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EFFECT OF MUTATIONS IN HEMAGGLUTININ 
AND NEUROMINIDASE ON THE PROPERTIES 
OF SEASONAL INFLUENZA VIRUSES
Seasonal infl uenza viruses are pathogens that pose a constant threat to human health. Th ey circulate everywhere and 

cause seasonal rises in the incidence of varying degrees of intensity in the Northern and Southern Hemispheres. Th ese 

viruses are characterized by variability both due to antigenic drift  and connection with the ability to reassort genes. It is 

known that certain amino acid substitutions in the hemagglutinin (HA) of the virus contributed to its transition to the 

use of human cellular receptors, which caused pandemics. Th e aim of the work was to analyze the literature data on the 

possible impact of mutations in HA and neuraminidase (NA) of seasonal infl uenza viruses (A(H1N1)pdm09, A(H3N2), 

B/Victoria)) on their properties, epidemic potential, and degree of clinical manifestation of the disease. Th e B/Yamagata 

infl uenza virus has not been analyzed because its circulation has eff ectively stopped amid the COVID-19 pandemic. 

It has been shown that infl uenza viruses A(H1N1)pdm09, A(H3N2), and B/Victoria diff er signifi cantly in terms of 

evolution. In dynamics, it was demonstrated the amino acid substitutions that occurred in the HA and NA of infl uenza 

viruses, including those that aff ected antigenic properties, resistance of viruses to specifi c drugs, and clinical symptoms 

of infl uenza. Th ose mutations that contribute to the increase in the reproduction of viruses in cell cultures and chicken 

embryos and aff ect certain biological properties of the virus are also considered. Data on the comparison of mutations 

in infl uenza viruses of diff erent clades and viruses circulating in diff erent geographical areas are presented. It is shown 

that under virtually the same initial conditions, the A(H3N2) virus among other infl uenza viruses showed signifi cantly 

higher epidemic activity against the background of the pandemic. In the future, as was observed before, the intensity of 

its circulation will decrease, and the prevalence of other infl uenza viruses will increase, to which a layer of susceptible 

population will accumulate over the time. During the pandemic, the circulation of B/Victoria viruses was signifi cantly 

lower than that of A viruses, especially during the fi rst pandemic seasons. B/Victoria viruses are characterized by less 
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According to the changes in the taxonomy of in-
fl uenza viruses, they belong to the family Ortho-
myxoviridae of the genera Alphainfl uenzavirus 
(the only representative of Infl uenzavirus A) and 
Betainfl uenzavirus (the only representative of In-
fl uenzavirus B) (International Committee on Tax-
onomy of Viruses, 2022). Infl uenza virus is an en-
veloped RNA(-) virus with a segmented genome 
(8 segments) that encodes no less than 10 pro-
teins (polymerases PB1, PB2, PA, hemagglutinin 
(HA), nucleoprotein (NP), neuraminidase (NA), 
matrix membrane protein (M1), transmembrane 
protein (M2), and non-structural proteins (NS1 
and NS2). HA and NA proteins are the main sur-
face glycoproteins of the virion, while NP, PB1, 
PB2, and PA (P-complex) proteins are associated 
with the viral RNA. All RNA segments are sur-
rounded by a nucleocapsid protein, and each of 
the genomic segments is attached to a complex 
of polymerase proteins. Th ese RNA-protein com-
plexes, in turn, are surrounded by a lipoprotein 
envelope lined with the matrix protein 

on the inside, and with NA, НA, and M2 pro-
tein on the outer surface of the viral particle 
( Shtyrya et al., 2009;  Zhang et al., 2019).

НA is a glycoprotein. In its main function, it is 
a ligand that allows the virus to attach to the re-
ceptor of its biological host cell and penetrate it . It 
is also an antigen to which specifi c antibodies are 
formed in the host. Aft er the receptor-mediated 
capture of the bound virus by endocytosis, it is 
HA that mediates the fusion of the virus envelope 
with the endosome membrane. Each subunit of 
the three-dimensional HA consists of 2 polypep-
tides (HA1 and HA2) linked by a disulfi de bond. 
Th e larger HA1 (distal to the viral membrane) 

mediates receptor binding; the smaller HA2 
(proximal to the membrane) anchors the HA in 
the envelope and contains the fusion peptide, a 
region directly involved in membrane interac-
tion. Th e HA of the infl uenza A virus virion con-
tains about 500 molecules (Benton et al., 2020; 
Mancini et al., 2011). Th e globular head domain 
is crucial for binding to cell receptors containing 
sialic acid residues. It is also called the receptor 
binding domain (RBD) and consists of only the 
HA1 chain. Th e structure of the RBD also deter-
mines the specifi city of antibodies synthesized in 
an infected organism. Th erefore, changes in this 
domain are crucial for both the characterization 
of the virus and its further spread. Infl uenza A vi-
ruses are divided into 2 groups, depending on the 
structure of the globular head domain. NA types 
1, 2, 5, 6, 9, 11, 12, 13, 16, and 18 are assigned to 
one group, and types 3, 4, 7, 10, 14, and 15 are 
assigned to the other group. Th e RBD contains 
a receptor binding site (RBS) on top of the con-
served stem domain, which houses the synthesis 
machinery. Th e RBS contains 4 highly conserved 
amino acid positions (Y98, W153, H183, and 
Y195) surrounded by 4 structural elements (130-
loop, 150-loop, 190-helix, and 220-loop). It is 
responsible for viral infectivity by binding to cell 
receptors and, as a result, is the main factor de-
termining the possibility of host infection. Single 
amino acid substitutions in positions adjacent to 
the RBS lead to antigenic drift . HA2 is quite con-
served. One of the most conserved regions in the 
stem region is the alpha-helix of 55 amino acids. 
Th e amino acids at positions 205 and 402 in the 
HA1 and HA2 subunits of the A(H1N1) virus, re-
spectively, are also important for protein stability 

pronounced HA variability than infl uenza A viruses. Th e higher antigenic stability of the virus contributes to the longer 

circulation of certain genetic variants of the virus with a relatively stable level of intensity and the longer use of the same 

vaccine variants of the viruses. Despite the large amount of data on monitoring the evolution of seasonal infl uenza 

viruses and studying the impact of amino acid mutations in HA and NA on the biological properties of the virus, their 

epidemic potential, and virulence potential, there are still many issues that need to be studied.

Keywords: infl uenza A(H1N1)pdm09 virus, infl uenza A(H3N2) virus, infl uenza B/Victoria virus, hemagglutinin, 

neuraminidase, mutation.
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( Garjani et al., 2023;  Zhang et al., 2019;  Wang et 
al., 2015;  Wu & Wilson, 2020). 

Th e other structural component of the virus 
that aff ects the specifi city of immunity is NA. 
NA is an exosialidase that cleaves the α-ketosidic 
bond between sialic (N-acetylneuraminic) acid 
and an adjacent carbohydrate residue. Th e ami-
no acid sequence of NA is encoded by the 6th 
segment of the RNA. For infl uenza A virus, 9 NA 
subtypes have been described, and for infl uenza 
B and C viruses, only 1. Th e 9 NA subtypes of 
infl uenza A viruses are divided into 2 phyloge-
netic groups. Group 1 includes neuraminidases 
of viruses of serotypes N1, N4, N5, and N8, and 
Group 2 includes N2, N3, N6, N7, and N9 ( Var-
ghese & Colman, 1991;  Colman, 1989;  Russell et 
al., 2006;  Shtyrya et al., 2009).

Infl uenza viruses are highly variable. During 
circulation, mutations occur in the viral genome, 
which can cause changes in НA, NA, and other 
viral proteins. Depending on their extent (point 
mutations or a complex of several mutations), 
there is a gradual change in antigenic properties, 
leading to the formation of a new antigenic vari-
ant of the virus, which is not completely neutral-
ized by previous antibodies. Such changes are 
known as antigenic drift . Another more fun-
damental process in terms of genetic change is 
gene reassortment, which occurs when infl uenza 
viruses of diff erent serotypes replicate simulta-
neously in the body of a given biological host. 
In such cases, new viruses can emerge, especially 
those with high epidemic or pandemic potential. 
Th is process is called antigenic encoding.

In addition to altering the epidemic potential 
of a virus by avoiding antibodies formed both 
in previously infected or vaccinated individuals 
and at the population level (population immu-
nity), mutations in НA and NA can change the 
biological properties of the virus. Also, mutations 
that cause changes in НA can lead to the forma-
tion of emergent pathogens by acquiring the abili-
ty to bind to human cell receptors, as, for example, 
sometimes happens with avian infl uenza viruses. 

Such changes can occur due to both a specifi c mu-
tation and the combined eff ect of several muta-
tions. To control the infl uenza epidemic situation, 
in particular, to monitor genetic and antigenic 
changes in infl uenza viruses, the Global Infl uenza 
Surveillance and Response System has been oper-
ating in the world for more than 70 years ( World 
Health Organization, 2022). Ukraine’s infl uenza 
surveillance system is part of the Global System, 
and the results of molecular genetic studies of 
infl uenza virus strains isolated in Ukraine, along 
with viruses from other countries in the Northern 
Hemisphere, are taken into account when pre-
dicting the circulation of viruses for the following 
infl uenza season, including when selecting candi-
date viruses for seasonal infl uenza vaccines.

Based on the above, the aim of the study was 
to analyze the possible impact of mutations in the 
HA and NA regions of seasonal infl uenza viruses 
on their biological properties, epidemic poten-
tial, and clinical manifestation of the disease.

Such information is important not only from 
a scientifi c point of view but also from a practi-
cal point of view, since, if such amino acid sub-
stitutions are detected, it will facilitate a prompt 
assessment of the potential risks of such drift  in 
predicting the intensity and characteristics of 
the epidemic process for the following season, as 
well as retrospective studies to compare the pre-
dicted and actual results.

Infl uenza A(H1N1)pdm09 virus. Th e fi rst 
pandemic of the 21st century was due to the 
emergence of the infl uenza A virus, designated 
A(H1N1)pdm09. It appeared in North America 
in March-April 2009 and spread rapidly among 
people. Th e A(H1N1)pdm09 virus replaced the 
previously known seasonal A(H1N1) virus. In 
the following years, A(H1N1)pdm09 continued 
to circulate along with infl uenza A(H3N2) and B 
viruses worldwide, causing annual seasonal epi-
demic increases in morbidity. Th e rapid ability of 
the virus to spread globally aft er its emergence is 
a testament to the public health threat posed by 
emerging infl uenza viruses ( Owuor et al., 2023). 
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Extremely signifi cant were the results of stud-
ies that proved that the change in specifi city from 
avian-type receptors to human-type receptors of 
the viruses that caused the 1918 and 2009—2010 
pandemics was due to only 2 substitutions in the 
HA of the viruses, namely E190D and G225D 
( Glaser et al., 2005;  Tumpey et al., 2007;  Stevens 
et al., 2006;  Xu et al., 2012). Th e HA of the 2009 
virus shared amino acid substitutions in antigen-
ic sites with the amino acid substitutions of the 
1918 virus. Th e diff erences were only in 10 amino 
acid positions: S159N in the Sa site, G188S and 
T189A in the Sb site, V169I, N171D and K209R 
in the Ca1 site, S140P, Y141H and S145K in the 
Ca2 site, and L75S in the Cb site.25,31(Zimmer & 
Burke, 2009;   Igarashi et al., 2010;   Sriwilaijaroen 
& Suzuki, 2012). Subsequently, it was shown that 
the HA D239E mutation contributed to a milder 
disease course, i.e. reduced viral virulence ( Pas-
calis et al., 2012). Mutations in the НA positions 
of the A(H1N1)pdm09 virus 128, 183, 186, 205, 
216, 249, and 272 are oft en detected together 
with mutations in other НA sites (co-mutations) 
( Chen et al., 2016). Amino acid positions within 
the HA that mediate heavy chain binding include 
Tyr108, Th r144, Arg146, Val148, Ser158, Glu203, 
and Ser240, while HA positions that interact with 
the light chain include Arg18 and Th r20 ( Gha-
foori et al., 2023). As they circulate, infl uenza vi-
ruses acquire mutations in НA and NA and other 
proteins, adapting to the human population. 
Some amino acid substitutions increase cumula-
tively, and a new phylogenetic lineage of this vi-
rus is identifi ed almost every season. Th is is tak-
en into account in the development of seasonal 
vaccines. Currently, according to the structure of 
the HA gene, the A(H1N1)pdm09 virus is divided 
into 13 clades ( Sun et al., 2023). Many scientists 
study the eff ect of amino acid substitutions on 
the properties of infl uenza viruses. Th ere are sev-
eral approaches to the numbering of amino acid 
sequences in НAs. D.F. Burke and Smith D.J., 
(2014) proposed a scheme for numbering the 
HA of infl uenza A virus subtypes, the so-called 

H3 numbering. Th is is an equivalent number-
ing of amino acids for subtypes that are currently 
circulating among humans or have a pandemic 
potential, in particular, taking into account some 
known mutations and their impact on the prop-
erties of the НA or the virus as a whole. Th e anal-
ysis of the known structures of infl uenza A virus-
es’ HAs allows us to identify amino acids that are 
structurally and functionally equivalent for all 
HA subtypes using a numbering system based on 
the mature HA sequence. Comparison of amino 
acid positions between infl uenza virus subtypes 
is increasingly used to assess the zoonotic poten-
tial of circulating virus variants and for compara-
tive studies of subtypes ( Burke & Smith, 2014). 

Th e analysis of HA amino acid sequences of 
isolates obtained over several years since the last 
infl uenza pandemic revealed 9 amino acid sub-
stitutions that appeared during the pandemic 
and became predominant: in the HA1 subunit 
(D104N, K166Q, S188T, S206T, A259T, and 
K285E) and in the HA2 subunit (E47K, S124N, 
and E172K). Most of these substitutions were 
localized in the regions involved in inter- and 
intra-chain interactions, and only 2 (K166Q and 
S188T) were located in known antigenic sites. 
It was concluded that the selective pressure on 
the NA aimed at improving its functionality and, 
therefore, the adaptability of the virus, rather 
than avoiding immune recognition ( Castelán-
Vega et al., 2014).

 In the infl uenza A(H1) virus, amino acids at 
positions 190 and 225 of HA aff ect replication 
and transmission. It was shown that the D190Y 
mutation of AH1N1pdm09 reduces the affi  nity 
of the virus for sialic acid receptors expressed 
on the surface of erythrocytes of diff erent spe-
cies without aff ecting virus replication in MDCK 
cells ( Ayora-Talavera et al., 2014). However, in 
an experiment, an amino acid substitution at the 
S186P HA position increased the virus titer in 
MDCK cells (Xing et al., 2021), and the changes 
in the HA 156 amino acid position aff ected the 
antigenicity of the virus (Mohan et al., 2021).
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To date, most infl uenza vaccines have been 
produced in cell culture. Using the infl uenza 
A(H1N1)pdm09 virus as a test platform and an 
integrated mutagenesis strategy, we identifi ed 
the Y161F mutation in HA, which not only in-
creased the infectivity of the resulting virus by 
more than 300 times but also improved its ther-
mostability without changing the original anti-
genic properties. Th e vaccine derived from the 
strain with the Y161F mutation completely pro-
tected mice from lethal infection with the wild-
type A(H1N1)pdm09 virus. Compared to the 
original A(H1N1)pdm09 virus, the Y161F mu-
tant had signifi cantly higher avidity to avian and 
human receptor analogs. Th e introduction of the 
Y161F mutation into the HA of the seasonal in-
fl uenza A(H3N2) virus also increased its repro-
ductive capacity and thermostability in MDCK 
cells and chicken embryos ( Wen et al., 2018).

Using the model of recombinant A/Califor-
nia/04/09(H1N1)-like viruses with HA muta-
tions V152I, G155E, S162 N, S183P, and D222G, 
which can occur during treatment with NA in-
hibitors (NAI), their eff ect on immune reactivity 
and replication potential on human respiratory 
epithelial cells Calu-3 was evaluated. Th e G155E 
and D222G mutations increased viral titers by 
approximately 13-fold compared to the wild-type 
virus. At the same time, the hemagglutination 
and microneutralization activity of goat and fer-
ret antisera, monoclonal antibodies, and human 
serum samples was approximately 100 times low-
er against pandemic A(H1N1)pdm09 viruses. Al-
though the mechanism by which HA mutations 
occur during NAI treatment is not known, some 
HA mutations that occur during NAI treatment 
are correlated with reduced immunity to the in-
fl uenza virus ( Ilyushina et al., 2019). Th e D222G 
mutation signifi cantly increased the length of 
stay in the intensive care unit (22.8 days vs. 14.0 
days). It was also associated with a signifi cant in-
cidence of severe and fatal cases, but was practi-
cally absent among clinically mild cases ( Melidou 
et al., 2015;  Chan et al., 2011;  Liu et al.,  2023). 

Earlier studies concluded that although the mu-
tation does not aff ect virus transmission, it can be 
considered a molecular marker of enhanced rep-
lication in certain cell types ( Belser et al., 2011).

In addition, the recombinant strain A/Califor-
nia/04/09 with the E119D mutation in NA showed 
an increase in the 50% inhibitory concentration 
of all NAIs tested (827-, 25-, 286-, and 702-fold 
for zanamivir, oseltamivir, peramivir, and lanina-
mivir, respectively). Th e E119D/H275Y double 
mutation further increased the 50% inhibitory 
concentrations of oseltamivir and peramivir by 
790 and >5000-fold, respectively, compared to 
the original strain. Mutant viruses remained sus-
ceptible to favipiravir. Th us, the emergence of 
even a single NA mutation conferring resistance 
to pan-NAIs in clinical settings underscores the 
urgent need to develop new strategies to combat 
infl uenza ( L’Huillier et al., 2015).

At the same time, in the experiment, the E119D 
and E119D/H275Y mutations reduced the repli-
cation activity of viruses, decreased the surface ac-
tivity of NA, and prevented mortality in infected 
mice. Th e authors note that the E119D NA muta-
tion, which can occur in A(H1N1)pdm09 viruses 
during zanamivir therapy, signifi cantly aff ects 
the adaptability of the virus, and such a mutant 
is unlikely to have a high transmission frequency 
( Abed et al., 2016). Double mutations of V106I 
and N248D in the NA protein may enhance virus 
replication in humans ( Sun et al., 2023).

In the study of A(H1N1)pdm09 strains isolat-
ed in Turkey, two rather rare amino acid substi-
tutions were identifi ed (S162N — addition of a 
glycosylation site, and A186T — receptor bind-
ing region) ( Guldemir et al., 2013).

In seasonal infl uenza A(H1N1) viruses circu-
lating before the emergence of 2009 A(H1N1)
pdm09, the H275Y or H274Y mutations in NA 
were associated with resistance to oseltamivir, 
i.e., to NA inhibitor drugs (Meijer et al., 2009). In 
addition, the resistance of these viruses was due 
to the D354G substitution, typical of most osel-
tamivir-resistant A(H1N1) viruses that emerged 
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in Europe and other countries in late 2007 and 
2008 ( Njouom et al., 2010). 

Mutations in the HA and NA regions of infl u-
enza viruses isolated from patients with immuno-
suppression deserve a separate study. In НA vi-
ruses from this category of patients, substitutions 
were detected at positions A158E, and in NA — 
N222K and G298A. In addition, in some cases, 
viruses had amino acid substitutions H275Y and 
R292K in NA, associated with resistance to NA 
( Liu et al., 2023), , which signifi cantly increases 
the risk of severe infl uenza in these patients. Th e 
longer persistence of the virus in the body of indi-
viduals with an impaired immune system than in 
immunocompetent individuals increases the risk 
of various mutations aimed at further adaptation 
of the pathogen to the host. Th is requires moni-
toring such mutations for their persistence in the 
virus population and studying their functions.

Molecular genetic studies conducted in Kenya 
on infl uenza viruses circulating in the country 
in 2009—2018 demonstrated their evolutionary 
changes, in particular due to NA. Comparisons 
were made with the vaccine strains A/Califor-
nia/07/2009 (clade 1) and A/Michigan/45/2015 
(6B.1). Clade 6 and 7 viruses circulated simulta-
neously in Kenya between 2009 and 2012, with 
clade 6 viruses having the HA substitutions D97N, 
S185T, and S203T, while clade 7 viruses had D97, 
S185, and S203T. Viruses of clade 6 evolved into 
subclades 6A, 6B, and 6C. Viruses of clade 6C with 
HA substitution V234I circulated in 2013-2014, 
and subclades 6B with HA substitutions K163Q, 
A256T, and K283E circulated in 2014—2016. 
Subclade 6B further formed subgroup 6B.1 with 
an additional HA substitution S84N. Viruses of 
subgroup 6B.1 further formed subgroups 6B.1A 
and 6B.1A1, which contained HA substitutions 
S74R, S164T, and I295V. Th ey dominated in 2018. 
HA substitutions S203T and S185T were the most 
dominant and found in 100% and 59.3% of the 
tested viruses, respectively, during the observa-
tion period. When assessing the impact of viruses 
on the clinical course of infl uenza in children un-

der 5 years of age, a lower probability of severe 
course was shown for A(H1N1)pdm09 viruses of 
genetic groups 6B and 7 ( Owuor et al., 2023).

In a study of A(H1N1)pdm09 viruses of sub-
clade 6B.1A, identifi ed in Beijing during the 
2015—2017 season, simultaneous mutations in 
HA (V169T, A278S, E508G, D518E) and in NA 
(V67I) were detected in 30.3% of strains. Th e au-
thors associate this with such a clinical manifesta-
tion as sore throat (χ2, P <0.05). Amino acid sub-
stitutions found at positions S86T (next to the Cb 
epitope), V169T/S181T (next to the Sa epitope), 
and G254 (next to the Ca epitope) may aff ect the 
antigenic properties of viruses ( Liu et al., 2020). 
Based on phylogenetic analysis, it was shown that 
the A(H1N1)pdm09 viruses circulating in Ling-
cang (China) in 2018 belong to clade 6B with a 
predominance of subclade 6B.1A. In addition, the 
2018 strains had an increased rate of evolution 
compared to the strains of the other years. Dur-
ing this period, several new HA mutations were 
detected, including S183P and R221K. R221K 
substitution has occurred in RBS, which may af-
fect the antigenic properties of viruses. Th e re-
placement for S183P was exactly in epitope B next 
to the RBS. NA also contained a novel mutation, 
I23T, potentially involved in N-glycosylation. Th e 
authors draw the attention to a signifi cant de-
crease in the eff ectiveness of the vaccine against 
this type of virus in 2018 (Zhao et al., 2020). Oth-
er studies conducted in Beijing in 2017—2018 
and 2018—2019 on the sequencing of subclade 
6B.1 strains with S162N and I216T substitutions 
showed that these strains diff ered from the vac-
cine strain A/Michigan/45/2015 by the substitu-
tions of S91R, S181T, and I312V in the antigenic 
epitope of HA. Th e E189G mutation was detected 
in helix 190 of the receptor binding site. A new 
potential 179 glycosylation site (NQT) has been 
identifi ed, which was not detected until the 2015 
fl u season. Also, N146D, S200P, S202I, and A273T 
mutations in HA were identifi ed in 6 strains si-
multaneously with Q51K, F74S, and D416N mu-
tations in NA ( Liu et al., 2021).
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In the WHO European Region in the 2021/2022 
season. identifi ed viruses that were assigned to 
subclades 6B.1A.5a.1 (similar to strain A/Victo-
ria/2570/2019) and 6B.1A.5a.2 (similar to strain 
A/India/Pun-NIV312851/2021). Th e dominance 
of one subclade or another varied through coun-
tries. Viruses of the most common subclade 
6B.1A.5a.1 were characterized by amino acid 
substitutions in HA1, P137S, G155E, S128T, 
P137S, G155E, R113K, and I298V. 6B.1A.5a.1 
viruses were worse inhibited by antisera than ob-
tained against viruses of the 6B.1A.5a.2 subclade 
(Melidou et al., 2022).

A(H1N1)pdm09 isolates obtained in 2009—
2017 in Ukraine, had changes in each of the an-
tigenic sites of HA: Sa — S162T, K163Q, K163I; 
Sb  — S185T, A186T, S190G, S190R; Ca1  — 
S203T, R205K, E235V, E235D, S236P; Ca2  — 
P137H, H138R, A141T, D222G, D222N; and 
Cb  — A73S, S74R, S74N. Despite the detected 
mutations, they retained similarities to viruses 
that circulated in the world in 2009—2017, in 
particular with the vaccine strain A/Califor-
nia/07/09 (Zolotarova et al., 2019).

 Our data on amino acid substitutions in HA 
and NA of infl uenza A(H1N1)pdm09 viruses, 
their functions, and eff ects on the properties of 
the virus are summarized in Table 1.

Th us, despite a large amount of research on 
the antigenic drift  of the A(H1N1)pdm09 virus, 
which is the youngest among modern seasonal 
infl uenza viruses, this issue remains relevant and 
requires constant monitoring.

Infl uenza A(H3N2) viruses. Viruses that 
caused pandemics in 1957 (A(H2N2)) and in 
1968 (A(H3N2)) acquired a pair of Q226L/
G228S mutations in HA that allowed them to use 
human cell receptors ( Pappas et al., 2010;  Xu et 
al., 2009;  Wu & Wilson, 2020) and, thus, ensured 
their pandemic potential, since humanity had no 
immunity to them. Later, it was shown that avian 
infl uenza A(H9N2) viruses with the same natu-
ral Q226L mutation have tropism to human cell 
receptors. However, in the latter case, the authors 

emphasize that the ability to transmit the virus is 
not due to the binding properties of only recep-
tors. Adaptation to a biological host requires a 
long process, and several genes may be associated 
with transmissibility ( Wang et al., 2018). 

At positions 50, 53, 62, 137, 144, 145, 155, 156, 
158, 189, 244, 260, and 275, mutations are oft en 
found along with mutations at other HA sites 
(co-mutations) ( Chen et al., 2016). Some muta-
tions cause additional interactions with Sia-1 and 
Gal-2 6'SLNLN in the A(H3N2) viruses. For ex-
ample, the G135T mutation provides a hydrogen 
bond (H bond) with the O4 atom of Sia-1, and 
the N137S mutation provides an H bond with the 
carboxylate group of Sia-1. In addition, muta-
tions in W222R and G225N enable the H-bonds 
with Gal-2. Th ese H bonds between RBS HA and 
Gal-2 contribute to the rotation of Gal-2, which 
is possible owing to the presence of the L226I 
mutation. Th e G135T and N137S mutations are 
located in the A antigenic site, while the W222R, 
G225N, and L226I ones are located in the D2 an-
tigenic site ( Wu et al., 2020). Analysis of amino 
acid sequences further confi rmed the presence of 
conserved cysteine positions Cys540 and Cys544 
in all strains of H3 viruses. It was suggested that 
the disulfi de bonds formed between these cyste-
ine positions are critical for the trimerization of 
HA. In addition, mutations in Cys555, Cys562, 
and Cys565 in the cytoplasmic tail of HA do not 
aff ect the formation of the trimer. It was also sug-
gested that the disulfi de bonds between cysteine 
at the Cys540 and Cys544 positions may contrib-
ute to the structural stability and functional ac-
tivity of HA trimmers ( Zhou et al., 2014;  Xu et 
al., 2014;  Chlanda et al., 2017;  Zhang et al., 2019). 

Mutations in HA I156L/K were identifi ed in 
a comparative study of viruses isolated from im-
munocompetent and immunocompromised pa-
tients. Replacement of I156K was observed in 
the virus from an immunocompromised patient 
( Liu et al., 2023). It was shown that substitutions 
in HA1 N121K, S144K, F159Y, and K160T lead 
to a potential glycosylation site. Th ese, together 
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Table 1. Amino acid substitutions in HA and NA of infl uenza (H1N1)pdm09 viruses 
and their eff ect on the properties of the virus / the degree of clinical manifestation of the disease

Position Amino 
acids / Amino 

acid substitutions

НА/
NA

Functions/Mechanism of action / infl uence Reference Note

Arg18, Th r20 НА Participate in the binding to the light 
chain of antibodies

(Ghafoori et al., 
2023) 

Indicated positions of amino 
acids without mutations 

E47K, S124N, 
E172K 

НА Participate in inter- and intra-chain inter-
actions. Th e E47K mutation is destabiliz-
ing, however, when interacting with E31, 
it can still stabilize the structure, prevent-
ing the transition of HA to the fusion state

(Castelán-Vega 
et al., 2014)

Th ey are located in the sub-
unit HA2. Th e E47K mutation 
is next to the fusion peptide

S86T, V169T/
S181T G254

НА May aff ect the antigenic properties of vi-
ruses

(Liu et al., 2020) Th ese positions are side by 
side to the epitopes Cb, Sa, 
and Ca respectively 

Tyr108, Th r144, 
Arg146, Val148, 
Ser158, Glu203, 
Ser240 

HA Participate in the binding to the heavy 
chain of antibodies

(Ghafoori et al., 
2023)

Indicated positions of amino 
acids without mutations 

Positions 128, 
183, 186, 205, 
216, 249, 272

HA (Chen et al., 
2016)

Mutations are oft en found 
in these positions along with 
mutations at other HA sites 
(co-mutations)

N146D, S200P, 
S202I and A273T

HA Common mutations in HA at once with 
mutations in NA

(Liu et al., 2021) Simultaneous mutations in 
NA (Q51K, F74S, D416N)

Position 156 HA Aff ects the antigenicity of the virus (Mohan et al., 
2021)

A158E НА (Liu et al., 2023) Detected in the virus from an 
immunecompromised patient

Y161F HA  Increased the infectivity of the virus by 
more than 300 times and thermal stabil-
ity without changing the initial antigenic 
properties

(Wen et al., 
2018)

Th e vaccine, derived from the 
virus with the Y161F muta-
tion, fully protected mice 
from lethal infection with 
wild A(H1N1)pdm09

S162N HA Adding a glycosylation site (Guldemir et 
al., 2013)

Detected in viruses circulat-
ing in Turkey

K166Q, S188T HA Aff ect antigenic properties (Castelán-Vega 
et al., 2014)

Located in the HA1 subunit at 
antigenic sites

V169T, A278S, 
E508G, D518E

HA Th ese mutations were determined at the 
same time as mutations in NA. It is associ-
ated with  a sore throat 

(Liu et al., 2020) Simultaneous mutation in NA 
(V67I)

S186P HA Contributed to an increase in the titer of 
the virus. One of the positions where mu-
tations are oft en found along with muta-
tions at other HA sites (co-mutations). 
Receptor binding region 

(Guldemir et al., 
2013; Xing et al., 
2021; Chen et 
al., 2016)

An increase in the titer of the 
virus was observed in an ex-
periment on MDCK cells.
A186T detected in viruses cir-
culating in Turkey

V190I HA Helix receptor binding site 190 (Liu et al., 2023)
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Position Amino 
acids / Amino 

acid substitutions

НА/
NA

Functions/Mechanism of action / infl uence Reference Note

D190Y HA Reduces the affi  nity of the virus for sialic 
acid receptors expressed on the surface of 
erythrocytes of various species, without 
aff ecting viral replication in MDCK cells

(Ayora-Talave-
ra et al., 2014)

R221K HA May aff ect the antigenic properties of vi-
ruses

(Zhang et al., 
2019; Zhao et 
al., 2020)

Located in RBS

Q223L HA Increased binding of the virus to α2-6 gly-
cans

(Burke & 
Smith, 2014)

D222G HA It was associated with a signifi cant increase 
in the length of stay in the intensive care unit 
(22.8 days vs. 14.0 days) and with a signifi cant 
incidence of severe and fatal events. However, 
it was virtually absent in clinically mild cases. 
Can be considered a molecular marker of en-
hanced replication in certain cell types 

(Melidou et al., 
2015; Chan et 
al., 2011; Belser 
et al., 2011; Liu 
et al., 2023)

D239E HA Associated with milder disease (Pascalis et al., 
2012)

Reduces the virulence of the 
virus

Deletion 92—
362

NA Seen in the treatment of NAI. NAI Resis-
tance

(Ilyushina et 
al., 2019)

Observed concomitantly with 
the A197T mutation (200)

V106I, N248D NA Th ese double mutations can enhance the 
replication of the virus in the human body

(Sun et al., 2023)

E119G NA Seen in the treatment of NAI. NAI resis-
tance. It reduced the replication activity of 
the virus, the surface activity of NA, and 
prevented mortality in infected mice

(Ilyushina, et al., 
2019; Abed et 
al., 2016)

May be observed concomi-
tantly with the S183P (186) 
HA mutation.

E119D/H275Y NA Additionally, the inhibitory concentrations 
of 50% oseltamivir and peramivir were in-
creased by 790 and >5000 times, respective-
ly, compared to the original strain. Th e virus 
remained susceptible to favipiravir. Reduced 
viral replication activity, NA surface activity, 
and prevented mortality in infected mice

(L’Huillier et al., 
2015; Abed et 
al., 2016)

Studies were conducted on a 
recombinant strain

N146S NA Seen in the treatment of NAI. NAI Resis-
tance

(Ilyushina et al., 
2019) 

Observed concomitantly with 
the G155E (158) HA mutation

Y155H, V114I NA Seen in the treatment of NAI. NAI Resis-
tance

(Ilyushina et al., 
2019)

Observed concomitantly with 
the D222G mutation (225)

H275Y or 
H274Y, 354G

NA Resistance to NA inhibitors (Meijer et al., 
2009; Njouom 
et al., 2010)

Seasonal infl uenza A(H1N1) 
viruses before the 2009 pan-
demic

H275Y NA NAI Resistance (Liu et al., 2023) Observed in viruses from im-
mu necompromised individuals

R292K NA NAI Resistance (Liu et al., 2023) Observed in viruses from im-
mu ne-compromised individuals

Continuation of Table 1
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with the replacements N225D and Q311H, were 
characteristic of clade 3C.2a. Th e 3C.2a1 sub-
clade, characterized by amino acid substitutions 
N171K in HA1 and I77V and G155E in HA2, was 
identifi ed in 2016 as a genetic group whose preva-
lence was increasing at that time. Substitutions of 
T128A and T135K were characteristic of subclade 
3C.2a1b and resulted in the loss of glycosylation 
motifs of T131K in HA1 and V200I in HA2 ( Kuz-
manovska et al., 2021). Also, the mutation that 
led to the loss of the glycosylation site was N122D 
( Harvala et al., 2017). Amino acid substitutions 
of N158K and T160K in the experiment altered 
the ability to bind to erythrocytes of the A/China/
LZP/2017 strain. Since 2013 to the present, the 
frequency of the N-X-T motif at positions 158—
160 has increased worldwide and became domi-
nant in 2015 (76.4% of isolates studied) ( Zeng al., 
2020). It is assumed that the HA K160T mutation 
results in the appearance of an N-linked glycosyl-
ation site in the B HA antigenic site. H3N2 viruses 
with the HA K160T mutation are poorly cultivat-
ed in chicken embryos ( Zost et al., 2017).

Th e P237L mutation (but in the absence of the 
F209S mutation) contributed to the increased vi-
ral reproduction and erythrocyte agglutination 
in the presence of oseltamivir. Th e P237 position 
is located at the interface of the HA trimmer, and  
this mutation aff ects the binding of sialic acid 
by stabilizing the HA trimmer ( Chambers et al., 
2014). Whole-genome sequencing detected the 
eff ect of all amino acid mutations of the HA strain 
A/Perth/16/2009 (H3N2), which was a compo-
nent of the infl uenza vaccine in 2010—2012, and 
revealed 2 mutations (G78D and T212I) that en-
hanced the growth of the virus in cell culture. Th e 
G78D mutation occurs at a low frequency in nat-
urally occurring A(H3N2) sequences, and T212I 
was entrenched in a variant of the virus circulat-
ing in 2011 (Lee et al., 2018). Th e amino acid sub-
stitution of G186V contributes to the adaptation 
of the virus to cultivation in chicken embryos 
without changing the antigenicity of the virus, 
while the L194P mutation, ensuring the repro-

duction of the virus in chicken embryos, changes 
its antigenic properties ( Liang et al., 2022). Also, 
viruses with destabilized HA proteins due to the 
L194P mutation had reduced infectivity and were 
not transmitted by airborne droplets ( Hu et al., 
2023). Studies have shown diff erent results of 
the hemagglutination titer of infl uenza viruses 
cultured in chicken embryos and cell cultures. 
No antigenic mutations in HA and NA were 
observed during 15 passages when cultured in 
MDCK-Sky3851 cells; however, when cultured 
in chicken embryos, mutations in HA occurred 
in 3 amino acid sequences (H156R, G186S, and 
S219F) ( Park et al., 2020). It has been shown that 
the NA of human A(H3N2) viruses have receptor-
binding activity due to mutations in this protein 
such as T148K, H150R, and D151G ( Kong et al., 
2021). At the same time, according to other au-
thors, none of the NA sequences obtained direct-
ly from clinical samples contained the D151G/N 
mutation. Such D151 mutations may complicate 
the interpretation of hemagglutination inhibition 
and NA inhibitor resistance assay results if they 
are based on MDCK isolates. Such isolates have 
been used in WHO programs to monitor the ef-
fi cacy of infl uenza vaccines and drug resistance 
of circulating infl uenza viruses. Th us, potential 
interpretation errors can be avoided by carefully 
excluding such mutants from D151 ( Lee et al., 
2013). R83K, H183L, H156N, R220G, V226I, 
R229G, R229I, and R229K mutations in HA1, 
A147T, and T147A, and G150E in the HA2 pro-
tein can also be MDCK-induced; A30T in Ion 
Channel Matrix Protein (M2) (Li et al., 2009).

In the analysis of the homologous sequence of 
HA, it was found that 2 positions of cysteine (540 
and 544) are uniquely present in the transmem-
brane domain of HA proteins out of all infl u-
enza A(H3N2) viruses. To determine the eff ect 
of these 2 cysteines, 3 mutants (C540S, C544L, 
and 2C/SL) were obtained, and it was shown that 
mutations of one or two cysteines did not aff ect 
the proper expression of HA proteins in cells. 
However, more importantly, all mutant HAs 
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showed reduced thermal stability but increased 
fusion activity compared to the HA of the “wild” 
virus. Th us, these 2 cysteines of the transmem-
brane domain  are important for the biological 
functions of the HA of the infl uenza virus of 
this serotype ( Xu et al., 2013). Viruses A(H3N2) 
clade 3c.2a of the 2014/2015 infl uenza season 
diff ered from the previous ones, which were 
similar to the vaccine strain A/Texas/50/2012 
(clade 3c.1), by ~10—12 amino acids. Th e amino 
acid substitutions F159Y and K160T at antigenic 
site B, together with the presence of N at posi-
tion 158, represent a potential enhancement of 
the glycosylation site, which likely masks viral 
epitopes and reduces antibody access to the an-
tigenic site. Th ese mutations at the B antigenic 
site signifi cantly reduce the binding of antibod-
ies specifi c to the A/Texas/50/2012 strain ( Allen 
& Ross, 2018). Viruses in clade 3c.2a are divided 
into subclades 3c.2a1 and 3c.3a2, and both have 
the N121K mutation. Viruses of the 3c.2a1 sub-
clade have an amino acid substitution N171K 
located at the antigenic site D. Th ese viruses 
can be further characterized by substitutions 
D122N and T135K at the antigenic site A, which 
causes the loss of N-linked glycosylation sites. 
Th e viruses of clade 3c.2a2 are distinguished by 
the substitution S144K, which is located in the 
antigenic region. 3c.2a2 viruses can be further 
classifi ed into 2 clusters. Cluster I contains I58V 
and S219Y substitutions, and Cluster II contains 
N122D and S262N substitutions, with N122D 
resulting in the loss of a potential N-linked gly-
cosylation site. It has also been shown that any 
amino acid changes in the region 140—146 HA 
are characteristic of antigenically distinct viruses 
of epidemic signifi cance ( Melidou et al., 2017). 

In the 2021/2022 season in the WHO Europe-
an Region, A(H3N2) was the predominant infl u-
enza virus. Among 776 strains studied, 98% be-
longed to the 3C.2a1b.2a.2a.2 subclade, 7 strains 
belonged to the 3C.2a.1b.1a subclade, and only 1 
to the 3C.2a1b.2a.1 subclade ( similar to the vac-
cine strain A/Cambodia/e0826360/2020, which 

was a component of vaccines for the Northern 
Hemisphere in the 2021/2022 season). In the Re-
gion, amino acid substitutions HA1 D53N, N96S, 
and I192F (390/610, 64%) or D53G, D104G, and 
K276R (170/610, 28%) were identifi ed in viruses 
of the most abundant subclade, 3C.2a1b.2a.2a.2. 
Antisera obtained against A/Cambodia/
e0826360/2020-like viruses were worse at inhib-
iting viruses of the 3C.2a1b.2a.2 subclade, but 
still maintained a low level of re cognition. It was 
recommended to replace the vaccine component 
A(H3N2) with the Northern Hemisphere sub-
clade virus 3C.2a1b.2a.2 for the 2022/2023 infl u-
enza season ( Melidou et al., 2022). 

Amino acid K173E and I260M substitutions 
have been observed in oseltamevir-resistant 
strains, accompanied by the loss of a segment of 
the NA gene (Moules et al., 2010; Kosik & Yewd-
ell, 2019). At the same time, according to data 
(Garjani et al., 2023), amino acid position 260 is 
defi ned as an epitope.

A relationship was found between mutations 
in the NA and HA genome segments of infl uenza 
A/H3N2 viruses isolated from patients in Japan 
during the 2010-2015 seasons. In the 2011/2012 
season, the appearance of isolates with amino 
acid substitutions D93G in NA and N278K was 
observed, which began to predominate in the 
2012/2013 season. (95.8%). In subsequent seasons 
(2013/2014 and 2014/2015), a strong relation-
ship between 93D(NA)-278N(HA) or 93G(NA)-
278K(HA) was not traced, however, the switching 
of 93G(NA)-278N(HA) (63.5%) in 2014/2015 
continued to prevail (Chong & Ikematsu, 2018). 
Based on these results , the authors emphasize 
that commutations in NA and HA can contribute 
to the formation of an epidemic line of viruses.

When analyzing the evolution of the virus dur-
ing the 2021 — 2023 seasons. it was shown that 
95.2% of the strains belonged to the clade A(H3N2) 
3C.2a1b.2a.2. Th e HA gene of clade 3C.2a1b.2a.2 
encoded amino acid substitutions Y159N, T160I, 
L164Q, G186D, and D190N. Th e genomes of the 
clade 3C.2a1b.2a.2a.2 were divided into several 
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subclades, including 3C.2a1b.2a.2a.3a.1 (4.3%) 
(with G50K, D53N, N96S, I192F, and H156S), 
3C.2a1b.2a.2a.3 (9.0%) (D53N, N96S, I192F, and 
H156S), 3C.2a1b.2a.2a.1 (11.9%) (D53G, D104G, 
H156S, and K276R), (29.3%) (D53G, D104G, 
H156S, K276R, and L157I), and 3C.2a1b.2a.2b 
(41.3%) (with G50K and F79V replacements). 
Th e 3C.2a1b.2a.2a.1a subclade prevailed in the 
2021/2022 season (66%), while 3C.2a1b.2a.2b — 
in the 2022/2023 season (74%). Almost all domi-
nant sequences of the 3C.2a1b.2a.2b 2022/2023 
HA1 subclade diff ered from seasonal reference 
vaccine strain A/Darwin/6/2021 in amino acid 

substitutions E50K, F79V, I140K, and S156H 
( Fall et al., 2023).

Th us, despite the existence of the system for 
monitoring infl uenza viruses and studying their 
mutations in many countries, some questions re-
main about the signifi cance of certain mutations 
in diff erent segments of the A/H3N2 virus genome 
and, as a result, amino acid substitutions in the cor-
responding proteins. Th e results of the literature 
analysis of the eff ect of amino acid substitutions in 
HA and NA of infl uenza A(H3N2) viruses on their 
properties and the degree of clinical manifestation 
of the disease are presented in Table 2.

Table 2. Amino acid substitutions in HA and NA 
of infl uenza A(H3N2) viruses and their eff ect on the virus properties 

Amino acids
Position/Amino acid 

substitutions

НА/
NA

Functions / Mechanism of Action 
/ Infl uence

 Reference Note

Positions 50, 53, 62, 
137, 144, 145, 155, 156, 
158, 189, 244, 260, 275

HA Mutations are oft en found in these 
positions along with mutations at 
other HA sites (co-mutations)

(Chen et al., 2016)

G78D HA Enhanced virus growth in cell 
culture 

(Lee et al.,2018) Tested on the A/Perth/16/2009 
(H3N2) strain, which was a com-
ponent of the infl uenza vaccine 
in 2010-2012. Th e mutation oc-
curs at a low frequency in the 
natural sequences of the virus

R83K, H156N, H183L, 
R220G, V226I, 
R229G, R229I, R229K

HA1 MDCK-induced mutations (Li et al., 2009)

A147T, T147A,
G150E

НА2 MDCK-induced mutations (Li et al., 2009)

N121K, S144K, F159Y, 
K160T

НА Lead to a potential glycosylation 
site

(Kuzmanovska 
et al., 2021)

Characterized by clade 3C.2a

N122D, T135 K НА Located at antigenic sites, cause 
loss of N-linked viral glycosyl-
ation sites, potentially aff ect vi-
ral antigenicity

(Melidou et al., 
2017)

Such substitutions had the high-
est proportion of viruses detected 
in vaccinated patients in North-
ern Greece (subcluster of sub-
clade 3C.2a1). 

0T128A, T135K HA1 Lead to the loss of glycosylation 
motifs of T131K in HA1 and 
V200I in HA2

(Kuzmanovska 
et al., 2021)

Characterized by subclade 
3C.2a1b

G135T НА Provides a hydrogen bond (H 
bond) with the O4 atom of Sia-1

(Wu et al., 2020) Found at antigenic site A
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Amino acids
Position/Amino acid 

substitutions

НА/
NA

Functions / Mechanism of Action 
/ Infl uence

 Reference Note

N137S НА Provides an H bond to the car-
boxylate group Sia-1

(Wu et al., 2020) Found at antigenic site A

Positions 140-146 HA Th e amino acid changes in the 
140—146 HA region are charac-
teristic of antigenically distinct 
viruses

(Harvala et al., 
2017)

Viruses with amino acid substi-
tutions in these positions are of 
epidemic importance

S144K НА Flanked by the RBS site (Harvala et al., 
2017)

It is an antigenic site

 I156K НА (Liu et al., 2023) Detected in the virus in an im-
munocompromised patient

H156R, G186S, S219F НА Cultivation of chicken embryos 
took place 

(Park et al., 2020) When cultivated for 15 passages

N158K, T160K НА Changed the ability of viruses to 
bind to erythrocytes.
T160K promoted adaptation to 
reproduction in chicken em-
bryos

(Zeng et al., 
2020; Hu et al., 
2023)

In an experiment on a model of 
A/China/LZP/2017 strain. Gly-
cosylation at the HA1 158-160 
position may block the binding 
of the receptor to red blood cells

F159Y, K160T НА Potentially enhance the glyco-
sylation site, likely mask viral 
epitopes, and reduce antibody 
access to the antigenic site

(Allen & Ross, 
2018)

Together with the presence of 
N in position 158. Th ese mu-
tations in the B antigenic site 
signifi cantly reduce the binding 
of antibodies specifi c to the A/
Texas/50/2012 strain 

K160T НА Leads to the appearance of an 
N-linked glycosylation site at 
the B HA antigenic site. Reduces 
the activity of virus cultivation 
in chicken embryos

(Zost et al., 
2017)

K173E, I260M НА Observed in oseltamevir-resis-
tant strains 

(Moules et al., 
2010; Kosik & 
Yewdell 2019)

Accompanied by loss of a seg-
ment of the NA gene

G186V НА Promotes the adaptation of the 
virus to cultivation on chicken 
embryos without changing the 
antigenicity of the virus 

(Liang et al., 
2022)

D190 НА Receptor-binding amino acid 
position associated with hu-
man-adaptive receptor-binding 
HA1 residual

(Hu et al., 2023)

L194P НА By ensuring the reproduction of 
the virus in chicken embryos, it 
changes its antigenic properties. 
Reduces infectivity and prevents 
airborne transmission 

(Liang et al., 
2022; Hu et al., 
2023)

Continuation of Table 2
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Amino acids
Position/Amino acid 

substitutions

НА/
NA

Functions / Mechanism of Action 
/ Infl uence

 Reference Note

T212I НА Enhanced the growth of the vi-
rus in cell culture

(Lee et al., 2018) Tested on the A/Perth/16/2009 
(H3N2) strain, which was a 
component of the infl uenza vac-
cine in 2010—2012. Entrenched 
in a variant of the virus that cir-
culated in 2011.

G225N W222R НА Enable H-bonds with Gal-2 (Wu et al., 2020) Are in the D2 antigenic site

D225G НА Promotes viral reproduction in 
chicken embryos

(Hu et al., 2023)

L226I НА Mutation lowers the fl oor of the 
RBS to create space for the Gal-
2 O4 atom to rotate toward the 
base of the RBS

(Wu et al., 2020) Are in the D2 antigenic site

Q226L/
G228S

НА Change in HA specifi city from 
avian-type receptors to human-
type receptors

(Xu et al., 2010) Viruses that caused pandemics 
in 1957 (A(H2N2)) and H3N2 
in 1968 (A(H3N2)), acquired 
these mutations 

P227 НА Human-adaptive receptor-
binding HA1 residual

(Hu et al., 2023)

P237L НА It contributed to the  reproduc-
tion and agglutination of eryth-
rocytes in the presence of osel-
tamivir. at Th e mutation may 
aff ect the binding of sialic acid 
by stabilizing the HA trimmer

(Chambers et al., 
2014)

But in the absence of the F209S 
mutation, position P237 is lo-
cated at the boundary of the HA 
trimmer

Position 260 НА Is an epitope (Garjani et al., 
2023; Moules et 
al., 2010) 

Replacement of I260M was ob-
served in ossaltemivir-resistant 
strains 

Cys540, Cys544 НА Disulfi de bonds between cyste-
ine at these positions may con-
tribute to the structural stability 
and functional activity of HA 
trimmers

(Zhou et al., 
2014; Xu et al., 
2014; Chlanda et 
al., 2017; Zhang 
et al., 2019)

Conservative positions

C540S, C544L НА Reduced thermal stability, but 
increased fusion activity com-
pared to the HA of the «wild» 
virus

(Xu et al., 2013) Mutant viruses were obtained 
for the study

T148K, H150R, 
D151G

NA Have receptor-binding activity (Kong et al., 
2021)

D151G/N NA May be an indicator of changes 
caused by MDCK culture

(Lee et al., 2013) None of the NA sequences 
obtained directly from clini-
cal specimens contained the 
D151G/N mutation

Continuation of Table 2
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Separately, following the example of the EU/
EEA countries, it is necessary to dwell on the 
infl uenza seasons 2020/2021, 2021/2022, and 
2022/2023. and the dynamics of circulation of 
A(H3N2) viruses. Against the backdrop of the 1st 
year of the COVID-19 pandemic (2020/2021 sea-
son), the European Centre for Disease Prevention 
and Control (ECDC) reported the identifi cation 
of only 10 strains of the infl uenza virus ( Euro-
pean Centre for Disease Prevention and Control, 
2022). Th e rapid spread of the SARS-CoV-2 virus 
and strict preventive measures eff ectively stopped 
the circulation of the infl uenza virus for some 
time. In the following season (2021/2022), dur-
ing sentinel surveillance, 4,609 positive samples 
(13% of the examined) were already identifi ed, 
of which 98.7% were virus A, and among 4,105 
subtyped strains of virus A, 8.5% belonged to se-
rotype A(H1N1)pdm09 and 91.5% to A(H3N2). 
Aft er 2.5 years of the COVID-19 pandemic and 
the easing of quarantine measures against the 
background of a decrease in the incidence of CO-
VID-19, the circulation of seasonal infl uenza vi-
ruses began to resume. In the 2022/2023 season 
of the 19,538 positive samples (24% of those ex-
amined), 67% belonged to virus A and 33% to B. 
Among the 11,257 subtyped strains of A viruses, 
30% belonged to serotype A(H1N1)pdm09 and 
70% to A(H3N2) ( European Centre for Disease 
Prevention and Control, 2023). Th us, in fact, un-
der the same initial conditions, the A(H3N2) vi-
rus showed signifi cantly higher epidemic activity 
among other infl uenza viruses against the back-
ground of the pandemic. In the future, as usual, 
the intensity of its circulation will decrease, and 
the prevalence of other infl uenza viruses will in-
crease, to which a layer of susceptible population 
will accumulate during this time.

Infl uenza B/Victoria virus. Antigenic drift  
in infl uenza viruses occurs mainly due to the ac-
cumulation of amino acid substitutions in the 
HA1 portion of the HA molecule. However, the 
rate of variability observed in the HA of the in-
fl uenza B virus appears to be signifi cantly lower 

than that of the HA of the infl uenza A virus. Th e 
total rate of amino acid substitution in the HA1 
of the studied infl uenza B viruses was 2% over 10 
years, while the HA1 of the infl uenza A H3 virus-
es changed by 9.2% over the same period ( Krystal 
et al., 1983). Unlike infl uenza A viruses, of which 
a large number are animal viruses or zoonotic vi-
ruses, humans are the primary biological host for 
infl uenza B viruses. Infl uenzavirus B is the only 
member of the genus Betainfl uenzavirus. In addi-
tion, infl uenza A and B viruses signifi cantly diff er 
in evolution, which occurs mainly due to antigen-
ic drift  in HA but is slower compared to infl uenza 
A viruses ( Su et al., 2017). Two lineages of this 
virus, which were determined by phylogenetic 
relationships of HA genes, diverged in the early 
1970s (B/Victoria and B/Yamagata). At diff erent 
times, there was a predominance of the circula-
tion of viruses of one or another lineage ( Hay et 
al., 2001). In this paper, we do not analyze the in-
fl uenza virus of the B/Yamagata lineage, since its 
circulation in the world against the backdrop of 
the COVID-19 pandemic has eff ectively stopped. 
As for the B/Victoria virus, mutations are oft en 
found at positions 75, 88, 175, 199, 330, and 235 
of its HA, along with mutations at other HA sites 
(commutation) (Chen et al., 2016). It has been 
shown that T214P mutation potentially abrogat-
ed the N-linked glycan motif at N212, and was 
generally coupled with a three-residue deletion 
from K177 to D179. Although a single T214P 
mutation was suffi  cient to avoid neutralization 
by antibodies, the deletion of the three amino ac-
ids resulted in additional loss of HA binding by 
monoclonal antibodies ( Liu et al., 2019). 

A study of the evolution of viruses of this lin-
eage was conducted in Zhejiang Province (China) 
in 1999 — 2012, based on sequencing of the HAl, 
NP, M, and NS genes, and showed that the rate of 
nucleotide substitutions in these genes was 2.29 x 
10-3; 1.39 x 10-3; 1.78 x 10-3; 1.30 x 10-3 /site per 
year, respectively. Variations in amino acid sub-
stitutions of the HAl domain of isolates mainly 
included K48E, L58P, N75K, K80R, K129N/S, 
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N165K, S172P, Sl97N/D, and A202V. At the same 
time, the HAl gene evolved faster than the others. 
Gene reassortment and gene mutations were the 
main evolutionary mechanisms for the infl uenza 
B virus ( Mao et al., 2013).

In Victoria viruses, which were isolated from 
patients in China against the background of vac-
cination of children, in 2011—2012, amino acid 
substitutions of L58P, I146V in HA1 were ob-
served, and in 2015—2017 — I117V and N129D. 
In addition, based on the phylogenetic analysis 
of NA, the formation of the Yamagata-Victoria 
interlinear reassortant, which emerged in 2013—
2014, was determined, which made it possible to 
conclude that the circulating infl uenza B viruses 
do not match the vaccine variant of the virus and 
the need to replace it ( Lei et al.  2019).

When analyzing the evolution of the infl uenza 
B virus of the Victoria lineage, it was shown that 
aft er the period of its lowest genetic diversity in 
2011—2015, 3 amino acid substitutions (D129G, 
I180V, and R498K) occurred in one of the 1A 
subclades both in the stem and in the antigeni-
cally dominant domain of HA. From this period, 
clade 1A split into 4 cocirculating clades 1A.1—
1A.4. It is noteworthy that variants with dele-
tions of 2 or 3 amino acids arose independently 
in each of these clades, and viruses continued to 
circulate simultaneously with viruses that did 
not have deletions. Th is has led to a marked in-
crease in the genetic diversity of Victoria viruses.

Viruses of clade 1A.1 had a deletion of 2 ami-
no acids in HA (positions 162—163), while in 
clades 1A.2—1A.4 — 3 amino acids (162—164). 
Viruses of clade 1A.2 were found to be more 
common (America, Africa, Asia, Europe). Th ey 
share mutations in HA (K136E and G133R) near 
deletion 162—164, both at the HA antigenic site 
and NA (A395T). Clade 1A.3 viruses had I180T 
and K209N mutations in HA and have been iso-
lated in China, Southeast Asia (Bangkok, Singa-
pore, and Vietnam), and North America. Cla-
de1A.4 viruses had a G378E mutation in NA and 
were detected only in Laos. Mutations in the in-

ternal proteins PB2 (T103A), PB1 (V208I), and 
PA (I686V) and the non-structural protein NS 
(L241F) were also identifi ed in Victoria viruses. 
Th ese results show that B/Victoria viruses have a 
variety of deletion variants with additional HA 
mutations, which mostly occur in the 120- and 
160-loop RBD regions of HA, as well as in NA 
and interior segments. Th ey aim to optimize the 
adaptation of the virus ( Virk et al., 2020).

A group of infl uenza B viruses of the Victoria 
lineage with a deletion of two amino acids in HA 
at positions K162 and N163 was detected dur-
ing the infl uenza season in the Northern Hemi-
sphere from 2016 to 2017, with their subsequent 
distribution. Based on a study of strains isolated 
in 2018 in North Africa, it was concluded that 
this deletion variant replaced previous circulat-
ing infl uenza B/Victoria viruses. Th ese deletions 
probably aff ect the antigenic properties of viruses 
because they border the immunodominant re-
gion of HA ( Hellferscee et al., 2021). Viruses with 
a deletion of K162 and N163 have also been de-
tected in the United States. It corresponded to the 
deletion of nucleotides (nt) in the HA gene 529—
534. Some viruses circulating in other territories 
during the same time period may have had a de-
letion of 3 amino acids (K162, N163, D164) cor-
responding to the deletion of nt 529—534, and 
evolved in parallel with a variant of viruses that 
had a deletion of 2 amino acids ( Shu et al., 2020).

When comparing isolates of the B/Victoria lin-
eage circulating in Guangzhou (China) in 2016 
with the vaccine strain B/Brisbane/60/2008 in 
that season, 12 mutation sites in the HA1 domain 
were shown, 4 of which (I132V, N144D, C196S, 
and E198D) were in antigenic epitopes. Th us, in-
fl uenza B viruses diff ered signifi cantly from the 
vaccine strain recommended by the WHO for this 
period (Ye et al., 2018), which certainly aff ected 
the eff ectiveness of vaccination. In the analysis of 
the HA and NA sequences of B/Victoria viruses 
of the 2019/2020 season, determined in Macedo-
nia, in comparison with the vaccine strain B/Col-
orado/06/2017, 4 amino acid substitutions with 
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high frequency were detected: G132R (77.78%), 
K135E (77.78%), V177I (77.78%), and K495R 
(83.3%). Th e most noticeable diff erence was ob-
served between the 2017/2018 B/Victoria viruses 
and the viruses of the 2019/2020 season. Th ere 
were double and triple amino acid deletions, re-
spectively ( Kuzmanovska et al., 2021).

In the WHO European Region in the 
2021/2022 season, among the viruses of the B/
Victoria lineage, some belonged to the clade 
V1A.3a.2 (similar to the B/Austria/1359417/2021 
strain), and some  — to the V1A.3 clade (simi-
lar to the B/Washington/02/2019 strain recom-
mended for the 2021/2022 vaccine season in the 
Northern Hemisphere). Th e circulating viruses 
of clade V1A.3a.2 contained amino acid substitu-
tions HA1 A127T, P144L, and K203R. Th ey were 
poorly inhibited by antiserum obtained against 
viruses like B/Washington/02/2019. Th is was the 
reason for replacing the vaccine component of 
this serotype with B/Austria/1359417/2021-like 

strains (V.1A.3a.2) (Melidou et al., 2022). Th ese 
results confi rm the eff ect of the amino acid sub-
stitutions on the antigenic properties of the virus.

In general, against the backdrop of the CO-
VID-19 pandemic, the circulation of B/Victoria 
viruses was signifi cantly lower than that of A vi-
ruses, especially during the fi rst pandemic sea-
sons. In the 2021/2022 season. their proportion 
by sentinel surveillance data was only 1.3% (61 
strains), while B/Yamagata viruses stopped circu-
lating altogether. In the 2022/2023 season. 6,412 
infl uenza B viruses had already been reported, 
1,968 were subtyped, all of which belonged to the 
B/Victoria lineage ( European Centre for Disease 
Prevention and Control, 2022; European Centre 
for Disease Prevention and Control, 2023).

Table 3 summarizes the eff ect of amino acid 
substitutions in HA infl uenza B/Victoria viruses 
on their biological properties. Th e eff ect of muta-
tions on the clinical course of infl uenza B could 
not be determined. 

Table 3. Amino acid substitutions in the HA 
of infl uenza B/Victoria viruses and their eff ect on the virus properties 

Amino acid position / 
Amino acid substitutions in HA

Functions/Mechanism of action / 
іnfl uence

Reference Note

Positions 75, 88, 175, 199, 
330, 235

Mutations are oft en found along with 
ones at other HA sites (co-mutations)

(Chen et al., 
2016)

A127T, P144L, K203R Aff ects the antigenic properties of 
the virus

(Melidou et al., 
2022)

I132V, N144D, C196S, 
E198D

Positions corresponding to anti-
genic epitopes

(Ye et al., 2018)

G133R, K136E Antigenic sites (Virk et al., 2020) Clade viruses 1A.2

Deletion K162, N163 May aff ect the antigenic properties 
of viruses because they border the 
immunodominant region of HA

(Hellferscee et 
al., 2021)

Were detected  in the North-
ern Hemisphere in 2016-
2017 with their distribution

Deletion K162, N163, D164 May aff ect the antigenic properties 
of viruses

(Virk et al., 2020; 
Shu et al., 2020)

Infl uenza season 2016/2017 
(Europe, Asia, America, Africa)

Deletion K177 - D179 Together with T214P, it led to ad-
ditional loss of HA binding by 
monoclonal antibodies

(Liu et al., 2019)

T214P Potentially cancels out the N-linked 
glycan motif at position N212

(Liu et al., 2019) Oft en combined with deletion 
at positions K177 to D179
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Th e results of the analysis confi rmed the fact 
that viruses of the B/Victoria lineage are charac-
terized by less pronounced variability of HA than 
infl uenza A viruses. Th e higher antigenic stabil-
ity of the virus contributes to the longer circula-
tion of certain genetic variants of the virus with 
a relatively stable level of intensity and the longer 
use of certain virus variants as vaccines. Th us, 
infl uenza viruses of serotypes A(H1N1)pdm09 
and A(H3N2) and B/Victoria diff er signifi cantly 
in certain epidemiological and evolutionary fea-
tures. And although this is infl uenced by many 
factors, and other genes of viruses can be in-
volved in these processes, in addition to the HA 
and NA genes, we tried to summarize the data 
that characterize the eff ect of amino acid substi-

tutions in HA and NA (Tables 1, 2, 3). Despite 
the large amount of data on monitoring the evo-
lution of seasonal infl uenza viruses and studying 
the impact of amino acid mutations in HA and 
NA on the biological properties of the virus, their 
epidemic potential, and virulence potential, there 
are still more questions than answers. Th e circu-
lation of zoonotic infl uenza viruses, in particular 
those of swine origin, requires parallel continu-
ous monitoring, when the risk of the formation 
of reassortant viruses including seasonal infl u-
enza A viruses, having an unknown pandemic 
potential, increases. We have discussed this prob-
lem in our previous publications. Th is once again 
emphasizes the importance and timeliness of the 
implementation of the One Health Concept.
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ВПЛИВ МУТАЦІЙ У ГЕМАГЛЮТИНІНІ ТА НЕЙРОМІНІДАЗІ 
НА ВЛАСТИВОСТІ СЕЗОННИХ ВІРУСІВ ГРИПУ

Сезонні віруси грипу є збудниками, які становлять постійну загрозу здоров’ю людства. Вони циркулюють 
повсюдно і викликають сезонні підйоми захворюваності різного ступеня інтенсивності як на Північній, так 
і на Південній півкулях. Ці віруси характеризуються мінливістю як за рахунок антигенного дрейфу, так і у 
зв’язку зі здатністю до реассортації генів. Відомо, що окремі амінокислотні заміни в гемаглютиніні (НА) вірусу 
сприяли його переходу на використання людських клітинних рецепторів, що ставало причиною пандемій. 
Метою роботи був аналіз літературних даних щодо можливого впливу мутацій у НА та нейрамінідази (NA) 
сезонних вірусів грипу (A(H1N1)pdm09, А(H3N2), B/Victoria) на їх властивості, епідемічний потенціал та 
ступінь клінічного прояву захворювання. Аналіз вірусу грипу лінії B/Yamagata не проводився, оскільки його 
циркуляція на тлі пандемії COVID-19 фактично припинилася. Показано, що віруси грипу А(H1N1)pdm09, 
А(H3N2) та  B/Victoria суттєво відрізняються за особливостями еволюції. У динаміці продемонстровано, 
які амінокислотні заміни відбувалися в НА та NA вірусів грипу, зокрема й ті, що впливали на антигенні 
властивості, резистентність вірусів до специфічних лікарських засобів та клінічні симптоми грипу. Також 
наведено мутації, що сприяють підвищенню репродукції вірусів у клітинних культурах та на курячих 
ембріонах, впливаючи на певні біологічні властивості вірусу. Наведено дані щодо порівняння мутацій у 
вірусів грипу різних клад та вірусів, що циркулювали на різних географічних територіях. Показано, що 
фактично за однакових початкових умов вірус A(H3N2) виявив значно вищу епідемічну активність серед 
інших вірусів грипу на тлі пандемії. Надалі, як це спостерігалося і раніше, інтенсивність його циркуляції 
знизиться, а підвищиться поширеність інших вірусів грипу, до яких за цей час накопичиться прошарок 
сприйнятливого населення. У період пандемії циркуляція вірусів лінії B/Victoria була значно нижчою, 
ніж циркуляція вірусів А, особливо протягом перших пандемічних сезонів. Віруси лінії B/Victoria 
характеризуються меншою мінливістю НА, ніж віруси грипу А. У більшому ступені, ніж у інших вірусів, 
їхня мінливість пов’язана з делеціями в НА. Вища антигенна стабільність вірусу сприяє більшій тривалості 
циркуляції певних генетичних варіантів вірусу з відносно стабільним рівнем інтенсивності та більш 
тривалим використанням одних і тих самих вакцинних варіантів вірусів. Незважаючи на великий обсяг 
даних щодо моніторингу еволюції сезонних вірусів грипу та вивчення впливу амінокислотних мутацій у 
НА та NA на біологічні властивості вірусу, їх епідемічний потенціал та потенціал вірулентності, на сьогодні 
залишається багато питань, які потребують вивчення.

Ключові слова: вірус грипу A(H1N1)pdm09, вірус грипу A(H3N2), вірус грипу лінії B/Victoria, гемаглютинін, 
нейрамінідаза, мутація.


