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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.
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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



722

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

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

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
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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.

HA
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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
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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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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)
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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/
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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
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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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