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Abstract

Objective: Influenza B virus is a significant respiratory pathogen responsible
for seasonal influenza. In recent years the B/Yamagata lineage has
demonstrated a rapid increase, predominantly featuring the neuraminidase
(NA)y 342 Mutation. This study determined the impact of the NA;,,, mutation
on the pathogenicity of influenza B virus and elucidate the underlying

mechanisms.

Methods: Gene fragments with specific mutations were generated using
site-directed mutagenesis PCR, resulting in recombinant viruses (rAH127 and
rAH127/NA34,)- C57BL/6 mice were infected to evaluate the impact of
amino acid mutations on virus pathogenicity. Body weight, survival rate, virus
replication, and lung pathology were compared among the groups. NA enzyme
activity was assessed to determine the mechanisms underlying the effects of
amino acid mutations on the pathogenicity of influenza B virus.

Results: The NA,;,, mutant virus exhibited significantly increased NA enzyme
activity (3.19-fold) and viral replication capacity in MDCK cells (6.76-fold)
compared to wild-type virus. These changes led to enhanced pathogenicity in
mice, characterized by severe weight loss, increased mortality, and heightened

lung tissue inflammation.

Conclusions: The NA;,,, mutation likely enhances virus replication and
pathogenicity by increasing NA enzyme activity. These findings contribute
to understanding the molecular mechanisms underlying influenza B virus
pathogenicity and have implications for targeted therapeutic strategies.
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INTRODUCTION

Seasonal influenza is an acute respiratory
infection caused by influenza viruses that
has a significant burden on the global
healthcare system and can lead to severe
complications, including death [1]. The
viruses that cause seasonal influenza are
influenza A virus (IAV) and influenza
B virus (IBV). IAV accounts for the
majority of cases, while IBV accounts

for approximately 20%-30% of cases
[2,3]. From 2000-2018 in 31 countries
around the world, there were 118 and
125 influenza seasons during which the
proportion of IBV cases was < 20% and
20%-50%, respectively. Moreover, IBV
was responsible for > 50% of cases in
45 influenza seasons. Notably, approxi-
mately one in seven influenza seasons was
predominantly characterized by IBV [4].
From 2003—2008 IBV was responsible for
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> 50% of the influenza-related deaths and the excess mor-
tality associated with IBV-dominated seasons surpassed
that observed in H3N2- or HIN1-dominated seasons [5].
IBV may cause more severe disease than IAV in children.
Retrospective data from 12 Canadian pediatric hospi-
tals from 2004-2013 showed that hospitalized patients
(age <16 years) infected with IBV had a higher mortal-
ity rate than IAV. Healthy children > 10 years of age had
a significantly increased risk of ICU admission for IBV
infection [6,7]. Therefore, the threat of IBV should not be
underestimated.

The first strain of IBV was successfully isolated in 1940.
Since the 1980s, IBV has gradually evolved into two anti-
genically distinct phylogenetic lineages (B/Victoria and
B/Yamagata), which have co-circulated globally [8-10].
The B/Yamagata virus diverged before 2000, leading
to long-term co-circulation of two different antigenic
branches with an alternating antigenic dominance epi-
demic pattern between seasons [11,12]. During the last
decade, the hemagglutinin (HA) and neuraminidase (NA)
antigens of B/Yamagata viruses have drifted more rapidly
than observed in previous decades, surpassing the drift
behavior of B/Victoria lineage viruses.

During the evolutionary process, the amino acid at the
NA342 site had a mutation from D-to-N around 2014;
after 2016, a mutation from N-to-K emerged. We have
previously reported that the 342 site is close to the enzyme
active site in the spatial structure of NA, and the N342D
mutation significantly increases NA enzyme activity and
increases the pathogenicity of the virus [13]. Whether the
amino acid mutation from N-to-K will affect the patho-
genicity of the virus has not been fully studied. Therefore,
in this study we generated virus containing N-to-K muta-
tions using reverse genetics techniques and investigated
the effect of such mutations on viral pathogenicity and the
possible underlying mechanisms.

MATERIALS AND METHODS

Data sources

The NA fragment sequences of B/Yamagata influenza
virus, which were isolated in China from 2011-2019
were downloaded from the Global Initiative on Sharing
All Influenza Data (GISAID). The influenza etiology
detection data came from the influenza epidemic predic-
tion and early warning platform of the Chinese National
Influenza Center (CNIC). Sequence alignment was
performed using MAFFT (v7.505) and the results were
exported using MEGA 7.0 software.

Cell culture

Madin-Darby canine kidney (MDCK)
embryonic kidney (293T) cells were grown and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, California, U.S.) supplemented with
10% fetal bovine serum (FBS; Invitrogen), HEPES (10
mM,; Invitrogen), penicillin (100 units/ml; Invitrogen),

and human
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and streptomycin (100 pg/ml; Invitrogen). Cells were
incubated in a 5% CO, humidified atmosphere at 37°C.

Site-directed mutagenesis and virus preparation

All eight gene fragments cloned into a bidirectional
pHW2000 vector of B/Anhui-Baohe/127/2015 (AH127/
15) were stored in CNIC. Mutations were introduced into
the NA gene to generate corresponding mutant fragments.
As previously stated, eight reverse genetic plasmids bear-
ing the cDNA of each gene segment were co-transfected
into 293T/MDCK cells for 24 h to generate recombinant
IBV (SuperFect Transfection R eagent, QIAGEN).The virus
was propagated in MDCK cells for 72 h at 33°C using the
culture supernatant [14,15]. To verify that no undesired
changes were present, all recombinant viruses were thor-
oughly sequenced. All experiments involving live influenza
viruses were carried out in a biosafety level 2 laboratory.

Growth kinetics

MDCK cells were infected with viruses at a multi-
plicity of infection (MOI) of 0.001. Following a 1-h
incubation period at 35°C, the cells were washed twice
with phosphate-buffered saline (PBS, HyClone, U.S.).
Thereafter, the cells were treated with infection medium
containing TPCK-trypsin (sigma-aldrich) at a concen-
tration of 2 Ug/mL and incubated at 35°C in 5% CO,.
Cell supernatants were collected at 0, 24, 48, 72, and 96 h
post-infection (h.p.i.). The viral titer was determined by
evaluating the tissue culture infectious dose (TCID,,) in
MDCK cells.

Pathogenicity experiments in mice

Murine experiments were conducted under the approval
of the Ethics Committee of the National Institute for
Viral Disease Control and Prevention of the China
Centers for Disease Control (20191106040). All studies
were conducted using female C57BL/6 mice that were
8 weeks old and specific pathogen-free. The mice were
purchased from the SPF (Beijing) Biotechnology Co.,
Ltd. (Beijing, China). Five mice per group were infected
intranasally with PBS or 1x10!, 1x10%, 1x10°, 1x104,
1x10%, 1x10°, or 1x107 TCID,, (50 pl) of virus while
under isoflurane anesthesia. For a period of 14 days, the
body weights and survival of the mice were recorded
daily. Mice that lost > 25% of their body weight were
humanely euthanized. Serum samples were obtained from
living mice 14 days post-infection (d.p.i.) to estimate the
50% mouse infectious dose (MID,). The serum sample
hemagglutinin inhibition (HI) antibody titers were deter-
mined in 0.5% (vol/vol) turkey red blood cells follow-
ing treatment with receptor-destroying enzyme (Denka
Seiken, Tokyo, Japan) at 37°C for 18 h and inactivation at
56°C for 30 min. HI antibody titers > 10 were regarded
as antibody-positive. The MID, and 50% median lethal
dose (MLDy) were calculated according to the Karber
calculation method [16]. Six mice from each group were
given an intranasal injection of 1x107 TCID,, (50 ul)
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virus for the purpose of assessing virus pathogenicity, 3
of which were euthanized at 1 d.p.i. and 3 of which were
euthanized at 4 d.p.i. The nostrils and lungs were resected
and the TCID,, method was used to measure the virus
titers in MDCK cells. The right lung lobe of each mouse
was preserved in 10% formalin, embedded in paraffin
wax, and cut into 4-pm thick slices. Hematoxylin and
eosin (HE) were used to stain a single slice of each sample.

NA enzyme activity assay

Neuraminidase activity was assessed using the NA-Fluor™
Influenza Neuraminidase Assay Kit (Invitrogen, Carlsbad,
California, U.S.). The virus was diluted 2-fold from 1x10°
TCID, /50 pl-to-1x10* TCID,,/50 pl. Fifty microliters of
200 uM NA-Fluor™ working solution was added to 50 ul
of virus solution in each well of a black 96-well plate and
incubated at 37°C for 1 h. The reaction was then termi-
nated by adding 100 pl of NA-Fluor™ termination solu-
tion, and fluorescence was measured using excitation and
emission wavelengths at 365 and 450 nm, respectively. The
virus at each titer were determined three times and a PBS
blank control was set at the same time.

Statistical analysis
Data are presented as the mean £ SEM. Statistical sig-
nificance was evaluated using Student’s t-test. A P value
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< 0.05 indicated statistical significance. GraphPad Prism 9
software (GraphPad Software Inc., California, U.S.) was
used to generate the figures.

RESULTS

Circulation of IBV between 2012 and 2019 in China
To gain insight into the domestic epidemiology of IBV in
China, we performed an analysis of pathogenic surveil-
lance data involving influenza viruses within the coun-
try. Before 2012, influenza virus etiologic surveillance
did not involve further lineage distinction for positive
IBV-positive samples. Therefore, data prior to 2012 were
excluded and our analysis focused on the period from
2012-2019. During this timeframe, IAV always accounted
for a large proportion of influenza virus-positive sam-
ples. Since 2014 the amount and proportion of IBV have
increased from 25%-to-> 35%. Viruses of both lineages
were detected every year, among which the B/Victoria
lineage dominated in 2016 and 2019, accounting for
27.16% and 30.46%, respectively. IBV circulating in the
remainder of the year was dominated by the B/Yamagata
strain, and the proportion of positive samples in 2015,
2017, and 2018 was > 24% (Fig 1A and B). According to
the etiologic surveillance findings, the B/Yamagata line-
age among IBV prevailed in China from 2012-2019.
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FIGURE 1 | Etiologic surveillance results of influenza viruses in China from 2012-2019.

A: The number of influenza types detected under etiologic surveillance from 2012-2019. B: Proportion of positive results of etiological sur-
veillance for each type of influenza from 2012-2019. C: Sequence numbers of various amino acids appearing at the NA 342 position. Amino
acid changes at NA 342 of the B/Yamagata virus from 2010-2019. A total of 723 complete NA sequences of the B/Yamagata virus isolated
from China during 2010-2019 were downloaded from the GISIAD official website. After sequence alignment using MAFFT software, amino
acids at site 342 in all sequences were statistically analyzed. D: Proportion of various amino acids occurring at the NA 342 position.



Amino acid variations at the 342 position in IBV
NA protein

To gain insight into the amino acid variations at residue
342 of the IBV NA protein in China, a total of 723 com-
plete B/Yamagata virus NA sequences from 2010-2019
were downloaded from GISIAD. After sequence align-
ment, amino acids at site 342 of all sequences were statis-
tically analyzed. As shown in Fig 1C and 1D, a total of 6
kinds of amino acids were found at this site during these
10 years, including D, N, K, R, G, and E. Before 2012,
only amino acid D was at this site. After 2013, strains with
N mutations at site 342 appeared and continued to exist.
Since 2016 strains with the K mutation appeared and the
proportion increased rapidly, exceeding the proportion of
N and D strains at site 342, thus occupying a dominant
position in B/Yamagata virus. Strains containing the G
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mutation dominated in 2013 and 2014, and strains con-
taining the E and R mutations dominated in 2015 and
2018, respectively.

Effects of the NA ;,,, mutation on the
pathogenicity of IBV in mice

To determine the impact of the NA,,,, mutation on the
pathogenicity of IBV, recombinant viruses were generated.
The 8-plasmid recombinant virus containing wild-type
AH127/15 virus was designated rAH127, and the virus with
the NA,,,, mutation was designated rAH127/NA ;-
Five 8-week-old female C57BL/6 mice were infected with
1 X 101 X 10’TCID;, of rAH127 or rAH127/NA 3,
virus, or PBS. As shown in Fig 2, rAH127/NA 5 4y Virus
caused more severe weight loss and a higher mortality rate.

Mice infected with < 1X10°TCID., of the two strains of
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FIGURE 2 | Body weight loss and the survival rate of mice infected with different doses of rAH127 and rAH127/NA 35

Five mice per group were inoculated intranasally with 10'-107 TCID titers of rAH127 (A) or rAH127/NA;,,, (B) or PBS as a control. Body
weight changes (left) and the survival rate (right) were monitored daily. C: Changes in body weight (left) and survival rate (right) in the
107TCIDg, rAH127 and rAH127/NA 3,5, groups.
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virus did not have significant weight loss and recovered
quickly after the weight loss. In the rAH127 10"TCID,,
group, the mice demonstrated a decline in body weight,
reaching a minimum of 82.8% of their original body
weight on 2 d.p.i., with gradual recovery observed from
3 d.p.i. onwards. Conversely, in the rAH127/NA[ .,
group, the body weight nadir was reached on 4 d.p.i. On
this same day, three mice succumbed to infection, while
the remaining two mice exhibited a gradual recovery
in body weight (Fig 2C). According to the HI test, the
MIDg,
(Table 1). The histopathologic examination using HE

of both virus strains was not significantly altered

staining demonstrated that mice infected with rAH127
exhibited mild inflammation on 1 and 4 d.p.i. In con-
trast, mice infected with rAH127/NA, ,,, displayed pro-
nounced bronchopneumonic inflammation characterized
by substantial infiltration of inflammatory cells surround-
ing the bronchi and alveoli. Notably, no pathologic altera-
tions were observed in the lungs of mice in the PBS control
group (Fig 3). These findings provide evidence that the
NA 3401
in IBV-infected mice.

mutation enhanced the inflammatory response

NA 34, increased viral replication in vitro

To determine the replication ability of the two viruses
in vitro, MDCK cells were infected with viruses and growth
kinetics analysis was performed; the results are shown in

Fig 4A. At 24 h post-infection, both strains demonstrated
effective replication, reaching titers of approximately 4
logTCID,,/ml. Subsequently, at 48 h post-infection, the
replication titers of both strains continued to rise, with
rAH127 and rAH127/NA , ,, reaching peak titers. The
titer of TAH127/NA;,, and rAH127 was 6.94 logT-
CID,/ml and 6.11 logTCID, /ml, respectively, and the
titer of TAH127/NA|;,, Was 6.76 times that of rAH127
(P<0.01). By 72 h post-infection, the titer of rAH127
remained stable, while the titer of rAH127/NA[;,,«
decreased and was comparable to rAH127. Taken together,
these data indicate that the NA |,
the viral replication capacity in MDCK cells.

mutation enhances

Effects of NA;,,, mutation on enzyme activity

Previous studies have demonstrated that the NA 342 site
in IBV is in close proximity to the enzyme active sites
(274 and 294), and the N342D mutation significantly
enhances IBV NA enzyme activity [9]. To determine the
effect of the N342K site on enzyme activity, rAH127 and
rAH127/NA ;3 ok
The results were quantified as the half-maximal effective

NA enzyme activity was measured.

concentration (EC,) of the fifth decomposition of the
virus. As depicted in Fig 4B, the rAH127/NA;,, NA
enzyme activity was approximately 3.19 times higher than
rAH127. These findings provide evidence that the N342K
mutation augmented IBV NA activity.

TABLE 1 | Hemagglutinin inhibition antibody test of the C57BL/6 mice inoculated with rAH127 and rAH127/NA 3,5«

Virus Inoculation dose HI titer MID¢4(log10
(log10 TCID,) P # 43 P 45 TCID,,)
rAH127 7 160 160 160 320 160 1.3
6 160 80 80 160 80
5 160 160 160 160 160
4 160 160 80 80 160
3 80 40 40 40 40
2 40 80 160 20 80
1 <10 <10 <10 <10 10
FAH127/NA 3, 7 320 160 ND ND ND 1.1
6 160 80 320 160 320
5 80 160 160 80 80
4 80 160 80 80 160
3 40 80 40 40 80
2 40 20 80 40 10
1 40 80 <10 <10 <10
PBS <10 <10 <10 <10 <10

Notes: (1) Sera were collected from each surviving mouse (#1-#5) at 14 d.p.i. and were tested for HI titers against rAH127.

The MID., was determined using the Karber method.

(2) ND: Not determined due to death (treated as positive for determination of the MID.;). An HI titer < 10 was regarded as

negative for seroconversion.
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FIGURE 3 | Pathologic changes of lung tissues from mice after virus infection (x100).
Mice were inoculated intranasally with 50 uL 107 TCIDg, of rAH127 or rAH127/NA3,,. or 50 uL of PBS. The right upper lobe of the mouse
lung was resected, fixed, stained, observed, and photographed under a 100-fold field of view.
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FIGURE 4 | Growth kinetics of rAH127 and rAH127/NA;;,,, in MDCK cells and NA enzyme activity.
A: MDCK cells were infected with rAH127 and rAH127/NA 5, at 35°C with a MOI of 0.001. The cell supernatants were collected at 0, 24,
48, 72, and 96 h post-infection (h.p.i.). The viral titer was determined by measuring the TCID., in MDCK cells (**P<0.01). B: NA enzyme

activities of rAH127 and rAH127/NA 3¢

DISCUSSION

IBV, which was previously thought to be less harmful
than IAV due to its limited infectivity to humans, has
been shown through numerous clinical studies to have a
health impact in humans comparable to IAV. The clin-
ical symptoms associated with both influenza types are
similar, as are hospitalization and mortality rates in the

general population [17,18]. Surprisingly, IBV has been
shown to cause even higher excess mortality in children
compared to AV in some cases [19].

This study focused on the emergence of the B/Yamagata
strains and demonstrated a rapid increase in the proportion

of strains containing the NA mutation. Furthermore,

N342K
it was shown that the virus carrying this mutation exhib-

ited heightened pathogenicity in mice, resulting in increased
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weight loss, a higher mortality rate, and more severe pulmo-
nary inflammatory lesions (Figs 2 and 3).The enzyme activ-
ity of rAH127/NA;,,, 1s 3 times higher than rAH127.
Based on these findings, we offer the hypothesis that the
mutation enhances the pathogenicity of the virus by increas-
ing NA enzyme activity.

NA is a tetramer composed of four identical peptides
and accounts for 10%—-20% of the total glycoprotein on
the surface of influenza viruses [20]. The primary func-
tion of NA involves catalyzing the attachment between
the sialic acid receptor and HA during the late stage of
viral replication, facilitating the release of newly synthe-
sized progeny virions from the host cell surface [21-23].
Additionally, NA has been shown to play a role in the
cellular entry of the virus and enhance infection effi-
ciency [24]. Zhang et al. [25] reported that the NA .,
mutation in H5NG6 significantly increased replication and
virulence in mice. Compared with amino acids N272 and
S272, the NA protein of amino acid D272 may be struc-
turally unstable [25]. The NA active site is comprised of
an inner layer of 8 highly conserved residues that directly
interact with sialic acid, and an outer layer of 10 residues
that do not come into contact with sialic acid, but possess
crucial structural functions [20].

In a previous study it was shown that the spatial location
ofthe NA 5,
sites mentioned above, which could increase the MLD,
of the virus by > 10-fold and the NA enzyme activity by
20-fold, greatly increasing the pathogenicity of the virus.
Similarly, the N342K mutation also heightened virus path-
ogenicity, albeit to a lesser extent compared to the N342D

mutation was close to the enzymatic active

mutation and resulted in a less pronounced increase in NA
enzyme activity. Following the emergence of the N342K
mutation, however, the prevalence of viruses containing
either N or D decreased rapidly, particularly in 2017 and
2018. IBVs accounted for approximately 30% of pathogen
surveillance, with a majority being B/Yamagata viruses
harboring the NA[;,,¢
to speculate that viruses carrying the NA

mutation. This observation led us
Naapg Mutation
might exhibit higher transmissibility. Nevertheless, the
precise transmission capacity and underlying mechanisms
necessitate further investigation. According to the influ-
enza surveillance results of the WHO, IBV was at a low
epidemic level in a short period of time after 2020 due to
the impact of COVID-19, but in the 2021-2022 influenza
season IBV re-circulation in China caused a large num-
ber of influenza outbreaks [26], suggesting that we should
strengthen surveillance of IBV.

In summary, we identified a novel molecular marker
(the NA\;5,0¢
of IBV, thus providing new insights for IVB research and

mutation) that enhances the pathogenicity

surveillance in the future.
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