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Abstract

Introduction. The rapid evolution of highly pathogenic avian influenza (HPAI) viruses through antigenic drift
and reassortment can lead to enhanced replication efficiency and cross-species transmission to mammals, as
evidenced by recent outbreaks in various animal populations. Identifying mammalian pathogenicity markers in
circulating HPAI viruses is crucial for evaluating their pathogenic potential and ability to cross species barriers.
The aim. This study analyzed genomic sequences of highly pathogenic H5 avian influenza virus (AlV) isolates
collected in the Russian Federation between 2018 and 2022.

Materials and methods. We utilized original complete genome sequencing data alongside with nucleotide
sequences of H5 AlV isolates and strains available in public databases.

Results. Analysis revealed a predominance of viruses with replication complexes adapted to avian cells.
Examination of viral hemagglutinin amino acid sequences showed that most strains maintained receptor-binding
sites of avian origin, with enhanced affinity for SAa-2,3-Gal receptors present in avian epithelial cells. However,
we identified several mammalian virulence factors that have emerged and spread within the avian influenza virus
population, including full-length active PB1-F2 protein, a 5-amino-acid insertion in the NS1 protein, and specific
amino acid substitutions in the M1 protein.

Conclusion. The presence of mammalian pathogenicity factors in the avian influenza virus population may
facilitate successful cross-species transmission through suppression of specific immune responses, followed
by adaptation of viral hemagglutinin to mammalian cell receptors through antigenic drift and natural selection.
The observed elimination of certain adaptive mutations from the avian influenza virus population validates the
effectiveness of stamping-out policies and vaccination restrictions in industrial poultry farming as important
measures to mitigate the zoonotic potential of avian influenza.
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transmission of the virus
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N3yuyeHne naToreHHOro noTeHuymnana u BO3SMOXXHOCTU MeXBUAOBOIo
nepexopa BMpYCOB rpunmna ntuy nogruna H5, BbiABNEHHbIX
Ha Tepputopun Poccun B 2018-2022 ropax

3uHsakos H.I,, pexHeBa A.[1.*, AHapuscoB A.B., OBumHHuKoBa E.B., l'yceBa H.A.,
Ko3nos A.A., HukoHosa 3.b., Kectkos .[., Auapenuyk [.b., Ysana U.A.

MepepanbHbll LEHTP OXpaHbl 3[0POBbA XKUBOTHbIX, Bnagmumunp, Poccua

AHHOMAauusi

BBepeHue. Bbicokasi CKOPOCTb 3BOMNIOLMM BUPYCOB BbicoKonatoreHHoro rpunna ntuy (BMITT), o6ycnoeBneHHas
aHTUreHHbIM apeindom 1 peaccopTaumen, MOXeT NPMBECTU K YCTONYMBOW pennukauum u nepegade Bmpyca mne-
KonutaloLwum, 4To HabnogaeTcs B NOMynsAUMAX XXUBOTHBIX B MOCNEAHNE rodbl. ViccneqoBaHve MapkepoB naTo-
FEHHOCTU ANSA MIEKoNUTaLWmMX Y LMpKynupytowmx supycos BT gaét BO3MOXHOCTb OLEHUTL MX NaTOreHHbIN
noTeHuman u cnocobHOCTb K MEXBMOOBOMY MEPEXOay.

Llenb paboTbl — NpoBeCTN aHanu3 reHoOMHbIX MOCneAoBaTeNbHOCTEN M30NATOB BMpyca rpunna ntud (BIT) noa-
Tmna H5, BbisiBNeHHbIX Ha TeppuTopun Poccumn B 2018-2022 rr.

Martepuansi u MmeToabl. B paboTe ncnonb3oBaHbl pe3ynsratbl COGCTBEHHOTO NONTHOrEHOMHOIO CEKBEHUPOBaHMS
W HYKNeoTuaHble NocrnenoBaTenbHOCTN n3onsaToB v wrammoB BTl nogtuna H5, ony6rnvMkoBaHHbIE B OTKPbITLIX
0asax AaHHbIX.

Pe3ynbraTtbl. YCTaHOBMEHO, YTO NpeobnagarT BMPYChbl C pennmMKaTUBHBIM KOMMIEKCOM, afanTUPOBaHHbLIM K
pPasMHOXEHWIO B KNeTkax NTvy. AHann3 amMUHOKMCIIOTHOW MOCNefoBaTeNlbHOCTU BUPYCHOMO reMarriioTUHMHA
BbISBUI AOMUHMPOBaHME B peLienTop-CBA3bIBaloLWeM canTe 6enka aMMHOKUCNOT, XxapakTepHblx Ansa BTl n obe-
crneymBatoLmMxX NOBbILLEHHOE CPOACTBO K peuentopam SAa-2,3-Gal anutenunanbHbiX KNeTok ntuy,. NokasaHo no-
SIBMEHVEe 1 pacnpocTpaHeHne B nonynauuun BIT] ¢akTopoB BMPYNEHTHOCTU ONA MIIEKOMUTAIOWMX, TakuX Kak
nornHopasMepHbI akTUBHbIN 6enok PB1-F2, pononHutensHasa BctaBka n3 5 ammHokucrnot B 6enke NS1 n amu-
HOKWUCINOTHbIE 3ameHbl B 6enke M1.

3akntouyeHue. Hanvuve B nonynsauun BIT] dhakTopoB naTtoreHHoCTV ANs MAEKONUTaKLWMX MOXET CrnocobCcTBo-
BaTb YCMNEeLHOMY MEXBMAOBOMY Mepexoay Bupyca 3a CHET nodaBreHnst oTaenbHbIX SNEeMEHTOB UMMYHHOW 3a-
LWMTBI C NocneayoLwen agantaumMen BUPYCHOTO remMarrtioTUHMHA K KNETOYHbIM peLentopamM MMeKonuTaoLwmnx
B pe3ynbrare aHTUIreHHOro Apenda ¢ AanbHenwnmM 3akpenieHmem NpuobpeTEHHbIX MyTaLuii eCTECTBEHHBIM OT-
6opom. AnumuHaumsa ns nonynsumu Bl paga agantaumoHHbIX MyTaumii, cnocobCTBYOLLMX padMHoxeHuto BITI
B KMeTkax MreKkonuTatoLwmx, noareepxaaeT aeKTUBHOCTb CTpaTeErMmn CTEMIMUHT ayT 1 3anpeTta Ha BakUMHALMIO
B MPOMBILLIIEHHOM NTULEBOACTBE B Ka4eCcTBe CAepXKMBatoLLero haktopa AN rpunna nTul, Kak 300aHTPOMNOHO3-
Horo 3aboneBaHus.

KnioueBble cnoBa: epunn nmuu, 2eHemu4eckul aHanu3s, aMUuHOKUCITOMHbIe 3aMeHbl, adanmayuoHHbIe Myma-
yuu, mexsudoeol rnepexod supyca

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBNoAeHne MHCTUTYLMOHANbHBIX U HaLMOHanbHbIX CTaHaap-
TOB MO MCNOMb30BaHNIO NabopaTopHBIX XXMBOTHLIX B cOOTBETCTBUMU ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). lNMpoTokon nccnegosaHnsa ogodbpeH ITudecknum kommtetom degepanbHOro LeHTpa oxpaHbl 340-
pOBbS1 XMBOTHbIX (NpoTokon Ne 17 ot 24.04.2023).

HcmoyHuk gpuHaHcupoeaHusi. PaboTta BbinonHeHa 3a CHET cpeacTs rpaHTa oT MuHucTepcTea 06pa3oBaHust U Hayku
Ne 075-15-2021-1054 ot 29.09.2021.

KoHdbnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHBIX U MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ana yumupoearus: 3uHsiko H.IN, MpexHesa A.[l., AHgpuscos A.B., OsunHHukoBa E.B., lN'ycesa H.A., Kosnos A.A.,
HukoHoBa 3.6., XXectkos N.1., AHgpenyyk [.B., Usana N.A. IaydeHne natoreHHOro noteHuuana nu BO3MOXHOCTU MeX-
BWAOBOrO nepexofa BMPYCOB rpunna ntuy noatuna HS5, BeigBNeHHbIX Ha Tepputopumn Poccum B 2018-2022 rogax.
XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuomnoauu. 2025;102(3):350-361.
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Introduction

Avian Influenza Virus (AlV) is the pathogen of a
dangerous highly contagious disease of domestic and
wild birds, characterized mainly by respiratory and di-
gestive tract damage. In case of infection with highly
pathogenic avian influenza (HPAI) viruses of H5 or H7
subtypes, bird mortality reaches 100%. In 1996, an in-
fluenza virus of the HSN1 A/goose/Guangdong/1/1996
subtype was discovered in China, which was subse-
quently recognized as the founder of the HPAI genet-
ic lineage Gs/Gd/96. Over time, virus isolates of this
genetic lineage became widespread not only in Asian
countries but also worldwide. Thus, from 2005 to 2007,
outbreaks of disease caused by this virus subtype caused
significant damage to the poultry industry in Russia.
Since 2014, the HSNS subtype has been detected in
Russia, whereas the HSNS subtype has been detected
there since 2016 and the HSN6 subtype — since 2018.
In 2018-2019, outbreaks of HPAI (subtypes H5NI,
H5N6 and H5N8) were registered among wild and do-
mestic poultry in Asian and African countries, on the
territory of Russia — in the Central, Southern, Volga and
Far Eastern Federal Districts, including in farm birds at
poultry farms (subtype H5NS8). In 2020, HSN8 subtype
HPAI was spread widely in the countries of Europe and
the Middle East, on the territory of Russia and Kazakh-
stan [1, 2]. Furthermore, in Omsk, Rostov and Astra-
khan regions, HSNS subtype was detected. At the end
of 2020, the HSN8 virus was detected in people who
came into contact with sick poultry at a poultry farm in
the Astrakhan region [3, 4].

In 2021-2022, H5N1 subtype influenza became
widespread, with outbreaks reported in Europe, Asia,
Africa, and North America [4]. Influenza outbreaks
among mammals such as mink, foxes, and fur seals
were of great concern [5-9]. The isolated virus has been
found to have substitutions that indicate adaptation to
reproduction in mammals. At the moment, the H5N1
subtype is represented in the territory of Russia. In Au-
gust 2023, a dead fur seal was found on the territory
of Sakhalin Island', and examination of pathological
material from the animal showed the presence of avian
influenza virus of the HSN1 subtype.

In the spring of 2024, for the first time in the Unit-
ed States, HPAI H5N1 virus was detected in cows on a
dairy farm. Clinical signs included mastitis, lethargy,
decreased feed intake, diarrhea and nasal discharge.
Since then, the virus has been detected on dairy farms in
at least 13 U.S. states, and environmental release of the
virus with milk has also been confirmed. The identified
virus has been assigned to genetic clade 2.3.4.4b and
genotype B3.13, circulating in wild and domestic birds
in North American countries since 2021 [10, 11]. After
a certain amount of time, the HPAI H5N1 virus was

! World Organisation for Animal Health. Event 5191. https://wabhis.
woah.org/#/in-event/5191/dashboard
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detected in sick and dead cats [12] and a human dairy
farm worker. The virus identified in human samples had
an amino acid substitution in the PB2 protein (E627K),
which is associated with viral adaptation to mammali-
an hosts and has previously been found in humans and
other mammals infected with HSN1 and other subtypes
of H5N1 and other subtypes of type A viruses, includ-
ing H7N9 and HIN2 [13]. The transmission of HPAI
from birds to mammals and then proven cross-species
transmission from cows to cats and humans indicates a
significant threat to public health.

The presence in influenza type A virus of a polyba-
sic proteolytic cleavage site of the hemagglutinin pro-
tein provides the possibility of an extensive infectious
process affecting various organs and tissues in differ-
ent animal species. The ability of the virus to replicate
and counteract the host immune response is provided
by other viral proteins. Previously, various groups of
scientists have identified specific amino acid substitu-
tions that enable replication in mammals, counteraction
to the immune response, and a more severe course of
the infectious process [14—54].

The aim of this study was to analyze the genome
of HPAI detected in Russia for the presence of pathoge-
nicity markers potentially contributing to overcoming
the cross-species barrier from birds to mammals and to
assess the pathogenic potential of circulating viruses as
agents of zooanthroponotic disease.

Materials and methods

Biomaterial

In this study, isolates of H5 subtype HPAI isolated
from biomaterial from birds at ARRIAH in 2018
2022 were investigated. Virus-containing allantois
fluid of pathogen-free chicken embryos or, if it was
impossible to isolate viruses on chicken embryos,
pathologic material from birds (cloacal and tracheal
flushes, 10-20% organ suspensions prepared on the
basis of 0.9% solution of NaCl) were used as material.
Authors confirm compliance with institutional and
national standards for the use of laboratory animals
in accordance with «Consensus Author Guidelines for
Animal Use» (IAVES, 23 July, 2010). The research
protocol was approved by the Ethics Committee of the
Federal Centre for Animal Health (protocol No. 17,
April 24, 2023).

RNA isolation

Total RNA was isolated using RIBO-prep reagent
kit for RNA/DNA isolation from clinical material
(Central Research Institute of Epidemiology of
Rospotrebnadzor).

Reverse transcription and polymerase chain reaction

Real-time polymerase chain reaction with reverse
transcription (RT-PCR-RT) were performed in one stage
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using amplification reagents (Syntol) and primers and
probes for amplification of MP and HA gene fragments.

The RT reaction was performed in two steps
(primer annealing and RT itself) using the Maxima
H Minus Reverse Transcriptase reagent kit (includes
RT buffer and Maxima H revertase; Thermo Fisher
Scientific), RiboLock RNase Inhibitor (Thermo Fisher
Scientific), dNTPs solution (Syntol), RNase-free bi-
distilled water, and a solution of direct specific segment-
universal primers for amplification of all segments
of type A HPAI. Classical PCR was performed using
amplification reagents (Syntol) and specific segment-
universal primers for amplification of all segments of
type A HPAIL. PCR products were purified from the
PCR mixture using the Wizard(R) SV Gel and PCR
Clean-Up System kit (Promega).

Sequencing

Whole-genome sequencing was performed using
a MiSeq genetic analyzer (Illumina) according to the
instructions for the instrument. Nextera XT and Nextera
XT Index Kit commercial kits (I1lumina) were used for
library preparation.

Nucleotide sequences

The results of in-house whole genome sequencing
and nucleotide sequences of isolates and strains of H5
subtype HPAI from Russia, published in the GenBank
database of the NCBI electronic resource? and EpiFlu
platform’ (see Appendix on the journal's website https://
microbiol.crie.ru/jour) were used in this study.

The nucleotide and corresponding amino acid
sequences were analyzed using the BioEdit v. 7.0.5.3
program. Sequences were aligned using the ClustalW
multiple alignment program. The phylogenetic
tree was constructed using the NJ algorithm in the
implementation of the MEGA v. 7.06 package.

Results

As a result of studies conducted in 2018-2022 and
covering all federal districts of the Russian Federation,
ARRIAH specialists identified 1,082 samples that
contained genetic material of H5 subtype HPAI
(Table 1).

HS5 subtype HPAI were detected predominantly in
samples from poultry throughout the study period (Table
1). Some viruses (45) were subjected to whole-genome
sequencing to study virus evolution and characterize
their biological properties; the sample was compiled
on the basis of geographical distribution and differenc-
es in virus subtypes by neuraminidase. To expand the
study sample, whole-genome sequences of H5 subtype
HPALI detected in Russia from 2018 to 2022 (134 iso-
lates) available in public databases were retrieved. It is

2 URL: https://www.ncbi.nlm.nih.gov/nucleotide/
3 URL: https://www.gisaid.org/

necessary to emphasize that the use of the terms “pop-
ulation”, “virus circulation” is not correct for the avian
influenza virus, which is capable of spreading over vast
territories during one season of wild bird migration.
In this case, the term “avian influenza virus population”
will be understood as a set of 190 viruses detected in
Russia in 2018-2022, for which whole-genome se-
quences were obtained. The term “HPAI population”
does not imply the presence of foci of persistent illness
and long-term circulation of avian influenza viruses on
the territory of Russia.

Based on the analysis of the predicted amino acid
sequence, the cleavage site of the viral hemagglutinin
of the compared isolates was determined. For all vi-
ruses it had a similar structure containing 6 basic ami-
no acids with a variation at position 342 — RE(K/R)
RRKR. The exception was A/dalmatian pelican/Astra-
khan/417-1/2021 (H5NS) virus, whose cleavage site
contained 7 basic amino acids RKKRRKR. The amino
acid motif G, ,QRG,,, (according to H3 subtype num-
bering) was detected in the receptor-binding part of the
viral protein in all viruses.

H5 subtype HPAI are capable of infecting mam-
mals, including humans, despite the fact that their hem-
agglutinin predominantly interacts with cellular SAa-
2,3-Gal receptors. However, in the case of successful
reproduction of HPAI in mammalian cells, researchers
have identified mutations in other viral genes that are
considered markers of HPAI adaptation for reproduc-
tion in mammals. According to their phenotypic man-
ifestation, the marker substitutions can be divided into
two main groups: mutations associated with increased
activity of the viral polymerase complex in mamma-
lian cell culture (CC), and mutations that enhance the
virulent properties of the virus during experimental in-
fection of laboratory mice and cause changes in me-
tabolism at the organismal level associated with mod-
ification of the immune response in the host organism.
Amino acid substitutions for which a change in the bi-
ological properties of the virus has been experimentally
demonstrated and a link between the mutation and its
phenotypic manifestation was established were includ-
ed in the analysis. Table 2 shows the positions of amino

Table 1. Results of samples testing for the presence of the
H5 subtype HPAI genome in Russia in 2018—-2022

Number of Number of samples containing HPAI/H5
Year samples
analyzed from domestic birds from wild birds
2018 2749 208
2019 5558 2 0
2020 6288 222 27
2021 6418 297 56
2022 6087 250 20
Total 27,100 979 103
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Table 2. Marker amino acid substitutions associated with HPAI adaptation to reproduction in mammalian CC

Amino acid’s position number

Protein and HPAI isolates containing mutations

Phenotypic manifestation of the mutation

622G — all studied viruses

PB1 678S — all studied viruses, except
678N — Alturkey/Rostov-on-Don/332-XX/2021,
678G — A/dabchick/Tyva/767-58/2021

Increased polymerase activity [39]

678N — increased polymerase activity [19]

89V, 309D, 339K, 477G — all studied viruses,
495V/I/A, 676T/I/M/A

292I/T, 588A — all studied viruses, except
292V — H5N8 2018-2020 (except chickens
from Novosibirsk in 2020),

Alchicken/Kostroma/1761-1 (H5N8),
AJchicken/Tomsk/1797-7/20 (H5N8),
A/duck/KChR/1590-14/20 (H5NS8),

Alcrow/Khabarovsk/2712-1/2022 (H5N1),
A/dabchick/Tyva/767-58/2021 (H5),

PB2 588V,
A/common gull/Saratov/1676/2018 (H5N6)

389R, 598T — all studied viruses

482K — all studied viruses, except
482R,
Alchicken/Kostroma/304-XX/2020 (H5N8),

Alchicken/Kostroma/ 1761-1 (H5N8),
Alcrow/Khabarovsk/776-56/22 (H5N1),
A/duck/Magadan/2272-8/2022 (H5N1),

A/goose/Magadan/2272-5/22 (H5N1),
A/poultry/Magadan/1560-1/2022 (H5N1)

Aggregate mutations: 89V, 309D, 339K, 477G, 495V,
676T — increased polymerase activity and replication
in mammalian CC [15]

292V, 588V — increased polymerase activity
and replication in mammalian CC, increased
virulence in mice [40]

389R, 598T — increased polymerase activity and
replication in mammalian CC at low temperatures [41]

482R — increased polymerase activity in mammalian
CC [42]

37A, 100V — all studied viruses, except
37S,
Alturkey/Stavropol/165-5/2022

97T — all studied viruses, except
971,

A/Chicken/Ryazan/1093-1/2022 (H5N1),
A/Poultry/Samara/1659-1/2022 (H5N1),
A/Poultry/Samara/1643-1/2022 (H5N1),
A/Chicken/Kursk/1281-1/2022 (H5N1),
A/Goose/Saratov/1965-1/2022 (H5N1),
A/Goose/Belgorod/1498-1/2022 (H5N1),

A/Duck/lvanovo/1462-3/2022 (H5N1),
A/Duck/Belgorod/1482-10/2022 (H5N1),

A/Chicken/Orel/1484-5/2022 (H5N1),
PA A/Chicken/Kaluga/1424-2/2022 (H5N1),
A/Chicken/Rostov/1724-2/2022 (H5N1)

127V, 44V, 241C, 343A, 5731 — all studied viruses, except:
127A — all H5N8/2018 viruses
343A, 347D — all studied viruses, except:
343T — A/Crow/Khabarovsk/2712-1/2022 (H5N1),
343S — H5N5 and H5N8 viruses, circulating in 2020-2021

142K, 1471, 1711, 182M — all studied viruses;
142R,

Al/common gull/Saratov/1676/2018 (HS5N6),
182L,
Al/waterfowl/Russia/1526-4/2021 (H5N5),
Alshelduck/Kalmykia/1814-1/2021 (H5N5)

224S/A — all studied viruses,
383D — all studied viruses

37A, 100V — increased polymerase activity
and replication in mammalian CC, increased virulence
in mice [18]

971 — increased polymerase activity and replication
in mammalian CC, increased virulence in mice [43]

127A, 441, 241Y, 343T, 573V — increased replication in
mammalian ECs, increased virulence in mice [16]
343S, 347E — increased replication in mammalian CC,
increased virulence in mice [44]

142R, 147V, 171V, 182L — increased polymerase activity
and replication in mammalian CC [45]

224P, 383D — increased polymerase activity and
replication in mammalian CC [17]

41/ — all studied viruses, except:

41V — increased polymerase activity in mammalian CC

NP 41V — A/common teal/Chelyabinsk/1379-1/2021 (H5N1) at low temperature [46]
3P/S, 41K, 74D — all studied viruses, except: 3S, 41K, 74N — enhanced replication in mammalian CC
41R — Alchicken/Tomsk/1797-7/20 (H5N8) and pathogenicity to mice [47]
55E, 66E, 138F — all studied viruses, except:
NS1 66K — viruses H5N8 2020-2021

138L
A/goose/Omsk/3003/2020 (H5N8)
A/goose/Omsk/3008/2020 (H5N8)

55E, 66E, 138F — enhanced replication in mammalian
CC, decreased response to interferon [48]
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acid substitutions of HPAI proteins that promote HPAI
reproduction in mammals.

Analysis of the predicted amino acid sequences of
the polymerase complex proteins revealed single mark-
er substitutions capable of enhancing the work of the
virus replicative complex in mammalian cells, which
were fixed in the avian influenza virus population. For
example, only 1 substitution at position 622G became
fixed in the PB1 protein. Two other mutations (678N
and 705S) had a sporadic distribution.

Mutations 389R and 5987 were fixed in the PB2
protein by natural selection. These mutations among
avian influenza viruses have been recorded previous-
ly, but have now become dominant. The widespread
distribution in 2018-2020 of the 292V mutation and
the appearance of single 482R mutations in the pop-
ulation were noted. Analysis of the set of “adaptation
mutations” 89V, 309D, 339K, 477G, 495V, 6767 in-
dicates the consolidation by natural selection of this
set of amino acid substitutions. Experimental stud-
ies have shown that the set of these substitutions can
compensate for the absence of lysine at position 627
of the PB2 protein for successful replication of HPAI
in mammalian cells [15].

Analysis of the predicted amino acid sequence of
the PA gene showed that the 383D mutation was fixed
in the population. A wide distribution of mutations 374,
611, 63V, 100V, 343S, 383D and single cases of mu-
tations 224P, 343T, 142R were detected. Although the
largest number of “adaptation mutations” was found
in the nucleotide sequences of the P4 gene, this does
not appear to be critical because they are randomly dis-
tributed among the viruses. Furthermore, a number of
studies have shown the necessity of a synergistic effect
for the phenotypic manifestation in mammals of “adap-
tation mutations” in the P4 gene [16-18].

Analysis of marker amino acid substitutions as-
sociated with the virulent properties of HPAI showed
that the 42S mutation in the NS1 protein is fixed in the
HPAI population (Table 3). This substitution is a mark-
er of virulent properties for mice and can counteract
the induction of interferon in the host cell, as well as
prevent activation of the NF-xB pathway during the im-
mune response [19]. In addition, the amino acid substi-
tutions 30D and 2154 in the M1 protein, recognized as
determinants of pathogenicity for mice, were detected
in all isolates [20].

During the study of pathogenicity factors, the NS/
gene encoding the corresponding protein with an addi-
tional 5 amino acid insertions at positions 80—-84 was
found to be fixed in the HPAI population. Experimental
studies have shown that hybrid viruses with this inser-
tion can induce a hyperimmune response in the organ-
ism, which is known as the cytokine storm [21]. The
analysis showed that among influenza viruses, this mu-
tation began to take hold after 2017.

Discussion

As aresult of this study, it has been established that
evolutionary selection has fixed a number of amino acid
substitutions that contribute to the successful reproduc-
tion of HPAI in mammals. At the same time, questions
remain about the mechanism of functioning of the vi-
ral receptor that allows the virus to make cross-species
transmission. According to previous studies, the amino
acid motif G,,,QRG,,, is characteristic of influenza vi-
ruses isolated from birds and has high affinity for SAa-
2,3-Gal group receptors [14, 22]. However, interpreta-
tion of the affinity properties of viral hemagglutinin to
SAa-2,3-Gal group receptors or to SAa-2,6-Gal group
receptors based on the primary amino acid sequence is
difficult. It has been found that changes in the tropic

Table 3. Marker amino acid substitutions associated with increased HPAI virulence

. Amino acid’s position number and HPAI isolates . . . .
Protein containing mutations Phenotypic manifestation of mutations
PB1 105S — A/chicken/Penza/300/2018 Increased virulence in mice [43]
PB1-F2 66N — all studied viruses, except: 66S — virulence and enhanced immune response in mice [34, 54]
66S — HPAI isolates 2019-2022 subtypes H5N5, H5N1
319N — all studied viruses, except: 319K — disruption of intranuclear transport in mammalian cells [23]
319K
A/Crow/Khabarovsk/776-56/22 (H5N1)
NP A/Duck/Magadan/2272-8/2022 (H5N1)
A/Goose/Magadan/2272-5/22 (H5N1)
A/Poultry/Magadan/1560-1/2022 (H5N1)
A/Chicken/Ryazan/1093-1/2022 (H5N1)
M1 30D, 215A — all studied viruses 30D, 215A — increased virulence in mice
43M — all studied viruses Increased virulence in mice [49]
NS1 42S — all studied viruses Increased virulence and decreased antiviral response in mice [50]
92D — all studied viruses, except: 92D — increased virulence in pigs and mice [51]
92E,

A/common gull/Saratov/1676/2018 (HS5N6)
103F/Y, 106M — all studied viruses

103F, 106M — increased virulence in mice [52, 53]
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properties of influenza viruses are possible as a result
of both single mutations and a whole set of mutations
in the amino acid sequence. In our unpublished stud-
ies and literature data comparing the predicted amino
acid sequence of the HA4 gene of viruses isolated from
birds and mammals, no amino acid substitutions were
identified that were unique to AIV or unique to viruses
isolated from mammals. Apparently, the hemagglutinin
of influenza virus of genetic clade 2.3.4.4 as a result of
single mutations is able to change its affinity properties
with respect to sialic acid residues and, while retaining
functionality, can overcome the cross-species barrier by
combining with different types of viral neuraminidase.
A 678N mutation was detected in the PB1 pro-
tein of HPAI isolated in industrial farming in Rostov
region —  A/turkey/Rostov-on-Don/332-XX/2021;
A/dabchick/Tyva/767-58/2021 virus with 678G mu-
tation was detected in the territory of the Republic of
Tyva. According to experimental data, the combination
of amino acids 13P and 678N causes a sharp increase
in the polymerase activity of HPAI during replica-
tion in mammalian cells [19]. In the A/chicken/Pen-
za/300/2018 isolate, a /05S mutation was detected that
increases the manifestation of virulent properties against
mice. To verify the origin of these mutations, phyloge-
netic analysis was performed, which showed that the
A/turkey/Rostov-on-Don/332-08/2021,  A/dabchick/
Tyva/767-58/2021 and A/chicken/Penza/300/2018 vi-
ruses are in groups that include viruses that spread in
Russia between 2018 and 2022 and did not have simi-
lar mutations (Figure). Phylogenetic analysis confirms
that the occurrence of mutations /05S, 678N, 678G in
the PB1 protein among HPAI detected in Russia is the
result of antigenic drift rather than antigenic shifting.
Analysis of the occurrence of substitutions in the
replicative proteins of HPAI (as exemplified by mu-
tations 678N and 105S of the PB1 protein) showed
that the occurrence of single mutations as a result of
antigenic drift is extremely rare, even in conditions
of frequent epizootics. The single and insignificant
spread of mutations in the HPAI population that con-
tribute to the development of the disease in mammals
in case of cross-species transmission demonstrates the
feasibility and effectiveness of the stepping-out strat-
egy in the control of avian influenza as a disease with
zooanthroponotic potential. The use of a stepping-out
strategy, involving the total eradication of all infected
animals, is recommended by the World Organization
for Animal Health for a number of emergent diseases
that have panzootic potential and can persist in wildlife
populations. With proper surveillance of poultry popu-
lations using molecular biology techniques, HPAI can
be detected in a timely manner and eradication of the
outbreak can be carried out without allowing the pos-
sibility of cross-species transmission to mammals. The
effectiveness of the stepping-out strategy is confirmed
by the disappearance from the viral population of such
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mutations as /274 in the PA protein and 292V in the
PB2 protein. These mutations were identified in virus-
es during the 2018 H5N8 subtype VHP epizootic. The
292V mutation in the PB2 protein was registered in iso-
lated cases after 2018, but timely eradication of infect-
ed stock prevented HPAI from entering the mammalian
population. From the HPAI population, these mutations
were eliminated by natural selection because they had
a negative effect on virus reproduction in birds. Appar-
ently, there is a dynamic equilibrium in HPAI popu-
lations, maintained by natural selection, due to which
adaptation mutations to mammals disappear from the
population. This can be seen in the scattering of such
mutations in various genes among HPAI — they occur
in different viruses with different frequencies, but no vi-
ruses have been found that contain in their genome the
full range of adaptation mutations to mammals. In ad-
dition, new substitutions in positions, changes in which
affect replication in mammalian cells, were identified in
the viruses we studied (Table 3).

The effect of new mutations on the replication and
virulence properties of HPAI in mammals has not been
experimentally studied. Despite the lack of experimen-
tal data indicating an increase in virus replication from
new substitutions, this is worrisome because early work
on the evolution of HPAI showed that, after crossing
the species barrier, it undergoes a phase that allows it
to gradually acquire adaptive mutations without losing
adaptation to the old host [23, 24]. Earlier studies on the
transmissibility of HPAI performed by other research-
ers indicate the complex and often complex nature
of changes in the HPAI genome during cross-species
transmission and fixation of the virus in the population
of'a new species [25-28]. Studies carried out at the N.F.
Gamaleya Research Center for Epidemiology and Mi-
crobiology also showed the possibility of adaptation
and acquisition of pathogenic properties for laboratory
mice during 7-10 cycles of experimental infection [29].

In our analysis, in addition to single substitu-
tions, it was noted that viruses capable of translating
the full-length PB1-F2 protein became established in
the post-2020 HPAI population in Russia. Translation
became possible due to the nucleotide mutation 4729C
(numbering from the beginning of the open reading
frame of the PBI gene), which eliminated the stop co-
don. The PB1-F2 gene is located within the reading
frame of the PBI gene and encodes a protein that in-
fluences the severity of the inflammatory process. At
present, there is no unambiguous description of the ef-
fect of this protein on the virulence properties of the
virus. It is reliably known that the phenotypic expres-
sion of the same form of the PBI-F2 gene differs be-
tween birds and mammals. It has already been shown
that expression of PBI-F2 reduces virulence for birds
[30-32]. The results of experimental infection revealed
that while no virulence enhancement was observed in
birds, infection of mice revealed a clear involvement
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of the PB1-F2 protein of the H7N1 virus in the host
inflammatory response, as previously shown for the
HINI and H5N1 subtype HPAI strains [32]. The re-
sults of experimental infection in ferrets when infect-
ed with PB1-F2-expressing HPAI differed from the
course of the infection process when the virus without

H5N2 2017

H5N8 2020

H5N8 2020

H5N8 2020

H5N8 2020

H5N8 2020

H5N8 2021
d

- H5N8 2017-2020

L{H5N8 2017

H5N8 2016

N5N1 2005-2012

H5N1 2021-2022

L A A/chicken/Penza/300/2018 | A/ H5N8 | | PB1 | 2018-06-15 | EPI ISL 320662
Alchicken/Kursk/762/2018 | A/ H5NS | | PB1 | 2018-06-26 | EPI ISL 320682
A/goose/Samara/675/2018 | A/ H5NS | | PB1 | 2018-07-04 | EPI ISL 320684
Alchicken/Orel/533/2018 | A / H5NS | | PB1 | 2018-06-20 | EPI ISL 320664
Alchicken/Samara/446/2018 | A / H5N8 | | PBA1 | 2018-06-22 | EPI ISL 320657

Alchicken/Samara/679/2018 | A / H5NS | | PB1 | 2018-07-04 | EPI ISL 320685

PB1-F2 expression was used. Infection with a virus ex-
pressing PB1-F2 correlated with a significant dysreg-
ulation of leukocyte counts on days 3 and 7 post-in-
fection; PB1-F2 expression was associated with both
lymphopenia and increased neutrophil counts. Lymph-
openia was transient in all ferrets, and leukocyte levels

H5N8 2020, H5SN5 2020-2021

A/chicken/Rostov-on-Don/1321/2017 | A/ H5N8 | | PB1 | 2017-10-18 | EPI ISL 297234
A A/turkey/Rostov-on-Don/332-XX/2021
A A/dabchick/Tyva/767-58/2021 (H5)

Alturkey/Omsk/0003/2020 | A/ H5N8 | | PB1 | 2020-08-13 | EPI ISL 644123

H5N8 2018

'— A/chicken/Rostov-on-Don/1598/2017 | A/ H5N8 | | PB1 | 2017-11-17 | EPI ISL 297235

A/wild duck/Tatarstan/3059/2016 | A/ H5N8 | | PB1 | 2016-10-02 | EPI ISL 247724
Alchicken/Kalmykia/2643/2016 | A/ H5N8 | | PB1 | 2016-11-21 | EPI ISL 247725
A/gadwall/Kurgan/2442/2016 | A/ H5N8 | | PB1 | 2016-08-27 | EPI ISL 256298

L A/mute swan/Kaliningrad/132/2017 | A/ H5N8 | | PB1 | 2017-02-13 | EPI ISL 274858

L Achicken/Astrakhan/3131/2016 | A/ H5N8 | | PB1 | 2016-12-13 | EPI ISL 240110

A/mallard/Chany/260U/2014 | A / H5N3 | | PBA | 2014-09-10 | EPI ISL 240673
4:\/mallard/Chany/126K/2014 | A/H5N3 | | PB1 | 2014-09-11 | EPI ISL 240680
A/duck/Moscow/4182/2010 | A/ H5N3 | | PB1 | 2010-11-01 | EPI ISL 156215
A/Spot-billed Duck/Russia Primorje/226/2019 | A/ H5N3 | | PB1 | 2019-10-20 | EPI ISL 403722
Alwigeon/Sakha/1/2014 | A/ H5NS | | PB1 | 2014-09-25 | EPI ISL 169427
A/gadwall/Altai/1202/2007 | A / HSN2 | | PB1 | 2007-09-01 | EPI ISL 63505
A/garganey/Altai/1213/2007 | A/ H5N2 | | PB1 | 2007-09-01 | EPI ISL 63510

0.02

Phylogenetic tree constructed by the NJ method based on the nucleotide sequences of the PB1 gene fragment
(1-2275 bp ORF) of H5 subtype HPAI.

Triangles indicate HPAI with adaptation mutations.
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returned to baseline on day 19 post-infection [33]. All
viruses with an active form of the PB1-F2 gene have a
66S amino acid mutation. Several studies have shown
that viruses with this mutation caused a more severe
infection process in infected laboratory mice [34]. This
mutation was present in HPAI isolated from minks in
Spain in 2022. [5]. Furthermore, this mutation was one
of those that distinguished the deadly virus A/Brevig
Mission/18, also known as the “Spanish flu” that swept
the world in the early twentieth century [34]. In addi-
tion to the direct effect of PB1-F2 protein on the course
of the infectious process, data have been obtained that
indicate the possibility of a more severe infectious pro-
cess in case of mutual expression of full-length PB1-F2
and PA-X proteins [35]. The analysis showed that all
the HPAI studied in this study are capable of expressing
the full-size PA-X protein.

The variability of the C-terminal sequence of the
NS1 protein is worth special attention. Earlier studies
have shown that single substitutions in the last 4 ami-
no acids affect the possibility of effective cross-species
transmission from pigs to mice, accompanied by the
manifestation of pathogenic properties in relation to the
new host [36]. Thus, HIN1 subtype HPAI that had an
NS1 protein with the last 4 amino acids being PEQK
and RSEV could not infect mice, whereas the same vi-
rus whose NS1 protein ended with the amino acid motif
of GSEI and EPEV successfully induced the infectious
process in mice, reaching a titer of 2300 BOU/g [37].
Among the HPAI detected in Russia during 2018-2022,
the NS1 protein end motif had variations of GSEV, LP-
PK, FPPK, ESEV and ESEI. Such diversity of the NS1
protein end motif may ensure a wide distribution of
HPAI among different bird species [38].

The data obtained by analyzing the presence of
marker substitutions in HGP/HS indicate an active evo-
lutionary process currently taking place in the HPAI
population. The presence of mammalian pathogenicity
factors in the HPAI population may contribute to suc-
cessful cross-species transmission of the virus by sup-
pressing certain elements of immune defense. After the
cross-species transmission, the virus may end up in the
channel of accumulative variability, when in the pro-
cess of natural selection, single mutations that enhance
the phenotypic manifestation or functional properties
of certain proteins and provide competitive advantages
relative to other viruses are consolidated.

This scenario of cross-species transmission em-
phasizes the necessity to use the strategy of stepping-out
and ban on vaccination against HPAI in industrial poul-
try production as a deterrent to HPAI as a zooanthro-
ponotic pathogen. Timely and complete elimination of
infected poultry stock allows avoiding cross-species
transmission of HPAI to mammals via stray dogs, cats
or small rodents. In case of uncontrolled vaccination
against HPAI, there may be a latent circulation of HPAI
among susceptible stock without clinical signs, which
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will result in an increase in genetic diversity of the
HPALI population and active appearance of new muta-
tions, among which may be useful for the virus, con-
tributing to cross-species transmission.

Conclusion

As a result of these studies, it was found that
among the HS5 subtype HPAI detected in Russia in
2018-2022, viruses with an enzyme complex adapted
to replication in avian cells predominated. Adaptation
mutations to replication in mammalian cells are sporad-
ic and chaotically distributed in the virus population.
Viral hemagglutinin has affinity predominantly to avian
cell receptors. The appearance and distribution of viru-
lence factors for mammals in the HPAI population has
been shown. The presence of such factors may contrib-
ute to successful cross-species transmission of the virus
with subsequent adaptation of viral hemagglutinin to
mammalian cell receptors as a result of antigenic drift
and fixation of new mutations in the course of natural
selection.

The results obtained indicate the effectiveness of
the strategy of stepping-out and ban on vaccination
against HPAI in industrial poultry farming as a deter-
rent factor for HPAI as a pathogen of zooanthroponotic
disease. Timely and complete elimination of poultry
stock infected with HPAI, which is capable of produc-
ing pathogenicity factors for mammals in the process
of reproduction and possessing separate adaptive muta-
tions in replicative proteins, allows to avoid or signifi-
cantly reduce the probability of cross-species transmis-
sion of HPAI from birds to mammals via stray animals
or small rodents.
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