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Abstract

Introduction. Invasive listeriosis is a rare disease posing a threat to high-risk groups and often leading to a fatal
outcome. Its causative agent is Listeria monocytogenes, a ubiquitous saprophyte that has turned into an impor-
tant foodborne pathogen with the growing industry of semi-cooked and ready-to-eat products.

The aim of the study is the characterization of L. monocytogenes isolates in the Moscow region and identification
of possible causes of susceptibility to infection

Materials and methods. The multicenter monitoring of L. monocytogenes was conducted in the Moscow metro-
politan area, using bacteriological and genomic methods for description of the pathogen, medical history collec-
tion and detailed analysis of patient case summaries.

Results. In the cohorts of patients with perinatal listeriosis (PL) and meningitis-septicemia (MS), invasive listerio-
sis had a year-round occurrence with slight upswings in March—April and July—-November. During the COVID-19
pandemic, in the MS group, the minimum age of patients decreased to 31 years and the proportion of deaths
increased 1.57-fold compared to 2018-2019. During the pandemic, an increase in the diversity of L. monocy-
togenes genotypes was observed, along with changes in the spectrum of pathogen genotypes throughout the
pandemic stages.

During the monitoring, a total of 73 L. monocytogenes clinical isolates belonging to 24 genotypes were described.
Seven genotypes belonged to the first phylogenetic lineage (PLI); 14 genotypes belonged to PLII. The PL cohort
had the highest proportion of PLI genotypes (52%). In the MS cohort, the group of men had the widest diversity of
genotypes, 6 of which were identical to genotypes of food isolates. In the analysed set of isolates, 12 new profiles
of internalin genes were identified and described. The whole genome sequencing detected the presence of plas-
mids in 9 of 58 genomes of clinical isolates. The comparison of core genomes revealed an epidemic relationship
between isolates of the same genotype for ST4, ST21, and ST425.

Conclusion. The performed study presents a detailed description of the diversity and virulence of L. monocy-
togenes circulating in the Moscow metropolitan area, thus providing information for timely diagnosis and treat-
ment of invasive listeriosis.

Keywords: invasive listeriosis, Listeria monocytogenes, genotyping, core genome, food-borne infection,
COVID-19
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NTorn MHOroueHTpoBOro MOHUTOPUHIra Bo36yaurens
WHBA3MBHOIO INCTEpNO3a B Meranonuce

BopoHuHa O.J1.", PboikoBa H.H.", Kynga M.C.', AkceHoBa E.W.", KapnoBa T.U.", MenkymsH A.P2,
Knumosa E.A.2, KapeTkuHa IH.3, MocyxoBcknin E.A.3, Tpy3pesa O.A.%, TapTakoBckuin U.C.

"HaumMoHanbHbIN NCCNeaoBaTENbCKMIA LEHTP 3NUAEMUOSIOTN U MUKPOOBMONOMMN MMEHW NMOYETHOMO aKageMuKa
lamanen H.®., MockBa, Poccus;

Topoackan KnmHnyeckas 6onbHuua nmenn @.U. MHosemueBa, Mockea, Poccus;

3MOCKOBCKMIN FOCYyAapCTBEHHbIV MeIKO-CTOMAaToNornyeckun yHusepcmtet umeHun A.W. EBpoknmoBa, MockBa, Poccns;
‘Poccunckan meanLUMHCKas akageMmsa HeNpPepbIBHOMO NpodeccrMoHanbHoro obpasoBaHusi, Mockea, Poccus

AHHOMauus

BBeneHue. VIHBa3MBHbIN NCTEpPUO3 — peakoe 3aboneBaHue, onacHoe Ans rpynn pucka 1 4acto npueBogsilee K
netanbHoMmy ucxogy. Bo3byoutens — Listeria monocytogenes — ybuKBUTapHbIA canpoduT, CTaBLUMIA akTyarb-
HbIM MaTOreHOM MULLEBOrO NMPOUCXOXAEHWUS C Pa3BUTMEM MHOYCTPUKU nonydabpukaToB 1 NPOAYKTOB ObICTPOro
NPUroTOBNEHNS.

Llenb paboTbl — xapakTepuctuka n3onstos L. monocytogenes B MOCKOBCKOM pervioHe 1 ornpeaeneHne Bo3mox-
HbIX MPUYMH BOCMPUMMYMBOCTU K UH(DEKLINN.

MaTtepuanbi u metoabl. [TpoBeAEH MHOTOLEHTPOBOW MOHUTOPUHT L. monocytogenes B MOCKOBCKOM pernoHe ¢
npuMeHeHnem 6akTepuonNorMyecknx U reHoOMHbIX METOA0B B OnNncaHumn Bo3dyauTtens, cbopa aHamHesa 1 noapob-
HOro aHanv3a 3anMKpu3a NauneHToB.

PesynsraTbl. B koroptax nepuHatansHbein nuctepuos (MJ1) n menuHrut-centuuemuns (MC) nHeasnsHbIN nucte-
pv03 BCTpeYarcs BO Bce MecsLbl roga ¢ Hebonblummy nogbEéMamun B MapTe—anpene u none—Hosibpe. B nepvog
naHgemmm COVID-19 B rpynne MC MuUHMManbHbIA BO3pacT NauMeHTOB CHU3uncs Ao 31 roga, Aonst yMepLumx
Bblpocna B 1,57 pa3a no cpaBHeHuto ¢ 2018—-2019 rr. B nepuoa naHaemum Habnioganu poct pazHoobpasus reHo-
TMnoB L. monocytogenes n nameHeHns B CMEKTpe reHOTUMOB BO3byAuTens Ha aTanax naHaemMuu.

3a BCE BpemMsi MOHMTOPMHIa OxapakTepu3oBanu 73 KNMHUYeCKux usonata L. monocytogenes, OTHOCALMUXCA
K 24 reHotunam. CeMb reHOTMMNOB NpUHaanexanu K nepsowv dpunoreHeTnyeckon nuHum (PLI), 14 reHoTnnos —
k PLII. B koropte INJ1 6bina camas Bbicokas gons reHotunos PLI (52%). B koropte MC B rpynne Myx4uH oT-
MEeTUNN Hanbonbluee pasHoobpasue reHoTunoB, 6 N3 KOTOPbIX COBMaganu C reHoTunamu nyLLEeBbIX U3ONSTOB.
B BbIGOpke n3onsaToB onucanu 12 HoBbIX Npodunen reHoB UHTEPHaNMHOB. MMoNHOreHOMHOE CekBEHMPOBaHUE
rokasano Hanu4me nnasmug B 9 u3 58 reHOMoOB KNUHUYECKNxX n3onaToB. ConocTasrieHne KOPOBbIX FrEHOMOB Bbl-
SIBUMO 3NMAEMUYECKYIO CBA3b MEXAY U30nsaTaMy OQHOro reHoTuna B oTHoweHun ST4, ST21, ST425.
3akntoueHue. NposBenéHHOE UccrneaoBaHne npeaocTaBuno nogpobHoe onucaHme pasHoobpasus n BUPYNEHT-
HocTu L. monocytogenes, umpkynupytoLinx B MoCcKoOBCKOM permoHe, 4Tto 6yaet cnocobcTBoBaTb CBOEBPEMEHHOW
OVarHOCTUKE W NEYEHNI0 MHBA3VBHOTO NINCTEPMO3a.

KnroueBble cnoBa: UHBa3ueHbIl nucmepuos, Listeria monocytogenes, 2eHomurnupogaHue, Koposbll 2eHOM,
nuwesast uHgekyusi, COVID-19

AOmuyeckoe ymeepxdeHue. VccrnenoBaHne NpoBOAUIIOCH NPy AOGPOBONBHOM MHADOPMUPOBAHHOM COFflacumn nauu-
eHToB. [poTokon uccnegoBaHust onobpeH Komutetom no 6uomeguumHckon atuke HALIOM nm. H.®. Mamanewu (npoto-
korn Ne 14 ot 04.07.2018).

BnazodapHocmsb. Mbl 6narogapum MHCTMTYT [NacTepa 3a kypvpoBaHue u obcnyxuBaHue 6a3 gaHHbix BIGSdb-
Pasteur Ha https://bigsdb.pasteur.fr/.

UcmoyHuk ¢huHaHcupoeaHusi. Pabota BbiNnonHeHa npu UHaHCOBOW noaaepkke [OCynapCTBEHHOro 3ajaHus
HULUSM umeHun novetHoro akagemuka Mamanen H.9.

KoHgbniukm unmepecoe. ABTOPbI AEKNApUPYOT OTCYTCTBME SIBHBLIX M MOTEHLIMAIbHBIX KOHIIMKTOB MHTEPECOoB, CBSi-
3aHHbIX C NyGnyKaLmei HacTosALLei CTaTbu.

Anst yumupoearusi: BoponnHa O.J1., PexoBa H.H., Kynaa M.C., AkceHoBa E.WU., Kapnosa T.W., MenkymsiH A.P., Knu-
moBa E.A., KapetkuHa I"H., Mocyxosckuin E.A., IpyageBa O.A., Taptakosckuin U.C. ITorm MHOroLLEeHTPOBOrO MOHUTO-
puHra Bo3byauTens MHBa3MBHOIO NucTepuno3a B meranonuce. XKypHan mukpobuornoauu, anudemuonoauu u UMMYHO-
6uonoeuu. 2023;100(3):143-154. DOI: https://doi.org/10.36233/0372-9311-393
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Introduction

Invasive listeriosis (IL) caused by a ubiquitous
saprophyte Listeria monocytogenes is a rare disease as-
sociated with a high case fatality rate'. Groups at risk
for IL include pregnant women, embryos, fetuses, and
newborns (the perinatal listeriosis (PL) cohort) as well
as elderly people and immunocompromised indivi-
duals (the meningitis and/or septicemia (MS) cohort).
According to statistics, in Moscow, 18 and 21 cases of
listeriosis were reported in 2020 and 2021, respective-
ly%. However, considering the severity of the principal
diagnosis in risk groups, we assume that cases of con-
comitant IL are underreported due to the absence of re-
corded results of laboratory tests. The multicenter study,
which was approved for the Moscow metropolitan area
at the end of 2018, was designed to analyze L. monocy-
togenes clinical isolates from hospitalized patients. In
our project, we used the available data on the diversity
of genotypes of Listeria clinical isolates in the Europe-
an part of Russia; the data were obtained both during the
retrospective study of isolates collected in 1971-1999
[1] and by the analysis of isolates from 2015-2017 [2].
Since the growing industry of semi-cooked and ready-
to-eat products has turned L. monocytogenes into an
important food-borne pathogen, the study also included
isolates collected from food products at facilities super-
vised by the Moscow Department of Rospotrebnadzor.
Although out of 6,883 food samples that were tested at
laboratories in Moscow in 2020°, only a small percent-
age (0.6%) was tested positive for Listeria, the sources
of L. monocytogenes demonstrate quite a wide variety:
meat, poultry, fish, dairy products [3—6]. The environ-
ment as a source of Listeria should not be overlooked,
as can be seen from the studies of nature parks and wa-
ter bodies in the Central Federal District [7] as well as
water bodies near livestock farms in the Vologda Re-
gion [8]. The COVID-19 pandemic gave rise to a new
high-risk group — patients recovered from COVID-19;
they are at high risk of development of listeriosis-as-
sociated sepsis and/or meningitis/meningoencephali-
tis and have high chances for an adverse outcome [9].
Microbiological studies conducted during the monitor-
ing were designed to assess changes in the pathogen,
employing molecular and genetic methods used by the

' WHO. Listeriosis. URL: https://www.who.int/news-room/fact-
sheets/detail/listeriosis (mara oopamenus 10.06.2023).

Moscow Department of the Federal Service for Surveillance on
Consumer Rights Protection and Human Wellbeing. Dynamics of
infectious and parasitic morbidity in the population of Moscow in
January-December 2021 compared to the same period last year.
URL: https://77.rospotrebnadzor.ru (accessed on 10 May 2023)
Moscow Department of the Federal Service for Surveillance on
Consumer Rights Protection and Human Wellbeing. Information
on the activities of laboratories of the sanitary-hygienic,
microbiological and parasitological profile of federal budgetary
healthcare institutions - centers of hygiene and epidemiology for
2020. URL: https://77.rospotrebnadzor.ru (accessed on 10 May
2023)

Centers for Disease Control and Prevention in the Uni-
ted States and Europe as well as by research centers in
our country.

Materials and methods

During the monitoring period (from November
2018 to February 2023), we analyzed 73 L. monocy-
togenes clinical isolates obtained from 9 hospitals in
Moscow and 44 food isolates provided by the Moscow
Center for Hygiene and Epidemiology in the Central
Administrative District of Moscow. The study group in-
cluded hospitalized patients, whose samples were used
to collect Listeria isolates for molecular and genetic
studies.

The cultivation of Listeria, the analysis using mo-
lecular and genetic methods, including MLST (multi-
locus sequence typing), MVLST (multi-virulence-lo-
cus sequence typing) and whole genome sequencing,
genome assembly and annotation were performed as
described previously [10].

The analysis of MLST alleles and allelic profiles
(ST, sequence type) was performed using the resourc-
es of the Bacterial Isolate Genome Sequence Database
for L. monocytogenes (BIGSdb-Lm?). The analyzed
isolates and new allelic profiles were deposited in the
website database, ID: 49370-49375; 75929-75933;
76308-76312; 76385-76389; 77384-78379; 78656—
78660; 78713-78717; 82478-82494; 98277-98278;
98280-98297; 100872—-100876; 102088—102092.

MvVLST alleles were identified using the published
sequences as reference sequences. The new inl4, inlB,
inlE allelic variants were deposited in GenBank (Acces-
sion Numbers: MW538938, MW965279; MW538939,
MZ7486423; OM240824, 0Q606809). For new intern-
alin profiles, IPs (internalin gene (inlA, inlB, inlC, inlE)
profile), we used the previously established numbering
system [11].

The sequenced genomes were deposited in
GenBank under BioProject accession number
PRINA605697. The identified plasmids were registered
under numbers MZ869810, MZ869811, OM867528—
OMS867530, OP752358-0OP752360,  OP921773,
OP921774.

The core genome was analyzed following the
MLST scheme for 1,748 loci [12] using an open-source
bioinformatics software platform®. Virulence factors
were identified using the virulence factor database® and
VF analyzer® [13] as well as the BIGSdb-Lm database.
The resistome was analyzed using the Antibiotic Resis-
tance BIGSdb-Lm database and the data from the Com-
prehensive Antibiotic Resistance Database’ [14]. The

4 Bacterial Isolate Genome Sequence Database for L. monocyto-

genes. URL: https://bigsdb.pasteur.fi/listeria/
5 Virulence Factors Database. URL: http://www.mgc.ac.cn/VFs/
¢ URL: http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.
cgi?func=VFanalyzer/
Comprehensive Antibiotic Resistance Database.


https://bigsdb.pasteur.fr/listeria/
http://www.mgc.ac.cn/VFs/
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?func=VFanalyzer/
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?func=VFanalyzer/
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MobileElementFinder tool® was used for detection of
mobile genetic elements. The comparative analysis of
sequences of RepA genes encoding the replication ini-
tiator protein was performed to identify the affiliation
of plasmids to RepA phylogenetic groups [15]. CLC
Genomics Workbench v. 21.0.1 and the Whole Ge-
nome Alignment plugin 21.0 were used for alignment
of plasmids and construction of trees, using homolo-
gous plasmids from GenBank (CP015985, MZ089999,
MZ147615, MZ065170, KU513859) for reference.

Results

Characterization of identified cases of invasive
listeriosis

The monitoring of the IL pathogen in the Moscow
metropolitan area lasted for more than 4 years. It cov-
ered the period before the COVID-19 pandemic and
the time of the pandemic. Based on the main high-risk
groups, the detected IL cases were distributed into two
main cohorts: PL. and MS. In the subset, throughout the
monitoring period, PL cases accounted for 37%, show-
ing a slight decrease during the pandemic: from 42%
to 35%. The proportion of the MS cohort increased
from 58% to 65% during the pandemic due to different
factors, including an increase in IL cases among indi-
viduals of a younger age than the previously identified
threshold of 59 years [3].

The minimum age of patients in this cohort de-
creased to 31 years (Fig. 1). The proportion of patients
under 59 years of age was 34%. At the same time,
the proportion of deaths in the study group increased
1.57-fold (from 36% before the pandemic to 57%
during the COVID-19 pandemic).

Based on the number of IL cases accumulated
throughout the monitoring period, the patients were dis-
tributed by months of the year, and the date of diagnosis
was taken into consideration (Fig. 2). In both cohorts,
IL occurred throughout the year, demonstrating slight
upswings in March—April and July-November.

Molecular and genetic analysis of L. monocytogenes
isolates

Diversity of genotypes during the monitoring pe-
riod. 73 L. monocytogenes clinical isolates collected
during the monitoring belonged to 24 genotypes. More
virulent PLI included 7 genotypes (ST1, ST4, STS,
ST6, ST194, ST204, ST219); PLII included 14 gen-
otypes (STS8, ST7, ST14, ST17, ST20, ST21, ST29,
ST37, ST101, ST121, ST155, ST241, ST391, ST425,
ST451, ST1365, ST2096).

The COVID-19 pandemic split the time of IL
pathogen monitoring into two periods: 2018-2019 and
2020-2023. The latter, in its turn, can be divided into

URL: https://card.mcmaster.ca/
8 URL: https://cge.food.dtu.dk/services/
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three stages based on genetic characteristics of circulat-
ing SARS-CoV-2 variants:
« Stage [ (March 2020 — May 2021) — circulation
of various SARS-CoV-2 Pango lineages [16];

« Stage II (June 2021 — January 2022) — domi-
nance of the delta variant [17];

« Stage Il (February 2022 —present) — dominance
of the omicron variant [18].

During the pandemic stages, we observed chang-
es in the spectrum of genotypes of L. monocytogenes
clinical isolates (Fig. 3). Autochthonous ST7 (PLII)
and imported ST6 (PLI) that prevailed before the pan-
demic [3, 10] were detected very rarely during stage I.
The detected ST4, ST219 (PLI) and ST391 (PLII) were
genotypes new for Russia. L. monocytogenes ST21,
ST37, and ST425 that were isolated during pandemic
stage I had not been previously detected in human IL
cases. Another 2 new genotypes of clinical isolates
were detected during stage 1I: ST8 (PLII) and ST194
(PLI). During stage III, 4 L. monocytogenes genotypes,
which had never been reported in Russia, were detec-
ted: ST17, ST29, ST204, and ST1365 — all represent-
ing PLIL, and ST121 (PLII), which had not been previ-
ously detected in clinical isolates.

Diversity of genotypes in study groups. We com-
pared the diversity of genotypes of L. monocytogenes
isolates in the analyzed cohorts during the monitoring,
having divided the MS cohort into 2 groups based on
the gender of patients (MS_M — males; MS_F — fe-
males). As can be seen in Fig. 4, all groups had ST4,
ST6, ST7 and ST8 isolates. The isolates from the MS F
group had 1 common genotype with isolates from PL
(ST21) and MS_M (ST425) group, while the isolates
from PL and MS_M groups had 3 common genotypes
(ST1, ST194 and ST451). The isolates from the MS M
group had the largest number of genotypes (17); the
Shannon index was 3.7. Isolates ST37 had the highest
occurrence (21%) in the MS_M group, but they were
not detected in other groups. The isolates of this geno-
type ranked second (20.5%) by the occurrence frequen-
cy in the group of food isolates (Fig. 5, a) and were
found in all varieties of food products (Fig. 5, b).

Generally, the number of genotypes matching
those in the group of food isolates was higher in the
MS M group: there were 6 matching genotypes (ST7,
ST8, ST37, ST121, ST155, ST451), while PL and
MS F groups had only 2-3 genotypes matching geno-
types of food isolates.

The food and clinical isolates with matching gen-
otypes required close attention. First of all, their intern-
alin profile (IP) was analyzed. Note that in food isolates
of the most frequent genotypes (ST121, ST37, ST7),
IPs were identical to profiles of clinical isolates. How-
ever, new profiles of IP genes were detected in isolates
of other genotypes.

New IP profiles. 12 new profiles of IP genes (56,
58-62, 66—71) were reported in this study in 20202023


https://cge.food.dtu.dk/services/MobileElementFinder/
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Fig. 1. Age of patients with IL before and during the COVID-19 pandemic in the MS cohort.

(Table). Only one new IP was detected in PLI isolate
for ST219 that was new for Russia, the other were de-
tected in PLII isolates belonging to new genotypes (26,
391, 1365, 204, 17, 29) and to the genotypes that had
been previously detected in isolates from other sourc-
es. For example, the ST21 isolate obtained from a goat
with listeriosis in the North Caucasian Federal District
in 1975 (BIGSdb-Lm ID 41525) [1] had a different IP
compared to ST21 clinical isolates obtained in 2020,
demonstrating differences in the allele at the in/C locus.
The ST425 clinical isolates also differed in IP from the
isolate obtained in 2009 from the environment (from
feces of deer Cervus elaphus, BIGSdb-Lm ID 5909
[19]): differences in in/B alleles. The ST155 isolates
demonstrated various IPs. Before the COVID-19 pan-
demic, in the multicenter study, ST155 isolates were
obtained twice: from food products (fish) and from a

7 - —

6 -

patient. IPs of the isolates differed in alleles at the inlE
locus. The isolate obtained from fish in 2021 matched
the clinical isolate by IP; however, the isolate that was
also obtained from fish in 2022 demonstrated new IP
having differences at the inl/E locus. Having compared
the ST155 isolates from our subset with the isolates
collected from rodents in the Far Eastern Federal Dis-
trict in 2006 [20], we found a difference at another lo-
cus — in/B. The ST451 and ST403 isolates had been
previously obtained in Russia [2]; however, the types of
their IPs were not identified; therefore, IPs of isolates of
these genotypes were recorded for the first time.

Analysis of genomes of L. monocytogenes isolates

Comparison of core genomes (cgMLST). The
comparison of core genomes (1,748 loci) gives the most
complete understanding of the epidemic relationship of

. PL

2" inear filter (MS)

7 8 9 10 11 12
- --- 2Yjinear filter (PL)

Fig. 2. Distribution of detected IL cases by months.
MS — meningitis-septicemia; PL — perinatal listeriosis.
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Fig. 3. Diversity of genotypes of L. monocytogenes clinical isolates before and during the COVID-19 pandemic

I-Ill — periods of the COVID-19 pandemic; isolates of phylogenetic lineage | are marked with red dots; new genotypes for L. monocytogenes
clinical isolates are framed in purple. The presence of a plasmid in the genome is marked by pl shown in an oval.

isolates belonging to the same genotype. As can be seen
in Fig. 6, ST4, ST425, and ST21 isolates obtained from
different patients had 0-5 differences, thus providing a
proof of an epidemic relationship of isolates belonging
the same genotype. The core genomes of STS, ST37
and ST451 isolates differed by 22—74 loci, demonstrat-

a

0,25 -

0,20 -

0,15 -

0,10 -

0,05 -

ing that Listeria of these genotypes are associated with
multiple sources of infection.

Plasmids in L. monocytogenes genomes. Plas-
mids in Listeria genomes, especially in the genomes
of clinical isolates, have rare occurrence [21]. Out of
72 Listeria spp. genomes sequenced in our projects

b
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meat chicken fish other

Fig. 5. L. monocytogenes isolates from food product.

a — the frequency of occurrence of different L. monocytogenes genotypes in products; b — distribution of the most represented
L. monocytogenes genotypes by product categories. The red frame shows the most represented L. monocytogenes genotypes.
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Fig. 4. Diversity of genotypes of L. monocytogenes clinical isolates in study groups.

MS_F — a group of women in the meningitis-septicemia cohort; MS_M — group of men in the meningitis-septicemia cohort;
PL — perinatal listeriosis. The pink frame — genotypes common for all groups; the blue frame — genotypes common for MS_M and PL;
the purple frame — genotypes common for MS_F and PL; the green frame — genotypes common for MS_M and MS_F.

(PRINA658237, PRINA326717, PRINA326713, PRJ-
NA605697), only 11 (15%) contained plasmids: 1 — in
the genome of L. welshimeri isolate, ST2331, obtained
at a meat processing factory [11]; 9 — in the genomes
of L. monocytogenes clinical isolates, PLII (STS, ST20,
ST121, ST425); 1 — in the genome of the L. monocyto-
genes food isolate, ST121. The plasmids differed in size
and replication group. The G1 RepA group included
plasmids of L. welshimeri isolates of ST2331 (57530
bp) and L. monocytogenes isolates of ST20, ST425
(72763 bp); the G2 RepA group included plasmids of
ST121 (62207 bp) and ST8 (86632 bp) isolates. Cadmi-
um resistance genes were present in all plasmids. The
plasmid of ST20 and ST425 isolates contained genes
resistant to other heavy metals, oxidative stress, chan-

New Internalin Profile

ges in pH and osmosis; the plasmid of ST121 contained
genes of the type IV secretion system, which are re-
sponsible for conjugation transfer. The largest plasmid
of ST8 isolates included all the above genes.

Analysis of virulence factors in genomes of iso-
lates of the detected genotypes. Virulence factors (VFs)
in L. monocytogenes genomes can be searched using
the virulence factor database including 45 factors or
the BIGSdb-Lm database with an extended list of 76
factors, including genes contained within pathogenicity
islands LIPI-3 and LIPI-4. Most of the VFs presented
by the databases were detected in 21 genotypes of se-
quenced genomes belonging to both phylogenetic lin-
eages: PLI— 7 ST; PLII — 14 ST. With reference to the
complete list of VFs, all representatives of PLII lacked

Isolate BIGSdb-Lm ID | CcC | ST | inlA | inIB | inlC | inlE | P | PL | Source
GIMC2056:LmcEH-1 49374 CcC21 21 12 14 7 8 56 Il Clinical
GIMC2060:LmcH24-1 75931 CcCc1 451 22 23 6 6 58 Il Clinical
GIMC2062:Lmc5157 75933 CC26 26 7 14 6 6 59 Il Food
GIMC2073:LmcUH25 77384 CC4 219 23 8 4 3 60 | Clinical
GIMC2077:LmcBH-1 78714 CC89 391 15 14 17 6 61 Il Clinical
GIMC2079:LmcUH26 78377 CC90 425 13 24 13 8 62 Il Clinical
GIMC2097:Lmc929 82487 CC403 403 9 23 21 17 66 Il Food
GIMC2117:Lmc22984 98289 CC155 155 10 14 19 18 67 Il Food
GIMC2120:LmcH51-1 98292 ST1365 1365 22 20 6 9 68 Il Clinical
GIMC2124:LmcUH35 98296 CC204 204 7 13 18 6 69 Il Clinical
GIMC2126:LmcH51-3 100872 CC8 17 12 14 6 17 70 Il Clinical, Food
GIMC2133:LmcZhH_1 102090 CC29 29 9 14 19 6 71 Il Clinical

Note. IP 57 (7; 13, 16, 6) was identified by S. Ermolaeva and E. Psareva (the data have not been published); IP 63—-65 were published in [4];
CC — clonal complex; ST — sequence type; IP — internalin gene (inlA, inIB, inIC, inlE) profile; PL — phylogenetic lineage.
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Fig. 6. Genomic characteristics of L. monocytogenes isolates.

a — the number of loci differentiating core genomes of the same genotype; b — plasmidome of the isolate subset.
The orange line indicates the permissible number of differences (7—10), based on which isolates can be assigned to the same epidemic
outbreak. The Listeria species indicated on the phylogenetic tree: L.m — L. monocytogenes, L.w — L. welshimeri. Countries of origin of
isolates: IT — Italy; PL — Poland; RU — Russia. Sources of isolates: F — food; E — environment; FPE — food production environment;
CL — clinical isolates. Colored circles: red — clinical isolates; blue — food isolates; green — isolates from the environment.

the aut 1Vb gene (LMOF2365 RS00075) encoding the
invasion factor as well as the LIPI-3 and LIPI-4 genes.
No aut (Imo1076, invasion), tagB (Imo1088, teichoic
acid biosynthesis) and in/L. (LMON_RS10535, inter-
nalin) genes were detected in L. monocytogenes ge-
nomes of PLI. Among the representatives of genotypes
belonging to PLII, the in/L gene was detected only in
genomes of 6 of 14 STs; vip (Imo0320, invasion) was
also found in 6 of 14 ST; in/G (Imo0262, internalin)
was detected in 11 of 14 STs. In genomes of PLI, the
inlG gene was detected only in L. monocytogenes ST6.
LIPI-3 and LIPI-4 were not represented in all genomes
of PLI. LIPI-3 (synthesis of listeriolysin S) was found
in genomes of ST1, ST6, ST4, ST219 isolates, but in
ST194, ST2, ST145 isolates, it was absent. LIPI-4 (the
sugar-transporting phosphotransferase system, PTS)
was detected only in genomes of ST4, ST219 (CC4)
isolates and ST194 (CC315) isolates.

Antibiotic resistance genes were grouped in a sep-
arate Antibiotic Resistance database by the developers
of the BIGSdb-Lm database. The database includes
25 loci [12] represented by the chromosome genes
and the genes that can be introduced by plasmids and
transposons. All the analyzed genomes had 5 genes:
fosX (Imo1702), lin (Imo0919), mprF (Imo1695), sul
(Imo00224) and norB (Imo2818) providing resistance
to fosfomycin, lincosamide, cationic peptides, sulfon-
amide and quinolones, according to the developers.
The detected genes had genotype-specific alleles. The
analysis of su/ (Imo0224) gene sequences showed that
they encoded dihydropteroate synthase that participat-
ed in the folate biosynthesis and served as the target for
sulfonamide. Only amino acid substitutions at positions
58-71 (based on the E. coli numbering system), which
form a connecting loop between B-strand 5 and a-helix
E, help reduce the affinity to sulfonamide and provide

resistance [22]. These substitutions were not detected in
the sequenced genomes. Therefore, it is more accurate
to refer to Imo0224 as fo/P and, if there are no substitu-
tions, classify it as a gene of the core genome.

In addition to the MFS transporter (norB), which
is involved in the efflux of antibiotics, the resistance
to quinolones can be induced by modifications of en-
zymes — targets for this class of antibacterial drugs.
These enzymes include gyrase (GyrA, Imo0007) and
topoisomerase (ParC, Imo1287). Mutations at positions
83 and 87 (the E. coli GyrA numbering system) in one
of the two enzymes are most frequently associated with
resistance [23]. In all the analyzed genomes, we detect-
ed Ser83 and Glu87 in the ParC sequence, which shows
the consistency with characteristics of quinolone-resis-
tant topoisomerases.

Additional resistance genes were detected only in
one culture sample isolated from secretions of the cervi-
cal canal of a puerperal. The whole genome sequencing
showed that the culture contained a small amount of ad-
mixture of ST41 Enterococcus faecalis. The ermB and
cat genes responsible for resistance to macrolides, lin-
cosamide, streptogramin B and fenicols were detected in
the plasmid, while the tetM, dfrD genes responsible for
resistance to tetracycline and trimethoprim were detected
in the mobile element of the E. faecalis chromosome.

Discussion

The prolonged monitoring of IL cases in the Mos-
cow metropolitan area expanded the collection of de-
scribed L. monocytogenes clinical isolates obtained in
the European part of Russia. A total of 73 isolates from
2018-2023 were added to 26 isolates from 1971-2017
in the BIGSdb-Lm database. The monitoring revealed
the increased diversity of genotypes of L. monocyto-
genes clinical isolates both in the first and in the sec-
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ond phylogenetic lineages. In the clinical isolates, the
proportion of genotypes belonging to PLI increased
from 15% in 1971-2017 to 37% in 2018-2023. The PL
group demonstrated the most substantial increase in the
proportion of genotypes of PLI (52% over the entire pe-
riod) — from 38% in 2018-2019 to 58% in 2020-2023.
The comparison with the data from the largest Europe-
an collection of clinical isolates, which were obtained
from the French National Reference Center for Listeria
(2,584 PLI and PLII isolates collected in 2005-2013),
shows that in the PL group, the proportion of PLI has
almost reached the levels of France (PLI — 66%) [24];
for our subset of 2018-2023, this proportion is almost 2
times as low. The diversity of hypervirulent genotypes
among the isolates obtained in the PL group — ST1,
ST4, ST6, ST219, ST194 — is alarming. In their tests
with animal models, Maury et al., who coined the term
"hypervirulent", provided the evidence for a stronger
association of CC4 (ST4, ST219) with perinatal infec-
tion and for the role of LIPI-4 (the sugar-transporting
phosphotransferase system, PTS) in the ability of bac-
teria to cross the placental barrier [24]. LIPI-4 was also
detected in the genomes of ST194 (CC315) isolates.
While CC4 isolates had not been isolated from food
products in Russia, the ST194 (CC315) isolates were
detected by Psareva et al. in the collection of isolates
obtained from dairy products in 2005 [4]. Out of iso-
lates of PLII genotypes, strictly associated with food
products in France (ST9, ST121) [24], the ST121 iso-
late was detected among the clinical isolates during the
monitoring. In our list of PLII genotypes, 14 of 17 STs
were identical to those listed by France in reference to
intermediate isolates that are associated both with cli-
nical manifestations and with food products. Among
the recent large-scale studies, the study of isolates from
cattle abortions (191 isolates collected in 2013-2018)
in Latvia that borders Russia deserves special attention
[25]. In that study, the proportion of PLI isolates was
2%. More than half of the isolates belonged to ST29,
ST37, ST451 and ST7 [25], which we also detected
during our monitoring. In total, 11 of 17 STs were the
same both in the monitoring-based list of PLII geno-
types and the list of genotypes from Latvia.

The decrease in the minimum age of patients with
IL and the significantly increased proportion of deaths
in the MS cohort during the COVID-19 pandemic are
causing concern. Most of the patients of a younger age
had laboratory-confirmed COVID-19 prior to IL. As-
sumedly, it was COVID-19-associated hospitalization

that contributed to the development of the epidemic
relationship among L. monocytogenes isolates of the
same genotype representing ST4, ST425, ST21. For
example, during the COVID-19 pandemic (in Septem-
ber—October 2020), Italy reported an outbreak of hos-
pital-acquired listeriosis caused by L. monocytogenes
ST451. The contamination was found in the meat on
the hospital kitchen. A total of 4 patients (1 immuno-
compromised, 3 with cancer) were infected [26]. In
Germany, 13 of 39 listeriosis cases caused by L. mono-
cytogenes ST8 were detected at health-care facilities
where patients had ready-to-eat meat products from the
same manufacturer. The core genomes of isolates had
differences in 0—10 loci, thus being indicative of the ep-
idemic relationship [27].

The analysis of antibiotic resistance genes showed
that all sequenced genomes had genotype-specific alleles
fosX (Imo1702), lin (Imo0919), mprF (Imo1695), norB
(Imo2818), parC (Imo1287), which were responsible for
resistance to fosfomycin, lincosamide, cationic peptides
and quinolones. The fact that additional resistance genes
(ermB, cat, tetM, dfrD) were detected in the culture with
E. faecalis admixture highlights the importance of in-
spection of the culture for purity before the test, espe-
cially when the isolation involves such biotope as the
cervical canal, in which E. faecalis is within the normal
range in 18% of pregnant women and is detected 2 times
as often during inflammatory processes [28].

Additional genes associated with resistance to
disinfectants and environmental stress factors were de-
tected in genomes of plasmid-containing isolates: ST8,
ST20, ST121, ST425. When such isolates are detected,
disinfection of hospital and industrial premises requires
new combinations of disinfectants.

Conclusion

The multicenter monitoring of IL in the Moscow
metropolitan area revealed that not only L. monocyto-
genes hypervirulent genotypes belonging to the first
phylogenetic lineage (PLI), but also and primarily hypo-
virulent genotypes of PLII are responsible for the infec-
tion in patients of high-risk groups. The new high-risk
group including patients recovered from COVID-19,
the risk of hospital-acquired infection, the increased di-
versity of L. monocytogenes genotypes, the emergence
of strains with plasmids carrying genes resistant to dis-
infectants and environmental stress factors — these are
new realities that should be given attention in IL diag-
nosis and treatment.
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In silico analysis of genomes of Bacillus anthracis strains belonging

to major genetic lineages

Evgeny l. Eremenko™, Grigorii A. Pechkovskii, Alla G. Ryazanova, Sergey V. Pisarenko,
Dmitry A. Kovalev, Lyudmila Yu. Aksenova, Ol’'ga V. Semenova, Alexander N. Kulichenko

Stavropol Plague Control Research Institute, Stavropol, Russia

Abstract

Introduction. The global phylogenetic population structure of Bacillus anthracis is represented by major genetic
lineages (A, B and C) with nonuniform distribution of isolates, which still cannot be explained. Identification of
characteristics of genomes of strains from three lineages, which can affect their spread, is of high importance.

The aim of the study is to explore genomic characteristics of different genetic lineages, which may have an effect

on their distribution, by using the in silico analysis of a representative subset of B. anthracis strains.

Materials and methods. The whole-genome sequences of 49 B. anthracis strains and Bacillus cereus biovar
anthracis Cl strain were studied. The in silico analysis was performed to identify polymorphisms using BLASTn,

MEGA X, Tandem Repeat Finder, Parsnp the Harvest Suite software.

Results. The genome variability depended on single nucleotide polymorphisms, single-nucleotide repeats, num-
ber of tandem repeats, substitutions and indels. In strains from lineages B and C, they outnumbered 1.6-13.4
times and in the B. cereus biovar anthracis strain — 5-150 times those in B. anthracis strains from lineage A.
Significant substitutions in housekeeping genes and pathogenicity factor genes caused changes in amino acid

sequences in proteins significantly more frequently in B. anthracis strains from major lineages B and C.

Based on the molecular typing and a multi-virulence-locus sequence typing analysis (MVLST) with a discrimina-
tion index of 0.9633, strains were classified into three major genetic lineages including groups different from the

canonical group.

Conclusion. The distinctive feature of B. anthracis genomes is that they have a larger number of significant
nucleotide substitutions in pathogenicity factor genes and housekeeping genes of strains belonging to major
lineages B and C compared to lineage A. Changes in proteins encoded by them can cause differences in ecolog-
ical adaptation and in prevalence, which are higher in strains of lineage A. MVLST having a high discriminating

capacity can be used as an additional method to B. anthracis molecular typing.

Keywords: Bacillus anthracis, genetic lineages, pathogenicity factors, molecular typing
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AHHOMauusi

BBepeHue. PunoreHetnyeckasi CTpykTypa rnobansHow nonynsumm Bacillus anthracis npeacrasneHa rnaBHbIMU
reHeTnyeckumm nuHnsimm A, B n C ¢ HepaBHOI pacnpoCTPaHEHHOCTLIO M30MSATOB, MPUYNHA KOTOPOI HEM3BECTHA.
OnpepgeneHne 0COBGEHHOCTEN rEeHOMOB LUTaMMOB TPEX JIMHWI, KOTOPbIE MOTYT BMMATL HA PacnpOCTPaHEHHOCTb,
ABMSAETCS aKTyanbHbIM.

Llenb — xapakTepuctuka 0cobeHHOCTEN FEHOMOB Pa3HbIX FEHETUYECKMX JFIMHUI, NOTEHLUMANbHO BIIMSIOLWLMX Ha UX
pacnpoCcTpaHEHHOCTb, C UCMONb30BaHNEM aHanu3aa in silico npegcraBMTENbHON BbIOOPKM WTaMMoB B. anthracis
MaTtepuanbl n metoabl. M3yveHbl NONHOreHOMHbIe nocnegosatensHocTn 49 wrammoB B. anthracis v wtamma
Cl B. cereus biovar anthracis. AHanu3 in silico npoBogunu ¢ naeHtTudmkaumne nonumopdramMoB B NporpaMmmMmax
«BLASTn», «kMEGA X», «Tandem Repeat Finder», «Parsnp» u3 naketa «Harvest Suite».

PesynbraTbl. BapnabenbHocTb reHOMOB onpefensinacb O4HOHYKNEOTUAHLIMW NONUMOPgU3MaMu, OOHOHYKIEO-
TUAHLIMU NOBTOPAMM, YNCIIOM TaHAEMHbIX MOBTOPOB, 3aMeHaMM 1 MHAeNamu. VIx Konn4ecTteo y LUTaMMOB JIMHUIA
B n C 6bino B 1,6—13,4 pa3a 6onblie, a y wtamma B. cereus biovar anthracis — B 5-150 pa3 Gonblue, 4em y
wtammoB B. anthracis nuHumn A. 3Ha4nuMble 3aMeHbl B reHax AOMaLLHEro X03s1MCcTBa U (hakToOpoB NaTOreHHOCTU
NPUBOANIN K UBMEHEHMIO aMUHOKUCITOTHOM NOCNEA0BAaTENBHOCTM BEMNKOB Takke 3HAUNTENBHO Yalle Y LWTaMMOB
B. anthracis rnaBHbIx nnHui B, C.

MonekynsipHoe TMNMPOBaHWE Ha OCHOBE aHanv3a OL4HOHYKNEOTUAHbIX MONMMOP(U3MOB reHOB (hakTOpoB Ma-
ToreHHoctn (MVLST) ¢ nHgekcom amnckpumuHaumm 0,9633 pasgensano wraMMbl HA TPU FMaBHbIE FEHETUYECKME
TNNHWM C TPyNnamMu, OTNIMYAKLMMNCS OT KAHOHNYECKMX.

3aknto4yeHue. [MaBHoe oTnnymne reHomMoB B. anthracis cocTouT B 60MnbLIOM KONMMYECTBE 3HAYMMbIX HYKMeoTua-
HbIX 3aMeH B reHax )akTOpOB MATOrEHHOCTM U «4OMALLHEro X03AMCTBay LUTAMMOB MMaBHbIX NMHUA B n C no
CcpaBHeHMI0 € nNuHMen A. NameHeHnsa B kogupyembix MMu Benkax MOryT onpefensTb PasHyr SKOMOrMyYeckyto
ajanTaumio U pacnpocTpaHEHHoCTb, Gornee Bbicokme Yy nuHun A. MVLST ¢ BbICOKOW OUCKPUMMHUPYIOLLEN CMO-
COBHOCTbLIO MOXET ObITb 4ONOMHUTENBLHBIM METOLOM MOJIEKYNSIPHOTO TUNMPOBaHUSA B. anthracis.

KnroueBble cnoBa: Bacillus anthracis, eeHemuy4eckue nuHUU, ¢hakmopbl namo2eHHOCMU, MOMeKynspHoe mu-

rnupoeaHue

UcmoyHuk d)uHaHCUpOBaHUﬂ. ABTOpr 3asaBNs0T 00 OTCYTCTBUU BHELLHEro d)I/IHaHCI/IpOBaHVIﬂ npun npoesegeHNn nc-

cnefoBaHus.

Komp.nuxm UHmMepecos. ABTOpr AEKNapupyrT OTCYTCTBME ABHbIX U NOTEeHUMarnbHbIX KOHCbJ'IVIKTOB NHTEpecosB, CBA-

3aHHbIX C NyGnyKaLmeit HacTosALLei CTaTbu.

Ansi yumupoeaHusi: Epemenko E.U., MeukoBckun A., PazaHoBa A.T., MNMucapexko C.B., Kosanes [.A., AkceHo-
Ba J1.10., CemeHroBa O.B., Kynuuenko A.H. AHanus in silico reHomoB wtammoB Bacillus anthracis rmaBHbIX reHeTU4e-
CKUX NuHWiA. XKypHan mukpobuonoauu, snudemuonoauu u ummyHobuonozuu. 2023;100(3):155-165.
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Introduction

The global population of Bacillus anthracis is
represented by three major genetic lineages (A, B, and
C) including 14 canonical (canSNP) groups. Pathogen
strains are distributed among them nonuniformly; rep-
resentatives of lineage A prevail (about 90%), lineage
B accounts for approximately 10%, while lineage C in-
cludes only 3 strains (less than 1%) [1, 2]. The distinct
clade in the Bacillus cereus sensu lato group including
B. anthracis is represented by Bacillus cereus biovar
anthracis strains that can cause anthrax-like infection
[3, 4]. The factors causing the nonuniform distribution
of B. anthracis strains in different genetic lineages are
still unknown. The question why strains of lineage A
have become widely dispersed throughout the world,
while strains of lineage B are limited in number and
do not have a wide global distribution remains unan-
swered.

This nonuniformity can be explained by adaptive
genetic differences, which have an impact on survival
and reproduction in the environment or in the host body.

The reproduction efficiency in the host body de-
pends on adaptive genetic differences of pathogenici-

ty factors. The pathogenicity of B. anthracis depends
on the main factors: Two binary exotoxins, lethal and
edema factors, and the poly-y-glutamic acid capsule
[2]. Exotoxin components, lethal and edema factors,
and the protective antigen (PA) are encoded by lef, cya
and pagA genes located on the pXO1 plasmid [5]. The
capBCDAE operon for capsule production is encoded
by the pXO2 plasmid [2]. The loss of either of the two
plasmids results in avirulence of strains. At the same
time, strains carrying both plasmids significantly differ
by their virulence as demonstrated by laboratory ani-
mals. The Carbosap vaccine strain attenuation not as-
sociated with the loss of pXO1 and pXO2 plasmids re-
sults from chromosomal deletions containing more than
50 genes, which have a known or proposed function
that could be linked to virulence [6]. The detected dif-
ferences in the virulence of strains producing a specific
toxin and a typical capsule suggest the existence of ad-
ditional pathogenicity factors. The role of such factors

is claimed by many products of the anthrax microbe:
* the GerXC protein encoded by the gerXC
plasmid gene and required for spore germination

in vivo [7];

© Epewmenko E.N., Meykosckuii IA., PasaHosa AT, MNucapeHko C.B., Kosanes [1.A., AkceHoBa J1.10., CemeHosa O.B., Kynuyenko A.H., 2023



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIMI. 2023; 100(3) 157

DOI: https://doi.org/10.36233/0372-9311-385

OPUTVHANbHbBIE NCCJTIEAOBAHNA

* phospholipase C (PIC gene) [8];
* nitric oxide synthase (nos gene) [9];
* bifunctional lysyl-phosphatidylglycerol
flippase/synthase (mprF gene) [10];

 metalloprotease of the enhancin family (GBAA_
RS16775 locus), homolog of which was first
described in baculoviruses [11, 12];

« immune inhibitor A metalloprotease (inhA4 gene)
[12];

* quorum-sensing signal molecule autoinducer
LuxS (luxS gene) [13];

* anthorolysin O (ALO) (cholesterol-dependent
cytolysin) (alo gene) [14];

+ enterotoxin FM (EntFM) (entF'M gene) [13].

Some B. anthracis strains have a set of phenotyp-
ic characteristics, which distinguish them from typical
virulent strains; among them, the inability to grow in
a minimal synthetic medium without tryptophan, and
reduced virulence in rabbits. The genetic factors under-
lying these changes have not been identified [16].

There are publications reporting the effect of ami-
no acid substitutions in the lethal factor protein on its
catalytic activity and binding to PA [17-19]. The data
were obtained during tests where mutations were intro-
duced into the described genes to assess their impact
on the virulence of mutant strains compared to wild-
type strains. Allelic polymorphism for the PA gene that
is represented by 6 allelic types in natural wild-type
strains [20] was also described for other genes of patho-
genicity factors [21-23]. However, the variability of
chromosomal genes encoding products, for which the
impact on the virulence of B. anthracis has been identi-
fied or assumed, remains unexplored. Quantitative and
qualitative distinctive characteristics of polymorphisms
inherent in genomes of strains belonging to certain ge-
netic lineages have not been identified.

The molecular typing of B. anthracis using
multi-virulence-locus sequence typing (MVLST) did
not include chromosomal genes.

The urgent need for this study was dictated by
the absence of the data that would shed a new light
on the pathogenesis of anthrax infection, help identify
potential targets for development of new products for
treatment and prevention of this infection, contribute to
the knowledge of the evolution of the anthrax-causing
pathogen and methods of its molecular typing.

The aim of the study was to explore character-
istics of genomes of different genetic lineages, which
have a potential impact on the distribution of strains, by
using the in silico analysis of a representative subset of
B. anthracis strains.

Materials and methods

The study was performed using complete genomes
of 49 diplasmid strains, including 19 B. anthracis iso-
lates from the collection of pathogenic microorganisms
from the Stavropol Research Anti-Plague Institute of

Rospotrebnadzor and 30 isolates from the GenBank da-
tabase, which belong to major genetic lineages A, B, C
and 14 canSNP groups, as well as the genome of Bacil-
lus cereus biovar anthracis strain CIL.

GenBank! identifiers for genomes:
GCF_000008445.1, GCF_009831565.1,
GCF_000167335.1, GCF_003063965.1,
GCF_003064045.1, GCF_003860145.1,
GCF_000793525.1, GCF_000832965.1,
GCF_000310045.1, GCF_000167235.1,
GCF_000534935.2, GCF_000258885.1,
GCF_000278385.1, GCF_000832465.1,
GCF_001273005.1, GCF_001273085.1,
GCF_000167295.1, GCF_002896575.1,
GCF_014249775.1, GCF_003227955.1,
GCF_000831505.1, GCF_000832745.1,
GCF_003064005.1, GCF_000008165.1,
GCF_000583105.1, GCF_000833275.1,
GCF_022221345.1, GCF_000743805.1,
GCF_900014355.1, GCF_002356575.1,
GCF_000143605.1.

The in silico analysis was performed using the ge-
nome of the B. anthracis Ames Ancestor strain (Gen-
Bank: NC 007530.2; NC 007322.2; NC 007323.3)
as a reference genome. Polymorphisms were identified
using BLAST, BLASTp, MEGA X, MAUVE, Tandem
Repeat Finder programs. The alignment of pooled se-
quences of pathogenicity factor genes and the transla-
tion of nucleotide sequences of genes were performed
using the MEGA X program. The whole-genome anal-
ysis of single nucleotide polymorphisms (SNPs) was
performed using the Parsnp program from the Harvest
Suite for multiple alignment of genomic sequences. The
input data included genomes of 50 strains described
above; they were aligned with the chromosomal nucle-
otide sequence of the reference genome of B. anthracis
Ames Ancestor (GenBank: NC 007530.2) using Pars-
np (parameters ¢ -e¢ -u -C 1000). The detected SNPs
were extracted into a VCF file using HarvestTools v.
1.0. The edited file was used as an input file in Harvest-
Tools to compile a FASTA file.

The phylogenetic tree was reconstructed by the
neighbor-joining method in MEGA X in accordance
with Tamura-Nei model; the bootstrapped confidence
interval was based on 1,000 replicates; the goeBURST
Full MST method and PHYLOViZ 2.0 program were
used for identification of clonal complexes. The Fig-
Tree program was used for dendrogram visualization.
The Hanter—Gaston discriminatory index was calculat-
ed in accordance with [24].

Results

Analysis of polymorphisms of the chromosomal region
of the B. anthracis and Bacillus cereus biovar anthracis

! URL: ftp:/ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/833/275/
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genome

The variability of the chromosomal region in
B. anthracis and B. cereus biovar anthracis depend-
ed on SNPs, single-nucleotide repeats (SNR), tandem
repeats, substitutions and indels (insertions/deletions).
The main polymorphisms in chromosomal genomes
were represented by SNPs (Table 1). Strains belonging
to different genetic lineages had noticeable differences
in the number of polymorphisms.

Chromosomal marker (specific) SNPs were iden-
tified for B. anthracis major genetic lineages (Table 2).

Strains of lineages B and C demonstrated signifi-
cant differences in the relative amounts of marker SNPs
compared to lineage A.

Most of the marker SNPs from linecages A and B
were primarily located in housekeeping genes, out of
which 4 genes were associated with sporulation and
spore germination.

Analysis of SNPs of pathogenicity factor genes

The analysis included 19 variable genes encoding
products associated with pathogenicity (Table 3).

The gene variability depended on the presence of
SNPs, VNTRs and INDELSs. The largest number of all
SNPs and nonsynonymous SNPs per one genome was
found in the B. cereus biovar anthracis strain followed
by B. anthracis strains of lineage C, lineage B, lincage
A. The deletion in the #7pA gene resulted in the forma-
tion of pseudogenes and the absence of functional pro-
teins in some strains of lineage B. In the B. cereus bio-
var anthracis strain, the frameshift mutation caused the
formation of the pseudogene and absence of the Mobl
relaxase (capsule-production plasmid plC-X02). There
are noticeable differences in the number of SNPs in dif-
ferent genes and in strains of different genetic lineages.

ORIGINAL RESEARCHES

Analysis of the polymorphism of pathogenicity factor
proteins in strains of different genetic lineages

The lethal factor In the lethal factor protein,
substitutions E709G and E68IK are located within
domain 4, which contains the catalytic center, at the
distance of 10 and 37 amino acids, respectively, from
the zinc binding site; substitutions 42997, L298M and
R543Q are located in domain 2, substitutions £66K and
V2461 — in domain 1.

The edema factor. All strains of lineage B had sub-
stitutions D/80G and 318T. The strain of lineage C and
B. cereus biovar anthracis strain CI have substitutions
K278E, I318T and N789K. The B. cereus var. anthracis
strain CI has substitution V6944. Substitutions D80G
and K278F are located within the PAB domain, /3/8T —
in the CA segment of the ACD core domain, V6944 and
N789K — in the helical region of the edema factor.

The protective antigen. Strains of lineage A were
found to have substitutions 4600V and P565S; strains
of lineage B had substitutions /433) and A600V; the
strain of lineage C and B. cereus biovar anthracis strain
CI had substitutions S66P and A600V. B. cereus biovar
anthracis strain CI had substitution S290/. Substitution
S66P was located in domain 1, substitution /4337 —in
domain 2, substitution P565S — in domain 3; substitu-
tion A600V — in domain 4 in the receptor-binding re-
gion (L595-T735).

The comparative analysis was performed using PA
genes and proteins in all live spore vaccines based on
strains Carbosap, 34F2_Sterne, A16R, Tsiankovskii-1,
STI-1, 55VNIIViM, 228/8 and Brazilian vaccinal as
well as in chemical vaccines based on PA of the avir-
ulent V770-NP-1R strain (U.S. vaccines AVA (or Bio-
Thrax) and AV7909) and based on PA of vaccine strain
34F2 Sterne (vaccine AVP; United Kingdom). All

Table 1. Polymorphisms of chromosome genomes of B. anthracis and B. cereus biovar anthracis strains

Quantity of polymorphisms comparing with B. anthracis strain Ames Ancestor

Major lineage Strain
SNP SNR tandem repeats substitutions indels total
A Australia 94 411 142 23 8 64 648
A Vollum 609 233 32 12 68 954
B SVA11 1693 418 73 16 109 2309
Cc 2002013094 2381 576 99 134 414 3604
B. cereus biovar anthracis Cl 76714 1075 188 7857 1783 87 617

Table 2. Marker SNPs for chromosome genomes of B. anthracis

Ratio marker SNP localization

Major lineage Quantity of marker SNP SNPs/genome gone nforgons Space
180 4,73 152 28
B 183 18,3 141 42
594 594 Not tested Not tested
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Table 3. SNPs in pathogenicity factors genes of B. anthracis strains of different lineages

Ratio quantity of SNPs/genome in strains of lineages

Gene A(n=238) B (n=10) C(n=1) B. cereus biovar anthracis (n = 1)
total | nonsynonimic | total | nonsynonimic | total | nonsynonimic total nonsynonimic

cya 7/0,18 4/0,1 3/0,3 2/0,2 6 4 6 4
lef 2/0,05 2/0,05 2/0,2 2/0,2 4 3 10 8
pagA 4/0,1 2/0,05 3/0,3 2/0,2 3 2 4 3
atxA 1/0,02 0 0 0 0 0 1 1

capA 3/0,07 2/0,05 1/0,1 1/0,1 1 1 1 0
capC 2/0,05 0 0 0 1 1 1 0
capD 3/0,07 3/0,07 2/0,2 0 3 3 4 4
acpA 1/0,02 0 1/0,1 1/0,1 1 1 3 2
ger XC 1/0,02 1/0,02 2/0,2 2/0,2 1 1 1 1

mprF 2/0,05 1/0,02 2/0,2 2/0,2 2 1 23 1

entFM 2/0,05 2/0,05 1/0,1 1/0,1 0 0 17 5
GBAA_RS16775 1/0,02 1/0,02 2/0,2 2/0,2 0 0 132 31
plC 0 0 1/0,1 1/0,1 1/0,1 1/0,1 9 3
alo 3/0,07 3/0,073 0 0 0 0 57 23
nos 0 0 2/0,2 2/0,2 0 0 32 9
luxS 0 0 0 0 1 1 8 0
trpA 0 0 3/0,3 1/0,1 0 0 18 5
troD 0 0 1/0,1 1/0,1 1 0 15 4
GBAA_RS06415 (trpG) 0 0 1/0,1 1/0,1 1 1 14 5

the strains belonged to lineage A. Strains V770-NP-
IR, Carbosap and all the strains of the Russian origin
(Tsiankovskii-1, STI-1, S5VNIIViM, 228/8) had sub-
stitutions in gene C—T at the position 195 and 1799;
in addition, the Tsiankovskii-1 strain had substitution
981 A—T. The same strains had substitution 4600V in
PA domain 4 in the receptor-binding region. No substi-
tutions were detected in PA gene and protein in strains
34F2 Sterne, Brazilian vaccinal and A16R.

Capsular polyglutamate synthetase CapA: strains
of lineage A had substitution Q399K strains of lineage
B had substitution 73454; lineage C strains had substi-
tution V156L.

Capsule biosynthesis protein CapC: substitution
T80M in strains of lineage C and B. cereus strains.

CapD gamma-glutamyl transferase: strains of lin-
eage A had substitutions /4M, V2661 and S381FE; strains
of lineage B did not have any substitutions; the strain of
lineage C and B. cereus biovar anthracis strain CI had
substitutions H70Y, K223E and F379I; B. cereus bio-
var anthracis strain CI had substitution G499D. Sub-
stitution H70Y was located in the L strand, substitution
F379] — in the S strand.

Capsule synthesis transcriptional regulator AcpA:
strains of lineages B and C and B. cereus biovar an-
thracis strain CI had substitution E285K; B. cereus also
had substitution Y354H.

Anthrax toxin trans-activating transcriptional
regulator AtxA: substitution /188N in B. cereus biovar
anthracis strain CI.

Anthrolysin O (ALO): strains of the A.Br.Vol-
lum group had substitution S422F; strains of the A.Br.
Aust94 group, which were isolated in South Africa, had
substitution N221T; ; strains of the A.Br.005/006 group
had substitution V416G.

Metalloprotease of the enhancin family: strains
of lineage A had substitution P631S; strains of lineage
B — substitution L 139F; strains of lineage C — substi-
tution D444E, the protein of B. cereus biovar anthracis
strain CI had 29 substitutions.

GerXC spore germination protein: lineages A and
B had substitution H29R; lineage B — substitution
T351, lineage C and B. cereus biovar anthracis — sub-
stitution £279G.

Protein production autoinducer-2, LuxS: lineage
C had substitution D111G.

Bifunctional lysyl-phosphatidylglycerol flippase/
synthetase MprF: lineage A had substitution H631R;
lincage B — substitution L289F; lineages B and C
as well as B. cereus biovar anthracis — substitution
V4241

Nitric oxide synthase NOS: lineage B — substitu-
tions Q288H and 1348F; B. cereus biovar anthracis —
9 substitutions.
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Phospholipase C: strains of lineages B and C as
well as B. cereus biovar anthracis had substitution
H194Y; B. cereus biovar anthracis — had substitutions
N20S and A59V.

Tryptophan synthase alpha subunit. lincage B —
substitutions 7222K and a non-functional protein in
some strains of this lineage due to the deletion and for-
mation of a pseudogene; B. cereus biovar anthracis —
5 substitutions.

Anthranilate phosphoribosyl transferase TrpD:
lineage B — substitution N300S; B. cereus biovar an-
thracis — 4 substitutions.

Aminodeoxychorismate/anthranilate synthase
component II, TrpG: Lineages B and C — substitution-
SN300S; B. cereus biovar anthracis — 5 substitutions.
H70Y is located in the L strand, F379] — in the S strand.

The obtained data on substitutions in plasmid genes
and proteins of pathogenicity factors correlate with the
data reported in earlier [22, 23]. Substitutions in genes
of additional pathogenicity factors having chromosomal
localization have been described by us for the first time.

The largest number of significant substitutions was
identified in genes of enhancin and anthorolysin O in B.
cereus biovar anthracis strain CL In total, 19 pathoge-
nicity factor genes had 15 significant substitutions in
38 strains of linecage A, 20 substitutions in 10 strains
of lineage B, 20 substitutions in 1 strain of lineage C,
102 substitutions in B. cereus biovar anthracis strain
CI. The consistency of pattern is observed: Strains from
major lineages B and C, let alone, the B. cereus bio-
var anthracis strain, had significantly larger numbers
of amino acid substitutions in pathogenicity factor pro-
teins, which can change their functional activity, than
strains from lineage A.

Sequence typing based on SNPs in pathogenicity
factors genes

A total of 409 phylogenetically significant SNPs
and 33 genotypes of pathogenicity factors were identi-
fied in 19 pathogenicity factor gene of 49 B. anthracis
strains and 1 B. cereus biovar anthracis strain identified.

For the multi-virulence-locus sequence typing
(MVLST), the Hunter—Gaston discriminatory index
was 0.9633, being higher than the respective index for
canSNP-typing (0.9056), coming close to the index for
WGS-SNP typing (0.9869). Similar results were demon-
strated by the comparative analysis of the MVLST and
whole-genome SNP typing effectiveness [25]. Compared
to canSNP and coreWGS-SNP typing, the MVLST typ-
ing based on SNPs of pathogenicity factor genes can be
used for chromosomal and plasmid genes.

The dendrogram based on SNPs of pathogenicity
factor genes also shows three universally recognized
major genetic lineages: A, B, C of B. anthracis and the
clade of the B. cereus biovar anthracis strain; the latter
is basic for all the three major genetic B. anthracis lin-
eages, while the clade of lineage C is basic for lineages

ORIGINAL RESEARCHES

B and C (Fig. 1). These findings support the idea of the
evolution of B. anthracis from its predecessor B. cereus
to lineage C and then to lineages B and C; they can al-
so suggest that variability of pathogenicity factor genes
can be seen as a driving force of the evolution.

The phylogenetic relationships of strains, which
were reconstructed using multilocus sequence typing,
differed from those demonstrated by whole-genome
SNP typing.

The canSNP group B.Br.001/002 and B.Br.Kruger
clustering conformity was observed using multilocus
sequence typing and whole-genome SNP typing.

The comparison of the dendrograms constructed
with multilocus sequence typing and whole-genome
SNP typing of the same strains (Fig. 1) showed that
some strains belonging to other canSNP groups are
clustered with strains from groups that do not conform
to their canSNP-group affiliation.

Identification of clonal complexes using multilocus
sequence typing

The identification of clonal complexes (CC) using
multilocus sequence typing resulted in identification
of 33 genotypes (GTs) comprising 5 clonal complexes
for 48 B. anthracis strains of major lineages A and B
as well as two distinct GTs for B. anthracis strains of
lineage C and B. cereus bv anthracis (Fig. 2). CCl1 is
the most numerous complex consisting of 12 GTs of 20
strains.

CC1 includes GTs of 18 strains of 7 groups out
of 14 canSNP groups from major genetic B. anthracis
lineage A. CC2 consists of 2 GTs of the A.Br.008/011
group and serves as an intermediate link between CCl1,
CC4 having strains of lineage A and CC5having strains
of lineage B. CC3 includes 7 GTs from A.Br.Aust94,
A.Br.001/002 and A.Br.Ames groups. CC4 consists
of 5 GTs of the A.Br.008/011 group of major lineage
A. CCS5 includes 7 GTs of 10 strains from all canSNP
groups of major B. anthracis lineage B.

In the clonal complexes, the genetic distances
between GTs range from 1 to 6 units. All B. anthracis
strains of lineage A are separated from strains of lineage
B by the distance of 17 units (from GT17 to GT43),
from the strain of lineage C — by the distance of 24
units (between GT7 and GT49), from the B. cereus bv
anthracis strain (GT50) — by the distance of 340 units
from the B. anthracis strain of lineage C (GT49).

The analysis of the clonal complexes confirms
that B. anthracis strains are classified into three major
genetic lineages and are distributed by genotypes of
pathogenicity factor genes, which do not demonstrate
complete conformity to canonical SNP groups. The
analysis confirms the evolution of pathogenicity factors
from B. cereus biovar anthracis to B. anthracis of lin-
eage C and then to lineages A and B, thus making it
possible to identify genetic groups different from ca-
nonical SNP groups.
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Fig. 1. Comparison of the phylogenetic reconstruction of the results received using the multilocus sequence typing
and coreWGS-SNP.

Discussion

The number of all types of polymorphisms in the
chromosomal region of genomes in B. anthracis strains
of lineages B and C was 1.6-13.4 times and in the B. ce-
reus var. anthracis strain 5-150 times as large as their
number in B. anthracis strains of lineage A. Especially
significant differences were observed in the numbers
of substitutions, SNPs, and indels in the genome of the
B. cereus var. anthracis strain, which were 785.7, 150
and 27 times as large as their numbers in B. anthracis
strains of lineage A. These differences can be explained
by the conformity between the chromosomal region
of the genome of B. cereus var. anthracis strains and
the genome of representatives of the B. cereus sensu

lato group, except for B. anthracis, while pCI-XO1
and pCI-XO2 plasmids do not differ significantly from
pXO1 and pXO2 plasmids of B. anthracis [4].

The number of chromosomal specific marker
SNPs per genome had an inverse relationship with the
number of lineage strains; for the only strain of ma-
jor lineage C, this number was 24 times as large as the
number for 10 strains of lineage B and exceeded 170
times the number for 38 strains of lineage A. This phe-
nomenon can result from a longer evolution history in-
volving accumulation of mutations in genetic lineages
B and C compared to lineage A. As SNPs were located
primarily in housekeeping genes, there is a high prob-
ability that these mutations were significant and could
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GT Strains canSNP group GT Strains canSNP group
Ames_Ancestor A.Br.Ames 1175-13 A.Br.008/011
Shikan-NIID A.Br.Ames 6120 1322 A.Br.008/011
GT1 1-319 A.Br.Ames GT21 1324 A.Br.008/011
I-45 A.Br.001/002 GT22 363-17 A.Br.008/011
1-271_OBL_ A.Br.001/002 GT19 506-55 A.Br.008/011
GT6 Stendal A.Br.001/002 GT11 CzZC5 A.Br.005/006
Kafkas-100 A.BrAuGT94 Vollum A.Br.Vollum
GT30 GT34
Australia_94 A.Br. AuGT94 ATCC_11966 A.Br.Vollum
GT27 73-42 A.Br.AuGT94 GT38 Canadian_bison A.Br.WNA
GT28 737-10 A.BrAuGT94 GT37 2000031008 A.Br.Vollum
GT29 819-5 A.BrAuGT94 GT10 1 A.Br.005/006
SA047 A.Br.003/004 GT36 H9401 A.Br.005/007
A142 A.Br.003/004 GT9 K3 A.Br.005/006
London_499 A.Br.011/009 RA3 B.Br.CNEVA
K2129 A.Br.008/011 o143 CNEVA-9066 B.Br.CNEVA
et 1373-865 A.Br.008/011 228 B.Br.001/002
1-361 A.Br.008/011 GT39 12-16 B.Br.001/002
Turkey32 A.Br.011/009 1342_12 B.Br.001/002
Heroin_Ba4599 A.Br.011/009 GT42 1368-1 B.Br.001/002
GT12 ANSES_32 A.Br.011/009 GT45 A24TN_Bovine_Sokol B.Br.CNEVA
GT33 Polino A.Br.011/009 GT46 Kruger_B B.Br.Kruger B
GT17 K3974 A.Br.008/011 GT48 SVA11 B.Br.001/002
GT18 81-1 A.Br.008/011 GT47 Zimbabwe_89 B.Br.001/002
GT23 1269 A.Br.008/011 GT49 2002013094 C.Br.A1055
Bacillus_cereus_
GT32 Kanchipuram A.Br.Aust94 GT50 biovar B. c. bv anthr
anthracis_str. Cl

Fig. 2. Clonal complexes of B. anthracis strains. The dendrogram was constructed using multilocus sequence typing and the
goeBURST Full MST algorithm in the PHYLOViZ 2.0 program; numbers on the clades correspond to genetic distances.
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affect the ecological adaptation of lineages B and C,
consequently, their limited spread.

The variability of 19 pathogenicity factor genes,
out of which 9 were encoded by pXO1 and pXO2
plasmids of B. anthracis or pCI-XO1 and pCI-XO2
of B. cereus biovar anthracis, and another 10 — by a
chromosome, was manifested by the presence of SNPs
and indels. It should be noted that no indels have been
detected in B. anthracis strains from lineage A, ex-
cept for the strain 2000031008, as opposed to oth-
er lineages. In strains of lineages B and C, insertion
ATATAGATA in the acpA gene caused the insertion
of 3 amino acids NID (asparagine-isoleucine-aspartic
acid) in the capsule synthesis transcriptional regulator
AcpA. This insertion, a tandem repeat unit, was de-
scribed as a new VNTR-locus first in our publication
[26] and later by other authors [23]. The deletion in
the 107—124 bp region in the 7pA gene turned it into
a pseudogene, deprived the TrpA tryptophan synthase
alpha subunit of 35-40 N-terminal amino acids and
made the enzyme nonfunctional in most of the strains
of lineage B, which we have studied. These effects
could explain the dependence of these strains on tryp-
tophan [16].

PA is the main immunogenic component of an-
thrax vaccines. All vaccine strains of live vaccines as
well as strains, PA of which is used in chemical vac-
cines, belonged to major genetic lineage A. Vaccine
strains of Russian origin, strains V770-NP-1R and Car-
bosap have the alanine-to-valine substitution in the re-
ceptor-binding region of PA domain 4, which is absent
in vaccine strains from China, Brazil and in the 34F2
Sterne strain used for vaccination of livestock in West-
ern countries. These data can be useful in development
of new anthrax vaccines.

The global dominance of genotypes of lineage A
serves as a proof of a bid reproductive success (and,
consequently, adaptation) and considerable dispersion
over large distances [27]. Smith et al. assume that
strains of lineage A, though not lineage B, have a hy-
pothetical ability to cause latent infection in animals,
which is associated with their global distribution and
the restricted distribution of lineage B. The comparison
of isolates from lineages A and B from South Aftrica
showed that strains A were adapted to more diverse
environments than strains B, which were restricted by
narrower environments [28]. The limited number and
restricted geographical distribution of rarer lineages
can be caused by higher adaptation costs, which are as-
sociated with niche specialization [29].

The genotypes from lineage C and, to a lesser
extent, from lineage B, apparently have a very poor
adaptation compared to the genotypes from lineage
A. Indeed, the clade of lineage C is characterized by
significantly slower rates of evolution than the clade of
lineage A, implying the smaller number of infectious
cycles in nature [1].

The differences between evolutionary lineages in
terms of susceptible hosts can also contribute to differ-
ences in their distribution. Strains of the B.Br.CNEVA
group of lineage B were reported only in France, South-
ern Germany, Switzerland, Northern Italy, Bosnia and
Herzegovina, Croatia, Slovenia, Slovakia and Poland.
They constitute a transalpine axis represented by valley
grasslands with rich meadows, traditionally focusing
on specific breeds of cattle, which were kept isolated
and were not exchanged for centuries. Such geographic
isolation might have provided favorable environment
for spore survival and replication of B. anthracis of the
B.Br.CNEVA group [2, 30].

Conclusion

There are significant differences in the numbers of
polymorphisms in genomes of representatives of major
genetic B. anthracis lineages A, B and C. Strains of the
most geographically restricted lineage C had 4.5 times
and strains of lineage B, which is also quite restricted,
3 times as many types of polymorphisms compared to
strains of numerous lineage A. The dominating loca-
tion of nucleotide substitutions, including significant
substitutions, within housekeeping genes and pathoge-
nicity factors could contribute to changes in functions
of respective proteins. The expansion of lineage A can
be explained by its advantages over lineages B and C,
which were established during the evolution. Lineage
C, which is evolutionary older and is primary in relation
to lineages B and A as well as least adapted, is restric-
ted in distribution by negative selection. The evolution
of B. anthracis, which is associated with the variability
of pathogenicity factors, helps identify genetic groups
that are different from canonical SNP groups. MVLST
having a good discriminatory power can be used as an
additional method of molecular typing of the anthrax
pathogen, making it possible to differentiate strains us-
ing pathogenicity determinant.

In our study, we, for the first time, found that strains
of lineages B and C have significantly higher numbers
of polymorphisms in genomes, including pathogenici-
ty factor genes, compared to lineage A. We identified
significant substitutions in chromosomal and plasmid
genes, which have a potential effect on virulence, and
demonstrated a high discriminatory power of MVLST)
using the analysis of SNPs of 19 pathogenicity factor
genes. For the first time, the mechanism underlying the
tryptophan dependance in some B. anthracis strains of
lineage B was identified, demonstrating its association
with mutations in the gene of the tryptophan synthase
alpha subunit.

The variability of genes associated with spore ger-
mination and spore formation should be studied further,
as they can also have an impact on adaptation and dis-
tribution of the genetic lineages of B. anthracis.

Thus, the dominance of major genetic lineage A of
B. anthracis can be explained, among other versions, by
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a significantly smaller numbers of genomic mutations
compared to B and, especially, C lineages as well as by
its better adaptation to external and host environments.
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PasHoo6pasue CRISPR-nokycoB wtammoB Yersinia pseudotuberculosis
N X accoumauma ¢ paktopamm NnaToreHHOCT Bo36yautena

MepetonuuHa H.M.™, BockpeceHckas E.A.2, KokopuHa 1.2, borymunbumk E.A.2,
Knumos B.T.3, Tpyxaues AJ1.%, Mxuoes lO.M.", 3n06uH B.W."*
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AHHOMauus

AxTyanbHOCTb. [10CTOSIHHBIN 06MEH HacneaCcTBEHHON MHpopMaLmnel ¢ y4acTuemM BHEXPOMOCOMHBIX U TPaHC-
Nno3npyembiX 311EMEHTOB SIBMSETCA OOHUM U3 (DaKTOPOB CyLLECTBOBAHWS FETEPOreHHbIX MonynsuniA MUKpoop-
raHM3amMoB. CTPyKTypbl, KOHTPONUPYOLLME TOPU3OHTAlbHBIN NEPEHOC FEHOB, MOTYT BNUSATbL HA hOpMMPOBaHNE
reHeTU4YeCcKnx BapmaHToOB NaToOreHoB.

Lenb paboTbl — M3y4nTb MONEKynsipHo-reHeTuyeckme xapakrepuctukm CRISPR-nokycoB wrammoB Yersinia
pseudotuberculosis, UNPKYNUPYOLWMX Ha TeppuTopumn Poccnn, 1 ux cBsasb ¢ hbakTopamu NatoreHHOCTH Bo30yau-
Tensa ncesaoTybepkynésa.

Martepuanbi n meToabl. B pabote nsydeHol 56 wrammoB Y. pseudotuberculosis, BbiaeneHHbix B Te4eHne 1935—
2014 1. Ha pasnu4HbIX TeppuTopusax Poccum n Apyrnx rocyaapcTs U3 pasHbIX MICTOMHUKOB. Beigenenve n amnnu-
dukaumio oparmeHTos [IHK, cogepxaimx CRISPR-nokychl, BbINOAHANM METOA0M NONUMEpPasHOW LIENHON peak-
uun. CekBeHupoBaHne CRISPR-nokycoB ocyluecTtsnsny no metogy CaHrepa. [ns KaXaoro wraMmma onpenenéx
FEHOTUM MO HaNM4yu0 OCHOBHbIX (hAaKTOPOB NMATOrEHHOCTN: XPOMOCOMHBIX FeHOB cynepaHTureHa ypmA/C, reHos,
NOKanM30BaHHbIX Ha «ocTpoBax natoreHHocTuy» HPI, YAPI, reHoB nnasmuabl pYV, pVM82.

PesynbraTtbl. B pesynsrate aHanusa CRISPR-nokycoB wrtammoB Y. pseudotuberculosis ycTaHOBNEHO, 4TO
CMencepHbI COCTaB NIOKYCOB pasnMyaeTcs y LWTaMMOB, OTJIMHAKOLLMXCS CEPOTUNOM, Habopom (haKTOpoB MaTo-
reHHOCTU, permoHoMm BbiaeneHus. Hanbonee BapuabenbHbl nokycsl YP1 1 YP3, nokyc YP2 ogHopoaeH. CocTtas
nokyca YP1 pasnuyaetcs B rpynnax LUTaMmMOB, OTIMYAOLLMXCA MO Hanuuumio nnasmuasl pVM82. Coctas nokyca
YP3 3aBucuT 1 OT Hanuumsa nnasmuasl pVM82, 1 oT «afresmBHOro octposa natoreHHocT» YAPI.
3akntoueHue. Ha tepputopun Poccun umpkynupyioT wtammel Y. pseudotuberculosis ¢ pa3nuyHbiM Habopom
OETEPMUHAHT BMPYNEHTHOCTU U cnericepHbiM coctaBoM CRISPR-noKycoB. BOMbLMHCTBO POCCUMICKMX LUTaM-
MOB OT/IMYAKOTCS MO AaHHBbIM MOMEKYISPHbLIM MapKepam OT LTaMMOB U3 ApYyrMx cTpaH. Beicokasa Bapuabenb-
HOCTb LUTAMMOB BHYTPU Buaa onpepensercss cnocobGHOCTbIO nMpuobpeTarb HOBble FEHETUYECKME 3NEMEHTbI
nyTéM ropuaoHTansHoro nepeHoca reHoB. CRISPR-Cas kak cuctema «MMMyHuTeTa» OakTepui npoTMB MO-
OVNbHBIX TEHETUYECKMX SNIEMEHTOB MOXET y4acTBOBaTh B (hOPMMPOBAHUM NATOFEHHOro MoTeHuuana LwraMMoB
Y. pseudotuberculosis.

KnroueBble cnoBa: CRISPR-nokyc, chakmopbl namoeeHHocmu, Yersinia pseudotuberculosis

UcmoyHuk ¢UHchupoeaHun. ABTOpr 3as9BNs0T 00 OTCYTCTBUU BHELLHEro CbI/IHaHCVIpOBaHVIﬂ npu npoesegeHUn nc-
cnegoBaHuA.

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

Ans yumupoeaHusi: MNMepetonumHa H.IN., BockpeceHckas E.A., KokopuHa IW., Borymuneunk E.A., Knumos B.T., Tpy-
xaueB A.J1., xunoes HO.IM., 3no6uH B.N. PasHoobpasne CRISPR-nokycos wrtammoB Yersinia pseudotuberculosis n nx
accoumaumsi ¢ pakTopamu naToreHHocTn Bo3dyauTens. XKypHan mukpobuonoauu, anudemuonosuu u umMmyHobuorno-
auu. 2023;100(3):166-175.
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Diversity of CRISPR loci in Yersinia pseudotuberculosis strains
and their association with pathogenicity factors
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Abstract

Introduction. Heterogeneous microbial populations exist in the nature due to exchange of genetic material
containing in extrachromosomal and transposable elements. Structures controlling horizontal gene transfer may
affect development of pathogen genetic variants.

The aim of the study is to analyze molecular genetic characteristics of CRISPR-loci in Yersinia pseudotuberculosis
strains circulating in Russia and their association with pathogenicity factors.

Materials and methods. We studied 56 strains of Y. pseudotuberculosis isolated from different sources in Russia
during 1935-2014 from various sources in different regions of Russian Federation and in other countries. DNA
fragments with CRISPR-loci were isolated and amplified by PCR, and subjected to Sanger sequencing. PCR was
used to determine chromosomal genes of superantigen ypmA/C, pathogenicity islands HPI, YAPI, and plasmids
pYV and pVM82.

Results. Analysis of CRISPR-lociin Y. pseudotuberculosis showed that spacer content varies in strains depending
on serotype, set of pathogenicity factors, and isolation place. The most variable loci are YP1 and YP3, locus YP2
is homogeneous. Locus YP1 varies in strains that differ by presence of plasmid pVM82, while content of locus
YP3 depends on presence of plasmid pVM82 and adhesion pathogenicity island YAPI.

Conclusion. Strains of Y. pseudotuberculosis circulating in Russia have a huge diversity of pathogenicity factors
and CRISPR spacer content. Most of Russian strains differ by molecular markers from strains isolated in other
countries. High variability is defined by ability to get new genetic elements in horizontal gene transfer. In bacteria,
CRISPR-Cas system provides «immunity» against mobile genetic elements and can participate in formation of

Y. pseudotuberculosis pathogenic potential.

Keywords: CRISPR-locus, pathogenicity factors, Yersinia pseudotuberculosis
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BeBepeHune

I'pamorpunarensHple  Oakrepun  Buuma  Yersinia
pseudotuberculosis oTHOCAT K (haKyJIBTaTUBHBIM IICUXPO-
¢wraM, CIOCOOHBIM BEI3BIBaTh OCTPOE CAIPO300HO3HOE
3abosieBaHne — TceBRoTyOepkynés [1]. Cimydyan nceBmoty-
Oepkyiés3a perncTpupyroT Bo MHOTHX cyObekTax Poccun, HO
peruoHaMu ¢ HanOolsiee BHICOKOW 3a007€BaeMOCTBHIO SIBIIS-
totcst lanpHeBocTouHbIi, CeBepo-3anaaubiii 1 CuOupckuit
¢denepanpHble okpyra. Kitaccnueckue MeTobI TUITHPOBAHUS
mTaMMoB Y. pseudotuberculosis OCHOBaHBI Ha OTIPEICIICHUT

ceporuna [2, 3]. BoIbIIMHCTBO UPKYIUPYIOIMIUX Ha TePpHU-
topuu Poccum mrammoB oTHocsTcs K ceporumny O:1, npe-
umymiectBeHHO O:1b, B CHOMPCKOM pPErHOHE TaKKe BBISIB-
neHsl npenctasutenu ceporuna O:3, na HansHeM Boctoke,
KpOME TEPEUUCIICHHBIX, BCTPEUYAIOTCS IITaMMbl CEPOTHIA
0:3, 0:4 [4, 5]. Wrammer Y. pseudotuberculosis oTmnua-
FOTCSI BBICOKHM pa3zHoo0pa3neM (haKTOpOB, OMPEICIISIONINX
WX BHUPYJICHTHOCTb U TSXKECTh BBI3BIBAEMOTO MMH 3a0olre-
BaHUSI. XPOMOCOMHBIC (DaKTOPHI MAaTOreHHOCTH Y. pseudo-
tuberculosis, BHIABISIEMbIC METOIOM TOJMMEPA3HON ICTTHOM

© Peretolchina N.P., Voskresenskaya E.A., Kokorina G.l., Bogumilchik E.A., Klimov V.T., Trukhachev A.L., Dzhioev Yu.P., Zlobin V.I., 2023
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peakuuu (IILIP) BKmIOWaroT TeHBI CynepaHTHreHa ypmA,
ypmC, «octpoBa maroreHHoctu» HPI («ocTpoB BbIcOKOI
naroreHHocTn») U YAPI («aare3suBHBIN OCTPOB IMaTOre€HHO-
cti»). Ha mnasmuaax pYV u pVMS82 nokann3oBaHbl T€HBI,
ACCOLIMUPOBAaHHBIE C (AKyIbTaTHBHBIM BHYTPHUKJIETOYHBIM
napasuTu3MoM Oakrepuw: anmapar cexpernuu 11 Tuma, aare-
3UHBI U anmapar cexkpeuuu IVB tuna. Ho nanHble MeToas!
TUIMPOBAHUS HE IO3BOJSIIOT AU PEPeHIIPOBATH OJIM3KO-
POACTBEHHBIE IITAMMBI BHYTPHU OJHOTO CEpPOTHINA WU Te-
HOBapHaHTa C OIpeAeNEHHBIMU (DAaKTOpaMH MATOTEHHOCTH.
B 3aBuCHMMOCTH OT MOCHEYIOUIETO METOa T€HOTUIINPOBa-
HUsI, OCHOBAHHOTO Ha aHaJN3€ '€HOMHOTO ITOJMMOp(H3Ma
mramMMmoB Y. pseudotuberculosis, BBISBISIETCS pa3iUuHOE
YHCJIO TEHOTHIIOB, OTIIMYAIOIIUXCS CEPOTUIIOM, reorpadueit
Y UICTOYHHMKOM BBIJICIICHUS, TATOTCHHBIM TIOTEHIIHAIIOM [6, 7].
IIpuMeHeHNe HECKOIbKUX METONOB I'€HOTUIMPOBAHUS IO-
3BOJISIET TIOJTyYHTh OoJiee MH(OPMaTUBHBIE PE3yIbTATHI.

[MocrostHHBIN 0OMEH HacIeACTBEHHON HH(pOpMaNneH ¢
y4acTHEM BHEXPOMOCOMHBIX M TPAHCIO3UPYEMBIX IEMEH-
TOB SIBIISIETCSL ONHUM M3 (PAKTOPOB CYIIECTBOBAHHUS IeTEPO-
TEeHHOM MNOMyJSAIMM MHUKPOOPIaHU3MOB B ONpEAEIEHHBIX
ycinoBusx cpenbl [1]. Hekoropble KiacTepbl T'€HOB, KOIU-
pyrolye AeTepMUHAHTHI MaTOTE€HHOCTH, aCCOLUMPOBAHBI C
MHTErpa3aMu Npo¢aroB WM MHCEPLUHUOHHBIMHU 3JIEMEHTaAMH,
KOHTPOJIUPYIOIIUMHI T€HOMHBIE IEPECTPOIKH, cle10BaTeNb-
HO, CUCTEMBI, HallPaBJIECHHbIE HA PETYNIALUI0 FOPU30HTAIIb-
HOTO TepeHoca TE€HOB, BIMSIOT Ha HBOJIOLHIO OAaKTEpH.
Krakum crpykrypam otHocutcs cucrema CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats, kopoTkue
MaJIMHPOMHBIE TIOBTOPHI, pa3zeiéHHbIe CIelicepaMu), CIIo-
coOHast crienn(UYEeCcKH y3HaBaTh U YHHUYTOXATbh Y>KEpPOJ-
HBII TeHEeTUYECKHUI MaTepuai.

CRISPR-Cas-cucremsi Y. pseudotuberculosis oTHOCST-
cs k knacey 1, tuny I w mogruny F (IF), u umeror B cBoéM
cocrage oT oytHoro 710 3 okycoB (YP1, YP2 u YP3), ynanén-
HO PACHOJIOKEHHBIX OTHOCHUTENIBHO APYT Jpyra BCIEACTBHE
TEeHOMHBIX nepecTpoek. Cas-reHsl J0KaIu30BaHbl OKOJIO Ol-
Ho# n3 kacceT (YP1), mpeacTaBiIeHHBIX B TeHOME HEPCHHUM.
Ocranbusbie n0Kychl (YP2 u YP3) sBisitoTcs Npon3BOIHBIMU
nokyca YP1 u coxpaHsIoT criocoOHOCTh ()yHKIIMOHUPOBATH B
kauectBe CRISPR-ummynurera [8, 9]. Panee K.A. Koskela
u coaBr., T. Seecharran u coaBT. 0OHAPY>KUII COOTBETCTBHE
MEXJy HEKOTOPBIMU CUKBEHC-TUIIAMU U CIIEHCEPHBIM COCTa-
BoM CRISPR-kaccer mrrammoB Y. pseudotuberculosis [9, 10].

Ho B paborax, mocBsménnbix usyuenuro CRISPR-
Cas-cucreme Y. pseudotuberculosis, mTaMMBbl, U30IMPOBaH-
HBIE Ha TeppuTopun Poccun, mpeacTaBIeHbl B OTHOCUTEIBHO
HEOOJIBIIINX KOJIMYECTBAX, & TAKXKE OTCYTCTBYET HH(OpMAIHs
0 MECTe BBIIEJIEHNS IITaMMa U IpyTUe MacOpTHHIE JaHHbIE.

IesibI0 HACTOSIIETO UCCIIENOBAaHMS SBUIIOCH U3ydeHHE
MOJEKyIApHO-TeHeTnueckux xapakrepuctuk CRISPR-mo-
KyCOB IITaMMOB Y. pseudotuberculosis, TUPKyIUpPYIOMNX HA
Tepputopuu Poccuu, 1 ux cBs3u ¢ pakTropaMu HaTOTeHHOCTH.

MaTepman bl N meToAbl

Uzyuenst 56 mrammoB Y. pseudotuberculosis [11],
BbIleNIeHHBIe B TedeHue 1935-2014 rr. Ha TeppuTOpHULX

ORIGINAL RESEARCHES

Bocrounoii u 3anagnoit Cubupu, dansHero Boctoka, Ce-
Bepo-3amagHoro u Apyrux peruoHoB Poccum, Monronum,
VYkpaunsl, benapycu, Typkmenncrana n A6xa3uu U3 pa3ind-
HBIX HCTOYHUKOB (cM. Ilpminoxkenne Ha caiite )xypHana).
IlItaMMbl oTOOpaHBl W3 KOJUIGKIMHA MpPKyTCKOTO
HUITYM Cubupu u [anenHero Bocrtoxka, HUUW »snune-
Muojorud M MukpoOuonornu um. Ilacrepa, PocroBcko-
ro-Ha-/[oHy Hay4HO-HCCII€AOBaTENbCKOTO MPOTUBOUYYMHO-
TO HHCTHUTYTA C YYETOM MMEIOIIUXCS MACIOPTHHIX JTaHHBIX
B COOTBETCTBHU C MOJYYECHHBIMU paHee JaHHBIMHU O JITMHE
CRISPR-nokycos [11].
Jnsa Beigenenus JIHK M3 KO/UIEKIIMOHHBIX IITaM-
MOB HCIIONIb30BAJIM KOMIUIEKT peareHToB «Pubo-copo»
(«AmpliSens») u «Ammmllpaiim JIHK-cop6-B» (00O
«Hexctbuoy). INLP npoBoannm Ha ammuudukarope KoM-
nannu «Applied Biosystems» u Ha mporpaMmMupyeMoM Tep-
mocrare «Tepuuk» (3AO «/IHK-TexHomorus»). s Beige-
nenus u cexBeHuposaHus CRISPR-nokycos ucnons3zoBanu
npaiMepbl U METOAUKY, Ipe/ICTaBIeHHbIe paHee [11].
BeIsiBIIeHHE  XPOMOCOMHBIX T'€HOB  CYIEpPaHTUTCHA
ypmA/C, TeHOB, JIOKIN30BaHHBIX Ha «OCTPOBAX MaTOTEHHO-
ctu» HPI (fud, irp2), YAPI (pilPQ, api74, tcp), reHOB 1m1a3-
muibl pVMS?2 (dotO, mucAB) nposomwi metomom [P [12].
CepoTun ucciIeayeMbIX ITaMMOB OIPEeNIsuIn Mo 00-
LIETPUHATON METOIUKE C TUArHOCTUYECKUMHU CBIBOPOTKAMU
npoussoactea ®BYH HUU snuaeMuonoruu 1 MEKPOOHOIIO-
run uMend [lactepa u Mmerogom mynsrumexcHoi [P [2, 3].
CexsennpoBanue CRISPR-nokycoB ocymiecTBiIsun 1o
CoaHrepy Ha KanWLIPHOM cekBeHatope «Applied Biosystems
3500» («Thermo Scientificy). s 10 mTammoB mpoBenu
TIOJTHOTGHOMHOE CEKBEHHpOBaHHE Ha cekBeHaTope MiSeq
(«Illuminay). TIpoGONONTrOTOBKY M CEKBEHHpOBAaHHE IIPOBO-
JUIN B COOTBETCTBUU C HHCTPYKIMAMU IIPOU3BOAUTES.
COopky M aHanu3 (parMeHTOB IPOBOAMIM C IIOMO-
mpio mporpamMm «Vector NTI Advance 10.3» u «BioEdit
7.2». COOpKY /10 YPOBHSI KOHTUTOB PEaIM30BBIBAIIN C ITIOMO-
mpio reHoMHOrO cOopmrrka SPAdes 3.15.4 u mHCTpyMeH-
ta CONTIGuator 2.7.4, OCYIIECTBISIONET0 (QUHUIIHYIO
cOopky Ha ocHOBe pedepercHoro renoma [13, 14]. Iouck
n pacumdpoBky CRISPR-Cas-cuctem B mocienoBaTeabHO-
CTSAX IITaMMOB IPOBOAWJIM C HCIIOJIB30BAaHUEM IIPOTPAMM
«CRISPRone»!, «CRISPRCasFinder»? u «CRISPRDetect»?
[15-17]. Tomonoru4nelie NpoTOCTIEHCEPHBIE TOCIEA0BATENb-
HOCTH B T€HOMax 0akTeproQaroB M IIa3MH] ONPEIEIISIIN C
moMoIeio anroputma noucka BLASTn mo 6a3am mgaHHBIX
GenBank, EMBL, DDBJ, PDB, RefSeq, onnaitH-npuio-
xenust CRISPRTarget mo 6asam manubix GenBank-Phage,
RefSeq-Plasmid u Islandviewer [18, 19]. Tomonoruunsie
MIOCJIEIOBATEILHOCTH HUCKalKd C HCIONb30BaHUEM CIEIy-
oIMX KpurepueB: Hamuuue 3'-PAM, xapakrepHoOro ams
CRISPR-cucrem tuma IF — GG, He 0osee 2 HECOOTBET-
CTBHH KOMIUIEMEHTAapHBIX OCHOBaHMH, OTCYTCTBHE Ooiee 2
CIapeHHBIX HyKJICOTHI0B nonpsia. IIpodarn B reHomMax xpo-

! URL: https://omics.informatics.indiana.edu/CRISPRone/
2 URL: https://crisprcas.i2bc.paris-saclay.fr
3 URL: http://brabtools./CRISPRDetect
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MOCOM ONPEAETSUIN C UCIIONb30BaHUEM OHJIAWH-UHCTPYyMEH-
ta PHASTER [20].

AHani3 TaHHBIX POBOJIMIIM B CpeJie IPOrpaMMHpOBa-
aust RStudio 2022.07.1+554 ¢ ucnonb30BaHUEM SI3BIKA IS
CTaTHCTHYECKOWH 00paOOTKH AaHHBIX M paboThl ¢ rpadukoit
R 4.2.2 [21]. IlepmyTauMOHHBIM AMCHIEPCUOHHBIA aHAIH3
(PERMANOVA) mcrionb30Baiy 115 IOMCKa CTaTUCTUIECKU
3HAYMMBIX Pa3IM4Mi B CTPOCHUU JIOKYCOB U UX CBSI3U C pas-
JUYHBIMHA XapaKTePUCTHKaMH IITAMMOB B COCTaBe IaKeTa
vegan 2.6-4 [22]. Knactepuzanuio mTaMMOB U MOCTPOEHUE
JEHJIpOrpaMM 10 HAJTMYUIO CIeicepoB MPOBOIMIIHU C UCTIONb-
3oBaHueM makeToB pvclust 2.2-0 u ComplexHeatmap 2.14.0
10 METOAY HEB3BelIeHHOTo nonapHoro cpeanero (UPGMA)
¢ Oyrctpeniom 1000 [23].

PerucrpannonHele HOMepa IOCIENOBaTeIbHOCTEH
69 HykneoTuaHsIx nocienosarenbHocTeit CRISPR-moxycos
mraMMoB Y. pseudotuberculosis NeOHUPOBAaHBI B MEKIY-
HapoaHylo 0a3y GenBank (Homepa mocryma: KX592595-
KX592599 nu OP245022—-0P245086).

PesynbraTbl

B pesynbrare aHanmusa kadecTBa U cOOPKH CHKBEHCOB
orobpansl 78 ¢parmenToB. [lokazaHo, YTO HccleOBaHHBIC
mrammel Y. pseudotuberculosis conepxar CRISPR-Cas-cu-
cTeMy, Bkmodaronryto 1-3 noxyca: YP1, YP2, YP3. Comnac-
HO cTpyktrype moBropoB (5’-GTT CAC TGC CGC ACA
GGC AGC TTA GAA A-3") Bce JIOKYCBI OTHOCATCS K THILY
IF. O61mee konnuecTBo crieiicepos cocraBmiio 1311. B noky-
ce YP1 konmuecTBO crieticepoB BapsupyeT oT 3 10 38 (Bcero
810 cmeticepon), B mokyce YP3 — ot 1 1o 44 (Bcero 466),
Jokyc YP2 — xopotkuii 1 cocTout u3 1 unu 2 cneicepos.

CneticepHbiti cocmas CRISPR-nokycos

Hnst ananu3za cneiicepaoro cocraBa CRISPR-nokycos
Obuta co3zmaHa 0a3a JaHHBIX CIelcepoB LITaMMOB Y. pseu-
dotuberculosis (Ne 2020622813, 3apeructpupopana B [ocy-
JTapCTBEHHOM peecTpe 0a3 JaHHbIX, 25.12.2020).

CrarucTuyecku JOCTOBEPHO CHEHCepHBI CcOCTaB
CRISPR-Cas-cuctem pasnuuaercs y MITaMMOB, OTJINYalO-

Pasnuuusa cnericepHoro coctaBa CRISPR-nokycoB wrammoB Y. pseudotuberculosis (npu p < 0,05)
Differences of spacer content in CRISPR-loci of Y. pseudotuberculosis strains (p < 0,05)

XagaKTepMCTMKa wramma Df MS Pseudo-F p
train characteristics

TNokyc YP1 | Locus YP1
PervoH Bbigenerus | Isolation place 22 0,4668 3,9483 0,001
Cepotun | Serotype 1 0,6831 57779 0,001
CouetaHune dakTopos natoreHHocTu | Combination of pathogenicity factors 3 0,554 4,6857 0,001
pvVM 1 0,4659 3,9408 0,002
YAPI 1 0,2125 1,7976 0,089
Hpyrue daktopsl | Other factors 10 0,1182

INokyc YP2 | Locus YP2
PervioH BbigeneHus | Isolation place 13 0,1869 3,3647 0,215
Cepotun | Serotype 0,0664 1,1944 0,420
Hpyrne daktopsl | Other factors 3 0,0556

TNokyc YP3 | Locus YP3
PervioH BbigeneHus | Isolation place 20 0,4439 36,117 0,001
Cepotun | Serotype 3 0,4352 35,402 0,001
CouetaHune daktopoB natoreHHocTn | Combination of pathogenicity factors 3 0,5478 44 567 0,001
pvM 1 0,1984 16,145 0,001
YAPI 1 0,3016 24,537 0,001
Opyrue daktopsl | Other factors 7 0,0123

Bce nokychil | All loci

PervoH Bbigenenus | Isolation place 27 0,555 2,6799 0,001
Cepotun | Serotype 4 0,3906 1,8858 0,001
CoueTaHue dakTopoB natoreHHocT | Combination of pathogenicity factors 3 0,5049 2,4379 0,001
pvM 1 0,5279 2,5487 0,007
YAPI 1 0,2454 1,185 0,276
Opyrue daktopsl | Other factors 19 0,2071

Mpumeyanue. Df — ctenenun ceoboapbl; MS — cpegHuin kBagpart; Pseudo-F — oueHka kputepus duwiepa; p — oLeHKa ypOBHS 3HAYNMMOCTH.
Note. Df — degree of freedom; MS — mean square; Pseudo-F — Fisher criterion; p — significance level.
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Puc. 1. Knactepusauums wrammoB Y. pseudotuberculosis (n = 56) no Hanuuuio cnencepos B niokycax YP1-YP3.

YcnoBHoe 0603HaveHre No UBeTaM: Hannyne cnericepa — KpacHbIv; Hanmume aktopa NaToreHHOCTM — CUHUI; cepoTun 1 — TéMHO-Kpac-
HbI; cepotun 1a — rony6oi; cepotun 1b — 3enéHbin; cepoTnn 3 — XENTbIN; cepoTun 4 — PUONETOBBIN; CEPOTUN He onpeaenéH — cepblin.

Fig. 1. Clusterization of Y. pseudotuberculosis strains (n = 56) by presence of spacer in loci YP1-YP3.

Color designations: presence of spacer — red; presence of factor — blue; serotype 1 — darkred; serotype 1a — cyan; serotype 1b — green;
serotype 3 — yellow; serotype 4 — violet; serotype is not defined — grey.

IIAXCS CEpOTUIIOM, HabopoM (aKTOpOB MNATOTEHHOCTH,
BBIJICJICHHBIX Ha pa3HbIX Tepputopusix (tadamuna). Ipu
U3yYCHUU OTAEIBHBIX JIOKYCOB CTaTUCTHUECKU JOCTOBEPHO
pasnuyaroTcs cocTasbl J10KycoB YP1 u YP3, cocras nokyca
YP2, HanpoTHuB, A0CTaTOYHO onHOponeH. CrelcepHblil co-
cTaB Jokyca YP1 oTnnuaercsd y mTaMMOB Pa3HBIX CEpOTH-
MOB Y T€HOTHUIIOB, B YaCTHOCTH, y IITAMMOB C Pa3JIMYHbIM
IUIa3MHIHBIM cocTaBoM (pVM82" mimm pVMS82). Cocras
nokyca YP3, B ommnuue ot nokyca YP1, mocroBepHO OT-
JMYaeTcs y ITaMMOB, UMEIOIIUX B COCTaBE T€HOMa «ajre-
3UBHBINA OCTpOB natoreHHocTU» YAPI u mnasmuny pVME2.
CraTucTHUeCKH JOCTOBEPHBIX pa3lW4Mi B IpyMNax IITaM-
MOB, OTJIIMYAIOIMINXCS IO OCTAJIBHBIM (haKTOpaM ITaTOTeHHO-
ctu (cynepanTtureH Y PM, «ocTtpoB matorenHoctu» HPI), He
BBISIBJICHO.

KrnactepHslil aHanu3 mMTaMMOB, OCHOBaHHBIN Ha HaJH-
YHU CIIEHCEPOB B JIOKyCaX, MO3BOJSIET YCIOBHO Pa3/eNIUTh
MITaMMBI Ha 2 Gosbime rpynisl (puc. 1).

Knacrep 1 Brmowaer 28 mrammoB Y. pseudotuber-
culosis, BBIIETIEHHBIX NPEUMYIIECTBEHHO Ha TEPPHUTOPH-
ax Cubupckoro ¢enepansHoro okpyra (86%): 3 mramma
ceporumna O:la, 23 mramma ceporuna O:1b (s 2 mram-
MOB CEpOTHN He ompenenéH). s mramMMoB XapakTepHO
Hanuuue cynepantureHa YPM (89%). Ilpu stom BHYTpH
KJIacTepa MPOUCXOAUT pa3fiefieHHe IITaMMOB Ha 2 IOAKJIA-

cTepa IO HaJIMYHUIO «aJr€3MBHOIO OCTPOBA MATOI€HHOCTU
YAPI u mnasmunasl pVMS82: nogknacrep 1-1 (YPM'YAPI
pVMS82") Brmouaer 16 (57%) mrammoB, noxakiactep 1-2
(YPM*YAPI'pVM82") — 12 (43%) mtaMMOB.

Knactep 2 coctout u3 23 mrammoB Y. pseudotuber-
culosis pa3HBIX CEPOTHIOB, NPAKTHYECKA B PaBHBIX JOJISX
BBIJICJICHHBIX B Pa3iIMYHBIX pernoHax Poccum (52%) u npy-
rux rocynapctB (48%). Jlnst GONbIIMHCTBA IITaMMOB Xa-
pakTepHO Hanuuue «octposa naroreanoctu» HPI (83%), 5
(22%) mrammoB obmnanatoT cynepantureHoM YPM, 1 (4%)
LITaMM — «aJT€3UBHBIM OCTPOBOM NaToreHHocTm» YAPI, 1
(4%) mrramm — mmasmumo pVMS2.

[Tstb (9%) U3 u3ydeHHbIX 56 mrammoB (14, 1375, 37n,
1380, 87) Haxomarcsi BHE OCHOBHBIX KiacTepoB. Crelice-
PHI, TIpEJICTaBIEHHbIE B TAaHHBIX IITaMMax, IIPAKTUYECKU He
Bcrpedarores B Apyrux CRISPR-cuctemax.

CpaBHUTENBHBIN aHAIN3 TOMYYCHHBIX CHKBEHCOB C
TI0CJIEZI0OBATEILHOCTAMY T€HOMOB, JISTIOHUPOBAHHBIX B 0a3ax
nmanHbiXx NCBI (Genbank u RefSeq), mokasan pasnenenue
LITAMMOB Ha «EBpOMENCKy1o» (rpymma 1) U «a3uaTcKyro»
(rpynma 2) xnazgsl (puc. 2).

B rpynny 1 Bonuiu 52 mraMMa, BBIIENEHHBIX IPEUMY-
iecTBeHHO Ha Tepputopun Poccun u AAnonun (73%). Taxke
BcTpeyaroTesl mTaMMmbl (15%), BbIIETICHHBIE B pa3iUYHBIX
crpanax: [epmanum, lOxHoii Adpuxe, TypkmeHucrane,
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Puc. 2. Knactepusauus wtammoB Y. pseudotuberculosis (n = 56) N0 HaNU4nio cnencepos.

[aHHble cekBeHnpoBaHus nokycos CRISPR-Cas-cuctem (n = 31) n cukseHcos B NCBI (n = 75).
YcnoBHoe 0603HaYeHUe MO LBETaM: HanMuue crnencepa — KpacHblii, Hanuune akTopa NnaTtoreHHOCTU — CUHUIA.

Fig. 2. Clusterization of Y. pseudotuberculosis strains (n = 56) by presence of spacer.

CRISPR-Cas system sequenced data (n = 31) and NCBI data (n = 75).
Color designations: presence of spacer — red, presence of factor — blue.

[IBeruu, Yxpaune u Hosoii 3emannuu. s GonboimHCTBA
IITaMMOB JTaHHOU TpymItsl (87%) XapakTepHO HaJIU4YHe TeHa
cynepanTturesa ypm. OKoJIO IOJOBUHBI IITaMMOB (56%) He-
CYT «aJre3UBHBIH OCTpoB naroreHHoctn» YAPI (B ToM 4nc-
JIe TeH fcp), IPU 3TOM Yy 4YacTU IITAMMOB BBISBIEHA TaKKe
mia3muaa pVMS2 (22%).

I'pynna 2 Bkmrogaer 54 mramma, BBIIENEHHBIX IIpe-
UMyIIecTBeHHO B ctpaHax EBpomsr (51%), 3a uckiroueHH-

em 7 (13%) mrammoB u3 npyrux crpan (Kuraii, asmarckas
gacte Poccun, Kanana, Hosast 3emanmus, Ascrpamms). Jis
OOJIPIIMHCTBA ITAMMOB JTaHHOHU TpymItsl (59%) XapakTepHO
Halmuue «octpoa maroreHHoctw» HPIL. JIpyrum npeo6ia-
JIAfoIM (PaKTOPOM TNAaTOTEHHOCTH SIBIISIETCS «are3UBHBINA
octpoB naroreHHOCTH» YAPI (20%).

Takum oOpa3zom, mtammel Y. pseudotuberculosis, ap-
KyJupyromnye Ha Tepputopun Poccun u psiga Apyrux crpas,
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Puc. 3. lNMpoTtocnencepHan nocnegoBatenbHOCTb Nnasmuabl Y. pseudotuberculosis IP31758 pVM82 k[la (153 k6)
K cnencepy 114 nokyca YP3.

Fig. 3. Protospacer sequence of plasmid pVM82 kDa (153 kb) of Y. pseudotuberculosis IP31758
to spacer 114 of locus YP3.

HEJB3sI YETKO Pa3JIeIUTh Ha «a3HaTCKYI0» H «EBPOICHCKYIO»
kinanasl B 3aBucumoctd oTr tuma CRISPR-knactepa, uto
CBSI3aHO C BBICOKOW BapuaOeIbHOCTBHIO INTAaMMOB. BMmecTe
¢ TeM mnpoBeaéHHoe conocraBieHue CRISPR-nokycos c
JMAHHBIMH O HAJIMYHH OCHOBHBEIX (DaKTOPOB MAaTOT€HHOCTHU
MO3BOJIMJIO BBISBUTH TEHCTHYCCKUEC BapUAHTHI IITAMMOB
Y. pseudotuberculosis, TOMUHHPYIONINX HA OTICIBHBIX TEP-
putopusax. MOXKHO 3aKITFOYUTh, YTO OOJBITHHCTBO IITAMMOB,
MUPKYIUPYIONINX Ha TeppuTopun Poccuu, oTiamyaercs Mo
JTAHHBIM MOJICKYJSIPHBIM MapKepaM OT IITaMMOB W3 JAPYTHX
CTpaH.

AHanu3 npomocnelicepHbix nociiedosamesibHocmel
8 2eHOMax (hazo8 u N1asmuo

Ucxons w3 ummynHo# ¢yHkimn CRISPR-Cas-cucte-
MBI, IPOMU3BEIEH MOUCK TOMOJIOTHYHBIX IOCIJIENOBATEIbHO-
CTell B TeHOMaxX OCHOBHBIX MOOMJIbHBIX T€HETHYECKUX dJIe-
meHToB (MI'D) — Gakreprodarax u mrazmunax. CyMmmapHo
B CRISPR-cucremax oOHapyxeHo 404 yHUKaJIBHBIX CIEH-
CEpHBIX MOCIIEI0BATEIbHOCTH, KOTOPHIE BCTPEYAIOTCS B Pa3-
HBIX IITaMMax. AHaJIN3 IPOTOCIIEHCEPOB B TeHOMax OakTe-
puii, 6akTeprodaroB u ra3Mu BeIIBII ToNbKo 101 (25%)
COOTBETCTBHE CIIEHCEpPOB (parMeHTaM TeHOMOB.

20 chelicepHBIX ITOCIIEIOBATEILHOCTEH T'OMOJIOTHY-
HBl (pparMeHTaM reHoMoB OakTtepuodaroB Yersinia YeP3,
Yersinia YeP2, Yersinia YeP1, Yersinia vB_YenM, Yersinia
vB_YenS P400 u Klebsiella 6991. CemplecsT criedcepHBIX
MIOCJIE0BATENHHOCTEI TOMOJIOTMYHEI ITOCIIEA0BATETLHOCTSIM
XpOMOCOM pasHbIX BUAOB Yersinia: Y. pseudotuberculosis,
Y pestis, Y. similis, Y. massiliensis, Y. intermedia, Y. kris-
tensenii, Y. enterocolitica, Y. aldovae. CornacHo pe3ynbTa-
TaM aHajJHM3a TeHOMOB C MOMOIIBIO OHJIAWH-WHCTPYMEHTa
PHASTER, ¢parmMeHTHI reHOMOB, cofiep)Kaliue mpoTocreii-
CEepHBbIE T0CIIEI0BAaTEIbHOCTH, COOTBETCTBYIOT IOJIHOLECH-
HbIM Tpodaram [20, 24]. OguH U TOT Xe cIeiicep MOXKET
OBITH TOMOJIOTHYEH (parMeHTaM reHoMa nmpodaros, oOHapy-
JKEHHBIX B pa3HbIX ImTamMMax. Kpome Toro, cnelicepst, npen-
CTaBJIEHHBIE B OIHOM JIOKyCE, CIIOCOOHBI y3HaBaTh pa3HbIE
(hparMeHTHI TEHOMa OJTHOTO U TOTO >Ke Ipodara.

Cemb crieiicepoB TOMOJIOTHYHBI IOCIIEA0BATENILHOCTIM
reHoma tasMun Y. pseudotuberculosis m Y. massiliensis,
4 cmeiicepa TOMOJIOTMYHBI ITOCIIEOBATEIILHOCTH KPHIITH-
yeckol mia3Munsl pYptb32953 pasmepom 27,7 kb, xotopast
BCTpEYAeTCsl JOCTAaTOYHO PEAKO B IITaMMaX MaTOr€HHbBIX
nepcunuii. OcHOBHast (QYHKIMS JaHHOH TUIa3MHUIBI — yda-
CTHE B KOHBIOTAllMM: B TEHOME IUIa3MUABI PACIHOJIONKEH

KJIacTep TE€HOB, KOAMPYIOIIMX OEJKH, HEOOXOJMMBIE JUIs
KOHBIOTallMK TUIa3MHIBL. YeThipe criefiCepHbIX IMocienoBa-
TEJBHOCTH OKa3aJICh TOMOJIOTHYHBI YYacTKy TeHOMA TIIa3-
muael pVMS82 mrammoB Y. pseudotuberculosis 1P31758 n
Y. pseudotuberculosis 598 (aomepa noctymoB B NCBI
RefSeq: NC 009705 u NZ_CP071946), 3a uUCKIIOYCHUEM
4 myxieotunioB (puc. 3). B reHoMe miasmu HaXOQATCS Te-
HBI (haronogoOHOI MHTErpasbl, YTO MOXKET CBHIETEIILCTBO-
Barb O NPHOOPETeHHWH KiacTepa I'€HOB icmi/dot CUCTEMBI
cekpeuuu [VB-Tuna dyepe3 MexaHU3Mbl TOPH30HTAIBHOTO
nepeHoca.

O6cyxpeHne

OcnoBHas (ynknus CRISPR-Cas-cuctem — 310 crie-
nuQuYecKoe y3HaBaHUE U YHHUYTOXKEHHUE Ty>KEPOIHBIX I'eHe-
THYECKHUX JJIEMEHTOB, IONABIINX B OAKTEPUAILHYIO KIETKY
U MPEJCTABISAIOIUX TOTEHIIMAIBHYIO0 ONACHOCTh IS CyIle-
CTBOBaHUs Tomyisiuu Oaktepun [25, 26]. CienoBarenbHo,
OCJIEI0BATEILHOCTH CIIeiicepoB Oy/IyT TOMOJIOTHYHEI (hpar-
MEHTaM reHoMoB MI'D, XapakTepHBIX IS ONpeAerIEHHBIX
Tepputopuii. CocoOHOCTh MPHOOpETaTh Crielcepsl B XpOHO-
JIOTUYECKOM TIOPSI/IKE ¥ BBICOKAsI 101 TOJTMMOP(QHU3MOB T10-
3BonsgeT ucnonb3oBatb CRISPR-Cas-cucteMsl xak MHCTpY-
MEHT BBICOKOPA3pEILAIOIEro MOIEKYIIPHOrO TUITMPOBAHUS
ITaMMOB, YTO OBUIO IMPOJEMOHCTPUPOBAHO Ha NpPHUMEpe
Streptococcus thermophilus [27], Campylobacter jejuni [26],
Corynebacterium diphtheriae [28] u Y. pestis [29]. U3BecT-
HO, uTo CRISPR-10KyCHI SBNAIOTCA NTUHAMUYECKOH CTPYyK-
TYpOH, IJie HOBbIE CIEHCEpHBIE MOCIEN0BAaTEIbHOCTH MpPU-
COEIMHSAIOTCS CO CTOPOHBI JUAEPHOM MOCNEN0BaTeIbHOCTH
[30]. YacTs cneiicepoB, pacroioKEHHBIX B Cepe/InHE Kacce-
TBI, MOJKET OBITh TOTEPSIHA B PE3YyNbTATe JIENEINH BO BpeMs
MpHOOPETEHUsT HOBBIX TMocienoBaTenpHocTeit MI'D. Creld-
Cephl, PacHoNoXKeHHBIE OKOJO IMOCIEeTHEro noiaumMopgHoro
TOBTOPA, KaK MpaBuio, coxpaustores [31].

Tak, THIMPOBAaHUE IITAMMOB 110 HAJIMYUIO CIEicepoB,
PacIoJIOKEHHBIX B KOHLE JokycoB YP1 u YP3, mo3somser
YCIIOBHO pa3leNuTh LITaMMBbl, pa3lnyaroliuecss HabopoM
JeTEePMUHAHT BUPYIEHTHOCTH, Ha JBa KJIAaCTEpa: «eBPOMen-
CKUI» U «a3uarckuit». M3 uccnenoBanHeIx 56 mrammos 35
BbIIENIEHB] Ha Tepputopusix JlansHero Boctoka, Boctounoit
u 3amagnoii Cubupu. [Ipn 3TOM NPOUCXOANT pa3nesieHne Ha
JIB€ MOATPYIIHI B 3aBUCUMOCTH OT IPUCYTCTBHS IUIa3MUABI
pVMS2 (pVM82" nu pVMS82"), nerepMUHHpYIOLIEH anmapar
cexpernu 1VB-tuna u, Hapsgy ¢ npyrumu ¢axropamu ma-
TOTEHHOCTH, ONOCPEIYIOLIeH pa3BUTHE I€HEPAIN30BAHHBIX
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¢dopm mncepnoTybepkynésa. Illtammel, BelenenHsle B Slmo-
nun 1 Kopee, Taxke criocoOHbIE BHI3BIBATh KOMILJIEKC ITPOSIB-
JIeHnH CUCTeMHOW MH(EKIMH, HA3BaHHOW 1aTbHEBOCTOYHOM
CKapJIaTUHOIIOJO0HOM JINXOPAKOH, UMEIOT CXOXKHH MaTTepH
pacnpenenenust CRISPR-kaccer.

CornacHo pesynsrataMm a”anuza PERMANOVA, co-
ctaB jokycoB YP1 u YP3 3aBucur ot Hanu4us y mraMmmoB
TakuxX (paKTOpOB MATOTEHHOCTH, Kak Iutazmuna pVMS2 un
«aare3uBHbIN ocTpoB naroreHHoctw» YAPI. Tlomyuennsie
pe3yabpTaThl COMIACYIOTCS C paHee OMUCAHHBIMU OTIHYHUS-
MU JUIMHBI JIOKyca YP3: mramMMsl, UMeromue JaHHbIE OC-
HOBHBIE [I€TEPMUHAHTBHl IAaTOTEHHOCTU M BBI3BIBAIOIIUE
JIAJIbHEBOCTOYHYIO CKapJIaTHHOIIOJO0HYIO JINXOPAJKY, OT-
JUYaloTCs Oonee UIMHHBIM JOKycoM Y P3 1o cpaBHEeHHIO
co mrammaMy, y Kotopeix pVM82 u YAPI ne oOHapyxe-
el [11]. K.A. Koskela u coaBT. moka3anm, 4To HEKOTO-
pble CUKBEHC-TUIIBI IITAMMOB KOPPEIUPYIOT CO crneiicep-
HbIM cocTaBoM CRISPR-kaccet [9]. Panee npoBenénusiit
T. Seecharran u coaBT. QUIOreHETHUECKUH aHAIU3 IITaM-
MOB Y. pseudotuberculosis BBISIBUI BEICOKYIO CTENIEHb pa3-
HooOpa3ust CRISPR-nokycoB cpean mramMMmoB, BBIAEIECH-
HBIX Ha azuaTckoM kKoHTHUHeHTE [ 10]. [laHreHoMHBII aHanu3
mraMMoB Y. pseudotuberculosis He IOKa3aa 3HaYMMBIX CO-
orBercTBUi B marrepHax CRISPR-kaccer u yHuKampHOro
reHoMHoro npodwist mrammoB [10]. Haubonee BripakeH-
HBIE Pa3NIn4Ms KJIACTEPOB HAOIIONAIOTCS B BapuaOeIbHOM
T€HOME, TeHBl KOTOPOTO YacTO TEPSIOTCS WM MpHoOpeTa-
10TCA IyTEM FOPU30HTAIIBHOTO MEPEeHoca.

Bricokas BapuabenbHOCTh IITAMMOB BHYTPH BHAA
OIIpEAENeTCST CIIOCOOHOCTBIO NMPUOOpETaTh HOBBIE TEHE-
THYECKHE JJIEMEHTHI (TeHOMHBIE OCTPOBA) IyTEM TOPH30H-
TAJIFHOTO ITepeHOCca TeHOB C MOMOLIBIO TLTa3MH, OaKTepro-
(aroB, MHTETpOHOB M TpaHc1o30HOB [32]. CRISPR-Cas kax
cucTeMa «MMMyHHUTeTa» Oakrepuii mporuB MID moxer
y4acTBOBaTh B (pOPMHUPOBAHUH T€HOTUIIA IITAMMOB Y. pseu-
dotuberculosis, onpenensionero KIIMHNYECKHEe TPOSBICHUS
niceBIoTyOepKynésa.

Amnanmu3 mportocrieiicepoB B reHomax Oakrepuii, 0ak-
Tepruo(aroB M IUIa3MHUJ BBISBHJI COOTBETCTBHE CIIEHCEPOB
y4JacTKy reHoMa miasmuabl pVMS82 mrammoB Y. pseudo-
tuberculosis IP31758 u Y. pseudotuberculosis 598. Bo3mox-
HO, MPUOOpETEHNEe JaHHBIX CIIEHCEPOB MOXKET OBITH MPHYH-
HOM OTCYTCTBMA MIa3MuAasl pVMS2 B mTamMmax, OTHOCS-
IIHXCST K «eBponelickoMy» kiactepy. Crelicep, CrIoCOOHBIN
y3HaBaTh YYacTOK IUIa3MH[IbI, OOHAPYKUBAETCS B JIOKycCe
YP3 mramma Y. pseudotuberculosis 2750 ceporuna O:1b,
cozepxarero miasmuny pVMS82 u knacrep reHos icm/dot.
BeposiTHO, O0IbIIOE KONMUYECTBO MyTalMid B TpoToCIIeiicep-
HOM mocnenosarenpbHocTH mnpensTctByeT CRISPR-unTep-
(epeHIM WM JTaHHAs TOCIIEI0BAaTEIbHOCTE MOXET IIpPH-
CYTCTBOBAaTh B HENPEICTABICHHOM B 0a3ax JaHHBIX TEHOME
6akreprogara. Kpome toro, mpuoOpereHue creiicepoB K
COOCTBEHHBIM I10CIIEIOBATEIEHOCTSIM MOXKET CITYXKHUTh TPH-
ITE€pOM A7l BOSHUKHOBEHHSI HOBBIX MyTallUil U SKCIPECCUU
HOBOTO (hEeHOTHNA, MPOSIBISIFOLIETOCS B W3MEHEHHH BUDY-
JIGHTHBIX CBOMCTB Mukpoopranusma [25]. CoracHo apyroi
THIIOTE3€ CIHeWcephl, y3Haroue cCOOCTBEHHBIE MOCIEn0Ba-

TENBHOCTH, SIBIISIOTCS MEXaHHU3MOM CEeJEKIMU IITaMMOB,
He coxepxamux naHHb Qakrop [33]. Takum oOpaszom,
CRISPR-Cas-cuctemMa MOXET SIBISTHCS OZHUM M3 (HaKTo-
POB, ONpPENENSAIONNX [UPKYIALIUI0 Pa3HOOOPAa3HBIX HITaM-
MOB Ha OIHOW TeppHUTOpUU. B codeTraHnu ¢ xiaccuuecKuMu
METOJaMHU HJICHTU(QHUKAIMA W THIIUPOBAHMS BO30YIHUTEIs
nceBnotyoepkynésa anamm3 CRISPR-1okycoB MoxkeT OBITH
UCIIONIb30BaH JUIS (PHIIOTEHETHYECKUX HCCIIEAOBAHUM, MO-
HUTOPHHTA LUPKYISIUH TaMMOB Y. pseudotuberculosis Ha
TEPPUTOPUSX, SMUAEMHUOIOTUIECKOTO PaCCIeIOBAHUS IPYTI-
TIOBBIX 3200JIEBaHUH.

Merton cekBenupoBanus [1LIP-¢pparmentoB nmo Canre-
Py MMeEeT psA OrpaHMYEHHH, B YACTHOCTU HEBO3MOXHOCTh
CekBeHUpOBaHus (hparMeHToB umHOU Ooee 1000 m.H. Pas-
BUTHE METOJOB CEKBEHHPOBAHUS U HAKOIUIEHUE IAHHBIX O
OaKkTepuaIbHBIX T'€HOMaxX B OyIyIleM ITO3BONUT IPOBECTH
aHanu3 CRISPR-nokycoB mTaMMOB, HE BOILIEAIINX B UCCIIE-
JIOBAHHYIO BEIOOPKY, @ TaK)KEe CPAaBHUTH IOy YE€HHBIE PE3YIIb-
TaThbl C JAHHBIMH JIPyTUX METOJ0B TUIIMPOBAaHUS (HapuMep,
MLST-TunupoBaHust) BO30yIUTEIs ICEBAOTYOEpKyIE3a.

3aknioyeHue

ITomyueHHble pe3ynbTaThl CBUAETENBCTBYIOT O Iie-
necoobpasHoctn  ucnoib3oBaHus — CRISPR-tunmposa-
HUSI TIpY MOHHUTOPHHTE WTaMMOB Y. pseudotuberculosis,
LIUPKYJIUPYIONINX Ha OTAENBHBIX TEPPUTOPHSX, U BBISBIE-
HUSI BO3MOXKHOH CBSI3M CTPYKTYPHO-(YHKIIMOHAIBHBIX Xa-
paktepuctuk caiitroB CRISPR-Cas-cucteM ¢ KIMHUYECKUMU
NIPOSIBIIEHUSIMU TICEBNIOTYOepKynésa. Vmeronmecs: TaHHBIE
OnpeneNnsdoT mnepcnektuBy ucnonb3zoBaHuss CRISPR-noxy-
COB B Ka4yeCTBE CIEIHM(UIECKUX MOJIEKYIIPHBIX MapKepoB
NIPY M3yYEHUH BHYTPUBHOBOTO Pa3HOOOPa3usi U IBOIIIOLMN
Y. pseudotuberculosis.
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XapakTepuctvka n3y4eHHbIx wrammoB Y. pseudotuberculosis (n = 56)
Characteristics of the studied strains of Y. pseudotuberculosis (n = 56)

MCTOUHMK lon PaKTopbl NATOreHHOCTN
Ne Ltamm MecTo BbigeneHuns BblgeneHust | Cepotumn Pathogenicity factors
. BblENeHns ! .
No. Strain Source Place of isolation Year of Serotype
Y isolation pVM82 YPM YAPI HPI
1 541 (IP33178) Kpbica Anrapck, Poccus 1995 1a - - - +
Rat Angarsk, Russia
2 1815 Mbiwb Awxabag, TypkMeHUcTaH 1978 Hin - - - +
Mouse Ashgabat, Turkmenistan N/d
3 1817 Mbiwb Awxabag, TypkMmeHucTaH 1978 Hin - - + +
Mouse Ashgabat, Turkmenistan N/d
4 1798 Apodemus Benupxu, Poccus 1960 Hin - + - +
uralensis Belidgi, Russia N/d
5 35 Yenosek Bypstus, Poccus 2008 1b - + - -
Human Buryatia, Russia
6 2b Yenosek BypsTusa, Poccus 2010 1b + + + -
Human Buryatia, Russia
7 14 Yenosek BnapuBocTtok, Poccus 1951 1b + + + —
Human Vladivostok, Russia
8 594 Yenosek lopHo-AnTarick, Poccusi 1993 1b - + + -
Human Gorno-Altaysk, Russia
9 3z Yenosek 3anapwu, Poccus 2012 1b - + - -
Human Zalari, Russia
10 5z Yenosek 3anapwu, Poccus 2012 1b - + - -
Human Zalari, Russia
11 2904 Yenosek 3nma, Poccus 2004 1b - + - -
Human Zima, Russia
12 604 Yenosek 3nma, Poccus 2000 1b + + - -
Human Zima, Russia
13 546 Yenosek 3nma, Poccus 2000 1b - + - -
Human Zima, Russia
14 30-04 Yenosek 3nma, Poccus 2004 1b - + - -
Human Zima, Russia
15 525 Yenosek 3nma, Poccus 1999 1a - + - +
Human Zima, Russia
16 564 Yenosek 3nma, Poccus 1999 1b - + - +
Human Zima, Russia
17 7268 Yenosek WpkyTck, Poccus 2003 1b + + + -
Human Irkutsk, Russia
18 1189 Yenosek Kues, YkpanHa 2005 3 - - - +
Human Kiev, Ukraine
19 2750 Yenosek KpacHosipck, Poccusi 1996 1b + + + -

Person Krasnoyarsk, Russia



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIMI. 2023; 100(3)
DOI: https://doi.org/10.36233/0372-9311-374

OPUTVHANbHbBIE NCCJTIEAOBAHNA

[ P—— lon dakTopbl NaTOreHHOCTH
Ne Lramm MecTo BblaeneHus Bblgenenuns | Cepotun Pathogenicity factors
) BblENeHns / h
No. Strain Source Place of isolation Year of Serotype
isolation pVM82 YPM YAPI HPI
20 410 Yenosek KpacHosipck, Poccus 2008 1b + + + -
Human Krasnoyarsk, Russia
21 843 Yenosek Jlecocnbupck, Poccus 1997 1b + + + -
Human Lesosibirsk, Russia
22 1813 Yenosek MwuHck, Benapycb 1980 Hin - - - -
Human Minsk, Belarus N/d
23 37n Yenosek HwxHeyauHck, Poccus 2012 1b - + - -
Human Nizhneudinsk, Russia
24 87 Yenosek HwxHeyauHck, Poccus 2012 1b - + - -
Human Nizhneudinsk, Russia
25 719 Hin Hosropog, Poccus Hin 1a - - - +
N/d Novgorod, Russia N/d
26 291 Yenosek Hosocubupck, Poccus 2005 1b + + + -
Human Novosibirsk, Russia
27 702 (IP33126) Hin Metpo3aBoack, Poccusa 1983 1b - - - +
N/d Petrozavodsk, Russia
28 1186 3emnepovika MonTtaBckaa obnacTb, 2005 H/n - - - +
Shrew YkpanHa N/d
Poltava region, Ukraine
29 1187 Cepasi kpbica MontaBckas obnacTb, 2005 1 - - - +
Norway rat YkpanHa
Poltava region, Ukraine
30 379 Yenosek CankT-letepbypr, Poccus 2000 1b + + + -
Human St. Petersburg, Russia
31 1603 Yenosek CankT-letepbypr, Poccus 2011 1 - - + +
Human St. Petersburg, Russia
32 1797 Mbiwb CaHkr-lMetepbypr, Poccus 1954 Hino - + - +
Mouse St. Petersburg, Russia N/d
33 360 [pbI3yH CaHkTr-lMetepbypr, Poccus Hin 1a - - - +
Rodent St. Petersburg, Russia
34 1375 TeneHok Capartos, Poccus 2002 3 - + + -
Calf Saratov, Russia
35 1380 TeneHok Capartos, Poccus 2002 3 - + + -
Calf Saratov, Russia
36 1806 Erythrocebus Cyxymun, Abxasus 1971 1 - - - +
patas Sukhumi, Abkhazia
37 1804 Erythrocebus Cyxymun, Abxasums 1970 1 - - - +
patas Sukhumi, Abkhazia
38 1810 Mbiwb YnaH-batop, MoHronus 1978 Hig - + - -
Mouse Ulaanbaatar, Mongolia N/d
39 1808 Yenosek YnaH-batop, MoHronus 1978 4 - + - -
Human Ulaanbaatar, Mongolia
40 12i-36 Yenosek Yconbe-Cubupckoe, 2002 1b - + - -
Human Poccus
Usolie-Sibirskoe, Russia
41 15i-53 Yenoeek Yconbe-Cubupckoe, 2002 1b - + - -
Human Poccus
Usolie-Sibirskoe, Russia
42 392 Jlactouka Xabapogck, Poccus 1969 1a - - - +

Martin

Khabarovsk, Russia
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NCTOUHMK log dakTopbl NATOreHHOCTN
Ne LTamm MecrTo BblaeneHus BblgeneHusi | Cepotumn Pathogenicity factors
. BblOeneHus ! !
No. Strain Source Place of isolation Year of Serotype
isolation pVM82 YPM YAPI HPI
43 396k JlacTouka Xabaposck, Poccus 1969 1a - - - +
Martin Khabarovsk, Russia
44 402 JlacTouka Xabaposck, Poccus 1968 1a - - - +
Martin Khabarovsk, Russia
45 453 JNacTouka Xabaposck, Poccus 1969 1a - - - +
Martin Khabarovsk, Russia
46 398 JacTouka Xabaposck, Poccus 1968 1a - - - +
Martin Khabarovsk, Russia
47 404 JNacTouka Xabaposck, Poccus 1968 1a - - - +
Martin Khabarovsk, Russia
48 399 JNacTtouka Xabaposck, Poccus 1968 1a - - - +
Martin Khabarovsk, Russia
49 1193 MNoneBka XmenbHuukas obnacTb, 2005 Hin + + + -
06bIKHOBEHHast YkpavHa N/d
Common vole Khmelnitsky region,
Ukraine
50 1212 Myodes glareolus XmenbHuukas obnacTb, 2005 H/n + - - -
YkpavHa N/d
Khmelnitsky region,
Ukraine
51 22-01 Yenosek LlenuHHbin, Poccus 2001 1b - + - -
Human Tselinny, Russia
52 81-01 Yenosek LlenuHHbin, Poccus 2001 1b - + - -
Human Tselinny, Russia
53 8-04 Yenosek YepemxoBo, Poccus 2004 1b - + - -
Human Cheremkovo, Russia
54 7-04 Yenosek YepemxoBo, Poccus 2004 1b + + + -
Human Cheremkovo, Russia
55 51 Yenosek Yura, Poccusi 1990 1b + + + -
Human Chita, Russia
56 333 Yenosek Yuta, Poccus 1990 1b + + + -
Human Chita, Russia

MpumeyaHue. H/g — He guddepeHLmpoBaHo.

Note. N/d — not differentiated.
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MNaToreHeTNYeCKas posb LUTOKMHOB NPV reMopparnyeckomn
mnxopa.qu C NMoYeyHbim CI/IHApOMOM B ANHaMUNkKe

N NPU PasfINYHON CTENEHN TAXKeCTH

MBaHoB M.®."™, Banmacosa W.M.2

'CamapcKmin rocyiapCTBEHHbIN MeAULUHCKII yHUBepcuTeT, Camapa, Poccus;
2MOCKOBCKMIA FOCYAapCTBEHHbBIV MeKO-CTOMATONornmyeckunin ynusepcutet nmeHmn A.W. EsgoknmoBa, Mocksa, Poccus

AHHOMauus

Llenb paboTbl — onpeneneHne B3anMOCBS3N MeXJy YPOBHSIMU LIMTOKMHOB NPOBOCMANMUTENbHOMO U NpoOTMBO-
BOCNanuTENbHOrO AENCTBUA B AMHAMMKE reMopparnyeckon nmxopagki ¢ noveyHbim cuHgpomom (IMNC) n 3a-
pPErncTpMpoBaHHbIMU paHee 0COBEHHOCTAMM hEHOTUMUYECKOrO COCTaBa NMMMOLMTOB KpOBM Npu 3abonesaHuu
pasHol CTENEHMN TSXKECTMU.

Martepuanbi n metoabl. o HabnogeHnem Haxoannmcb 65 NaUMEeHTOB C CEPONOrMYeCcKn BEPUMULMPOBaHHBLIM
anarHosom [TINC. KoHTtponbHasg rpynna Bkntoyana 15 ycnoBHO 340poBbIX Mtogen. YpoBeHb LIMTOKUHOB (MHTep-
nenkuHos (UI1), nHtepdepoHos (UPH), dbakTropa Hekposa onyxonu (PHO)) B kposum naumeHTos ¢ [TIMNC onpegensnu
METOAOM MMMYHOhEpPMEHTHOIO aHanm3aa no nepuogam 3abonesaHusa. PeHOTUNUYECKMI COCTaB NMMMAOLIMTOB KPO-
BY U3yyanvM MeToaoM NPOTOYHOW LUTOhyopuMeTpun.

PesynbraThl. B pasHble neproabl 3ab6oneBaHns OTMEYEH KONMYECTBEHHO Pa3nnYHbIA POCT COAEPKaHWsi B KPOBU
LIUTOKMHOB, COMPSKEHHBLIX C LIMTOTOKCUYECKUMU UMMYHHbIMK peakuusamm (UN1-12, NdH-y, ®HO-a, PHO-B), a
Takke WN-10 n UJ-6, KoppensaunoHHO CBA3aHHbLIX Mexay COOOWN npw TSXKENOM TeveHun, Ha poHe nageHus B
kposu yposHen UI1-4 u UN-1B. MNpu cpegHeTskénom TedeHuun [TINC oTmeyeHbl koppensuun yposHen UJ1-12
n UI-4 ¢ NKG2D* yutotokenyeckux T-numdpounToB (LITIT), yyactne UJ1-12 Bo B3anMOCBSI3AX NPaKTU4ECKN CO
BCEMMW OCTanbHbIMW LMTOKMHaMK, koppensuuoHHas ceasb CD8*-perynatopHbix T-knetok (Tper) ¢ ypoBHsSMU
WIN-6 n ®HO-a. Mpu THKENOM Te4eHUN oTMe4eHo obpa3oBaHMe KOMMIEKCa, B COCTaB KOTOPOro BXOAAT CBSI3aH-
Hble mexay cobon UIT1-6 n UI-10, obpasytowme koppensuun ¢ uncriom NKG2D*-LTJ1, CD8*-Tper, nogobHbIX
HaTypanbHbiM kunnepam T-numdouutos (HKT).

3akntoueHue. [aTtoreHeTnyeckn 3Ha4YMMbIn MexaHuam [TIINC peanuayeTcsa ¢ NpenmyLLeCTBEHHbIM y4acTUeM LUm-
TOKMHOB KITETOYHOIO MMMYHHOro oTBeTa u WJ1-6, koppensiumoHHo cesidaHHbIX ¢ NKG2D*-L|TJ1, CD8*-Tper, HKT,
cnocobCTByOLWMX B cnyvyae GnaronpuaTHOrO Mcxoda akTuBHOMY chopmupoBaHuio nyna CD8*-knetok namsaTy,
npeanonoX1TenbHO HapyLlaemMoMmy npu n3bbiTouHow cekpeunn UIN-10.

KnroueBble cnoBa: cemoppazuyeckasi iuxopadka C no4YeyHbiM CUHOPOMOM, UMMYHOMamoaeHes, YUMmOKUHO8bIU
npogurib, heHomubsl UMgoyumMos

OTnyeckoe yTBepxaeHue. VccnegosaHne npoBoaMnoch npu Ao6poBOIbHOM MHEPOPMUPOBAHHOM corflacuv nawuu-
eHToB. [1poTokon uccnegoBaHVsa o4obpeH MeXBY30BCKMM JTnYecknm kommuteTom (npotokon Ne 204 ot 11.12.2019).
UcTouHuk domHaHcMpoBaHus. ABTOpbI 3aBNsOT 06 OTCYTCTBUMM BHELUHENO (PMHAHCMPOBaHWS NpU NPOBEAEHUN UC-
crnefoBaHus.

KoHdnuKT nHTEepecoB. ABTOPbI AEKNAPUPYIOT OTCYTCTBME SBHBIX U NMOTEHLManbHbIX KOH(ITUKTOB MHTEPECOB, CBSI3aH-
HbIX C NyBnukauuen HacTosLWeN cTaTby.

Onsa untupoBaHus: VisaHoB M.®., Banmacoa W.I1. MNatoreHeTnyeckas porb LIUTOKUHOB NPU reMopparnyeckom fmxo-
pazKe C NoYeYHbIM CUHOAPOMOM B AMHAMWUKE U NPU PasnuYHon cTeneHn TspkecTu. XKypHan Mukpobuonoauu, anudemuo-
noauu u ummyHobuonoeauu. 2023;100(3):176-185.
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Pathogenetic role of cytokines in hemorrhagic fever with renal
syndrome in dynamics and disease of various severity

Mikhail F. Ivanov'™, Irina P. Balmasova?

'Samara State Medical University, Samara, Russia;
2A.l. Evdokimov Moscow State University of Medicine and Dentistry, Moscow, Russia

Abstract

The aim of the work is to determine the relationship between the levels of cytokines of proinfammatory and
anti-inflammatory action during the clinical course of hemorrhagic fever with renal syndrome (HFRS) and the
previously described characteristics of the phenotypic composition of blood lymphocytes in disease of various
severity.

Materials and methods. 65 patients with a serologically verified diagnosis of HFRS were under observation. The
control group included 15 conditionally healthy people. Determination of cytokines in the blood of patients with
HFRS was carried out by the enzyme immunoassay method at the different stages of the disease. The phenotypic
composition of blood lymphocytes was assessed by flow cytofluorimetry.

Results. At the different stages of the disease, there was a quantitatively different increase in the content of
cytokines in the blood associated with cytotoxic immune reactions (IL-12, IFN, TNFa, TNFR), as well as IL-10
and IL-6 correlated with each other in severe cases, against the background of a drop in blood levels of IL-4
and IL-1R. In the moderate course of HFRS, correlations of IL-12 and IL-4 with NKG2D* CTL, the relationship of
IL-12 with almost all other cytokines, and the correlation of CD8* Treg with IL-6 and TNF levels were observed. In
severe cases, the formation of a complex that included interconnected IL-6 and IL-10 correlating with the number
of NKG2D* CTL, CD8* Treg, NKT was noted.

Conclusion. The pathogenetically significant mechanism of HFRS is realized with the predominant participation
of cytokines of the cellular immune response and IL-6, correlatively associated with NKG2D* CTL, CD8* Treg,
NKT, which, in case of a favorable outcome, contribute to the active formation of a pool of CD8+ memory cells,
disrupted presumably by excessive secretion of IL-10.

Keywords: hemorrhagic fever with renal syndrome, immunopathogenesis, cytokine profile, lymphocyte

phenotypes
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BeBepeHune

I'emopparuueckas Jruxopajka ¢ MOYEYHBIM CHH-
apomoM (I'JITIC) — ocTpoe BUpyCcHOE MPUPOAHO-0YAro-
BO€ 3a00yeBaHue, MPOSBILIONIEECS TeMOPParuiecKum
CHUH/IPOMOM, TE€MOAMHAMUYECKUMH pPacCTPOHCTBAMHU
U MOPAXKEHUEM I0YEK C Pa3BUTHUEM OCTPOM IMOYEYHOU
HenoctatouHoctd. Bos3Oymutens [JIIIC otHocuTCs
K cemeiictBy Hantaviridae, pony Orthohantavirus.
B nacrosimee Bpemst u3BecTHOo Oonee 80 ceponoru-
YECKU U FeHETHYECKU OTIMYAIOUIUXCS APYT OT JApyra
TUTIOB XaHTaBUPYCOB, U3 HUX OKOJIO 25 00nanaror ma-
TOTE€HHOCTBIO JUISl YeJloBeKa. B kauecTBe XapakTepHBIX
ocobennocteit [JIIIC, mpupgarommx e MeEIMKO-CO-
LMalbHOE 3HAYEHHE, OTMEYAIOTCA HaJM4Yhe CTOMKHX
MPUPOIHBIX OYaroB ¢ HWHOQHUIMPOBAHHEM KHBOTHBIX

© lvanov M.F., Balmasova |.P., 2023

MHOTUX BHUJIOB; BO3MOXHOCTbH JIETAJIBHOTO HCXOAA;
BBICOKAsl 4acTOTA JJIUTEIbHO COXPAHSIOLIUXCS PE3U-
JlyaJIbHBIX SIBJIEHUH; CIIO)KHOCTb PAHHEH 3THOTPOITHOMN
JIMAarHOCTHUKH; OTCYTCTBHE TEHICHIIMM K CHUKEHMIO 3a-
0oNeBaeMOCTH, HA/ICKHOTO 3THOTPOIHOTO JICUCHUS H
3P PEKTUBHBIX CIIOCOOO0B MPO(UITAKTUKH; TOIBITKU UC-
M0JIb30BaTh BO30OYAHUTEINCH B Ka4ecTBE OMOJIOTHIECKOTO
opyxus [1-4].
B tewenun IJIIIC xouHUYECKH pPa3iHyaroT
CIENYIOIUE TIEPUOBL:
* MHKyOallMOHHKIH (B cpeaneM 2—3 Hen);
* JIMXOpPaJOYHbI (HaYaJubHBIM, OOIIETOKCHYE-
ckuii oT 3 10 7 nHel);
* OIIMIOYyPUYECKU, IPOSBISIOIUNACA FreMOpparu-
YECKMM CHHJPOMOM U OCTPOH IIOYEYHON HENO-
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CTaTOYHOCTBIO C PE3KUM CHUKEHHEM CyTOUHOTO
KOJIMYEeCTBA MOYH BIUIOTH A0 aHypuu (B cpel-
HeM 6—12 mueit);

* MOJUYPUYECKUM CO 3HAUUTENbHBIM HapacTa-
HUEM CYyTOYHOTO KOJINYECTBA MOYM (B CpeAHEM
6—14 nueit);

* NIEpUOA PEKOHBaJeCUEHIMU (paHHUH — [0
2 mec u mo3aHuii — 10 2-3 ner) [5].

[ockonsky ITIIIC nposBaseTcss CHCTEMHBIM BOC-
naJieHHeM, 3TO 3a00JIeBaHHE COMPOBOXKIACTCS «IIUTO-
KMHOBBIM HITOPMOM». Takue UTOKHHBI, KaKk HHTep(e-
pou (UDH) -0, unrepneiikunst (1) -6, -1, onpenens-
10T Pa3BUTHUE JIUXOPAIKH, HHPEKIIMOHHO-TOKCUUECKOTO
1IoKa, NpoAyKuuio OenkoB ocTpoit dasbl, a dakrop
Hekpo3sa omyxonu (DHO) -a, UOH-B, NJI-6 nosskima-
I0T TPOHUIAEMOCTh COCYAOB W HapylamT (QYHKUIUH
sHpoTenuanbHbIX KieTok. DHO-o u UOH-y Biusior
Ha TSDKECTh TedeHHss MH(EKUMOHHOTro mpouecca. u-
AarHOCTUYECKH 3HAYMMBIM SBJISIETCSl BHICOKUI YPOBEHb
NJI-10 na npotskeHuu Beero 3abomneBanust [6, 7].

B Hammx mpeapiaymux padoTax ObUIM OMUCAHEI
YHHKaJbHbIE ()EHOMEHBI, CBI3aHHBIE C 0COOCHHOCTAMHU
M3MEHEHUsS] (PEHOTUIMYECKOTO COCTaBa JUMQOIHUTOB
Ha pa3HbIX dTanax pa3sutus [JIIIC:

* BHICOKME  YPOBHH  UHCIEHHOIO

KaHWS B  KPOBH  PEryIsTOpHBIX  T-Kie-
Tok (Tper) CD3"CD4"FoxP3*-, ocobeHnHo
CD3*CD8'FoxP3*-henoTnnoB, perucrpupye-
MBIX YK€ B II€pBbIe JHU 3a00JI€BaHUsL, YTO OBLIO
MHTEPIPETUPOBAHO HAMM KaK MMMYHOCYIIpeC-
COpPHBII MEXaHU3M, KOHTPOJIUPYIOIUN pa3BU-
THE «IIUTOKWHOBOTO IITOPMAaY;

* poct ¢ HaganpHoro mnepuoma IJIIIC wuuc-
na uutoTokcuyecknx T-mumbpouuntoB (LTI,
CD3*CD8"), skcrnpeccupyroIUX aKTHUBHPYIO-
mui peuenTop JektuHoBoro tTuna NKG2D;

* HauMHas C KOHIIA OJIMTOYPUYECKOTO Iepruoaa —
HapacTaHUe MpPEICTAaBUTENLCTBA B KPOBU IIO-
JNOOHBIX HaTypallbHBIM Kuiiepam T-ITumQoru-
toB (HKT) ¢ dpenorumom CD3"CD56" [§].

OnucaHHble B JUTEpaType SKCIEPUMEHTANbHbIE
MOJIENIN TTO3BOJIMJIM OXapaKTepPH30BaTh MaTOreHeTHYe-
CKOE 3HauCHHE BCEX ITHX ABJICHUH CIIEAYIOIUM 00pa-
3oM. NKG2D-penenrop L[TJI sBnsiercs KOCTUMYIH-
pyroiei MoJekynoi crneruduueckoro T-KI€TOYHOTro
peuenTtopa u nposiBIIsEeT CBOE KOCTUMYIHPYIOIee AeH-
CTBUE TOJIBKO B aKTHBUPOBAHHBIX KJIETKAX. YCTaHOBJIE-
HO, YTO TOCJe MpeoOpa3oBaHUsl KOCTHMYIHPYIOIIETO
curHana ¢ ydactuem penentopoB T-kietok (TCR) u
AKTUBAI[IOHHOTO MapKepa — JIEKTUHOBOI'O peLeNnTo-
pa C-tuma NKG2D ITJI npuoOpeTaroT criocoOHOCTh
Kk muronuzy NKG2D-3aBucumeiM, HO He TCR-3aBu-
CHUMBIM criocoOoM. Jleno B TOM, YTO JHMTaHJaMH s
NKG2D, B otmnuue ot TCR, ciyxar He pe3eHTUupye-
Mble HHOHUIUPOBAHHON KIETKOM 4y>KEpOJHbIC aHTUTe-
HBI, 2 COOCTBEHHBIE MOJIEKYJIbI, SKCIIPECCUPYEMBIE TI0-
BPEXKIEHHBIMU KJIETKaMU U OTHOCSIIIUECS K KaTETOPHU

cozaep-
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MHC-I-tonoGHBIX cTpecc-UHIYLMPOBAHHBIX MOJIEKYI
(MICA, MICB) u 4 xareropuii IUTOMErajJoBUpyC-UH-
nyuupoBanHbix Moiekya (ULPB1-4) [9]. Ilo mepe
Pa3BUTHS 3TOTO MEXaHU3Ma MUIICHIMHU I[IUTOTOKCHYE-
ckoro aeiictBust NKG2D*-IITJI craHoBATCS HE CTONb-
KO KJIeTKH, nH(punupoBaHHele Bo3Oyaurenem [JIIIC,
CKOJIBKO JTFOOBIC TIOBPEKIEHHBIC KIETKH, YTO CO3MAET
YCJIOBHUSI 1T YACTUYHOTO YCKOJIb3aHUSI XaHTaBUPYCa OT
SNMUMHUHAIIMY B XOJI€ aIallTUBHOTO UMMYHHOTO OTBETa
[10]. Ha npyrux Monemnsix Moka3aHo, 4To 3TO MPUBOIUT
K POCTYy aHTUTCHHON HAarpy3Kd Ha UMMYHHYIO CHUCTe-
My ¥ YBEJIHUYEHUIO MpeJICTaBUTENbCTBA B KpoBu CD8'-
Tper [11], uTo HAOIIOMANOCH U B HALITUX UCCIICAOBAHU-
six mipu TJITIC [8].

NKG2D, skcnpeccupyembie L[TJI, B mpucyt-
ctBuu MJI-15 urparot ki1roueByro pojb B CTAaHOBICHUH
nyna CD8"-kneTok namsatu. CyliecTBOBaHMEM 3TOTO
MEXaHH3Ma MOXXHO OOBSICHUTh, B Y4CTHOCTH, TOT (DAKT,
yto [JITIC — 3T0 BCeraa ocTpo npoTekaromias uHpek-
uusi. B cBoro ouepens, aktuBanus NKG2D'-knetok
[aMSTH MPUBOAUT K TPaHC(HOPMAIIUU ITUX KICTOK B
HUTOKUHIPOAYIUPYIOIIHNE MOJ00HBIC HATypalbHBIM
kinerkam-kwepam T-kinetku (HKT), ocymecTssto-
LIMe JalbHEeNIIyIo peryisiuo UIMMYHHOTO Ipolecca
yepe3 IUTOKHHBI, KOHTPOJUPYIOLIUME COOTHOLIECHUE
pasnuuHbix cyononynsiui T-mumdornuros [12]. Bee
ONMHCaHHBIE MEXaHU3MBbI, Oa3upylolecs Ha MpoBe-
JNEHHBIX HAMHU paHee HMCCICNOBaHUSIX M TpeOyrolue
JaTbHEUINX HAYYHBIX U3BICKAHUN B 3TOM HampasJe-
HHUH, TIO3BOJISIOT COBEPIICHHO MO-HOBOMY B3IJISAHYTh
Ha natoreHe3 [JIIIC u HaMeTUTh KaK HOBBIE CITOCOOBI
JICUCHUS 3TOTO 3a00JICBaHUs, TAK U WHHOBAI[MOHHBIC
MOAXOMbI K CTUMYJSLHMA MEXaHU3MOB MMMYHOJIOTH-
YECKOU MaMsaTH MpH pa3padOoTKe MoKa emé HeHaaeK-
HBIX CIOCOO0OB BaKUMHOMPO(MUIAKTHKH 3TOTO TSIKE-
J0r0 3a00JIeBaHUsI.

B cooTBeTcTBUM C 3TUM HEJBI0 TaHHOTO HCCIIe-
JOBaHHUA OBUIO OIpEAETiCHHE B3aUMOCBSI3U MEKAY
YPOBHSIMH LIUTOKWHOB MPOBOCHATUTEIHLHOTO U MPOTH-
BoBocHanuTensHoro Ackictsug B auHamuke IJIIIC u
3apeTUCTPUPOBAHHBIMH paHee 0COOCHHOCTSAMHU (heHO-
TUIHYECKOTO COCTaBa TMM(OIMTOB KPOBH IpH 3a00Ie-
BaHHUU PA3HOMN CTETICHU TSXKECTH.

MaTepman bl 1 MeToAbl

Pabora Beimonnsiiace B I. Camape, HaXoAAIeMCsI
B Cpennem [loBoskbe — TeppPUTOPUH, FHAEMHUUHOI 110
[JITIC, BeI3BIBaEMOIi XaHTaBUpycamu tuna Puumala.
OCHOBHBIM IPUPOJHBIM pE3EPBYapOM BUPYCa ABISETCS
I'PBI3YH €BpOIIeiicKas pbikas nosneska. Mccienosanue
BKJIFOUAJI0O UMMYHOJIOTHYECKOE HaOItoeHe 65 naiu-
€HTOB C CEpOJOrHYECKH BepUPUIUPOBAHHBIM (IyTEM
MOCTAHOBKHM PEaKUUN HENpsIMOiH HMMYyHO]Iyopec-
LIEHLMY C TapHBIMU ChIBOpOTKamMu) auarnozom [JITIC,
HaxOSIIMXCs HA CTallMIOHAPHOM JIEYEHUH B KIIMHUKAX
Camapckoro rocygapcTBEHHOTO MEIUIIMHCKOTO yHH-
BepcuteTa. KoHTponbpHas rpymma Bkiarodana 15 yc-
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JIOBHO 3[IOPOBBIX Jtozicii. B ocHOBHOW rpyre ObUIO
40 (62%) xenuuH, B rpymnie koHTpois — 10 (67%),
XOTA B JIUTEpaType TeHAEepHbIE pa3iuius cpeau 0oib-
weix [JIIIC we otmeuens! [14], cpemnuit BO3pact
nanuentoB ¢ IJIIIC cocraBnsan 41,9 + 12,5 roxa, B
KOHTpOJbHOHU rpynme — 38 + 13,1 (p = 0,104). V 53
(81,5%) 60npHbIX [JITIC 3a00neBaHrEe UMEIIO CPEIHE-
Tskénoe Teuenue, y 12 (18,5%) — msokénoe. [usaitn
HCCIIEIOBaHUS YTBEPKAEH MEKBY30BCKHM 3TUYECKUM
komuteToM (mpotokon Ne 204 ot 11.12.2019). Bce
CYyOBEKTBI, HaXOJAIIMECs 10 KIMHUYECKUM HaOII0-
JE€HHEM, B COOTBETCTBUU C MPHHLUUNAMH XeJTbCHHK-
CKOH AeKJIapanuy ObUIH MperynpexkIeHbl 00 yuacTHH
B MICCIICIOBAaHUHM M TIOATHCATN HHPOPMHUPOBAHHOE J0-
OpOBOJILHOE CoTJIacue.

YpoBeHb IUTOKMHOB B KpoBU nanuenTos ¢ [JITIC
OTIpEeNeNSIM  METOIOM HWMMYHO(EpPMEHTHOrO aHa-
mu3za (MDA) B Kax[Iplii U3 TEPUOJOB 3a00JICBaHUS.
HUDA ocymecTBisiicss u3 Npo0d CHIBOPOTKH KPOBH C
WCIONBb30BaHMEM KOMIUIEKTA ammapaTypbl, BKIOYa-
fouero aHmeTHelil goromerp «OPSYS MR» (pu-
nep) («Thermolabsystems»), mIaHIIETHBIH BoLIEp
[I12-428 («Mmmenrtex»), npuntep «Epson», u co-
OTBETCTBYIOIIIUX MOHOKJIOHANBHBIX aHTUTel (MKA;
«Bexktop bect»). YcranaBnuBanu copep:kaHue B Kpo-
Bu mpoBocnanutensHeix (MJI-1B, -6, -12, ®HO-o,
®HO-B, UOH-y) 1 nmpoTHBOBOCHATUTENBHBIX LIUTO-
kuHOB (WUJI-4, -10).

DEHOTUIIMYECKUI CcOCTaB JUM(POLUTOB KpPOBH
OTIPEEIISUIA METOAOM MPOTOYHON LUTO(ITyOpUMETPUH
¢ npumeHenneM nurodiyopumerpa BD FACSCanto 11
(«Becton Dickinson») u ¢ momompio MKA («BD
Biosciences») B COOTBETCTBUH C HHCTPYKIHEH 10 MpPU-
MeHeHuto npudopa 1 MKA. Mcnonb3oBanu crangap-
TtusupoBanHbll kKoMIuIekT MKA «BD Multitest 6-Color
TBNK Reagent» («BD Biosciences»), BKIIOYaromuii
meueHHbie PerCP-CyS5.5 anti-CD45 MKA, meueHHbIe
FITC anti-CD3 MKA, meuennbie PE-Cy7 anti-CD4
MKA, meuennsie APC-Cy7 anti-CD8 MKA, meuen-
ueie APC anti-CD19 MKA, meuennsie PE anti-CD16/
anti-CD56 MKA. Cognepxxanue Tper, HKT, numdpoun-
TOB, sKcrpeccupytomux CD314 u FoxP3, onpenensiau
B OT/ICTBHBIX TIP00ax ¢ npuMmenenueM MKA («1OTesty,
«Beckman Coulter»): meuennbie PE-Cy5 anti-CD3
MKA, meuennbie PE-CyS5 anti-CD56 MKA, meueHnHbIe
PE anti-CD314 MKA, meuennsie FITC anti-FoxP3
MKA c¢ ucrosib30BaHUEM MEPMEAOHIN3UPYIOLIUX KOM-
MOHEHTOB.

CratucTuyeckyro o0pabOTKy pe3yJbTaToB IMpo-
BOJMJIM Ha OCHOBE TaKeTa CTATUCTUYECKUX MPOrpaMm
«SPSS v. 23». VMcnonp30Banu MeTo[bl HeapaMmeTpH-
YECKOW JUCKPUITUBHON (ONpeneneHue MeIuaHsbl,
MUHHMYMa, MakCHMyMa IO Ka)XIOMy Hapamerpy) U
CpPaBHUTENBHOH (10 KpuTepuro MaHHa—YUTHM) CTa-
TUCTHKH, a TAKKE KOPPEISILMOHHBINA aHAIIU3 C OIpere-
nenreM kodddunuenta koppensaunu CnvpMeHa U ero
JIOCTOBEPHOCTH.

PesynbraTtbl

PesynbraThl omnpeneneHuss LUTOKUHOBOTO MpPO-
¢unsa 6onpubix [JIIIC ¢ pa3HOli CTENEHBIO TAKECTH
3a00JIeBaHKs BKJIIOYAIHM CPaBHEHHE STHUX NAHHBIX C
Ipynnoi KOHTposs. V3 momydeHHbIX JaHHBIX Cileny-
T, 4T0 HUTOKuHOBBIE Mpoduiau 6onbHbIX [JIIIC 3Ha-
YUTENIbHO Pa3INdajJuch B COOTBETCTBUU CO CTaAUSIMHU
nH(peKIMoHHOro mpomecca (Tadamma; puc. 1). Jlo-
CTOBEpPHBIE OTKJIOHEHHS OT KOHTPOJS JE€MOHCTPHUPO-
BaJM MPaKTUYECKH BCE LUTOKHHBI, P 3TOM OOIIHUEe
TEHJEHIIUM U3MEHEHHUS IOKa3aTesell 0 CPaBHEHUIO C
KOHTPOJIbHBIMU 3HAUEHUSAMHM JUISI CPEIHETSIKEIOro U
TSOKENOro TeueHUs 3a00JeBaHUsl TOJIHOCTHIO COBIA-
JIAIOT, XOTS U PETUCTPUPYIOTCS KOJIMYECTBEHHBIE pa3-
TS

B nuxopagounsiil nepuos; HaOMOMANICS POCT CO-
Jiep>KaHusl B KPOBH LIMTOKMHOB, COMPSDKEHHBIX C KIle-
TOYHBIMU (IIUTOTOKCHYECKUMH) UMMYHHBIMH PEaKIy-
smu: UJI-12, UOH-y, ®HO-a, ®HO-B. Kpome Toro,
HauOoJiee 3HAYUTEIHLHO Bo3pacTan yposenb UJI-10 —
LIUTOKMHA C MMMYHOCYIPECCOPHBIMH U MPOTHBOBOC-
MaJIUTEIbHBIMU CBOMCTBaMHU. YPOBHHU OCTAJIbHBIX IHU-
TOKHHOB, B TOM YHCJI€ MPOBOCHAIUTENBHOIO JIEHCTBHS
(MJI-1B, NJI-6), nocroBepHo cHrxkanuch. [Ipu aTom co-
BCEM HE BBIABIISUIMCH Pa3IU4Us MEKIY IUTOKUHOBBIMHU
npouIsiMu OOJBHBIX CO CPEAHETIKENBIM U TSKETBIM
tedenuem [JITIC.

B onuroypuueckuii nepuoj OTME4EHO NPUMEPHO
JIByKpaTHOE CHUXeHHe ypoBHs B kpou NJI-10 npu no-
CTOBEpHOM HapacTanuu ypoBHs1 MJI-6, ocobeHHO npu
Tsxénom teuenuu [JITIC.

B nonuypudeckuii nepuon OISITh 3HAYUTEIILHO
Bo3poc yposenb WJI-10, cogepxanune NJI-6 B kpoBu
OCTaBaJIOCh Ha IPEKHEM BBICOKOM YPOBHE, a y LH-
TOKMHOB, YYacTBYIOUIUX B Pa3BUTHUM KJIETOYHBIX ILIH-
totokcuueckux peakuuii (MJI-12, ®HO-a, PHO-P),
YPOBEHb COJEPKAHUS B KPOBHU NPHU TKEIOM TEUECHUH
3a0oneBaHus ObLT JOCTOBEPHO BBILIE, YEM IPU CPEAHE-
TSKEIIOM TCUEHUU.

OnucaHHble TEHACHLIMN U3MEHEHUS [ITUTOKHHOBO-
r0 PO HIIs NPOCTIEKUBAIOTCS U B IEPHUO]] PEKOHBaJIEC-
LEHIMH TOJIBKO ¢ TEM OTIIMYMEM, YTO JOCTOBEPHBIN Xa-
paKTep pazauyui MEXAY TSHKENBIM U CPEIHETKENBIM
teuenneM [JIIIC Ha ypoBHE LIUTOKWHOBOTO MPOQUIIS
BbIsIBJIEH TonbKo a7 MJI-10, ypoBeHb KOTOpOro B mep-
BOM Clly4yae ObUI BBILIE.

CooTBeTCTBYIOIIME WM3MEHEHUS B pa3HbIE IIe-
puonsl IJIIIC pa3HOl cTEmeHU TSHKECTH CO CTOPOHBI
KJIETOK MMMYHHOH CHCTEMBI Pa3IM4HBIX (HDEHOTHIIOB
ObUTM JETANIbHO IMPOaHaJM3MPOBaHBI HAMH paHee (8,
14]. B nmanHOM WHCCIENOBaHUH ISl WHTEPHPETALUU
MOJTyYEHHBIX JAHHBIX MEX]Yy YPOBHSIMH LINTOKHMHOB U
copepxanrieM B kpoBu OonbHbIX [JIIIC nmumdonuros
Pa3In4HBIX (PEHOTHIIOB, OLIGHEHHBIM B IpOLECCE HC-
CJIEIOBAaHUM, OIpPENENIAIN KOPPEIALUOHHBIE CBSI3U C
UCTIONIb30BaHuEM Koddduiuenta koppemsauun Crup-
MeHa. Pe3ynsTaTsl KOppeasUOHHOIO aHajiu3a o Ha-
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MokasaTenu unToknHoBOro Npodnns B AMHamuke y 6onbHbIx ITIMNC pasHol cTeneHn TaKecTn, MeanaHa [MMHUMYM; MakcuMyMm]
Indicators of the cytokine profile in patients with HFRS in the dynamics of varying severity, median [minimum; maximum]

HM;?/EMJ'T » cpe,quo';;t)’:gJI'ﬁ)rT ?e(tiequ EO.J.-'be'e rnnc 3popoBble noan (KOHTPOrb)
Cytokines, Patients with moderate Pati;:?;exglfrlosgqe?y}jFRS Healthy people (control) P P, Ps
pg/ml HFRS
INuxopapoyHsbii nepuopg MNNC | HFRS feverish stage
n=7 n=9 n=15
nn-4 | 1L-4 1,5[1,5; 1,6] 1,5[1,5; 1,6] 2,2[1,3; 4,2 0,999 0,011* 0,011*
nn-12 | IL-12 12,1 [11,7; 13,1] 12110,9; 12,1] 9,1[7,8; 14,4] 0,513 <0,001* <0,001*
NdH-y | IFNy 80,3 [72,2; 88,6] 88,6 [79,9; 94,8] 40,8 [27,5; 51,5] 0,376  <0,001* <0,001*
nn-1g | IL-18 2,86 [2,59; 3,04] 2,6 [2,4;2,9] 3,8[2,5; 5,2] 0,184 0,035 0,0,42*
nn-6 | IL-6 26,4 [19,9; 26,8] 26,4 [20,0; 29,6] 6,2[2,7;9,2] 0,513 <0,001* <0,001*
®HO-a | TNFa 2,7 [2,55; 3,0] 291(2,7;3,0] 2,0[0,8; 2,8] 0,513 0,258 0,198
®HO-B | TNFB 48,5[38,1; 71,7] 48,5 [40,6; 51,1] 1,4 [0,6; 2,9] 0,487 <0,001* <0,001*
nn-10 | IL-10 29 [24,9; 32,3] 29,6 [14,8; 32,3] 6,8 [3,4; 9,1] 0,827 <0,001* <0,001*
Onuroypuyeckui nepuop NMNC | HFRS oliguric stage
n=12 n=53 n=15
nn-4 | 1L-4 1,55 [1,5; 1,7] 1,6 [1,5; 1,8] 2,2[1,3; 4,2 0,834 0,010* 0,012*
nn-12 | IL-12 14,2 [12,3; 14,3] 12,3[10,9; 13,7] 9,11[7,8; 14,4] 0,049* <0,001* <0,001*
N®H-y | IFNy 86,5 [80,2; 88,6] 86,5 [80,3; 101] 40,8 [27,5; 51,5] 0,511 <0,001* <0,001*
nn-1g | IL-1B 3,35[3,22; 3,72] 2,49 [2,07; 3,19] 3,8[2,5; 5,2] 0,004 0,003* <0,001*
nn-6 | IL-6 35,1[30,4; 39,4] 23,8 [17; 32,3] 6,2[2,7;9,2] 0,006* <0,001* <0,001*
®HO-a | TNFa 2,94 [2,87; 3,33] 3,0[2,74; 3,87] 210,8; 2,8] 0,392 <0,001* <0,001*
®HO-B | TNFB 56,2 [51,0; 71,7] 52,3 [48,5; 82,1] 1,410,6; 2,9] 0,556 <0,001* <0,001*
MN-10 | IL-10 15,4 [13,9; 163] 14,3 [11,2; 100,5] 6,8 [3.4; 9,1] 0,432 <0,001* <0,001*
Monuypuueckun nepuopg INIC | HFRS polyuric stage
n=12 n=53 n=15
nn-4 | 1L-4 1,6 [1,5;1,7] 1,7 [1,6; 1,8] 2,2[1,3;4,2] 0,102 0,012* 0,015*
nn-12|I1L-12 16,6 [16; 17,8] 12,7 [11,7; 13,5] 9,1[7,8; 14,4] 0,020 <0,001* <0,001*
NdH-y | IFNy 86,2 [81,7; 88,6] 88,6 [80,3; 90,6] 40,8 [27,5; 51,5] 0,193 <0,001* <0,001*
nn-1g | IL-1B 2,68 [2,36; 2,94] 2,86 [2,620; 3,1] 3,81[2,5;5,2] 0,433 0,003* <0,001*
nn-6 | IL-6 28,6 [23,5; 31,7] 26,9 [17,7; 45,1] 6,2[2,7;9,2] 0,998 <0,001* <0,001*
®HO-a | TNFa 3,89 [3,43; 4,51] 3,22 [3,0; 3,47] 2,0[0,8; 2,8] 0,039* <0,001* <0,001*
®HO-B | TNFB 69,1 [59,1; 71,9] 54,3 [46,8; 60,1] 1,4[0,6; 2,9] 0,020* <0,001* <0,001*
MN-10 | IL-10 31,8 [30,5; 35,1] 33,4 [12,6; 215,9] 6,8 [3.4; 9,1] 0,999 <0,001* <0,001*
Mepuop pekonsanecueHuun MNMNC | HFRS convalescence stage
n=12 n=53 n=15
nn-4 | 1L-4 1,6 [1,4; 1,6] 1,6 [1,6; 1,7] 2,2[1,3;4,2] 0,317 0,012* 0,012
nn-12 | IL-12 13,3[12,9; 14,9] 12,7 [11,7;12,9] 9,1[7,8; 14,4] 0,077 <0,001* <0,001*
NOH-y | IFNy 90 [83,5; 130,1] 117,5 [109; 287] 40,8 [27,5; 51,5] 0,275 <0,001* <0,001*
nn-1g | IL-1B 3,22 [2,99; 3,34] 2,8[2,74; 2,98] 3,8[2,5;5,2] 0,053 <0,001* <0,001*
nn-6 | IL-6 20,6 [16,2; 24,5] 23,8 [18,5; 21,9] 6,2[2,7;9,2] 0,513 <0,001* <0,001*
®HO-a | TNFa 3,6 [3,45; 3,78] 3,27 [3,0; 3,47] 2,0[0,8; 2,8] 0,127 <0,001* <0,001*
®HO-B | TNFB 53,2 [45,2; 60,1] 52,3 [48,5; 53,6] 1,4[0,6; 2,9] 0,827 <0,001* <0,001*
Mn-10 | IL-10 17,5[15,4; 18,3] 1319,3; 15,2] 6,8 [3.4; 9,1] 0,046* <0,001* <0,001*

Mpumeuanue. p, — BEPOATHOCTb PasNMuUii B rpynnax 6onbHbix MTIMNC pasHoii CTeNeHn TAHKECTH; p, — BEPOATHOCTb Pasnnymi B rpynnax
GonbHbIX cpeaHeTskénoro TedeHus MTMNC u KOHTPons; p, — BEPOATHOCTbL pasnuymin B rpynnax 6omnbHbIX Tshkénoro TeueHus MNC n KoHTpo-
ns; *p < 0,05 no kputepuio MaHHa—YUTHW.
Note. p, — probability of differences in groups of patients with HFRS of various severity; p, — probability of differences in groups of patients
with moderate course of HFRS and control; p, is the probability of differences in the groups of patients with severe HFRS and controls;

*p < 0.05 according to the Mann—Whitney test.
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Nuxopapounbiit nepuog MNC | HFRS feverish stage Onuroypuueckuit nepnog MINC | HFRS oliguric stage
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Puc. 1. OTKNoHeHne oT KOHTPONS LMTOKMHOBOIO Npocuns Kposu naumeHToB ¢ [TIMNC pasHow TAXeCTn TedeHus.
Fig. 1. Deviation from the control of the cytokine profile of the blood of patients with HFRS of various severity.

JNYUIO J0CTOBepHBIX (p < 0,05) Koppensuunii nokazaHbl
Ha puc. 2.

[pu cpeaHeTsHKENOM TeueHUH 3a00IeBaHHS TPaK-
TUYECKU BCE TECTHPOBAHHBIE INOKa3aTenu (KpoMe co-
nep>kanust B kposu CD4*-Tper) oka3anuchk B TOW WU
WHOW CTENEHU CBS3aHHBIMH MEXIYy CO00il ¢ HEKOTO-
pBIM TIpeoliialaHueM MPSIMBIX KOPPEISLUOHHBIX CBSI-
3eil. OTpHuLaTeIbHbIE KOPPEJSIUH IIPHU 3TOM Habmroza-
nuch Tonpko ans ypoBHA MJI-10, uyTo cooTBEeTCTBYET
€ro UIMMYHOCYTIPECCOPHONH aKTUBHOCTH.

Haunbonee axkTUBHBIMH YYacCTHHKAMH KOppEIsi-
LMOHHBIX nap npu cpenneTskénom teuenuu IJITIC co
CTOPOHBI IUTOKUHOB sBisitoTcss UJI-12, ®HO-a u -f,
HN®H-y, T.e. TUTOKUHBI, OTPAXKAIOIIUE yYACTUE B UM-

MYHHOM Tpouecce JUMQPOLUUTOB ITHUTOTOKCHYECKOTO
neiictBus, a Taxoke MJI-10 ¢ mpoTHBOBOCHANUTENBHBIM
adpexrom. Co CTOPOHBI KIIETOK MMMYHHOW CUCTEMBI B
MapHbIe KOPPENALUN IIUPOKO BOBIEUEHBI T-Xenmnepbl
(CD3*CD4"), cpean KOTOPBIX, CyAs IO B3aUMOCBSI3H C
N®H-y, npeanoiaokureiabHO MPeodaaaoT HUHIYIHU-
pyrolue KieTouHble uMMyHHbIe peakiuu Thl, I[TJI,
ocobenno sxcnpeccupyronpe NKG2D, HKT u Haty-
panbHble KUJUIEPHI, @ TAaKKe KIETKH C BBIPAKEHHOM
MMMYHOCYIIPECCOPHOM M NPOTHBOBOCHAIUTEIBHOU
akTUBHOCTBIO — Tper kak CD4*-, tak u CD8"-¢eHo-
TUNOB. VHBIMH CIIOBaMH, KakK y»Ke OOCYKIaloch BO
BBEJICHUM, IMMYHHBII IpollecC UMEET SBHYIO MPOTEK-
TUBHYIO HallpaBJICHHOCTb Ha 3JIMMUHALMIO BO30yIUTE-
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JIMMOOUMTLI ABANTUBHOTO MUMMYHUTETA B KPOBU LIMTOKMHbBI KPOBW TIMMOOLTHI BPOXOEHHOrO UMMYHWUTETA B KPOBK
LYMPHOCYTES OF ADAPTIVE IMMUNITY IN THE BLOOD BLOOD CYTOKINES LYMPHOCYTES OF INNATE IMMUNITY IN BLOOD
ala
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Puc. 2. [locToBepHble KOPPENSLIMOHHbBIE CBSA3WN MEXAY YPOBHSIMU LIUTOKMHOB 1 COAEPXKaHUEM NMUMMOLMTOB PasfNYHbIX
deHoTmnos B kposu npu MINMC cpegHeTspkénoro (a) n TsSKEnoro (6) TeyeHus.

CnnoLwHble CTPEnkn — MONOoXUTENbHbIE KOPPENALUMW; NYHKTUPHbIE — OTpuUaTENbHbIE KOpPenauumn.
Fig. 2. Significant correlations between the levels of cytokines and the content of lymphocytes of various phenotypes
in the blood in patients with moderate (a) and severe (b) HFRS.
Solid arrows — positive correlations; dotted lines — negative correlations.
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JIl U3 COCYJTUCTOTO pycCJia M OTpaHUYEHHE TIOCTIEeICTBUI
«IIUTOKMHOBOTO LITOPMAaY.

IIpu 1spx€nom Teuenun IJIIIC uucno xoppens-
LUOHHBIX Map Pe3K0 YMEHbIAI0ch — B 2,5 paza. Ilpu
9TOM U3 COCTaBa KOpPPESIUMH BBIOBUIM HEKOTOPBIE
OCHOBHBIC TOMYJISIUH/CyONONYISIUHA  JIUM(POLIUTOB
(T-mumponuter, T-xennepsr, LTJI) mpu 3HaUMTENH-
HOM YMEHBUIEHUH YHCiia KOPPEISALUOHHBIX CBsI3eH s
OCTaJIbHBIX KIIETOK C MpeoliagaHueM OTpULaTEIbHBIX
KOppeIsLUil 1 U3MEHEHUSIMH COCTaBa KOPPEISALMOH-
HBIX Tap.

C Hamiedl TOYKH 3peHHsi, 0cO00ro BHUMAaHHS 3a-
CIly’)KUBaeT MpeoOliajaioliee BbIpaXEHHOE HapacTa-
HUE B KPOBU KOPPENSLIMOHHO CBSI3aHHBIX MEXAY CO-
6oit yposueit UJI-6 u UJI-10 npu yuactuun MJI-10 B
koppemsiuonHbiXx  cBsa3six ¢ NKG2D*-ITJI, HKT u
CD8*-Tper. IIpu 3tom uncino HKT, He oTnyasice Konu-
YECTBEHHO OT COJIEP)KaHUS B KPOBH IIPH CPETHETSIKE-
JIOM TeyeHuu, Ha GoHe Tspkénoro teueHus [JIIIC cps-
3aHO NMPSAMBIMU KOPPEISIIMOHHBIMU CBSI3IMU HE TOJIBKO
¢ UOH-y, vo u ¢ WI-10, a taxke WUJI-4, T.e. ¢ Temu
OCHOBHBIMM CEKPETOPHBIMHU MPOAYKTAMH, YTO BXOIST
B cnekTp KiroueBblX HUTOKMHOB HKT ¢ pasnuynsiMu
(DECHOTHITUUECKUMH XapaKTEPUCTHKAMHU.

O6cyxpeHune

Oco0eHHOCTBIO JaHHOH paboThl SABISETCS HE
CTOJIBKO XapakTepPUCTHKa IMTOKMHOBOTO Tpoduis
kpoBH y O0onbHbIX [JIIIC B nuHamuke 3abosieBaHust U
B COOTBETCTBHUHU C €0 TSKECTHIO TEUEHUS, JJOBOJIBHO
XOpOIIO M3yuYeHHas K HACTOALIEMY BpPEMEHHM, CKOJIb-
KO HMCCJIEI0BaHHE LIUTOKHMHOB NMPOBOCHAIUTEIHHOIO U
IIPOTHUBOBOCHAIUTENBHOIO AEUCTBUS KaK KOMIIOHEHTOB
HEM3BECTHBIX paHee (EHOMEHOB MMMYHONATOreHe3a
[JITIC. Ipu 3TOM 0cO00r0 OOCYKICHUS 3aCTyKUBACT
3HAYEHNE U3MEHEHUH CO CTOPOHBI TECTUPOBAHHBIX LU~
TOKHHOB B paclin()pOBKE MEXaHH3MOB Y4aCTHS B MM-
myHomnaroreneze [JIIIC NKG2D*-IITJI, Tper, HKT c
yu€TOM TSKECTH TeUeHUs 3a00IeBaHuUsI.

Kak ormeueno Boime, NKG2D*-L[TJI npu onpe-
JEeNEHHBIX UTOKHHOBBIX BO3JEHCTBUSAX MOTYT OBITh
npudacTHel K Qopmuposanuto myna CD8*-T-numdo-
LIMTOB MaMSITH, HO HACKOJIBKO ATOT Ba)XKHBIM MEXaHU3M
MokeT peanuzoBarscs npu IJIIIC, cBenenuit B Hayu-
HOW JUTEpAaType HET. B NaHHOM ucclaegoBaHUU TIPU
aHaJi3e LUTOKWHOBOTO MPOQUIIs, XapaKTEpHOTO LIS
CPEIHETSHKEIOT0 TEUCHUS JTaHHOTO 3a0oJieBaHMs, ObI-
JIY 3apETUCTPUPOBAHBI, B YACTHOCTH, KOPPENSILIHOHHBIE
B3aUMOCBA3U MEKAY YHCICHHBIM IPECTaBUTEIHCTBOM
B kpoBu NKG2D*-ITJI u ypoBuamu WJI-4, NJI-12.
B nuteparype umeroTcst cBeieHUs O TOM, YTO IKCIIpec-
cust NKG2D y IITJI naxogurcs noa kontponem MJI-4
n WJI-12, npu stom WNJI-4 monmaBnsieT 3KCIPECCHIO
NKG2D, a UJI-12 e€ ycunusaet [15]. Ecnu yuecTs, 4to
B HAIllUX HccienoBaHusax ypoBeHb MJI-4 B kpoBu npu
IJIIIC nmapaer, a yposens MJI-12 — gocroBepHO BO3-
pacTaert, a MeXAy HUMH U IPOLIEHTHBIM COZIEp)KaHUEM

B KPOBH B CIIy4asiX CpEeAHETSKENOro TeueHus 3aboe-
BaHUS CYULIECTBYIOT JIOCTOBEPHBIE KOpPPENSALUOHHbIE
CBSI3M, TO €CTh OCHOBAHUE IMIPEATNOararb, YTo Mpu cpe-
Herspkénom teueHnn [JITIC mpeobnamaror MexaHU3MBI
CTUMYNHUpYIOIMX Bo3neicTBuil (¢ yuactuem WJI-12)
Ha skcnpeccuro NKG2D LTI IIpu Tsokénom TeueHuu
[JITC yncno NKG2D*-ITJI emg Gomnbliie Bo3pacraer,
HO MEHSETCSl XapaKTep B3aHUMOCBS3U ITOTO SIBICHUSA C
UUTOKWHOBBIM MPOQUIIEM, IIPH 3TOM HpsiMasi KOppesi-
LIMOHHAasI B3aUMOCBS3b YCTaHOBJIEHA C YPOBHEM TOJBKO
onHoro nutokuHa — WJI-10, KOTOpBIH BXOAUT TaKKE B
cocTaB KoppensaunoHHbix nap ¢ CD8*-Tper u HKT.

OTO NMIIHUM pa3 MOATBEPKAAET BBICKA3aHHOE
HaMU paHee MPEaNoI0KeHNE O B3aUMOCBSI3HU TAKENOTOo
teuenus [JIIIC ¢ pasputueM B Xoie MH(DEKIIMOHHOTO
MpoLEecca YHUKAIBHOTO HMMYHOIATOT€HETHYECKOTO
mexanusma npu [JIIIC, oOvemuusromero (yHKIUU
KJIETOK, MOKa3bIBAIOIINX HauOoJee BHICOKUH YypPOBEHb
B kpoBu, — NKG2D*-IITJI u CD8*-Tper ¢ Bo3MOKHO-
ctbio Tpanchopmaunu nepssix B HKT. D10 monTeep-
JKIAIOT U CBEJCHMSI, HOCSIIUE Pa3pO3HEHHBINA XapakTep
Y MOJTyYeHHbIE Pa3HBIMU aBTOPAMU Ha MOJIENU JPYTHUX
MATOJIOTUYECKUX IPOLIECCOB, HANpUMeEp, NaHHBIE O
cnocobHoctu UDH-y unnyuuposars Tper [16], NJI-6
n ®HO-0 — akTHBHPOBaTh NPOIUQEPALNIO ITHX KIIe-
ToK [17], a NJI-6 — emmé u CTUMYNIUPOBATh MPOLYKIUIO
WJI-10 Ha ¢oHe HapyLIeHUs MUTPALUOHHON CHOCO0-
HOCTH 3THX KIeToK [18]. Bce Ha3BaHHBIE ITUTOKUHBI
BXOZST B €IMHBII KOMIUIEKC KOPPEISALUOHHBIX CBS3E€U
MEXIY UUTOKMHAMH KPOBU U JIMMQPOLUUTAMHU Pa3IHy-
HBIX (DEHOTHIIOB, yCTAHOBJICHHBIN HAMU MIPU BBIIOIHE-
HUU JJaHHBIX HCCIIEJOBaHUH.

Takum oOpa3om, B pe3yabrare NpOBEAEHHBIX UC-
CJIe0BaHMN TIOSBWIMCH pEajibHble OCHOBAaHUS JUISA
(dopMHpOBaHHS THUIOTE3Bl O pslAc HMMYHOIATOre-
Hetnyeckux ocobenHocted [JIIIC. Ocobyio ponb B
JAaHHOM MH()EKIHOHHOM Mpolecce, Kak 1 Ipu JPyTHX
BUpYycHBIX nHOexknuax, urpawot LTI, Ho npu IJIIIC
KJIIOYeBOE 3HAYCHUE MPHOOpETAaeT BBICOKHH YPOBEHb
JKCIpecCcuu 3TUMH KieTkamu penentopa NKG2D,
KOTOphIii Ha (poHe MHEOEKIHHU, CONMPOBONKIAIOIICIHCS
TOTANbHBIM (YHKIMOHAIBLHBIM TOBPEXKICHHEM KJe-
TOK COCYIUCTOH CTEHKH, BBIMOJTHACT (DYHKLHUIO CBOE-
00pa3HOr0 MOCTHKa MEXIy PEaKUUSIMH aJalTUBHOTO
U BpPOXAEHHOTO MMMYHHUTETa B MOJb3y IOCIEIHETrO.
B perymsuuu stoi GyHKOHMM, CyAs MO pe3yibTaram
JAHHOTO HCCIICIOBAHUS, BENYIIYIO pOJb IPHOOpeTa-
et coorHomenue MJI-12 u UJI-4 mpu npeobnaganuu
WNJI-12. B nutepaType MOKa3aHO TaKkXe, €CIM TaKue
NKG2D-unayuupoBanuasie  CD8*-T-knetku mamsTa
MIpU ONpEAETEHHBIX YCIOBUSIX MOABEPIaloTCS CTUMY-
JAUUN LUTOKMHAMH, TO UX aKTHBALMS MOXKET COIpPO-
BOXJaTbcsl Tpanchopmanueid 3tux kietok B HKT, on-
HOBPEMEHHO COYETAIoIMe IIUTOKUHIPOIYLHUPYIOIIHE
U HUTOTOKCHYECcKHue cBocTBa [12, 19], pocT koTOpHIX,
cyns no ¢enorumy CD3*CD567, oTmeueH B monuypu-
yeckuit nepuon [JITIC [8].
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B MexaHu3Mbl AEMCTBUS 3THX KIETOK BXOIMT
MOIyJISIUs  OajlaHca  peryiasTopHbie/3PPEeKTOpHEIC
T-knetku mytéM auddepeHIMpOoBKE MOHOIIMUTOB B pe-
TYISTOpPHBIE Makpodaru, KOTopble, B CBOIO Ouyepelb,
MOTyT uHIyIupoBaTs CD8"-Tper uepe3 3HaUUTETbHBIM
poct a3kcnpeccuun WJI-10 [20], uto moarBepxKAacTcs
Y HallUMU JJAaHHBIMU. Vlcciie1oBaHHBIA HAMU LIUTOKH-
HOBBIH MPOQHIL HE MPOTUBOPEYUT TOMY (HaKTy, 4TO
uaykuus Tper u npoxykuust umu MJI-10 moxer mox-
nepxkuBarbea MJI-6 u ®HO-a [18, 17], onHako, cynas
N0 aHaTU3y KOPPEIIUMOHHBIX CBs3€H, W30BITOUHAS
skcnpeccus WJI-10 MokeT nmpuBeCTH K TSHKEIOMY Te-
yenuto [JI[IC, uto TpeOyeT B manbHeimem Oonee ne-
TaJbHOTO MOATBEPKICHMS.

3aKnuyeHune

[Tatorenernueckn 3Haunmbld Mexanusm [JITIC
peanusyeTcs ¢ IPeuMyILeCTBEHHBIM yUaCTHEM IUTOKH-
HOB KJIETOYHOro UMMyHHOro otseta (MJI-12, UDH-y,
®HO-a u -f) u UJI-6, KOpperALUOHHO CBS3aHHBIX C
NKG2D*-ITJI, CD8"-Tper, HKT, cnocobcTByromux
B Cily4ae OJIarONpHUSATHOIO UCXOAa MH(PEKIUU aKTHB-
HOMYy (opmupoBanuto myna CD8-T-kineTok nmamsT,
NPEANONOKATENFHO HApyIIaeMOMY NPH H30BITOYHOM
cekpeuuu NJI-10.
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Cnoco6HOCTb K BereTupoBaHUIO N CMOPOO06pa3oBaHNIo
wrammoB Bacillus anthracis c pasnnuHbiMmun ¢peHOTUNNYECKNMN
CBOCTBAMMU B YCJIOBUAX, UMUTUPYIOLLNX MNOYBY

KoteHesa E.A."*, LibiraHkoBa O.W.", KanunnH A.B.", Abpamosuu A.B.,
LLlep6akosa B.10.", PoauoHos N.C.

'CTaBpONObCKUA HayYHO-UCCNER0BATENIbCKUI MPOTUBOUYYMHbIN MHCTUTYT PocnoTpebHagsopa, CtaBponosb, Poccus;
2CeBepo-KaBkasckuin pefiepanbHbiin yHUBepcuTeT, CtaBponosb, Poccus

AHHOMauus

BBepeHue. V3yueHune cnocobHocTu wrammoB Bacillus anthracis ¢ paznuyatowmmcs eHOTUNNYECKMMIN CBON-
CTBaMV K repMMHaLmM Cnop, pasMHOXEHUIO U CNnopoobpasoBaHNio Ha cpeae, OCHOBOWM KOTOPOW ABMASETCA BOAHbIN
9KCTPAKT MO4YBbl, MOXET CNOCOBCTBOBaThL OLEHKE 3HAYMMOCTM 3TUX NPOLECCOB B (DOPMUPOBAHUM 1 Nogaepxa-
HMM NOYBEHHBIX 04aroB CMOMPCKON A3BbI.

Llenb paboTbl — aHanu3 nHaveuayanbHbIX 0COBeHHOCTEN pasBMTUSA BereTaTMBHOMW KynbTypbl LUTAMMOB BO30Y-
AuTens cnbmpckon s3Bbl C pasnnMYHbIM OEHOTUMOM Ha MOAENN NOYBEHHOW Ccpeabl.

MaTepumanbi n meToabl. Ha rpynne wrammoB cubrpes3BeHHOro Myukpoba, MMeoLMX pasHblil NnasmMmnaHblin co-
CTaB W BUPYNIEHTHOCTb, UCCrefoBaHa BO3MOXHOCTb NMPopacTaHusl Crnop, pa3MHOXeHUst 6aumnn 1, no KpanHen
Mepe Y HEKOTOPbIX U3 HYX, NPOAYKTUBHOE cnopoobpasoBaHne Ha NOYBEHHON cpeae.

PesynbraThl. BoisBneHbl Tpu BapnaHTa pa3BuTus KynsTypbl WTaMMoB B. anthracis: 1 — cnopbl OCTalTCs WH-
TaKTHbIMM, He NpopacTas; 2 — nocne repM1MHaLnm cnop opMmpytoTcs 6auunnel, KOTOPbIE C Pa3NINYHON UHTEH-
CUBHOCTBIO pasMHOXatoTCs, MEPEXOAA B MHBOMIOLMOHHbIE hopMbl 6e3 06pasoBaHusa crnop; 3 — NpoxoxaeHue
nonHoro n3nonorMyeckoro uukna «cnopa—baumnna—cnopa». Hanvume 2% kpoBu B NOYBEHHON cpeae crnocob-
CTBOBAmNO MPOpacTaHuUIo CMop U Pa3MHOXEHWIO KYNbTYpbl, HO TOPMO3WIO NPOLIECC CNOpoobpa3oBaHns B nepuog,
HabnogeHns — 3 cyT. He BbIABNEHO KoppensuMm Mexagy onpenenéHHbiM PeHOTUMOM M3YyYEHHbIX LUTaMMOB
B. anthracis n cnocoBHOCTbIO k MPOPACTaHNIo 1 BereTauumn Ha NoYBEHHbIX cpeaax.

O6cyxaeHue. NMonyyeHHble AaHHblE O TOM, YTO Tonbko 1-7% KOE faét Havyano hopMUpPOBaHMIO KOMOHWUIA Ha
NOYBEHHOW cpefe, MO3BOMSAT NpeanonoXMTb HEOAHOPOAHOCTE CBOMCTB MOMYMALMM MCMOMb30BaHHbIX LUITaAM-
MOB. BblaeneHune Takvx Kynstyp U ux ganbHeviee nogpobHoe usyyeHve no3BonuT BbisiBUTb Hanbonee 3Hauu-
Mble ON151 OCYLLECTBMEHUS MOMHOro 13NONOrMYeckoro UMKna B YCroBUSAX, UMUTUPYIOLLMX MOYBY, KOMMEKChI
Bronornyecknx CBOMCTB.

KnroueBble cnoBa: cubupckas sidea, wmammsl Bacillus anthracis, noyeeHHasi cpeda, heHomurnudYeckue ceou-
cmea, eepMuHayus criop, crnopoobpasosaHue

UcmoyHuk (pUHaHCUpOSBHUﬂ. ABTOpr 3as9BNs0T 00 OTCYTCTBUU BHELLHEro d,’)I/IHaHCVIpOBaHVIH npu nposegeHUn nc-
cnegoBaHuA.

KoHgbnnukm uHmepecoe. ABTOpbl AEKNapUPyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLei CTaTbu.
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HoB M.C. CnocoBHOCTb K BErETMPOBaHUIO 1 CNopoobpasoBaHmMio WTaMmmoB Bacillus anthracis ¢ pa3nuyHbiMU heHOTU-
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Ability for vegetation and spore formation of Bacillus anthracis
strains with different phenotypical properties under
soil simulating conditions
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Abstract

Introduction. The study of the ability of Bacillus anthracis strains with different phenotypic properties to spore
germination, reproduction and sporulation on a medium based on an aqueous soil extract can help assess the
significance of these processes in the formation and maintenance of soil anthrax foci.

Aim. The analysis of individual characteristics of the development of a vegetative culture of anthrax pathogen
strains with different phenotypes in a soil medium model.

Materials and methods. On a group of anthrax microbe strains with different plasmid composition and virulence,
the possibility of spore germination, reproduction of bacilli and, at least in some of them, productive spore
formation on the soil medium was studied.

Results. Three variants of culture development of B. anthracis strains were identified: 1 — spores remain intact,
not germinating; 2 — after germination of spores, bacilli are formed, which multiply with different intensity, passing
into involutional forms without spore formation; 3 — the passage of a complete physiological cycle "spore—
bacillus—spore". The presence of 2% blood in the soil environment contributed to the germination of spores
and reproduction of the culture, but inhibited the process of sporulation during the observation period of 3 days.
No correlation was found between a certain phenotype of the studied strains of B. anthracis and the ability to
germinate and vegetate on soil media.

Conclusion. The data obtained that only 1-7% of CFU gives rise to the formation of colonies on the soil medium
suggest the heterogeneity of the properties of the population of the studied strains. Isolation of such cultures and
their further detailed study will make it possible to identify the most significant complexes of biological properties
for the realization of a complete physiological cycle under soil-simulating conditions.

Keywords: anthrax, Bacillus anthracis strains, soil environment, phenotypic properties, spore germination, spore

formation
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BeBepeHune
Bo30ynutens cubupckoii s3Bel — Bacillus an-
thracis — sIBIS€TCS MATOTCHHBIM ISl OOJBIIOTO KO-

JINYECTBA BHUIOB JKMBOTHBIX M YEJIOBEKA M 00JagaeT
KOMILJICKCOM TPUCIIOCOOUTENBHBIX MEXaHU3MOB JIJIS
AKTUBHOTO DPa3MHOXXEHHUS B OpraHU3Me MIICKOIUTa-
IOIUX W COXpaHEeHWI0 Oammiul B mouse. Hempomor-
XKUTeNbHas (pasa CylIeCTBOBaHUS B OpPraHHU3ME 4YyB-
CTBUTEJILHBIX JKUBOTHBIX MOJYMHEHA IIEJU OBICTPOro
Y TPOIYKTHBHOTO pa3MHOXeHHS Oarpuul. B ormnmuume
OT JIIofel, OONIEIONUX B OCHOBHOM JIOKAJTHM30BAaHHOM
KO)KHOM (OPMOIA, y UyBCTBUTEIBHBIX K JaHHOW WH-
(bek1MK KUBOTHBIX HAONIONACTCS TeHEpaM30BaHHAS

¢dopma 3aboneBaHus], Pe3yabTaTOM KOTOPOW SIBIISETCS
ux Tubenb. B 9TOM citydae B mpearoHanbHOM MEPHOJE
B OMoMaTepuale JOCTUTAeTCsl OUYeHb BHICOKAS KOHIICH-
Tpauusi Gauiul, MPOUIEAMNX OTOOp MO MPHU3HAKY BH-
PYJICHTHOCTH. B ecTecTBeHHBIX YCIOBHAX (IIPH OTCYT-
CTBHH CIECLUAIBHBIX MEp YeJOBeKa) Ha MPOTSKCHUHU
JUTUTENTBHOTO TPOLEcca 3BOJIONUH CUOUPESI3BEHHOTO
MHUKpoOa OaliuIbl BMECTE C TPYIIOM M OMOJIOTHYECKHU-
MU JKUAKOCTSMH HOMNAJalH B MOYBY, TI€ MPOUCXOIAMI
npouecc GOpMHUPOBAHUSI CIIOP, 00CCIICUNBAIOIINI TPU
OnpeaeNéHHbIX MMOYBEHHO-KIMMAaTHYECKUX YCIIOBHAX
UX JUIATeNnbHOEe coxpaHeHue [1, 2]. YuutsiBas, 4To B
npolecce BBIHY)KJCHHOW MPUPE3KH OONBHBIX >KUBOT-
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HBIX Ha MMOYBY MOMAAaeT 3HAYUTENbHBIH 00bEM KpPOBH,
KOTOpasl ABJIAECTCS NPEKPACHOU MUTATENBHON CPELOi,
o0ecrieurBaromIedl pa3sMHOXKEHUE OaLlMILT JaXKe B BHIC
HE3HAYUTEILHONW H00aBKH K Pa3IM4YHBIM CyOcTparam
(mouBe), MOXHO TPEANOIOKUTD, YTO TaKHE YYaCTKH
MOYBBI CHOCOOHBI CTaTh MHUKPOOUYaraMu pa3MHOKEHHSI
0alWIT U IIPH ONPEeNEHHBIX YCIOBHAX HAKaIJIHBATh
cniopsl. HecMoTpst Ha TO 4TO OOIIECIPU3HAHHON OCHOB-
HOU (yHKIMEH MOYBEHHOM a3kl CylIecTBOBaHMs B. an-
thracis SIBISETCS JUINTEILHOE COXpPaHEHHE MHKpoOa B
BUJIE CIIOp, B HAy4YHOW JIUTEpaType aKTUBHO 00Cyxa-
€TCsl BOIIPOC U O BO3MOXXHOCTH BET€THPOBAHHS CHUOU-
PESI3BEHHOTO0 MHKpOOa B TOUYBE, BIIEPBbIC TOAHSTHIN B
patote [3]. [logTBepKIEHUEM CYIIIECTBOBAHUS BEreTa-
TUBHOH (a3bl B MOYBE MOXKET CIIY>KUTH TOT (paKT, 4To B
onpenenéHHbIX YCIOBUSIX B. anthracis MOXeT pacTH in
vitro B BUe OMOMNEHKH [4], KOTOpas sIBISETCS Mpel-
MOYTUTEIHHBIM COCTOSHUEM Ul MUKPOOPTaHU3MOB B
okpyxatomieit cpene. E. Saile u coaBr. mokazaiu, 4to
B MOJEIM CHCTeMbl puszochepsl B. anthracis pactér
Kak carnpodur [6]. B cBeTe 3THX JaHHBIX HEOOXOIUMO
OTMETUTh, YTO CHOHMPESI3BEHHBII MHUKPOO HAXOAWUTCS
B OJM3KOM T'€HETHMYECKOM POJCTBE C TPYNIOH OuYeHb
YCIIEHIHBIX TOYBEHHBIX MUKPOOPTraHU3MOB — B. cereus
sensu lato [6]. C y4éToM JUIMTEIBHOCTH IIOYBEHHOI
¢a3bl cyuiecTBoBaHus B. anthracis U €€ BaXHOCTH B
¢dopMupoBaHun pe3epByapa MHPEKIUH OYEBUAHA He-
00XOIMMOCTh M3yueHHs BceX (aKTOPOB U MPOLECCOB,
OKa3bIBAIOIIUX BO3/ICHCTBUE HA MUKPOOA B ATOH CIIOK-
HOW ¥ MHOTO(aKTOPHOH IKOJIOTUIECKON CHCTEME.

Hesas paboThl — aHaIM3 UHAMBUAYAIBHBIX OCO-
OeHHOCTEN pa3BUTHsI BET€TaTUBHOW KYNBTYpHI ILITaM-
MOB BO30yAuTENsl CHOMPCKOM SI3BBI C pa3InuHbBIM (e-
HOTHUIIOM Ha MOJENTU IOYBEHHOW CPE/bI.

Ma‘repman bl 1 mMeToAbl

B paGote ucnonp3oBanu mramMmmel B. anthracis:
mumiasmuaaeie 1(CO), 12/16, 14/41, 12/16-1 4P, 228,
228 mpoT (C KJIACCHYECKHM Karcylo00pa3oBaHUEM),
1(CO)-S, 1(CO)-5-1 SM, 14/41-1a SM u 12/16-S
(popmupyrome kamncyay B armocdepe BO3OyXa);
a TaKXKe aKarCyJIbHbIe MOHOIUIa3MuHbIe 228/8, 14/41
Trp™ (pXO1*, pXO2~) u Gecrmasmunslii 228/4. Cpenu
MCCIIeIOBaHHBIX IITAMMOB OBUIM Pa3lIMYalonInecs 1o
TOKCHHO- H KaIcyJ1000pa3oBaHHIO, IPOTCOTUTHIECKOH,
TEMOJIMTUYECKON U JICHIUTUHA3HOW aKTUBHOCTH, & TaK-
K€ TI0 MPHHAAJICKHOCTH K OCHOBHBIM T'€HETHYECKUM
rpynnaMm A u B (Tabumuna). IlepeuncrnenHsle cBOMH-
CTBa OBUIM M3YyYEHBbI B COOTBETCTBUHU C JaHHBIMH [3].
Illtammer B. anthracis ObUIA TIOy4YeHBI U3 JabopaTo-
pun  «Komiekuuss MaToreHHBIX MHUKPOOPTraHU3MOBY
CraBpoIoabCKOro MPOTUBOYYMHOro MHCTUTyTa Poc-
notpebHan3opa. Bes pabora ¢ KynbTypamu IITaMMOB
B. anthracis npoBonunack ¢ coOntopeHueM TpeboBa-
Huil Canllun 3.3686-21 «CaHuTapHO-31IHAEMUOIOTH-
YyecKre TpeOOBaHMsI 10 NPOPHUIAKTHKE HHPEKINOHHBIX
Oonesneil)». Criopsl A1 NPOBENEHUS SKCIEPUMEHTa
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nonyvanu B cootBerctBuu ¢ MYK 4.2.2413-08 «Jla-
OopaTopHas JMarHOCTHKa M oOHapyXeHHe Bo30yauTe-
7151 cubupckol 3B Ha arape [aacrona. [locne cmbl-
BaHUsI CIIOP CO Cpellbl JUCTUILTMPOBaHHOM Bonoi ([IB)
U OTCTaWBaHUS B3BECH B XOJOJWIBHUKE B TEUEHHUE
3—4 cyT *XUAKOCTh YAAISUIH, a U3 0CaJKa CIOp JeJain
Ma3K{ U OKparnBain MetogoM Peburepa it KOHTPOIs
Hanu4Msl OakTepuajIbHOro nedpuca U eIMHUYHBIX Be-
TeTaTUBHBIX KJIETOK. J[JIs1 OUMCTKHU CIOp OT yKa3aHHBIX
IIpUMECEH MPUMEHSIN NPOLENYPY IOCIEN0BATEIbHON
OTMBIBKH crop B JIB ¢ MpoMeXyTOYHBIM KOHTPOJIEM
B OKpAaLICHHBIX Ma3Kax M3 ocajgka. YOeIUBIINCH, YTO
B3BEChH CIIOpP HE COAEPIKUT BETETATUBHOW KYIBTYpPHI U
nebpuca, u3 Heé roroBuin B3Bech 1 X 10° KOE/Mi, ko-
TOPYIO HCIOIB30BAJIU JIJIS 3aC€Ba MUTATENbHBIX CPEN.

OcCHOBOI TOYBEHHOM Cpenbl CIYXXKUJ BOJHBIN
9KCTPAKT MOYBBI, KOTOPBIA MOTyYaly, 3aJIMBasi Ipooy
ouBkI cTepribHOM [IB B cooTHomenuu 1 : 1 (110 o0bé-
My). [locne TmiarenbHOro mepeMernnBaHus OTCTanBa-
JM 4711 OCaKACHUs TpyObIX yactul, uzmepsu pH (7,2)
HA/I0CaI0YHOM KHUIKOCTH, 100aBIISUIM arap 10 KOHIICH-
Tparuu 1,5%, CTepUIM30Baly U Pa3INBAIA B YAIIKU
Ilerpu. B yacTh IPUrOTOBIEHHON IIOYBEHHOH CpEIbI
nociie oxiaxaeHus 1o 45°C nobasisum 2% KpoBH ue-
JIOBEKa, TIOCTIE Yero pa3iuBaiy B yamku [lerpu.

IToceB crmop mpousBoawian B go3e¢ 1 X 102 KOE
B 00béMe 100 MK, pacmpenensuid mmarejaeM Mo MHo-
BEPXHOCTH Cpelbl U MHKYOMpOBajlM B TEPMOCTaTe B
armocdepe Bo3ayxa mpu 37°C. Pe3ynbsrarhl olleHUBAIH
BHU3YaJIHO 110 HAJMYHUIO POCTA U MIPOCMOTPOM Ma3KOB,
OKpallleHHbIX MeTosioM Peburepa. B kauecTBe KOHTpO-
JI1 MCIOJb30BaIM aHAJOTMYHbIE IOCEBbl HAa LB-arap,
BH-arap u mouBenHsblit arap c¢ nodasnenuem 2% rema-
PUHU3UPOBAHHOU KPOBH.

Pe3synbraTbl

Vxe uepe3 24 4 Ha BceX KOHTPOJBHBIX CpeAax
HaOMoAajcs pOCT, COOTBETCTBYIOIIMI MOCEBHOW J0-
3e. B okpameHHsIx Ma3zkax M3 KyaeTyp ¢ LB-arapa u
BH-arapa naOmroganuce TunuyHble s B. anthracis
WHTEHCUBHO OKpAIllCHHbIE OaluiUIbl, pacIoloKeHHbIE
LIENIOYKaMH, MHOTHE U3 KOTOPBIX COJEpXkaJli BHYTpU-
kietoyHo Qopmupytommecs cmnopsl (puc. 1, a, 6).
B Ma3kax KynbTyp ¢ NOYBEHHO-KPOBSHOTO arapa Ha-
Omnrofanachk TUNMYHAA MOPQOIOTHs OalWILT B BUJE LIe-
nouek (puc. 1, ).

OHu He (GOpMHPOBAIU CIOPHI 32 HCKIIOYEHU-
eM 1TaMMoB B. anthracis 228/8 (puc. 2, a) u 14/41
(puc. 2, 6), y KOTOpBIX OYE€Hb HEOOJBIIOE KOJIHYe-
CTBO KJIETOK HauWHaimu (opMHpOBaTh cropbl. Kpo-
M€ TOro, Ha NOYBEHHO-KPOBSHOHN Cpeie BBIAEISICS
mramMM 1(CO)-S ¢ aTUNMYHBIM Karcyi000pa3oBaHu-
eM, OaIMIIIBl KOTOPOTO B 3THUX YCIOBUSX (popMupoBa-
JM Kancyny (puc. 2, g), KOTopasi BBISBIISLIACH U Uepe3
3 cyT nocie nocesa (puc. 2, 2).

B nocepax Ha mOUBEHHOH cpelie ITaMMbl B. an-
thracis pa3IMYaINCh IO CIOCOOHOCTH CHOp MpO-
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OPUTMHAJIbHBIE UCCNTELOBAHMA
PeHOTMNNYECKNE N FTeHETNYECKNE XapakTepPUCTMKK LWITaMMOB B. anthracis, ncnonb3oBaHHbIX B paboTe
Phenotypic and genetic characteristics of B. anthracis strains used in the study
HaunwveHosa-
HWe LTaMMOB
B. anthracis MpuaHak MnasmuaHbIn Kareropus
McTouHnk leHeTnyeckas BUPYNEHTHOCTH
N X CyBKynbTyp BbIIENEHIS BblAENeHus deHoTun rovnna cocTaB in vitro [12]
Name of A Feature of Phenotype Py Plasmid .
; . Selection source . Genetic group " Virulence category
B. anthracis strains selection composition in vitro 112
and their in vitro [12]
subcultures
1CO Kposb KPC MpuHag- Cap(CO,)"(0,) A pXO1* pXO2* Bblicoko-
Blood of cattle NEeXHOCTb K Tox* ProtA* HIy* BUPYNEHTHbIE
B. anthracis Lec™ Trp* Highly virulent
Belonging
to B. anthracis
228 npot LWtamm 228 HesaBsucumocTb
Strain 228 ot Trp
Independence
from Trp
12/16-1 4P Wramm 12/16-1 Mocne
Strain 12/16-1 4 naccaxen™™*
After
4 passages**
228 Mpoun3BoacTBEHHbIN MpuHaga- Cap(CO,)"(0,) B YMepeHHo
wrtamm NEeXHOCTb K Tox™ ProtA-Hly- BUPYNEHTHbIE
Manufacturing strain B. anthracis Lec™ Trp~ Moderately virulent
Belonging
12/16 OTpensieMoe A3Bbl to B. anthracis
Ulcer discharge
14/41 Otpensiemoe A3BbI
Ulcer discharge
1CO-S Wramm 1CO Cap* (O,) Cap(CO,)"(0,) CnaboBvpyneHTHble
Strain 1CO Tox™ ProtA-Hly- Weakly virulent
Lec Trp-
12/16-S Lramm 12/16
Strain 12/16
1 CO-5-1 SM Lramm 1CO-S
Strain 1CO-S
14/41-1a SM Wramm 14/41-1
Strain 14/41-1
228/8 Lramm 228 BakumnHHbIN Cap~Tox* pXO1* pX02- ABVpYNeHTHble
Strain 228 LTamMm ProtA-Hly- Lec™ Avirulent
Vaccine strain Trp*
14/41 Trp* LWramm 14-41 HesaBucumocTb Cap~Tox*
Strain 14-41 ot Trp ProtA-Hly- Lec*
Independence Trp*
from Trp
228/4 Ltamm 228 OTcyTtcTBUE Cap~Tox™ ProtA- B pXO1- pX02- AnaToreHHble
Strain 228 Kancyrno- Hly- Lec™ Trp- Apathogenic
oGpasoBaHus

Absent capsule

formation

Mpumeyanue. ‘Hannune npusHaka; ~0TCYTCTBME NpU3HAKa; *"NPU3HaK He onpeaenéH B cBA3K ¢ oTcyTcTBmeM pocrta. Cap(CO,) — cnoco6-
HOCTb Kk 0BpasoBaHuio Kancyrnel B atMocdepe ¢ 5% CO,; Cap(O,) — cnocobHOCTb kK 06pa3oBaHuio Kancyrbl B aTMocdepe Bosayxa.

Hly — cnocobHocTb NM3npoBaTh OTMbITbIE 3pUTpoLMTLI BapaHa. Lec — docdonunasHas akTMBHOCTb Ha NIIOTHOWM cpefe C ANYHBIM XENTKOM.
Trp — NpOTOTPOdHOCTL NO TpUNTOodaHy. Tox — POPMMPOBaHME NTMHUIA UMMYHOMPELMMUTaLIMKN C NMPOTUBOCMOMPEA3BEHHBIM ramma-rnobynm-

HoM Ha cpege COM3K.

**[laHHbIN WTaMM BbiN BblAENEH 13 NOMynsaumMm akancynbHoro wramma 12/16-1 nytém nocnegoBaTtenbHbIX 4 naccaxen Ha 6ecnopofHbIX
6enbIx MbllLax (MpY 3apaxeHnn KynbsTypow, NoNyYeHHON Ha nNpeablayLUieM naccaxe) 1 OTIMYancst oT UCXOAHOTo No PeHOTMMy, NNa3MnaHoOMy

COCTaBy u reHoTuny.

Note. ‘Presence of a trait; -absence of a trait; *trait not defined due to lack of growth. Cap(CO,) — ability to form a capsule in an atmosphere
with 5% carbon dioxide; Cap(O,) — the ability to form a capsule in an air atmosphere. Hly — ability to lyse washed sheep erythrocytes.
Lec — phospholipase activity on solid medium with egg yolk. Trp — tryptophan prototrophy. Tox — formation of immunoprecipitation lines with

anti-anthrax gammaglobulin on SOPEK medium.

**This strain was isolated from the population of the capsular strain 12/16-1 by 4 consecutive passages on outbred white mice (when infected
with the culture obtained at the previous passage) and differed from the initial one in phenotype, plasmid composition and genotype.
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Puc. 1. MukpodoTorpacmsa okpalleHHbIX Ma3KoB CyTOYHOW KynbTypbl WUTaMMa B. anthracis 1(CO) ¢ LB-arapa (a),
BH-arapa (6) n nouBeHHO-KpOBSAHOrO arapa (8).
Okpacka metogom Peburepa, x500.
Fig. 1. Micrograph of stained smears of daily culture of B. anthracis 1(CO) strain from LB-agar (a), BH-agar (b), and soil-blood
agar (c).
Rebiger staining, x500.

ala 6|b

8|c

Pwuc. 2. MukpodoTorpadums okpalleHHbIX Ma3KoB CyTOYHOW KynbTypbl WTaMMoB B. anthracis 228/8 (a), 14/41 (6)
n 1(CO)-S (8) 1 3-cyTo4HOW (2) C NOYBEHHO-KPOBSAHOIO arapa.

Okpacka metofom Peburepa, x500.

Fig. 2. Micrograph of stained smears of a daily culture of B. anthracis strains 228/8 (a), 14/41 (b), and 1(CO)-S (c) and
a 3-day-old (d) from soil-blood agar.

Rebiger staining, x500.

ala 6|b 8|c

e|d dle

Puc. 3. MukpodpoTorpadums okpalLueHHbIX Ma3koB 3-CyTOYHbIX KynbTyp wramma B. anthracis 1(CO) c nouseHHoro arapa (a) u
NoYBEHHO-KpOBSAHOTO arapa (6), Wwramma B. anthracis 228/4 ¢ nouBeHHoro arapa (8) v ¢ NOYBEHHO-KPOBSIHOMO arapa (2), wram-
Ma B. anthracis 228/8 ¢ no4BeHHO-KpOBSHOIO arapa (0).

Okpacka meTogom Peburepa, x500.

Fig. 3. Micrograph of stained smears of 3-day cultures of B. anthracis 1(CO) strain from soil agar (a) and soil-blood agar (b)
and strain 228/4 from soil agar (c¢) and soil-blood agar (d), 228/8 from soil-blood agar.

Rebiger staining, x500.

pacrtatb 1 GOpPMUPOBATH KOJIOHUU HA 3TOH cpelie, a Tak-
ke 00pa3oBBIBaTH CHOpPHL. B mepByio ouepenn ciemyer
OTMETHUTh, YTO MO CPABHEHUIO C KOHTPOJILHBIMHU Cpe-
JaMH POCT HAa MOYBEHHOH cpee ObLI OYEeHBb CKYIHBIM,
mrammbl GopMupoBanu He 6onee 1-7 konmonuii. Yepes
24 4 poct HaOmonancs Tonbko y mramma 1(CO), yepes
48 ¥ — y mrammoB 1(CO)-5-1 SM, 228/4 u 228/8, a
yepe3 72 u gobaBuica pocT mrammoB 14/41, 14/41
Trp*, 1(CO)-S u 228. ltamm 12/16 u ero npousso-

qubie 12/16-S u 12/16 1 4P, a Taxoke mramMmel 14/41-1a
SM u 228 npoT He Jaju BUJUMOIO pOCTa B TEUECHHE
BCEro cpoka HaOmoneHus (6 cyT).

B oxpameHHbIX Ma3kaX 3-CyTOYHON KyJNBTYpbI
mramma B. anthracis 1(CO) (puc. 3, @), nepBbM
chopMUpOBaBIIET0 KOJOHWM Ha IIOYBEHHOM ara-
pe, HabIoaanoch He TOJNBKO aKTUBHOE (opMHpoBa-
HUE BHYTPHUKJIETOYHBIX CIIOp, HO U 3HAYUTEJIBbHOE
KOJIMYECTBO PACIOIOKEHHBIX BHEKIETOYHO, YaCTh
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ala 6|b

8|c

Puc. 4. Mukpodotorpadma maska Kynstypbl WwWitammoB B. anthracis 1(CO) (a), 14/41 (6) n 228/4 (8) ¢ NOYBEHHOW Cpefbl
(6 cyT).
Okpacka metogom Peburepa, x500.
Fig. 4. Micrograph of a culture smear of B. anthracis strains 1(CO) (a), 14/41 (b) and 228/4 (c) from the soil medium (6 days).
Rebiger staining, x500.

ala 6|b

8|c e|d

Puc. 5. Mukpodpotorpadumsa maska KynsTypbl lWUTaMMoB B. anthracis 228 (a), 1(CO)-S (6), 228 npor (8) n 14/41-1a SM (2)
C noyBeHHow cpeabl (6 cyT).
Okpacka metogom Peburepa, x500.
Fig. 5. Micrograph of a culture smear of B. anthracis strains 228 (a), 1(CO)-S (b), 228 prot (¢) and 14/41-1a SM (d) from
the soil medium (6 days).
Rebiger staining, x500.

U3 KOTOPBIX WHTEHCHBHO NPOKpAIlEHBI, BO3MOXHO,
BCJIEICTBHE Havalla repMUHAUHU. B 3TOT 3xe cpok Ha
MMOYBEHHO-KPOBSIHOM cpenie 00pa3oBaHHe CIOP HE OT-
MEYaJioCh, HECMOTPS HA TO YTO 3HAYMTEIbHAS YaCTh
OauMiuT HaxXoAMJIach B CTaAMM JU3Kca (Aerpananun)
(puc. 3, 6). IToxoxas xapTuHa HabIIOnATach U B Ma3-
kax mramma 228/4 (puc. 3, 6, 2). Mckitouenue co-
cTaBWI mWTamMM 228/8, B Ma3Kkax U3 3-CyTOYHOU KyJb-
Typbl KOTOPOTO HaOII0NaJI0Ch OONBIIOE KOJTUYECTBO
CcBOOOJHBIX criop (puc. 3, 0).

ITo cocrosiHMIO KyIBTyphl HA MOMEHT 3aBeplie-
HUS 3KcrepuMeHTa (6 cyT) HccielyeMble IITaMMBbI
B. anthracis MOXHO pa3nenuTh Ha HECKOJBKO TPYIII.
[lepByto rpymmy cocTaBisui WTaMMbl B. anthracis
1(CO), 14/41 u 228/4 (puc. 4), B Ma3Kax y KOTOPBIX
B 3TU CPOKH HaOIIONAIOCH 3HAUYUTEIBHOE KOJIHYECTBO
BEreTaTUBHON KYJIBTYpBI, BEPOATHO B Pa3IUuHBIX (u-
3MOJIOTHYECKUX (Da3aXx — HMHTEHCHUBHO IPOKpAaLICH-
HBIE, C YETKMMHU KOHTYpaMu OaliIuTEL U OJieTHBIE «pa3-
IOyThble», HEYETKO KOHTYPHPOBAaHHBIE KIETKH B BHIE
TeHel. Berpevanucs Ganuiuibl ¢ u3MeHEHHOU GopMOoit
(OynaBoBuAHBIE U 0OYKOOOpa3HBIE), YBEIUYCHHBIC B

pasmepax. B 3HauMTENbHOM KOJIMYECTBE BCTPEUATHCH
pacroaokeHHbIe BHEKIETOYHO CIIOPHI.

Kynerypa mrammoB B. anthracis 228, 1(CO)-S
Oblla TpelncTaBlieHa B OCHOBHOM W3MEHEHHBIMH 10
¢dopMe 1 BenmuunHe OAMIIIAMHU MIPH OTCYTCTBUH CIIOP
(puc. S, a, 6). llpu cMbIBe MUHUMAJBHBIM KOJIMYE-
ctBoM /1B (0,05 M) ¢ mOBEpXHOCTH MOYBEHHOTO arapa
nocyue 6 CyT MHKyOauuu mraMMoB B. anthracis 12/6 n
228 mport (puc. 5, 6), koTopble He HOPMHUPOBAIN BUAU-
MbIX KOJIOHHIA, B Ma3Kax BBISBIISUINA CIMHUYHbBIC OAIlHJI-
JIBI, B TOM YHCJIIE ¢ U3MEHEHHOU Mopdoorueii. B ma3ke
W3 CMBIBa C MOYBEHHOTO arapa, 3acesHHOTO CIOpaMu
mramma B. anthracis 14/41-1a SM, Obutn oOHapyxe-
HBl B HEOOJBIIOM KOJHMYECTBE TOJIBKO HEU3MEHEHHBIE
CHOPBI IPH MTOJTHOM OTCYTCTBUH BEr€TaTUBHOW (hOPMBI
(puc. 5, 2), 4TO CBHAETEIBCTBYET 00 OTCYTCTBHHU yCIIO-
BHM JUIS1 UX IIPOpACTaHUsL.

O6cyxpeHne
B pesynbrare NpOBENEHHBIX 3KCIEPUMEHTOB
ObUTa BBISBICHA CIOCOOHOCTH CHOP OOJBIIUHCTBA
WCIIONIb30BAHHBIX LITAMMOB B. anthracis TpOXOAWTb
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CTaJliI0 TEPMHUHALUK C MOCIEeNyIomKUM (HOopMHUpOBa-
HUEM BETeTaTHBHOM KyJIBTYpBl, & y YacTH KYyJIbTYp H
nocneayioniee o0pa3oBaHUE CIOP Ha MHUTATEIbHOM
cpezne, OCHOBOM KOTOpPOW SABJSIETCS DKCTPAKT IIOYBHI.
JobaBneHne B Takylo arapuzoBaHHYIO cpeny 2% re-
NapUHU3HPOBAHHON KpPOBU 00ecleynBalio Mpopacra-
HHUE cIop U (HOPMUPOBAHKE KOJIOHHH y BCEX M3Y4eH-
HBIX B JJAHHOHM pa0boTe ITaMMOB MOCIE WHKYOaluH B
TedeHue 1 cyT. BiausHue Hanuuus KpoBH B OYBEHHOMN
cpene Ha 3 dexTrBHOE CIIOPOOOPa30BaHUE, OYCBHUJIHO,
HEOIMHAKOBO Y pa3lMYHbIX IITAMMOB CHOUpEs3BEH-
Horo Mukpo6Oa. Tak, mocne CyTOYHOW MHKyOaluu Ha
MOYBEHHO-KPOBSIHOM arape €AMHUYHBbIE Oaluuibl B
CTaJMM CHOpooOpa3oBaHMs HAOMIONANINCH B Ma3Kax
TOJILKO JIByX M3 UCCIIEJAOBAaHHBIX IITaMMOB — 228/8 u
14/41, a 3HAYUTEIHLHOE KOJIMYECTBO BHEKJIETOYHO pac-
MOJIOKEHHBIX CHOP HaONONaNnoch TOJNBKO Y ILITaMMa
B. anthracis 228/8 yepe3 3 cyt. OTCyTCTBHE CIOPOOO-
pa3oBaHUs Ha MMOYBEHHO-KPOBSHOW Cpeie B TeueHHE
3 cyT y OOJNBIIMHCTBA HCIIOJIL30BAaHHBIX B paboTe
ITaMMOB B. anthracis OATBEpKAaeT HHTUOUpYIOLIee
BIMSIHUE KPOBU Ha mpouecc obpasoBanus crop [7].
Crnenyer OTMETHTB, YTO B JaJIbHEWIIEM pa3lioKEeHHUE
OCIIKOB KPOBH MOYBCHHBIMU OAKTEPUSIMH, WU3MCHECHHE
BII&KHOCTH U TEMIIEpaTypHOTo PeKUMa MOTYT CO3/1aTh
Oosiee OnarompuATHBIE YCIOBHS Ui CIIOpOOOpa3oBa-
HUSI y OOJBIIETO KOJIMYECTBA ITAMMOB.
WukyOupoBaHue MOCEBOB CIOpP Ha IOYBEHHOM
arape BBISBWIO BO3MOXXHOCTH MPOXOXKACHUS IOJHO-
ro (pU3MONOrMYEeCKOr0 IMKIA PAa3BUTUSI KYJIBTYPBI
B. anthracis (cnopa—BereTaTHBHbIE KIETKH—CIIOPBI) CO
3HAUUTEJIbHBIM HAKOIJICHHEM OaKTepUaNbHOW MAacCHl,
a 3aTeM W CIIop, MPUTOAHBIX AJsl JalbHEeWIero -
TEJILHOTO COXPAHEHUS WIN BCTYIUICHUS B CIEAYIOMINI
¢usnonornveckuii nuki. Takue MITaMMBI, BEPOSTHO,
CHOCOOHBI TMOIAEPIKUBATh 3MU300TONIOTHUECKYIO 3HA-
YUMOCTh TOYBEHHBIX OYaroB CHOUPCKOW SI3BBI NPH
OnpeenEHHbIX MOYBEHHO-KIMMAaTHYECKUX YCIOBHSIX.
Criopsl 0OJIBIIMHCTBA UCTIONB30BaHHBIX B padoTe ITaM-
MOB IpopacTanu, o0pa3ys BETeTaTHBHYIO KYNBTYpY C
Pa3NMUYHON CTENEeHbI0 MHTEHCHBHOCTH Pa3MHOXKCHHS
(oT 0Opa3oBaHUs BU3YaJIbHO Pa3IMUUMBIX KOJIOHHUH 10
NpopacTaHus CIop ¢ 00pa30BaHUEM OIUHOYHBIX-IIAp-
HBIX Oanmiul 03 MHTEHCUBHOTO pa3MHOkeHus). Uepes
6 CyT B OKpalIeHHBIX Ma3Kax W3 KOJIOHUH U CMBIBaX C
MOBEPXHOCTH Cpelbl TAKHX IITAMMOB BHE 3aBHCHMO-
CTH OT KOJIMYECTBA BEI€TaTUBHON KYJBTYPBI, TOJIILKO B
HEKOTOPBIX M3 HUX BCTPEYAJHMCh €AWHUYHBIC BO BCEM
npernapare crops (ot 1 10 5) wim BOBCE OTCYTCTBOBA-
JIM, HECMOTPSI Ha TO YTO KYJIBTYpPBI YK€ HaXOIMIUCh B
CTaJluM JeTpagalyy B BUie MHBOIIOIHUOHHBIX (OPM —
1apo00pa3HbIe U BEPETCHOOOPA3HbIC OALMIUIBI U UX
pasaytble OnenHble TeHW. Takue IITaMMBI BPSII JIH
CHOCOOHBI BOCHPOM3BOAUTH U TeM Oojiee HapalluBaTh
noteHuuan oyara. Cropsl HEKOTOPHIX IITAMMOB He
CHOCOOHBI MPOPACTaTh B YCIOBHUAX JAHHOTO OIBITA.

ORIGINAL RESEARCHES

AHanu3 QEeHOTUIHYECKUX CBOMCTB LITAMMOB M3
Pa3NUYHBIX TPYMI O COCOOHOCTH Pa3MHOMKAThCS U
(hopMHpOBaTh CIIOPHI HA TOYBEHHOM arape He MO3BOJIMIT
Ha JJAHHOM JTalle BBISIBUTH KOPPEJLMIO MEXAY ITHU-
MU napamerpamu. Tak, mrammel B. anthracis 1(CO),
14/41 n 228/4, koTOpBIE HE TOIBKO AEMOHCTPUPOBAIU
POCT B BUI€ KOJIOHUH, HO B ()OPMHUPOBAITH 3pEIIBIE CIIO-
pBL, T.e. TEOpEeTHUYECKH ObLIM HambOoJsiee MepCreKTHB-
HBIMU JJIsl TIOJ/ICP’KaHMSl «IIOYBEHHOW MOy,
pa3nuvasich Mo MPUHAAJICKHOCTH K OCHOBHBIM T€HE-
TUYECKUM Tpynnam A win B, masmunHomy cocrasy,
TOKCHUHO- M KarcyJ000pa30BaHuI0, TPOTECOTUTHYECKON
AKTUBHOCTH M HaJMYUIO AOHONHUTEIBHBIX MUTATENb-
HBIX IOTPeOHOCTEH B Tpuntodane (tTadnuna). Cienyer,
OIHAKO, YYUTHIBATh, YTO YKA3aHHBIC B TaOIHIE CBOM-
CTBa XapaKTepU3YIOT UCIONb30BaHHBIC IITAMMBI B 1Ie-
soM. B T0 ke Bpems mpu noceBHoit n1o3e 1 x 10* KOE
wrammel B. anthracis 1(CO), 1(CO) S, 1(CO)-5-1 SM,
228, 228/4, 228/8, 14/41, 14/41 Trp® dopmupoBanu
1-7 KOJIOHMH, YTO CBUAETENHCTBYET O BO3MOXKHOCTH
HEOJAHOPOAHOCTH TMOIMYIALUN M3yYEHHBIX MITAMMOB U
JenaeT BO3MOXKHBIM PUCYTCTBHE OTJEIBHBIX KIETOK C
(heHOTUTIOM, OTIIMYAIOIIUMCS OT TOAABIISIONIETO 0O0JIb-
LIMHCTBA MOMYTALMH Kaxkaoro mramma. Hcxoms us
9TOTO BaXXHBIM JUIS OLICHKH 3HAU€HHs BEreTUPOBAHUS
crOupes3BeHHBIX OAMIUT B YCIIOBHAX, IPUOIMKCHHBIX
K IIOYBE, SIBISICTCS] XapaKTEPUCTUKA CBOMCTB KYJBTYP,
HETMOCPEACTBEHHO CIIOCOOHBIX K POCTY Ha MOYBEHHOH
cpene. Be€ 310 nenaer akTyanbHBIM BBIIEIEHUE TaKUX
KYJABTYp U U3y4eHHE UX (EHOTUITUIECKUX CBOUCTB, Te-
HETHYECKHX XapaKTePUCTUK U 0COOEHHOCTE! dKCIpec-
CHH Pa3IUYHBIX T€HOB.

AKTyanbHBIM PEICTABISAETCS N3YUeHUE BIUSIHUS
CBOMCTB Pa3IMYHBIX THIIOB MOYB M IUKJINYHOCTH Mapa-
METPOB TEMIIEPATYPhI U BIaXKHOCTH B YCIIOBHAX JKCIIC-
pPUMEHTa Ha CIOCOOHOCTh OCYIIECTBIISATH OJHBIN LIUKIT
MOpGO(YHKIIMOHANBHOTO Pa3BUTHS KYJIBTYp BO30yAH-
TeJIs CAOMPCKOIL S3BBI C Pa3TMUYHBIMU CBOMCTBAMHU.
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CocTosiHMe cneyndpunyeckoro MUMMyHUTeTa HaceneHusa Pecny6nmkn
TagKMKNCTaH K BUpYycam KOpU, KpacHyxu, noavomMmenuTa

LiBupkyH O.B."?*, TuxoHoBa H.T.", TypaeBa H.B.!, Tuwkosa ®.M.3, Pyanes M.M.2,
Caunpgzsopa O0.b.%, Kapnosa E.B.>, UBaHoBa O.E.>, Ko3nosckasa J1.1.°

'"MOCKOBCKIMIA HayYHO-1CCefoBaTENbCKUN UHCTUTYT SNUAEMUONONN 1 MUKpobuonorum um. ILH. labpryesckoro,
MockBa, Poccus;

2PoccumncKuin yHnsepcuteT apyx0bl Hapogos vm. M. Jlymym6bl, MockBsa, Poccus;

STafKMKCKMIA HayYHO-UCCNefoBaTeNbCKUI MHCTUTYT NpodurnakTuieckon MeanumHbl, JywaHbe,

Pecny6nuka TagKukumcras;

“PecnybnukaHckun ueHTp nmmyHonpodbunaktukm, lywanbe, Pecnybnuka TagXnKncTaH;

SPDefiepanbHbIii HAYYHBIN LEHTP NCCIeloBaHNI 1 pa3paboTKy MMMyHobMonornyecknx npenapatos um. M.M1. Yymakosa
PAH, Mocksa, Poccuna

AHHOMauus

AKTyanbHOCTb. [1ns OCTUXEHMS Lienen nporpaMmm annMMUHaLImMm Kopu, KpacHyxu, ICKOPEHEHUs1 NonMoMuennTa
Heobxooum oxBaT UMMYyHM3aunen He meHee 95% ueneBoro HaceneHusi. O6GbEKTUBHbBIE JAHHBIE O COCTOSIHWM
crneumgunyeckoro UMMyHUTETa NPEACTaBNSIOT TONBKO pe3yrbTaTbl CEPONTOrMYECKNX NCCNeaoBaHNiA NOMysaLNOH-
Horo MMmyHuTeta. B Pecnybnuke TamknkuctaH Takon MOHUTOPUHT PEryNsSpHO HE NPOBOAUTCS, MOSTOMY Lienbio
HalLlero uccrnefoBaHus ABNsiNack oLeHKa hakTUYeCcKoro COCTOSIHUS cneunduyeckoro UMMYHUTETa HacemneHus K
MHpEKUMSIM, BbI3bIBAEMbIM BUPYCaMU KOPU, KPACHYXM, NONMOMUENUTA.

Martepuanbl n metoabl. Viccnegosanu 563 cbIBOPOTKM KPOBW AEeTeil U B3POCHbIX, cobpaHHble B 7 ropoaax u
13 paioHax Tagxkuknctana B 2020 r. YpoBeHb aHTuTen (AT) Kk BUpycam kopy onpeaensany MeToaoM MMMyHodep-
MEHTHOIO aHarnu3a C NoMoLLbio TecT-cuctembl «BekToKopb-IgG» («Bektop Bect»), AT Kk BMpyCy KpacHyxu — C
NOMOLLIbIO TECT-cUCTEeMbI «IKkonab». Hentpanuaytowme AT (HAT) k 3-m Trnam nonvosupyca ([B) onpeaensnu B
359 cbIBOpOTKax C MOMOLLLIO peakuun HernTpanusauumn co wrammamm CabuHa Tunos 1, 2, 3.

Pe3ynbTaTbl. YpPOBEHb CEPONPEBANEHTHOCTU K KpacHyxe cocTtaBun 87,9%, B TOM uucrne B rpynne geten —
86,2%, nogpoctkoB — 93,1%, B3pocnbix — 93,5%, 4TO 4OCTATOYHO AN NPeAoTBpaLLEHUSA TpaHCMUCCUN BUpYCa.
Honsa cepono3nTuBHbIX K kopu 54,5% HepoctaTtoyHa Ans NpefoTBpalleHnst yCTOMYMBOW BTOPUYHOWM nepenayn
MHpeKUMN 1 BO30OHOBNEHNST LIMPKYNALUUM SHAEMUYHOTO WTaMMa Bupyca kopw. [letckoe Hacenexve go 15 ner
cnegyeT cuntaTh rpynnov pucka MHPULMPOBaHUS, NOCKONbKY U3 45,5% cepoHeraTMBHbIX Ha AeTen NPUXOAMIOCH
38%.

B uenom HAT k MB umenu meHee 95% obcnenoBaHHbix: 94,4% kMB1,86,1% kMB2, 83,6% kMB3; 3,3% He umenn AT
Ko Bcem Tpém Tunam lNB. YpoBeHb NonynsaLMoHHOro MMMYHUTETa pasnuyarncs B rpynnax o6cnenoBaHHbIX B 3aBUCK-
MOCTW OT CXEMbI BaKLMHaLNUM 1 COCTaBa NPUMEHSIEMbIX MOMMOBUPYCHBIX BakUMH: HAT k B2 umenun 59,6% peten,
POXAOEHHLIX B Nepuoa, Koraa BakumMHbl, cogepxaiime MNB2, He npuMeHanuck, a Takke 85,7% fnerten, poxXaAEHHbIX
nocne BHeApeHus TpéEXBaneHTHON MHaKTMBMPOBAHHOM NonueBakuuHbl. Jeduunt ummyHuteta k MB2 ctan 8 2021 .
NPUYMHON BCMbILLIKU MONMOMUENNTA, BbI3BAHHOWN LIMPKYNMpyowmnm MNB2 BakLUMHHOIO NpOUCXOXaeHWs!.
3akntoueHue. OnpenenéH BbICOKMI YPOBEHb N'YMOParbHOr0 UMMYHUTETA K BUPYCY KpacHyxu. BbisiBneHbl Heao-
CTaTKM NIIaHOBOW MMMYHOMNPOMUNAKTUKA B OTHOLUEHMU KOPU U NONMOMUENUTa, CBA3aHHbIE C HEAOCTATOYHbIM
0XBaTOM M OTCYTCTBMEM BaKUWHbI. [IpoBeaeHME perynspHoOro ceponorm4eckoro MoHMTopuHra B Pecnybnuke Taa-
XUKNCTaH LiernecoobpasHo A5is nonyvyeHnst 00beKTUBHOM MHGopMaLmm 06 ypOBHE NONYNALNOHHOIO MMMYHUTETA,
BbISIBMEHUS YSI3BUMbIX rPYMM HaceneHus, NnaHMpoBaHuUsa ONONHUTENbHbLIX UMMYHM3ALNOHHBIX MEPONPUSATUIA.

KnroueBble cnoBa: Kopb, KpacHyxa, nosauoMuenum, nonynsyuoHHbIU uMMyHUmem, Pecriybnuka TadxukucmaH

Amuyeckoe ymeepxdeHue. OTOOP CbIBOPOTOK BbIMNOMHEH NPY A06POBOSILHOM UHDOPMUPOBAHHOM COrflacu B3pOC-
NbIX MaLMEHTOB, a TaKkke 3aKOHHbIX NpeAcTaBMTENen HeCOBEPLUEHHOMNETHMX NaLMEHTOB B paMKax rocyAapCTBEHHON
nporpaMMbl Hag3opa 3a Kopbio, KpacHyxon, nonvomuenutom B Pecnybnvke TamkukuctaH. MNpoTokon nccneqoBaHust
onobpeH 3Tnyeckum kommTeTom MOCKOBCKOrO Hay4HO-MCCReaoBaTeNbCKOro NHCTUTYTa AaNMAEMMONOrnm U MMKpoomo-
noruv um. I"H. Mabpwyesckoro (npotokon Ne 61A ot 07.10.2022).

BnazodapHocmb. ABTOpPbI BbipaXatloT UCKPEHHH0 npuaHaTensHocTb C. BoboHasaposow, L. bo6oHasaposoi, A.l". e-
pacumoson, E.C. Konnakosoli 3a nomMoLLb B NpOBeAEHNM 3KCNeprMeHTOB, cbope 1 06paboTke AaHHbIX, NCNOMNb3yeMbiX
B [JaHHOW cTaTbe.

UcmoyHuk huHaHcupoeaHusi. VlccnenoBaHus BbINONHANMUCL NpY NogaepXkke rocypapcTeeHHoro Gromxeta Pecny-
6nvkv TamxuknctaH, denepanbHoro Giopxera Poccuiickon Penepaumm, npegHa3HaYeHHOro Ans BbINOMHEHWS Mpo-
rpaMMm Haf3opa 3a KOpbto, KpaCHYXOW, MONMOMUENUTOM.

© LsupkyH O.B., TuxoHosa H.T., Typaesa H.B., Tuwkosa ®.M., Pyanes M.M., Canasopa ®.b., Kapnosa E.B., /iBaHosa O.E., Kosznosckas J1.1., 2023
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The state of specificimmunity of population of the Republic
of Tajikistan to measles, rubella, poliomyelitis viruses

Olga V. Tsvirkun'?, Nina T. Tikhonova', Natalya V. Turaeva', Farida Kh. Tishkova3,
Murodali M. Ruziev?, Fayluli B. Saidzoda* Eugenia V. Karpova?®, Olga E. Ivanova®,
Liubov I. Kozlovskaya®

'G.N. Gabrichevsky Research Institute for Epidemiology and Microbiology, Moscow, Russia;

2Peoples' Friendship University of Russia, Moscow, Russia;

3Tajik Research Institute of Preventive Medicine, Dushanbe, Tajikistan;

“Republican Center for Immunoprophylaxis, Dushanbe, Tajikistan;

SChumakov Federal Scientific Centre for Research and Development of Immune-and-Biological Products
of the Russian Academy of Science (Institute of poliomyelitis), Moscow, Russia

Abstract

Relevance. To achieve the goals of measles and rubella elimination and poliomyelitis eradication programs,
immunization coverage of at least 95% of the target population is required. Objective data on the state of specific
herd immunity are provided only by the results of serosurveys. In the Republic of Tajikistan, such monitoring is
not carried out regularly. Therefore, the purpose of the study was to assess the actual state of the specific herd
immunity to measles, rubella, and poliomyelitis viruses.

Materials and methods. The blood sera of 563 children and adults collected in 7 cities and 13 districts of
Tajikistan in 2020 were investigated. The level of antibodies (ABs) to measles and rubella viruses was determined
using enzyme immunoassay. Test systems VectoKor-IgG (VECTOR-BEST, Russia) and Ecolab, Russia were
used to determine ABs to measles and rubella virus, respectively. Neutralizing antibodies (nABs) to the 3 types
of poliovirus (PV) were determined in 359 sera using a neutralization reaction with Sabin strains of types 1, 2, 3.
Results. The conducted serosurvey showed the level of the specific herd immunity to rubella to be 87.9% in
total population, including 86.2% in children, 93.1% in adolescents, and 93.5% and adults, that is sufficient to
prevent transmission of the rubella virus. The proportion of individuals seropositive to measles was 54.5%, which
is not enough to prevent sustained secondary transmission of infection and the resumption of circulation of the
endemic strain of measles virus. The children under 15 years of age should be considered a population at risk of
the infection, since children accounted for 38% among seronegative individuals.

In general, less than 95% of the examined patients had nABs to PV: 94.4% to PV1, 86.1% to PV2, 83.6% to PV3;
3.3% did not have antibodies to all three types of PV. The level of herd immunity varied in the examined groups
depending on the vaccination schedule and the composition of the poliovirus vaccines used: nABs to PV2 had
59.6% of children born during the period when vaccines containing PV2 were not used, and 85.7% of children
born after the introduction of trivalent IPV. Deficiency in immunity to PV2 was the cause of a polio outbreak in
2021 caused by circulating vaccine-derived PV type 2.

Conclusion. A high level of humoral immunity to the rubella virus was determined. Shortcomings of routine im-
munization against measles and polio associated with insufficient coverage and lack of IPV have been identified.
Conducting regular serological monitoring in the Republic of Tajikistan is advisable to obtain objective information
about the level of herd immunity, identify vulnerable groups of the population, and plan additional immunization
activities.

Keywords: measles, rubella, poliomyelitis, population immunity, Tajikistan.

Ethics approval. Serum sampling was performed with the voluntary informed consent of of adult patients, as well
as legal representatives of minor patients within the framework of the state program for the surveillance of measles,
rubella, poliomyelitis in the Republic of Tajikistan. The research protocol was approved by the Ethics Committee of the
G.N. Gabrichevsky research institute for Epidemiology and Microbiology (protocol No. 61A, October 7, 2022).
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BsepeHune

CaMpbIM JIefiCTBEHHBIM METOJIOM OOpBOBI ¢ MH(EKIH-
OHHBIMH 3200JIEBaHHSIMHU SIBJISIETCS] BAaKIIMHOIIPO(QHIAKTHKA.
K xonmy XX B. 3apaBOoOXpaHEHHE 00anano 3HAYUTENb-
HBIM apceHa’aoM 3(deKTHBHBIX, 0e30MacHBIX, TOCTYIHBIX
BaKkIMH, YCIIEIIHOE NPUMEHEHHE KOTOPBIX IOKa3ajo BO3-
MOXXKHOCTH DaJMKAIFHOTO CHW)KEHHS 3a00JIeBacMOCTH U
NO3BONMIO BcemMupHONH opraHusanuu 3ApaBOOXPAaHEHUS
(BO3) mnanmmpoBarh ro0anbHblE MPOrPaMMBl HCKOpEHe-
HUSI HaTypanbHOH octibl (1958 1), monmmomuennta (1988 1),
NIMMHUHANNHU KOpH H KpacHyxu (2002 1.). JIukBumanms Ha-
TypajbHOH ocnbl Obuta ceptudunmponana B 1980 r., mpo-
TpaMMBbl UCKOPEHEHHS MOJHUOMHENINTA U AIUMHUHAIMN KOPU
U KPAaCHYXH HaxoJsTCs B CTaAUU BhINOTHEHUs. KitoueBbIM
YCIIOBHEM JIOCTHKEHHUS LEeNel STHX INpOorpamMm SBIISETCS
BBICOKHH (He MeHee 95%) oXBaT MMMYyHH3AIMEH 1 HAIUIHe
JIEWCTBEHHOT'O SITHIEMHOJIOINYecKoro Haazopa. OObEeKTHB-
HBIM METOJIOM OLIEHKHM COCTOSTHHSI CHEIU(PHYECKOIO HMMY-
HUTETa HAceJEeHUs SBIAIOTCSA CEpOJIOrMUECKUE HCCIENoBa-
HUS NOMYISIMOHHOTO UMMYyHHUTeTa. OHAKO HE BCE CTPAHBI
MPOBOIAT MOAOOHBIE WCCIIEOBAaHUSI Ha PETYISIPHOW OCHO-
Be. B PecryOnuke TakKuKucTaH MOHHUTOPUHT COCTOSIHUS
crenupuIeckoro IMMYHHUTETA K YIIPABIIEMBbIM HHPEKIHMIM
He SABJISAETCS 00s3aTeNbHBIM 3JIEMEHTOM JITHIEMHOJIOTHYe-
CKOTO Haj30pa.

PecniyOnmuka Tamkukucran — crpana B LieHTpanbHO#H
Azum ¢ HaceseHHeM Oolee 9 MITH YesioBeK (M3 HUX JIeTeH 10
15 ner — 3,4 muH), umeeT rpanunbl ¢ Apranucranom, Yzoe-
kuctanoM, Ksipreiscranom, Kuraem. Tamxukuctan BXOTuT
B cocTaB EBpomneiickoro peruona BO3, npuauMaer ydactue
B NIPOrpaMMax UCKOPEHEHMs IOJIMOMUENINTA U ATUMHUHAIIY
kopH u kpacHyxu. Ilocranosnenuem IlpaButenscTea Pecmy-
Oomukn Tamkukucran ot 28.10.2016 Ne 456 mpunsita «Ha-
IIMOHAJIbHAS. TIpOrpaMMa MMMYHOIIpOQHIAKTHKH B Pecrry-
omuke Tamxukuctan Ha 20162020 rr.», B HMOCICAYIOMIEM
nporpamMma ObuTa IpoIoHrHpoBaHa Ha iepuoy 2021-2025 rr.
CootserctByronue komuccuu BO3 npusnany, uro B 2016—
2019 rr. B Pecriyomnuke TapkukucTad Oblia JOCTUTHYTA AITH-
muHaIms kopu [1], ¢ 2002 . crpana cepTudUIrpoBaHa KaKk
«cBOOO/IHAS OT IMKOTO BUPYCa ITOTHMOMHUETUTa [2].

Kanennapps npoduiakTHiecKux NPUBHBOK IPOTHB KO-
pH U kpacHyxu TaKkukucTaHa MpexycMaTpUBaeT BaKI[MHA-
o B 12 Mec ¥ MOBTOPHYIO BaKIMHAIMIO B 6 jeT. [l 3Toi
LeNN TIPUMEHsJIach OMBAJICHTHAsI BaKIIMHA KOpPb—KpacHyXxa.
Onnako BbICOKHH (97-98%) oxBaT NpPUBUBKAMHU IPOTUB

Kopu' He obecredms CTaOWIBHOTO SMUAESMHYECKOro Oma-
romonyums. Tak, B 20162017 rr. Obuta 3aperucTprupoBaHa
Bemblmka kopu ¢ 706 moctpanasmuMu. IToatomy c 15 mo
26 mas 2017 1. npoBoauIuCh JIHU AOMOTHUTEIBHON UMMY-
HU3aIUM OPOTUB KOPU U KPAcHyXH, B TeueHue 12 nHell Bce
JIeTH, pofuBIIMEcs B tepuon ¢ ssHBaps 2008 r. mo mait 2016 T,
ObLTH IPUBUTHI TPOTHB Kopu. OxHako B 2022 TT. BHOBB BO3-
HUKJIA BCTIBIIIKAa KOpH ¢ 454 3aboneBmmmu. Ciaydau 3a00-
JIEBaHUS PErHCTPUPOBAINCH B 18 permoHax BTOPOro aaMu-
HUCTPAaTHBHOTO YPOBHS, IIPH 3TOM OOJIBIIIE TIOJIOBUHBI OBLIO
3aperucTpupoBaHo B [lymanOe.

B cootBercTBUM ¢ KalleHTApéM IMPOQHIAKTHUECKUX
MIPUBUBOK JieTel BaKIMHUPYIOT IPOTUB NOIMOMUENNTA Cpa-
3y mocne poxaenus («0 mo3a»), 3ateM B 2, 3, 4 Mec, peBak-
nuHUpYOT B 12 mec. IlocnenHuil MeCTHBIH AMKHHA BHUPYC
roJimoMuenuTa OblI BhIAeNeH B Tamkukucrane B 1994 r.2,
ognaxo B 2010 r. B cTpaHe BO3HUKJIA KpyMHEHIIas BCIIBIII-
Ka, BbI3BaHHasl AUKUM nonuoBupycoM (I1B) tuma 1 [3, 4].
[IprunHOM BenbIMIKKM OBUT HEMOCTATOYHBIN, OoJiee HU3KUM,
4yeM o(UIMaIbHO COO0IAeMbIid, OXBaT UIMMYHHU3ALUEH MPO-
TUB mouomMuenuTa [3, 5]. B xadecTBe OTBETHBIX Mep OBLTH
MIPEATIPUHATEL MaclITaOHbIe KaMIIaHWU 110 UMMYHH3AIlH B
2010-2011 rr. [6], B mocnenyouiye roabl cTpaHa MOJAEp-
uBaa BEICOKHH (94-97%) ypoBeHb oxBara BaKIMHALUEH
npoTuB nonuoMuenuta’, nukue [1B He BhIsiBIsLIH. B ampe-
ae 2016 . B coOoTBETCTBHH ¢ I00abpHOU cTparerueit BO3*
TampkukucTaH 3aMEHWJI B CXeMe€ PYTHMHHOW HMMYyHH3a-
LUU TPEXBAJIECHTHYIO OpaJbHYI0 IOJHOBUPYCHYIO BaKIU-
Hy (TOIIB) Ha 6uBanentnyto (60IIB) u3 [1B tunos 1 u 3.

' WHO. Measles vaccination coverage. URL: https:/

immunizationdata.who.int/pages/coverage/MCV.html1?CO

DE=TIK&ANTIGEN=MCV2&YEAR= (mara oOpameHus:

12.05.2023).

BcemupHast opranmsamus 3apaBooxpaHeHus. CepTudukarus

JIMKBHIALMY TonuoMuenuTa [IatHanuaroe coemanue EBpomneii-

CKOii pernoHanbHOU Komuccun mo ceprudukanuu. URL: https://

extranet.who.int/iris/restricted/handle/10665/347456 (nata obpa-

menus: 12.05.2023).

WHO. Poliomyelitis vaccination coverage. Global; Tajikistan;

Polio, 3" dose. URL: https://immunizationdata.who.int/pages/

coverage/POL.html?CODE=Global+TIK&ANTIGEN=POL3&

YEAR= (nara obpamenus: 12.05.2023).

* World Health Organization (WHO). Polio Eradication and
Endgame Strategic Plan 2013-2018. Geneva: WHO; 2013.
URL: https://polioeradication.org/wp content/uploads/2016/07/
PEESP_EN_A4.pdf (nara o6pamenwus: 12.05.2023).
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Uzbsarue TOIB 10mKHO OBUIO CONPOBOXKAATHCS BHEIPEHH-
eM B HanyoHanbHbIN KaneHaaph IMMYHU3AIUN OTHON 03Bl
WHAaKTUBHPOBaHHOU monnoBupycHo# Bakuuubl (MUIIB), co-
nepxamieit Bce Tpu tuna [1B. OqHako B cuity mio0ambHOTO
nepunura UIB u cmabocTH MECTHOW CHCTEMBI 37paBOOX-
panenus WUIIB Obuta BHeapeHa B Tonbko B 2018 T, ipu 3TOM
oxsar 1 mosoit UIIB cocrtasun 51%°. B 2018 r. B Tamkuku-
CTaHe ObUI BBISIBIICH CITy4Yail BaKIIMHOACCOLMPOBAHHOIO Ma-
PaNUTHUYECKOTO MOJTUOMHUENUTa Y KOHTAKTHOTO, BBI3BAHHBIN
I1B3 [7], B 2020-2021 rr. Bo3HuKJIa BecnblKa (36 ciaydaes),
BBI3BaHHAS 3HAUUTEIBHO AUBEPTUPOBABIIUM OT BaKIIUHHOTO
npenka nupkyaupyromum I[1B2 [8].

Heabio nccnenoBanus sSBISIETCS OLEHKA (paKTHYECKO-
TO COCTOSTHHS CIIEIIM(UIECKOTO MMMYHUTETa HaceleHHs K
BHpYyCaM KOpH, KPaCHyXH, MOJIMOMUEITUTA.

MaTepman bl 1 MeToAbl

MarepuaioM s HCCIEZOBaHMSI MOCIYXXWIN 00pa3-
IIBI CBIBOPOTKH KPOBH, 0TOOp KOTOPBIX mpoBogwin B 2020 .
B paMKax CKpHHHHTOBOro (0e3 y4yéra NMpHBHBOYHOIO aHa-
MHEe3a) HCCIEIOBaHHUS COCTOSHHS CHELH(UUECKOro Koi-
JICKTUBHOTO MMMYHHTETa HaceJIeHUs K BHpycaM KOpH U
KpacHyXH B COOTBETCTBHU C JOIOBOPOM O HAy4HO-IIPaKTHU-
YECKOM COTPYIHHUYECTBE MEXTY MOCKOBCKMM Hay4HO-HC-
CJIEIOBAaTENbCKUM HHCTUTYTOM SIHUIEMHOIOTMU U MHKpPO-
6uonornn um. I'H. I'abpuueBckoro u MHCTUTYyTOM TIpOdhu-
nmakTrYeckodl MeauuuHel M3 Pecriyonuku TapkuKkucTal 1o
JMIMMHHALMU KOpU M KpacHyxu. I[IpoTokon uccremnoBaHUs
0100peH DTHYECKUM KOMHTETOM MOCKOBCKOTO Hay4HO-HC-
CJIeIOBAaTENbCKOIOM HMHCTUTYTa SMUAEMHOJIOTMH M MHKpPO-
ouonoruu uMm. ['H. I'aGpuyeBckoro (mpotokon Ne 61A ot
07.10.2022). MetonoMm cityyaiiHOH BBIOOPKH OBLTH COOpaHbI
CBIBOPOTKH KpOBU OT 563 uenoBek. J{is wccrnemoBaHus ObI-
JI JOCTYIHBI CHIBOPOTKHU OT JieTell B Bo3pacTe a0 15 ner —
427 yenosek, noApocTkoB 15-17 ner — 43 uyenoeka, B3poc-
11X — 93 yenoBeka. BriOopka cunraercst pernpe3eHTaTHBHOM,
MIOCKOJIBbKY IPEBBIIAET MUHIUMANBHBIN [TOKa3aTeNb penpe3eH-
TaTMBHON BBIOOPKH OT YMCIIEHHOCTH HACEJIEHHs PECITyOnKn
C I0BEPUTEIILHBIM UHTEPBAJIOM MOTPEIHOCTH + 5% 1 0XBaThI-
BaeT kpynHble ropona ([ymante, Xymkana, boxrap, Kymso,
[enmxukent, cdapa, crapasmian) u 13 KpynHbIX paiioHOB.

OnpedeneHue yposHA aHmumers K KOpu U KpacHyxe

VYpoBeHb mnpotuBokopeBbix antHTen (AT) ompene-
JSUTA METOZIOM HMMMyHogepmeHTHOoro anammza (MDA) c
npuMeHeHneM TecT cucreMbl «BekTtoKops-IgG» («BekTop
Bect»). Yuér nmoiy4eHHBIX pe3ylbTaToB MPOBOINIIN COTIIAC-
HO TpWJIaraeMoil MHCTpPyKIMU. Pe3ymbrar cumraincs orpu-
LareJIbHBIM, eciii KoHIeHTpanms 1gG k Bupycy kopu Obuia
< 0,12 ME/Mi1, COMHUTEILHEBIM, €CIU IIOKA3aTeIb COCTABISI
0,12-0,18 ME/My1, ¥ TTOJOXXUTEIEHBIM TIPU KOHIICHTPAIHH
> 0,18 ME/mi1.

5 'WHO. Global; Tajikistan; Inactivated polio-containing vaccine,
Ist dose. URL: https://immunizationdata.who.int/pages/
coverage/POL.html1?CODE=Global+TIK&ANTIGEN=IPV1&
YEAR= (nara obpamenns: 12.05.2023).

OrneHka pe3ynbTaToB MPOBOAMIACH B COOTBETCTBUU C
NpUHITEIMU B Poccun kputepusMu snua01aronorydus co-
miacHo MY 3.1.2943-11 «Opranuzanus u NpoBeieHHE Cepo-
JIOTHYECKOTO MOHUTOPUHIA COCTOSIHUS KOJJIEKTUBHOTO MM-
MYHHUTETa K MH()EKIUSIM, YIPaBIsIeMbIM CPECTBAMH CIICIH-
¢duueckoil MpopuIakTuKy (IUdTepus, CTOIOHIK, KOKIIIOII,
KOpb, KpacHyXa, SMHUIEMHUYECKUI MapoTHUT, MOIUOMUEIUT,
renatut B)» — He Gonee 7% cepoHEraTHBHBIX B KaXIOH
UHAMKATOPHOW TpyIIle HACEeNeHUs, 4TO COOTBETCTBOBAJIO
MHUHHAMAaJIbHOMY 3Ha4E€HHIO CEPONO3UTUBHBIX JHL (93%), o-
CTaTOYHOMY AT NMPEAYIPEkKACHUS YCTONUNBOH BTOPUYHOM
nepenadn nHGeKmH [9].

AT knacca IgG x Bupycy KpacHyXU ONpENeNsIi C UcC-
MIOJIb30BaHUEM HMMYHO(EPMEHTHON TECT-CHCTEMBI « KO-
nab». Konnentpanuio AT paccuMTHIBaId B COOTBETCTBHU C
UHCTPYKIMEH MPOU3BOAUTENS, TIOPOrOBOM KOHIIEHTpaLuei
cuntanu 10 ME/Mi1, 9TO COOTBETCTBOBAIO PEKOMEHIAITUSIM
BO3¢. CeIBOpOTKH KPOBH C BBIABICHHBIMH AT B KOHIIEHTpa-
i Menee 8 ME/Mi1 paccMaTpuBaiInuch Kak HeTaTUBHEIE, B
koHIeHTparmu 8—10 ME/MI — kak COMHUTENBHBIC, B KOH-
nenrparmu 6onee 10 ME/Mn — kak mo3utuBHbIe. OIIEHKY
PE3YyNBTaTOB OCYIECTBIIIN C MOMOIBIO TIOPOTOBOTO YPOB-
HA (83—85% cepomno3uTUBHBIX JUI] [9]), TOCTATOYHOTO IS
MpeJOTBPAIleHUs] TPAHCMHUCCUU BUpYCa, 1O TPEM IpyInam
HaceJIeHUs: IETH, B3pOCIbIe, BCE HacelIeHue.

CepoHeraTuBHble K BUPYCYy KOPH CBIBOPOTKH KPOBHU
MOJBEPrajiCh MOBTOPHOMY HCCIIEIOBAHUIO APYTOM TECT-CHU-
cTeMoit — «JKomad».

Jdnst craructuueckol 0OpaOOTKM IaHHBIX HCCIIENO-
BaHUs HCIOJB30BAIM MPUKIAJHBIE TAKeThl IMPOTrpaMMBbI
«Microsoft Excel». B cBsi3u ¢ oOTCyTCTBHEM CTaTUCTUYECKU
3HAUUMBIX Pa3INUUil B MOKa3aTeNsIX CEpONO3UTHBHBIX JIUI]
Cpeay My>KUMH U KEHIIUH B UCCIEJOBaHUAX OMYIISAIMOHHO-
TO UIMMYHUTETA K BUPYCY KPAaCHYXH IO JaHHBIM JIUTEPATyPhl
[10, 11], rennepHble pa3nuuus B HAIIUX MCCIEJOBAaHUSIX HE
YUUTHIBAJIHCE.

OnpedesneHue ypo8HsA 2yMopaabHO20 UMMYHUMemMa
K 8Upycy nosuomuesuma

[okazarenem cocTossHUA CIENU(PUIECKOT0 UMMYHHUTE-
Ta K BUPYCYy OJHUOMHEINTA ABISIETCS YPOBEHb 'yMOPaJIbHO-
ro UIMMYHHTETa, KOTOPBIN OMpPENENAIOT B peakuy HelTpa-
nm3anun ¢ pedepenc-mrammamu [1B tunos 1, 2, 3. Peakmuio
MUKPOHEHTpalIn3aluy BHIIOJIHAIA B COOTBETCTBUU C PEKO-
menaanmsamu BO37 Ha kynberype kiietok HEp-2 (Cincinnatti),
B Ka4eCTBE peepeHC-IITaMMOB UCIIOIb30BaIH IITaMMbI Ca-
OunHa TUNOB 1, 2, 3, MONyYeHHbIE U3 UCTOYHHKA, O0OpEH-

¢ 'WHO. Manual for the laboratory-based surveillance of measles,
rubella, and congenital rubella syndrome; 2018. URL: https://
cdn.who.int/media/docs/default-source/immunization/vpd_
surveillance/lab_networks/measles_rubella/manual/chapter-1.
pdf?stvrsn=f7flfcld 2&download=true (mara oOpameHwus:
12.05.2023).

WHO. Manual for virological investigation of poliomyelitis; 1997.
URL:  https://apps.who.int/iris/bitstream/handle/10665/62186/
WHO_EPI_CDS_POLIO_90.1.pdf?sequence=1&isAllowed=y
(mara obpamenus: 12.05.2023).


https://yandex.ru/search/?lr=118822&msid=1609669788.56269.85345.366373&text=%D0%A5%D1%83%D0%B4%D0%B6%D0%B0%D0%BD%D0%B4&noreask=1&ento=0oCghydXc2MzEzNxgCQlPQutCw0YDRgtCwINGC0LDQtNC20LjQutC40YHRgtCw0L0g0L_QvtC00YDQvtCx0L3QsNGPINC90LAg0YDRg9GB0YHQutC-0Lwg0Y_Qt9GL0LrQtZh9he4
https://yandex.ru/search/?lr=118822&msid=1609669788.56269.85345.366373&text=%D0%91%D0%BE%D1%85%D1%82%D0%B0%D1%80&noreask=1&ento=0oCghydXc2MzE0MhgCQlPQutCw0YDRgtCwINGC0LDQtNC20LjQutC40YHRgtCw0L0g0L_QvtC00YDQvtCx0L3QsNGPINC90LAg0YDRg9GB0YHQutC-0Lwg0Y_Qt9GL0LrQtdR1BK8
https://yandex.ru/search/?lr=118822&msid=1609669788.56269.85345.366373&text=%D0%9A%D1%83%D0%BB%D1%8F%D0%B1&noreask=1&ento=0oCghydXc2MzE0MBgCQlPQutCw0YDRgtCwINGC0LDQtNC20LjQutC40YHRgtCw0L0g0L_QvtC00YDQvtCx0L3QsNGPINC90LAg0YDRg9GB0YHQutC-0Lwg0Y_Qt9GL0LrQtSkczyQ
https://yandex.ru/search/?lr=118822&msid=1609669788.56269.85345.366373&text=%D0%9F%D0%B5%D0%BD%D0%B4%D0%B6%D0%B8%D0%BA%D0%B5%D0%BD%D1%82&noreask=1&ento=0oCghydXc2MzE0MxgCQlPQutCw0YDRgtCwINGC0LDQtNC20LjQutC40YHRgtCw0L0g0L_QvtC00YDQvtCx0L3QsNGPINC90LAg0YDRg9GB0YHQutC-0Lwg0Y_Qt9GL0LrQtXI65mU
https://yandex.ru/search/?lr=118822&msid=1609669788.56269.85345.366373&text=%D0%98%D1%81%D1%84%D0%B0%D1%80%D0%B0&noreask=1&ento=0oCghydXc0MjQ4NBgCQlPQutCw0YDRgtCwINGC0LDQtNC20LjQutC40YHRgtCw0L0g0L_QvtC00YDQvtCx0L3QsNGPINC90LAg0YDRg9GB0YHQutC-0Lwg0Y_Qt9GL0LrQtbIkFPk
https://yandex.ru/search/?lr=118822&msid=1609669788.56269.85345.366373&text=%D0%98%D1%81%D1%82%D0%B0%D1%80%D0%B0%D0%B2%D1%88%D0%B0%D0%BD&noreask=1&ento=0oCghydXc2MzE0NxgCQlPQutCw0YDRgtCwINGC0LDQtNC20LjQutC40YHRgtCw0L0g0L_QvtC00YDQvtCx0L3QsNGPINC90LAg0YDRg9GB0YHQutC-0Lwg0Y_Qt9GL0LrQtSeZZq4
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Horo BO3 (HaunoHansHbIi HHCTUTYT OMOJIOTHYECKHUX CTaH-
JIapTOB U KOHTPOJIA, BenukoOpuranus).

Jns uccnemoBanus ObLIO AOCTYHIHO 359 CBHIBOPOTOK.
ChIBOPOTKM TUTPOBaJIM, HauMHas OT pas3BeneHus 1 : 8 1o
1 : 1024. Pa3zBenenue 1 : 8§ mpuHUMallM KaKk HauMEHbLIEE,
CBUJETENBCTBYIONIEE O HAJINYMU BUPYCHEHTPANTHU3YIOIIUX
AT (HAT) x IIB. B kauecTBe MOJIOKHUTEIHLHOTO KOHTPOJIS
UCIIONIb30BaANIN peepeHC-CHIBOPOTKY C M3BECTHBIM TUTPOM
HAT. Yuér peakuun npoBoxunu Ha 5-e¢ cyTku. Tutp HAT
paccuutsiBanu 1o Gopmyine Kepoepa.

PesynbraTbl

Pe3ynemamel onpedeneHus uMmyHumema
K 8UpYCY KOPU U KpAcHyxu

AHanmu3 pe3ynbTaToB OOCIENOBaHMS MOKa3asl, 4TO
cnemuduyeckne AT xiacca IgG k Bupycy kopu ompeze-
JSUTUCH TONBKO y 54,5% 00CnenoBaHHBIX JIMIL; OCTaJbHbIE
45,5% okazanuch cepoHEraTHBHBIMU K BUPYCY KOpH (pHc. 1).

OTO CBUAETENBLCTBYET O (POPMHUPOBAHUYU 3HAYUTEIIb-
HOM KOTOPTHI YYBCTBUTEJBHBIX K KOPHU JIMII M PUCKE BO300-
HOBJICHMS DHJIEMHUYHOH Tepeauu Bupyca xopu [12].

WHble pe3ynbTaTsl NOMyUYEHBI IPU UCCIEI0BAHUH ChIBO-
poToK kpoBU Ha Hanuuue AT k BUPYCY KpacHYXH: CepoHera-
TUBHBIMU OKa3aJIMCh JHIb 12,1% 00caen0BaHHBIX, OCTallb-
Hble 87,9% wumenu cnemuduueckne AT, 4To yKasplBaeT Ha
SMUAEMHYECKOE ONaronoiyyne B OTHOICHUH KPACHYXH.

MB!I HONBITATUCh NPOCIEAUTh, Kakas IpyIia Hacele-
HUSI — JIETHU, TIOAPOCTKHU WU B3POCIIbIE — SIBIISIOTCS TPYIIION
pHCKa BO3HUKHOBEHHS M YCTOMYMBOIO BTOPUYHOTO PAcCIpo-
cTpaHeHus kopu. 13 45,5% cepoHeraTuBHBIX K BUPYCY KOpH
vl Ha Jietedt mpuxomiock 38% (rn=214), mogpoctkoB — 3%
(n=17), B3pocieix — 4,5% (n = 25). Ilocnenyronuii aHam3
YAETBHOTO BECA CEPOHETaTUBHBIX K BUPYCAaM KOPU U KPaCHyXHU
JIMIT OT YHCiIa 00CIIEA0BaHHBIX B IPYIIIE IETeH, TOIPOCTKOB U
B3pocIbIX (Tadu. 1) mokasa, 4To MoJoBUHA 00CIIEI0OBaHHbBIX
JIeTell He UMeJH aHTHUTeN K BUPYCy KOpH, TOITa Kak CepoHe-
TaTUBHBIX K BUPYCY KPACHYXU BBIABIEHO UMb 13,8%.

AHanoruyHas CUTyalus HaONoaeTcsl NMpU aHajIu3e
PEe3yNbTaToB B TPYIIIE MOAPOCTKOB: OIS CEPOHETaTUBHBIX K
Bupycam kopu — 39,5%, kpacHyxu — 6,9%; u B3pOCIbIX —
26,9 n 6,5% coorBercTBeHHO. OTHAKO PE3YNIbTAThl HEJb3s
CUUTATh JOCTOBEPHBIMHU M3-32 MAJIOTO YHUCia 00CIeyeMbIX
(43 1 93%).

Pesynerarsl BEIOOpOYHOTO 00CIEef0BaHMs 563 YemoBeK
OBUTH JIOTIOHUTENBHO TPOAHAIM3UPOBAHBI C YYETOM BO3-
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Puc. 1. YactoTa pacnpeaeneHnnsi CepononoXnTernbHbIX
N cepooTpuLaTenbHbIX K BUPYCaM KOpPU U KPacHyxu
obcnepoBaHHbIX B 2020 T.

Fig. 1. The proportion of seropositive and seronegative to
measles and rubella viruses in individuals examined in 2020.

MOYKHBIX BapUaHTOB HAJMYMS WM OTCYTCTBHUS crenugmye-
ckux AT u K KopH, U K KpacHyxe (Tadu. 2).

Tak, y 284 (50,4%) oOcneqoBaHHBIX YENIOBEK OBUIH
BoisiBIeHB! AT 1 Kk KopH, U K KpacHyxe; 23 (4,1%) denoBeka
OKAa3aJIUCh CEPONO3UTUBHBIMU K BUPYCY KOpPH, HO C€pOHera-
TUBHBIMU K BUpYCY kpacHyxu; 211 (37,5%) — cepoHerarus-
HBI K Kopu, HO nMenu AT xitacca G K KpacHyIIHOH WH(EK-
un; y 45 (8,0%) yenosek He onpenensuiick AT HE K BUpYCY
KOpH, HU K BUPYCY KPacHyXHU.

Oco0bl1ii HHTEpEC MPEACTABISIOT JaHHBIE O IPaKTHYe-
CKU PaBHOM 4YHCJIE CEPOHETaTHBHBIX M CEPONO3UTUBHBIX K
BHUPYCY KOPHU U KPaCHYXH JAeTeil BO BCEX BO3PACTHBIX IPyIl-
nax. MckimoueHue cocTaBsoT JeTH 6 U 7 JIeT, TAe YUCIIO Ae-
Teit, umetomux AT K BUPYCy KOpH, HECKOJIBKO OOJIbIE, YeM
gucno aereid, AT He UMEIONIMX, YTO, BUIAUMO, MOKHO 00b-
SICHUTB CTPEMIIEHUEM HEKOTOPBIX POAUTENIEH IPUBUTH JeTel
nepes MOCTYIUIEHHEM B IIKONy. [Ipu kpacHyxe MojoxXeHue
C COCTOSHUEM MMMYHHUTETA 3HAUUTEIBHO JTy4Ile: B KaXI0M
BO3pacTe OONBIIMHCTBO jaeTeld mMeroT AT K BUpYCYy Kpac-
HyXH, 32 UCKJIIoueHueM neteit g0 1 roma. B rpymme nereit
11 neT BOCIpUMMUUBEIX K KPaCHyX€ HE BBISBIICHO.

Takum 00pa3oM, MpoBeNEHHOE CKPUHUHIOBOE UCCIIEN0-
BaHUE COCTOSTHUSI MMMYHHTeTa Hacenenust Pecryomuku Tan-
*KHUKHUCTaH Ha Hamuune AT x BUpycaM KOpH U KpacHyXH IO-
Kazajo CyIECTBEHHOE pa3lNyue B yNEIBHOM BECE CepOHera-
THBHBIX M CEPOIIO3UTHBHBIX PE3YIBTATOB K THM HH(EKIHIM.
Taxk, pu uccenoBaHNM CHIBOPOTOK Ha Hamuuue AT k Bupycy

Ta6bnuua 1. MNMokasaTernb CepoHeraTnBHbIX K BUpyCaM KOPU U KpaCHYyXn OT Ynucna o6cnenoBaHHbIX AETEN, nogpoCTKOB

1 B3pocnbIX (n = 563)

Table 1. The proportion of children, adolescents and adults seronegative to measles and rubella viruses among examined

individuals (n = 563)

HdeKLMOHHBIE Oetn | Children MoppocTku | Adolescents Bspocnibie | Adults
3abonesaHusi n=421 n=43 n=93
Infectious diseases n | % | 95,5% AU | CI n | % | 95.5% OV | CI n | % | 95,5% A | Cl
Kopb | Measles 214 50,1 45,3-54,9 17 39,5 24,5-545 25 26,9 17,7-36,1
KpacHyxa | Rubella 59 13,8 12,6-15,0 3 6,9 0-14,7 6 6,5 1,3-11,7
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OPUTVHANbHbBIE NCCJTIEAOBAHNA

Tabnuua 2. BapraHTbl COOTHOLLEHMS CEPOMNO3NTUBHBIX/CEPOHEraTUBHbLIX K BUpYCam KOpW 1 KpacHyxu cpeam obcneqoBaHHbIX
ny,

Table 2. Variants of the ratio of seropositive/seronegative to measles and rubella viruses among the examined individuals

KombuHauus Hannune/otcytctue IgG AT

K BUpYycaM KOpU U KpacHyxu n % 95,5% O | Cl
Variants of the ratio of seropositive/seronegative

Kopb-no3untueHble, KpacHyxa-no3ntueHble | Measles positive, rubella positive 284 50,4 48,8-52,0
Kopb-no3untueHble, kpacHyxa-HeratusHble | Measles positive, rubella negative 23 4.1 0,2-8,0
Kopb-HeraTtuBHble, kpacHyxa-no3untusHble | Measles negative, rubella positive 21 37,5 35,2-39,8
Kopb-HeraTuBHble, kpacHyxa-HeraTuBHble | Measles negative, rubella negative 45 8,0 0,4-15,6
Bcero | Total 563 100

KOPH, COOTHOIIICHUE JTOJH CCPOHETATUBHBIX U CEPOIO3UTUB- Pe3ynemamel onpedesieHus ummyHumema

HBIX Pe3yIbTaToB COCTaBMIO 45,5 U 54,5% COOTBETCTBEHHO. K 8upycy nosuomueauma

CoorHoulenue nuil, nMeronmx 1 He umeromux AT k Bupycy Pesynbrarel onpenenenuss HAT B 359 chiBopoTkax

KpacHyxH, coctaBuio 12,1 u 87,9% coorBercTBeHHO. BaxkHo mokazamu, yto HAT k [1B1 umenu 339 (94,4%) yenosex,
OTMETHUTH, YTO MOJOBHHA 00cienoBaHHbIX aeteit (50,1%) ve  k [1B2 — 309 (86,1%), x TIB3 — 300 (83,6%). CeiBopoT-
nmena AT kK BUpyCy KOpH, 4TO 00yCIIOBIMBAET BBICOKYI0 or- K oT 12 (3,3%) 4yenoBek He conepkanu HAT ko BceM TpéM
JEMUYECKYI0 3HaYMMOCTh JAHHOW IPYTIIbl HACEJICHHUS. tunam [1B. Cpenuuii reomerpuueckuil Tutp HAT k IIB1 co-

x 100 94,3 98.1 95,9 952 92,1 885

o) 90 ] — 85,7 86,1 84,3 ~~ 857 852
C i
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3 MB1 | PV1 MB2 | PV2 MB3 | PV3

001.01.2005-30.04.2016 001.05.2016-30.06.2018
®01.07.2018-31.12.2020 B Bcs rpynna | Total group
Puc. 2. Pesynbrathl MccnegoBaHus CbiBOPOTOK Ha Hanuymne HAT k B tunos 1, 2, 3 B pa3nnyHbIX BO3PaCTHbIX rpynnax
obcnenoBaHHbIX.

Fig. 2. The results of testing of the sera for the presence of neutralizing antibodies (nABs) to poliovirus (PV) types 1, 2, 3
in various age groups.

Tabnuua 3. KonnyectBo cbiBopoTok 6e3 HAT k B B pa3nuyHbix BO3pacTHbIX rpynnax
Table 3. The number of sera without neutralizing antibodies (nABs) to polioviruses in different age groups

[ata poxxaeHust 1 KonnyecTBO CbIBOPOTOK C TUTPOM HAT < 1: 8
Date of birth and number of sera with nABs titer <1 : 8

2005-30.05.2016 01.05.2016-30.06.2018 01.07.2018-2020 Bcero | total
Tun MB n=229 n=52 n=49 n =330
PV type L .
NONMOBMPYCHbIE BakLMHBI | poliovirus vaccines
TOMB | tOPV 60rMMB | bOPV MnB, 60MMB | IPV, bOPV
n % n % n % n %
MB1 | PVA1 13 57 1 1,9 2 41 16 4,8
MB2 | PV2 18 7.9 21 40,4 7 14,3 46 13,9
MB3 | PV3 36 15,7 6 11,5 7 14,3 49 14,8
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craBun 7,04 £ 0,14 (1 : 132), k [IB2 — 5,83 £ 0,15 (1 : 56),
k [1B3 — 5,18 £ 0,16 (1 : 36).

C yu€ToM M3MEHEHHsI CXeMbl BAKIIMHALIUH TIPOTUB I10-
muomuenuta B Tamkukucrane, cocrasa (3 tumna I1B, 2 tu-
na [IB) u Buma ucnons3oBanubix BaknuH (TOIIB, 0OIIB,
WIIB), nna aHamu3a CHIBOPOTOK MBI BBIAEIWIN TPYIIIBI HC-
CJICIOBAaHHBIX B 3aBHCHMOCTH OT JaThl poXKaeHHs (puc. 2,
Ta64. 3): 1-1 rpynna — poxnaénnsie B nepron 01.01.2005—
30.04.2016, 2-1 — B nepuop 01.05.2016-30.06.2018, 3-1 —
B nepuox 01.07.2018-31.12.2020.

B menom B 3T0# BBIOOpKE OOnee 95% CBHIBOPOTOK CO-
nepxxanu HAT k [1B1 (95,2%), ceponpeBanenTHocTh K [1B2
cocraBmia 86,1%, x [1B3 — 85,2% (puc. 2).

MBI BBISIBUIH BEICOKHUH yPOBEHB OMYJISIIUOHHOTO HM-
myHuterakI1B1 BoBcex Bo3pacTHbIX rpynnax—94,3,98,1u
95,9% B 1,2 1 3-iirpynnax coorBeTcTBeHHO. AT k [1B2 nme-
1 MeHee 95% uccetoBaHHBIX BO BCEX TPYIIIax, HAanOOIb-
mee xonmuecTBo Jun 6e3 HAT k [1B2 (40,4%) 6bu10 B rpym-
ne poxaéHHbIX B nepuox 01.05.2016-30.06.2018 (tabdm. 3).
B stoT mepuon B TayKMKHCTaHE HCIONB30BAIN TOJBKO
00I1B, He comepxkaryto [1B2. 3HaunTEIEHOE KOIHYECTBO
ceponeratuBHbIX K [1B2 (14,3%) coxpaHsioch U B cleaylo-
mel rpynne. B aTo Bpemst Hauanu NpuMeHSTh TPEXBAJICHT-
nyto UI1B, Ho oxBat oxnoit qo30it UIIB B 2019 1. cocTaBun
51%. AT x I1B3 umenu mernee 95% neteil Bo Bcex BO3pacT-
HbIX rpymnmnax — 84,3, 88,5 u 85,7% coOTBETCTBEHHO.

O6cyxpeHune

Kope, kpacHyxa

[IpoBenénHOe McCNeOBaHUE COCTOSHUS crenudude-
CKOTO UMMYHHTETa K BUPYCY KPacHyXHU IMOKAa3ajo YpPOBEHb
MMMYyHHTETa HaceneHus: — 87,9%, B TOM uuciie B rpyIie Je-
Tert — 86,2%, noapoctkoB — 93,1% u B3pocasix — 93,5%,
JIOCTATOUHBIN Ul NMPEeNOTBPAIEHUs TPAaHCMUCCUM BHpYCA,
YTO MOATBEPKIAET AUAEMHUUECKOE OJIaronoyyyre B CTpaHe
B OTHOIIICHUM JaHHOW nHbekwn [9, 13]. AHanoruvHas cu-
Tyalusl 10 KpacHyxe Oblla OTMEueHa W B JIPYTHUX CTpaHax
[10, 11, 14]. AHanu3 COOTHONIECHUS CEPOMO3UTUBHBIX U Ce-
POHEraTUBHBIX JIMI] B KayKIOH BO3pacTHOU rpymme 1o 15 ner
TMOKa3aJl mpeo0iajaHne Cepoo3UTUBHBIX K BUPYCY KpacHy-
XU B K&XJOM BO3pacTe, 3a UCKIIOUeHHEM jaerell 1o 1 roma
(He moIeXaIMX BaKIMHALMK 1O Bo3pacTy). Hanbonpmmit
OTHOCHUTEJIbHBIN MMOKa3aTelb HEBOCIIPUUMYHUBBIX K KPACHYX€
BBISIBIICH y Aereil B Bo3pacte 11 met (100%) u 6 ner (89,7%).
Haumenpmmii mokasarens (63,6%) — B BO3pacTHOU IpyTIe
4 rona. BeposiTHO, 3TO CBSI3aHO C MaJIbIM KOJIMYECTBOM 00-
CIEZIOBAaHHBIX B ITOM BO3pacTe. BBIIBUTH HOCTOBEPHOCTH
pasnuuuii MeXay MoKa3aTelsIMU CEepOHEraTUBHBIX JIUI] Cpe-
I ieTed 1o 15 et 1 Bo3pacTHYIO IpyNIly pUcKa HHHUIHUPO-
BaHU HE YaJIOCh.

VYpoBeHb crenu(pYeckoro UMMYHHUTETa y HACEIEHUS
TamkukicTaHa K KOPU OKa3aucs HEAOCTATOUHBIM Ul Ipef-
OTBpALIECHHs YCTOHYMBON BTOPHYHON Nepenadn HHPEKINN 1
BO300HOBJIEHHS [IUPKYJIALMN SHAEMHYHOTO IITaMMa BHpYcCa
KopHU. J{071 Cepono3UTUBHBIX U CEPOHETaTUBHBIX pacIpese-
JUJIack NpakTU4ecKu NopoBHY — 54,5 1 45,5% cOOTBETCTBEH-
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Ho. IIpu 3TOM meTckoe HaceneHue A0 15 neT cnexyer cuuTarh
TPyNIIoN pUcKa MHGHUIMPOBAHUS, TIOCKOIBKY U3 45,5% cepo-
HETaTUBHBIX JIMI Ha AeTed npuxoaunock 38%. [logpoctku u
B3pOCHbIe OKA3alHCh 3aIIMIIEHBl OT KOPU HAMHOIO JIydIlle,
JI0JI BOCIIPUUMYUBBIX cocTaBuia Bcero 3 u 4,5% cooTser-
ctBeHHo. [lomo6GHOE pactipenenieHne BOCIPUUMYKBBIX K KOPH
JMLl OTMEYalIH UCCIeNoBaTeNny B Apyrux crpanax [15]. Bos-
MO>KHO, 3TO CBSI3aHO C ()OPMHPOBAHMEM HE TOJIBKO TOCTBAK-
LIUHAIBHOTO, HO U MOCTUH()EKIIMOHHOTO IMMYHHUTETA B 3TUX
BO3pACTHBIX Ipynnax. [IpuduHbBI BEICOKOH A0nM cepoHera-
THUBHBIX JIMII, BBISBIISIEMBIX Ha (DOHE MOAEPIKAHHS BEICOKOTO
(6onee 95%) oxBara MPUBUBKAMH IIPOTUB KOPU IETCKOTO Ha-
CeJICHHUSI, HY)KJJAI0TCs B OoJiee yrTyOIEHHOM M3y4eHHH.

Benymas pons JeTCKOro HaceneHus B MOAJEpXKaHUU
SMHUIEMHUUYECKOT0 Mpoliecca KOpU B CTpaHe MOATBEPAMIACH
BO BpeMs BCIBIIIKU KOPH, 3aperucTpupoBanHoil B 2022 r,
KOT/Ia B CTPYKType 3a0oneBinx (454) neTu cocTaBHIM OKOJIO
90%. MBI CONOCTaBWIM OTHOCHUTENbHBIE TTOKa3aTenu 3a00-
JIEBaeMOCTH Pa3IMYHBIX TPYII HacesleHus, Oe3 yuéra nerei
1-ro roza *u3HU, HE MOUIEKAIUX BaKIIMHAIMH 110 BO3PACTY,
C MOKa3aTeNIIMU CEPOHETAaTUBHBIX K KOPH JIUI] B 3TUX TPYyII-
rax W yCTAaHOBWJIM, YTO JIOJIA 3a0OJIEBIINX KOPBIO JeTel B
Bo3pacte 1-10 ner (61,6%) mpakTHYeCKH COBIAAAET C T0JIeH
CEpOHETaTUBHBIX B 3TOH Bo3pacTHOW rpymme (67,2%). He-
KOTOpPO€ HECOOTBETCTBHE MPOSBIIIOCH TOJIBKO BHYTPH ITOH
IpyIIEL: 320051eBaeéMOCTh KOpbio B 2022 I. onpenesisuiy 1eTr
1-4 ner (36,0%), Toraa Kak caMblii BBICOKHI IIPOLEHT Ce-
poHeratuBHbIX K Kopu jun B 2020 r. onpeaensuics B rpymmne
nereti 5—10 net (41,8%). M0XHO MPEIONI0KUTH, YTO TEMITBI
yBEJIMYEHUS HEIIPUBUTBIX B Ipymne aeteil 1-4 neT ysenudu-
muck B 2021 1., 9T0 M 00YCIOBUIIO aKTUBHOE UX BOBJIEUECHHE
B AMMJIEMUUYECKUI MPOLECC KOPH.

lMonuomuenum

B 1iennoM MBI BBIIBIIIN TOCTATOYHO BBICOKHUI! ypOBEHB
rymopayisHoro ummyHurera k 1B Tpéx tunos y nereit Tan-
KHUKUCTaHa, 0co0eHHO K [1B1 (1 : 132). OxHako KOMU4ecTBO
nereit, umerommx HAT, ObUIO pa3IMYHBIM KaK B OTHOIICHUN
tunos IIB, Tak u B pa3HbIX BO3pacTHBIX rpynmnax. Komude-
cTBO Aeteit, uMmeromux HAT k [1B1, 6p110 GosbIle, yeM KO-
muuectBo aeterd ¢ HAT k [1B2 u I1B3, Ty TeHaeHUUIO Ha-
OJrofay ¥ B KKA0H U3 TPyI. JTO HE BIIOJIHE COMNIACYETCs
C U3BECTHBIMM JaHHBIMHM O TOM, YTO IPHU HCHOJIB30BAaHHU
TOIIB Hanbonee akTBHO (hopMupyeTcs IMMYyHUTET K [1B2,
3areM Kk [IB1 u [1B3 [16, 17]. O4eBuaHO, 4TO 3HAYUTEIHLHOE
BJIMsIHHE Ha (POPMHUPOBAHHE BBICOKOTO YPOBHS ITOITYIISIIIOH-
Horo ummyHuteTa K [1B1 okazana uupkynsiuust aukoro [1B1
B 2010 r, a Tak)ke HEOTHOKpATHbIE JOMOIHUTEIBHBIE MEPO-
npusitas o ummyHu3aun (JMIM). B 2010 1. ans nonasie-
HUSI BCOBIIKK ucnonb3oBaian kak TOIB (2 paynna), Tak n
MoHoBasleHTHYI0 OIIB Tumna 1 (5 paynnos) [3, 5], B 2011 .
Obu10 opranmszoBaHo 2 payHzna JMMU c wucnomszoBaHMeM
TOIIB. B Teuenue 10 ner 3TOT ypoBeHb, B 3HAUUTEIBHOMN
CTETEHU OCTUTHYTHIHN 3a cuér JIMU, obecrneunBan smwmie-
MHOJIOTHYECKOE OJIarornoydne B OTHOIICHUH ITOJTHOMHUEIH-
ta. Jlo nexabps 2020 1. (korga BO3HHMKJIA HOBasl BCIIBIIIKA)
nukue v [IBBII B Tamkukucrane He ObUIH BBISIBIEHEI.
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B nenom 86,1% nereit umenu HAT k I1B2, yto Hmke
peKoMeHIyeMoro ypoBHS 95%, HO HanboJee SIPKO IeHUIUT
nmmyHuTeTa k [1B2 npossuics B rpynie getei, poskAEHHBIX
B iepuon 01.05.2016-30.06.2018, xorna BakIuHBI, COAEPIKa-
e »7ot Tun 1B, He npumensamcse — 40,4% ceponerarus-
HeIX. Cpenu nereil, poxa€HHbIX nocie BHeapenus WUIIB B
HanuoHaneHbIH KaneHaapsb (01.07.2018-31.12.2020), Tomb-
ko 85,7% nereit umenu HAT k I1B2, uro yka3siBaeT Ha He-
JOCTAaTOYHBI OXBaT MMMYyHH3anueir’. Jepuuur uMmyHH-
teta k [IB2 cran npuuuHON mupKynauuu B TaJKUKHCTaHE
3aHecEHHOro u3 adraHo-nakucTaHckoro kiacrepa nIIBBII,
YTO MPUBEIO K BO3HUKHOBEHHIO B 2020-2021 . BCHBILIKH
ronuomuenura [15].

CeponpeBaneHTHocTh K [IB3 Takxke okazanach HUXKE
95% (85,2%), 3Ty TEHACHIIMIO HAOIIOAIN BO BCEX BO3PACT-
HBIX rpynnax. bonee Hu3kas ceponpeBaneHTHOCTH k [IB3 B
Tamxukucrane yxe Obula yCTaHOBJICHA paHee B UCCIIE0Ba-
Huy, BermmonHeHHOM N. Khetsuriani u coasr. [5]. Hamu mgan-
Hble TIOATBEPXkKAAIOT MEHBIIYI0 UIUTEIBHOCTh COXPAHEHUS
HAT k I1B3 no cpaBuenuro ¢ [1B1 u I1B2 [16], otHOBpeMeH-
HO yKa3bIBasi Ha HEAOCTAaTOYHBIM OXBAT IIIAHOBOM MMMYHU-
3anuell B TeueHue JJIUTEIBHOIO IEPUo/ia BpEMEHH.

3akniouyeHuve

Pe3ynbraTel cepollorM4eckux HCCIENOBaHUN COCTOS-
HUSI CHIENU(PHUIECKOTO NIMMYHHUTETA K BUPYCY KPAaCHYXH CBH-
JIETEJILCTBYIOT 00 SMHIEMUYECKOM OJIarOIOIydrH B OTHOIIE-
HUH 3TO MH(PEKINHU, YTO NOATBEPIKIAAETCS CIIOPAJHYECKIM
ypoBHeM 3a00s1eBaeMOCTH. BBICOKast 10JIs1 CepOHETraTUBHBIX
JIUI K BUPYCY KOpPU IpPAKTUYECKH B KaKJOW BO3pacTHOMU
rpymre crapire 12 Mec moATBepaiIa enecoo0pa3HoCTh Ie-
PHOIUYECKOTO MPOBEICHUS JOMOIHUTEIBHBIX PUBUBOYHBIX
KaMIIaHUH IPOTUB KOPH HE TOJIBKO «IOTOHSIOIUX», HO U TIPH
HeoOXoquMocTH 0e3 y4€Ta NpUBHBOYHOTO aHamHe3a [18].
ComocraBneHue pe3yabTaToB CKPUHUHTOBBIX CEpOJOTruye-
CKUX MCCIJIEIOBAaHUN COCTOSHUS UMMYHHTETa K BUPYCY KOpH
Ha HAIMOHAIBHOM YpPOBHE U IOBO3PACTHOE paclpefesieHue
3a00JIeBIIMX KOPbIO BO BpeMsl Benblmku 2022 T. MpoaeMoH-
CTPHPOBAJIO BOZMOXKHOCTh MCIONB30BAHUS 3TOIO METOMA JUIs
MIPOTHO3WPOBAHMUS ITUJIEMUYECKON CHTYallMd U pa3paboTKu
JIOTIOJIHUTENBHBIX TPO(UIAKTHYECKUX MEPOTIPUSTHH.

UccnenoBanus cnennguyeckoro nmmynurera k 1B
MIOATBEPANIN BBICOKYIO 3 dexruBHOCTh JJMU mms monumep-
YKaHUSI HEOOXOIMMOTO YPOBHSI KOJUIEKTHBHOTO HMMYHHTETa
W BBISIBIJIM HENOCTAaTKH IUIAaHOBOM MMMYHOIPO(MIAKTHKA
B crpaHe B nepuon 2011-2020 rr. (HegocTaTouHbI OXBar 1
Henocrynsocts MIIB B nepuon 2016-2018 rr.), uto npuse-
710 K Benblike nonuomuenuta B 2020-2021 rr. [IpoBenenue
PETYIISIPHOTO CEpPOJIOTMYECKOI0 MOHUTOpUHTa B PecmyOnuke
TamkukucTal 1eaecoo0pa3Ho sl HoTyYeHns! 00bEeKTHBHON
nHpopManuy 00 YpOBHE MOMYISIHOHHOTO HMMYHHUTETA.
[TonyyaeMble naHHBIE CTAHYT OCHOBOM AJIS BBISIBICHUS YsI3-

8 'WHO. Global; Tajikistan; Inactivated polio-containing vaccine,
Ist dose. Available at: https://immunizationdata.who.int/pages/
coverage/POL.html1?CODE=Global+TIK&ANTIGEN=IPV1&
YEAR= (nara obpamenns: 12.05.2023).

BUMBIX TI'pYIIT HACCJICHUS, IIJIAHUPOBAHUA JOOIHUTCIIbHBIX
UMMYHU3AUOHHBIX MepOHpHi[TI/Iﬁ.
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OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-301

CpaBHuTenbHas oueHKa pepmeHTaTUBHON N GuoungHon
aktuBHoctu Candida auris v Candida albicans

WrHatoBa H..*, 3acnaBckasa M.WU., AnekcaHgposa H.A., lanwwuHa A.A.,
Maxposga T.B., Jlykosa O.A.

MpuBOMKCKNI NCCnefoBaTeNbCKUN MeAULIMHCKIIN YHUBepcuTeT, HukHun Hosropog, Poccua

AHHOMauus

BBepeHue. BaxHyto ponb B peanu3aumu natoreHHoctu Candida spp. urpatT cekpeTupyemMble NpoayKTbl MeTa-
6onnama, obrnagaroLime depMeHTaTUBHLIMI UM TOKCUYECKMMU CBOMCTBaMU. Hanbonee KNMHUYeCKM 3Ha4nMbim
Buaom cumtaetcsa C. albicans, ogHako BCE 60MbLUYO akTyanbHOCTb NpuobpeTaeT C. auris, 4acTo Bbi3biBaoLLAs
WHBa3UBHbIE NHEKLINN.

Llenb paboTbl — cpaBHEHME HEKOTOpbIX (hepMeHTaTUBHBLIX CBOWCTB M OuoumaHow akTmBHocTu C. auris w
C. albicans.

Matepuansbi n metoabl. iccnegosaHns nposogunu Ha wrtammax C. albicans n C. auris. OueHvBanu poct mMu-
KPOMWLIETOB Ha MSICO-NENTOHHOM arape, cpege Cabypo unm kpoBsiHom arape (c y4€Tom remonumaa). CnocobHocTb
Candida spp. pacwennatb 6enku BoiABsnu Ha arape Oudko ¢ 2% KasenHoM 1 No BO3AENCTBUIO HA MOTEKYIbI
IgG. JlnnasHyto akTUBHOCTb KaHAMA onpeaensany Ha arape, cogepxawem TeuH-20. )KnsHecnocobHocTb Gykkanb-
HbIX 3NUTENMOUMTOB Nocrne Bo3gencTeus (1-4 4) MeTabonuToB KaHAMA OLEHMBanM C NMOMOLLbH TPUMaHOBOIO
TecTa. Ctatuctuyeckyo o6paboTKy NPOBOAMIIM C UCNONb30BaHMEM nporpaMmbl «RStudio».

Pe3ynbrartbl. C. albicans nyywe Bcero pocnu Ha arape Cabypo, a C. auris — Ha KpoBsiHOM arape. [emonuTtnye-
ckasl M nunasHas akTMBHOCTb Obina xapaktepHa Tonbko anst C. auris. Hannune npoteasHol akTUBHOCTH ObIno
OTMEYEHO ANS HEKOTOPbIX LWTaMMOB C. auris: OHU Obinn CMOCOOHbI pacLLEennATb KAa3eUH U NOBpeXaaTb CTPYKTYPY
monekyn 1gG. MNpoaykTbl MeTabonuama HEeKOTOpbIX LUTAMMOB KaHAWA CHUXKAaNM XM3HECNOCOOHOCTb anuTenu-
anbHbIX KNETOK, NPY 3TOM KPaTHOCTb CHWXeHNs bbina bonee BbipaxkeHa B akcnepumenTax ¢ C. auris (p < 0,05).
3aknoyeHune. Hanbonee bnaronpusTHOM cpenow Ans KynstuemMpoBaHusa C. auris ABnseTcs KpoBaHoM arap. Bbl-
pakeHHas nNpoTeonuMTUYeckasl, aHTUrmobynuHoBasi, remonuTnyeckasl 1 obLlasi nunasHasi akTMBHOCTU Obinn OT-
MeYeHbl TONbKO Y uccnenyemblx wWrammos C. auris, YTO NokasbiBaeT Ux 6onee BbICOKUA MHBA3UBHbIN NOTEHLMan
no cpaBHeHuto ¢ C. albicans. BnoumgHasa akTMBHOCTb MUKPOMMLETOB B OTHOLLEHMM ByKKarnbHbIX SMUTENUOLNTOB
uMena wraMm-3aB1MCUMbIN XapakTep.

KnroueBble cnoBa: Candida spp., Memabonumei, ghakmopbi namo2eHHocmu, ghepmeHmsl, 6uoyudHOCMb
UcmoyHuk d)unchupoeaHun. ABTOpr 3aaBnsaoT 06 OTCYTCTBUM BHELUHEro CbVIHaHCI/IpOBaHI/Iﬂ npu nposegeHun mnc-
crnegoBaHUS.

KoHpnnukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHLIX U NOTEHLMATbHBIX KOH(PIIMKTOB MHTEPECOB, CBS-
3aHHbIX C NyGnnKaumen HacTosiLLen cTaTbu.
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Ba O.A. CpaBHuTENbHas oLeHKa dbepMeHTaTMBHOM 1 BroumaHon aktneHocTu Candida auris v Candida albicans. XKyp-
Han mukpobuornoauu, anudemuonoauu u ummyHobuonoauu. 2023;100(3):203—-209.
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Abstract

Introduction. Secreted metabolites with enzymatic or toxic properties are important for effecting of Candida spp
pathogenicity. The most clinically significant species is C. albicans. However,— invasive infections associated
with C. auris have a great significance.

The aim of the investigation is comparison the some of enzymatic properties and biocidal activity of C. auris with
those of C. albicans.

Materials and methods. C. albicans and C. auris strains were used in the study. Growth of micromycetes was
detected on nutrient agar, Sabouraud agar or blood agar (with hemolysis presence). The Candida spp. proteinase
activity was determined on Difco agar with 2% casein and by cleavage of IgG molecules. Candida lipase activity
was assessed on the agar with Tween-20. The viability of buccal epithelial cells after exposure (1 — 4 h) with
candida metabolites was estimated by trypan blue assay. Statistical analysis was performed using RStudio
software.

Results. The best growth of C. albicans was observed on Sabouraud agar, and C. auris on blood agar. Only
C. auris had hemolytic and lipase activity. Protease activity of some C. auris strains was noted. They were able
to cleave casein and damage IgG molecules. The metabolites of some Candlida strains decreased the viability of
epithelial cells while the reduction was more pronounced in the experiments with C. auris (p < 0.05).
Conclusion. The most suitable medium for C. auris culturing was blood agar. Proteolytic, antiglobulin, hemolytic
and lipase activities were observed only for C. auris. C. auris demonstrated more invasive capacity compared
to C. albicans. The observed micromycete biocidal activity against buccal epithelial cells was strain-dependent.

Keywords: Candida spp., metabolites, pathogenicity factors, enzymes, biocidity
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BBeneHne

Muxkpockonuueckue Tpudbl poma Candida —
npeAcTaBUTENN QaKyIbTaTUBHON MUKPOOHOTHI YeIOBe-
Ka — MOTYT OBbITh IPUYMHOMN Pa3BUTHUS ONIIOPTYHUCTH-
yeckux MHUK030B [1]. IlaToreHHbIi MoTeHIMAN KaHIUA
00yCJIOBJICH HAJMYUEM Y HUX Pa3JIMYHBIX CTPYKTYp U
MOJIEKYJI, CIIOCOOCTBYIOIIMX aJre3UU, CyOIMUTETHAIb-
HOW WMHBa3MM M O0CCIICYMBAIOIIUX IPOTUBOICHCTBHUEC
a¢dexkropam umMmmynurera. Criektp (pakTopoB maToreH-
HOCTH MOXKET 3aBHUCETh KaK OT BUJIa, TAK U OT IITaMMa
KaHJWJI, JieJiasi OT/ICNIbHBIX MPEICTaBUTeNIeH Oojiee BU-
PYICHTHBIMU B OTHOIIICHUH KJICTOK M TKAHEH YeI0BeKa.

Baxnyro posb B peaiu3alyiu NaTOreHHOCTH Urpa-
10T cekpeTupyembie Gaktopsl Candida spp., o0nanaro-
nme (GpepMEeHTaTUBHBIMU /WM TOKCUYCCKUMH CBOM-
CTBaMH, TaKH€ KaK KaHAUJAIU3HH (IUTOJIUTUYCCKHIL
nentun), pochonunasza B [2]. [Iporennassl MUKpOMHU-
[[ETOB MOTYT NMPHHUMATh Y4aCTUE B NMPOHUKHOBEHHUU
MUKPOMUIICTOB B TKaHU M YKJIOHEHUH OT UMMYHHOM
CHCTEMBI Opranu3Ma xo3siHa [3].

HauGonee kiuHWUYECKH 3HAYMMBIM BHJOM Cpe-
mu kaununa cunraercs C. albicans, Ha OO KOTOPOTO
MPUXOAUTCS OOJILIIIMHCTBO CIIy4YaeB KaHIMIIO30B pa3-
muaHOM yokanu3aruu [4]. OnHako BCE OONBIIYIO aK-
TyaJbHOCTh MPHOOPETACT IMEP/HPKCHTHBINA MaTOreH —
C. auris, OTNMYAIOLINICS BBICOKOM CIMOCOOHOCTBIO K
uHBa3uu. CpaBHEHUE T€HOMOB ATHX JBYX BHUJIOB KaH-
JUJ1 paHee rmokasano, uto C. auris 0061amaeT crocooHo-
CThIO AJalITUPOBATHCS K Pa3JIMYHBIM YCIOBUSM OKpY-
JKAIOUICH Cpebl U UMEET MHOXKECTBO (DAKTOPOB MaTo-

reHHoctH, oouux ¢ C. albicans v npyrumMu BHIIAMU
Candida [5]. B To xe Bpems C. auris-acCOIMMPOBAH-
HbIe HH(EKIIMH YacTO MPUBOIIT K PA3BUTHIO CHCTEM-
HBIX MHUKO30B M XapaKTEPHU3YIOTCS BHICOKHM yYPOBHEM
JIETaIbHOCTH, OCOOCHHO Y HMMYHOKOMITPOMETHPOBAH-
HBIX TAIMCHTOB M MOXUIIBIX JroaeH [5].

IesanbI0 TaHHOTO MCCIICTOBAHUS SIBHJIOCH CpaBHE-
HUE HEKOTOPBIX ()epPMEHTATUBHBIX CBOMCTB U OMOLUI-
Hoit aktuBHocTH C. auris u C. albicans.

MaTepman bl 1 MeToAbl

Uccnenosanus nposoaunu Ha C. albicans (1ram-
Mmbl 195, 258, 290, 601) u C. auris (mrammel 70, 78, 84,
95) u3 komnekuuu Kadeapsl 3MUAEMUOTIOTUH, MUKPO-
OHMOJIOTMU U JTOKAa3aTeIbHOW MenuIuHbl [IpUBOIIKCKO-
r'0 MCCIIEI0BATENbCKOIO MEUIIMHCKOTO YHUBEPCUTETA.
Hccnenyemplie mTaMMbl ObUIH MOTYYECHBI U3 KIMHUYE-
CKOTO Marepualia oT 00JbHBIX ¢ MaHU(PECTHOH HOPMOit
uHpexuu B 2021 T., ACTOHUPOBAIUCH B KOJUICKLIUIO
Kadenpsl U TOANCPKUBAIUCH MYTEM CyOKYIbTHBU-
poBanus cornacHo tpeboBanusM CanlluH 3.3686-21
«CaHnTapHO-3MUIEMUONOTHYECKHE TpeOOBaHUS 10
npoduIaKkTUKe NHPEKINOHHBIX OONE3HEH.

Jns monydeHus MeTaOOJIMTOB KIIETKH KaHIH[
BhIpanyBain B Oynsone Cadypo (24 1, 37°C). Merabo-
JUTHI OTACISUTM OT KJIETOK MPH MOMOIIM CTEPHIIBHBIX
OakrepuanbHbix QUIBTPoB («Corningy). st oueHKH
pocTta kononuid mpousBoawH moces 0,05 Mi1 cycieH3uu
KaHJH]] C KOHIeHTpauuen 5 x 10% ki/Mi1 Ha Msico-Tien-
ToHHBIH arap (MIIA), mnotayto cpeny Cabypo uin Kpo-
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OPUTVHANbHbBIE NCCJTIEAOBAHNA

BsiHOH arap. [locie nnkyOanuu (48 4, 37°C) npousso-
JWJIA U3MEPEHUE JMaMeTpa BHIPOCIINX KOJIOHHUH.

s olleHKH MTpOTea3HOW aKTUBHOCTH B Kau€CTBE
MOJICTIbHBIX CyOCTpaToB, paciIeIUIeHHE KOTOPBIX MOX-
HO OBLIO 3a()MKCHPOBaTh BU3YaJIbHO MO0 CIIEKTpOdo-
TOMETPUYECKHU, ObUTH B3SITHI KPYITHBIE CIIOKHBIEC OSNKH,
takue Kak kazenH («HiMedia») u uMMyHOroOyauH
knacca G (IgG) («Mukporern HITO»). [lannbie Oenku
HMMEIOT OOJIBIIIOE Pa3HOOOPA3KE TUIIOB CBSI3CH MEXITY
AMHHOKHCIIOTAMH U MOTYT PacUICTISITECS Pa3THYHBIMU
npoteasamu. CriocoOHoCTh MeTaboautoB Candida spp.
pacUIemIsATh Ka3euH OLICHUBAIIM MTyTEM NIOCEBA KaH Ul
Ha MoauuIupoBaHHbIM arap Hdudko, comepkammit
2% cooTBeTcTByIOIEro nporenHa. llocne KyiasTUBH-
poBanust kKanaug (48 4, 37°C) B yallky HaJIUBaIU 5 MIT
5% pacTBopa TPUXJIOPYKCYCHOM KHCIOTHI U Habmoza-
JM B TEYCHUE 3 MUH 3a MOSBICHHEM MPO3PaYHbIX 30H
rugponusa Bokpyr konouuit Candida spp. [6].

CriocobHOCTh paciieruiaTe Mosiekynsl 1gG nox
JeiicTBHEM MeTaOOJIUTOB KaHu]l OLICHUBAJIH 110 OCTa-
TOYHON AHTUTCHCBS3BIBAIOIIECH AKTUBHOCTH AHTUTEN
C HMCIOJIb30BaHUEM Habopa Uil NMMYHO(GEPMEHTHOTO
anammza (MDA) nmns onpeneneHus MHTEpIeHKHHA-6
(«Bekrop-bect») [7]. B nyHku minaHiiera ¢ *MMOOH-
JN30BaHHBIMM MOHOKJIOHAJIBHBIMH aHTUTEIAMH J10-
OaBisud 200 MK MeTaOOIMTOB KaHAWZ, B KaueCTBE
KOHTPOJISI UCTIOJIb30BAIH CTEPUIIbHBIN OyiboH Cabypo.
[Tnanmer naKyOupoBanu B Tepmoctare 1 4 mpu 37°C,
3areM nposoauin MDA coracHO MpOTOKOITY ITPOU3BO-
mutens («Bekrop-bect») [8].

OO0uIyro JIMIa3Hyl0 aKTUBHOCTh KaHIUJ OLICHU-
BanM MyTéM KyinbTuBupoBaHus (48 4, 37°C) Ha arape,
cogepxateM TBuH-20. O npoayKuuu KaHAWJAMU JIH-
a3 MO>KHO CYAUTH 10 00Pa30BaHUIO MaTOBBIX OPEOJIOB
BOKPYT' KOJIOHMH MHUKPOMHIIETOB [6].

'eMONIMTHYECKYIO aKTHMBHOCTh mTamMMmoB Can-
dida spp. olleHMBanM BOKPYT KOJIOHMH KaHAW[, BbI-
pocuux (48 4, 37°C) Ha kpoBsHOM arape. OTMeyanu

HaJIMYUe WA OTCYTCTBUE 30HBI TEMOJIM3a BOKPYT KO-
JIOHHH [6].

Buonnanyo akTUBHOCTH MeETabONUTOB KaHAM[
OLICHUBAJIN B OTHOLICHUHU OYyKKaJIbHBIX MUTEITHOLUTOB
(10° ki1/MI1), KOTOpBIE MHKYOUPOBAIX C META0OIUTAMU
kaunua B teuenue 1-2-3—4 4 npu 37°C. Xusnecrno-
COOHOCTb BMUTETUOLUTOB OIPEACISUIA C MOMOLIBIO
TPHUIIAHOBOTO TECTa, MOACYMTHIBASs MPOLEHT >KHMBBIX
KJIETOK B cycrens3uu [9].

Craructudeckylo 00paOOTKy MpPOBOAWIM C HC-
M0JIb30BaHUEM KOMITbIOTEpHOH porpammbl «RStudioy.
JanHble Kakaoi BBIOOPKM TMPOBEpsUIM Ha HOPMAib-
HOCTb pacIipeiesieHUs U PEACTABIUTH B BUJIE TPYIITIO-
BOTO cpeaHero apupmerndeckoro (M) U cTaHAapTHOTO
OTKJIOHEHHUs (8). MeXTpynnoBble pa3nuuus aHaIU3HU-
POBAJIM C UCIONB30BAaHNEM HETapaMeTPUIECKOTO KpH-
Tepuss MaHHa—YUTHH AJ1s1 MaJIbIX BBIOOpOK. Paznnuns
CUUTAJIA CTAaTUCTUYECKU 3HAYMMBbIMU TIpH p < 0,05.

PesynbTaTthbl

OuenuBanu Bo3moxxHocTb C. auris u C. albicans
YTHIIM3UPOBATh Pa3IMuHbIA HAbOp CyOCTpaToB, BXOAS-
IIMX B OCHOBY CTaHIApPTHBIX MUTATEIBHBIX CPEA IS
KyJIBTUBHPOBAHHS MHUKPOOPraHu3MoB. KynsTuBHpoBa-
HHUE Ha TPEX THUIAX MUTATENBHBIX CPej MOKa3auo, YTo
st Beex mrammoB C. albicans HanOonee Omaronpu-
STHOU cpenoit siBisiicst arap CaOypo (Tadi. 1): pazmep
KoJToHWH Obl Gombiie, yem Ha MITA winu KpoBSHOM
arape, B 1,98 paza. OTMeTHM, 4TO BBIPAKEHHOCTH MPH-
3HaKa (pa3Mep KOJOHUI) HOCWIIA IITaMM-CIeuduue-
ckuii xapaktep. llItammel C. auris npeanoyuTany arap
Cabypo 6onee, uem MIIA, HO nmydiie Bcero pocT Ha-
Oromancst Ha KPOBSIHOM arape, 4To MpOsIBISIIOCH B yBe-
JMYCHUU Pa3Mepa BBIPOCIIUX KOJOHHI 10 CPAaBHEHHUIO
¢ MHKpoMuleTamu, Beipocinmu Ha MIIA, B 1,8 u 2,3
pasa cooTBETCTBEHHO (Tabu1. 1).

C uenpio UcciaeqoBaHMs CIIOCOOHOCTH U3BIEKATh
reMOTIOOHH U3 9PUTPOLIMTOB ONPENEISIIN HATHYNE 30H

Tabnuua 1. Pasmep konoHui wtammos C. albicans v C. auris B 3aBUCMMOCTW OT TUNa KynbTypanbHow cpeabl, M + &
Table 1. Colony size of C. albicans and C. auris strains depending on the type of culture medium, M £ &

Pa3mep kononuit, mm | Colony size, mm
LWramm
Strain MSICO-NENTOHHbIN arap arap Cabypo KpOBSAHOM arap
nutrient agar Sabouraud agar blood agar
C. albicans 195 1,25+ 0,38 2,75 + 0,65* 1,72+ 0,27
258 2,38 +0,48 4,50 + 0,58* 1,70 £ 0,27
290 1,64 + 0,47 2,30+0,92 1,45+ 0,37
601 1,78 £ 0,62 4,38 + 0,48* 2,17 £ 0,26
C. auris 70 1,50 + 0,25 2,13 +0,23* 3,63 +£0,74*
78 0,92 + 0,20 2,25 +0,27* 3,80 + 0,84*
84 1,25+ 0,27 2,61+0,33* 2,63 +0,33*
95 1,57 £ 0,35 2,50 + 0,61 2,20+0,10

Mpumeyanue. *p < 0,05 No cpaBHEHUIO C POCTOM KaHanA Ha MIMA.
Note. *p < 0.05 compared with Candida growth on nutrient agar.
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reMOoJIM3a BOKPYT KOJIOHHMN KaHIW] NPU UX KYJBTUBU-
POBaHMY Ha KPOBSHOM arape. [ eMoauTHueckas akTuB-
HOCTB OblTIa XapaKkTepHa ISl BCEX HCCIEAYEMbIX [ITaM-
MmoB C. auris n orcyTcTBoBasia y mrammoB C. albicans
(puc. 1). Jluna3Hasi akTUBHOCTh ObLla OOHapyXeHa y
Bcex uccneayeMblx mramMmoB C. aquris. OHa oueHHBa-
JIaCh BH3YaJIbHO M TPOSBIISJIACH HAJTMYUEM IUPOKUX
(2,5-3,0 cM B amameTpe) MaTOBBIX OPEOJIOB BOKPYT
KOJIOHUH KaHAM] Ha arape, conepkamieM Trun-20. [o-
JOOHOTO CBOIMCTBAa HE OBLIO OOHAPYKEHO Y IITAMMOB
C. albicans (puc. 1).

[IpoTeonuTUYECKyr0 aKTUBHOCTH MUKPOMHUIICTOB
OLICHMBAJIM 10 MX CHOCOOHOCTH pacCIICIUISTh OeNKH,
NpPOTEa3HYI0 aKTUBHOCTb KaHAMJ — I10 HAJIUYHIO 30-
HBl THIPOJIN3a B arape ¢ Ka3eMHOM BOKPYT KOJOHHH.
s mrammoB C. quris TUaMeTp 30HBI THIPOJH3a Oell-
Ka cocTaBisul 1-3 MM, B TO BpeMs Kak BOKPYT KOJIO-
it C. albicans OTCYTCTBOBalW BHIMMbIC U3MEHEHHUSI
cyOctpara. Bo-BTophIX, omnpeaensin CIocOOHOCTD
pacuieruisite Moniekyinbl [gG uenoseka. [lon geiictBuem
MeTabonTOB HekoTOphIX mTamMMoB C. auris (70 u 84),
No-BUANMOMY, OBpekaaiack crpykrypa IgG (co cto-
pousl Fab-dparmenra), oTBevaromas 3a CBSI3bIBaHUE C
aHTUreHOM B TecT-cucteMe MDA, dro He ObLIO OTMe-
yeno mis C. albicans (puc. 2).

[Ipu ouenke OuormmHoro 3¢ ¢dekra KaHAUI Ha
OyKKaJIbHbIE SMUTEIHOLUTHI YeJIOBEKa ObIIO YCTaHOB-
JICHO, YTO THUOEIb MYKO3aJbHBIX KJIETOK OTMEYaiach
yke uepe3 1 4 mocie ux MHKyOauu ¢ MeTaboIuTaMu
MUKPOMUIIETOB W JOCTUTalla MaKCHUMAaJbHBIX 3Haue-
HUi K 3—4 4 (Tada. 2). [Ipu 3ToM KpaTHOCTH CHMXKeE-
HUS KU3HECIIOCOOHOCTU SIUTEIUOLUTOB OblIa Oojee
BBIpKEHA B DKCTIEpUMEHTax ¢ Metabonutamu C. auris,
yem ¢ C. albicans (p < 0,05). IIpoaykrel MmeTabonu3mMa
HEKOTOPBIX mTaMMOB C. quris MOIJIM CHUXATh XKH3-
HECIIOCOOHOCTh IMHUTEINAIbHBIX KJIETOK B 3,70 + 2,51
pasa, Toraa kak merabonutsl C. albicans — He Oonee
gyem B 1,92 + 0,25 paza (Tadu. 2).

ORIGINAL RESEARCHES

O6cyxpeHne

KynbTuBUpOBaHHE KaHAWA HAa Pa3IMYHBIX Bapu-
aHTax MUTATENbHBIX CpeJl MOKa3ajo, YTo pa3Mep KoJo-
HUI Bcex uccaenyeMbix mrammoB C. auris Ha KpOBs-
HOM arape ObUIT CTAaTUCTUYECKH 3HAYUMO OOJIbILE, YeM
vy C. albicans. Takum o6pasom, s C. auris, B OTIIU-
yue ot C. albicans, npucyTCTBHE TeMOIIIOOMHA B CpeJie
CITYKUIIO JJONIOJTHUTENBHBIM POCTOBBIM (PaKTOPOM.

BO3HUKHOBEHHIO M Pa3BUTUIO HH(EKIHOHHOTO
mpoliecca CrocoOCTBYeT HaJlMuue y KaHauj Habopa
(haKTOpOB MaTOTeHHOCTH, CIOCOOCTBYIOIIMX aJre3HHu,
WHBa3WU U YCTOMYMBOCTH K (pakTOopaM MMMYHHUTETA.
[laroreneTnuecknii MOTEHIMANT MHUKPOOPTaHU3MOB
3aBHCHT, IPEXKIE BCEro, OT (EPMEHTOB M MPOUYUX MO-
JIEKYJl arpeccuu, MPUBOSIINX K Pa3pyLICHHIO pa3iny-
HBIX TKaHEW M KJIETOK X03suHa. Hamm skcnepruMeHTbI
Mmokaszany OoJiee BBICOKYIO CHOCOOHOCTb K CHHTE3Y
(epMEHTOB M TOKCHMHOB, OOJaJAIOMIUX ECTPYKTHB-
HBIMH CBOMCTBaMHU, JJIsl BCEX UCCIICAYEMBbIX IITAMMOB
C. auris no cpaBHenuto ¢ C. albicans. BoipaxeHHast
reMOJIUTUYECKas aKTUBHOCTh mTaMMoB C. auris CBU-
JETENbCTBYET O TOM, YTO JaHHbIE MUKPOMHUIETHI 00a-
JAf0T BBICOKOH TPeOOBATEIbHOCTBIO K MUTATEIBLHBIM
cpeaM M BBIPRKEHHOH CIOCOOHOCTBIO K pa3pyIICHHIO
Pa3NUYHBIX KIETOK YeNIOBEKa, BKIIIOYAsl SPUTPOLMTHI.
W3BecTHO, 4TO TeMOTU3UHBI MUKPOOPTaHU3MOB OObIY-
HO TMpEeACTaBICHbl MOPOOOPa3yIOIUMH TOKCHHAMH
[10], xoTOphIC B3aMMOJACHUCTBYIOT C MEMOpaHAMU KJie-
TOK Y OBPEXat0T ux. Tak, HekoTopkie aBTopsI [11, 12]
CBA3BIBAIOT BBICOKMH ypoBeHb (10 60%) cMepTHOCTH
NPY MHBAa3MBHBIX MH(EKIMAX, BbI3BaHHBIX C. auris, ¢
CeKpeluel JaHHBIX BUAOB T€MOJIM3UHOB.

[Tpu uccnenoBanum NeiicTBUST METaOOIMTOB KaH-
IuI Ha OyKKaJbHBIE SMUTEIMOLHUTH YEJIOBEKA BBISIB-
JICHO, YTO OMOIMIHAs aKTUBHOCTh MHKPOMHIICTOB HE
3aBHCeNa OT BUJIA, a UMEJIa IITaMM-3aBHCUMBIH Xapak-
Tep. Takum oOpazoM, HaJIM4KME TEMOJIMTUYECKON aK-
TUBHOCTH, TIOKazaHHoe Hamu s C. auris, He AaBajio

Puc. 1. lemonutuyeckas (a, 6) n nunasHas (8, &) aktusHocTtb C. albicans v C. auris.

a — pocTt C. albicans Ha KpOBSIHOM arape — reMonu3aa Het; 6 — remonua Bokpyr konoHwuit C. auris Ha KpoBsiHOM arape; 8 — pocT C. albicans
Ha arape, cogepxallem TBuH-20; 2 — MaToBble Opeosibl BOKPYr kKonoHui C. auris Ha arape, cogepxatiem TBuH-20.

Fig. 1. Hemolytic (a, b) and lipase (c, d) activity of C. albicans and C. auris.

a — C. albicans growth on blood agar without hemolysis; b — hemolysis around the colonies of C. auris on blood agar; ¢ — C. albicans
growth on Tween-20 agar; d — matte halos around the colonies of C. auris on Tween-20 agar.
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Puc. 2. KoHueHTpaumsa dpyHKunoHanbHO akTuBHbIX [gG nocne 4acoBol SkCcno3numm ¢ Metabonutamu kanana.

*p < 0,05 No cpaBHEHUIO C KOHTPOMNEM.
Fig. 2. Concentration of functionally active IgG after one-hour exposition with Candida metabolites.
*p < 0.05 compared to control.

MM TPEUMYIIECTBO B MPEOIOICHUH 3allIUTHOTO Oapbe-
pa myko3anbHbIX KieTok. C. auris u C. albicans B paB-
HOW Mepe MOBPEXIATNH OYKKAIbHBIC SIUTEIUOIUTHI,
4TO, TI0-BHIUMOMY, OBLTO CBSI3aHO C MPOAYKIIHEH HHBIX
OHMOIUTHBIX MOJICKYIL.

DKCIEPUMEHTHI TaK)Ke TMOKA3ald, YTO JIMMa3Hast
AKTMBHOCTD ObIJIa XapaKTepHa TOJIBKO TS HCCIETYEMBIX
mrramMmoB C. auris. I3BeCTHO, YTO HAJTHYNE JTUIA3hI yBe-

JIMYUBACT WHBA3UBHBIC BO3MOXKHOCTH MHKPOOPTaHU3-
Ma, CITOCOOCTBYS €ro MPOHUKHOBEHUIO C MMOBEPXHOCTH
KoxH B Oonee miyookue ciou [11, 12]. Kanaus! cro-
COOHBI IPOAYIIUPOBATH PA3TMYHBIC JINA3HI, B YaCTHO-
cty, C. albicans cunatesupyrot pochonunasy B [2, 13].
TeM He MeHee HallM IKCIIEPUMEHTHI TOKA3aid, YTO
mrammbl C. quris obnananu Oosee BhIpaXKEHHOU 00-
niell JIMasHON aKTUBHOCTBIO. DTO MOXKET CIY)KUTh

Tabnuua 2. /1ameHeHne XN3HecnocobHOCTN ByKKanbHbIX 3NUTENMOLMTOB Nocrne uHkybauun ¢ metabonutamu C. auris

n C. albicans

Table 2. Changes of buccal epithelial cells viability after incubation with C. auris and C. albicans metabolites

LLTammbl kaHang —
npoayLeHTOB MeTabonuToB

Rates of reduction in number of viable cells (in fold) depending on the incubation time

KpaTHOCTb CHUXEHUSI KONMYecTBa XMBbIX KNEeToK (KOJ'IVI'«IeCTBO paa) B 3aBUCUMOCTU OT BpeMeHn VIHKy68L|VIVI

Candida strains —
producents of metabolites 14|h 24|h 34|h 44|h

KoHTponb | Control 1,0 1,0 1,0 1,0

C. auris 70 1,63 +0,10* 1,76 £0,12* 2,18 £ 0,84* 1,97 £ 0,42*
C. auris 78 1,31 £0,19* 1,64 £ 0,19* 1,26 + 0,04* 1,44 £ 0,01*
C. auris 84 1,42+0,17 1,50 + 0,21 2,15+ 0,33* 3,70 £2,51
C. auris 95 1,17 +£0,17 1,09 + 0,09 1,61+0,16* 1,59 + 0,23*
C. albicans 195 1,19+ 0,09 1,27+£0,16 1,92 + 0,25* 1,86 + 0,20*
C. albicans 258 1,06 + 0,08 1,13+ 0,14 1,30 £ 0,17 1,17 £0,24
C. albicans 290 1,25 +0,15* 1,14+0,18 1,41 0,31 1,14+ 0,35
C. albicans 601 1,24 + 0,09* 1,44 £ 0,11* 1,15+0,22 0,60 + 0,06

MpumeyaHume. *p < 0,05 No cpaBHEHWMIO C KOHTPONEM — ByKKanbHbIMKU AaNUTENUOLMTaMK B cTepunbHom BynboHe Cabypo.
Note. *p < 0.05 compared to the control — buccal epithelial cells in sterile Sabouraud broth.
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JIOTIOJIHUTEIIbHBIM OOBSICHEHHEM 00Jiee CHIILHOU IMPO-
HUKameh crnocodHoctu C. auris MO CPaBHEHHIO C
C. albicans.

[Mponykuuss MUKpoopraHu3MaMHu IpoTea3 CIo-
COOCTBYET pa3pylICHHIO MEXKIETOUHBIX KOHTaKTOB M
NPOTEHHCOMEPKALIMX MOJIEKYya nMMyHHTeTa. [IpoTeo-
JUTHYECKasi aKTUBHOCTh XapakTepHa Kak anst C. auris
[11], rak u quist C. albicans [7]. B Hameit pabore oreHe-
Ha CIMIOCOOHOCTH KaHJUJ THAPOIN30BaTh BEICOKOMOJIE-
KyJIsspHble Oenku. JlaHHas aKTUBHOCTh OTMEUYEHA TOJb-
ko y mwrtammoB C. auris. PazpylieHue B SKkcriepUMeHTe
CJIOKHOCOCTaBHOW OEJIKOBOM MOJIEKYJIbI, TAKOH KaK Ka-
3€HH, MOXKET yKa3bIBaTh Ha TO, 4To C. auris crmocoOHa
K pacIemyIeHuI0 OeTKOBBIX KOMIIOHEHTOB MEKKIIETOU-
HOT'O MaTpHKca. B moJb3y 3TOro mpennonoKeHus CBU-
JETENbCTBYIOT JaHHBIE IPYTUX SKCIEPUMEHTOB, MTOKa-
3BIBAIOIIUX, YTO META0OIUTHI JAaHHOTO MUKPOMHUIIETA,
B otinuue ot C. albicans, pa3pymaroT MEXKKIECTOYHbIC
CBsI3HM B MOHOCJI0€ (hubpoOIiacToB uesoBeka [9]. 3naue-
HHUE TIO00HBIX AKCTPALEIUIIONSPHBIX (DEPMEHTOB 0CO-
0enHo BaxkHo Ay C. auris B CBS3H C OTCYTCTBUEM TH-
(hooOpazoBaHMsi U BOBMOXXHOCTU TCHETPAIMK TKaHEH
3a cuér rud [12, 13].

MeTtabonuTsl HEKOTOPBIX WTaMMoB C. auris Tpo-
JEMOHCTPHPOBAIIN CIIOCOOHOCTD K pa3pyIICHHIO MOJIe-
kyn 1gG. MoXHO NpeAnonokuTh, YTO HATUYUE TaKOU
AKTUBHOCTH OOBSICHSICTCS CHHTE30M KaHIUAaMU CeKpe-
TOPHBIX acMapTUIIPOTenHa3. JJaHHbIe rUIponassl OT-
JMYAIOTCSl MIMPOKOM CcyOCTpaTHOW crenn(UIHOCTHIO,
paspyuas MHOTHE, B TOM YHCIJIE YYacTBYIOLIME B UM-
MYHHOM OTBeTe OeJKH: anbO0yMuH, KoJuiareH, pudpone-
KTHH, JaKTo(eppuH CIIOHBI, HHTepseiHKuH- 1 u ap. [3].
Hannoe xagectBo C. quris MOKHO paccMaTpuBaTh Kak
OJIMH W3 MEXaHM3MOB aHTUMMMYHHOW CTpaTeruu, mo-
3BOJISIIOLICH JAaHHOMY BUJAY CHHXAThb 3(Q(QEKTUBHOCTH
Creun(UIecKoro ryMOpajbHOrO 3BeHAa MMMYHHUTETA.
AHTHII00yHMHOBasE aKTUBHOCTH C. auris ciocoOCTBY-
eT AWCCEeMHMHAIMM TMAaTOTeHa B TKaHAX, a TaKXke ero
cTabWIM3anyyu B ILHUPKYISATOPHOM pyCli€ Ha CTaluu
KaHIUJACMUH.

Bce BhlmieykazaHHOE CBHICTEIBCTBYET B IONB3Y
Toro, 4to C. auris XOpoIlo MPUCTIOCO0IeHa K MHBAa3HB-
HOMY THITY UHQEKIHH.

3aKniouyeHue

[To naHHBIM TUTEPATYPHl U3BECTHO, YTO ILITAMMEI
C. albicans MOTyT IPOSIBIIATH TEMOJIUTUYCCKYHO aKTHB-
HOCTh [14]. OgHako B HAIIMX HCCIEIOBAHUAX OBLIO
YCTaHOBJICHO, YTO WTaMMbl C. quris 4aie TIpOsBISIOT
JaHHOE Ka4yecTBO, MPH 3TOM JEMOHCTpUPYs Ooliee MH-
TEHCHUBHBIH POCT KOJIOHUH, ueM Ha cpeae Calypo, T.e.
SBJISIFOTCSL BBIPAKCHHBIMU TeMOQHUIBHBIME MUKPOMH-
ueTaMu. B cBsI3M ¢ 3TUM MOXKHO 3aKJIIOYHTh, YTO Hau-
Oosiee OnMaronmpusATHON Cpemoil Asl KyJbTUBHUPOBAHUS
C. auris sBIISETCSI KPOBSIHOM arap, a He cpeaa Cadypo.
OKCHEpUMEHTHI TaKKe MOKa3ald, YTo 00Iasi mpoTeo-
JUTHUYECKasl U JIMTIa3Has aKTUBHOCTU ObLIM OoJiee BBI-
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paxkensl y mtaMmmoB C. quris, 9TO yKa3bIBajio Ha ux 00-
Jiee BBICOKHMI MHBA3MBHBINM MOTEHIIMAI 10 CPABHEHUIO C
C. albicans. MerabomuTel HEKOTOPBIX IITAMMOB
C. auris ObUIM CIIOCOOHBI pa3pylliaTh CTPYKTYPY MO-
aekyn IgG, 4To MOXXHO paccMaTpuBaTh Kak JOIMOJIHU-
TEJIbHBI MEXaHU3M aHTHUMMYHHOU CTPaTerul MUKPO-
MUILETOB. brolIHAs aKTUBHOCTh B OTHOILCHUH OyK-
KaJIbHBIX IUTEIHOIUTOB OTMEYANIACh Y BCEX IITAMMOB
C. auris u C. albicans, Ipu 3TOM BBIPaKEHHOCTH TPH-
3HaKa MMeJa IITaMM-3aBUCHMBIIA XapaKTep.
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Production of Bst polymerase for diagnosis of different infections
using loop-mediated isothermal amplification

Maria I. Pika, Olga O. Mikheeva, Elena D. Solovyova, Anna V. Valdokhina,
Victoria P. Bulanenko, Evgeny A. Cherkashin, Vadim V. Petrov,
Kirill V. Krasovitov, Anna S. Cherkashina™, Vasily G. Akimkin

Central Research Institute of Epidemiology, Moscow, Russia

Abstract

Introduction. The large fragment of DNA polymerase | from Geobacillus stearothermophilus GIM1.543 (Bst DNA
polymerase) possesses 5'-3' DNA polymerase activity, 5'-3' displacement activity and high processivity. These
properties make it possible to use Bst DNA polymerase in loop-mediated isothermal amplification (LAMP), which
provides highly specific amplification of the target sequence and is used for rapid detection of agents causing
human infectious diseases.

The purpose of the study was to produce a recombinant Bst polymerase enzyme in the bacterial expression
system and to assess its properties for LAMP-based diagnostics of infectious diseases.

Materials and methods. Expression constructs carrying the Bst polymerase gene were obtained using genetic
engineering techniques. Different Escherichia coli strains were used for protein expression. Metal-chelate and gel
filtration chromatography techniques were used for protein purification. Catalytic characteristics of the enzyme
were assessed in loop-mediated isothermal amplification reactions using AmpliSens® SARS-CoV-2-IT, AmpliSens®
IAV-IT and AmpliSens® IBV-IT diagnostic systems designed for high-quality detection of SARS-CoV-2, influenza
A virus (IAV) and influenza B virus (IBV) RNA, respectively.

Results. The offered protocol for production, extraction and purification of recombinant Bst polymerase makes
it possible to produce the enzyme in the bacterial expression system using E. coli cells in a soluble form and
reaching the yield up to 20% of the total cell mass. In LAMP reactions, the obtained enzyme demonstrates activity
comparable with that of the commercial enzyme Bst 2.0 (NEB).

Conclusion. Considering the fast purification and production of the enzyme, the obtained recombinant Bst
polymerase can be used in LAMP-based diagnostic kits.

Keywords: polymerase, isothermal amplification, recombinant enzyme
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NMonyuyeHne Bst-nonumepasbl ANA ANArHOCTUKIN pasNYHbIX
NHdeKunin MeToaO0M NeTneBon nsotepmmnyeckon amnanpukaynn

MNuka M.U., Mnxeesa 0O.0., ConoBbeBa E.[l., BangoxuHa A.B., bynaHeHko B.I1.,
YepkawuH E.A., MeTtpos. B.B., Kpacosutos K.B., YepkawnHa A.C.*, AKUMKUH B.I.

LleHTpanbHbI Hay4YHO-UCCNIelOBaTENbCKU MHCTUTYT anuagemmonorun PocnoTtpebHaasopa, Mocksa, Poccun

AHHOMauus

BeeaeHue. bonblon dparment AHK-nonumepassl | ns Geobacillus stearothermophilus GIM1.543 (OHK-nonu-
mepasa Bst) obnapgaet 5'-3'-OHK-nonvmepasHol akTUBHOCTbIO, 5'-3'-BbITECHAOLLEN aKTUBHOCTBIO U BbICOKOW
npoLeccrMBHOCTLIO. Bnarogapst atum ceovictBam [HK-nonumepasa Bst ncnonb3yeTtcsa B NeTneBon n3otepmmye-
ckovi amnnudukauum (LAMP), koTopasi obecneumBaeT amnnudukalmio Leneso nocneoBaTenbHOCTU C BbICO-
KOW cneundunyHOCTbIO U NMpUMeHsieTca Ans GeicTporo obHapyxeHusi Bo3byauTtenen MHeKUMoHHbIX 3abonesa-
HWI YenoBeka.

Lenb paboTtbl — nonyyeHne pekoMbuHaHTHOro pepmeHTa Bst-nonumepasbl B 6akTepuanbHOW cucTeme JKC-
NpPeccun 1 oLeHKa ero cBoncTB B ycnosusax LAMP ons amarHocTvkn MHEEKLMOHHbBIX 3ab0oneBaHuii.
Matepuansi u Mmetoabl. MeTogamy reHeETUHECKON UHXEHEPUW NOMyYann 3KCNPECCUOHHbBIE KOHCTPYKLMK, HECY-
wme reH Bst-nonumepasbl. Skcnpeccuto BGenka NpoBoaMNM B pasnunyHbIX LUTaMmax kneTtok Escherichia coli. Ans
MOMyYeHNs OYMLLIEHHBIX NpenapaToB Genka Mcnonb3oBanu MeTodbl METanN-XenaTHoN U renb-PUnLTPaLMOHHON
xpomatorpacpmu. OueHKy KaTanuTU4eckMx CBOMCTB (hepMeHTa NPOBOAUNN B peakumsax NeTrneBon n3otepMuye-
ckov amnnudmkaumm B guarHoctudeckmx cuctemax «AmMnnuCeHc® SARS-CoV-2-1T», «AMnnmCeHc® 1AV-IT» u
«AMNMCeHc® IBV-IT», npegHasHayeHHbIX Anst kayectBeHHoro onpeaenerHnss PHK SARS-CoV-2, Bupyca rpunna
A (IAV) n Bupyca rpunna B (IBV) cooTBeTCTBEHHO.

Pesynbratbl. PaspaboTaHHbIn NpoToKon HapaboTku, BbIAENEHUS Y OYUCTKN PpeKOMOMHaHTHOW Bst-nonuvepasbl
no3BonseT nonyyatb PepmMeHT B bakTepmnanbHON cucteme aKCNpeccun Ha OCHOBE KNeTok E. coli B pacTBopumon
dopme ¢ Bbixogom Ao 20% ot cobpaHHOM KneToyHon macchl. B peakumnsax LAMP nonyyeHHbI pepMeHT AeMOH-
CTPUPYET aKTMBHOCTb, COMOCTaBMMYI0 C KOMMep4deckum chepmeHTom Bst 2.0 («NEB»).

3akntoyeHue. MNMonyyeHHas pekombuHaHTHas Bst-nonvmepasa, yuntbiBas ObICTPbI CNOCOG OYMCTKU 1 NonyYe-
HMsa bepmeHTa, NpurogHa ANsa NpMMEHeHNst B AnarHoctuyecknx Habopax Ha ocHoBe LAMP.

KnioueBble crnoBa: rnosiumMepasa, usomepmMmudyeckasi aMniugukayus, peKoMbUHaHMHbIU ghepmeHm

HcmoyHuk ¢uHaHcupoeaHus. ViccnepoBaHue BIMOMHEHO 3a CYET rocyAapcTBEeHHOro GloaxeTa (dheneparnbHbIn
npoekT « CaHnTapHbIV LWMT CTpaHbl — 6e3onacHOCTb AN 300p0BbS (MPeAynpexaeHne, BuiBeHNe, pearpoBaHme)»)

Kompnu:(m UHmMepecos. ABTOpr AEKNapupyrT OTCYTCTBME ABHbLIX U NOTEHUMalbHbIX KOHCbJ'II/IKTOB WHTEepecoB, CBA-

3aHHbIX C NyGnuKaumen HacTosILEN CTaTby.

Ansi yumupoeaHrus: MNMvka M.U., Muxeesa O.0., ConoebeBa E.[1., BangoxuHa A.B., Bynarnenko B.I1., YepkawwmH E.A.,
Metpos B.B., Kpacosutos K.B., YepkawmnHa A.C., AkumknH B.T. MonyyeHne Bst-nonnumepasbl ons AMarHocTuku pas-
TNNYHBIX MHPEKLMI METOAOM METNEBON U30TEpMUYeckon amnnudukaumn. XKypHamn Mukpobuonoauu, snudemuono2uu

u ummyHobuormnoeuu. 2023;100(3):210-218.
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Introduction

Nucleic acid amplification methods are widely
used for diagnostics of infectious diseases, for detec-
tion of single nucleotide substitutions in genotyping
and for other clinical purposes. However, the conven-
tional polymerase chain reaction (PCR) is a time-con-
suming process and requires expensive specialized
equipment. The comparatively recent technique de-
veloped by Notomi et al. for rapid detection of nucleic
acid bases is loop-mediated isothermal amplification
(LAMP) demonstrating high sensitivity and specificity
in amplification of the target DNA sequence at constant
temperatures in any temperature-controlled equipment,

requiring no thermal cycles and speeding up the pro-
cess [1-4]. The LAMP technique is widely used for de-
tection of agents of infectious diseases of viral etiology
such as SARS-CoV-2 [5], influenza viruses and respi-
ratory syncytial virus [6], hepatitis C virus [7], dengue
virus DENV [8], human immunodeficiency virus HIV
[9], and Ebola virus EVD [10].

Bst polymerase has been extensively used in iso-
thermal amplification and has played a key role in the
development of rapid clinical diagnosis of viral infec-
tions. DNA polymerase I from Geobacillus stearother-
mophilus [11] was first isolated in 1972 [12] and puri-
fied in 1982 [13]. The three-dimensional structure of the

© lNMuka M.U., Muxeesa O.0., Conosbesa E.[l., BangoxuHa A.B., bynanexko B.I1., YepkawwuH E.A., MNeTpos B.B.,
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enzyme led to the conclusion that DNA polymerase I is
comprised of 3 distinct domains [14]. Domain I is re-
sponsible for 5'-3' exonuclease activity; domain II is re-
sponsible for 5'-3' DNA polymerase activity; domain I1I
resembles domains responsible for 3'-5' exonuclease
activity in other polymerases [14]. Domains II and III
are located at the C terminus of DNA polymerase I and
are referred to as the large fragment (LF) [15]. The full-
length DNA polymerase I gene from Geobacillus stearo-
thermophilus consists of 2,628 base pairs and encodes a
protein composed of 876 amino acids, with the weight of
98 kDa. The truncated Bst polymerase LF gene, which
lacks the 5' terminus of 930 base pairs, encodes a pro-
tein of 587 aa, with weight of 64 kDa, and can be cloned
with the C-terminal polyhistidine tag, with an estimat-
ed weight of 65 kDa. In this case, due to the presence
of the hexahistidine tag at the C terminus of the gene,
Bst polymerase lacks 5'-3' exonuclease activity and was
demonstrated to be efficient in ANTP polymerization in
PCR [16, 17]. In the meantime, there are works reporting
cloning of Bst polymerase LF gene without a fusion tag
to avoid misfolding of the recombinant protein [18].
Since Bst DNA polymerase has high processivity,
polymerase and displacement activity, is able to remain
active at 65°C [17] for a long time, and is widely used in
isothermal amplification for rapid detection of infectious
diseases, the purpose of this study is to offer an efficient
method of production and purification of Bst poly-
merase suitable for diagnostic application in LAMP.

Materials and methods

The study was performed using Ndel and Xhol re-
striction endonucleases (Thermo Scientific), pET16b+
(Merck Millipore), E. coli strains X1.2, ER2566, BL.21
(DE3) pLys, Rosetta (DE3) (Merck Millipore); the
growth media included bacto tryptone, bacto agar, and
yeast extract (Helicon); for protein extraction — tris(hy-
droxymethyl)aminomethane hydrochloride (Tris-HCI),
NaCl, imidazole, -ethylenediaminetetraacetic acid
(EDTA) disodium salt, glycerol (Panreac); PageRul-
er™ Prestained Protein Ladder, 10-250 kDa (Thermo
Scientific).

Obtaining a plasmid expression vector containing
a Bst polymerase gene

Oligonucleotide primers were used for amplifica-
tion of the gene encoding Bst polymerase:

Bst-for 5’-GGTGGTCATATGCCGTCTTCTGAG-
GAAGAAAAGCCGCTG-3%;

Bst-rev 5’-GGTGGTTAACTCGAGTTTCGCTCAT-
ACCAAGTAGAACCGTAGT-3’,

containing recognition sites of Ndel and Xhol restric-
tion enzymes, respectively (underlined).

The resulting amplicons were treated with Ndel
and Xhol restriction endonucleases and cloned into
plasmid vector pET16b+, which was pretreated with
the same restriction endonucleases. As a result, we
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were able to construct the pET16-Bst-NHm4 expres-
sion vector. The correctness of the nucleotide sequence
of the cloned gene was confirmed by sequencing.

Selection of E. coli strains for expression
of the Bst-NHm4 gene

E. coli strains ER2566, BL21 (DE3) pLys, and
Rosetta (DE3) were used as carrier strains for the con-
structed pET16-Bst-NHm4 vector. Transformed cells
were seeded in the LB medium (1% bacto tryptone,
0.5% yeast extract, 1% NaCl) with agar containing
100 pg/ml of ampicillin for ER2566 cells and
20 pg/ml of chloramphenicol for BL21 (DE3) pLys and
Rosetta (DE3) cells, and were grown for 14 hours at
37°C to obtain colonies. Then, several colonies were
transferred to 100 ml of the LB medium supplemented
with 100 pg/ml of ampicillin and grown for 16 hours at
37°C in a shaker at 180 rpm. The overnight culture of
E. coli producer strains BL21 (DE3)pLys/pET16-Bst-
NHm4, ER2566/pET16-Bst-NHm4 and Rosetta (DE3)/
pET16- Bst-NHm4 was seeded in the LB medium sup-
plemented with 100 pg/ml of ampicillin in Erlenmeyer
flasks (the cell confluency was 2%) and grown at 37°C
at 160 rpm. When the optical density reached 0.8 AU,
isopropyl-p-D1-thiogalactopyranoside was added to a
concentration of 0.4 mM and the culture was grown
at 23°C and 37°C for 4 hours and 24 hours. The op-
tical density was measured spectrophotometrically
at a wavelenght of 595 nm on a BioPhotometer Plus
(Eppendorf). Cells were collected by centrifugation at
4,000 rpm for 20 min at 4°C using the Avanti JXN-30
centrifuge (Beckman Coulter).

Extraction of Bst-NHm4

The cell pellets (2 g) of the E. coli producer strain
BL21 (DE3)pLys/pET16-Bst-NHm4 were resuspend-
ed in buffer containing 50 mM Tris-HCL, pH 8.5 with
1 mM PMSF at a ratio of 1:10 (w/v) and lysed by son-
ication using the Branson sonifier 250 (Branson Ultra-
sonics) for 20 min at 4°C (the cycle — 0.5 sec, the ampli-
tude — 50%). Then, they were centrifuged at 8,000 rpm
for 30 min in the Allegra X-30R centrifuge (Beckman
Coulter). After the centrifugation, the supernatant was
diluted 2-fold with buffer containing 50 mM Tris-HCl,
pH 8.5 (buffer A) and applied to the IMAC FF chroma-
tography sorbent pre-equilibrated with the same buffer.
Buffer A was used for removal of ballast proteins. The
target protein was eluted with a liner gradient of buffer
A with 500 mM imidazole.

Following the metal-chelate chromatography,
the eluate was applied to the HiTrap column contain-
ing 5 ml of G-25 sorbent in buffer of 50 mM Tris-HCI,
100 mM NaCl, 1 mM EDTA, 20% glycerol, pH 8.5.

Assessment of Bst-NHm4 activity

To assess the activity of the Bst polymerase ob-
tained in LAMP, we used reagents of the AmpliSens®
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SARS-CoV-2-IT kit (RU No. RZN 2021/14599); plas-
mid DNA containing the target fragment of the SARS-
CoV-2 genome was used as a sample. The reaction mix-
ture in a volume of 10 pl contained 5 pul of SARS-CoV-2
IT-mix, 4.2 pl of glycerol, thioglycerol, and fluorescent
intercalating dye mixture, and 0.8 pl of tested Bst poly-
merase. Bst 2.0 DNA Polymerase enzyme (NEB; here-
inafter referred to as Bst 2.0) was used as a reference
enzyme; the reaction mixture contained 5 pl of [T-mix
SARS-CoV-2, 4 ul of glycerol, thioglycerol, and fluo-
rescent intercalating dye mixture, and 1 pl of Bst 2.0
polymerase. The prepared reaction mixtures were sup-
plemented with 10 ul of plasmid DNA (at a concentra-
tion of 10* and 10° copies/ml). Each sample was rep-
resented in 2 repeats. The reaction was performed in
the CFX 96 thermocycler (Bio-Rad Laboratories). The
amplification program consisted of 50 cycles lasting
30 sec at 65°C for 25 min with signal detection in the
FAM channel.

Analytical methods

The protein concentration was measured using
Qubit™ (Thermo Scientific); the purity of a protein was
estimated using denaturating SDS-PAGE electrophore-
sis [19].

Reverse transcription loop-mediated isothermal
amplification

To assess the possibility of using the received
Bst polymerase in diagnostic testing systems, we per-
formed real-time reverse transcription LAMP using re-
agents from AmpliSens® SARS-CoV-2-1T, AmpliSens®
TAV-IT, and AmpliSens® IBV-IT kits designed for qual-
itative detection of SARS-CoV-2, IAV, and IBV RNA,
respectively. Samples were represented by dilutions of
viral RNA specimens from biological materials (naso-
pharyngeal and oropharyngeal swabs) at a concentra-
tion of 10*-107 copies/ml.

The reaction mixture in a volume of 10 pul con-
tained 5 pl of the pathogen-specific reagent of IT-mix,
4.2 ul of glycerol, thioglycerol, and fluorescent inter-
calating dye mixture, and 0.8 pl of Bst polymerase.
The reference enzyme was represented by Bst 2.0 poly-
merase diluted to the concentration identical to that of
the tested enzyme, 320 U/ml (1 unit of the enzyme cat-
alyzes the incorporation of 25 nmol of dNTP into the
product in 30 min at 65°C). The reaction mixtures were
supplemented with 10 pl of RNA. The reaction was
performed in the DTprime thermocycler (DNA-Tech-
nology). The amplification program included prelimi-
nary incubation for 5 min at 37°C and isothermal am-
plification for 25 min (50 cycles) at 65°C with detection
of a fluorescent signal every 30 sec in the FAM channel.

Licensed PCR-based reagent kits, AmpliS-
ens® COVID-19-FL (RU No. RZN 2021/14599) and
AmpliSens® Influenza virus A/B-FL (RU No. FSR
2009/05010) manufactured by the Central Research

Institute of Epidemiology were used for the reference
analysis of RNA samples.

Results

The unique synthetic sequence of the Bst-pol gene
was developed to produce recombinant Bst polymerase.
For this purpose, we initially performed reverse trans-
lation of the fragment of the amino acid sequence of
DNA polymerase I from Geobacillus stearothermoph-
ilus (AAB52611) from 290 to 876 aa. Then, we opti-
mized the nucleotide composition of the sequence with
consideration for the frequency of codon occurrence for
the bacterial expression system based on E. coli cells.
The final gene sequence was obtained by assembly of
long overlapping primers [20]. The gene encoding Bst-
pol was cloned into the plasmid vector pET16b+ for
prokaryotic expression in E. coli. During the selection
of carrier strains for expression of the Bst-NHm4 gene,
we analyzed the changes in accumulation of the Bst-
NHm4 enzyme at different temperatures (23°C and
37°C) and depending on the protein biosynthesis in-
duction time (4 and 24 hours). Generally, the protein
was effectively produced in E. coli carrier strains BL.21
(DE3) pLys and Rosetta (DE3) in a soluble form; how-
ever, it was not produced in the carrier strain ER2566.
Slightly higher biomass yields were achieved when the
producer strain BL21 (DE3)pLys/ pET16- Bst-NHm4
was cultured at 23°C for 4 hours (Table 1).

During the first stage, metal-chelate affinity chro-
matography with an imidazole gradient was used to pu-
rify the enzyme from cellular proteins (Fig. 1). Fractions
having purity of more than 90% (Fig. 2) were pooled
and gel-filtration chromatography was performed. The
resulting Bst-NHm4 enzyme was characterized using
SDS-PAGE electrophoresis. The electrophoretic anal-
ysis showed that the purity of the enzyme was at least
95% (Fig. 3) at a concentration of 0.85 mg/ml.

The activity of the extracted Bst-NHm4 enzyme
was verified by real-time LAMP using samples of plas-
mid DNA containing a fragment of the SARS-CoV-2
genome.

The test was performed using enzymes at a con-
centration of 320 U/ml. There were also two concen-
trations of DNA template: 10? and 10* copies (Table 2).
Fig. 4 clearly shows that the produced Bst NHm4 poly-
merase demonstrates higher activity (lower Ct values)
in the LAMP reaction with DNA samples compared to
the reference enzyme Bst 2.0.

The activity of the Bst-NHm4 enzyme was ver-
ified by the analysis of SARS-CoV-2, AV, and IBV
RNA samples isolated from biological material (na-
sopharyngeal and oropharyngeal swabs) using reverse
transcription LAMP and reagents from AmpliSens®
SARS-CoV-2-IT, AmpliSens® IAV-IT, and AmpliSens®
IBV-IT kits compared to the Bst 2.0 enzyme. For con-
trol purposes, RNA samples were analyzed using re-
verse transcription PCR with AmpliSens® COVID-19-
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Table 1. Content of the Bst-NHm4 enzyme in producer strains compared to total cell protein

E. coli carrier strain Culture conditions Protein content, % Cell biomass yield, g/L
ER2566 23°C. 4 h
23°C, 24 h
Bst-NHmM4 enzyme is not accumulated
37°C,4h
37°C, 24 h
BL21 (De3) pLys 23°C,4h 20,2 4,8
23°C, 24 h 19,8 4,5
37°C,4h 19,7 42
37°C, 24 h 18,9 4,9
Rosetta (De3) 23°C,4 h 19,5 5,1
23°C, 24 h 19,3 4,9
37°C,4 h 18,8 4,5
37°C, 24 h 18,7 47

Note. The data were obtained using the Image Lab v. 5.2.1 software (Bio-Rad).

Fig. 1. Chromatographic profile of purification of the recombinant Bst-NHm4 enzyme using IMAC FF sorbent.
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Fig. 2. Chromatographic purification of Bst-pol using IMAC Fig. 3. Production and purification of Bst-NHm4.
FF sorbent. M — molecular weight marker; 7 — total cell lysate; 2 — clarified
M — molecular weight marker; 1 — clarified cell lysate of the cell lysate; 3 — cell sediment; 4 — total fraction of Bst-NHm4 after
producer strain BL21 (DE3)pLys/pET16-Bst-NHmM4; metal-chelate affinity chromatography; 5 — total fraction

2 — ballast proteins; 3—14 — Bst-NHm4 fractions. of Bst-NHm4 after gel-filtration chromatography.
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Fig. 4. Assessment of Bst-NHm4 polymerase activity in the model system.
a — product accumulation curves; b — mean cycle threshold value.

FL reagent kit or PCR with AmpliSens® Influenza virus
A/B-FL reagent kit and cDNA that had been obtained
using REVERTA-L reagent kit.

The Bst. NHm4 polymerase demonstrates the ac-
tivity comparable to that of the Bst 2.0 polymerase in

the LAMP reaction with SARS-CoV-2 RNA samples;
however, its activity is lower (higher Ct values) with
IAV and IBV RNA samples using respective reagent
kits (Fig. 5). Despite the delay in passing of IBV RNA
samples in reaction with the Bst-NHm4 polymerase

Table 2. Cycle threshold values using Bst-NHm4 in the LAMP reaction

Sample No. Sample type Bst polymerase Ct values (FAM)
1 Control Bst 2.0 -
2 Control Bst-NHm4 -

Number of copies
3 102 Bst 2.0 30,1
4 102 Bst 2.0 32,3
5 102 Bst 2.0 31,0
6 102 Bst 2.0 33,4
7 102 Bst-NHm4 22,0
8 102 Bst-NHm4 22,4
9 102 Bst-NHm4 24,1
10 102 Bst-NHm4 24,9
11 104 Bst 2.0 22,2
12 104 Bst 2.0 22,8
13 104 Bst 2.0 24,0
14 104 Bst 2.0 243
15 104 Bst-NHm4 20,2
16 104 Bst-NHm4 19,8
17 104 Bst-NHm4 20,9
18 104 Bst-NHm4 22,1
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Fig. 5. Analysis of SARS-CoV-2 (a), IAV (b), and IBV (c) RNA samples isolated from biological material (nasopharyngeal
and oropharyngeal swabs) using reverse transcription LAMP.

compared to Bst 2.0, the tested RNA samples were
identified as positive, and it was sufficient for diagnos-
tic systems with qualitative detection.

According to the user guides for AmpliSens®
SARS-CoV-2-IT, AmpliSens® IAV-IT, and AmpliSens®
IBV-IT reagent kits, they have a detection limit of max
10* copies/ml when used for RNA extraction from bio-
logical material with reagents from the RIBO-prep kit
and high specificity provided by 4-6 diagnostic primers
that are complementary to 6—8 regions of the target DNA.

The obtained results confirm that LAMP-based
reagent kits have high diagnostic specificity (100%)
compared to PCR test systems when used for anal-
ysis of RNA samples at a concentration of minimum
10* copies/ml. A major advantage of LAMP-based re-
agent kits is a significant reduction in the testing time
(31 min) compared to PCR using AmpliSens® COVID-
19-FL (103 min) and AmpliSens® Influenza virus

A/B-FL (150 min) reagent kits due to the shorter time
required for the amplification program.

The findings demonstrate that the developed con-
struct and the protocol for extraction and purification of
Bst-NHm4 polymerase enzyme have promising pros-
pects and need to be further studied to be used in new
and existing reagent kits for LAMP-based diagnostics
of different infections.

Conclusion

The offered protocol for extraction and purifica-
tion of the enzyme provides an efficient method for ob-
taining recombinant Bst polymerase in a soluble form,
with the protein yield reaching up to 19-20% of the
total cell mass. Thus, considering the fast and efficient
method of purification and production of the enzyme,
Bst-NHm4 is suitable for further application in LAMP
for diagnostic purposes.
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OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-348

NpymeHeHNe MUMMYHOMarHUTHOW cenapauuv anAa YCKOPEeHHOro
oOHapy»eHunA KneTok F. tularensis B o6pa3sujax nousbl

C MOMOLLbIO MMMYHOXpOMaTorpapuyeckoro tecrta

BetumHuH C.C,, LLeBsakoB A.[.*, ikoBnesa B.A., MupoHoBa P.U., buketos C.O.

locynapcTBeHHbIV HayUHbIN LEeHTP NpuKnagHoi MUKpobuonorum n 6motexHonorun PocnotpebHagsopa, OboneHck,
Poccua

AHHOMayus

BBeaeHue. 3nNn300TONOMMYECKUA MOHUTOPUHT 3apaXEHHOCTU TeppuUTOpUKU BO3ByauTenem TynsipeMmm npeano-
naraet cbop n nccnegoBaHve pasHOOOpasHOro NoneBoro Matepuana. AHanM3 Takux 0GbEKTOB 3aHMMaET Anu-
TenbHOEe BpeMsi U OCTAaTOMHO TPyAOEMOK. B CBA3M C 3TMM cyLlecTByeT NOoTpeOHOCTb B pa3paboTke MpPOCThIX U
ObICTPbIX AMArHOCTUYECKUX METOAUK, NMO3BONSIIOLLMX NPOBOANTL aHanuM3 obpasLoB B YCIOBUSIX OFPaHUYEHHbIX
pecypcoB.

Llenb paboTbl — n3y4nTb BO3MOXHOCTb NMPUMEHEHNS UMMyHOMarHuTHon cenapauun (MMC) ans yckopeHHown
netekunmn knetok Francisella tularensis B o6pasLax No4YBbl C UCMOMNb30BaHNEM UMMYHOXpoMaTorpadun.
Matepuansi n metoabl. IMMyHOMarHWTHblE YacTuLpbl NOMy4Yanu Ha OCHOBE MOHOKMOHAmbHbIX aHTUTEN K nu-
nononucaxapvay so3byauTtens Tynsapemun. [ns uccnegoBaHus MCnonb3oBany obpasubl NoYBbl Maccon 1 T, B
KOTOpble NpeaBapuTenbHO BHOCUIN MHAKTUBMPOBaHHbIe KneTkun F. tularensis 15/10. O6pasLbl No4YBbl NepemeLun-
Banu B aKcTparmpytowem bydepe, hmunsTpoBany 1 NPOBOAUNN CenapaLmio TYNAPEMUNHBIX KNETOK C NOMOLLbHO
CYCMNEH3UN NMMYHOMArHUTHbIX YacTuy,. YacTuupl OTMbIBaANKU, pecycneHampoBanuy B SkcTparnpytowem dydepe u
nporpesanu npu 100°C B TeyeHne 5 mMuH. CynepHaTaHT aHanM3upoBanu ¢ NOMOLLbIO TecT-nonocok «UX-tect
F. tularensis».

PesynbraTthbl. [lpymeHeHne covetaHnsa metoga MMC 1 nmmyHoxpomaTorpadmnyeckoro Tecta Ansd AeTekumnn kne-
ToK F. tularensis no3sonuno obHapyxuTb 8o 1 x 108 kneTtok Bo3byauTENs TynsipemMun B nccrnegyembix obpasuax
MoyBbI, B TO BpeMs kak B npobax nouskl 6e3 VIMC BbisiBneHo 1 x 107 KneTok.

BbiBoabl. PaspaboraHa meToanka, OCHOBaHHasa Ha ncnonb3osaHun MMC 1 nmmyHoxpomartorpadmnyeckoro Te-
CTa, OTKpbIBaOLLAs NEPCMNEKTUBbLI YCKOPEHHOW AMArHOCTUKM 3apaEHHOCTM 0Opas3uLoB MoYBbLlI B ovare Tynsipe-
MUINHOW MHekuun. Bpems npoBeaeHus aHanuaa — okorno 3 4. YyBCTBUTENBHOCTL OnpeaeneHus Bo3byanTe-
nst — 1 x 108 MukpobHbIX kneTok B 1 r obpasua noysbl. MeToanka npocta, He TpebyeT CroXHOro, JOPOrocTos-
Lwero obopynoBaHns 1 MOXET ObITb Nerko aganTupoBaHa Anst TeCTUPOBaHMS 06pas3LoB ApYroro NPONCXOXAEHMWS
(Boma, 3epHo u ap.). MNonyyeHHble B npouecce cenapauun 6aktepuanbHble KNeTkn MoryT 6biTe nepeaaHbl Ans
netekumm F. tularensis gpyrummn metogamu.

KnroueBble cnoBa: F. tularensis, UX-mecmupoeaHue, uMMyHOMa2HUMHasi cenapauusi

WcTouHMK dpuHaHcupoBaHus. VccnenoBaHue BhINONIHEHO B paMKax oTpacrieBoi nporpamMmMel PocnoTpe6Hagsopa.

KoHcnuKT uHTepecoB. ABTOpbI AEKNAPUPYIOT OTCYTCTBME SIBHbLIX U NMOTEHLMANbHbBIX KOH(NNKTOB MHTEPECOB, CBS3aH-
HbIX C NybrMkaumen HacTosILLEeN CTaTby.

Ons umtupoBanus: BetunnuH C.C., LeeskoB A.I",, Akoenesa B.A., MupoHosa P.U., BukeTtos C.®. [pumeHeHne ummy-
HOMarHWTHOW cenapaumn Ans yCKopeHHoro obHapyxxeHus kneTok F. tularensis B 06pa3suax no4sbl C NOMOLLbIO UMMYHO-
XxpomaTtorpaduyeckoro Tecta. XKypHasn Mukpobuonoauu, anudemuonoauu u ummyHobuonoauu. 2023;100(3):219-224.
DOI: https://doi.org/10.36233/0372-9311-348

EDN: https://www.elibrary.ru/pisplo
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Application of immunomagnetic separation for accelerated
detection of F. tularensis cells in soil samples using
an immunochromatographic test

Sergey S. Vetchinin, Anton G. Sheviakov™, Vera A. Jakovleva,
Raisa I. Mironova, Sergey F. Biketov

State Research Center of Applied Microboilogy and Biotechnology, Obolensk, Russia

Abstract

Introduction. Epizootological monitoring of the area contamination with the causative agent of tularemia implies
the collection and analysis of a variety of field specimens. The analysis of such objects is time- and labour-con-
suming. In this context, simple and fast diagnostic techniques are needed to analyze specimens under resource-
limited conditions.

Aim. To study the possibility of using immunomagnetic separation for accelerated detection of Francisella tular-
ensis cells in soil samples using immunochromatography.

Materials and methods. Immunomagnetic particles (IMPs) were produced by using monoclonal antibodies to
lipopolysaccharide (LPS) of the tularemia causative agent. Soil specimens weighing 1 g with preliminary intro-
duced inactivated F. tularensis 15/10 cells were used in the study. The samples were suspended in an extrac-
tion buffer (EB) and filtered. Tularemia cells were separated by IMP suspension. The particles were washed,
resuspended in EB and heated at 100°C for 5 minutes. The supernatant was analyzed with test strips based on
«F. tularensis 1C-test kit».

Results. A combination of the immunomagnetic separation method and the IC test to detect F. tularensis cells
identified up to 1 x 108 cells of the tularemia pathogen in analyzed soil samples, while 1 x 107 cells were detected
in soil washouts in the absence of immunomagnetic separation.

Conclusion. The developed technique combining immunomagnetic separation and IC tests opens up prospects
for express diagnostics of soil sample contamination in tularemia foci. The analysis takes about 3 hours, and its
sensitivity is 1 x 10° cells/g of soil. The technique is simple, not requiring sophisticated expensive equipment. It
can be easily adapted for testing other specimen types (water, grain, etc.). In addition, separated bacterial cells
can be used for F. tularensis detection by other methods.

Keywords: F. tularensis, lateral flow immunochromatographic analysis, immunomagnetic separation
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BeepeHune II rpynny naroreHHbIX OakTepuil (OMacHBIX AJIS Yello-

Tynapemuss — 300HO3HasT MOPUPOTHO-OUATOBAS
uH(eKnus, BbI3bIBacMast Oakrepuein Francisella tula-
rensis. 3a0oJeBaHUE XapaKTEPU3YETCS CHUMIITOMAMHU
00IIeil MHTOKCUKAIIUY, JINXOPAJKOH, BOCIAIUTEIbHBI-
MU U3MEHEHHUSAMHU B 00IaCTH BOPOT MH(PEKIMH, PETHO-
HAPHBIM JIMM(AJCHUTOM, CKIIOHHOCTBIO K 3aTSHKHOMY
TeueHnto. OCHOBHBIMU pe3epByapaMu U UCTOUHUKAMHU
BO30YIUTENS TYJISIPEMUHN B €CTECTBEHHBIX YCIOBUSX SIB-
JISTFOTCSL TUKUE MITHUIIBI U )KUBOTHBIE (0K0JI0 50 BUIOB),
BoJa M TUIpoOnoHTHI [1]. Ha Tepputopun mpupoaHbix
0UaroB TYISAPEMUU MOTYT 3apa’kaThCs OBIIBI, CBHHbBH,
KPYIIHBIA poratblii ckoT. IlepeHocumkamMu MHQEKIUU
SIBJISIFOTCSL KJICIU, KOMaphl, ciienHu, 0yoxu. CornacHo
kiaccudukamnmu, Bo30ynuTens F. tularensis BXOOUT BO

© Vetchinin S.S., Sheviakov A.G., Yakovleva A.V., Mironova R.I., Biketov S.F., 2023

BEKa) U OTHOCHUTCS K HauOoJiee OMacHBIM MHUKpPOOPTa-
HU3MaM KaTeropuu A, CIOCOOHBIM BBI3BIBaTh Macco-
BBIC 3a00JI€BaHUS JMOACH (IMUAEMUUECKUE BCIIBIIIKH).
B cBsi3u ¢ 3TUM TpeOyeTcst MOCTOSHHBIA MOHUTOPUHT
NPUPOAHBIX OYArOB TYISIPEMHUHU C MPUMEHEHHUEM pas-
JUYHBIX METOIOB KOHTPOJIA.

Jlerekuuio TynspeMHUIHOIO aHTUIE€HA COITIACHO
MY 3.1.2007-05 «2nuaeMuonoruueckuii Haa30p 3a
TYJSIPEMHUEID MPOBOIAT I ONPEACICHUS SIU300THH
(Texymiel WM TPOIUION) Ha HCCIETyeMOW TEppUTO-
pun. MHpuuupoBanue TyaspeMHeld MPOUCXOOUT MpU
BJIBIXaHUU IBUIEBOTO a3p030Jis, COAEPIKAIEro >KUBHIE
TynsipeMuiiHbIe KieTKu. [IblIeBoii a3po3oiib 0Opasyer-
Csl M3 YacTHUII 3€MJIU B XOJI€ CEIbCKOXO03SIIICTBEHHBIX pa-
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00T ¥ MPOM3BOJCTBA MPOAYKTOB MUTAHMA. 3apa)KeHUE
MOYBBI TYITAPEMUNHBIMU KJIETKaMHU MIPOUCXOIUT Yepe3
MOMET XUIIHBIX [ITHI, TPHI3yHOB. MOHUTOPUHT 00BEK-
TOB BHEIIHEH Cpe/ibl — OJIUH U3 d3PPEKTUBHBIX CIIOCO-
00B 0OHApPYXHUTh BO3OYAMTEINS TYIAPEMUU Onaroaaps
ero ycroitunBoctH. [jis1 nccnenoBanust 00pasLoB OKpy-
Karole cpeapl OTOMPAIOT MOTaAKH U MTOMET XUIIHBIX
NITHILI, KPOBOCOCYIINX HACEKOMBIX (TIOCJIE TOMOTEHU3a-
LUK ¥ DKCTParupoBaHHsA), TPOOBI BOABI U WiIa U3 BO-
n0EMOB, THE3/IA BMECTE C MOYBOM M ApYyrue 0ObEKTHI,
3arpsi3HEHHBIC BBIACICHUSIMHU TphI3yHOB. MccnenoBa-
HHUE 00pa3loB, MPEACTABISIONINX COO0M CIIOXKHbBIE Ma-
TpHILBI (HanpUMep, MoYBa), METOIAMH UMMYHOAUATHO-
CTHKH TpeOyeT U3BJIeUEHHs OaKTepHaIbHBIX KIETOK U3
CMECH ¢ APYTHMH MHUKPOOPTraHU3MaMH U KOMIIOHEHTa-
MU cyOcTpara, 3aTpyAHAIOUIMMHU IPOBEACHUE aHAIN3A.

B cocrtaB nepeyHs AMarHOCTHYECKUX TECT-CHCTEM
Uil Tab0opaTopuil TEPPUTOPUATBHOTO, PETHOHAIBHOTO
u QenepasbHOTO YpOBHEH CaHUTApHOH ciy:xObl PO
yTBEepKAEH HAOOp peareHTOB Uil WMMYHOXPOMATo-
rpaduyeckoro (MX) skcnpecc-Tecta s BbISBICHUS
u uneHTu(UKauuuM Bo3OyauTens Tyaspemun «MX-
tect F. tularensis» (OCP 2009/05486, TY 9398-092-
78095326-2000"). UX-TecT pa3paboTaH Ha OCHOBE BHI-
cokocnenu(puIHbIX MOHOKJIOHAIbHBIX aHTHTEN (MKA)
[2]. B wactHOCTH, TpuMeHeHue >Toit MX-tecT-cucre-
MBI JIJIs 9KCIIPECC-BBISIBICHUS TYISPEMHUIHOTO MUKPO-
0a rmpu MpoBeIeHHMH MOHUTOPHUHTA IPUPOAHBIX 0YAroB
CesepHaoro KaBka3a mokasaino e€ BEICOKYIO crienupuy-
HOCTB. Y Bcex 69 mraMMoB F. tularensis, BBIIEIEHHBIX
u3 Kiemiel, Habmonaau GopMUPOBAHKE MOJIOCH B Te-
cToBO# 30HEe. UyBCTBHTENBHOCTL cocTaBwiaa 1 x 107
MUKPOOHBIX KJIETOK/MII [3].

B kauecTBe OOHOrO M3 MOAXONOB LIS yBEJHYE-
HUS YyBCTBUTEIBHOCTH TUATHOCTHUKH WH(EKIIMOHHBIX
areHTOB M UX MapKepOB B HUCCIENLyeMBIX 0Opa3nax Mo-
KET UCIOJIb30BaThCs dTal KOHUEHTPUPOBAHUA C TMpPU-
MEHEHHEM UMMYHOMAarHuTHbIX yactul (MMY), B uacT-
HOCTH, B TaKMX METOJaX AMAarHOCTHKH, KaK UMMYHO-
(dbepmenTHBIM aHaM3 [4—7], uMMyHOXpomarorpadus
[8], uzorepmuueckas amruiudukaus [9], momumepas-
Hag uemnHas peakuus [10].

Hens Hacrosmieir pabOTbl — M3YyYUTh BO3MOXK-
HOCTh TPUMEHEHHsI MMMYHOMAarHHUTHOW cemapaunuu
JUIsl YCKOPEHHOHM JIeTeKUUU KIeToK F. tularensis B 00-
pa3uax moyBbl ¢ UCIONb30BaHueM X,

Matepuanbl u meToabl
bakmepuasnsHblie wumammel

Bakuunnslii mramm F. tularensis subsp. holarcti-
ca 15/10 HUUDI' (tutamm B-4341) Obin momyueH u3

! HOpS{}lOK OpraHusallii U MOPOBEACHUSA na60paT0pH01>’I JUarHo-

CTHKH TYIIPEMHU IJISI TaO0paTopHil TEPpPUTOPUATIBHOTO, PETHO-
HAJIBHOTO U (pellepanbHOro ypoBHEH: MeTonuueckue yka3aHUs
MVYK 4.2.2939-11. M.; 2012. 59 c.

T'ocynapcTBEHHOM KOJUIEKIIMM IIATOI€HHBIX MUKPOOP-
TaHU3MOB U KJIeToYHBIX KynbTyp «I KIIM-OOGoneHnck»
OBYH I'HII IIMBb.

Ycnosus Ky/lemusuposdHUusA

KynbTuBupoBaHUe M HHAKTUBALMIO IITaMMa F. fu-
larensis subsp. holarctica 15/10 HUUDI npoBoauiu
10 OMHMCAaHHOU paHee MeToauke [11] B cOOTBETCTBUH C
CaHUTAPHBIMU MTPABUIIAMHU?.

Hapabomka MoHOK/IOHAIbHbIX aHMumen
K 8036youmersnto mynapemuu

s Hapabotku MKA x iunononucaxapuny F. fu-
larensis ruObpunomy 3F5 [11] BeipamuBanu in vitro B
KyJ1bpTypaibHbix (uakonax T-75 («TPP») Ha cpene
RPMI-1640 («Gibco») c nobasnenuem 10% derans-
Hoii Obrubeli ceiBopotku («HyCloney) mpu 37°C u 5%
CO,. ITocne 4-6 cyT pocTa Ky/IbTypaabHyI KHIAKOCTb
¢ KJIeTKamMu TuOpuoM nentpudyruposanu npu 500g B
TEUeHHe 5 MHH, OCEBLIME KIIETKH PECYCIIEHAMPOBAIN
B crepmwibHOM 0,9% pactBope NaCl 1o KoHIeHTpauu
1 x 10° kaetox/mi v BBOAMIM 110 1,0 M1 BHYTPHOPIOTII-
WHHO MbImam JuHnu BALB/c.

Mpimam 3a 21 cyT BHYTPUOPIOLIMHHO BBOIMIN
0,5 mn mpucrana («Sigma-Aldrich»). Uepe3 7-10 cyt
Mocjie UHBEKIUU CYCIIEH3UH THOPHIOM Y MBIIIEH CO-
Oupanu acIUTHYIO KHJIKOCTh, cojepxaimryro MKA.
Krnetku u3 aciuTHOMN KUAKOCTH YAAISUIA LIEHTPUPYTHU-
poBanuem npu 1000g B Teuenue 15 mun. CynepHaTant
cMmemmBainy B cootHomenud 1 : 4 ¢ 0,1 M docdarasim
OydepusiM pactBOopoM pH 8,6, unbsrpoBanm uepes
noAM3GUPCYIbGOHOBBIA (QUIBTP C OUAMETPOM TMOP
0,22 mxMm («TPPy).

MKA ounmanu ¢ nomonipio apduHHON Xpoma-
Torpadun Ha Xpomarorpaduueckoil KOJOHKE ¢ OenoK
A-cedapozoit  «MabSelectA» («Cytiva»). Komnonky
MPEABAPUTEIILHO ypaBHOBEIIMBaIN (ocdarHbiM Oy-
(epHBIM PacTBOPOM, 3aTeéM MPOIYCKall pa3BeACHUE
acuTa co ckopocTbio 0,5 Mii/MuH. CBA3aBIIUECST UIMMY-
HOI00ynuHBI AmonpoBanu 0,1 M HaTpuid-UUTpaTHEIM
OydepubiM pactBopoM pH 3,0 1 renb-puibTpainoHHOM
xpomarorpagueii Ha koioHke ¢ cedanexc G-25 («Cyti-
vay) nepeBoauin B pocdatHo-coneBoi OydepHbIi pac-
1BOp (DPCB) pH 7,4. KoHlIeHTpaluIo MOTYyYEHHBIX UM-
MYHOTJIOOYJIMHOB OTNpENeNsuid Ha CIEeKTPO(OTOMETpE
«DS-11» («DeNovix»).

I'Ionyquue UMMYHOMAZHUMHbIX Hacmuy

g nomyuenust UMY ¢ MKA 3F5 ncnons3oBanu
KapOOKCHJIMPOBaHHBIE MarHuTHBIE YacTHlbl («Mag-
Sphere»). KapOokcuibHble Tpynibsl aKTUBHPOBAJIH

2 TlocraHoBneHue [JIaBHOTO rOCYIApCTBEHHOTO CAHUTAPHOTO Bpa-
ga P® ot 28.01.2021 Ne 4 (pen. ot 25.05.2022) «O0 yTBEpx)ae-
HUY caHUTapHBIX TpaBwi 1 HopM CanlluH 3.3686-21 "Canurap-
HO-3ITHJEMHOJIOIHYECKUE TPeOOBaHUs O NPOQUIAKTHKE HHPEK-
LIMOHHBIX O0JIe3HEH".
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KapOOIMUMHIHBIM METOJIOM C UCIIOJIb30BanreM 10 MM
1-3T1-3-(3-AMMETHIAMUHONIPOTIMI )KapOOAUUMUIA 1
20 MM N-rugpokcucykuunumuaa («Sigmay») B 0,1 M
MopdonnHo3TaHCynbHOoHOBOM OydepHoM pacTBope pH
5,0 ¢ 0,05% TBun-20 (MEST). AKTHBaIMi0O MarHut-
HBIX YacCTHL IPOBOAMIM MPH KOMHATHOM TeMIeparype
C MOCTOSIHHBIM IlepeMellrBaHueM B TeueHue 40 MuH.
[Tocne MpOMBIBKM HA MArHUTHOM LITaTHBE K YAaCTHULIAM
nobasnsuin pactBop MKA 3F5 B MEST. Konstorupo-
BaHUE MPOBOAMIN B TeueHHe 90 MUH MPU NOCTOSTHHOM
nepememBanuy. OcTaBIIMecs PeaKIHOHHO-CIOCO0-
HBbIE TPYIIBl YaCTHI MHAKTHBUPOBAIN I00ABICHUEM
1% pactBopa anbeOymuna. [oToByro cycnensuro UMY
npombiBaiu 1 nepeBoamwu B @CB ¢ 0,1% Triton X-100
u 0,01% asuna Harpus (PCB-T).

Mod6op onmumarnsHeix ycnosud
UMMyHOMazHUMHoU cenapayuu

B ®Cb-T roroBunu cycrneH3ud MHAKTUBUPOBAH-
HBIX KJICTOK BaKIMHHOTO tamMma F. fularensis 15/10 ¢
koHteHTparusamMu 1 x 10°—1 x 10® MUKPOOHBIX KIETOK
B 10 mu1. B cycnieH3un MUKpOOHBIX KJIETOK BHOCHIIH IO
10 wnu 20 mxa 2,5% cycnensuun UMY. Bpemst uuky-
OMpoBaHMS IS Ka)JOH KOHIICHTPAIlMHd MUKPOOHBIX
kierok u UMY coctasnso 30 u 60 mun. [locne un-
kyoupoBanust UMY ocaxkipanu B MarHUTHOM IITATHBE.
Hanee vactunsl pecycnenaupoanu B 100 mxn 0,1 M
nuTparHoro oydepuoro pacteopa pH 3,0 wiu ®CB-T u
nporpeanu npu 100°C B TeueHue 5 MuH. 3aTeM 4acTH-
bl OCaKJAIX HA MAarHUTHOM IITAaTUBE, MOIYYCHHBIH
CylepHaTaHT aHanu3uposBaiu B IX-tecre, 1 uurpar-
HOTO Oy(hepHOro pacTBOpa MPEABAPUTEIHLHO JOBOAUIH
pH 1o 7,0. B xauecTBe OTpHULIATENEHOTO KOHTPOJIS HC-
MOJIL30BaIM 00Pa3iibl 10 nHKyOanuu ¢ UMY,

lpobonodzomoska 0b6pasya noysel

Jns vccnenoBaHusl WCIONb30BAIH CYDIMHUCTYIO
MOYBY, MUMHUTHPYIOIIYIO oOpasel] THe3la TPBI3YHOB,
KOHTaMHHUPOBAHHOTO TYJISIPEMUHHBIMUA OaKTEPUSIMU.
B naBecku moussl Maccoi 1 r mo6asmsuin mo 100 MK
MHAKTUBUPOBAHHBIX MEPTHOJISITOM HATPHs KIIETOK Bak-
uuHHOro mramma F tularensis 15/10 B xoiauuecTBe
1 x 10°~1 x 10® MUKPOOHBIX KJICTOK U HHKYOHUpPOBAJIH B
Tedenue 30 MUH ITpU KOMHATHOM TeMIieparype. JKCTpa-
THPOBaHUE MUKPOOHBIX KIJIETOK MPOBOAWIN ABYMS Oy-
¢depubiMu pactBopamu: b1 — ®CB ¢ nobasnennem
0,05% Teun-20, 552 — 50 MM ¢ocdarubiii OyhepHbIit
pactBop pH 7,4 ¢ 0,5 M xnopuna nHarpust u 1% Triton
X-100. OOpa3up! MoYBHI nepeMennBaid B TedyeHue 30
MUH ¢ 9 MII K&X]I0T0 3KCTparupyroniero 0ydepa, orcrau-
BaJi B TeueHue 10 MuH, cynepHatanT (GpuibTpoBaiy Ho-
CJIeIOBATENILHO Yepe3 BAaTHBIM TaMIIOH U (PHUIIBTPOBAIb-
Hylo Oymary, mpeaBaputenbHo cMmoueHHble DB1/0B2.
Koneunblit 006€M (uitbrparoB noBoxwim 10 10 M, rmpo-
MmbiBas GuisTpel. K momyuennomy ¢unsrpary qo6aBis-
mm 20 Mk 0,25% cycnenzun UMY u uHKyOUpoBanu ¢
nepemMelBaiuemM B Teuenue 30 MuH.

SCIENCE AND PRACTICE

lMocmaroska UX-mecma

Jns nocrtanoBku MX-TecTa UCNOJIb30BaIU TECTHI
B popmare aurcTuk Ha ocHoBe «MIX-Tect F. tularensis»
(®BYH THII [IMB, O6onenck). TecT-monocku nome-
AT B JIYHKH 96-IIyHOYHOTO IUIAHIIETa, COACPKAIINE
mo 100 Mxn uccaenyembix oOpasuoB. TecTupoBaHue
NPOBOAWIA B 5 NOBTOpaxX ISl KAaKJOM KOHLIEHTpa-
UM MHUKPOOHBIX KJIETOK. Pe3ynpraT oleHHBamM yepe3
15 MUH BU3yalbHO.

PesynbraTtbl

HccnenoBanue  MEepCHEKTHB — MCIOJIb30BAaHUS
MNX-Tecta B MONEBBIX yCIOBUSAX HA IIPUMEPE MOIEIb-
HOM TeCT-CUCTEMBI AJIsl aHaJIn3a 00pa31oB MOYBHI, KOH-
TaMUHUPOBAHHBIX KieTKaMu F. tularensis, 3akimodaet-
C B pEIICHUHU CIEAYIOUUX 3a/ady: KOHbIOTUPOBaHUE
MarHuTHbIX yactul, ¢ MKA u noabop ontuMaibHOTO
konuuectBa UMY s cenapanuu, ycioBUsl SKCTpPak-
UK KIetok F tularensis n3 o0pa3noB MOUYBBI, CHATHUS
OakrepuanbHbIX KieTok ¢ UMY nocne cenapauuu.

MarHuTHbIe YacTUIBl CO CBOOOAHBIMU KapOOK-
CWJIBHBIMM TpyInamu koHblorupoBain ¢ MKA k mu-
nononucaxapuny F. tularensis 3F5 xapOoauuMuaHbIM
merogoM. [ns momydueHHbix UMY onTtumanbHOE UX
rxonuuectBo coctaBmiio 20 Mk 0,25% cycneHzuu npu
cemapauuy kieTok u3 10 M ¢unsTpara u onTUMab-
HOM BpeMeHH HMHKyOaumu 30 MHH. YBenuueHHe Bpe-
MeHH WHKyOupoBaHus oopazuoB ¢ UMY no 60 mun He
BIIMSIO Ha pesynbsrarsl MX-tecta. YMeHbIIEHUE Ko-
nuuyectBa UMY o 10 Mk 2,5% cycnieH3un CHUXKAJo
YYBCTBUTENBHOCTh NPU BU3YaJIbHOW PETUCTpalluu pe-
3ynbraroB UX-tecra.

[TpoBepka KiIE€TOK MOCIe cenapanuu U3 GuibTpa-
Ta C UCIIOJIb30BAaHUEM JIS IKCTPAKIIUU OypepHOro pac-
TBOpa OB 1 nponemoHcTpupoBana nosiBineHue HOHOBOR
peakLuy B BUJie KOPUUHEBATHIX MOJIOC B TECTOBOM 30HE
KaK B OIBITE, TaK U B OTPULIATEIILHOM KOHTpoJIE. 3amMe-
Ha nereprenra TBuH-20 Ha Triton X-100 u yBenuueHue
HOHHOU cuiibl OydepHoro pactopa B Ob2 mpusenu
YCTPAaHCHHUIO HECHEIU(PUICSCKON PEeaKIMU B TECTOBON
30He (puc. 1).

Omrounio 6akTepuanbHBIX KieTok ¢ UMY mocne
cenapanuy MpoBOAMIM B LUTpaTHOM OydepHOM pac-
tBope pH 3,0 mnu B Ob2 npu 100°C. OntumansHoe
BpEM:I TIOJTHOTO CHATHS OaKTepUaIbHBIX KJIETOK C Mar-
HUTHBIX YaCTULl NPU KUIAYEHUH B HUCCIIETOBaHHBIX
Oy(epHBIX pacTBOpPaxX COCTABIISIO 5 MUH. YBEIUYCHHE
BPEMEHU KUIISTYEHUS HE BIMSIO HAa UyBCTBUTEIBHOCTh
tecta. OHAKO MPU TIOLUUU KUCTBIM Oy(PEPHBIM pacT-
BOpPOM HE00X0oauMo JoBoAuTH pH 10 HelTpalbHOTO,
YTO YBEJIMYUBAET BpeMs aHaidu3a. B cBsI3u ¢ sTtum
1T AanbHelme paboTsl BHIOpaHa METOMKa Mporpe-
Ba B Ob2.

Ha puc. 2 npeacrasnens! pesynpTarel MX-tecta
00pa3LoB MOYBBI C PA3TUYHBIM COACPKAHHEM KJIIETOK
F. tularensis. Tlpenen oOHapy>KeHUsI NIPU BU3YyaJIbHOM
aHanuse g MX-recra nocne UIMMYHOMAarHuTHOM ce-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIMI. 2023; 100(3) 223

DOI: https://doi.org/10.36233/0372-9311-348

HAYKA /I TPAKTUKA

_—

K| C o K| C i
T T i

.L' =

-

1"

Puc. 1. Pesyneratbl IX-TecTMpoBaHMsi nocne MMmyHomar-
HUTHOW cenapaumnu kneTtok F. tularensis n3 o6pasuos NoYsbl
B Ob1 (a) n 3B2 (6).

71— 1 x 107 kneTok Ha 1 I NoYBbI; 2 — OTpULATENbHbIA KOHTPOIb;
K— KOHTPOJIbHaA 30Ha; T — TecToBasd 30Ha.

Fig. 1. The results of IC test after immunomagnetic
separation of F. tularensis cells from soil samples in EB1 (a)
and EB2 (b).

17— 1 x 107 microbial cells per 1 g of soil; 2 — negative control;
C — control zone; T — test zone.

nmaparuu coctaBua 1 X 10 MUKpOOHBIX KJIeTOK Ha 1 T
o0paslia MouBkL, B TO BpeMs Kak B (puibTpare A0 cemna-
pauun — 1 x 107 MUKpOOHBIX KJIETOK.

O6cyxaeHne

Ha ocHoBe momy4eHHBIX pe3yNbTaToB MpHU HC-
CIIEIOBAHUU O0pa3LOB IMOYBBI, COIEpXKAallel KICTKH
F. tularensis, npeanoxeHa MeTOANKa KOMOMHUPOBAHUS
MMMYHOMArHuTHOM cenapauuu u MX-rectuposanusi.
Meroauka He TpeOyeT CIIOKHOTO MpuOOpHOro obe-
CIIEYEHUs] U TMO3BOJSET NMPOBOAUTH MOHUTOPHUHI BO3-
OynuTens TyIIpeMUH HETIOCPEACTBEHHO B IPUPOJHOM
ouare. Bpems mpoBenenus anaiausza o0pasLoB HE Mpe-
BhImaeT 3 4. [lonydyeHnHas npu uccieoBaHuM 1yBCTBU-
TENBHOCTh ONpeAeIeHus] BO30ynuTeNs cocTaBusieT 1 x
10° MUKPOOHBIX KJIETOK B 1 T 00pa3iia MouBbI, YTO KOP-
peIupyeT ¢ YyBCTBUTEIBHOCTHIO KOMMepueckux [12]
u mozaenbHbIX [13] UX-TecT-cucteM, MOMyUYEeHHBIX HA
KJIeTKax BOo30yauTens Tynsapemuu. Kpome Toro, momy-
4yeHHble nocne cenapauun UMY ¢ GakrepuanbHBIMU
KJIETKaAMU MOTYT OBITh MiepelaHbl Uil AeTeKuuu F. tu-
larensis OpyruMyd MeETOAaMH, B YaCTHOCTH MMMYHO-
(epMEHTHBIM aHAIM30M U METOJIOM IETICBON HU30Tep-
MHUYECKOH aMIUTH(UKAIHH.

Y
-
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Puc. 2. Pesynerat IX-TecTnpoBaHus cunbstpaTta obpasuos
no4sbl o (a) n nocne (6) UMMyHOMarHUTHOW cenapauum
knetok F. tularensis.

1—1%x108MK;2—1x10"MK.; 3— 1 x 108 M.K.;
4 — 1 x 105 M.K. — KONMMYeCTBO MUKPOOBHbIX KNETOK B 1 T NOYBbI;
K — koHTponbHas 30Ha; T — TecToBas 30Ha.

Fig. 2. The result of IC test of the filtrate of soil samples
before (a) and after (b) immunomagnetic separation
of F. tularensis cells.

1—1x108m.c.;2—1%x10"m.c.;3— 1 x10°m.c.;
4 — 1 % 10° m.c. — the number of microbial cells in 1 g of soil;
C — control zone; T — test zone.

3aknioyeHue

[TomoOpanbl oNTUMAIBHBIE YCIOBHS UCIIOIB30BA-
HUS MMMYHOMAarHWTHOHM cemapainuu JIjsi yCKOPEHHOU
IMArHOCTHUKY F. tularensis B KOHTAaMUHUPOBAHHBIX 00-
pa3uax noussl ¢ nomoupo UX-recra. [Ipeqnaraemas
METOJIMKA TIPOCTa, HEe TPEOYET CIIOKHOTO JOPOTrOCTOs-
Iero 000PyI0BaHuUs, MOXKET OBITh JIET'KO a1allTUPOBaHA
JUTsl TECTUPOBAHMsI 00pa3lOB Pa3jIMYHOTO MPOUCXOXK-
neHus (Bola, 3€pHO U T.JI.) M, HCCOMHEHHO, OKaMXeT-
Cs TIOJIE3HOW TIPH MPOBEICHUU AMU300TOIOTUYECKOTO
o0cienoBanus MPUPOIAHBIX ouaroB. Kpome toro, me-
TOJIMKA MOXET OBITh MCIOJIb30BAHA JUIS ONPEACICHUS
JIUTIONONIUCaXapu/ia B KIMHHYECKUX 00pa3iax Mnpu Jiu-
arHoctuke 3a0osneBanus Tymspemueii [ 14].
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Abstract

Although WHO declared an end to the pandemic, COVID-19 remains a significant public health concern worldwide.
Modern vaccines often induce either only humoral or only cellular immunity. Furthermore, new emergent
epidemiologically significant SARS-CoV-2 variants and their spread considerably reduce the effectiveness of
preventive vaccination. Therefore, there is an urgent need to improve the existing vaccines against COVID-19.
One of the promising approaches to the solution of the problem is creation of a "universal" vaccine that would have
a cross-protective activity against different antigenic variants of the virus. In this respect, the development of live
attenuated vaccine is of special interest, as it can activate not only humoral, but also cell-mediated components
of immunity, providing long-term immune response and cross-protection against different variants of the virus.
This review highlights the existing approaches to producing attenuated SARS-CoV-2 strains and gives an
assessment of their prospects for clinical use. Some researchers use methods of genetic engineering and reverse
genetics such as site-directed mutagenesis and codon deoptimization for virus attenuation. Others tend to use
traditional approaches focusing on producing virus mutants through extended passaging in cell culture under
selective conditions. The gained experience demonstrates great prospects for development of highly effective
live-attenuated vaccine against COVID-19.
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’usBble atTeHynpoBaHHble BakuuHbl npotye COVID-19: noaxoabl
K pa3paboTtke n nepcnekTuBbl KNMHNYECKOro NpuMeHeHnsA

KopueBas E.P."™, IpaueBa A.B.", ibsikoB U.H.', 3BepeB B.B.!, ®aisynoes E.b."

1H:':ly‘-lHO-VICC)'IE,[],OBaTEJ'IbCKI/IVI NHCTUTYT BaKUUH 1 CbIBOPOTOK UMEHN WN.N. MeuHunkoBa, MockBa, Poccus;
2Poccuinckan MeanUunHCKaAa akagemMma HenpepbiBHOIO ﬂpOd)eCCl/lOHaﬂbHOI'O o6pasoBava, MockBa, Poccnsa

AHHOMauus

HecmoTpsi Ha obbsBneHHoe BOS3 3aBeplueHne naHgemumn, COVID-19 octaétcs akTyanbHon npobnemon 3gpa-
BOOXpaHeHns BO BCEM Mupe. CoBpeMEHHbIE BaKLUHbI 3a4acTyto (OpMUpPYOT NGO TOMLKO rymopanbHbIi, nnbo
TONbKO KMNETOYHbIN UMMYHUTET. Kpome TOro, nosiBneHme 1 pacnpocTpaHeHe HOBbIX 3NMAEMUONOMMYECKN 3HaUN-
MbIX BapuaHToB SARS-CoV-2 3HauMTenbHO cHMXaeT 3heKTUBHOCTb BaKLMHONPOdUiakTuki. Bcé ato Tpebyer
COBEpLUEHCTBOBaHUS CyLlecTByLWMX BakumH npotus COVID-19. OgHuM 13 BO3MOXHbIX NMOOXOAOB K PELUEHNIO
AaHHON Npobnembl ABMAETCS CO3AaHne «yHMBepcanbHOM» BaKLMHbI, obnagatoLen nepekpECTHON NPOTEKTUB-
HOW aKTMBHOCTbIO B OTHOLLEHWM pa3HbIX aHTUIEHHbIX BApMaHTOB BUpYyca. B cBA3M ¢ aTUM npeacTaBnsieT nHTepec
pa3paboTka XUBOW aTTEHYMPOBaHHOW BaKLMHbI, COCOOHOM aKkTMBMPOBATb HE TOMbKO r'yMOparibHOE, HO U KINeTou-
HOE 3BEHO MMMYHUTETa, obecnevmBasi NPO4OMKUTENbHBIA UMMYHHbIA OTBET U NEPEKPECTHYIO 3aLUUTY OT pasHbIX
BapuaHTOB Bupyca.

B paHHOom 0630pe paccmaTtpuBaloTCsi peanv3oBaHHble MOAXOAbl K MOMYyYEHW aTTeHYMPOBaHHbIX LUITAMMOB
SARS-CoV-2 1 oueHMBaeTca noTeHuuan nx KnnmHmdeckoro npumeHeHms. OgHy aBTopbl Anst aTTeHyauum Bupyca
MCMONb3yT METOAbI FEHHOW UHXEHepUn 1 obpaTHOW FreHETUKW, Takne Kak calT-HanpaBleHHbIN MyTareHe3 u
AeonTMMu3auust KOgoHoB. [pyrne ucnonb3ytoT TPaguUMOHHbIA NOAXO0A, HanpaBleHHbIN Ha NonyvYeHne MyTaH-
TOB BMpYCa NyTEM ANUTENBbHOrO NAacCMPOBAHMS B KYNbTYpe KNETOK B CENEKTUBHbIX YCNoBusax. HakonneHHbI Ha
CErOAHSALIHUIA AeHb OMbIT NOKa3blBAET OOMbLUOK NOTEHUMAN CO34aHNUst BbICOKOI(MEKTUBHOW XXUBOW aTTEHYNpPO-

BaHHOW BakUMHbl npotue COVID-19.

KnioueBble cnoBa: xusebie ammeHyuposaHHbie 8akyuHbl, SARS-CoV-2, COVID-19, 063op

UcmoyHuk ghuHaHcupoeaHus. ViccnegoBaHue BbINOMHEHO 3a CYET rpaHTa Poccuiickoro Hay4Horo doHaa Ne 23-25-

00146, https://rscf.ru/project/23-25-00146/

KOH(#”UKm UHmMepecos. ABTOPbI AEKNapupyrT OTCYTCTBUE ABHbIX N NOTEHUWaNbHbIX KOHMIMKTOB NHTEPECOoB, CBSA-

3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.
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Mukpobuonozuu, anudemuonoauu u ummyHobuomnoeauu. 2023;100(3):225-236.
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Introduction

Although WHO declared an end to the pandemic,
COVID-19 remains a significant public health con-
cern worldwide. Efforts unprecedented by their scale
are being taken to reduce the burden of this disease,
including mass vaccination, development of new and
"retargeting" of existing pharmaceutical products. Viral
vector, mRNA, recombinant protein subunit vaccines
and inactivated whole-virion vaccines have been deve-
loped worldwide and are used for specific COVID-19
prevention [1-5]. The application of these technology
platforms shortens the time required for development
of vaccines with high safety profile, helps prevent se-
vere COVID-19 cases or fatal outcomes caused by a
homologous variant of the virus (i.e. the virus variant,
based on which the vaccine is developed). The emer-
gence and wide spread of new epidemiologically sig-

© Kopuesasi E.P,, IpaveBa A.B., [ibsikos U.H., 3Bepes B.B., ®aisynoes E.b., 2023

nificant SARS-CoV-2 variants, especially the Omicron
variant and its sublineages evading the immune protec-
tion developed against the Wuhan strain that was used
in development of most of the approved vaccines, have
considerably reduced the effectiveness of preventive
vaccination [6—8]. Therefore, it is advisable to improve
the existing vaccines and their match with the circulat-
ing SARS-CoV-2 variant to maintain the effectiveness
of vaccination at high levels. One of the promising ap-
proaches to the solution of the problem is creation of a
"universal" vaccine that would have a cross-protective
activity against different antigenic variants of the virus.
For example, good prospects are offered by the deve-
lopment of a live-attenuated vaccine (LAV) capable
of activating not only humoral, but also cell-mediated
components of immunity, providing long-term immune
response and cross-protection against different variants
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of the virus [9, 10]. It should be noted that currently the
potential of LAVs in prevention of COVID-19 remains
almost unrealized.

Currently approved LAVs are highly effective and
are successfully used for specific prevention of such
diseases as poliomyelitis, measles, rubella, chicken
pox, mumps, and influenza [11]. These vaccines were
developed by obtaining mutant forms of the virus,
which have reduced ability to replicate in human cell
culture [12, 13], or by creating cold-adapted (ca) tem-
perature sensitive (zs) variants incapable of replication
at human body temperature [14].

The purpose of this review is to highlight the ex-
isting approaches to SARS-CoV-2 attenuation and to
assess the prospects for clinical use of LAVs against
COVID-19.

Approaches to SARS-CoV-2 attenuation

Certain experience has been accumulated in pro-
ducing attenuated SARS-CoV-2 strains. Some research-
ers use methods of genetic engineering and reverse
genetics such as site-directed mutagenesis and codon
deoptimization for virus attenuation [15-20]. Others
tend to use traditional approaches focusing on produc-
ing virus mutants through extended passaging in cell
culture under selective conditions [21-24]. Currently,
the only LAV against COVID-19 - CoviLiv™ vaccine
(previously called COVI-VAC; developers: Codagenix
(United States) and the Serum Institute (India) is un-
dergoing clinical trials; it is a virus with deoptimized
codons in the S protein [5].

Classical (traditional) approaches to SARS-CoV-2
attenuation

One of the classical approaches to virus attenua-
tion is virus adaptation to growth at low temperatures;
usually, it is performed in cells of a different host. It was
used for development of live vaccines against influen-
za, rubella, and measles [25-29], and such vaccines are
widely used in different countries of the world. Cold
adaptation is a process, by which the virus gradually
adapts to growth in cell culture at low temperatures; it
is often associated with reduced replication at 37°C and
higher temperatures. The adaptation of the virus to a
new host and to the growth at low temperatures results
in development of mutant forms of the virus, which are
characterized by decreased replicative activity in a hu-
man body. For example, the virus having ca- and ts-phe-
notypes is not able to replicate effectively and to cause
pathological changes in the human body where the tem-
perature is higher than 37°C (Fig. 1). The ca-phenotype
represents the ability of the virus to replicate effective-
ly in cell culture at low temperatures compared to the
parent strain. The zs-phenotype is characterized by the
inability of the virus to replicate at 37°C, 39°C or 41°C,
while these temperatures are favorable for replication
of the parent strain.

For illustrative purposes, we can refer to the ex-
isting analog vaccine against the respiratory virus,
namely the live-attenuated influenza vaccine (LAIV),
which is administered intranasally. LAIV induces de-
velopment of not only systemic humoral and cell-me-
diated immunity, but also local mucosal immunity
at the point of entry of the virus into the body (the
"entrance gate" of infection) — the respiratory mucosa.
LAIV is based on using the ca-strain — an attenuation
donor bearing in "internal genes" mutations, which are
responsible for the ts-phenotype of the virus (the abil-
ity to replicate at 25-33°C, but not at 37-39°C) [30].
"Internal genes" encode all proteins of the influenza
virus except for surface antigens —hemagglutinin and
neuraminidase. Thus, when administered intranasal-
ly, ca/ts-strains of the influenza virus affect the upper
respiratory tract (this specifies their immunogenicity),
but they are not able to replicate in lungs and cause
pneumonia. Vaccine strains for LAIV are obtained by
reassortment between the donor strain and circulat-
ing strains, following which reassortant strains carry
"internal genes" responsible for their attenuation (att)
phenotype as well as hemagglutinin and neuramini-
dase genes responsible for protective properties of the
virus [29-31]. Drawing on the experience gained in
the LAIV development, several groups of researchers
are working on LAV against COVID-19.

For SARS-CoV-2 attenuation, in some studies, the
virus was adapted to growth at low temperatures com-
bined with change of the host [21, 22, 24, 32], while
Li et al. achieved attenuation solely by changing the
host [13]. The isolation and further cultivation of the
virus were performed in monkey kidney cell culture
(the Vero CCL-81 or Vero E6 cell line). To obtain ca-
strains, the wild-type (parent) strain was passaged at
the temperature gradually decreased to 21-23°C. When
the desired temperature was reached, the ca-virus went
through a few more passages at the low temperature to
secure the phenotype and was cloned using the plaque
method [24] or the limiting dilution method [21, 32].
The randomly selected ca-clones obtained during the
previous stage were examined for the presence of the

32-34°C

!

4%

ca MyTaHT
ca mutant

¢a/ts MyTaHT,
ca/ts mutant

Fig. 1. Virulence of the wild-type, cold-adapted (ca) and
temperature-sensitive (ca/ts) strains of the respiratory virus.

The wild-type strain can affect the upper and lower respiratory tract,
causing pneumonia, while the ca-strain primarily affects the upper
compartments, and ca/ts affects only the upper compartments of the
respiratory tract.
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ts-phenotype [21, 24, 33], which, like the ca-pheno-
type, is a possible marker of the virus attenuation [14].

Seo et al. were the first to describe the develop-
ment of the attenuated cold-adapted SARS-CoV-2 vi-
rus [21]. The clinical isolate of SARS-CoV-2 was at-
tenuated by cold adaptation to 22°C; each passage was
performed at a lower temperature if pronounced CPE
was demonstrated. The obtained attenuated strain had
both ca- and ts-phenotypes, which was associated with
59 mutations present in genes of structural and non-
structural proteins, including 37 nonsynonymous sub-
stitutions. The K18-hACE2 transgenic mice expressing
the gene of the human ACE2 receptor were immunized
with the attenuated virus; after they were experimental-
ly infected with the wild-type SARS-CoV-2, they not
only did not die, but also did not have any clinical signs
of the disease compared to the animals from the control
group. The a#t-phenotype of the ca-virus was confirmed
by the absence of pronounced histopathology in mouse
lungs and reduced replication in the internal organs
on the 6™ day after the immunization compared to the
wild-type virus.

The study performed at the Mechnikov Research
Institute of Vaccines and Sera was focused on the atten-
uation of the Dubrovka (D) strain of SARS-CoV-2 by
cold adaptation (gradual decrease of the growth tem-
perature during 42 passages to 23°C) in Vero CCL-81
cells [32]. Two ca-clones of the D strain were obtained:
The D-D2 variant having the ts-phenotype and capa-
ble of replication in Calu-3 human lung cells; and the
D-B4 variant that did not have the zs-phenotype and lost
the ability to replicate in Calu-3 human lung cells. The
genome-wide genetic characterization of the D-D2 and
D-B4 variants revealed up to 20 nucleotide and 18 ami-
no acid substitutions compared to the parent strain. In
the intranasally infected Syrian hamsters, both ca-vari-
ants demonstrated reduced virulence; they did not slow
down the weight gain, significantly more slowly repli-
cated in the lungs and other organs, caused significant-
ly less pronounced inflammatory changes in the lungs
compared to the D strain. Thus, it was concluded that
for ca-variants of SARS-CoV-2, the ts-phenotype was
not critical for virulence reduction. For example, the
D-B4 variant that did not have the ts-phenotype and
lost its ability to infect Calu-3 human lung cells also
demonstrated the reduced virulence in hamsters [23].

Xu et al. attenuated SARS-CoV-2 by passaging
the virus in the Vero E6 cell culture at the gradually
decreased temperature. When the temperature of 21°C
was reached, 5 passages were carried out, followed by
cloning and assessment of the temperature sensitivity.
Finally, the TS11 clone was chosen as having ca- and
ts-phenotypes. The whole-genome analysis of the TS11
clone revealed the deletion leading to the loss of a 12
amino-acid region of the protein in the furin cleavage
site in the S protein, and the 371-nucleotide deletion
involving ORF7b-ORF$§ genes as well as several point
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mutations in nspl6, S, E, orf7a and N genes. After the
intranasal infection with the TS11 clone, the Syrian
hamsters continued to gain weight and did not demon-
strate any signs of the disease. TS11 successfully re-
plicated in the nasal cavity, but not in the lungs, causing
only minor lesions in them. By the 20" day after the
immunization, the histological analysis did not detect
any traces of inflammation in the lungs [24].

Abdoli et al. also obtained the SARS-CoV-2
ca-mutant by passaging the virus in the Vero cell cul-
ture at the gradually decreased temperature. The re-
searchers assume that the attenuation of the obtained
KaraVac strain was caused by the double deletion in the
S protein: at the S1/S2 junction (the PRRA motif) and at
the S1-NTD site (the GTNGTKR motif). The KaraVac
strain replicated at 25°C, 33°C and 39°C, though not at
41°C. Compared to the control group infected with the
wild-type strain, the immunized Syrian hamsters did
not have any weight loss and did not have any other
signs of the disease [22].

At the same time, Li et al. developed an attenuated
variant of SARS-CoV-2 by performing serial passag-
es in the Vero cell culture at 37°C to obtain material
for an inactivated vaccine. The developed strain was
called VASS and had a deletion, which consisted of 21
nucleotides encoding 7 amino acids, and was located
upstream of the S1/S2cleavage site in the S gene. In
the Caco-2 and Huh7 cell cultures as well as in human
lung epithelial organoid cells, the VASS strain replica-
ted significantly more slowly than the wild-type strain.
The immunized K18-hACE2 mice did not have any
weight loss; no pathological changes were detected in
the lungs; only few RNA copies were detected in the
lung homogenates [13].

Genetic engineering-based approaches
to SARS-CoV-2 attenuation

The development of an attenuated virus by using
classical virological methods can take several months,
thus posing a problem in the pandemic situation. The
advances in genetic engineering promoted new ap-
proaches to fast development of vaccine strains using
site-directed mutagenesis [34—36] or codon deoptimi-
zation [37, 38]. For example, the studies of Murine
coronavirus (previously known as Murine hepatitis
virus), which is a well-studied model coronavirus,
have found that sequences of nonstructural NSP14 and
NSP16 proteins, which are highly conserved for differ-
ent coronaviruses, are universal targets for site-direct-
ed mutagenesis aimed at reduction of virus virulence.
Even a single amino acid substitution resulted in pro-
nounced virus attenuation in mice. At the same time,
immunization of the mice with the mutant virus pro-
moted development of a long-term humoral and robust
CD4*- and CD8*-T-cell-mediated immune response as
well as full protection against infection with a lethal
dose of the virus [39].
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Ye et al. also used the SARS-CoV-2 NSP16 gene
as a target, introducing the D304 mutation into it. The
NSP16 protein is a type I interferon antagonist and is
critically important for methylation of the 5' terminal
cap structure of viral mRNAs, while the D/304 point
mutation leads to inactivation of the NSP16 methyl-
transferase activity. The d16 mutant strain during the
extended passaging in the Vero E6 cell culture re-
mained genetically stable and did not demonstrate any
signs of virulence reversion. The Syrian hamsters and
K18-hACE2 mice experimentally infected with the d16
strain did not demonstrate any weight loss and did not
develop the disease [20].

Liu et al. used genes of SARS-CoV-2 accessory
proteins as a target, as they are associated with the regu-
lation of virus replication through interaction with host
signaling pathways. Genes of the ORF3, ORF6, ORF7
and ORFS accessory proteins were removed from the
genome, and the TRS ACGAAC fragment of the tran-
scription regulatory sequence was replaced with CCG-
GAT. The resulting attenuated A3678 virus replicated
less efficiently in the primary culture of human lung
epithelial cells compared to the parent strain, though it
retained its replication ability in the Vero E6 cell cul-
ture. In the tests using BALB/c mice, the role of each
gene in the SARS-CoV-2 attenuation was studied using
the SARS-CoV-2 strain adapted to mice. It was found
that the ORF3 (A3a) deletion played an important role
in the attenuation of the A3678 virus, which could be
explained, as assumed by the researchers, by the impact
of the ORF3 product on the signaling pathway of the
type I interferon. The Syrian hamsters immunized in-
tranasally with the A3678 strain did not lose weight; the
viral load in nasopharyngeal, tracheal and lung washes
was significantly lower than the viral load in the control
group infected with the wild-type strain. After the im-
munization, The K18-hACE2 mice did not lose weight
and did not die even after they had received a high dose
of the attenuated virus [18]. The similar results were
obtained by Ye et al. in their studies [20].

To obtain an attenuated strain, Liu et al. made
modifications in the SARS-CoV-2 (the WA1/2020 iso-
late) genome: They removed the sequence encoding
the PRRA peptide upstream of the furin cleavage site,
removed ORFs6-8s, which are interferon antagonists,
introduced K164A/H165A mutations into the C-termi-
nal domain of the NSP1 protein. The developed strain
WA1-APRRA-AORF6-8-Nsp 1 N128/K129%E - demonstrated
poorer replication than the original virus in the MatTek
EpiAirway human tracheal and bronchial epithelial cell
culture and caused only mild lung lesions in infected
K18-hACE2 transgenic mice and Syrian hamsters [19].

A slightly different approach was used by Yoshida
et al. [17]. Using reverse genetics methods, they ob-
tained a library of 659 mutant clones based on the clin-
ical isolate of SARS-CoV-2 B.1.1 lineage (Pango). To
identify the zs-phenotype, they grew clones using two

temperature regimes — 32°C and 37°C, selecting clones
that did not have a cytopathic effect at 37°C for fur-
ther tests. The experimental infection of Syrian ham-
sters also confirmed the att-phenotype of the selected
ts-strains, which was characterized by the absence of
weight loss, reduced replicative activity of the virus in
the respiratory tract, less pronounced pneumonia com-
pared to the original strain [17].

For the SARS-CoV-2 attenuation, some research-
ers used the codon deoptimization technique involving
replacement of original codons with suboptimal ones
while preserving amino acid sequences of viral proteins
[38]. Such alterations have a direct effect on the rates of
viral protein production and genome replication, being
responsible for attenuation of the virus [38]. Using this
technique, Trimpert et al. recoded most of the SARS-
CoV-2 genomic sequence and obtained several candi-
date vaccine strains. Codons that can be rarely found
in the human genome were selected for deoptimization.
The sCDP9 and sCDP10 strains selected for further
tests replicated more poorly in the cell culture than the
original strain and remained genetically stable during
10 passages in the Vero E6 cell culture. The intranasally
immunized Syrian hamsters had minor losses in weight,
but quickly regained it; they did not demonstrate any
signs of the disease, had less significant inflammatory
changes in the lungs [15].

Using the codon deoptimization technique, Coda-
genix (United States) developed the CoviLiv™ vaccine
[16]. The S gene served as a target for deoptimization.
After the immunization with the vaccine strain, Syrian
hamsters did not lose weight; the histological exami-
nation of the lungs on the 6™ day detected only minor
inflammatory changes. The infectious titer in the lungs
of hamsters was measured at the limit of detection for
this technique, thus being indicative of extremely low
replicative activity of the vaccine strain in the lungs.

The Table summarizes the experience of different
research groups in the development of attenuated vari-
ants of SARS-CoV-2.

Immunogenic potential of live-attenuated vaccines
against COVID-19

The protective activity demonstrated by most of
the licensed vaccines against COVID-19, which are de-
signed to develop humoral immunity, depends on induc-
tion of neutralizing antibodies to nonstructural surface S
protein of SARS-CoV-2 (Fig. 2, a). However, the pres-
sure of artificial selection induced by mass immunization
makes this target highly variable, thus leading to virus
evasion of immune surveillance and a rapid decrease in
the efficacy of vaccines against re-emerging variants of
SARS-CoV-2 [6, 7]. These vaccines do not provide steri-
lizing immunity [40] and robust mucosal immunity [41].

In natural infection with SARS-CoV-2, the im-
mune response is developed against all viral pro-
teins — both structural and nonstructural. The M and
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Methodological approaches to SARS-CoV-2 attenuation after intranasal administration

Strain name Attenuation strategy Animal model on which the att phenotype was established | Reference
D-D2 n D-B4 Cold adaptation in Vero cell culture up to 23°C Syrian golden hamsters [23]
CoV-2-CNUHV03- Cold adaptation in Vero cell culture up to 22°C K18-hACE2 mice [21]
CA22°C
A3678 ORF3, ORFs6-8 deletion, changing ACGAAC K18-hACE2 mice, Syrian golden hamsters [18]

to CCGGAT in TRS
KaraVac Cold adaptation in Vero cell culture up to 25°C Syrian golden hamsters [22]
sCPD9 n sCPD10 Codon-pair deoptimization Syrian hamsters, Roborovski [15]
dwarf hamster

VASS5 Serial passages in Vero cell culture K18-hACE2 mice, hamsters [13]
TS11 Cold adaptation in Vero cell culture up to 21°C Syrian golden hamsters [24]
CoviLiv Codon-pair deoptimization of S-gene Syrian golden hamsters [16]
(COVI-VAC)
rTS-all Random mutagenesis and generation by Syrian golden hamsters [17]

reverse genetic methods strain with all

nessessary ts-related mutations

WA1-APRRA- ORFs6-8 deletion, removing PRRA upstream K18-hACE2 mice, Syrian golden hamsters [19]
AORF6-8- of the furin cleavage site, introducing
Nsp1K164AH165A K164A/H165A into the C-terminus of NSP1
d16 Point mutation D130A in NSP16 gene K18-hACE2 mice, Syrian golden hamsters [20]

N structural proteins are highly immunogenic and, to-
gether with nonstructural proteins, are more conserved
than the S protein. In addition, many T-cell epitopes of
phylogenetically related species of coronaviruses and
different variants of SARS-CoV-2 are not located in the
S protein [42, 43]. If an infected organism develops an
effective T-cell-mediated immune response, they do not
develop a systemic excessive inflammatory response,
thus presenting a mild, sometimes asymptomatic case.
If the development of the T-cell-mediated (and conse-
quently humoral) response is delayed, the dominant
role is played by factors of the innate immunity, being
manifested at the systemic level and causing a severe
disease [44]. It should be noted that the protectivity of
the T-cell-mediated immunity depends less on muta-
tions that occur in new variants of SARS-CoV-2, as it is
targeted at more conserved viral antigens [45, 46].

The protective activity of live-attenuated vaccines
for intranasal application (mucosal vaccines) employs
the same mechanisms that participate in the develop-
ment of acquired immunity during natural infection
(Fig. 2, b). When the respiratory virus enters nasal and/
or oral cavities, the lymphoid tissues associated with
the mucosa of the respiratory and digestive tract turn
into the first line of defense against viral infection. This
process involves all components of innate upper res-
piratory immunity - cellular (neutrophils, macrophages,
dendritic cells, resident microfold M cells, innate lym-
phoid cells, natural killer cells and mast cells) as well
as soluble molecules (galectins, collectins, cytokines,
etc.). The activation of the first line of defense is fol-

lowed by activation of dendritic cells in the focus of
infection; they take up, process and present viral anti-
gens. Such activated dendritic cells "loaded" with vi-
ral antigens migrate to regional lymph nodes; antigens
are presented to naive T cells, thus triggering their fur-
ther differentiation and activation of adaptive immuni-
ty, which is accompanied by production of cytotoxic
T cells and helper T cells. Specific naive B cells rec-
ognize viral antigens either without any assistance or
when they are presented by follicular dendritic cells as
an antigen-antibody complex in a Fe-receptor-connect-
ed manner. The interaction of activated helper T cells
and B cells triggers the humoral immune response.
The simultaneous expansion of CD4" helper T cells,
CD8" cytotoxic T cells in the focus of infection and
production of antibodies by plasma cells is of critical
importance for elimination of the virus [41, 47, 48].
The combined activation of humoral and cellular com-
ponents of the systemic and mucosal immune protec-
tion can provide effective protection against infection
with SARS-CoV-2 [47].

LAVs are administered in different ways: vaccines
against measles, rubella, mums and chicken pox are
administered intramuscularly; polio and rotavirus vac-
cines are given by mouth; LAIV is administered intra-
nasally. The developers of LAV against COVID-19 use
the intranasal administration [15-24]. Different routes
of administration have their advantages and disadvan-
tages. For example, intranasal and oral administration
provides not only induction of systemic cell-mediated
and humoral adaptive immune responses, but also mu-
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a b

Fig. 2. Mechanisms of induction of an immune response by the intramuscular immunization vaccine containing the S protein
and by intranasal vaccination of LAV.

a — vaccines against COVID-19, which are based on the S protein of SARS-CoV-2 (using the example of the viral vector vaccine), induce
only a humoral response involving production of virus-neutralizing antibodies; b — LAV triggers the mechanisms inducing acquired immunity,
which are similar to those engaged in natural infection, including activation not only humoral, but also cell-mediated immunity. In intranasal
administration, the vaccine strain infects epithelial cells of the upper respiratory tract, thus inducing both local (mucosal) and systemic immune
responses. The established protection including cellular and humoral components provides immunity both at the level of the entrance gate of
the infection (mucosa) and at the systemic level.

i/m — intramuscular injection; i/n — intranasal; APC — antigen-presenting cell; CTL — cytotoxic lymphocyte;

MHC — major histocompatibility complex.

cosal (local) immunity, including secretion of specific
IgA antibodies in the mucosa of the respiratory tract or
intestines. In intranasal immunization followed by in-
fection with a virulent strain, specific secretory IgA an-
tibodies neutralize the virus directly in respiratory mu-
cosa, which is the "entrance gate" of the infection, by
suppressing its adhesive ability and reducing transmis-
sion efficiency [47]. At the same time, if intranasal im-
munization is performed using an insufficiently attenu-

ated virus, there is a risk of damage that may be caused
to the central nervous system through olfactory nerves
[48]. For LAVs administered intramuscularly, there is
no risk of brain damage; after the second dose of the
vaccine, the seroconversion rate reaches 95-100% [49,
50]. Mehla et al. found that when the vaccine strain of
SARS-CoV-2 was administered intranasally, the titer of
neutralizing antibodies in serum was significantly high-
er than after intramuscular administration [51].
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While, according to WHO!, the CoviLiv™ vaccine
is going through phase III of clinical trials, no infor-
mation is available regarding the safety and efficacy of
LAV against COVID-19 for people. At the same time,
the official website of the vaccine developer has already
announced that the requested report is going to be pub-
lished soon.? The website confirms that the live-atten-
uated intranasal vaccine against COVID-19 CoviLiv™
is immunogenic, well tolerated by healthy adults, and
induces protective cell-mediated immunity against
all the known variants of SARS-CoV-2. A total of 48
healthy adult individuals took part in the clinical trials.
The company press release informs that the clinical tri-
als for the vaccine are included in the WHO-sponsored
program — Solidarity Trial Vaccines, which is aimed to
support development of second-generation COVID-19
vaccines having a higher efficacy toward new epidemi-
ologically significant variants, longer protection, more
simple storage requirements and a needle-free method
of immunization.

The immunogenicity and protective activity of
LAVs have been extensively studied only in animal
models for coronavirus infection. The main models
for preclinical studies of attenuated mutants of SARS-
CoV-2 were golden Syrian hamsters (Mesocricetus au-
ratus), Roborovski dwarf hamsters (Phodopus robor-
ovskii) and K18-hACE2 transgenic mice. In most of the
studies, immunized animals developed a protective im-
mune response against the parent strain SARS-CoV-2,
which was used for development of an attenuated
strain. Syrian hamsters immunized with an attenuated
virus and then experimentally infected with the parent
strain did not lose weight and did not demonstrate any
clinical signs of the disease; the titration of nasal wash-
es and long homogenates showed lower titers of the
virus compared to the animals from the control group
[17, 18,22, 23]. Trimpert et al. noted that on the 2, 3%
and 5" day after the experimental infection, no infec-
tion activity was detected in the lung samples from the
immunized animals, thus confirming the establishment
of sterilizing immunity [15, 52]. Xu et al. also report-
ed that the hamsters immunized with the #s-strain did
not demonstrate any signs of infection, even being ac-
cidentally cross-infected by the animals infected with
the wild-type strain [24]. Liu et al. pointed out that
the single-dose intranasal immunization of the Syrian
hamsters with the A3678 att-strain of SARS-CoV-2 not
only protected them against infection with the virulent
strain, but also decreased the risk of virus transmission
[18]. During their studies, Seo et al. found that the K18-
hACE2 mice immunized with the ca-strain not only re-
mained alive after the experimental infection, but also
did not lose weight and did not have any clinical signs
of the disease [21].

! URL: https://covid19.who.int
2 URL: https://codagenix.com
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Li et al. also assessed the risk of transmission of
the SARS-CoV-2 virus from the previously immunized
animals after they were infected. On the next day af-
ter the infection, the immunized hamsters were put into
cages with the hamsters that had not been previous-
ly immunized and had not been exposed to the virus;
washes were collected on the 3™ and 5" day. On the 3™
day, in non-immune hamsters, viral RNA was detected
at the PCR detection limit; on the 5" day, RNA was not
detected, thus being indicative of the absent virus trans-
mission through the close contact with the immunized
and infected hamsters [13].

At the same time, Liu et al. pointed out possible
limitations for immunogenicity assessment using K18-
hACE2 mice-based models: Encephalitis caused by the
infection with att-SARS-CoV-2, which is followed by
the death of animals, makes it difficult to interpret the
results. To address the above limitation, nasal, lung and
brain samples were collected on the 2", 4" and 6™ day
after the infection to measure the viral load. Curiously,
even the most attenuated strain WA1-APRRA-AORF6-
8-Nsp!NIZ8SKIZE remained neurotropic and was detected
in the brain of the K18-hACE2 mice at high levels on
the 6" day after the infection [19]. In the studies per-
formed in Syrian hamsters, att-strains of SARS-CoV-2
did not demonstrate such high neurotropism and patho-
logical changes in the brain.

LAVs against SARS-CoV-2 have a high potential
of cross-protective activity against different variants
of the pathogen, as the same mechanisms that are em-
ployed in natural infection with the virus are put into
action. The natural infection with SARS-CoV-2 pre-
vented up to 90% of re-infection cases with Alpha, Beta
or Delta variants [53, 54] and 56% of re-infection cases
with the Omicron variant [55]. Most of the re-infec-
tion cases occurred one year after the primary disease
[55]. Re-infection has become a common thing since
the emergence of the Omicron variant and its further
evolution. The study performed in Qatar demonstrates
that the infection of people with SARS-CoV-2 variants
preceding the omicron variant provided less than 60%
of protection against re-infection with Omicron subva-
riants. At the same time, during re-infection with the
Omicron variant, the protective effectiveness of the pri-
mary infection against development of severe disease
forms or death reached 97.3% (95% CI, 94.9-98.6%)
regardless of the virus variant that had caused the pri-
mary infection [56]. The extremely low percentage of
severe and fatal cases after re-infection offers hope
that LAVs against COVID-19 will be able to provide
cross-protection against different variants of the virus.

Trimpert et al. demonstrated experimentally that
when infected with att-strains of SARS-CoV-2, labo-
ratory animals develop immunity inducing cross-pro-
tection. After Roborovski dwarf hamsters had been im-
munized with the at--Wuhan-like strain, the researchers
infected them with Alpha and Beta virus variants circu-
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lating at the time of the study. The single-dose intrana-
sal immunization was sufficient to establish protection
in the hamsters infected not only with the parent strain
of the virus, but also with the unrelated Alpha and Beta
variants [52]. The same researchers confirmed the de-
velopment of immunity providing cross-protection in
Syrian hamsters immunized with the sCPD9 att-strain
and then infected with the Delta strain [57].

Yoshida et al. immunized hamsters intranasally
with attenuated and parent SARS-CoV-2 B.1.1 (Wu-
han-like) strains and then infected them with the Omi-
cron variant (the BA.1 lineage). In the nasal washes and
lung homogenates from the immunized hamsters, the
infectious titer was measured at the limit of detection
and did not show any significant differences regard-
less of the strain selected for the immunization, thus
being indicative of the development of cross-protection
against phylogenetically distant strains, among other
strains [17].

However, in hamsters immunized with wild-type
strains of Beta and Omicron variants BA.1 and sub-
sequently infected with Wuhan-like, Beta, Delta and
Omicron BA.1 strains, Ma et al. revealed low cross-ac-
tivity of antibodies in the hamsters infected with het-

erologous strains. At the same time, the hamsters pre-
viously infected with Omicron and then infected with
heterologous Omicron strains demonstrated a booster
effect on the production of neutralizing antibodies [58].
Thus, in the authors’ opinion, the two-dose infection
with heterologous strains induces a strong antiviral im-
mune response, which should be taken into considera-
tion when designing vaccination schedules.

Conclusion

Most of the studies performed using animal mod-
els for COVID-19 demonstrated safety and high effica-
cy of intranasal immunization of animals with att-vari-
ants of SARS-CoV-2 regardless of the chosen strategy
of virus attenuation. The pilot studies confirmed the
assumption about protective activity of att-strains of
SARS-CoV-2 toward heterologous antigenic variants of
the virus. The animal model-based findings reported by
researchers regarding the virulence and immunogenic-
ity of candidate vaccine strains can hardly be extrapo-
lated to humans without clinical studies. Nevertheless,
despite this limitation, the currently gained experience
indicates promising prospects in the development of a
highly effective LAV against COVID-19.
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OcHOBHbIEe rpynnbl agblOBaHTOB 1 NepPCNeKTUBbI X NCMNOJIb30BaHUNA
ANnA cneyndpunyeckon npoPpunakTnKm 0co6o onacHbIX
N Apyrux nHPeKLMOHHbIX 60nesHen

®ununneHko A.B.*, TpydaHosa A.A., UBaHoBa U.A., OmenbueHko H.A.

PocToBCKMI-Ha-[JoHY NPOTUBOYYMHBIN MHCTUTYT PocnoTpebHaa3opa, Poctos-Ha-[loHy, Poccua

Review

AHHOMayus

Llenb naHHoro o63opa — aHanu3 onybnukoBaHHbIX B NOCNEAHNE OECATUNETUS Hay4YHbIX paboT, MOCBALLEHHbIX
U3yYEeHUI0 aablBaHTHOM CMOCOBGHOCTU BELLECTB Pa3NMYHOIO MPOUCXOXKAEHUSA U XUMUYECKOW NpUpoabl (aabio-
BaHTOB), U OLEHKa 3(PHEKTUBHOCTN X NPUMEHEHNS ANS BaKLUMHOMNPOMUNAKTUKN pasnnyHbIX UHEKLNA, B TOM
yncne ocobo onacHbIX.

MpoBenéHHbIN aHanM3 nuTepaTypsbl, NpeacTasneHHon B 6a3ax PubMed, Web of Science, Scopus, eLibrary, cBu-
[eTenbCTBYET O TOM, YTO MOMCK HOBbIX BELLECTB M NpenapaTos, obnagatwLmx CnocobHOCTbI0 yeunmBaTb MMMYH-
HbIl OTBET Ha aHTWUreHbl, BXOASLLME B COCTAB aHTUbOaKTepuanbHbIX U NPOTUBOBUPYCHbBIX 3aperncTpupoBaHHbIX
BaKLMH, @ Takke 3KCNepUMeHTarnbHbIX NPOMUNaKTUYECKNX NPenapaToB, ABNSETCA BaXHbIM U NEPCNEKTUBHbLIM
HanpaeneHnem. Mcnonb3oBaHne pasnuyHbIX BELLECTB U COEAMHEHWU B Ka4eCTBE afbloBaHTOB YCUNNBAET UM-
MYHOrFE€HHYI0 U NMPOTEKTUBHYIO CMOCOOHOCTb BaKUMH, NMO3BOMSIET YMEHbLUMTE aHTUTEHHYHO Harpy3ky Ha opraHu3m
YyernoBeKka M co3aaTb HaMPSHKEHHbI UIMMYHHBIN OTBET Y UL, CO CHUXKEHHON UMMYHOITOTMYECKOW aKTUBHOCTBIO 1
noxunoro Bo3pacTta. [Npu BeiGope agbioBaHTa HEO6XOOUMO YUNTLIBATh HAMPABNEHHOCTb €ro AeNCTBUS Ha hop-
MUPOBaHWE Kak MECTHOIO, TaK U CUCTEMHOTO cneumdrUyYeckoro MMMYHHOIO OTBETa B 3aBUCUMOCTY OT XapakTepa
BO3OyauTens.

KnioueBble crnioBa: adbiogaHMbI, 8aKUUHbI, crieyuguyeckasl Mpogunakmuka, KnemodHsil u 2ymoparbHbll um-
MyHHbIU omeem, 6akmepuarsbHbie U 8UPYCHbIe UHGeKYUU, 0cob0 onacHble UHeKUyuU

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

KoHpriukm uHmepecoe. ABTOpbI [EKNapupyoT OTCYTCTBME SIBHBLIX M MOTEHLMATbHBIX KOH(IMKTOB MHTEPECOoB, CBS-
3aHHbIX ¢ NyGnnKaument HacTosLeR cTaTbu.

Ana yumupoeaHus: dununnexko A.B., TpydaHosa A.A., MeaHosa U.A., OmenbueHko H.[l. OCHOBHbIE rpynnbl agblo-
BaHTOB W NMepCneKTVBbI NX MCMOMb30BaHNA AN cneLmdunyeckon NpornakTkm 0cobo onacHbIX U APYrX MHEKLMOH-
HbIX 6onesHen. XKypHan mukpobuonozauu, snudemuonoauu u ummyHobuonoauu. 2023;100(3):237-246.
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The main groups of adjuvants and the prospects of their
use for the specific prevention of particularly dangerous
and other infectious diseases

Anna V. Filippenko®, Anastasia A. Trufanova, Inna A. lvanova, Natalia D. Omelchenko

Rostov-on-Don Anti-Plague Institute, Rostov-on-Don, Russia

Abstract

The purpose of this review is to analyze scientific data on the adjuvant properties of substances of various origin
and chemical nature (adjuvants) published in recent decades and to evaluate the effectiveness of their use in the
vaccination against various infections, including particularly dangerous ones.

The analysis of the literature data available in PubMed, Web of Science, Scopus, eLibrary databases, indicates
that the search for new substances and drugs with the ability to enhance the immune response to antigens
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that are part of antibacterial and antiviral registered vaccines, as well as experimental preventive drugs, is an
important and promising direction. The use of various substances and compounds as adjuvants enhances the
immunogenic and protective properties of vaccines, reduces the antigenic load on the human body and causes
a tense immune response in individuals with reduced functioning of immune system and in the elderly. When
choosing an adjuvant, it is necessary to take into account the direction of its action on the formation of both local
and systemic specific immune response, depending on the nature of the pathogen.

Keywords: adjuvants, vaccines, specific prophylaxis, cellular and humoral immune response, bacterial and viral

infections, especially dangerous infections
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[IpumeHeHrEe COBPEMEHHBIX TEXHOJOTHH B CO3JaHHUU
MPOPUIAKTHUCCKAX TPEIAPaToB MPHUBEIO K YMCHBIICHHUIO
MOOOYHEIX A(PQPEKTOB BAKIMHAIUK, HO CIIOCOOCTBOBAIIO
CHIDKEHHIO WX uMMyHoreHHoctu [l1]. Hambomnee addek-
TUBHBIM PEIICHUEM 3TOH MPOOIIEMBI SBIISACTCS HCIOIh30Ba-
HUE aJBIOBAHTOB, CIOCOOHBIX YCHWJIMBAaTh UMMYHOTCHHYIO
U TIPOTEKTHBHYIO CHOCOOHOCTh BaKIMHHBIX NpPEMapaToB H
CHIDKATh aHTUTECHHYIO HATPY3Ky Ha OPraHu3M YenoBeka [2].
AJIBIOBaHTBI — 3TO BEIIECTBA PA3IMYHOTO IPOUCXOKICHUS
U XUMHYECKOH MPHUPOJBI, OKAa3hIBAIOIINE HeCTeNU(DUISCKOEe
CTUMYJIHPYIOIIHE ICHCTBUEC HA IMMYHHBIA OTBET MIPU UX CO-
BMECTHOM TPUMCHEHUH CO CHENU(DUICCKIMU aHTHUTCHAMHU.
AJTPIOBAaHTHI JICNATCS Ha MHUHEPAIbHBIC, OAKTepHATIbHBIC U
WX CHHTCTUYECKHE aHAJIOTH, MACIISIHBIC AMYJIbCHH, CHHTE-
TUYECKHUE BBICOKOMOJIEKYJISIPHBIE BEIECTBA, LINTOKUHOBEIE,
KOMOMHHUPOBAHHBIC, KOPITyCKYJISPHBIC, albIOBAHTHI PaCTH-
TenpHOrO mpoucxokneHus [3]. [ns momeimenus 3¢ dek-
TUBHOCTH BAaKIUH NPH HHGEKIIMOHHBIX 3a00JICBAHUIX HC-
TOJIB3YIOT aTBIOBAHTHI, PA3THMYHBIC 110 (PU3UKO-XHMUICCKIM
CBOMCTBaM, MEXaHU3MY JEUCTBUS, TPOUCXOKACHUIO [4].

MuHepaJibHbIe COSIUHEHHUS JOJITOE BpeMsl OBLIH MPaK-
TUYECKH CAMHCTBCHHBIMH Pa3pEHIEHHBIMU K TPUMCHECHUIO
aJbIOBaHTaMHU B COCTaBE BAKIIMH, M B HACTOSIIIIEC BPEMsI OHH
OCTalOTCS OMHUMH W3 CaMBIX BOCTPCOOBAHHBIX aIbIOBaH-
TOB B COCTaBE JICUCTBYIOIINX JIMLIEH3UPOBAHHBIX BakIMH [5].
MexaHu3M UX JIEHCTBHS 0OYCIIOBICH BOCHAMTEILHON peak-
el B MECTE BBEICHUS, YTO CIOCOOCTBYET MOCTCIICHHOMY
BBICBOOOXKJICHUIO MMMYHOT€HHOTO BEINECTBA M TPAHCIIOPTY
UMMYHOKOMITCTEHTHBIX KJICTOK B JTHMQ)OWIHBIC OPTaHbI JIIs
obecrieueHrs] MPEUMYIIIECTBEHHO TYMOPAJIbHOTO HMMYHHOTO
orBera. Takue BemecTBa, KaK THIPOKCHT aIFOMHHUS, hochar
ATFOMUHUSA, Kanblus Gocdar U T.71., BXOAAT B COCTAB MHOTHX
BaKI[MHHBIX Npenaparos [6, 7]. HenaBHue uccnenoBanus mno-
Kasaym, 4To Jo0aBieHue hocdara aTFOMUHASA K IKCIICPHMEH-
TaJbHON KOHBIOTHPOBAHHOW BaKIWHE IPOTHB XOJEPHI yCH-
JUBaeT MMMYHHBIC PEAKIUU; BBIPAOOTKY CHENU(DUICCKHIX
AHTHTEJ, aKTUBALUIO B-KJIETOK MaMATH ¥ YBEJIWYHBACT 3a-
IIMTY OT TOKCUTCHHBIX ITaMMOB Vibrio cholerae [8].

B HacTosimiee Bpemsi aKTHBHO H3Yy4aeTcs BO3MOXK-
HOCTh HCIIOJIb30BaHMS aJbIOBAHTOB MHKPOOHOTO IPOUC-
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XOXKICHUSA M UX CUHTETUYECKHUX AHAJOIOB JUISl MOBBIIICHUS
3¢ PEKTUBHOCTH Pa3IMYHBIX BakUUH. OHM B3aUMOJEHCTBY-
10T ¢ Toll-momoOHBIMK pelenTopaMu KIETOK BPOXKAEHHOTO
WMMYHHTETa, YTO CHOCOOCTBYET B IOCIIEAYIONIEM 3aIyCKy
nponecca (pOpPMHUPOBaHUS AJANTUBHOTO WMMYHHOTO OTBE-
Ta [9]. XopoIIo n3BEeCTHBIMU OaKTepUaIbHBIMU JINTAHIaMA
SIBJISIFOTCSL JIMITOTIOIMCAXapyu/l KIETOUYHOM CTEHKH OakTepui,
CpG-0nrone30KCHHYKICOTHIbI, MypaMIIIIUIENTHa, (ia-
TeJUTHH (OKTyTUKOBBII KOMIIOHEHT Oaktepwuii) [10].
Jloka3aHo Hanu4ue BBICOKOM aJbIOBAaHTHOH aKTHBHO-
CTH Y CHHTe3upoBaHHOW OakrepuanbHoit JJHK ¢ BhICOKIM
cogepxanueM CpG-ONUroOHyKI€OTHI0B (LIUTO3UH-TYaHHH
OJIMroe30KCHHYKIeoTHabl). CpG-0MUroHyKIEOTHIBI aKTH-
BHUPYIOT CUCTEMY BPOXKIEHHOTO UMMYHHUTETa, MOLYIUPYIOT
UMMYHHBIA OTBeT, nepekmtodass Th2 na Thl, mossimaror
YpOBEHb MMMYHHOTO OTBETA JIaKe Ha CIa0OMMMYHOTE€HHBIE
anturess! [10]. Jlo6aBnenne CpG-0IUTOHYKICOTHIOB B KOM-
MepuecKre BakIMHbI NpoTHB renarura B «Engerix-B» (benb-
rusi) u rpunma «Fluarix» (I'epmaHus) MpUBENIO K YCHICHHIO
MMMYHHOTO OTBETa U TTO3BOJIMIIO CHU3UTH JIO3UPOBKY OEJIKOB,
BXOJAIIUX B X coctaB [11]. Beicokas 3¢ dexTruBHOCTS 3TOTO
Ipernapara Moka3aHa TakKe NMpH BakIMHanuu nporus BUY,
TpUIIa, BUPYCOB IPOCTOTO repreca U NanuIOMbl 4elIoBe-
Ka, BUpyca BOCTOYHOTO dHIeanuTa omanei [12].
NmmyHOCTHMYynupytomue cBoiictBa CpG-onurony-
KJICOTUAOB OBLIM YCHENIHO MCHOJIb30BAaHBI M IIPU KOHCTPY-
WPOBaHUHM PEKOMOWHAHTHBIX BaKIMH Ul CHEnU(pHYECKON
npoduinaktuky gymsl [13]. CpG-0NUTroHyKIEOTHABI, KOHB-
IOTHPOBAHHBIE C TOBEPXHOCTHBIM ITIMKONIPOTEHHOM Yersinia
pestis, BBI3bIBAJIM YCHWJICHHBII UMMYHHBIN OTBET U 3alllMIIa-
JM HKCIIEPUMEHTAJBHBIX JKUBOTHBIX OT OyOOHHOH M J€rod-
HOW uyMbl [14]. DkcriepuMeHTanbHAS XUMUYECKas CHOupe-
sI3BEeHHass KOMOMHHpPOBAaHHAs BAaKIWHA C CHHTETHYECKUMHU
CpG-oUroHyKJICOTHAAMH TTON Ha3BaHUEM «AV-7909» Oblia
JIOMYIIeHA K CTa Ui KIMHUYECKUX UCTIbITaHui [15].
BrIcOKOIT MMMYHOTE€HHOI aKTUBHOCTBIO XapaKTepU3y-
€TCsl MyPaMIJITUIENTH — OJUH U3 OCHOBHBIX COCTaBIISIO-
X OakTepuaNbHOW 000M0uKH. B3anMonecTBys ¢ perer-
TOpaMH CHCTEMBI BPOKIEHHOTO UIMMYHHUTETA, OH 3aIlyCKaeT
LIMPOKUH CHEKTP MMMYHOJIOTHYECKHUX peakluil, KOTOpbIe
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MPUBOIIAT B KOHCYHOM pe3yabTare K T-KIIETOYHOW aKTHBa-
[UY U OTIPENICIISIOT Pa3BUTHE IMMYHHOTO oTBeTa 110 Thl-TH-
my. ATBIOBAHTHOW CIIOCOOHOCTBIO 001a1aeT CHHTETHYCCKUI
aHAJIOT MYpPaMIJITUIICTITHIA — JHUKOMH] (TIIFOKO3aMypo-
MWITUNenTya). Tak, coYeTaHHOE HCIOJIb30BaHUE IKHUBOM
OpyLieIIe3HONW BaKIWHBI U JHKOMH/A TIO3BOJIIMIO CHHU3UTH
BBI3BAHHBIC CIKCTOJHOM BaKIMHAIIUCH MPOTHB OpyIleirie3a
MATOJIOTHYCCKUE TIPOSBICHUS, KAacaloluecs CUCTeMBI (ha-
TOIIUTO3a U KJIETOYHOTO UMMYHHTETA, Y JIHI, HAXOISIIUXCS
B 30HE pucka [16]. OnHOBpeMeHHOE BBEJEHHUE JIMKOMUIA U
BaKIIMHBI XOJCPHOH OWBAJICHTHON XMMHYECKOH YBEINYHBa-
710 3(pPEKTHBHOCTh MPOTHBOXOJICPHOIH BaKIWHAIIMHA B 3KC-
MepUMEHTE Jake IPU CHUXKEHUN PEKOMEHTyeMOH J103bI Bak-
uunsl [17]. TIpoBeneHbl yCHenHbIe SKCTIEPUMEHTHI, 10Ka3bI-
BaIOIIHE IEJIECO00PA3HOCTh UCIONBE30BAHUS KOMILIEKCHOTO
mpernapara Ha ocHOBe Fl-aHTUTeHa M KIIETOYHBIX 000JI0YEeK
Y. pestis B couetanuu ¢ agproBaHTamu — ToTasnbHON JJHK
Y pestis EV HUMOI 1 cUHTETUYECKUM MypaMIIAUIEITH-
JIOM Ut co3anust 3 GeKTHBHON MPOTHBOYYMHOM BaKI[UHEI,
CIOCOOHO aKTHBHPOBATh KaK BPOXKIACHHBIN, TaK U aJJalTHB-
HbI1 uMMyHUTET [ 18].

BrlsiBiIeHO HaMMYME abIOBAHTHON aKTHBHOCTH Y (pJia-
TeJIMHa — XT'YTHKOBOTO KOMIOHEeHTa Oakrepuil. [TokazaHo,
4TO ()IIATeJUTHH B KAYSCTBE aIbIOBAHTA yCHIMBAI UMMYHHBIH
otBeT Thl-THma Ha aHTHTEHBI YyMHOTO MUKPOOa, 4To 00e-
CIICYMBAJIO 3AlIUTY OT PecrnupaTopHoi mHpekiuu Y. pestis
100% wmbrmeti [19].

BomHO-MacnsHHBIE aBIOBAHTHI OJHUMHU W3 IEPBBIX
CTaJld UCIOJIb30BAThCS I YCHJICHHS MMMYHOTCHHOH ak-
TUBHOCTHU Pa3JINYHBIX aHTUTeHOB. Cpeli MACISHBIX IMYIIb-
CHOHHBIX aJTbIOBAHTOB HaMOOJIee MIMPOKO M3BECTEH TIOTHBIH
angbploBaHT PpeliHa, B COCTaB KOTOPOTO BXOAUT MUHEPAb-
HOoe Maciio (85%), a Tak)ke MOHOOJICATMAHHHT C TSPMOUHAK-
TUBUpPOBaHHBIMUA Mycobacterium tuberculosis. Mexanum
JCHCTBUS JTAHHOTO aJBIOBAaHTA OCHOBaH Ha (HOPMHPOBa-
HUU pe3epByapa aHTUIeHA, 3alUIIEHHOTO OT JAerpajalui,
B TO BpeMs Kak OakTepUallbHbIC KOMIOHEHTHI aKTHBHPYIOT
T-keTouHbIi! UMMYHHBIN OTBET. B HacTosmiee Bpems B Me-
JUIIMHCKON TPAKTHKE JaHHBIA Mpenapar HE HCIIOIb3YeTCs
M3-32 MHOXKECTBA CHCTEMHBIX M MECTHBIX ITOOOYHBIX peak-
uuit [20]. ApproBant MF59, npousBonuMblil KoMmaHuei
«Novartisy» (LLIBefinapus), mpeacraBisomuil codoil Macis-
HO-BOAHYIO IMYIIbCHIO, COCTOSIILYIO M3 CKBaJIeHa U MOBEPX-
HOCTHO-aKTUBHBIX BemlecTB Tween 80 u Span 85B, Bxoaut
B COCTaB HHAKTUBHUPOBAHHOW IIPOTUBOTPUIITIO3HOM BaKIHHEI
«FLAUD», xotopas npousBoaurcs ¢ 1997 r. xopnoparueit
«Chirony (BemukoOpuranus) [21]. MF59 cnocoben naaymnu-
POBaTh KaK KICTOYHBIC, TAK U TYMOpaJIbHbIC UMMYHHBIE pe-
aKI[UH, B TOM YHUCIIC BEIPAOOTKY BBHICOKUX TUTPOB cHenudu-
YECKUX aHTUTEN; CTUMYIUPOBATh BPOXKIEHHBIC UMMYHHBIC
KJIETKH K IPOJTYKIIUN XEMOKHHOB, KOTOPBIE, B CBOIO OYEPE/Ib,
MIPUBJICKAIOT JICHKOIIMTHI B OYar BOCIAJCHUS; yCHJIMBATH
MOTJIOTUTEIBHYIO CIIOCOOHOCTh MakKpo(aroB M UX MHIpa-
LU0 B JIMMGATUICCKHUE Y3IIbI IS HHUITUAIAN aJalTHBHOTO
MMMYHHOTO OTBeTa. JlaHHBIN mpemapar o0namacT MEHbIIEH
TOKCHUYHOCTBIO IO CpaBHEHUIO C aabioBaHTOM DpeiiHaa u
XOPOUIO MEPEHOCUTCSL OPraHU3MOM [22].

BricokoMoneKynsipHbIe CHHTETUYECKHE BEIeCTBa pas-
JMYHOM XUMHYECKOH NPHPOABI, 00Nalaronie HMMYyHOMO-
JIyNHAPYIOIIEeN aKTUBHOCTBHIO, B HACTOSIILIEE BPEMs SIBJISIOTCS
OJIHUMH M3 HauboJjee MepCreKTHBHBIX abpioBaHToB. Llupo-
KO HMCIIOJIB3YIOTCS B KJIMHUYECKOW MpaKTHKe Mpernaparsl co-
BUI0H (conosimmep N-BHHWITUPPOIUIOHA U 2-METHII-5-BH-
HWINHMPHIMH) U THATYpOHAT HaTpus (OHomoIuMep, ojmca-
xapuna). B Poccun mpousBomuTess BakIMHA TPOTHB TPUIIIIA
«CoBurpunm, B COCTaB KOTOPO# BKIIOYEH COBUIOH [23], u
BakKllMHa MIPOTUB BUPYCOB MpoCTOro repreca «Burarepma-
BaK», Coiep:Kalliasi TMaypoHar Hatpus [24].

CuHTeTHYeCcKHe MOJIEKYJIbl, IPUHAJIEKAIIHE K KJIacCy
UMUJIa30XUHOJIMHOB, SBIISTIOTCS aroHuctamu TLR7/8-penen-
TOPOB M CIOCOOHBI MHAYLHMPOBaTh MMMYHHBIH oTBeT Thl
[25]. K TaxuM mpenapatamM OTHOCHUTCSI UMHUKBHMOJ], KOTOPBIH
IIPY COYETaHHOM IPUMEHEHUH C KB/ IPUBAJICHTHON PEKOMOH-
HAHTHOHM BAaKLMHOHI NMPOTHB BUpyca MAaMWUIOMBI YeJIOBEKa B
94,4% cnydaeB MPUBOAWI K JUIMTEIBHOM KIMHUUYECKOH pe-
MHCCHHU 3TOH XpOHHYecKo nHpekmu [26]. Mcnonbp3oBanne
IPU BaKLIUHAIMM 3TOTO aJbIOBAHTA, CKOHBIOTUPOBAHHOIO C
aHTUTeHaMH BHpyca OelleHCTBa, B 3 pa3a yBEINYMBAJIO BEI-
JKMBAaEMOCTb JJAOOPATOPHBIX >KUBOTHBIX 110 CPABHEHHIO C IIpe-
apaToM, B KOTOPOM HCIIOJIb30BAIICH TOJIBKO aHTUTeHHI [27].

BBenenne MMMyHOMOmyIsATOpa DIIyTOKCMMa (TIIyTa-
MUJI-UCTEUHWII-IIAIMH JUHATPHUI) MTOBBINIAT0 UMMYHOTEH-
HOCTb 3KCIIEpHUMEHTAIbHON BaKI[MHBI TpoTUB renarura E [28].

B xone nccnenoBanus neinecooOpasHOCTH HCIIONb30Ba-
HUS IpenapaTa MAaHHATH] B Ka4e€CTBE abIOBaHTa AJIs UHTpa-
Ha3aJIbHOM BaKIMHAIMY MIPOTHB TPHIIIA y MBbIIIEi ObUIN J10-
Ka3aHbl ero 3¢dexTHBHOCTL U 0E30MacHOCTh, CIIOCOOHOCTH
YCHEIHO MHIYLUPOBaTh KaK aHTUTENIAa B ChIBOPOTKE U Ha
CIIM3UCTBIX, TaK U KJIIETOYHO-OIIOCPEIOBAaHHBIN OTBeT [29].

B xome pa3nuMuHBIX SKCIEPUMEHTOB IOKA3aHO, YTO
MOJTMOKCUJIOHNH (a30KcHMepa OpOMHUI — TPOM3BOJHOE
nunepasuHa (N-OKHCIIEHHOTO MOJUATUIIEHA), pa3paboTaH-
Hell B MHCcTUTYTEe MMMyHOnoruun M3 P®, gsnsercsa yHu-
BepCalbHBIM aJbIOBAHTOM I MHOTUX AHTUTE€HOB, €r0 UC-
M0JIb30BAaHUE TO3BOJSET CHU3UTh PUCK Pa3BUTHUS HeXela-
TEIbHBIX PEaKIUil y BaKIIMHUPOBAHHBIX, YMEHBIIUTH O3B
BHUPYCHBIX aHTUI€HOB, IIPU ATOM YBEIMUYUBAas UX UMMYHO-
TeHHOCTh. DTOT Ipemnapar BKIIOUEH B KaUeCTBE aJbIOBAaHTa
B CyOBEAMHUYHYIO TPUIINO3HYIO BakiuHy «[punmon» u B
MOJMBAKIMHY JJISl TEPAIuH U TPOPUIAKTUKHA XPOHUUECKON
reprneTniyeckoi MH(QEKIUH, BHI3BaHHON BUPYCaMH IPOCTO-
ro repneca 1-it u 2-if rpynn [30].

BBenenne NoNMOKCUOHUS B COCTaB dKCIIEPUMEHTATb-
HOW KOMOMHHMPOBAaHHOM BaKIMHBI IIPOTUB BHPYCHOTO Tema-
tuta A u B «I'enon A+B» M03BOIMIO YMEHBIIUTE AHTUI€H-
HYI0 Harpy3ky ¥ IOBBICUTh UMMYHOT€HHOCTb BXOSIIHUX B
cocTaB AMBAaKIUHBI aHTUreHOoB [31]. Jpyrue uccnenoBanus
MOKa3aly, 4TO IONHOKCHJOHUI 3HAUUTEIBHO YBEJINYMBAI
5 (PEeKTHBHOCTH BaKIMHBI MPOTHB IUTOMETaJOBUPYCOB Ye-
JIOBEKa U yMEHbIAJd KOJINYECTBO WHBEKIUH BAaKIIMHHOIO
mramma [32].

[okazana »deKTUBHOCTH MOIMOKCUAOHUS TIPH HC-
MOJIb30BaHUM €T0 B Ka4eCTBE aAbIOBAHTA NP BaKI[MHALUH
MPOTUB OaKTEepUAIBHBIX 0CO00 OMacHBIX MH(pEKIuid. IToT



240

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2023; 100(3)

DOI: https://doi.org/10.36233/0372-9311-339

UMMYHOMOJYJIATOP OKa3blBaJl CTUMYNMpYIOIIee BO3JEH-
CTBHE Ha PEAaKTHBHOCTh KJIETOK (aroluTapHONl CHUCTEMBI
NPUBUTHIX OT YyMBI JIAOOPAaTOPHBIX >KUBOTHBIX, ITOBBIIIAI
MPOTEKTUBHYIO aKTHBHOCTB KHBOW IMPOTHBOYYMHOMN BaKIH-
HBI [TOYTH B 3 pa3a, 4TO CleNajo BO3MOXKHBIM CYIECTBEHHO
CHM3UTH JI03y BaKIMHBI, HE TEPSIs MPU 3TOM 3PPEKTHBHOCTH
3alIMTHl OpraHu3Ma OT 4yMHOM mHpekuuu [33]. dpyrumu
aBTOpaMU ITyTEM OLIEHKH BHYTPHUKIIETOUHON 3KCIIPECCUU LU~
TOKMHOB T-xenrmepamu cene3éHKH OblIa JI0Ka3aHa IIeJeco-
00pa3HOCTh NPUMEHEHHUS MOJIMOKCHIOHUS IIPU MMMYHH3a-
IIH SKCTIIEPUMEHTAIBHBIX )KUBOTHBIX BaKIIMHHBIM IITAMMOM
Y pestis EV HUUOT [34].

[Monnoxcunonnit u nanapruH (CUHTETHYECKUH TeKca-
MENTH]) YCWINBAIN TPOTEKTUBHBIE CBOHCTBA BaKIIMHHOTO
mramma Y. pestis [35]. CoueTaHHOE BBEIECHUE DKCIIEPH-
MEHTAJIbHBIM HBOTHBIM BaKIMHHOTO mTamma Y. pestis EV
HUUIBI' ¢ momuoKkCcHaoOHUEeM WM WHTapoHoM (MHTepdepo-
HoM (MDH) y) nmponeMoHCTpUpPOBaIo, YTO U TOT U JPYTOH
CIOCOOCTBOBAJIM AKTHBAIMM KJIETOYHOTO M TyMOpPaJIbHOTO
UMMYHHOIO OTBETa, MPOAYKIMH MEAHATOPOB KJIETOYHOTO
3BeHa UMMYyHUTETA [36].

CapartoBckue HUCCIENOBATENIN yCTAHOBMIM, YTO CO-
YETAHHOE HUCIONb30BaHUE MOIMOKCUJIOHUSA M BAaKLMHHOTO
MTaMMa TYJSIPEMUHHOTO MUKpOOa MPUBOAMIO K aKTHBAIIUU
CIUIEHOLIUTOB, MOHMKEHHONU MHTEHCHUBHOCTU IMOBPEXKICHUS
Makpo(daroB B ceJe3EHKe ¥ OPIONTHOM ITOJIOCTH SKCIIEPUMEH-
TAJBHBIX )KUBOTHBIX Y IIOBBIIIEHHIO TUTPOB CrIeH(pUIecKnuX
IPOTUBOTYJsIpeMUIHBIX aHTuTen [37]. Ilokaszana neneco-
00pa3HOCTh HCIOJIB30BAHMSI MOJMOKCHIIOHUS U JanapriHa
JUIS CHUDKEHUSI PEaKTOTCHHBIX CBOMCTB JKUBOM TyNSIpeMHid-
HOH BakIMHBI [38].

OO0 >pPEKTUBHOCTH MTPUMEHEHHUS TTOJTHOKCHIOHUS JIIIS
COBEPIIEHCTBOBAHMS CIIEIN(PUUECKON MTPOPHIAKTUKI XOJIe-
PBI CBUJETEIBCTBYIOT SKCIEPUMEHTHI 110 CO3AAHUIO0 KOHBIO-
raToB JUALWIMPOBAaHHBIX JIUIOMOIMCAXApUAOB CEPOBApOB
Wnaba nim Oraga, a Takke B-cyObeTMHAIBI XOJIEPHOTO TOK-
CHHA C TOJIMOKCHIO0HNEeM. KoHbloraTsl B OOJbILEH CTENeHn
CTHMYJIUPOBAIN aHTHOAKTEpUAJIbHBIH W aHTUTOKCHYECKHH
TYMOpPaJIBHBIN OTBET IPOTUB aHTUTCHOB 110 CPABHEHUIO C UC-
MOJb3YEMBIMHU B TO BPEeMs NPOTHBOXOIEPHBIMHU BaKI[MHAMU.
Kpome sTOro, oHN cHWXanu ajiepruueckue U Jpyrue Imo-
OouHBIC peakuuy Ha BakiuHauuioo'. [lo3nHee moka3aHo, 4To
MOJMOKCUIOHUN YCWIJIMBAJ HKCIPECCUI0 MapKepoB PaHHEH
W TIO3/IHEH aKTHUBAallMM Ha UMMYHOKOMIETEHTHBIX KIIETKaX,
ctTumynupoBai nposmdepanuto CD3*-, CD4*-, CD19"-mum-
(houuTOB, YBENNYNBAI KOJIMYECTBO AHTUTECHCIICIIN(PUUECKIX
AHTUTEI000Pa3yIOIUX KIETOK, BHIPAOOTKY CrelH(UUECKIX
MMMYHOIJIOOYJINHOB B CHIBOPOTKE KPOBH W TOHKOM KHIIIEY-
HHKE 9KCIIEPUMEHTAIIFHBIX )KUBOTHBIX Ha HAYaJIbHBIX dTarax
(hopMupOBaHUs TPOTHBOXOJEPHOTO MMMyHHTeTa. [Ipnuém
MOBBIIIEHNE MMMYHOT€HHBIX CBOWCTB XOJEPHOW BaKIIMHEI
MO BIUSHUEM IOTHOKCUOHUS COXPAHATIOCh B OTAAJIEHHbIE
CPOKH MMOCTBaKLKMHAJILHOTO niepuona [39].

[erpor P.B., Xautos P.M., HekpacoB A.B. u np. Crioco6 momy-
YeHUs BaKIMHbI IPOTHB Xonepbl. [Tatent PO Ne 2021817; 1994 1.
(omy6nuxoBan 27.09.2000).

REVIEWS

[Tpn n3yyeHun BiusHUSA UMyHO(DaHa (CHHTETHYECKUI
nenTtua) Ha (OPMUPOBAHHUE MOCTBAKIIMHAIBLHOTO IPOTHBO-
XOJIEPHOTO UMMYHHUTETA, a TaKkKe Ha TeYEHHE W MCXOJ WH-
(PEeKIIMOHHOTO Tpollecca Y SKCIIEPUMEHTAIBHBIX )KUBOTHBIX
BBISIBJICHO, YTO €T0 NPUMEHEHHE TPEeJOTBPAIalI0 Pa3BUTHE
TPaH3UTOPHOTO MMOCTBAKIIMHAIBHOTO allONTOTHYECKOTO MM-
MyHOZAE(UIMTA ¥ CHIKAJIO CTEIIeHb BHIPR)KEHHOCTH NWH(EK-
LIMOHHOTO TIpoliecca MpHu dKCIepuMeHTanbHol xonepe [40].

OOHapyeHa CrIoCOOHOCTh UMMYHOITPENIapaToB HUMy-
Hoana m Oectuma (ramma-D-riryramui-tpunrodas) mo-
BBIIIATh UMMYHOTEHHBIE CBOIMCTBA HMPOTHBOMEINOUIO3HBIX
MIpenaparoB, yBeJIMYHBas BEDKUBAEMOCTH HKCIIEPUMEHTAIIb-
HBIX )KUBOTHBIX TIOCJIE UX 3apa)KEHHsI BHICOKOBHPYJICHTHBIMA
mTaMMaMu Bo3oyautens [41].

[TokazaHo, YTO CHHTETHYECKHH IIMKOJIUIH] O-TajlaK-
tosmnuepamuy (o-GalCer), koTopelii crnenuduyeckn CBs-
3piBaeTcs ¢ CD1d, Heknaccmyeckoir monekynor MHC 1,
CIOCOOEH IPOSIBIATH abIOBAaHTHYIO aKTUBHOCTB JUIS Oell-
xoBbIX U JIHK-BakumH. ITonoXUTEIBHBIN ONBIT COYETaHHO-
ro npumenenus o-GalCer ¢ JIHK-BakiiHo# npoTHB rpumnma
TIO3BOJIMJI CJIETIaTh BBIBOJ O I€JIECOO00Pa3HOCTH HMCHONB30-
BaHMS 3TOTO a/IbIOBAHTA IIPH Pa3padOTKe MPOTHBOTPHUIIIIO3-
HBIX MPOQMIAKTHIECKUX CpeAcTB [42]. BHyTprmkenynounas
MMMYHH3AIHsI MBIIIEH LEeNbHOKIETOUYHBIM YOUTHIM aHTHIe-
HOM Helicobacter pylori n 0-GalCer unmynuposana 3¢ dex-
THUBHYI0 MMMYHHYIO 3allIUTy IIPOTHB ATOTO BO30YyIUTEINS,
YTO CBHUJETENIBCTBYET O MEPCHEKTUBHOCTH MCIOIb30BAHUS
9TOTO a/IbIOBAHTA B COCTABE MEPOPAILHOI BaKLIUHEI IPOTUB
nanHo# nHpexmu [43]. [lepopansaoe BBenenunea-GalCer B
coueTanuu ¢ BakuuHo# «Dukoraly (IlIBerust) u ¢ youTsiM
mraMMoM Vibrio cholerae O1 HikojimaMS1342, koskcnpec-
CHPYIOIIMM aHTHTeHBI Junononucaxapuga Ogawa n Inaba
Ol ¥ ckOMOMHHMPOBaHHBIM C PEKOMOMHAHTHOW CyObeInHH-
ueit B V. cholerae, mpogeMOHCTPHPOBATIO yBETUUCHHE HM-
MYHOT€HHOCTH KaK BaKLIMHBI, TAK 1 aHTUTEHOB BO30YIUTEIs
xonepsl [44]. CoueTaHHOe NPUMEHEHUE BaKLUHBI NPOTHB
xoneps! «Dukoraly (IIeuust) u cynbdaruna (cynbharupo-
BaHHOro  mMkochuHromumua(3-O-cyabdoranakTo3uie-
paMu)) MPUBOAMIIO K YCHIICHHIO IPOAYKIMH CEKPETOPHOTO
UMMYHOTJIOOYTMHA A B KHIIEYHUKE OSKCIIEPUMEHTAIIBHBIX
JKMBOTHBIX M K aKTHBAIIMH HAaTypPAJIbHBIX KHJUIEPOB, YTO CBH-
JIETEJILCTBOBAJIO O MEPCIIEKTHBHOCTH NPUMEHEHHS CYIb(a-
THJIAa B KaYECTBE abIOBAHTA IIPU MTPOTUBOXOIEPHON BaKIIH-
Hauuu [45].

B oco0yro rpynity IMMYHO3bI0BAaHTOB BBIJIEJICHEI 1TH-
TOKUHBI ITPUPOJHOTO M PEKOMOMHAHTHOTO MPOUCXOXKICHHUSL.
ITepssie nutoxkunsl (MDH) nonyyanu U3 KpoBU JOHOPOB, YTO
OBLTO0 HU3KOPEHTAOEIBHO U JIOBOJILHO 3arparHo. C pa3BUTH-
€M TeHHO-MH)XEHEPHBIX TEXHOJOTUH OBLIM CHHTE3UPOBAHBI
COBpEMEHHBIE Tpemnaparsl (BU(epoH, HHIapoH, HHTEpalb U
T.J1.), copepxanme pekomOuHanTHeIi UDH-o i MOH-y.
[Nokazano, yro UDH-a neiicTByeT kak 3 QEeKTUBHBIH abio-
BaHT Ju1s (HOPMUPOBAHUSI IPOTHBOBUPYCHOTO IMMYHUTETA, a
€ro BIMsHKUE Ha AU(PPEPEHIIMPOBKY U aKTHBALMIO JEHIPHUT-
HBIX KJIETOK MIPAeT Ba)XHYIO POJIb B MHIYKIUH 3allUTHBIX
peakuuii mpu pa3pabOTKe pasIMUHBIX MPOTHBOBHUPYCHBIX
BakIMH [46]. Jloka3aHo aJbIOBAaHTHOE JAEWCTBUE Mpemnapa-
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TOB Ha OCHOBE PEKOMOMHAHTHBIX OEJIKOB IUTOKMHOB — Oe-
taneiikul (nHTepaelikun (WJI) 1), ponkoneiikun (MUJI-2),
aIbHOPUH ((paKTOpPHEKPO3a OIyXoNH-a.), ahPHUHONEHKUH —
IIPY BakIMHIIMK IPOTHB renaruToB A u B, GemeHcrsa, Kie-
IeBOro JHIedanuTa y >KMBOTHBIX. Hanbonee 3¢ dexTuBHO
BIIMSHUE STHX HMMMYHOAJbIOBAaHTOB IPOSIBISUIOCH HA IKC-
MEPUMEHTAIBHON MOJIENIN JKUBOTHBIX C HMMYHOCYyIpec-
cueil (oTBeT Ha crielu(UUecKue aHTHI'eHBl yBEIUYHUBAIICS
B 1,5-7,3 paza), a Takke NpU HCIOIB30BAHUU MAIBIX 103
BaKI[MH, HAa KOTOPbIE, B CIIyYae UX MCIIOIb30BaHUs Oe3 IIUTO-
KHHOB, pa3BUBaiCs cIa0Oblii IMMYHHBIA OTBeT [47]. [Tpume-
HEeHHe ITpenapara BUgpepoH (4eI0BeYeCKNil TeHHO-NHKEHEep-
upii UPH-a,) npu NpoTHBOrpUNNMO3HOK BaKIMHAILIMH CIIO-
COOCTBOBAJIO paHHEMY (OPMHPOBAHHIO CHELUPHIECKOTO
UMMYHHTETa U CHIKAJIO YaCTOTy M TSDKECTh 3a00JIeBaHuUs B
snuaemMuueckuil ce3on [48]. Ilpu ucnonb3oBaHUM BaKIIMHBI
«Engerix-B» npoTus renarura B xoporo 3apekomenoBanu
ce0st pexoMOuHaHTHBIN MJI-1f ¥ OUTOKMHOBBIA Ipenapar
OeTaneiikiH, TPUMEHEHHE KOTOPBIX ITO3BOJIMIIO ITTOBBICHTH
5 (EeKTUBHOCTh BaKIMHAIWU Yy OOJNBHBIX C BTOPHYHBIMHU
UMMYHOJE(UIIUTAMH U XPOHUYECKUM HH(EKINOHHBIM CHH-
apomoM [49]. NJI-12 s¢ddexTuBHO NMpUMEHSIICS B COCTa-
Be BaKLUHBI NpoTUB renaruta B, a takxe B JIHK-Bakuune
npotuB renarura C, TOBBIMIAS UX UMMYHOTEHHOCTD 3 CUET
ctumymsiiuu npoaykuuu WJI-4 u MOH-y, ycunuBaromux
npotuBoBUpycHYIO 3amuty [50]. Ilpumenenune NJI-2 B ka-
YEeCTBE aJ{bIOBAHTA B COCTaBE HKCIIEPHUMEHTAIBHON BaKI[MHbI
npotuB renaruta C cocoOCTBOBANO aKTHBAIMU KIIETOYHO-
ro 3BeHa ummynurera [51]. TlocnengoBarenbHOoe BBeACHUE
WJl-6, WJI-7 u UJI-15 yBennuusano ¢popmupoBanue CD4*-
T-xnerox namsatu x JIHK-Bakiune mpotus smrypa [52].

NJI-15 B coueranuu ¢ MJI-21 3HaunTENHHO MOBBIIIAN
nmmyHoreHHbii addext JJHK-BakiuHbl mpoTuB nH)EKINH,
BbI3BaHHOH Toxoplasma gondii, ycunupas TpomuQepaIio
mumdoruTos [53].

O.b. J/leMbsiHOBA 1 COABT. TOKA3aJIH, YTO PEKOMOWHAHT-
Hble [IUTOKHMHBI, BO3AECUCTBYSI NPEUMYIIECTBEHHO Ha MeXa-
HU3MBI KJIETOYHOTO UMMYHHTETa, MOTYT OBITH HCIIOIb30Ba-
HBI JUIS TIOBBIIICHHS MMMYHOT€HHOCTH M IPOTEKTUBHOCTH
AHTUTEHOB BO30ymutens menuounosa. [Ipu stom ams cru-
MYJSIIUN TIepBOH (ha3bl IMMYHHOTO OTBETa LeJIECO00pa3HO
npumenenne UOH-y, nHunmupyomero Hecnenupuyeckue
KJIETOYHBbIE (haKTOPHI 3alIWTHI, a JJISl YCHJIEHUs crenugu-
YECKOT0 KJIETOUHOTO MMMYHHOI'O OTBETa IMPEANIOYTUTEIBHO
ucnonb3zoBats NJI-2 [54].

B omblTax Ha B3pOCHBIX KPOJHMKAaX M MOPCKUX CBHH-
Kax JIOKa3aHa aJbIOBaHTHAas CIIOCOOHOCTH MpemnaparoB Oe-
taneiiknHa (pekomMOuHaHTHBINA WJI-1B) 1 moMMOKCHIOHUS B
OTHOIIEHWH MMMYHOT€HHOH M NPOTEKTUBHON aKTUBHOCTEH
JKUBOM MPOTUBOYYMHOH BaKIUHEI [55].

Bruto 3aMeueHo, 9ToO AN YCHIICHUS! UMMYHOCTUMYJIH-
PYIOILEro AeHCTBUS HA MAKpOOpraHu3M Harboee 3 eKTUB-
HBIM OBLIO COCTaBJICHNE KOMOWHAIIUY U3 JIBYX HJIM HECKOJIb-
KHX aJIbIOBAaHTOB, BXOJSIIIIUX B COCTAaB BAKLIMHHOTO IIpenapa-
Ta. AJTbIOBaHTHAsI aKTUBHOCTh CyMMHPYETCSI, 4TO YCHINBAET
MMMYHHBIH OTBET U MOKET aKTUBHPOBATh KaK I'yMOPaJIbHBIMH,
TaK M KJIETOYHBII UMMYHHUTET B 3aBUCHMOCTH OT aHTHI'€HOB,

BXOISIIIMX B HCCIIEAyeMylo BakIMHY. Tak, koMOWHamus u3
THJPOOKHCH ATIOMHHUSI 1 MOHO(OC(HOPHUINPOBAHHOTO JIH-
muaa A, 3aperucTpupoBaHHAs KaK abIOBaHTHAS CHCTEMa
AS04, BXoauT B COCTaB BaKLIMHBI IPOTUB Tenaruta B, xoTto-
past pazpaboTaHa JyIsl MAIEHTOB ¢ XPOHUYECKUMH 3a0oJie-
BaHMSIMH TT0YEK, 000OpeHa M pa3pelleHa K NPUMEHEHUIO B
CIIIA 1 HeKOTOpPBIX eBpoNeNCcKuX rocygapcTsax [56]. Hpy-
ras 3aperucTpupoBaHHas aabloBaHTHas cuctema ASOl co-
CTOUT U3 MOHO()OCHOPHINPOBAHHOTO JIMMKAA A 1 TIIUKO3U/A
CaroHMHa, BhIIEIsseMoro u3 kopsl Quillaja saponaria Molina,
UHKAICYIUPOBaHHBIX B JIMIIOCOMHYIO CTPYKTypy. ASO1 axtu-
BUpYET Kacra3zy-1, ClocoOCTByeT aKTUBALMU HH(IaMMacoMBbl
u BeicBoOOk eHnto NJI-1P, a Taxke 1JI-18. BeicBoOOKICHIE
WJI-18 BeI3BIBaeT OblcTpylo mpoxykuuio MDH-y, ocobenHO
HaTypaJIbHBIMH KHJUIEPAMH, TEM CaMbIM CIIOCOOCTBYsI cO3pe-
BaHHMIO ICHPUIHBIX KJICTOK U MHIYKIIUU KIETOYHOTO IMMYH-
HOT'O OTBETa. DTOT a{bIOBAHT BXOAUT B COCTAB BaKIMHBI ITPO-
THB Maysipud [57]. KoMOuHAIMS aqbl0BaHTa, TIOYYSHHOTO U3
XOJIEPHOTO TOKCHHA W JIMIIUAHBIX HAHOYACTHL, 3HAYUTEIHEHO
yiy4lnajna IMMYHOT€HHOCTD H POTEKTUBHOCTH AKCIIEPUMEH-
TaJbHOU MHTPaHA3aJbHOW YHUBEPCATBHOM BaKI[MHBI IPOTUB
rpurnma [58]. BxiroueHne KOMOMHMPOBAHHOTO aJIbIOBAaHTA,
COCTOSIIIETO M3 CyObeAMHHUIBI A XoJiepHOro TokcuHa u MJI-
15, B ABYXBAJICHTHYIO BAaKLUUHY IPOTUB CHOMPCKOH SI3BBI U
HaTypaJIbHOW OCHBI MPUBOIMIO K 3HAYMMOMY YBEIUYCHHUIO
TUTpA aHTHUTEN U BEDKHBAEMOCTH 3KCIICPUMCHTAIBHBIX KH-
BOTHBIX IIOCIIC 3apa)KCHUs] CHOpaMH CHOMPCKOH SI3BBI IO
CPaBHEHHUIO C KOHTPOJBHOW TI'PYMNIOi, MMMYHH3HPOBaHHON
TOJIBKO BaKIMHOM [59].

Oco0y10 IpyIILy COCTaBISIOT KOPIYCKYJISIPHBIE aJIbI0-
BaHTHIL. YCTAHOBJIEHO, YTO HEKOTOPBIE NMPHUPOIHBIE YACTHIIBI
CHOCOOCTBYIOT (hOPMHPOBAHUIO JICTIO AHTUTCHA, TEM CaMbIM
YCHIMBas IMMYHHBIH OTBeT. O BO3MOXKHOCTH IPUMEHEHHS
B KaueCTBE aJbIOBAHTOB IPU OPAJBHON BAaKIMHAITUH IPO-
THUB XOJIEPbl CHHTE3WPOBAHHBIX ME3OIIOPHUCTHIX YITIEPOIHBIX
HAHOYACTHIl KPEMHE3eMa, B KOTOpHIE IOMEIIeHa PEeKOMOH-
HaHTHas 4acTuia cyorenquuunsl B V. cholerae, cBunerens-
CTBYIOT PE3yJIbTaThl, IIOJydeHHbIE 3apyOe)KHBIMH aBTOPaMH.
Jlokazana Gosnee BbICOKast 3)peKTHBHOCTH ATOTO KOMIUIEKCA
B MHIYKIIUA UMMYHHBIX PEaKIUi, 9YeM MPHU HCIOIH30BaHUH
MPOCTO aHTUTeHOB V. cholerae [60]. TIpOoTOTHIT BaKIMHEI, CO-
CTOSIIIEN M3 KOHBIOTAaTOB aHTUTEHOB V. cholerae ¢ HaHOYa-
CTHLIAMHU 30J10Ta, TT0Ka3ajl Ha MOJENN KUBOTHBIX BBICOKYIO
HUMMYHOT€HHOCTb, MPEBOCXOAIIYI0 TAaKOBYIO y KOMMepue-
CKOM BaKIIMHBI, UCIIOJNb3YeMOM B KauecTBe KOHTpous [61].
Ornenka 3((eKTHBHOCTH HAaHOYACTHIL CEJICHa C HaJIOKCAHOM
(aHTOTOHHCTOM OITMOUTHBIX PELIEIITOPOB) B KAYECTBE HOBOTO
aJbIOBaHTA JUTS YCHICHUS UMMYHHBIX PEaKIIMiA, BBI3BAHHBIX
BBe/IeHHEM YOUTBIX V. cholerae, BbIsIBUIIA 3HAYNTEIHHOE YBE-
JUYCHUE CHHTE3a CIICUPUUIHBIX K V. cholerae uMMyHOTIIO-
OynmuHOB Ki1accoB G 1 A u Oosee BBICOKYIO BBKHBAaEMOCTh
MBIIIEH 110 CPaBHEHUIO C TPYIMIION KUBOTHBIX, BAaKI[MHUPO-
BaHHBIX «Dukoral» [62].

BHuMmaHus 3aciyKHBAIOT Tak)Ke BEIECTBA, BBIJIENICH-
HBI€ U3 IPUPOAHBIX PACTHTEIBHBIX KOMIIOHEHTOB, TAKHE KaK
XHUTO3aH, ITFOKaH, MaHHO3a, TIOIMCaXapy/l MHYJINHA U ITOJH-
caxapuJ KHTaiicKol JieKapcTBeHHON TpaBbl. OHHM 00nagaroT


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9147349/#B168-vaccines-10-00819

242

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2023; 100(3)

DOI: https://doi.org/10.36233/0372-9311-339

CBOMCTBAaMM BHYTPEHHEH HMMYHOMOIYISIHH, OHOCOBME-
CTHMOCTH, OHMOpa3IaraeMoCTH, HU3KOH TOKCHYHOCTH U 0e3-
ornacHocTH. Jloka3aHo, YTO pa3lndHbIe NPUPOJHBIE TTOJINCA-
XapHbl YCHUIIMBAIOT TYMOPAJIbHBIN, KIETOUYHBIH HMMYHHTET,
YTO MO3BOJISIET UCIOIB30BaTh UX IS MOBBIIIEHUS] UMMYHO-
T€HHOCTH MHOTHMX BaKIuH [63].

Iupoko uccaenyeMbIM MPUPOIHBIM KOMIIOHEHTOM
SIBIIICTCSl TIMKO3UJ — CallOHUH, BBIJIECNEHHBIA U3 KOPBI
pacrenus Guillaja saponaria. Tlony4aeMelii U3 calOHUHA
UMMYHOCTUMYJIUPYIOIIUN KOMIUIEKC YCHIMBAeT HMMYHO-
TeHHOCTh NPOTEHHOBBIX, INIMKOIPOTEHHOBBIX U IOJIHMCAXa-
PUAHBIX AHTHIEHOB, CTUMYJIHPYET CEKPELUI0 LUTOKUHOB,
PEryIupyromuX KIETOYHBIH W TYMOPAIbHBIH WMMYHHBINA
orBeT [64]. [lenpra-MHYIMH, KpPHCTAJUIM30BaHHAs (opma
NoJNHcaxapuaa WHyJIHHA, BBITyCKaeMasi Kak aJbIOBaHT ITOJ
TOPTrOBHIM Ha3BaHMEM «Advax», yCHIMBaeT UMMYHOTEH-
HOCTB BaKIMH, YTO OBUIO MOKA3aHO HA Pa3IM4YHBIX OMOMO-
JeNsIX WHOQUIUPOBAHHBIX BHUPYCAMH TPHIIA, SHOHCKOTO
sHuedanura, auxopaaku 3ananHoro Hwima, rematura B n
BUpYyCOM HMMMyHozpeduiura 4enoseka [65]. IlenTumorm-
KaH KHCJIBIH, BBIJICJIEHHBIH U3 POCTKOB KapTodesst U 3ape-
THCTPUPOBAHHBIN KaK JIedeOHbIN npenapat «IMMmyHOMaKcy,
IIPY UCTIONB30BAaHUH B KAaueCTBE aJbIOBAHTA Ul CHHTETH-
YEeCKOW MeNTHAHOW BakIMHBI NpoTHB rernaruta C B 3HAYH-
TENbHON CTENEHU yBEIHUYHBaJI €€ MMMYHOI€HHOCTH [66].
Job6aBnenne xurozaHa (IpUPOJHOTO OMOIIOIMMEpPA) U alb-
TUHATHOW COJIM K SKCIEPUMEHTAIBHOW NapeHTepanlbHON
yOUTOH BakIMHE NMPOTHB XOJEPHl 3HAYUTEIHHO YIy4dIIajio
UMMYHHBIH OTBET, 0 4éM CBUJIETEIbCTBYIOT YyBEIMUYEHHE
yHcia crenupUIecKuX aHTUTEN, yCUIIeHHEe ponrepaun
UMMYHOKOMIIETEHTHBIX KJIETOK U BBICOKAsl CTETIEHb 3aIlUTHI
OT pa3IMYHbBIX 103 V. cholerae [67].

O BO3MOXXHOCTH HCTIONb30BaHUS MPAHC-PETUHOEBON
KUCJIOTHI B Ka4ecTBE a/IbIOBaHTA IPH cHenu(uIecKor mpo-
(bUIaKTHKE KUIIEYHBIX WH(EKIHUH CBHIETEIBCTBYET TO, YTO
npuéM BUTaMHMHA A 3a 4ac 10 NepopajbHOW BaKIMHAIMU
MPOTHB OpIOIIHOTO TH(A CIIOCOOCTBYET YBEINUEHHUIO CEKpe-
IIMM CEKPETOPHOTO MMMYHOIIOOYIMHA A B KUIIEYHUKE JAeTeH
[68]. JlaHHBIA TOAXOI MOXET OBITH MPOCTBIM, NCHIEBBIM U
0e30macHBIM CIIOCOOOM ITPEOTBPAIEHHsI CMEPTHOCTH, BBI-
3BaHHOU JMapeHHBIMU 3a00JICBaHUSIMU, JUTS CTPaH C HU3KUM
ypoBHeM paoxofa. [IpumeHnenue mpanc-peTHHOEBON KUCIOTHI
JIO BaKI[MHAIMY CHIXKAET BOCHAIUTENBHBIN IIPOLIECC B TOHKOM
KHUILIEYHUKE, a TAKKe TTOBBIIIAET UMMYHHBIH OTBET M 3aIllUT-
HYI0 3((QEKTUBHOCTD SKCIIEPUMEHTAIBLHON MSATHBAJICHTHON
BaKIMHBI M3 BE3UKYIN HAPYKHBIX MeMOpaH V. cholerae [69].

Takum 00pa3oM, aHaIM3 COBPEMEHHOH JIHTEpaTyphl
MIOKa3aJI, YTO JUIs TTOBBIIEHHS 3P (HEKTUBHOCTH BaKI[MHAIINN
MPOTUB OaKTEPHAIBHBIX M BUPYCHBIX HH(MEKINH B KayeCTBE
aJBIOBAaHTOB LIMPOKO HCIIOJB3YIOTCS pa3lUYHbIE BEIECTBA
U COEIMHEHMS KaK IPUPOIHOTO, TaK U CHHTETHYECKOTO MPO-
ucxoxjaeHus. [IpuMeHeHre UIMMYHOAIbIOBAHTOB YCUJINBAET
MMMYHOTEHHYIO U IPOTEKTHBHYIO CIIOCOOHOCTH BaKIIMHHBIX
IpenapaToB, MO3BOMAET CHU3UTh aHTUTEHHYIO Harpy3Ky Ha
OpPraHM3M 4YeJOBeKa W CO3aTh HANpsDKEHHBIH MMMYHHBIN
OTBET y JIUI] CO CHM)KEHHOH MMMYHOJOTMUYECKON aKTHBHO-
CTBIO M MOXKUJIOTO BO3pacTa.

REVIEWS

Hamm mnpencraBieHuss o MeXaHHW3Max B3anMOEH-
CTBHSI aJIbIOBAHTOB C KJIIETKAMH MUMMYHHOM CHCTEMBI Opra-
HU3Ma OCTalOTCSl HeNoNHBIMH. HeoOxoaumMo mpojoimKarh
WCCIIEIOBaHUS B 3TOIM 00JacTH, MMOCKOJIIBKY 3TO UMEET pe-
mIaroniee 3Ha4eHne ISl MCII0Ib30BaHUS CYIIECTBYIONINX U
HOBBIX TIPENaparoB B CTUMYIISLIUHM PAa3BUTUSI ONTHMAIbHO-
ro MMMYHHOTO OTBETa MPOTHB PAa3JIMYHBIX BO3OyIUTENEH
nHoexnuu [70, 71]. IIpu BeIOOpE agbIOBaHTa HEOOXOIUMO
YUUTHIBATh HAlpaBIEHHOCTh €ro JeHCTBUS Ha (QopMHUpo-
BaHHE KaK MECTHOTO, TaK U CHCTEMHOTO CHEeNH()UIEeCcKOro
MMMYHHOTO OTBETa B 3aBUCHMOCTH OT XapakTepa narore-
Ha. [loMck HOBBIX BELIECTB W NpenaparoB, 00IaJaroIIuX
CHOCOOHOCTBIO YCHIIMBAaTh HIMMYHHBIH OTBET Ha aHTUTEHBI,
BXOJSIIIIE B COCTaB aHTHOAKTEPHAIBHBIX U IPOTHBOBUPYC-
HBIX BaKIUH, SIBJISICTCS BA)KHBIM U ITEPCIIEKTHBHBIM HaIlpaB-
JIeHHEeM pa3paboTKH M COBEPIICHCTBOBAHUS MPOQHIAKTH-
YECKUX CPE/ICTB IPOTUB Pa3IMYHBIX HH(EKINH, B TOM YHC-
1€ 0co00 ONAaCHBIX.

Hecmotpst Ha o4eBHAHBIE YCIEXH, KOTOpbIe OBUIH
JOCTUTHYTHI 110 NPUMEHEHUIO HOBBIX a/IbIOBAHTOB JJISI CO-
BEpPLIEHCTBOBAHUSI CYIIECTBYIOMINX M JKCIIEPUMEHTAIBHBIX
BaKIMH, pa3pabOTYUKK BaKIMH HE CIIEIIaT MPUMEHSTh UX B
KIIMHUYECKOH NMPaKTUKE B OCHOBHOM M3-32 OTCYTCTBUSI JIaH-
HBIX 110 KOPPEJSAIUU aAbIOBAaHTHOCTH in Vitro U in vivo [72].
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Hosocnbupck, Poccus

Review

AHHOMayus

Mukpo6uoTa COBMECTHO C XO3MHOM (DOPMMUPYIOT CUMBMOTMYECKNE OTHOLLEHUS], B KOTOPbLIX MUKpOBMOTa nrpaet
KIOYEBYHO porb B MogaepkaHun romMmeocTtasa opraHnaMa YenoBeka, BbIMOSHSAA 3HauYuMble YHKLMW: SHEpreTu-
Yyeckui obmeH, co3peBaHune 1 NOAAEepKaHNe MMMYHHON CMCTEMbI, CUHTE3 BUTAMWMHOB, perynsaumio obpaTtHoro
BCaCbIBaHUS B KULLEYHMKE XKEMNYHbIX KUCMNOT U Ap. HayyHble nccnegoBaHust MOCNEAHUX NET BHECNW 3HAYUTENb-
HbIA BKNag B MOHMMaHWE CITOXHOW CBS3N MeXay MUKPOOUOTOM M psAOM NaTororMin YenoBeka, BKItoyasi 3roka-
YeCTBEHHblE HOBOOOpa30oBaHus.

B 0630pe paccMoTpeHbl MexaHN3Mbl BO3MOXHOIO BNMSIHUS GakTepuii Ha pasBUTME U NPOrPECCUI0 paka C akUeH-
TOM Ha NPOKaHLIEPOreHHbIe CBONCTBA MUKPOOUNOTLI. OTpaXkeHo, YTO BaXKHENLUMM (DaKTOPOM MeXaHM3Ma BIUSIHUSA
MUKPOOMOThI Ha KaHLIEpPOreHes SBMATCS TOKCUMHbI, NpoAyLMpyeMble MUKPOOPraHM3mMamu, KOTopble MHOYLMPYHOT
npsimble peakuumn nospexaeHnsa JHK kneTok xo3suHa, Bbi3biBag MyTaumun OHK, HapyLleHns eé TouHon pennuvka-
UMK, a Takke NPOBOLMPYIOT HapyleHne 6anaHca nponvdepalmn 1 anontosa KrneTok X03auHa, ux ObicTpoe cTa-
peHne 1 OHKoreHes. PaccMoTpeHbl BEPOATHbIE MEXaHU3Mbl Y4aCTUsi MMKPOOPraHNM3MOB B Pa3BUTUM paka yepes
aktmBaumio TLRs 1 NLRs peuentopos, obnagatoLumx onyxonb-aktusmpyowmnm achdektom. MpuBoamTcs kpaTkmi
0630p MEXaHN3MOB KaHLIeporeHe3a, CBA3aHHbIX C MeTabonmMyecKkon akTMBHOCTBIO MUKPOOMOTLI 3a CHET npoLec-
COB perynsaunm BblpaboTKM BTOPUYHBIX KEMYHBIX KUCMOT, aKTMBaLMM NPOKAHLEPOreHHbIX COeQUHEHUN: (heHO-
noe, aTaHona, cynbuaoB, ammmnaka, HUTpo3amnHoB. ONMcaHo BNUSHUE MUKPOBMOTLI HA METabonMam NomnoBbIX
rOPMOHOB M pa3BUTME FOPMOHO3aBNCUMbIX BUOOB paka, OnocpeoBaHHbIX MEXaHNM3MaMy SHTeporenaTnyeckom
LUUPKYNSILMKN 1 OEKOHBIOraumMm 3CTPOreHoB.

M3yyeHne KaHLEPOreHHbIX MEXaHN3MOB AENCTBUS MUKPOOMOTEI B OpraHn3mMe Xo3sirHa OTKPbIBAET NEPCMNEKTUBDI
pa3paboTkn HOBbLIX YCMELLHbIX NMEPCOHANU3NPOBaHHbIX MOAXOO0B K BOMPOCY AMArHOCTUKU, NeYeHus u npodou-
NaKTUKM paka. MIameHeHne coctaBa MUKPOOMOTBI AOIMKHO CTaTb CNocobomM GopbObl C OHKONOrMyeckummn 3abo-
NeBaHUSIMU, HapsiZy C XUPYPruyecknM NeYeHneM, XuMmotTepanuen, ydeBon Tepanvein, TapreTHown Tepanuen n
UMMYHOTepanuen.

KnioueBble cnoBa: 0630p, Kuwe4yHas Mukpobuoma, pak, ducbakmepuos, MexaHU3Mbl KaHuepozeHesa, Toll-ro-
006HbIU peuenmop, MOMIEKYIISIPHbIE CMPYKMYPbI, accoyuuposaHHbie ¢ Mukpobamu, NOD-nodobHbie peuernmo-
Pbl, chakmopsl 8UpyrneHmMHocmu

HNcmoyHuk puHaHcupoeaHusi. ABTOpbI 3asBMAT 06 OTCYTCTBMUN BHELUHEro (hMHAHCUPOBAHWUS NpU NPOBEAEHNN 1C-
crnefoBaHus.

KoHgpbnnukm unmepecoe. ABTOpbI [eKNapupyoT OTCYTCTBUE SIBHLIX U MOTEHUMANbHBLIX KOH(MMKTOB UHTEPECOB, CBSI-
3aHHbIX C Nybnukaumeln HacTosLLEeNn cTaTbu.
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Gut microbiota and carcinogenesis: actual aspects
Aleksandr F. Poveshchenko, Valeria N. Cherkas ™, Aleksey V. Kabakov, Oleg V. Kazakov

Research Institute of Clinical and Experimental Lymphology — Branch of the Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

Abstract
The microbiota, together with the host, form a symbiotic relationship in which the microbiota plays a key role
in maintaining the homeostasis of the human body, performing a number of significant functions such as
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energy metabolism, maturation and maintenance of the immune system, vitamin synthesis, regulation of bile
acid reabsorption in the intestine, and much more. Scientific research in recent years has made a significant
contribution to understanding the complex relationship between the microbiota and a range of human pathologies,
including malignant neoplasms.

The review considers the mechanisms of the possible influence of bacteria on the development and progression
of cancer with an emphasis on the procarcinogenic properties of the microbiota. The most important factor in
the mechanism of influence of the microbiota on carcinogenesis are toxins produced by microorganisms that
induce direct damage to host cell DNA, causing DNA mutations, disruption of its exact replication, and also
provoke an imbalance in the proliferation and apoptosis of host cells, their rapid aging and oncogenesis. The
probable mechanisms of participation of microorganisms in the development of cancer through the activation of
TLRs and NLRs receptors, which have a tumor-activating effect, are considered. A brief review is given on the
mechanisms of carcinogenesis associated with the metabolic activity of the microbiota due to the processes of
regulation of the production of secondary bile acids, activation of pro-carcinogenic compounds: phenols, ethanol,
sulfides, ammonia, nitrosamines. The influence of the microbiota on the metabolism of sex hormones and the
development of hormone-dependent cancers mediated by the mechanisms of enterohepatic circulation and
estrogen deconjugation is described.

The study of the carcinogenic mechanisms of action of the microbiota in the host organism opens up prospects
for the development of new successful personalized approaches to the diagnosis, treatment, and prevention of
cancer. Changing the composition of the microbiota should become a way to fight cancer, along with surgical
treatment, chemotherapy, radiation therapy, targeted therapy and immunotherapy.

Keywords: review, gut microbiota, cancer, dysbiosis, mechanisms of carcinogenesis, Toll-like receptor (TLR),
molecular structures associated with microbes (MAMPs), NOD-like receptor (NLR), virulence factors
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BBeaeHmne

[epBbie Teopun OakTepUaLHO-OMOCPEIOBAHHO-
ro OHKOI'€He3a ObUIM BBIIBHHYTHI B cepenune XX B.,
xorga W.C. McCoy u coaBT. BIIepBbI€ MPEIION0KUIH
CBSI3b MEXJY KapUMHOMON CUTMOBUAHON KHUIIKU H
MHUKpoopranusmMom pojaa Enterococcus [1]. Tloznnee
C.L. Sears u coaBT. c(OpMYIHPOBAIN TUIIOTE3Y «allb-
(a-xydka», B KOTOPOW MHUKpoopraHusm Bacteroides
fragilis urpaeT LEHTPabHYIO MPOOHKOTEHHYIO POJIb,
BbIpa0aTbiBasi SHTEPOTOKCHUHBI, MPOBOLUPYIOLINE BO3-
HUKHOBEHHE KoJopekTanbpHoro paka (KPP) [2]. B2012 .
H. Tjalsma u coaBT. IPEATIOKUIIA HEKYIO MOJEINb «BO-
JUTENb—TIaCCaKUP», B KOTOPOH Tak Ha3bIBaeMbIe «0aK-
TEpUH-BOIUTENN» TUNA B. fragilis npuBOIsAT K pa3Bu-
tuto KPP, koTopoMy npeniiecTBy0T HECKOIBKO 3TaroB:
BOCITAJICHUE, TIOBBIIICHHAS KJIETOYHAs Mpoiudepanus 1
MPOAYKIKSI TEHOTOKCHHOB [3]. Pacmupumnu 3To yueHue
G. Hajishengallis 1 coaBT. «KJTFOUEBOM I'MITOTE30i1», B KO-
TOPOH KIIIOUEBBIE MTATOTEHBI, Ja’Ke B MaJIOM KOJIMYECTBE,
CIOCOOCTBYIOT KOJIOHM3ALMH JOTIOTHUTEIbHBIMH MaTo-
reHamu [4]. 3a 3TUM cienyeT cOOl OTBETHOW PeaKIuu
XO03s5IMHA, YTO MPUBOIUT K (POpMUpPOBaHHIO AucOanaHca
KOMMEHCaIbHONH MHKPOOUOTHI M CTUMYJISILIUKA BOCTIANIH-
TenbHOro orBera [4]. Takum 00pa3oM, MOXKHO CKa3arh,
yro runore3a J. Lederberg, npeanonararomas, 4To u3-
YUCHHUE MUKPOOHOTHI YeTIOBEKA CTAHET 3HAYMMOM TeMOH
JUIS UCCIIEZIOBAHU [0 BCEMY MHpY, B HACTOSILIEE BpEMs
CTaHOBHTCS BCE OoJiee akTyalbHOM [5].

© Poveshchenko A.F., Cherkas V.N., Kabakov A.V., Kazakov O.V., 2023

B numnieBapuTensHOM TPAaKTE YEIOBEKa OOUTAIOT
TPHWUTHOHBl MHKPOOPIaHHU3MOB, KOTOpPBIE IEpPBOHA-
YaJbHO OBLIM Ha3BaHBI KUIIEYHOW MUKPOOUOTOH [6].
Kpome 3TOro, Bce MOBEepXHOCTHBIE Oapbephl Ueio-
BEUECKOTO OpraHHW3Ma HACEJICHBI CIOXHBIMU COO00-
miecTBaMu OakTepuid, TpuOOB, MpOCTEHIINX, apxed
U BUPYCOB. B COBOKYHMHOCTH 3TH MHUKPOOPTaHH3MBI
COCTAaBIISIIOT MUKPOOUOTY YellOBEeKa, & COBOKYITHOCTb
TCHOMOB 3THX MHUKPOOPTaHM3MOB — MHUKpPOOHOM He-
JoBeka. B HegaBHUX HMCClETOBaHUSIX MMOKa3aHO, YTO
COOTHOIICHUE OAaKTEePHi K KJIeTKaM 4eJI0OBEKa COCTaB-
nset npumepHo 1 : 1 [6]. dyHkuuu, Kogupyemsie B
MHUKpPOOHOME, UTPar0T BaXHYIO POJb B Pa3IUYHBIX
acnekTax ¢usnonoruu yenoseka. Hanpumep, kumeu-
Hasi MUKPOOHOTa MIPaeT LEHTPAIBHYIO POJib B pery-
asuuu MeTabonu3Ma X034KHA, a TaKKe y4acTBYyeT B
MpaBUJILHOM Pa3BUTUHM M (YHKUMOHHPOBAHWUU HM-
MYHHOU CUCTEMBI [7].

B nHacrosimee Bpemst BC€ Oosbliie MCCIIENOBaHUN
YKa3bIBAIOT Ha KOPPEISILHUI0O MEXKIY MUKPOOHOTOM ue-
JIOBEKa M pa3NWYHbIMU MAaTOJOTUSMH, BKIIIOYAsi Hapy-
mieHus: oOMeHa BelecTB, MH(eKUnoHHBbIE 3a0ojeBa-
HUS1, MHOTHE QOopMBbI paka [8]. TpuuimoHnsl MUKpPOOOB,
HACEJSIOMIMX OpraHu3M 4YeJlOBEeKa, yCTAaHABIMBAIOT
KOMMEHCaJIbHbIE OTHOLICHHUS C XO3IMHOM, HO MOTYT
pa3BUBATBCS M JUCOMOTHYECKUE OTHOMICHUS, HEKO-
TOPBIE U3 KOTOPBIX MPOBOLMPYIOT Pa3BUTHE BOCIIANH-
TEJIbHBIX U OHKOJIOTHUECKHUX 3a00neBaHuii [8].
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[MuieBapUTEIbHBINH TPAKT X03siMHA 00ECIIEYNBACT
MUTATENBHYIO HUIIY AJIS MUKPOOHOTHI, B TO BPEeMsl KaKk
MHUKpOOHOTa 3alIMIIaeT MAaKPOOPTaHHU3M OT MAaTOTCHOB,
MOMOTaeT B Pa3BUTUM MMMYHHOH CHCTEMBI, CIOCO0-
CTBYET YCBOCHUIO MUTATENbHBIX BEIIECTB U3 MUIIX Iy~
TéM (epMeHTaLnU HenepeBapruBaeMON KIETYATKH 0
KOPOTKOIICTIOYEYHBIX KUPHBIX KUCIIOT, TPOU3BOAMT HE-
3aMEHHMbIe aMHUHOKHCIIOTH 1 BUTAMHUHBI, IOMOTaeT B
YCBOCHHU MHHEPAJIOB M CIIOCOOCTBYET PaCIICTIICHHUIO
MUIIEBBIX TOKCMHOB M KaHIeporeHoB [9]. Kuieunas
MHUKpOOHOTa TakkKe CcrocoOcTByeT pocty u nudde-
PEHIIMPOBKE SHTEPOLIMTOB U KOJIOHOLIUTOB, TEM CAMbBIM
MOAJICPXKHBasi KUILIEUYHBIH Oapbep B 60prOe C MOTEHIH-
aJbHBIMU MaToTeHamu [9].

Cunraercs, 4TO MO MPOMCXOXKACHUIO MUKPOOHO-
Ta siBIsieTCsl PaKTOpOM, HacIeIyeMbIM OT MaTepH Mpu
poxnaenuu [10]. Ha Gonee mo3qHUX cTausix pa3BUTHS
Ha MUKPOOHOTY BO3JICHCTBYET Ps/ 3aBUCSAIIMX (HANpU-
Mep, 1eTa) U He 3aBUCAIIMX (TeHEeTHKa, BO3pacT) OT
XO035iMHA (PAKTOPOB, M3MEHSIOIIUX MUKPOOHOTY COOT-
BETCTBYIOIIMM 00pa3zoM. [loHnMaHue JUHAMHUYECKON
CTPYKTYpPBl MHKpPOOHOTBI CTaji0 BO3MOXHBIM C TO-
SIBICHHEM COBPEMCEHHBIX TEXHOJOTUH CEKBEHHUPOBA-
HUS. YKa3aHHBIE TEXHOJOTUU CHOCOOHBI MOJHOCTHIO
0XapaKTepU30BaTh MONUMOPPHU3M  OaKTEpUABLHBIX
coo0IIecTB, HACEISMIONIMX pa3Hble JOKYChl OpraHu3-
Ma 4eJoBeKa, C MCIOIb30BaHHUEM HYKJIEOTHIHBIX IO-
cieoBarenpHOCTeH reHoB 16S pubocomanbHeix PHK
Oaxrepuii [11]. Ilpu Takom moaxoje B psae MCCIENO-
BaHMIi, K IpUMepy, IOKa3aHo, YTO HauOoyee 4YacTo
BBIJICJIIEMBIMH M3 KHUIIEYHHUKA MHKPOOPraHU3MaMH,
HWMEIOIUMH OTHOIIEHHE K MAaTOreHe3y paka pazaInyHON
JIOKAIIN3aluy, IBIsoTC B. fragilis, Enterococcus spp.,
Escherichia spp., Shigella spp., Klebsiella spp., Strep-
tococcus spp., Peptostreptococcus spp., B. massiliensis,
Faecalibacterium prausnizii, Eubacterium haccii,
Mycoplasma genitalium [11-15].

ITo nanneiM G. Trinchieri, XxpoHu4Yeckre WHQEK-
LUK CIIOCOOCTBYIOT KaHIIEpOTeHe3y, IPUIEM IPUMEPHO
18% cimyuyaeB BOZHUKHOBEHHMSI paKa HAIIPSIMYIO CBSI3aHO
¢ uH(eKIMOHHBIMYU areHTaMu [ 16]. MHOrMe nmaToreHsl,
ounmansHO npu3HaHHBIE MeEXAyHapOAHBIM AareHT-
CTBOM II0 M3Y4YEHHIO paka BcemupHOI opraHuzanuu
3/IpaBOOXpaHEHMs, HaIIpUMep BUpYC DniTeitna—bapp,
Bupyc renatuta B u C, BuUpyc repreca, acCoOIuupo-
BaHHBIH ¢ capkomoit Kamomm, Bupyc nMMmyHonaepunu-
Ta 4eJoBeKa 1-ro Tuma, BUPYC MalWIIOMBI YEJIOBEKa,
T-mumdorponHelil BUpyc venoBeka Tuma 1, crnocoO-
CTBYIOT pPa3BUTHIO paka C IOMOILIBIO XOPOULIO OIH-
CaHHBIX MEXaHM3MOB: MHAYKUUH AuddepeHurpoBku
B-numdounToB, HapylleHHS PETYISLUN KIETOUHOTO
LUKJIA U TUIIEPAaKTHBAM UIMMYHHON CHCTEMBI (BHPYC
Onureiina—bapp, Bupyc renarutoB B u C, Bupyc um-
MYyHOJE(QHILINTA YEIOBEKa), TUCQYHKIHUU DPErysITop-
HbIX T-muMdouunToB (Bupyc dnmreiina—bapp, T-1um-
(OTpONHBIA BUPYC YeJOBEKa) U MPSIMOTO OHKOTEHE3a,
MHAYLUPYEMOI'0 BUPYCOM TepIieca, acCCOLUMPOBAaHHBIM

¢ capkomoit Kanomm u Bupycamu renaruta B u C npu
capkome Kamomm u renatouesuoiasipHOi KapuuHOMe
cootBeTcTBeHHO [17, 18].

Jpyrue natorensl, Takue kak Helicobacter pylori,
CHOCOOCTBYIOT Pa3BUTHIO paka, BBI3bIBAs MOBpEXke-
HUE U BOCHAJICHUE SIUTENHS JKEITyIOYHO-KUILIEYHOTO
TpakTta [16]. bone3Hu denoBeka CBA3aHBI HE TOJIBKO C
OTAETBbHBIMU MATOTEHaMH, HO U C II00aJbHBIMHA H3Me-
HEHUSMH COCTOSIHUS MUKPOOHOTHI [17]. MuKpOOHBIC
KOJIOHHM 4YeJIOBEUYECKOr0 OpraHuniMa, oObeJUHEHHBIE
B MHOTOKJIETOUHBIC acCOLHMAlHU, (POPMHUPYIOT CaMblil
OOJIBIIION «3a0BITHINY OpraH Teja yenaoseka [16, 17] win
JlaKe HEKYH OHMOCOIMAIIbHYIO CHCTEMY, CIIOCOOHYIO
OKa3bIBaTh BIMSHHE Ha BeCh OpraHm3M. Mukpoouora
YeJoBeKa CONICPKUT METarcHOM, KOTOPBIM IpeBbIlIa-
eT Halll COOCTBEHHBIN T€HOM B COTHH Pa3 U BBINOJIHSCT
BakHele GyHKIUHN B OpraHu3Me ueioBeka [16].

TpaguuuoHHBIE METOIBI HCCIIEAOBAHUS MHUKPO-
OMOTHI, OCHOBAaHHBIEC Ha KYIbTHBUPOBAaHUN MUKPOOPTa-
HU3MOB, 3aXBaTHIBAIOT JINIIb HEOOJBIIYIO JJOMIO, OObIY-
HO MeHee 30%, Hameil OakTepuanbHOW MHKPOOHOTHI
[19]. KynpTypanpHO-HE3aBUCUMBINA aHAJIN3 C HCIOJIb-
30BaHUEM CEKBEHHPOBAHMs YCTPaHWII 3TOT Mpoden u
CBITpaJl B&KHYIO pOJb B ONpEAEICHUH U MOHUMAaHUHU
MHUKPOOHOTHI U €€ METareHOMa, a TaKKe MX KII0YeBOH
poiK B MeTa00NIM3Me U BOCIAJICHUH — JIBYX (paKTopax,
KOTOpBIE CIIOCOOCTBYIOT Pa3BUTHIO KaHIEPOTCHE3a B
COBpeMEHHOM MoHUMaHuu [19].

Heas nanHoro 0630pa IUTEPaTyphl 3aKIH0YAETCS
B 00OOIICHUM TEKYIIMX JAHHBIX, KaCAIOIIMXCS MeXa-
HU3MOB B3aUMOJIEHCTBUS MHUKPOOHOTBI C OPraHU3MOM
YeJIOBeKa, a TaKKe MEXaHU3MOB BIUSHHS MHKPOOHO-
JIOTHYECKOTO KOMIIOHEHTa Ha OIyXOJEBYIO MpOrpec-
curo. B ¢Bs3U ¢ 3TUM BO3HUKIIA HEOOXOAUMOCTE B c0O-
pe COBpeMEeHHO# Hay4HOH MH(OpMAaLKU W THIIOTE3 O
crocoOHOCTH OaKTepUaTbHOW MUKPOOUOTHI BHICTYTIATh
WHIYKTOPOM OHKOT€HE3a.

IIpoBoawnu aHanu3 cTared U3 AIEKTPOHHBIX pe-
cypcoB u 0a3 nansbix B National Library of Medicine
(PubMed), Google Scholar, UpToDate, Science Direct
n HighWire Search Results. [Touck cooTBeTcTBYIOIIMX
WCCIICIOBAaHUH BBIMIOJHSJICS MO PACIIUPEHHOMY Tie-
PEUYHIO KJIIOYEBBIX CIIOB: «MHKPOOMOTa», «KHLICYHAS
MHUKPOOHOTa», «KaHLEPOTeHEe3», «MEXaHU3MbI BIHS-
HUSI MUKpPOOMOTHI Ha KaHIeporenesy. Ilpu sTom ObuTH
YUTCHBI ONpeaeNEHHbIe mapaMeTphl: MyOnuKanuu 3a
nocieanue 10 Jiet, s3bIK MyOIuKaluy — aHMITUHCKUH,
MIOJIHBIM OeCIUTaTHBIM AOCTYH K TEKCTY CTaThH.

Hamu naiineno 1145 crareii, BKiIrodas McTaaHa-
JIM3bl, OPUTHHAJIBHBIEC HCCIICIOBAHUS, KITMHUYECKUE HC-
MBITaHKA, cUcTeMaTHueckue 003opel. [locne n3yuenus
Ha3BaHMs MyONUKANNK, aHHOTAMI U MTOJHBIX TEKCTOB
crarei Obut 0TOOpaHbl 34 Marepuana. [[OmoITHUTENb-
HO aHaJM3UPOBAIN UCTOYHHUKH, BKIIIOYEHHBIE B CIIMCOK
JUTEPaTypbl BEIOpaHHBIX cTaTel. Mcmonp3oBanu cTaH-
JapThl KPUTEPHEB BKIIOYCHUS U MCKIIOYECHHUS JTUTEpa-
TypHBIX HcTouHHKOB PRISMA [20].
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HecmoTpst Ha TO YTO CIHMCOK acCOLMHUPOBAHHBIX
C OHKOT'€HE30M MUKPOOPIaHU3MOB, IIPU3HAHHBIN Mex-
JQYHapOJHBIM areHTCTBOM I10 M3y4eHHIO paka Bcemup-
HOW OpraHM3aluy 3IpaBOOXpaHEHHs, HE OOHOBISIICS
oonee 10 neT, HemaBHUE HMCCICAOBAHUS IOKA3bIBAIOT,
4to, moMuMo H. pylori, necsaTku BUAOB OaKTepuii Mo-
TYT MOAYJIMPOBATh PaK WM CIIOCOOCTBOBATh €r0 pas-
BuTHIO [18].

PaccMoTpuM OCHOBHBIE H3BECTHBIE MEXaHH3MBI
BO3MOKHOTO BIIMSIHUS KHIIEYHOH MHUKPOOHOTHI HA KaH-
neporeHe3 (KOHTaKTHO-3aBUCHMBbIE, UMMYHOJIOTHYE-
CKHE€ M KOHTAaKTHO-He3aBUcHuMEbIe) [8]. M3yueHne 3tux
MEXaHU3MOB MMEET BaKHOE 3HAYCHHUE JJISl AUATHOCTH-
KU, JICYCHUS ¥ TPOPUIAKTHKHA HEKOTOPBIX (hOpPM paka.

KOHTaKTHO-3aBNCMMble MeXaHN3Mbl BIMAHUA
MI/IKpO6I/|OTbI Ha KaHUeporeHes

MWUIMOHBI JIET SBOJIOIMU XO3SWH U OKPYKalo-
11ast ero MUKpOOHasi Cpeia COBMECTHO BOJIOIIMOHUPO-
BaJIM, CO37aBasi IKOCUCTEMY, B KOTOPOH YCTaHOBJICHEI
TaKWe OTHOLICHHsSI, KAK KOMMEHCAJIM3M, MYTYalIu3M U
napasutusMm [21]. B cBsi3u ¢ 3TUM HEBO3MOXKHO HTHO-
pUpoBaTh BIMSIHHE OakTepwil Ha (HU3HOJIOTMYECKHE U
MaTOJI0rMYEeCKHEe MPOLECCH, MPOUCXOSIINE B TEJIE Ye-
JoBeka. B yactHoCcTH, MUKPOOBI MOTYT CTUMYJIUPOBATh
TpaHc(OpPMaI0 HOPMAJIBbHBIX KIETOK B OITyXOJICBHIC,
BIIMsISE HA TEHOMHYIO CTaOWJIBHOCTH KJIETOK XO3S5HMHA,
YCTOWYHMBOCTBH KJIETOK K aIllONTO3y U CUTHANBHBIE MTYTH,
4TO BJICYET 32 COOOM HapyIIeHWEe KOHTPOJIS KIETOYHOM
nponudepaunu u auddepeHnranum KieTox [22].

B mporiecce MIMTENBHOM KOIBOMIOIMH OaKTepuit
U YeJOBEeKa OaKTepUaNbHBIC MAaTOTCHbI MPHOOpPEH
OHMONIOTHYECKUE CBOMCTBA, KOTOPBIE 00ECICUNBAIOT UM
CHOCOOHOCTh MPOTUBOCTOSATH 3alIUTHBIM MEXaHU3MaM
Makpooprauusma [22]. OnHUM U3 NPUMEPOB SIBISET-
csl TO, YTO OakTepuu IS 00eCre4YeHUs: COOCTBEHHOM
BBDKMBAEMOCTH ToAaBisitoT pemapanuu JIHK kierok
OpraHu3Ma-Xxo3siMHa, CloCOOCTBYsI BBDKUBAEMOCTH HH-
¢dunpoBaHHbIX KIeToK [22]. [loBpexaeHMs B MOJIEKY-
ne JJHK makpoopranusma mpuBOAAT K MyTallUOHHBIM
M3MEHEHUSIM B KJIETKaX OpraHu3Ma-xo3siMHa U TeHEeTH-
YeCKOW HeCTaOMJILHOCTH, KOTOPBIC SIBIISIOTCS MPU3HA-
KaMu OHKoreHesa [22].

Hexotopeie Buapl OakTepuii ClIOCOOHBI MOBPEK-
nate JJTHK kietoxk Xo3simHa ¢ MOMOIIBI0 TPOAYKIIHH
TreHOTOKCUHOB [23]. Haubomnee xopouio oxapakrepuso-
BaHHBIMU T€HOTOKCHHAMH SIBJISIIOTCS KOAUOAKMUH, IKC-
npeccupyembiii mrammoM Escherichia coli, Hecyueit
B ce0e TPyNIly T'eHOB pks («OCTPOBOK HAaTOr€HHOCTHY,
a UMEHHO TCHOMHBIH OCTPOB TOJUKETUACHHTA3bl —
polyketide synthase) [23] u yumonemanvnuiii pacmseu-
sarowuti moxcun (cytolethal distending toxin — CDT),
NPOM3BOAUMBIA PSIIOM TPaMOTPULIATENBHBIX OaKTe-
puii, cocrosimuit u3 3 cyouactun: CdtA, CdtB u CdtC,
KOTOpbIE KOAUPYIOTCS TpeMsl TeHaMH B COCTaBe OIle-
pona [24]. CormacHO SKCIEPUMEHTAIBHBIM TaHHBIM,
0aKTepuu, HKCIPECCUPYIOIINE [€HOTOKCUHBI, TeHEepH-

REVIEWS

pyroT paspeiBbl aByxuenodeunoit JIHK, unaynupyror
OCTaHOBKy Kieroynoro nukiaa G,/M, cnocoOCTByOT
Pa3BUTHIO HMHBA3WBHON KapIIMHOMBI Y MBIIIEH U 9acTO
BcTpeuaroTcst y nanueHToB ¢ KPP u BocnanuTenbHbI-
MU 3a00JIeBaHUsAMU KulieuHuka [25]. B qpyrom ucciie-
JOBaHUM y JNePUUUTHBIX 10 uHTepiaerkuny (MJI)-10
MBILICH, KOJIOHU3UPOBAaHHBIX E. coli umu Enterococcus
faecalis, pa3BuBaOCh BOCHAJICHUE KHUIICYHHKA, HO
JHIIb Y KUBOTHBIX, KOJIOHU3UPOBAHHBIX pks™ E. coli,
(hOpMHPOBAINCH OMYXOJIH KUIIEUHUKa [23].

Jlnsi IPOHUKHOBEHMSI KOJIMOAKTHHA BHYTPb TpPE-
OyeTcs HeTOCPEICTBCHHBIN KOHTAKT OaKTepuil ¢ KIeT-
KaMH{ SIUTENus, & YCTAHOBJIECHUIO JIyYIIero KOHTaKTa
crocoOcTByeT BocmaneHue [26]. M3BecTHO, 4TO KOJIH-
OaKTUH CBSI3BIBAETCS C A30TUCTHIMH OCHOBaHHSIMU B
cocrase /JJHK. OtTy peakuuio Ha3bIBalOT aJKMIUpPOBa-
HUEM, B X07Ic Heé€ JABOWHAs CIHpab TEPsIET CBOIO (op-
MY, MOTYT BO3HUKATh CIIMBKU MEXIY IETSIMU U JTBOK-
HBIE pa3pbIBHI [23].

MuKpoopraHnu3Mel, HanboJee YacTo BhIACISIEMbIC
npu KPP, pake xenynka u sxemqnoro mysbips (E. coli,
Aggregatibacter actinomycetemcomitans, Shigella dy-
senteriae, Haemophilus ducreyi, Campylobacter jejuni,
Salmonella enterica, Helicobacter spp.), SBISIOTCS
npoayueratamu CDT [24]. Ces3biBaHuE UTONETATBHO-
IO pacTATMBAIOLIETO TOKCHHA ITPOUCXOAUT Ha Yy4acTKax
LUTOILIa3MaTH4eCcKoi MeMOpansbl, noctaBka CDT ocy-
LIECTBIISIETCS Yepe3 KoMIuieke [0b1Ku 1 SHI0IIIa3Ma-
TUYECKYIO CETh, NOCJIE YEero OH IMOMAIaeT B Ao, IIe
OKa3bIBaeT TECHOTOKCHYecKoe aekctBue [26]. Ilocne
[IOTaJIJaHUs TOKCHUHA B PO KIETOK XO391HA OH BBI3bI-
BaeT paspeiBel JIHK, HamoMmuHaromiye oTBeT Ha BO3-
JieficTBHE MOHU3HUPYIOLIUM H3IIyUYE€HUEM, B pe3yJbTare
MIPOMCXOJUT OCTAHOBKA KJIIETOUHOTO LIUKJIA HITH THOETh
KkneTok [27].

[ToMUMO T€HOTOKCMHOB T€HOMHYIO HECTaOMIIb-
HOCTb MOTYT BBI3BIBATb META0OIUTHl OAKTEPUAIEHOTO
IIPOUCXOXKICHUS — CEPOBOIOPOJ M CYNEPOKCHUIHBIE
paaukansl. MexaHn3M KaHIeporeHe3a, UHAYLIUPYeMOro
MHUKpOOHOTOMN, TECHO CBSI3aH C METaOOIMYECKOM aKTHB-
HOCTBbIO MUKpoopranuzmos. Hampumep, B pe3ynsrare
BOCHAJIMTEIBHOTO IMpoliecca, BbI3BaHHOTO B. fragilis,
MOBBIILIAETCS YPOBEHb KaTabonn4eckoro pepMeHTa no-
JIMaMMHOB OKCUT€HOKCHJIOPEAYKTa3bl, TeHEpUpYIOLIei
aKTHBHBIE (OPMBI KHCIOPOIA, KOTOpPHIC, B CBOIO O4e-
pens, noBpexaaroT JIHK kimerox xo3suHa, ycunuBas
BOCIIAJICHUE U CITIOCOOCTBYsI OHKOTEHE3y [28].

E. faecalis Taxke MOXeT TeHEpHPOBaTh 0OJIBIIOE
KOJIMYECTBO BHEKJIETOYHOI'O CyIIEpOKCHIA U TPOU3BOI-
HbIe CBOOOIHBIX (POPM KHCIOPOAA — MEPEKUCH BOJO-
polia U TUAPOKCUIIBHBIN pajiuKall, KOTOPhIE BBI3BIBAIOT
paspeiBel aByxuenodeyHoi JJHK wu mpuBomst k re-
HOMHOM HECTaOUIBLHOCTH B KJIETKaX KHUIIeuHHKa [29].
B uccnenoBanuu c¢ ucnonws3oBanueM [P B pexume
peanbHOrO BpeMEHH ISl KOJTMYECTBEHHOTO OIpesiene-
HUS HTEpOOAKTEpHii, KOTOpPbIE MOTCHLIUAIBLHO CBsI3a-
HBI ¢ puckoM pazsutusi KPP, coo0manock o noBsIieH-
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HO¥ KOJIOHM3AllMU KUIllIeYHUKa E. faecalis y NallieHTOB
¢ nuarHoctuposanHeiM KPP o cpaBHenuto co 3nopo-
BBIMH JI0OpOBOJIbIIAMU [25].

Cynbarpenyuupyromue OakTepuu, OTHOCSILIU-
ecs B OCHOBHOM K kiaccy Fusobacteria n Deltapro-
teobacteria, Beiensor H,S, koTopblii HanpsAMmyio He
nospexaaer JAHK, Ho monynupyer nporeccs! mposu-
¢depanuu, anontosa u AudGepeHIHAINN ATUTEINAITb-
HBIX KJETOK TOJICTOTO KHIIEYHHKa 4yepe3 TUIepaKTHu-
Baruro curHanbHoro kackagza RAS-RAF-MEK-ERK
U BBICTyNaeT KaK MOTEHIHAJIbHO CIOCOOCTBYIOMINI
kanneporene3y areHt [30]. CurnanbpHbl IyTh RAS—
RAF-MEK-ERK mnpezacrasnser coboii ens nocieno-
BaTeJIbHO B3aMMOJAEHCTBYIOIINX OEJKOB, KOTOpHIE Iie-
penatoT CUTHAJ C TIOBEPXHOCTH KIETKH OT KIETOYHOIO
peuenropa BHYTph sapa kietku k JHK.

OtnenbHbIE BUBI OaKTEPHUA POLYLUPYIOT OCTIKH,
KOTOpBIE BO3/AECUCTBYIOT HAa CUTHAJbHBIE IyTH pa3BU-
THS KJIETOK XO35IMHA, YYaCTBYIOIIUE B KaHLEPOTEHE3E.
[IpumepoM BBICTymaeT CUrHaJbHBIH MyTh Wnt—fp-Ka-
TEHUH — OJIMH W3 OCHOBHBIX CHUTHAJIbHBIX KacCKaJOB,
HapyLICHUS B PETYISUH KOTOPBIX IPUBOIAT K (POPMU-
POBaHHIO U Pa3BUTHIO OHKOJIOTUYECKHUX 3a00JIeBaHHM.
B-KareHHH BBIMOJIHAET MHOTOYMCIICHHBIE (D)YHKLIUH B
KJIETKE, B TOM 4YMCJIE YYacTBYeT B MEXaHH3MaX MEXk-
KJICTOYHOM aAre3uy, KJIETOYHOU MOABUKHOCTH U CHT-
HanbHOU TpaHcaykuuu [31]. Kak xodakrop curHais-
Horo myTH Wnt B-KaTeHUH 3a/I¢HCTBOBAH B MpOLECcCcax
T GEpEeHIIUPOBKH, MUTPALIMH, allONTo3a U Ipoiude-
paiyy, a TakKe COXpaHEHHs ITyJla CTBOJIOBBIX KIIETOK
U SBISIETCS KIIIOYEBBIM MOJIYISTOPOM Tpoiudepannuu
Y BBDKMBAHUS OITyXOJIEBBIX KIETOK, Y4acTBYeT B MeXa-
HU3MaxX METacTa3WpOBaHUs OIyXOJeH, yCUIuBas CIo-
COOHOCTB KJICTOK K MUTpaIuu u uHBasuu [31, 32].

Heckonbko accOlMUPOBaHHBIX C pAaKOM OaKTepHid
MOTYT BIIMSITH Ha Mepeaavy curuajioB -kareHuHa. OH-
KOT€HHBIE IITaMMbI H. pylori 1-ro THIIa 9KCIPECCUPYIOT
0eJI0K, aCCOLMUPOBAHHBIN C IMTOTOKCMHOM TeHa 4, —
CagA, KOTOpBIM MOCTYIAET HEMOCPEACTBEHHO B IIH-
TOIJIa3My KIJIETOK XO03sieB W aOeppaHTHO MOLYIHPYET
[B-xareHuH, IEHCTBYET Ha KIIETKH SIHUTENHUS KEITyAKa
u obner4aeT NPOHUKHOBEHHE OaKTepHalbHBIX KIETOK
B CTEHKHU IMUTENNs, BBI3bIBas pak xkemyaka [33]. Hau-
HBIE UCCIICIOBaHUI MOKA3bIBAIOT, YTO Y JtoAeH, MHDU-
uupoBaHHbIX CagA -IITaMMaMM, PUCK pa3BUTHUS paka
KeJy[Ka BABOE MPEBHIIIAECT PUCK Y JIFOAeH, MHPUIIHPO-
BaHHbIX CagA -mtamMmmamu [34].

F nucleatum w™onynupyeT CUTHaJIBHBIA IyTh
E-kanrepun—p-karenun. M.R. Rubinstein u coast. npo-
JEeMOHCTPHPOBAIH, uTo F nucleatum nocpeacTBoM aju-
re3un FadA cBsi3pIBaeTcs ¢ SOUTEIHANIBHBIM E-Kkaare-
PUHOM — OEJIKOM, KOTOPBIH MPOHHU3BIBAET KICTOYHYIO
MeMOpaHy | MO3BOJISIET KJIETKaM yACP>KUBATHCSI BMECTE
[35]. 3a cuér 3TOro aKTHBHPYETCSl CUTHAJIBHBINH MyTh
Wnt—B-kaTeHUH, YTO NPUBOAUT K aKTUBALMU OHKOTe-
HOB, TaKuX Kak c-Myc u yukaun DI, UHITyKUKUNA OHKO-
TeHHBIX U BOCTAJIUTENbHBIX peakuuid [36]. ITockonbky

komIuiekc E-kaarepuH—p-kaTeHuH peryiupyeT KJIeTou-
HYIO aJIre3uI0, JTI000€ BMEIIATEIbCTBO B 3TOT KOMILIEKC
MOKET MPHUBECTH K MOTEpe KIETOUHOHN aJre3uu, ycuie-
HUIO IBUKEHUSI OIYXOJIEBBIX KJIETOK, MHBAa3HH U METa-
crazupoBanuio [36].

B cBoéMm nccaegosannu M.R. Rubinstein 1 coasT.
OTMETHJIM BaXHOCTb TOTO, YTO BBICOKAas KCIPECCHs
reHa FadA B TKaHU OMyXOJIM KUIICYHUKA Y YeJIOBEKa
JIOCTOBEPHO OTIMYAETCSI OT €r0 YPOBHS B CIM3HCTON
000J104Ke TOJICTOr0 KUIIEYHUKA 3J0POBBIX JOHOPOB, a
WHTMOMpPOBaHKE 3TOTO MYTH, COOTBETCTBEHHO, 3alllU-
[IAeT OT MPOOHKOTCHHON aKTUBHOCTH [35].

Ewmé onHo uccnenoBanre mokasaio, 4ro F nuclea-
fum B MBIIIMHOM MOJEIH OIyXOJieTeHe3a KHILICYHUKA
CrocoOCTBOBaJIa POCTY MHOXKECTBEHHOM HEOIIa3UH Ku-
LIEYHUKA. YBEJIMUYECHHUE OITyXOJEBOM Harpy3Ku CONpOBO-
JKIAJIOCh YCHJICHHOH OITyX0JIeBOW MHGMIBTpAlMeil Mu-
eNIOUIHBIX KJIETOK U 3KCIPECCUEH MPOBOCTIANTUTENBHBIX
uuTokuHOB [28]. Bruag F. nucleatum B pa3BUTHE KaH-
LeporeHe3a MOXKET BapbUpOBaTh B PA3HBIX IKCIIEPUMEH-
TaNbHBIX YCIOBUsIX. Hanpumep, B 01HOM HcClie0BaHUN
KJIMHUYECKUe W30JAThl F. nucleatum c¢ aare3uHaMu
FadA u Fap2, Beinencunbie ot 6onbHbIX KPP, He BhI3Ba-
JIM BOCTIAJICHHE U PaK, B TO BpeMsl Kak MPOLyHPYIOIIas
konubakThH F. coli crocoOCcTBOBasia OIyxoyieo0paso-
BaHHIO y Mbimed ApcM™*; MJI-107 [28]. Pasnuunas
CTelleHb KOJOHM3auuu F. nucleatum w nokamu3auust
OITyXOJIM KHUILEYHHUKA, BOBMOXKHO, TAK)KE MOBIHSIA Ha
KJIMHUYECKUH (DEHOTHIT B 3TUX DKCIICPUMEHTAX.

HexoTopsie mramMmel B. fragilis MOTYT BbIpaOaThI-
BaTb 3HTepoTOKCUH (Bft), KOTOpPBI BBI3BIBAECT OCTpPYIO
muapero u KPP [37]. Durepotokcun Bft yckopsier aH-
JoreHHoe pacuieruieHne E-kaarepuHa, B pesyibTare
Yero BBHICBOOOXKAAETCS W aKTUBUPYETCS CBSI3AHHBIN C
HUM [-KaTe€HHH, CII0COOCTBYs TPAHCKPHITLIH IPOTOOH-
KOreHHoro Oenka c-Myc, NpuBOOUT K Ipoiudepannu
SMUTENNANBHBIX KIETOK, cekpenun NJI-8 u moBpexe-
uuto JJHK [37].

tammer Salmonella typhi, BbI3BIBaIOIIAE XPO-
HUYecKue MH(EKUNH, BEIACTAIOT 3P PEeKTOPHBII Oenok
AvrA, KOTOpBIN TOCENOBaTeNbHO aKTUBUPYET Iepe-
Jady CUTHaJIoB B-KaTeHWHa, BO3JCHCTBYS Ha mpoude-
panuio kumiedHnoro snutenus [38]. B omblTax in vivo
y THoToOMOoTHYecKuX Mblmei C57BL/6 (Taconic) npu
KOJIOHM3ALUU TaMMOM S. typhi AVrA*Ha MPOTSKEHUU
27 e HaOJIOIa M IOCTOSIHHOE YBEIMYCHHE TIposude-
pauuu B KUIIEYHHUKE, TOIAA KaK KOJIOHHU3aLUs MyTHPO-
BaHHOH S. typhi HeIKCTIpecCUPYIOMNMHI AVIA-IITaM-
MaMH M0Ka3aja MEHbIIYI0 KHIICYHYIO MPOoNueparuio
Ha TOPOTSDKEHUM BCEro mepuoja ucciaemoBanuii [38].
Takum oOpazom, S. typhi oka3biBaeT XPOHUYECKOE BIIU-
SHUE Ha MOIYJIHPOBAaHHE CHUTHAJIBHBIX MYTEH, CBsI3aH-
HBIX ¢ Iposiudepanueii, BocaleHUeM U OHKOTEHE30M.

Urak, BakHeHmmm (akTopoM MexaHU3Ma BIHUS-
HUSI MUKPOOHMOTHI Ha KaHLEPOTeHE3 SBISIOTCS TOKCHU-
HBI, TPOAYLHPYEMbIE MHUKPOOPTaHM3MaMH, KOTOpPBHIE
BBI3BIBAIOT MpsiMble peakuuu nospexaenus JHK kie-
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TOK X03siMHa, BeI3bIBast MyTanuu JHK, napymenus eé
TOYHOMN pEIUIMKALlMK, a TaKKe MPOBOLUPYIOT Hapyllle-
HHe OanaHca nponudepaniy U aronTo3a KIeToK X035-
WHa, NX ObICTpOE cTapeHHe, OHKOTEeHES.

UmmyHonornyeckne mexaHusmbl BANAHUA
MMKPOOGWNOTbI Ha KaHLeporeHes yepes
aktuBauuio TLRs n NLRs

VHOyyupyemas mukpobuomot akmusayus TLRs
npu KaHyepozeHese

Hnst  pacrmo3HaBaHHsT MHKPOOHBIX — «00pa3oB»
MAMPs (MuKpOOO-acCOLMUPOBaHHBIE MOJEKYISIP-
HBIC TIATTEPHBI, microbe-associated molecular patterns)
B OpraHu3Me OJKCIPECCUPYIOTCS MaTTepH-PacIo3-
Hatonue penentopel — Toll-nogoOHBIE perenTo-
prt (TLRs), mpencrapmsitomue co0OH HHTErpajibHbIC
TpancMmeMOpanHnbie 0enku | Tuma [39]. TLRs sBnstoTcst
OCHOBOIMOJAraloMMU B BOCHAJIUTEIBHON mepeade
CUTHAJIOB, OIOCPEJOBAHHON aJalTEpPHON MOJEKYIOU
MyD88 (myeloid differentiation protein 88). TLRs
0051a1al0T OMyXoib-aKTHBHPYIOUM 3¢ dexTom [39].
MAMP-unnyuupoBannas axtuBanust TLRs croco6-
CTBYET 3aIlyCKy OKHCIUTEIBLHOIO CTpecca CO CTUMYJIS-
el BRIpaOOTKU OKCHJIA a30Ta U MPOBOCIATUTENBHBIX
mutoknHoB — MJI-1B, ¢akropa Hekpo3a omyxoiu-o
u NJI-6, xoTOpble CTUMYIUPYIOT KaHIIEpPOTreHe3 4Yepes
NF-kB-3aBucumele mytu [40].

Vuactue TLRs, B ocioBuom TLR4 u TLR2, B
KaHIEpOTeHe3e JyYllle BCETO MPOAEMOHCTPUPOBAHO B
KJIETKaX TOJICTOTO KHUILIEYHHUKA, KEIy/Ka, Ie4eHH, MO/~
JKEITYIOYHOM Kene3bl, KOXKH, — OpPraHoOB, KOTOpBIE Mps-
MO WM KOCBEHHO B OOJIBLIIOM KOJIMYECTBE MOJBEPraroT-
Csl BO3ZECUCTBHIO MOBEPXHOCTHBIX CTPYKTYpP MHUKPOOp-
raHu3MoB (OakTepuanbHbIX aurannoB TLRs, Takux kak
JIMIOTPOTEHH, JIUIONONHCaxapubl, puarewiun) [41].

YuuThiBasi BBILIEU3IOKEHHOE, MOXHO CKa3arh,
YTO OIyXOJb-CTUMYJIMpPYIOLIasl TMPOBOCHAIUTEIbHAS
aktuBaius TLRs, no-BuauMomy, 3amyckaercs Oakre-
puanbabiMut MAMPs. B 10 ke BpeMst y THOTOOMOH-
TOB, HA00OPOT, KAHIIEPOT€HE3 B KEITYAOUHO-KUILIEYHOM
TpaKTe U NICUeHU CHIKaercs [42].

K npumepy, TLR4 — penentop st TUIONONN-
caxapuja KIJIETOYHOH CTEHKH TpaMOTpULATEIbHBIX
OakTepuil — cIOCOOCTBYET KaHLIEPOTeHE3Y B TOJICTOM
KHUIIKe, TICYCHH, TTOLKEIYJOUHON Keme3e U Koxke. 00
3TOM CBHJIETEJICTBYET CHMKEHUE Pa3BUTHUS paka ToJI-
CTOM KHUILKHU Yy MbBIIEH C UCTOIIEHHON KUIIEYHOW MHU-
KpoOHOTO# U Aeneuneil agantopHoi monekynsl TLR4
[43]. Jannble ucciaenoBaHUs COIIACYIOTCS C JPYTUMU
HCCIIEZIOBAaHUSIMH, B KOTOPBIX Y TPAHCTE€HHBIX MBIIIEH,
cBepxakcnpeccupyomux TLR4 B cnusuctoit 060mouke
TOJICTOTO KUILIEYHHUKA, C BBICOKOH YacTOTOH 00pa3yroT-
Cs1 KOJTIUT-aCCOLIMUPOBAHHE HeoIuta3uu [44].

TLR2 sBnsercs peunenTopoM Juis KOMIIOHEHTOB
OakTepuaNbHON KJIETOUHOM CTEHKH MENTUAOIIMKAHA U
JIMIOTEHX0EBOM KUCIIOTHI U CIOCOOCTBYET Pa3BUTHIO Pa-

REVIEWS

Ka xenynka [45]. Beicokas akcripeccust TLR2 oGHapy-
KeHa B 00pasliax paka >Key/Ka 4enoBeKa U M [46].

Paky »xemynka, ormocpeoBaHHOMY CTUMYJIALUEH
TLR2, criocobcTByeT akTUBaLus MyTeH mepeaavn Cur-
HAJIOB Mponudepaluy U BbLKUBaHU, BKiIrodas PI3K—
Akt, ERK1/2 u NF-xB, B snuTenuanbHOM OKPY>KEHUU
onyxomu [45]. Ilpu 3TOM B T€HETUYECKON MBIITHHOM
MOJIeNH paka xemnynka aenenus TLR2 npuBoaut k pes-
KOMY CHHKEHHIO OITyXOJIEBOM Harpy3ku [46].

EcTp uccnenoBanus, NOATBEPKIAIOIINE, YTO NIPU
pake nérkoro aktuBauus TLR2 npuBoguT K Omyxosb-
cTuMynupytommM 3¢p@dexkraM U CrnocoOCTByeT MeTa-
ctazupoBanuio [44]. OmyxosneBble KIETKH JETKUX Ce-
KpeTHPYIOT BEPCUKAaH — KOMIIOHEHT BHEKJIETOYHOTO
MaTpHUKCa, YTO MIPUBOAUT K BEPCUKaH-0IIOCPEI0OBaHHOMN
crumyissund TLR2 u nponykunu MJI-6 u gakropa He-
KpO3a OIyXOJH B Makpodarax u cocoOCTByeT MeTac-
TasupoBanuio [47].

MHOyyupyemasa mukpobuomot akmusayus NLRs
8 KaHYepozeHese

K pacnosnatomuM penentopaM BpOXKIEHHOTO
MMMYHHTETa OTHOCAT Takke NOD-momoOHbIe perer-
topsl (NOD-like receptors — NLRs), Tak Ha3biBaeMbie
HYKJIEOTH/I-CBSI3bIBAIOIINE OJIMTOMEPHU3YIOIINE IOMEH-
Hele (nucleotide-binding oligomerization domain —
NOD) 6enku, KOTOpbIe PyHKIMOHUPYIOT B IUTOIIIa3Me
KJIETOK X03suHa [48].

NOD2 uyBcTBUTENEH K MYypaMHJIIENTHIHBIM
CTPYKTYpaM KJICTOYHOW CTCHKH OAKTEpHid, B TO BpeMs
kak NOD1 ygacTByeT B pacrio3HaBaHUM JHAMUHOIHU-
MEJIMHOBOM KHCIIOTBI, IIPUCYTCTBYIOLIEH B MENTUIOT-
JMKaHe KJIETOYHOH CTEHKM IpaMOTpULATEeNbHBIX Oak-
Tepuit [48].

Penenrropsr NOD1 u NOD2 npu cBsi3pIBaHMH C
MENTUIOTIMKAHOM OaKTepUil MHAYIUPYIOT BBIPAOOT-
Ky MPOBOCTIAJIMTEILHBIX HTUTOKUHOB, HHTEP(HEPOHOB, a
TaKe aKTUBUPYIOT npoueccel aytodaruu [49]. [Tomoo-
Ho TLRs, dyHnkumonansHas Baxaocts NOD-curnanos
ObL1a BBISIBIICHA Y TTALIMEHTOB ¢ Nod-MyTauusMu, KOTO-
pBle SIBISIIOTCA OoJiee YYBCTBUTEIBHBIMU K XPOHHYE-
CKUM 3a00JICBaHUSIM OaKTepHAIIbHOM dTHONOrHH [49].

I'eneTnueckue Bapualy reHa, KOJUPYIOIIEro pe-
uentop NOD2, cBsi3aHbl ¢ pacCTpoiicTBaMuy NUIEBape-
HUs, B TOM ducie ¢ 6one3nbio Kpona [50]. AkruBanus
NOD?2 B xyeTkax MPUBOAUT K 3KCIPECCHUHU BOCHAIH-
TENbHBIX IIUTOKMHOB, & MHTEHCUBHBIM BOCIAIUTENb-
HBII OTBET MOXET OIOCPEA0BATh IIOBPEKICHUE TKAHEU
kuueynuka npu 6onesnn Kpona [50]. Ha Mmopensix mbl-
et gedpunur NOD2 npuBOaUT K YBETUUEHHIO CTy4a-
eB paka [51].

NOD2 wurpaer KIIOYEBYI0O pOib B aHTHOaKTe-
pUANTbHOM HMMYHMTETE, O YEM CBUAETEIHCTBYET IIO-
BBIILICHHAS! BOCIPUUMYHBOCTD MBIIIECH C IePUIHTOM
NOD2 k OaktepuanbHbIM HHGEKUUSM M CHUKEHHAsS
CHOCOOHOCTh KPHUNT KHIIEYHHWKA Yy Mbleid ¢ aedu-
uutoM NOD2 monaBisiTh KOMMEHCAJIBHBIC OaKTepuu.
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OB30PbI

HW3BecTHO, 4TO MBIIIHK ¢ OTCYTCTBHEM reHa NOD2 7 a
TaKke marueHTsl ¢ mytausmMu NOD2 crpagatot quc-
0aKTEepHO30M KHUILIEYHHKA, KOTOPBIA MPUBOIUT K KOJHU-
Ty u pasButuio KPP [52].

BropelM  marTepH-paclo3HAOIUM  PELEnTo-
pom NLR, yudacTByrOIMM BO B3aMMOJEUCTBHM XO35-
WH-MHUKpOOHOTa U B KaHIEpOreHe3e, 00yCIOBICHHOM
OaKTepusIMH, SIBIIICTCS ITUTO30JbHBIA 0ok NLRP6,
YYacTBYIOLIUI B PETyJSIIMU alonTo3a U BOCHAJICHUS.
NLRP6 cnyuT KOMIOHEHTOM HH(JIAMMAacOM U CIIO-
COOCTBYET MX aKTHUBalMW. Y MBIIIEH C OTCYTCTBHUEM
NLRP67" HabmroqarTcs MOHWKECHHBIE YPOBHH IIPO-
BocnaiauTeabHoro 1utokuna MJI-18 [53].

[MTono6Ho Mbimam ¢ NOD2 ™, y mbrmieir NLRP6
HaOIoaeTcs TUcOM03, KOTOPHIH JeiaeT ux oosee Boc-
MIPUMMYHUBBIMH K pa3BuTHIO Konuta 1 KPP. Bei3BanHsIi
aucOuno3oM KaHueporenes y moiieii NLRP6 ™ siprsiet-
Csl pe3yJbTaTOM CHW)KEHHSI aKTHBALIMH HH()IaMMaCOMBI
u BoIpabotku MJI-18, 0 4éM cBHUIETENbCTBYET MOBBI-
LIEHHas BOCHPUHMYHMBOCTb MBIIIEH C OTCYTCTBHUEM
Asc™” (accouMHUpOBaHHBIM € aloONTO30M CIEKOMOI00-
HbIit Oenok, conepxkaiuit CARD) u UJI-187 k KPP u
CIOCOOHOCTh TAKUX MBIIIEH MepeaaBaTh 3To 3a00s1eBa-
HUE MBIIIIaM JIUKOTO THUIa B UCCIEIOBAHUAX C COBMECT-
HBIM pa3MetenueM [53].

NODI1 urpaer BaxHy!0 pojb B 3aIIUTE KUIIEYHH-
Ka oT Oakrepuii, a Aeguuur NOD1 HeratuBHO Bius-
€T Ha KHIIEYHBIH Oaphep M CHOCOOCTBYET Pa3BUTHIO
BOCTIAJIUTEIBHBIX 3a00JICBAHUN KUILICUHHUKA Y JIIOACH U
reHetndecku uHayupoBanHoro KPP, koTopslit MoxeT
OBITh TOJABJICH HMCTOIIEHUEM KHIICYHOW MHKpPOOUO-
Tbl MyTEM aHTHOaKTepHanbHOU Tepanuu [54]. Hpyrue
NLR, Ttakue kak NLRP3, NLRP12 u NOD-, LRR- u
CARD-conepxaimue 4 (NLRC4), Takxke urparor posb
B KPP, HO uX (QyHKIMOHaNBHBIA BKIaJ B KaHIEpOre-
He3, 00yCIOBICHHBIH MUKPOOHOTOH, TpeOyeT AanbHel-
LIETO N3yYEHUS.

Takum o6pazom, TLRs obmagaror omyxosb-ak-
TuBupyomyuM sgdexrom. Hanpumep, TLR2 cmoco6-
CTBYET pDa3BUTHIO paka >keayaka, aktuBanus TLR4
MPUBOJUT K OIyXOJIb-CTUMYIHUpYIOIUM 3pdeKTaM B
TOJICTOM KHUIIKE, NEYEHM, MOMKEIYyJOUYHON XKEle3e U
KOKE€ M CIOCOOCTBYeT MeTacTasupoBaHHio. [1oqo0HO
TLRs, nokazana ¢pyHKIMoHaNbHast BaxkHOCTE NOD-10-
JOOHBIX perentopoB — nanueHTsl ¢ NOD-myTanusmu
CTpaaloT AUCOAKTEPHO30M KUIICUHUKA, KOTOPBIN MpHU-
BOJIUT K KOJIUTY U pa3zsurtuio KPP.

KoHTaKTHO-He3aBMCMMble MeXaHU3Mbl
KaHLeporeHesa, onocpefoBaHHble BANAHNEM
MUKPOOMOTbI HA HEKOTOPbIE 3Tarbl
meTabonusma xo3AnHa

BnusaHue mukpobuomsl Ha y2ie8o0HsbIl, 6e1Ko8biIl
U IUNUOHbIt 06MeH

B 1956 r. O. Warburg BeIIBHHYJ THIIOTE3Y O TOM,
YTO M3MEHEHHBIM KJIETOUYHBIH MeTabOJIM3M CIYXKUT

OCHOBHOW TNpPHUYMHON KaHIIEporeHesa', a B HacTOs-
niee BpeMsi MeTa0OoJHM3M PaKOBBIX KIETOK SIBIISAETCS
MHOT000OCIIAIIEH TEepareBTHUSCKOW MUIIEHBIO [55].
MukpoOBl y4acTBYIOT B METa0OIMYECKHX TMPOLECCcax
X0351MHa. MUKpPOOHbIE METa0OJIUTHI WK KOMETa0OIu-
ThI (OOpasyrouuecs Npu y4acTHH Kak XO35MHA, TaK U
MHKp0o0a) MOTYT CIIOCOOCTBOBATH BOCHAIUTEIHHOMY
npoleccy 1 BIUATH Ha OanaHc mponaudepanuu u rude-
T KJIETOK B TKaHsX [56]. PaccmoTpenue BnusHus me-
TaboIM3Ma MUKPOOUOTHI ¥, B YACTHOCTH, MUKPOOHBIX
METa0O0IUTOB, OOPa3yIOMIUXCS B MHUKPOOKDPYKCHUHU
OIyXOJH, HA POCT M PacHpOCTpaHEeHHE paka J100aBsi-
€T el€ OJMWH TEPAleBTUUYECKUH U JUArHOCTUYECKUU
ACMeKT JJIsl HalleIMBaHHUs Ha PaK MOCPEACTBOM MeTa-
OONMYeCKUX U3MEHEHUH.

BakrepuanbHplii MeTareHOM (QyHKIIMOHAJIBHO TO-
pas3zno Oosee pasHOOOpa3eH, ueM y YelloBeKa, U 000-
raméH reHaMu, KOTOpble UMEIOT OTHOIIEHHE K MeTa-
00NM3MYy NHTATENBHBIX BEIIECTB, >KEIUYHBIX KHUCIOT
U KCEHOOMOTHKOB, OMOCHHTE3Y BUTAMHUHOB U H30Mpe-
Houmos[19].

Kumieunsie OakTepu peryiupyroT MeTaboau3m
JKEITYHBIX KUCIIOT MOCPENCTBOM Pa3IMUHBIX THAPOIa3-
HBIX aKTUBHOCTEH, KOTOPBIE YOAISIOT MOJISIPHBIE TPYII-
bl — HalpuMep, TaypUH — U3 KOHBIOTHPOBAHHBIX
JKEITYHBIX KUCIIOT, TEM CaMbIM BIIUSSL HA COCTaB JKel4-
HBIX KHCJIOT M JHTEPOreNaTUYecKyl0 LUPKYIALUI0 U
MO3BOJISIE MUKPOOPTraHU3MaM HCIOJb30BaTh BTOPHY-
HBIE YKETUHbIE KUCIIOTHI B KAY€CTBE UCTOYHHUKA SHEPTUHU
[57]. HemaBHue uccienoBaHUs TTOKA3bIBAIOT, YTO JUCTA
C BBICOKHM COJIEPKaHUEM XHPOB H3MEHSET MHUKPO-
OMOTy KHUIIEYHWKA M TOBBIIAET YPOBEHb BTOPUYHOM
kemuHol ae3okcuxoneBo kucnotel (DCA), kotopast
ABJISICTCS. META0OIUTOM, BBIPAOATHIBACMBIM HCKITFOUYH-
TENbHO OaKTEepUANbHBIM 70-JeTHAPOKCHIUPOBAHUEM.
[IpumeuarenbHO, YTO B 3TOM MOJAEIIH JUETHI C BHICOKUM
COJEpXKaHUEM JKUPOB MOBBIIIEHHBIH ypoBeHb DCA
YBEJIMYUBACT Pa3BUTUE TENaTOLCIUIIOJSPHON Kaplu-
HOMBI, TOTJIa KaK YMEHbILICHHE KOJIMYeCTBa OaKTEepHH,
MPOAYLUPYIOIIHNX JE30KCUXONEBYIO KHCIIOTY, C TIOMO-
I[bI0 aHTHOMOTHKOB CHIDKaeT e€ [58]. M3BecTHO, UTO
DCA cnoco0cTByeT pa3BUTHIO paKa TOJICTOM KUIIKH U
MUILEBOAA, YTO MO3BOJISET MPEAIOIOKHUT, YTO MUKPO-
O01oTa MOXKET BIMSATH Ha OTHU BUABI paka uepe3 BbIpa-
OOTKY JI€30KCUXOJIEBOH KHCIIOTHI, 0COOEHHO B KOHTEK-
cre oxupenus [58].

[pyroe uccnenoBaHue MoKas3ano, YTO KiacTepsl
Clostridium BpICTYNAIOT KaK JOMUHHUPYIOLIUE PEryJisi-
TOPBI IPOAYKIUH BTOPUYHBIX JKEMYHBIX KuCioT. DCA
SIBJIIETCSI BTOPUYHOM JKEIYHOM KUCJIOTOW, BBI3BIBACT
noBpexaenne JIHK u axTuBu3upyer remarouuTsl K
BBICBOOOX/ICHHIO TPOBOCHAIUTEIbHBIX LUTOKWHOB,
TEM CaMbIM MOBBIIIAs PUCK PAa3BUTHSA I'€MIATOLEILTIONSP-
HOI kapiuHOMEI [59]. Emé oqHo BccneqoBaHmne TaKkxe

! Warburg O. On the origin of cancer cells. Science. 1956;

123(3191):309-314. DOI: 10.1126/science.123.3191.309
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MOATBEPIUIIO, YTO YMEHBIIICHNE KOJIMYECTBA OaKTepHH,
npoayuupyomux DCA, mocpeacTBoM JedeHHUs aHTH-
OMOTHKAMH YMEHBIIACT PUCKU PAa3BUTHS remaToKaHIIe-
porenesa [60].

Y4acTuIO KUIIEYHONH MUKPOOHOTHI B YIJICBOJHOM
MeTaboNMM3Me OTBE/ICHA HE MOCJIEAHSS POJib B pa3Bu-
TUM KaHLEPOTeHe3a KHIICYHUKA. [ eHOM uenoBeka co-
JEpKUT B cebe MOTeHUWall IJisl PacIiCIUICHHs JIUIIb
HEeOOJIBILIOT0 KOJMYECTBA TIIMKAaHOB — caxapa, Kpax-
Malia, JIJaKTO3bl, TOI/Ia KaK MUKPOOHMOTa B KUIICYHUKE
croco0Ha paclIeIUIATh IECATKH BHUJOB TIIMKAHOB 3a
cuéT epMEHTOB: IMKO3UATUAPOIA3HI, 3CTepasbl, IIU-
Ko3wiITpancdepassl u nonucaxapuanuassl [61]. bakre-
puu pona Bacteriodetes nerko ycBauBalOT yIIEBOABI U3
MUY, TIOCKOJIBKY 00JIa/IatoT PSAOM COOTBETCTBYIOIINX
MeTabonuiyeckux nmyTeid. OgHaKo B ciydae yIrieBOJHO-
IO TOJIOAAHUS KUILIEUHbIe OAKTEPUU B KaueCTBE MCTOY-
HHKa yIIIEBOAOB HCIIONB3YIOT OCHOBHOM IIMKOIIPOTEU
MYKO3HOTO CJIOSI KHILIEYHUKAa — MYLUH, Hapyias Ta-
KAM 00pa3oM MPUJICTAIOIIUI K AMUTETUOIUTaM MYLIHU-
HOBBIH CJIOH U CIIOCOOCTBYS pa3BUTHIO paKa KUIIEYHH-
Ka [62].

B T0 xe Bpemst MukpoOHast pepMeHTaLHsl YTIIIEBO-
JIOB MOKET IPUHECTH TOJIB3Y XO35HMHY 3a CUET 00pa3o-
BaHHS KOPOTKOLIENIOUYEYHBIX KUPHBIX KUCIOT — alera-
Ta, OyTUpara, NpOMUOHATa, SBJISIFOIINXCSI OCHOBHBIMHU
9HEPreTHYECKUMH SKBHBAJICHTAMH, [IPOLYLIUPYEMBbIMU
u3 nuimu [61]. depmenTalysi OSIKOB MOXET UMETh
HETaTUBHBIE TOCIEACTBHS M3-32 00pa30BaHUs ITOTEH-
UaJbHO TOKCHYHBIX W CIHOCOOCTBYIOIIMX Pa3BUTHIO
paka MeTabOoJIMTOB: aMMHUAKa, AMUHOB, CEPbI, ()EHOJIOB,
Cynb(UI0B, HUTPATOB, CEPOBOAOPOJA M HUTPO3AMH-
HOB [63]. [Tockonbky (hepMeHTaIus Oeka B OCHOBHOM
NPOHMCXOJUT B AWUCTAILHOM OTAEJIE TOJCTOM KHILKH,
3TO MOXET CHOCOOCTBOBAaTh 00JIEe BHICOKOMY YPOBHIO
paka B JUCTaJIBHOM OTAENE MO CPABHEHHUIO C MPOKCH-
MaJbHBIM OTAETIOM KHUIIeUHHKaA [63].

JlueTsl ¢ BBICOKHM cOAepKaHueM OelKa 1 HU3KUM
COZIepP)KaHUEM YIJIEBOAOB MOTYT M3MEHUTH ()epMeHTa-
[UIO B KUIICYHUKE, YTO IPUBOAUT K MOBBIICHUIO YPOB-
HSI OTIACHBIX META0O0INTOB, TAKUX KaK HUTPO3aMHHBI, 1
K CHIKCHHUIO YPOBHS METa0ONUTOB, 3aIUILAOIIUX OT
paka, Takux Kak OyTupar M (peHONbHbIE COCAUHEHHMS
pacTuTenbHOro mpoucxoxaeHus [64]. B wactHoCTH,
KOPOTKOLICTIOYEUHBIE KUPHBIE KHCIOTHI, Hanpumep Oy-
TUPAT, UTPAIOT POJIb B PETYJISLUH BOCHAICHHUS U ayTo-
(arum 1 yyacTBYIOT B 3alllUTE OT PaKa TOJCTOW KUIIKH
u nedeHd. [lone3Hble, aHTHOKCUIAHTHBIE W POTHBO-
paKkoBble CBOICTBAa MPOAYKTOB PACTUTEIBHOTO MpO-
MCXOXKACHUSI 4acTO MPUIMHUCHIBAIOT (PUTOXUMHUYECKUM
BEIIECTBAM, BKIIOYAs MOJU(EHONBI, TaKHE Kak Tea-
¢GnaBuHbI, TeapyOUTWHBI, AMUTAJUIOKATEXUH-3-rajiar
u (GuaBoHOUKI [65]. brarogaps cBoelt GombIioit dep-
MEHTATUBHOM CIIOCOOHOCTH, MUKPOOMOTa CHHTE3UPY-
eT, OMOKOHBEPTUPYET WIIM pas3fiaracT M30NPEHOUABI
noIU(EHONbI, KOHTPOJIHUPYSI TAKUM 00pa3oM MX MecCT-
HOE U CUCTEMHOE BO3/ICHCTBHE Ha pa3BUTHUE paka [66].

REVIEWS

MukpoOroTa KUIICYHUKA TaKXKe MOIYJIUPYET OHOJIO-
THYECKYIO0 aKTUBHOCTB JIMTHAHOB Kjlacca (uToscTpore-
HOB, KOTOPbIC CHUXKAIOT 3a00JI€BAEMOCTh pakoM [67].

Kumreunass MUKpoOHMOTa WrpaeT BaXXHYIO pOJb
B METaboIM3Me KCCHOOMOTHKOB, KPOME TOTO, MOXET
BIUATh HAa AKTUBHOCTh M T0O0OYHBIC 3(PPeKTh Jie-
KapCTB, MCIOJIb3YEMbIX IS TPOTHBOOITYXOJCBOU Te-
pamuu [68, 69]. BakrepuanbHas [-TIIOKypOHWAA3a
MOJKET Y4acTBOBAaTh B JICKOHBIOTAIIMH KCCHOOMOTHKOB,
YBEJIMYUBAs BPEMsI UX MPEObIBAHUS B MAKPOOPraHU3Me
3a cu€T 00paTHOTO MOIVIOIIECHHS Yepe3 IHTepOorenaTu-
yeckuit myTs [70].

O0006111ast BEIIIIECKA3aHHOE, MOXHO CJHIENIaTh BBI-
BOJ O TOM, YTO IMOBBHIILICHHOE KOJIUYECTBO JKUPOB CIO-
COOCTBYET Pa3BUTHIO TeNMaTOLEIUIONAPHON KapLHUHO-
MBI 3@ CUET BO3PACTAHUS CEKPEIUU KEITYH U KSITIHBIX
KHCJIOT B TOJICTOW KUIIIKE, & HEKOTOpbIC OaKTepuu, Ha-
npumep Oakrepun pona Clostridium, MOTYT YCKOPSITh
MIPEBPAICHUE KEITYHON KUCIOTHI BO BTOPUYHbBIE KHUC-
JIOTBI C KaHIIEPOTCHHBIM JieticTBUeM [71]. MukpobuoTa
B KHIIICYHUKE CIIOCOOHA PaCINCIUIATh ACCATKU BHIIOB
[JIMKaHOB, a MPU YIJICBOIHOM TOJIOIAHUM KHUIICYHBIC
0aKTepru B Ka4eCTBE HCTOUYHUKA YIIIEBOAOB MCIIOJb3Y-
FOT MYIIMH, HapyIlas MPUICTaoIIUN K SIUTSITHOLUTAM
MYLWHOBBIH CJIOM W CIIOCOOCTBYSI pa3BUTHIO paKa Ku-
mieyHuka. Takke B pa3BUTHH KaHLEpPOTeHe3a Hemalo-
Ba)KHas POJIb OTBEJeHa MUKPOOHOH (epMenHTanu Oe-
KOB. PsiJ| TakuX MOTEHIMAILHO TOKCHYHBIX BEIIECCTB,
Kak cepa, HUTPAaThl, CEpPOBOIOPOA, aMMHAK, aMHUHBI,
(deHounbl, cynb(UAB ¥ HATPO3aMHHBI, 00pa3yrOIIUECs
B pe3ynbTrare MeTabomnu3ma OeJIKOB, MOTYT IIPUBECTH K
passutuio KPP [72].

BnuaHue mukpobuomsl Ha MemaboIuU3M NOI08bIX
20pMOHO8 U pazgumue 20pMOHO3d8UCUMbIX
8U008 paka

BakrepuanbHas MEKpOOHOTa MOXKET y4acTBOBATh
B MeTa0o0JIu3Me FTOPMOHOB, BKJIFOUYasi 3CTPOTeHsbI [73] u
TecTocTepoH [74]. B wacTHOCTH, MUKpOOMOTA MOILYNH-
PYET DPHTEPOrenaTHYECKyl0 LUPKYJSLHIO 3CTPOTSHOB
Onaromaps COCOOHOCTH JEKOHBIOTHPOBATH ACTPOTre-
HBI, TEM CaMbIM BN HA YPOBHU LUPKYIUPYIOLIUX U
BBIJICJIIEMBIX 3CTPOTCHOB U PHCK Pa3BUTHSI ICTPOrCH-
3aBUCUMBIX BUJIOB paka [73, 75].

OCTporeH MNpu3HaH NPUYMHHBIM (aKTOPOM B
STHOJIOTMH 3CTPOTCH3aBUCHMOTO PaKa MOJIOYHOM Ke-
ne3sl (PMXX) u urpaer BaxHy10 poiib B MHUIIMAIIUN U
CTUMYJIMpPOBaHUU pocTa omyxonu [75]. boxee 30 net
Hazag D. Trichopoulos BbLABHHYN THIOTE3Y O TOM,
41O OO0Jiee BBICOKHE KOHIICHTPAIlMH 3CTPOTEHOB BO
BpeMsi OEpEeMEHHOCTH TOBBIILAIOT BEPOATHOCTH pas-
Butust PMXK y moroMcTBa cIycTsl rofsl, mpHUBIeKas
BHHMaHHE K MOTEHIMAILHOMY OHKOI'CHHOMY 3Haue-
HHUIO ACTPOTEHOB [76].

B HOpMe MeTabomH3M 3CTPOreHOB MPOUCXOAUT B
MIEYCHH, T/Ie OCYILECTBISCTCS PEaKUUsl KOHBIOTAIWU,
T.€. IPUCOEIMHEHNE K TOPMOHY [JTFOKO3BI (TTUKO3UIHPO-
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BaHKE) WM CEPHOI KUCIOTHI (CynbdarupoBanue) [73].
JlaHHBIN IIpoLieCC MO3BOMSET NPEBPATUTH 3CTPOrEH B
MEHEee aKTUBHOE COCOMHEHHE, KOTOPOE MOXKET OBITh
BBIBE/IEHO M3 opraHu3Ma. KoHbIOrmpoBaHHBIN 3cTpo-
T'eH MOMaJaeT BMECTE C KEMUbI0 B KUIIEYHHUK.

B xumieunuke Oakrtepuu, CHHTE3HWpYIomue Qep-
MEHT [-TJIIOKypOHHUAa3y, CTIOCOOHBI BIUATH HA YPOBEHB
scTporeHa B KpoBH. P-ImokypoHupmazHele OakTepuu
OTBEYAIOT 3a JIEKOHBIOTAIMIO 3CTPOreHAa, YTO JAENaeT
BO3MOXKHBIM €ro oOpaTHOe BcachlBaHHE M BO3Bpallle-
HUE B KPOBOTOK, @ Take OCTaBIII€T €0 B KayecTBE
OMOJIOTMYECKH AaKTUBHOTO TOpMOHA. [lOBBIIIEHHBIH
YpOBEHb 3CTPOTEHA SIBISETCA IpPEapacIoaratoinum
(akropom pazsutus PMK. Bakrepun kunieqHoi Mu-
kpoOuotel ponos Collinsella, Edwardsiella, Alistipes,
Bacterioides ciocoOHBI BO3BpaILlaTh 3CTPOTeH B aKTHB-
HO€ COCTOSIHHE M YBEJIMYMBATh €r0 0OpaTHOE BCachl-
Banue [77]. Uepes 3HTEpOTenaTHIECKyI0 [UPKYIISILIUIO
OHH ITOBTOPHO BCACBIBAIOTCS B BUJIE CBOOOIHBIX 3CTPO-
T€HOB, MONa/asl B Pa3JIMUHbIC OPTraHbl, K IpUMeEpy, MO-
JOUHYI0 kenesy [77].

B wuccrnenoBaHMsAX NPOAEMOHCTPUPOBAHO, YTO
TKaHb OINYXOJHM MpH JIOMHHaiIbHOM Ture A PMX
(ER+) conepsut Oonee BHICOKHE YPOBHH METaOOINUTOB
3CTPOreHa M0 CPAaBHEHHIO C HOPMAaJIbHOM TKaHBIO MO-
JIOYHOM KEJIe3bl, YTO OOBSICHSICTCS BAMSIHHEM KHIIICYHOM
MHUKPOOHMOTHI Ha META00IM3M U IUPKYIISAIUI0 3CTPOre-
Ha, yCUJIMBAIOIIEH €ro OHKOTEeHHBIN noTeHmani [77].

Cny4an OTHOCHUTENBHOrO H30BITKA 3CTpOreHa
CIOCOOCTBYIOT Pa3BHTHIO TOPMOHAJIBLHO OOYCIIOBJIEH-
Horo PMX y >keHIIMH B MOCTMEHOMAy3e, YTO IOJI-
TBEP)KJIEHO METaaHaJIM30M 9 MPOCHEKTUBHBIX HCCIIE-
noBanui (663 xeHmuHbl ¢ PMXK u 1765 xenuuH 6e3
PMX), neMOHCTpUpYIOIIKX CTATUCTHYECKH 3HAUUMYIO
CBSI3b MEX/y YPOBHSMHU 3HJOT€HHBIX MOJOBBIX TOPMO-
HOB U PMX y xenmuH B moctMenonayse [78].

B xnuHMYECKUX MCCIeOBaHHUAX BBISIBJICHA CBA3b
MEXIy MUKPOOHOTON KUIICYHUKA, SCTPOTCHAMH U Me-
TaboIUTaMHM CTpOreHa B Mmoue [79].

YCTaHOBIEHO OTJIMYME COCTaBa KHUILIEYHOM MH-
KPOOHOTHI B KOJIMYECTBEHHOM M Kaue€CTBEHHOM OTHO-
LICHUU Y MAlMEHTOK, cTpafatomux PMK, u 3mopoBbix
xeHuH [80]. B uccrnenoBaHuM «Ciy4aii—KOHTPOJIbY
B.I. Bodai u coaBT. cpaBHMBaIM MHUKPOOHOTY Kajua y
MalKUeHTOK C HEJaBHO AMAarHocTupoBaHHEIM PMIK B
[IOCTMEHOINAy3€ U y 3/J0POBBIX JKEHIIHUH. B cpaBHeHuNn
CO 3/I0pOBBIMH JKEHIIMHAMHU Yy MAIEHTOK C JUarHo-
crupoBanabiM PMXK 3adukcupoBaHo MoBbIIEHHE KO-
JIMYECTBEHHOTO COCTaBa KUILIEYHOH MHUKPOOHOTHI, HO B
TO XK€ BpeMs HaOJIOalloch CHW)KEHHE €€ KaueCTBEH-
HOro cocrapa (0-pa3HooOpasusi). B cocraBe kuiieu-
HOW MHKpPOOHMOTHI 3a()MKCHPOBAHBI BBICOKHE YPOBHHU
npencrasuteneit Clostridiaceae, Faecalibacterium n
Ruminococcaceae n 6onee Huzkue ypoBHH Dorea u
Lachnospiraceae, Hapsgy ¢ 3THM Y OHKOJIOTHYECKUX
MalMeHTOK HaOmrofancs Oonee BBICOKMI ypOBEHBb
3CTPOTEHOB B ChIBOPOTKE KpoBU [80].

Bakrepuu ponos Firmicutes, Bacteroidetes u Ac-
tinobacteria, HapoTUB, CHOCOOHBI CHWXXaTh YPOBEHb
3CTporeHa 3a CYET YCKOpEHHs ero Meradoim3Ma B
Makpoopranuzme [81]. OTMmedeHo, 4To HpU AUCOUO3C
MUKPOOHOTBI, CHIDKCHUM €€ BHJIOBOTO pa3HOOOpasus,
Y4YaCTBYIOIIETO B METa0OIM3ME CTEPOUIHBIX TOPMOHOB,
CHIDKACTCSl YPOBEHb 3CTPOTCHA B KPOBH, C YeM UCCIIEI0-
BaTeJIX CBSI3bIBAIOT MOBBIIICHHBII PUCK PA3BUTHUS OXKUpE-
HUS, TUIICPIUIA3UK DHJIOMETPHSI, CHHAPOMA TOJIUKUCTO3-
HBIX SIMYHUKOB ¥ TOPMOHO3aBUCHUMBIX OIyxosnei [82].

VY Ui My>KCKOTO ToJjia MPEICTaBUTEIH MHUKPO-
OHMOTBHI KUIIICYHUKA U MOYCBBIBOISINUX MyTed B. mas-
siliensis, Faecalibacterium prausnitzii, Eubacterium
rectale, Mycoplasma genitalium MOTYyT TIOBBIIIATH
PHUCK pa3BHUTHs paka IPEJCTATEIbHOMN Kele3bl 3a CYET
BBIPA0OTKU IPOMEIKYTOYHBIX OKCHAHJIPOT'CHOB U3 IJIIO-
KOKOPTHKOUIOB [83].

Takum 00pa3oM, COBOKYHHOCTh OakTepuii, Ha-
CCJISIFOIIUX JKEITYJOYHO-KHUIIICUHbIH TPaKT, WX T'CHBI,
MMEHYEMbIC «KHIIEUHBIM 3CTPOOOIOMOM», CIIOCOOHBI
MeTab0JIM3UPOBATh U PErYIMPOBATh IUPKYITHPYIOIIUI
B OpraHM3ME ICTPOTeH, TEM CaMbIM BIIUSS Ha KaHIIEPO-
TE€HHBIN OTEHUMAJ.

Merabonnueckass akTUBHOCTb MHKPOOHOTHI MO-
JKET BIUATH HA KaHIIEPOTSHE3, MHIYLUPYS OKUPCHUES U
BOCHAJICHUE, META0OIMYCCKYI0 aKTUBAIIUIO U MHAKTH-
BaIMI0 KaHI[EPOT'CHOB, IMHIIEBBIX (PUTOXUMHUKATOB, Me-
Ta0O0JIM3M TOPMOHOB U 00Pa30BaHUE BTOPUUHBIX KEI4-
HBIX KHUCJIOT, CIIOCOOCTBYIOIIMX PA3BUTHIO OITYXOJIH.
Takum 00pa3zoM, H3MEHEHHBI META0OIN3M YENIOBEKa,
MPEJCTABIISIONUI COOOM, MO0 CYyTH, KOMOWHAIUIO MU-
KpOOHOI 1 4enoBeuecKoil pepMeHTaTUBHOI aKTUBHO-
CTH, SIBJISICTCS IPUYMHOM KaHI[EPOTreHe3a.

3aknioyeHue

MexaHu3mMbl KaHLEPOT€HHOTO BO3JAEHCTBUS MH-
KpOOHMOTHI Ha OpPraHU3M XO3sSMHAa MHOrooOpasHsl. [la-
TOTCHHBIE, a TaK)Ke CUMOMOTHYECKHE U KOMMEHCANb-
Hble OaKkTepyH B OpraHM3Me YelOBeKa MOTYT BIHUSATDH
Ha KaHIleporeHe3 NYTEM HHAYKUUU XPOHUYECKOIO
BOCHAJICHUS, TPOILYKIIUN T€HOTOKCUHOB U CHHTE3a Ma-
TOJIOTUYECKUX MeTa0oauToB [84, 85]. bakrepuanbHbie
TOKCHHBI U METa0OJIMTHI, CIIOCOOCTBYIOIUE PAa3BUTHIO
OITYXOJIH, BBI3BIBAIOT FTEHOMHYIO, XPOMOCOMHYIO HECTa-
OWJILHOCTh W TPUBOJIAT K OJHO- M JIBYHUTHEBBIM pa3-
peiBam JJHK xnetok xo3stuna [86, 87].

Ha ceronusmiauii eHh HAMOOJIEE XOPOIIIO OXapaK-
TEPU30BaHHBIMUA TEHOTOKCHHAMH, KOTOPHIC BBI3BIBAIOT
npsimble peakuuu nospexaeHusa JJHK knetok xo3suHa,
Bb3bIBast MyTauuu JIHK u Hapymenus e€ tounoit pe-
TUTMKAIIWHY, SBJISIFOTCSI KOJIMOAKTHH, KCIIPECCUPYESMBIi
mraMMoM E. coli, ¥ TMTONETANbHBIN pacTIrUBaro-
U TOKCHUH, NPOU3BOAMMBINA PAIOM I'pPamMOTpHULa-
TenbHbIX Oakrepuii (E. coli, Aggregatibacter actino-
mycetemcomitans, Shigella dysenteriae, Haemophilus
ducreyi, Campylobacter jejuni, Salmonella enterica,
Helicobacter spp.).
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[ToMHMO T'€HOTOKCHHOB, Pa3pbIBBl JBYXIIETIOUEY-
Hoit JIHK u renoMHYyI0 HECTaOMIBHOCTD, IPUBOSIILYIO
K Pa3BUTHUIO KaHIIEPOTe€He3a, MOTYT BhI3BIBATH META00-
JUTHl OaKTEpPHaIbHOTO MPOUCXOXKIECHUSI — CEPOBOJIO-
PO U CYyTIEPOKCUIHBIE PaJUKaIbI.

B pesynbrare anannsa JaHHBIX JTUTEPATypbl 00-
Hapy’>KeHbI CBEJICHUS, KOTOPBIE OMOIHAIOT HMEIOIIYIO
uHpopManmio o ToM, yTo TLRs o0namatoT omyxonb-ax-
TUBUPYIOIIMM 3PQEeKToM, a B3aUMOACHCTBUE MHKPO-
6unotel ¢ TLRS MOXeT MpUBECTH K Pa3BUTHUIO OIYXO-
mu. Hampumep, TLR2 crnocoOCTByeT pa3BUTHIO paka
xKenyaka, aktuBanys TLR2 npuBoguT K OomyXxoib-CTH-
MynupyomuM 3dgdexkTaM u crnocoOCTBYeT MeTacra-
3upoBaHuio. JlokazaHa (QyHKIHMOHANBHAS BaXKHOCTD
NLRs — mnanuentst ¢ NOD-MyTanusMu crpajnaror
JCcOaKTepHO30M KHIIEYHUKA, KOTOPBIA NPUBOAUT K
KOJIUTY M criocoOcTByeT pazButuio KPP.

B pasBuTum KaHueporeHesa HeMajlOBa)KHas pOJIb
OTBe/leHa MUKpOOHOH (pepMeHTalNH JTUIUAOB, YIIIEBO-
0B 1 OenkoB. Tak, MOBBILIEHHOE KOJIMYECTBO >KUPOB
CHOCOOCTBYET Pa3BUTHIO I'eNATOLEIUTIONSPHON Kaplu-
HOMBI 3a CUET BO3PACTaHMsI CEKPEIMH KEeTUH U JKeId-
HBIX KHCJIOT B TOJICTOW Kullke. MUKpoOHOTa B KUILIEY-
HHUKE CIIOCOOHA PacUIeIUIATh AECATKH BUJOB TIIMKAHOB,
a MPH YIIICBOIHOM TOJIOJAHUU KHIIEYHbIC OaKTEpUU B
KaueCTBE MCTOYHHUKA YIJIEBOJOB MCIIONB3YIOT MYLUH,
Hapylas MPUJIEralomuil K SMUTENTNONUTaM MYIMHO-
BBII CJIOH M CIIOCOOCTBYS Pa3BUTHIO PaKa KHIICYHUKA.
TokcuyHbIE BelleCcTBa — Cepa, HUTPAThI, CEPOBOOPOI,
aMMHaK, aMHUHBI, )EHOIIBI, CYIb(QUIBI 1 HUTPO3aMUHBI,
oOpa3syroluecs B pe3ylibrate Metadoan3ma OeJIkoB, —
MOTYT IpuBecTH K pa3Butuio KPP.

Kumeunass MUKpoOHOTa MOAYAHPYET SHTEpOTe-
MaTUYECKYI0 IUPKYJISIIHIO 3CTPOreHOB Oaronaps cro-
COOHOCTH JCKOHBIOTUPOBATH 3CTPOTEHBI, TEM CaMbIM
BAMSISL Ha YPOBHH LMPKYIHPYIOIIUX M BBLAEIAEMBIX
3CTPOTE€HOB M PUCK PA3BUTHS ACTPOT€H3aBUCUMBIX BU-
J0B paka. [IpencraBurenu KHIEYHOH MUKPOOUOTHI pO-
nos Collinsella, Edwardsiella, Alistipes, Bacterioides
CHOCOOHBI BO3BpAIIATh SCTPOTEH B aKTUBHOE COCTOS-
HHE U YBEIWYHMBATh €ro 00paTHOE BCaChIBaHHUE, YCHIIU-
Bas KaHIIEpPOTeHHBIN MOTEHIIHAT.

HccnenoBanust MUKpOOUOTHI CErofiHs pruoOpera-
I0T 0COOYI0 aKTyalbHOCTb, IIOCKOJIBKY OHA paccMaTpu-
BAETCs KaK JUarHOCTHYECKHI OHKOOMOMAapKEp C OJHOM
CTOPOHBI U MAaTOTEHETHUYECKUH (aKTop, HA KOTOPBIH
HarfpaBiieHa Tepanus, — ¢ Jpyroi [88].

B nomonHenne K MMEIONIEHCS Ha CETOAHSIIHHUI
JIeHb JMarHOCTUKE PaKa, CUCTEMHas OIIEHKa COCTOs-
HUSI KUILIEYHOH MUKPOOHOTHI Ha pa3HbIX CTaAUSAX MPO-
rpeccCUpOBaHMs OHKOJIOTHUYECKOTO 3a00IeBaHHUS MOXKET
OTKPBITh BO3MOKHOCTHU JJIsl HaONIONEHHs 32 MeTacTa-
3MpOBaHKEM, CTpaTH(PUKANNHA KIMHUYECKHX HCCIEH0-
BaHHUU U pa3pabOTKU METOOB JIeUeHUs, 3PPEKTUBHBIX
JUIsL KOHKPETHBIX TPyNI ManueHToB. JleficTBUTENbHO,
B OITyXOJISIX MOJIOYHOM >KeJle3bl U B MECTaX MeTacTa-
3MpOBaHUs HEJaBHHE HCCIENO0BAaHMS BBIIBWINM HaU-
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yne F. nucleatum w ycuneHue sKcpeccun e€ aaresu-
Ha Fap2, omocpenyromero cesssiBanne Gal-GalNAc,
cBepxakcnpeccupyemoro B PMXK [89].

AmnanoruuneiM 00paszom F. nucleatum Obia oOHa-
pyXeHa B TKaHsAX KHlIeyHHKa u Meractasax npu KPP, u
Y. Chen u coaBT. OBUIO C/EJIAHO MPEIIOIOKEHUE, YTO
aHa’poOHas OaKTepust CHOCOOCTBYET pa3BUTHIO METAC-
TasupoBanus [90].

IlepcnextuBa  uM3ydeHUss  BHYTPUOILYXOJIEBOU
MHUKPOOHOTHI MOXET HAalTH NPUMEHEHHE B KauecTBE
LEHHOM MOJeN TPOTHO3UPOBAHUS BBDKHBAEMOCTH
OHKOJIOTHYeCKHX OoibHBIX. [IpuMeuarensHo, 4TO pas-
HOOOpa3re MUKPOOHOTO COCTaBa OIYXOJIH MOXKET Ipe-
CKa3aTh BBDKMBAaEMOCTh MAIIEHTOB C Pe3eIMPOBAHHOM
aJICHOKApLIMHOMOM TMOJIKEITYIOYHOM xKene3wl [91].

AHaM3 KUIIEYHOW MHKPOOHOTHI TaKKEe MOXKET
OBITH MCIIONB30BaH ISl MIPOTHO3MPOBaHUS MOOOUYHBIX
peakuil Ha UMMYHO- U XMMHOTEpanuo paka. Hamnpu-
Mep, MYKO3UT KeIyJOYHO-KUIICYHOTO TPaKTa M CIH-
3UCTOM OOOJIOUKH TOJIOCTH pTa MPEACTaBIsACT COO0M
cepbE3HOE OCIOKHEHHE XUMHOTEPAllui U HaNpsMYIO
cBsa3an ¢ aucOuozoM [92]. IIpum MyKo3uTe MOJOCTH
pTa nucOakTepuo3 XapaKTepU3yeTcs CHUXKEHHEM KO-
JMYECTBa MHOKECTBCHHBIX KOMMEHCAJbHBIX BHIOB
Streptococcus m Prevotella m yBenn4eHuEeM MPOBOC-
najaurenbHoro F. nucleatum. B coBpeMeHHOM Ipo-
CTIIEKTUBHOM HCCIICIOBAHUH JUCOMO3 TIOIOCTH PTa ObLI
JIOTIOJIHUTENIBHO YUTEH IIPU OLIEHKE IIPOSBICHUIN MYKO-
3WTa MOJIOCTH PTa y MAlMEHTOB C MEJIaHOMOM, MPOXO-
JSIUX XuMuorepanuio [93].

[ToMuMO BBIIIEYIIOMSHYTOTO aHANM3a COCTaBa
MHUKPOOHOTHI B Ka4eCTBE IUarHOCTUYECKOTO MOJX0/a,
W3y4YCHHE BIUSHHUS MUKPOOHOTHI B (YOPMHUPOBAHHUH OT-
BETa Ha TEpaIluIO paka IMpecTaBiseT coOoil oauH u3
HanboJee MHTEPECHBIX U MOTEHIUAIBHO TPAHCIISILIMOH-
HBIX aCIEKTOB HCCIIEAOBAHNSI MUKPOOHOTHI IIPH OITyXO-
JIEBBIX 3a00JI€BaHUSIX U MOKET MPUBECTH K ONTHMHU3A-
LUUM T[poliecca MPUHATUS TEPaNeBTUYECKH 3HAYMMBIX
pelIeHUH TIPH JICYCHUU OHKOJIOTHYECKUX OONBHBIX.

Pa3paboTka HOBBIX MpenapaToB «IIPELU3UOHHBIX
MpPOOMOTUKOBY, O00NaaomKX ONTUMH3UPOBAHHON
CHOCOOHOCTBIO K KOJIOHW3AIMM KHILIEYHHKA C BBICO-
KOTOYHOW OpPHUEHTHUPOBAHHOCTBIO Ha PaK IMPH OIHO-
BpEeMEHHOM oOecrneueHur Oe30MacHOCTH MAIMEHTOB,
MPEJICTABICT COOOM 3aXBaTHIBAIOIYIO 00JaCTh AaKTHB-
HBIX uccaenoBanuit [94]. Takue BBICOKOTOYHBIE MPO-
OMOTHYECKHE TpenapaTsl MOTEHIHUATBHO MOTYT OBITH
aJIaNTHPOBAHbl K MAalUEHTY ¢ Y4ETOM €ro MHIMBHIY-
AJIBHBIX 0COOCHHOCTEH, a TaKkKe aHaJIn3a MUKPOOHOTEI
U MPUMEHATHCS B KaueCTBE BCIIOMOTaTENIbLHOTO Cpel-
CTBa AJISl TEPAIUH PaKa.

W3 BBIIECKA3aHHOTO MOXKHO CHAENaTh OAHO3HAY-
HBIA BBIBOX O TOM, YTO AMArHOCTUYECKHE, TepareB-
TUYECKUE U MPOPHUIAKTUYECKHE MPOTHBOOIYXOJICBBIE
CTpaTeruu IOJKHBI YUUTBIBATD €I OMHOTO yYacTHUKA
KaHIeporeHe3a — MHUKPOOHOTY YelOBEYEeCKOro Op-
ranuzma. M3meHeHHe cocTaBa MHUKPOOHOTHI JOJKHO
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