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ABSTRACT

Human infections with avian influenza viruses are a serious public health concern. The neuraminidase (NA) inhibitors (NAIs)
are the frontline anti-influenza drugs and are the major option for treatment of newly emerging influenza. Therefore, it is essen-
tial to identify the molecular markers of NAI resistance among specific NA subtypes of avian influenza viruses to help guide clin-
ical management. NAI-resistant substitutions in NA subtypes other than N1 and N2 have been poorly studied. Here, we identi-
fied NA amino acid substitutions associated with NAI resistance among influenza viruses of N3, N7, and N9 subtypes which have
been associated with zoonotic transmission. We applied random mutagenesis and generated recombinant influenza viruses car-
rying single or double NA substitution(s) with seven internal genes from A/Puerto Rico/8/1934 (H1N1) virus. In a fluorescence-
based NA inhibition assay, we identified three categories of NA substitutions associated with reduced inhibition by NAIs (oselta-
mivir, zanamivir, and peramivir): (i) novel subtype-specific substitutions in or near the enzyme catalytic site (R152W, A246T,
and D293N, N2 numbering), (ii) subtype-independent substitutions (E119G/V and/or D and R292K), and (iii) substitutions pre-
viously reported in other subtypes (Q136K, 1222M, and E276D). Our data show that although some markers of resistance are
present across NA subtypes, other subtype-specific markers can only be determined empirically.

IMPORTANCE

The number of humans infected with avian influenza viruses is increasing, raising concerns of the emergence of avian influenza
viruses resistant to neuraminidase (NA) inhibitors (NAIs). Since most studies have focused on NAI-resistance in human influ-
enza viruses, we investigated the molecular changes in NA that could confer NAI resistance in avian viruses grown in immortal-
ized monolayer cells, especially those of the N3, N7, and N9 subtypes, which have caused human infections. We identified not
only numerous NAI-resistant substitutions previously reported in other NA subtypes but also several novel changes conferring
reduced susceptibility to NAIs, which are subtype specific. The findings indicate that some resistance markers are common
across NA subtypes, but other markers need to be determined empirically for each subtype. The study also implies that antiviral
surveillance monitoring could play a critical role in the clinical management of influenza virus infection and an essential compo-
nent of pandemic preparedness.

Vaccination is the primary measure to control the spread of
influenza virus infection in humans. However, because of the
relatively long time required to prepare conventional influenza
vaccine, antiviral drugs are essential as prophylaxis and therapeu-
tics to cope with newly emerging influenza viruses during the early
stage of an outbreak. Neuraminidase (NA) inhibitors (NAls) are
the only anti-influenza therapeutics recommended by the World
Health Organization because of the wide spread of matrix (M) 2
blocker-resistant variants (1, 2). Four NAIs— oseltamivir (OS),
zanamivir (ZA), peramivir (PER), and laninamivir—are com-
mercially available (3).

NA, together with hemagglutinin (HA), comprises a high pro-
portion of the surface protein in the influenza virion, and its
catalytic activity cleaves the terminal N-acetyl neuraminic acid
(Neu5Ac) on «-2,3- and «a-2,6-linked sialic acid moieties, facili-
tating the release of progeny virions from the host cell and their
spread throughout the infected host. This catalytic activity is gov-
erned by the following residues conserved among influenza A and
B viruses: 8 catalytic residues (R118, D151, R152, R224, E276,
R292, R371, and Y406, N2 numbering throughout the manu-
script) and 11 framework residues (E119, R156, W178, S179,
D198,1222, E227, H274, E277,N294, and E425) (4). The essential
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role of the NA in influenza virus replication and highly conserved
functional residues of NA have made the protein an attractive
target for antiviral drugs. The NAIs have been developed to mimic
NA’s natural substrate, sialic acid (5), thereby preventing the
cleavage function of NA by competition and resulting in the ag-
gregation of progeny virions on the cell surface.

Since the increased use of NAIs for clinical treatment, the OS-
resistant variants associated with the H274Y mutation have rap-
idly emerged and spread worldwide and have been detected in up
to 100% of seasonal HINI viruses from 2007 to 2009 (6). The
OS-resistant variant was replaced by the pandemic HINT 2009
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virus (pH1N1), which is generally sensitive to OS, and OS-resis-
tant pH1N1 have been detected at an approximate 1% presence
globally (7-11), although some limited spread of OS-resistant
pHINT1 has been reported (12). Apart from the H274Y-associated
OS-resistant variants, other NA substitutions conferring reduced
or highly reduced sensitivity to NAIs have been reported to be
clinically relevant. These substitutions conferred distinctive levels
of susceptibility to NAIs and have been found to be NA subtype
specific: in human HIN1 (Q136K, S246N, and 1222R/V), H3N2
(E119V, Q136K, and N294S), H5N1 (N294S), and type B (E105K,
R152K, D198N, 1222T, N294S, and R371K) viruses (10, 13-26).

Although NAI-resistant mutations have been well studied and
profiled in human influenza A viruses of N1 and N2 subtypes and
in influenza B viruses, they are poorly understood in avian NA
subtypes despite the fact that many avian viruses of the H5, Heé,
H7, H9, and H10 subtypes and the N1, N2, N3, N7, N8, and N9
subtypes cause human infection (27-31). NA subtypes are classi-
fied into two phylogenetically and structurally distinctive groups:
group 1 containing N1, N4, N5, and N8 and group 2 containing
N2, N3, N6, N7, and N9 (32, 33). Except viruses of the N1 and N8
subtypes in group 1, all NA subtypes that have infected humans
belong to group 2. Of note, N2, N3, N7, and N9 were first found in
combination with the H7 subtype in humans and caused mild to
severe conjunctive and respiratory symptoms (27, 34, 35). Most
cases of human infection with H7N2, H7N3, and H7N7 viruses
have been related to poultry exposure, with limited evidence of
sustained human-to-human transmission, and nearly all patients
have recovered after antiviral treatment (35). However, H7N9 is
emerging in China, with more than 70% of infected people having
influenza-like illness and rapidly progressive respiratory disorders
(34, 36). Moreover, the virus has caused more than 30% case fa-
tality rates (37) with sporadic family clusters (38, 39) and detec-
tion of NAI-resistance (primarily due to the NA R292K mutation)
(40, 41). Nevertheless, limited information associated with NAI
resistance is available for avian NA subtypes, and the molecular
markers altering NAI susceptibility are often undetermined
(42, 43).

Due to the sporadic detection of various avian influenza vi-
ruses in humans and the NA subtype specificity of NAI-resistant
mutations, it has become essential to identify molecular markers
of NAI resistance and to profile NAl-associated resistance in avian
influenza viruses. Therefore, we screened for mutations confer-
ring reduced susceptibility to NAIs among avian-origin N3, N7,
and N9 influenza virus subtypes. Furthermore, we established an
NA gene-fragmented random mutagenesis method facilitating the
selection of NAl-resistant substitutions, allowing us to discover
novel substitutions. The random-mutant virus libraries generated
were processed to select variants resistant to OS and ZA in the
genetic background of PR8 virus. We found novel and common
substitutions potentially associated with resistance to OS, ZA,
and/or PER in avian influenza viruses of N3, N7, and N9 NA
subtypes grown in immortalized monolayer cells and offer clues to
potential resistance mechanisms in vivo.

MATERIALS AND METHODS

Cells, viruses, plasmids, and neuraminidase inhibitors. Madin-Darby
canine kidney (MDCK) cells were grown at 37°C in 5% CO, in minimum
essential medium (Corning) containing 5% fetal bovine serum (FBS) and
vitamins (Gibco). Human embryonic kidney-293T (HEK-293T) cells
were grown at 37°C in 5% CO, in Opti-MEM (Gibco) containing 10%

10892 jvi.asm.org

Journal of Virology

FBS. A/Turkey/Minnesota/916/1980 (H7N3), A/Duck/Potsdam/62-4/
1981 (H7N7), and A/Duck/Memphis/546/1974 (H11N9) viruses were
propagated in 10-day-old embryonated chicken eggs, and RNA from vi-
ruses was extracted to clone the NA gene into the pHW2000 plasmid for
virus generation (44). In addition, seven plasmid genes of A/Puerto Rico/
8/1934 (HINI1, PR8) virus were also used as part of the genetic back-
ground of the variants. The NAIs, oseltamivir carboxylate (ethyl
[3R,4R,55]-4-acetamido-5-amino-3-[1-ethylpropoxy]-1-cyclohexene-1-
carboxylate) and zanamivir (2,4-dideoxy-2,3-didehydro-4-guanidine-
osialic acid), were provided by Hoffmann-La Roche (Nutley, NJ), and
peramivir ([1S,25,3R,4R,1S]-3-[1-acetylamino-2-ethyl] butyl-4-[(ami-
noimino)-methyl]Jamino-2-hydroxycyclopentane-1-carboxylic acid) was
provided by BioCryst Pharmaceuticals, Inc. (Birmingham, AL). Com-
pounds were dissolved in sterile distilled water and stored in aliquots at
—20°C until use.

Gene-fragmented random mutagenesis. Random mutations were in-
troduced into the catalytic domain of N3, N7, and N9 genes from avian
influenza viruses by using a GeneMorph II EZClone domain mutagenesis
kit (Stratagene) according to the manufacturer’s instructions. The cata-
lytic domains were cleaved into six regions (range, 110 to 470 nucleotide
bases) with overlapping fragments by using gene-specific primers (primer
sequences are available from the corresponding author upon request).
Random mutations of the plasmid libraries were confirmed by sequence
analysis of 24 individual clones. Generally, the mutation rate was 1 to 5
amino acid substitutions per kilobase, and two independent library sets
per region were generated in each NA gene to increase variations.

Resistance mutation screening and generation of variants. A total of
18 NA random mutant plasmids libraries (6 libraries per each NA gene)
and 3 wild-type NA genes were used to generate a random-mutant virus
library. First, 2 pg of each NA plasmid was mixed with 1 g of seven
remaining plasmids of PR8 virus and transfected into a HEK-293T/
MDCK cell mixture (3:1) prepared in six-well plates by using TransIT-
LT1 reagent (Mirus Bio). At 18 h posttransfection, the medium was re-
placed with 1 ml of serum-free Opti-MEM with antibiotics. At 40 h
posttransfection, 1 ml of Opti-MEM with TPCK (r-tosylamido 2-phenyl-
ethyl chloromethyl ketone)-trypsin (final concentration, 1 wg/ml) was
added. At 4 days posttransfection, half of each supernatant sample was
used to select resistant variants to OS and ZA, and the remaining half of
each was used to confirm the sequence of viruses recovered by plaque
assay in MDCK cells. After two to four serial passages of rescued viruses in
increased dose (10 to 40 wM) of OS and ZA, NA genes of the passaged
samples were fully sequenced, and the mutations were verified. All screen-
ing procedures were performed three times in each subtype. Any muta-
tions found in NA genes (including mixed population) were introduced
into the corresponding subtype in which the mutation was identified by
using site-directed mutagenesis (Stratagene) and then recovered by per-
forming reverse genetics according to the general protocol for influenza
rescue (44). All rescued viruses were sequenced to confirm that no un-
wanted mutations were present.

Susceptibility to neuraminidase inhibitors. A modified fluorometric
assay using the fluorogenic substrate 2'-(4-methylumberlliferyl)-oa-p-N-
acetylneuraminic acid (MUNANA; Sigma-Aldrich, St. Louis, MO) was
performed to determine viral NA activity (45). Influenza viruses were
standardized to NA activity equivalent to 10 wM 4-methylumbelliferone
and incubated with NAIs (concentration range, 5 X 10~ to 50 uM). The
fluorescence of the released 4-methylumbelliferone was measured in a
Synergy 2 microplate reader (Biotek, Winooski, VT) at excitation and
emission wavelengths of 360 and 460 nM, respectively. The drug concen-
tration that inhibited 50% of the NA enzymatic activity (IC5,) was deter-
mined from the dose-response curve by using GraphPad Prism 5.0 soft-
ware (La Jolla, CA). The results are representative of two independent
tests. The susceptibility of the mutant viruses was categorized by the cri-
teria recommended by the World Health Organization Antiviral Working
Group for interpreting data for the influenza A virus with reduced inhi-
bition by NAIs. These criteria are based on the fold change in IC;, com-
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pared to the susceptible virus: normal inhibition, <10-fold; reduced in-
hibition, 10- to 100-fold; and highly reduced inhibition, >100-fold (46).

Plaque assay. MDCK cells in six-well plates were prepared to deter-
mine the number of PFU per milliliter of recovered, single or double
point-mutated viruses. After 48 h of incubation at 37°C in 5% CO,, the
plates were chilled at 4°C for 10 min, and the 0.9% agarose overlay (Sea-
Plqaue; Lonza) was removed and stained with a 1% (wt/vol) crystal violet
solution containing 10% formaldehyde. After the plates were washed and
dried, the number of plaques in each well that contained between 20 and
100 plaques was counted, and the average size of 20 plaques was calculated
after using Image] software to measure the size of individual plaques (Im-
age], 1.46r; National Institutes of Health).

Illumina sequencing to determine the genetic proportion of specific
mutations. Viral RNA was extracted by using MagMAX viral isolation kit
(Ambion), and one-step reverse transcription-PCR (RT-PCR) was per-
formed with NA gene-specific primers. PCR products were then extracted
from 1% agarose gel and purified by using the QIAquick 96 PCR purifi-
cation kit (Qiagen). Library preparation was performed by using Illumi-
na’s Nextera XT DNA sample preparation kit according to the manufac-
turer’s protocol. Amplicons were sequenced on Illumina’s MiSeq
platform using the paired-end approach. Sequencing reads were then de-
multiplexed, quality-trimmed, and filtered by using either the NCBI/
Sanger or Illumina Pipeline version 1.8 or later format on the CLC
Genomics Workbench 7 (CLC Bio). Reads were aligned to the wild-type
virus’ sequence, and the mapped reads were put through the Quality-
Based Variant Detection pipeline. The variants are called if they meet the
predefined quality scores and present in both forward and reverse reads at
equal ratios. In addition, the minimum variant read frequency was set at
5%, and variants had to be supported by a minimum of 10 reads.

Molecular modeling. The mutant structures were generated by using
the Molecular Operating Environment molecular modeling program
(ChemCorp), with the following crystal structures of neuraminidase in
complex with inhibitors used as the templates: PDB ID 4AMWQ for the OS
complex, PDB ID 4MWR for the ZA complex, and PDB ID 4MWYV for the
PER complex.

RESULTS

Neuraminidase inhibitor resistance screening in avian N3 NAs.
Human infection with avian H7N3 influenza virus was first re-
ported in Italy in 2003 (47) and has caused mostly mild illness in
exposed patients (48, 49). Although no evidence of NAI resistance
among N3 influenza viruses was reported, several studies demon-
strated efficient transmissibility of H7N3 strains in a ferret model
(50, 51), indicating potential transmission in humans. We intro-
duced random mutations throughout the catalytic domain of the
NA gene of A/Turkey/Minnesota/916/1980 (H7N3) virus and
generated a random-mutant virus library in the background of
PR8 virus. After subsequent passages (two to four times) in the
presence of OS or ZA, NA genes were sequenced. The mutations
selected by OS and ZA were directly introduced into the attenu-
ated N3 virus to generate point-mutated viruses for further study.
In N3 NA, one amino acid substitution, R292K, was found by OS
selection, and seven amino acid substitutions were found by ZA
selection (Table 1). Two mutations, R292K and E119G, reduced
susceptibility to all 3 NAIs tested as determined by results of a NA
inhibition assay with MUNANA substrate, but viruses with the
other mutations remained susceptible to the inhibitors. R292K,
which was selected by OS, highly reduced inhibition by OS
(17,959.7-fold), and reduced inhibition by ZA (22.5-fold) and
PER (41.1-fold) compared to that of the parental N3 virus. The
E119G mutation, which was selected by ZA, reduced inhibition by
ZA (523.2-fold), OS (24.5-fold), and PER (13.6-fold) compared to
that of the parental N3 virus. Interestingly, both NA mutations
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conferred multidrug resistance to N3 viruses (i.e., reduced inhibi-
tion by both OS and ZA regardless of PER). For comparison, the
H274Y mutation, which reduces susceptibility to OS in N1 sub-
type (25, 26), was also introduced into NA of N3 virus, and the
variant was resistant to OS but remained susceptible to ZA and
PER. Although E119G and R292K mutant viruses formed smaller
plaques and replicated to lower virus titers in MDCK cells than did
the parental N3 virus, the selected mutations are genetically stable
in N3 gene in the background of PR8 virus after 3 sequential pas-
sages in MDCK cells (Table 1). However, virus with the H274Y
NA substitution characterized by highly impaired viral growth
and reduced plaque size in MDCK cells, as well as the presence of
a high proportion of reverse substitutions after three passages
(Table 1).

Neuraminidase inhibitor resistance screening in avian N7
NAs. The first report of human infection with low-pathogenicity
avian influenza H7N7 virus was published in the United Kingdom
in 1996 (52). However, the first reported outbreak of human in-
fection with highly pathogenic avian influenza (HPAI) H7N7 vi-
rus was in the Netherlands in 2003 and involved 86 poultry work-
ers, one of whom died of pneumonia and acute respiratory distress
syndrome (53, 54). Therefore, we also assessed avian N7 originat-
ing from A/Duck/Potsdam/62-4/1981 (H7N7) virus to identify
any NA substitutions that reduce susceptibility to NAls. The en-
tire catalytic domain of the NA gene was screened by using ran-
dom mutagenesis as mentioned above. Six amino acid substitu-
tions were found in NA protein after passaging in MDCK cells
under OS pressure. Three NA mutations at either framework
(E119V) or catalytic (R152W and R292K) residues conferred re-
duced susceptibility to NAIs (Table 2). Viruses with the E119V
mutation were associated with reduced inhibition by OS (55.3-
fold increase) but remained susceptible to ZA and PER. Notably,
R292K conferred highly reduced inhibition to both OS (44,326.4-
fold) and PER (414.8-fold) and reduced inhibition to ZA (21.1-
fold). An Arg (R)-to-Trp (W) substitution at position 152 is a
novel NA mutation that conferred reduced NAI susceptibility,
and the mutation is associated with resistance to both OS (14.1-
fold) and ZA (11.4-fold), with susceptibility to PER unaltered.
Nine NA mutations were found after ZA selection; four of these
were associated with reduced susceptibility to NAIs: E119G/D,
E276D, and D293N (Table 2). Both E119D and E119G conferred
either reduced or highly reduced sensitivity to ZA (67.3- and 116-
fold, respectively) but did not affect susceptibility to OS and PER.
E119D was identified together with the S111N mutation, but the
S111N-E119D double mutant had an ICs, similar to that of the
E119D single mutant. Both E276D and D293N are novel muta-
tions found by selective drug pressure and are located in or near
catalytic residues. E276D is associated with reduced inhibition by
ZA (13.6- to 25.9-fold) but normal inhibition by OS and PER (4.8-
to 6.7-fold). D293N conferred reduced inhibition by OS (13.5-
fold) and ZA (57.3-fold) without affecting susceptibility to PER
(5.4-fold). Although the N198Y/K mutation is in a framework
residue in NA, mutants containing this alteration remained sus-
ceptible to all NAIs tested. The addition of the H274Y mutation
reduced inhibition by OS (17.4-fold) in N7 virus. Although three
mutations, R152W, E276D, and D293N, resulted in plaque sizes
smaller than those of the parental N7 virus, the virus titers of all N7
mutants in PR8 background were comparable to that of their pa-
rental N7 virus, and all mutants maintained the given NA changes
after three sequential passages in MDCK cells (Table 2).
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Neuraminidase inhibitor resistance screening in avian N9
NAs. Since the first human outbreak of avian H7N9 virus in China
in 2013, the virus has been causing serious influenza-like illness
with a case fatality rate of ~30% and has rapidly acquired NAI-
resistant substitutions. Thus, we also used random mutagenesis to
screen for mutations conferring reduced susceptibility to NAIs in
avian N9 originating from A/Duck/Memphis/546/1974 (H11N9)
virus when assessed in immortalized monolayer cells. Four and
five amino acid substitutions in the NA protein were found by OS
and ZA selection, respectively (Table 3). Of the OS-selected mu-
tations, E119V, 1222M, and R292K were associated with reduced
susceptibility to NAIs. E119V and 1222M, which are located in
framework residues, reduced susceptibility to OS (49.5- and 18.3-
fold, respectively) but did not alter susceptibility to either ZA or
PER. However, the R292K mutation conferred resistance to all
NAIs tested (68,891.1-fold to OS, 51.3-fold to ZA, and 2,067.9-
fold to PER). Of the ZA-selected mutations, Q136K and A246T
mutations, which are not in functional or framework residues,
resulted in reduced susceptibility to NAI(s) (Table 3). Q136K was
associated with highly reduced inhibition to ZA (121.1-fold) and
reduced inhibition to PER (53.9-fold). A246T, a novel NAI resis-
tance mutation, reduced sensitivity to ZA (25.4-fold) but did not
affect inhibition by OS (6.2-fold) and PER (7.2-fold). When the
H274Y mutation was added for comparison, the N9 virus had
reduced inhibition by OS (90.3-fold) and PER (11.2-fold). Al-
though most of the N9 mutants in PR8 background with reduced
susceptibility to NAI(s) formed smaller plaques than did the pa-
rental N9 virus, their virus titers were comparable to those of the
parental N9 virus, and all mutants maintained the given muta-
tions after three sequential passages in MDCK cells (Table 3).

Structural modeling of H7N9 NA protein with the identified
substitutions in N9 virus. During the avian H7N9 outbreak in
China, R292K and E119V changes in the NA gene that are associ-
ated with resistance to NAIs were identified (40, 55). The N9
structure of A/Anhui/1/2013 (H7N9) virus has been determined
in complex with various NAIs (56). We modeled the R292K,
E119V,1222M, Q136K, and A246T mutations by using the known
NA structure of H7N9 virus (Fig. 1). In the case of all three NAlIs,
the R292K substitution potentially leads to loss of two hydrogen
bond interactions between the protein and the inhibitor (Fig. 1).
The E119V substitution may also causes loss of a hydrogen bond
with the inhibitor, reducing affinity for OS (Fig. 1A). The [222M
substitution potentially causes a steric clash with R152, possibly
pushing it away from OS and causing the loss of another hydrogen
bond that this arginine makes with OS (Fig. 1A). Although the
lysine in the Q136K mutation does not seem to make any direct
contact with the inhibitor, its interaction with other surround-
ing residues may lead to local changes that eventually reduce
affinity for ZA and PER (Fig. 1B and C). A246T mutation po-
tentially leads to steric clashes with the inhibitor, reducing af-
finity for ZA (Fig. 1B).

DISCUSSION

Sequence-based NAI susceptibility screening of human influenza
viruses is a rapid component of epidemic and pandemic response.
The sequence data obtained during antiviral surveillance moni-
toring could play an important role in the clinical management of
influenza virus infection. The rationale for the present study was
therefore to identify NAI resistance-associated substitution in the
NA protein of avian influenza viruses utilizing immortalized
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TABLE 2 Susceptibility to NAIs and viral properties caused by the selected substitutions in NA of avian N7 influenza viruses®

NA amino Oseltamivir Zanamivir Peramivir Mean plaque

acid change Location within ~ Selection Mean IC,, = SD Fold Mean IC;, = SD  Fold Mean IC;, = SD  Fold Mean infectivity size £ SD Genetic stability”
(N2 numbering)  NA active site” NAI¢ (nM) change (nM) change (nM) change (log,, PFU/ml = SD) (mm) (% read)

WT N7 na na 0.36 £ 0.01 1.0 1.32 £ 0.11 1.0 0.25 £ 0.04 1.0 7.4 * 0.1 1.51 £0.48 na

E119V Framework oS 19.90 £ 0.82 55.3 1.61 = 0.36 1.2 0.41 = 0.03 1.6 7.9 £0.1 1.44 = 0.42 V (100)

E119G Framework ZA 0.43 £ 0.07 1.2 88.90 £ 17.27 67.3 0.29 £ 0.00 1.1 7.9 = 0.0 1.46 £ 0.42 G (99)
SITIN-E119D —/Framework ZA 1.28 £ 0.10 3.6 153.53 = 30.54 116.3 0.31 £ 0.00 1.2 8.8 £ 0.2 1.45 £ 0.42 N (100), D (100)
E119D Framework ZA 1.22 = 0.08 3.4 132.83 = 9.35 100.6 0.28 = 0.02 1.1 8.2 £0.1 1.50 = 0.34 D (100)

R152W Catalytic oS 5.08 + 0.20 14.1 15.01 £ 0.64 11.4 0.19 = 0.04 0.8 7.5*+0.3 1.06 = 0.38* W (100)

T153S - (O] 0.37 £ 0.03 1.0 1.14 £ 0.06 0.9 0.27 £0.10 1.1 8.1 = 0.1 1.39 £ 0.35 ND

L163M - ZA 0.31 = 0.03 0.9 1.23 £ 0.15 0.9 0.28 = 0.04 1.1 8.2 £0.1 1.62 = 0.45 ND

R189S - ZA 0.32 £ 0.05 0.9 1.01 = 0.12 0.8 0.41 £0.20 1.7 7.9 0.1 1.60 £ 0.48 ND

N198Y Framework oS 0.60 £ 0.02 1.7 1.36 £ 0.22 1.0 0.18 £ 0.03 0.7 7.3+ 0.1 1.47 £ 0.45 ND

N198K Framework ZA 0.69 = 0.08 1.9 1.70 £ 0.12 1.3 0.27 = 0.12 1.1 7.8 £0.1 1.43 = 0.29 ND

K216R - (0N} 0.34 £ 0.01 0.9 1.30 £ 0.14 1.0 0.28 £ 0.06 1.1 7.6 0.1 1.56 £ 0.46 ND

H274Y Framework Induced® 6.28 = 0.33 17.4 2.34 £ 0.24 1.8 0.50 £ 0.12 2.0 7.5*0.2 1.32 £ 0.36 Y (100)
1275T-E276D —/Catalytic ZA 2.23 £ 0.09 6.2 17.93 £ 1.94 13.6 1.21 = 0.18 4.8 7.5%0.2 0.81 = 0.13* T (100), D (100)
1275T - ZA 0.16 £ 0.01 0.5 1.18 £ 0.18 0.9 0.21 £0.02 0.8 7.5*0.1 1.73 £ 0.44 ND

E276D Catalytic ZA 2.42 * 0.04 6.7 34.18 £2.91 25.9 1.30 £ 0.07 5.2 7.6 04 0.79 = 0.20* D (100)

R292K Catalytic oS 15,957.50 * 2,375.48 44,326.4 27.86 £ 2.21 21.1 103.71 = 12.89 414.8 7.6 £0.4 1.37 = 0.39 K (100)

D293N - ZA 4.86 £ 2.00 13.5 75.65 £ 3.97 57.3 1.36 £ 0.04 5.4 8.0 £ 0.2 1.06 = 0.32* N (100)

“ See Table 1, footnote a.
b See Table 1, footnote b.
“See Table 1, footnote c.
4 See Table 1, footnote d.
¢ See Table 1, footnote e.
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TABLE 3 Susceptibility to NAIs and viral properties caused by the selected substitutions in NA of avian N9 influenza viruses”
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Mean plaque
size = SD

(mm)

Peramivir

Zanamivir

Oseltamivir

NA amino

Genetic stability”

(% read)

Mean infectivity

Mean IC,, = SD  Fold

Mean IC,, = SD  Fold

(nM)

Fold

Mean IC5, = SD

(nM)

Selection

NAI“

Location within

acid change

(log,, PFU/ml = SD)

8.1 0.2
8.6 0.2
8.5+ 0.2
7.6 0.2
8305

8.1

change
1.0
1.4

(nM)

change

1.0

change
1.0

NA active site”

(N2 numbering)

WT N9

na

1.51 £ 0.40

0.06 = 0.03
0.08 = 0.02
0.06 = 0.04
3.23 = 0.89

0.59 = 0.03

na 0.40 = 0.02

oS

na

V (100)

ND

1.23 £ 0.16*

3.0

1.79 £0.13
1.2

0.73 = 0.03

49.5
1.0

0.5
0.6

20.01 £ 1.35

Framework

E119V
P120S

1.35 = 0.36

1.0
53.9
1.5
4.0

7.2

0.40 = 0.01
0.20 * 0.04
0.26 = 0.02
7.32 £ 0.27
247 *0.72
0.41 = 0.02

ZA
ZA
ZA
oS
ZA
oS

K (100)

ND

0.74 = 0.21*

121.1
1.7

4.0

71.48 + 4.47
1.03 £ 0.07
2.37 £0.74

Q136K
G147R
1222M
A246T
E259D

1.28 * 0.23*

0.08 £ 0.04
0.24 £0.02
0.43 = 0.07
0.13 £0.02
0.67 £0.19

M (100)
T (100)

ND

1.05 = 0.22*
1.51 £ 0.31

*0.3

18.3
6.2

Framework

7.5

25.4
1.3

2.4
5

15.01 = 1.93
0.75 £ 0.09

1.54 £ 0.26

8.0 = 0.0
7.7 = 0.1

2.2

1.0

Y (100)

0.89 = 0.22*

11.2

1.41 £0.18

Induced® 36.13 *+ 12.53 90.3

Framework
Catalytic

H274Y
R292K

K (100)

ND

1.00 = 0.16*

2,067.9 8.5 * 0.1

1.7

116.43 = 6.65
0.10 £ 0.01

1.3

30.27 = 5.49

27,832.00 * 31,020.67 68,891.1

0.38 * 0.02

1.62 £ 0.44

8.4 0.2

0.63 £0.10 1.1

0.9

ZA

D339G

“ See Table 1, footnote a.

b See Table 1, footnote b.
¢ See Table 1, footnote c.

4 See Table 1, footnote d.
¢ See Table 1, footnote e.
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monolayer cells as an essential component of pandemic prepared-
ness. To address biosafety issues associated with induction of NA
substitution to clinically relevant antivirals (such as NAls), we
used an attenuated viral backbone with limited replication capac-
ity in humans and NAs from viruses not associated with zoonotic
infection. Because it is well documented that the balanced activity
of HA and NA is essential for influenza virus growth, our ap-
proach did not, however, allow us to evaluate the fitness charac-
teristics of N3, N7, and N9 viruses carrying NAI resistance muta-
tions. In addition, the NAI resistance mutations were identified in
avian viruses grown in the specific cultured monolayer cell setting,
which may or may not translate into NAI resistance in vivo.

The NA substitutions identified in this study belong to three
categories: (i) novel subtype specific substitutions (R152W and
D293N in N7 and A246T in N9), (ii) common substitutions
(E119D/G or V and R292K), and (iii) substitutions previously
reported in other subtypes (Q136K, 1222M, and E276D).

R152 is a catalytic residue that directly interacts with the sialic
acid moiety, and the resistant mutation R152K has been found
only in influenza B virus-infected patient after treatment with ZA
(19, 57). Unlike highly reduced susceptibility to multiple NAIs
that is conferred by R152K in influenza B virus, the R152W mu-
tation was selected by OS and reduced inhibition by only OS and
ZA in N7 virus. The D293 residue is located between catalytic
residue R292 and the framework residue N294, potentially affect-
ing the conformation of the binding moieties. However, D293N
does not seem to directly interact with the inhibitors when mod-
eled into the N9 structure, likely affecting the affinity in some
indirect manner or the N7 subtype may have a conformation dif-
fering from that of the other subtypes.

The A246T change may be a group 2 NA-specific resistance
substitution. Group 1 NAs possess serine instead of alanine at
position 246 (58), and the S246N mutation has been reported to
reduce susceptibility to NAIs in N1 viruses (14, 59). A246 was
found to be highly conserved among the group 2 NAs in sequence
variation analysis, and T246 was found in only human N2 viruses
but not in the other avian group 2 NAs (Table 4 and data not
shown). In addition, deletion of amino acids between 245 and 248
residues in human N2 virus conferred resistance to NAIs (60),
suggesting that evaluating the effect of the mutation in human
H3N2 virus may be beneficial. Furthermore, A246 is structurally
colocated with the S246 residue of group 1 NA, supporting the
hypothesis that A246T mutation is a group 2 NA-specific NAI
resistance mutation (data not shown). Moreover, when we super-
imposed the mutation on the N2’s structure, it similarly altered
the binding moiety with ZA, suggesting that it may confer ZA
resistance to N2 viruses. The reason these novel mutations have
not been found in the previous studies is unclear. Several possible
explanations exist: (i) NAI resistance-associated substitutions
are NA subtype specific, so the identified novel substitution
may be specific to avian N7 and N9 viruses; (ii) relatively low
IC5, levels of resistance may not be easily selected by NAIs, with
their highest levels of reduction to corresponding NAIs ranging
from 14- to 57-fold; and (iii) less frequent use of ZA (two of
three mutations were selected by using ZA, which is not as
frequently prescribed as OS).

We identified common resistance mutations in avian N3, N7,
and N9 viruses in this study. Only two substitutions, those at res-
idues E119 and R292, were found in all three avian NA subtypes
investigated and conferred some level of NAI resistance. The
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FIG 1 Structural modeling of H7N9 NA protein bounded NAIs with the identified substitutions in N9 virus. NA protein mutations conferring resistance to
oseltamivir (OS) (A), zanamivir (ZA) (B), and peramivir (PER) (C). The indicated drug molecule bound to NA is depicted in ball and stick model: wild-type
residues are depicted in sticks with green carbon atoms, and mutated residues (including position number) are indicated in pink. H-bond interactions are
depicted by dotted lines. The respective Protein Data Bank accession numbers of the cocrystal structures used to model A, B, and C are sAMWQ, 4MWR, and

AMWV.

E119V NA mutation, found in both N7 and N9 subtypes in the
present study, is a clinically relevant mutation in human N2 vi-
ruses of group 2 NAs by OS treatment and is associated with highly
reduced inhibition by OS (18, 19). The mutation also confers re-
sistance to multiple NAIs in N1 subtype of group 1 NAs but sig-
nificantly impairs their viral fitness (61, 62). In addition to E119V,
the E119G/D mutations were identified in N7 and/or N3 subtypes
in the present study and tended to have more effect on ZA suscep-
tibility than on the other NAIs. As in other reports (13, 62—-64), we
observed that mutations at E119 also showed NAI-specific suscep-
tibility in avian N3, N7, and N9 subtypes. Interestingly, all re-
ported NAI resistance mutations at residue E119 (D, G, and V)
were found in N7 subtype, suggesting that the residue in this sub-
type has more flexibility to switch amino acid sequence by OS- or
ZA-selective pressure than do the other subtypes. The R292K mu-
tation has frequently been identified in group 2 NAs because of the
structural distinction from group 1 NAs (19, 25, 33, 40, 65). Al-

TABLE 4 NA sequence variations of the NAI resistance-associated
substitution identified in N3, N7, and N9 subtypes and in the human
N2 subtype

Sequence variation in No. of
NA Identified human N2 subtype sequences
residue® Consensus substitution  (no. identified)® analyzed
119 E D/GIV E (8,937),V (26),D (4), 8,972
G(2),1(2),N(1)
136 Q K Q(8,986), K (7),R(6), 9,003
H(2),P(2)
152 R w R (9,027), G (1) 9,028
222 I M 1(9,055), V (16), 9,085
T (11),N (2), F (1)
246 A T A(9,078), T(2),V(2), 9,083
S(1)
276 E D E (9,079), K (1) 9,080
292 R K R (9,067), K (7),1(1) 9,075
293 D N D (9,075), A (1) 9,076

“ N2 numbering.
b Searched in the Influenza Research Database.
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though the PER susceptibility levels of the N3 virus with R292K
(41-fold) was higher than that of N7 and N9 viruses (415- to
2,068-fold), the mutation was seen after OS selection in all three
NAs of group 2 in our study and showed comparable patterns of
reduced inhibition by multiple NAITs, similar to the findings of
previous studies (61, 63, 66, 67).

Amino acid changes that have been reported in N1, N2, and B
viruses were also identified in avian N3, N7, and N9 viruses in our
study. The Q136K mutation found by ZA selection in N9 subtype
here was reported in both N1 and N2 subtypes in antiviral surveil-
lance and showed effects similar to those we report in the present
study (15, 21, 64). The Q136L mutation, which was reported to
increase resistance to OS and ZA in HPAI H5N1 virus (68) was
found in N3 subtype in the present study but did not affect sus-
ceptibility to all NAIs. Mutations at the 1222 residue have been
abundantly reported to confer drug resistance in N1, N2, and B
viruses (25, 58). We found here that the 1222M mutation found in
N9 subtype conferred reduced sensitivity to OS: the mutation was
also found in HPAI H5N1 and produced synergistic effects when
combined with the H274Y mutation (13). The effect of the E276D
mutation on NAI susceptibility was previously evaluated after be-
ing experimentally introduced (67, 69). Although the mutation
showed few effects on N1 virus of group 1 NAs, E276D-possessing
N7 and N2 viruses, which belong to group 2 NAs, had reduced
inhibition by ZA (67, 69).

We did not identify an H274Y mutation in any avian N3, N7,
and N9 viruses. The mutation generally confers high resistance to
OS in N1 subtype, which belongs to group 1 NAs, but has little
effect on group 2 NAs (33, 70). Consistent with previous results,
we found that the H274Y mutation in N7 and N9 subtypes did not
confer resistance to OS to the extent as it does in N1 subtypes (62,
71). Although the H274Y substitution had a large effect on the OS
resistance of the N3 virus in our study, it also impaired virus
growth (5.2 X 10° versus 4.8 X 10® PFU/ml in N3 H274Y mutant
and parental N3 virus, respectively) and was unstable upon pas-
sage, suggesting that other compensatory changes would be
needed for fixation of this resistance marker in N3 subtype.
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Because OS and ZA are the predominant NAIs for influenza
prophylaxis and therapeutics (PER and laninamivir are still in
limited use in most countries), it is critical to investigate whether
any mutations confer resistance to both drugs. The appearance of
multidrug resistance has been common when a substitution oc-
curs in catalytic residues, such as R152K in influenza B virus or
R292K in N2 viruses (25, 26, 58). However, these variants gener-
ally possess impaired viral fitness due to altered NA enzymatic
activity/affinity and stability. However, several pHIN1 variants
associated with mutations in 1222 (a framework residue) were
recently reported to reduce inhibition to multiple drugs without
diminishing viral fitness (16, 72, 73). During our screening, we
found that several mutations associated with multidrug resis-
tance. R292K in all three subtypes and E119G in N3 conferred
resistance to all NATs tested. Of note, R152W and D293N, newly
identified in N7 subtype, also reduce inhibition to multiple drugs
without decreasing virus titer and are genetically stable even
though D293N is not located in any catalytic or framework re-
gions.

We demonstrated that random mutagenesis is a suitable ap-
proach to identify novel and known NA substitutions associated
with NAI resistance among influenza viruses. However, addi-
tional efforts must be undertaken to improve the strategy used in
the present study and to improve its capacity to predict optimal
treatment of emerging viruses. One limitation of our study is the
use of the laboratory-adapted PR8 influenza virus backbone to
support our mutated NAs. We chose this approach primarily for
issues related to biosafety since PR8 has a strong safety record in
relation to human infection. The downside of this approach is that
we were unable to assess the fitness of viruses carrying such NAs.
Any resistance mutation that is associated with a fitness cost for
the virus may have limited clinical impact. The ability to accu-
rately predict field NAI resistance would require introduction of
the identified NA substitutions into naturally occurring viruses.
As such, the mutations that we have identified here can only be
considered possible mutations that can confer resistance during
virus growth in immortalized monolayer cell cultures, and we can
make no inference regarding their resistance phenotype in the
field or the likelihood of their emergence and/or spread under
field conditions. Although NA subtypes are divided into two
structurally distinct groups and each group shares similar NAI-
susceptibility profiles, our data show that there are clearly subtle
differences between subtypes within group 2 NAs. Therefore, drug
resistance markers must be empirically determined for each NA
subtype and data from one cannot necessarily be extrapolated to
others. Although there are many factors that contribute to the
emergence and stability of NAI resistant influenza viruses, the
monopoly of NAIs in our ability to treat influenza urges the doc-
umentation of resistance imparting mutations in other NA sub-
types circulating in nature.
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