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Genetic characteristics of influenza A and B viruses circulating
in Russiain 2019-2023

Svetlana B. Yatsyshina™, Anna A. Artamonova, Maria A. Elkina, Anna V. Valdokhina,
Victoria P. Bulanenko, Aleksandra A. Berseneva, Vasily G. Akimkin

Central Research Institute for Epidemiology, Moscow, Russia

Abstract

Relevance. Influenza viruses have a high potential for genetic change. These viruses are monitored annually
around the world, including Russia, to determine the dominant genetic groups and select the strains to be included
in influenza vaccines.

Objectives of the study include: analysis of influenza virus circulation in Russia in 2019-2023, phylogenetic and
molecular analysis of hemagglutinin (HA) sequences of influenza viruses, detection of mutations associated with
drug resistance to neuraminidase (NA) inhibitors and M2-protein (M2) ion channel inhibitors.

Materials and methods. Biological samples containing RNA of influenza viruses were studied: 410 A(H1N1)
pdmQ09, 147 A(H3N2) and 167 B(Victoria). Sequencing of the HA, NA, M fragments was performed on the
3500xL Genetic Analyzer (Applied Biosytems). Data processing and analysis were carried out using DNASTAR,
Nextclade, FluSurver and BioNumerics v.6.6 software.

Results. Influenza A(H1N1)pdm09, A(H3N2), B(Victoria) viruses circulating in 2019-2023 were investigated. The
highest variability of HA was observed in A(H3N2) viruses. All influenza A(H1N1)pdmOQ9 viruses in the 2022-2023
season had a previously unknown mutation E224A in HA, which increases its affinity for a-2,3 sialic acids —
receptors localized in the human lungs, to which the virus binds via HA. 2 and 3% of influenza A(H1N1)pdm09
viruses in 2019-2020 and 2022-2023, respectively, had the D222N mutation in the receptor-binding site of HA,
which is associated with more severe disease. The oseltamivir and zanamivir resistance mutation H275Y in NA
was detected in 2.3% of influenza A(H1N1)pdmO09 viruses in 2022—2023. No oseltamivir and zanamivir resistance
mutations in NAwere detected in all tested influenza A(H3N2) and B viruses. Sequencing data revealed a mutation
of adamantane resistance S37N in M2 in all studied influenza viruses A(H1N1)pdm09 and A(H3N2).
Conclusions. The detection of amino acid substitutions in HA antigenic sites and resistance mutations in NA and
M2 confirms the evolution of influenza viruses and the necessity for continuous genetic surveillance. The vast
majority of currently circulating viruses remain sensitive to NA inhibitors.

Keywords: influenza viruses, sequencing, phylogenetic analysis, molecular genetic analysis
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leHeTNYecKaa xapakTepucTnka supycos rpunna A u B,
uupxKynuposaswmnx B Poccum B 2019-2023 ropax

AubiwnHa C.b.%, AptamoHoBa A.A., EnbknHa M.A., BangoxuHa A.B.,
bynaHeHKo B.I1., bepceHeBa A.A., AKUMKUH B.T.

LleHTpanbHbIN HayYHO-NCCNIE[OBATENIbCKU MHCTUTYT anvaemuonorumn PocnotpebHaasopa, Mockea, Poccusa

AHHOMauyusi

AxTyanbHocTb. Bupychl rpynna obnagatoT BbICOKMM MOTEHUMANOM FreHEeTUYeCcKnx M3meHeHun. ExxerogHo no
BCEMY MUpY, B TOM Yncne B Poccuu, NpoBoauTCs MOHUTOPWHT BUPYCOB rpunna, YTobbl onpeaenntb 4OMUHMPYO-
LMe reHeTmyeckue rpynnel n otobpatb Cpeau HUX LUTaMMbl, KOTOPble BOMAYT B COCTaB MPOTMBOTPUMMO3HbLIX
BaKLVH.

Lenu nccnegosaHusa: aHanua UuMpkynauum supycos rpunna B Poccun B 2019-2023 rr., npoBegeHue cduno-
reHEeTMYECKOro M MOMEKYNSAPHOro aHanuaa nocrefoBaTenbHocTel remarrnmoTnHmHa (HA) BupycoB rpunna,
BbISIBMIEHNE MyTaLni Pe3UCTEHTHOCTU K MHrMbmuTopam HenpammHugassl (NA) n nHrimbrutopam MOHHOro KaHana
M2-6enka (M2).

Martepuanbl M Metopabl. VccnemoaHbl Ouonornuyeckme obpasubl, cogepxawme PHK BupycoB rpunna:
410 A(H1N1)pdmOQ9, 147 A(H3NZ2) n 167 B(Buktopus). OcyLlecTBnann cekBeHnpoBaHue hparMeHToB CermeH-
ToB HA, NA, M, npoBoannu ob6paboTky 1 aHanua faHHbIX.

Pe3ynbTaThl. ViccrnegoBaHbl HykneoTuaHble nocnegoatensHocti HA, NA, M Bupycos rpunna A(H1N1)pdmQ09,
A(H3N2) n B(Buktopus), umpkynmposasLumnx B 2019-2023 rr. Hanbonblasa sapnabensHocTs HA Habnoganack y
Bupycos A(H3N2). Bce supycol rpunna A(H1N1)pdm09 cesoHa 2022—-2023 rr. menu He BCTpeyaBLUYyoCH paHee
MyTauuo E224A B HA, koTopas yBenumunBaeT ero CPOACTBO K 0-2,3-C1anoBbiM KMCNOTaM — peLenTtopam, fioka-
N30BaHHbIM B NErKMX YenoBeka, ¢ KOTopbIMK CBA3bIBaeTcs Bupyc nocpeactsoM HA. Y 2 n 3% supycos A(H1N1)
pdm09 B cesoHax 2019-2020 1 2022—-2023 1. COOTBETCTBEHHO B peLenTop-cBsidbiBatoLLiem canTe HA obHapy-
XeHa myTtauusa D222N, kotopas accoummpoBaHa ¢ bonee TskénbiM 3aboneBaHneM. MyTaums yCTOMYMBOCTU K
ocensTammeupy 1 3aHamusmpy H275Y B NA BoiseneHa y 2,3% supycos rpunna A(H1N1)pdm09 B 2022-2023 rr.
Bo Bcex nccnegosaHHbix Bupycax rpunna A(H3N2) n B myTaumm ycTonumBoCTM K OcensTaMmBmpy U 3aHaMuBupy
B NA He obHapyxeHbl. o JaHHBIM CEKBEHMPOBaHWS, BO BCEX MCCeAoBaHHbIX Bupycax rpunna A(H1N1)pdmO09
n A(H3N2) nmenacb myTaumsa yctonumBoctn kK agamaHtaHam S37N B M2.

BbiBoabl. OOHapyXeHne MyTauuiA, 3aTparMBaroLLmnx aHTUIEHHbIE N peLenTop-CBA3bIiBatoLLme cantbl HA, a Tak-
Xe myTauui peancteHTHocTn B NA n M2 noagTBepxaaeT HeO6XO0AMMOCTb NOCTOSHHOTO reHEeTUYECKOro Haa3opa
3a Bupycamu rpunna. Nogasnstowee 60MNbLWNMHCTBO LIMPKYMMPYIOLMX B HAcTOsILLEEe BPEMS BUPYCOB COXPaHSIIOT
YyBCTBUTENBLHOCTb K MHrMbrTopam NA.

KnroueBble cnoBa: supychl epurna, CekeeHuposaHue, ghurozeHemuyeckull aHanus, MOeKysipHo-2eHemuye-
cKuli aHanu3

3muyeckoe ymeepxdeHue. ViccnenoBaHue NpoBoAMIoCh Npu O6POBOSIbHOM MHPOPMUPOBAHHOM Corflacuy nauu-
eHToB. [NpoTokon nccnegoBanusa ogobpeH Atuveckum kommutetom ®BYH LIHWM 3nnpemuonorumn PocnotpebHansopa
(npotokon Ne 3 ot 27.03.2020).

BnazodapHocmb. ABTOpPbI BbipaxkatoT 6rarofapHOCTb COTPYAHWKAM PErMOHanNbHbLIX YNPaBNeHU U LLEHTPOB MrMeHsbl
1 anngemuonorun PocnoTtpebHaasopa 3a npoBeaeHne NepBuYHbIX NTabopaTopHbIX MCCrneaoBaHU U NpeqocTaBrneHne
Buonoruyeckoro matepuana. ABTOpbI BblpaxatloT 6narogapHOCTb MEAMLMHCKOMY TexHonory naboparopum Moneky-
TNSIPHOW AMAarHOCTUKM 1 anuaemuonorun nHdekumin apixateneHbix nyten LIHWW 3nugemuonorun PocnotpebHaasopa
M.A. TuxoHoBon 3a npoBefeHne nabopaTopHbIX NCCNeaoBaHNN.

UcmoyHuk ¢huHaHcupoeaHusi. ABTOPbI 3asiBNSAOT 06 OTCYTCTBUM BHELLHEro hMHaHCUpPOBaHWS Npu NPOBeAEHNN 1C-
crnenoBaHus.

KoHgbnnukm uHmepecoe. ABTOpbI AeKNapupyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSi-
3aHHbIX C NMyGnuKaLmeit HacTosILLei CTaTby.

Ansi yumupoeanus: AupiunHa C.B., AptamoHoBa A.A., EnbkuHa M.A., BangoxuHa A.B., BynaHeHko B.I1., BepceHe-
Ba A.A., AkumknH B.I. TeHeTuyeckas xapaktepucTuka Bupycos rpunna A n B, umpkynuposaswumx B Poccumn B 2019—
2023 ropax. XKypHan mukpobuonoauu, anudemuonozauu u ummyHobuonoauu. 2024;101(6):719-734.
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Introduction

Influenza viruses are enveloped viruses of the Or-
thomyxoviridae family, which are classified into 4 gen-
era: influenza A, B, C and D viruses. Influenza A and
B viruses pose the most significant danger to human
health [1].

Influenza A viruses are the cause of most annual
epidemics and all recurrent human pandemic diseas-
es. They are subdivided into subtypes according to the
combination of 2 surface glycoproteins located in the
lipid membrane of virions: hemagglutinin (HA) and
neuraminidase (NA). In birds, the main natural res-
ervoir of influenza A viruses, 16 HA and 9 NA have
been described; another 2 HA and NA have been found
in bats [2]. Currently, influenza A viruses of the HIN-
1pdm09 and H3N2 subtypes cause the greatest number
of epidemic diseases in humans'.

Influenza B viruses are specific to humans (cases
in seals have also been described [3]) and are divided
into 2 evolutionary lineages with significantly different
antigenic properties (B/Victoria and B/Yamagata).

Influenza viruses are in a state of continuous evo-
lution in their reservoirs, facilitated by a high mutation
rate due to the absence of the proofreading activity of
RNA-dependent RNA polymerase [4]. The main res-
ervoir for influenza A viruses is wild migratory birds
and other mammals, including humans, while influen-
za B and C viruses have no reservoir in the wild. Cu-
mulative changes in sequences encoding HA and NA
lead to antigenic drift of influenza A and B viruses: the
structure of antigenic surfaces recognized by specific
antibodies changes, contributing to the annual epidem-
ic [5]. Antigenic shift is also possible for influenza A
viruses: segments encoding HA (and to a lesser extent
NA) that have evolved in animal influenza viruses can
combine with human influenza virus segments to form
new reassortant strains capable of causing pandemics
[4, 5]. Since 1889, there have been 5 known pandem-
ics of influenza A viruses, the most serious of which in
1918 was caused by the HIN1 subtype and the most
recent in 2009 by the A(HIN1)pdmO09 subtype [4, 6].
The H3N2 subtype began circulating in the 1968 pan-
demic [7]. Since 1971, both subtypes of influenza A vi-
rus — H3N2 and HIN1 (since 2009 — H1N1pdm09)
and both antigenic lineages of influenza B virus have
circulated annually with greater or lesser intensity.

Influenza B virus was identified in 1940.Two an-
tigenic virus lineages, B/Victoria/2/87-like (Victoria)
and B/Yamagata/16/88-like (Yamagata), have been
co-circulating since 1983 [8].

B/Victoria influenza viruses evolve more rapidly
with greater positive selection pressure than B/Yamaga-
ta lineage viruses [9], and the latter have not circulated
since March 2020: since then, there have been sporadic

' WHO. Influenza (seasonal). URL: https://www.who.int/ru/news-
room/fact-sheets/detail/influenza-(seasonal)

reports of B/Yamagata influenza viruses, but without
confirmation by HA sequencing of the virus?.

Under the auspices of WHO, influenza viruses are
monitored worldwide, including their typing, genet-
ic characterization and antigenic properties, to select
among the predominant antigenic groups of virus strains
to be included in influenza vaccines in the next epidemic
season. The selection of vaccine strains with specific im-
munogenic properties is necessary to ensure an immune
response against influenza viruses [10]. Large-scale ge-
netic monitoring allows deep differentiation into clades
and subclades and defines the trend of influenza virus
evolution: the emergence, spread and disappearance
from circulation of certain genetic variants.

During evolution, the most significant changes af-
fect the HA of influenza viruses. The HA glycoprotein
of influenza viruses is synthesized as a single polypep-
tide chain, which is further proteolytically cleaved into
2 subunits: HA1 and HA2. HA1 is responsible for bind-
ing the virus to sialic acids (SAs) on the cell membrane
surface, while HA2 ensures fusion of the virus and en-
dosome membranes.

Antigenic sites located at the HA1 apex near the
receptor-binding site are the main targets for human
neutralizing antibodies. HA glycosylation is associat-
ed with many properties, including immunogenicity
and receptor specificity, and plays an important role in
protecting antigenic sites from neutralizing antibodies
[11]. The glycosylation pattern is more variable in HA1
than in HA2, which is more conserved [12].

Amino acid substitutions in the receptor-binding
domain of HA affect the ability to bind to the host cell
surface, which alters the virulence of the virus [13]. On
the surface of human upper respiratory tract cells, pre-
dominantly SA-a2,6 are located, whereas in the lower
respiratory tract, SA-a2,3 are located. Increased affinity
of the virus for a-2,3-SAs may increase the severity of
the disease [14].

The evolution of influenza B/Victoria viruses, in
addition to point mutations, is facilitated by insertions
and deletions of amino acids in the HA receptor binding
region, which leads to immune evasion [15].

Amino acid substitutions in NA (influenza A and
B viruses) and M2 (influenza A viruses) reduce the ef-
ficacy of drugs: NA inhibitors (oseltamivir, zanamivir)
and adamantanes (amantadine and rimantadine), in-
hibitors of the M2 ion channel. According to the U.S.
Centers for Disease Control and Prevention, virtually
100% of influenza A viruses are currently resistant to
amantadine and rimantadine [16].

2 ECDC. Influenza virus characterisation, Summary Europe, July
2021. Stockholm; 2021. URL: https://www.ecdc.europa.cu/en/
publications-data/influenza-virus-characterisation-summary-
europe-july-2021; ECDC. Influenza virus characterization:
summary report, Europe, July 2022. Copenhagen; 2022. URL:
https://www.ecdc.europa.eu/en/publications-data/influenza-
virus-characterization-summary-europe-july-2022
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The objectives of this study are the molecular ge-
netic analysis of HA, NA and M segments of influenza
A(HIN1)pdm09, A(H3N2) and B/Victoria viruses cir-
culating in Russia during the epidemic seasons 2019—
2023, identification of amino acid substitutions in HA
compared to vaccine strains, their possible impact on
antigenic properties and strength of binding to spe-
cific receptors; phylogenetic analysis on the HA gene
sequences, as well as analysis of NA and M2 for the
presence of molecular markers of resistance to antiviral
drugs.

Materials and methods

Detection of influenza A and B virus RNA in bi-
ological material (nasopharyngeal and oropharyngeal
swabs, sputum, tracheal aspirates, bronchoalveolar
lavage) obtained as a result of routine monitoring for
influenza viruses was carried out in laboratories of
the Hygiene and Epidemiology Centers of Rospotreb-
nadzor in 50 regions of the Russian Federation (Cen-
tral, Northwestern, Southern, North Caucasus, Volga,
Urals, and Far Eastern federal districts) by polymerase
chain reaction (PCR) with hybridization-fluorescence
detection of amplification products. The study was con-
ducted with the informed consent of the patients. The
research protocol was approved by the Ethics Commit-
tee of the Central Research Institute for Epidemiology
(protocol No. 3, March 27, 2020). In case of unfavor-
able outcome of the disease, postmortem material (lung
autopsy specimens) was examined.

For molecular genetic analysis by nucleic acid
sequencing, biological material was submitted to the
Reference Center for monitoring of upper and lower re-
spiratory tract infections at the Laboratory of Molecu-
lar Diagnostics and Epidemiology of Respiratory Tract
Infections of the Central Research Institute of Epide-
miology.

Extraction of influenza virus RNA from biological
material and the subsequent reverse transcription reac-
tion were performed using the RIBO-prep and REVER-
TA-L reagent kits (AmpliSens). PCR for influenza virus
RNA detection was performed using AmpliSens Influ-
enza virus A/B, AmpliSens Influenza virus A-type-FL,
AmpliSens Influenza virus A/H1-swine-FL and Ampli-
Sens Influenza virus B-type-FL reagent kits (produced
by the Central Research Institute of Epidemiology).

To amplify fragments of HA, NA, M genes of in-
fluenza viruses A/HIN1pdm09 and A/H3N2, HA and
NA genes of influenza B viruses, PCR with electro-
phoresis detection was performed on thermocyclers
(DNA-Technology) using AmpliSens reagents (Central
Research Institute of Epidemiology).

Amplified fragments of individual segments of
influenza viruses (NA, NA, M) were sequenced in the
Scientific Group of Genetic Engineering and Biotech-
nology of the Central Research Institute of Epidemio-
logy by the Sanger method using the BigDye Termi-
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nator v1.1 Cycle Sequencing Kit (Applied Biosystems
by Thermo Fisher Scientific) on the 3500xL Genetic
Analyzer sequencer (Applied Biosystems).

Sequencing results were analyzed in the Refer-
ence Center for monitoring of upper and lower respi-
ratory tract infections using the DNASTAR software
block (SeqMan, EditSeq, MegAlign). The obtained nu-
cleotide sequences were uploaded to the international
database GISAID, can be filtered by CRIE Search pat-
terns. Phylogenetic analysis was performed using the
BioNumerics v. 6.6 program with the UPGMA meth-
od. Nextclade, FluSurver online platforms were used
to track amino acid mutations. Amino acid numbering
is given according to the corresponding influenza virus
subtype.

Results

Biological samples containing RNA of influen-
za viruses: 410 A(HIN1)pdm09, 147 A(H3N2), and
167 B(Victoria) circulating in the epidemic seasons
2019-2020, 2020-2021, 2021-2022, 2022-2023 were
analyzed. Influenza A(HIN1)pdmO9 and influenza B
virus were both detected in 1 sample (upper respirato-
ry swabs) from the 2022-2023 season. Figure 1 shows
that the number of influenza viruses tested varied in
different years, which is due to the different intensity
of the influenza epidemic process in different seasons.

The nucleotide sequences of NA, HA, M genes of
influenza A(HIN1)pdm09 and A(H3N2) viruses, and
NA and HA genes of influenza B virus were obtained
and analyzed (Table 1).

Phylogenetic and molecular genetic analysis of in-
fluenza viruses were performed. Clustering of influen-
za viruses into clades and subclades was carried out on
the basis of HA nucleotide sequences; for comparison,
the sequences of vaccine strains, recommended in each
season for the Northern Hemisphere, cultured in chick-
en embryos were used, since such vaccines are widely
used in Russia.

500 -
400 -
300 -

200 -

Absolute number

100 -
0 -
2019-2020 2020-2021 2021-2022 2022-2023
Epidemic season

OA(HIN1)pdm09 mA(H3N2) ©B

Fig. 1. Number of influenza viruses tested at the Reference
center for monitoring upper and lower respiratory tract
infections in 2019-2023.
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Table 1. Number of sequenced segments

Number (from the recovered/from the deceased)

Influenza virus Segment
2019-2020 2020-2021 2021-2022 2022-2023
HA 59 (55/4) - - 351 (296/55)
(H1IN1)pdmO09 NA 59 (55/4) - - 87 (69/18)
M 59 (55/4) - - 28 (16/2)
HA 11 (11/0) 2 (1/0) 124 (124/0) 10 (10/0)
A(H3N2) NA 2 (2/0) 1(1/0) 44 (44/0) 1(1/0)
M 1(1/0) 2 (1/0) 34 (34/0) 1(1/0)
B HA 56 (53/3) - 7 (7/0) 104 (102/2)
NA 35 (34/1) - 1(1/0) 36 (36/0)

Influenza A(H1N1)pdmO9 viruses

The distribution of sequenced viruses into genet-
ic clusters (clades, subclades and subgroups) and the
results of comparison with the vaccine strain of each
season are presented in Table 2. The homology of
the nucleotide sequences of the HA gene of the stud-
ied viruses and vaccine strains varied in the range of
99.2-97.4% depending on the genetic cluster affiliation.
The largest differences (up to 2.6%) were observed in
the 2019-2020 season.

Based on sequencing results, A(HIN1)pdmO09
viruses from the 2019-2020 season belonged to sub-
clade 6B.1A.5 subgroups 5a, 5a.1, 5a.2, and subclade
6B.1A.7. This season, viruses from subclade 6B.1A.5
subgroup 5a (66%), characterized by amino acid sub-
stitutions N129D and T1854 in HA1, prevailed. Sub-
group 6B.1A.5a.1, characterized by amino acid sub-
stitutions D187A4, Q189E, included 31% of the studied
viruses. One virus belonged to subgroup 6B.1A.5a.2
(amino acid substitutions NI156K, L1611, V2504), 1
virus belonged to subclade 6B.1A.7 (amino acid sub-
stitutions K302T in HA1 and 177M, N169S, E179D
in HA2).

The A/Brisbane/02/2018 strain recommended for
inclusion in the vaccine for the 2019-2020 epidemic
season for the Northern Hemisphere belonged to sub-
clade 6B.1A.1.

In the 2020-2021 and 2021-2022 seasons, influ-
enza A(HIN1)pdm09 viruses were not sent to the refer-
ence center because they were not circulating.

All tested A(HIN1)pdm09 viruses from the 2022—
2023 season belonged to clade 6B.1A.5a.2a, character-
ized by amino acid substitutions K540, A186T, Q189F,
E2244, R259K, and K308R. This season's vaccine
strain A/Victoria/2570/2019 was assigned to subgroup
6B.1A.5a.2.

The results of phylogenetic analysis on the HA
gene of influenza A subtype HIN1pdm09 viruses in the
20192023 seasons are shown in Figure 2. The den-
drogram contains a set of selected sequences of HA,
which represented genetic diversity of circulated influ-
enza viruses.

Five antigenic sites are identified in the HA mole-
cule of influenza A(HIN1)pdmO9 virus, which include
the following amino acid positions: Sa (121-122 and
150-162), Sb (184-195), Cal (163-167, 200-202 and
232-235), Ca2 (133-139 and 218-219), Cb (67-72) [17].

From 7 to 12 mutations were detected in the HA
amino acid sequence of 2019-2020 viruses compared to
the vaccine strain A/Brisbane/02/2018. Of these, 7 were
located in antigenic sites: Sa— SI121I/N (n=2), NI56K
(n=1), L1611 (n=1), Sb — T1851 (n = 57), DI1874
(n = 18), QI89E (n = 16), SI90ON (n = 1). An R205K
substitution was found near the Cal antigenic site
(n=2). The mutations DI874 (n=18), R221K (n = 2),
and D222N (n = 1) were located in the receptor-bind-
ing site. One sample belonged to subclade 6B.1A7 and
carried amino acid substitutions £68D (in Cb), T1204,
SI12IN (in Sal), R2230Q, K302T (in HA1), and 177M,
N169S, E179D (in HA2).

Table 2. Results of nucleotide sequence analysis of HA influenza A(H1N1)pdmOQ9 viruses received by the Reference center in

2019-2023
Epide?;(;fseason, (g\;/:ﬁgi:lecféﬁgr) Number of samples studied Genetic cluster Hﬁqgigicﬁlr?;ng;?x,&th
2019-2020 A/Brisbane/02/2018 39 6B.1A.5a 98.4-99.2
(6B.1A.1) 18 6B.1A.5a.1 98.2-98.6
1 6B.1A.5a.2 99.2
1 6B.1A.7 98.2
2022-2023 AlVictoria/2570/2019 (6B.1A.5a.2) 351 6B.1A.5a.2a 97.4-98.9
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Influenza A(HIN1)pdm09 2022-2023 viruses re-
lative to the vaccine strain contained 6-12 amino acid
substitutions. R259K, K54Q, A186T, QI89E, E224A4,
K308R/G substitutions in HA1 were detected more fre-
quently. Some of the mutations affected antigenic sites:
Sa — SI2IN (n=1), S122L (n = 1), K154R (n = 1),
GI55E (n = 1), N162S (n = 1, loss of glycosylation
site), Sb — A186T (n = 351), D187V (n = 1), QI189FE
(n=351), N194S (n=1), Cal — V234 (n=1), Cb —
S69P (n = 1), L70F (n = 1). Amino acid substitutions
NI25H (n=1), R205K (n = 3) were found adjacent to
antigenic sites. The D187V (n=1) and D222N (n = 12)
mutations were located in the receptor-binding site. The
D145N mutation in HA2 resulting in an additional gly-
cosylation site was found in 2 virus samples.

In 20192020, all influenza A(HIN1)pdm09 vi-
ruses lacked mutations conferring resistance to osel-
tamivir and zanamivir, whereas in 2022-2023 viruses
with the H275Y mutation in the NA accounted for 2.3%
and were detected in respiratory swabs of unvaccina-
ted patients from the Arkhangelsk region in December
2022. All A(HIN1)pdmO9 influenza viruses for which
the M gene sequence was obtained were resistant to
adamantanes (S3/N mutation in M2).

6B.1A.5a.2a
6B.1A.5a.2
6B.1A.5a.1
Fig. 2. Dendrogram of the HA gene of
influenza A(H1N1)pdmO09 viruses (data
of the CRIE Reference center,
6B.1A.5a 2019-2020, 2022-2023).
Vaccine strains are indicated by rectangles.
Blue and green circles indicate the

sequences of viruses circulating in 2019-
2020 and 2022-2023 influenza seasons,
respectively.

Fatal cases are marked with an asterisk.

] 6B.IAL

~ ] 6B.1A7

Influenza A(H3N2) viruses

The distribution of the studied influenza A(H3N2)
viruses by genetic clusters and the results of compari-
son with the vaccine strain according to each season are
presented in Table 3. The homology of the nucleotide
sequences of the HA gene of the studied viruses and vac-
cine strains varied in the range of 99.0-95.8% depending
on the genetic cluster affiliation. Maximum differences
(3.64.2%) were observed in the 2019-2020 season.

Influenza A(H3N2) viruses from the 2019-2020
season were categorized as group 3C.2alb, clusters
3C.2alb.l1b and 3C.2alb.2a. Vaccine strain A/Kan-
sas/14/2017 was assigned to cluster 3C.3a.1 (charac-
terized by amino acid substitutions at positions S9IN,
N144K, the latter resulting in the loss of a potential gly-
cosylation site, F7193Sin HA1 and D160N in HA2). Clus-
ter 3C.2alb.1b, characterized by amino acid substitutions
at positions S137F, A138S, and F193S in HA1, included
64% of the samples. The cluster 3C.2alb.2a, character-
ized by amino acid substitutions at positions K83E, Y94N
in HA1 and 7793M in HA2, included 36% of the samples.

In the hemagglutinin molecule of influenza
A(H3N2) virus, the following amino acid positions are
considered to be antigenic sites:
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* A(122, 124, 126, 130-133, 135, 137, 138, 140,
142-146, 150, 152, 168);

* B (128, 129, 155-160, 163-165, 186—190, 192—
194, 196-198);

» C (44-48, 50, 51, 53, 54, 273, 275, 276, 278—
280, 294, 297, 299, 300, 304, 305, 307-312);

* D (96, 102, 103, 117, 121, 167, 170-177, 179,
182, 201, 203, 207209, 212-219, 226-230,
238, 240, 242, 244, 246-2438);

* E (57,59, 62, 63, 67, 75, 78, 80-83, 86-88, 91,
92,94, 109, 260-262, 265) [18].

Three antigenic sites overlap with the recep-
tor-binding site: site A with loop 130 (135, 136, 137,
138, 153); site B with helix 190 (186, 190, 194, 195);
and site D with loop 220 (226 and 228) [19].

Both influenza A(H3N2) viruses of the 2020-
2021 season belonged to subclade 2a.2 of subgroup
3C.2alb.2a.2a.2a.2, which is characterized by amino
acid substitutions Y/59N, T160I (loss of glycosylation
site, L164Q, G186D, D190N) in HA1, whereas vaccine
strain A/Hong Kong/2671/2019 belonged to cluster
3C.2alb.1b.

In the 2021-2022 season, as in the previous
season, all influenza A(H3N2) viruses belonged to
subcluster 3C.2alb.2a.2. In the 2022-2023 classifi-
cation, viruses were assigned to 4 subclades: viruses
of 3C.2alb.2a.2a.2 (amino acid substitutions D53G,
R201L, §219Y) prevailed, 3C.2alb.2a.2c (amino ac-
id substitutions S205F, A212T) were less frequently
found, and 3C.2alb.2a.2a.2 and 3C.2alb.2a.2a.2a.l
(amino acid substitutions D53G, D104G, K276R) were
even less frequently found. The vaccine strain A/Cam-
bodia/e0826360/2020 belonged to group 3C.2alb.2a,
but to a different genetic subgroup 3C.2alb.2a.1a, char-
acterized by amino acid substitutions L1571, K220R.

Influenza A(H3N2) viruses from the 2022-
2023 season belonged to clade 3C.2alb.2a.2a.2, as

did the vaccine strain A/Darwin/9/2021, which was
in the vaccine administered in the Northern Hemi-
sphere in 2022-2023. Within the clade, the virus-
es were differentiated into subclades: 3 belonged to
3C.2alb.2a.2a.3a.1 (amino acid substitution /7/40K),
3 belonged to 3C.2alb.2a.2b (characterized by amino
acid substitutions E50K, F79V, 1140K), and 2 belonged
to 3C.2alb.2a.2a.2a.1b (amino acid substitutions
1140K, R299K). Only 2 HAs were close to the vac-
cine strain A/Darwin/9/2021 (subclade 3C.2alb.2a.2a,
characterized by amino acid substitution H156S5).
The results of phylogenetic analysis on the HA
gene of influenza A subtype H3N2 viruses are presented
in Fig. 3. In the 2019-2020 season, 21-23 mutations
were detected in the HA sequence of viruses compared
to the vaccine strain A/Kansas/14/2017, 19 of these
mutations located in antigenic sites:
* A— TI3IK (n=13), TI35K (n = 7), SI37F
(n="17),1140K (n=17), K144S (n = 10);

* B — A128T (n = 3), S159Y (n = 10), K160T
(n=10), N190D (n = 10), SI93F (n =13);

* D — NI2IK (n=10), NI7IK (n = 10), V2301
(n=1), T246N (n = 10);

*E — E62G (n = 10), K83E (n = 3), N9IS
(n=10), K92R (n = 10), Y94N/S (n = 3).

Three substitutions were localized in the recep-
tor-binding site: in loop 130, 7135K, S137F, and in
helix 190, N190D. The 177V, M149I, and G155F muta-
tions in HA2 of 11 viruses were found.

Mutations that lead to the appearance of new po-
tential N-glycosylation sites were found: 47287 (in 3
viruses of subgroup 3C.2alb.2a), K160T (in all 10 vi-
ruses), 7246N (in all 10 viruses). Seven viruses of sub-
group 3C.2alb.1b had a T7/35K mutation that results in
loss of the N-glycosylation site.

A(H3N2) viruses examined in the 2020-2021
season, there were 2224 substitutions in the HA se-

Table 3. Results of HA nucleotide sequence analysis of influenza A(H3N2) viruses received by the Reference center

in 2019-2023

Epidemic season. Vaccine strain (genetic cluster)

Number of samples

Genetic cluster HA gene homology with

years studied the vaccine strain. %
20162020 A/Kansas/14/2017 7 3C.2a1b.1b 96.2-96.4
(3C.3a.1) 4 3C.2a1b.2a 95.8-96.0
A/Hong Kong/2671/2019 (3C.2a1b.1b. .

2020-2021 oroviously 30.2a1b + T135K-8) 2 3C.2a1b.2a.2a.2 97.3-97.4
3 3C.2a1b.2a.2 98.6-98.7
20212022 A/Cambodia/e0826360/2020 3 3C.2a1b.2a.2a.1 98.6-98.7
(3C.2a1b.2a.1a) 105 3C.2a1b.2a.2a.2 98.1-98.9
13 3C.2a1b.2a.2c 98.6-98.9

2 3C.2a1b.2a.2a 99.4
2022-2023 A/Darwin/9/2021 2 3C.2a1b.2a.2a.1b 98.9-99.0
(2a. previously 3C.2a1b.2a.2a) 3 3C.2a1b.2a.2a.3a.1 98.5-98.6

3 3C.2a1b.2a.2b 98.5




726

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6)

DOI: https://doi.org/10.36233/0372-9311-480

quences compared to the vaccine strain A/Hong
Kong/2671/2019, 16 of which were in the anti-
genic sites of both viruses: A — T131K, KI35T,
F137S, S1384; B — A128T, H156S, Y159N, L164Q,
Vi86D, DI9ON, C — D53G; D — R20IK, S§219Y;
E — K83E, Y94N. One virus had an 1274} mutation
in site D; 5 substitutions were localized in the recep-
tor-binding site: in loop 130, KI135T, Fi137S, S1384;
and in helix 190, V186D, D190N. Additionally, N225D,
A128T, and KI135T mutations were found outside the
antigenic sites in both viruses, the latter resulting in
new potential N-glycosylation sites.

In the 2021-2022 season, HA amino acid sequen-
ces contained 9—12 mutations compared to the vaccine
strain A/Cambodia/e0826360/2020.
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The following substitutions in antigenic sites were
detected in 124 viruses of all subclades: B, Y159N
(1 had Y159S), K160I, L164Q, R186D, DI190N, P198S;,
D, N171K. The RI86D, DI90ON substitutions were in
the receptor-binding site. Three viruses of subclade
3C.2alb.2a.2a.2 had mutations: A— 140K, D — R2011.
One virus had the $279Y mutation in the antigenic site D.

Three viruses of subclade 3C.2alb.2a.2a.1 con-
tained mutations: C — D53G, K276R; B — H156S;
outside antigenic sites — D104G; 105 viruses of sub-
clade 3C.2alb.2a.2a.2a.2 had mutations in antigenic
site D — R201K, S219Y. Total 104 viruses had an 125V
substitution outside the antigenic sites. Four viruses
had mutations that lead to loss of the glycosylation site:
3 viruses had N122D, 1 had N165K. Thirteen viruses of

3C.2alb.2a.2a.2

N

~ ] 3C.2alb.2a.2a.1b
j 3C.2alb.2a.2a.1

j 3C.2alb.2a.2a

3C.2alb.2a.2¢c

] 3c2a1b.2a2

98.5| | A/Cambodia/E0826360/2020

] 3C.2alb2ala

99.3

97.4

005 @ A/Moscow/14/CRIE/2019

984 A/Volgograd/CRIE/62/2019
L@ A/Rostov/CRIE/213/2022
L ® A/Moscow oblast/CRIE/635/2023

| 3c2alb2a

~ ] 3C.2alb.2a.2b
~ ] 3C.2alb.2a.2a.3a.1

o0 (@A/Crimea/CRIE/20/2020
oso|@A/Crimea/CRIE/33/2020
e ws| L@A/Crimea/CRIE/47/2020 3C.2alb.1b

[ A/Hong Kong/2671/2019 |
3C.3a.1

[ A/Kansas/14/2017 |
Fig. 3. Dendrogram of the HA gene of influenza A(H3N2) viruses (data from the CRIE Reference center, 2019-2023).

Vaccine strains are indicated by rectangles. Blue, violet, red and green circles indicate the sequences of viruses circulating in 2019-2020,
20202021, 2021-2022 and 2022-2023 influenza seasons, respectively. Fatal cases are marked with an asterisk.
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subclade 3C.2alb.2a.2¢ had an 42727 mutation in anti-
genic site D. Twelve viruses had an S205F substitution
outside the antigenic sites. Two viruses had an S7124N
mutation resulting in loss of the glycosylation site.

In the 20222023 season, the A(H3N2) viruses
studied had 2-9 amino acid substitutions in HA com-
pared with vaccine strain A/Darwin/9/2021 and 3-9
substitutions compared with A/Darwin/6/2021 (the
sequence of strain A/Darwin/9/2021 differs from A/
Darwin/6/2021 by the G53D mutation). Two viruses
of subclade 3C.2alb.2a.2a had a mutation in the D
site, 1217V. Two viruses of subclade 3C.2alb.2a.2a.1b
had mutations localized in site A — [/140K, C —
K276R and R299K. Three viruses of subclade
3C.2alb.2a.2a.3a.1 had mutations in the C site —
E50K, D53N, A — 140K, B — [192F; 3 viruses of
subclade 3C.2alb.2a.2b had £50K mutations in the C
site and /740K mutations in site A. Two viruses had
an amino acid substitution of N96S in HA1 leading to
the appearence of N-glycosylation site, and one had an
N122D mutation in HA1 leading to loss of the N-gly-
cosylation site.

No resistance mutations to oseltamivir and zana-
mivir were detected in the NA of influenza A(H3N2)
viruses tested for the 2019—2023 seasons, while all had
the S3/N adamantane resistance mutation in M2,

Influenza B viruses

All influenza B viruses received for study in 2019—
2023 belonged to the B/Victoria lineage (according to
PCR and sequencing results).

The distribution of investigated influenza B virus-
es by genetic clusters and the results of comparison with
the vaccine strain of each season are presented in Table
4. The homology of the nucleotide sequences of the HA
gene of the studied viruses and vaccine strains varied
in the range of 99.7-98.2% depending on the genetic
cluster affiliation. Maximum similarity (99.0-99.7%)
was observed in the season 2022-2023.

In the 2019-2020 season, 98% of influenza B vi-
ruses belonged to the Victoria lineage subclade V1A.3
(1A(A3)B), characterized by triple deletion of amino
acid residues 162—-164 and amino acid substitutions
KI36E, G133R in HA; the remainder belonged to the
subgroup V1A.3a.1, characterized by amino acid sub-

stitutions in HA1 V1171, V220M. The vaccine strain
B/Colorado/06/2017 for the 2019-2020 Northern
Hemisphere epidemic season belonged to subclade
V1A.1 (1A(D 2)B) of the Victoria lineage, character-
ized by double deletion of amino acid residues 162—-163
and amino acid substitutions at positions D129G, 1180V
in HA1, RI51K in HA2.

In the 2021-2022 season, 7 influenza B viruses
belonged to the Victoria lineage subclade V1A.3, sub-
group V1A.3a.2 (characterized by amino acid substi-
tutions at HA1 positions 41277, P144L, K203R). Vac-
cine strain B/Washington/02/2019, which was included
in the 2021-2022 Northern Hemisphere vaccines, be-
longed to the Victoria lineage of subclade V1A.3.

In the 20222023 season, all influenza B viruses
belonged to lineage Victoria subclade V.1A.3a.2. Vac-
cine strain B/Austria/1359417/2021, which was includ-
ed in vaccines in Russia in 2022-2023, also belonged
to lineage Victoria subclade V.1A.3a.2. The results of
phylogenetic analysis on the HA gene of influenza B
viruses of lineage Victoria are presented in Fig. 4.

There are 4 antigenic sites in the HA molecule of
influenza B virus: loop 120 and adjacent regions (116—
137), loop 150 (141-150), loop 160 (162-167), helix
190 and its surrounding regions (194-202) [20]. The
receptor-binding site is formed by helix 190 (193-202),
loop 240 (237-242), loop 140 (136—-143) [21].

In the 2019-2020 season, the HA amino acid se-
quences of viruses had 8-12 mutations compared to
the vaccine strain B/Colorado/06/2017, as well as an
additional amino acid deletion at position 164. There
were 11 substitutions in antigenic sites: 1717V (n = 2),
RI1I8K (n=2), NI26K (n=15), AI127T (n = 1), E128K
(n = 1), DI29N (n = 55), GI133R (n = 50), YI35D
(n = 1), KI36E (n = 56) in loop 120; N166D (n = 1)
in loop 160; N197D (n = 1) in helix 190. Three sub-
stitutions were in the receptor-binding site: in helix
190, N197D; in loop 240, P241Q (n = 1); in loop 140,
KI136E. One virus each had N166D, N197D, and N233S
substitutions that result in loss of the glycosylation site.

Influenza B viruses in the 2021-2022 season
had 8-9 amino acid substitutions in HA compared to
the vaccine strain B/Washington/02/2019. Amino acid
substitutions were located in 5 positions of antigenic
sites: in loop 120, A127T (n = 7), RI33G (n = 7); in

Table 4. Results of HA nucleotide sequence analysis of influenza B viruses of the Victoria lineage received by the Reference

center in 2019-2023

Epidemic season Vaccine strain (genetic cluster)

Number of samples studied

HA gene homology with

Genetic cluster h 2
the vaccine strain. %

B/Colorado/06/2017
2019-2020 (VIA1. previously 1A(A2)B)
B/Washington/02/2019
ALz =A (VIA.3. previously 1A(A3)B)
2022-2023 B/Austria/1359417/2021 (V1A.3a.2)

55 V1A3 98.2-98.8
1 V1A.3a.1 98.6
7 V1A.3a.2 98.2-98.7
104 V1A.3a.2 99.0-99.7
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B/St.Petersburg/CRIE/36/2022
B/Samara/CRIE/171/2022
B/Tambov/CRIE/599/2023
B/Veliky Novgorod/CRIE/447/2022
B/Moscow/CRIE/516/2023
B/Astrakhan/CRIE/146/2022
B/Kaluga/CRIE/546/2023
B/Kursk/CRIE/667/2023
B/Astrakhan/CRIE/623/2023
® B/Nadym/CRIE/195/2022
B/Moscow/CRIE/135/2021
B/Lipetsk/CRIE/206/2022
B/Moscow/CRIE/198/2022
| B/Austria/1359417/2021|
B/Tver/CRIE/179/2021
o84 v0r [B/Washington/02/2019]
B/Kostroma/CRIE/123/2020
99.7 B/Moscow/CRIE/3/2019 *
B/Voronezh/CRIE/91/2019
B/Vologda/CRIE/268/2020
B/Murmansk/CRIE/159/2020
® B/Volgograd/CRIE/60/2019
L ®B/Kursk/CRIE/277/2020
L @B/Tula/CRIE/139/2020
[B/Colorado/06/2017 ]

99.2

99.6

99.1

99.1

98.9

loop 150, P144L (n = 7), N150K (n = 7); and in helix
190, N197D/E (n = 7). One substitution was in the re-
ceptor-binding site, in helix 190 — N197D/E. Mutations
N197D observed in 6 viruses and N/97F identified
in 1 virus result in loss of the glycosylation site.

There were 1-6 mutations in the HA of influen-
za B viruses in the 2022-2023 season compared to the
vaccine strain B/Austria/1359417/2021. Seven substi-
tutions were in antigenic sites: in loop 120 — T12IN
(n=25),HI22N (n=3), EI128K (n=67), in loop 150 —
GI49E (n=1),in helix 190 — D197E (n=40), T199A/I
(n =100). Two substitutions were in the receptor-bind-
ing site, in helix 190 — DI197E, T199A4/I. In one virus,
a T1961 substitution was found in HA? that resulted in
loss of the glycosylation site.

No mutations in the NA gene that reduce sensiti-
vity to oseltamivir and zanamivir were found in the
examined influenza B viruses of the 2019-2023 sea-
sons.

Discussion

The etiologic structure of influenza varied in dif-
ferent epidemic seasons in Russia and globally. The
samples containing influenza viruses submitted to the

] V1A3al

] viAl
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V1A3a.2

VIA3 Fig. 4. Dendrogram of the HA gene of influenza
B viruses of the Victoria lineage.

Data from the CRIE Reference center, 2019-2020,
2020-2021, 2022—-2023. Vaccine strains are indicated
by rectangles. Blue, red and green circles indicate the

sequences of viruses circulating in 2019-2020,
2021-2022 and 2022-2023 influenza seasons,
respectively.

Fatal cases are marked with an asterisk.

Reference Center for study were randomly selected in
Russian regions during patient screening, so we can
assume that their spectrum and genetic characteristics
reflect general patterns across the country and allow us
to judge the structure of influenza and genetic diversity
of circulating viruses in Russia.

In the 2019-2020 season, the Reference Center re-
ceived mainly influenza A(H1N1)pdm09 and B viruses:
46.8% of A(HIN1)pdmO09, 8.7% of influenza A(H3N2)
, and 44.5% of B/Victoria. According to the WHO Na-
tional Influenza Center, all three influenza subtypes
were present in the Russian population this season, with
influenza B/Victoria virus predominating (43.7%) [22].
According to the European Center for Disease Pre-
vention and Control (ECDC), in the European region,
among the viruses that were typed, 51% A(HINI1)
pdm09, 40.1% A(H3N2), 8.7% B/Victoria, 0.2%
B/Yamagata were detected®. A(H3N2) viruses were the
second most abundant, but not B/Victoria influenza vi-

3 ECDC. Influenza virus characterisation, summary Europe, July
2020. Stockholm; 2020. URL: https://www.ecdc.europa.eu/en/
publications-data/influenza-virus-characterisation-summary-
europe-july-2020
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ruses as in Russia, which may be due to the different
patterns of spread of these virus types in different coun-
tries.

In the 20202021 season, only 2 influenza viruses
(A(H3N2)) were tested in the Reference Center. Ac-
cording to the WHO National Influenza Centre, in Rus-
sia, only 37 positive materials were found during the
entire season during PCR-based influenza screening,
and only 2 influenza B/Victoria viruses were isolated
in culture and antigenically characterized [22]. In the
European region, this season also saw a 99.4% decrease
in the number of confirmed influenza cases compared
to the 2019-2020 season [22]. Influenza viruses were
distributed as follows: 14.2% A(HIN1)pdm09, 80.6%
A(H3N2), 4.9% B/Victoria, 0.3% B/Yamagata [9], i.e.,
just as in Russia, A(H3N2) virus predominated.

The low activity of influenza viruses worldwide
was caused by the emergence of the novel betacoro-
navirus SARS-CoV-2 in December 2019 in China and
subsequent preventive and protective measures [23].
These included restrictions on the movement of people:
closing countries' borders, suspending international
flights, quarantining those arriving in the country and
isolating those who became ill. In addition, personal
hygiene practices (frequent hand washing, use of disin-
fectants and personal protective equipment) were mon-
itored to reduce transmission of influenza viruses. The
timing of these measures correlates directly with the
sharp drop in influenza incidence in 2020-2021.

In the 2021-2022 season, the number of viruses
tested at the Reference Center increased significantly,
with influenza A(H3N2) virus predominating (94.7%,)
and influenza B viruses accounting for 5.3%. No sam-
ples containing influenza A(HIN1)pdm09 virus were
received. According to the WHO National Influenza
Center, the A(H3N2) subtype was predominantly de-
tected in Russia, with minor involvement of influenza
B/Victoria and complete absence of A(HIN1)pdm09
virus [21]. Thus, the etiologic structure of influenza this
season in Russia was represented by influenza A(H3N2)
virus with a minor contribution of influenza B virus.

According to ECDC data, influenza A(H3N2) vi-
rus was also predominant in the European region, with
A(HINT1)pdm09 (8.7%) and B being detected much less
frequently: A(H3N2) 90.9%, B/Victoria 0.4%, B-Ya-
magata < 0.1%?*. It should be noted that despite reports
of isolated findings of B/Yamagata influenza viruses,
available databases of genetic information do not con-
tain the HA nucleotide sequences of B/Yamagata influ-
enza viruses detected after March 2020, which means
that their affiliation with the Yamagata lineage has not
been confirmed by sequencing.

4 ECDC. Influenza virus characterisation, Summary Europe, July
2021. Stockholm; 2021. URL: https://www.ecdc.europa.eu/en/
publications-data/influenza-virus-characterisation-summary-
europe-july-2021

The spectrum of influenza viruses examined in the
2022-2023 season at the Reference Center was as fol-
lows: 75.5% influenza A(HIN1)pdmO09 viruses, 2.1%
influenza A(H3N2) viruses, 22.4% influenza B/Victo-
ria viruses. Among the viruses admitted and examined,
12%, predominantly influenza A(HIN1)pdm09 and to
a lesser extent influenza B/Victoria, were viruses found
in autopsy material, indicating an increase in influenza
severity compared with the 2021-2022 season, when
influenza A(H3N2) virus predominated and no autopsy
material was admitted (Table 1). The increased number
of influenza deaths during seasons of active circulation
of influenza A(H1N1)pdm09 virus can be explained by
the greater affinity of this influenza A virus subtype for
SA-02,3, which facilitates its spread to the lungs and
leads to the development of pneumonia more often. In
addition, a lower level of immunity in the population
due to lack of exposure to influenza A(HIN1)pdm09
virus during the 2020-2021 and 2021-2022 seasons
could have contributed to a more severe epidemic.

According to the WHO National Influenza Center,
in Russia as a whole, at the peak of the influenza and
acute respiratory viral illness epidemic, influenza virus-
es were detected in 30% of patient samples examined
during PCR screening, with the A(HIN1)pdm09 subtype
predominating®. In the 2022-2023 season, according to
ECDC data, the structure of influenza in the European
region differed from that in Russia: 47.3% — A(HIN1)
pdm09, 47.9% — A(H3N2), 4.8% — B/Victoria, 0% —
B/Yamagata®, which could be due to the various epide-
miological features of the spread of these types of viruses
in different countries.

Our data on the distribution of A(HIN1)pdm09 vi-
ruses by genetic groups coincided with the data of the
A.A. Smorodintsev Research Institute of Influenza: in
the 2019-2020 season, the genetic subgroup 6B.1AS
(reference strain A/Norway/3433/2018) prevailed’, in
the 2022-2023 season, the genetic subgroup 6B.1A.5a.2
(reference virus A/Sydney/5/2021) prevailed®.

The significance of the detected mutations leading
to amino acid substitutions was assessed according to
the literature data confirmed experimentally. It should

5 A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVI bulletin for the 39" week of 2023.
URL: https://influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2023&week=39

¢ ECDC. Influenza virus characterization: summary report, Europe,

February 2023. Copenhagen—Stockholm; 2023. URL: https:/

www.ecdc.europa.eu/en/publications-data/influenza-virus-

characterization-summary-europe-february-2023

A.A. Smorodintsev Research Institute of Influenza. Weekly

national influenza and ARVI bulletin for the 39™ week of 2020.

URL.: https://www.influenza.spb.ru/system/epidemic_situation/

laboratory diagnostics/?year=2020&week=39

A.A. Smorodintsev Research Institute of Influenza. Weekly

national influenza and ARVI bulletin for the 39" week of 2023.

URL: https://influenza.spb.ru/system/epidemic_situation/

laboratory diagnostics/?year=2023&week=39
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be taken into account that different amino acids differ
in physicochemical properties (nonpolar, polar charged
and uncharged), they can change the spatial configura-
tion of the protein in different ways, even if the substi-
tution occurred in the same position of the amino acid
chain. The functional significance of each mutation
must be proven experimentally. In some cases, it is ac-
ceptable to draw an analogy, for example, between HAs
of subtypes H1 and H5, because HAs of influenza A H1
and HS5 viruses belong to the same group (H1/H2/HS5/
H6/H11/H13), which, according to the predicted ami-
no acid sequence of HAs, may have similar HA spatial
conformational structures [25].

NI156K and L1611 mutations were detected in the
antigenic Sa site of influenza A(HIN1)pdm09 virus,
both in 1 virus. The S/59N mutation in the HA of in-
fluenza A(H5NT1) virus (position equivalent to N156K
in the A(HIN1)pdmO9 influenza viruses examined) re-
sults in enhanced binding to a-2,6-SA of the ferret re-
spiratory tract mucosa [26]. For the N156K mutation in
A(HIN1)pdm09, a change in antigenic properties was
predicted in ferret experiments [27].

Ti1851,D1874, Q189E, and S190N mutations were
found in the antigenic site Sb of influenza A(HIN1)
pdmO9 virus. In HA of influenza A(HIN1) virus, the
D1874 substitution (190 by H3 numbering) results in
decreased binding to a-2,6- and increased affinity for
a-2,3-SA [28]. In HA of epidemic influenza A(HIN1)
virus, substitution of S790N (193 by H3 numbering)
changes the conformation of the Sb antigenic site [29].
An R205K mutation was found near the Cal antigenic
site of A(HIN1)pdmO09 virus. In HA of H5N1 virus,
substitution of N224K (numbered H3) at an equivalent
position leads to enhanced binding to a-2,6-SA [30].

Near the antigenic Ca2 site of A(HIN1)pdm09 vi-
rus, the R22 7K mutation was found to be part of the HA
A(HIN1)pdmO09 receptor-binding site. It was shown
that changes in this HA can affect the antigenic proper-
ties of viruses [31].

The amino acid arginine (R) at position 223 en-
hances the affinity of A(HIN1)pdm09 for avian-type
receptors (a-2,3-SAs). Given the fact that a-2,3-SAs are
part of the glycocalyx of the epithelial cells lining hu-
man lung alveoli, such mutant strains can cause pneu-
monia, and further generalized inflammation. By 2020,
the majority of circulating influenza A(HIN1)pdm09
viruses (99.80%) had the R2230Q mutation, including
all the viruses we sequenced, whereas at the early stage
of the 2009 pandemic, strains with an arginine (R) in
this position were still circulating in a minor popula-
tion [32]. Apparently, the elimination of mutations that
may reduce the spread of viruses due to the high danger
of such strains for host life is one of the mechanisms of
influenza viruses evolution.

Outside the antigenic sites, 2 viruses of the
A(HIN1)pdmO09 subtype had the D94N mutation and
1 had the D94E mutation. In HA of influenza A(H5N1)

ORIGINAL RESEARCHES

virus, the D94N substitution results in decreased bind-
ing to a-2,6-SA and increased affinity for a-2,3-SA,
and enhances HA-mediated fusion to the membrane of
mammalian cells [33].

The E2244 mutation in the receptor-binding site
of A(HIN1)pdmO9 increases the affinity for a-2,3-SAs
(bird-type receptors) localized in human lungs [34].

The D222N mutation in the receptor-binding site
also enhances binding to a-2,3-SA. The D222N and
D222G mutations are associated with a severe course
of influenza, including pneumonia and acute respirato-
ry distress syndrome [35]. Our earlier molecular gene-
tic analysis of influenza A(HIN1)pdm09 viruses circu-
lating in Russia from 2009 to 2014 showed that amino
acid substitution of D for G or N at position 222 was
statistically significantly more frequently found in the
lungs of deceased patients than in respiratory swabs of
recovered patients (p < 0.0001 and p = 0.007) [36]. In
the 2019-2020 season, the D222N mutation was detec-
ted in 1 (2%) virus from bronchoalveolar lavage of a
patient with severe community-acquired pneumonia.
In the 20222023 season, the D222N mutation was
present in influenza A(HIN1)pdmO9 viruses found in
autopsy specimens from 12 patients (22% of viruses
from autopsy material; 3% of total).

Our data on the distribution of A(H3N2) viruses
by genetic groups matched the data of the Smorod-
intsev Research Institute of Influenza. In the 2019—
2020 season, viruses of genetic subgroups 3C.2 alb
+ T131K (reference strain A/South Australia/34/2019)
and 3C.2alb + T135K-B (reference strain A/Hong
Kong/2675/2019)° circulated in the ratio of 2 : 1; in
2021-2022, the genetic subgroup 3C.2alb.2a.2 pre-
vailed'®, and in 2022-2023 — subgroup 3C.2alb.2a.2
(reference virus Bangladesh/4005/2020)!!.

In the 2020-2021 season, no influenza A(H3N2)
viruses were isolated at the Smorodintsev Influenza
Research Institute'?, and the viruses we examined be-
longed to group 3C.2alb.2a.2, which was consistent
with the ECDC data: influenza A(H3N2) viruses circu-
lating in the influenza A(H3N2) virus population were
group 3C.2alb viruses, most of which were Cambodia-

® A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVTI bulletin for the 39" week of 2020.
URL: https://www.influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2020&week=39

1"A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVI bulletin for the 24™ week of 2022.
URL: https://www.influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2022&week=24

" A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVI bulletin for the 39" week of 2023.
URL: https://influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2023&week=39

2. A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVI bulletin for the 39" week of 2021.
URL: https://www.influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2021&week=39
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(3C.2alb.2a.1) and Bangladesh-like (3C.2alb.2a.2) vi-
ruses’.

From 1968 to 2003, antigenic drift of influenza
A(H3N2) virus was mainly caused by single mutations
in 7 amino acid positions in HA (145 in site A, 155, 156,
158, 159, 189, 193 in site B) near the receptor-binding
site [37].

In HA of influenza A(H3N2) virus, substitution
A131D (T131K in our samples) increases the charge of
the HA molecule and results in decreased neutralization
by a monoclonal antibody [38]. The S793R and S793K
mutations (S$793F in our samples) have been shown to
affect the preferential binding of the virus to 02,6 and
02,3 SAs, respectively [39].

In the HA of swine influenza A(H3N2) virus, the
S138A substitution (similar to that found in the sam-
ples we examined) leads to reduced virus replication in
swine respiratory tract epithelial cells that express 02,6
and 02,3 SA receptors [40].

In HA of influenza A(H3N2) virus, substitution
K1560 (H156S in our samples) leads to a decrease in
the neutralizing antibody activity. This is due to the fact
that this amino acid molds the globular head of HA,
where it forms a new epitope adjacent to the recep-
tor-binding domain [30].

The data we obtained on the distribution of in-
fluenza B viruses by genetic groups also correspond-
ed to the data of the Smorodintsev Research Institute
of Influenza: in 2019-2020, the absolute majority of
sequenced influenza B viruses belonged to the VIA
(del162-164) clade of the Victorian lineage (reference
virus B/Washington/02/2019)"; in the 2021-2022 sea-
son, influenza B/Victoria viruses of the genetic sub-
group V1A.3 a.2" were found, in the 2022-2023 sea-
son, influenza type B viruses were assigned to genetic
subgroup V1A.3a.2 and similar to the reference virus
B/Austria/1359417/2021.

A D197E mutation in the HA receptor-binding site
was identified in 40 viruses. The significance of amino
acid substitutions in this position of HA was experimen-
tally proved by a group of researchers by passaging strain
B/Brisbane/60/2008 in human lung epithelial cell line
Calu-3: after 10 consecutive passages, mutation D197T
appeared in HA and it was shown that strains with this
substitution had significantly lower affinity to SA-a2,3
(bird type). This could be explained by the fact that 02,3-

3 ECDC. Influenza virus characterisation, Summary Europe, July
2021. Stockholm; 2021. URL: https://www.ecdc.europa.eu/en/
publications-data/influenza-virus-characterisation-summary-
europe-july-2021

4 A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVT bulletin for the 39" week of 2020.
URL: https://www.influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2020&week=39

5 A.A. Smorodintsev Research Institute of Influenza. Weekly
national influenza and ARVI bulletin for the 24" week of 2022.
URL: https://www.influenza.spb.ru/system/epidemic_situation/
laboratory diagnostics/?year=2022&week=24

linked glycan forms 2 hydrogen bonds with the amino
acid at position 197, and any substitution at this position
could affect the binding of HA to receptors [41].

Conclusion

The article presents the results of genetic moni-
toring of influenza viruses A(HIN1)pdm09, A(H3N2)
and B detected in 50 regions of Russia from 2019 to
2023. The results reflect general patterns and allow us
to judge the etiologic structure of influenza, the intensi-
ty of the epidemic process and the genetic diversity of
viruses circulating in Russia.

In the Rospotrebnadzor system, influenza viruses
are monitored annually; even in the 2020-2021 season,
against the background of the COVID-19 pandemic,
screening of patients for influenza by PCR with hybrid-
ization-fluorescence detection of amplification prod-
ucts, typing and sequencing of detected influenza vi-
ruses continued in the same volume. That is why it can
be stated that in Russia against the background of the
COVID-19 pandemic in the season 2020-2021 influen-
za viruses practically disappeared from circulation and
appeared again in the season 2021-2022.

The analysis demonstrated the phenomena of con-
tinuous evolution with the appearance in each season of
genetic variants of influenza viruses A(HIN1)pdm09,
A(H3N2) and B that had changes in the HA gene com-
pared to the vaccine strain. Mutations leading to HA
amino acid substitutions were recorded in antigenic
sites, in the receptor binding region, some of them lead-
ing to the formation of new potential glycosylation sites
or to their loss.

When comparing influenza A(HIN1)pdm09 viru-
ses circulating in 2022-2023 in Russia with the 2019—
2020 vaccine strain A/Brisbane/02/2018, the degree of
differences in the nucleotide sequences of the HA gene
was 2.7-3.1%, and with the first vaccine strain of in-
fluenza A(HIN1)pdm09 virus A/California/07/2009 —
5.0-5.3%.

The degree of difference in the nucleotide sequen-
ces of the HA gene of influenza A(H3N2) viruses circu-
lating in 20222023 in Russia with the 2019-2020 vac-
cine strain A/Kansas/14/2017 amounted to 5.3-6.0%.

The level of difference in the nucleotide sequen-
ces of the HA gene of influenza B/Victoria viruses cir-
culating in 2022-2023 in Russia with the 2019-2020
vaccine strain B/Colorado/06/2017 was 2.2-2.8%. In-
fluenza B/Yamagata viruses were not identified during
the study period.

The highest HA variability was observed for
A(H3N2) viruses, which necessitated changing the vac-
cine strain 3 times in 4 seasons.

Of particular note, all influenza A(HIN1)pdm09
viruses from the 2022-2023 season had the previously
unknown E224A mutation in HA, which increases af-
finity for SA-02,3 localized in the human lung, which
may contribute to complications. The D222N mutation,
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which is associated with more severe disease, was found
in HA in 2% and 3% of influenza A(HIN1)pdm09 vi-
ruses in 2019-2020 and 2022-2023, respectively.

Almost all influenza viruses were sensitive to
oseltamivir and zanamivir, only 2.3% of influenza
A(HIN1)pdmO09 viruses in 2022-2023 showed resis-
tance mutation H275Y in NA. In all influenza A(HIN1)
pdm09 and A(H3N2) viruses studied, an adamantane
resistance mutation S3/N in M2 was found.

Our results may help to understand the direction
of evolution of influenza viruses. The continuous emer-
gence of mutations in influenza viruses poses a global
public health challenge because some mutations pro-
vide a selective advantage for viral replication in the
upper respiratory tract and human-to-human transmis-
sion, and reduce sensitivity to antiviral drugs. Some
mutations contribute to a more severe course of influ-
enza and the development of complications. Mutations
in antigenic sites allow influenza viruses to evade an-
amnestic and vaccine-induced antibodies.

Therefore, it is necessary to continue to monitor
influenza viruses using molecular genetic analysis,
which allows deep differentiation of influenza viruses
and determines the trend in the evolution of influenza
viruses: the emergence, spread and disappearance from
circulation of certain genetic variants.
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AHHOMauus

BBeaeHue. PecnmpaTtopHo-cuHumutTuanbHein Bupyc (PCB) aBnsietca Begywum B CTPyKType BO30yauTEnen uH-
heKUMI HKHUX ObIXaTenbHbIX MyTen y AeTen, a Takke NpeacTaBnseT CepbE3HYI0 Yyrpo3y AN NOXUIbIX NI0AEN 1
nauneHTOB ¢ ocrnabrneHHbIM UMMYHUTETOM. Pa3paboTka TepaneBTUYeCKoro npenapara Ha OCHOBE PEKOMOUHAHT-
HbIX YeNoBEYECKNX aHTWUTEN, HanpaBneHHbIX Ha 6rnoknpoBaHve F-rmukonpotenHa PCB, SBNseTCA akTyanbHOW
3apayven, NOCKONbKY NO3BOMMUT CHU3UTL 3aboneBaemocTe PCB-nHgekumen n npeaoTBpaTuT pasBUTUE OCITOXHE-
HUM OAHHON UHMEKUMN.

Llenb nccnenoBaHnsa — KOHCTPYMPOBaHME Ma3MUAHbIX BEKTOPOB A1 HAKOMIEHWS BbICOKOAKTUBHOIO pekombu-
HaHTHOrO MOHOKMOHanbHOro aHTutTena FM1 B aykapnoTnyeckon cucteme 3KCNpeccum, HarnpasneHHOro NpoTyB
F-rnukonpoteunHa PCB, u oueHka cneuuduryeckor akTMBHOCTU NOMyYEHHOTO aHTUTENa B OTHOLLEHUM PasnnyHbIX
wtammoB PCB noatunos A u B in vitro.

MaTtepuanbl n metofbl. [Tony4yeHne 3KCNPECCUMOHHBIX KOHCTPYKLUMA, KOAMPYIOLWNX PEKOMOVMHAHTHOE aHTuTe-
no FM1, BbinonHANM MeTogamMu reHHOW uHXeHepun. HakonneHuwe aHTUTena npoBOAUNN B KMETOYMHOW MUHUU
CHO-K1 nyTém TpaH3neHTHoW akcnpeccun. MNMpenapaT aHTMTeNa oYnwwany u3 KynsTyparnbHOW XUOKOCTU METo-
nom adhmHHONM XpomaTorpadmm ¢ UCNONb30BaHMEM B Ka4eCcTBe NuraHaa moamduumpoBaHHoro 6enka A. OueH-
Ky BMPYCHENTpPanuaymoLLen akTMBHOCTU aHTUTENa OLEHUBANN B peakumnm MUKPOHENTpanu3auum ¢ HECKONbKUMMN
wrammamm PCB Ha MoHOCNOWHOM KynbType kneTtok Vero.

PesynbraTtbl. Co3gaHa AByxnna3vvaHasi BEKTOPHas cucrtema Ans 9KCNpeccun pekomMOMHAHTHOro aHTuTena
FM1 «k F-rnukonpotenHy PCB, nony4veH BpemeHHbIn CHO-npogyueHT 3Toro aHtuTena. AHTUTENO HaKOMmMeHo,
OYMLLIEHO U OXapaKTepu3oBaHoO; foka3aHa ero Guonorvyeckast akTMBHOCTb. [POAEMOHCTPUPOBAHO, YTO aHTUTe-
no obrnagaeTt NOBbILEHHOW BUPYCHENTPANM3yHoLLEN akTMBHOCTbIO B OTHOLUEHUWN STANOHHbLIX M CE30HHBIX LUTaM-
moB PCB noatvnos A 1 B no cpaBHEHWIO C KOHTPOMbHLIM NpenapaToM NanMemM3ymabom.

3aknwoyeHue. [penapart Ha OCHOBE MOMyYeHHOro PeKOMOMHaHTHOro aHTutena FM1 no3sonuT pelwmnTs Nnpobne-
MY UMMNOPTO3aMeLLEHNSA CPeacTB 3awwmTel NpoTme PCB-nHdekumn. B HacTosee Bpems KONNekTnB aBTOpOB Be-
0ET paboTy Hag nony4veHvem ctabunbHoro knoHa-npogyueHTa FM1 ¢ BbICOKOW NPOAYKTUBHOCTBIO U KU3HECTO-
COBHOCTbLIO, @ Takke uccrneayer TepaneBTUYeckyo 3deKTMBHOCTb 3TOro aHTUTeNna Ha mMogenu cybnertansHon
PCB-nHMeKuun y MbiLLEN.

KnioueBble cnoBa: mepanesmuyeckue MOHOK/IOHallIbHbIE aHmumera, pecnupamopHO-CUHYUMUarnbHbIl 8Upyc,
F-enukonpomeuH, peakyusi Hetimpanu3ayuu, CHO-npodyueHm pekoMbuHaHMHbIX aHmumer, Kynbmypa Kre-
mok Vero
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Abstract

Introduction. Respiratory syncytial virus (RSV) is the most common pathogen causing lower respiratory
tract infections in children. RSV also poses a serious threat to the elderly and immunocompromised patients.
Developing a therapy based on recombinant human antibodies to block the RSV fusion (F) glycoprotein is urgent
to reduce the incidence of RSV infections and prevent associated complications.

Aim. To design plasmid vectors for efficient production of the recombinant monoclonal antibody FM1 in a
eukaryotic expression system targeting the RSV fusion (F) glycoprotein and to evaluate its activity against RSV
subtypes A and B in vitro.

Materials and methods. Constructs encoding the recombinant antibody FM1 were designed using genetic
engineering. Recombinant antibodies were produced in the CHO-K1 cell line through transient expression.
Antibody specimens were purified from the culture supernatant using affinity chromatography, with a modified
protein A as the ligand. The virus-neutralizing activity of the antibody was evaluated in a microneutralization assay
using several RSV strains on a Vero cell monolayer culture.

Results. We developed a two-plasmid vector system to produce the recombinant FM1 antibody targeting the
RSV F glycoprotein, using CHO cells as transient producers. The antibody was successfully produced, purified,
and characterized, with its biological activity confirmed. The FM1 antibody demonstrated enhanced virus-
neutralizing activity against reference and seasonal RSV strains of subtypes A and B compared to the control
drug palivizumab.

Conclusion. A recombinant FM1 antibody-based drug could address the import substitution challenge for
protective measures against RSV infection. The authors are currently developing a stable FM1 producer clone
with high productivity and viability and investigating the therapeutic efficacy of this antibody in a sublethal RSV
infection mouse model.

Keywords: therapeutic monoclonal antibodies, respiratory syncytial virus, fusion (F) glycoprotein, neutralization
assay, CHO cell line for recombinant antibodies production, Vero cells
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Introduction

Respiratory syncytial virus (RSV) is the most
prominent pathogen of lower respiratory tract infec-
tions in children and also poses a serious threat to the
elderly and immunocompromised patients [1, 2].

Up to 70% of children have their first RSV in-
fection (RSVI) before the age of 1 year, and almost
every child is infected during the first 3 years of life.
The frequency of RSVI verification in children un-
der 3 years of age hospitalized for lower respiratory
tract infection reaches 42—63% in developed countries
[3, 4]. Bronchiolitis is the most common (50-90%),
pneumonia (5—40%) and tracheobronchitis (10—30%)
are slightly less common, and mortality averages 1%
[5-7]. According to the results of meta-analysis of
morbidity in 132 developed countries, RSVI accounts
for more than 3 million hospitalizations per year and
about 60 thousand deaths among children under 5
years of age [8, 9].

According to the data of polymerase chain reac-
tion diagnostics conducted at the A.A. Smorodintsev
Research Institute of Influenza, in the season of 2023—
2024, during the peak period of acute respiratory viral
infections the share of RSV among respiratory patho-
gens amounted to 26% excluding SARS-CoV-2 and
influenza viruses and 16% including influenza viruses,
which clearly indicates a significant role of RSVI in the
structure of respiratory infections, especially in chil-
dren under 2 years of age. According to the data of the
A.A. Smorodintsev Research Institute of Influenza, the
share of RSVI among hospitalized patients is 13-19%
[10]. Given that about 30 million patients with respira-
tory infections are registered annually in Russia, RSVI
accounts for at least 3.9 million of these cases.

According to the estimates of T. Shi et al., 45% of
hospitalizations and in-hospital deaths in children un-
der 6 months of age are due to acute respiratory failure
resulting from RSVI [9]. Since vaccines are less immu-
nogenic at this age, maternal immunization or mono-
clonal antibody (MCA) administration can be used to
induce passive immunity in infants to provide better
protection for the child.

Antibodies are thought to play a key role in limit-
ing acute lower respiratory tract infection in RSVI. Re-
cent studies emphasize that induction of mucosal im-
munity is required for a full immune response to protect
against reinfection [11]. Until recently, the only means
of preventing RSVI was the humanized MCA palivi-
zumab [12], which was used only in at-risk groups and
required repeated injections. Currently, a new drug, nir-
sevimab, has been developed and approved in the EU
and the USA, which is more stable and can be admin-
istered once [13—15]. In Russia, only palivizumab is
registered for clinical use. The development of a prepa-
ration for the prevention and therapy of RSVI based on
recombinant human neutralizing antibodies interacting
with the surface glycoprotein F of RSVI will signifi-

cantly reduce the incidence of RSVI in young children,
reduce disability and mortality caused by this pathogen,
and prevent the development of complications of this
infection. There is also an urgent need for means of pre-
vention and therapy of RSVI in the elderly and immu-
nocompromised patients.

The aim of the present study was to construct
plasmid vectors for the accumulation of highly active
recombinant MCA (rtMCA) FM1 in a eukaryotic ex-
pression system directed against the glycoprotein F of
RSV and to evaluate the specific activity of the result-
ing antibody against different strains of RSV subtypes
A and B in vitro.

Materials and methods

Construction of plasmid vectors

Nucleotide insertions encoding the heavy and
light chains of IMCA FMI1 (including constant sites)
were assembled on the basis of published sequences
of the MEDI8897 antibody [16] and synthesized at
Eurogen. Cloning was performed into pVAX1 vector
using restriction sites for Nhe I and Xho I endonucle-
ases. Colonies were screened by polymerase chain re-
action, the presence of target insertions was confirmed
by Sanger sequencing at Eurogen, after which the cre-
ated plasmid constructs pVAX1-FM1-HC and pVAX1-
FMI1-LC were accumulated, purified using the Plasmid
Miniprep 2.0 kit (Eurogen) and used for transfection of
eukaryotic cells.

DNA electrophoresis in agarose gel

Plasmid DNA preparations and amplicons were
analyzed in 0.8% agarose gel prepared in 1x TAE buf-
fer containing up to 0.5 pg/ml ethidium bromide using
6% DNA plating buffer. The results of electrophoretic
separation were visualized using a Gel Doc EZ Imager
(Bio-Rad).

Cells and viruses

CHO-K1 cells (Chinese hamster ovary cells,
ATCC #CCL-61) and Vero cells (African green mon-
key kidney cells, ATCC #CCL-81) obtained from the
ATCC cell culture bank (American Type Culture Col-
lection) were used in the experiments. CHO-K1 cells
were cultured on F12K medium (Gibco) supplemented
with 10% FBS (Gibco), while Vero cells were cultured
on o-MEM medium (Biolot) supplemented with 5%
FBS (Gibco). All experiments (except for the stages of
selection of CHO-K1 producers) were performed with-
out antibiotics. Daily cultures were used in this study.
All cell cultures were maintained at a temperature of
37.0 £ 0.5°C, in an atmosphere of 5% CO,, under high
humidity conditions (80-100%).

We used RSV of two reference strains: A2 (sub-
type A), infectious titer 7.7 1gTID, /mL and 9320 (sub-
type B), infectious titer 6.8 1gTID, /mL; as well as 2 sea-
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sonal RSV isolates: hRSV/A/Russia/RI11-26062v/2022
(subtypeA), infectioustiter 6.8 1gTID, /mLandhRSV/B/
Russia/RI1-4759/2022 (subtype B), infectious titer
6.3 IgTID, /mL (Collection of the A.A. Smorodintsev
Research Institute of Influenza).

The commercial drug Synagis (AstraZeneca;
solution for intramuscular administration, 100 mg/ml,
series 406039, manufactured 08.2023, wvalid until
07.2026), which is a humanized MCA palivizumab di-
rected against glycoprotein F of RSV, was used as a
comparison preparation [17].

Enzyme immunoassay

Enzyme-linked immunosorbent assay (ELISA) in
sandwich format was performed using 96-well Microlon
High Binding plates (Greiner Bio-One), PST-60HL-4
thermoshaker (BioSan), commercial MCAs, control
preparation of palivizumab, and recombinant antibo-
dies and purified viruses obtained at the A.A. Smoro-
dintsev Research Institute of Influenza. Capture anti-
bodies against Fc-fragments of human immunoglobulin
heavy chains (#ab77118, Abcam) were sorbed at a con-
centration of 1 pg/mL in a volume of 100 pl per well at
4°C overnight. Blocking was performed with a solution
of 5% skim milk (Blotting-Grade Blocker, #1706404,
Bio-Rad) on PBST (Tween-20 to 0.05%) at 37°C for
1 h. Incubation with the analyzed samples was per-
formed at 37°C for 2 h, after which detection antibo-
dies against human immunoglobulin light kappa chains
(#4G7cc, Hytest) conjugated to horseradish peroxidase
were added at the manufacturer's recommended con-
centration and incubated at 37°C for 1 h. After standard
detection using a substrate mixture of tetramethylben-
zidine (Chema) and mononormal sulfuric acid, optical
density (OD) was measured at wavelengths of 450 nm
(OD,,,) and 655 nm (OD,,) on a Multiskan SkyHigh
microplate spectrophotometer (Thermo Fisher Scien-
tific). The average value of OD,, ., for all negative
controls plus 3 standard deviations was taken as the
threshold value.

Chromatographic purification
of recombinant antibodies

Chromatographic purification of recombinant
antibodies was performed by affinity chromatogra-
phy using an AKTA pure chromatography system on
a 5 mL MabPurix P45 column (Sepax). The column
was washed with 10 CV (column volume) of start-
ing buffer (1x PBS) at a flow rate of 5 mL/min. The
culture liquid (50 mL), pre-filtered through a Sarto-
rius syringe filter (pore size 0.45 pm, polyethersul-
fone membrane material), was introduced into the
chromatograph through a sample pump at a flow rate
of 2.5 mL/min. The column was then washed with
10 CV of starting buffer at a flow rate of 5 mL/min.
Antibodies were eluted with 100% elution buffer
(20 mM glycine, pH 3.0) in a volume of 15 CV at

ORIGINAL RESEARCHES

a flow rate of 5 mL/min. Monitoring was performed
using OD, . During the elution step, peaks with OD
above 0.05 AU were selected using an automated
collector. To the collected material, 1 M Tris-HCI
pH 8.8 solution (20 uL./mL) and 4 M NaCl solution
(40 pL/mL) were added. To increase sterility and
prevent degradation and contamination, the obtained
preparation was filtered using a Sartorius syringe filter
(pore size 0.45 um, polyethersulfone membrane mate-
rial) and used for further studies.

Protein electrophoresis in polyacrylamide gel

Polyacrylamide gel (PAAG) electrophoresis was
performed according to the Lammlie method [18] un-
der reducing (in the presence of B-mercaptoethanol)
and non-reducing conditions. A 15-well Any kD gra-
dient gel (#4568126, Bio-Rad) was used. The sample
was mixed with 4-fold Lammlie's buffer before being
applied to the PAAG wells, followed by protein de-
naturation at 95°C in a Gnome solid-state thermostat
(DNA-Technology) for 10 min (reducing conditions).
2.5 pg of protein sample was added to each well. Pro-
tein concentration was evaluated on a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific),
and for antibodies the IgG mode was used, with an E
value of 1% = 13.70. Electrophoretic separation of pro-
teins was performed at constant current (25 mA per gel)
for 45 min in a Mini-PROTEAN Tetra vertical elec-
trophoretic cell (Bio-Rad). The gel was stained with
Coomassie colloidal solution [19]. The stained gel was
imaged on a Gel Doc EZ Imager gel documentation sta-
tion (Bio-Rad).

Microneutralization reaction and determination
of half-maximal inhibitory dose

The virus-neutralizing activity of recombinant an-
tibodies was evaluated on Vero monolayer cell culture
using the method described previously [20]. A series
of triplicate dilutions of recombinant antibody prepa-
rations (3 independent repeats) were mixed with an
equivalent volume of growth medium containing 100
TID,, RSV, and after 1 h incubation at room tempera-
ture, the dilutions were transferred to plates with a daily
monolayer of Vero cells. The plates were incubated for
4 days in a CO, incubator at 37.0 + 0.5°C under high
humidity conditions (80-100%). Inhibition of RSV
replication in the presence of different concentrations
of IMCA was determined on the 4th day after infection
by cell ELISA using as primary mouse antibody MCA
4F2 specific to RSV F-glycoprotein of subtypes A and
B (A.A. Smorodintsev Research Institute of Influenza)
and horseradish peroxidase-labeled goat anti-mouse
IgG (H+L) secondary antibody (Bio-Rad). After con-
jugate-substrate color reaction, the OD was measured
using a Multiskan SkyHigh microplate spectropho-
tometer (Thermo Fisher Scientific) and calculated as
the difference of OD The obtained OD values

450-620"
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were transformed into the percentage of inhibition of
the development of cytopathic action of the virus at a
certain concentration of recombinant antibodies. The
half-maximal inhibitory concentration (IC,) was cal-
culated by plotting a four-parameter dose-effect curve
using GraphPad Prism 9.5.1 software on the basis
of 3 independent repeats.

Primary data and statistical processing

Statistical analysis of primary data was per-
formed in the Microsoft Office Excel 2010 and Graph-
Pad Prism 9.5.1 software packages. The following
statistical indicators were used to present the data:
standard deviation, arithmetic mean, standard error of
the mean. The Shapiro—Wilk test was used to test the
hypothesis of normality of the obtained distribution
of values, and Student's ¢-test was used to determine
the significance of differences between group aver-
ages. The a priori level of significance was taken as
o = 0.05. Differences were considered reliable at the
achieved significance level p < a [21].

Results

Design and generation of expression constructs
encoding recombinant FM1 antibody

The sequences of the MEDI8897 antibody were
chosen as the basis for the design of a long-acting hu-
man rMCA FM1 for the prevention of lower respiratory
tract diseases caused by RSVI [16].

The antibody under development is a recombi-
nant human immunoglobulin of the IgG1x class. ME-
DI8897 has the following sequences of hypervariable
regions: in the light chain, L1 QASQDIVNYLN, L2
VASNLET and L3 QQYDNLPLT; in the heavy chain,
H1 DYIIN, H2 GIIPVLGTVHYGPKFQG and H3
VSETYLPHYFDN [16]. The constant region of the
MEDI8897 light chain belongs to the human x-isotype
(encoded by the x locus 2p11.2 on the 2nd chromo-
some) and is completely identical to the canonical se-
quence P01834 presented in the UniProt open protein
sequence database [22]. The constant sequence of the
heavy chain MEDI8897 belongs to the immunoglob-
ulin G1 class (sIgGl, secreted form) and has several
differences from the sequence P01857 presented in
UniProt. In particular, in addition to the intentionally
introduced 3 amino acid substitutions in the CH2 do-
main of the constant region (M257Y/S259T/T261E,
[YTE]) in MEDI8897 that ensure prolonged circula-
tion of the antibody in the blood [16], we also detected
2 substitutions in the constant regions of MEDI8897:
K97R (VAR 003886) and D239E (VAR 003887),
which are variant natural substitutions in the alleles
[22]. Thus, despite the presence of variation, the anti-
body amino acid sequences that fully match the heavy
and light chain sequences of MEDI8897 were selected
for cloning [16].

A 2-plasmid expression system was chosen for
FM1 rMCA production, which implies the presence of
2 vector constructs, one of which encodes the heavy
and the other the light full-length chains of the anti-
body, i. e. the chains in the constructs contain both vari-
able and constant regions of the antibody, as well as
signal peptides.

The pVAX1 vector containing CMV promoter,
T7-promoter at the 5'-end of the insert and polyade-
nylation site (from bovine growth hormone) was se-
lected for cloning; selective antibiotics for the vector
were: in bacterial system — ampicillin, in eukaryotic
system — neomycin (kanamycin).

The pVAX1-based pVAX1-FM1-HC (total length
4349 bp) and pVAXI1-FMI-LC (3632 bp) constructs
capable of expression and production of FM1 rMCA
in eukaryotic cells in the format of a full-length 1gG1x
heterotetramer were assembled by genetic engineering
methods. Schematic representations of the resulting
constructs are shown in Fig. 1. Both sequences, the
heavy chain (total length 1428 bp, variable part size
378 bp) and the light chain (total length 711 bp, vari-
able part size 321 bp), contain the Kozak sequence,
N-terminal leader peptides that ensure secretion of the
full-length antibody, and are flanked by restriction sites
Nhe I (at the 5'-end) and Xho I (at the 3'-end).

The developed plasmid constructs are capable of
constitutive expression in eukaryotic cells (due to the
presence of the CMV promoter) of mature polyade-
nylated mRNAs encoding the heavy and light chains
of ’IMCA FM1.

Production of stable eukaryotic pools of recombinant
FM1 antibody by temporary transfection

FM1 rMCA production was carried out by tempo-
rary transfection of eukaryotic cell line CHO-K1 with
a 2-plasmid system providing the correct conformation
and correct glycosylation of the formed antibody. To
accumulate FM1 rMCA, we chose the monoselection
variant, in which CHO-K1 cells were transfected with
plasmid constructs based on a single pVAX1 vector. For
this purpose, the obtained constructs pVAX1-FM1-HC
and pVAXI1-FMI1-LC and commercial reagent Lipo-
fectamine 3000 (Thermo Fisher Scientific) were used.
The antibiotic geneticin (an analog of neomycin) in the
concentration range of 100-400 pg/mL (for selection of
clones carrying the NeoR/KanR resistance gene) was
used as a selective agent for progenitor cells obtained
using the CHO-K1 line.

To increase the probability of obtaining a great-
er number of antibody-producing clones, adaptation of
the pool of transfected cells to selective conditions was
performed before each cloning. The adaptation process
consisted of passaging cells on selective medium every
3—4 days. At this time, the cells deprived of the genet-
ic construct, including the selective marker gene, died.
After several passages, the viability of cells in the pool
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was restored due to an increase in the growth rate of
cells adapted to the selective medium.

According to the results of sandwich ELISA (us-
ing lower antibodies against Fc-fragment of heavy
chains and upper antibodies against light k-chains of
human immunoglobulins, allowing to detect only full-
size IgG1x heterotetramers) transfected CHO-K1 cells
were capable of stable production of FM1 antibody.
The dynamics of TMCA accumulation was assessed
during the first 6 days, thereafter the cells formed a
100% monolayer, the production of the target product
by the cells reached a constant level and directly cor-
related with the number of cells. The concentration of
FMI1 rMCA in supernatants obtained from CHO-K1
cells during transient expression was measured by
sandwich ELISA and was 10 ug/mL. After 15 days of
culturing, it was possible to obtain populations capa-
ble of stable propagation under selection conditions
and producing FM1 rMCA. Further, the obtained tem-
porary CHO-producers were used for accumulation of
preparative amount of IMCA FM1 and its subsequent
chromatographic purification.

Accumulation, purification, integrity analysis
and evaluation of specific activity
of recombinant FM1 antibody

FM1 rMCA was purified from the culture fluid
by affinity chromatography using modified protein A
(MabPurix P45, Sepax) as a ligand. Supernatant from
CHO-K1 cells was collected for 1 month every 5 days.
Purification was performed from approximately 300
ml of cell supernatant to yield 2.8 mg of FM1 rMCA
preparation for studies of its specific and virus-neutra-
lizing activity.

The chromatogram of the purification of the origi-
nal preparation by affinity chromatography is shown in
Fig. 2, a. The concentration of purified FM1 preparation

ORIGINAL RESEARCHES

was about 0.7 mg/mL, and the total amount of prepara-
tion was about 3.5 ml. The drug integrity analysis was
confirmed by electrophoresis in PAGE according to the
Lammlie method [18] (Fig. 2, b).

rMCAs consist of 4 polypeptide chains: 2 heavy
and 2 light chains connected into a heterotetramer
by disulfide bonds. On the electrophoregram under
nonreducing conditions the antibody has a molecular
weight of about 150 kDa, under reducing conditions the
tracks show major fragments with molecular weights
of 50-60 and 25-30 kDa, which correspond to the
heavy and light chains of tMCA. The purified FM1
preparation was shown to contain mainly recombinant
immunoglobulins without visible impurities.

To evaluate the specific activity of FM1 prepara-
tion, namely the ability to bind target antigens, ELISA
was performed in 2 variants: by sorption of forma-
lin-inactivated purified RSV on a substrate, as well as
in-cell ELISA — by infection of Vero cells with RSV
A2 and RSV B 9320 strains at different doses. ELISA
results showed that the resulting FM 1 preparation spe-
cifically binds purified RSV at concentrations compa-
rable to the control preparation palivizumab (data not
shown).

Evaluation of virus neutralizing activity
of recombinant FM1 antibody

To study the biological activity of the obtained
FM1 preparation, its ability to neutralize infectious
RSV of different subtypes in vitro was evaluated. The
microneutralization reaction was performed on Vero
cell culture against reference strains of RSV A2 and
RSV B 9320, as well as seasonal RSV strains isolated
in St. Petersburg: hRSV/A/Russia/RII-26062v/2022
(RSV A) and hRSV/B/Russia/R11-4759/2022 (RSV B).
Detection of the degree of inhibition of cytopathic ac-
tion of RSV strains was evaluated by ELISA method

Fig. 1. Design and production of expression constructs encoding the recombinant antibody FM1
in the format of a full-size IgG1k heterotetramer.
FM1-HC — heavy chain, FM1-LC — light chain, SP — signaling peptides, VH-FM1 — variable domain of heavy chain,
CH1, CH2 and CH3 — constant domains of heavy chain, hinge — hinge section, VL-FM1 — variable domain of light chain,
CL-kappa — constant domain of the light k-chain.
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with subsequent transformation of OD,, ., values into
the percentage of neutralization at a certain concentra-
tion of recombinant antibodies. Based on the results of
the dose-effect curve plotting, a 50% inhibitory concen-
tration (IC, ) was calculated against each tested strain
based on 3 independent repeats (Fig. 3). Palivizumab
was used as a comparison drug.

FM1 showed neutralizing activity against refer-
ence and seasonal strains of both RSV A and RSV B.
The IC, values for FM1 were significantly lower than
those of the reference drug (Student's t-test, p < 0.05)
(Table).

Discussion

RSV is the most prominent pathogen of severe
pneumonia in children, requiring hospitalization, and
also poses a serious threat to the elderly and immuno-
compromised patients. Currently, no antiviral drugs are
registered for etiotropic therapy of RSVI. In Russia, an
MCA-based drug, palivizumab, has been approved for
RSVI prophylaxis in children, but its use has a number
of clinical and economic limitations.

In 2023, for the first time in the last 20 years, three
immunobiologic drugs were approved worldwide for
RSVI prevention: a vaccine for people over 60 years of
age, a vaccine for pregnant women, and nirsevimab, a
drug based on human rMCAs. Nirsevimab has expand-
ed indications for use and is recommended for all new-
borns during the first season of RSV circulation and for

a

mAU 3

high-risk children under 2 years of age during the 2nd
season [23, 24].

The main antigenic target for the development of
prophylactic and therapeutic agents against RSVI is the
RSV surface F-glycoprotein stabilized in the pre-fu-
sion conformation, because antibodies to such an anti-
gen have high virus-neutralizing activity [25]. The se-
quence of this glycoprotein is highly conserved among
different RSV subtypes and genotypes. A decrease in
the activity of RSV protein F prevents virus fusion
with the cell, disrupts the mechanism of its penetration
and protects the host from infection [26, 27]. Thus, ob-
taining antibody-based preparations aimed at blocking
RSV glycoprotein F in the pre-fusion conformation is
an urgent task.

The antibody MEDI8897 (nirsevimab) [28, 29] is
a human rMCA of the IgG1xk class capable of high-af-
finity binding of the conserved spatial epitope formed
by the F1 and F2 subunits of RSV glycoprotein F in
the pre-fusion conformation (site @, a. 0. 62—69 for F2
and 196-212 for F1) [30]. This binding interferes with
the conformational mobility of the glycoprotein F re-
quired for fusion of the viral particle and cell mem-
branes mediated by this protein, thus the MEDI8897
antibody blocks the fusion process and prevents virus
entry into the host cell. The Fc-fragment of the ME-
DI8897 antibody has 3 amino acid substitutions, the
presence of which significantly increases the circula-
tion time of the antibody in the bloodstream. Thus,

b

HC

LC

+BME

ml

Fig. 2. Purification and analysis of the recombinant antibody FM1 specimen.

a — chromatogram of the purified FM1 preparation (the peak of elution is framed, enlarged image). 1 — absorption at a wavelength
of 280 nm (MAU); 2 — conductivity (mSm/cm); 3 — elution (% of the elution buffer).

b — the results of the electrophoresis in PAAG of the purified FM1 drug compared with the control drug palivizumab (Pal). The preparations
were applied in non-reduced (tracks 1 and 2) and reduced conditions (tracks 3 and 4; BME — B-mercaptoethanol). M — molecular weight
marker (Bio-Rad). On tracks 3 and 4 there are visible zones corresponding to electrophoretic mobility of recombinant antibody heavy (HC)and
light (LC) chains. The gel was colored by Coomassie colloidal solution and processing using the Gel Doc EZ Imager (Bio-Rad).
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a single intramuscular injection of MEDI8897 can
protect the organism during one epidemic season of
RSVI (i.e., about 150 days after administration) [13,
14]. This antibody has a neutralizing effect against
human RSV strains of antigenic subtypes A and B
circulating simultaneously in local epidemics and is
intended for the prevention of lower respiratory tract
diseases caused by RSV infection [30].

In our study, we obtained and characterized hu-
man rMCA FMI, the design of which was based on
the sequences of heavy and light chains of the antibody
MEDI8897 [16]. Additionally, sequences of signaling
peptides were selected to ensure secretion of the full-
length antibody for its efficient accumulation in the ex-
tracellular space.

rMCA, like many other proteins, is secreted by
cells via the co-translational translocation pathway.
In eukaryotes, a signal peptide containing 5-30 ami-
no acid residues that are present at the N-terminus of
expressed proteins is recognized by a signal recogni-

ORIGINAL RESEARCHES

tion particle in the cytosol while still in the process of
synthesis on ribosomes, and after passing through the
endoplasmic reticulum, the signal peptide is cleaved
off by a signal peptidase. Efficient expression of heavy
and light chains requires appropriate signal peptides to
transport the polypeptide chains of the antibody into the
endoplasmic reticulum for proper folding, assembly,
and posttranslational modification.

Since there was no information in the literature
on the sequences encoding signal peptides in the heavy
and light chain constructs of MEDI8897, we chose the
combination of H7/L1 signal peptides according to the
study conducted by R. Haryadi et al. [31], in which 8
heavy chain signal peptides and 2 light chain signal
peptides were analyzed for their effect on the level of
production in CHO cells of 5 most commercially suc-
cessful therapeutic rMCAs. This study shows that the
best signaling peptide for the heavy chain of most of the
antibodies tested (adalimumab, bevacizumab, inflixi-
mab) was the H7 sequence. When choosing between

a b
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Fig. 3. Neutralizing activity of the FM1 drug (7) and the control drug palivizumab (2) against RSV strains A2 (a), seasonal RSV A (b),
RSV B 9320 (c) and seasonal RSV B (d).

The titer of neutralizing antibodies was determined in 3 independent repeats, for each point the graph shows the mean value of the normalized
percentage of inhibition + standard deviation.
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Comparative analysis of the neutralizing activity of the drug FM1 and the control drug palivizumab against A and B RSV

subtypes
Mean of IC,,, ng/mL (95% confidence interval)
RSV strain
FM1 palivizumab
RSV A2 5,186* (3,858-6,986) 374,2 (256,1-538,5)
RSV A seasonal 8,896 (6,196-12,55) 278,4 (190,7-395,9)
RSV B 9320 13,18* (8,491-20,42) 342,7 (250,3-460,3)

RSV B seasonal

748,2* (530,1-1030)

2306 (—)

Note. The distribution of the obtained IC values did not differ significantly from normal (Shapiro—Wilk test, p > 0.05).
*p < 0.01 between group means compared with palivizumab, Student's t-test.

L1 and L2 sequences, we were guided by the fact that
in the case of L1, the consensus Kozak sequence, which
plays an important role in translation amplification in
eukaryotes, was retained in the insert [32].

A 2-plasmid expression system based on the
pVAX1 vector was selected for high-throughput ex-
pression and production of FM1 rMCA in eukaryotic
cell lines. Genetically engineered constructs for the
heavy and light chains of rIMCA FMI1 containing the
variable and constant regions of the antibody, as well
as signal peptides, were obtained, the cotranslation of
which generates full-length tMCA FM1.

FM1 rMCA was accumulated and produced by
transient expression. The eukaryotic cell line CHO-K1
was chosen as a producer of FM1 antibody. By transfec-
tion of these cells with a 2-plasmid vector system, a tran-
sient CHO-producer of rtMCA FM1 was obtained. The
transfected cells were adapted to selective conditions to
obtain more antibody-producing clones. Long-term cul-
turing of the temporary producer was performed to accu-
mulate FM1 rMCAs, which were then purified from the
culture fluid by affinity chromatography using modified
protein A as a ligand. The absence of visible impurities
was confirmed by protein electrophoresis in PAGE.

The main method for characterizing the specific
activity of MCAs is the evaluation of their neutralizing
activity against infectious virus by biological neutrali-
zation. Microneutralization reactions are a group of
techniques that are based on the counting of registered
indicators: inhibition of the development of the cyto-
pathic action of the virus by ELISA [33], suppression
of plaque formation [34, 35], spectrophotometric deter-
mination of cell viability [36], or signal reduction when
a fluorescent/fluorescent reporter virus is used as an an-
tigen [37].

Since the result obtained by the biological neutrali-
zation method is influenced by many variables, such as
the type of cell lines used, method of detection, dura-
tion of incubation, etc., to study the specific activity of
an MCA preparation it is necessary to use a comparison
preparation with known characteristics, which makes it
possible to determine the relative activity of the tested

preparation. In our study we proved the biological ac-
tivity of rMCA FMI in comparison with the registered
analog drug. A commercial drug based on humanized
MCA Synagis (palivizumab) was used as an external
positive control. The specific activity of tMCA FM1
against purified virus was confirmed by ELISA by
sorption of formalin-inactivated RSV preparation onto
a substrate, as well as by in-cell ELISA by infection
of Vero cells with RSV A2 and RSV B 9320 strains at
different doses.

The specific activity of FM1 antibody against
infectious virus was demonstrated in microneutraliza-
tion reaction with RSV of different subtypes. Dose-de-
pendence curves were constructed and 50% inhibitory
concentration was determined. The rMCA FM1 prepa-
ration was shown to have increased viral neutralizing
activity compared to the control preparation palivizum-
ab against RSV subtypes A and B — both reference and
seasonal strains. Thus, the IC,  values of the tested FM1
antibody sample were significantly lower compared to
the external positive control against all tested strains:
for RSV A2 — approximately 72-fold, seasonal RSV
A — 31-fold, RSV B 9320 — 26-fold, seasonal RSV
B — 3-fold.

The average inhibitory concentration of the com-
parison drug palivizumab in the presented study with
respect to the reference strain RSV A2 amounted to
0.374 pg/mL, which is in agreement with the previous-
ly published values and is an additional factor of valid-
ity of the obtained results. Thus, the IC,  value against
the reference strain of RSV Long in different studies
ranged from 0.353 [38] to 0.453 pg/mL [39], and the
specific activity (the concentration required to reduce
the size of plaques by 60%) of palivizumab against
RSV A2 was 0.57 pg/mL [40].

Thus, we have obtained a candidate anti-RSV
drug based on human rMCAs, which is capable of spe-
cific binding of purified RSV of both serotypes circu-
lating in the human population, and has increased viral
neutralizing activity against both reference and season-
al strains of RSV subtypes A and B, compared to the
control drug palivizumab.
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Conclusion

In this study, rMCA FM1 to RSV glycoprotein
F was developed and obtained, which has increased
virus-neutralizing activity against reference and sea-
sonal strains of RSV subtypes A and B compared to

ORIGINAL RESEARCHES

palivizumab. Currently, the team of authors is work-
ing on obtaining a stable rMCA FM1 clone with high
productivity and viability, as well as studying the ther-
apeutic efficacy of rMCA FMI1 in a sublethal RSVI
model in mice.
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Characteristics of the monkeypox virus isolate obtained from the first
patient in Russia and its sensitivity to 7-[N-(4-trifluoromethylbenzoyl)-
hydrazinocarbonyl]-tricyclo-[3.2.2.0A2,4]non-8-en-6-carboxylic acid
Alena S. Ovchinnikova®, Dmitrii A. Odnoshevsky, Alexey S. Kabanov, Sergey A. Bodney,

Oleg V. Pyankov, Oksana P. Os'kina, Maria V. Sivay, Andrey V. Bespalov, Tatyana V. Tregubchak,

Larisa N. Shishkina, Oleg S. Taranov, Vladimir V. Zolin, Artemiy A. Sergeev, Alexander P. Agafonov
State Scientific Center of Virology and Biotechnology "Vector", Koltsovo, Russia

Abstract

Introduction. Since early May 2022, more than 90,000 cases of monkeypox virus infection have been reported
in more than 70 countries around the World. This is the largest outbreak of monkeypox ever recorded outside of
Africa.

The aim of the study is to confirm the first case of monkeypox in Russia, to isolate and sequence a new strain of
monkeypox virus (MPXV), and to assess its sensitivity to the 7-[N-(4-trifluoromethylbenzoyl)-hydrazinocarbonyl]-
tricyclo-[3.2.2.072,4]non-8-en-6-carboxylic acid (NIOCH-14) antipox drug.

Materials and methods. The biological materials obtained from the affected area of the skin (contents of vesicles),
a nasopharyngeal smear, sputum and venous blood from a patient with suspected monkeypox were used. The
disease was confirmed by PCR followed by determination of the nucleotide sequence of viral DNA by sequencing.
Isolation of the new MPXV strain from clinical samples was carried out in Vero E6 cells. The antiviral effectiveness
of NIOCH-14 against the new MPXV strain was assessed using an adapted spectrophotometric method.
Results. A diagnostic study of the biological samples of a patient who returned from a tourist trip to European
countries with complaints of skin rashes all over the body revealed MPXV DNA. A new strain of MPXV was
isolated from vesicles in Vero E6 cells, and the genomic sequence MPXV-pustule S45 was assembled using
high-throughput parallel sequencing (NGS).

Discussion. The effectiveness of the finished dosage form of NIOCH-14 against the new strain of MPXV based
on the results of determining the 50% virus inhibitory concentration (IC, ) was 0.02 pg/mL, and the selectivity
index (SI) was > 15,000.

Conclusion. In this study, the pathogen of monkeypox was detected and identified using real-time PCR, NGS
and electron microscopy, and the first imported case of this disease in Russia was confirmed. It has been proven
that the drug NIOCH-14 exhibits high antiviral activity in vitro against the new MPXV strain.

Keywords: monkeypox virus, genomic sequencing of viruses, PCR, cytopathic effect, antiviral activity, NIOCH-14

Ethics approval. The study was conducted with the informed consent of the patient. The research protocol was
approved by the Ethics Committee of the State Scientific Center of Virology and Biotechnology "Vector" (protocol
No. 5a, July 21, 2022).

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

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

For citation: Ovchinnikova A.S., Odnoshevsky D.A., Kabanov A.S., Bodnev S.A., Pyankov O.V., Os'kina O.P,,
Sivay M.V., Bespalov A.V., Tregubchak T.V., Shishkina L.N., Taranov O.S., Zolin V.V., Sergeev A.A., Agafonov A.P.
Characteristics of the monkeypox virus isolate obtained from the first patient in Russia and its sensitivity to 7-[N-(4-
trifluoromethylbenzoyl)-hydrazinocarbonyl]-tricyclo-[3.2.2.072,4]non-8-en-6-carboxylic acid. Journal of microbiology,
epidemiology and immunobiology. 2024;101(6):748-757.

DOI: https://doi.org/10.36233/0372-9311-589

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

© Ovchinnikova A.S., Odnoshevsky D.A., Kabanov A.S., Bodnev S.A., Pyankov O.V., Os'kina O.P., Sivay M.V., Bespalov A.V., Tregubchak T.V., Shishkina L.N.,
Taranov O.S., Zolin V.V., Sergeev A.A., Agafonov A.P., 2024



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTMI. 2024; 101(6) 749
DOI: https://doi.org/10.36233/0372-9311-589

OPUTMHANBHbBIE UCCNEANOBAHUA

OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-589

XapakTepuncTukmn nsonsarta Bupyca ocnbi 06e3bsH, NOyYEHHOro
OT nepBoro 3abonesLwero B Poccum, n ero 4yBCTBUTENIbHOCTb

K 7-[N-(4-TpudropmetnnbeHsonn)-rugpasnHokapb6oHun]-
TPNUMKNo-[3.2.2.0A2,4]HOH-8-eH-6-KapOOHOBOI KNCNOTE
OBumnHHMKoBa A.C.*, OgHowesckuin [1.A., Ka6baHoB A.C., bogHeB C.A., MbaxHkos O.B.,

OcbkuHa O.M., CuBan M.B., becnanos A.B., Tpery6uak T.B., LUnwkuxa J1.H.,
TapaHoB O.C., 3onuH B.B., CepreeB A.A., Ara¢poHoB A.I.

[ocypapcTBEHHbIV HayUHbI LEHTP BUpyconorum n buotexHonorum «Bektop», Konbuoso, Poccmsa

AHHOMauus

BeeaeHue. C Havana mas 2022 r. 6bino 3apermctpmposaHo 6onee 90 ThiC. cnyvaeB 3apaXeHUs BUPYCOM OCTbI
obesbsiH (BOO) B 6onee yem 70 cTpaHax Mupa. OTO camast KpyrnHasi U3 3apermcTpypoBaHHbIX BCMbILLEK OCMbI
06e3bsH, BbilLeawas 3a npegensl AQpuKm.

Llenb paboTel — nogTBepxaeHvWe nepeoro criyyas ocnbl 06e3bsH B Poccun, BbigeneHne n cekBeHMpoBaHue
usonata BOO, a Takke oueHKa ero 4yBCTBUTENbHOCTU K MPOTMBOOCNEHHOMY npenapaty — 7-[N-(4-TpucTopme-
Tun6eH3oun)-ruapasmHokap6oHun]-Tpuumkno-[3.2.2.042,4]HoH-8-eH-6-kapboHoBon kucnote (HNOX-14).
MaTtepuanbl u metoabl. B paboTe vcnonb3oBanu Guonormyeckme marepuarnsl, NOMyYEHHbIE U3 MOPAXKEHHOIO
yyacTka Koxu (cogepXvmmoe Be3uKyr), Maska 13 HOCOIMOTKM, MOKPOTbI M BEHO3HOW KPOBM NaumeHTa ¢ Nofo-
3peHMeM Ha ocry obe3bsiH. 3abonesaHue noaTBepXAanyM MeEToaoM nonmmepasHon uenHon peakuun (MUP) ¢
nocneayoLwmm onpegeneHmemM HykneoTuaHom nocregoBatenbsHoCcTu BupycHon AHK meTtogom cekBeHMpoBaHus.
Ltamm BOO u3 knuHmnyeckmx obpasuoB BblAensnm B kynstype knetok Vero E6. MNpoTuBoBUpycHyto agpdekTms-
HocTb HNOX-14 B oTHoweHnn usonata BOO oueHuBanu ¢ ucnonb3oBaHMeM aganTUPOBaHHOIO CNeKTpodoTo-
METPUYECKOro MeToaa.

Pesynbratbl. [lnarHoctnyeckoe ncenegosaHme uonormyeckmx o6pasos naumeHTa, BepHyBLUEroCcs U3 TypUCTu-
YecKoW Moes3aKM No eBPONENCKUM CTpaHaMm, C xanobamm Ha KOXHYH0 Cbilb MO BCEMY Teny BbisiBUIO B HUX OHK
BOO. N3onat BOO 6bin BbligENEH N3 COAEPKMMOrO BE3UKYIbI B KyNbTYpe KIeToK, reHeTnyeckasi nocrneaoBarenb-
HocTb MPXV-pustule S45 6bina cobpaHa no pesynsratam NpoBeAeHNs BbICOKOMPOM3BOAUTENBHOIO Naparnnenbs-
HOro CEKBEHMPOBAHUS.

O6cyxaeHune. OpHeKTMBHOCTb NPOTUBOBUPYCHOIO OENCTBMSA roTOBON nekapcTBeHHon dopmbl HAOX-14 B oT-
HoLleHun Hosoro WwTtamma BOO no pesynsratam onpeaenennst 50% BUPYCUHIMOMPYIOLLIEN KOHLEHTpaLum cocTa-
Buna 0,02 mkr/mn, nHaekc cenektmsHoctn — > 15 000.

3aknwoyeHue. B HacToswem nccnegosaHun metogamu MNMUP B pexnume peanbHOro BpeMeHu, CEKBEHMPOBAHUS
N 3NEKTPOHHOWM MUKPOCKOMNMM BbiN BbIABNEH U naeHTUdULMpoBaH Bo30yanTenb ocnbl 06e3bsiH, U3 KIMHUYECKOro
obpasua (cogepkmmMoe Be3nkyn) Ha Kynetype knetok Vero E6 6bin BeigeneH mnsonat BOO u, tTakum obpasom,
noaTBEPXKAEH NEePBbIV 3aBO3HON crnyyan ocnbl 06e3bsiH B Poccnu. beino gokasaHo, yto npenapat HNOX-14 npo-
SABMSAET BbICOKYIO MPOTUBOBUPYCHYIO aKTUBHOCTD in Vitro B OTHOLLEHWM BbiaeneHHoro nsonsata BOO.

KnioueBble cnoBa: supyc ocribl 06e3b5H, 2eHOMHOE CeK8eHUpo8aHUe 8UPYCO8, NMonumMepasHas UyernHasi peak-
yusi, yumonamuyeckut aghgpbekm, npomusosupycHasi akmueHocms, HUOX-14

Amuyeckoe ymeepxdeHue. VlccneqoBaHve npoBoaMnocs Npy Ao6poBONLHOM MHPOPMMPOBAHHOM COrnacuy nauu-
eHTa. MpoTokon nccnenosaHust ogobpeH Tudeckum kommtetom MHL| BB «Bektop» (mpoTtokon Ne 5a ot 21.07.2022).

HNcmoyvHuk gpuHaHcupoeaHusi. ABTOpPbI 3asiBMSAOT 06 OTCYTCTBUM BHELUHETO (hUHAHCUPOBAHWS MPW NPOBEAEHUN UC-
cnenoBaHus.

KoHgbnnukm uHmepecos. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX M MOTEHUManbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuen HacTosILLen cTaTbu.

Ansi yumupoeaHus: OsunHHUkoBa A.C., OgHowesckun [.A., Kabarnos A.C., BogHeB C.A., MbsiHkoB O.B., Ocbku-
Ha O.MN., Cueait M.B., Becnanos A.B., Tpery6uak T.B., lUnwknHa N.H., TapaHoe O.C., 3onuH B.B., Ceprees A.A,,
AracboHoB A.T1. XapakTepucTukm nusonsta Bupyca ocrnbl 06e3bsiH, NoryyYeHHOro ot nepeoro 3abonesLwero B Poccuum,
W ero YyBCTBUTENbHOCTb K 7-[N-(4-TpucTopmeTunbeHsounn)-rmapasnHokap6oHun]-Tpuumnkno-[3.2.2.02,4]HoH-8-eH-6-
kapboHoBoN kucnote. XKypHan Mukpobuonoauu, anudemuono2uu u ummyHobuonoauu. 2024;101(6):748-757.
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Introduction

More than 60 years have passed since the discov-
ery of the causative agent of a particularly dangerous
zooanthroponous viral infection in humans, the mon-
keypox virus (MPXYV), which belongs to the same Or-
thopoxvirus genus (Poxviridae family) as the smallpox
virus and is highly lethal in humans (up to 17%) [1-3].
MPXYV genomic sequencing has shown the existence
of two branches of this virus: The West African clade
and the Central African (Congo Basin) clade, each of
which causes the MPXV disease, but the West African
clade virus is considered less dangerous [4, 5]. Since its
discovery, the disease has been endemic only to Central
and West Africa [6-8]. However, since the beginning
of May 2022, monkeypox has spread far beyond the
African continent, prompting the World Health Orga-
nization to declare the 2022 outbreak a public health
emergency of international concern'. Monkeypox is
now spreading globally, with more than 90,000 infec-
tions already reported in more than 70 countries around
the world. This is the largest outbreak of monkeypox
ever seen in Africa and beyond.

Smallpox drugs play an important role in the
control of monkeypox. A new specific drug for the
treatment of monkeypox, Tecovirimat [9], an inhib-
itor of the viral protein VP37, has been approved in
Europe, the United States, Canada, and several other
countries. This drug is currently widely used for the
therapy of this disease [10], but data on the identifi-
cation of resistant MPXYV variants to this drug have
emerged [11-13]. The drug 7-[N-[N-(4-trifluorometh-
ylbenzoyl)-hydrazinocarbonyl]-tricyclo-[3.2.2.0"2,4]
non-8-en-6-carboxylic acid (NIOCH-14), which has a
similar mechanism of action as Tecovirimat, has been
registered in Russia [14].

Human monkeypox is no longer a rare disease and
represents a public health problem, so it is important
to have access to registered drugs that can effectively
counteract this disease.

The aim of this study was to confirm the first re-
ported case of MPXV in Russia, to isolate and sequenc-
ing an isolate of MPXYV, and to assess its sensitivity to
the domestic anti-monkeypox drug NIOCH-14.

Materials and methods
Cell culture
The Vero E6 cell culture obtained from the collec-
tion of cell cultures of the State Scientific Center of Vi-
rology and Biotechnology "Vector" was used. DMEM
medium in the presence of 2% fetal bovine serum sup-
plemented with penicillin (100 IU/mL) and streptomy-

! Multi-country monkeypox outbreak: situation update. World
Health Organization, June 17, 2022. URL: https://www.who.int/
emergencies/disease-outbreak-news/item/2022-DON393
Multi-country monkeypox outbreak: situation update. World
Health Organization, June 27, 2022. URL: https://www.who.int/
emergencies/disease-outbreak-news/item/2022-DON396
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cin (100 pg/mL) was used as a maintenance medium
for MPXYV cultivation.

Patient, test samples

The patient was a male, 28 years old, with clin-
ical signs of monkeypox, from whom material from
the affected skin (contents of vesicles), nasopharyngeal
swab and sputum, and venous blood was collected for
the work. The study was conducted with voluntary in-
formed consent of the patient. The study protocol was
approved by the Ethical Committee of the State Sci-
entific Center of Virology and Biotechnology "Vector"
(protocol No. 5a dated 21.07.2022).

The work with MPXV was carried out at the
Laboratory of Biosafety Level 4 of the State Scientific
Center of Virology and Biotechnology "Vector".

Isolation, titration and culture of monkeypox virus

The sample with vesicle contents was diluted in
0.5 mL of DMEM medium supplemented with penicil-
lin (100 IU/ml) and streptomycin (100 pg/mL) before
addition to the Vero E6 cell culture monolayer. Venous
blood, nasopharyngeal swab and sputum samples were
used without additional dilution with medium before
application to the cell monolayer. Supernatant of sam-
ples obtained after centrifugation at 700g for 10 min
was added 50 pL to the wells of a 96-well plate with
Vero E6 cell culture monolayer. The plates were incu-
bated at 37°C under 5% CO, conditions and the appear-
ance of cytopathic effect was monitored daily. Culture
medium from the wells with the disrupted monolayer
(passage 1) was collected and transferred to T-25 vials
with the pre-grown Vero E6 cell culture monolayer for
further incubation at 37°C. When 80% cytopathic effect
was reached in the cell monolayer, the vials were fro-
zen/thawed 3 times and the resulting virus-containing
suspension was clarified by centrifugation at 1200g for
10 min (passage 2). The virus-containing suspension of
passage 2 was titrated by the plaque method in 24-well
plates with Vero E6 cell culture monolayer and used for
viral DNA extraction and subsequent analysis using
high-throughput sequencing.

Obtaining whole genome nucleotide sequences

MPXV DNA was isolated from source material by
phenol-chloroform method?.

The concentration of viral DNA was measured us-
ing the Qubit dsDNA HS Assay Kit (Qubit 3.0, Thermo
Fisher Scientific), then the solution was used to prepare
libraries for high-throughput sequencing on the [llumina
platform. The Y-adapter ligation method (Illumina) was
used to prepare libraries. Sequencing was performed on

2 Organization of laboratory operations using nucleic acid
amplification methods when working with materials containing
microorganisms of pathogenicity groups I-IV: methodological
guidelines. Moscow; 2010. 51 p.
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a MiSeq sequencer (Illumina) using the MiSeq Reagent
Kit v2 (500-cycles) sequencing kit (Illumina).

Testing samples for the presence of MPXV DNA

Confirmatory diagnostic testing was performed
using a reagent kit for detection of genetic markers
(DNA) of orthopoxviruses, including MPXYV, by re-
al-time polymerase chain reaction (QPCR) using the
Vector-MPCR rv-Ospa reagent kit for detection of
DNA of smallpox, monkeypox, cowpox, and vaccin-
ia viruses with hybridization-fluorescence detection
in real time (Vector-MPCR rv-Ospa) (Vector, RZN
No. 2016/3685).

Tested drug, inhibitor of orthopoxvirus replication

The domestic drug against MPXV NIOCH-14,
series 010919, was used in the study [14].

Method for determination of antiviral activity
of the preparation NIOCH-14 in vitro

Cytotoxicity and antiviral efficacy of NIOCH-14
(series 010919) were evaluated using the colorimetric
method [15]. The wells of 96-well plates containing
a monolayer of Vero E6 cells (~40 thousand cells per
well) were firstly filled with 100 uL of serial dilutions
of solutions prepared from the finished dosage form of
NIOCH-14. Then 100 pL of MPXV dilution was add-
ed at a dose of 800 BOU/well (multiplicity of infec-
tion ~ 0.02 viral particles per cell), causing 100% cell
destruction in the control monolayer without the drug,
which occurs when cells are incubated with the virus
6 days after infection®’. The cytotoxic activity of the
drug was determined by its effect on cell destruction in
the wells of the plate in which the virus was not intro-
duced. Monolayers of cells in the wells of the plate, in
which the virus was introduced without the drug (virus
control) and monolayers of cells in the wells in which
neither the virus nor the drug was introduced (cell con-
trol) were used as controls.

The capsule of the finished dosage form of the
preparation NIOCH-14 was opened, the contents were
poured into a vial. 10 mL of dimethyl sulfoxide was ad-
ded to the contents of the capsule. The resulting solution
was mixed in equal volumes with the nutrient medium
with antibiotic. To evaluate cytotoxicity against Vero
E6 cell culture and antiviral activity against MPXYV,
serial 3-fold dilutions of the drug were prepared, 8 di-
lutions were used starting from a concentration of 600
pg/mL. To evaluate the antiviral activity of the drug, 8
dilutions starting from 2 pg/mL were used.

NIOCH-14 dilutions were added in the volume of
100 pL into the wells of 96-well plates with cell culture.

3 Sergeev A.A., Kabanov A.S., Bulychev L.E., et al. Method for
evaluating the activity of therapeutic and prophylactic agents
against the smallpox virus. Patent 2522483 RF (A61K 35/76,
A61P 31/12, C12N 7/00).

After incubation at 37°C for 2 h (prophylactic scheme),
100 pL of culture medium was added to the wells to
assess cytotoxicity, and 100 pL. of MPXYV dilution was
added to assess antiviral activity. As a result, the total
volume of liquid in each well was 200 pL, the initial con-
centration of the drug in the wells for cytotoxicity was
300 pg/mL, and for antiviral activity was 1.00 pg/mL.

After 6 days of incubation at 37°C, the cell mono-
layer was stained with neutral red dye for 2 hours. Af-
ter removing the dye and washing the wells from its
unbound fraction, 0.1 mL of lysing buffer was added
to release the dye from the absorbed cells. The opti-
cal density of the resulting solution, which depends
on the number of cells in the monolayer that were not
destroyed by the drug or virus, was measured using
an Emax spectrophotometer (Molecular Devices) at a
wavelength of 490 nm. Using the SoftMax 4.0 program
(Molecular Devices) we calculated the 50% toxic con-
centration (TC,, png/mL) of the drug, at which 50% of
cells in the uninfected monolayer are destroyed, and
50% inhibitory concentration (IC,, pg/mL) of the drug,
at which 50% of cells in the infected monolayer are not
destroyed (remain viable). Based on TC, and IC,
the selectivity index (SI) of the drug was determined:
SI=TC,/IC,,.

Electron microscopic examination

MPXV-infected Vero E6 cells were separated us-
ing a rubber spatula and fixed in an equal volume of
8% paraformaldehyde solution for 1 day. After centrif-
ugation (1500 rpm, 10 min) and washing three times,
the precipitate was further fixed with 1% OsO, solution.
Dehydration, impregnation and casting in epon-araldite
mixture were performed according to the generally ac-
cepted method. Ultrathin sections were prepared on a
microtome (Reichert-Jung), stained with uranyl acetate
and lead citrate. Sections were examined in a JEM 1400
electron microscope (Jeol). Photography and image
analysis were performed using a Veleta digital camera
and iTEM software package (SIS).

Statistical and bioinformatics analysis of data

MPXYV titer data were presented as mean value
and its standard deviation (n = 4).

Bioinformatics analysis of virus fragment se-
quences was performed using MIRA v. 4.9.6, BWA
v. 0.7.15, IGV v. 4.9.6, BWA v. 0.7.15, IGV v. 2.3.78,
Samtools v. 1.3.1, Bcftools v. 1.62, SnpEff v. 5.2.
Whole-genome sequence alignment was performed
using the MAFFT algorithm v. 7.505. The MPXV ge-
nome MPXV-M5312 HM12 Rivers (NC _063383.1),
belonging to the West African clade, was used as a ref-
erence nucleotide sequence. A phylogenetic tree was
constructed using the neighbor-joining method (I1Q-
Treev.2.1.4, GTR+G+I nucleotide substitution model)
using Orthopoxvirus reference (RefSeq) sequences
(n = 9). In addition, all MPXV sequences available
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by July 2024 from samples collected between Janu-
ary 2018 and August 2022 were downloaded from the
GISAID database. The total number of sequences used
for analysis was 2,289. Genome regions with missing
positions in the sequence analyzed were excluded from
the analysis.

Results

Detection of MPXV in clinical samples

The study was conducted with clinical specimens
obtained from a citizen of the Russian Federation who
returned from a tourist trip to European countries —
Spain, Portugal, etc. (where at that time there was an
increase in the incidence of monkeypox. A few days
after his return from abroad (08.07.2022), the patient
went to a medical institution with complaints of a rash
all over his body. Based on clinical symptoms and
epidemiologic analysis, the patient was suspected to
have monkeypox. Nasopharyngeal swab and sputum,
as well as the contents of vesicles collected from the
patient upon his admission to the medical institution
and transferred to the laboratory of the State Scientif-
ic Center of Virology and Biotechnology "Vector" for
PCR examination were positive for MPXV DNA con-
tent, which confirmed the diagnosis of monkeypox. At
the same time, MPXV DNA was not detected in the
patient's venous blood sample also submitted for test-
ing (Table).

MPXV DNA from patient samples was subjected
to high-throughput sequencing and subsequent bioinfor-
matics analysis. The genomic sequence MPXV-pustule
S45 (sequence number vect2SM413009in the VGARus
database) was assembled based on the reads obtained
from sequencing of MPXV DNA isolated from the pa-
tient's clinical material. The length of the obtained se-
quence was 197,203 bp (98.77%), the average depth of
coverage was 11.72, the number of undecoded nucleo-
tides was 3,346, and the total number of reads per target
genome was 27,168.

Phylogenetic analysis of the MPXV-pustule S45
sequence (Fig. 1) showed that the studied MPXV
isolate belongs to genetic clade IIb, lineage B.1. The
MPXYV sequences isolated in 2022 from patients from
the USA, Peru, and Western European countries (Ger-
many, Portugal and Ireland) are the most genetically
similar to the investigated sample.

ORIGINAL RESEARCHES

Analysis of the nucleotide sequences of
MPXV-pustule S45 in comparison with the MPXV
reference sequence NC _063383.1 showed the presence
of 66 nucleotide substitutions, 32 of which are missense
mutations, and one substitution leads to a frameshift
(gene OPGO55). Furthermore, the MPXV-pustule S45
sequence examined contains an E353K mutation in the
F13L protein (OPG057 gene, genomic position 39139).
However, no mutations causing resistance to Tecoviri-
mat were detected when analyzing MPXV-pustule S45.

Isolation of monkeypox virus in cell culture

To isolate viable MPXV from clinical samples,
samples with the contents of vesicles from a diseased
person were used. Two days after inoculation of Vero
E6 cell culture, a slight change in cell morphology was
observed in comparison with uninfected control cell
culture, which became manifest as cytopathic action on
the 5th day after infection. Two consecutive passages
were carried out to develop a working virus stock and
deposit it in the State Collection of Viral Infectious Dis-
eases and Rickettsioses Pathogens, functioning at the
State Scientific Center of Virology and Biotechnology
"Vector", as St. Petersburg-22 MPXYV strain. The efflux
titer of the virus in the culture fluid was 5.9 £ 0.3 log10
BOU/mL.

Electron microscopic examination

A sample of Vero E6 cells infected with the St. Pe-
tersburg-22 MPXYV strain was examined using electron
microscopy (Fig. 2).

Ultrastructural analysis of infected cells showed
the presence of orthopoxvirus-specific viral factories,
which after 48 h occupied most of the cytoplasm of
infected Vero E6 cells. Viral particles, typical for or-
thopoxviruses, 48 h after infection of Vero E6 cells,
were present at all stages of their formation cycle, with
mainly immature virions predominating. At the same
time, 72 h after infection of Vero E6 cells, mature viral
particles were predominantly observed.

Antiviral activity of NIOCH-14 in in vitro experiments

The St. Petersburg-22 strain of MPXV was used
to evaluate the antiviral efficacy of NIOCH-14. The re-
sults are presented in Fig. 3.

The TC,, for NIOCH-14 was > 300 pg/mL
(> 731 pM) and the IC, of NIOCH-14 for the St. Pe-

Presence of MPXV DNA in samples tested with the Vector-MPCR rv-Ospa reagent kit

Sample type Indicator Study results
Vesicle contents MPXV DNA Found, Ct =19.72
Nasopharyngeal swab and sputum MPXV DNA Found, Ct=16.18
Venous blood MPXV DNA Not found, Ct > 40*

Note. *According to the manufacturer's instructions, a Ct value > 40 is considered a negative test result.
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Clade llb
Sequences of Mpox, 2018-2022

rthopoxvirus reference sequences

hMp
hMpxV/Germany/un-RKI-216/2022
1 hMpxV/Peru/ARE-INS-135/2022
| hMpxV/Peru/ARE-INS-140/2022

+ hMpxV/USA/OH-CDC-0003/2022
| hMpxV/USA/WA-UW-088353/2022
| hMpxV/USA/OH-UW-085672/2022
hMpxV/USA/WA-UW-0135/2022
hMpxV/Peru/LIM-INS-020/2022

ny/un-RKI-198/2022

hMpxV/USA/CA-CDPH-000009/2022
hMpxV/USA/CA-LACPHL-MA00091/2022

hMpxV/USA/CA-LACPHL-MA00050/2022

f [ hMpxV/Germany/un-RKI-547/2022
|'* hMpxV/Portugal/INSA-PT0018/2022
hMpxV/Peru/ICA-INS-193/2022
‘ hMpxV/Netherlands/un-EMC-NL074/2022
hMpxV/Ireland/D-NVRL-Z22IRL00145/2022
—— hMpxV/USA/NC-CDC-0006/2022
hMpxV/Portugal/INSA-PT0549/2022

MPXV-pustule_S45

Fig. 1. Phylogenetic tree constructed using the maximum likelihood method.

Mpox sequences loaded from GISAID are highlighted on the circular cladogram. The position of the investigated sequence MPXV-pustule_
S45 and its closest sequences is circled. A detailed cladogram is given.

Fig. 2. Vero E6 cells infected with a new St. Petersburg-22 MPXV strain.

a, b — 48 h after infection, the viral factory occupies most of the cell cytoplasm; viral particles are represented at all stages of the formation
cycle (arrows); immature virions are prevalent (image b).
Images c—e — 72 h after infection, image ¢ shows the prevalence of mature viral particles (arrows). In image d, the arrow indicates
an immature viral particle. Image e shows the typical morphology of a mature orthopoxvirus virion.

tersburg-22 strain of MPXV was 0.016 + 0.009 png/mL
(0.039 £ 0.009 uM), whereas the SI was > 18,750.

Discussion

The monkeypox outbreak, which has been de-
clared a public health emergency of international con-

cern by WHO, has been spreading globally since early
May 2022, affecting predominantly men who have sex
with men. Cases have been reported in more than 70
countries worldwide, posing a public health threat of
international concern. According to WHO recommen-
dations, laboratories use samples from skin lesions,
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1 10 100 1000

Parameters of model

B C D R"2
2,596 0,02 0,542 0,825
2,201 78,476 0,44 0,287

Fig. 3. Diagram of cytotoxicity (TC,, > 300 ug/mL) and antiviral activity of the finished dosage form of NIOCH-14 against
the St.Petersburg-22 MPXV strain (IC,, = 0.02 pg/mL) in Vero EG cell culture (SoftMax 4.0 program).

On the X-axis — drug concentration (ug/mL) in logarithmic scale of measurement; on the Y-axis — optical density (optical density units)
in linear scale of measurement.

pharyngeal and nasopharyngeal swabs and blood for
diagnostic tests®. In this case, the virus is detected most
often in samples from skin lesions and less often in
blood, which is probably due to the fact that viremia
occurs during a very early and short period of infec-
tion and usually blood contains less virus than skin le-
sions [16]. Examination of samples (nasopharyngeal
swabs, sputum, and vesicle contents) obtained from
the first monkeypox patient registered in Russia also
allowed us to detect MPXV DNA in nasopharyngeal
swabs, sputum and vesicle contents, and to isolate a vi-
able virus culture only from vesicle contents, while no
virus was detected in the blood sample.

Sequencing data analysis of MPXV-pustule S45
sequence of the St. Petersburg-22 MPXYV strain showed
that it belongs to genetic clade IIb, lineage B.1. The ge-
nome of the St. Petersburg-22 strain is closely related to
19 MPXYV isolates detected in summer and fall of 2022
in different countries.

According to studies, it is known that a person
usually becomes infectious after the onset of disease
symptoms [17]. However, recent studies on the spread
of MPXYV have established cases of virus excretion by
patients without symptoms of the disease [18]. Thus,
the infection of the first monkeypox patient in Russia,
given that the incubation period of the disease can be up

4 World Health Organization. Laboratory testing for the monkeypox
virus. Interim guidance. URL: https://apps.who.int/iris/rest/
bitstreams/1425052/retrieve (data of access: 23.05.2022).

to 3 weeks, could have occurred through contact with
both an asymptomatic patient and a previously ill pa-
tient, since the virus can be excreted with seminal fluid,
oropharyngeal and anogenital secretions of the patient
for some time after the disappearance of symptoms
[19]. This is supported by the fact that contact with a
monkeypox patient with a pronounced clinical picture
of the disease was hardly possible due to the usually
pronounced pain syndrome.

The first symptoms of monkeypox in a patient from
Russia were diagnosed on 06.07.2022. Given the incu-
bation period, which can range from 3 days to 3 weeks
[20], his probable infection occurred during the period
from mid-June to early July 2022. According to GISA-
ID data, among the phylogenetically close sequences
identified during this time period, the epidemiologi-
cally related to the MPXV strain St. Petersburg-22 pa-
tients could be those with the sequences hMpxV/USA/
CA-CDPH-000009/2022 (identified on 06/30/2024),
hMpxV/Ireland/D-NVRL-Z22IRL00145/2022
(identified on 06/17/2024) if, for example, patients
were asymptomatic, or even hMpxV/Portugal/IN-
SA-PT0018/2022 (identified on 06/01/2024), if infec-
tion occurred from a recently recovered individual.
However, as previously indicated, infection most likely
occurred through contact with an asymptomatic Mpox
carrier. It is also interesting to note that the genetical-
ly closest sequences hMpxV/Peru/LIM-INS-020/2022
and hMpxV/USA/CA-LACPHL-MAO00050/2022 were
identified around the same time as the MPXV sequence
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from the first patient in Russia, namely July 12 and 20,
2022, respectively. It is possible that the patients from
whom viruses with these sequences were obtained are
linked to the Russian patient by a common source of
infection.

To isolate a live culture of MPXYV, Vero cell cul-
ture is traditionally used, which is highly sensitive to
orthopoxviruses. The virus titers reach the level of
5 logl0 TCID,/mL when cultured for 6 days [21].
MPXYV isolated from biological samples obtained from
the first Russian patient with monkeypox, when cul-
tured in Vero cell culture, reached a titer of 5.9 logl0
CFU/mL in the culture fluid already 5 days after in-
fection of the cell monolayer. At the same time, ultra-
structural analysis of the infected monolayer of Vero E6
cell culture demonstrated the presence of characteristic
signs of virus multiplication in cells and the presence of
viral particles of classical type, characteristic of MPXYV,
similar to the ultrastructural picture in infected cells de-
tected by other researchers [21].

The widespread use of Tecovirimat for the treat-
ment of monkeypox patients led to the emergence of
information about the discovery of MPXV variants
with drug resistance to this drug [13, 22]. Mutations in
the F13L gene, homologous in orthopoxviruses, have
been found to reduce the sensitivity of the virus to Te-

covirimat [11]. The study of the genetic structure of the
Mpox strain isolated by us did not establish the pre-
sence of known resistance mutations to Tecovirimat,
and the evaluation of the strain's sensitivity to the do-
mestic drug NIOCH-14 showed high inhibitory activity
of this drug, comparable to that previously estimated by
us for the reference MPXV strain (TC,, > 100 pg/mL,
IC,, = 0.013 pug/mL, SI > 7700) [15]. This proves that
the preparation NIOCH-14 has high antiviral activity in
vitro against the St. Petersburg-22 MPXYV strain detect-
ed in the first patient in Russia.

Conclusion

The approaches used in this study made it possi-
ble to confirm the first imported case of monkeypox
in Russia, to isolate virus from biological samples, to
characterize the culture and biological properties of
the St. Petersburg-22 MPXV strain, and to deposit the
strain in the State Collection of Viral Infectious Patho-
gens and Rickettsioses of the State Scientific Center of
Virology and Biotechnology "Vector". Furthermore,
studies of the antipox activity of the domestic drug
NIOCH-14 showed that it exhibits high antiviral effi-
cacy in vitro against the first MPXV strain identified
in Russia and can be used for the treatment of mon-
keypox patients.
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Abstract

Introduction. Pathogenic strains of Escherichia coli are an important object of surveillance within the One Health
concept in the wild, agriculture and human society.

Migratory bird colonies and high latitude avian colonies may be points of active intraspecies and interspecies
contact between different animal species, accompanied by the spread of pathogens. At the same time, the
phylogeography of E. coli in relation to the presence of natural foci of colibacillosis in polar regions remains
virtually unstudied.

The aim of this study was to assess the pathogenic potential of E. coli strains from the polar regions of the Earth,
based on the analysis of the genomes of these bacteria from typical ornithogenic ecosystems of the Arctic and
Antarctic.

Materials and methods. The study used collections of E. coli isolated from ornithogenic biological material during
expeditions to high latitude areas of the Arctic (archipelagos of Novaya Zemlya, Franz Josef Land, Svalbard) and
Antarctic (Haswell Archipelago). 16 cultures associated with avian E. coli (12 polar and 4 temperate strains) were
selected for genome-wide sequencing using BGI technology. The annotation of the genomes focused on the
identification of genes for pathogenicity factors and antimicrobial resistance, as well as the identification of strains
belonging to individual genetic lineages using the cgMLST method.

Results. The annotation of the genomes allowed their assignment to different sequence types in the multilocus
sequencing typing and genome-wide sequencing typing schemes. The analysis of the geographical distribution of
the sequence types of polar E. coli strains determined by the cgMLST method showed their global representation
in geographically distant regions of the planet. For example, cgST 133718 was observed in Antarctica (strain
17_1myr) and in the UK, and sequence 11903, to which strain 32-1 from the northernmost point of Novaya
Zemlya belonged, was previously identified in the USA.

All strains studied were characterized by the presence of extensive virulence. Among the pathogenicity factors
identified were haemolysins A, E, F, siderophores, including the yersiniabactin gene cluster, a number of adhesion,
colonization and invasion factors, as well as the thermostable enterotoxin EAST-1 and genes that characterize
enteroaggregative strains of E. coli (the virulence regulator gene eilA and enteroaggregative protein (air)). One
of the Arctic strains (33-1) had determinants of antibiotic resistance, in particular the extended-spectrum beta-
lactamase gene TEM-1b and the Tn1721 transposon, including tetracycline resistance genes (tetA-TetR), were
detected in its genome.

Conclusion. The results of the study indicate the circulation of E. coli strains with strong pathogenic potential
in high-latitude Arctic and Antarctic ornithogenic ecosystems. The analysis of genomic data indicates the
presence of geographically widespread genetic lineages in these regions, which justifies the importance of
monitoring epidemic clones of E. coli, along with monitoring for other pathogens, in bird colonies in high-latitude
areas.

Keywords: Arctic, Antarctica, Escherichia coli, genome sequencing, pathogenicity factors, ornithogenic ecosystems
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MaToreHHbIN NOTEHL AN OPHUTOreHHbIX WwtammoB Escherichia coli,
BbIIBJIEHHbIX B NOJIIPHbIX permoHax 3emnm

AcnaHoB b.W.', Azapos [1.B."2, MakapoBa M.A."3, Mapbiwesa E.I%, KpaeBa JI1.A.2, Moxos A.C.",
JNle6epesa E.A.", ToHuapoB H.E.2, Jle6epgesa H.B.>, Crapukos [].A.¢, Konogxunsesa B.B.",
Mones [.E.2, loHuyapos A.E." >
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AHHOMauus

BBepeHume. [NatoreHHble WwWTammbl Escherichia coli sBNAOTCA BaXXHbIM 0ObEKTOM MOHUTOPUHIA B MPUPOAE, CeMb-
CKOM X035CTBE N YenoBe4eckom obLLecTBe B paMkax KoHuenummn « EguHoro 3gopoBbsi» . KonoHUn MUrpmpyoLmx
NTUL 1 NTUYBK 6a3apbl B BbICOKMX LUMPOTaxX MOryT ObiTb TOYKAMM aKTUBHBLIX BHYTPMBUAOBbLIX U MEXBUAOBbIX KOH-
TaKTOB MeX4y PasfvMyYHbIMU BUAEMU XXUBOTHbIX, COMPOBOXAAILWMNXCH pacnpocTpaHeHNEM MUKPOOPraHN3MOB.
B T0 xe Bpems cdunoreorpacdms E. coli B KOHTEKCTE HanMuns NPUPOAHbLIX O4aroB KONMMBaKTEPUO30B B MOMSIPHBIX
pernoHax NpakTM4eckn He n3dyyanachb.

Llenb paboTbl: OLeHKa naToreHHoro noteHuuana wraMMoB E. coli, pacnpoCcTpaHEHHbIX B MONSAPHbBIX pernoHax
3emnu, Ha ocHOBe aHanu3a reHOMOB AaHHbIX 6akTepuii U3 BbIOOPKK, XapakTepusytoLen TUNUYHblE OPHUTOMEH-
Hble aKocMCTeMbl APKTUKN N AHTAPKTUKK.

Matepunansi n metoabl. B pabote 6binu ncnonb3oBaHbl WTammel E. coli, BblgeneHHbIe 13 OPHUTOreHHOro 6uo-
Nornyeckoro marepuana B XO4e 3KCneauuuii Ha BbICOKOLUMPOTHbIE TeppuTopun ApkTuku (apxunenarn Hosas
3emns, 3emna ®paHua-Nocuda, LUnuubepreH) n AHTapkTukn (apxunenar Xacyann). M3 Hux 16 wrammoB, ac-
COLMMPOBAaHHbIX C NTULaMM (12 NONAPHbIX LUTAMMOB U 4 LUTamMMma, BbIAEMNEHHbIX B YMEPEHHbIX LUMpoTax), Obinu
otobpaHbl A4/151 MOMHOreHOMHOIO CEKBEHMPOBaHMUSA C MCNomnb3oBaHWeM TexHonorun BGIl. AHHOTMpOBaHWeE reHo-
MOB 6bIf10 CHOKYCUPOBaHO Ha MAEHTUMMKALMM FEHOB, KOAMPYIOLWMX hakTopbl NaTOreHHOCTU N YCTOWYMBOCTM K
aHTMMUKPOOHBLIM Npenaparam, a Takke Ha onpegeneHun NPYHaaNeXXHOCTU LUTAMMOB K OTAEMbHLIM CepoTUnam 1
reHeTM4eCKUM NIMHUSM, B TOM YKCIe Ha OCHOBE MCronb3oBaHnsa metoga cgMLST.

Pe3ynbraThbl. [poBegéHHOE aHHOTMPOBaHME reHOMOB E. coli N03BOMUIIO0 YyCTAHOBUTbL X MPUHAANEXHOCTb K pas-
NIMYHBIM CUKBEHC-TUMNaM B CXeMaxX MYIbTUNOKYCHOMO CEKBEHUPOBaAHNA-TUMMPOBAHUS Y MONTHOTEHOMHOIO CeKBe-
HMPOBaHMWA-TUNMPOBaHWA. AHanM3 reorpac4eckoro pacnpoCTPaHeHNs! CUKBEHC-TUMOB «MOMSAPHbIX» LTaMMOB
E. coli, onpenenénHbix metogom cgMLST, npogemMoHcTprpoBan ux rmobanbHyto NpeacTaBneHHoCTb. Tak, Hanpu-
mep, cgST 133718 6bin oTmedeH B AHTapkTuge (wrtamm 17_1myr) n paHee — B BenvukoBputaHum, a CMKBEHC-TUN
11903, k koTopoMy NpuHagnexan wramm 32-1 n3 camon ceBepHomn Touku Hoson 3emnu, 6bin paHee BbIsSIBMEH
B CLUA. Bce nsyyeHHble WTaMMbl XapakTepn3oBanvcb Hanmunem obLUMpHOro Bupynoma. B uncne BbISBNEHHbIX
reHoB )akTopoB NaToreHHoCTn obHapyXeHbl reHbl remonuanHoB A, E, F, cugepodopsl, Bknovasa nepcnHmabak-
TUHOBbLIN KNacTep reHoB, psa reHoB hakTopoB afre3vu, KONOoHU3aLuuM 1 MHBa3uW, a Takke reH TepmocTabusb-
HOro aHTepoTokcuHa EAST-1 u reHbl, MapkupylolmMe aHTepoarrperatmBHble WTaMmbl E. coli: reH perynstopa
BMPYNEHTHOCTHM €eilA n aHTepoarrperatnBHbIn 6enok (air). OgnH 13 «apkTmuyecknx» wrammos (33-1) xapaktepu-
30Barncs HanM4yMeM AeTepMUHaHT YCTOMYMBOCTU K aHTMBMOTUKaM, B YaCTHOCTM, B €ro reHoMe ObIn AeTEKTUPOBaH

© AcnaHos B.U., Azapos [1.B., Makaposa M.A., Mapbiwesa E.I", Kpaesa J1.A., MoxoB A.C., Jlebenea E.A., loHuyapos H.E., Jlebegesa H.B., Ctapukos O.A.,
Konopxueesa B.B., MNones [.E., NoHyapos A.E., 2024
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reH 6eTta-nakramasbl paclumpeHHoro crnektpa TEM-1b n TpaHcnoson Tn1721, BknovaloLwmii reHsl YCTOMYMBOCTU

K TeTpaumknuHam (tetA-tetR).

3akntoueHue. PesynbraThl UCCreQ0BaHUS CBUAETENLCTBYHOT O LMPKYNSALUM B OPHUTOFEHHbIX 3KOCUCTEMAX Bbl-
COKOLLUMPOTHOM APKTUKM U AHTaApKTMKM LWITamMoB E. coli, obnagarLmx BblpaXXeHHbIM NaToreHHbIM NOTEHLMANoM.
AHanM3 reHoMHbIX AaHHbIX CBUAETENLCTBYET O PACNPOCTPAHEHUN B 3TUX PErMOHax reHEeTUYECKUX NUHUIA, LIn-
POKO reorpadmyeckn npeacTaBneHHbIX, YTO 060CHOBLIBAET 3HAYMMOCTb MOHUTOPUHIA SNMOEMUYECKUX KITOHOB
KULLEYHOW Nanoyku, Hapsioy ¢ MOHUTOPMHIOM APYrMX NaToreHoB, B KONTOHWUSIX MacCOBbIX BUAOB MTUL, HA BbICOKO-

LUMPOTHBIX TEPPUTOPUSAX.

KnroueBble cnoBa: Apkmuka, AHmapkmuka, Escherichia coli, noriHoeeHoMHoe cekgeHuposaHue, chakmopsl na-

moc2eHHOCMU, OPHUMOCeHHbIe 3KocUuCmeMbl

Amuyeckoe ymeepxdeHue. Mpoueaypa ot6opa 06pasLos G1onornieckoro Matepuana ocyLecTBrsnach B COOTBET-
CTBUM C 0BLLENPUHATLIMU HOpMaMu 61oaTuku. MpoTokon nccnefoBaHns o4obpeH NokanbHbIM 3TUHECKUM KOMUTETOM
C3IrMY um. .. MeyHukoBa (npotokon Ne3 ot 13.03.2024).

BnazodapHocmb. KonnekTye aBTOPOB BbipaXaeT NPU3HaTENbHOCTb PYKOBOACTBY M COTPYAHMKaM POCCUINCKON aHTapk-
TUYECKOM IKCMeamLmnn, aKkeneanummn «ApKTUYECKUIn NNaByyvnii yHUBepcuTeT», POCCUIACKOM apKTUYECKOW aKCneanumm Ha
apxunenare WnuuGepreH, pykoBoactBy MypmaHcKoro mopckoro 6uonornyeckoro UHCTUTyTa Poccuiickon akagemum
HayK 3a NOMOLLb B MPOBEAEHNMN NOMNEBbIX NCCNEeA0BaHNNA.

HUcmouHuk huHaHcupoeaHusi. ViccrneaoBaHne BbINOMHEHO 3a CHET rpaHTa Poccunckoro HayvHoro choHga Ne 23-25-
00128, https://rscf.ru/project/23-25-00128
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Introduction

Escherichia coli is a unique microorganism ca-
pable of causing infections in a wide range of clinical
manifestations in humans and various animals, which
determines the importance of monitoring the spread of
its main pathotypes in nature, agriculture and human
society [1].

One of such pathotypes monitored under the One
Health concept is avian pathogenic E. coli (avian patho-
genic E. coli — APEC), which belongs to the group of
pathogens of extraintestinal localization (extraintestinal
pathogenic E. coli — ExPEC) [2, 3].

Although the possibility of direct zoonotic trans-
mission of APEC from birds to humans is debatable
[4], numerous studies show that APEC are genetically
similar to human ExPEC (uropathogenic E. coli (UP-
EC) and E. coli associated with neonatal meningitis
(NMEC)). There are studies supporting the commonali-
ty of pathogenicity factors in human APEC and ExPEC
isolates. For example, the virulence genes iroN, traT,
iucD, cvi/cva, ibeA, gimB, tia, neuC, kpsMTII, tsh, iss,
sitD, chuA, fyud, irp2, vat, malX and pic are present in
the genomes of both APEC, UPEC and NMEC [5].

The similarity between the virulomes of APEC
strains and human EXxPEC emphasizes the potential
threat of avian-associated zoonotic infections. Impor-
tantly, wild birds may act as a facilitator of the spread
of APEC-associated virulence and antimicrobial resis-
tance genes. For example, it has been shown that anti-
biotic resistance determinants can be transmitted from
wild geese and swan strains of Enterobacteriaceae to

strains in domestic birds, and from the latter to humans
[6, 7].

The circumpolar regions of the Earth represent a
unique geographical environment in which, despite ex-
treme climatic conditions, the high productivity of shelf
seas [8] maintains a high level of faunal biodiversity.
The coasts of the Arctic and Southern Oceans within
the continental Antarctic, Antarctic and sub-Antarc-
tic archipelagos are points of attraction for billions of
migrating birds, a significant part of which make long,
including transcontinental flights. For example, the Pa-
laearctic-African migration system alone includes 2.1
billion migrating individuals [9]. Colonies of migrating
birds in high latitudes can be points of active intraspe-
cies and interspecies contacts between birds and other
animals, accompanied by the exchange of microbiota,
including the pathogenic part of it [10].

In this regard, it seems important to study the dis-
tribution of bird-associated pathogens in ornithogenic
ecosystems formed around bird colonies on the coasts
of the Arctic and Antarctic seas.

At the same time, phylogeography and genetic
features of such an actual object of epidemiologic and
epizootologic surveillance as E. coli remains virtually
unstudied in polar regions.

The aim of the study is the assessment of the
pathogenic potential of E. coli strains distributed in the
polar regions of the Earth based on the analysis of the
genomes of these bacteria from a sample characteriz-
ing typical ornithogenic ecosystems of the Arctic and
Antarctica.
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Materials and methods

Collections of E. coli strains isolated from orni-
thogenic biological material (droppings, feces and car-
casses of fallen birds, nest substrates, microbial mats of
water bodies contaminated with bird droppings) during
several expeditions were used in this study.

In particular, during the implementation of the
scientific program of the Russian Arctic expedition on
the Svalbard archipelago in 2018, 28 samples of orni-
thogenic material were collected, from which 6 isolates
were isolated, in the expedition of Arctic Floating Uni-
versity (2023) — 8 isolates from 38 samples, in the
68th Russian Antarctic expedition of 2022-2023 — 19
isolates from 29 samples.

The present study describes the E. coli cultures
isolated in the bird colonies of the Svalbard archipelago
(West Spitsbergen Island), Novaya Zemlya and Franz
Josef Land archipelagos, as well as on the islands of
the Haswell Archipelago, which became one of the key
ornithological territories of East Antarctica due to many
thousands colonies of Adelie and Emperor penguins.

Furthermore, five E. coli strains isolated from
cloacal flushes during bird ringing in the spring-sum-
mer period of 2023 at the Ladoga ornithological sta-
tion (Nizhne-Svirsky Reserve, Gumbaritsy tract, Len-
ingrad region) were used as comparison strains. All
Arctic and Antarctic cultures were isolated without
the use of enrichment methods using dense nutrient
media when cultured directly in the field, as described
previously [11].

The procedure of biological material sampling
was carried out in accordance with generally accept-
ed ethical normsto The research protocol was approved
by the Ethics Committee of the which is confirmed
by the decision of the Local Ethics Committee of
North-Western State Medical University named after
L.I. Mechnikov (Protocol No. 3, March 13, 2024).

Species identification of the isolated strains was
performed using time-of-flight mass spectrometry
(MALDI-TOF) on a Bactoscreen instrument (Litech).
Mass spectra were analyzed using Biotyper 3.1 soft-
ware.

As aresult of random sampling, 16 strains were se-
lected for whole-genome sequencing (WGS), followed
by annotation and evaluation of pathogenic potential.

Information on the sources of cultures whose ge-
nomes were sequenced is presented in Table 1.

Biolabmix kits were used for genomic DNA iso-
lation. Genomic sequencing was performed using BGI
technology at the Pasteur Research Institute of Epide-
miology and Microbiology. Genome annotation was
performed using the RAST server (https://rast.nmpdr.
org/rast.cgi), drug resistance and virulence genes were
searched using the ABRicate v 0.8 program (https://
github.com/tseemann/abricate), and the MEGARes
(https://megares.meglab.org/amrplusplus/latest/html),
Comprehensive Antibiotic Resistance Database, CARD

3.0.2 (https://card.mcmaster.ca/analyze/rgi) and VFDB
(https://www.mgc.ac.cn/VFs/) databases were used for
this purpose.

The antigenic structure of E. coli was determined
using the online tool SerotypeFinder 2.0 (https://cge.
food.dtu.dk/services/SerotypeFinder/). The MLST 2.0
resource (https://cge.food.dtu.dk/services/MLST/) was
used to evaluate the results of multilocus sequenc-
ing-typing (MLST). The WGS typing results for bovine
genes obtained using the online tool cgMLSTFinder
1.2 (https://cge.food.dtu.dk/services/cgMLSTFinder/)
were compared with the data on the corresponding
cgMLST types deposited in the EnteroBase database
(https://enterobase.warwick.ac.uk/species/index/ecoli),
allowing for differences (Max Number MisMatches) of
no more than 20 single polymorphisms (SNPs).

Results

The annotation of genomes allowed us to deter-
mine their belonging to different STs in MLST and
WGS-typing schemes. The main characteristics of the
studied genomes and access numbers to their sequences
are presented in Table 2.

Genes encoding AmpC-like beta-lactamases,
the hyperproduction of which provides resistance to
cephalosporins, were identified in all genomes stud-
ied [12]. In addition, the genome of the Arctic strain
E. coli 33-1 was characterized by the presence of a
plasmid of about 78,000 bp containing the gene for
the extended-spectrum beta-lactamase TEM-1b and
transposon Tn1721, which includes tetracycline resis-
tance genes (tetA-tetR). Numerous pathogenicity fac-
tor genes associated with adhesion, invasion and iron
capture were detected in the genomes of the studied
microorganisms (Table 3).

The wide representation of EXPEC pathogenicity
factor genes in the genomes of the strains under study
raises the question of the potential association of these
strains with cases of infectious diseases in humans.

Using the EnteroBase database (https://enterobase.
warwick.ac.uk/species/index/ecoli), which accumu-
lates global data on cgMLST genotyping results and
currently includes information on more than 340,000
E. coli strains, a search was carried out for information
on the geographical distribution of cgSTs identified in
this study and their sources of isolation. The informa-
tion was retrieved from the metadata provided in En-
teroBase database for 11 STs (Table 4).

Discussion

In this study, an attempt was made to generate a
sample of E. coli strains associated with high-latitude
ornithogenic ecosystems typical of circumpolar regions
in both the Northern and Southern Hemispheres.

In the Arctic, our studies focused on strains asso-
ciated with marine colonial birds (Long-tailed Duck,
Thick-billed Buzzards) and goose species (Bean Goose,
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Table 1. Characteristics of studied isolates

ORIGINAL RESEARCHES

No. Isolates Place of isolation, coordinates Source of isolation
Isolates associated with bird ecosystems of the Arctic
1 67Spits Svalbard archipelago, Barentsburg, 78°03'N 14°16'E Feces of Rissa trydacyla
2 70_2Spits SvalbardNaYrcér:g);gagg:ﬁ qc:‘nf%%rggnYBé ylcRest Feces of Rissa trydacyla
3 89Spits Svalbard archipelago, Barentsburg, 78°03'N 14°16'E Feces of Anser brachyrhynchus
4 97Spits Svalbard archipelago, Barentsburg, 78°03'N 14°16'E Feces of Anser brachyrhynchus
5 AFU_2 Yugorsky Peninsula, White Nose Cape, 69°36'14.7"N 60°12'08.1"E Feces of Somateria mollissima
6 AFU 32 1 Novaya Zemlya archipelago, Cape of Desire, Feces of polar bear. near the Rissa trydacyla
= 76°57'18.5"N 68°34'41.9"E bird spot
7 AFU_33_1 Novaya Zemlya;\é'ocgi?ﬁ)f éég.?,\’j ggg; 4!Zl1ér91'cljéCape of Desire, Nests in the bird spot of Rissa trydacyla
Apxunenar 3emnsa PpaHua-Nocuda, o-8 Bunbyeka,
B AU e N e e Egg shell of Uria omvia
79°53'41.8"N 58°44'07.2"E
9 AFU_55_1 Franz JosefAmhipge(l)?gzqg?;;r?rjosné?gszk'ileoi_zl'?EndS (South Island), Pond near the Sterna paradisaea bird spot
Isolates associated with bird ecosystems of the Antarctic
10 15myr West Antarctica,I Queen I\/Laryl Lan?, Hafwelll Arg'hipelago, Haswell Adelie penguin (Pygoscelis adeliae),
sland, 66°31'36.6"S 93°00'20.8"E cloaca sample
11 17_1myr West Aﬁ:gﬁ:ﬁ ’I s?;neci n6g/!%r1y.3Lg gdsggsgggg‘ gf'réipelagq Stomach sample from Fulmarus glacialoides
12 28myr iz A.P;i;‘;giz’ ISI:(;Z? 6!\251?%‘(L)eéﬁﬁl,Sngs(’Vézl‘lzggwliEpelago, Feces of Adelie penguin (Pygoscelis adeliae)
Isolates form birds in European region of Russia, Ladoga Ornithological Station (LOS)
13 LOS_49 Nizhne-Svirskiy Reserve, LOS, 60°40'35.0"N 32°56'27.2"E Cloaca sample from Poecile palustris
14 LOS_51 Nizhne-Svirskiy Reserve, LOS, 60°40'35.0"N 32°56'27.2"E Anas crecca feces
15 LOS_52 Nizhne-Svirskiy Reserve, LOS, 60°40'35.0"N 32°56'27.2"E Cloaca sample from Turdus pilaris
16 LOS_54 Nizhne-Svirskiy Reserve, LOS, 60°40'35.0"N 32°56'27.2"E Cloaca sample from Turdus pilaris

Eiders). These bird species differ both in the ecological
niches they occupy and in the duration and directions
of migration, which may influence the structure of their
microbiota, determining the probability of colonization
by different E. coli genotypes.

At the same time, it is necessary to take into ac-
count the possibility of forming a single reservoir for
populations of this microorganism along the entire coast
of the Arctic Ocean, determined by bird migrations in
the meridional direction. Thus, it was recently found
out that a significant part of the kittiwake population
migrates from the South Island of Novaya Zemlya to
the wintering grounds on the coast of the North Pacific
Ocean [13]. The spread of pathogens with Arctic migra-
tory birds (predominantly from the goose group) simul-
taneously in latitudinal and meridional directions was
previously shown for influenza viruses [14]. It should
be noted that bean geese, the strains from which were

studied in this research, make seasonal migrations from
the Svalbard archipelago to wintering grounds in Bel-
gium and the Netherlands, and against the background
of global climate change in the Arctic, these birds are
actively exploring Novaya Zemlya as well [15].

Three Antarctic strains, whose genomes were
characterized in the present study, were isolated in the
territory of Adelie penguin colonies on the islands of
the Haswell Archipelago in East Antarctica. In spite
of the fact that penguins of this species are endemic to
Antarctica, in the territories of the colonies they neigh-
bor also with long-distance migratory species of birds.
For example, a frequent inhabitant of the Haswell Ar-
chipelago, the south polar skua, is able to make long
seasonal migrations and reach the North Pacific and the
North Atlantic [16]. Thus, the populations of Antarc-
tic birds are not isolated from the global circulation of
pathogens, as evidenced, in particular, by the circula-
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Table 2. Genetic characteristics of isolated E. coli strains

Strain Region of isolation Serotype Sequ?g_f_? type STby Ezggrg_lg)enome GenBank access number
67Spits Arctic 04:H5 12 10054 JAYEAG010000000
70_2Spits Arctic 043:H2 937 28072 JAYEAE000000000.1
89Spits Avrctic 083:H1 135 87221 JAYEADO000000000.1
97Spits Arctic 0166:H49 1246 162 JAYEAC000000000.1
AFU_2 Avrctic 093:H16 8097 132840 JAYEAJ000000000
AFU_32_1 Arctic 054:H45 491 11903 JAYEAI000000000
AFU_33_1 Arctic 015:H2 69 189219 JAYEAHO000000000
AFU_43_1 Avrctic 09:H49 6163* 1429 JBIQXY000000000
AFU_55_1 Arctic 039:H4 1155 196482 JBIQXZ000000000
15myr Antarctic O8:H7 127 196780 JBIQXV000000000
17_1myr Antarctic 06:H31 196 133718 JBIQXWO000000000
28myr Antarctic 0182:H38 1632 94237 JBIQXX000000000
LOS_49 European Russia 08:H5 2594* 47119 JBIQYA000000000
LOS_51 European Russia 085:H8 297 114487 JBIQYB000000000
LOS_52 European Russia N/i 1333* 119313 JBIQYC000000000
LOS_54 European Russia N 58 126100 JBIQYD000000000

Note. *Genotypes with single nucleotide polymorphisms in genes for which sequencing-typing was performed, distinguishing them from the

specified sequence types. N/I — not identified.

tion in the Antarctic of influenza virus strains identical
to those isolated in other geographical regions [17].

Analysis of the geographical distribution of ST E.
coli determined by the cgMLST method demonstrat-
ed their cosmopolitanism, which was manifested by
the detection of identical cgST in geographically dis-
tant regions of the planet. For example, cgST 133718
was detected in Antarctica (strain 17_1myr) and Great
Britain, and cgST 11903, to which strain 32-1 from the
northernmost point of the New Earth belonged, was
previously detected in the USA.

Despite the fact that all the strains studied belong
to different genetic lineages (ST and serotypes), they
are all united by the presence of an extensive virulome.
As shown in Table 3, all strains from polar regions have
a set of virulence factors that allow them to be con-
sidered as potential agents of human infections. In this
respect, in general, they do not differ from the strains
isolated from birds in the Leningrad Region.

Thus, 10 out of 12 polar strains contained genes
or combinations of genes determining the synthesis
of hemolysins A, E and F, which together with sidero-
phores of the enterobactin, aerobactin and yersinibactin
clusters participate in iron capture during the infection
process [18]. It should be noted that the genes of the
yersinibactin operon, found in half of the Arctic and
Antarctic cultures, are part of the high pathogenicity

island. This mobile genetic element is associated, as
previously shown, with virulent UPECs [19].

The identified virulence factors for which local-
ization in mobile genetic elements has been described
include the uropathogenicity protein. The importance
of this factor in damaging mammalian cells has been
demonstrated, which is essential in the development of
urinary tract infections [20].

In the studied sample, strains marking the entero-
aggregative E. coli (EAEC) pathotype were also iden-
tified, in particular, the eilA virulence regulator gene
(Salmonella HilA homolog) and the enteroaggregative
protein gene (air), common in EAEC, were detected in
the genomes of strains AFU-33-1 and AFU-43-1 from
Novaya Zemlya and Franz Josef Land. The strain AFU-
33-1 belongs to ST 189219 according to cgMLST re-
sults, which is widely represented in a number of Euro-
pean countries, USA and Brazil as a pathogen of gener-
alized human infections. Thus, the spread of a peculiar
epidemic clone of E. coli was observed in territories
where there were no permanent human settlements.

In general, the spread of global genetic lineages of
E. coli in high latitudes is consistent with the notion that
the Rapoport Rule is observed for human pathogens,
which states that as one moves from the equator to the
poles, the distribution ranges of species or other taxo-
nomic groupings increases [21].
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Table 3. Pathogenic determinants in studied E. coli strains

ORIGINAL RESEARCHES

Pathogenic determinants

17myr

15myr

AFU_43 1

pits

LOS_51

28myr
67Spits
70_2S
89Spits
97Spits
AFU_2
AFU_32_1
AFU_33_1
AFU_55_1
LOS_49
LOS_52
LOS_54

Hemolysins

Hemolysin A (hlyA)
Bird hemolysin E (hlyE)

Hemolysin F (hlyF)

Enterobactin operon
Yersiniabactin operon

Aerobactin operon

Heat-stable enterotoxin EAST-1
Subtilase

Cytolethal distending toxin (cdt)

Adhesion, invasion and biofilm formation determinants

Adhesin AIDA-I -
Aggregation substance Tia

Gen eilA homologue (Salmonella HilA homolog)
Enteroaggregative protein (air)

Factor of invasion of brain endothelium (ibeA)
Serum survival gene (iss)

Arylsulfatase AslA

Heat-resistant agglutinin (hra)

Cytotoxic necrotizing factor (cnf)

Uropathogenic specific protein (usp)

Curlin CsgA

Homologue of the Shigella flexneri SHI-2 pathogenicity island
gene shiA

Intimin-like adhesin FdeC

Serine protease autotransporters of Enterobacteriaceae
(SPATE)

+

The search for antimicrobial resistance genes in
the genomes of E. coli strains carried out in this study
indicates the absence (within our sample) of critical de-
terminants of drug resistance. Nevertheless, the pres-
ence of genetic determinants of resistance to cepha-
losporins and tetracycline in the genome of the Arctic
strain AFU 33-1 indicates the possibility of circulation
of mobile genetic elements carrying these genes in the
wild and their preservation in the microbiome of Arctic
animals in the absence of antibiotic pressure.

Conclusion

The results of the study indicate the circulation
of E. coli strains with strong pathogenic potential in
high-latitude Arctic and Antarctic ornithogenic ecosys-
tems. The analysis of the genomic data indicates the
presence of genetic lineages that are geographically
widespread in these regions, highlighting the impor-
tance of monitoring for epidemic clones of E. coli,
together with monitoring for other pathogens, in high-
latitude bird colonies.
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Table 4. Geographical distribution and isolation sources of sequence types (cgST) of the identified strains
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by core genome
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Source of isolation
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Read Archive (SRA) for strains most

. Garcia A., Fox J.G. A one health perspective for defining and
deciphering Escherichia coli pathogenic potential in multiple
hosts. Comp. Med. 2021; 71(1):3-45.

DOI: https://doi.org/10.30802/AALAS-CM-20-000054

. Kimura A.H., Koga V.L., de Souza Gazal L.E., et al. Character-
ization of multidrug-resistant avian pathogenic Escherichia coli:
an outbreak in canaries. Braz. J. Microbiol. 2021; 52(2):1005-12.
DOI: https://doi.org/10.1007/s42770-021-00443-0

. Dalazen G., Fuentes-Castillo D., Pedroso L.G., et al.
CTX-M-producing Escherichia coli ST602 carrying a wide re-
sistome in South American wild birds: another pandemic clone
of one health concern. One Health. 2023;17:100586.

DOI: https://doi.org/10.1016/j.onehlt.2023.100586

. Yousef HM.Y., Hashad M.E., Osman K.M., et al. Surveillance
of Escherichia coli in different types of chicken and duck hatch-
eries: one health outlook. Poult. Sci. 2023; 102(12):103108.
DOTI: https://doi.org/10.1016/j.psj.2023.103108

. Ewers C., Li G., Wilking H., Kiessling S., et al. Avian pa-
thogenic, uropathogenic, and newborn meningitis-causing
Escherichia coli: how closely related are they? Int. J. Med. Mi-
crobiol. 2007;297(3):163-76.

DOI: https://doi.org/10.1016/j.ijmm.2007.01.003

. Medvecky M., Papagiannitsis C.C., Wyrsch E.R., et al. Inter-
species transmission of CMY-2-Producing Escherichia coli se-
quence type 963 isolates between humans and gulls in Australia.
mSphere. 2022;7(4):¢0023822.

DOIL: https://doi.org/10.1128/msphere.00238-22

. FuB., XuJ., Yin D., et al. Transmission of blaNDM in Entero-
bacteriaceae among animals, food and human. Emerg. Microbes
Infect. 2024;13(1):2337678.

DOI: https://doi.org/10.1080/22221751.2024.2337678

. Arrigo K.R., Thomas D. Large scale importance of sea ice bio-
logy in the Southern Ocean. Antarct. Sci. 2004;16(4):471-86.
DOI: https://doi.org/10.1017/S0954102004002263

. Hahn S., Bauer S., Liechti F. The natural link between Europe
and Africa — 2.1 billion birds on migration. Oikos. 2009;
118:624-6.

DOI: https://doi.org/10.1111/j.1600-0706.2008.17309.x

11.

13.

14.

15.

(cgST) of isolation similar to the identified STs

10054 Europe, Anand Islands Human (blood culture) ERR434967
28072 USA Livestock (cows) SRR3972294

162 Australia Chroicocephalus novaehollandiae SRR24017969

132840 USA Livestock (calves) SRR26082289
11903 USA Human (patient with urinary tract infection) SRR1314409

SRR17774295, ERR13306341,

189219 USA, Spain, Brazil, Chicken, _huma_n (blood cglture_and urine ERR4014451,

Denmark, UK during urinary tract infection) SRR21849316

SRR21846782

196780 USA Livestock (cows) SRR19171807

133718 UK Wild birds (Anseriformes) SRR11410512

114487 USA Beef SRR10156198
119313 Netherlands Human (blood culture) ERR3650458

126100 Sweden Poultry SRR14477383

CIIMCOK UCTOYHUKOB | REFERENCES 10. Giinther A., Krone O., Svansson V., et al. Iceland as stepping

stone for spread of highly pathogenic avian influenza virus
between Europe and north America. Emerg. Infect. Dis. 2022;
28(12):2383-8. DOLI: https://doi.org/10.3201/eid2812.221086
AcmanoB b.M., Tomuapos A.E., Azapor J.B. u np.
XapakTepUCTUKH TE€HOMOB YCIOBHO-IIATOI€HHBIX OakTepuit
300TeHHBIX PKOCHCTEM OCTPOBOB 3anagHoi ApKTHKH. 300pogbe
Hacenenus u cpeoa obumanus — 3HuCO. 2024;32(6):81-8.
Aslanov B.1., Goncharov A.E., Azarov D.V., et al. Characte-
ristics of genomes of opportunistic bacteria in zoogenic ecosys-
tems of the Russian Western Arctic Islands. Public Health and
Life Environment — PH&LE. 2024;32(6):81-8.

DOI: https://doi.org/10.35627/2219-5238/2024-32-6-81-88
EDN: https://elibrary.ru/gzgyzp

. Maillard A., Delory T., Bernier J., et al. Treatment of AmpC-

producing Enterobacterales Study Group. Effectiveness of
third-generation cephalosporins or piperacillin compared
with cefepime or carbapenems for severe infections caused
by wild-type AmpC B-lactamase-producing Enterobacterales:
A multi-centre retrospective propensity-weighted study. Int. J.
Antimicrob. Agents. 2023;62(1):1068009.

DOIL: https://doi.org/10.1016/j.ijantimicag.2023.106809

Ezhov A.V., Gavrilo M.V., Krasnov Y.V., et al. Transpolar and
bi-directional migration strategies of black-legged kittiwakes
Rissa tridactyla from a colony in Novaya Zemlya, Barents Sea,
Russia. Mar. Ecol. Prog. Ser. 2021;676:189-203.

DOI: https://doi.org/10.3354/meps 13889

Gass J.D. Jr., Dusek R.J., Hall J.S., et al. Global dissemination
of influenza A virus is driven by wild bird migration through
arctic and subarctic zones. Mol. Ecol. 2023;32(1):198-213.
DOI: https://doi.org/10.1111/mec.16738

Madsen J., Schreven K.H.T., Jensen G.H., et al. Rapid forma-
tion of new migration route and breeding area by Arctic geese.
Curr. Biol. 2023;33(6):1162-70.e4.

DOI: https://doi.org/10.1016/j.cub.2023.01.065

. Shick S.R.A., Elrod M.L., Schmidt A., et al. Genomes of Sin-

gle-Stranded DNA Viruses in a Fecal Sample from South Polar
Skua (Stercorarius maccormicki) on Ross Island, Antarctica.
Microbiol. Resour. Announc. 2023;12(6):¢0029923.

DOI: https://doi.org/10.1128/mra.00299-23



766 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6)
DOI: https://doi.org/10.36233/0372-9311-607
ORIGINAL RESEARCHES
17. Oxnonxoa O.B., l'orgapos A.E., Acnanos b.1. u np. IlepBoe 19. Katumba G.L., Tran H., Henderson J.P. The Yersinia high-patho-
oOHapyxeHue BupycoB rpumma A cyotumo HIN1 m H3N8 genicity island encodes a siderophore-dependent copper re-
B AHTapkTHueckoM peruone: o. Kunur-JDxopmk, 2023 rom. sponse system in uropathogenic Escherichia coli. mBio.
Bonpocwr eupyconoeuu. 2024;69(4):377-89. Ohlopkova O.V., 2022;13(1):e0239121.
Goncharov A.E., Aslanov B.I, et al. First detection of influenza DOTI: https://doi.org/10.1128/mBi0.02391-21
a virus subtypes HIN1 and H3N8 in the Antarctic region: King 20. Lloyd A.L., Rasko D.A., Mobley H.L. Defining genomic is-
George Island, 2023. Problems of Virology. 2024;69(4):377-89. lands and uropathogen-specific genes in uropathogenic Esche-
DOI: https://doi.org/10.36233/0507-4088-257 richia coli. J. Bacteriol. 2007;189:3532—-46.
EDN: https://elibrary.ru/qujzfv DOI: https://doi.org/10.1128/JB.01744-06
18. Wallace A.J., Stillman T.J., Atkins A., et al. E. coli hemolysin 21. Guernier V., Guégan J.F. May Rapoport’s rule apply to human

E (HIyE, ClyA, SheA): X-ray crystal structure of the toxin and
observation of membrane pores by electron microscopy. Cell.
2000;100(2):265-76.

DOI: https://doi.org/10.1016/s0092-8674(00)81564-0

associated pathogens? Ecohealth. 2009;6(4):509-21.
DOTI: https://doi.org/10.1007/s10393-010-0290-5



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTMI. 2024; 101(6) 767

DOI: https://doi.org/10.36233/0372-9311-607

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Information about the authors

Batyrbek I. Aslanov — D. Sci. (Med.), Head, Department of epide-
miology, parasitology and disinfection, Head, Laboratory of molecu-
lar epidemiology and bacteriophage research, North-Western State
Medical University named after I.I. Mechnikov, St. Petersburg, Rus-
sia, https://orcid.org/0000-0002-6890-8096

Daniil V. Azarov — Cand. Sci. (Med.), Head, Laboratory of innova-
tive methods of microbiological monitoring, Scientific and Educa-
tional Center of the National Center of Medical Sciences, Center for
Personalized Medicine, Institute of Experimental Medicine, St. Pe-
tersburg, Russia; senior researcher, Laboratory of molecular epide-
miology and bacteriophage research, North-Western State Medical
University named after I.I. Mechnikov, St. Petersburg, Russia,
https://orcid.org/0000-0003-2483-5144

Maria A. Makarova — D. Sci. (Med.), leading researcher, Head, Lab-
oratory of intestinal infections, Saint Petersburg Pasteur Institute,
Saint Petersburg, Russia; Associate Professor, Department of medi-
cal microbiology, North-Western State Medical University named af-
ter I.I. Mechnikov, St. Petersburg, Russia, 191015,
https://orcid.org/0000-0003-3600-2377

Elizaveta G. Marysheva — student, Faculty of biology and soil sci-
ence, Saint Petersburg State University, St. Petersburg, Russia,
https://orcid.org/0009-0000-8241-5290

Lyudmila A. Kraeva — D. Sci. (Med.), Professor, Head, Laboratory
of medical bacteriology, Saint Petersburg Pasteur Institute, Saint Pe-
tersburg, Russia, https://orcid.org/0000-0002-9115-3250

Aleksey S. Mokhov — Cand. Sci. (Med.), Assistant, Department of
epidemiology, parasitology and disinfection, North-Western State
Medical University named after I.I. Mechnikov, St. Petersburg, Rus-
sia, https://orcid.org/0000-0002-1519-5299

Ekaterina A. Lebedeva — Cand. Sci. (Med.), Assistant Professor,
Department of epidemiology, parasitology and disinfection, senior re-
searcher, Laboratory of molecular epidemiology and bacteriophage
research, North-Western State Medical University named after
I.I. Mechnikov, St. Petersburg, Russia,
https://orcid.org/0000-0001-9547-0192

Nikita E. Goncharov — junior researcher, Laboratory of medical bac-
teriology, Saint Petersburg Pasteur Institute, Saint Petersburg, Rus-
sia, https://orcid.org/0000-0002-6097-5091

Natalya V. Lebedeva — D. Sci. (Biol.), Professor, chief researcher,
Laboratory of ornithology and parasitology, Murmansk Marine Biolo-
gical Institute, Murmansk, Russia,
https://orcid.org/0000-0003-3545-753X

Dmitry A. Starikov — Cand. Sci. (Biol.), deputy director for science,
Nizhne-Svirsky State Nature Reserve, Lodeynoye Pole, Russia,
https://orcid.org/0000-0002-3721-8615

Victoria V. Kolodzhieva — Cand. Sci. (Med.), Associate Professor,
Department of epidemiology, parasitology and disinfection, senior re-
searcher, Laboratory of molecular epidemiology and bacteriophage
research, North-Western State Medical University named after
I.I. Mechnikov, St. Petersburg, Russia,
https://orcid.org/0000-0002-1537-211X

Dmitry E. Polev— Cand. Sci. (Biol.), senior researcher, Metagenomic
research group, Epidemiology department, Saint Petersburg Pasteur
Institute, Saint Petersburg, Russia,
https://orcid.org/0000-0001-9679-2791

Artemy E. Goncharov™® — D. Sci. (Med.), Head, Laboratory of func-
tional genomics and proteomics of microorganisms, Institute of Ex-
perimental Medicine, St. Petersburg, Russia; Professor, Department
of Epidemiology, parasitology and disinfection, leading researcher,
Laboratory of molecular epidemiology and bacteriophage research,
North-Western State Medical University named after I.I. Mechnikov,
St. Petersburg, Russia, phage1@yandex.ru,
https://orcid.org/0000-0002-5206-6656

Author contribution: Aslanov B.l. — methodology and design of
the study, editing of the manuscript; Azarov D.V. — processing of
genomic data, Makarova M.A. — editing of the manuscript; Maryshe-
va E.G., Kraeva L.A., Lebedeva E.A., Kolodzhieva V.V. — processing
of the material; Goncharov N.E., Polev D.E. — genomic sequenc-
ing; Lebedeva N.V., Starikov D.A. — collection of biological material;
Goncharov A.E. — methodology and design of research, collection of
biological material, organization of processing of biological material,

HHpopmayusi 06 asmopax

AcnaHog bambipbek Vicmenosuyd—pg. M. H., 3aB. kad. anugemmonoruu,
napasuTonorum u Aes3uHgeKTonorun, 3aB. Nnab. MOnekynsipHow
anuagemuonorMm 1 wuccnegosaHuin Gaktepuodparoe C3rMY  um.
W.W. MeunukoBa, CaHkT-lMeTepbypr, Poccus,
https://orcid.org/0000-0002-6890-8096

Asapoe [aHuun Banepbesuy — K. M. H., 3aB. nab. NHHOBALMOHHbIX
MeToaoB MuKpobuonorudeckoro moHutopuHra HOLL HUMY UeHTp
nepcoHanu3npoBaHHON MeauLMHbl VIHCTUTYTa aKcneprMeHTanbHon
mMeaunumHbl, CaHkT-lNeTepbypr, Poccus; c. H. ¢. nab. monekynspHom
anuagemuonorMm u wuccnegosaHuin Gaktepuodparoe C3rMY  um.
W.N. MeununkoBa, CaHkT-lNeTepbypr, Poccus,
https://orcid.org/0000-0003-2483-5144

Makaposa Mapusi AnekcaHOpogsHa — [A. M. H., B. H. C., 3aB. nab.
KuweyHbIX nHdekuuin CaHkT-Metepbyprckoro HAW anuaemuonorum
n mukpobuonorun um. Mactepa, CankT-MNeTepbypr, Poccus; goueHT
kad. MeguumHckon Mukpobuonormm C3rMy um. N.U. MeuvHukosa,
CaHkr-lNeTtepbypr, Poccus, https://orcid.org/0000-0003-3600-2377

Mapbiwesa Enuzasema [eopeuesHa — cTygeHT 6Guonoro-
nouseHHoro cpakynsteta CaHkT-leTepbyprckuii rocynapCTBEHHbI
yHuepcutert, CaHkT-lMNeTepbypr, Poccus,
https://orcid.org/0009-0000-8241-5290

Kpaesa Jlrodmuna AnekcaHOposHa — [A. M. H., npodpeccop, 3aB.
nab6. meguumHckon 6Gaktepuonorun CaHkT-INeTtepbyprckoro HUN
anuaemuonorum n mukpobuonoruun um. Mactepa, Caxkr-lNetepOypr,
Poccus, https://orcid.org/0000-0002-9115-3250

Moxoe Anekcelli Cepeeesud — K. M. H., aCCUCTEHT kad.
anuMaemuonorum, napasutonornm n gesumHdektonorun C3rMy um.
WN.N. MeunukoBa, CaHkT-lNeTepbypr, Poccus,
https://orcid.org/0000-0002-1519-5299

Jle6edesa ExkamepuHa AHOpeeeHa — K. M. H., aCCUCTEHT Kad.
aNnaemMunonorny, napasuTonorMm n AesuHgeKTonormu, c. H. c. nab.
MONeKynsipHON 3NUAEMUONIOTMN U UCCNenoBaHuiA BakTeprodaros
C3IrMy um. N.N. Meunukosa, CaHkT-leTepbypr, Poccus,
https://orcid.org/0000-0001-9547-0192

loHyapoe Hukuma EezeHbesud — M. H. C. nab. mMeguuUMHCKOM
6akTtepuonorum CaHkT-lMetepbyprckoro HAW  anupgemuonorum wu
Mukpobuonorum um. MNactepa, CaHkr-MNeTepObypr, Poccus,
https://orcid.org/0000-0002-6097-5091

Jlebedesa Hamanbs BukmoposHa — A. 6. H., npodheccop, I. H.
c. nab. opHuTOMOrMM W napasuTonorm MypMaHCKOro MOPCKOro
6uonoruyeckoro nHctuTyTa, MypmaHck, Poccusi,
https://orcid.org/0000-0003-3545-753X

Cmapukos [mumputi AnekcaHOposud — K. 6. H., 3aM. gupekTopa
no Hayke HwkHe-CBMPCKOrO rocyaapCTBEHHOMO  MPUPOLAHOrO
3anoBegHuka, JlogerHoe MNone, Poccus,
https://orcid.org/0000-0002-3721-8615

Konodxueea Bukmopusi BacunbeeHa — K. M. H., OOUEHT kad.
3aNMAEeMMNONorMm, NapasnTonorMn n aeavHdgekTonoruu, c. H. c. nab.
MOMEKYNSAPHON 3NUAeMnonornM u uccrnefoBaHunii baktepuodaros
C3IrMY unm. N.N. MeunwnkoBa, CaHkT-INetepbypr, Poccus,
https://orcid.org/0000-0002-1537-211X

lMones mumputi EseeHbeguY—K. 6. H., C. H. C. pynnbl METAareHOMHbIX
nccnenoBaHuin otaena anugemuonorun Caxkr-Netepbyprekoro HAU
anuaemwuonoruy n mukpobuonorum um. Mactepa, CaHkT-MNeTepbypr,
Poccus, https://orcid.org/0000-0001-9679-2791

loH4yapos Apmemuli EezeHbesus®™ — pn. M. H., 3aB. nab.
(PYHKLMOHANbHOW TEHOMUKM U MPOTEOMUKM  MUKPOOPraHU3mMoB
WHcTuTyTa akcnepuMeHTanbHoOW  MeauumnHbl, CaHkT-lMeTepbypr,
Poccusa; npodeccop kad. anugemuvonornv, napasutonorun un
Oe3nHdEKToNorMu, B. H. . Nab. MONEKyNsSpHOW 3aNMAEMMUONorun un
nccnepoBaHuii 6aktepunodgaros C3rMY um. .M. Meunukosa, CaHkT-
Metepbypr, Poccusi, phagel@yandex.ru, https://orcid.org/0000-
0002-5206-6656

Yyactue aBtopoB: AcnaHos B.M. — wmetogonorma un amsanH
nccrneaoBaHusl, peakTupoBaHwe pykonucu; Asapos [.B. —
obpaboTka reHoMHbIX AaHHbIX; Makaposa M.A. — pepakTupoBaHue
pykonucy; Mapbiwesa E.[., Kpaeea JI.A., Jlebedesa E.A.,
Konodxueesa B.B. — obpaboTka maTepuana; loH4yapos H.E., lNones
[.E. — reHoMHOe cekBeHupoBaHwue; Jlebedesa H.B., Cmapukos .A.
— cbop buonoruyeckoro matepuana; loH4apos A.E. — meToponorus
M OusanH wuccnegoBaHus, cbop 6Buonormyeckoro Matepuana,



768

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6)

DOI: https://doi.org/10.36233/0372-9311-607

writing and editing of the manuscript. All authors confirm that they

meet the International Committee of Medical Journal Editors criteria

for authorship, made a substantial contribution to the conception of

the article, acquisition, analysis, interpretation of data for the article,

drafting and revising the article, final approval of the version to be
published.

The article was submitted 20.10.2024;

accepted for publication 21.12.2024;

published 30.12.2024

ORIGINAL RESEARCHES

opraHusauusi obpaboTtkm Buonorvyeckoro martepuana, HanucaHue

W pepakTupoBaHue pykonucu. Bce aBTopbl nogTBepxAaloT

COOTBETCTBME CBOEr0 aBTOpPCTBA KpuTepusMm MexayHapoaHoro

KOMUTETa penakTopon MegnLMHCKUX XypHanos, BHecnn

CyLI.leCTBeHHbIIZ BKInag B npoesegeHue NOMCKOBO-aHaNUTU4YECKON

paboTbl 1 NOoAroToBKY CTaTbW, NpouYnn n opobpunu UHanbHyo
Bepcuio Ao nybnukauum.

Cratbs noctynuna B pegakuuio 20.10.2024;

npuHsaTa K nyénukauum 21.12.2024;

onybnukosaHa 28.12.2024



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTMI. 2024; 101(6) 769
DOI: https://doi.org/10.36233/0372-9311-577

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Original Study Article
https://doi.org/10.36233/0372-9311-577

Protective potential of structural proteins of the SARS-CoV-2
virus in protecting against COVID-19
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Abstract

Introduction. Many different vaccines for the prevention of COVID-19 have received emergency use approval
in the shortest possible time. Due to the high rate of variability of the pathogen, in this study we analyzed the
variability of the structural proteins of the SARS-CoV-2 virus and compared their protective potential in protecting
animals from COVID-19.

The aim of the study was to compare the protective potential of the SARS-CoV-2 structural proteins in protecting
animals from COVID-19.

Materials and methods. The SARS-CoV-2 virus was used in the study. Transgenic mice B6.Cg-Tg(K18-
ACE2)2Prlmn/J (F1) were used as model animals. Recombinant adenoviral vectors rAd5-S, rAd5-N, rAd5-M were
used for immunization of animals. Various genetic, virological and immunological methods, as well as methods of
working with animals, were used in the study.

Results. The largest number of amino acid substitutions in the structural proteins of different SARS-CoV-2
variants was detected in glycoprotein S, the smallest — in nucleoprotein N. In the COVID-19 animal model, it was
shown that only the use of glycoprotein S as a vaccine antigen allows to form protective immunity that protects
100% of animals from a lethal infection caused by the SARS-CoV-2 virus, while the use of protein N protects 50%
of animals from a lethal infection, and protein M does not have a protective potential.

Conclusion. The data obtained, as well as the analysis of the epidemiological efficacy of various mRNA and
vector vaccines, demonstrate that the use of the SARS-CoV-2 glycoprotein S as an antigen allows to form the
highest level of protection. Due to the constant change in circulating variants of the SARS-CoV-2 virus, the
decrease in the effectiveness of the vaccines with the original antigen composition against new variants of the
virus and the continuing high incidence of COVID-19, it is necessary to continuously monitor the effectiveness
of vaccines against new variants of the virus and promptly update the antigen composition of vaccines when a
decrease in effectiveness is detected.

Keywords: antigen, SARS-CoV-2, protective immunity, COVID-19
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MpoTeKTUBHDIN NOTEHLMaN CTPYKTYPHbIX 6eN1KOB BuUpYyca
SARS-CoV-2 B 3awuTe ot COVID-19

Donmxukosa U.B."™, Mpoycosa [1.M.", 3opkos U.A.", UntoxuHa A.A.", KoBbipwunHa A.B.,
3y6koBa O.B.’, Monoea O.[.", OxapoBckas T.A.", 3penknH 4.W1.", CaBuHa .M.},
Camoxsanosa E.I", TyxsatynuH A.W.}, LLle6nakos [1.B.", JloryHos A.10.", TmHu6ypr AJ1.'2
"HaumoHanbHbIN NCCNefoBaTeNbCKII LIEHTP NNAEMUONIOTN 1 MUKPOBMONOornn

MMeHU noyeTHoro akagemuka H.®. lamanen, Mockea, Poccus;

[epBblit MOCKOBCKIMIA FOCYAAPCTBEHHbI MEANLNHCKNI YHUBepcuTeT nmern .M. CeyeHoBa

(CeueHoBckmin YHnBepcuteTt), Mocksa, Poccua

AHHOMauusi

BeegeHue. MHOXeECTBO pasnuyHbiX BakuumH Ans npodwunaktukn COVID-19 B kpaTyaniumMe CPoKu Mony4unu
paspelleHne Ha 3KCTPEHHOe NpuMMeHeHue. B CBA3KN C BbICOKMM YpOBHEM M3MEHYMBOCTU BO3OyauTens, BaXKHO
yuYnTbIBaTb BapnabenbHOCTb CTPYKTYpPHbIX 6enkoB Bupyca SARS-CoV-2 1 nx NpoTeKTUBHBIM NOTEHLMAN B 3aLLu-
T€e XMBOTHbIX OT COVID-19.

Llenb nccnegoBaHns — CpaBHWUTL NPOTEKTUBHBIN NOTEHLMan CTPyKTypHbIX 6enos Bupyca SARS-CoV-2 B 3aLum-
Te XMBOTHbIX oT COVID-19.

Matepunanbl n MeToAbl. B kauecTBe MOAENbHbIX XUBOTHLIX NpW nccregoBaHny Bupyca SARS-CoV-2 cnyxunu
TpaHcreHHble mbiwmn B6.Cg-Tg(K18-ACE2)2Primn/Jd (F1). Ana MMMyHU3aLmm XXUBOTHBIX UCMONb3oBanu npena-
paTbl peKOMOUHaHTHbIX ageHOBUPYCHbIX BekTopoB: rAd5-S, rAd5-N, rAd5-M. B pabote npyMeHsanu pasnuyHble
reHeTu4eckme, BUpyconormyeckne n MIMMyHOMNOrm4yeckme MeToapl, a Takke MeToabl paboTbl C XKMBOTHBIMM.
PesynbraTtbl. Hanbonbliee KONMYECTBO aMWHOKUCIOTHBIX 3aMEH B CTPYKTYPHbIX 6enkax pasHbiXx BapuaH-
ToB SARS-Co0V-2 6bino obHapyXeHO B rMMKONpoTenHe S, HaMMeHbluee — B HykneonpoTtenHe N. Ha mogenu
COVID-19 y XMBOTHbIX NOKa3aHO, 4YTO TOMbLKO MCNOMb30BaHME IMUKONPoTENHA S B KAYECTBE aHTUreHa B CocTaBe
BaKLMHHOro npenaparta no3sonseT chopmMmnpoBaTb NPOTEKTUBHLIA UMMYHUTET, KOTOpbIN 3awwmwaeT 100% xnBoT-
HbIX OT feTanbHoOW NHAEKLUMM, Bbi3aBaHHON Bupycom SARS-CoV-2, npu aToM ucnons3oBaHue 6enka N nossonser
3aWmTnTb 50% >XMBOTHBIX OT NeTanbHOM MHAdeKLMK, a 6enok M He obnagaeT NPOTEKTUBHBLIM MOTEHLMATIOM.
3akntoueHue. lNonyyeHHble AaHHble, a TakKe aHanu3 AaHHbIX 3NUOEMUONOrMyeckon apdEeKTUBHOCTN pasHbIX
MPHK- 1 BEKTOpHbIX BaKLUMH OEMOHCTPUPYIOT, YTO MCMOMb3oBaHWe rmukonpotenHa S Bupyca SARS-CoV-2 B
KayecTBe aHTMreHa no3sonsieT copMUpoBaTb Hanbornee BbICOKMI YPOBEHb 3alUMTbl. YUUTbIBAA MOCTOSIHHYHO
CMEHY LMpKynupytoLmx BapmaHToB Bupyca SARS-CoV-2, cHmkeHne adhpekTMBHOCTN UCNONb3yeMbiX BakUWH C
VCXOAHbIM aHTUrEHHbIM COCTaBOM B OTHOLLEHUW HOBbIX BApMaHTOB BMPYCa U COXPaHSOLLMIACS BbICOKUI YPOBEHb
3abonesaemoctn COVID-19, Heo6x0QMMO NPOBOANTL HEMPEPBLIBHBIN MOHUTOPUHI 3EEKTUBHOCTN BaKLIMHHbIX
npenaparoB B OTHOLLEHMN HOBbIX BApMaHTOB BUPYCa Y CBOEBPEMEHHO NPOBOAUTL akTyanusauunilo aHTUreHHOro
cocTaBa BaKLUWH MNpu BbISIBNEHUW CHUXXEHNS 3hEKTUBHOCTU.

KnroueBble cnoBa: aHmuzeH, SARS-CoV-2, sawjumHbiti ummyHumem, COVID-19

3muyeckoe ymeepxdeHue. ABTOpbI MOATBEPXKOANT COOMIOAEHNE WMHCTUTYLIMOHAMBHBIX U HaUWMOHANbHbLIX CTaH-
[apTOB MO MCMNOMb30BaHMIO NTabopaTopHbIX XMBOTHLIX B cooTBeTCcTBUM ¢ «Consensus Author Guidelines for Animal
Use» (IAVES, 23.07.2010). lMpoTtokon uccnegoBaHusi ogobpeH Komutetom no GuomeauumHckon atuke HULIOM
M. H.®. Famanewn (npotokon Ne 24 ot 21.04.2022).

UcmoyHuk puHaHcupoeaHusi. ABTOpPbI 3asiBNSIIOT 06 OTCYTCTBUM BHELUHEro (DrHaHCMPOBaHWS NPU NPOBEAEHWUMN UC-
crnegoBaHus.

Kongbniukm unmepecos. [Jomxukosa W.B., Ipoycosa [.M., 3opkos W.[., Monosa O.[., Oxaposckas T.A., TyxsaTy-
nvH AN, Webnskos [O.B., loryHos O.1O. n MTnHuGypr A.J1. geknapvpytoT aBTOPCTBO NaTeHTa Ha dhapmaLeBTuyeckoe
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Introduction

Since the identification of the causative agent of
COVID-19, the SARS-CoV-2 virus, vaccine develop-
ment has proceeded at an unprecedented and extraor-
dinary pace thanks to the collaborative efforts of re-
searchers, manufacturers and governments around the
world. This has enabled the vaccines to be quickly ap-
proved for emergency use and introduced into civilian
circulation to vaccinate populations around the world.

SARS-CoV-2 virus belongs to single-stranded (+)
RNA-containing viruses of the Betacoronavirus genus
of the Coronaviridae family, the genome size varies
from 29.8 to 29.9 thousand nucleotides, virions have a
spherical or ellipsoidal shape with an average diameter
of 108 + 8 nm and contain 4 major structural proteins.
The outer surface of the virion is covered with a surface
protein, glycoprotein S, while the virus outer mem-
brane contains membrane protein M and envelope pro-
tein E. Inside the virion is a ribonucleoprotein complex
consisting of nucleocapsid protein (N) and virus RNA
[1]. The surface glycoprotein S of SARS-CoV-2 virus
is a trimer with a molecular mass of about 600 kDa. Lo-
cated on the virion envelope, it plays a key role in viral
infection through receptor recognition and subsequent
fusion of the virus and host cell membranes. Protein
S has been shown to elicit a robust immune response,
making it a dominant target for the development of vac-
cines to prevent COVID-19 [2-5]. The major protein
component within the virion is the nucleocapsid pro-
tein N, which is essential for binding and packaging
genomic RNA into a ribonucleoprotein complex (RNP
complex) within the virion [6]. Coronavirus membrane
protein (M) is the most abundant viral structural pro-
tein and plays a central role in virus assembly and mor-
phogenesis [7]. The M and N proteins could potentially
serve as targets for inclusion in candidate vaccine for
COVID-19 prevention [§8]. In addition to these struc-
tural proteins, SARS-CoV-2 encodes 16 non-structural
proteins (nsp1-16) and 9 accessory proteins.

To date, about 50 vaccines for COVID-19 preven-
tion have been registered'. The most widely used vac-
cines are those developed on 4 technological platforms:
vector vaccines, mRNA vaccines, inactivated vaccines
and subunit vaccines. Vector and mRNA vaccines are
the most effective in protecting against COVID-19 [9].
Most vaccines contain the key protective antigen — sur-
face glycoprotein S of the SARS-CoV-2 virus. Immu-
nization with such vaccines allows the formation of a
full immune response to the protein [10]: both humoral
immune response (preventing the virus from entering
the cell) and cellular cytotoxic immune response (nec-
essary for the elimination of infected cells) are formed
[11-15]. Immunization with inactivated vaccines in-
duces a weaker humoral immune response and almost

' COVID-19 Vaccine tracker. Approved vaccines.
URL: https://covid19.trackvaccines.org/vaccines/approved/

no T-cell immune response. In this case, antibodies of
IgG, IgM and IgA classes are formed to various SARS-
CoV-2 proteins, not only to S [16, 17]. The issue of
immune correlates of protection against COVID-19 is
still being studied, and a direct correlation between the
level of neutralizing antibodies and protection against
the disease has been shown [18]. The majority of epi-
topes for neutralizing antibodies are located in the re-
gion of the receptor-binding domain and the N-terminal
domain of glycoprotein S [19].

SARS-CoV-2 virus has been actively evolving
since its entry into the human population [20]. During
the 4 years of the COVID-19 pandemic, there was a
constant change of circulating variants of the patho-
gen, which has been accompanied by an increase in
disease incidence. The most significant wave of de-
sease was registered in early 2022 and was associa-
ted with the spread of the first sublineages (BA.1 and
BA.2) of the Omicron variant of the SARS-CoV-2
virus®. The emergence and spread of new Omicron
variant sublineages (BA.1, BA.5, XBB, BA.2.86, etc.)
were accompanied by an increase in disease incidence
around the world, including among the vaccinated
population, therefore, it is critical to conduct conti-
nuous monitoring of the efficacy of vaccines against
circulating variants for rapidly change of antigenic
composition of vaccines®.

In the Russian-language literature, there are no
data on comparative analysis of the protective effica-
cy of different SARS-CoV-2 virus antigens. These data
will allow adequate assessment of the need to include
different antigens in the composition of vaccines for
COVID-19 prevention for the greatest efficacy against
different variants of SARS-CoV-2 virus.

Given the high level of variability of the virus, the
aim of this study was to compare the protective poten-
tial of structural proteins of SARS-CoV-2 virus in the
protection of animals against COVID-19. To achieve
this goal, the following objectives were set: to analyze
the variability of structural proteins of SARS-CoV-2
virus, to study the protective efficacy of different struc-

2 NextStrain. Genomic epidemiology of SARS-CoV-2 with
subsampling focused globally since pandemic start.
URL.: https://nextstrain.org/ncov/gisaid/global/all-time
WHO. WHO COVID-19 dashboard. URL: https://data.who.int/
dashboards/covid19/cases?m49 = 001

3 OurWorldInData. United States: COVID-19 weekly death rate by
vaccination status, All ages.
URL: https://ourworldindata.org/grapher/united-states-rates-of-
covid-19-deaths-by-vaccination-status
WHO. Statement on the antigen composition of COVID-19
vaccines. 18.05.2023.
URL: https://www.who.int/news/item/18-05-2023-statement-on-
the-antigen-composition-of-covid-19-vaccines
WHO. Statement on the antigen composition of COVID-19
vaccines. 26.04.2024.
URL: https://www.who.int/news/item/26-04-2024-statement-on-
the-antigen-composition-of-covid-19-vaccines
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tural proteins of SARS-CoV-2 virus on the COVID-19
laboratory animals model.

Materials and methods

Virus

SARS-CoV-2 virus was obtained from the State
Virus Collection of N.F. Gamaleya NRCEM: Wuhan
B.1.1.1 hCoV-19/Russia/Moscow_PMVL-1/2020. All
studies with viable SARS-CoV-2 virus were conduct-
ed in BSL-3 laboratory according to SanPiN 3.3686-
21 “Sanitary and Epidemiologic Requirements for the
Prevention of Infectious Diseases”. SARS-CoV-2 vi-
rus production was carried out in Vero E6 cell culture.
The infectious virus titer was determined on Vero E6
cell culture by 50% tissue culture infectious dose 50
(TCID,,). The TCID,, titer was calculated using the
Spearman—Kerber method.

Mammallian cell lines

Vero E6 cell culture (African green monkey kidney
epithelial cells) was obtained from the Laboratory of
Cellular Microbiology of the N.F. Gamaleya NRCEM.

Animal models

The study used F1 transgenic mice obtained
from crossing transgenic males B6.Cg-Tg(K18-
ACE2)2Prlmn/J (Jackson Laboratory, https:/www.
jax.org/strain/034860; health status SOPF) and non-
transgenic females C57BL/6 Gamrc (N.F. Gamaleya
NRCEM; health status SPF), hereinafter referred to as
hACE2-transgenic mice. Female hACE2-transgenic
mice weighing 18-20 g were used in the study. All an-
imal studies were approved by the Biomedical Ethics
Committee of the N.F. Gamaleya NRCEM (protocol
No. 24 dated 21/04/2022). Expression of the h4ACE2
gene in F1-generation C57BL/6 Tg(K18-ACE2)2Primn
mice was confirmed by real-time polymerase chain re-
action according to the Jackson Laboratory protocol for
this line of mice [21].

Work with animal models

Animals were housed and handled in accordance
with laboratory animal husbandry requirements*. La-
boratory animals (n = 40) were housed in convention-
al cages for immunization; for experiments involving
SARS-CoV-2 virus, animals were housed in the Iso-
Cage N system (Tecniplast). The animals had free ac-
cess to food and water.

Immunization and virus challenge of animals

The study used recombinant viral vectors based
on human adenovirus type 5 (rAd5) carrying genes of

4 PyKOBOZACTBO 110 JJaDOPAaTOPHBIM KHBOTHBIM U AJIBTCPHATHBHBIM
MOZIeJIsIM B OMOMeTMIMHCKUX TexHonorusix / nox pen. H.H. Kap-
kuenko, C.B. I'paueBa. M.; 2010. 354 c.
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structural proteins of SARS-CoV-2 virus of Wuhan B.1
variant: rAd5-S (carries the gene of glycoprotein S),
rAd5-N (carries the gene of nucleoprotein N), rAd5-M
(carries the gene of membrane protein M) were used for
immunization of animals. Animals of the groups (n =10
per group) that received the vaccine were injected with
rAd5 vaccines at a dose of 10° v.p./animal intramuscu-
larly twice with an interval of 21 days. Animals in the
control group (n = 10) were injected with an equivalent
volume of sterile buffer solution. One week after the
2nd immunization, animals were infected intranasally
with SARS-CoV-2 virus at a dose of 10° TCID,, and
weight dynamics and survival rate were evaluated daily
for 14 days after infection.

Organ sampling and viral load determination

Animals of all study groups (n = 4 per group)
were euthanized on the 4" day after infection with an
increased dose of inhalation anesthetic followed by
cervical dislocation. Postmortem examination of the
animals was performed, and lungs were sampled for
macroscopic and viral load analysis. The selmpled or-
gans were washed with saline and 10% homogenate
was prepared using the MPbio FastPrep-24 device. The
homogenates were centrifuged at 12,000g for 10 min
and the supernatant was used for further analysis. The
infectious titer of the virus was determined on Vero E6
cells according to the method described above.

Statistical and bioinformatics methods

Statistical processing of the research results was
performed using the GraphPad Prism 10.2.3 computer
program. The Student's t-test was used to analyze the
data [22]. The covSPECTRUM online database was
used to analyze the amino acid sequences of structural
proteins of SARS-CoV-2 virus®. On the cov-spectrum.
org portal in the Compare variants mode we selec-
ted the sequence of the desired protein comparison of
new variants of SARS-CoV-2 virus® in the Amino acid

5 covSPECTRUM. Detect and analyze variants of SARS-CoV-2.
URL: https://cov-spectrum.org/

¢ covSPECTRUM. B.1.617.2 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=B.1.617.2&
covSPECTRUM. BA.1 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ba.1&
covSPECTRUM. BA.5 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ba.5&
covSPECTRUM. XBB (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=xbb&
covSPECTRUM. BA.2.86 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
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changes section and performed a pairwise with the orig-
inal virus variant’. To calculate the variability of amino
acid composition, the number of detectable amino acid
substitutions was divided by the total number of amino
acid substitutions and demonstrated as a percentage.

Results

Variability of structural antigens

We conducted a bioinformatics analysis of amino
acid sequences of structural proteins of SARS-CoV-2
virus of different variants that circulated in Russia from
March 2020 to July 2024 (Table). Among the 4 ana-
lyzed proteins, the largest number of amino acid substi-
tutions was detected in glycoprotein S, the smallest — in
nucleoprotein N. Thus, in variant KS.1, which has been
circulating in Russia since spring 2024, 64 amino acid
substitutions were detected in glycoprotein S and 8 in
nucleoprotein N.

Protective efficacy of SARS-CoV-2 virus structural
proteins in a lethal infection model
in hACE2-transgenic mice

In order to compare the protective efficacy of
structural proteins of SARS-CoV-2 virus, we obtained
recombinant viral vectors based on human adenovi-
rus serotype 5 carrying genes of glycoprotein S, nuc-
leoprotein N or membrane protein M. The study was
performed on hACE2-transgenic mice. Animals were
immunized twice at 21-day intervals and 7 days after
the 2nd immunization, animals were infected intrana-
sally with SARS-CoV-2 (Wuhan-like) virus at a dose
of 10° TCID,, per animal. The effectiveness of antigens
in protection against infection was analyzed by several
parameters: lethality, severity of the course of infection
(weight loss) and reduction of viral load in the lungs of
vaccinated animals compared to controls.

Survival analysis showed that only the use of gly-
coprotein S as antigen can protect 100% of animals from
lethal infection caused by SARS-CoV-2 virus (Fig. 1, a).
Analysis of the severity of the course of infection also
demonstrated that only the use of glycoprotein S can
protect 100% of animals from infection (Fig. 1, b).

On the 4™ day after infection, some animals were
euthanized for macroscopic analysis of lung condition
and viral load analysis. Analysis of the lung condition
on the 4" day after infection showed that the most pro-

from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ba.2.86&
covSPECTRUM. KS.1 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ks.1&

7 covSPECTRUM. B (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=B&nextcladePangoLineage1=B.1&

Variability of amino acid composition of structural proteins
of SARS-CoV-2 virus circulating in Russia in 2020-2024

Variability of amino acid composition, %
SARS-CoV-2 relative to the original virus variant
variant
S N M E

Delta 0,79 0,59 0,45 0,00
Omicron BA.1 2,83 0,88 1,35 1,33
Omicron BA.5 2,67 1,03 1,35 1,33
Omicron XBB 3,22 1,03 0,90 2,67
Omicron BA.2.86 4,63 1,17 2,25 1,33
Omicron KS.1 5,03 1,17 2,25 1,33

Source: covSPECTRUM online database.

nounced damage was found in the group of control
animals and the group of animals that received the
vaccine based on protein M (leukocytic infiltration,
atelectasis and changes in membrane structures of the
alveolar wall were observed). Less pronounced dam-
age was detected in animals in the group that received
the vaccine based on nucleoprotein N. Animals that
received the vaccine based on glycoprotein S had no
lung damage (Fig. 2).

When analyzing the viral load in the lungs of in-
fected animals in the control group and in the groups
that received vaccines based on nucleoprotein N and
membrane protein M, viable virus was detected. The
animals that received the vaccine based on nucleopro-
tein N showed a significant decrease in viral load by
1.3 1og10 TCID, . In the group that received a vaccine
based on glycoprotein S no viable SARS-CoV-2 vi-
rus was detected and the viral load decreased by 5 1g
TCID,, (Fig. 3).

Discussion

When selecting an antigen for inclusion in candi-
date vaccines, it is important to have an understanding
of the immunologic features of the response to natural
COVID-19 infection. The interaction of immune cells
with the major structural proteins of the virus induc-
es the formation of an antiviral immune response. For
SARS-CoV-2 virus, these structural proteins are S, M,
N and E. Despite the immunogenicity of glycoprotein
S, nucleoprotein N and membrane protein M also con-
tribute significantly to the development of a specific
immune response. In patients with COVID-19, specific
antibodies to protein N are detected early, whereas anti-
bodies to glycoprotein S are detected 4-8 days after the
onset of disease symptoms, which is probably due to
the highest representation of nucleoprotein N in the vi-
rion [23, 24]. The cellular immune response also plays
an important role in protection against COVID-19.
A number of studies have shown that active prolifer-
ation of CD4" and CD8* T cells correlates with a less
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Fig. 1. Survival (a) and weight dynamics (b) of hAACE2-
transgenic mice from immunized and control groups (n = 10,
days 0—4; n = 6, days 5—14) after infection with the
SARS-CoV-2 virus.

The mean and standard deviation for each time point are shown
in the figure (b).

severe course of the disease and a high degree of vi-
rus elimination®. The cellular immune response is also
highly specific to SARS-CoV-2 structural proteins. De-
termination of the SARS-CoV-2 T-cell epitopes, includ-
ing 21 studies, showed that of the total number of CD4*
epitopes analyzed, 33% belonged to protein S, 11% to
protein N, and 10% to protein M; of the total number of
CDS" epitopes analyzed, 26% belonged to protein S, 7%
to protein N, and 6% to protein M [25]. A polyfunctional
N-specific CD8* T-cell response is associated with mild-
er COVID-19 disease severity [26]. Because N is con-
served between different SARS-CoV-2 variants, N-spe-
cific CD4" T cells could potentially provide protection
against different genetic variants of SARS-CoV-2 [27].

Nowadays, most vaccines for COVID-19 preven-
tion used in clinical practice are based on glycoprotein S
of the SARS-CoV-2 virus. However, there is still debate

8 CDC. CDC Museum COVID-19 timeline. Centers for Disease
Control and Preventio. URL: https://www.cdc.gov/museum/
timeline/covid19.html

ORIGINAL RESEARCHES

about which antigen should be included in COVID-19
vaccines. This is due to the high variability of glycopro-
tein S and the decreased efficacy of existing vaccines
based on it against new SARS-CoV-2 virus variants.

When analyzing the amino acid sequences of
structural proteins of SARS-CoV-2 virus — variants
from Delta to current KS.1 — we demonstrated that the
largest number of substitutions was found in glycopro-
tein S, the smallest — in nucleoprotein N, which makes
protein N the most conservative among structural pro-
teins of SARS-CoV-2 virus.

In order to directly compare the protective poten-
tial of SARS-CoV-2 virus structural proteins most rep-
resented in the virion, we obtained candidate vaccines
based on recombinant human adenoviruses of sero-
type 5 carrying SARS-CoV-2 virus structural proteins:
rAd5-M, rAd5-N and rAd5-S. These vaccines were
used for immunization of hACE2-transgenic mice, af-
ter which the animals were infected with SARS-CoV-2
B.1.1.1 virus to evaluate the protective efficacy. Mem-
brane protein M showed no protective efficacy — all
immunized animals died after infection, while viable
virus was detected in the lungs on the 4™ day after in-
fection at a titer similar to that of control animals. Sim-
ilar data were obtained by J. Chen et al. when studying
the effectiveness of plasmid DNA-based vaccines [28].
The use of nucleoprotein N as an antigen reduces the
viral load in the lungs of immunized animals, but the
reduction does not reach the required 2 log,; at the
same time, pathological lesions were detected in the
lungs of vaccinated animals, and protection against le-
thal infection caused by SARS-CoV-2 virus was only
50%, which correlates with the studies of other authors
[29-32]. The use of glycoprotein S as an antigen made
it possible to immunize animal models (no pathologic
lesions and viable virus in the lungs) and protect all of
them from lethal infection caused by SARS-CoV-2 vi-
rus, which is confirmed by the studies of other authors
[33-36]. J. Chen et al. demonstrated that joint immu-
nization with two DNA-based vaccines carrying S and
N protein genes induced a more pronounced cellular
and humoral immune response and had a greater pro-
tective efficacy against SARS-CoV-2 virus in a mouse
model of infection [32]. R.L. Hajnik et al. showed on
the COVID-19 hamster model that immunization with
mRNA-S+N combined preparation induces a more
pronounced protective response against SARS-CoV-2
virus veriants Delta and Omicron compared to sin-
gle-component preparations [37]. Based on the above,
the possibility of combining antigens in vaccine formu-
lations for COVID-19 prevention should be considered
in future studies. However, it should be taken into ac-
count that the inclusion of several antigens in vaccines
significantly increases the cost of the production pro-
cess and, consequently, the cost of the vaccine.

Analysis of the efficacy data of different vaccines
for COVID-19 prevention in controlled clinical trials
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Control

Fig. 2. Photographs of the lungs of hACE2-transgenic mice from the immunized and control groups (n = 4) on day 4 after
infection with the SARS-CoV-2 virus. Arrows indicate areas of lung tissue damage.

worldwide showed that mRNA and vector vaccines
carrying the glycoprotein S gene of SARS-CoV-2 vi-
rus allow to provide the highest level of population
protection in terms of morbidity, hospitalization and
COVID-19-associated deaths [9, 38]. Given the con-
stant change of circulating SARS-CoV-2 virus variants,
the decreasing efficacy of the vaccines used against
new virus variants [39] and the continuing high inci-
dence of COVID-19, it is necessary to continuously
monitor the efficacy of vaccines against new virus vari-
ants. If a decrease in efficacy is detected, the antigen-
ic composition of vaccines should be updated. These
studies are harmonized with the WHO studies, based on
the results of which, starting from 2022, WHO issues
recommendations on changing the antigenic composi-
tion of vaccines®. In 2023, based on the results of effi-
cacy monitoring, the antigenic composition of Russian
vaccines of Gam-COVID-Vac line (vector vaccines
carrying the gene of glycoprotein S of SARS-CoV-2
virus) was updated for XBB sublineage. Clinical trials
of vaccines with updated composition showed a favor-
able safety profile, formation of neutralizing antibodies
against Omicron sublineages circulating in 2023 and
circulating in the first half of 2024, and today the vac-
cines have been introduced into civil circulation to pro-
tect the population against current circulating variants
of SARS-CoV-2.

® WHO. Technical Advisory Group on COVID-19 Vaccine
Composition. URL:  https://www.who.int/groups/technical-
advisory-group-on-covid-19-vaccine-composition-(tag-co-vac)

Conclusion

SARS-CoV-2 virus actively mutates, which leads
to the emergence of new virus variants. Among the
structural proteins, the one subject to the greatest vari-
ability is surface glycoprotein S, which plays an im-
portant role in the virus life cycle — internalization,
and is also a key target for neutralizing antibodies.

Comparative analysis of the protective potential
of different structural proteins of SARS-CoV-2 virus on
the animal model of lethal infection showed that only
the use of glycoprotein S allows to form a protective

Ig TCID,/ml
6 —
0,1532
@Cﬁﬁ 0,0015 467%
T oa=o
2 -
< 0,0001
0 T T o010 00—
rAd5-M rAd5-N rAd5-S Control
10,4 1g 11,31g 15,01g

Fig. 3. Viral load in the lungs of hACE2-transgenic mice from
the immunized and control groups (n = 4) on day 4 after
infection with the SARS-CoV-2 virus.

The figure shows individual data for each animal, the arithmetic
mean and standard deviation, as well as the significance level p
(Student's t-test).
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immune response that protects 100% of animals from
lethal infection caused by SARS-CoV-2 virus, while
the reduction of viral load in the lungs of animals on
the 4™ day after infection amounted to 5.0 log,, TCID,,
(100 000 times). At the same time, the use of nucleop-
rotein N resulted in a decrease in viral load of 1.3 log
TCID,, (20-fold), and the level of protection against le-
thal infection was at 50%.
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Abstract

Introduction. The increase in incidence rate of pertussis worldwide, short-term insufficient immunity induced by
acellular pertussis vaccines (TDaP) and their failure to provide antibacterial protection and to prevent transmission
of infection in human population dictate the development of new pertussis vaccines. A new live recombinant pertus-
sis vaccine for intranasal use (GamLPV) has completed preclinical studies in experiments on nonhuman primates
and 2 phases of clinical trials involving adult healthy volunteers, in which the safety, immunogenicity and protective

activity of the GamLPV were proven. Method and scheme of vaccine administration have been worked out.

Aim. Confirmation of the immunogenicity and protective antibacterial potency of GamLPV in a randomized multi-

center clinical trial on adult volunteers.

Materials and methods. In this multicenter, clinical, randomized, placebo-controlled, double-blind study 260
healthy adults aged 18-65 years were divided into 2 groups: G1 — 210 volunteers (GamLPV) and G2 —
50 volunteers (placebo). 0.25 ml GamLPV delivered to each nostril (5 x 10° CFU) 60 days apart. Levels of
Bordetella pertussis-specific IgG, IgA antibodies in blood serum and levels of B. pertussis-specific secretory IgA
antibodies in nasopharyngeal aspirates were measured by ELISA method and agglutination test. The dynamics
of elimination of attenuated B. pertussis bacteria after the first and second intranasal administration of GamLPV

to volunteers was estimated by using gPCR.

Results. Significant seroconversion of B. pertussis-specific IgG and IgA antibodies and growth of B. pertus-
sis-specific secretory IgA antibody levels in nasal aspirates of volunteers were demonstrated. The dynamics of
changes in the levels of IgG and IgA antibodies indicates a booster effect after second vaccination. Attenuated
B. pertussis bacteria persist in the nose/oropharynx of vaccinated volunteers. The period of elimination after
second vaccination is more than 2 times shorter than the period after the first one. The number of persistent

B. pertussis bacteria after the second vaccination is less than 3% of the values after the first vaccination.

Conclusion. High immunogenicity and the formation of antibacterial protection after single and double intranasal

vaccination of GamLPV have been proven.

Keywords: vaccine GamLPV, Bordetella pertussis, multicenter clinical trial, volunteers, immunogenicity,

protective potency, pertussis, humoral immune response
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KnuHnyeckoe nccnegoBaHne MMMYHOreHHOCTU N 3alUTHON
aKTUBHOCTU XXNBOW peKOMOMHaHTHON BaKLHbI «<FamMBK»
WHTpaHa3a/lbHOro NpyuimeHeHnA AnA npoPpunakTnkn
KOKJIIOLLA Y B3pOC/bIX JO6pOBONbLIEB

JNingxunesa A.A.', MegkoBa A.10."™, Kynukos C.B.", CunawwuHa J1.H.!, CioHglokoBa PA.",
Mapkos A.lN.", Bepeepa A.b.%3, A6aeBa H.E.%, YepHbiwosa U.H.%, NaBpunosa M.B."*,
Bbywkosa K.K.%, ibakos U.H."*, KapaTaes .

"HaumoHanbHbIN NCCNefoBaTeNbCKII LIEHTP NNAEMUONIOTN 1 MUKPOBMONornn

MMeHU novyeTHoro akagemuka H.®. lamanen, Mockea, Poccus;

2Hay4yHo-nccnefoBaTeNnbCKUn MHCTUTYT NPOMBILLIEHHON U MOPCKO MeanumuHbl, CaHKT-TeTepbypr, Poccus;
3HayuHo-uccnegoBaTenbCKuin LeHTp DKo-6e3onacHocTb, CaHKT-TNeTepbypr, Poccns;
“HayuHo-uccnepgoBaTenbCKUIN MHCTUTYT BaKLMH U CbiIBOPOTOK M. .U, MeuHnkoBa, Mockga, Poccua

AHHOMauusi

BBepneHue. PocT 3ab60neBaemMoCTy KOKMOWEM B MMpPE, He4OCTaToMHasi NPOLOIKUTENBHOCTb, 3EKTUBHOCTD
N HECNOCOBHOCTb MMMYHUTETa, UHAYLIMPOBAHHOIO H6ECKNETOYHOW KOKMIOLWHO-ANMTEPUAHO-CTONBHAYHOW BaKLm-
HoW, obecneunTb NPOTUBOOAKTEPUIHYIO 3aLLMTY U NpeaoTBpaTuUTb nepegadvy Bo3byauTens OT YernoBeka K ye-
noseky 06OCHOBBLIBaOT HEOOXOAMMOCTb pas3paboTKM HOBbIX MPOTUBOKOKIIOLIHBLIX BaKUMH. YKnBas KOKMoLHasA
BakuuHa «Mam>XBK» nHTpaHa3anbHOro npumeHeHus npoLuna JOKNMHUYECKMEe UCCNeqoBaHUA B 3KCNepuMeHTax
C HM3LIMMW NpUMaTamMu 1 ABe CTaaum KINMHUYECKMX NCCNefoBaHuI Ha B3pocbix 4o6poBonbLax, JoKa3aBLUne eé
6€e30nacHOCTb, MMMYHOFEHHOCTb W 3aLLMTHYI0 akTMBHOCTL. OTpaboTaHbl MeToa 1 CXxeMa BBegeHMs npenapara.
LUenb paboTbl — noaTBepxaeHne UMMYHOrEHHOCTU U 3aLLMTHOW NpoTuBO6akTepunHon akTmBHocT «Fam>XXBK»
B paHAOMU3VMPOBAHHOM MHOTOLEHTPOBOM KITMHUYECKOM UCCIENOBaHNM Ha B3pOCHbIX JOOpOBOmbLaXx.
Martepuanbl u Metoabl. B MHOrOLEHTPOBOM KMMHWYECKOM pPaHAOMU3VMPOBAHHOM Mnauebo-KOHTPONMpyeMom
ABOVHOM CNenom uccnegoBaHuy NpuHAnu yyactue 260 3goposbix obposonbues B Bospacte 18—65 nert. U3
HMX 210 yenoBek GbINM paHAOMU3MPOBaHbI B rpynny BakuMHUpoBaHHbIX «amM>XBK» n 50 yenosek — B rpynny
nnaue6o. Mpenapat «am>XBK» BBOAWNM ABaxabl B Kaxablii HocoBor xoa no 0,25 mn (5 x 10° KOE) ¢ uHtepea-
nom 60 gHen. MeTogoM MMMYHOEPMEHTHOIO aHanusa v peakuuy arrmoTUHauum onpeaensany ypoBHu cneum-
duyHbIX K Bordetella pertussis 19G-, IgA-aHTUTEN B CbIBOPOTKE KPOBM U IgA B Ha3anbHbIX acnupaTtax. Metogom
NnonMmepasHoOW LEenHON peakumn B peanbHOM BPEMEHW M3MEpPSNv YNCIO reHOM-3KBUBaneHToB B. pertussis B
POTOIMOTOYHBLIX CMbIBaX AN OLEHKU AVHAMUKW 3MMUHALUN aTTeHynpoBaHHbIX Baktepuin B. pertussis nocne
nepBoro u NoBTopHoro BeeaeHus «FamMmXXBK» gobpoeonbuam.

PesynbraThl. [lokasaHbl 4OCTOBEPHbIE CEPOKOHBEPCUS No cneunduyecknm 1IgG n IgA B KpoBU 1M pOCT YPOBHSA
ceKkpeTopHbIX IgA B HasanbHbIX acnupartax gobposonbues. [IMHamuka naMmeHeHus cogepxanuns 1IgG u IgA yka-
3bIBaeT Ha BycTepHbIi 3ahdeKT Nocne NOBTOPHOW BakUMHaLUMKN. ATTEHYMpOBaHHble bakTepuu B. pertussis nepcu-
CTUPYIOT B HOCO- U POTOINOTKE BaKLUMHUPOBaHHbIX. Bpems BbiBegeHns H6aktepuii nocne 2-i BakuyMHaumMm coKkpa-
waetcsi bonee yem B 2 pasa B cpaBHeHWUM C 1-M BBeAEeHVEM, NPU 3TOM KONMMYECTBO NEPCUCTUPYIOLLMX BakTepuii
nocne 2-i BakuMHaLUmMM cocTaBnsieT MmeHee 3% OT 3Ha4YeHun nocne 1-i BakuMHaLUuK.

3akntoyeHue. [lokazaHbl BbICOKasi MMMYHOTEHHOCTb 1 (DOpMMpOBaHMe NPOTMBOGAKTEPUNHON 3aLMThI NOCHe of-
HOKpaTHOWM 1 ABYKPATHOW MHTpaHa3anbHoOW BakuMHauun aobposonbues «am>XBK».

KnroueBble cnoBa: sakyuHa «fam)XBK», Bordetella pertussis, MHO20UeHmMpoeoe KuHU4YecKoe uccredosaHue,
006p080orIbYbl, UMMYHO2EHHOCMb, 3auumHasi 3¢h¢beKmueHOCMb, KOKMOW, 2yMopasbHbIU UMMYHHbIU omeem

Amuyeckoe ymeepxdeHue. ViccnenoBaHve npoBoannock Npu A06POBOILHOM MHOPMMPOBAHHOM COrfiacuu nauw-
eHToB. lMpoTokon uccnegoBaHua ofobpeH CoBeToM Mo aTMKe nNpu MuHWCTepcTBe 3gpaBooxpaHeHus PP (Bbinvcka
Ne 277 ot 08.06.2021), OTnyeckum komuTeToM MHdekumoHHon 6onbHuubl Ne 1 (Mocksa, npoTokon 3acefaHuns Ne 5
ot 08.12.2021), Komutetom no Bonpocam 3atmku npn OO0 «HWL| Oko-6esonacHocTb» (Bbinncka Ne 5 us npoTtokona
3acegaHust Ne 221 ot 20.01.2022, Bbinucka Ne 2 n3 npotokona 3aceganHus Ne 222 ot 27.01.2022).

HcmoyHuk ¢puHaHcupoeaHusi. ABTOPbI 3asBNSAIOT 06 OTCYTCTBUM BHELLHETO (DUHAHCUPOBaHUSA NPU NPOBEAEHUN UC-
cnefoBaHus.

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

Ans yumuposarus: Nnpxuesa A.A., Meagkosa A.1O., Kynukos C.B., CuHsawwuHa J1.H., CloHgtokoa PA., Mapkos A.l1.,
Bepeena A.b., AbaeBa H.E., YepHbiwosa W.H., Maepunosa M.B., bywkosa K.K., bskos WN.H., Kapataes "N. Knu-
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Introduction

Pertussis is a highly contagious, airborne infec-
tious disease controlled by vaccine prophylaxis. Vac-
cination against pertussis is included in the mandatory
vaccination calendars of most countries of the world,
starting from early childhood. According to the World
Health Organization, 42 countries currently use teta-
nus-diphtheria-acellular pertussis vaccines (TDaP) con-
taining an acellular pertussis component (aPC) and 143
countries use an adsorbed tetanus-diphtheria-pertussis
vaccine. However, since the 2000s, the mass use of per-
tussis vaccine in economically developed countries has
led to an increase in the incidence of pertussis in these
countries, approaching in some years the level of the
pre-vaccine period [1]. The age structure has changed
towards an increase in the percentage of incidence
among adolescents and adults [2]. The increasing inci-
dence of pertussis among older children and adults has
led to the realization of the necessity for revaccination.
The feasibility of vaccination of pregnant women [3],
mothers and close relatives to form a familial immu-
nity to prevent infection of infants is being studied [4].
Low efficacy and short duration of immunity after aPC
vaccination, as well as their inability to form antimicro-
bial immunity, are considered as one of the reasons for
the increase in morbidity [5]. The reactogenicity of the
pertussis corpuscular component and the low efficacy
of aPC stimulate the development of new preparations
capable of inducing long-term antibacterial immunity,
which are not harmful during vaccination and are con-
venient for mass application.

The N.F. Gamaleya NRCEM has developed a live
recombinant vaccine for intranasal administration for
pertussis prophylaxis, called GamLPV. To date, the
GamLPV vaccine has undergone preclinical studies
and phase I clinical trials on adult healthy volunteers,
which proved its safety, immunogenicity and protective
activity, and the method and scheme of drug adminis-
tration have been worked out [6—10]. A similar recom-
binant live pertussis vaccine (BPZE1) developed in
France is at the stage of clinical trials [11-13].

The aim of this study is to confirm the immuno-
genicity and protective activity of the GamLPV vac-
cine when administered twice in adult volunteers aged
18—65 years in a multicenter clinical trial.

Materials and methods

Study design

A randomized placebo-controlled, blind, multi-
center clinical trial was conducted to investigate the im-

munogenicity and safety of the GamLPV live vaccine
according to:

» The Protocol of the clinical trial No. 03-Gam-
LPV-2021, version 3 dated 28.01.2021, permis-
sion of the Ministry of Health of Russia No. 277
dated 08.06.2021.

* The Protocol of Clinical Trial No. 03-Gam-
LPV-2021 was approved by the Ethics Council
under the Ministry of Health of the Russian Fed-
eration (extract No. 277 dated 08.06.2021), as
well as by local ethics committees:

* Ethical Committee of the Infectious Dis-
ease Clinical Hospital No. 1 of the Moscow
Health Department (meeting protocol No. 5 of
08.12.2021);

* Ethics Committee of the Eco-safety research
center LLC (extract No. 5 from meeting protocol
No. 221 dated 20.01.2022; extract No. 2 from
meeting protocol No. 222 dated 27.01.2022).

The inclusion and non-inclusion criteria relevant
for assessing the immunogenicity of the vaccine used
and the bacterial load in nasopharyngeal aspirates are
summarized below. The full list of inclusion criteria,
non-inclusion criteria, early exclusion of the volunteer
from the study, composition and route of administration
of the preparation, criteria for assessing the immunoge-
nicity and efficacy of the preparation according to the
Protocol are presented in the Appendix to the article on
the journal's website.

When the protocol was being prepared, the level
of IgG antibodies to Bordetella pertussis at the time of
inclusion was used as one of the inclusion criteria in
the study. The range of values of IgG antibody level
was determined on the basis of data obtained using the
Ridascreen test system. According to this system, vo-
lunteers with IgG antibody levels < 14 U/mL were con-
sidered seronegative (SN), antibody levels were con-
sidered indeterminate (gray zone, GZ) between 14 and
< 18 U/mL, and volunteers with IgG antibody levels
> 18 U/mL were considered seropositive (SP). Accord-
ing to the protocol, both SN and mild to moderate SP
volunteers with IgG antibody levels of 45 U/mL or less
could be included in the study. By the time of inclusion
of volunteers in the study, the Ridascreen test system
was replaced by the ESR120G test system (Virion/Seri-
on GmbH) due to organizational difficulties associated
with the unavailability of the Ridascreen test system in
Russia. According to the instructions for the ESR120G
kit (Virion/Serion GmbH), samples with antibody le-
vels <40 IU/mL are considered to be SN, 40-50 IU/mL
is considered to be the gray zone, and antibody levels
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of 50 IU/mL or higher are considered to be SP. An IgG
antibody level of 45 IU/mL when determined using the
Ridascreen kit is equivalent to an IgG antibody level of
126 TU/mL when determined using the ESR120G kit
(Virion/Serion GmbH).

Inclusion criteria: men and women aged 18-65
years; medically stable condition, absence of pertus-
sis-specific IgM antibodies, pertussis-specific IgG
antibodies < 126 IU/mL (SERION ELISA classic ES-
R120G), absence of B. pertussis DNA in nasopharyn-
geal aspirates confirmed by polymerase chain reaction
(PCR).

Exclusion criteria: history of pertussis; vaccina-
tion against pertussis within the last 10 years and any
vaccination within the last year; any disease that, in the
opinion of the investigator, may affect the results of
the study or may lead to deterioration of health status
during the study; reported severe post-vaccination com-
plications in the history; taking medications for prophy-
lactic or therapeutic purposes within 1 month before
screening; participation in other clinical trials, presence
of specific IgM antibodies to pertussis pathogen, spe-
cific IgG antibody level > 126 IU/mL (SERION ELISA
classic ESR120G), presence of B. pertussis DNA in na-
sopharyngeal/ oropharyngeal aspirates.

Survey of volunteers and randomization

All volunteers participating in the study signed
a voluntary informed consent form, after which they
were assigned a number and screened. Compliance
with all inclusion/non-inclusion criteria was con-
firmed before inclusion of volunteers in the study. The
study population consisted of 260 male and female
volunteers aged 18-65 years (inclusive), selected ac-
cording to inclusion criteria and without non-inclu-
sion criteria. Volunteers were allocated into 2 groups:
those who received GamLPV (vaccinated group; n =
210) and those who received placebo (placebo group;
n = 50) according to the protocol's randomization pro-
cedure. The vaccinated group was divided into 3 sub-
groups according to the content of specific pertussis
IgG antibodies before the 1% vaccine administration:
1%t subgroup, SN (n = 168); 2" subgroup, GZ (n = 7);
3" subgroup, SP (n = 35).

The clinical study included the 1% administration
of the drug, observation period of 60 + 5 days, and the
2" administration of the drug and observation period of
60 + 5 days. Determination of the level of specific IgG
and IgA antibodies (enzyme-linked immunosorbent as-
say (ELISA), in blood serum, oro- and nasopharyngeal
secretions) and titers of agglutination of bacterial sus-
pension of pertussis pathogen (agglutination reaction,
AR) by serum of volunteers at each drug administration
were performed before administration (day 1), after ad-
ministration on days 8, 15, 29 and 60. Determination of
bacterial load in oro- and nasopharyngeal secretions by
PCR at each drug administration was performed before
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drug administration, after the 1** administration after 1
h (day 1), on days 4, 8, 15, 29 and 60. Randomization
and visit procedures are presented in the Appendix of
the article on the journal website.

Study drug, doses and route of administration

GamLPV, a live vaccine for intranasal administra-
tion for the prevention of pertussis based on attenuated
B. pertussis 4MKS bacteria [14], in the form of a lyo-
philizate for the preparation of a suspension for intra-
nasal administration was produced by the Medgamal
branch of the N.F. Gamaleya NRCEM. The vaccine
series used in the clinical study passed all the necessary
control stages.

The drug was administered at a dose of 5 x 10°
CFU in the form of a suspension intranasally by inject-
ing 0.25 mL into each nasal passage through a syringe
without a needle, twice, with an interval of 2 months
(60 + 5 days). Sterile solution of stabilizer lyophilizate
was used as placebo. Both preparations were reconsti-
tuted in 1 mL of 0.9% NacCl for injection.

Quantification of B. pertussis DNA

For real-time PCR (qPCR), we used DNA iso-
lated from oropharyngeal and nasopharyngeal probes
(hereinafter referred to as aspirates) placed in a single
tube. After centrifugation, the samples were treated
with guanidinedithiocyanate solution followed by DNA
sorption on a sorbent [15]. To determine the amount
of genome equivalent (GE) of B. pertussis DNA, the
qPCR test system developed and validated by us was
used [16]. qPCR was performed on the CFX-96 Touch
thermocycler (Bio-Rad).

The elimination time of attenuated bacteria from
the nasopharynx and oropharynx was estimated as a
time interval in days from the moment of administra-
tion (1 h) until the established level was reached. The
average B. pertussis DNA level of 0.7 GE/mL in both
groups at the screening stage was taken as the level at
which the elimination of bacteria was determined to be
complete. If the indicated level was not reached, the
elimination time was taken as 100 days. To compare the
groups of volunteers after the 2™ bacterial administra-
tion and the 1% vaccination, we used the Kaplan—Mei-
er method (Survival Analysis — Comparison of Two
Samples module of the Statistica v. 10.0 program),
which allows the use of censored data. Cases that did
not reach the set level of 0.7 GE/mL were classified as
censored data. Such cases were reported after the 1%
vaccination, representing 6.2% (13 of 210), and 1 case
less than 1.0% after the 2" vaccination (1 0of 202). The
appropriateness of this method is because, as with the
survival analysis, not all individuals had completed
excretion by the time the study was completed (cen-
sored data), but they were not excluded but were used
in the analysis. Differences were assessed using the
log-rank test.
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Methods for assessing the immunogenicity of GamLPV

Immunogenicity of GamLPV was evaluated by in-
duction of specific IgG and IgA antibodies in the blood
serum of volunteers detected by ELISA and AR. Lo-
cal immune response was evaluated by the dynamics
of specific secretory IgA antibodies to B. pertussis in
nasopharyngeal aspirates.

Blood samples were collected in vacuum tubes
with blood clotting activator (Vacuette). Serum was
collected after centrifugation of samples for 20 min
at 300g to thicken the clot. The level of specific IgG
and IgA antibodies to pertussis pathogen in serum was
determined by ELISA according to the instructions of
the manufacturer of the ESR120G, ESR120A and ES-
R120M test systems (Virion/Serion GmbH). IgA anti-
bodies in aspirates, as well as in blood serum, was de-
termined using the ESR120A test system (Virion/Seri-
on GmbH), but the samples were diluted 2-fold instead
of 100 (according to the manufacturer's instructions).
To obtain absolute values of antibody concentration
in aspirates, the values calculated from the calibration
curve were divided by 50.

AR was performed on kits produced by Research
and Production Association Ecolab. The titer was con-
sidered to be the highest serum dilution at which an AR
of at least “+++” (three crosses) was obtained.

Statistical processing of data

Mathematical and statistical analysis of the results
was performed using the Statistica v. 10.0, R 4.2.1 and
Microsoft Office Excel 2013 software packages to gen-
erate graphs and tables.

The obtained quantitative data were checked for
compliance with the law of normal distribution. To de-
termine normality, the Kolmogorov—Smirnov criterion
(for a sample size of more than 50 volunteers) or the W
Shapiro—Wilk criterion (for a sample size of less than
50 volunteers) were used. If the statistic was signifi-
cant, the hypothesis of normal distribution of the vari-
able values was rejected.

Immunogenicity in the studied groups represented
by qualitative features (fractions) was assessed using
the 7 test criterion when the expected frequency of oc-
currence of a feature was more than 5 or the two-sided
Fisher's exact test when the condition for the ¥? criteri-
on was not met.

Immunogenicity points for qualitative criteria are
presented as absolute frequencies (trait occurrence),
relative frequencies (%), and 95% confidence interval
of the proportion (Clopper-Pearson).

Quantitative criteria of immunogenicity were
evaluated using nonparametric methods (Mann—Whit-
ney test) or Student's t-test for independent samples ac-
cording to the nature of distribution. The data were also
presented taking into account the nature of distribution.

To compare several independent samples (more
than 2) represented by quantitative variables, we used

the Kraskell-Wallis rank analysis of variances. If statis-
tically significant differences between all groups were
established, the “a posteriori” method “Comparison
of mean ranks for all groups” (nonparametric Dunn's
test), which takes into account the problem of multiple
comparisons, was used to identify differences between
individual groups.

In addition to the descriptive statistics given for
safety, geometric mean values with 95% confidence in-
tervals were used to represent agglutination titers.

Log-rank test was used to compare groups of vol-
unteers after the 1% and 2™ bacterial administration.

Two-sided criteria were used for immunogenicity
points.

The magnitude of the error to confirm the null hy-
pothesis should be greater than 0.05 (at p <0.05 the null
hypothesis is rejected, at p > 0.05 — accepted).

Results

Dynamics of specific anti-pertussis IgG and
IgA antibodies in serum and IgA antibodies in
nasopharyngeal and oropharyngeal aspirates.

The results of IgG and IgA antibody measure-
ments by subgroups are presented in Figs. 1, 2. The
significance of statistical differences between the total
vaccinated group and placebo was assessed using the
Mann—Whitney test. Statistically significant differences
between subgroups were assessed using nonparametric
analysis of variance — Kraskell-Wallis rank analysis
of variances and Dunn's posterior nonparametric test
(tables not shown).

There were no significant differences in IgG anti-
bodies between the total vaccinated group and the pla-
cebo group at the time of administration of GamLPV.
On the 8" day after the 1* administration, IgG antibody
levels in the total vaccinated group increased signifi-
cantly compared to the placebo group (p = 0.012); start-
ing on the 15" day after the 1* vaccination, differences
between groups became highly statistically significant
(p <0.0001). Compared to baseline (19 IU/mL), medi-
an IgG antibody levels in the vaccinated group after the
1** administration of the drug on days 8, 15, 29, and 60
increased 1.1, 2.3, 3.6, and 3.8-fold, respectively. After
the 2" administration of GamLPV, the multiplicity of
increase in IgG levels on days 8, 15, 29, and 60 was 3.7,
4.2, 3.9 and 3.8-fold, respectively (70.5-79.5 IU/mL).
In the placebo group, median IgG antibody levels did
not change significantly and ranged from 16.8-21.0 IU/
mL during the course of the study.

Before the 1 administration of GamLPV, the me-
dian IgG level in each subgroup (SN, GZ, SP) was sig-
nificantly different from the median of the total vacci-
nated group. Significant differences were also observed
between the subgroups of SN and SP, SN and GZ. Within
the observation period, the median IgG antibody level
in the SP subgroup was significantly different from the
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Fig. 1. B. pertussis-spesific IgG antibody dynamics in blood
serum of vaccinated volunteers and additional groups SN,
GZ and SP.

Here and on the Figs. 2—4: days after administration of GamLPV to
volunteers from additional groups are plot on X-axis: 0_1 — the 1%
day of administration of GamLPV (before administration), 8_1, 15_1,
29_1,60_1 -8, 15, 29 and 60 days after the 1%t administration of
GamLPV respectively; 8 2,15_2,29 2,60_2 — 8, 15, 29, 60 days
after the 2" administration of GamLPV respectively. IgG antibody
concentration (IU/mL) in the blood serum of volunteers is plot
on Y-axis.

median for the total vaccinated group on day 15 after
the 1% administration (p = 0.001), and on days 29 (p =
0.023) and 60 (p = 0.001) after the 2" administration of
GamLPV. Significant differences between the SN and
SP groups were observed on days 15 (p =0.001) and 29
(p = 0.023) after the 1% administration and on days 29
(p = 0.003) and 60 (p = 0.001) after the 2" administra-
tion of GamLPV. IgG antibody levels in the GZ sub-
group were not significantly different from values for
the other subgroups or the total vaccinated group at any
of the post-vaccination controls.

When assessing the level of specific IgA antibod-
ies in the blood, significant differences were found be-
tween the vaccinated and placebo groups — 7.0 and 4.8
IU/mL, respectively (p = 0.014). Both values were sig-
nificantly less than the seronegativity cut-off limit (< 25
IU/mL). After the 1 vaccination from day 8 onwards,
the significance of differences between groups became
highly significant (p < 0.0001) and remained at this level
until the end of the study. In the vaccinated group after
the 1% administration, the median values on days 8, 15, 29
and 60 increased 1.3, 3.6, 4.9 and 5.4 times, respectively,
compared to baseline. After the 2™ vaccination, a booster
effect was observed on day 29 — IgA antibody levels
increased 6.2-fold compared to baseline. By day 60, the
IgA level returned to the level detected before the 2™ ad-
ministration. In the placebo group no significant changes
were found during the observation period — the medi-
an values ranged from 4.0-6.0 IU/mL. Subgroup analy-
sis showed that at the time before the 1 administration

< Total group O SN AGZ X 20,0

Fig. 2. B. pertussis-spesific IgA antibody dynamics in blood
serum of vaccinated volunteers and additional groups SN,
GZ and SP.

IgA antibody concentration (IU/mL) in the blood serum of volunteers
is plot on Y-axis.

of GamLPV the level of IgA antibodies to B. pertussis
significantly differed between the SP and SN subgroups
(» =0.001), while in the SP subgroup the antibody level
also significantly differed from the value characteristic
of the general group of vaccinated persons (p = 0.001).
At subsequent follow-up checkpoints, up to day 8 after
the 2" administration of GamLPYV, there were no signifi-
cant differences between the subgroups. On day 15 after
the 2" administration, significant differences were again
found between the SP and SN subgroups (p = 0.001), as
well as between the SP subgroup and the value for the
total vaccinated group (p = 0.001). On days 29 and 60
after the 2" administration, significant differences in IgA
antibody levels to B. pertussis persisted only between the
SP and SN groups (p = 0.049). For the SP subgroup, no
significant differences in the median IgA antibody level
with the other subgroups were found at any of the study
controls.

Determination of specific secretory anti-pertussis
IgA antibodies in nasopharyngeal and oropharyngeal
flushes from volunteers revealed statistically highly sig-
nificant (p < 0.0001) differences between the vaccinated
and placebo groups at all controls (Fig. 3). In the vac-
cinated group, compared to baseline (0.20 [U/mL), the
median levels of secretory IgA antibodies on days 15, 29
and 60 after the 1% vaccination increased 2.5, 4.5 and
3.2-fold, respectively. This increased continuously after
the 2" vaccination and on days 8, 15 and 29, the mul-
tiplicity of increase was 4.4, 5.2 and 5.8, respectively.
By day 60, the median level of secretory IgA antibodies
returned to the values detected on day 60 after the 1%
administration of GamLPV. Subgroup analysis showed
significant differences in secretory IgA antibody levels
between the SN and SP subgroups on day 29 after the
2" vaccine administration (p = 0.031).
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Dynamics of change in the proportion of volun-
teers with more than twofold increase in the level of
specific anti-pertussis IgA and IgG antibodies in se-
rum and nasopharyngeal aspirates. The multiplicity
of increase in the amount of specific anti-pertussis I[gA
and IgG antibodies in aspirates and in serum at each
visit was analyzed in comparison with the data before
drug administration (Fig. 4).

The proportion of volunteers with at least a two-
fold increase in the level of IgG antibodies in the blood
in the vaccinated group was significantly different (3
test, p < 0.0001) from the placebo group as early as day
15 after the 1* injection, and the differences remained
significant until the end of the study. On days 15, 29,
and 60 after the 1 administration and on days 8, 15,
29 and 60 after the 2" administration, the proportion of
volunteers who achieved this rate was 46.4, 69.3, 72.8,
73.1, 75.0, 77.9, and 77.0%, respectively. Subgroup
analysis showed that in the SN subgroup, at day 29 after
the 1% administration, the proportion was 84.3%. This
value increased at the following time points, reaching a
maximum of 92.4% on day 29 after the 2" administra-
tion. In the SP and GZ subgroups, these values ranged
from 11.4-17.1 and 14.3-57.1% during the same peri-
od, respectively.

When assessing IgA antibody levels, it was found
that from day 15 after the 1* injection until the end of
the analysis, the proportion of patients with at least a
twofold increase in serum IgA antibody levels in the
vaccinated group differed from the placebo group with
high reliability (y* test, p < 0.0001). On days 15, 29
and 60 after the 1% administration, the percentage of
such volunteers in the vaccinated group was 71.8, 85.1
and 86.1%, respectively. After the 2™ vaccination on
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Fig. 3. B. pertussis-specific secretory IgA antibody (median
values) dynamics in nasopharyngeal/oropharyngeal
aspirates of vaccinated volunteers and additional groups
SN, GZ and SP.
Secretory IgA antibody concentration (IU/ml) in nasopharyngeal/
oropharyngeal aspirates is plot on Y-axis.

days 8, 15, 29 and 60, this proportion in the vaccina-
ted group was 88.1, 88.1, 90.0, and 89.0%, respectively.
Subanalysis of subgroups showed that in the SN sub-
group, a twofold increase in the level of IgA antibodies
in blood was observed in more than 90.0% of volun-
teers from day 29 of the study to the end of the study
(91.6-94.9%). In the SP subgroup these values ranged
from 60.0—74.3%, in the SP subgroup — 57.1-85.7%.

The dynamics of the level of secretory IgA anti-
bodies was similar to that of IgA antibodies in serum.
Highly significant differences (p < 0.0001) between the
vaccinated and placebo groups were detected from day
15 after the 1% vaccine injection. The proportion of vol-
unteers with a twofold increase in IgA antibody levels
on days 15, 29 and 60 after the 1* administration and on
days 8, 15, 29 and 60 after the 2™ vaccine administra-
tion was 58.4, 71.6, 70.8, 80.2, 82.6, 84.0 and 73.5%,
respectively. There were no significant differences be-
tween the SN, GZ and SP subgroups, except for one
point, 29 days after the 2" vaccine administration, at
which the SN and SP subgroups differed significantly
(»p=0.031).

Timing of reaching maximum values of IgA and
IgG antibodies in serum after the 2" vaccination
compared to the 1* vaccination. In order to analyze
the time to reach the maximum concentrations, the
data of only those volunteers of the vaccinated group
were analyzed, in which the antibody level was eval-
uated at least in 3 points, except for the time of drug
administration.

After the 2™ vaccination, a significant reduction
in the time to reach maximum antibody levels was ob-
served: more than two-fold for serum IgG and 4-fold
for serum IgA; two-fold for secretory IgA (Table).
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Fig. 4. The dynamics of the proportion of vaccinated
volunteers with more than a twofold increase
of B. pertussis-specific IgG antibodies in blood serum.
The proportion of volunteers (%) with more than a twofold increase

of B. pertussis-specific IgG antibodies in blood serum is plot
on Y-axis.
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Comparative evaluation of B. pertussis-specific IgA and 1gG antibody median values in blood serum and secretory IgA
antibodies in nasopharyngeal/oropharyngeal aspirates of volunteers with time to Cmax in group of vaccinated volunteers
after the 1%t and the 2" vaccination

Class of antibodies Vaccination n Median value of specific Median value of bacterial
number antibody content, lU/mL P elimination time, day P

1 207 44,0 56,0

Serum IgA 0,006 < 0,0001
2 200 55,5 14,0
1 208 77,5 59,0

Serum IgG < 0,0001 < 0,0001
2 200 90,0 28,0
1 208 1,98 28,0

Secretory IgA < 0,0001 <0,0001
2 199 6,28 14,0

Note. Reliability of differences was calculated using the Wilcoxon test.

Evaluation of the immune response to vaccina-
tion of GamLPV volunteers using AR. The immune
response, which characterizes the level of agglutinating
antibodies in the serum of vaccinated volunteers, was
assessed by the AR method. Antibody titers were pre-
sented as geometric mean values with 95% confidence
intervals and descriptive statistics for asymmetrically
distributed data (tables not presented).

Statistically significant differences between the
groups of vaccinated volunteers and those who received
placebo were established at all points analyzed. Starting
on day 15 after the 1% vaccination, these differences be-
came statistically highly significant (p < 0.0001). The
antibody titer in the placebo group did not change sig-
nificantly throughout the entire examination period.

In the vaccinated group, the geometric mean ag-
glutination titer on day 8 after the 1* vaccination (45.9)
was generally consistent with the baseline (42.4). An
increase in titer was observed from day 15 after the 1%
vaccine administration. The multiplicity of increase in
the geometric mean agglutination titer on days 15, 29
and 60 was 1.7, 2.3, and 2.0, respectively. After the 2™
vaccination on days 8, 15 and 29, the multiples were
2.0, 2.6 and 2.7, respectively. By day 60 after the 2™
vaccination, the titer decreased slightly, but the multi-
plicity increase of 2.6 exceeded that on day 60 after the
1* vaccination.

The proportion of volunteers with an agglutination
titer of 1 : 80 or higher on days &, 15, 29, and 60 after
the 1% vaccination was 38.1, 56.0, 73.6, and 65.8%, and
66.8,77.6,77.6 and 80.0% after the 2" vaccination. Af-
ter the 1* vaccination, the proportion of volunteers with
an agglutination titer of 1 : 80 in the total vaccinated
group was statistically significantly different from the
distinguished subgroups. After the 2™ vaccination, no
statistically significant differences were found between
subgroups. The highest percentage of individuals who
met the specified criterion was found in the group of SP
volunteers (from 80.0% on day 15 after the 1% adminis-
tration to 94.3% on days 15 and 60 after the 2" vaccine
administration). In the SN subgroup, for the same time

interval, this indicator ranged from 51.5-75.9%, in the
SP subgroup — 42.9-100.0%.

Elimination time of attenuated bacteria from the
nasopharynx after the 2" administration of bacteria
compared with the I vaccination. Fig. 5 shows the
dynamics of elimination of attenuated bacteria from the
nasopharynx as a decrease in the cumulative proportion
of persons with non-eliminated B. pertussis bacteria in
separate time intervals. From the presented data it is ev-
ident that elimination of vaccine B. pertussis from the
nasopharynx after the 2" administration of bacteria is
faster than after the 1* vaccination of volunteers. At the
same time, after the 2" vaccine administration, there
is a greater proportion of volunteers whose elimination
process was completed early — within the first 7 days
after vaccination.
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Fig. 5. The dynamics of cumulative fraction of volunteers
who did not eliminate B. pertussis bacteria from the
nasopharynx after second administration of bacteria

compared with the first vaccination.

Time duration of B. pertussis bacteria elimination starting from
the first hour after GamLPV administration are plot on X-axis;
the cumulative fraction of volunteers in whose aspirates the DNA
of B. pertussis bacteria was detected by PCR in an amount more
than 0,7 GE/mL, is plot on Y-axis. The dashed line indicates
the second vaccination schedule of volunteers.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTMI. 2024; 101(6)

DOI: https://doi.org/10.36233/0372-9311-585

787

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Comparative evaluation of the elimination time of
attenuated bacteria from the nasopharynx of vaccinat-
ed volunteers of the general group after the 1% and 2™
vaccinations using the log-rank criterion showed a sta-
tistically highly significant (p < 0.0001) decrease in the
elimination duration after the 2™ vaccination from 16
to 7 days according to the median value. The SN sub-
group showed the greatest difference in the duration of
bacterial elimination period after the 1* and 2" vaccina-
tions, 28 and 7 days, respectively. In the SP subgroup,
the differences were also significant (p = 0.013) — the
median duration of bacterial elimination was 14 and 7
days, respectively.

In addition to the elimination time analysis, the
total amount of B. pertussis DNA in the nasopharynx
of volunteers, during follow-up after the 1*' and 2" vac-
cinations, was estimated using the linear trapezoidal
method. The area under the curve after the 1* vaccina-
tion was 6714 (1539) GE day/mL and after the 2™ vac-
cination was 443 (44) GE day/mL at the median when
calculated between days 3 and 60.

Discussion

The results of studying the immunogenicity of
GamLPV and virulent B. pertussis bacteria on the ex-
perimental model of nonhuman monkeys showed that
the first contact with infection induced a slow and un-
expressed growth of specific IgG antibodies, lasting, as
a rule, until the 46"-60" day of observation. Repeated
administration of bacteria resulted in a rapid and pro-
nounced increase in IgG antibodies starting on day 3—7
with a maximum on day 14-28 after the 2" infection
[6, 7]. The results of the phase I clinical trial GamLPV
confirmed the slow increase of IgG antibody values
after the 1% vaccination [8]. At that time, it was also
shown that, at least among volunteers in Moscow and
the Moscow region when using the Ridacreen kit, less
than 50% of adults aged 40—60 years were SN [8—10].

The tested vaccine is intended for revaccination
of adults regardless of their health status and level of
specific IgG antibodies. Therefore, it is of practical in-
terest to study the tolerability, immunogenicity and pro-
tective activity of GamLPV for volunteers 18-65 years
of age who have no obvious health disorder, no symp-
toms of pertussis and serum IgG antibody level lower
than the threshold defined in the country for laboratory
diagnosis of pertussis. The lack of studies in Russia de-
termining the serologic status of the population (IgG,
IgM and IgA antibody levels) and the absence of in-
house ELISA test systems does not allow quantitative
assessment of the level of protective antibodies after
vaccination and/or disease. Therefore, based on the re-
sults of our previous studies and some data from the
national literature, an IgG antibody value of 45 U/mL

[9, 10], measured using the Ridacreen kit, was accept-
ed as the threshold for inclusion in the study, which
allowed more than 80% of screened volunteers to be

included in the study. The impossibility of using Rida-
creen test systems in the study presented in this article
led to the necessity to determine the conversion factor
for converting the value of the IgG inclusion criterion
limit point < 45 U/mL into international units (IU/mL)
measured using the available and registered in Russia
ESR120G test system (Institut Virion/Serion GmbH).
As aresult of semi-empirical calculations, a value equal
to 2.8 was accepted as such a coefficient. Thus, the level
of 126 IU/mL determined by the ESR120G test system
(Virion/Serion GmbH) was taken as the upper limit of
the IgG antibody level at which a volunteer could be in-
cluded in the study. The calculated coefficient was used
only to determine the boundary in the inclusion criteria.
All other values of IgG and IgA antibody parameters
of blood serum of volunteers and aspirates were deter-
mined using the ESR120A and ESR120G test systems
(Institut Virion/Serion GmbH) in the units used by them
(IU/mL).

The choice of parameters and criteria (control
points) for assessing the immunogenicity of GamLPV
intranasal application by the main indicators is tradi-
tional for multicenter studies and is justified in proto-
cols, brochures and reports on the conducted clinical
trials. Control points characterizing the level of immu-
nogenicity of the drug are given in the Appendix to the
article on the journal's website.

The conducted study demonstrated a significant
seroconversion of IgG and IgA antibodies and an in-
crease in the level of secretory IgA antibodies in naso-
pharyngeal aspirates of volunteers. The values obtained
exceeded the baseline antibody levels in volunteers in-
cluded in the vaccinated group and the antibody levels
in volunteers in the placebo group. Significant differ-
ences between the levels of IgG and IgA antibodies in
the vaccinated and placebo groups were observed al-
ready on day 8. Thus, the humoral immune response
to intranasal vaccination of volunteers with GamLPV
begins to manifest itself one week after the drug ad-
ministration. The maximum increase of median values
of antibody levels to B. pertussis in the serum of vol-
unteers was 6.2 times for IgG and 4.2 times for IgA.
The level of IgA antibodies in aspirates maximally in-
creased 5.8 times after the 2™ vaccination. Similar dy-
namics was registered when assessing seroconversion
by AR indicator.

The time to reach maximum levels of IgG and
IgA antibodies in serum and secretory IgA antibodies
in nasal aspirates after the 1% and 2" vaccination of
volunteers is indicative. In all cases, antibody levels,
regardless of isotype, not only exceeded those after the
2" administration but also peaked at shorter times after
the 1% administration.

An important indicator is the proportion of vo-
lunteers who reached the target value of exceeding the
initial antibody level. The control point chosen by us
and included in the protocol assumes achievement of
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at least a twofold increase in IgG and IgA antibody
levels in at least 80% of vaccinated volunteers. When
calculated for the total group, this reference point was
achieved and exceeded for IgA antibody levels in serum
and in aspirates. For IgG antibodies, a twofold increase
in antibody levels was observed in 77.9% of vaccinated
volunteers.

Analysis of the dynamics of changes in the lev-
el of IgG and IgA antibodies in serum by subgroups
confirmed the general dynamics of increasing levels
of IgA and IgG antibodies. Quite expectedly, the mul-
tiplicity of increase in the total vaccinated group and
the SN subgroup were close to each other and signifi-
cantly exceeded the multiplicity of increase in the SP
and GZ subgroups (Fig. 4), which is due to the effect
of the base (initial antibody level against which the
multiplicity was calculated). The insignificant lag in
the proportion of volunteers who achieved a twofold
increase in the level of IgG antibodies from 80% in the
total group of the vaccinated is fully explained by the
presence in it of volunteers of the SP and GZ subgroups
with initially high IgG antibody values and, according-
ly, the impossibility of achieving a high multiplicity of
antibody increase by them. Thus, on the 29" day after
the 2™ vaccination, the proportion of volunteers with
a twofold or more increase in the level of IgG antibo-
dies in serum among all vaccinated persons was 77.9%,
whereas in the SN subgroup this level exceeded 92%,
in the SP subgroup it was only 17.1%, and in the GZ
subgroup — 57.1%. The SP and GZ subgroups together
account for about 20% of the total vaccinated group,
which affected the final value and determined the mini-
mum value (2.1%) of this indicator, which was insuffi-
cient to achieve the stated primary endpoint of 80.0% of
patients with a twofold increase in IgG antibody levels.

It should be noted that our chosen level of 80%
and the achievement of this level with double serocon-
version were determined by the results of the previous
stage of the study, which included only SN by IgG anti-
body volunteers. As can be seen from the data obtained,
the reported rate was achieved in the SN group [8-10].
Moreover, in similar experiments conducted during
clinical trials of the BPZE1 vaccine, the authors calcu-
lated the proportion of patients with a 1.5-fold increase
in antibody levels and reached the control point only at
this criterion [13]. Recalculation of our values for the
1.5-fold increase showed achievement of this parame-
ter in our study in more than 80% of volunteers starting
from day 29 after the 1* administration of GamLPV.

Assessment of immunogenicity of GamLPV us-
ing AR did not reveal significant differences with the
results obtained by ELISA method, except for a more
pronounced increase in the proportion of volunteers
with agglutination titer 1 : 80 and higher in the SP sub-
group compared to SN, while the dynamics of IgA and
IgG antibody levels in these groups is of the opposite
nature. Reliability and biological meaning of the re-
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vealed differences require further investigation. Gener-
alization of the results of the analysis of blood serum of
volunteers in two clinical trials of the candidate Gam-
LPV vaccine, as well as the data obtained in the study
of monkeys immunized with GamLPV and/or experi-
mentally infected with virulent bacteria of the pertussis
pathogen, showed that ELISA and AR in general reveal
the general picture of immunological reactions of the
organism to immunization and experimental infection.
The use of AR in most cases did not reveal significant
differences from the results obtained by ELISA, and the
differences in AR results obtained using different series
of the preparation, with good reproducibility of ELISA
results, indicate low standardization of the kits used for
staging AR. The obtained results make it inexpedient
to use AR in further clinical studies of GamLPV. The
non-alternativity of ELISA to determine the serologic
status of patients and vaccinated people once again em-
phasizes the necessity to develop and produce a domes-
tic ELISA test system for quantitation of antibodies to
the main antigens of the pertussis pathogen.

There were no significant differences in the le-
vel of secretory IgA antibodies in aspirates, whereas
the levels of IgA and IgG antibodies in blood serum
differed significantly between subgroups, including be-
fore the beginning of the experiment, which is especial-
ly pronounced when comparing the subgroups of SN
and SP. The observed differences in median values of
IgA- antibody levels in serum before vaccination are
apparently due to the correlation between IgG and IgA
antibody levels in volunteers and reflect the effects of
prior exposure to B. pertussis antigens.

The dynamics of the proportion of volunteers with
more than twofold increase of IgA antibodies in aspi-
rates did not differ significantly in the subgroups and
reached the control values of 80% on day 15-29 af-
ter the 2™ vaccination. The noted feature may indicate
the relative independence of local immunity formation
from the initial IgG antibody level. The second vacci-
nation enhances the local response irrespective of the
serologic status of the volunteer, which once again in-
dicates the extremely important role of local immune
defense in the formation of antibacterial immunity in
pertussis. This is also indicated by the results of deter-
mining the bacterial load in the naso- and oropharynx
of vaccinated volunteers in dynamics. For each of the
subgroups, with the exception of GZ, a sharp decrease
in the time of bacterial elimination after the 2" vaccina-
tion and the absence of a pronounced difference in the
value of parameters for different subgroups of volun-
teers were noted.

The number of bacteria registered in volunteers
during the observation period after the 1*' and 2" immu-
nizations can be considered as an additional value to the
bacterial elimination time in relation to the assessment
of the antibacterial activity of GamLPV. This value was
estimated by calculating the area under the bacterial
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elimination curve after each immunization. Analysis
of the presented data indicates that the elimination ef-
ficiency for the period from day 3 to day 60 after the
2" yaccination was 33 times higher compared to the 1*
vaccine administration. Since it takes time to develop
an immune response, it is most appropriate to deter-
mine the area under the curve not from day 1, when the
body has not yet had time to react to the introduction
of bacteria, but from day 3 to day 60. In addition, the
results of measuring IgG and IgA antibody values indi-
cate that the immune response of the organism after the
I*t and 2™ vaccinations is manifested closer to the 8"
day after the introduction of bacteria.

The above results of the analysis of the elimina-
tion efficiency of attenuated bacteria after the 2™ vac-
cine administration suggest that the level of specific
IgG and IgA antibodies in serum does not fully reflect
the level of antibacterial protective activity. This is con-
sistent with the statement that there are no correlations
between serum IgG antibody levels and the protective
activity of pertussis vaccines in practice [5]. This state-
ment, at first glance, limits the use of serum IgG and
IgA antibody levels in pertussis vaccine immunogeni-
city studies. Seroconversion is undoubtedly an import-
ant characteristic of the humoral immune response in
pertussis or vaccination, and the antibodies produced
participate in the formation of immune protection
aimed at neutralizing the toxic activity of the pathogen
and preventing clinical manifestations of the disease,
but it does not indicate the formation of sterile antibac-
terial immunity, as after reconvalescence or vaccination
with live pertussis vaccine. It is now generally accepted
that the cellular component of immunity is responsible
for the formation of antimicrobial defense in pertussis
disease. Direct experiments on monkeys demonstrate
that the presence of all isotypes of specific antibodies
to pertussis toxin, filamentous hemagglutinin, pertac-
tin and fimbriae after their immunization with cell-free
pertussis vaccine does not ensure prevention or at least
inhibition of virulent bacteria multiplication in the na-
sopharynx after experimental infection of animals [5].
The demonstrated absence of dependence of bacterial
elimination time on the initial level of IgG and IgA
antibodies in blood serum before vaccination can be
considered as an additional argument in favor of the
made assumption. To assess the induced antibacterial
response, most likely, data on the level of IgA antibo-
dies in oro- and nasopharyngeal washes and cellular
response parameters, primarily characterizing the Th17
response, should be used.

The recently published results of the BPZE1 vac-
cine clinical trial are generally consistent with those
presented in the present study [13]. Furthermore, they
contain a comparison of BPZE1-induced and TDaP-in-
duced immune response rates. According to the authors,
the level of seroconversion after intranasal vaccination
of BPZE1 volunteers is slightly lower, but comparable

to the values of IgG and IgA antibodies in the serum of
volunteers after TDaP vaccination. At the same time,
injectable TDaP vaccination, unlike intranasal BPZE1,
is not able to induce specific secretory antibodies in the
nasopharynx of volunteers. The high level of tolerability
of the BPZE1 vaccine and the safety of its intranasal ad-
ministration in adult volunteers have been demonstrated.

Conclusion

The results of this study showed immunologic ef-
ficacy (immunogenicity) of the GamLPV live pertussis
vaccine when administered twice and once intranasal-
ly in comparison with placebo in adult volunteers. The
basis was the achievement of immunogenicity control
points of the vaccine:

* The proportion of volunteers with more than
two-fold increase of IgG and IgA antibody le-
vels in serum after vaccination was more than
80%;

* The proportion of volunteers with an agglutina-
tion titer of 1 : 80 in AR after vaccination was
more than 80%;

* The proportion of volunteers with more than
two-fold increase of IgA antibody levels in na-
so- and oropharyngeal aspirates after vaccina-
tion was more than 80%.

A statistically significant decrease in the time to
reach maximum values of IgA antibodies in blood se-
rum and naso- and oropharyngeal aspirates after the 2™
vaccination in comparison with the 1% and a reduction
in the elimination time of attenuated bacteria from the
nasopharynx after the 2" administration of bacteria in
comparison with the 1% vaccination of volunteers, as-
sessed by the number of GE (using qPCR) were shown.

The difference in the proportion of volunteers with
a more than twofold increase in IgG antibody levels in
SN volunteers (more than 90%) and in SP volunteers
(less than 78%) is due to the initially high antibody le-
vels of the latter and, consequently, the lack of doubling
after the next exposure to infection. The increase in the
proportion of volunteers with more than doubling of
IgA and IgG antibody levels is mainly due to SN volun-
teers with lower initial IgA antibody levels.

The contribution of SN and SP volunteers to the
proportion of volunteers with more than a twofold in-
crease in secretory IgA antibodies (> 80%) is approxi-
mately equal, with close initial median IgA antibody
values in each group, but larger values achieved in
SP-volunteers. The latter result may indicate a short pe-
riod of secretory IgA antibody presence after infection/
vaccination, but accelerated production and attainment
of higher values in SP volunteers with previous contact
with infection.

The reduction of bacterial elimination time after
the 2" vaccination compared to the 1% is equally re-
corded in SN and SP volunteers and is 2.0 and 2.3 times
in each group, respectively.
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Summarizing the presented results, it can be stated
that the 1* intranasal vaccination of volunteers leads to
the formation of specific humoral response of the or-
ganism, including the production of specific secretory
IgA antibodies. Repeated administration of attenuated
bacteria enhances the immune response and demon-
strates the presence of antibacterial immunity formed

ORIGINAL RESEARCHES

as a result of the 1* intranasal vaccination of volunteers
with the preparation GamLPV. A single intranasal ad-
ministration of the preparation may be sufficient for re-
vaccination of the adult population with GamLPV. The
necessity for double vaccination of young children and
adolescents should be determined by the results of cli-
nical trials.
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Selective suppression of influenza A/H5N1 virus replication in vitro
using nanocomplexes consisting of siRNA and aminopropylsilanol
nanoparticles
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Abstract

Relevance. Studies on model systems have confirmed the effectiveness of antisense oligonucleotides, including
those that contain photoactive groups, for the modification of nucleic acids. However, this strategy has not yet
found wide application due to the lack of successful methods for the intracellular delivery. The development of
effective preparations capable of acting on target nucleic acids in cells is an urgent task.

The aim of the study is to create nanocomplexes consisting of aminopropylsilanol nanoparticles and short
interfering RNA (siRNA) to study their effect on target nucleic acids by the example of inhibition of influenza A
virus replication in vitro.

Materials and methods. MDCK cells, influenza virus A/chicken/Kurgan/05/2005 (A/H5N1), aminopropylsilanol
nanoparticles, and native and modified siRNA molecules.

Results and discussion. We have prepared unique Si~NH,/siRNA nanocomplexes, which consist of
aminopropylsilanol nanoparticles and siRNA molecules, which enable cell penetration and selective interaction
with target nucleic acids, respectively. The antiviral activity of the proposed nanocomplexes has been studied
on MDCK cells infected with the influenza A/H5N1 virus. It has been shown that the double-stranded siRNA
molecules in the nanocomplexes, which act by the RNA interference mechanism, are more efficient in inhibiting
the replication of the influenza virus than the corresponding single-stranded RNA fragments. The most effective
nanocomplex that contained siRNA targeted at the chosen region of mRNA segment 5 of the viral genome
reduced virus replication in the culture by a factor of 630. We have shown that non-agglomerated and water-
soluble aminopropylsilanol nanoparticles are low-toxic, capable of delivering siRNA into cells and protecting
siRNA in the Si~NH,/siRNA nanocomplexes from hydrolysis by cellular nucleases.

Conclusion. The biological activity of the created nanocomplexes has been demonstrated by the example of highly
effective selective suppression of influenza A/chicken/Kurgan/05/2005 virus replication in the cellular system.

Keywords: aminopropylsilanol nanopatrticles, nanocomplexes, siRNA, antiviral activity, influenza A/H5N1 virus
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CenekTyBHOE nofaasneHune penaukauum supyca rpvnna A/H5N1
in vitro c nOoMoLL b0 HAHOKOMIMJIEKCOB, cocToAwmx N3 siRNA
M HAHOYaCTUL aMUHoMNponuacunaHona

PenkoBa M.H.', JleBnHa A.C.", Masypkos O.}0.?, Makapeswuu E.B.2, Dununnosa E.N.%,
|[Ma3sypkosa H.A.|?, 3apbiToBa B.®.™
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Martepuansl u metoabl. B pabote ucnonssosanu knetkn MDCK, Bupyc rpunna A/chicken/Kurgan/05/2005
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Pesynbratbl u o6cyxaeHne. CosgaHbl yHuKanbHble HaHokomnnekcebl Si~NH,/siRNA, cocToswime u3 HaHo4a-
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B KMETKN M CENEKTVBHOE B3aMMOOEWNCTBME C HYKINEWMHOBBIMU KUCMOTaMU-MULLIEHSIMU. [TpOTUBOBUPYCHYIO ak-
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KnroueBble cnoBa: HaHOYacmuubl aMUHOMPONusIcunaHona, HaHokoMrnekcnl, SiRNA, npomugosupycHasi ak-
mueHocmsb, supyc epurnna A/H5N 1

BnazodapHocms. ABTopbl Bnarogapsat M. MewanuHoBy (nabopatopust xumun PHK MHcTutyTa Xxmmuyeckor 6uonorum
1 dyHaameHTanbHon meauumHbl CO PAH) 3a cuHTe3 onmMropmboHyKneoTnaoB 1 X MOAUGULIMPOBaHHBIX aHaNoroB.

HUcmoyHuk ¢huHaHcupoesaHusi. ViccnegoBaHve nogaepxaHo Poccuicknum HayuHbIM choHAom (rpaHT Ne 23-25-00230).

KoHgpbnnukm unmepecoe. ABTOpbI eKNapupyoT OTCYTCTBUE SIBHLIX W MOTEHUMANbHBLIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C NyGnukaunen HacTosLLen CTaTbu.

Ana yumupoeaHus: Penkosa M.H., lNleBnHa A.C., Masypkos O.1O., Makapesudy E.B., dununnosa E.N., Ma3sypko-
Ba H.A., 3apbiToBa B.®. CenektBHOE nopasneHve pennukauum supyca rpunna A/HSN1 in vitro ¢ nomoLLbto HaHoKoMM-
nekcos, cocTosiwumx 13 siRNA 1 HaHoyacTuy, amvHonponuncunaHona. XKypHan Mukpobuonoauu, anudemuonoauu u
ummyHobuonozuu. 2024;101(6):794-802.

DOI: https://doi.org/10.36233/0372-9311-575

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

© Penkoea M.H., lNleeuHa A.C., Masypkos O.1O., Makapesuy E.B., dununnosa E.WN., Masypkosa H.A., 3apeiToa B.®., 2024



796

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6)

DOI: https://doi.org/10.36233/0372-9311-575

Introduction

Nucleic acid (NA) therapy offers unique oppor-
tunities to influence the genetic material of the cell.
However, its effectiveness is limited by the instability
of NAs in relation to cellular nucleases and their low
ability to penetrate the cytoplasmic membrane, which
makes it necessary to use different delivery systems [1].

Small interfering RNA (siRNA) is a promising
type of RNA-based therapeutic agents because their
mechanism of action is catalytic and each siRNA
molecule can inactivate several target RNA mole-
cules. siRNA molecules are intensively investigated
as antiviral agents. L. Singh et al. presented a wide
range of applications of nanoscale materials for the
treatment of common viral infections [2]. For the
clinical success of the proposed methods for the de-
livery of NA fragments into cells, safety and efficien-
cy remain vital requirements. Various approaches
have been proposed to address the problem of siR-
NA delivery, e.g., using viruses, cationic lipids, poly-
mers and transport peptides. The successful use of
bioconjugates of siRNA and N-acetylgalactosamines
is also worth mentioning [3]. However, all methods
have limitations for therapeutic use. A huge number
of potential siRNA-based drugs have not undergone
clinical trials because many factors (low efficiency of
siRNA delivery to target cells, toxicity, degradation
of siRNA by nucleases, filtration by kidneys, uptake
by immune cells, off-target effects, low efficiency of
penetration through hydrophobic cell membrane and
release of siRNA from endosomes, etc.) limit the use
of siRNA in biomedicine.

One of the most promising approaches to solving
the problem of siRNA delivery into cells is the use of
non-viral vectors based on nanoparticles (NPs) [2, 4, 5].
Different types of NPs have been used for delivery of
siRNA. NPs consisting of cationic polymers (poly-L-ly-
sine, polyamidoamine, polyethylenimine, and chitosan)
or lipids are the most studied delivery methods [6, 7].
Given the wide variety of available materials, each with
many potential modifications, the composition of the
NPs can be optimized to deliver a specific type of RNA
[8-10]. Delivery systems should fulfill a number of im-
portant requirements: they should increase the ability of
RNA penetration into cells, provide effective protection
of RNA from degradation by cellular nucleases, and
have low toxicity.

Despite certain successes in the development of
methods for the delivery of RNA fragments into cells,
the problem of their delivery method still remains un-
solved. Therefore, it is advisable to search for other
methods to deliver siRNA into cells.

We have previously developed delivery systems
for oligodeoxyribonucleotides and deoxyribozymes
based on the use of titanium dioxide and aminopro-
pylsilanol (APS) NPs for their effect on NA targets. It
has been shown that DNA fragments within the created
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nanocomposites are site-specific and effectively affect
target genes in vitro and in vivo [11-14].

The aim of this study is to determine the possibil-
ity of using non-agglomerated, water-soluble APS NPs
for siRNA delivery into cells in the form of the Si~NH,/
siRNA nanocomplexes to effectively suppress replica-
tion of the influenza A/H5N1 virus.

Materials and methods

Reagents used in this study were from commer-
cial suppliers: (3-aminopropyl)triethoxysilane, trypsin,
penicillin, streptomycin (Sigma-Aldrich); DMEM me-
dium (Dulbecco's modified Eagle's medium; Biolot);
fetal bovine serum (Gibco), MTT ((3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyltetrazolium bromide), NeoF-
roxx), and dimethyl sulfoxide (Component-Reactiv).
Trypsin was used at a concentration of 2 pg/mL, peni-
cillin and streptomycin at a concentration of 100 U/mL.
Chicken erythrocytes, MDCK cells, and the influenza
virus A/chicken/Kurgan/05/2005 (H5N1) strain were
obtained from the collections of Vector.

Oligoribonucleotides and their derivatives were
synthesized by the solid-phase method on an automat-
ed ASM-800 DNA/RNA synthesizer (Bioset) using an
optimized protocol for a synthesis scale of 0.4 mmol.
2'-deoxy-, 2'-O-TBDMS-, and 2'-O-methyl-phosphor-
amidite (Glen Research) were used as monomers.
Sulfurizing reagent II (Glen Research) was used to
introduce the thiophosphate group. The concentration
of oligonucleotides was determined spectrophotomet-
rically by measuring their optical density in solution
using a Shimadzu U-1800 spectrophotometer (Shi-
madzu).

Preparation of Si~NH, aminopropylsilanol
nanoparticles and Si~NH /siRNA nanocomplexes

APS nanoparticles (Si~NH,) were synthesized by
hydrolysis of (3-aminopropyl)triethoxysilane, which
was added dropwise to hot water, and the mixture was
stirred at this temperature for 15 h followed by cooling
to room temperature [15]. The pH value of the resulting
solution (10.6) was adjusted to 7.5 using 1 M HCI. The
concentration of the final Si~NH, solution (0.26 M)
was evaluated by titration of amino groups using 1
M HCI. The reaction yield was 95-97%. Si~NH, NPs
were studied by physicochemical methods, i.e., dyna-
mic light scattering, ultraviolet, infrared spectroscopy,
transmission and atomic force microscopy [15].

RNA molecules were immobilized on APS NPs
[16] due to the electrostatic interaction between neg-
atively charged internucleotide phosphate groups in
oligoribonucleotides (p) and positively charged amino
groups (NH,) in NPs. The nanocomplexes with single-
and double-stranded RNA (Si~NH_/RNA and Si~NH,/
siRNA, respectively) were prepared by mixing RNA
or siRNA with 0.26 M Si~NH, in water, provided that
the NH./p ratio was 50 (we considered the number of
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phosphate groups in only one strand). The size and zeta
potential of the obtained APS nanoparticles and nano-
complexes with RNA molecules were measured by
dynamic light scattering on a Zetasizer Nano ZS Plus
device (Malvern).

Toxicity analysis of nanopatrticles and
nanocomplexes in MDCK cell culture

Samples in DMEM medium (Biolot; 0.1 mL at
concentrations of 5-50 uM for siRNA or 5-50 mM
for Si~NH,) were added to wells of 96-well plates
with MDCK cells. Cells in 0.1 mL of DMEM main-
tenance medium were used as a control. After incuba-
tion of cells for 2 days at 37°C and 5% CO,, the culture
medium was removed and MTT dye (3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) in
PBS-D buffer (Dulbecco's phosphate-buffered saline;
0.075 mL, 1 mg/mL) was added to each well. Cells
were incubated for 90 min at 37°C, after which the dye
solution was removed and dimethyl sulfoxide (0.1 mL)
was added. After incubation for 10 min, the optical
density in each well was measured on an Emax spec-
trophotometer (Molecular Devices) at a wavelength of
540 nm, which is an indicator of the number of viable
cells in the monolayer.

The dependence of optical density on the concen-
tration of the tested sample was presented in semi-log-
arithmic coordinates, and the 50% cytotoxic concen-
tration (CC, ) of each sample was calculated using the
SoftMaxPro-4.0 computer program.

Antiviral activity of nanocomplexes

A/chicken/Kurgan/05/2005 (HS5N1) virus was
grown in the allantois cavity of 10-day-old chicken
embryos at 37°C. Allantois fluid was collected 48 h af-
ter virus inoculation and stored at —80°C. MDCK cells
were seeded at a rate of 10° cells/mL in DMEM nutrient
medium containing 10% fetal bovine serum (Gibco) in-
to 96-well plates (100 puL/well) and incubated at 37°C,
5% CO,, and 100% humidity. After reaching ~80%
monolayer, the medium was removed and samples
of Si~NH,, Si~NH/RNA, and Si~NH,/siRNA were
added to the wells at a concentration of 0.5 mM (for
Si~NH,, corresponding to 0.5 uM for RNA or siRNA)
in 100 uL of DMEM medium. The control sample was
the same medium without the nanocomplexes. Osel-
tamivir at a concentration of 10 pg/mL was used as a
reference drug.

The concentration of the Si~NH_/siRNA nano-
complexes was varied in the range of 0.01-1.00 uM
(for siRNA) in experiments that involved the investiga-
tion of their dose-dependent antiviral activity.

Cells were incubated in the presence of the sam-
ples at 37°C, 5% CO, and 100% humidity for 4 h fol-
lowed by washing the cells with the same medium.
Cells were then infected with the A/H5N1 virus in
trypsin-containing (2 pg/mL) DMEM medium (100 pL

in each well) at an infection multiplicity of 0.01 50%
tissue culture infectious dose (TCID, ) per 1 mL. After
virus adsorption for 1 h at room temperature, the medi-
um containing virus was removed, cells were washed
with trypsin-free DMEM medium, and the same medi-
um containing trypsin was added to each well (100 pL).
After incubation for 48 h, serial 10-fold dilutions (10!
to 10®) of the culture fluid containing virus from each
well were applied to MDCK cells with repeated incu-
bation for 48 h for further evaluation of the virus titer.
The presence of cytopathic action was recorded under
the microscope and in hemagglutination reaction with
1% suspension of chicken erythrocytes. The virus titer
was expressed in terms of 1g TCID, /mL. To evaluate
the dependence of virus inhibition on the concentration
of nanocomplexes, the percentage of inhibition of virus
production was calculated using the formula: (4 — B)/A,
where A is the virus titer in control (without sample)
in TCID_/mL; B is the virus titer in experiment (with

sample) i;)l TCID, /mL.

Statistical analysis

Statistical analysis was performed using the
Statistica v. 12 program (StatSoft Inc.). Virus titer in
control and experiment (without or with experimental
samples, respectively) was calculated using the Spear-
man—Kerber method and expressed as 1g TCID, /mL.
Differences between the results with experimental and
control samples were considered significant at p < 0.05.

Results and discussion

Silica NPs are considered as promising carriers for
delivery of NAs into cells [17]. Most often, amine-mod-
ified Si-NPs are used for immobilization of NAs and
their fragments. We synthesized non-agglomerated
APS NPs (hydrodynamic diameter — ~1 nm, zeta po-
tential — ~10 mV) [15].

The small size of Si~NH, particles provide wa-
ter-soluble preparations. Characterization of APS NPs
using physicochemical methods is described in our pre-
vious work [15]. It is shown that the obtained NPs are
not prone to agglomeration and can be stored for sev-
eral months.

Si~NH,/RNA and Si~NH,/siRNA nanocomple-
xes were obtained by electrostatic interaction between
negatively charged inter-nucleotide phosphate groups
in RNA and siRNA and positively charged protonated
amino groups in Si~NH, NPs. The addition of nega-
tively charged siRNA molecules to the NPs leads to a
change in zeta potential from ~(+10 mV) to ~(—30 mV)
and particle size from ~1 nm to ~200 nm, thus indica-
ting the formation of nanocomplexes.

As a target for RNA and siRNA, we chose seg-
ment 5 of the influenza A virus encoding a nucleopro-
tein that plays a key role in the incorporation of the viral
genome into the cell nucleus of an infected organism,
thus facilitating further replication and assembly of vi-
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ral particles [18]. A region near the 3' end of this seg-
ment starting at nucleotide 1496, which is conserved
vulnerable to siRNA action [19-21], was selected for
siRNA exposure.

We synthesized two native (RNA and RNA ) and
eight modified (RNA,-RNA ) oligoribonucleotides
containing TT at the 3' end (Table 1). RNA, and RNA,
contain, in addition to TT, 2'-OMe groups at the U*A
site in the center of the strands. The presence of the
2'-O-Me group in this site increases resistance to serum
nucleases, thereby maintaining the interference ability
of siRNA [22] and providing long-term suppression of
target gene expression [23]. The RNA, strand contains
2'-O-Me groups at all positions and 2 internucleotide
thiophosphate groups at both ends. The RNA, strand
differs from RNA_ by the presence of three consecu-
tive 2'-F groups at positions 9-11 from the 5' end. Oli-
goribonucleotides RNA,, RNA , RNA, and RNA_ are
sense strands, and RNA , RNA,, RNA,, and RNA_ are
antisense strands directed to (-)RNA and (+)RNA of
the viral genome, respectively.

The synthesized RNAs were used to obtain the
Si~NH_/RNA nanocomplexes based on non-agglomer-
ated APS NPs. Their biological activity was investigat-
ed on the example of suppression of the A/H5N1 virus
replication in infected MDCK cells at a multiplicity of
infection of 0.01 TCID,/cell. The results show that all
single-stranded oligoribonucleotides (both sense and
antisense strands) in the Si~NH /RNA nanocomplexes
suppressed replication of the influenza A/H5N1 virus
by 0.7-1.3 orders of magnitude (5-20 times) (Fig. 1,
columns 1-8).

From the four studied sense strands, we chose
RNA, containing deoxydinucleotide TT at the 3' end
for protection from exonucleases, as the most active
one and formed four siRNA molecules with all pos-
sible antisense strands (RNA, ,, RNA, , RNA, , and
RNA, ). All siRNAs are duplexes with the same nucle-
otide sequence and different modification of nucleoside
units. The efficiency of the investigated siRNAs was
significantly higher compared with single-stranded oli-

Table 1. Oligoribonucleotides used in this study
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goribonucleotides (Fig. 1). The Si~NH_/siRNA nano-
complexes suppressed the A/H5N1 virus replication by
2.3-2.8 orders of magnitude (200-630 times).

The main reason for the difference in the effective-
ness of siRNA and oligoribonucleotides is the different
mechanism of their action. It is known that oligodeoxy-
nucleotides and siRNAs suppress the functions of tar-
get RNAs through complementary interactions with the
target RNA with its subsequent degradation by cellular
RNases (RNase-H1 and AGO?2, respectively) [24-26],
which eventually leads to the loss of target RNA func-
tions. Single-stranded RNA fragments can form com-
plementary complexes with the target RNA but do not
cause degradation of the target RNA. The siRNA mo-

Virus titer, Ig TCID,,/mL

Fig. 1. Titers of A/chicken/Kurgan/05/2005 (H5N1) virus
in MDCK cells after their incubation of with Si~NH,/RNA
and Si~NH,/siRNA nanocomplexes.

C, virus control without samples. Si~NH,/RNA nanocomplexes
containing RNA,—RNA, (7-8), concentration of RNA in
nanocomplexes is 0.5 uM; Si~NH,/siRNA nanocomplexes
containing siRNA, ,, siRNA, ,, siRNA,, and siRNA, | (9-72),
concentration of siRNA in nanocomplexes is 0.5 uM per one strand;
ozeltamivir (13), 10 ug/mL or 32 uM; Si~NH, (74), 0.5 mM; Si~NH,/
siRNA, ,,, nanocomplex containing unspecific siRNA,,; (75). MO,
0.01 TCID/cell. The presented average values, standard deviations
and differences in the titer values of the virus are calculated using
the Spearman—Kerber method. Asterisks designate the difference
between the control and the titer values of the virus obtained under
the action of the studied series of nanocomplexes, at p < 0.05.

RNA chain Nucleotide sequence, 5'-3'
RNA, Antisense CUCCGAAGAAAUAAGAUCC
RNA, Sense GGAUCUUAUUUCUUCGGAG
RNA, Antisense CUCCGAAGAAAUAAGAUCCTT
RNA, Sense GGAUCUUAUUUCUUCGGAGTT
RNA, Antisense CUCCGAAGAAAU*AAGAUCCTT
RNA, Sense GGAUCUU*AUUUCUUCGGAGTT
RNA, Antisense C*p U C* C* G A A*G* A" A* A" U* A A*G*A*U*C* C™ [, T T
RNA Sense G* G AU UU*AUFURU*C* U U C*G* G A G* , T, T

8

Note. *2'-O-methyl group; #2'-fluoro group; PS — internucleotide thiophosphate group; symbol d for deoxyribotimidine has been omitted.
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Table 2. Dependence of antiviral activity of Si~NH,/siRNA,, nanocomplex on siRNA concentration with MOI 0.01 TCID, /cell

Concentration of siRNA,,

in nanocomplex, uM

Infection titer of influenza A virus
IgTCID,/mL

Inhibition of influenza A
virus replication, %

1,00
0,50
0,10
0,05
0,01

Virus control

4,50
5,75
7,00
7,50
7,50
8,50

99,99
99,82
97
90
90

lecule first binds to the RISC complex, then the sense
(passenger) strand is removed. AGO2 nuclease and the
remaining antisense strand within the RISC complex
find the target RNA, and AGO2 cleaves it. AGO2 re-
tains the antisense strand for some time as part of the
RISC complex for further reactions [27-29].

It is known that siRNAs are rapidly hydrolyzed by
cellular nucleases, and various modifications are used
to protect against them. It should be noted that even
minimally modified siRNA & and siRNA,  delivered
into the cells as part of nanocomplexes with NPs were
very effective in suppressing virus replication (by 2.3
orders of magnitude, ~200 times). This implies that
APS NPs protect siRNA from cellular nucleases. The
most active Si~NH,/siRNA, , nanocomplex suppressed
virus replication by ~3 orders of magnitude.

The antiviral activity of the studied Si~NH_/siRNA
nanocomplexes was comparable to that of oseltamivir
(the most commonly used comparison drug in studies
of effects on the influenza A virus) but at a much low-
er concentration of the active component (0.5 pM for
siRNA and 32 pM for oseltamivir). The Si~NH, NPs
did not inhibit virus replication, as would be expected.

The most active Si~NH, /siRNA, nanocomplex
is characterized in more detail. We evaluated the effect
of siRNA, Si~NH, NPs in the free state and as part of
the Si~NH,/siRNA,, nanocomplex on the survival of
uninfected MDCK cells (Fig. 2). Unbound siRNA,,
as expected, was nontoxic in the concentration range
investigated. The cytotoxicity of the Si~NH,/siRNA, ,
nanocomplex coincides with the toxicity of Si~NH,
NPs. Consequently, it can be concluded that the cyto-
toxicity of nanocomplexes is determined by the toxicity
of their constituent NPs. The cytotoxic concentration of
the drug, at which 50% of cells in the uninfected mono-
layer are destroyed, determined from the data in Fig. 2,
was 38 mM per Si~NH, and 38 uM per siRNA.

Table 2 summarizes the results of suppression of
the influenza virus production depending on the con-
centration of the Si~NH,/siRNA, , nanocomplex in the
cell culture.

1.2 4
1.07
08- "3
0.6 -
0.4 -
0.2-

0

T T
1 10 100
Fig. 2. Viability of MDCK cells when treated with siRNA

and Si~NH, samples in the free state and as part
of the Si~NH,/siRNA nanocomplex.

1, siRNA, ,; 2, Si~NH,; 3, Si~NH_/siRNA, ,. The x-axis shows the

5/4° 514"
concentration of siRNA in the free state or as part of a nanocomplex

(uM) and Si~NH, nanoparticles in the free state or as part
of a nanocomplex (mM). The y-axis shows optical density
of the MTT solution.

It was shown that in the concentration range of
siRNA, , in the Si~NH,/siRNA,, nanocomplex from
0.01 to 1.00 uM, the suppression of the influenza virus
production was 90.00-99.99%.

Conclusion

The results indicate that APS NPs can be used to
deliver siRNA into cells as part of the Si~NH,/siRNA
nanocomplexes. The cytotoxicity of the Si~NH./siR-
NA,, nanocomplex is determined by the toxicity of
Si~NH, NPs. The cytotoxic concentration of the drug,
at which 50% of cells in the uninfected monolayer are
destroyed, was 38 mM per Si~NH, and 38 uM per siR-
NA. The proposed siRNA-containing nanocomplexes
targeting a selected region of the 5th segment of the vi-
ral genome mRNA were successfully used to suppress
the A/H5N1 virus production in a cellular system. The
most effective Si~NH,/siRNA, , nanocomplex reduced
the replication of the influenza A virus in cell culture by
~3 orders of magnitude.
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Abstract

Background. Dengue is a public health problem that leads to death. This disease is necessary to monitor to
reduce its impact on the community.

Purpose. This study aims to forecast the incidence of dengue in Bandung City using historical data from 2014
to 2023.

Method. This retrospective observational study examined dengue incidence in Bandung City from 2014 to 2023,
secondary data were processed and analysed using Autoregressive Integrated Moving Average (ARIMA) model
to forecast dengue incidence.

Results. The best model generated is ARIMA (3,0,3), Mean Absolute Percentage Error (MAPE = 33,3437) and
Akaike Information Criterion (AIC = 0,1489). Based on the model, the peak of dengue cases is estimated to occur
in September 2024 (320 cases).

Conclusion. The peak incidence of dengue in Bandung City will occur in September 2024. Hence the need for
vector control efforts in several sub-districts and increasing efforts to prevent and control dengue.

Keywords: Dengue incidence, Dengue forecast, ARIMA model, outbreak prediction, Indonesia
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AHHOMauusi

BBeaeHue. Bupyc oeHre sisnsetca npobnemort obLecTBEHHOrO 3ApaBOOXPaHEHNs], KOTopas MPUBOAMUT K cMep-
Tn. 910 3aboneBaHMe HeOBXOAMMO KOHTPONMPOBATb, YTOObI YMEHbLUNTL Er0 BO3AENCTBUE HA OOLLIECTBO.

Lenb nccnegoBaHusa — cnporHo3vpoBaTh 3aboneeaeMocTb AeHre B ropoae baHayHr, ncnonb3ys gaHHbele ¢ 2014
no 2023 r.

MeTopa. B gaHHOM nccnenoBanum nsydanack 3abonesaemocTtb AeHre B ropoge banayHr ¢ 2014 no 2023 r., BTO-
pU4HbIe AaHHble obpabaTbiBany 1 aHaNM3MPOBanu C NOMOLLLbIO MOAENN aBTOPErpecCcun CKOmMb3SLLEro CpeaHero
(ARIMA) onst nporHo3upoBaHusi 3ab0eBaeMoCcTy OeHre.

Pe3ynbraTthbl. Jlydwen mogensto sisnsietca ARIMA (3,0,3), cpeaHsist abcontoTHas owmbdka B npoueHTax (MAPE =
33,3437) n nidpopmaLmoHHbIn kputepuii Akamke (AIC = 0,1489). Ncxonsa 13 mogenu, Nk 3abonesaemocTy AeHre
npuxoamTcs Ha ceHTsbpb 2024 r. (320 cny4yaes).

BbiBoAbl. N1k 3a6oneBaemocTn aeHre B ropoge baHayHr npnaértca Ha ceHTsi6pb 2024 r. OTcloga crnepyer, YTo
HeobxoAuMO MPoBOAMTE MeponpuATMA No 6opbbe ¢ nepeHocUYnKammn MHEPEKUMN B HECKOMNbKUX nogpanoHax u
HapalmBaTb ycunus no npodunakTuke n 6opbbe c aeHre.

KntoueBble cnoBa: 3aboregaemocms deHee, ipo2Ho3 3abonesaemocmu deHee, moderib ARIMA, npo2Ho3 ecribi-
wek, MHOoHe3us

BnazodapHocms. ABTOp Bnarogaput YnpasreHue 3gpaBooxpaHeHns ropoga baHayHr u AreHTCTBO CTaTUCTUYECKOrO
LieHTpa ropofa barayHr 3a nomoLLb B NpoBeAeHUn nccnegosaHns. ABTOpbI Takke xoTeny 6el nobnarogapute kadeapy
anvaemuonorMn Yuusepcuteta [IMnoHeropo 3a NoMolLb B NPOBEAEHNN [aHHOTO UCCNENOBaHMS.

HcmoyHuk ¢puHaHcupoeaHusi. ABTOPLI 3asiBNSAIOT 06 OTCYTCTBUM BHELLHETO (DHAHCUPOBaHUSA NPU NPOBEAEHUN UC-
crnefoBaHus.

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

Ana yumupoearus: Sutriyawan A., Martini M., Sutiningsih D., Agushybana F., Wahyuningsih N.E., Adamu V.E.,
Akbar H., Aba M. AHann3 BpeMeHHbIX psaoB 3aboneBaemocTy AeHre B ropoae baHayHr, HaooHesus, ¢ ncnonb3oBaHu-

em mogenu ARIMA. XKypHan mukpobuornozauu, anudemuonoauu u uMmmyHobuonozauu. 2024;101(6):803-811.

DOI: https://doi.org/10.36233/0372-9311-570
EDN: https://www.elibrary.ru/azyffs

Introduction

Dengue is a disease transmitted by the Aedes
aegypti and Aedes albopictus mosquitoes, caused by
the dengue virus. It is more common in tropical and
subtropical climates'. In 2013, approximately 3.6 bil-
lion people and 40% of the global population resided
in areas at risk of dengue or endemic to the disease.
It is estimated that 400 million individuals contracted
the dengue virus annually, resulting in 100 million den-
gue cases and approximately 21,000 deaths?. A total of
more than 100 countries worldwide have been identi-
fied as being endemic to dengue. The Americas, South-
east Asia and the Western Pacific are the most severe-
ly affected regions by this disease. Seventy percent of
the disease burden is concentrated in Asia. South and
Southeast Asia are the regions with the highest number
of cases, with an estimated 1.3 billion people residing
in dengue-endemic areas across 10 countries in South-
east Asia. Among the 30 countries with the highest en-
demicity rate in the world, India, Indonesia, Myanmar,
Sri Lanka and Thailand are included®. Indonesia is one
of the countries contributing the most cases of dengue

World Health Organization. Dengue and severe dengue 2022.
URL: https://www.who.int/news-room/fact-sheets/detail/dengue-
and-severe-dengue

Centers for Disease Control and Prevention. Why is Dengue a
Global Issue. URL: https://www.cdc.gov/dengue/training/cme/
ccm/page51440.html

3 World Health Organization. Dengue in the South-East Asia.
URL: https://www.who.int/southeastasia/health-topics/dengue-
and-severe-dengue

in the world, with the number of cases continuing to
increase. In 2021, there were 73,518 cases, which in-
creased to 143,266 in 2022. In 2023, there were 114,720
cases, resulting in 894 deaths*. Bandung City is one of
the regions in Indonesia that contributes the highest in-
cidence of dengue. In 2021, the incidence of dengue in
Bandung City was recorded at 3,743 cases, increasing
to 5,205 cases in 2022 and resulting in 10 deaths®.

The early identification of dengue outbreaks has
the potential to enhance vector control efforts and
permit public health authorities to implement proac-
tive measures to prevent the spread of the disease [1].
A multitude of mathematical models have been em-
ployed to predict dengue incidence. Time series models
are the most prevalent, as evidenced by studies con-
ducted in Thailand [2], Singapore [3], Brazil [4] and
China [5]. This model employs a combined approach
between environmental and biological factors in order
to forecast the risk of transmission and the magnitude
of potential outbreaks. Furthermore, this model can in-
tegrate the complex interactions between environmen-
tal and biological factors that affect dengue transmis-
sion [6]. The models presented in some of these studies
indicate that time series analysis is an invaluable tool

* Ministry of Health of the Republic of Indonesia. Latest
information on dengue up to week 8 2024. URL: https://p2pm.
kemkes.go.id/publikasi/infografis/informasi-terkini-dbd-hingga-
minggu-ke-8-2024

> Health Office of Bandung City. Health Profile of Bandung City
in 2022. URL: https://dinkes.bandung.go.id/download/profil-
kesehatan-2022
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for enhancing our understanding of dengue transmis-
sion dynamics and for the design of effective preventive
measures to control the disease.

Time series analysis is a valuable tool in public
health and infectious disease surveillance [7]. Autore-
gressive Integrated Moving Average (ARIMA) mo-
del is a time series modelling technique that has been
widely used to predict and forecast data with seasonal
patterns. The model has proven effective in modelling
and forecasting dengue incidence, revealing temporal
patterns, and predicting future trends. The ARIMA
model is versatile and has many practical applications
in dengue prevention and control. The model is capable
of identifying temporal patterns, thereby guiding tar-
geted vector control measures during high-risk periods.
Furthermore, the ARIMA model assists in developing
an early warning system for dengue outbreaks, there-
by improving the efficiency and effectiveness of vec-
tor control campaigns. These analyses provide insights
into dengue transmission patterns and the impact of en-
vironmental and social factors on disease incidence [6].
The application of ARIMA modelling has facilitated
a deeper understanding of temporal patterns, thereby
enabling more effective prevention and control of out-
breaks. This approach has been successfully employed in
Brazil, Mexico, Singapore, Sri Lanka and Thailand [8].

The incidence of dengue cases in Indonesia is
rising year on year, yet the efforts made to combat the
disease are not yet optimal. Furthermore, the current
treatment approach has not been proven effective in
overcoming dengue, with the focus being on mitigating
complications and reducing the severity of symptoms
instead [9]. Consequently, there is a pressing neces-
sity to implement effective prevention strategies. The
ARIMA model is frequently employed in case forecast-
ing research and provides insight into dengue epidemio-
logy. However, in this study, the author sought to offer
novel insights specific to the distinctive dynamics of
dengue transmission in Bandung City. These insights
can assist policymakers in developing early vigilance
efforts and implementing dengue epidemiological sur-
veillance, particularly with regard to place and time.
The objective of this study is to forecast the incidence
of dengue in order to facilitate more efficient dengue
prevention and control efforts.

Materials and methods
Study design

This retrospective observational study was con-
ducted using historical data of dengue cases in Band-
ung City, Indonesia from 2014 to 2023.

Study area

The study area of this research is Bandung City
which is the capital of West Java Province, Indone-
sia, and is the third largest city in Indonesia. located at
107°36°East, 6°55° LS, and covers an area of 167.3/km?.

In 2023 the population of Bandung City is 2,569,107
people with a population density of approximate-
ly 15,000 people per square kilometre. Bandung City
was chosen as the research location because it is a den-
gue endemic area and recorded a significantly higher
amount of dengue cases from 2014 to 2023 compared
to other regions.

Data collection

This study used secondary data from the Bandung
City Health Office. The Disease Prevention and Control
Unit of Bandung City Health Office provided monthly
data on dengue incidence in Bandung City from January
2014 to December 2023. The monthly dataset contains a
total of 120 monthly observations. The author used den-
gue cases covering 2014-2023 due to the availability of
the dataset recorded from Bandung City Health Office.
Dengue incidence data is something that must be report-
ed in Bandung City routinely. The data available at the
Bandung City Health Office are transferred data from
community health center, hospitals and clinics, so this
data is sufficient to describe the actual incidence.

Data management and statistical analysis

The forecasting data analysis method used R Stu-
dio software. The temporal pattern of dengue incidence
in Bandung City was analysed using Autoregressive In-
tegrated Moving Average (ARIMA), a statistical model-
ling approach that has been widely used for time series
analysis. This approach was popularised by Box and
Jenkins. During the study period, monthly dengue inci-
dence cases were used to create an ARIMA time series
analysis. In general, when dealing with data that does
not show seasonal patterns, the model used is ARIMA
(p, d, q). The parameters of the ARIMA model are as
follows: p is the autoregressive (AR) number, which de-
termines how many time periods are used to predict the
current period. This parameter is determined from the
partial autocorrelation function (PACF) diagram, d: the
number of differentials taken for the static average and
the parameter q represents the moving average (MA)
number, which takes into account the deviation of the
data series from the average of the series over a number
of time periods to predict the current time period. These
parameters are determined from the autocorrelation
function (ACF) diagram. The evaluation of time series
models includes the use of Akaike Information Criteria
(AIC). Lower normalised AIC values are considered to
be more favourable. Once the optimal model had been
identified, the author proceeded to perform forecasting
for 2024.

Ethical clearance

Ethical clearance and permission for this study
was obtained from the Health Research Ethics Com-
mittee of Bhakti Kencana University with No. 079/09.
KEPK/UBK/VII/2023.
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Results

Figure 1 shows the map of Bandung City Area
along with dengue incidence maps from 2014 to 2023.
These maps highlight the dengue incidence based on
30 sub-districts. The highest cases occurred in 2022
at 5,205 cases. The highest number of cases is in Bo-
jongloa Kidul Sub-district (299 cases), and the low-
est number of cases is in Bandung Wetan Sub-district
(65 cases). Meanwhile, the lowest number of cases oc-
curred in 2017 at 1,786 cases. The highest number of
cases was in Buah batu sub-district (134 cases) and the
lowest number was in Cicadap sub-district (12 cases).

This study uses a dataset consisting of monthly
dengue events in Bandung City from January 2014 to
December 2023, which shows a random or non-season-
al pattern. The observed monthly dengue case series
showed a stationary pattern as shown in Figure 2, a.
To assess the stationarity of the data, the Dickey-Fuller
test was performed and showed the data was stationary
(» = 0.01). In the ACF plot, the value drops exponen-
tially as it approaches 0 in Fig. 2, 5. While the PACF
that exceeds the maximum limit is at Lag 0, 1 and 3,
then the appropriate model is AR =3 seen in Fig. 2, c.

After identifying the model, we estimated the ARI-
MA model to determine the significant model. Table 1
shows that the ARIMA models with significant coeffi-
cient estimates are ARIMA (3,0,1), ARIMA (3,0,2) and
ARIMA (3,0,3).

The ARIMA models with significant coefficient
estimates are ARIMA (3,0,1), ARIMA (3,0,2), and
ARIMA (3,0,3). Diagnostic checking is done to en-
sure the best ARIMA model. The ACF plot of residu-
als does not exceed the boundary line for lag > 0, and
the Ljung-box test shows that all values are above the
boundary line, so the ARIMA (3,0,1) model is appropri-
ate, otherwise there is no autocorrelation (Fig. 3, a). ACF
plot of residuals exceeds the boundary line for lags > 0.
The Ljung-box test shows that all values are above the
boundary line, so the ARIMA (3,0,2) model is appropri-
ate, otherwise there is no autocorrelation (Fig. 3, b). ACF
plot of residuals exceeding the boundary line for lags
> 0. The Ljung-box test shows that all values are above
the boundary line, so the ARIMA (3,0,3) model is ap-
propriate, otherwisethere is no autocorrelation (Fig. 3, ¢).

The ARIMA (3,0,1), ARIMA (3,0,2) and ARIMA
(3,0,3) models are all good, so to determine the best
ARIMA model, the Mean Absolute Percentage Error
(MAPE), and Akaike information criterion (AIC) values
are used. Table 2 shows the values of Mean Absolute

ORIGINAL RESEARCHES

Table 1. Estimation of ARIMA Model

Model p-éa?ue p-\lg?‘ue
ARIMA (0,0,1) - Significant
ARIMA (0,0,2) - Significant
ARIMA (0,0,3) - Significant
ARIMA (1,0,0) Significant -
ARIMA (1,0,1) Significant Not significant
ARIMA (1,0,2) Significant Not significant
ARIMA (1,0,3) Significant Not significant
ARIMA (2,0,0) Significant -
ARIMA (2,0,1) Significant Not significant
ARIMA (2,0,2) Not significant Not significant
ARIMA (3,0,0) Significant Not significant
ARIMA (3,0,1) Significant Significant
ARIMA (3,0,2) Significant Significant
ARIMA (3,0,3) Significant Significant

Error (MAE), Root Mean Squared Error (RMSE), and
Mean Absolute Percentage Error (MAPE), and Akaike
information criterion (AIC). The most suitable model
forecast result is the ARIMA (3,0,3) model, which can
be seen from the MAPE value of 33.3437 and the AIC
value of 0.1489.

ARIMA model (3,0,3) to forecast dengue inci-
dence from January 2024 to December 2024, with a
MAPE value of 33.3437 or 3.33%. The observed and
forecasted values of dengue incidence for 2024 are pre-
sented in Fig. 4. The trend of dengue cases in Bandung
City from January to December 2024 tends to increase.

The results of the forecast of dengue incidence
in Bandung City in 2024 (Table 3), we found that the
highest number of cases occurred in September 2024
which was 320 and the lowest in January 2024 which
was 217 cases This finding is quite similar to the pat-
tern of dengue incidence in observational data, so this
model is sufficient to describe the forecast of dengue
incidence in 2024.

Discussion

The incidence of dengue in Bandung City has
consistently posed a significant public health concern
in recent years. The city's dengue incidence rate is no-
tably higher than that of other cities and districts, with
a high mortality rate. Dengue incidence is typically
highest during the rainy season [10], with population

Table 2. Mean Absolute Percentage Error (MAPE), and Akaike information criterion (AIC) on ARIMA Model

Model RSME MAE MAPE AIC
ARIMA (3,0,1) 114.0923 75.344 34.08223 0,1492
ARIMA (3,0,2) 111.3093 74.16202 33.87018 0,1490
ARIMA (3,0,3) 110.0493 73.42905 33.3437 0,1489
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Fig. 1. Dengue incidence in Bandung City in 2014-2023.
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b c

Fig. 2. Dengue incidence based on January 2014 to December 2023 in Bandung City (a), autocorrelation function (b), partial
autocorrelation function (c).

c
Fig. 3. Diagnostic checking of ARIMA Model (3,0,1) (a), ARIMA Model (3,0,2) (b), RIMA Model (3,0,3) (c).
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Fig. 4. Observed and predicted dengue incidence from
ARIMA model (3,0,3) in 2024 in Bandung City.

Table 3. Prediction of dengue fever cases in Bandung City in
2024 obtained from the ARIMA model (3,0,3)

Month Cases
Jan-24 217
Feb-24 221
Mar-24 272
Apr-24 263
May-24 303
Jun-24 285
Jul-24 316
Aug-24 293
Sep-24 320
Oct-24 293
Nov-24 318
Dec-24 289

density also playing a role [11]. The Indonesian govern-
ment has implemented dengue prevention and control
efforts, including the eradication of mosquito nests [12].
Case experience, such as the ARIMA technique, plays
an important role in the conduct of dengue prevention
and control planning. This study employed the ARIMA
technique to forecast dengue incidence in Bandung City.
The findings of this study can serve as a source of infor-
mation for the government and researchers in preparing
and responding to dengue outbreaks in Indonesia.

This study utilises monthly dengue incidence data
from January 2014 to December 2023. The SARIMA
model was employed to forecast the number of dengue
events in 2024. The accuracy of the SARIMA model is
contingent upon the quality and availability of data, as
well as the selection of appropriate model parameters
and assumptions. In this study, the observation data is
stationary. This study demonstrates that large data sets
facilitate the generation of more accurate models and
forecasts. The best model for forecasting Bandung City
cases is the ARIMA model (3,0,3), which provides the
most accurate forecast of dengue incidence. ARIMA
models have been widely used in Southeast Asia, es-
pecially in Malaysia, Vietnam, Myanmar and Thailand.
Some of these countries have used the ARIMA model
to forecast dengue incidence effectively [13—16]. An-
other study in Indonesia posited that the ARIMA model

can assist in the prediction of dengue cases and can be
utilized by the government to design effective public
health measures to prevent and control dengue inci-
dence, particularly at the outset of an outbreak [17].
A study conducted Indonesia found that the SARIMA
model accurately predicts monthly dengue cases, there-
by supporting the development of an early warning sys-
tem for dengue outbreaks [18].

The findings in Sri Lanka indicate that the ARI-
MA model has demonstrated its capacity in effectively
forecasting weekly dengue cases. This makes it a viable
proposition for forecasting weekly dengue incidence in
the short term. The model can be utilised to improve the
Ministry of Health's preparedness and response strate-
gies, ultimately contributing to the proactive manage-
ment of dengue outbreaks [19]. In Bandung City and
Indonesia, the dengue incidence forecasting model can
help in improving the existing strategies in preventing
and controlling dengue disease. Furthermore, the pre-
diction of cases can facilitate the response to outbreaks
that do occur, given that Bandung City is an endemic
area and that frequent outbreaks are a regular occur-
rence. Therefore, forecasting models are required.

The findings of this study have significant impli-
cations for dengue prevention policies and practices
in Bandung City. The use of the ARIMA (3,0,3) fore-
casting model can provide important information about
the appropriate strategies in preventing and controlling
dengue incidence, including mosquito nest eradication
measures and vector control. It is predicted that dengue
incidence will increase in September 2024, which coin-
cides with the beginning of the rainy season. This find-
ing is consistent with research in Nepal which states a
seasonal pattern of dengue incidence, with the develop-
ment of cases in September, reaching the highest point
in September-October. Dengue cases peak in months
with the highest temperature and rainfall [20]. The spa-
tial map of dengue incidence in Bandung City from
2014 to 2023 is quite varied, with several sub-districts
exhibiting a high number of cases each year. Sub-dis-
tricts with a high number of cases are areas with a high
population density. Findings in Sri Lanka and Brazil
have indicated that the spread of dengue vectors is due
to demographic factors such as population density [21,
22]. Other studies have identified higher dengue inci-
dence rates in certain areas due to climatic variations,
socioeconomic status, urbanisation, and vector control
efforts [23, 24].

The predictive accuracy of this model can be en-
hanced by incorporating the potential impact of climat-
ic variables, such as temperature, humidity, precipita-
tion and wind speed, on dengue transmission [25, 26].
These climatic factors are known to play a significant
role in dengue transmission [27], and therefore, it is es-
sential to include them in future research to enhance the
predictive capacity of the model and facilitate a deeper
understanding of disease mechanisms and the develop-
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ment of effective public health interventions. Bandung
City is situated at an average altitude of 700 metres
above sea level, which is conducive to the prolifera-
tion of Aedes aegypti mosquitoes. Research conducted
in Colombia indicates that the Aedes aegypti mosquito
is more prevalent at altitudes below 1,000 metres [28].
Furthermore, the seasonal increase in dengue incidence
in Bandung City is attributed to the density of mosqui-
to larvae. Previous findings have indicated that the en-
tomological index, which is defined as the density of
mosquito larvae, plays a significant role in the increase
of dengue incidence in Bandung City [29].

Given the limitations of this study, including the
potential influence of climatic factors, population den-
sity, altitude and high population mobility, it is crucial
to develop a model to describe dengue case patterns in
future studies. Overall, this study has significant impli-
cations for the public health of Bandung City and Indo-
nesia. It is imperative to implement prevention efforts
at the beginning of the peak cases to avoid the occur-
rence of dengue outbreaks.

Conclusion

This study presents a ARIMA model for fore-
casting dengue incidence in Bandung City, Indone-
sia. Monthly confirmed dengue events in Bandung
City were obtained from 2014 to 2023 for this study,
with the objective of forecasting dengue disease out-
breaks in the early phase and enabling rapid response.
The ARIMA model (3,0,3) proved to be the most ac-
curate in forecasting future dengue incidence. The
model predicts the peak of dengue cases in Septem-
ber 2024 with an estimated 320 cases. This model will
be useful for dengue epidemiological surveillance
and for policy makers in improving dengue preven-
tion and control efforts. The spatial map shows that
certain sub-districts had very high dengue incidence
from 2014 to 2023, which emphasises the necessity
for targeted intervention in high-risk areas for vec-
tor control. The incorporation of climatic variables,
in conjunction with other factors such as population
density, altitude and population mobility, is essential
for the generation of more precise disease incidence
forecasts. Consequently, these variables should be in-
corporated into the development of models designed
to describe future dengue incidence patterns.
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Molecular detection of Streptococcus agalactiae in pregnant women
and percentage of vertical transmission to their neonates
in Babylon province

Ali D. Marhash®™, Zainab N. Nabat, Nawras A. Abbas
Babylon Technical Institute, Al Furat Al-Awsat Technical University, Babylon, Iraq

Abstract

Introduction. Streptococcus agalactiae are gram-positive, non-motile and encapsulated cocci. On blood agar,
they produce an narrow zone of beta-haemolysis. This pathogen causes invasive bacterial diseases in newborns,
including sepsis, meningitis, septicaemia, and pneumonia, when transmitted from infected mothers. Since
S. agalactiae is a pathogen of primary concern for public health, this research has been conducted on it.

The objective of the study is the isolation and molecular detection of virulence gene of S. agalactiae group B
(GBS), and evaluation of the percentage of mother-to-child transmission of the pathogen.

Materials and methods. A prospective cohort study was designed that included 300 pregnant women who were
at more than 35 weeks of pregnancy. The gynaecologist collected 300 vaginal swabs from all participants in this
study and followed up on all GBS-positive pregnant women after delivery to take swabs from their neonates.
Traditional microbiological and molecular approaches were used to study isolated bacteria.

Result. Sixty (20%) of three hundred pregnant women and 16 (26.6%) of their newborns were enrolled in this study.
GBS was detected via culture methods and was confirmed by PCR with primers employed for the detection of atr
gene (housekeeping gene). Positive isolates were 100% susceptible to antibiotics such as ceftriaxone, penicillin,
and vancomycin, 93% were sensitive to chloramphenicol, 83% to erythromycin, and only 13% to tetracycline.
Conclusion. Our data showed a high frequency of GBS infection in pregnant women and their newborns.
A mandatory screening test and preventative medicine should be adopted to minimize the potentially fatal
repercussions of this sickness.

Keywords: Streptococcus agalactiae group B, molecular detection, pregnant women colonization, neonatal
colonization, antimicrobial susceptibility
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BbiaBneHue Streptococcus agalactiae monekynapHbiMu MeTogamm
y 6epeMeHHbIX XKeHLNH 1 YacToTa BepTUKa/bHO nepeaaun
HOBOPOXAEHHDbIM B NPOBUHLUNM BaBunoH

Ali D. Marhash™, Zainab N. Nabat, Nawras A. Abbas
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AHHOMayus

BBeaeHue. Streptococcus agalactiae — rpamnonoXuTenbHble, HEMNOABUXKHBLIE U MHKaMNCYNMPOBAHHbIE KOKKU.
Ha kpoBsiHom arape oHu 06pasytloT y3kyto 30Hy GeTa-remonumaa. 3TOT BO3OyauTens nNpu nepegadve oT UHMU-
LMPOBaHHbIX MaTepei BbI3blBAET UHBA3NBHbIE GakTepuarnbHble 3a00neBaHnsa y HOBOPOXAEHHbIX, B TOM 4ucne
cerncuc, MEHVHIUT, CENTULEMUIO U NMHEBMOHWUIO. Streptococcus agalactiae ABNsieTCst NaTOreHoM, Bbi3bIBaOLLUM
nepBooyepeHyto 03abo4eHHOCTb 0BLLECTBEHHOIO 30paBOOXPaHEHMS.

Llenb paboTtbl — npoBecTn 06BLEKTMBHOE MUCCNefoBaHME MO BbIAENEHNIO U MOMEKYMNSIPHOMY BbISIBMEHUIO reHa
BUPYNEHTHOCTM cTpenTokokka rpynnel B (CI'B) n oueHuTb YacToTy nepegaydv MHeKUMM OT MaTepy HOBOPOXKAEH-
HOMY.

Matepuanbl n metoabl. B npocnektuBHoe koropTtHoe uccriegosaHne Bowwnu 300 6GepeMeHHbIX XEHLUMH Co
cpokoMm G6epemeHHocTM Gonee 35 Hep. Y Bcex y4acTHUL, UcCreaoBaHUs cOOMpanu BarvHanbHble Masku, BCEX
XEHLWMH ¢ anarHoctupoBaHHbiM CI'B obcnepoBanu nocne pofoB, YTOObI B3ATb Masky y X HOBOPOXOEHHBIX.
[nsa oueHku BblaeneHHbIx 6akTepuin CNonNb3oBany TpaguuUoHHbIE MUKPOOMONOrnyeckne n MonekynsipHble noa-
xoapl.

Pesynbratbl. B nccnegosaHum npuHsnu yyactue 60 (20%) 13 300 6epemeHHbIX xeHWwuH n 16 (26,6%) nx Ho-
BOPOXAEHHbIX. CI'B 6b1n 06Hapy»XeH C NOMOLLbIO KynbTypanbHbIX METOA0B M NOATBEPXAEH ¢ nomoLubio MNLIP ¢
npanmepamu Ans BbISIBNEHWSA reHa atr (reHa JoMallHero xo3sainctea). MNonoxutenbHble n3onsaTtsl Obiny Ha 100%
YyBCTBUTENbHbI K @HTMOMOTMKAM, TakuM Kak LedTPUakcoH, NEHULUUANWH 1 BaHKOMULMH, 93% Obinu 4yBCTBU-
TenbHbl K XnopamdeHunkony, 83% — k aputpomunumHy, 13% — K TETPaLUKInHY.

3aknwoyeHune. Hawm gaHHble nokasanu BbICOKYH YacToTy MHduumMpoBaHust CI'B y 6epeMeHHbIX KEHLUMH U KX
HOBOPOXAEHHBIX. Heobxoaumo npoBoanTb 06513aTenbHbIA CKPUHMHT U NPOMNNaKTUYECcKoe NeYeHne, YTobbl cBe-
CTM K MMHUMYMY NOTEHUManbHO CMepTenbHbIe NOCNEACTBUA 3TOro 3abonesaHus.

KntoueBble crnoBa: CmpenmoKoKKU epynibi B, MonekynsipHoe 06HapyXeHue, KOToHU3ayusi 6epeMeHHbIX XeH-
WUH, KOJTOHU3aUUsi HOBOPOXOEHHBIX, Hy8CMEUMEIbHOCMb K MPOMUBOMUKPOGHbLIM npenapamam

Amuyeckoe ymeepxdeHue. lNepen yyacTveM Bce 6epeMeHHble XeHLUMHbI JOOPOBOMBLHO NoanuckiBany hopMy MH-
dopmmpoBaHHoro cornacus. MNpoTokon nccnegoBaHns o4oopeH ATMHECKUM KOMUTETOM BaBUMNOHCKOro TEXHUYECKOro
UHCTUTYTa TexHuuyeckoro yHnsepcuteta Anb-®ypat Anb-Aycart (npotokon Ne 8643/27/7 ot 24.09.2023).

BnazodapHocmsb. ABTOpPLI BbipaXatloT GrnarogapHoOCTb NaunMeHTaM, NpuHUMaBLLIMM y4acTue B UCCNENOBaHWUN, MEaU-
LMHCKOMY MepcoHany poaunsHoro goma Anb-3axpaa B BaBunoHne u nabopaHty r-Hy XacaHy Caagy Anb-Ampu 3a
NMoMOLLb B 3aBEpLUEHUN 3TON paboThbl.

HUcmoyHuk c,bu:-lchupoeaHun. ABTOpbI 3asABNSAIOT o6 OTCYTCTBUM BHELUHEro drHaHCUPOBaHUA NpU NPOBEAEHUN
nccneaoBaHus.

KoHgbnnukm uHmepecos. ABTOpbI [eKnapupyoT OTCYTCTBME SIBHbIX M MOTEHUManbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuen HacTosILLen cTaTbu.

Ansi yumupoeaHus: Marhash A.D., Nabat Z.N., Abbas N.A. MonekynspHoe ob6HapyxxeHue Streptococcus agalactiae
y 6epeMeHHbIX XEeHLUMH U NPOLEHT BepTUKalbHON Nepeaadn ux HOBOPOXAEHHBIM B NMpOBUHLUMKM BaswnoH. XKypHan
mukpobuornoeuu, anudemuonoauu u ummyHobuonoauu. 2024;101(6):812-819.

DOI: https://doi.org/10.36233/0372-9311-515

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

Introduction

Group B Streptococcus agalactiae (GBS) are nor-
mal inhabitants of the human gastrointestinal and gen-
itourinary systems. They are the primary cause of seri-
ous bacterial infections like neonatal meningitis, symp-
toms-free bacteriuria, Urinary tract infections (UTIs),
bladder infection, inflammation of kidneys and pelvis,
intra-amniotic infection (IAl), postpartum endometritis
and pre- and postpartum bacteraemia. It is a gram-pos-
itive, opportunistic, beta-haemolytic bacteria with pos-
sible complications. It also causes infections of surgical
wounds in pregnant women [1, 2]. By maternal rec-
tovaginal colonization, GBS causes a variety of prenatal
and maternal illnesses, consisting of infections in the
mother, stillbirths, premature births, as well as early and
late-onset sepsis in infants [3—6]. GBS-colonized moth-
ers run the risk of vertical transmission of these bacteria
to the newborn. It is one of the risk factors for early-on-
set sepsis in newborns [7]. This dynamic colonization
constitutes the highest infectious disease risk for new-
borns. Notably, reports from international literature
show that the rates of maternal GBS colonization were

6.5-36% in Europe [5, 6], 10-30% in North America [7,
8], 16.5-31.6% in African nations [9], and 1.4-36.7% in
South America, which includes Brazil [10, 11], Chile!,
Peru [12], and Argentina [13].

The first recommendations for women's intrapar-
tum antibiotic treatment to prevent GBS infection were
established in 1966 [12]. Following the introduction of
these treatments, the incidence of newborn GBS disease
was reduced by 80% in America [14]. According to rec-
ommendations from the CDC (Centres for Disease Con-
trol and Prevention)?, GBS can be diagnosed at 35-37
weeks of gestation using selective enrichment broth
culture; however, this is not always possible in poor-in-
come regions [5].

Maternal colonization with GBS is the greatest sig-
nificant threat for newborn early-onset disease (EOD)

' WHO. Number of infant deaths (between birth and 11 months);
2022. URL: https://who.int/data/gho/data/indicators/indicator-
details/GHO/number-of-infant-deaths

2 Verani J.R., McGee L., Schrag S.J. Prevention of perinatal group
B streptococcal disease: revised guidelines from CDC; 2010.
URL.: https://cdc.gov/Mmwr/preview/mmwrhtml/rr5910al.htm
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(from 0 to 6 days) [15]. In 1973, a single infant was born
to a GBS-infected woman from a group of 46 pregnant
mothers, and EOD was first recorded. Among the neo-
nates born to women with GBS infection, 2.17% were at
risk for EOD at the time intrapartum antibiotic prophy-
laxis (IAP) has been suggested for both microbiological
and risk-based screening in the United States [8]. Ac-
cording to the data from the World Health Organization
(WHO), there were 1601 new-born fatalities in Sri Lan-
ka in 2017, of which 0.04% were related to sepsis and
other infectious diseases [11]. The convenient use of an-
tibiotics and the detection of pathogens can further low-
er mortality rates in this population [15]. Consequently,
monitoring maternal pathogen colonization is a crucial
safeguard against infant infection. In 1980, the global
prevalence of maternal GBS colonization was 18%, the
Caribbean had a higher prevalence (34%), while Mel-
anesia had the lowest (2%). Similar colonization rates
(23%) were observed in North America, Europe, and
Australia; Comparatively, the incidence was slightly
higher in South Africa than in the Western nations, al-
though it was lower in East Asia (9%), South and South-
east of Asia together was observed around (14%), West
Africa (13%), and Central America (10%) [10]. The
lack of publications in East Asia, South Asia, Southeast
Asia, Western Africa and Central America may be the
cause of the subpar prevalence estimates from these lo-
cations [10].

Polymerase chain reaction (PCR) assays provide
an additional option for the quick identification of GBS
colonization [11]. The aim of our study was the isola-
tion of GBS strains and detection of the virulence gene
by molecular method from pregnant mothers and their
neonates, evaluation of the ratio of vertical transmission
from infected women to their neonates, and reduction of
the mortality and morbidity rates associated with GBS
infection by using appropriate prophylactic antibiotics
in Iraq, where neither screening for GBS nor an IAP
protocol existed until the beginning of this study.

Materials and methods

Study Design

A prospective cohort study was designed that in-
volved 300 pregnant women who were at 35 weeks or
more of gestation. Three hundred vaginal swabs were
taken before labor from all expectant mothers by the
gynaecologist and 60 swabs from neonates born to
GBS-positive women were taken shortly (to avoid con-
tamination from other sources) after birth in the deli-
very room, including neonatal swabs from three sites
(oral cavity, ear, and umbilicus). These neonates were
born healthy.

Inclusion and Exclusion Criteria

Pregnant women who were in the final weeks of
gestation (> 35 weeks) and were attending the Al-Zah-

ORIGINAL RESEARCHES

raa Hospital of Obstetrics in Babylon (Iraq) were in-
cluded in this study. This study excluded pregnant
women who took antibiotics within 10 days of delivery
and those who underwent caesarean surgery.

Bacteriological Identification of Isolates

All swab isolates from pregnant women and their
neonates were screened for the period from November
2021 to June 2022. It was done by incubating speci-
mens directly in the Todd-Hewitt Broth selective media
overnight at 37°C and subsequently subculturing them
on blood agar to select the proper colony. The colonies
were inspected and identified using the following cri-
teria: a narrow beta haemolysis zone, gram positive
coccli, bacitracin resistance, catalase negativity, sodium
hippurate hydrolysis positivity, and CAMP positivity,
in order to determine whether or not the plates con-
tained GBS organisms.

Molecular identification of isolates

Samples that were positive for GBS in the culture
method were sent for molecular detection after DNA
extraction using the bacterial DNA extraction kit Ge-
neaid (Taiwan). The primers and PCR steps used in
the experiment to amplify atr housekeeping gene are
listed in Table 1 and Table 2. 1 ul of each upstream and
downstream primer, 16 pl of nuclease-free water and
2 pl of extracted DNA were added to Master Mix to
total volume of 25 pl in each reaction. Electrophoresis
in a 2% agarose gel was used for detection of the PCR
amplification product.

Antibiotic susceptibility test
The CLSI-recommended Kirby—Bauer disc dif-
fusion technique with modifications on Muller Hinton
agar and 5% blood was used to conduct the antibiotic
sensitivity test [12]. In this method, antibiotics such as
ciprofloxacin, ampicillin, penicillin, chloramphenicol,

Table 1. Primer sequence for atr genes [16]

Gene Primer Sequence (5'-3') Size, bp

Atr F-5CAACGATTCTCTCAGCTTTGTTAA3' 780
R-5TAAGAAATCTCTTGTGCGGATTTC3'
Table 2. PCR programme
Steps Temperature, °C | Time, min Cycles

Initial denaturation 94 1.00 1
Denaturation 94 1.00
Annealing 55 0.75 30
Elongation 72 1.00
Final extension 72 10.00 1
Hold 4 7.00 1




KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTMI. 2024; 101(6) 815

DOI: https://doi.org/10.36233/0372-9311-515

OPUTVHANbHbBIE NCCJTIEAOBAHNA

erythromycin, levofloxacin, vancomycin, tetracycline
and levofloxacin were used.

Statistical Analysis

Student t-test was employed for quantitative vari-
ables and Chi-squared test was performed whenever
available for binomial variables. P values less than 0.05
were considered to be statistically significant.

Results

The GBS colonization rate was 20% (60/300)
among three hundred pregnant women and 26.6%
(16/60) in neonates born of GBS-positive mothers
(Table 3). In this study, the youngest woman was
15 years old, and the oldest woman was 44 years old,
with the average age of participants being 28 years.
The various sociodemographic variables are shown in
Table 4 and Table 5. On comparing the variations in
GBS colonization rates between rural and urban resi-
dents, a statistically significant difference was found for
GBS colonization among GBS-positive women (78.3%
in rural residents versus 21.7% in urban residents;
p =0.015).

Table 3. GBS Isolates from Women and Their Newborns

Isolates Frequency Percentage Total
Pregnant women 60 20.0 300
Newborns 16 26.6 60

Table 4. Age, residence and parity of patients

Molecular detection of all GBS isolates

Conventional PCR was used to detect a specific
gene (atr) to confirm the bacteriological identification
of Streptococcus agalactiae. This gene had a molecu-
lar size of 780 bp in gel electrophoresis as shown in
Figure.

Antimicrobial sensitivity

The susceptibility of the isolates towards antibio-
tics is shown in Table 6. Based on the results of antimi-
crobial sensitivity, it was found that there is more than
one antibiotic capable of inhibiting the growth of this
bacteria, so they can be used as alternatives in the event
of a drug allergy in the patient.

M1 2 3 45 6 78 9 10 11 1213 NCPC

bp

1500
1000

500

100

Electrophoresis of PCR product for atr gene on agarose
gel. Lane M represents 100 bp DNA ladder, every lane
(1-13) except lane 7 represented positive results. Lanes
NC and PC represented negative and positive controls
respectively.

Variables

Culture result

Total p
negative (n = 240) positive (n = 60)
Age (mean + SD), years 28.44 +8.20 29.92 + 8.60 28.60 + 8.20 03
Range (15-44) (15-41) (15-44) ’
Urban n (%) 92 (28.4) 13 (21.7) 105 (100.0)
Residence 0.015*
Rural n (%) 148 (61.6) 47 (78.3) 195 (100.0)
1n (%) 26 (10.8) 7 (11.6) 33 (100.0)
Parity 2 (%) 64 (26.6) 15 (25.0) 79 (100.0) 0.2856
>3n (%) 150 (61.6) 38 (63.3) 188 (100.0)
Note. *Represent a significant difference at p < 0.05.
Table 5. Age groups of female participants
Culture
Age group, years Total P
negative, n (%) positive, n (%)
15-24 68 (28.4) 15 (20.0) 83 (27.7)
25-34 148 (61.6) 37 (61.1) 185 (61.6) 0.784
35-44 24 (10.0) 8 (18.9) 32 (10.7)
Total 240 (100.0) 60 (100.0) 300 (100.0)
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Table 6. Antimicrobial sensitivity of maternal and neonate
isolates

Sensitivity of GBS Isolates

Antimicrobial agent mothers neonates
(n=60), n (%) (n=16), n (%)
Penicillin 60 (100.0) 16 (100.0)
Ampicillin 60 (100.0) 16 (100.0)
Levofloxacin 55 (91.6) 15 (93.7)
Vancomycin 60 (100.0) 16 (100.0)
Tetracycline 8(13.3) 4 (25.0)
Ceftriaxone 60 (100.0) 16 (100.0)
Erythromycin 50 (83.3) 13 (81.2)
Chloramphenicol 56 (93.3) 15 (93.7)
Ciprofloxacin 58 (96.6) 16 (100.0)
Discussion

Due to the possibility of transmission from the
mother to the fetus throughout the pregnancy and the
postpartum period, resulting in serious illness or death,
research into maternal GBS colonization is crucial. The
effect of GBS infection is not restricted to childhood
only but may continue to adulthood and may lead to
dangerous neurological disorders. The prevalence of
GBS maternal colonization worldwide is variable be-
cause this prevalence depends on many variable factors
like hygienic conditions, socio demographic conditions,
sample population, diagnostic techniques, and others.
Our research is a conformational vertical transmission
study conducted in Babylon (Iraq). This is also the first
GBS cohort study that has been done in Babylon. 20%
of pre-delivery mothers and 26.6% of neonates born of
GBS-positive mothers were found to be colonized with
GBS. The colonization rate in mothers observed in our
study was comparable to the global data [8, 11].

The percentage of vertical transmission of GBS
from infected mothers to neonates in the present study
(26.6%) falls within the global report ranges. Compared
to other global publications, however, this fraction of
vertical transmission is lower than in studies conduct-
ed in Kuwait (35.5%), Bangladesh (38.0%) [17], China
(7.6-16.7%) [19-21], the United States (53.8%) [22],
and Eastern Ethiopia (53.8%) [23]. Other studies, such
as those conducted by A. Joachim ef al. in 2009 in Dar
es Salaam, Tanzania (8.9%) [24] and by M. Gizachew
et al. in Northwest Ethiopia was 10.4% [25], have shown
results lower than that in the current study. Our explana-
tion for this variation can be attributed to many reasons
such as sample size, techniques used in diagnosis, period
of stay in the delivery canal, premature rupture of mem-
brane, and prophylaxis treatment by mothers.

The high vertical transmission rate of GBS con-
tributes to substantial newborn and maternal morbidity
and fatality. Vertical transmission of GBS can be pre-
vented, hence healthcare practitioners and government
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officials must take this into account when developing
initiatives to reduce maternal and newborn mortality
[26]. Vertical transmission of GBS from a colonized
woman to her neonate has not been explored properly,
particularly in low income countries. A study investi-
gating the risk variables that could be linked to vertical
transmission would therefore help with the formulation
of prevention measures. In the present study, we found
that three maternal risk factors, mother work and ante-
natal care follow-up, were strongly associated with the
vertical transmission of GBS from asymptomatic colo-
nized mothers to their newborns. Women who had 4-5
ANC visits throughout their current pregnancy had a
20.9% lower risk of vertical GBS transmission to their
neonates [17]. According to several studies, GBS colo-
nization in pregnancy may be linked to a variety of fac-
tors including education, parity, mother's age, status of
marriage, occupation, and an elevated body mass index
[27, 28]. A substantial threat for morbidity and death
rate in neonates with early-onset GBS illness has been
linked to the colonization of the mother's birth canal.

This study showed statistically significant differ-
ences between GBS colonization in women in rural
areas compared to those in urban areas (78.3% for ru-
ral versus 21.7% for urban; p = 0.015). This data dis-
agrees with a study conducted in China by S. Li et al.
in 2018, which showed no significant difference be-
tween women residing in rural and urban areas [29].
The plausible explanation for this difference is a lot of
variables that make it easier for GBS to spread in rural
regions such as low educational status, lack of health
care facilities, and contamination from water and other
sources. Furthermore, in this study, the neonatal sam-
ples were taken from three sites to increase the chance
of GBS detection. The sample locations may influence
vertical transmission rates. According to a study con-
ducted in Pakistan [30], the risk of acquiring newborn
GBS infection was much higher in sites like abdominal
skin (53%) than in ear canals (18%). Furthermore, two
Turkish studies published in the same year found that
the rate of vertical transmission was 54.2% for three
sites (throat, ear canal, and umbilicus) and 15.2% for
two sites (throat and umbilicus) [31, 32]. In terms of
parity, the prevalence of GBS colonization in our study
was greater in more than three parities; the colonization
rate of GBS in relation to parity was the highest during
the reproductive years [33, 34]. The actual causes of
such variable colonization are unknown and require ad-
ditional research [35]. Thus, further research should be
conducted to analyze the association of parity of wo-
men with GBS colonization.

The majority (61.6%) of participants in this study
were between the ages of 25 and 34 years and had been
pregnant at least once. This data differed from a similar
study conducted by C. Turner et al. in 2012 on a popu-
lation of refugees along the Thailand-Myanmar border
in Southeast Asia, in which, most of the carriers were
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in their 20s [36]. These outcomes are similar to those of
C. Adware et al. from Cameroon in 2008 [37], P. Fou-
mane et al. in 2002 in Cameroon [38], A. Mengist
et al. in 2016 in Ethiopia [39], and N.M. Nkembe et al.
in 2018 [40], who reported the values to be 75%, 60%,
64%, and 65%, respectively. Our explanations for this
age range consist of two reasons, firstly, some women
delay pregnancy due to the presence of health issues
that prevent pregnancy at the start of a marriage, and
secondly, some married couples delay childbearing in
the initial years of marriage. In particular, each and ev-
ery GBS strain was susceptible to penicillin, ampicil-
lin, vancomycin, and ceftriaxone indicating that these
antibiotics could be used for preventative purposes.
The majority of isolates obtained from mothers were
sensitive to ciprofloxacin (96.6%), chlorampheni-
col (93.3%), levofloxacin (91.6%), and erythromycin
(83.3%). In 87% (50/60) of isolates, tetracycline re-
sistance was observed. In other nations such as Tuni-
sia (97.3%) [41] and Iran (96%) [42], tetracycline re-
sistance was extremely prevalent. Its use is currently
restricted since the emergence of resistance appears to
be linked to the extensive administration of antibiotics
[43] and efficient plasmid transfer [43]. Penicillin is the
drug of choice for treatment. In the case of penicillin al-
lergy and anaphylaxis, ampicillin or vancomycin might
be used as an alternative for treatment.

Nonetheless, the use of PCR to identify GBS and
other pathogenic bacteria is crucial. This technique is
considered a crucial method in the medical field, it is
utilized in a number of medical fields to identify clini-
cal diseases [44—48] and other dangerous genetic dis-
eases such as cancers [49-64].

Conclusion

According to our findings which have demonstra-
ted a high frequency of GBS infection in pregnant
women and their newborns, a mandatory screening test
for all pregnant women should be implemented, as well
as preventive medication should be provided, to avoid
the potentially fatal effects of this illness.
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with the Russian Mueller-Hinton broth
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Abstract

Introduction. One of the reasons for spreading antibiotic-resistant microorganisms is the uncontrolled use and
inadequate empirical prescription of antibiotics which is not based on the results of the pathogen sensitivity
testing. The broth dilution method and one of its implementation options, the reference microdilution method, in
contrast to the disk diffusion method, allows testing virtually all pathogen-antibiotic combinations. To realize the
method, a production technology of Russian Mueller—Hinton broth (MHB-Obolensk) has been developed under
the import substitution program.

The aim. To evaluate the quality of the developed domestic Mueller—Hinton broth in comparative tests with
its imported analog BD BBL (MHB-BD) in testing clinical strains of microorganisms, including microorganism—
antibiotic combinations pairs which cannot be reliably investigated by the disc diffusion method.

Materials and methods. The study investigated the sensitivity of 47 clinical strains of Gram-positive and Gram-
negative bacteria to antibiotics of various functional groups using the broth microdilution method with MHB-
Obolensk and MHB-BD.

Results. The MICs values of antibiotics for clinical strains obtained with the developed and control media did not
practically differ from each other or differed by +/— one dilution. The difference by two two-fold dilutions was noted
when testing Enterococcus faecium—ampicillin, Klebsiella pneumoniae—meropenem, Pseudomonas aeruginosa—
levofloxacin and Staphylococcus aureus—ciprofloxacin combinations. For the first two combinations, the MIC
values were lower in MHB-Obolensk, and for the last two, they were higher than in MHB-BD. The differences
obtained did not affect the clinical categories of sensitivity.

Conclusion. The antibiograms of clinical strains in developed Russian Mueller—Hinton broth was obtained,
which did not differ from those for the comparison medium. MHB-Obolensk complies with the requirements of
national and international standards and can be used to reliably test, among other things, current combinations of
microorganism-—antibiotic pairs that cannot be studied using the disk diffusion method.

Keywords: Mueller—Hinton broth, import substitution program, broth microdilution method.
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OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-576

Ucnonb3oBaHume oteyectBeHHOro 6ynbona Mionnepa-XuHToH
ANA NCCNefoBaHNA aHTUONOTUKOUYYBCTBNTENIbLHOCTY
KAVHNYECKNX WITAaMMOB MUKPOOPraHu3moB

Kocunosa U.C.%, DomoTeHKo J1.B., Xpamos M.B.
focynapCTBEHHbIV HAyUHBIN LLEHTP NPUKNagHoW MUKpobuonorum u uotexHonorum, OboneHck, Poccua

AHHOMayus

BeeaeHue. OgHa 13 NpyYnH pacnpocTpaHeHNs MUKPOOPraHN3MOB, YCTONYUBBIX K aHTUMUKPOBHLIM nNpenaparam
(AMI), cBA3aHa c 6eCKOHTPONbHBLIM YyNOTpebneHnem 1 HeafekBaTHbIM 3MMUPUYECKUM Ha3Ha4YeHUEeM aHTMBNOTH-
KOB, HE OCHOBaHHbIM Ha pesyrnbraTtax onpeaeneHus YyBCTBMTENbHOCTM BO3OyauTens K HUM. MeTog passegeHuin
B OyrnbOHe 1M ogvH U3 BapuMaHTOB €ro UCMOMHEHNs — pedepeHTHbI MeToq MUKpopasBedeHui, B OTnvyme ot
ONCKO-ANPY3MOHHOTO METOAA, MO3BONSET TECTUPOBATb NPaKTUYECKN BCE KOMOMHALMM naTtoreH—aHTUOnoTuK.
[ng BbINONHEHWA MeToAda B pamKax nporpammbl MMMNopTo3amelleHns pa3pabotaHa TEXHONOrMSA NponsBoaCTBa
oTeyecTBeHHoro 6ynboHa Mionnepa—XuHToH (MXB-O6oneHck).

Llenb nccrnegoBaHusi — OLEHWUTb KavyecTBO pa3paboTaHHOro otedecTBeHHoro bynsoHa MXB-O6oneHck B cpas-
HUTENbHbIX UCTIBITAHMAX C UMNOPTHLIM aHanorom MXB-BD («BD BBL») npy TeCTupoBaHUM KITMHNYECKNX LUTaM-
MOB MUWKPOOPraHNM3MoB, BKMOYas KOMOMHaLun MukpoopraHmam—AMI], koTopble Henb3s A4OCTOBEPHO MCCreno-
BaTb ANCKO-ANPdY3MOHHBIM METOAOM.

Matepuansbi n metoabl. B pabote nccnegosany YyBCTBUMTENBHOCTb 47 KIMUHUYECKUX LUTAMMOB rpamrornoxXu-
TenbHbIX U rpamoTpuuaTensHbix 6aktepuit kK AMI pasnuyHbIX yHKLMOHanNbHLIX rPynn METOAOM MUKpOpasBee-
Hui B 6ynboHax MXB-O6oneHck u MXB-BD.

Pe3ynbrartbl. 3Ha4YeHNsT MYHUMAsbHbIX NOOABMAKOWMX KOHUeHTpaumi (MIMK) aHTMOMOTMKOB ANSt KIMMHUYECKMX
LUTaMMOB, NOSy4eHHble Ha pa3paboTaHHON N KOHTPOMbLHOW cpeaax, Mexay cobon NpakTUYecKn He OTIMYanmchb
UnNn oTM4anuck Ha +/— 1 passeaeHve. OTnn4YMe Ha 2 ABYKpaTHbIX pa3BeaeHNst OTMEYEHO NPU TECTUPOBAHNM KOM-
OvHaumn Enterococcus faecium—amnuumnnuH, Klebsiella pneumoniae—meponeHnem, Pseudomonas aeruginosa—
nesocdpnokcauuH n Staphylococcus aureus—uunpodnokcaumH. na asyx nepsBbix kKOMOUHaumm 3HadeHms MIK
Ha MXB-O6oneHck Bbinn Hke, a onsa AByX NocnegHnx — Bobiwe, Yem Ha MXB-BD. MNonyyeHHble pa3nuyns He
OTPa3sUIUCh Ha KNMHUYECKMX KaTeropmsaix YyBCTBUTENbHOCTW.

3aknrouyeHue. Ha paspaboraHHom oTeyecTBeHHOM GynboHe MXB-O6oneHck nonyyeHbl aHTMOUOTMKOrpaMMbl
ONS KNWUHUYECKMX LUTAaMMOB MWKPOOPraHW3MOB, KOTOPbIE HE OTNMYanvcb OT UX aHTUOMOTMKOrpamMMm Ha KOH-
TponbHon cpeae. MXB-O6oneHck cooTBeTCTBYET TPeBOBaHNSAM HALMOHANbHBIX Y MEXAYHapOAHbIX CTaHAapTOB
M C NOMOLLBIO HEFO MOXHO AOCTOBEPHO TECTUPOBATb B TOM YMCIlE aKTyarbHble KOMOUHaUMKU nap MUKpoopra-
H1U3M—AMTI1, KoTOpble Henb3sa nccnegoBaTtb ANCKO-AUPEY3NOHHBIM METOAOM.

KnroueBble cnoBa: 6yrb0H Mionnepa—XuHmoH, umrnopmo3sameuweHue, Memod MukpopaseedeHul 8 byrnboHe

Amuyeckoe ymeepxdeHue. B nccnenoBaHnm UCNonNb3oBaHbl TOMBKO My3eiHbIE LUTaMMbl MUKPOOPraHU3MOB, MO3To-
My He TpebyeTcst NpefcTaBeHus 3aKNoYeHNs KomuTeTa no 6UOMeaNLIMHCKON 3TVKE UM UHBIX AOKYMEHTOB.

HNcmoyvHuk gpuHaHcupoeaHusi. ABTOpPbI 3asiBMSAOT 06 OTCYTCTBUM BHELUHETO (hUHAHCUPOBAHWS MPW NPOBEAEHUN UC-
cnenoBaHus.

KoHgbnnukm unmepecoes. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX M MOTEHUManbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuen HacTosILLen cTaTbu.

Ansi yumupoeaHusi: Kocunosa W.C., JomoTeHko J1.B., Xpamos M.B. Ncnonb3oBaHne otedectBeHHOro 6ynsoHa Mion-
nepa—XvHTOH ANsi UCCREAOBaHUS aHTUOMOTUKOYYBCTBUTENBHOCTY KITMHUYECKUX LUITaMMOB MUKPOOPraHu3mMoB. JKyp-
Han Mukpobuonoauu, anudemuornoauu u ummyHobuonoauu. 2024;101(6):820-827.
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Introduction

The large-scale spread of bacteria resistant to
various groups of antibiotics continues to be a public
health problem worldwide [1]. The largest number of
resistance cases is among healthcare-associated infec-
tions, including Acinetobacter baumannii, members
of the Enterobacterales tamily, Enterococcus faecium,
Staphylococcus aureus, Pseudomonas aeruginosa,
etc. [2]. According to the estimates of experts, in 2019
alone, about 5 million cases of deaths caused by anti-
biotic-resistant bacteria have been identified worldwide
[3], including multidrug-resistant or rifampicin-resis-
tant tuberculosis'.

The COVID-19 pandemic has exacerbated the ex-
isting global burden of antibiotic resistance mainly due
to inappropriate and overuse of antibiotics [5].

The situation of the growing threat of antibiotic re-
sistance is complicated by the significant decline in the
development of new antimicrobials due to the lengthy
procedure from development to implementation, high
cost and low cost recovery. Currently, it takes about 10—
15 years to advance a candidate antibiotic from preclin-
ical to clinical trial stage [6]. Considering the critical
necessity for new antibiotics, in 2017, the World Health
Organization (WHO) published a list of resistant bac-
teria posing the greatest risk to human life and health?,
an updated list was released in 2024°. The updated list
excludes 5 pathogen-antibiotic combinations (clari-
thromycin-resistant Helicobacter pylori; fluoroquino-
lone-resistant Campylobacter spp.; penicillin-resistant
Streptococcus pneumoniae; third-generation cephalo-
sporin-resistant Providencia spp.; vancomycin-resis-
tant S. aureus) that were contained in the 2017 list, and
added 4 new bacteria-antibiotic combinations: mac-
rolide-resistant Streptococcus group A; penicillin-re-
sistant Streptococcus group B; macrolide-resistant
S. pneumoniae; rifampicin-resistant Mycobacterium
tuberculosis. Carbapenem-resistant P. aeruginosa
moved from the critical priority level to the high prior-
ity level due to reports of a decline in its global resis-
tance to antibacterial drugs.

Another reason for the emergence of antimicro-
bial-resistant microorganisms is associated with un-
controlled and unjustified use of antibiotics, as well as
inadequate empirical prescription of antibiotics without
taking into account the results of sensitivity testing.

! Tuberculosis: Multidrug-resistant (MDR-TB) or rifampicin-
resistant TB (RR-TB). 2024. URL: https://www.who.int/news-
room/questions-and-answers/item/tuberculosis-multidrug-
resistant-tuberculosis-(mdr-tb)

WHO publishes list of bacteria for which new antibiotics
are urgently needed. 2017. URL: https:/www.who.int/news/
item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-
antibiotics-are-urgently-needed

WHO bacterial priority pathogens list, 2024: Bacterial pathogens
of public health importance to guide research, development and
strategies to prevent and control antimicrobial resistance. 2024.
URL: https://www.who.int/publications/i/item/9789240093461
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Currently, the most common method of determining
the sensitivity of microorganisms remains the disk-dif-
fusion method. It is easy to perform and does not re-
quire expensive equipment. However, certain microor-
ganism-antimicrobial combinations cannot be reliably
tested by this method, which may lead to incorrect pre-
scription of treatment regimens and further aggravate
the situation with the spread of antibiotic resistance.

The broth dilution method and especially one of
its variants, the microdilution method, which is recog-
nized as a reference method, are free of such limita-
tions*. This is a quantitative method, the use of which
allows to determine the values of minimum inhibitory
concentrations (MIC) of antimicrobials, which most
accurately reflect the antimicrobial effect in vifro and
are necessary to optimize the dosing regimen of anti-
microbials.

The method allows testing such microorganism—
antibiotic combinations, which cannot be reliably test-
ed by disk-diffusion method, and some of which are
included in the WHO list: Salmonella spp., resistant to
ciprofloxacin; Neisseria gonorrhoeae resistant to ceph-
alosporins and fluoroquinolones; S. pneumoniae and
group A streptococci resistant to macrolides (azithromy-
cin, clarithromycin and roxithromycin in case of resis-
tance to erythromycin); non-brutonotyphoidal salmonel-
lae resistant to fluoroquinolones (ciprofloxacin); etc.

It is recommended to use Mueller—Hinton broth
(MHB) standardized for the content of divalent metal
ions, thymidine and pH value because of their influence
on the activity of some antibiotics. Until recently there
was no industrial production of MHB in Russia, and
the current situation with the imposition of economic
sanctions against our country has led to the restriction
of export of products for microbiological research. In
this connection in the State Scientific Center of Ap-
plied Microbiology and Biotechnology, the production
technology was developed and industrial production of
MHB was established (RU RZN No. 2023/21584 from
29.11.2023). The broth has been tested on an expanded
set of test strains and antimicrobials, and this study is
devoted to studying the possibility of its use in testing
clinical strains of microorganisms.

The aim of the study is to evaluate the qual-
ity of the developed domestic MHB in comparative
tests with its imported analog BD BBL (MHB-BD) in
testing clinical strains of microorganisms, including
microorganism—antibiotic combinations pairs which
cannot be reliably investigated by the disc diffusion
method.

4 GOST R ISO 20776-1. Infectious agent susceptibility testing
and evaluation of the functional performance of articles for
antimicrobial susceptibility testing. Part 1. Reference broth
microdilution method for laboratory testing of the activity
of antimicrobial agents against fast-growing aerobic bacteria
causing infectious diseases. Moscow; 2022. 24 p.
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Materials and methods
Nutrient media

MHB produced by the State Research Center for
Applied Microbiology and Biotechnology (MHB-Obo-
lensk; cat. no. O-282-K-1) and MHB produced by BD
BBL (MHB-BD; cat. no. 212322) were used in the
study, the latter was used as a control medium. For test-
ing fastidious microorganisms, 5% lysed horse blood
and 20 mg/L B-NAD (Sigma-Aldrich, cat. no. N8535)
were added to the broths. Lysed horse blood was pre-
pared from defibrinated horse blood (Ecolab) by add-
ing sterile deionized water in a 1:1 ratio to defibrinated
horse blood, placing it in a freezer for 8 + 1 h at —20°C.
The thawed blood was then re-frozen and thawed once
more at room temperature, repeating this cycle 4 times
until complete lysis of blood cells. The lysed horse
blood was then clarified by centrifugation at 7000 1/s
for 30 min on an Eppendorf Centrifuge 5702 machine.

Microorganism strains under study

The strains of microorganisms deposited in
the State Collection of Pathogenic Microorganisms
(SCPM-Obolensk) were tested:

* 44 clinical strains of microorganisms previously
isolated from patients treated at the inpatient
department of the Regional Infectious Diseas-
es Clinical Hospital of Yaroslavl Region and
deposited in the SCPM-Obolensk: 14 strains of
K. pneumoniae, 8 strains of P. aeruginosa, 4
strains of A. baumannii, 7 strains of Staphylo-
coccus spp. (S. aureus — 6, S. epidermidis — 1),
7 strains of Enterococcus spp. (E. faecium — 4,
E . epidermidis — 1), 7 strains of Enterococcus
spp. (E. faecium — 4, E. faecalis — 1, E. cas-
seliflavus — 1, E. gallinarum — 1), 2 strains of
Escherichia coli, 1 strain of Corynebacterium
pseudodiphtheriticum, 1 strain of Morganella
morganii,

3 Campylobacter strains isolated from bird
droppings of a farm in Moscow region and de-
posited in the State Research Center for Applied
Biotechnology and Microbiology, Obolensk
(C. jejuni — 2, C. coli— 1);

5 test strains used for routine quality control
of testing and broths investigated in the work:
E. coli ATCC 25922, S. aureus ATCC 29213,
P aeruginosa ATCC 27853, E. faecalis ATCC
29212 and C. jejuni ATCC 33560.

Antimicrobials

The following drugs were used in the study: ami-
kacin (cat. no. A1774), ampicillin (cat. no. A9393),
vancomycin (cat. no. 94747), gentamicin (cat. no.
G3632), imipenem (cat. no. 10160), colistin (cat. no.
C4461), levofloxacin (cat. no. 28266), linezolid (cat.
no. PHR1885), meropenem (cat. no. PHR1772), tetra-

cycline (cat. no. T8032), tigecycline (cat. no. PZ0021),
trimethoprim (cat. no. T7883), ceftazidime (cat.
no. PHR1847), ciprofloxacin (cat. no. 17850), eryth-
romycin (cat. no. E6376), sulfamethoxazole (cat.
no. S7507) — all manufactured by Sigma-Aldrich.

Broth microdilution method

The method was performed using a 96-well plate
in accordance with the requirements of GOST R ISO
20776-14, as well as current versions of EUCAST and
Russian recommendations for determining the sensi-
tivity of microorganisms to antimicrobials® °. The ob-
tained MIC values were used to determine the sensi-
tivity categories of strains: S (sensitive under standard
dosing regimen), R (resistant), I (sensitive under in-
creased antimicrobial exposure). Testing of all microor-
ganism-antimicrobial combinations was performed in
3 repetitions.

Physicochemical indicators of nutrient
media quality

Physicochemical parameters of broth quality
(amine nitrogen content, chloride content in terms of
NaCl and loss in weight during drying) were deter-
mined in accordance with Methodological Guidelines
4.2.2316-08". The content of calcium (Ca*"), magne-
sium (Mg?), manganese (Mn**) and zinc (Zn**) ions
was determined by atomic emission spectrometry with
inductively coupled plasma on the iCAP-6500 Duo
plasma spectrometer (Thermo Scientific) in accordance
with the requirements of GOST R ISO 27085-2012°.

Thymidine content was evaluated by indirect
method by determining the MIC value of trimethoprim/
sulfamethoxazole in the study of control strain E. fae-
calis ATCC 29212. Obtaining an MIC < 0.5/9.5 mg/L
indicated an acceptable thymidine concentration of less
than 0.03 mg/L in the broth’.

Statistical methods

European Committee for Antimicrobial Susceptibility Testing

(EUCAST). URL: https://www.eucast.org/fileadmin/src/media/
PDFs/EUCAST _files/QC/v_14.0_EUCAST_QC_tables_
routine_and_extended QC.pdf

Russian recommendations “Determination of susceptibility

of microorganisms to antimicrobial agents” (version 2024-

02). KMAX. 2024;26(2). URL: https://microbius.ru/library/

rossiyskie-rekomendatsii-opredelenie-chuvstvitelnosti-

mikroorganizmov-k-antimikrobnym-preparatam

7 Methodological guidelines 4.2.2316-08. 4.2. Methods of control
of bacteriological nutrient media: Methodological guidelines.
Moscow; 2008.

8 GOST R ISO 27085-2012. Animal feeds. Determination of
calcium, sodium, phosphorus, magnesium, potassium, iron,
zine, copper, manganese, cobalt, molybdenum, arsenic, lead and
cadmium by ICP-AES method. Moscow; 2014.

® GOST P 59786-2021/ISO/TS 16782:2016. Clinical laboratory

tests. Acceptability criteria for lots of dehydrated agar and

Mueller-Hinton broth used for antibiotic sensitivity assessment.

Moscow; 2021. 30 p.
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The results were processed using the MS Excel
program package. The reliability of different mean val-
ues was assessed using Student's t-criterion. Two-tailed
Fisher's exact test was used in comparative analysis,
significance level p < 0.05.

For test strains of microorganisms, the obtained
values of MIC of antibiotics were compared with tar-
get values and acceptable ranges. The obtained results
in accordance with GOST R ISO 20776-2-2010'° were
presented in the following evaluation categories:

* C — the mean value corresponds to the target

value;

* H — high, the mean value is higher than the tar-
get value by 1 twofold dilution;

* L— low, the mean value is lower than the target
value by 1 twofold dilution;

* VH — very high, the mean value is higher than
the target value by 2 twofold dilutions, but is
within the range of acceptable values;

* VL — very low, the mean value is lower than the
target value by 2 twofold dilutions, but is within
the range of acceptable values;

* LE — low error, the mean value is less than the
lowest acceptable value;

* HE — high error, the mean value is more than
the highest acceptable value.

Results

Before the beginning of the study, the quality con-
trol of MHB-Obolensk was carried out using control
strains of E. coli ATCC 25922, S. aureus ATCC 29213,
P. aeruginosa ATCC 27853, E. faecalis ATCC 29212,
C. jejuni ATCC 33560 and antibiotics, the results of
sensitivity to which depend on the quality of the used
MHB [9-11]. When selecting antibiotics, we proceed-
ed from the following requirements of the standards:
to obtain reliable results of sensitivity testing to tetra-
cyclines, penicillins, aminoglycosides, macrolides and
fluoroquinolones, it is recommended to use MHB with
an optimal pH value of 7.2—7.4. For aminoglycosides,
tetracyclines and fluoroquinolones the medium should
be strictly balanced in terms of calcium and magnesium
ions, for tigecycline and carbapenems — in terms of
concentration of manganese and zinc ions, respectively,
and for sulfonamide drugs the concentration of thymi-
dine in the broth is critical.

During the quality control of MHB-Obolensk, the
MIC values of the antibiotics obtained were classified
as category C in 84.4% of cases. In 8.0% of cases the
obtained MIC values of antibiotics were classified as
category H, and in the remaining 7.6% of cases the ob-

1 GOST R ISO 20776-2-2010. Clinical laboratory tests and in
vitro diagnostic test systems. Infectious agent susceptibility
testing and evaluation of functional performance of products
for antimicrobial susceptibility testing. Part 2. Evaluation of the
functional performance of antimicrobial susceptibility testing
products.

SCIENCE AND PRACTICE

tained MIC values were qualified as L. No values cat-
egorized as VH, VL, LE and HE were obtained during
the study. The MIC values of antibiotics for the test
strains determined on the control medium MHB-BD
were also within the permissible intervals. The results
obtained testified to the high quality of the analyzed nu-
trient media and the possibility of their use for the study
of clinical strains.

Upon further research on the developed and con-
trol broths, we studied the sensitivity of Enterobac-
terales representatives (K. pneumoniae, E. coli and
M. morganii) to imipenem, meropenem, ceftazidime,
levofloxacin, ciprofloxacin, ampicillin, colistin, genta-
micin and trimethoprim/sulfamethoxazole, and E. co-
li — additionally to tigecycline, P. aeruginosa — to
imipenem, meropenem, ceftazidime, levofloxacin, cip-
rofloxacin and colistin, 4. baumannii — to imipenem,
meropenem, levofloxacin, ciprofloxacin, colistin and
gentamicin, Campylobacter spp. — to ciprofloxacin,
tetracycline and erythromycin, Staphylococcus spp. —
to levofloxacin, ciprofloxacin, linezolid, vancomycin,
tetracycline, gentamicin, erythromycin, tigecycline and
trimethoprim/sulfamethoxazole, Enterococcus spp. —
to imipenem, levofloxacin, ciprofloxacin, linezolid,
vancomycin, ampicillin and tigecycline, C. pseudo-
diphtheriticum — to ciprofloxacin, linezolid, vancomy-
cin and tetracycline.

The MIC values of antibiotics obtained on
MHB-Obolensk and control MHB-BD were almost
identical to each other. When 8 antimicrobial-microor-
ganism combinations were tested, differences in MIC
per 1 two-fold dilution were noted. For 4 combinations
on MHB-BD they exceeded the values on control broth
and amounted to 0.12 mg/L vs. 0.06 mg/L for meropen-
em against K. pneumoniae 16, 0.06 mg/L vs. 0.03 mg/L
for imipenem against K. pneumoniae 203, 0.25 mg/L
versus 0.125 mg/L for ceftazidime against E. coli
1169/70, and 0.06 mg/L versus 0.03 mg/L for levoflo-
xacin against 4. baumannii 494. In contrast, they were
lower for 4 combinations and were 0.03 mg/L versus
0.06 mL/L for levofloxacin on control broth against
E. faecalis 2211406, 16.0 mg/L vs. 32 mg/L for tetra-
cycline against C. jejuni F-2, 0.25 mg/L vs. 0.5 mg/L
for colistin against K. pneumoniae 1643, 0.03 mg/L vs.
0.06 mg/L for vancomycin against S. aureus 2202263.

Differences between the two MHBs in MIC results
at 2 two-fold dilutions were observed when 4 combi-
nations were tested: K. pneumoniae 1142—meropenem,
P. aeruginosa 265-levofloxacin, S. aureus 2202309—ci-
profloxacin and E. faecium 613—ampicillin. At the same
time, the MIC values of levofloxacin and ciprofloxacin,
both equal to 0.12 mg/L, respectively, were higher on
MHB-Obolensk than on control broth (0.03 and 0.03
mg/L), and the MIC values of meropenem and ampi-
cillin, equal to 0.06 and 0.03 mg/L, respectively, were
lower than on MHB-BD (0.016 and 0.008 mg/L).

However, the resulting differences in MIC val-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTMI. 2024; 101(6)

DOI: https://doi.org/10.36233/0372-9311-576

825

HAYKA /I TPAKTUKA

ues did not affect the evaluation of clinical sensitivity
categories of the clinical strains tested. The results of
antimicrobial sensitivity testing (in clinical sensitivity
categories) for 44 clinical strains of microorganisms
and 3 Campylobacter strains isolated from farm birds
are presented in the Table.

All strains of K. pneumoniae studied in this work
are mainly sensitive to the tested antibiotics under stan-
dard dosing regimen. One strain was resistant to cef-
tazidime and ciprofloxacin, 2 — to ampicillin, 3 — to
gentamicin. Both E. coli strains were sensitive under
standard dosing regimen to imipenem, meropenem,
ceftazidime, levofloxacin, ampicillin, tigecycline and
trimethoprim/sulfamethoxazole. One of them showed
resistance to ciprofloxacin, colistin and gentamicin,
while the other was sensitive to these antimicrobials.
The M. morganii strain was interpreted as sensitive un-
der standard dosing regimen to imipenem, meropenem,
ceftazidime, levofloxacin, ciprofloxacin, ampicillin,
colistin and trimethoprim/sulfamethoxazole, but resis-
tant to gentamicin.

Antibiogram analysis of P aeruginosa strains
showed that all were sensitive to meropenem, and at
increased antimicrobial exposure were also sensitive to
imipenem, ceftazidime, levofloxacin, and ciprofloxacin.
One of the 8 pseudomonad strains tested showed resis-
tance to colistin, while the other 7 were sensitive to it.

A. baumannii strains were sensitive to imipenem,
meropenem, levofloxacin, and colistin, and to ciproflox-
acin at increased antimicrobial exposure. Only 1 strain
was sensitive to gentamicin, and the others showed re-
sistance, as did all 4 strains tested to trimethoprim/sul-
famethoxazole.

One strain of Campylobacter showed resistance to
ciprofloxacin, tetracycline and erythromycin, two oth-
ers showed sensitivity to tetracycline and erythromycin
and sensitivity, but with increased exposure, to cipro-
floxacin.

All investigated gram-positive strains of Staphy-
lococcus spp. and Enterococcus spp. are sensitive to
linezolid. Against levofloxacin and ciprofloxacin, all
Staphylococcus spp. strains were interpreted as sensitive
at increased antimicrobial exposure, and against vanco-
mycin and tigecycline as sensitive at standard dosing
regimen. One of the 7 Staphylococcus spp. strains test-
ed showed resistance to tetracycline and erythromycin,
while the rest were sensitive under the standard dosing
regimen. Regarding gentamicin and trimethoprim/sul-
famethoxazole, only 4 strains of Staphylococcus spp.
were sensitive to these antimicrobials, while the re-
maining 3 were resistant to them.

All Enterococcus spp. strains were sensitive to
levofloxacin, ciprofloxacin and ampicillin at standard
dosing regimen, and to imipenem — at increased expo-
sure. At the same time, 3 strains of E. faecium showed
resistance to vancomycin and tigecycline, while the
other 4 strains showed sensitivity.

The C. pseudodiphtheriticum strain tested in com-
bination with linezolid, vancomycin and tetracycline
was interpreted as sensitive and in combination with
ciprofloxacin as resistant. Using the control nutrient
medium MHB-BD, similar antibiograms were obtained
for all tested microorganism strains.

Discussion

In this study, the sensitivity of Gram-negative and
Gram-positive bacteria (including fastidious bacteria)
isolated from sick people and farm animals to antibiot-
ics of different groups was tested on MHB-Obolensk.
The list of antimicrobials included antibiotics, sensi-
tivity to which cannot be determined by disk-diffusion
method (ciprofloxacin only for salmonella, vancomycin
and colistin for all microorganisms); antibiotics that act
as quality markers for MHB (tetracycline, gentamicin,
erythromycin, tigecycline, trimethoprim/sulfamethox-
azole, levofloxacin, imipenem, meropenem, ampicillin)
and others (linezolid, ceftazidime) [9—11].

At the State Research Center for Applied Micro-
biology and Biotechnology, we managed to design an
MHB that meets the requirements of national and inter-
national standards (see footnotes 5, 8), based on a spe-
cially developed hydrochloric acid hydrolysate of mod-
ified casein. The pH value of the developed broth is in
the range of 7.2—7.3, calcium ion content is in the range
of 20.0-25.0 mg/L, magnesium — 10.0-12.0 mg/L,
manganese level in it is less than 8.0 mg/L, zinc — less
than 3.0 mg/L, thymidine — less than 0.03 mg/L. Other
physicochemical quality parameters, the requirements
for which are not regulated by the standard (see foot-
note 8), do not differ from those for the imported an-
alog: the content of amine nitrogen varies from 4.7 to
5.0%, chlorides — from 27.5 to 28.7%, and the loss in
weight during drying is 3.8-4.0%.

The use of MHB with such characteristics allowed
to obtain the results of sensitivity categories of 47 clin-
ical strains of microorganisms to 14 antibiotics, not dif-
fering from those on the control medium of a reliable
manufacturer — MHB-BD.

The produced broth can be used for routine perfor-
mance of serial dilutions method in macro- and micro
versions, for commercial tests (in the format of tablets
and MIC-strips with dried antibiotic substances), as
well as for automatic analyzers.

Conclusion

The antibiograms of clinical strains in developed
Russian Mueller—Hinton broth was obtained, which
did not differ from those for the comparison medium.
MHB-Obolensk complies with the requirements of na-
tional and international standards and can be used to
reliably test, among other things, current combinations
of microorganism—antibiotic pairs that cannot be stu-
died using the disk diffusion method.
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Results of clinical strain testing by broth microdilution method using MHB-Obolensk and MHB-BD

C.
K. pneu- E . M. P. aeru- | A. bau- | Campylo-| Staphylo-| Entero- | pseudo-
. . coli " , !
moniae 5 morganii | ginosa man- bacter coccus coccus d/pflth-
Antibiotics Nutrient media —4 —1 —8 nii—4 | spp. —3 | spp.—7 | spp. —7 erﬂc;lm
n|SC| n|SC| n|SC| n|SC| n|SC| n|SC| n|SC| n|SC| n| SC
MHB-Obolensk 14 S 2 S 1 S 8 | 4 S - - - - 7 | - -
Imipenem
MHB-BD 14 S 2 S 1 S 8 | 4 S - - = - 7 | - -
MHB-Obolensk 14 S 2 S 1 S 8 S 4 S - = = — — — — —
Meropenem
MHB-BD 14 S 2 S 1 S 8 S 4 S - - - = - - - —
MHB-Obolensk 1, & 2 S 1 S8 8 | - - - - - - - - -
Ceftazidime : R
MHB-BD 13 S 2 S 1 S 8 | - - - - - - - —
MHB-Obolensk 14 S 2 S 1 S | 4 S - - 7 | 7 S - -
Levofloxacin
MHB-BD 14 S 2 S 1 S | S - - | 7 S - -
1 R 1 R 1 R
MHB-Obolensk 13 S 1 s 1 S 8 | 4 | 2 | 7 | 7 1 R
Ciprofloxacin ; R ) R ) R
MHB-BD 13 s 1 s 1 S 8 | 4 | 2 | 7 | 7 S 1 R
MHB-Obolensk - = - - - = - - - - - - 7 S 7 S 1 S
Linezolid
MHB-BD - - - - - = - - - - - - S 7 S 1 S
MHB-Obolensk - - - - - — _ _ _ _ _ _ 7 s 2 g 1 S
Vancomycin 3 =
MHB-BD - - - - - - - - - - - -7 8 4 g4 1 58
2 R
MHB-Obolensk 12 s 2 S 1 S - - - - - - - - 7 S - -
Ampicillin ) R
MHB-BD 12 s 2 S 1 S - - - - = = = — 7 S - —
1 R 1 R
MHB-Obolensk 14 S 1 s 1 S 7 s 4 S - — — - — — — —
Colistin ) R ) R
MHB-BD 14 S 1 s 1 S 7 s 4 S - - = - - - - —
1 R 1 R
MHB-Obolensk - - - - - - - - - - 5 g g g - - 1 S
Tetracycline ) R ) 5
MHB-BD - = - - - = - - - - 2 s 6 s - - 1 S
3 R 1 R 1 R 3 R 3 R
MHB-Obolensk 1 s 1 s 1 R - — 1 S - — 2 S — - - -
Gentamicin 3 R ] R ] R 3 = s -
MHB-BD M s 1 s 1 R - ~ 1. s ~— ~ 4 s ~— ~— = -
1 R 1 R
MHB-Obolensk - - - - - - - - - - 2 s 6 s - - - -
Erythromycin ) R ) R
MHB-BD - - - - - - - - - - 2 S 6 s - - - -
MHB-Obolensk - - 2 s - - - - - - - - 71 s i g o
Tigecycline s R
MHB-BD - - 2 s - - - - - - - - 7 S 2 s - -
3 R
MHB-Obolensk 14 S 2 S 1 S - - 4 R - - 1 s - - - —
Trimethoprim-
sulfametho- 3 R
xazole MHB-BD 14 S 2 S 1 S = — 4 R = = 4 A — _ _ _

Note. n — number of strains; SC — sensitivity category. A dash — testing for this antibiotic has not been performed; S — sensitive to
standard dosing regimen; R — resistant; | — sensitive to increased exposure to antibiotic.
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