
iesD, pa3paboTaHHbIM HECKOJIBKO JIET CIYCTs n300pe-
TeHus: Tubpuaom [9, 12, 13]. 3a 310 U300peTEeHUE ero
aBropsl G.P. Smith u G.P. Winter B 2018 1. momyuninu
HoGenerckyto npemuto. CoOCTBEHHO, 3TOT METOA TO-
3BOJIsIeT Tosryyarh He Tonbko MKA, HO BooOmie cre-
uupHUUHBIE PEelenTopsl K JuranjaMm (Wid, HaoOOpoT,
JUraHasl K perentopam). Bnepseie 3ToT moaxon ObLI
omucad G.P. Smith B 1985 1. A B Hagane 1990-x romgos
G.P. Winter u coaBT. HCTIONIB30BAJIH €T0 AJIsI HOTYUEHHS
MKA [14]. B npumenenun k nonydennro MKA cytsb
3TOTO METOJA B OOIIMX YEPTax COCTOUT B CIACTYIOLICM.
U3 B-numdouuToB, HanpuMep, 4eI0BEKa, BBIIEISAIOT
MPHK u cuntesupytor K IHK, xonupyromyto nérkue u
TOKENBIE LENH BapuaOeNbHbIX y4acTKoB aHTHTen (V|
u V). Oty kIHK BCTpauBaroT B 9KCIPECCHPYIOIMK
BEKTOp Ha OCHOBE HUTEeBUAHOTO (hara M13 B coenune-
HUH C YYaCTKOM, KOJUPYIOLIMM TOBEPXHOCTHBIN OEI0K
¢ara. [Ipu 3ToM B reHoMe (aroBoro BeKTOpa KOAHUPY-
IOLIME HOCIENO0BATENbHOCTH V| UV, KOMOMHHUPYIOT-
csl B Mapbl cly4aiHeIM o0pa3zoM. Ilpu mMonekynsapHoM
KJIOHUPOBAHUM MYTEM 3apa’KeHHUs MOTyYeHHBIM (aro-
BBIM BEKTOPOM OaKTepHajbHBIX KJIETOK B HUX (OPMU-
PYIOTCSI BUPYCHBIE YaCTHUIIBI, HA TOBEPXHOCTH KOTOPBIX
cobupatorcst Fab-pparmenTsr antuten (0TCIOa Ha3Ba-
HHUe MeToAa — «(aroBelii quciuiein»). Jlaisee yacTuibl
(daroB BBIACTAIOT U3 OakTepuid, U U3 MHOXecTBa (a-
TOB MPOM3BOAAT OTOOP TE€X BAPHAHTOB, KOTOPHIC JKC-
MpeccUpyIoT Ha cBoel moBepxHocTu Fab-(parmeHTsl,
cneunpuuHble K W30paHHOMY aHTUreHy. st 3Toro
(aroBble YaCTHUIIBI BBOIST B COIPUKOCHOBEHUE C aHTHU-

pamenus: 11.06.2024).

TeHOM, IPUKPEIUIEHHBIM K TBEPAOH (haze (Hampumep,
K IUIACTUKOBOU MoBepxHOCTH). Ecnu Ha moBepxHOCTH
¢ara mpencrasieHsl Fab-gparmentsl, cnenuduyHbie
K aHTHIeHy, Takol ()ar MPHUKpPENHUTCs K aHTHICHY, B
NPOTUBHOM ciy4ae OH MpocTo Oyaer ynmanéH ¢ mo-
BEPXHOCTH MpH OTMBIBKe. OTOOpaHHbIE YacTUIBl (a-
TOB MOXXHO CHOBa Pa3MHOKUTHb B OaKTEpUsX U MOBTO-
PHTB CENeKUUIO Ha aHTureHe. B pesynbrare orOuparor
KJIOH (paroBBIX 4YacTHL, HECYMIHX BbICOKOa(dUHHEBIE
Fab-pparmMenTsl Ha cBOeii OBEPXHOCTH M, COOTBET-
CTBEHHO, COZIEp’Kalllie B CBOEM T€HOME KOAMPYIOIIUE
ux rensl [9, 12, 13]. Kak ckazan G.P. Smith B coeii pe-
4yn Tpu BpyueHun HoOeneBckoll mpemuu, «3Ta UCKYC-
CTBEHHas cesiekuus B yaiike [leTpu oyeHp moxoxa Ha
€CTECTBEHHYIO BOJIIOLIMIO»’; BUAUMO, OH UMEJI B BUY
npolecc eCTECTBEHHOro 0TOOpa (IpU KOTOPOM 4epes
¢denoTun oTOMpaeTCst FeHOTHII).

Ha cnenyromem stane ¢ nomomsro IIP u npyrux
TexHoJorui pekomouHanTHbIX JJHK MOxHO momy4uTh
BEKTOPHI IS dKcpeccuu mocnenoBarensuocteit JJHK,
KOJUPYOIIUX 0ToOpaHHbie Fab-pparMeHTs, B KiieTkax
CHO (unu npyrux KJIETOYHBIX JTMHUAK) UIS HAPAOOTKU
(B ToM umuciie B OOJBIINX KOJIUYECTBAaxX, B OMOpEaKTo-
pax) pexomOuHaHTHEIX MKA B ¢opmare Fab-¢par-
MEHTOB. MiH, B 3aBHCUMOCTH OT 3aJa4, MOXHO CO-
3[aTh PEKOMOWHAHTHBIE KOHCTPYKTHI, MO3BOJISIOIIUE
skcnpeccupoBath MKA Toii ke crenupu4HOCTH, HO
B (hopmare Fab -pparmentos unu nenbix mosexyn IgG
YesoBeKka. Takke TeXHOJIOTHIO (aroBOro AWCIUIES HC-
MOJB3YIOT U JUIS TIOJIyYeHHs OJHOLECTIOUEUHBIX (single
chain) ¢parmentoB BapuaOenbHBIX y4acTKOB (ScFv).
Takum oOpazom, MeTon (paroBoro AucIiess B codera-
HUH C JPYTUMH TEXHOJOTHUSMH T€HHOW WH)XEHEPUH B
KOHEYHOM CYEeTe MO3BOJISIET MOIy4aTh PasHOOOpa3HbIe
pexomOunanTHeie MKA [9, 13].

Baxno, uro meron (aroBoro AucIuies: TEOpPETHU-
YEeCKH IMO3BOJISCT MPEONOJIeBaTh Psii OTpaHUYCHHI,
ceasanHblxX ¢ I'T. Hampumep, oH 1mo3BosisieT momnyyarb
MKA K BBICOKOTOKCHYHBIM aHTUTEHAM, T. K. OH HE Tpe-
OyeT MIMMYHH3allUH KUBOTHBIX, UK K C1a00 UMMYHO-
TeHHBIM aHTUICHAaM, K KOTOPBIM HE BblpabaTbIBaeTCs
TYMOpPaJIbHOTO OTBeTa B opranmsme. C apyro ctopo-
HBI, JJIA CO3JaHUd M3HAYaJIBbHON I'e€HHOM OMOIHMOTEKH
AHTUTEN MOXKHO HCIIONIb30BaTh aHTUTENa UMMYHHOTO
JIOHOpPa, YTOOBbI YBEIUYHUTH BEPOSITHOCTH 0TOOpa aHTH-
TeJ HYXHOH crequpUIHOCTH, WK, HA00OPOT, HCKYC-
CTBEHHO CO3/JJaHHBIC (CHHTETHUECKUE) ONOIHOTEKH HY-
KJICOTHHBIX TOCIENI0BATEIBHOCTEH IS MOBBIICHUS
pasHooOpasus MPeICTaBICHHBIX JUCIUIEEM BapHaHTOB
V,/V, nap. B HacTosi1iee BpeMs 5TOT METO TAKKE Ipe-
TEpIIeN Pa3BUTHE, B YACTHOCTH, B KAUECTBE «JIUCILIESD
WCIIONIB3YIOT HE TOJBKO (paru, HO U OaKTEpUH, APOFKIKU
U JJaKe KJIETKH MIJICKOIMTAIOMMX (YTO MPEACTABISET

5

Smith G.P. Phage Display: Simple Evolution in a Petri Dish.
Nobel Lecture. 2018. URL: https://nobelprize.org/prizes/
chemistry/2018/smith/lecture/ (mata obpamienus: 11.06.2024).
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JOTIOJTHUTENFHBIE BO3MOXKHOCTH € TOYKH 3peHust Gop-
Mara MpeACTaBIsIeMbIX Ha IOBEPXHOCTH KJIETOK MOJIe-
kyn) [9, 15, 16]. Ilo nanneiM Ha 2022 T. yKe YCIEHIHO
MPOILUTH KIMHUYECKUE UCIBITAHUS U MONYYHIA OJI0-
OpeHHe U UCTONB30BaHUS B Tepanuu (ayTOMMMYH-
HBIX U OHKOJIOTHUYeCcKuX 3aboneBanuii) 17 MKA, noiy-
YEHHBIX C MCTOJb30BaHWEM MeToaa aucruies [16, 17].
Mpmuoro Takux MKA HaxomsTcsi B CTaguu U3yYCHUS U
KJIMHAYECKOTO MCIBITAHUS, CPEIH HUX 0CO00 clenyeT
ormetuTh MKA, obnafaroinye mupokor HeUTpanusy-
I0lIel CITIOCOOHOCTBIO B OTHOIICHUU BUPYCa UMMYHO-
neduuTa yenoseka [17].

METO]J,bI nonyyeHnA MOHOKJ/TOHAJIbHbIX

AHTUTEN N3 NHANBUAYANbHDbIX B-knetok

Jlpyroe akTUBHO pa3BUBaloOIleecs B HacToslee
BpeMsI HallpaBJIeHNE, HE OTHOCALIEECs HEMOCPEICTBEH-
HO K ['T, — 310 monyuenne MKA u3 HHIUBUYaTbHBIX
B-knerok. OHO cylIecTByeT B pa3lIMYHbIX MOAU(HKA-
oUsiX, OyIy4d TECHO CBS3aHHBIM TaKKe C METOHAMH
reHeTndyeckoit nwxxeHepuu [18, 19]. C atum Hanpasie-
HHEM CBsI3aHBl OOJIBIINE HAAEKAbl B OTHOLICHUH TIO-
Jy4YeHUs] HEUTPaIM3YIOIMX aHTUTEN IIHUPOKOTO CIEK-
Tpa (broadly neutralizing antibodies — bNADbs) ans
Tepanuy ONAaCHBIX WH(EKIMOHHBIX OONE3HEH, TaKhx
KaKk MHQEKIHs BUPYCOM MMMYHOAC(HIUTA YelOBeKa,
BupycHbIil renatut C u nap. [18-21]. Huwxke onmcansl
HEKOTOpBbIE IPHUMEpPHI TAKUX METOJIOB, YaCTO YIIOMHUHA-
€MbIC B ITyOJIUKAIUIX.

1. KyrsTuBuUpoOBanue oTaeabHbIX B-mumdonm-
ToB. B mocnennue ronpl ObLIH pa3paboTaHbl METOJBI,
MO3BOJISIIOIINME TOAJIEP)KUBATh BBDKUBAHUE U pas-
MHOXeHHE B-InM(pouHuTOB B KyIbType CYIIECTBEHHO
JOJIbIIe, YeM 3TO ObLIO BO3MOXHO paHee. B dacTHO-
CTH, B-muMQpOUHTH U3 KIETOK KPOBU MOTYT KUTH,
Pa3MHOXXaTbCAd U CEKPETHPOBATh AHTUTENA B TEUEHUE
onpene’aEHHOT0 BpEMEHH IPY KyIbTUBUPOBAaHUH BMe-
CTe CO CHEUUalbHBIMU «KOPMAIUMEU» ((PUACPHBI-
MH) KIETKaMH, SKCIPECCHUPYIOUIMMH CTHUMYIUpPYIO-
myto B-knetkn monekyny — nurang CD40 (CD40L)
U B TNPUCYTCTBUU HEKOTOPBHIX LUTOKUHOB B KYIBTY-
panpHOM cpene (Hampumep, uHTepiaeiiknHa-21) [18,
19, 22].

Jnst mpedoTBpallieHust pocTa caMuX (HUIEPHBIX
KJIETOK (YTO MOXET MellaTh BbDKHBaHUIO B-mumdo-
LUTOB) UX TOJBEPraioT OOIYyUYEHHIO UK BO3ACHCTBHIO
LUTOCTAaTUKOB (HampuMep, MuToMuIuHa) [22]. Onuca-
HO HECKOJIBKO IMPOTOKOJOB TAaKUX METOJOB, BKIIIOYAs
UCIIONIb30BaHUE TPaHC(PEUUPOBAHHBIX (DUAEPHBIX KIle-
TOK, clocoOHBIX 3kcnpeccupoBatb CD40L u untepneii-
KHUHBI, HEOOXOAUMBIE sl CTUMYJISIIMK B-mumdonuros
[22, 23]. IToka3zaHo, yTo B-KIeTKH, aKTUBUPOBAHHEIE i1
vitro ¢ momonisio CD40L u UHTEPIEUKUHOB, HE TOJIb-
KO Mponu(epupyroT, HO B HAX 3aIyCKAaeTCsl aKTUBHBIH
CUHTE3 aHTUTEN. AHTHTENA, MPOAYLHPYEMbIE TAKUMHU
TUM(OIMTaMH, MOYKHO BBISIBUTB B KYJIBTYpaJILHOU Cpe-
Jle ¥ U3y4aThb MX CBOMCTBa (HalpuMep, HEUTpalu3u-

REVIEWS

PYIOLLYIO CHOCOOHOCTH B OTHOILEHUU BUPYCOB U JIIp.).
Bornee Toro, mockonbKy CHHTE3 aHTHUTEN CONPOBO-
*naaeTcs noselieHueM ypoBHsa MPHK, xomupyromeit
Ig, o370 ympomaeTr aMIM@UKALUIO U MOCIEAyIoLee
CEKBEHHMpOBaHKE I'eHOB Ig u3 enuHUYHBIX B-KileTOK.
[MoaToMy cTUMyIUpOBaHHBIE in Vitro AUMQOIUTHI
paccMaTpHuBalOTCs Kak «yAOOHBIE OOBEKTHI AJIS OTpe-
JIeJIeHusl MONHBIX nocnenoarensHocTeit JIHK, compsi-
JKEHHBIX JIETKUX U TSHKENBIX Heneit Ig u ais coznanus
Ha UX OCHOBE HOBBIX YEJIOBEYECKUX MOHOKJIOHAJIBHBIX
anTutem» [22].

Hexoropeie ¢upmbl mpeanaraioT HaOOpBl LIS
KyJAbTHBHpOBaHUS B-KieTok, BK/IIOYaromye crenuanb-
HO oOpaboranHble ¢unepHbie kieTku®. Ipennpunu-
MAIOTCS TaK)Ke YCWIMS MO JaJbHEHIIEMY YCOBEpILIEH-
CTBOBAHUIO MTOJIOOHBIX CUCTEM IyTéM co31anus 3D-Mo-
neneil mMuMQouaHbsIX opraHoB. [lokazaHo, 4TO Takue
3D-knerounble Monenu (OCHOBAaHHBIC, HAIPUMEp, Ha
HCIOJIb30BAHUN CUHTETHUUYECKHX Teliel B KauecTBEe Ma-
TPHUKCA) MOTYT emé OoJble MOANEPKUBATh BBIKHMBA-
eMocTh W mponudepanuto B-mumdonuToB yenoeka
(umMuTHpPYS (QOpMHpOBaHHE 3aPOIBIIICBBIX LIEHTPOB
TUM(OUIHBIX OPTAaHOB), a TAKXKE YCHINBATH (PyHKIHU-
OHaNbHYI0 AU PepeHINpOBKY B-KkiieTok mamstu B ce-
Kpetupytomue anturena B-mumbountst [24]. BaxHo,
YTO OJHOBPEMEHHO B T€X K€ KyJIbTypax HaOmromanu
u nuddepeHINpPOBKY HaMBHBIX B-KJIETOK B cexpeTu-
pyroie aHTUTeNa TUMQOIUTHI, TPUYEM C MEPEKITIO-
YyeHHEeM H30TUINOB aHTuTen. llpenmonaraercs, 4To
JanbHEedIas onTUMu3auus MnogoOHbBIX 3D-kynbTyp
MOXKET MpPEeIOCTaBUTh BO3MOXXHOCTH BOCIIPOM3BE[E-
HUA in Vitro M TaKuxX IPOLECCOB, XapaKTEPHBIX I
3apOJBILIEBBIX LIEHTPOB JTUM(OUAHBIX OPraHOB, Kak
Bo3pacTtaHue aQ@PUHHOCTH AHTUTEI B OTHOLICHUU
crnenu(uUecKoro aHTUreHa 1Mo MeXaHU3MYy THIIEpMY-
TareHesa [24].

2. Ioaydyenue B-ki1eTOK, NPOXYIHMPYIOLIUX
MKA, ¢ nomMoiipi npudbopoB uis (GayopecieHTHON
KJIETOYHON COPTUPOBKM (BapHaHTa MPOTOYHOW IUTO-
METPHH), WU, IPUMEHSS IPYTYIO TEPMUHOJIOTHIO, —
METOlla «COPTHPOBKH (IyOpeCCHTHO-aKTHBUPOBAH-
Heix kietok» (Fluorescence-activated Cell Sorting,
FACS). O1oT noaxon oCHOBaH Ha TOM, 4TO Ha MOBEPX-
HOCTH B-11M(}ounTOB, OTHOCSIIMXCS K KJIETKaM aMsi-
TH, COIEPKATCS PEUENTOPbl TOH e cnenn(U4HOCTH,
YTO U aHTHUTENA, KOTOpBIE 3Ta KJIEeTKa CIOCOOHA ceKpe-
THUPOBATH NIOCJIE €€ akTuBanuu aHTureHom. Ha mpakru-
K& METOJI COCTOUT NMPUMEPHO B ciexyromeM: B-kineTku
naMsATH (CHEeUalbHO BBIACICHHBIE WM HAXOAALIUECs
B COCTaBE MOHOHYKJIEAPHBIX KJIETOK KPOBH) IPHUBO-
JATCS. B CONPHUKOCHOBEHHE C AHTUTEHOM, HECYIUM
(IIyOpeCceHTHYIO0 METKY, U C TIOMOIIbI0 pudopa st
(IIyopecleHTHOH KJIETOYHOH COPTHPOBKH («KJIETOU-

¢ APExBIO. Human B Cell Culture and Expansion Kit. Catalog
No. BCI1001. URL: https://apexbt.com/human-b-cell-culture-
and-expansion-kit.html (nara o6pamenus: 11.06.2024).
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HOTO copTepa») OTOMPAIOTCS TOJIBKO TE€ KJIETKH, KO-
TOpBIE CBSI3aJId AHTUTCH CBOMMH IOBEPXHOCTHBIMHU
B-knerounsimu peuentopamu (BCR), cneunpuansiMu
K JmaHHoMmy aHtureHy. Kierounsni coprep pacmpene-
JsieT OTOOpaHHbBIE KIETKH B JIYHKH MHUKPOIUIAHILIETA.
Jaiee taktuka moxet ObiTh pasnoii. JIHK kineTok mo-
KET HEMOCPEACTBEHHO HCIIONBb30BaThCs ISl MOTy4e-
Hus pekoMOnHaHTHEIX MKA (npuuém ¢ coxpaHeHneM
C TIOMOILBIO CIEHUAIBHOTO JIMHKOPA JaHHOTO IIEHHOTO
WH/IUBU/IYaJIbHOTO COYCTAHUS V| U VH), nnu B-xnetku
MOTYT KaKoe-TO BpeMsl KYJIbTUBUPOBATHCSI, YTOOBI JTyU-
1Ie U3y4uTh cekpetupyembie uMu MKA, Hanpumep, B
OTHOIICHUH MX HEUTpanu3ylomel cnocoOHOCTH (eciu
HCCIIEIOBaHUE CBSA3aHO C TIOUCKOM aHTUTEN K MaToreH-
HEIM Bupycam) [18, 19].

OnHako of1Ha U3 CIIOKHOCTEH, BO3HUKAIOLIHX MPH
WCTIOJIb30BAHUU YKa3aHHBIX METOJOB KYJILTUBHPOBa-
HUU B-mumdonutos in vitro, 3aKi04aeTcs B TOM, YTO
4yeM 3 hexTHBHEE TPOUCXOIUT CTUMYIILHS B-umdo-
LUTOB, TEM OBICTPEE OHU MIPEBPAILAIOTCS B TEPMUHAIIb-
HO auddepeHIIMPOBAHHBIC IA3MATHYCCKUE KIIETKH,
HE CIOCOOHKIEC K JanbHeleMy pocty [22]. B pabore
M.J. Kwakkenbos u coaBT. yganocb NpeomosieTb 3Ty
CIIOXHOCTb MYTEM IC€HETHYECKOTO MepenporpaMMHpPO-
BaHUs B-mumdonuToB (B3ThIX U3 KPOBU JIOHOPA) [25].
C noMOIIBI0 PETPOBUPYCHON TPAaHCIYKIHU B JIUMQO-
LUUTHl TIEPEHOCHIIM TEeHBI, KOAUPYIOIIUE TPACKPHUIILIH-
onnble gakropsl BCL-6 u BCL-XL, KoTopbie UIpaloT
Ba)XKHYIO POJIb B MOJACPKaHUH Pa3MHOKeHUs B-kieTok
B 3apOABIILIEBHIX LIEHTpaX. B pesynsrare B-nmumdpouunTs
MPUOOpETaIH CIIOCOOHOCTh Pa3MHOXKATHCSI, 00Pa30BbI-
BaTh KJIOHBI U cekpeTupoBatbh MKA mo kpaitneit mepe
B TEYCHHE MECSLA, B MPUCYTCTBUH CTUMYIHPYIOIIETO
¢unepa. Kpome Toro, y HUX OOHapy:KMBaJId IKCIpEc-
cHo (pepMEHTa aKTHBALlMOHHO3aBUCHMOM IIMTUANH/IC-
3aMHHa3bl, O00ECIICUMBAIONICH COMATUYCCKUN THUIIEp-
MyTareHe3 Npu co3peBaHWU apPUHHOCTH aHTUTEN B
3apoJbIIEBBIX LIeHTpax [25]. BaxkHo, 4To TpaHcayLu-
poBaHHbIe TUMQOIHTHI (HanpuMmep, B-kieTkn namsTy,
BbIJICJICHHBIE U3 KPOBU JOHOPOB, IMMYHHU3UPOBAHHBIX
CTOJIOHSYHBIM aHATOKCHHOM), HE TOJILKO CEKPETHPOBa-
JIM aHTUTeNa, HO U COXPaHsUIM Ha CBOCH MOBEPXHOCTU
BCR. 310 no3Bonuio mpuMeHHUTH (UIyOpecleHTHBIN
KJIETOYHBIH copTep i1 oOHapykeHust B-nmum¢ounTos,
nponyuupyommx MKA K CTONOHAYHOMY TOKCHHY, U
MOJYYHUTh KIOHBI B-muMQonuToB, cekpeTHpyromue
MKA k naHHOMY aHTUTeHY. ABTOpBI TOKa3ald, 4TO
C TIOMOLIBIO OIMHUCAHHOTO MOAXO0AA MOXHO MOJYy4YaTh
MKA ¢ HeWTpanu3upyroue akTHBHOCTBIO K BUpycam
(HanpuMep, K pecupaTopHO-CHHLIUTHATIBHOMY BUPYCY
u 11p.) [25]. Meton MO>XXHO MCTIONB30BATh AJIS MOTyYe-
Hus He Tonbko MKA denoBeka, HO U pa3HBIX BUIOB
MJIEKOITUTAFOILHX.

Emé ogna yacto ucnosb3yemasi BO3MOXKHOCTb JJIs
MOJYy4YeHHUs] MMOTOMCTBa HWHIWBHIYalbHBIX B-KieTok
YeJoBeKa — 3TO UMMOpTanu3anus B-kieTok ¢ momo-
bt Bupyca Onmteiina—bapp (EBV) ans nomyuenus

TpaHc(HOPMHUPOBAaHHBIX  (MTUMGPOOIACTOUIHBIX) KJIe-
TOYHBIX JTUHHUH, KOTOPbIE MOYKHO JONOJIHUTEIBHO CTa-
OWIM3UPOBATh MyTEM CIUSHUS C KJIETKAMH MHUEIIOMBI
YeJI0BeKa WM THOPUIHOMN JTMHUY (TI0OTyYEHHOM OT CIIU-
SIHAS KJIE€TOK MMEJIOMBI 4EJIOBEKAa C MUEIOMOMN MBIIIIN)
[18, 26]. [TonpoOHee 00 3TOM moaxoe, KOTOPHIi OT4a-
cTH cHoBa Bo3Bpamaercs k I'T ansa momyuenuss MKA
4esoBeKa, OyJeT CKa3aHO HUXKeE.

MI/IKpO)KI/IAKOCTHbIe TeXHoONormn
npwv nosiy4yeHN" MOHOKJTOHAJIbHbIX aHTUTEN

Texnonorun nomydenns MKA u3 eguHMYHBIX
B-kneTok B Hacrosiiee BpeMsl UCHONB3YIOTCA B JBYX
BapUaHTax: MakpoBapHaHTe (C OOBIYHBIM JIAOOpaTOp-
HBIM 000pYAOBaHUEM IS KyIbTHBUPOBAHHS KIETOK) U
MUKpPOBapHaHTe, OCHOBAHHOM Ha MMKPOXKUIKOCTHBIX
(MukpodmonanbIx) Texnonorusx [18]. MakposapuaH-
THI B OOIMX YepPTax OMHCAHBI BBIIE. MUKPOXKUAKOCT-
HBIE TEXHOJOTMH CYLIECTBYIOT B Pa3HBIX (hopmarax,
CHayala ONMCAHHBIX B HAyYHBIX CTAaThiX B KayeCTBE
n300peTeHni Hay4HBIX Jaboparopuii, HO Temepb psf
3apyOeXHBIX OHMOTEXHOJOTMYECKMX KOMIAHUH yiKe
CIENUANN3UPYETCS Ha BBIITYCKE TAKOTO 000PYAOBaHUSI.
OnuH U3 BapUaHTOB TEXHOIOTU ist 0TOOpa B-KkieTok
yenoBeka, cekpetupyoomux MKA, cBogurcs npumep-
HO K cieaymoleMy. B3Bech KI€TOK, MOTEHIMAIbHBIX
nponyuentoB MKA, B >Xuakol cpene 3amyckaercs B
MHUKPOKHIKOCTHYI0 Kamepy mpubopa. Tyna ke BHO-
CUTCSA CIIELIMAIIBHBIN MacisiHbId pacTBop. IIpu cmemu-
BaHMH B MUKpOKaHajiax MpuOopa B3BECH KIETOK C Mac-
JIOM 00pa3yloTcs BOAHO-MacisHble MUKPOKAIIM (110
pasMepy COOTBETCTBYIOLIME NMHKO- U HaHOOOBEMHBIM
YacTHIaM), KOTOpble BKJIIOYalOT BHYTpHU cedst B-kier-
Ky. Kammu cTabunn3nupyior mOBEpXHOCTHO-aKTUBHBIM
BemiecTBoM (cypdakrantom). Kpome Toro, BHyTph Ka-
NeNlb MOMEMIAIOT PEaKTUBBI, MPEACTABISIONNE COO0H
YacTHUILbl, TOKPHITHIE aHTUTEHOM, M aHTUTeNa K Ig ue-
JIOBEKa, CBs3aHHBIE C (pIyopecueHTHOW METKOW (MH-
KpO(IIOUHbIE TEXHOIOTHH TO3BOJSIOT MPOU3BOAUTD
pa3iauyHble MAaHUIYJISALUUN C TAKUMU KalUISIMH, BapbU-
pys ux pasmep u conepxumoe). Eciu knetka npogynu-
pyer cneunuuecKkue aHTUTea, TO OHH MPHKPEMSTCS
K TMOBEPXHOCTH YacTUIBI C AHTUTE€HOM, a K HUM IpH-
COGIMHSATCS yXKe MeUeHbIe (PIyopecleHTHbIC aHTHTENA,
T. €. IOBEPXHOCTh HAHOYACTHULIbI, HAXOAALIEICS BHYTPH
MUKPOKAIUIM, MOKPOETCSI HMMYHHBIMH KOMITJIEKCAMMU:
anTureH—cnenuduueckue MKA-BTOpbIe aHTHTENA C
(uIr0OpECIIeHTHOM MeTKOM. B 3TOM ciydyae ot HaHOYa-
CTHLIBI OyAET MCXOOUTh CBEYCHHUE, T. €. BHYTPH Karllu
BO3HUKHET CBETSINASACSA TOYKa. BCTpoeHHbIN B puOop
KJIETOYHBIH copTep OTOEpET Takue MUKPOKAILIH U pac-
MPEENIUT UX 10 HAaHOJYHKAaM CIELHaJbHOIO KYJbTY-
paIbHOTO MHUKpOIUIaHIIEeTa (C TyHKaMU OY€Hb MaJIbIX
00bEMOB). B sTyHKax KariM JOMAITCS OT COMPHKOC-
HOBEHMS C KyJIbTyPaJbHOU CPENOM, U KJIETKAa OKA3bl-
BaeTcsd B CpeJie, IJIe MOXKET KaKoe-TO BpeMsl pacTH U
nenuthesi. Jlanee cpea MOXKeT ObITh JONOJTHUTEIHHO
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MIpOBEepeHa Ha Hajluuue cekpeTupoBaHHbIX MKA, ko-
TOpbIE MOTYT HaKaIlJIUBaThCS B BBICOKMX KOHIIEHTpa-
ousxX, Omarogaps MHHHUATIOPHBIM pa3MepaM JYHOK.
TexHonorns Mo3BOISIET 32 HECKOJIBKO YAaCOB aHAJIU3H-
poBaTh OeCATKH MMUJUIMOHOB B-KJIE€TOK, HaXOAAIIUXCS
B 06Opasme [18, 27, 28].

Hexotopsle MUKpPOXHMJIKOCTHBIE CHUCTEMBI, BBI-
MycKaeMble OMOTEXHOIOTMYECKUM KOMIAaHUSMH, HC-
MOJNB3YIOT AJSl JeTeKUUH He (UIyopecleHLHUI0 Ha Ha-
HOYaCTHLAX, a ABJICHUE, U3BECTHOE KaK «Pe30HaHCHBIH
nepeHoc suepruu mo dépcrepy» (Forster Resonance
Energy Transfer) wiu, no apyroii TepMUHOJIOTUH, «HH-
JTYKTUBHO PE30HAHCHBIN MepeHoc aHeprun». OH npen-
noJjaraeT HajJu4yhe B PEaKIMOHHOM cMecH ABYX Oei-
KOBBIX MOJIEKYJ, HECYIIHX pa3Hble (IyOopEeCIeHTHBIE
METKH, HasblBaeMble (uryopodopamu, onHa M3 KOTO-
PBIX MOXKET HUCIYCKaTh SHEPTHIO (ABJSTHCS JOHOPOM),
a Jipyrasi — MOmIomarh €€ (CIyXUTh aKLEIITOPOM) IIPU
COMMKCHUHU MOJIEKYJl MEUeHBIX OenkoB. Eciin B Mukpo-
Karie BMeCTe ¢ B-KJIeTKOW U3 KPOBH Y€JIOBEKA, CEKpe-
TUpYIOoLIeH anTuTena knacca IgG, cogepkarcs MedyeH-
HBIE Pa3HBIMU (IIyOpPOXPOMaMK MOJICKYJbl aHTUT€HA
BTOpBIX aHTHTen (K IgG venoseka), To mpu obpazoBa-
HUHM MMMYHHBIX KOMILJIEKCOB (MEUEHHBIE (IIyopoXpo-
MOM aHTUTEH-CIIe[(pUICCKIe aHTHTENa K aHTUTCHY —
BTOpBIE aHTHTEJNA, MEYCHHBIE APYTUM (IIyOpOXPOMOM)
JOHOPHBIE M aKUENTOPHBIE MOJEKYJbl COIMKAIOTCA,
MIPOUCXOANT UCITYCKaHUE IHEPTUU TOHOPCKOI MOJIEKy-
JIOW ¥ U3MEHEHNE CBEUEHUS MOJIEKYJIBI aKLIENITOpa, YTO
yaaBauBaeTcs mpudopom [29].

JanpHeiye MaHUMyISAUUU C UHKAICYJIMPOBaH-
HBIMH B MUKpOKarii B-nuMdouutamu (cexpeTupyio-
IIMMH HY)KHBIE aHTUTENA) MOTYT BKJIIOYaTh CO3JaHHE
pexomOnHaHTHBIX MKA (Ha OCHOBE I'€HOB, KOIUPYIO-
IMX cekpeTupoBaHHble B-kietkoit MKA) unu nony-
yeHue TuM(oOIacTONIHBIX TMHUH ¢ TOMOLIBIO TPaHC-
dopmarmu EBV ¢ nocneayroniei ctabunusanueii my-
TEM CJIMSHUS C KJICTKAaMHM MHEJIOMBI (0 uéM moapoOHee
OyaeT ckazaHO HUXKE). ITO TOIBKO OAWH U3 BO3MOXKHBIX
OMHCAaHHBIX (OPMATOB TaKUX METOAOB, MOTYT OBITh U
JIpyTH€ BapUaHTHI, B 3aBUCUMOCTU OT MOCTaBJIEHHBIX
3aga4y. Hampumep, eciu cTOMT 3agada BECTH OTOOP
B-KkJ1€TOK 110 CBSI3BIBAHUIO aHTUTEHA C MEMOPaHHBIM pe-
LENTOPOM Ha IOBEPXHOCTH B-KJeTok mamsTH, TO Ipe-
JIararoTCsl HECKOJIBKO MHOM IU3alH U COCTaB PEAKTHBOB
BHYTpPH MUKpoKareins [29]. Mcnonb3yst nogo0HbIe METO-
IIbl, CCIIEIOBATENSIM YAAETCS B OAHOM payHe T0OUTb-
cs, Hanpumep, 800-KpaTHOTO yBEIUYCHUS JOIH JTUM-
(OLUTOB, CEKPETUPYIOIIUX aHTUTENA K aHTUreHy [29].
Mukpokaruii ¢ 3aKIOuEHHBIMU B HUX B-mumdornura-
MU (HampuMmep, B3AThbIE y JIOAEH, mepeHEcnX BUpyc-
HOe 3a00JeBaHME), MOKHO HCIOJIb30BaTh IS OIpe-
JICJIEHUsI TIOCJIE0BaTENIbHOCTENH TeHOB, KOJUPYIOIINX
V, u V, yyacTku aHTHTEN, 00pPa30BaHHBIX UHAWBUJLY-
anbHBIMU B-nmumdonuraMu, ¢ meiabpl0 co3aaHusl cooT-
BETCTBYIOIINX peKoMOMHaHTHBIX MKA. Texnomoruu
BBICOKOIIPOU3BOAUTEIBHOTO CEKBEHHUPOBAHHUSI HOBOTO
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nokosieHus: (next-generation sequencing, NGS) B co-
YeTaHUH C MeTojaMu OMOWH(OPMATHKH MO3BOJISIOT
TaKXe ONpeeNuTh HanboJee 4acTo BCTpPEYalolInecs
MOCIIeIOBAaTEIbHOCTH BapHaOeIbHBIX Y4acTKOB. Ilpen-
[10JIaraeTcs, YTO OHU MPUHAJIEKAT aHTUTENaM, CIIEeLHU-
¢uuHBIM K BO30OyauTENo AaHHOTrO 3abonesanuu. Jla-
jiee Ha OCHOBaHMH 3TOH MH(OPMALUK MOXKHO CO37aTh
pexombunanTHOe MKA ¢ mocienyomuM u3ydeHHeM
€ro OMOJIOTMYECKUX CBOMCTB, HAIIPUMEP, CIIOCOOHOCTH
HeNTpanu3oBath BUpyc u ap. [9, 18, 19].

Y MUKpPOXHAKOCTHBIX METOJOB €CTh HeMaJo
MpeuMylIecTB. OTO U OPOMHasl MIPOIYCKHasi Coco0-
HOCTb, ITO3BOJIAIONIAs 32 HECKOJIBKO YaCOB aHAJIU3UPO-
BaTh MWJIJIHOHBI KJIETOK, U DKOHOMHS Cpell U pearcH-
TOB. BakHO, 4TO MOMOOHBIE TEXHOJIOTHH MO3BOJISIOT
JIOCTUTaTh BBICOKMX KOHLEHTpauuid MKA, momyden-
HBIX Jaxke OT ogHOM B-knerku. [Ipu ucnonb3oBaHUU
3TUX METOJI0B MOXHO BecTH nouck MKA 6e3 mpussis-
KM K 3apaHee BbIJIEJIEHHOMY HU3BECTHOMY aHTUreHy. Ha-
IIpUMep, MOXXHO BbIICHUTH Kak MKA, cekpetupyemblie
B KYJIBTYPaJIbHYIO CPEAY, BIUAIOT Ha CIOCOOHOCTh HH-
(heKIMOHHBIX BUPYCHBIX YACTHI] 3apaXaTh KIETKU-MU-
e, T. €. obnanaroT i 3t MKA HelTpanu3yroiu-
Mu cBoicTBamu [9, 18, 19].

MpenmywecTsa Knaccnyeckom rméprgoMHoN
TexHonornn

BosBpamasace K ruOpumoMam, CcileayeT OTMe-
TUTb, YTO, HECMOTPSI Ha TIEPCIIEKTUBHOCTH HOBBIX «HE-
rUOPUIOMHBIX)» METOAOB, HU OIUH M3 HUX HE Hamén
enl€ Takoro MUPOKOro NpUMeHeHus, Kak «crapas» I'T.
B uactHOCTH, Ha 3TO 0OCTOSATENHCTBO HEpPEOKO 0Opa-
LIal0T BHUMaHKE B psizie 3apyOeKHBIX 0030pOB, MOCBS-
MEHHBIX ONMKCAHMIO Mporpecca B 00J1acTH MOTYYECHUS
MKA [3, 6, 30]. AeiiCTBUTENBHO, 3TOT «CTapbIi» MOI-
X0Jl, M300peT€HHBIN yxke Oosiee moayBeka Hazaxa (Tep-
Basi paboTa Mo MOJIY4YCHUIO THOPHIOM OMyOJIMKOBaHA B
1975 r.), mpomoImKaeT OYeHb IMUPOKO UCIIOIB30BATHCS.

Coxpanenue nonynspHoctu crapoit I'T, mo-sunu-
MOMY, MO>KHO OOBSICHUTD ABYMSI OCHOBHBIMU NTPHYNHA-
mu. IlepBas npuunHa CBs3aHa CO CBOMCTBAMHU CaMOro
nponykta — MKA, o0pa3oBaHHBIX THOPHIOMaMH.
A umenno, I'T no3Bonsger nonydats MKA npupogsoro
IIPOMCXOX/ICHUS, BOHUKAIONIUE B pe3yibrare nudde-
pEHIMPOBKU B-mrMdonuToB B 3apoabIIeBbIX HEHTPaxX
TUM(OUTHBIX OPraHoOB, HAPUMEP, CEIe3EHKH MBIILU
(ecmu pedb UAET O MBILIMHBIX THOPUAOMAX ), TAC BapHa-
OeJIbHBIC YYaCTKH aHTUTEJ MOABEPraloTcs CynepMyTa-
reHe3y ¢ 0TOOpoM aHTUTeN ¢ Haubonee adhGUHHBIMU CO-
4eTaHusAMH V, U V| 1ap, TakKe MPOUCXOIHUT Kiacc-Ie-
pexitoueHue antuten ¢ IgM Ha npyrue M30TUIIBL
Takum 00pazoM, THOPUIOMHAS TEXHOJOTHS IO3BOJISIET
MoJy4aTh «00eCcCMepUYeHHBIE» (MMMOPTAIH30BaHHBIC)
JIMHUU KJIETOK, CIIOCOOHBIE CEKPETHPOBaTh B KYJBTY-
panbHyto cpeny MKA co cTpyKTypoil IpupOAHBIX aH-
TUTeN. Takue aHTUTeNa OTIMYAIOTCS CTaOMIIBHOCTBIO,
uX ynoOHee HCIOJIb30BAaTh B HCCIENOBATEIBCKUX LIE-
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OB30PbI

JSIX U JUIS KOHCTPYHPOBaHUS Pa3IMYHBIX UMMYHOXH-
MHUYECKUX TECT-CHUCTEM, YeM, HalpuMep, oOpazyembie
C MOMOIIBIO MeTOoJIa (par-aucIuiest pparMeHThl aHTUTEI
(KOTOpBIEC MOTYT MOTPEOOBATh JANIbHEHIIICH JOPa0OTKH
C MOMOIIBI0 TeHHON umxkeHepun) [3, 6, 30]. Bee atu
cBoiicTBa npucymu 1 MKA, npoaynupyeMbIM yromsi-
HYTBHIM BBILIE THOpPUAOMaM deloBeka. Takum oOpasom,
JeNlacTCsl HeHY)KHBIM IIPOIecC T'yMaHHU3alul aHTUTEI
(ecnmu CTOMT 3ajada MOJYYCHHUS TEPareBTUUECKOTO
MKA), a nonydeHue, npu HEOOXOIUMOCTH, PEKOMOU-
HaHTHBIX MKA (Ha OCHOBE MPUPOIHBIX) CHIBHO YIPO-
maercs. BakHo Takke, 4TO B OpraHU3Me HMPOUCXOAUT
HETaTUBHBIA 0TOOp B-KieTok, Mponyunpyrommx aHTu-
Tena K COOCTBEHHBIM aHTUTEHaM OENKOBOW M Ipyrou
OMOXMMUYECKOW MPHUPOABI, YTO YMEHBLIAET BEpPOAT-
HOCTh HEXeJaTebHBIX ayTOMMMYHHBIX peakUuui Npu
ucnonb3oBaHud MKA ¢ «ipupomHbIMi» COYETaHUSIMHU
BapuabesbHbIX y4acTkoB (V, u V) B Tepanuu. Hampo-
TuB, Fab-pparments! u npyrue gpopmsl antuten, obpa-
30BaHHBIC B PE3YJIBTATE CIIyYalHOTO CriapuBaHus V , U
V| B TexHonoruu (aroBoro JMCILIES, KaK CYMTACTCH,
c OoJiblIel BEPOSITHOCTBIO MOTYT MPOSIBIISATH Kpoccpe-
AKTHBHOCTD 110 OTHOLICHHIO K ayTOAaHTUTeHaM U obna-
JaTh OOJbIIEH IMMYHOTEHHOCTBIO [3, 6, 13].

Bropas npuurHa COXpaHsOLIEHCs NOMyISIPHOCTH
I'T — oueBUIHO, YUCTO MPAKTUIECKOTO M (PUHAHCOBO-
ro cBoiicTBa. Meton nonyueHus ruOpuaoM He TpedyeT
CJIOXXHOTO W JIOPOTOTO J1abOpaTOpHOTO 000pyAOBaHuUS,
U B CWIY CBOEH «OHOJIOTMYHOCTHY» OH MOXKET JIETKO
OCBaWBaThHCS HE TOJIBKO COTPYIHUKAMU OMOTEXHOIOTU-
4eCcKUX (pUpPM, HO U CIEUUATMCTaMU HAYYHBIX J1abopa-
TOPHIA, OTHOCSIIIMXCS K CAMBIM Pa3HbIM HapaBlIeHUAM
B 00nacTu OMOJIIOTHYECKUX HayK. [ momydeHus: BHy-
Tpunaboparopueix MKA A1 KOHKpETHBIX HCCIIEI0Ba-
TENbCKUX 1IeJIel HaydHOU rpymisl (HampuMmep, Gusno-
JIOTHYECKOTO Mpoduiisi) He TpeOyIOTCs criequaan3amnus
B oOnactu TexHoiorui pekomOuHanTHbIX JIHK, coot-
BETCTBYIOIIEE CIeNHanbHOoe 000pyI0BaHIE U JAOPOTO-
CTOSIILIIE PEareHTHI.

«Herubpunomusie» Metonsl mnomyueHus MKA,
HaIpPOTHB, TPEOYIOT CIIEIMAIN3allUU B 00JIaCTU TCHHON
WH)XEHEPHH, JOPOTOCTOSIIET0 OCHAIICHUsS Jabopa-
TOPUH U OOECTeueHHs pearcHTaMu, OTOMY OHH JI0-
CTYIHBI HEMHOTUM J1a00paToOpUsIM U KPyITHBIM OUOTEX-
HOJIOTMYECKHM KoMmaHusiM. Kpome Toro, aTu MeToabl
HEPE/IKO 3aaTeHTOBAHbI U TPYAHO BOCIIPON3BOJUMEI, B
TOM YHCJI€ M3-32 OTHECEHHS YacTH MHPOPMAIUU K 00-
JIACTH «KOMMEPUECKOW TalHbD» OMOTEXHOJIOTMYECKHUX
KOMIIaHUH, TIPOU3BOISIINX C TIOMOIIBIO 3TUX METO/IOB
MKA wunu cnenuanbHoe oOOpydoBaHHE (Hampumep,
MUKPOXXHJIKOCTHBIE CUCTEMBI) Iisi moimyuenus MKA.
OnHako ¢ y4€TOM MEPCHEKTUBHOCTH 3TUX HOBBIX Ha-
MpaBJIeHUIl aBTOPbl MHOTMX O030pPOB TOIHUMAIOT
BOMPOC O HEOOXOOUMOCTH CAEJaTh YKa3aHHBIC TeX-
HOJIOTMYECKHE TOCTW)KEHHsI Oojiee NOCTYNMHBIMHU IS
IIMPOKOTO HAYYHOTO COOOIIECTBA B Pa3HBIX 00JACTAX
OuoNoruM, B TOM 4YHCIIEe IMyTEM NPOBEACHUS CIElu-

AJIbHBIX MPAKTUYCCKUX CEMHUHAPOB, TPCHUHIOB U T.II.,
CHocoOCTBYIOIIUX Oosiee IMHUPOKOMY OCBOCHHIO ITHX
TexHosorui [13, 18].

CoBpemeHHasa moauduKaymsa metoga
G. Kohler n C. Milstein

B To ke Bpemst u crapas I'T Bocnpussuia psjx co-
BPEMEHHBIX YCOBEPIIEHCTBOBAHUN, YTO, MO MHEHMIO
psaa aBTOPOB, MOXET NMpHUAATh €l BTOpOEe IbIXaHUE,
OTKPBITH HOBBIE BO3MOHOCTH [3, 6]. Hike nmpuBeneHsb
HEKOTOpBIE IPUMEPHI PsAJIa BaXKHBIX yCOBEPILIEHCTBOBA-
HUH, npennaraeMeix B oomactu ['T.

Bo-mepBbIX, 11 BbIIENEHUs CHENH()UIECKHX
THOPUAOM TOCIIE CIUSHUS BcE Oonbliee MPUMEHEHHUE
HaXOASAT CTEpWIbHBIE (IIYOPECICHTHBIE KICTOYHBIE
coptepsl. Iloka3aHo, 4yTO Ha MOBEPXHOCTH CEKPETHU-
pytomux MKA KIeTOK MBIIIMHBIX THOPUAOM Mpen-
crapnensl BCR ¢ BapuaOenbHBIMH y4acTKaMH TOH
JKe CHeUM(pUYHOCTH, YTO M CEKpPEeTUpyeMble STHMU
kinetkamu MKA [31]. IToaToMy BMECTO TOro, YTOOBI
MPOBOAUTH TPYAOEMKOE TECTUPOBAHUE Ha cHelH(Hy-
HOCTbH OTACIBHBIX KOJIOHUH TMOPUAOM MOCIIE CIUSHUS
(c mocneaylomM MHOTOKPAaTHBIM KJIOHHPOBAaHHEM
0TOOpaHHBIX THOPUAOM), MOXKHO NPUOETHYTH K ce-
JIEKUUHU U KIIOHUPOBAaHUIO THOPHUIOM, HCIIONB3YS CTe-
puiIbHBIE KiIeTOuHBIe copTepsl [31]. CMmech cauBIIMX-
sl KJIETOK TOciie 0TOopa TMOPUIHBIX KIIETOK Ha Cpeie
I'AT (ana ynaneHus HECIMBIIHXCS KIETOK) MOXKHO
CBSI3aTh C AHTUTCHOM, HECyIIUM (IyOpEeCICHTHYIO
METKY, U TIOABEPTHYTh OTOOPY Ha KJIETOYHOM COpTe-
pe. YcTpoicTBO OTOSPET MEUCHbBIE KICTKU (KOTOpPBIE
CBA3aJIM aHTUTEH uepe3 cBou noepxHocTHble BCR)
U Pa3MECTUT UX IO OTJEIbHBIM JYHKaM KYJIbTypajb-
HBbIX MHKpOIUIaHIIeTOB. Takum 0o0pazom cpa3y BO3-
MOXXHO TPOHM3BECTH U OTOOp THOPHIOM, CEKpeTH-
pytomnx MKA k aHTHreHy, u ux IepBOHa4aJbHOE
KJIIOHUpOBaHHE. DTO HE TOJIbKO HAMHOIO COKpalaeT
BpeMsl TIOJyYCHHUs THOPUIOMHOM KIIETOYHOU JTHMHUH,
9KOHOMHUT CpeAbl, KYIbTypaJbHYyIO NMOCYAY U T. 1., HO
Y PE3KO YBEINYMBACT HPOIYCKHYIO CIIOCOOHOCTD TeX-
HOJIOTUH. MOXKHO OXBaTUTh TECTUPOBAHHEM OOJIbIIUE
MOMYJSUUH JTUM(POLUTOB OT HECKOJIBKMX UMMYHHBIX
MBIIIEH, YTO yBENMYMBAECT WHIAHC HaWTH Hambolee
noaxojsamnme MKA. DToT MeToa UCTOaB3yeTes U s
0oTOOpa M KJIOHUPOBAHMS THOPHIOM YEJIOBEKa, OJ[HA-
KO OrpaHMYEHHUEM SBISETCS TO 0OCTOSITEIBCTBO, YTO
JUHHH, TOJydeHHble u3 B-muMdonuToB uenoseka,
TpancpopmupoBanHeix EBV, Hepeako moryt cnabo
akcrpeccupoBarh MemOpanHbie BCR [26]. Takxke
st otbopa MKA-cekpeTupyromux ruOpuaIoM U ux
OBICTPOTO KJIOHHPOBAaHUS MOXHO HCIIOJIb30BaTh MU-
KPO’KHKOCTHBIE CUCTEMBI TUIIA ONTMCAHHBIX BBIIIE HA
npuMepe 0TOopa MHAUBUAYaIbHBIX B-muMbouuTos,
MPOAYLHUPYIOMUX aHTuTeNa [27].

Jpyrum ycoBepIIeHCTBOBaHUEM, YaCTO YTIOMHUHA-
eMbIM B 0030pax, MOCBAMIEHHBIX pa3Butuio ['T, sBs-
eTcs MCIONb30BaHKUE TIONTYKUIKUAX Cpea AJsl 0TOopa H
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KJIOHUPOBaHUs TUOpUIoM [6, 26]. B Takue cpenbl Moxk-
HO 100aBUTh, HAPUMEP, HAHOYACTHUIIBI C AHTUTCHOM H
BTOpBIC aHTHTEJA, HeCyIHe (IyOpEeCHEHTHYI0 METKY.
B nonyxuakux cpenax ruOpuIOMHbIE KJIETKU pacTyT B
BUJIE€ OTHENIBHBIX KOJOHHH (KJIOHOB), @ CEKPETHPYEMbIE
uMu MKA KOHIIEHTPUPYIOTCSI BOKPYT 3TUX KOJOHHI.
3a cuér 00pa3oBaHUsl IMMYHHBIX KOMIUIEKCOB BOKPYT
KJIOHOB THOPHIIOM, CEKpeTHpylomux HyxkHble MKA,
npu (GIyopecueHTHOH MHUKPOCKONUHM OydaeT oOHapy-
JKUBAaTbCsA CBEUEHHE. DTH KJIOHBI MOXKHO W3BIIEYb W3
MOJIY>KMJIKOM Cpenbl Uil NajdbHEHIINX MaHWUITYJISLMN.
MeTton Mo3BOJISIET OJHOBPEMEHHO BBISBIATH U KJIO-
HUpoBaTh cekperupytomue MKA rubpuaomsl u npe-
MATCTBYET BBITECHEHUIO KIIOHOB, aKTUBHO MPOAYLUPY-
tommx MKA, HeckpeTHpyIomuMHu, HO OBICTPO pacTy-
MIMMU KJIeTKaMHd. Psig ¢upm BeillyckaeT crienuaibHOE
o0opynoBaHue, Jenaromiee 0ojee yI00HbIM IS UCClie-
JloBaTesiel UCIOJIb30BaHUE 3TOTO METO/A.

Kponnubn ru6pugombl

BaxxuplM HampaBieHUEM SBISETCS CO3JaHUC TH-
OpUIOM Ha OCHOBE KJIETOK APYIMX BHIOB YKHBOTHBIX
(ue mpiuHBIX). Bekope nmocne nosenenus ['T y uccre-
JoBarejeld BOSHUKIO OKUAAEMOE CTPEMIICHHE MPHIIO-
JKHUTh 3TOT METOJA K TaKOMY >KHBOTHOMY, KaK KPOJHK.
[TonuknoHaNbHBIE KPONWYBbH AHTHUTENA OTIMYAIOTCS
BBICOKOH a()()MHHOCTBIO, U UMMYHHAsl CHCTEMa Kpo-
JIMKa CIOCcoOHa AaBaTh 0OJiee CUIIBHBIA T'yMOpaJIbHBIN
MMMYHHBIH OTBET MO CPaBHEHHUIO C MbIbI0. OqHAKO
nonyyeHue kpoinnubux MKA ¢ nomomrsio I'T oxaza-
JIOCh HENETKUM JAEJIOM, T. K. He ObUIO B HAJIMYUH OJ-
XOJSIILEro mapTHepa Ajsl cnusHus ¢ B-muMbountamu.
Oxka3anoch, 4T0 y KPOJIMKOB HE BOZHUKAECT MUEIIOM, M3
KOTOPBIX MOXKHO OBIIO OBl CO3JaTh KICTOYHYIO JIMHHUIO
(1OMOOHO CO3MIaHUIO JIMHUH MBIIIMHBIX MUCIOMHBIX
KJIETOK, HCIONB3YeMbIX JJIsl TONYyYEHHS MBIIIMHBIX
MKA). MeXBUIOBBIE K€ TUOPHUAOMBI OT CIHSHUS
B-muM¢pounTOB KpoiMKa W MHEIOMBI MBIIIH OBUIN
O4YCHb HECTAaOWIBbHBI, OBICTPO TEPSUIM XPOMOCOMBI,
yTpaunBasi ciocoOHOCTh 00pazoBsiBaTh MKA. Bee e,
Onarozmaps crieuagbHBIM yCUIIHUSAM, HEKOTOPBIM HCCIIe-
JOBaTeJIsIM C MCIOIb30BaHMEM T'€HETHYECKH MOIU(H-
LUPOBAaHHBIX KPOJUKOB yAajnoch B 1995 . momyuuTs
kiaerounyto JuHu0 240E-W (HamomoOue MBIIIMHOM
MUEIIOMBI), OTHOCHUTENBFHO IPUTOAHYIO JIS TIOTY4EHHSI
Kponauubux rudpunom [32]. B nanbHeiiem, Ha npoTs-
xeHud 1997-2001 rr., ObUIH NPeaNPUHSITHL YCHIHUS 110
VAYYIICHUIO KAuecTBa TOM JMHUM KakK MapTHepa AJs
rubpuan3anuu (B 4aCTHOCTH, MPHUIIUIOCH U30aBIISATHCS
OT CEKpEUMH STHMHU KJIETKaMH COOCTBEHHBIX HMMY-
HOTJIOOYIMHOB W pemiaTh psif MpodieM ¢ KylIbTHBH-
poBaHHEM H CTaOMIBHOCTBIO THOpHUIOM), U B 2013 .
Ha yIaydlUIeHHBIA BapuaHT 3To smHuU (240E-W2)
Obl1 BBIIAH MeEXAyHapoAHbl mareHt [32]. Takum
00pa3oM, B OTJIIMYHUE OT KICTOK MUEIOMBI MBIIIH, IIIe-
npo npenoctasieHHbix C. Milstein Jj1s monb30BaHUS
MEXIYHAPOAHOMY Hay4YHOMY COOOLIECTBY, KPOJIUYbSI
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JIMHUS — aHAJIOT MBIIIUHBIX MHUEJIOM — OXpaHAEeTCs
[IaTEeHTOBAHUEM.

B nacrosimiee Bpemsi psii OMOTEXHOIOTHYECKUX
KOMITAaHUH CHEeIUalU3UPYIOTCS Ha TMPOU3BOJCTBE U
nponaxe kponuubux MKA. FDA og06puino Heckoub-
ko kponnubux MKA 15 npuMeHeHus B TuarHocTHye-
ckux nemsx. Kpome toro, psa tepanesruueckux MKA,
HCXOMHO SIBIISIOIIMXCS TPOAYKTaMHU KPOJIHYbHX THOpHU-
JIOM, TIPOXOJIAT B HACTOsIee BpeMs KIMHUYECKHE HC-
neiTanus [32]. Tem He MeHee OTMeUaeTcs, YTo Moayye-
HUE KPOJIUYbUX THOPUIOM OCTaETcs TEXHUUECKHU Ooee
CJIOXKHOM 3aJ1a4eii, 4eM B CJIy4ae MBIIIUHBIX THOPUIOM.
Kponuubu rubpumoMel, mo-BUANMOMY, BCE KEe MEHEe
CTaOMIIbHBI, OOJIee CIOKHBI B KYIGTHBHPOBaHHHU, U K
TOMY € €CTh IIPOOJIEMBI C TATEHTHOM OXpaHOM JIMHUU
MHUEJIOMHBIX KPOJUYbHUX KJIETOK, HCIIOJIb3yEMbIX B Ka-
YyecTBE MapTHepa Juist caustHud [32].

KypI/lele n mexxsmagosble FI/I6pI/I,E|OMbI

B nuteparype onucaHbl OTAEIbHBIE KypUHBIE TH-
Opunomsl, npoayuupytoume Kypunbie MKA kmacca
IgY; o™i nuHMK OBUTH MOMYYeHbI OT CIUsSHUS B-nuM-
(OLIMTOB HMMMYHHBIX Kyp C KJIETKAMHU KYpPHHOW MHe-
nomel [6]. MHTepec k KypuHbiM IgY-aHnturenam cas-
3aH C TE€M, UTO, KaK CYUTAETCSA, OHU MOTYT UMEThb PsJ
MIPEUMYIIECTB Iepe] aHTUTEIaMH MIIEKOIUTAIOIUX
BCJIEJICTBHE 3BOJIIOIMOHHON oTAanéHHocTy ntul [33].
Tak, mpeanonaraeTcsi, YT0 B HEKOTOPBIX CIy4yasX y Kyp
MOYKHO pPacCUMTHIBATh MOJTYYUTh UMMYHHBIM OTBET Ha
PAJ aHTUTE€HOB, HA KOTOPHIE UMMYHHAsl CUCTEMA MJle-
KomUTaoIMX He pearupyer. OgHako mupoko I'T mis
nonyuenuss MKA kyp He ucmonb3yercs, ckopee st
noiy4eHus: pekomOuHantTHeIX MKA Kyp npumensiercs
TEXHOJIOTUs (haroBoro nuciuies [6].

To >ke OTHOCHTCA U K COOOIICHHAM O TOJIyue-
HUM THOPHIOM HEKOTOPBIX APYTMX BHIIOB KUBOTHBIX,
HarpuMmep KopoB [6]. Y3 MiekonuTammux, Hapsay
MBIIIBIO, U3HAYAJIBHO JOCTAaTOYHO IIHPOKOE pPaCIpo-
CTpaHEHHUE IMONy4yWwIa IpakTuka mnonydeHus MKA
KpBIC C UCTIOJIB30BAaHUEM KJIETOK MUETIOMBI KPBICHI MU
MHUEJIOMBI MBIIIN SIS CIUSHUS ¢ B-KileTKaMu KpbICHI
(B omIM4Me OT HECTAOWJIBHBIX TUOPHUIOB COMAaTHYe-
CKMX KJIETOK MBIIIM M KPOJINKA, OBICTPO TEPSIOMINX
XpoMocoMbl 1 cekpetuto MKA, mMexBunoBble rudpu-
JIbI MBIIITL X KpbICa OoJiee cTaOmiIbHbI) [34].

Yenoseuyeckune I'I/I6pl/|p,0MbI

Oco0oro paccMOTpeHHs 3aCIyXHBaeT TaKoe Ha-
MpaBJeHUEe, KaK MOIyuYeHHE YEIOBEYECKIX THOPHIIOM,
cekperupyromux yenoseueckue MKA. DTo Hampasie-
HUE JaBHO IPHUBIEKJIO BHUMAaHUE HCClefoBaTeneil u
KaK MyTb U3Y4YEHMs, HAIIpUMEpP, ayTOMMMYHHBIX Hapy-
LICHUI B MaToOreHe3e pa3sInuHbIX 3a00JIeBaHUM, U KaK
BO3MOYKHBI MCTOYHMK TepaneBTHueckux MKA, nme-
IOLIMX CTPYKTYPY U CBOWCTBA HEN3MEHEHHBIX (ITPUPOLI-
Hbix) MKA [6, 19, 26]. []nst noiay4YeHus TaKuX ruOpu-
JIOM MO)KHO HCIOJb30BaTh B-KJIETKM M3 KPOBH ueno-
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Beka. OHaKo 3Ta 3aJa4a BO MHOIOM OCTaéTcsl BechbMa
TEXHUYECKU HEMPOCTOH, HECMOTPS Ha JIOCTUTHYTHIE B
9TOM HalpaBJIeHUH YCIEeXH. DTO CBA3aHO C HECKOJIbKU-
MU NpUYMHAMHU. BO-NEpBBIX, OTCYTCTBYET KJIETOYHAs
JIMHUS, CHOCOOHAsI P CIUSHUH TOJAEPKUBATh CEKpe-
o MKA B rubpunax cronb ke 3p¢GeKTUBHO U cTa-
OMJIBHO, KaK 3TO IPOUCXOAUT B MBILIMHBIX THOPUAOMAX
(a MexBuOBBIC THOPUIBI B-TUMQOIUTOB YeloBeKa ¢
KJIETKAMH MHEJIOMBI MBIIIHN OTIMYAIOTCSl CHIIBHOM He-
CTaOMIIBHOCTBIO TE€HOMa, OBICTPO TEPSAss XPOMOCOMBI
YeJIOBEKa M, COOTBETCTBEHHO, CIIOCOOHOCTh CEKPELIUU
MKA). Bo-BTOpbIX, B KpOBH 4YEJIOBEKa COJEpIKaHUE
B-nmuM¢pouunToB, CEKpeTUPYIOIUX aHTUTENa HCKOMOKN
cneun(pUIHOCTH, OUYCHb MAJIO 10 CPAaBHEHUIO, HAIPU-
Mep, C CEIe3€HKOM MMMYHHOM MbIlIM. B mombiTkax
MPEOJONCHUSI TEXHUYECKUX CIIOKHOCTEH 00paTuinch
K TpaHcopManuu B-kietok kpoBu ¢ nomousio EBV
JUISL TIOTYYEHUsS] TPaHCPOPMUPOBAHHBIX JIMMQPOUTHBIX
KJIETOYHBIX JUHMH, nmpoxyuupyomux MKA. Oanaxo
[pU 3TOM TpaHc(OpMaLUIO MpeTeprieBaia HeOombIas
J0NIS KJIETOK, ¥ TaKue JIMHUK OBICTPO YTpauuBalld ce-
kpeunto MKA. B nanbueiimem 3¢ hekTHBHOCTD BUpYC-
HOW TpaHC(OpPMalMK YIaloch MOBBICHTBH, HCIIOIb3YS
JIOTIOJIHUTEIILHBIC aKTUBATOphl B-mumdonuror (Ha-
npumep, CpG-copeprkaliue OMUrOHYKJICOTUABl U HH-
Tepneiikuusl) [6, 19, 26].

Jns crabunmuzauuu TpaHC(HOPMUPOBAHHBIX BU-
PYCOM JIMHHMI 3TH KJIETKU IOMOJHHUTENBHO CIHBAIOT C
KJIETKaMU THOPHIHBIX JMHUH, MOJXYy4YEeHHBIX, Hallpu-
Mep, OT CIMSHHA KJICTOK MHEJIOM YeJIOBEeKa U KIETOK
MBILIMHOW MHENOMEI. [lo-BHIUMOMY, Takue THOpHI-
HBIC JIMHUH JIy4llIe 00eCIIeUnBaIOT CTA0MIIBHYIO CeKpe-
uuto MKA B KOHEUHBIX THOpUAAxX, YEM UCIIOIB30BaHUE
B KauecTBe naprHepa i ciusaus ¢ EBV-tpancdop-
MHPOBaHHBIMU B-KJIETKaMU IPOCTO KIIETOK JIMHUN MU-
€JIOM YeJIOBEKa, KOTOPBIE YaJIOCh MOMYYUTh B HACTOS-
miee Bpems [26]. Onnako Bc€ xe I'T B mpunoxkeHnn K
KJIETKaM 4YeJIOBEKa 3HAUUTEJbHO YCTYMaeT MO CBOEH
3¢ (EKTUBHOCTH TEXHOJIOTUH MBIIIUHOW THOPHUIOMEI,
SIBJISISICH 3HAYUTEILHO OoJiee CIOKHOM 3amadeti [6, 26].

HoBble MeTogbl rM6puAN3aLmnm KNeTok

[JanpHeiiniee noseienne 3 HEeKTHBHOCTH TEXHO-
JIOTHH TIOTyYeHHS THOPUAOM CBSI3BIBAIOT, B YACTHOCTH,
C HOBBIMH METO/IaMHU THOPHIN3AINU KIETOK, OCHOBAH-
HBIMH Ha HMCIOJBb30BaHUHU SJNEKTPUIECKHX UMITYIIBCOB.
OneKTpuYeCcKre METObI IS CIIUSIHUS KIETOK yKe HIU-
POKO MPUMEHSIOTCS AJ1sl TOyYESHUSI THOPHUIIOM, TT03BO-
JIsis1 3HAYUTENBHO YBEIUYUTH YACTOTY CIHMSHUS — TIO
pasHBIM JaHHBIM, OT 2 /10 HECKOJIbKUX AECATKOB pa3
[3, 6, 26, 35, 36]. Psan naboparopuii onucanu npume-
HEHHE MPUOOPOB ISl BIEKTPOCIUSIHNAS COOCTBEHHOTO
W3TOTOBJICHHS, OJJHAKO TaKO€ 00OPYHIOBAHUE yXKE BBI-
MyCKaeTcss PAJOM OHOTEXHOJOTHUYECKUX KOMIIAHHH.
Hanpumep, no coobmenuto T. Kobayashi u coasr,
4acTOTa BBIXOAA MBIMIMHBIX U KPBICHHBIX THOPHIIOM,
cexkperupyronmx MKA K aHTUTeHY, IpU 3NIEKTPOCIIH-

SHUM (C oMoLIbI0 prbopa SMoHCKoH QupMbl) OKa3a-
Jach B 5 pa3 BblllIe, yeM Ipu ucnons3oBanuu [101° [36].
NHTepecHOo, 4TO KOIna BMECTO KIETOK CENE3EHKU UM-
MYHHBIX )KHBOTHBIX (MBIIIEH U KPBIC) IIPHU IEKTPOCIIHU-
SIHUM WCTOJIB30BaU JTUM(OY3bI, TO 0 CPABHEHHIO C
OOBIYHBIM MPOTOKOJIOM (CIHSHHUE KIETOK CENe3EHKHU C
KJIETKaMH MUEIOMBI ¢ momoinbio [1917) konuyecTBo ru-
OpuoM — TpoAyLeHTOB HYXHBIX MKA — Bo3pociio
B 50 pa3 [36]. ABTOpBI CUMTAIOT, YTO Takue Moaudu-
Kal[i MOTYT 3HAYUTEJILHO MOBHIMIATh 3QPEeKTUBHOCTD
METO/Ia, B TOM YHCJIE€ YMEHbIIAs YHCIIO HCIIOJIb30BaH-
HBIX JKUBOTHBIX. JTH JaHHBIE MOATBEPKAAIOT Oolee
paHHUE COOOILICHWU O TOJIC3HOCTH MCIONB30BaHUS B
I'T He TONBKO KIIETOK CEJIE3EHKM UMMYHHBIX JKHABOT-
HBIX (HanOosee YacTasi IPaKTUKa), HO U KJIETOK JIMM-
(Oy370B U, MO HEKOTOPHIM JaHHBIM, KOCTHOTO MO3ra,
0oraroro mIa3MaTHUYECKUMH KJIETKAMH, CEKpETHpY-
oMy anturena. [Ipudém, o HEKOTOPBIM JIaHHBIM,
B-num¢ouuTsl U3 pa3HBIX OpraHOB UMMYHHOH cUcTe-
MBI MOT'YT pa3luyarbcs M0 CHEKTPY aHTUTEN, KOTOpbIe
OHHM IpoayLHpyIoT [37].

OcobeHHO OonblIMe HAAEKAbl CBS3BIBAIOT C HO-
BEUIIMMH METOJAMH COMAaTHYECKOH THOpHUIu3aIiiuu
KJIETOK Ha OCHOBE, HAalpUMED, JIa3epHBIX U MUKPOXKH/I-
KOCTHBIX TexHonoruil. Hambonbiryo 3¢dekruBHOCTS
CIUsHUS O0elaeT NPUBJICUCHHE MUKPOXKUAKOCTHBIX
texHonoruit [3, 38]. Ecnu yactoTta cnugHUSA IpU HC-
nonp3oBanuu [131° cocTaBnser B mydiem ciydae npu-
MepHo 1 Ha 10* KJIETOK, TO B OTHOIICHHUH 3TUX HOBBIX
METOJOB COOOIIAETCS O BO3MOXHOCTH JOCTHKEHUS
YaCTOTHI CIUSIHUS 0KoJI0 80—95% KIeTok mpu coxpaHe-
HUY JKU3HECIIOCOOHOCTH 00JIee MOJIOBUHBI THOPUTHBIX
kieTok [3, 38]. Beicokas yacrora cinusiHus (C coxpa-
HEHHEM XKHM3HECIOCOOHOCTH TMOPUIOB) OYEHBb BakKHA
NpY TOJyYCHHU YEIOBEYECKUX THOPHIOM, KOTJa YHC-
70 B-numponuTos, cnocodHbIx cexperrpoBatb MKA
HYXHOH crenuuIHOCTH, B KPOBH JOHOPa MOXKET
OBITH OYEHb HU3KHUM (M NPU HU3KOHW YaCTOTE CIUSHHSA
TaKue KJIETKHU MPOCTO OYIyT MOTEPSIHBI).

TpaHCFeHHbIe KNBOTHbIE

Hpyrum cmocobom nonmyuenus MKA uenoBeka c
nomouibio ['T siBnsieTCs UCNOJIB30BAHUE TPAHCTEHHBIX
JKUBOTHBIX, Yallle BCEro JabopaTOpHBIX MbIIeH [6].
Hanpumep, mosry4eHsl TpaHCTCHHBIC MBIIIIH, Y KOTOPBIX
TeHbl UMMYHOTIJIOOYJIMHOB MBIIIA 3aMCHEHBI Ha I'CHBI,
OTBEYAKOIME 332 O0pa30BaHKUE AHTUTENI Y 4YEIIOBEKa.
OTH )KUBOTHBIE CIIOCOOHBI JJaBaTh T'YMOPAJIbHBIA OTBET
Ha MMMYHM3AIMI0 aHTHTCHOM C 00pa30BaHHMEM aHTH-
TeJI, KOTOpbIe MPOLUTH Yepe3 co3peBaHune adpPUHHOCTH
B pe3yJbrare cynepMyTarcHe3a u oroopa B-kieTok B
3apOJIBIIIECBBIX JIMM(OUIHBIX LIEHTPaX, U UX B-mum-
(OLMTH MOXKHO CJIUBaTh C MHEIOMOM MBIIIH OOBIY-
HBIM CIIOCOOOM C TMOJIyYCHUEM MBIIIUHBIX THOPUIOM,
nponyuupyromux uenoBeueckue MKA [7]. Onnako
croco0HOCTh 00ecreunBars pasHOOOpa3ue aHTHUTEN Y
TPAHCTCHHBIX MBIIICH HIDKE, YeM B OpraHH3ME 4esio-
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BeKa (0TYACTH 3TO MOXKHO KOMIIEHCHPOBATh ITyTEM TI0-
Jy4eHusi THOPUIOM OT HECKOJIBbKMX HMMYHHBIX KHBOT-
HBIX) [6]. Takke B OpraHu3Me MBILIH XYK€ MOXKET OBITH
«KOHTPOJIb KaueCTBa aHTHTEID», YEM B OpraHU3MeE ue-
JIOBEKa, B OTHOLICHUH, HAIPHUMEP, ayTOMMMYHHBIX pe-
akuuii [6]. [TosTomMy ncnons30BaHuE TPAHCTEHHBIX MBbI-
1Ieil BpsiJ M MOXKET MOJTHOCTBHIO 3aMEHUTH MONTyYeHHUE
MKA uenoBeka ¢ mOMOIIBI0 THOPHIOMBI YEIOBEKa, XOTS
CaMo CO3JaHHE TAKHX JKUBOTHBIX MOXKET OOJIErYUTHCS C
WCIIOIb30BaHMEM HOBBIX SHIOHYKJICa3HBIX METOJOB pe-
JaKTHpoBaHus reHoma, ocobenHo CRISPR/Cas9 [39].
[MomyyeHsl TakKe TPaHCTCHHBIE KUBOTHBIEC IPYTUX BU-
JIOB (HampuMep, Kypbl U KPOIIUKH), CIOCOOHBIE 00pa3o-
BBIBAaTh aHTHUTENA YesoBeka [6]. OHaKO HCTIONB30BaHIE
B-nmum@onuToB 3TUX JKUBOTHBIX AJIs IOJIyYECHUs THOPH-
JOM OrpaHMYHMBACTCS TEXHHUYECKUMH CIIOXHOCTSIMH,
IJIaBHBIM 00pa3oM H3-3a 0COOCHHOCTEW JIMHUI KIIETOK,
KOTOpBIE BO3MOXKHO HCIIOJIb30BaTh B Ka4eCTBE MapTHe-
POB ISl COMaTHYECKOH ruOpuan3auuu [6].

Mogundukaums NMMyHU3aLN XKNBOTHBIX

Baxxaple 13MEeHEHHS KacaloTCsl TaKKe Ha4albHOTO
stana B nonydeHun MKA myrém I'T — ummyHu3anuu.
Camplii pacnpoCTpaHEHHBIH CIOCO0 MMMYHH3ALUH
MBIIIEH MpH NoMydYeHNH MbIIMHBIX MKA, Hanpuwmep,
K OCJIKOBBIM aHTUTE€HAM — 3TO BBEJCHUE OYUIICHHOTO
aHTUreHa (HATUBHOTO MJIM PEKOMOWHAHTHOTO OejKa) C
aapioBanToM. OHAKO MOA BO3JCHCTBUEM abIOBaHTa
MOKET U3MEHSThCS KOH(OpMALUs MOJIEKYITbI OeNTka-aH-
tureHa. [IpeamonaraioT, 4To UMEHHO C STHM CBS3aH
TOT (paKT, YTO OONBIIMHCTBO THOPHIOM, MONy4aeMbIX
nocje UMMYHU3alUH MBIIICH OMUCaHHBIM CHOCOOOM,
cekperupyror MKA, pacno3naroniye JHHEHHBIEC 3TTH-
TOIIBL, T. €. ONpeAeIEHHbBIE aMUHOKHCIOTHBIE MOCIIEeN0-
BaTEIbHOCTU B CTPYKType OeskoB-aHTUTEHOB [6, 40].
Bmecre ¢ TeM npu MONy4YeHHHM, HANpUMEp, Tepares-
tuyeckux MKA yacto HE0OXOAUMO HOOHUTHCS, YTOOBI
oroOpannsie MKA pacno3HaBaiu KOH(GOpPMAaOHHEIE
SIUTOIIBL, T. €. KAKHE-TO YYaCTKH Ha BTOPUYHOM, TpeTHY-
HOW U 4ETBEPTHYHOW CTPYKType aHTureHa. Hampumep,
Takas 3ajaya MOXET CTOSTh IpH IMOJTyYeHHH HEUTpa-
mmupyommx MKA K BUpYyCHBIM aHTHTCHaM C LIEJIBIO
NPENATCTBOBATh B3aUMOJICHCTBUIO BUPYCa C KJIETOUHBIM
peuenTopoM, ¢ MOMOUIbI0 KOTOPOrO OH NPOHHKAET B
KJIETKY (KaK 3TO MPOUCXOIUT, HAIPUMEp, B CIIydae Ko-
ponaBupyca SARS-CoV-2 1 MHOTHX JIpYyTHX).

OnHUM 13 TOJXO0B, TPUMEHIEMBIX JIJIsI pEILICHHS
9TOH 3aja4u, SBJISETCS HMMYHH3aLMs )KUBOTHBIX (Ha-
npumMep, Mblinei) ¢ nomoinbsio JJHK-BexkTopoB (Hampu-
Mep, B BUJIC IIa3MUJT), KOAUPYIOUIUX JaHHBIH OEIKO-
BbIil anTured [6, 40]. Ipyroil myTs — Hcnonb30BaHUE
BUPYCOTIONOOHBIX YacCTHILl, BO MHOTOM COXPaHSIOLINX
CTPYKTYpY BUPYCOB, HO JIMIIEHHBIX HHPEKIIMOHHOCTH,
T. K. OHM HE COfiep>KaT BUpycHOro renoma [41, 42]. s
nonydeHust MKA x KoHQOpMallMOHHBIM 3TIUTOIIAM HC-
MOJNB3YIOT TAaKKe UMMYHHM3ALUIO KIETOYHBIMH «IHC-
TUIESIMI», Ha TOBEPXHOCTH KOTOPBIX SKCHPECCHPYIOTCS

REVIEWS

AHTUT€HBI, COXPAHSIOLIUE HATUBHYIO CTPYKTYpY. Takou
myTh criocoOcTByeT nonyueHnto MKA, nanpumep, K
pa3NUYHBIM peuenTopHbIM Oenkam. B kadecTBe muc-
IIJIEEB MCTIONB3YIOT KIETKH MJIEKOMUTAIOIIHUX U PEKOM-
OMHAHTHBIX JPOACKEH, DKCIPECCUPYIONIMX Ha CBOEH
MOBEPXHOCTU aHTUTEHHI [6]. Cnemyer OTMETUTh, YTO
31ech 3agaund I'T Bo MHOTOM COBIIQJAIOT C 3ajadamu,
CTOSILLIIMH ITPH pa3padOTKe BaKLKH, T1I€ TAKXKE UCTIOJb-
3yIOT MOJXO/bl B TIOMCKAX MyTel MOITy4YeHUs aJeKBar-
HOTO IMMYHHOTO oTBeTa [41].

B 3710ii CcBsI3M X0TENOCh OBl 0CO00 OCTaHOBUTHCS
Ha TakoM HOBOM HAaNpaBIE€HHUHU, KaK HCIOJb30BaHUE
JUISt IMMYHH3AIIMU HEJBIX PEKOMOWHAHTHBIX IPOXKKEH,
skcrpeccupyomux antureH [43-47]. OkasbiBaeTcs,
JPOXKKEBBIE KIETKH (OTHOCSIIMECS K BHJIAM, HCIIOJb-
3yeMbIM B KyJUHApUU U MUIEBON MPOMBIIIIEHHOCTH)
0051a1al0T MOIIHBIMH aJbIOBAHTHBIMH CBOWCTBAaMH,
YCHELHO UHAYLUPYS CUTHAJIbI BPOXKJIEHHOTO UIMMYHH-
TeTa (HampuMmep, 4epe3 TOJUI-IOJOOHBIE PELEnTOpb),
IIpY 3TOM CTUMYJIUPYETCS U aJaNTHBHBIA HMMYHHBIN
OTBET, KaK KJIETOYHBIH, Tak U rymMopaibHblil [44]. Ilpu-
4yéM MHTEPECHO, 4TO, KaK IMOKa3aHO B HEKOTOPHIX pabo-
Tax, Uil IMMYHHU3aI[M1 MO>KHO HCIIOJIb30BaTh HE TOJIBKO
AHTUTEHBI, TIPE/ICTABJIEHHBIE HAa MIOBEPXHOCTHU APOAOKEH
(dopmar mucriest), HO U AHTUTCHBI, HAXO/SAIINECs BHY-
TPU LENBIX PEKOMOMHAHTHBIX KiIeTok [44, 47]. Hampu-
Mep, OblIa ToKa3aHa MHAYKLHS TyMOPaJbHOTO OTBETa
IIPYU IEPOPATBHON UMMYHH3ALMH MBIIIEH LIEJIbIMU KJIET-
KaMH peKOMOWHAHTHBIX APOMOKEH, IKCIIPECCHPYIOIMMHU
(BHYTpH KJIETOK) BUPYCHBIH aHTUTCH — KaIlCUIHBIH Oe-
JIOK BUpYyCa HEKPO3a HEPBHOM TKaHU KPaCHOI'O MOPCKOTO
okyHs (Red grouper nervous necrosis virus, RGNNV).
RGNNV — 310 onuH u3 npencraButeneii Oonee 00-
IIUPHOM TIpyNIbl BUPYCOB HEKPO3a HEPBHOM TKaHWU,
BBI3BIBAIOIINX 3a00JIEBAHUE Y MHOTHX BUIOB pbIO [48].
3areM 3(h(heKTUBHOCTB 3TOI'0 METO/Ia UMMYHH3ALIUH ObI-
Jla IPOAEMOHCTPUpPOBaHA HEMOCPEICTBEHHO Ha pbidax
[49]. IToka3zaHa Tak:ke BOZMOXKHOCTh MHAYKITUU 3HAUU-
TEJBHOTO T'YMOPAJIBHOTO U KJIETOYHOTO OTBETA K aHTHU-
reHaM BHpyca TeMOpparu4eckoil TMXopaaky IeHre pu
BHyTpHuOpromuHHON [50] W mepopanbHON MMMyHH3a-
UM MBIIIEH LENbIMA PEKOMOMHAHTHBIMU JPOXIKAMHU,
9KCTIPECCUPYIOIIMMHE BUPYCHBIE Oenku [S1].

VYKkazaHHBIE MOAXOJbI C UCIONB30BAHUEM IIEIBIX
PEKOMOMHAHTHBIX IPOXKKEBBIX KIETOK 00CYKAAIOTCSI B
JUTEeparype Kak BO3MO)KHOE HOBOE MEPCIIEKTUBHOE Ha-
npasieHue s Bakuuuonoruu [43—47]. [puuém cmo-
COOHOCTH BBI3BIBATh HMMYHHBII OTBET TPOSBIAIOT HE
TOJBKO CBEXHE, HO U BBICYLICHHBIE PEKOMOWHAHTHBIE
JPOXKH — MPOAYLEHThl aHTUreHa. PexoMOHHAHT-
HBIE JIPOXOKU B BBICYLIEHHOM BUJE COXPaHSIOT aHTHU-
TeH JJa)kKe MIPU BBICOKHUX TEMIIepaTypax, YTo BaXKHO NI
MIPOBEJICHNUS BaKIMHALMU B JKapKUX cTpaHax. Takxke
UX MOXKHO HCIOJb30BaTh JUIs OpajJbHOW HMMYyHHU3a-
uuu. [Ipon3BoACTBO M HCIIONB30BaHUE TaKUX BaKIUH
(c yuéToM 3arpar Ha XpaHEHHE NIPU TPAHCTIOPTUPOBKE),
[IOJTy4YEHHBIX HA OCHOBE CUHTE3UPYIOIIUX AHTUTEH Lie-
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JIBIX APOXKEBBIX KIETOK, MOXKET OKa3aThcs Oolee Je-
LIEBBIM, YTO MMEET HeMaJloe MPaKTHUeCKoe 3HaYCHUE
[43—47]. OTOT IpUMeEp NHTEPECEH TEM, UTO 3/1€Ch pa3-
BUTHE HOBOTO MeToAa MAET HE MO MYTH YCIIOXKHEHUS
TEXHOJIOTHH, a, CKOpee, HAIPaBJICHO B CTOPOHY HEKO-
TOPOTO YHPOLIeHHUs (HampuMep, He TPeOyeTcsl OUMCTKa
aHTureHa). MoKHO TPEAIOJIOKUTh, YTO 3TOT MOIXOX
MPEACTaBISIET HHTEPEC HE TOJNBKO IS BaKIIMHOJIOTHH,
Ho u Uit ['T (mocnenHee yTBepxkaeHue TpeOyeT, onHa-
KO, KCIIEpUMEHTAIBHON TIPOBEPKH).

Hnsa monmyuennss MKA k  xoH(OpMAarMOHHBIM
SMUTONAM Ba)KEH HE TOJIbKO 3Tall UMMYHHU3alUH, HO U
3Tall CEJCKIMU TMOPUIOM, CEKPETUPYIOIINX HanOoliee
cnequduunsie 1 appunasie MKA. IIpu yacto ucnons-
3yeMOM TBEPAO(pa3HOM HMMYHO(PEPMEHTHOM aHAIN3e
JUTSL BBISIBJICHUS! IPOAYLEHTOB CIIEIM(UUECKUX aHTUTEI
AQHTUTCH NPHUKPEIUBIIOT K IOBEPXHOCTU IIACTUKOBBIX
IUIAHILETOB, TPH 3TOM KOH(OPMAIIOHHOE COCTOSHUE
0EeKOBOW MOJIEKYJIBI MOXKET M3MEHATHCS U MHOTHE KOH-
(hopMaIMOHHBIC SIMUTONBI MOTYT yTpaduBarbes [31].
OpHUM W3 TOJIXOAOB K MPEONOJICHUIO STON MPOOIEeMBI
SIBJISIETCS UCTIONb30BaHUE (DITyOpECIIEHTHBIX KIETOUHBIX
COPTEpPOB. DTOT METO]I MO3BOJISIET HE TOJBKO YCKOPUTH
0TOOp ¥ KIIOHUPOBaHHE THOPHUIOM (KaK OTMCAHO BHIIIE),
HO W OTOMparh rHOpUAOMBI, npoxyuupytomue MKA k
koH(opManmoHHbIM 3nmTonam [31]. [leficTBuTenbHO,
B 3TOM Cllyyae OTOUpAIOTCSI TMOPHIIOMHbBIC KJICTKU, Ha
MOBEPXHOCTH KOTOpBIX 3Kcrnpeccupyrores BCR (c Ba-
pradenbHBIMH YacTsiMU, uaeHTHYHBIME MKA, cekpe-
TUPYEMBIM 3TUMH KJIETKaMH), B3aMMOACHCTBYIOILUE C
AQHTUTCHOM B PAacTBOpE (UTO CIIOCOOCTBYET COXPAaHEHHIO
€CTECTBEHHOM KOH(OopMainu OeJIkoBOM MoJeKybl) [31].

CoueTaHume Pa3JINYHDbIX MeTOA0B NoJiydyeHnA
MKA Ha npumepe aHTuten K HCV

B Hacrosimee BpemMsi HE CYIIECTBYET KaKOIoO-TO
Metoza nonydeHuss MKA, koTopeiii MOT Obl CYMTATh-
Csl OJHO3HAYHO METOJOM HAMIYYIETo BHIOOPA, HEKUM
«30JI0TBIM CTaHaapToM» [6]. Pa3Hble MeTONBI MOTYT
JIOTIONHATH IpyT Apyra npu noayueHnn MKA, ucrons-
3yeMBIX B MCCIIEOBAaHHUAX OJHOTO M TOTO K€ 0OBEKTa.
OTO0 MOXHO HPOMJLIIOCTPUPOBATh Ha MPUMEPE BUpyca
renatuta C (HCV).

Bcekope mocne otkpeitust HCV g usyuenust
0EJIKOB ATOTO BUpYCa cTalu Kcioib3oBarh 1 MKA, no-
nmydaemble ¢ omotbio I'T [52]. B wactHOCTH, B 3TOT
nepuox Obin nmonydensl MKA k 6enky Hykieokarcu-
na HCV, momyuuBIiiero Ha3BaHue SIGPHOTO aHTUIEHA
HCV (HCV core antigen, HCVcAg) [53]. Ha ocHoBe
HekoTopbix M3 3THX MKA mno3nHee Obuia co3naHa U
BHeJ[peHa B NpakTuky auarHoctukn HCV unmmyHO-
(depmenTHas TecT-cucTeMa (YCTPOSHHAS 1O THUITY COHJI-
BHY-MeTO/a) AJis BeisiBieHUs B kpoBu HCVcAg. Takoit
TECT, B HACTOsIILIEe BPEMSI BBITyCKaeMbIld 5 (hapmarieB-
THYECKUMHU KOMIaHUsIMU (HanOoliee MPU3HAHHBIM Te-
cToM sBisieTcs omoOpeHHas B EBpocoro3e xemmiio-
MHUHECLIEHTasg OUarHoCTHYecKas cucreMa «Abbott

ARCHITECT HCV»), MOXeT HCIonb30BaThcsl Kak
JUTSL TIOATBEPKACHUSI HAIMYKS WHQEKIUH TOCE BBI-
SABJICHUS aHTUTEN K BUPYCY, TaK U ISl OOHApYKEHUS
BHpyCa B KPOBM Ha paHHEM dTane MH(EKUHHU, Koraa
aHTHUTeNa K HeMy elé He BBIpadoTaluch (IPYyrUuMHU
CIIOBaMU, JAHHBIA TECT MOXKET CIIOCOOCTBOBATEL DoJIEe
panHeMmy oOHapykeHuro 3apaxkéHHoctu HCV) [54].
[IpeumymiecTBo 3akiaroyaeTcss B TOM, YTO JaHHAs
TeCT-CHCTeMa MpPOCTa B HCIOIHEHWH, HE Tpeldyer
CHEIHMAILHOTO 000PYAOBaHMS TOMELICHUSI U J0pOTo-
CTOSIIIUX TPUOOPOB, UYTO MOXKET OBITH OCOOEHHO TO-
JIE3HO B Pa3BHUBAIOIIMXCSA CTpaHaX C OTPaHUYEHHBIM
OIOIKETOM 3/1paBOOXPaAHEHHUS.

Opnnako B pykoBoacTBe BO3, nocssménHoM nua-
THOCTHKE M JIedeHMIO remaruta C, OoTMe4aeTcs, 4To BCE
)K€ M3Y4YEHHOCTh pe3yjbTaToB NPHUMEHEHHs JaHHOIO
TecTa MEHbIIIE, YeM AUATHOCTUKHU, OCHOBAaHHON Ha BBI-
sprnennn BupycHoit PHK ¢ nomomnrsto I1L[P; kpome Toro
UMMYHO(EPMEHTHBIH TECT OTIAMYACTCS OTHOCUTEIBHO
BBICOKOW CTOMMOCTBIO, YTO CHM)KAET €ro AOCTYITHOCTb
JUTSL HAIMOHAJIBHBIX CUCTEM 3[]paBOOXpaHEHUs HeOora-
ThIX cTpaH’. Taxke, XOTS YyBCTBHUTEIbHOCTB, HAIPH-
mep, cucteMbl Abbott ARCHITECT HCV otHocuTens-
HO BBICOKA, BCE JK€ OHA YCTYNaeT YyBCTBUTEIBHOCTH
metona [P, u puck mponycTuTs HHPEKIHIO, TOTYYHB
JIOKHOOTPHUIIATENbHBIN pe3ynbTar Boiule [55]. B cBs3u
C 3TUM MPOAOJIKAIOTCS TOUCK M UCCIIEIOBAHUS HOBBIX
MKA x HCVcAg ¢ uenpio co3gaHusi HOBBIX TECT-CH-
CTEM JUIA BBISIBIICHHSI 3TOTO BUPYCHOTO Oenka. Hampu-
Mmep, B 2023 r. Obuia omyOnMKOBaHa paboTa UCIIAHCKUX
aBTOPOB, B KOTOPOW OMHCAHO TOJIyYE€HHUE C MTOMOIIBIO
I'T manenu meimmabsix MKA xk HCVcAg 1 nokazana nx
MOTEHIHAJIbHAS MEPCIIEKTUBHOCTD JUIsl CO3JaHMs HO-
BOW MMMYHO(EPMEHTHOH CHUCTEMBI JUISI ONpPEACICHUs
3TOrO aHTUTEHa [56]. B 3Toii CBS3U ClieAyeT OTMETUTH,
yro y HCVcAg oOHapykeHbI CHIIbHBIE UMMYHOCYTIpEC-
CUBHBIEC CBOMcTBA [57]. BO3MOXHO, C 3TUM CBSI3aH TOT
(axT, 4TO TOJBKO O4YEHb OIPAaHUYCHHOE YHCIIO OUOTEX-
HOJIOTHYECKHX KOMIAHWM OCYLIECTBISAIOT IPOU3BOJI-
cTBO cucreM g onpenenenuss HCVcAg, 1. k. nomy-
4yeHue Bbicokoap@uuHbix MKA K JaHHOMY aHTHUTEHY,
MO-BUANMOMY, OKa3bIBa€TCs Ha MPaKTUKe OoJiee CIoXK-
HOM 3anmaueii, yeM nonydenne MKA k npyrum u3BecT-
HBIM BUPYCHBIM aHTHUI€HaM, HallpUMep, MOBEPXHOCT-
HOMY aHTUTeHy Bupyca renatura B (HBVsAg) [42].

Bonbiryro ponb pasnuyHble TEXHOJIOTHN MOJTy4de-
Hus MKA wurpator B uccienoBaHusIX MO MOUCKY, IO-
JYYEHHUIO W HU3YyYEHUIO AMIUTONOB AHTUTEN LIMPOKOrO
HelTpanusymolero aeicreus. lIpenmonaraercs, 4rto
takre MKA Mo 6b1 crioco6¢cTBoBarh Tepanuu HCV
[52, 58, 59]. C apyroil cTOpoHBI, U3yUYEHUE, C OMIOPOI
Ha OMOMH(OPMATHKY, IMUTONOB HEUTPATUIYIOIIHUX aH-
TUTENl HIMPOKOTO CIIEKTpa paccMaTpHUBaeTCs KaK OJUH

7 Unitaid. Hepatitis C diagnostics technology landscape; 2019.
URL: https://unitaid.org/assets/HepC-Dx-Tech-Landscape
May2019.pdf (zata obpamenus: 11.06.2024).
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U3 MOAXOMIOB K CO3JaHHI0 d3PPEKTUBHON BaKIIMHBI, SIB-
JISASACH MEPCTIEKTUBHBIM HAalpaBl€HUWEM TaK Ha3blBae-
Mot «oOparHo#t BakuuHodorum» [59—61]. [louck Hel-
Tpasuzupyomux MKA moiydnn 0COOCHHO CUIbHBIN
CTHMYJ K Pa3BUTHUIO B CBSA3H C pa3pabOTKO# 2 KIileTou-
HBIX CHUCTEM, MO3BOJISIOIIMX M3ydaTh B3aMMOJIEHCTBHE
anturen ¢ HCV Ha Mozjenu BUPYCHBIX IICEBIOYACTHIL
(HCVpp), 3KCHpEeCCHPYIOIIUX MOBEPXHOCTHBIC OCIKH
HCV, 1 pekoMOMHaHTHBIX BUPYCOB, CIOCOOHBIX pa3MHO-
JKaTbes B KylpTHBUpYyeMbIX kietkax (HCVece) [62, 63].
B 2001 1. ¢ nomonipro I'T ObUIM TOJTYYEHBI MBIIIMHBIC
MKA A33 x BupycHOMY MOBepxHOCTHOMY Oenky E2,
KOTOpBIE, KaK OKa3aJIoCh, MPOSIBIISIOT OUY€Hb CUIIbHBIE
LIIMPOKO HEUTPAIU3UPYIOIIHAE CBOMCTBA IIPU HCIIBITA-
Huax Ha moxensix HCVpp u HCVpp [64]. [Tozanee Obl-
JIU TaKoKe MOMYYEHBI IMIMPOKO HeUTpanupytomme MKA
YeJI0BeKa, HalpaBJIeHHbIE K aHTUreHy E2, npu atom smu-
TOIIBI HEKOTOPBIX U3 uenoBeyecknx MKA uvactuyHo ne-
pexpbiBatoTcs ¢ anuTonoM MeIMHEIX MKA [59]. Cpenu
OTMCAHHBIX Pa3HBIMU ABTOPAMH YEJIOBEYECKUX AHTUTEN
C IIMPOKOW HEHUTPAIU3YIOLIEH aKTUBHOCTBIO 1O OTHO-
menuto kK HCV ectb MKA, BblzieneHHble pa3HBIMU Me-
TOZIAMH, HallpyMep, Ha OCHOBE M30JIMPOBAHHBIX B-Kie-
tok ¢ momoieto ['T [63], ¢ npumeHeHuem (aroBoro
JcIuies [65, 66] u myTéM aHasK3a reHOB BapuaOeIbHBIX
YUYaCTKOB aHTHTEN M3 KPOBH MH(HUIUPOBAHHBIX JIOACH
metogamu NGS ¢ mocnenyronmM KOHCTPYHPOBAaHUEM
pexomOuaanTHOro MKA [67]. OnHako moka He ynia-
nock nonyunts MKA ¢ goka3aHHON TepaneBTHYeCKOi
AKTUBHOCTBIO B KJIMHUYECKHUX HUCIBITAHUSX, UCCIIEN0-
BaHUs B 3TOM HalpaBJIECHUHU MPOJOHKAIOTCS.

TexHonorwus in silico

Haxkonen, paccMOTpeHuE METOAOB IOJNyYEHHUS
MKA 0bu10 OBI HEMOJHBIM 0€3 XOTs OBl KPATKOTO YIIO-
MHHAHHMS TAaKOro IIOAXO4Q, KaK TEXHOJOIrus in silico
(B xommbrotepe). JlaHHbIe O TPEXMEPHOH CTPYKType
AHTHUTE, UX KOMIUIEKCOB C aHTUT€HOM MOTYT OBITh TO-
JIy4€HBI KAK C UCIOJIb30BAHUEM DKCIEPUMEHTAIBHBIX
METO/I0B (PEHTI€HOCTPYKTYPHBII aHAJIN3 WU A1€PHBIH
MarHUTHBIA PE30HAHC), TaK U C TIOMOIIBIO MOJAEIHPO-
BaHus in silico. DTOT METOJI MMO3BOJISET MPEICKA3bIBATh
TPEXMEPHYIO CTPYKTYPY aHTHTEN, HACHTUPHUINPOBATH
AMHHOKHCIIOTBI, KOTOpbIe BHOCST HAaHOOJBIIUI BKIIAN
BO B3aMMOJEUCTBUE MOJIEKYJI aHTUTENA U aHTUIEHA, U
AHAJIU3UPOBATH ITOCIEACTBUS UX 3aMEHBL, HAIPUMED, B
pe3yabrare MyTareHesa (MeTo/l palliOHAILHOTO IU3ai-
Ha), VI CO3JaHUSI aHTHUTEN C YBEIHMUYEHHBIM apQUHU-
TeToM [8&].

3aKniouyeHue

HecMmoTtps Ha pa3BuTHE METOAOB KOMIIBIOTEPHOIO
MOZECJIMPOBaHMS, KaK MOKAa3bIBAET IMPAKTHUKA, PE3YJib-
Tarbl, MOJYYEHHBIE C MOMOLIBIO SKCIEPUMEHTAIBHBIX
MOJIXOZIOB, IO CUX HOp Oojiee HaAEkKHBL. B HEKOTOPBIX
ClIy4dasiX MOJy4EHUE aHTUTENl CO CBOMCTBAaMHU, IPEBBI-
WAKIKUMU UX TPUPOAHBIN aHAJION, TPYAHO OCYILECT-
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3peBaHuUs aHTUTEN B OpraHU3Me U UX 0TOOpa yke Obuia
BbIOpaHa UX ONTUMalbHas CTPyKTypa [8].
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ANNIVERSARIES

K 70-netuio npodeccopa Mypana Knuacosnua MamepoBa

14 mas 2024 1. MCHOJIHMIIOCH
70 ner Mypany KusicoBuuy Mameno-
BY — pOCCHHCKO-a3epOaiilxkaHCKOMY
BHPYCOJIOTY M 3IMUIAEMHOJIOTY, IOK-
TOPY MEAWUMHCKUAX HayK, MHpodec-
COpY, 3aCIIy’)KEHHOMY JI€ATEINII0 HayKU
M TEXHUKH W 3aCIy)KCHHOMY Bpady
Aszep0aiimxanckoit Pecriyomukmy, uie-
HY PEeAaKIMOHHOTO coBeTa «KypHana
MUKPOOUOJIOTHH, SMHUIAEMUOJIOTHA H
UMMYHOOHOJIOTHH.

B 1976 r. M.K. MamenoB ¢ or-
JUYMEM 3aKOHYMWJ JIeueOHbId (ha-
KyJIbTeT MEIULWHCKOTO HMHCTHTYTa
B baky u Obul HampaBiieH BpadoM Ha
AzepOailxkaHCKYI0 MPOTUBOYYMHYIO cTaHIHIo. [Ipo-
1IéJ1 CelraIM3aliio B IPOTUBOYYMHBIX HHCTUTYTaX B
Anma-Ate u PocroBe-na-/lony. B 1980 1. nanpasineH B
aCIMPAaHTYpy MO BUpycosoru B MTHCTUTYT mojnomue-
nuta 1 BupycHbix sHuedamuros AMH CCCP, rae non
pyxoBozacTBoM akaaemuka M.C. banasHa moaroroBuin
¥ 3alUTII KAaHIUAATCKYIO TUCCEPTALUIO 1o poliieme
nabopaTopHOI JUArHOCTHKH BUPYCHOTO TenaTnTa A.

C 1985 . Mypan KusicoBuu padoraer B Harwmo-
HAJILHOM IICHTPE OHKOJIOTHMU PYKOBOAMTENEM Jlabopa-
Topuy, a ¢ 1990 1. u no HacTosIee BpeMs — 3aMeCTH-
TEJIEM TeHEePaIbHOTO TUPEKTOpa M0 Hay4HO#l padoTe.
B 1987 r. nmpukazoMm MuHuUCTpa 3IpaBOOXpaHEHUS
CCCP Obl1 Ha3HAUCH OTBETCTBEHHBIM 3a INPOBEACHUE
paboter mo mpodunaktuke CIINJ] B Asepbaiimxkane.
B 1991 r. Bo Bcecoro3HOM OHKOJIOTHYECKOM HAayqHOM
uentpe uMm. H.H. broxuna AMH CCCP 3ammtun gok-
TOPCKYIO IUCCEPTALUIO «3JI0KaYECTBEHHBIE OMYXOJIH U
uHdekuuu, BeizBaHuble JJHK-conep:kammmu oHKOTeH-
HBIMHU BUPYCaMM».

3a roapl paboTel B HallmoHambHOM LEHTpE OHKO-
norun M.K. MamenoB mpoBEil HECKOJIBKO MHOTOJET-
HUX LUKJIOB OPUTHHAIBHBIX KIMHHUKO-Ta00PaTOPHBIX
WCCIIeIOBaHUM, Pe3yIbTaThl KOTOPBIX BIIEPBbIE MO3BO-
UM OOBbEKTHUBHO OLIGHUTH KIMHUYECKYIO U MPOTHO-
CTHYECKYIO 3HaUUMOCTh CYOKIIMHHYECKUX WH(EKIHH,
BBI3BaHHBIX BUpycamH renarutoB B u C y 60bHBIX €O
3JI0KaUeCTBEHHBIMH OmyxoisiMu. Ha ocHoBe 3THX maH-
HBIX OBUTH pa3paboTaHbl MOKa3aHHs U MPOTHBOIOKA3a-
HUSI 711 IPOBEJCHUSI MPOTHBOBUPYCHOM Tepanuu Ta-
KUX HHpEKui y 00nbpHBIX pakoM. Kpome Toro, 6maro-
Japsi TUM UCCIIEJOBAaHUSIM OBbUIH OLIEHEHBI MacIITa0bl
¥ 0COOCHHOCTH paclpocTpaHeHus B A3epOaiikaHe He
TOJIBKO Pa3HBIX TeMaTOTPOITHBIX BUPYCHBIX WH(EKIHH,
HO M TEpIETHYECKUX, PETPOBUPYCHBIX, PECIUPATOp-
HBIX U SHTEPOBHUPYCHBIX HH(EKLINH.

3a stu rogsl M.K. Mamenos Obu1 py-
KOBOJIUTEJIEM WJIM KOHCYynbTaHToM 30 KaH-
JTUIATCKUX U 5 TOKTOPCKUX AMCCEpPTaLUM.
OH aBrop U coaBTop 39 KHUT U MOHOTIpa-
¢wuii, 6onee 700 crareii B HAy4HBIX KypHa-
Jax, U3jaBaéMbIX B pa3HbIX CTpaHax, a Tak-
ke 30 METOAMYEeCKUX PEKOMEHIALUU IO
BOIPOCaM BUPYCOJOTHH, SMUAEMUOIOTUU
1 MH(QEKIMOHHOHN MaTOJIOTHH.
Mypan KusicoBuu — ujeH aBTOpH-
TETHBIX HAyYHBIX OOIIECTB: IMOYETHBIN
unieH Bcepoccuiickoro obmecTBa amuje-
MHOJIOTOB, MHUKPOOHOJIOTOB M Iapa3hTo-
noroB, Poccuiickoro oOiiecTBa racTpodH-
Tepoaoros, Poccuiickoro u EBponelickoro
o0IIecTB 10 BHYTpUOOTLHUYHBIM MH(pekuusm, EBpo-
neiickoro o0IecTBa Mo U3y4YeHuIo nedeHu u EBponeii-
CKOro 00l1ecTBa KIMHUYeCKoi oHkosiornu. B 2001 1.
n30paH BUIE-TIPE3UACHTOM MEXyHApOIHOM IKOIHEP-
retTudeckoi akagemuu, a B 2004 . — HMHOCTpaHHBIM
uneHoM Poccuiickoil akajgeMuy €CTECTBEHHBIX HayK.
OH wiIeH pelaKklIMOHHBIX COBETOB HECKOJIBKUX JKypHa-
noB B ctpanax CHI.

3a cBoM HccenoBaHus B pasnble roas M.K. Mame-
JOB OBLT YIOCTOSH HECKOJNBKUX JUIJIOMOB U Harpai, B
TOM unciie npucyxaernoi no suanu FOHECKO menanu
«3a pa3BUTHE HayKW», 30J0TOM Meaamu MexayHapon-
HOM1 SKOo3HepreTrueckor akagemuu, meganu M.C. bana-
stHa «3a JOCTHXEHHS B 00J1aCTH UCCIIEA0BaHMS reraTuTa
E», 30n0toii menanu M.11. MeunukoBa u zip.

Msuoro ner M.K. Mame0oB — Tl1aBHBIN pelakTop
KypHasoB «buomenununa» nu «CoBpeMeHHbIE JOCTHU-
JKeHHS a3epOaliPKaHCKON MEMIIMHBDY, U3/JaBACMbIX Ha
PYCCKOM SI3BIKE. 3a 3Ty AeSITeNbHOCTh Poccuiickas aka-
nemus o0pa3oBaHus yjaocromia ero mefanu B.JI. [ym-
kuHa. M. K. MamMe/ioB 3aHAT U Hay4HO-OOLICCTBCHHOMN
paboroii: B 1999-2014 rr. oH OB 3aMECTUTENIEM MIPEA-
cenarenss YUYEHOro MEIULMHCKOro coBera MwuH3apa-
Ba, B 2014-2019 rr. — pykoBonutenem Komuccuu
Munznapasa AsepOaiikaHa Mo BUPYCHBIM T'€aTUTaM.
C 2004 r. ynTaer JEKUUU MO BUPYCHBIM HH(EKIUSIM
BpauaM A3epOaliKaHCKOTO HMHCTHTYTa YCOBEpLICH-
CTBOBaHUs Bpauel uMm. A. Anuesa.

Peoaxyuonnas xoneecusn «Kypnana muxpobuono-
2Ul, INUOEMUONIO2UU U UMMYHOOUONIO2UUY, YYEHUKU, CO-
PAMHUKY U OPY3bsl NO30PAGISIOM I00UNAPA U JHCeNarom
emy OanbHelWUX YCnexo8 @ HayyHou u nedazo2uyecKoll
O0esimenbHOCmU, KPenKko2o 300p08bsi, OYUEeSHOU CMOoli-
KOCIU, ONMUMUSMA, MHOSUX JIeM JHCUSHU 051 YCHeli-
HOU peanusayuy 6cex MmeopuecKUx 3ambiCl108 U HOBbIX
ceepuleHutli Ha bnazo Hayxu!
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