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Abstract

Influenza virus neuraminidase (NA) can act as a receptor-binding protein, a role commonly
attributed to hemagglutinin (HA). In influenza A(H3N2) viruses, three NA amino acid residues
have previously been associated with NA-mediated hemagglutination: T148, D151, and more
recently, H150. These residues are part of the 150-loop of the NA monomer. Substitutions at

148 and 151 arise from virus propagation in laboratory cell cultures, whereas changes at 150
occurred during virus evolution in the human host. In this study, we examined the effect of natural
amino acid polymorphism at position 150 on NA-mediated hemagglutination. Using the A/Puerto
Rico/8/34 backbone, we generated a comprehensive panel of recombinant A(H3N2) viruses that
have different NAs but shared an HA that displays poor binding to red blood cells (RBCs).

None of the tested substitutions at 150 (C, H, L, R, and S) promoted NA-binding. However, we
identified two new determinants of NA-binding, Q136K and T439R, that emerged during virus
culturing. Similar to T148I, both Q136K and T439R reduced NA enzyme activity by 48-86%
and inhibition (14- to 173-fold) by the NA inhibitor zanamivir. NA-binding was observed when

a virus preparation contained approximately 10% of NA variants with either T148l or T439R,
highlighting the benefit of using deep sequencing in virus characterization. Taken together, our
findings provide new insights into the molecular mechanisms underlying the ability of NA to
function as a binding protein. Information gained may aid in the design of new and improved
NA-targeting antivirals.
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Introduction

Influenza is a respiratory infectious disease that can annually affect millions of people
worldwide. Among seasonal influenza viruses, the A (H3N2) subtype is associated with the
most severe epidemics (Budd et al., 2019; Simonsen et al., 1997; Kaji et al., 2003). Influenza
A viruses are also known to cause pandemics (Nelson and Holmes, 2007). Vaccines and
antiviral medications are used to prevent and control influenza infections in humans. Various
platforms are used to generate licensed and experimental influenza vaccines, many of which
include neuraminidase (NA) as an antigen (Estrada and Schultz-Cherry, 2019). The target
for influenza inhibitors oseltamivir, zanamivir, peramivir, and laninamivir is the NA active
site. Apart from marketed inhibitors, other NA-targeting compounds are in the development
pipeline (Jones et al., 2023). Both surface glycoproteins, hemagglutinin (HA) and NA,
interact with sialic acid-containing receptors during the virus replication cycle. The interplay
between HA and NA functions is rather intricate, but it is well-recognized that HA initiates
virus infection by binding to receptors on the surface of host cells, whereas NA destroys
receptors by cleaving off the terminal sialic acid moieties (Wright et al., 2007). This NA
activity is also needed to promote virus mobility in the upper respiratory tract (Wright et al.,
2007; Zanin et al., 2015).

The ability of HA to bind to receptors on red blood cells (RBCs) is utilized in the
hemagglutination assay, which is widely used for virus characterization and other purposes.
Accumulation of mutations in the HA of A(H3N2) viruses during evolution and adaptation
to the human host has led to altered binding preferences with recent viruses having
preference for extended, branched human-type receptors (Gulati et al., 2013; Lin et al.,
2012; Nobusawa et al., 2000; Peng et al., 2017; Yang et al., 2015). One manifestation of
these changes is poor binding of recently circulating viruses to RBCs. The altered HA
binding preferences also pose challenges to virus isolation in chicken eggs and can lead to
the selection of NA variants during virus culturing in Madin-Darby canine kidney (MDCK)
cells, a commonly used laboratory cell line (Lin et al., 2010; Mohr et al., 2015; Tamura
etal., 2013; Zhu et al., 2012a). A (H3N2) viruses with NA amino acid substitution at the
highly conserved catalytic residue D151 (e.g., D151G) reportedly display hemagglutination,
which can be prevented by addition of oseltamivir (Lin et al., 2010; Zhu et al., 2012a).
D151G was shown to drastically reduce NA catalytic activity (Mishin et al., 2014; Zhu et
al., 2012a) and is often found as a mixture with wild-type D151 in MDCK-grown viruses,
where G151 acts as the binding protein and D151 acts as the enzyme (Lin et al., 2010; Xue
et al., 2016). Another NA substitution, T148l, which also arises during virus propagation in
cells, promotes NA-mediated binding, and simultaneously reduces enzyme activity (Mohr et
al., 2015; Tamura et al., 2013). Viruses with mutations at position 148 or 151 were shown
to affect the assessment of susceptibility to NA inhibitors (Mishin et al., 2014; Tamura et
al., 2013). Both 148 and 151 belong to the 150-loop formed by residues 147-152, which is
adjacent to the catalytic site (Russell et al., 2006; Wu et al., 2013).

Recently, an H150R substitution within the 150-loop was associated with NA-mediated
hemagglutination that can be blocked by oseltamivir and NA-specific antibodies (Mogling
et al., 2017). Contrary to the cell culture-selected substitutions that occurred at the highly
conserved residues 148 and 151, H150R is a naturally occurring amino acid substitution
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(Mogling et al., 2017). However, Brown et al. (2020) more recently reported that an
A(H3NZ2) virus with R150 did not agglutinate RBCs. Since H150R became predominant

in recently circulating viruses, we wanted to investigate whether the ability of HI50R

to mediate agglutination depends on the NA genetic background. Understanding whether
substitutions at 150 can affect key NA functions would improve virus characterization. Here,
we used a comprehensive panel of recombinant influenza A(H3N2) viruses to assess the role
of substitutions at 150 and other NA residues in NA-mediated agglutination of RBCs.

Materials and methods

2.1. Cells and compounds

MDCK-SIAT1 cells (kindly provided by M. Matrosovich) were used to grow influenza
viruses and assess their infectious titers. Human embryonic kidney HEK-293T (American
Type Culture Collection) cells were used to rescue recombinant influenza viruses.

The NA inhibitors oseltamivir carboxylate (oseltamivir), zanamivir, peramivir, and
laninamivir (Biosynth) were dissolved in sterile distilled water, filter sterilized, and stored at
<-30 °C until use.

2.2. Viruses

2.3.

Human A(H3NZ2) viruses submitted to the Centers for Disease Control and Prevention
(CDC), Atlanta, GA as part of the WHO global surveillance program were used in this
study. Parent stock of the A/Victoria/261/2011 (H3N2) (V1/11) virus was obtained from the
International Reagent Resource (IRR).

Plasmid constructs, reverse genetics, and recombinant virus propagation

Reverse genetics (RG) plasmids containing the A/Puerto Rico/8/34 (PR8) gene segments
were provided by Dr. Bin Zhou (CDC). The HA and NA genes from A(H3N2) viruses were
amplified and inserted into the pHW2000 plasmid as described (Hoffmann et al., 2000).
NA-containing plasmids with single amino acid substitutions of interest were generated

by site-directed mutagenesis (Thermo Fisher Scientific). All RG plasmids were confirmed
by sequencing before use. Stocks of recombinant viruses were prepared in MDCK-SIAT1
cells and harvested at 48h post-infection. Codon-complete genome sequences of RG viruses
were obtained using next generation sequencing (NGS, see below) to confirm identity to
sequences submitted in the Global Initiative on Sharing All Influenza Data (GISAID) (see
accession nos. in Table S1).

2.4. Hemagglutination assay with NA inhibitor and neuraminidase inhibition (NI) assay

Hemagglutination assay was performed using 0.75% guinea pig and 0.5% turkey RBCs
(Lampire Biological Labs) (WHO, 2011). Viruses were two-fold serially diluted in PBS
with or without oseltamivir (20 nM) and incubated at room temperature for 1h. RBCs were
then added, and titers (hemagglutination units/50 puL, HAU/50 pL) were recorded after 1h
incubation at room temperature.
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NA inhibition (NI) assay was performed using the NA-Fluor™ kit (Applied Biosystems),
as previously described (Okomo-Adhiambo et al., 2010b). Briefly, normalized virus
preparations were incubated in the presence of NA inhibitors for 45min prior to the addition
of 2-(4-(methylumbelliferyl)-a-D-N-acetylneuraminic acid (MUNANA) substrate. After 1h
incubation at 37°C, the reaction was terminated by the addition of the NA-Fluor™ stop
solution and the fluorescence (excitation = 360 nm; emission = 460 nm) produced by
4-metheylumbelliferone (4-MU), a product of MUNANA cleaved by NA, was measured
using Cytation 7 (Agilent-BioTek). Curve-fitting and determination of ICsq (the drug
concentration required to inhibit NA activity by 50%) were done as previously described
(Okomo-Adhiambo et al., 2010b). Mean and standard deviation was calculated from results
collected from at least three independent tests.

2.5. Pyrosequencing and NGS

2.6.

Virus preparations were made by mixing the NA mutant T439R virus with wild-type virus
(WT) at different proportions (1.25%, 2.5%, 5%, and 50%) based on infectious titer. Similar
preparations were made for the NA mutant T148I. These virus preparations were subjected
to pyrosequencing analysis essentially as previously described (Levine et al., 2011) using
PyroMark Q96 ID instrument (Qiagen). Primers for the analysis of amino acid residue 439
were designed with the use of Pyrosequencing Assay Design software (Qiagen). RT-PCR
and sequencing primers for analysis of codon 148 in NA were previously described (Tamura
et al., 2013). Allele quantitation mode was utilized to determine the proportion of mutant in
the mixture. The nucleotide dispensation order was generated by PyroMark software.

Codon-complete influenza genome was amplified using Uni/Inf primer set and Super-Script
I11 One-Step RT-PCR with Platinum Taq High Fidelity enzyme (Invitrogen). lllumina
MiSeq was used to generate sequences that were analyzed by the IRMA approach with
singlenucleotide variant threshold of 2% (Shepard et al., 2016).

Infectious virus titer

Infectious virus titer was determined by counting virus-infected cells using a single-cycle
replication as described (Jorquera et al., 2019). In 96-well microplates (black clear bottom,
Agilent), recombinant viruses were 10-fold serially diluted (1071 to 1077) in virus growth
medium (VGM) without TPCK-trypsin. MDCK-SIAT1 cells in suspension (~4 x 104 cells)
were added into wells containing diluted viruses and microplates were incubated at 37°C in
5% CO», for 20 h. Supernatants were aspirated and cells were then fixed and immuno-stained
with a mouse anti-nucleoprotein (NP) monoclonal antibody (1:1000; IRR) followed by
secondary staining with goat anti-mouse IgG antibody conjugated to Alexa Fluor™ 555
(1:1000; Thermo Fisher Scientific) mixed with the DNA dye Hoechst 33258 (1:5000;
AnaSpec). Fluorescence measurements were done (excitation = 555 nm; emission = 580
nm for Alexa Fluor and excitation = 350 nm and emission = 461 nm for Hoechst 33258)
and virus-infected cells identified and counted using a high-content quantitative imaging
platform Cytation 7. The infected cell counts were then used to calculate infectious virus
titer (expressed as logyg infectious units/milliliter, 1U/mL).
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Measurement of NA activity

Effect of NA mutations on enzyme activity was assessed using Cytation 7 (see above)
according to the following procedure. Recombinant viruses were two-fold serially diluted
in VGM lacking TPCK-trypsin in 96-well microplates (Agilent) followed by addition of
MDCK-SIAT1 cells in suspension. Microplates were then incubated for 20 h at 37° C
with 5% CO». The infected cell monolayers were used to assess NA enzyme activity per
virus-infected cell.

First, to measure the enzyme activity of NA molecules expressed on the surface of virus-
infected cells, supernatants were removed and 50 pL of 200 uM MUNANA substrate were
added to each well on top of the cell monolayer. After 1h incubation at 37°C, the liquid
from each well was transferred into a different 96-well clear bottom microplate (NA activity
microplate, Thermo Fisher Scientific) followed by addition of 50 uL of stop solution.
Fluorescence produced by 4-MU was read using Cytation 7 (excitation = 360 nm; emission
=460 nm). NA enzyme activity was expressed as relative fluorescence unit (RFU).

The same microplates with the infected cell monolayers were also used to count virus-
infected cells and to assess the viral protein synthesis. Cell monolayers were fixed and
processed as described in section 2.6 by immuno-staining with anti-NP antibody (primary),
followed by staining with the secondary conjugated anti-1gG antibody, and the DNA dye.
Immuno-stained cells were digitally imaged using Cytation 7 to identify and count virus-
infected cells (overlapped DNA and NP staining). In addition, Cytation 7 was used to
quantify NP protein in individual virus-infected cells. Wells containing virus-infected cells
in a range from 500 to 3000 and showing a similar quantity of NP protein were used to
calculate NA activity per infected cell (expressed as RFU per cell).

3. Results

3.1. Selection of H3 HA donor with weak hemagglutination activity

3.2.

To study N2 NA-mediated binding, we used a PR8-based RG approach. First, we sought

to identify a donor of H3 HA with inherently weak hemagglutination activity. To this end,
three recombinant A (H3N1) viruses were generated that contained HAs from the three
main subclades (3C.2a, 3C.3a, and 3C.3b) circulating in 2013-2015 (Table S2). These
A(H3NZ1) viruses were examined for their ability to agglutinate turkey and guinea pig RBCs.
Only the recombinant virus with HA from A/Alaska/140/2015, belonging to clade 3C.2a,
displayed poor binding to RBCs tested despite having the highest infectivity titer (Table S2).
Therefore, A/Alaska/140/2015 was chosen to be the HA donor for all recombinant A(H3N2)
viruses generated in subsequent experiments.

Role of residue 150 in NA-mediated hemagglutination activity

To assess the role of NA residue 150 in agglutination of RBCs, we generated recombinant
A(H3NZ2) viruses containing the NAs of A/Myoming/3/2003 (WY/03) and A/New
York/07/2010 (NY/10). These NAs were chosen because their deduced amino acid
sequences match those of viruses used to demonstrate the role of H150R in NA-binding
(Mogling et al., 2017) (Table S1). Based on that study, introduction of H150R in WY/03-NA
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should have led to NA-mediated hemagglutination, and yet this was not observed (Table 1).
Moreover, NY/10-NA with naturally occurring H150R also did not demonstrate detectable
hemagglutination. Meanwhile, introduction of T148l, used as a positive control for NA-
mediated binding, conferred hemagglutination when introduced in NAs of both WY/03 and
NY/10. Expectedly, hemagglutination by these viruses was not observed in the presence of
oseltamivir (Table 1).

To further examine the role of residue 150, we generated a panel of 10 recombinant viruses
with NAs displaying natural amino acid polymorphisms (C, H, L R, or S) at this position
(Table S1). Only the one recombinant virus containing NA of A/Victoria/361/2011 (V1/11-
NA) with R at 150 displayed hemagglutination (Table 2). Notably, hemagglutination activity
of this virus was not observed in the presence of oseltamivir, confirming NA-mediated
binding. However, R at 150 was not a determinant of NA-binding since the reversion to H
(R150H) had no effect on hemagglutination (Table 2). Moreover, NGS analysis of VI/11-NA
did not reveal substitutions at residue 148 or 151.

Role of residue 439 in NA-mediated hemagglutination activity

Comparison of NA sequences revealed that VI/11-NA differed in residues at positions 258,
329, and 439, none of which belong to the enzyme active site (Table S1). To identify

which residue is responsible for NA-binding, we sequentially introduced mutations at each
position. Neither K258E nor T329N affected NA-binding, however, R439T resulted in the
loss of hemagglutination (Tables 2 and 3). To confirm the role of T439R in NA-binding,

it was introduced into the NAs of A/Texas/50/2012 and A/Switzerland/9715293/2013. In
both genetic backgrounds, T439R conferred hemagglutination, which was abrogated by
oseltamivir (Table 3). Interestingly, NA-mediated binding was preserved when another basic,
positively charged amino acid lysine (K) was introduced at 439 in VI/11-NA, underscoring
the apparent significance of the side chain (Table 2).

T439 is a highly conserved residue (Yasuhara et al., 2022) and analysis of 63,871 sequences
from GISAID (1968-2022) showed that amino acid polymorphism at 439 was only seen in
11 other viruses (six A439, two 1439, one P439, and two S439) (Table S3). Replacement of
R with A or S at 439 in VI/11-NA abolished hemagglutination activity, while attempts to
rescue viruses with I or P at 439 were unsuccessful (Table 2). It is worth noting that apart
from the virus isolate used in our study, all other NA sequences of V1/11, a vaccine strain,
deposited in GISAID contain T at 439 (Table S4). Using pyrosequencing, we determined
that the virus isolate that was used as a donor of NA in this study contained a mixture of

R (85%) and T (15%) at 439 (Fig. S1). Therefore, we believe that R439 is a cell-selected
substitution that arose during the extended culturing of VI/11 in MDCK cells. Some NA
sequences of this virus show substitution associated with NA-binding (e.g., 151 D/G), but
such variants were not detected in our virus stock (Table S4).

3.4. Proportion of R439 variant population that confers NA-mediated hemagglutination

Next, we wanted to know at what proportion the presence of NA variants can manifest
NA-mediated hemagglutination. To this end, RG viruses with T439 and R439 in VI/11-
NA background were mixed, and the proportions of the mutant were determined using
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pyrosequencing and NGS analyses. These mixtures were then tested in hemagglutination
assays. Hemagglutination (=8 HAUSs) was observed when as little as 6-7% of R439 NA
variant was detected in the virus preparation.

Similarly, virus mixtures containing various proportions of T148 and 1148 were prepared
and tested. In this instance, 7-9% of the mutant 1148 was sufficient to observe
hemagglutination (8-16 HAUSs) (Table S5).

3.5. Effect of T439R on NA enzyme activity and drug susceptibility

Because the hydrogen bond (H-bond) formed between the two threonines at 148 and 439

is implicated in the rigidity of the 150-loop (Wu et al., 2013), substitutions at either

position should increase flexibility of the 150-loop, thereby producing a similar effect on
NA function (Fig. 1B). Using recombinant NA proteins, we previously showed that T148I
caused ~50% reduction in NA activity (Tamura et al., 2013). Therefore, we wanted to know
whether the substitution at T439 would also reduce NA enzyme activity. Indeed, the enzyme
activity of the recombinant virus with T439R in the VI/11-NA genetic background was
reduced by ~86% (Fig. 1A, Table S6). Introduction of A or S at position 439 produced

little or no effect, indicating the importance of the residue’s side chain. Similar to T439R,
T1481 was accompanied by ~53% reduction in enzyme activity. Both T1481 and T439R
substitutions conferred 5- to 14-fold reduced inhibition by zanamivir, while showing little
or no effect on inhibition by the other three NA inhibitors (Table 4). Therefore, both T148I
and T439R substitutions not only conferred NA-mediated binding, but also reduced NA
enzyme activity and weakened interaction with zanamivir (Fig. 1A, Table 4). Conversely,
substitutions at position 150 neither induced agglutination (Table S1) nor affected inhibition
by zanamivir (Table 4). Although R150H and R150S substitutions did not affect enzyme
activity of VI1/11 NA, the later change reduced it by ~47% when introduced into the NA of
A/Darwin/06/2021, a recent vaccine strain (Fig. 1A, Tables S6-S7).

3.6. Role of residue 136 in NA-mediated hemagglutination

Substitution of the conserved glutamine (Q) at position 136 with K or R has been reported
in MDCK-grown A(H3N2) viruses (Little et al., 2015; Okomo-Adhiambo et al., 2014). Like
the T148-T439 interaction, the H-bond between Q136 and H150 was also implicated in the
rigidity of the 150-loop (Wu et al., 2013) (Fig. 1B). This prompted us to investigate whether
substitution at residue 136 can also promote NA-mediated hemagglutination. Indeed,
introduction of Q136K resulted in efficient agglutination of RBCs that was prevented by
oseltamivir (Table 4). Furthermore, NA-mediated hemagglutination was also observed when
Q136K was introduced into the NAs of two other viruses, indicating that this observed
property was not strain-specific (Table 3). These results show for the first time that Q136K
can independently promote NA-mediated hemagglutination. Moreover, as with T1481 and
T439R, introduction of Q136K decreased enzyme activity by ~48% and resulted in 173-
fold reduced inhibition by zanamivir; 8- to 40-fold reduced inhibition by peramivir and
laninamivir was also observed (Fig. 1 and Table 3).
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4. Discussion

Observations made in this study provide new insights into molecular determinants
responsible for altering the functional activities of NA. It is known that propagation of
influenza A(H3N2) viruses in laboratory cell cultures can lead to mutations that allow NA to
play the non-classical role of a receptor-binding protein, a function typically associated with
HA. NA-mediated attachment to cell receptors is needed to achieve optimal virus replication
when HA exhibits weak binding, but it consequently results in lower enzyme activity.
Unlike what is found in nature, strong NA activity is not required for viruses propagated

in MDCK cells, as this laboratory cell line does not produce mucins that would entrap

virus particles with a defective enzyme. Therefore, MDCK cells provide an environment
that is permissive to the re-distribution of the receptor-binding function between HA and
NA. Several studies have revealed that D151G and T148I confer NA-binding (Brown et al.,
2020; Lin et al., 2010; Mohr et al., 2015; Tamura et al., 2013). D151 is a catalytic residue
that directly participates in the cleavage of the substrate (Colman et al., 1983). Zhu et al.
(2012a) showed that D151G increases sialic acid binding affinity while decreasing catalytic
activity of NA. Here we discovered two new determinants, Q136K and T439R, that are also
responsible for NA-mediated hemagglutination. The effect of Q136K on enzyme activity
and antiviral susceptibility was previously reported (Dapat et al., 2010; Little et al., 2015;
Okomo-Adhiambo et al., 2014), but no association was made with respect to NA-dependent
hemagglutination.

Other than D151G, the exact mechanisms by which the identified substitutions at other
residues lead to receptor-binding remain unknown. NA-mediated hemagglutination can be
prevented by NA inhibitors, indicating the involvement of the enzyme active site (Mohr

et al., 2015). The NA catalytic and receptor-binding sites overlap, but are not the same,
since different concentrations of NA inhibitor is needed to affect enzyme activity and
binding (Mohr et al., 2015). Like D151, T148 belongs to the 150-loop adjacent to the
catalytic site. The conformation of this loop is implicated in forming the 150-cavity, a
target for structure-based drug design (reviewed in Grienke et al., 2012). It was reported
that T148 contributes to the rigidity of the 150-loop by making an H-bond with T439

(Wu et al., 2013), which belongs to the neighboring 430-loop (Amaro et al., 2007; Zhu
etal., 2012b). Amaro et al. (2007) also described how the coordinated movements of the
150-and 430-loops can significantly expand the cavity of the active site. In addition to T148
and T439, Q136 also contributes to the rigidity of the 150-loop by participating in the
network of interactions with nearby amino acids (Wu et al., 2013). All three NA-binding
determinants examined in this study, Q136K, T148I, and T439R, reduced NA enzyme
activity and inhibition by zanamivir. Therefore, it is tempting to assume that each of these
substitutions can independently increase the flexibility of the 150-loop, thereby allowing
for structural changes (e.g., formation of 150-cavity that expands the enzyme active site)
resulting in the dual NA functionality.

Residue 150, which is non-catalytic, is located on the edge of the active site (Russell et
al., 2006; Wu et al., 2013). Because it is flanked by 148 and 151, it was reasonable to
suspect that 150 could also play a role in NA-mediated hemagglutination (Mogling et al.,
2017). However, our introduction of H150R into different backgrounds did not lead to
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NA-binding. Moreover, our data showed that other substitutions at 150 that are found in
recently circulating viruses, including vaccine strains (e.g., S150 in A/Darwin/9/2021), also
did not confer NA-binding. The misidentification of H150R as an NA-binding determinant
most likely stemmed from the use of Sanger sequence analysis, which lacks the necessary
sensitivity to detect minor virus populations. Indeed, we and others (Mohr et al., 2015)
show that a minor population of T1481 (<10%) was sufficient to produce hemagglutination
titers. In this study we also showed that 6-12% of T439R was sufficient to agglutinate
RBCs. Hence, our findings underscore the importance of sequence confirmation after virus
culturing, preferably using deep sequencing methods.

Brown et al. (2020) showed that A(H3N2) viruses that acquire NA-binding mutations T148I
or D151G revert to wild-type after a single passage in human airway epithelial cells,

a mucin-rich environment where NA activity is needed to prevent entrapment of virus
particles. In our study, we did not assess replicative fitness of NA-binding mutants with
Q136K and T439R in human airway epithelial cells. However, it is likely that their fitness
would also be compromised due to reduced NA enzyme activity. Importantly, NA-binding
mutants encoding these substitutions (Q136K, T148, D151G, and T439R) are very rare in
original human specimens but are found in MDCK cell-propagated viruses (Dapat et al.,
2010; Mohr et al., 2015; Tamura et al., 2013; this study).

Apart from A(H3N2) viruses, cell-selected NA variants can also emerge during propagation
of A(H1N1) and type B viruses (Brown et al., 2022; Hurt et al., 2016; McKimm-Breschkin
et al., 2003; Okomo-Adhiambo et al., 2010a), including those implicated in NA-binding
(Hooper and Bloom, 2013). Virus propagation in genetically modified MDCK cell lines has
been shown to help mitigate the selection of cell culture-associated NA mutations (Oh et al.,
2008; Takada et al., 2019; Tamura et al., 2013) and thus, are preferred for virus isolation and
propagation. Alternatively, it was demonstrated that human airway epithelial cells can select
against NA-binding variants, thereby reverting the virus population to wild-type (Brown et
al., 2020). Additional studies, using molecular dynamics and other approaches, are needed
to elucidate the precise mechanisms by which the NA substitutions described here are able
to promote NA-binding. Observations made in this study may provide information that could
be used for structure-based design of new or improved NA-targeting antivirals.
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Fig. 1.
(A) Effect of NA substitutions on enzyme activity of recombinant PR8-based A(H3N2)

viruses (see Table 1 footnote) containing the A/Victoria/361/2011 NA. The wild-type NA

contains Q136, T148, R150, and T439 residues. Measurement of NA enzyme activity was
performed in three independent experiments in three replicates. Differences in NA activity
(presented as the percentage relative to wild-type) were compared using ordinary one-way
analysis of variance, followed by Dunnett’s multiple comparison post hoc tests (GraphPad
Prism v9). ****p < 0.0001, relative to wild-type. (B) The N2 NA monomer was visualized
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in a ribbon representation based on the structural information of the A/Tanzania/205/2010
(H3N2) NA protein (PDB ID: 4GZX) using PyMOL software. The residues examined in
this study (136,148,150, and 439) are underlined and shown in stick representation. The
following catalytic residues R118, D151, R152, R292, and R371 are shown. The residues
located in the 150-loop and 430-loop are shown in green and orange, respectively.
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