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Abstract

The family Orthomyxoviridae consists of 9 genera, including Alphainfluenza virus, which contains avian influenza
viruses. In two subtypes H5 and H7 besides common low-virulent strains, a specific type of highly virulent avian
virus have been described to cause more than 60% mortality among domestic birds. These variants of influenza
virus are usually referred to as «avian influenza virus». The difference between high (HPAI) and low (LPAI) virulent
influenza viruses is due to the structure of the arginine-containing proteolytic activation site in the hemagglutinin
(HA) protein. The highly virulent avian influenza virus H5 was identified more than 100 years ago and during this
time they cause outbreaks among wild and domestic birds on all continents and only a few local episodes of the
disease in humans have been identified in XXI century. Currently, a sharp increase in the incidence of highly virulent
virus of the H5N1 subtype (clade h2.3.4.4b) has been registered in birds on all continents, accompanied by the
transmission of the virus to various species of mammals. The recorded global mortality rate among wild, domestic
and agricultural birds from H5 subtype is approaching to the level of 1 billion cases. A dangerous epidemic factor is
becoming more frequent outbreaks of avian influenza with high mortality among mammals, in particular seals and
marine lions in North and South America, minks and fur-bearing animals in Spain and Finland, domestic and street
cats in Poland. H5N1 avian influenza clade h2.3.4.4b strains isolated from mammals have genetic signatures of
partial adaptation to the human body in the PB2, NP, HA, NA genes, which play a major role in regulating the
aerosol transmission and the host range of the virus. The current situation poses a real threat of pre-adaptation
of the virus in mammals as intermediate hosts, followed by the transition of the pre-adapted virus into the human
population with catastrophic consequences.
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MTuumn rpunn: «Mo KOM 3BOHUT KONOKonN»?*
Xupros O.M."%2 Nbeos [.K.’

"MHcTuTyT BUpyconorun nmenn [.U. MisaHosckoro ®IBY «HaumoHanbHbIN nccnenoBaTenbekuii LEHTP aNUAEMUOIONn
1 MUKpoBMonorumn nMeHn nodeTHoro akagemuka H.®. famanen», Munagpasa Poccun, 123098, r. Mockea, Poccusi;

2Pyccko-HeMeLKkas akageMusi MeAUKO-coLmarbHbIX M BUOTEXHONMOMMYECKUX Hayk, MIHHOBaLMOHHBIA LeHTp Ckonkoeo, 109029,

r. Mockea, Poccus

Pe3tome

CemeiictBo Orthomyxoviridae coctount n3 9 pogos, Bkntovas Alphainfluenza viruses, Kyoa BXoAaT BAPYChl rpunna
nTuy. Y ayx cyotunos — H5 n H7 — noMnmo 06bI4HbIX HU3KOBMPYEHTHbIX LUTAMMOB ONMcaHa ocobas pa3HoBUA-
HOCTb BbICOKOBMPYIIEHTHOTO BUpYyCa NTULL, CMOCOBHOro Bbi3blBaTb 3a60MeBaeMoCTb Y NTUL, C NETANbHOCTbIO BbiLLe
60%. 3Tv 1 psaa Apyrux pasHOBMAHOCTEN BMpyca rpynna, TeCHO CBSA3aHHbIX C NTULAaMW, NPUHATO 06o3HavaTb
TEPMVHOM «MTWU4MIA BUPYC rpunnax». Pasnuume Bbicoko- (HPAI) u HuskoBmpyneHTHbeix (LPAI) Bupycos rpunna o6-
YCINOBINEHO CTPYKTYPON aprMHUHCOAEpXKaLlero canta npoTeonuTnyeckomn aktmeaumm B 6enke HA. Bupyc BbicoKo-
BUPYNEeHTHOro ntuybero rpunna H5 BbiseneH okono 100 net Hasag v Ha NPOTSXKEHUN 3TOr0 BPEMEHW Bbi3biBaeT
3MM300TUM Cpean AMKMUX U AOMALLHMX NTUL, U UL HECKOSBKO NOKarnbHbIX 3NM3040B 60ne3Hn 3aperncTpupoBaHbl
cpeav ntogen ¢ Havana XXl B. B nocnegHue rogbl 3adoukcMpoBaH peskuii noabem 3aborneBaeMocT NTUL, BbICO-
KoBMpYneHTHbIM BupycoM H5N1 (knaig h2.3.4.4b) Ha Bcex KOHTMHEHTaX MMaHeTbl, CONPOBOXAAOLLMIACA NEPEXO-
[OM BMpyCa Ha pasHble BUAbl MrekonuTawLlwmx. Peructpupyemas rnobansHas CMEPTHOCTb Cpean AOMALLHUX U
CenbCKOXO3AMCTBEHHbIX NTUL, OT AaHHOro cybTmMna npubnumxaeTcs K ypoBHio 1 Mnpa ocoben. OnacHbIM anvaemu-
YeCckUM (HaKTOPOM CTAHOBATCS YYACTMBLUMECS BCMbILUKU MNTUYBENO rpunna C BbICOKOWM NETanbHOCTbIO Cpeaun mie-
KOMMUTaIOLLMX, B YaCTHOCTU MOPCKMX NbBOB U TioneHern B CeBepHon 1 KOxxHom Amepuke, HOPOK 1 MYLUHbIX 3BEpPE B
Vcnanum n ®uHNsHOMKM, AOMALLHMX U YIWYHbIX Kowek B MonbLue. M30nMpoBaHHbIe OT MIEKONUTAOLWMX WTaMMbl
nTnybero rpynna H5N1 knavaga h2.3.4.4b nmetoT NpusHakyM YacTUYHOW aganTaumm K OpraHn3My YernoBeka B reHax
PB2, NP, HA, NA, vrpatooLwmx rnasBHyl0 porb B perynsauum aspo3onbHON TPaHCMUCCUM U Kpyra XO3sieB Bupyca.
CospaBLuascs cutyaums npeacTaBnseT peanbHyto yrpo3dy npegagantaumm Bupyca B opraHM3Me MekonutatoLmx
KaK NMPOMEXYTOYHbIX XO351EB C NOCMEAYLMM NepexoaoM npeaasanTyupoBaHHOrO BUpyca B NONyNsumio Niogen u
dopMupoBaHMeM NaHAEMMM C KaTacTporuyeckumMmn nocneacTBUIMM.

KnroueBble cnoBa: opmoMUKCO8UPYChI; 2pUr MMUL; 8UPYIEHMHOCMb; Kpye X03sies, naHOeMusi; MomnysiyUoH-
HbIlU 2eHOGhOHO 8upyco8

Onsa umtnpoBaHua: XKupHos O.1., Jleos [.K. MNTnunii rpunn: «o KoM 3BOHUT Konokon»? Borpockl gupycorsno-
auu. 2024; 69(2): 101-118. DOI: https://doi.org/10.36233/10.36233/0507-4088-213 EDN: https://elibrary.ru/gtekdx

®durHaHCcuMpoBaHue. ABTOPbI 3aABNAT 06 OTCYTCTBUU BHELLUHErO dUHaHCHpPOBaHNSA NP NPOBEAEHUN UCCNEN0BaHNS.

KoHdnuKT nHTepecoB. ABTOPbI AEKIAPUPYIOT OTCYTCTBUE SIBHBIX M NOTEHLMANBHBIX KOH(NMKTOB MHTEPECOB,

CBA3aHHbIX C nyﬁnwkaumeﬁ HacTosiLen cTaTbm.

The increase in avian influenza-related adverse and
threatening events worldwide determines the need to
revisit the debate on this issue.

General characterization
of the Orthomyxoviridae family

The Orthomyxoviridae family according to the modern
classification is divided into 9 genera: Alpha-, Beta-,
Delta-, Gamma-, Thogoto-, Quaranja-, Mycis-, Sardino-
and Isainfluenza viruses (Table 1) [1]. The family is
formed by viruses that have an outer lipoprotein envelope
(enveloped viruses), single-stranded RNA of negative

polarity in the form of 7 or 8 segments (in different genera)
encoding up to 16 unique proteins [2]. Orthomyxoviruses
have a wide range on the planet in all three environments:
aquatic, air and land and have tropism to a wide range
of organisms — arthropods, fish, birds and mammals,
including humans, as seen in Table 1 [3]. In populations
of birds, the main natural reservoir of influenza A virus,
infection occurs via the fecal-oral route.

The peculiarity of orthomyxoviruses is their high
variability, which is due to the functional properties of
viral RNA polymerase and the segmented structure of the
viral genome. Viral RNA polymerase provides synthesis

*Ppaza «Ilo KOM 3BOHHT KOJOKOT» 3aUMCTBOBaHa M3 poMaHa OpHeCTa XEMHHTY?3sI, MMEIOUIEr0 B AHTIMHCKOM OpHTHHANIC Ha3BaHHE

«For whom the bell tolls».

Ilpumeuanue: Pabota Oblia HpencTaBIeHA Ha MEKAYHAPOIHOM KOHTpecce «MoJeKysasipHas JUAarHOCTHKA B OmobOe3zomacHOCTh — 2024y
(Mockaa, 16—17 anpens 2024 1.): XKupuos O.I1., JIsBoB JI.K. Yrpo3a nanaeMun NTHYBETO TPHIIIA: MEXaHU3MBI ()OPMUPOBAHUS MO ISILIUOH-
Horo reHodoHaa Bupyca. COopHuK Te3ucoB nox pex. akaa. PAH B.I. Axkumkuna, M., 2024, ctp. 69-70.
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Table 1. Classification of the family Orthomyxoviridae
Taénauua 1. Knaccuduxanus cemeiictsa Orthomyxoviridae

PEOAKLIMOHHAA KOHLEEMNUWMA

Virus genus number Genus name Host spectrum of the virus

HOMep poaa BUpyCOB HaumeHnoBanue poxa CHeKTp X035€B BUpyCca
1. Genus: Alphainfluenzavirus (Flu A) Birds (Aves)/ITtumpr,
2. Genus: Betainfluenzavirus (Flu B) Human (Homo sapiens)/Yenosex,
3. Genus: Deltainfluenzavirus (Flu C) Mammalians (Mammalia)/Mnekonurarorne
4. Genus: Gammainfluenzavirus (Flu D)
5. Genus: Thogotovirus Arthropods (Arthropoda)/UYnenucronorue:
6. Genus: Quaranjavirus Ticks (Ixodidae)/Kiemu nkconossie,

Argasid mites (Argasidae)/Knemum apracossie

7. Genus Mykissvirus Fishes (Ichthya)/Pei6b1
8. Genus: Sardinovirus
9. Genus: Isavirus

Note. Classification of the family Orthomyxoviridae in accordance with the recommendations of ICTV-2022 [1].

Ipumeuanue. Knaccuburamus cemeiictsa Orthomyxoviridae B coorBercTBuu ¢ pekomeraammsamu [CTV-2022 [1].

and replication of the viral genome, which it carries out
with a large number of random errors, amounting to
about one mutation per 10* nucleotides of the genome
per one read. For comparison, we note that human DNA-
dependent RNA polymerase II allows an error of one
mutation only during polymerization of 10® nucleotides
in the synthesized mRNA molecule [4]. The high error
rate of viral polymerase generates high variability of
the virus and the formation of a large number of viral
variants, also known as viral quasispecies, in the viral
progeny. The genetic diversity of the viral population
allows the virus to cross the inter-taxon barrier to a
new host. This mechanism of gradual accumulation of
mutations of adaptive character has been called viral
drift. Importantly, drift is based on a dual mechanism
that regulates (1) adaptation of the virus to host organism
factors and (2) overcoming its immune response. As
a result of interaction at the molecular-genetic level
between the virus and host populations, the formation of
the virus population gene pool occurs [5]. The period of
its formation takes place over millions of years, closely
interacting with the elements of the biosphere under
changing environmental conditions.

The second mechanism ensuring high natural variability
of orthomyxoviruses is the exchange (reassortment)
of genomic RNA segments between viruses adapted
to different animal species [6, 7]. The crossing of such
adaptive viral variants underlies the phenomenon of
genetic shift, leading to the emergence of radically new
viral reassortants and unique antigenic and functional
variants of influenza virus, which have the potential for
trans-taxon transfer transfer of the virus from one species
of macroorganism to another and changing the range of
virus hosts and the formation of new pandemic variants
of the virus.

Two levels of influenza A virulence
(Alphainfluenzavirus genus)

The high variability of influenza A virus determines
the formation of a massive population gene pool and the
distribution in nature of a wide range of viral variants
with a pronounced diversity of pathogenic and antigenic
properties [8—10]. The Alphainfluenzavirus genus

(influenza A viruses) consists of 18 antigenic subtypes of
hemagglutinin (HA) numbered H1-H18 and 11 subtypes
of neuraminidase (NA) protein numbered N1-N11.
According to this numbering, the antigenic subtypes HA
and NA are indicated in the name of the variant (strain) of
influenza viruses [11-13].

Amongthe 18knownsubtypesofthe Alphainfluenzavirus
genus, viruses of subtypes HS and H7 are of special
interest. The populations of these viral subtypes consist
of two biological species of viruses with low (LPAI)
and high (HPAI) virulence for host macroorganisms
[13, 14]. Low pathogenic avian influenza causes a
localized infectious process, usually of the respiratory or
intestinal tract of the host often without clinically evident
symptoms, with a population mortality rate of less
than 1% [15]. Highly pathogenic viruses of subtypes H5
and H7, which received their original historical name in
the late 19% century as «fowl plaque» or «avian typhus»,
cause massive viremia and dissemination of the virus in
the host organism in most susceptible, usually domestic
and farm animals, with the development of generalized
(pantropic) forms of infection with high lethality close
to 100% [16]. In avian populations, the main natural
reservoir of influenza A virus, infection occurs by fecal-
oral route. The biological system «influenza A virus —
birds» has probably functioned in the biosphere for more
than 100 million years since the Cretaceous period of the
Mesozoic era [5]. Birds are a natural reservoir, the arena
of recombinant processes as a result of interpopulation
contacts arising during migration periods, especially in
migration hubs where bird populations from different
parts of the range accumulate in large numbers [17—
20]. The main natural reservoirs of influenza A viruses
are species of the goose family (Anseriformes), duck
family (Anatidae), rye family (Charadriiformes), waders
(Scolopatidae), gulls (Laridae) and others. In nature,
influenza A viruses have been isolated from more
than 100 species of birds (12 orders, 25 families, more
than 50 genera) [5, 21-23]. The first highly pathogenic
influenza virus of subtype H5 was isolated in Scotland
in 1959 from chickens — strain A/chicken/Scotland/1959
(H5NT1) [24], and then in South Africa during an epizootic
among migrating Arctic terns Sterna macrura — strain
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Fig. 1. Founders of the concept of natural focality of the Influenza A
virus (Orthomyxoviridae: Influenza A virus).
Pictured from left to right: Graham Laver (Australia), Dmitry Lvov (USSR),
Robert Webster (USA) [8, 22, 26, 27].
Puc. 1. OCHOBOIIOIOKHUKYU KOHIIETILIUU TIPUPOTHON 0YaroBOCTH
Bupyca rpummna A (Orthomyxoviridae: Influenza A virus).

Ha ¢oto cmeBa nampaBo: I'pom JlaBep (ABcrpamms), dmutpuii JIsBoB
(CCCP), Pobepr Beberep (CIHIA) [8, 22, 26, 27].

A/A
HA1 V_HA2

... Pro-Leu-Arg-His-LYS-ARG-ARG-LYS-ARG-Gly-Leu-Phe-Gly.....

B/b
HA1 V HA2

.... Arg-Asn-Val-Pro-Glu-Lys-GIn-Thr-ARG-Gly-Leu-Phe-Gly....

Fig. 2. Structure of the proteolytic activation site of the influenza A
virus hemagglutinin (HA) protein.

The HA protein site in the junction zone of HA1 (55 kDa) and HA2 (20 kDa)
subunits formed after cleavage of the precursor molecule, HAO (75 kDa), is
shown. Low pathogenic viruses of subtypes H1-H18 contain a single arginine
(Arg) residue (panel A), whereas highly pathogenic subtypes HS and H7 have
several arginine and lysine (Lys) residues present in the proteolysis site, the
so-called polyarginine site of proteolysis (panel B). The polyarginine site is
highly sensitive to a wide range of cellular proteases and is readily cleaved in
the vast majority of target cell types [16, 33, 35-37].
Puc. 2. Ctpykrypa caiiTa IpOTCOIUTUIECCKON aKTHBAUHU Oenka
remarmiorHiHa (HA) BupycoB rpumma A.

IMokazan y4actok Oenka HA B 30He coequuenus cyobenunun HA1 (55 x/a)
u HA2 (20 k[la), popMupyroOmuXcs Mociae pacuieIuICHus] MOJICKYIbI-IIPEe/-
mectBennnka HAO (75 x/la). CnabonaroreHnsle Bupychl cyotumnos HI-H18
coepKaT CAMHUYHBINA OCTAaTOK apriHUHA (Arg) (maHens A), TOrna Kak y Bbl-
cokomnatoreHnsIx cyorunos H5 u H7 B yuacTke mpoTeonnsa npHCyTCTBYIOT
HECKOJIBKO OCTAaTKOB apruHuHa u ju3uHa (Lys), Tak Ha3pIBacMBblil MOIHApTH-
HUHOBBIN caiiT nporeonusa (naHenb b). [TomMapruHUHOBBINA CaliT UMEET BbI-
COKYIO 9yBCTBUTEIBHOCTD K IIINPOKOMY CIIEKTDPY KICTOYHBIX IIPOTEA3 H JIETKO
paciieruisieTcst B MOJABIIAIONIEM OONBIINHCTBE TUIIOB KICTOK-MHILEHEH [16,
33, 35-37].

A/tern/South Africa/61 (H5N3) [25]. In the 1970s, the
concept of natural focality of influenza A virus was formed
(Fig. 1) [5, 8, 18, 21, 22, 26-29]. It should be taken into
account that birds are the main carrier and reservoir in
nature of highly pathogenic variety of representatives of
subtype H5N1 of the Alphainfluenzavirus genus [28].
The molecular basis of the cardinal difference in
virulence properties of influenza A virus is determined
by the structure of the site (the so-called proteolytic
site) of viral hemagglutinin HAO (mol.wt. 75 kDa),
where proteolytic cleavage into two subunits HA1 (55
kDa) and HA2 (20 kDa) occurs, which retain a disulfide

104

bond after cleavage (Fig. 2). This cleavage of the viral
hemagglutinin protein activates its lipid membrane fusion
function (symplast formation function), making the
virion infectious and capable of infecting new target cells
[30-33]. The phenomenon of influenza virus virulence
enhancement through proteolysis of HAO into HA1+HA?2
is called proteolytic activation of the virus [33, 34].

In low pathogenic viruses, the HA proteolytic site
consists of a single arginine residue (Arg), the so-called
«monoarginine site», whereas in highly pathogenic
influenza viruses it consists of several arginine residues
and possibly lysine (Lys), the so-called «polyarginine
sitew. The cleavage of monoarginine HAO is carried
out by trypsin-like proteases and, as a rule, occurs post-
translationally already on the cell plasma membrane
when the virion leaves the infected cell. The efficiency
of such cleavage in infected cells was about 30—40%
of the molecules of synthesized HAO protein [35, 36].
In highly pathogenic viruses of subtypes H5 and H7,
cleavage of HAO—HAI1+HA2 occurs inside infected
cells contranslationally during the process of the HAO
molecule synthesis and the virus leaves the cell in the
infectious form with cleaved HA1+HA2 protein. HAO
cleavage of such viruses is performed by intracellular
ubiquitin proteases of furin series on the membranes of
the Golgi apparatus with high efficiency, close to 100% of
HAO molecules [37]. As a result of intensive proteolysis
HAO0O—HA1+HA?2, the synthesized highly pathogenic
viruses easily pass through intercellular contacts and
basal membranes in the primary infectious focus of the
respiratory and/or intestinal tracts, penetrate into the
bloodstream and cause generalized pantropic infection of
the macroorganism [16, 33]. Low pathogenic viruses due
to partial cleavage of monoarginine site in HAO and not
so effective activation of infectivity and fusion properties
of virions have low ability to overcome protective cellular
barriers in the host organism. As a rule, such viral strains,
which include LPAI viruses and seasonal human influenza
viruses, induce a local pathological process in the primary
organ and do not cause multi-organ dissemination of the
virus and a generalized form of the infectious process in
the affected organism [33, 37-39].

Factors regulating the host range of the virus

An important feature of influenza A virus is its ability to
infect a wide range of animals, including birds (the main
natural reservoir of influenza A virus) and humans (Fig. 3).
As an obligate parasite of the host cell, the influenza virus
interacts with cellular factors and has structural patterns
in viral proteins for this purpose, also known as genetic
signatures. For successful reproduction, these structural
domains (patterns) must be concordant with the cells of a
particular host species. When the host changes, the virus
needs to change these patterns and adapt to the new host
species.

In the replication process of influenza A virus, 7 main
points (stages) of interaction with the host cell apparatus
can be distinguished:

1) the stage of virus adsorption on cellular receptors,
which is regulated by the viral receptor proteins HA and NA;
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Fig. 3. Adaptation stages of the HSN1 avian influenza virus and the emergence of a pandemic variant of the human influenza plague virus.

The H5N1 avian influenza virus can be transmitted directly to humans (direct transmission route) or indirectly, first to mammals such as pigs, fur-bearing animals,
animals of prey, seals, etc., followed by an indirect transmission route to humans). In the human body (with direct transmission) and mammals, the avian virus
undergoes partial adaptation to the human body through adaptive mutations or reassortation of viral genomic RNA segments between avian and human influenza
viruses. The H5N1 avian influenza virus, partially adapted to humans, can return to the population of birds and mammals and form a natural reservoir of a
permanent potential threat of the emergence of highly pathogenic epidemic virus (HPAV) subtypes H5 and H7 and its subsequent return to the human population.
Designations: 1 — Initial adaptation of influenza virus to humans (mutations in the NP, PB2, HA, NA genes and others); 2 — Partial adaptation of virus to human;
3 — Maintenance of interspecies virus transmissions in biosphere; 4 — Virus transmission from mammals to birds; 5 — Maintenance of interspecies transmissions
in biosphere; 6 — Direct transmission way from birds to humans and back; 7 — Development of epidemic process.
Puc. 3. Dramnsl ananranuu Bupyca nruusero rpunna HSN1 1 BO3HUKHOBEHHUS MaHAEMHUUECKOTO BapHaHTa BUpYyca.
Ttuuuii Bupyc rpunna HSN1 cnocobeH HenmocpencTBEHHO NMEPEeXOUTh Ha 4enoBeka (MPsIMOW MyTh Nepeadyr) WM OMOCPEI0BaHHO — CHayaja Ha MIICKOIH-
TAIOIMX KMBOTHBIX, TAKMX KaK CBUHBH, ITYLIHBIC 3BEPH, XUIIHbIC 3BEPH, TIOJICHH H JIP., C MOCICAYIOIINM IIEPEX0JOM Ha JIFOEH (HeNpsMOil IyTh Iepeiadn).
B opranusme 4esoBeKa U MICKONUTAOIMX KUBOTHBIX ITHYHIL BUPYC PETEPIICBACT YACTHYHYIO aalTAllHIO K OPraHH3MY YelIOBeKa OCPEACTBOM adaNTalnoH-
HBIX MyTaIuil TM00 peaccopTalueil cerMeHToB BUpycHOi reHoMHOI PHK Mexy Bupycamu IpHIna OTHI X YelnoBeka. YacTHIHO aJanTHPOBAHHEII K YEIOBEKY
BUpyc ntuubero rpunna HSN1 MoxkeT BO3BpaIaThesi B MOMYIALMIO ITUIL U )XMBOTHBIX U (JOPMHUPOBATH IPUPOIHBIH pe3epByap MepMaHEHTHOW MOTEHIUAIbHON
yrpo3bl BOSHUKHOBEHHS SITHIEMUYECKOT0 BUPyCca BRICOKOIIATOICHHOTO BUpyca denoBeka cyorumnos H5 u H7. O6o3nauenus: | — nepBuYHast ajanraius BUpyca
rpUIIIa K YeJa0BeKy (MyTtauuu B reHax NP, PB2, HA, NA v ip.); 2 — 4acTu4Has aJanTalys BUpyca K YeJIOBEKY; 3 — MOAIepKaHue MEXBUI0BOMH Mepeayn BUpyca
B Grocdepe; 4 — nepegada BUpyca OT MICKOIIUTAOIIMX [ITHLAM; 5 — IOfIepyKaHHe MEKBHIOBOI Ttepesiadu B 6rocepe; 6 — mpsMoit Iy Th repeadn HHEKIUH
OT NTHII K YEJIOBEKY M 00paTHO; 7 — pa3BUTHE SMUAESMHYECKOT0 HpoLecca.

2) the stage of intracellular endosomes, in which  and infectivity to the host (Table 2). The main protein
pH-dependent degradation of the virus by the cleaved  of the viral nucleocapsid NP plays a major role in over-
HA1+HAZ2 protein occurs; coming the host innate immunity due to the Mx factor

3)thestageofviralnucleocapsid(viralribonucleoprotein,  [40]. The NP protein of avian influenza viruses is recog-
RNP) transport into the nucleus through nuclear pores in  nized by human nuclear Mx factor, which binds the viral

the nuclear membrane of cells; nucleocapsid into polymeric complexes and stops virus
4) intranuclear stage of virus-specific RNAs synthesis:  reproduction [41]. In contrast, human NP viruses are
transcription and replication of the viral genome; not recognized by human Mx factor; the virus eludes the
5) stage of nuclear export of viral components into the ~ human immune response and successfully maintains its
cytoplasm of infected cells; replication in the human body. In addition to Mx factor
6) transport (export) of viral proteins and subviral RNP  recognition, the role of NP protein in host circle regu-
structures to the plasma cell membrane; lation is due to its interaction with the cellular nuclear
7) assembly of viral particles and detachment of mature  factors ANP32A and ANP32B, which are involved in
virions from the cell. the intranuclear process of histone acetylation and cyto-

The above stages involve various viral proteins that  plasmic transport of captioned viral mRNA, as well as
regulate the interaction with the cell giving rise to new  in blocking the antiviral mitochondrial protein MAVS
viral progeny and determine the development of the  [42-45], alpha-importin regulating the transport of viral
infectious process in the affected organism [38]. RNP through the nuclear pore in the infected cell [46,

The proteins NP, PB2, HA, and NA make the most sig-  47], cellular factor UAP56 involved in splicing of nuclear
nificant contribution to the regulation of virus tropism  RNAs [48]. Genetic patterns of human NP virus protein
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Table 2. Comparison of amino acid patterns of NP protein in influenza A viruses isolated from mammals and birds

Tadauua 2. CpaBHeHUE aMUHOKUCIIOTHBIX NarTepHoB Oeska NP y BUpycoB rpumnmna A, M301MPOBaHHBIX OT MJIEKONUTAIOIIMX U NTUIL

Numbers of amino acid positions in the genetic signature of the NP protein?

Matching

Subtyp§ and origin Homepa mo3uiuii aMHHOKHCIIOT B TEHETHYECKOM IrTamite Oemka NP2 Matchmg positions positions in the
of the virus (type of in the human virus avian virus NP
signature)’ NP signature, % signature, %
Cy6tun CoBnaicHUs MO3H- C(%Bnaz[e;m;
1 IPOUCXOKACHHE 16 |33 [61] 100 | 109 |214[283[293|305 | 313 | 357 | 372 | 422 | 442 | 455 | 1wit B wramne NP TO3HIHI B
BHpYcCa BHpYCa YeJI0BeKa, wranme NP

(Bup mramma)’

0,
% BHUpYyca nTHI, %

HINI human (classicy D I L V vV K P
HINI1 genoBeka

(kmaccuyeckuit)
HINI minks GD* I I R V R L R
H5N1 Hopku
H5NI1 avian G vV 1 R I R L R

H5NI1 nruyuii

K K Y K D K A E 100 0
F Q E R T D 13 87
F Q E R T D 0 100

Note. ' — primary NP protein sequences were taken from GenBank and GISAID databases with 10-15 strains for each group; > — the numbering of
amino acid positions begins with the N-terminal methionine in the NP protein molecule (70 kDa; the total sequence of 498 amino acids); *— the marked
position has heterogeneity in viral populations, in which the amino acid D is identified in 10-20% of viral isolates.

Ipumeuanue. !

2

— IIepBUYHBIE MOcenoBaTeabHOCTH Oenka NP B3saThl u3 6a3 manubix GenBank u GISAID no 10-15 mraMMOB 1U1sl KaXJ0i TPYIIIIBL;
— HyMepanus MO3ULNI aMUHOKUCIIOT HadrHaeTcs ¢ N-KOHIIEBOro MeTHOHNHa B MoJtekyite 6enka NP (70 k/la; oOmiast npotshkeHHOCTh 498 aMHHOKHC-

JI0T); 3 — OTMEUCHHAS MO3HILHS HMEET [eTEPOreHHOCTh B BUPYCHBIX MOMYISLHSX, B KOTOPBIX aMuHOKKCI0Ta D 06HapyxuBaetcs B 10—20% BHPYCHBIX

H30JIATOB.

include key amino acids at positions: 16/D; 33/I; 61/L;
100/1/V; 109/V; 214/K; 283/P; 293/K; 305/K; 313/Y;
357/K; 357/K; 372/D; 422/K; 442/A; 455/E; whereas in
avian influenza viruses, this amino acid pattern has dis-
tinct differences (Table 2) [49-54]. Consequently, in the
case of avian influenza viruses transferring from birds to
humans, the amino acid pattern must change and have a
human algorithm to overcome the Mx barrier and suc-
cessfully replicate the viral genome in the cell nucleus.

The polymerase protein PB2 functions in cooperation
with the NP protein (Table 3). In this protein PB2, the
positions of amino acids T271A, E627K, and D701N are
important for adaptation to the human body and efficient
synthesis of viral RNAs, they differ in avian influenza
viruses [42]. Amino acid substitutions at these positions
in avian viruses increase affinity to human cellular fac-
tors, leading to enhanced replication of such viral variants
during human infection [54, 55]. When performing their
virus-specific functions of RNA synthesis, NP and PB2
proteins interact with host factors at the stages of intra-
nuclear replication of the virus genome (see stages 3—5
listed above).

The second most important group of host adaptation
factors is the tandem of the influenza virus external re-
ceptor proteins HA and NA. These proteins determine the
stability and spread of the virus in the external environ-
ment and control the specificity of receptor recognition
on the epithelial surface at the initial stage of infection
during host infection, as well as cellular glycoproteins in
the budding zone at the final stage of assembly of new-
ly synthesized virions on the surface of infected cells.
These proteins function in cooperation [56, 57] and there
is a reciprocal balance of their functions, which plays an
important role in the adaptation of the virus to the host
[58, 59].

106

In avian influenza viruses, the receptor and enzymatic
glycosidase functions of HA and NA proteins are realized
preferentially through interaction with glycoprotein recep-
tors with 02-3 terminal sialic acid (SA) residues linked to
galactose residues, which are enriched in the respiratory and
intestinal tracts of most birds. In human viruses, the HA-NA
protein tandem has a preferential affinity for glycoproteins
with a terminal SA residue linked to galactose by an 02-6
bond [60]. In such receptor specialization for the human
body, the key positions in the genetic patterns for subtype
HS5 viruses may be amino acids 137/Ala, 155/Thr, 163/Ala,
190/Asp, 193/Arg, 225/Asp, 226/Leu, 228/Ser in the NA
protein [61, 62]. In the NA protein of avian viruses, 46/Asp;
74/Ser; 151/Asp; 163/Leu; 204/Met; 369/11e; 396/Met; 420/
Gly may be important amino acid positions for adaptation to
mammalian animals [63, 64]. Furthermore, a characteristic
second receptor site for sialic residues a2-3 (the so-called
second hemadsorption center) was identified in the NA mol-
ecule of HSN1 avian influenza viruses, whereas such a site
was absent in human influenza viruses, which specifically
enhanced the affinity of NA to receptors of the a2-6 type
[65]. In H5NI viruses isolated from mink, this center was
not detected in its complete form, which brought these iso-
lates closer to human viruses and increased their affinity for
02-6 sialic receptors [66]. An additional site of increased ep-
idemic potential for humans in avian H5N1 viruses may be
a deletion in the NA gene and shortening of the NA stalk,
which has been frequently found in both avian H5SN1 virus-
es isolated from humans [67, 68], and in pandemic human
influenza viruses [69, 70].

The noted structural and functional changes in NP, PB2,
HA, NA proteins are the most significant for adaptation
and transition of H5 and H7 viruses from birds to humans.
At the same time, adaptive changes during host change
can be observed in other viral proteins such as PBI,
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Table 3. Mutations that control the host range of the HSN1 influenza virus

PEOAKLIMOHHAA KOHLEEMNUWMA

Taénauua 3. MyTaiuu, KOHTPOIUPYIOLME KPYT X03s1eB BUpyca rpummna H5N1

Viral Mutations leading to adaptation
gene/protein Viral protein functions that determine association with the host in mammals
BupycHsrit DyHKIHH BUPYCHOTO GelIKa, OMPEIENSIONINE CBI3b ¢ XO3THHOM Myrarmu, BeayIiue K aJanTaniu
reH/0enok Y MJICKOIHMTAFOLINX
NP Overcomes the MxA factor of human innate immunity 16/D; 33/1; 61/L; 100/1/V,
Regulates the intranuclear transport of viral RNP through the pores of the cell nucleus 109/V; 214/K; 283/P; 293/K;
Interacts with nuclear RNA helicase UAP56, which is involved in the splicing and transport 305/K; 313/Y; 357/K; 357/K;
of intranuclear pro-mRNAs, and also blocks the antiviral mitochondrial protein MAVS, inter- 372/D; 422/K; 442/A; 455/E
acts with cellular caspases, factors TRIM4, TRIF3, Rabl1a, eEF1D, etc.
IMpeononeBaer pakrop MXA BPOKIASHHOIO HIMMYHHUTETa YEJIOBEKa
Perynupyet BHyTpusaaepHbii TpaHcopt BupycHoro PHII uepes mopsr KJIeTogHOro sapa
Bzaumopeiicteyer ¢ sinepuoit PHK xenukazoit UAPS6, yuacTBylolueii B cruialicuHre 1 TpaHc-
mopte BHyTpusiaepHbix npo-MPHK, a Takxe O1oKupyeT aHTHBUPYCHBINA MUTOXOHIPHATBHBIIH
Oenoxk MAVS, B3anmopneiicTByeT ¢ KJIeTouHbIME Kacnazami, pakropamu TRIM4, TRIF3,
Rablla, eEF1D u ap.
PB2 Recognizes and hydrolyzes “capped” cellular mRNAs during transcription of the viral ge- 271/A;
nome in the cell nucleus 526/K
Interacts with human nuclear factors ANP32A and ANP32B 590/S;
Pacrio3HaeT u ruponm3yeT «K3nupoBaHHbiey kietouHsie MPHK npu Tpanckpuriimuu Bupyc- 627/K;
HOTO TEHOMA B SI/Ipe KIETOK 701/N
B3saumopneiictsue ¢ saepusiMu paxropamu ANP32A u ANP32B uenoseka
HA Determines adsorption on SA receptors of human cell types 2—6 137/A; 155/T;
Forms a functional complex with the viral protein NA for the specific hydrolysis of SA resi- 160/A; 190/D;
dues of type 2—6 bonds on the surface receptors of host cells 193/R; 225/D;
Regulates the contagiousness of the virus 226/L; 228/S
Ompenenser ancopouuto Ha SA perientopax 2—6-ro THIIa KIETOK YeI0BeKa
DopmupyeT (yHKIHOHAIBHBIH KOMILIEKC ¢ BUPYCHBIM OenkoM NA crieruduieckoro ruapo-
JIM3a OCTAaTKOB SA 2—6-T0 THIIA CBSI3M HA MOBEPXHOCTHBIX PELENTOPAX KIECTOK XO35SHHA
PerynupyeT KOHTaruo3HocTb BUpyca
NA Recognizes and hydrolyzes SA residues with the 02-6 bond type on cellular receptors and in Mutations/Myrauunu:

respiratory mucin
Participates in the regulation of virus contagiousness
Pacrio3HaeT 1 THAPOIHU3YET OCTATKH SA C THIIOM CBA3H 0.2-6 Ha KJIECTOYHBIX PELENTOpax 1 B
MYLHHE PECIMPATOPHOTO CEKpeTa
VY4acTByeT B pery/siui KOHTATHO3HOCTH BHpyCa

46/D; 74/S; 151/D; 163/L;
204/M; 3691; 396M; 420/G
No deletion in the stalk and the
lack of a 2™ receptor center in
the NA/ OtcytcTBHe nenenun

B HOXKE U 2-TO PELENTOPHOTO
LEHTpa
B NA

Note. Description of mutations and corresponding links to publications are given in the text of the article.

HpuMeuaHue. Ornrcanue MyTaLII/Iﬁ 1 COOTBETCTBYIOLIUE CCBIJIKH Ha Hy6HI/IKaI_[I/II/I TIPUBCACHBI B TECKCTC CTATHU.

PA, PA-X, NS1, NEP, M1, etc. [71-76], which can be
considered as additional extragenic cofactors that enable
viral host switching along with the above-described major
regulators of the viral host range.

In conclusion, the described adaptive mutations of avian
influenza virus genes are necessary for the formation of
two main phenotypic traits of human epidemic virus:
(1) the property of maintaining a high level of reproduction
of the emerged new viral strain in the human body and
(2) preservation of high airborne transmission of the virus
in the human population after its transfer from birds to
humans. The formation of these virus properties and its
epidemic potential for the human population is controlled
primarily by four major viral proteins NP, PB2, HA, and
NA.

Possible transmission ways of highly pathogenic HS
and H7 viruses from birds to humans

There are 2 possible ways of transmission of highly
pathogenic influenza viruses from birds to humans

(Fig. 3). The first is direct transmission from birds directly
to humans. The second possible pathway is transmission
of the virus through an intermediary — an intermediate
host, which could be a mammalian animal organism. The
first route seems to be difficult, because the still non-
adapted avian virus must adapt to a new human organism,
acquiring the necessary adaptation mutations directly
during the process of host change itself. The available
observations of several episodes of epidemic outbreaks
of highly pathogenic avian influenza HSN1 and H7N9 are
consistent with this position. Such outbreaks that occurred
in China (1997), Hong Kong (2005), China (2017), and
several other areas of the world, caused by direct viral
contamination of humans from birds, were localized and
did not develop into epidemics [39]. The non-adapted
avian virus was not sufficiently infectious to humans and
did not cause human-to-human aerosol transmission.

The second possible way of transmission of H5
and H7 subtypes may be through intermediate hosts —
a population of mammalians usually linked to birds by
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a «predator-prey» chain. In this intermediate organism,
which is genetically closer to humans, the avian virus will
acquire adaptation to the critical mechanisms of the host
organism. Such initial pre-adaptation in the mammalian
organism can prepare the avian virus and significantly
facilitate its transition into the human population and
give rise to the formation of a highly pathogenic influenza
virus of subtypes H5 and H7. It is important to note that
the virus internal protein apparatus (NP, PB2, PB1, M1,
NS1), responsible for virus replication, pre-adapted to
humans in mammalian organism can give rise not only
to the epidemic of highly pathogenic virus of subtypes
HS5 and/or H7, but also contribute to the emergence of a
new antigenic type of epidemic in humans caused by low
pathogenic viruses of these subtypes.

Preconditions for the emergence of a pandemic
of influenza A viruses

The epidemic situation of the last 2-3 years is
characterized with a sharp increase in the incidence
of avian and mammalians morbidity in nature and in
agriculture with highly pathogenic strain of influenza
virus H5N1, belonging to the clade h2.3.4.4b [77-82].
The reported increase in incidence has three features.

1. Thisrise in incidence is associated with the emergence
of genetic clade h2.3.4.4.4b of the highly pathogenic
subtype of the avian HSN1 virus.

2. The spread of this strain among domestic and
wild birds is planetary and affects all continents. In the
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last 2 years, the cumulative mortality of birds and animals
from this virus on the planet is approaching 1 billion cases
[79, 83].

The HS5 subtype virus appeared in the PRC in
February 2003, at the beginning of the spring migration
season. It is a reassortant of wild bird influenza A viruses.
In 2005, the virus was introduced into the territory of
Russia by wild birds with the formation of natural foci
(Fig.4)[5,84-86].Inrecentyearsinthe Russian Federation,
outbreaks associated with infection of wild and domestic
birds with A/HSN8, A/H5N1, and A/H5NS5 viruses have
been detected in North Ossetia — Alania, Krasnodar Krai,
Astrakhan and Tomsk regions. In 2020, during outbreaks
of H5NS8 avian influenza in the Astrakhan region the
first cases of human infection with this virus were
detected — 7 employees were infected at a poultry farm.
According to Rosselkhoznadzor, 54 outbreaks of avian
influenza have been registered in the Russian Federation
in 2022, of which 5 are associated with wild birds, 42 with
domestic birds, and 7 with poultry farms. Infection of
birds was detected in Magadan, Sakhalin, Khabarovsk
Krai, Kaluga, Ivanovo, Orel, Kursk, Belgorod, Samara,
Chelyabinsk regions.

3. The rise in birds morbidity with the highly patho-
genic avian H5N1 virus was accompanied by an in-
crease in the frequency and magnitude of outbreaks of
avian influenza in various mammalian species: sea lions,
seals, mink, cats, foxes, bears, Arctic foxes and other an-
imal species (a total of 26 mammalian species [87, 88]).

Ubsu-NurLake| ' ™ Lo u
2006-2007 HankaLake | Hanka Lake
Ubsu-Nur Lake fall 2001 spring 2008
spring 2009
2
Kuku-Nur Lake

Cinghai
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Fig. 4. Reasons and consequences of the penetration of the highly pathogenic influenza virus A/HSN1 into Northern Eurasia
(spring 2005 — spring 2008) [5].
Puc. 4. [IpuanHb! 1 TOCIEACTBUS TPOHUKHOBEHUS BEICOKOBHpYIeHTHOTO Bupyca rpumma A/H5N1 B Cesepayio Epazuto
(Becna 2005 — Becna 2008) [5].
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The most significant episodes of HSN1 outbreaks have
been reported in seals in South and North America [89],
mink in Spain [90], cats in Poland [91], fur-bearing an-
imals in Finland [92], and sea lions in Peru [93]. Clin-
ically, the outbreaks were accompanied by generalized
multi-organ infection and high mortality, with outbreaks
involving tens of thousands of cases (Table 4).

In the above epizootics, animal-to-animal transmis-
sion of the virus was registered, indicating increased
contagiousness of the HSN1 virus for mink [87, 90, 92].
This property of the virus is formed both by genes that
ensure a sufficient level of virus replication in a giv-
en animal (or human) species and by genes that ensure
receptor-binding specificity to cell receptors and sta-
bility of viral particles to factors of the external and
intracellular environment. The most important role in
the acquisition of virion resistance to such factors as
increased temperature and pH of the external and intra-
cellular environment is played by the conformation of
the viral HA protein and especially by the structure of
its stem domain [94-98]. Isolated strains of avian HSN1
virus from seals and cats were characterized by the ap-
pearance of a number of remarkable mutations in NP,
PB2, HA, and NA genes. The detected mutations reflect-
ed partial adaptation of the original avian virus to the
mammals and were similar to genetic characteristics of
human influenza viruses. In particular, the most charac-
teristic mutations E627K and A701K were detected in
the polymerase PB2 protein; in the NP protein — G16D,
V/I100R, V/Y313F, K357Q; in the HA protein, a linked
double mutation 163Ala and 193Arg was detected,
which is specific for viral HA having affinity for sialic
receptors with CK-a2-6-Gal binding type [38].

In the NA neuraminidase gene of HSN1 viruses isolat-
ed during the Spanish mink outbreak in 2021, mutations
Ser3691le and Ile396Met were detected in the second
additional receptor binding site with type CKa2-3 (the
so-called hemadsorbing center No. 2), inactivating this
receptor center [65]. The presence of receptor center
No. 2 is characteristic only of avian influenza viruses

PEOAKLIMOHHAA KOHLEEMNUWMA

and is absent in human influenza virus. It is quite obvi-
ous that the loss of this site in the NA protein decreases
affinity to sialic receptors CKa2-3 and increases affinity
for CKa2-6 receptors, which is characteristic of human
viruses [38, 66]. The above data show that the highly
pathogenic H5N1 influenza viruses that cause disease in
mammals have acquired a number of adaptive mutations
that distinguish these strains from avian viruses and
bring them closer to the human influenza virus. Thus,
the H5N1 avian influenza virus has a mixed (avian-hu-
man) patterns of mutations showing its partial pre-adap-
tation to humans. Such ongoing pre-adaptation of avian
virus in mammals creates obvious prerequisites for its
subsequent advanced transition from mammals to hu-
mans. This possibility has been experimentally demon-
strated [95, 96].

As noted above, in addition to adaptive mutations,
the transition of an avian virus from one host spe-
cies to another can take place by shifting, i.e., by ex-
changing genomic RNA segments with viruses already
adapted to humans. Such a mechanism of emergence
of pandemic influenza A viruses occurred previously
in 1957, 1968, and 2009 during the emergence and de-
velopment of epidemics caused by H2N2, H3N2, and
HIN1/09pdm viruses, respectively [11, 12]. The in-
creased frequency of H5N1 avian influenza outbreaks
in mammals in 2020-2022 develops preconditions for
the realization of a similar RNA reassortment process
for this highly pathogenic HSN1 subtype, given the in-
tensive virus genomes exchange and the large number
of asymptomatic forms of influenza infection in hu-
mans in contact with animals [99, 100]. The transfer
of this highly pathogenic HSN1 subtype to mammals
increases the probability of co-infection of these ani-
mals with avian and human influenza viruses and the
subsequent exchange between them of RNA segments
responsible for the tropism of the virus to humans, thus
creating a real possibility of the emergence of a chime-
ric highly pathogenic virus that would be able to cross
the inter-taxon barrier from birds to humans.

Table 4. Fatal cases among mammals during outbreaks of highly pathogenic avian influenza HSN1 occurred in 2021-2023

Tadnauua 4. CMepTenbHbIe CTyyan Cpeiu MISKOIUTAIOMUX IIPU BCIBIIIKAX BHICOKOIATOreHHOro nTuubero rpunna H5N1 B 2021-2023 rr.

Regions in the world
Peruons! B Mupe

Species of dead animals
By moru6umx sKMBOTHBIX

Number of dead animals
Yucino noruOmumx KMBOTHBIX

North America
CesepHast AMepHka

South America
IOsxnas Amepuka

Spain
Hcnanus

Poland
TTonpmia

Finland
DunHnstHANSA

Seals
Tronenu

Sea lions
Mopckue IbBbI

Minks
Hopxu

Cats
Kommku

Fur-bearing farm animals
ITymmHble ¢/X KUBOTHBIE

>121

> 634

51986

> 98

> 200 000

Note. In the table, the data of references [84—89] are summarized.

IIpumeuanue. B Tabauie cyMMHUpOBaHbl JaHHbIe ITyOnukanuii [84—89].
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Globalization of the spread of avian influenza

Since the beginning of the 21st century, a wave-like
increase in the incidence and spread of HPAI viruses
among both domestic and wild birds has been noted [79].
Our monitoring in Northern Eurasia revealed the existence
of natural foci associated with aquatic and near-aquatic
biocenoses of 15 from the 18 world’s known HA antigenic
subtypes of influenza A, including A/HS5N1, which was
associated with an extensive epizootic and then panzootic
among wild and domestic birds in 2003 [19-21, 101-103].
In April 2005, during the spring migration of birds, the
HS5NI virus entered the territory of Western Siberia and
further spread westward. In April 2008, another genetic
lineage of the virus entered the territory of Primorsky
Krai with further coverage of more northern territories
of the Far East (Fig. 4) [5]. The natural foci of different
variants of A/H5N1 and other avian influenza viruses that
have emerged in vast areas of northern Eurasia continue
to function actively at present. The current paths of spread
of H5 subtype HPAI virus strains (clade h.2.3.4.4.4b)
also coincide with the migration routes of birds that have
benn previously established [83, 88, 101, 104]. These
observations support the general concept of the formation
of persistent natural foci of the low pathogenic HS virus,
along with other antigenic subtypes of influenza A virus,
in Southeast Asia and the Siberian and Far Eastern regions
of Russia, which serve as a natural pool and source for
the emergence of highly pathogenic strains and their
subsequent intra- and intercontinental spread, creating
a permanent threat of dangerous pandemics among
mammals and humans (shown in Fig. 4). This concept
has evolved from extensive basic research on the ecology
of viral populations [8, 19-21, 26-29, 101-103].

As mentioned above, the period 2021-2023 saw a
major upsurge in avian influenza and the global spread
of the highly pathogenic H5SN1 virus (clade h2.3.4.4.4b)
among birds on all continents of the planet [78-82, 88].
As genetic analysis of viral genomes shows [105], the
established reciprocal exchange of highly pathogenic
HS5NI1 virus between mammals and birds in nature has led
to the spread and accumulation in nature of viral variants
with signs of partial adaptation to mammals, including
humans. Also it is a matter of concern and scrutiny that
the global rise in avian morbidity is accompanied by
increasing outbreaks of HS5NI1 subtype HPAI among
mammals. In the period 2021-2023, 5 Ilarge-scale
epizootics on 3 continents have been registered among
seals in North America, mink in Spain, cats in Poland,
fur farm animals in Finland, and sea lions in Peru [87—
93]. The magnitude of the animal virus outbreaks is
summarized in Table 4. HSN1 influenza viruses isolated
from animals in these outbreaks had some of the genetic
markers and phenotypic features of high virulence
virus characteristics for human and mammalian hosts.
Signs of high pathogenicity of avian HSN1 viruses for
mammals were manifested in the severe clinical course
of the disease, which was accompanied by high mortality,
reaching 50-60% of lethality, development of primary
viral pneumonia, fatal symptoms of total hemorrhagic
inflammation of the lungs (also known as pulmonary
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hepatization), nervous system damage with severe
motor dysfunctions and paralysis, massive hemorrhagic
intestinal damage, severe general intoxication, etc.
[90, 92, 93].

The observed widespread distribution of such a
partially human-adapted HS5N1 subtype virus among
mammals in close contact with humans poses a real
threat of its facilitated transfer to humans with epidemic
potential through the respiratory route of transmission
among humans. In addition, such animal-adapted avian
H5N1 virus can rapidly strengthen and definitively
establish its epidemic potential and infectivity through
reassortment of genomic RNA segments (mainly NP,
PB2, HA, NA) with human influenza viruses, either
already during transfer to humans or while still in
mammals and birds that have close contact with humans
(pigs, ducks and other farm and domestic animals). In
pigs and ducks, infection with the highly pathogenic
avian H5N1 virus can occur in a subclinical form without
pronounced symptoms, which may favor the occurrence
of mixed infection with human and avian viruses and the
realization of the reassortment process of their genomes
[106-108]. According to Avian Influenza Weekly Update
No. 919 of October 03, 2023, from January 2003 to the
present, 878 cases of human infection with H5SN1 virus
with 50% lethality, 1568 cases of infection with A/H7N9
virus with 39% lethality, 88 and 90 cases of infection with
A/H5N6 and A/HIN2, respectively, with 39% lethality,
and single cases of infection caused by viruses of subtypes
A/H13NS8, A/H7N4, A/H10N3 have been registered
in 23 countries [88].

Preventive measures against the threat of avian
influenza

The increasing threat for humanity posed by a sharp
rise in the incidence and spread of the HPAI virus among
animals has brought increased attention to this problem. In
this regard, three organizations: The Food and Agriculture
Organization of the United Nations (FAO), The World
Health Organization (WHO) and The World Organization
for Animal Health (WOAH) issued a joint statement
which states that «ongoing outbreaks of avian influenza in
animals pose a risk to the human population» [87, 88]. This
statement set out a common agenda of issues requiring
international coordination by government agencies in
anticipation and preparation for a possible dangerous
avian influenza epidemic. It especially recommended
drawing attention to HPAI as a source of risk to human
health, strengthening and regulating preventive measures,
including biosecurity measures on farms and in the poultry
value chain, conducting epidemiological investigations of
outbreaks, ensuring rapid transmission and exchange of
virus genome data and promoting cooperation between the
animal and human health sectors.

Concretizing the preventive measures and necessary
preparation in the context of a large-scale threat of avian
influenza epidemic, the following main directions of
action are proposed:

1) development of immuno-chromatographic virus
identification express tests suitable for use in field foci;
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2) creation of computer databases of virus spreading
and genetic evolution (big data) on the platform of
metagenomic technology and artificial intelligence on the
principles of interstate cooperation;

3) creation of vaccines for current hot subtypes H5 and
H7 and other possible subtypes (inactivated, subunit and
live types of recombinant vaccines based on DNA and
RNA technologies) [8, 109-114];

4) development of effective antiviral drugs of etiotropic
(virus-targeted) and pathogenetic (host-targeted) drugs
and their combinations [34, 36, 115-117];

5) increased biosecurity and quarantine measures
for farm animals and on-farm personnel, prevention of
contact with wild birds and sick animals;

6) restoration of a system for monitoring changes in
the virus gene pools in the populations of potentially
dangerous viruses of different geographical zones
[5, 29, 86, 101, 118]

The proposed measures will make it possible to predict
the beginning of dangerous pandemics and their risks, and
to minimize the consequences in the event of epidemics
caused by avian influenza viruses.

Conclusion

At the present stage, there has been a global upsurge
in the infection and morbidity of wild and domestic
birds with the HSN1 HPAI virus (clade h2.3.4.4b) and
other influenza A viruses. Against this background,
mammalian outbreaks caused by this virus clade have
become more frequent and highly pathogenic HSN1 and
a number of other avian influenza viruses with signs of
partial adaptation to humans continue to circulate in
nature. Transition of the highly pathogenic HSN1 virus
to mammals creates a real threat of its further adaptation
to the human body and increase of its epidemic potential
with subsequent formation of a pandemic situation.
The current pre-epidemic situation necessitates the
development of a strategy of preventive measures to
minimize the consequences of a possible threatening
scenario of pandemic emergence. In order to reduce the
risks and consequences of such a scenario, the article
identifies urgent measures, including the formation of
the effective host-targeted therapy concept.
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