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A B S T R A C T

Avian A(H7N9) infections in humans have been reported in China since 2013 and are of public health concern
due to their severity and pandemic potential. Oseltamivir and peramivir are neuraminidase inhibitors (NAIs)
routinely used for the treatment of A(H7N9) infections, but variants with reduced sensitivity to these drugs can
emerge in patients during treatment. Zanamivir and laninamivir are NAIs that are used less frequently. Herein,
we performed in vitro serial passaging experiments with recombinant viruses, containing the neuraminidase (NA)
from influenza A/Anhui/1/13 (H7N9) virus, in the presence of each NAI, to determine whether variants with
reduced sensitivity would emerge. NA substitutions were characterized for their effect on the NA enzymatic
activity and surface expression of the A/Anhui/1/13 (Anhui/1) NA, as well as NAs originating from con-
temporary A(H7N9) viruses of the Yangtze River Delta and Pearl River Delta lineages. In vitro passage in the
presence of oseltamivir, peramivir and laninamivir selected for substitutions associated with reduced sensitivity
(E119D, R292K and R152K), whereas passage in the presence of zanamivir did not select for any viruses with
reduced sensitivity. All the NA substitutions significantly reduced activity, but not the expression of the Anhui/1
NA. In contemporary N9 NAs, all substitutions tested significantly reduced NA enzyme function in the Yangtze
River lineage background, but not in the Pearl River Delta lineage background. Overall, these findings suggest
that zanamivir may be less likely than the other NAIs to select for resistance in A(H7N9) viruses and that the
impact of substitutions that reduce NAI susceptibility or enzyme function may be less in A(H7N9) viruses from
the Pearl River lineage.

1. Introduction

On March 31st, 2013, China alerted global public health officials of
three human cases of infection with avian influenza A(H7N9) viruses
originating from poultry (CDC, 2013). Since then there have been six
annual epidemic waves of A(H7N9) human infections, with the fifth
wave (2016–2017) characterized by increased genetic divergence
amongst the viruses, leading to their separation into two antigenically
distinct lineages - the Pearl River Delta and the Yangtze River Delta
lineages and the emergence of highly-pathogenic (HPAI) A(H7N9)
viruses (Imai et al., 2017; Zhang et al., 2015; Zhu et al., 2017). Only a
small number of human infections with an HPAI A(H7N9) virus has
been reported and while disease severity progressed rapidly in these

patients, a comparison of the clinical impact of HPAI A(H7N9) virus
infections compared to those with a LPAI A(H7N9) virus is limited due
to the small sample size (Zhou et al., 2017b; Zhu et al., 2017). Influenza
A(H7N9) infections in humans have been characterized by acute re-
spiratory disease symptoms leading to pneumonia in 88% of the cases
from the first four waves and a 36% case-fatality rate (Gao et al., 2013b;
Iuliano et al., 2017). Most A(H7N9) infections result from close contact
with poultry and while limited human-to-human transmission has been
reported, there is no evidence to date of sustained transmission of the
virus between humans (Li et al., 2014b; Xie et al., 2017; Zhou et al.,
2017a).

Specific influenza A(H7N9) vaccines are not widely available for use
in humans, although some countries are preparing stockpiles for
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pandemic preparedness (Isakova-Sivak and Rudenko, 2017). In the
absence of an A(H7N9) vaccine, antivirals play an important role in the
treatment of infected individuals and prophylaxis of healthcare workers
in close contact with infected cases. Although two classes of influenza
antivirals, the M2 ion channel inhibitors (adamantanes) and the neur-
aminidase inhibitors (NAIs), are widely available in China and other
parts of the world, the S31N substitution in the M2 protein of all
A(H7N9) viruses reported to date means that the adamantanes are not
effective (Cao et al., 2014; Dong et al., 2015). Of the three NAIs that are
licensed in China (oseltamivir, peramivir and zanamivir), most
A(H7N9) infected patients are treated with either oseltamivir and/or
peramivir (ChinaBioToday, 2013; Gao et al., 2013a; Kuehn, 2013; Li
et al., 2014a; Xie et al., 2017). A small number of A(H7N9) patients
have been treated with intravenous zanamivir (Ho et al., 2014; Yang
et al., 2015), but laninamivir, now the most widely used NAI in Japan
for the treatment of seasonal influenza, is not yet licensed in China and
therefore has not been used as a treatment of A(H7N9) infection
(Zaraket and Saito, 2016).

Although NAI treatment has been shown to result in clinical benefit
in A(H7N9) patients (Hu et al., 2013b), the propensity for oseltamivir
or peramivir treatment to select for A(H7N9) viruses with reduced
sensitivity to NAIs, especially in severely ill patients requiring pro-
longed dosing, was identified early in the first wave of infections (Dong
et al., 2018; Hai et al., 2013; Hu et al., 2013a; Ke et al., 2017; Lin et al.,
2014; Yen et al., 2013). The most commonly selected variant viruses
contained the NA amino acid substitution R292K (N2 numbering will
be used throughout), which resulted in highly reduced inhibition by
oseltamivir and peramivir, and mildly reduced inhibition by zanamivir
(Dong et al., 2018; Hai et al., 2013; Hu et al., 2013a; Ke et al., 2017; Lin
et al., 2014; Yen et al., 2013). Viruses bearing other NA substitutions
(e.g. H274Y, E119V, I222K or I222R) have also been detected in
A(H7N9) patients following oseltamivir or peramivir treatment and
have been shown to reduce NAI susceptibility (Dong et al., 2018; Hai
et al., 2013; Hu et al., 2013a; Li et al., 2014a).

Zanamivir and laninamivir share a greater structural similarity to
sialic acid, the natural substrate of NA, than oseltamivir and peramivir
(Ferraris and Lina, 2008; Gubareva, 2004). This similarity is hypothe-
sized to be the reason that fewer zanamivir- or laninamivir-resistant
seasonal influenza viruses are detected, compared to oseltamivir- or
peramivir-resistant viruses (Gubareva et al., 2017a; Hurt et al., 2016;
Meijer et al., 2014; Takashita et al., 2015). However, given the limited
clinical experience with the use of zanamivir or laninamivir to treat
A(H7N9) virus infections, it is not known whether they are also less
likely to select for resistance in A(H7N9) viruses compared to oselta-
mivir or peramivir. We conducted serial passage of recombinant viruses
containing the NA of A/Anhui/1/13 (H7N9) virus in the presence of
increasing concentrations of each NAI, with the aim of determining the
propensity of different NAIs to select for variants with reduced NAI
sensitivity.

It is known that amino acid substitutions that reduce NAI sensitivity
can also reduce viral fitness (Ferraris and Lina, 2008), and therefore for
each amino acid substitution that altered NAI sensitivity, we further
evaluated its impact on NA enzyme function. Since it is also known that
NA substitutions can have a differential impact on enzyme function in
different NA backgrounds (Bloom et al., 2010; Farrukee et al., 2015;
Ferraris and Lina, 2008), the effect of specific substitutions was eval-
uated in the N9 NA derived from A/Anhui/1/2013 virus, as well as NAs
derived from recent A(H7N9) viruses of the Yangtze River and Pearl
River Delta lineages.

2. Materials and method

2.1. Cells

293T human embryonic kidney (HEK) cells and Madin-Darby canine
kidney (MDCK) cells were grown in Dulbecco's Modified Eagle Medium

(Gibco™, US) supplemented with 10% (v/v) fetal bovine serum (JRH
Biosciences, US), 2 mM L-glutamine (SAFC Biosciences, US), 200 U/mL
penicillin (Sigma-Aldrich, US), 200 μg/mL streptomycin (Sigma-
Aldrich), 0.02M HEPES (SAFC Biosciences) and 2mg/L Amphotericin B
(Fungizone) (Sigma Aldrich), and at 37 °C with 5% CO2.

2.2. Generation of reverse genetic viruses and serial passaging

Viral RNA was extracted from stocks of the A/Anhui/1/2013
(Anhui/1) virus, kindly provided by the Chinese Center for Disease
Control and Prevention. The NA gene for the Anhui/1 virus was am-
plified using the SuperScript® One-Step RT-PCR System for Long
Templates kit (Life Technologies, US), using primers described in
Hoffmann et al. (2001). The amplified NA was then incorporated into
the pHW2000 reverse genetics (rg) plasmid (kindly provided by Dr.
Richard Webby, St Jude Children's Research Hospital, Memphis, USA).
The Anhui/1 NA plasmid was transfected together with seven
pHW2000 plasmids containing the remaining influenza segments (PB2,
PB1, PA, NP, HA, M, NS) derived from either A/PR/8/34 (PR8) or A/
WSN/33 (WSN) virus, into co-cultures of 293T and MDCK cells, as
described previously (Hoffmann et al., 2000). The resulting viruses
were designated N9+PR8 and N9+WSN respectively.

Serial passaging of the recombinant viruses was performed in the
presence of oseltamivir carboxylate, zanamivir, laninamivir or per-
amivir (Carbosynth, UK). MDCK cells were grown to confluence in T-25
flasks and infected with a low multiplicity of infection (MOI) of 0.01, as
previously described (Hurt et al., 2010). Viruses were passaged ten
times in MDCK cells in NAI concentrations that increased five-fold at
each passage (such that the concentration ranged from 1 nM to
1953 μM across 10 passages). As a control, viruses were passaged in
parallel in the absence of drug. Viral RNA was extracted from the su-
pernatant after each passage using the QIAamp viral RNA mini kit and
the NA and the haemagglutinin (HA) gene were sequenced as described
previously (Hurt et al., 2010).

2.3. Clonal analysis of viral mixtures

A triple substitution was observed in a reverse genetics virus after
the final passage, and to further investigate this, the NA gene was
amplified from viral RNA using the SuperScript® One-Step RT-PCR
System for Long Templates kit (Life Technologies, US). The resulting
PCR product was cloned into the pCR-Blunt II-TOPO vector utilising the
Zero Blunt™ TOPO™ PCR Cloning Kit (Invitrogen, US) and transformed
into One Shot™ TOP10 Chemically Competent E. coli cells (Invitrogen,
US). The following day, 104 individual clones were randomly picked
from the agar plates and further analysed by sequencing.

2.4. Mutagenesis and NAI susceptibility on expressed NA proteins

To evaluate the effect of each NA amino acid substitution on NAI
susceptibility, wild-type and variant NA proteins were expressed in cell-
culture and NAI susceptibility assays were performed.

The Anhui/1 NA gene was cloned into an expression plasmid with a
V5 epitope tag. The plasmid, kindly provided by Dr. Jesse Bloom (Fred
Hutchinson Cancer Research Center, Washington, USA) consists of a
CMV promoter, 5′ EcoR1/3′Not I cloning sites, followed by an internal
ribosome entry site (IRES) and expresses the green fluorescence protein
(eGFP). Previous studies have established that an epitope tag at the end
of the NA gene does not affect protein expression (Bloom et al., 2010,
2011). For the purposes of our studies, the plasmid was modified by
replacing the EcoR1 restriction site with an EcoRV restriction site.

Site-directed mutagenesis was performed with the GeneArt Site-
Directed mutagenesis kit (Thermofisher Scientific) and custom designed
primers were used to introduce point mutations into the cloned Anhui/
1 NA gene. The NA genes from a Yangtze River Delta lineage (HPAI A/
Taiwan/1/2017 (GISAID ID: EPI_ISL_248778)) and a Pearl River Delta
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lineage (LPAI A/Hong Kong/214/2017 (GISAID ID: EPI_ISL_242275))
virus were synthesized by Bioneer Ltd. (Melbourne, Australia). These
genes were also incorporated into the expression plasmid and sub-
stitutions of interest inserted by site-directed mutagenesis. As the
Yangtze-NA (A/Taiwan/1/17) naturally contained the R292K sub-
stitution which is known to alter NAI susceptibility, this substitution
was removed prior to site-directed mutagenesis.

The NA proteins were then expressed by transfection of 293T cells
as described previously (Bloom, 2014; Bloom et al., 2010, 2011; Butler
et al., 2014; Farrukee et al., 2018). The cells were trypsinized 20-h post
transfection and re-suspended in an assay buffer consisting of 15mM
MOPS, 145mM sodium chloride, 2.7 mM potassium chloride, and
4.0 mM calcium chloride, adjusted to pH 7.4. Immediately before use,
the assay buffer was supplemented with 2% heat-inactivated fetal bo-
vine serum. The 293T cells, now expressing variant NA proteins, were
then used in an in an NA inhibition assay performed with a fluorometric
MUNANA (2-(4-methylumbelliferyl)-a-d-N-acetylneuraminic acid)-
substrate as per standard protocol with viruses (Hurt et al., 2012), using
oseltamivir carboxylate (oseltamivir), zanamivir, peramivir, and lani-
namivir to determine IC50 values (50% inhibitory concentration). Each
assay was carried out in at least three separate replicates; however
when required up to six separate replicates were done. The difference in
NAI susceptibility of variants from WT was evaluated for significance
using an unpaired two-tailed students t-test.

2.5. Neuraminidase surface expression and activity in different N9
backgrounds

Measurement of cell-surface NA expression and activity was also
performed by transfecting 293T cells with an expression plasmid for
20 h as described in the previous section. Post-transfection, the cells
were harvested, counted and assessed for NA activity and cell-surface
expression. The NA enzyme activity on the cell surface was measured
using a modified MUNANA-based assay (Bloom et al., 2011). The cell
surface expression of the NA enzyme was measured by staining the cells
with an Anti-V5 Alexaflour 647 antibody (Thermofisher, Australia) and
staining intensity was determined using flow cytometry with gating on
APC and FITC channels (Bloom et al., 2011). The GFP signal was used
to control for transfection efficiency and the NA activity results were
normalized to total surface expression. Three independent experiments
were performed to assess NA expression and activity, where each var-
iant NA was tested in triplicate. GraphPad Prism v.6 was used for two-
way ANOVA analysis with Bonferroni's post-hoc analysis for between-
group comparisons on the corrected fluorescence intensity (for NA ac-
tivity) or APC staining intensity (for NA expression) between variant
and wild-type NAs.

3. Results

3.1. Serial passage of reassortant N9 viruses in the presence of NAI

Reassortant viruses containing the NA gene of the Anhui/1 virus
(N9+PR8 and N9+WSN) were passaged in the presence of increasing
concentrations of zanamivir, oseltamivir, peramivir or laninamivir. In
the absence of NAI pressure, the viruses were stable with no HA or NA
amino acid substitutions arising following 10 passages (Table 1).

The R292K NA substitution was observed in a mixed population (as
determined by double peaks in sequence chromatogram) in the
N9+PR8 virus after the 10th passage (P10) in the presence of oselta-
mivir (1953 μM), but no substitutions were detected in the N9+WSN
virus passaged under the same conditions (Table 1). A combination of
substitutions R292K, P331S and E119D were observed at P10
(1953 μM) in the N9+WSN virus after passaging in the presence of
peramivir. To further evaluate if the triple substitutions R292K, P331S
and E119D arose in combinations with each other in a single virus, the
extracted viral RNA was cloned and 104 colonies were sequenced. The

results show that the incidence of R292K + P331S + E119D (n = 1),
R292K + E119D (n = 7), E119D + P331S (n = 7) and
R292K + P331S (n = 3) in a single virus was lower than the frequency
of single substitutions (n = 12–29) (Supplementary Table 1).

The R152K substitution was observed in a mixed population after P6
(3125 nM) in the N9+PR8 virus passaged in peramivir. Laninamivir
also selected for the R152K substitution in the N9+PR8 virus from P8
(78 μM) onwards, but this NAI did not select for any substitutions in the
N9+WSN virus. No NA substitutions were detected in the N9+WSN
virus following passage in zanamivir, but passage of N9+PR8 virus in
zanamivir resulted in the detection of an R387K substitution as a mixed
population at P3 (25 nM) that became fixed after P8 (78 μM).

HA amino acid substitutions were also seen in some of the re-
combinant viruses (Table 1).

3.2. NAI sensitivity, NA activity and surface expression of Anhui/1 N9
variants

The impact of each substitution observed in the Anhui/1 NA on NAI
susceptibility was further investigated in an IC50 assay using expressed
NA proteins. Substitution R292K in NA, which was selected in vitro
following passage in the presence of oseltamivir or peramivir, led to
significant susceptibility changes, with a>1000-fold increase in osel-
tamivir and peramivir IC50 and a 41-fold & 21-fold increase in zana-
mivir and laninamivir IC50 respectively, compared to wild-type (WT)
NA (Table 2). The E119D substitution, which was selected in the pre-
sence of peramivir, significantly increased zanamivir (412-fold), per-
amivir (222-fold), laninamivir (170-fold) and oseltamivir (4-fold)IC50

values. The R152K substitution, selected by passage in both peramivir
and laninamivir, was associated with a 22-fold increase in laninamivir
IC50 and 5-fold increase in zanamivir IC50, which was significant. The
R125K substitutions also increased peramivir IC50 by 8-fold, but this
was not significant. The R387K and P331S substitutions are distant
from the NA active site (Figure S1) and were both shown to not affect
NAI susceptibility (Table 2).

To further understand the impact of each NA substitution on the
enzymatic properties of the Anhui/1 NA protein, we used an in vitro
plasmid expression assay in 293T cells. Compared to the WT NA, all NA
substitutions examined were associated with significantly reduced NA
activity, with the substitutions R292K and E119D reducing enzymatic
activity by the greatest amount (> 90% relative to WT NA) (Fig. 1).
Compared to WT, the R387K, R152K and P331S NA substitutions re-
duced NA activity by 38%, 56% and 73%, respectively. The E119D,
R387K and P331S substitutions also significantly reduced relative NA
expression.

3.3. Evaluation of relevant NA amino acid substitutions in contemporary
N9 NAs

To determine if the findings observed in the Anhui/1 NA would
extend to NAs from contemporary A(H7N9) viruses, we introduced the
three NA substitutions that altered NAI susceptibility (E119D, R292K
and R152K) into the NA from a Yangtze River Delta lineage (Yangtze)
virus and a Pearl River Delta lineage (Pearl) virus. A phylogenetic tree
showing the evolutionary relationship between these viruses is visua-
lized in figure S2.

The effect of these substitutions on NAI susceptibility was measured
in the Yangzte-NA and Pearl-NA background. The results in Table 2
show that in the Pearl-NA background, similar to the Anhui/1 NA
background, R292K leads to a greater than 1000-fold increase in osel-
tamivir and peramivir IC50, and the E119D substitution conferred the
greatest changes to zanamivir (752-fold) and peramivir (499-fold) IC50.
Similarly, the R152K substitution lead to significant increases in zana-
mivir (8-fold) and laninamivir (32-fold) IC50s. The effect of the E119D
substitution in the Yangzte-NA background could not be measured due
to low NA activity. The IC50 changes in the Yangtze-NA background due
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to the R292K and R152K substitution followed similar trends to those
observed in Anhui/1 NA and Pearl-NA, although the fold increase in
laninamivir IC50 due to R152K was somewhat lower (5-fold as opposed
to 22 or 32-fold).

In the context of NA enzymatic activity, the three NA substitutions
in the Yangtze-NA had a similar impact to those observed in the Anhui/
1 NA. Comparatively, in the Pearl-NA, substitutions E119D or R292K
showed lower reductions in NA activity and the R152K substitution had
a higher NA activity compared to the WT (Fig. 2). The E119D sub-
stitution caused significantly reduced NA expression in both the Pearl
and Yangtze-NA backgrounds, as it did in the Anhui/1 NA, but the
R292K and R152K substitutions only caused a significant reduction in
NA expression in the Yangtze-NA, and not in the Pearl-NA background.

Of note, the WT Yangtze-NA had 1.6-fold higher activity and 2.1-fold
higher expression than the WT Pearl-NA (data not shown).

In addition to the three NA substitutions detected in this study that
altered NAI susceptibility, we evaluated a further five other NA sub-
stitutions from A(H7N9) viruses that have previously been reported to
alter NAI susceptibility (E119V, I222T, I222R, I222K, and H274Y)
(Dong et al., 2018; Kiso et al., 2017; Marjuki et al., 2015a, 2015b)
(Supplementary Figure 1). The impact of these substitutions on redu-
cing NAI susceptibility was further confirmed in this study (Table 2). As
expected all substitutions tested led to significant increases in IC50 va-
lues to at least one NAI tested, in both N9 backgrounds.

All substitutions significantly reduced relative NA activity in the
Yangtze-NA background but only E119D, R292K and H274Y

Table 1
Summary of NA substitution arising after serial passaging of N9 reassortant viruses in increasing NAI drug concentrations.

Passage no. Drug Conc. Zanamivir Oseltamivir Peramivir Laninamivir No Drug

N9+WSN N9+PR8 N9+WSN N9+PR8 N9+WSN N9+PR8 N9+WSN N9+PR8 N9+WSN N9+PR8

1 1 nM – – – – – – – – – –
2 5 nM – – – – – – – – – –
3 25 nM – R387 R/K – – – – – – – –
4 125 nM – R387 R/K – – – – – – – –
5 625 nM – R387 R/K – – – – – – – –
6 3125 nM – R387 R/K – – – R152 R/K – – – –
7 16 μM – R387 R/K - b -a -c R152 R/K -c – – –
8 78 μM – R387Ka - b -a -c R152K -c R152 R/K – –
9 391 μM – R387Ka - b -a -c R152K -c R152K – –
10 1953 μM – R387Ka - b R292 R/Ka E119E/Dc

R292 R/K
P331 P/S

R152 R/K -c R152 R/K – –

“–” No substitution in NA observed.
a HA substitution A240T was observed, HA numbering starting from first methionine.
b HA substitution S151L was observed, HA numbering starting from first methionine.
c HA substitution S185G was observed, HA numbering starting from first methionine.

Table 2
Summary of changes in NAI susceptibility due to substitutions in different N9 backgrounds.

Mean IC50 (nM)± SD (fold-difference)#

NA substitution Zanamivir Oseltamivir Peramivir laninamivir
Anhui/1 NA
WT 1.4 ± 0.8 0.7 ± 0.3 0.1 ± 0.0 0.9 ± 0.2
E119D 578.8 ± 299.7 (412)* 3.1 ± 2.1 (4)* 22.2 ± 10.2 (222)* 152.9 ± 85.9 (170)*
R292K 58.1 ± 29.7 (41)* 16934.4 ± 7605 (24191)* 161.3 ± 47.9 (1613)* 18.8 ± 6.6 (21)*
R152K 6.6 ± 1.3 (5)* 0.4 ± 0.2 (1) 0.8 ± 0.4 (8) 20.2 ± 7.3 (22)*
P331S 1.3 ± 1.0 (1) 0.3 ± 0.2 (1) 0.3 ± 0.3 (3) 0.9 ± 0.2 (1)
R387K 1.3 ± 0.7 (1) 0.4 ± 0.2 (1) 0.4 ± 0.5 (4) 0.7 ± 0.3 (1)
Pearl-NA
WT 0.7 ± 0.3 0.7 ± 0.4 0.1 ± 0.1 0.4 ± 0.2
E119D 526.5 ± 122.0 (752)* 8.1 ± 3.7 (12)* 49.9 ± 11.6 (499)* 103.1 ± 29.4 (258)*
R292K 50.0 ± 23.6 (71)* 13646.1 ± 4471.3 (19494)* 320.1 ± 98.8 (3201)* 16.0 ± 4.9 (40)*
R152K 5.2 ± 1.6 (8)* 0.8 ± 0.3 (1) 1.4 ± 1.1 (14)* 12.8 ± 5.3 (32)*
H274Y 2.4 ± 1.2 (3)* 42.8 ± 0.3 (61)* 1.8 ± 1.3 (18)* 2.3 ± 1.3 (6)*
I222T 4.9 ± 2.5 (7)* 13.3 ± 7.8 (19)* 1.2 ± 0.8 (12)* 3.2 ± 2.1 (8)*
I222R 6.3 ± 3.6 (9) 28.0 ± 8.1 (40)* 1.1 ± 0.4 (11)* 4.6 ± 1.7 (12)*
I222K 3.3 ± 1.1 (5)* 12.4 ± 6.4 (17)* 0.7 ± 0.4 (7) 3.7 ± 2.7 (9)
E119V 10.5 ± 4.7 (15)* 271.5 ± 33.5 (388)* 0.8 ± 0.4 (8)* 1.1 ± 0.6 (3)
Yangtze-NA
WT 1.3 ± 0.2 2.4 ± 0.87 0.2 ± 0.0 1.8 ± 0.1
E119D – – – –
R292K 47.2 ± 20.7 (36)* 8421.3 ± 1563.9 (3508)* 182.1 ± 35.7 (910)* 14.4 ± 5.9 (8)*
R152K 2.7 ± 0.5 (1) 0.9 ± 0.5 (0.4) 1.0 ± 0.7 (5) 8.6 ± 1.2 (5)*
H274Y 1.6 ± 0.3 (1) 140.1 ± 22.3 (58) * 2.2 ± 0.4 (11)* 2.2 ± 0.5 (1)
I222T – – – –
I222R – – – –
I222K 5.4 ± 1.8 (4.1)* 37.8 ± 12.2 (16)* 0.7 ± .02 (4)* 6.7 ± 2.1 (3.7)*
E119V 3.5 ± 1.8 (3) 324.4 ± 31.3 (135)* 0.5 ± 0.1 (3)* 1.6 ± 0.3 (1)

# All fold-differences are calculated based on IC50 wild-type values (first row).
* Indicates significant difference in IC50 value from WT.
‘-’ NA activity too low to measure IC50.
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significantly reduced relative NA activity in the Pearl-NA (Fig. 2). A
similar trend was seen in relative NA expression where, with the ex-
ception of H274Y, all substitutions reduced relative NA expression to a
greater extent in the Yangtze-NA background than in the Pearl-NA
background. The biggest difference was seen with the I222T substitu-
tion, which impaired enzyme function completely in the Yangtze-NA
background but only reduced NA activity and NA expression by 20% in
the Pearl-NA background.

4. Discussion

This study used reassortant viruses (containing the NA of the A/
Anhui/1/2013 A(H7N9) virus on a PR8 or WSN backbone) in serial
passaging experiments to identify amino acid substitutions that may
emerge under antiviral pressure with different NAIs. The impact of NA
amino acid substitutions (detected in our passaging experiments or
reported to impact NAI sensitivity in other studies) was evaluated for
their effect on NA activity and expression. The selection of the R292K
NA substitution under oseltamivir and peramivir pressure in vitro cor-
related with clinical observations, where A(H7N9) viruses with this NA
substitution have been detected in patients during treatment with
oseltamivir or peramivir (Dong et al., 2018; Hai et al., 2013; Hu et al.,

2013a; Ke et al., 2017; Lin et al., 2014; Yen et al., 2013). The N9 NA
from other avian influenza viruses (A/Tern/Australia/G70c/75 (H1N9)
or A/Duck/Memphis/546/1974 (H11N9)) has also previously been
shown to develop the R292K NA substitution following in vitro passage
in the presence of oseltamivir (Molla et al., 2002; Song et al., 2015).

In this study, serial passage in the presence of peramivir selected for
the E119D substitution in the N9+PR8 virus, which led to highly re-
duced inhibition by zanamivir, peramivir and laninamivir in all N9
backgrounds. Previous in vitro work on recombinant variant NA pro-
teins by Gubareva et al. has also shown E119D to confer highly reduced
inhibition by zanamivir, laninamivir and peramivir, with similar fold-
increases to our studies (Gubareva et al., 2017b). To our knowledge, the
E119D substitution in A(H7N9) viruses has not been reported in clinical
settings but an alternative substitution of E to V at position 119 has
been described, although this change only alters sensitivity to oselta-
mivir (Marjuki et al., 2015b). Our results also show that the R152K
substitution, which has been reported previously to arise in influenza B
viruses following zanamivir treatment (Gubareva et al., 1998), can
emerge in A(H7N9) viruses under peramivir or laninamivir pressure.
However, while this substitution leads to highly reduced zanamivir
inhibition (1000-fold) in influenza B viruses, the IC50 changes observed
in the N9 viruses were less drastic, a finding in accordance with a

Fig. 1. Relative cell-surface NA activity and ex-
pression following introduction of NA substitu-
tions observed during serial passaging of re-
assortant viruses expressing the Anhui/1 NA in
vitro. The Anhui/1 NA gene with substitutions was
cloned into an expression plasmid and transfected
into 293T cells. 20 h post-transfection cells expres-
sing NA proteins were harvested and measured for
cell-surface NA enzymatic activity (fluorescence-
based) and NA expression (FACS). Three in-
dependent experiments were performed, where each
variant NA was tested in triplicate. Two-way ANOVA
analysis with Bonferroni's post-hoc analysis was
performed for comparison of the corrected fluores-
cence intensity (for NA activity) or the APC staining
intensity (for NA expression) between the variant
and wild-type NAs. *p < 0.05, **p < 0.01,
***p < 0.001.

Fig. 2. Changes in relative cell-surface NA ac-
tivity and expression due to substitutions in the
Yangtze-NA and Pearl-NA background. NA genes
were synthesized, mutated and cloned into an ex-
pression plasmid for NA expression and activity
analysis. Three independent experiments were done
to assess NA expression and activity, where each
variant NA was tested in triplicate. We examined NA
substitutions detected following serial passage of
reassortant viruses in the presence of different NAIs
(white background), as well as substitutions reported
in other studies (grey background). Two-way
ANOVA analysis with Bonferroni's post-hoc analysis
was performed for comparisons of the corrected
fluorescence intensity (for NA activity) or the APC
staining intensity (for NA expression) between the
variant and wild-type NAs. *p < 0.05, **p < 0.01,
***p < 0.001.
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previous study (Gubareva et al., 2017a), confirming that the effect of a
NA substitution on NAI susceptibility may vary depending on virus type
or subtype (Abed et al., 2006; Farrukee et al., 2015).

In this study a triple substitution of R292K, E119D and P331S was
initially observed in the in N9+WSN virus after 10 passages in the
presence of peramivir. This raised the possibility that P331S may be
compensatory for R292K or E119D. However further analysis showed
that the E119D and R292K substitutions occurred more frequently as
single substitutions as opposed to double or triple substitution combi-
nations in this virus. This information alongside the observation that
P331S significantly reduced NA activity and expression compared to
wild-type, suggests to us that P331S is unlikely to be compensatory.

It was of interest that no amino acid substitutions associated with
reduced inhibition were observed in the N9 NA following passage in the
presence of zanamivir. This may indicate that selection of A(H7N9)
NAI-resistant variants following zanamivir treatment is less likely in a
clinical setting than with oseltamivir or peramivir. Zanamivir resistance
is less commonly observed in seasonal influenza viruses than oselta-
mivir resistance, and this is thought to be because of its closer structural
similarity with sialic acid when compared to oseltamivir (Gubareva
et al., 2017a; Hurt et al., 2016; Itzstein et al., 1993; Meijer et al., 2014;
Takashita et al., 2015), but may also be associated with less use of the
drug to treat influenza infections in general.

This study also showed that the in Anhui/1 NA, the R292K sub-
stitution significantly reduced NA activity relative to WT NA but had no
significant effect on NA expression. Previous in vitro work with the A/
Shanghai/1/2013 (H7N9) virus bearing the R292K substitution showed
that even though this substitution reduced NA enzyme activity and
substrate affinity, variants expressing this substitution replicated to si-
milar titres as those of wild-type viruses in normal human bronchial
epithelial and MDCK cells (Hai et al., 2013; Yen et al., 2013). However,
studies in mice and ferrets showed that A(H7N9) viruses with the
R292K substitution are less pathogenic and replicate to lower titres
than wild-type viruses in both the upper respiratory tract and lungs
(Imai et al., 2017; Marjuki et al., 2015b; Zhang et al., 2014). This
suggests that whilst reduced NA activity may not alter in vitro replica-
tion, it can impact in vivo replication, although the exact mechanisms
underlying these differences are not clear.

It is known that genetic differences of the NA gene within the same
subtype can lead to a differential impact on viral fitness when particular
NA substitutions are present (Abed et al., 2011, 2014; Baz et al., 2010;
Bloom et al., 2010; Butler et al., 2014). This was clearly observed in our
study, where many of the NA substitutions significantly reduced re-
lative NA activity in the Yangtze-NA but not in the Pearl-NA. Previous
studies with seasonal A(H1N1) viruses showed that within the same
viral subtype, the H274Y substitution reduced enzyme activity sig-
nificantly in older viruses like A/Caledonia/20/99 or A/Solomon Is-
land/03/2006 but not in more recent A/Brisbane/59-2007-like viruses
(Abed et al., 2011, 2014; Baz et al., 2010; Bloom et al., 2010; Butler
et al., 2014). Structural and genetic analysis of the Pearl-NA, which
differs from the Yangtze-NA by 19 amino acids, may reveal the possible
causes behind the differential outcomes observed in this study, which
would inform about the extent of A(H7N9) viruses with a NA back-
ground that may be more permissive to NA substitutions that confer
NAI resistance. Finally, it should be noted that while the in vitro NA
surface expression/activity experiments performed in this study can be
useful for an initial assessment of viral fitness (Bloom et al., 2010, 2011;
Butler et al., 2014), these results may not necessarily translate to im-
proved replication or transmissibility in vivo.

The use of N9+WSN or N9+PR8 reassortant viruses for serial
passaging experiments represents a limitation of our study, as the re-
sults do not account for the role of the HA and other A(H7N9) internal
genes that may contribute to the emergence of variants with reduced
NAI sensitivity. However, the use of reassortant viruses and an in vitro
analysis was necessary in this study to reduce the bio-safety risks as-
sociated with generating A(H7N9) viruses with reduced NAI

susceptibility.
Imbalance in the NA/HA of the reassortant viruses likely con-

tributed to the HA substitutions observed in our experiments, and it is
not clear if similar HA substitutions would have emerged if viruses
expressing the matched HA genes were used. Previous studies have
shown that HAsubstitutions can arise alongside NA substitutions, either
as part of cell-culture adaptation or to restore NA/HA balance, during
passaging experiments (Barnett et al., 1999; Blick et al., 1998;
Gubareva et al., 1996, 1997; McKimm-Breschkin et al., 1996, 1998; Tai
et al., 1998). In our study, substitutions S158G and S151L arose in the
WSN HA and A240T arose in the PR8 HA during serial passaging. It is
likely that the S151L and A240T substitutions are cell culture adapta-
tions, as changes in equivalent residues in H3 and H5 HAs have been
shown to be adaptive to human alpha 2,6 sialic acids (Busch et al.,
2008; Gambaryan et al., 2006; Naughtin et al., 2011). Interestingly an
HA amino acid substitution S158L was observed in another study,
where reassortant N9 viruses with the A/NWS/33 backbone were se-
rially passaged in increasing oseltamivir concentrations (Barnett et al.,
1999; Blick et al., 1998; Gubareva et al., 1996, 1997; McKimm-
Breschkin et al., 1996, 1998; Molla et al., 2002; Tai et al., 1998). The
amino acid S158 (S145 in H3 numbering) is positioned at the HA an-
tigenic site and substitutions at equivalent positions in H9 HA were
shown to increase virulence in mice (Kaverin et al., 2004, 2007). Fur-
ther study on the role of HA substitution S158G in viral fitness could be
of great interest.

Overall, our study shows that particular substitutions associated
with reduced sensitivity to NAI were selected in vitro by passaging re-
assortant viruses bearing the N9 NA in the presences of oseltamivir,
peramivir and laninamivir, but not zanamivir. Selection of R292K
variants in the presence of oseltamivir and peramivir in this study and
in clinical settings is of concern. From a clinical perspective, using za-
namivir may reduce the risk of emergence of R292K variants. This study
also shows that many substitutions associated with reduced sensitivity
to NAI were less debilitating to the enzyme function of the NA from a
Pearl River Delta-like virus, relative to that of a Yangtze River Delta-like
virus. While further in vitro and in vivo experiments are needed to un-
derstand the implication of this finding, it remains prudent to monitor
A(H7N9) viruses from the Pearl River Delta lineage for NA substitutions
associated with reduced NAI sensitivity prior to antiviral therapy.
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