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Abstract

cytopathogenic to MDCK cells.

patibility between the host and the virus strain.

Background: To identify site-specific features of amino acid substitutions that confer enhanced H7N9 virulence in
humans, we independently generated mammalian-adapted variants of A/Anhui/1/2013 (AH-H7N9) and A/Shang-
hai/2/2013 (SH-H7N9) by serial passaging in Madin-Darby canine kidney (MDCK) cells.

Methods: Virus was respectively extracted from cell culture supernatant and cells, and was absolutely quantified
by using real-time polymerase chain reaction. Viral RNAs were extracted and subjected to sequencing for identifying
mutations. Then, site-specific mutations introduced by viral passaging were selected for further constructing HA7 or
NA9 mutant plasmids, which were used to generate recombinant viruses. The interaction between the recombinant
HA and receptors, H/N9-pseudotyped viruses and receptors were detected.

Results: Both subtypes displayed high variability in replicative capability and virulence during serial passaging.
Analysis of viral genomes revealed multiple amino acid mutations in the hemagglutinin 7 (HA7) (A135T [AH-H7N9],
T711 [SH-H7NO], T1571 [SH-H7NO9], T711-V2231 [SH-H7N9], T711-T1571-V2231 [SH-H7N9], and T711-T1571-V223I-T40l [SH-
H7N9I), and NA9 (N171S [AH-H7N9] and G335S [AH-H7N9]) proteins in various strains of the corresponding subtypes.
Notably, quite a few amino acid substitutions indeed collectively strengthened the interactions between H7N9 strains
and sialic acid receptors. Moreover, some of the amino acid substitutions identified were highly and specifically

Conclusions: This study demonstrated that AH-H7N9 and SH-H7N9 subtypes can acquire enhanced receptor affinity
for sialic receptors through novel amino acid substitutions. Such changes in affinitive interactions are conferred by
site-specific mutations of HA7 proteins that affect the virulence and pathology of the virus strain, and/or limited com-
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Introduction

Avian and poultry species, particularly wild ducks,
swans, gulls, terns and others, are natural hosts for most
avian influenza type A virus (IAV). Hemagglutinin (HA)
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and neuraminidase (NA) are two surface glycoproteins of
IAV, which helps the viral genome enter the host cyto-
plasm and assists in release of newly formed viral progeny
from host cells. In current, 18 different subtypes of HA
(H1 to H18) and 11 subtypes of NA (N1-N11) have been
identified [1-7]. According to viral pathogenicity in poul-
try, IAV with different subtypes of HA is classified into
highly pathogenic avian influenza (HPAI) and low patho-
genicity avian influenza (LPAI). H7N9 virus as a previ-
ously undescribed influenza A virus causes 132 human
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infections with 37 deaths in China in February 2013 [8].
Epidemiology studies confirm that human infection with
H7N9 virus mainly originates from virus-infected poul-
try or a contaminated environment [9-11]. Although the
low pathogenic H7N9 virus is not lethal in mammals, but
readily obtained the 627 K or 701 N mutation in its basic
polymerase 2 (PB2) protein upon replication in mam-
mals, causing it to become highly lethal in mammals [9].
Furthermore, H7N9 virus kept undergoing continuous
evolution through reassortment for increasing its genetic
diversity [12—14]. Some strains have seemed to involve
into highly pathogenicity during recent epidemics in
human cases [14—17]. Analysis of the evolutionary rela-
tionships of six internal genes of the previous epidemic
waves of H7N9 viruses revealed four major clades of PB2
and PB1 genes, three clades of NP and M genes, and two
major clades of PA and NS genes [3, 4, 18].

HA protein of H7N9 is a dual-specificity ligand for
both human- and avian-type receptors. H7N9 virus
strains containing HA mutations in the cleavage site
potentially show increased pathogenicity and lethality.
For instance, HA Q226L [19-21] and G186V [19, 22-24]
mutations were shown to increase the affinitive binding
between H7N9 viruses and human-type receptors. More-
over, recent studies showed that N2 with a D151G amino
acid substitution [25-27], or N1 with a G147R amino
acid substitution [26, 28, 29], had similar properties of
enhanced affinitive binding for SA receptors. However,
further investigation is required to explore whether the
pathology of H7N9 infections could be caused by other
amino acid substitutions, resulting from unknown con-
formational variations in dual-receptor binding capacity
of the H7 protein, or additional affinity owing to the N9
protein.

In our study, we developed MDCK cell-infection and
sequencing assay, aimed to identity novel amino acid
substitutions in HA contribute to virulence enhancement
through binding with SA receptors in H7N9 virus strains.

Methods

In vitro passaging of H7N9 virus strains

All experiments were strictly performed following the
standard procedures of Biological Safety Level 1-3 Labo-
ratory. Two H7NO virus strains, namely A/Anhui/1/2013
(AH-H7N9) and A/Shanghai/2/2013 (SH-H7N9), were
provided by the virus resource database, and were iso-
lated from chicken embryos at the Chinese Center for
Disease Control and Prevention (China CDC). Follow-
ing treatment of chick embryos from embryonic (E) day
E9 to E10 with these viruses, chick embryos were incu-
bated at 35 °C for 72 h, and placed at 4 °C overnight. The
first transfer generations of AH-H7N9 and SH-H7N9 (PO
strain) were collected from allantoic fluid components in
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chick embryos. Additionally, simultaneous measurement
of infectious virus titer was carried out by 50% tissue cul-
ture infective dose (TCID5) for each virus strain. Madin-
Darby canine kidney (MDCK) cells were selected as the
infection model for the generation of each virus strain.
Briefly, 8 x 10° MDCK cells were seeded in a 25 cm-flask
containing DMEM with 10% FBS, 100 uL/mL penicil-
lin and 100 pL/mL streptomycin (pH 7.2-7.4). MDCK
cells were cultured at 37 °C in a humid environment
containing 5% CO, until 70% confluence, and washed
with TPCK-trypsin (2 pg/mL)-containing DMEM for
3 times. Then, 10 pL of allantoic fluid containing the PO
strain was inoculated and cultured with MDCK cells as
described above for 2 h. Afterweards, the medium was
discarded, and TPCK-trypsin (2 pg/mL; 5 mL)-contain-
ing DMEM was added in cells, which were cultured for
another 48 h. Finally, the cytopathic effect (CPE) of the
virus was observed under an inverted microscope. Next,
the cultures were centrifuged for 10 min and superna-
tants as well as cells were collected. Absolute quantifica-
tion was performed for virus in titers in supernatants and
cells. Determination of 50% tissue culture infective dose
(TCIDg,) and whole-genome sequencing were performed
for supernatants and cell viruses, respectively. During
long-term serial passaging in the host, viruses from the
supernatants were collected, and inoculation was per-
formed as described above, with a constant inoculation
amount of 8 x 10* copies. Routinely, cells were assessed
and passaged every 48 h. Viruses in the culture superna-
tants were passaged repeatedly till the sixth generation in
MDCK cells, suggesting the generation of mutant viruses
(Additional file 1: Fig. 1). Using an identical passaging
protocol, serial passaging was also carried out repeat-
edly in A549 cells till the third generation. The TCIDg,
was measured and calculated by the Reed-Muench
method [30], as logTCID;,=log (dilution where % of
infected cells above 50%) + distance ratio x log (dilution
coefficient).

Absolute quantification of virus titers by real-time RT-PCR

Virus was extracted from a total amount of 100 pL cell
culture supernatant with QIAGEN RNeasy Mini Kit. The
extracted viral RNA was finally dissolved in 100 pL elu-
ent. Then, a total amount of 1 pL viral RNA was fluores-
cently quantified by real-time PCR. Rapid and sensitive
quantification of 1 uL viral RNA was carried out by con-
tinuous fluorescent monitoring of real-time PCR using
Multiplex Real Time PCR with Influa H7N9 Detection
Kit, whose standard procedures were provided by the
National Influenza Center. AgPath-ID™ One-step RT-
PCR (Life Technologies, AM1005) was performed with
H7 labeled by FAM™ dye on an Applied Biosystems 7500
Fast Dx Real-Time PCR instrument at the conditions
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of 10 min at 45 °C, 10 min at 95 °C, 40 cycles of 15 s at
95 °C, 45 s at 60 °C. Absolute amounts of viral RNA in
were determined by the 7500 software v2.0 according to
the HA standard curve.

Sequence analysis of viral RNAs

Primers for overlapping PCR were designed, and further
used for amplification reactions with the Qiagen one step
RT-PCR kit. The standard PCR procedure was as fol-
lows: 30 min at 50 °C, 15 min at 95 °C, 40 cycles of 30 s
at 94 °C, 30 s at 50 °C, 1 min at 72 °C and 10 min at 72 °C,
respectively. PCR products were collected, and all gene
segments from each virus passage replicated in embryo-
nated eggs were amplified by high fidelity PCR using
QIAGEN One Step RT-PCR Kit in the supernatants of
homogenized cells and the cell supernatants. The expres-
sion vector, pGEM-T Easy Vector (Promega, Madison,
USA), was designed for the convenient cloning of the
purified PCR-amplified RNAs. Five positive clones for
each gene segment from individual virus subtype were
randomly selected for sequencing (Invitrogen, Shanghai,
China). Assembly and analysis of the sequences was per-
formed with DNASTAR-Lasergene’s SeqMan software
and NCBI-Blast.

Recombination of viral protein mutants

Gene sequences of the HA7 and NA9 proteins isolated
from AH-H7N9 or SH-H7N9 were optimized accord-
ing to host cell characteristics, and sub-cloned into
the pCAGGS plasmid (Genewiz). Then, site-specific
mutations introduced by viral passaging were selected
for further constructing HA7 or NA9 mutant plas-
mids using the Quickchange Lighting Site-Directed
Mutagenesis kit. Briefly, primers containing site-spe-
cific mutations were synthesized. The standard PCR
procedure was as follows: 2 min at 95 °C, 18 cycles of
20 s at 95 °C, 10 s at 60 °C, 8 min at 68 °C, and 10 min
at 68 °C. DH5a competent ' cells were transfected
with these PCR products, by adding 8 uL PCR product
into 50 pL DH5a cells, keeping the mixture on ice for
30 min, followed by heat-shock at 42 °C for 90 s and
immediate placement on ice for 2 min. Transfected
cells were added into 400 uL LB media and cultured
in a 37 °C shaker for 45-60 min. Then, 50-100 uL cul-
tured cells were transferred into ampicillin (100 pg/
mL)-containing LB plates overnight at 37 °C, and single
clones were picked for gene sequencing. Colonies with
site-specific mutation accuracy were further inoculated
after a 1000-fold dilution onto ampicillin-containing LB
plates and cultured overnight in a 37 °C shaker. Plasmid
recovery was performed using Qiagen Endo free Plas-
mid Maxi Kit according to the instructions provided by
the manufacturer.
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Recombinant virus

First, plasmids expressing the HA7 or NA9 proteins
were transfected into 293 T cells, respectively. Expres-
sion levels of the former protein were detected by
Western blot, and the activity of the latter protein was
determined with NA Activity Kit. Then, the HA7, NA9
and pNL-4.3-Luc-R-E plasmids were co-transfected into
293 T cells, thereby constructing a pseudo-type influenza
virus. Briefly, 293 T cells were inoculated in 6-well plates,
allowing rapidly spreading viral infection in cultured cells
until 70% confluence. The cells were then washed with
PBS, and added to a culture medium with low-serum
Opti-MEM (Gibco). Virus packaging was performed
with Lipofectamine " 2000 Transfection Reagent Kit (Life
Technologies) according to the manufacturer’s instruc-
tions. Briefly, 100 pL solution A was added to 500 ng
of each pCAGGS-HA7 and pCAGGS-NA9 plasmids,
and 1500 ng of pNL-4.3-Luc-R-E, with 3.5 pL of vectors
comprising a strong viral promoter/enhancer sequence.
Solution A was rotated for 1 s, and kept at room tem-
perature for 2—5 min. Then, solution B was prepared by
adding 10 pL effective transfection reagent into 100 pL
plasmid containing the enhancer sequence, and rotated
for 10 s. Next, solutions A and B were mixed and kept
for 5-10 min, added to 600 puL of Opti-MEM medium.
The mixture was slowly and carefully added into 6- well
plates containing cultured 293 T cells, after discarding
the medium. After 6 h of incubation, the supernatant was
aspirated, fresh Opti-MEM containing TPCK-trypsin
(Sigma) at 2 pg/mL was added. Supernatants containing
the H7N9-pseudovirus were collected after 48 h of cul-
ture, filtered with a 0.45-pm filter (Millipore) and stored
at — 80 °C. Since the pNL-4.3-Luc-R-E plasmid contained
the luciferase gene as a marker, the activity of the pack-
aged virus was determined with the Firefly Luciferase
Reporter Gene Assay kit. Briefly, all H7N9 pseudovi-
ruses were respectively incubated with MDCK cells cul-
tured in serum free DMEM containing TPCK-trypsin
(2 pug/mL) in 96 well plates (10* /well) for 2 h at 37 °C in
an environment containing 5% CO,. Then, the medium
was replaced with 10% FBS supplemented DMEM (2 pg/
ml TPCK-trypsin) for another 48 h of culture. Luciferase
activity was measured with luciferase assay regents (Pro-
mega, Madison, WI), NA activity was determined with a
NA-Star Influenza Neuraminidase Inhibitor Resistance
Detection Reagent Set (Applied Biosystems) and a Lumi-
nescence Counter (Promega) according to the manufac-
turer’s instructions.

Western Blot

Cultured cells were washed with PBS twice, lysed with
lysis buffer (20 mM Tris, pH 8.0, 0.5% NP-40, 0.25%
sodium deoxycholate, 1 mM EDTA, protease inhibitor
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cocktail), centrifuged at 15,000¢ for 15 min, and super-
natants were collected for protein quantification by the
Lowry’s method. After diluting the samples to 2 mg/
mL, proteins were heat-denatured for 5 min, submitted
to 4-10% SDS-PAGE, transferred onto a PVDF mem-
brane, blocked with 1% bovine serum albumin, and
incubated with H7 monoclonal antibody (1000; mouse
anti-H7N9 hemagglutinin/HA antibody, Sino Biologi-
cal, Beijing) at 4 °C overnight. The membrane was then
incubated with anti-mouse IR dye 800-labeled IgG sec-
ondary antibody (Li-Cor, Lincoln, NE), measured at a
recommended wavelength, and analyzed by the Odys-
sey software.

Interaction detection between the recombinant HA
and receptors
HA quantification was first performed following the
instructions provided by the manufacturer. Recombi-
nant HAs were coated onto a polystyrene plate at 4 °C
overnight. The AH-H7N9 hemagglutinin/HA protein
(Sino Biological, Beijing) was used as the standard and
serially diluted. The plate was then blocked with 5%
bovine serum albumin (BSA) (Sigma) at 37 °C for 2 h.
After washing, mouse anti-HA mAbs (1:1000) were
added, and the plate was incubated at 37 °C for another
hour. The plate was incubated with HRP-labeled sec-
ondary anti-mouse IgG (1:5000) (Sigma) at 37 °C for
another hour following washing. OPD/H,0, was then
added; the chromogenic reaction was terminated by
addition of H,SO,. The amounts of the HA protein
were measured at 450/650 nm, using a standard curve.
A solid-phase binding assay with competing glyco-
polymers was performed for determining receptor
affinity as described previously. Serially diluted HA
proteins (threefold) from 200 pg/mL (3.4 uM) were
allowed to incubate overnight at 4 °C in 96-well plates.
BSA (5%) was used to block the plates for 2 h at 37 °C.
Then, [3’-Sialyllactose-PAA-biotin, 3/SL] (GlycoTech,
01-038) or [6'-Sialyllactose-PAA-biotin, 6'SL] (Gly-
coTech, 01-039) was added to the wells at 200 ng/mL
for 1 h at 37 °C, respectively. Horseradish peroxidase
(HRP)-conjugated avidin (1:5000; Sigma) was added to
wells for visual detection of the proteins by a chromo-
genic reaction. The extent and accuracy of binding of
the recombinant HA by a given polysaccharide recep-
tor was determined by absorbance at 450/650 nm. Data
were analyzed by the GraphPad Prism 5.0 software.

Interaction detection between H7N9-pseudotyped viruses
and receptors

Interaction detection between recombinant viruses and
receptors was performed with the HIV-1 p24 Antigen
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ELISA kit (Keybiotech, Beijing), by assessing receptor-
labeled 3'SL and 6’SL, according to the manufacturer’s
instructions. Briefly, p24-antigen containing- and stand-
ard samples were added to p24 McAb-coated 96-well
plates and incubated at 37 °C for 60 min. Following incu-
bation, the plates were washed, and biotin-labeled p24
polyclonal antibody and HRP-labeled SA were added
for further studies. After 5x washing, H,0,/DAB was
added, and the reaction was terminated 15 min later.
Virus quantification was carried out by detecting OD at
450/650 nm. Then, p24 protein levels were adjusted to
200 ng/mL after dilution of the virus, which was coated
to 96-well plates as described above. The 3’SL and 6/SL
were twofold serially diluted from 200 ng/mL, allowing
the binding detection of HRP-SA by DAB and OD meas-
urement, as described above for the solid-phase binding
assay between HA and glycol- polymers.

Statistical analysis

The Student’s t-test was utilized to determine the statis-
tical significance of differences between experimental
groups. p<0.05 was considered as statistical significant.

Results

Total amounts and virulence strengths of viruses

in MDCK-infected cells

First, we assessed the morphological lesions associated
with H7N9 virus infection. MDCK cells were rounded
and shrunk after 48-h of infection with first- or second-
generation H7N9 viruses; this effect was even more
prominent after infection with fifth- and sixth-generation
viruses (Fig. 1). However, pathology in MDCK cells did
not appear when infected with third- or fourth-gener-
ation viruses (Fig. 1). Besides, primer pairs, designed
against segment specific RNAs for each generation in
different H7N9 subtypes (Additional file 1: Fig. 1), were
used to quantitatively assess copy numbers by in-vitro
Real-Time PCR (Fig. 2a). Quantification of absolute
amounts of viral RNAs indicated a significant increase in
supernatants with a significant decrease in cells infected
by fifth- and sixth-generations of A/Anhui/1/2013 (AH-
H7ND9), respectively. These results suggested that A/
Shanghai/2/2013 (SH-H7ND9) displayed apparently higher
replicative ability compared with AH-H7N9 in MDCK
cells. For instance, total amounts of viral RNAs in sec-
ond-generation of AH-H7N9 were significantly reduced
compared with those in fifth- or sixth-generation of SH-
H7N9 in MDCK cells (Fig. 2a). Interestingly, this effect
was not replicated in the other cells tested, namely, A549
cells, indicating host specificity of H7N9 viruses and vari-
ous adaptive responses (Additional file 2: Fig. 2).
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Fig. 1 Pathological changes in MDCK cells infected by various virus generations for 48 h
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To determine the TCID50 of each generation for vari-
ous viral subtypes, endpoint dilution assay was used
to estimate the amounts of virus required to kill 50% of
infected MDCK cells or induce cytopathic effects in 50%
of inoculated MDCK cells. Cultured MDCK cells were
first added with serial dilutions of respective viruses.
Quantification of TCIDg, of viruses using the Reed-
Muench method showed that viruses isolated from
either cells or supernatants displayed similar TCID50 for
each virus dilution for all subtypes (Fig. 2b). In addi-
tion, TCID;, of the AH-H7N9 strain decreased in the
first- and second-generations, respectively, and reached
the minimum in the third- and fourth-generations,

indicating that the virus required time to adapt to the
changing environment. Moreover, TCID;, measure-
ment also revealed that the virulence was restored in the
fifth-generation and maintained the in sixth-generation
(Fig. 2b). TCID50 analysis of the SH-H7N9 subtype also
revealed a similar estimation of long-term trend except
for relatively high TCIDgj, for the first- and second-gener-
ations of SH-H7N9, suggesting that SH-H7N9 was more
adaptive to the new environment in comparison with
AH-H7N9 (Fig. 2b).
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Full gene sequences of the H7N9 virus in the PO-P6
passages

Primers for overlapping PCR were designed, and used
for sequencing analysis of each gene segment from
individual recombinant viruses of various subtypes in
the sixth generation. We identified point mutations
either causing amino acid substitution or not (Table 1).
Sequence analysis revealed that the Anhui/1-H7N9 and
Shanghai/2-H7N9 strains showed significant differences
involving in mutations of the gene, even when cultured
in the same conditions. Some site-specific mutations
were introduced into the genes of 8 segment proteins of
the Anhui/1-H7N9 and Shanghai/2-H7N9 strains. Eleven
meaningful bases mutations were discovered in HA,
NA, PA, PB1, PB2, and NP completed genes within AH-
H7NO9 strains. While Seventeen sense bases mutations
were found in HA, NA, PA, PB1, PB2, NP and NS com-
pleted gene within SH-H7N9 strains. These site-specific
mutations were introduced into the genes of HA7, NA9,
PA, PB1, PB2, NP and NS proteins of AH-H7N9 and/
or SH-H7NO9. Eleven meaningful amino acid mutations
were HA (A135T), NA (N171S, G335S and G415K), PA
(A343T, A347T and E349T), PB1 (D76N and V451E),
PB2 (D87G), and NP (A373T) respectively within
Anhui/1-H7N9 serial passaging strains. While Seven-
teen sense amino acids mutations were respectively HA
(T40I, A107T, T1571, G218E, V223], and A225K), NA
(N72I), PA (M86V and Y161A), PB1 (S515F and P596S),
PB2 (I1185S), NP (A284T and M352I) and NS (D101N and
E208K) completed proteins within Shanghai02-H7N9
strains. Here all amino acid sits of HAs and NAs were
numbered throughout by classical H3N2 strain number-
ing. These amino acids mutation involved in Anhui/l
and Shanghai/2 H7N9 in the serial passaging strains
were analyzed in the Flusurver website (http://flusu
rver.bii.a-star.edu.sg). Compared with the reference A/
Shanghai/2/2013 (H7N9) strain, mutations occurred in
the Anhui/1 virus strain at the sites of the M26I, S171N
and G335N of NA proteins, A135T in HA, and A373T of
NP predicted biological significance. Meanwhile, muta-
tions occurred in Shanghai/02 at the following sites of the
T401L, A107T, A135T, T1571, G218E, V223I, and A225K
in HA genes, M86V, Y161A in PA, A284T in NP, N72I
in NA, and D101N in NS primarily predicted the sites of
interest. According to the above the results, the HA and
NA gene mutations involved in receptor-binding proper-
ties of the virus mainly contributed to virulence alteration
during serial passaging. The 3D structures of interactions
between the HA protein with amino acid substitution
and receptors were analyzed by Flusurver (https://flusu
rver.bii.a-star.edu.sg/INTERACTIONS/) (Fig. 5). Crystal
structure of NA with amino acid substitution from SH-
H7N9 was predicted (Fig. 6).
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Interactions of recombinant HAs with receptors
Next, these gene sequences were optimized and sub-
cloned into the pCAGGS plasmid according to the
features of MDCK cells. Firstly, we tested the expres-
sion levels of a variety of recombinant HA7 plasmids in
293 T cells. The recombinant variants of (AH-H7N9)
HA7AT_pbCAGGS exhibited overtly higher expres-
sion levels compared with those of other variants.
Meanwhile, (AH&SH-H7N9) HA7ABT_pCAGGS
and (SH-H7N9) HA7T7LpCAGGS displayed rela-
tively higher expression levels compared with average
expression levels of (SH-H7N9) HA7T"'-pCAGGS,
(SH-H7N9) HA7T71-V2BL,CAGGS and (SH-H7N9)
HA7T7UTIS7IVIBL s,CAGGS, as well as (SH-H7N9)
HA7T7H'T157I'V2231'T4OI-pCAGGS, which showed low-
est expression levels. Moreover, the NA variants,
pNL-4.3-Luc-R-E vector and blank load transfections
showed no detectable HA protein expression (Fig. 3a).
To determine whether the site-specific HA7 muta-
tions identified affected HA affinity for glycopolymer
receptors, interactions between recombinant viruses
and receptors were determined by counting labeled
“avian-type” receptor-3’SL, and the major analog of the
human receptor-6/SL. Based on KD values, the wild-
type HA7 protein in both H7N9 subtypes exhibited
dual receptor-binding properties since they had the
same substitution, with similar affinities (KD for 3’SL, .
hui/l & Shanghai/2 Ha7 =0.635+0.188 uM to the “avian-
type” receptor 3’SL and KD for 6'SLyuhui/1 & Shanghair2
Hay =0.753£0.197 pM to the “human-type” receptor
6/SL). Surprisingly, all HA mutations retained the abil-
ity to bind the “avian-type” receptor analog, of which
HAAT had the lowest affinity (KD for 3/SLy;,,A1%°T =
5.553 £1.232 puM), taking into account average levels of
affinitive interactions of other variants to 3/SL (Fig. 3b-
1; Table 2). Moreover, affinity test also showed high-
est affinity for the HA7T71V2%3! and HA7A1%Tyariant
(KD for 6'SL V281 -0,1274£0.028 M
and HA7A1%T=014740.031 uM to the major
analog of the human receptor 6'SL), as well as
relatively low affinity for HA7™M (KD for 6'SL
HA7T71V2231— 0,388 +0.102 puM), in comparison with
average affinity for other variants (Fig. 3b-2; Table 2).
Furthermore, we analyzed the NA activity of packaged
viruses by measuring the expression levels of luciferase
reporter gene, after transfection of pNL-4.3-Luc-R-
E plasmids containing the sequences of NA9 variants
into 293 T cells. We found similarly higher levels of NA
activity of the NA9N7!S variant and wild type proteins
in both subtypes in comparison with those of NA933®
or the negative control (Fig. 3¢).
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Table 1 Amino acid substitutions or simple point mutations without accumulation of amino acid substitutions by using
analysis of whole-genome sequencing of sixth-generation of viruses in each virus strain from both supernatants and cells

H7N9 type Gene No. Base mutation AA mutation Change during passaging Mutation coverage

of mutation
Anhui/1 HA 1 96T NS Cin PO,occurred in P1-6, T>Cin P3 In MDCK1 and MDCK2, both MIX
2 G421A NS G>A only in p1-5 A, recovered in P6 Only in MDCK2, MIX
3 G427A A143T/135* GinPO,A occurred in P1,A>Gin P3,G>A Complete mutation in MDCK1, MIX
in all P4-6 virus in MDCK2
4 C1554T NS Cin PO, T occurred in P1-2T>CinP3-6  In both MDCK1 and MDCK2; MIX
1 G503A N1685/171% Gin PO-1, A occurred in P2-3, A main- In both MDCK1 and MDCK2;MIX
tained in P4-6
NA 2 G996A G3315/335* Gin PO-1, A occurred in P2-3 and main-  In both MDCK1 and MDCK2;MIX
tained in P4-6
3 G1236A G412K/415* Gin PO-1, A occurred in P2-3 and main-  In both MDCK1 and MDCK2;MIX
tained in P4-6
1 G1027A A343T Gin P0O-3, A occurred in P4, A main- In both MDCK1 and MDCK2; MIX
tained in P5-6
PA 2 G1039A A347T Gin P0O-3, A occurred in P4, A main- In both MDCK1 and MDCK2; MIX
tained in P5-6
3 A1046G E349G Gin P0O-3, A occurred in P4, A main- In both MDCK1 and MDCK2; MIX
tained in P5-6
4 C135T NS Cin PO, Toccurred in P1,T maintained  In both MDCK1 and MDCK2; MIX
in P4-6
5 C720T NS Cin PO, Toccurred in P1,T maintained  In both MDCK1 and MDCK2; MIX
in P4-6
6 C1557T NS Cin PO, T occurred in P1, T maintained  In both MDCK1 and MDCK2; MIX
in P4-6
PB1 1 G226A D76N Gin P0-3, A occurred in P4, A main- In only MDCK1, Mix
tained in P5-6
2 T1356A V451E Tin PO-3, A occurred in P4, A main- In only MDCK1 Mix
tained in P5-6
PB2 1 A260G D87G Ain PO-3, G occurred in P4, G main- In only MDCK1 Mix
tained in P5-6
2 C990A NS Cin PO, A occurred in P1-3, C main- In both MDCK1 and MDCK2; MIX
tained in P4-6
NP 1 G1117A A373T G in P0-4, A occurred in P5, A main- In both MDCK1 and MDCK2; MIX
tained in P6
2 G1071A NS Gin PO, A occurred in P1, A maintained  In both MDCK1 and MDCK2; MIX
in P2-6
M 1 C900A NS Cin PO-5, A occurred in P6 In only MDCK2 Mix
Shanghai/2  HA 1 C143T T481/40% Cin PO-2,T occurred in P3, T maintained Mix
in P4-6
2 C236T T791/71% Cin PO-2,T occurred in P3,T maintained Mix
in P4-6
3 G343A A117T/107* Gin P0O-2,A occurred in P3, A main- Mix
tained in P4-6
4 C494T T1651/157* Cin P0-2,T occurred in P3, T maintained Mix
in P4-6
5 G680A G227E/218* G in PO-2,A occurred in P3, A main- Mix
tained in P4-6
6 G694A V2371/223* Gin PO, A occurred in P1,A maintained  Mix
in P2-4, recovered in P5-6
7 G1091A A369K/225*% G in PO-2,A occurred in P3, A main- Mix
tained in P4-6
T618C NS Tin P0-3;, T>Cin P4;, P5:C>T,P6:T>C Mix
GI1011A NS P0-3:A>G, P4:G>=AP5-6 converted Mix

to PO(G)
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Table 1 (continued)
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H7N9 type Gene No.

Base mutation AA mutation Change during passaging

Mutation coverage

of mutation
NA 1 C207T N731/72 Cin PO, T occurred in P1,T maintained  Mix
in P2-4, recovered in P5-6
PA 1 A256G M86V Ain PO, G occurred in P1,G maintained  Mix
in P2-3, recovered in P5-6
2 A484G Y16TA A'in PO,G occurred in P1,G maintained ~ Complete mutation in P6
in P2-5Gin P6
PB1 1 C1544T1 S515F Cin P0O-2,T occurred in P3,G maintained Mix
in P4-6
2 C1786T P596S Cin P0O-2,T occurred in P3,G maintained Mix
in P4-6
3 C1143T NS PO-3.C, P4:C>T,P5-6:T>C
4 C1488T NS P0-3:C, P4.C>T,P5-6T>C
5 G2061A NS P0-2:G, P3:G>AP4:A>G,P5-6:G>A
PB2 1 T554G 1185S Tin PO-P3,G occurred in P4,G main- Complete mutation in P6
tained in P5-6,G in P6
2 C393T NS P0-3:C>T,P4-6 return to PO(C)
3 C717T NS PO-3:C>T,P4-6 return to PO(C)
4 G573A NS PO-4:G>A,P5-6 return to PO(G)
NP 1 G850A A284T Gin PO, A occurred in P1,A maintained ~ Complete mutation in P5-6
in P2-4, A'in P5-6
2 G1056A M352] Gin PO, A occurred in P1,A maintained ~ Complete mutation in P5-6
in P2-4, Ain P5-6
G987A NS P0-6:G>A, G=Ain P3,P6 weaken Mix
4 C1020A NS PO-4:C>A, P5-6 converted into PO(C) Mix
NS 1 G301A D101TN G in PO-P2, A occurred in P3-4, recov- Mix
ered in P5-6
2 G622A E208K G in PO-P2, A occurred in P3-4, recov- Mix
ered in P5-6
3 G65TA NS PO-3:G,P4-6:G>A Mix

*H7/H3 numbering; #N9/N2 numbering; NS: Only base mutations, but not amino acid mutations

Virus infectivity and pathogenesis
We performed luciferase assays in cultured MDCK cells
infected with H7N9 variants. Virus infectivity in MDCK
cells was expressed as the logarithm conversion of rela-
tive luciferase units (Log;yRLUs). The results showed
that mean values in the AH-H7N9 (HA7: A135T; NA9:
N171S), SH-H7N9 (HA7: T711-V223I), SH-H7N9 (HA7:
T711-T1571-V223I1), SH-H7N9 (HA7: T711-T1571-V2231-
T40I), and SH-H7N9 (HA7: T71I) virus strains ranged
between 6 and 8. Among them, SH-H7N9 (HA7: T71I-
V223I) was the only virus strain with a mean value of
Log;oRLU higher than 7. Moreover, mean values in the
AH-H7N9 (HA7: A135T), SH-H7N9 (HA7: T157I), SH-
H7N9 wild type, and H5N1 wild type virus strains ranged
between 3 and 6. The remaining variants showed no sig-
nificant differences compared with the negative control
(Fig. 4a).

To further determine the infectivity of H7N9 recom-
binant strains with amino acid substitution(s), a solid-
phase binding assay with competing glycopolymers was

performed for measuring receptor affinity (Fig. 4b). We
performed the solid-phase binding assay between recep-
tors and pseudoviruses of different variants. In com-
parison with the strongest interaction between H5N1
and 3'SL, SH-H7N9 (HA7: T711-V223I) and SH-H7N9
(HA7: T711-T1571-V223I-T40I) also strongly enhanced
“avian-type” receptor (3'SL)-mediated interactions in
a dose-dependent manner. Moreover, SH-H7N9 (HA7:
T1571) and AH-H7N9 (HA7: A135T; NA9: N171S) inter-
action was somewhat reduced compared to those two
mentioned above, in particular for the AH-H7N9 (HA7:
A135T; NA9: N171S) strain. Meanwhile, SH-H7N9
(HA7: T711-T1571-V223I) showed lowest affinity among
all other strains.

Furthermore, we also tested the interaction between
the major analog of the human receptor (6'SL) and the
various H7N9 recombinant strains. In striking contrast,
SH-H7N9 (HA7: T1571) became the strain with appar-
ently higher affinitive binding associated with interac-
tion between HA7 and 6'SL, in particular for higher
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Fig. 3 Interaction assessment between HA7 protein and its receptors. (a) Expression levels of the HA7 protein in 293 T cells, detected by Western
blot; (b) Quantitative detection of HA binding to 3/SL- (b-1) or 6’SL-labeled receptors (b-2) by measuring KD values. (c) Quantification of NA activity
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concentrations (>100 nM) of the ligands. SH-H7N9
(HA7: T711-V223I) and SH-H7N9 (HA7: T71I-T1571-
V223I-T40I) also could be effectively and stably bound.
Still, AH-H7N9 (HA7: A135T; NA9: N171S), SH-H7N9
(HA7: T711- T1571-V223I) and H5N1 showed apparently

Table2 Mean KD values through One site-Specific
binding analysis for interactions between HA antigen
protein and a serial dilution of either 3’SL- or 6’SL-labeled
receptors in each HA expression protein

HAs KD FOR 3/SL (uM) KD FOR 6/SL (uM)
Anhui/1 & Shanghai/2 HA7 ~ 0.6354:0.188 0.753+0.197
HA7 A135T 5.55341.232 0.147 +£0.031
HA7 71! 362740518 0.38840.102
HA7 1157 3.17640.921 0.23140.051
HA7 711223l 218940518 012740028
HA7 T7/11571Rv2231 2.18940.204 0.26840.081
HA7 T71HT1571Hv2231 1401 331740300 0.23140.051

reduced affinity to 6/SL, in particular with the lowest
affinity for H5N1, compared with other recombinant
strains.

Discussion
In this study, we developed an MDCK cell-infection assay
that allowed the screening of unknown amino acid sub-
stitutions that potentially have functional alterations,
especially in affinitive binding with SA receptors during
serial passaging of both AH-H7N9 and SH-H7N9 sub-
types. Sequencing confirmed that we indeed generated
several new mutations (Table 1), either in the HA7 or
NA9 protein. Some of these new mutations surprisingly
exhibited a significant increase in binding affinity with
SA receptors, especially the human type, indicating there
was a conformational change in essential domains of the
protein itself or the protein-receptor complex.

During serial passaging, the Anhui/1-H7N9 and
Shanghai/2-H7N9 strains isolated from sputum of
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patients with H7N9 virus infection were first cultured
in egg embryos equivalent to the second-generation
embryonic virus strains (E2), named PO. Then, they were
transfected into MDCK (Madin-Darby canine kidney)
and A549 (human pulmonary carcinoma) cells, respec-
tively. Indeed, Anhui/1-H7N9 and Shanghai/2-H7N9
strains are transmitted by traces, from poultry to humans
(patients infected with H7N9 virus), to egg embryos
(similar to poultry), then returned to animals (dogs) and
humans (A549), resulting in adaptive gene mutations fre-
quently occurring during growth in diverse species recy-
cled between avians, poultry and humans. Interestingly,
analysis of host adaptation and resistance mutations
revealed that even different H7N9 subtypes had markedly
different surviving curves during serial passaging, when
infecting MDCK cells, but not A549 cells. it is well known
that the five rounds of H7N9 outbreak occurr from 2013
to 2017 (Additional file 3: Fig. 3). The fifth round of H7N9
outbreak in 2017 occurred with a large number of cases,
although a series of prevention and control measures
in poultry trading have been implemented. Therefore,

the possibility of adaptive mutation of carriers infected
with H7N9 virus but not developing the disease cannot
be ruled out, according to our previous study (data no
shown). Furthermore, individuals H7N9 subtypes also
displayed significant variations when cells from different
human organs were infected, not to mention cells from
different species. Nevertheless, genetic lineages of differ-
ent avian and poultry species, especially the wild ones,
provided a number of genes from avian influenza type A
viruses including H7N9 to co-circulate. Until now, there
is no significant consistency in temporal and/or spatial
correlations, due to the fact that, at least partially, wild
birds prefer going wild, from time to time. Therefore, in
addition to globally monitoring potential candidates of
migratory birds and speeding up whole genome sequenc-
ing for more avian and poultry species, structural and
functional analyses of amino acid variations of potentially
high pathogenic H7N9 strains, from one amino acid to
another, is indeed required as a high priority.

Analysis of the complete gene showed there were two
amino acid difference at NA (M26I) and PB2 (1292V)
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sites between Anhui/1-H7N9 (p0) and Shanghai/2-
H7NO9 (p0) strains. P1-P6 gene Flusurver website analysis
showed that four of eleven meaningful amino acid muta-
tions were of interest level (1-3), including HA (A149T,
H3 numbering), NA (N172S, G333S N2 numbering)
and NP (373 T) within Anhui/1-H7N9 serial passaging
strains. HA (A149T) may create a potential glycosylation
site; NP (NP373T) is known to cause antigenic shifts or
mild drug resistance. While a preliminary analysis of sev-
enteen sense mutations revealed twelve site-related func-
tions involved in HA (T471, T791, A117T, T1711, G232E,
V2371 and A369K), NA (N73I), PA (M86V and Y161A),
NP (A284T) and NS1 (D101N) within Shanghai02-H7N9
strains. According to the above results, HA and NA gene
mutations involved in receptor-binding properties of the
virus mainly contribute to virulence alteration during
serial passaging.

Specifically, it is evolutionarily essential to analyze
the mutational pattern of HA, since it acts as the major
viral glycoprotein modulating adsorption as well as
penetration in the host membrane by binding the 3’SL
or 6’SL receptor through specific receptor binding sites
known as secondary elements, including helix (190 aa
[amino acid]) and loops (130/150/220 aa) based on H3
numbering. For instance, S128N was detected within
the loop (130 aa), which is proximal to the receptor
surface (distance ~ 20 A) [31]. Unexpectedly, A143V
and A143T, which are outside the receptor binding site,
were also reported to play critical roles, as additional
antigenic determinants, in adjusting receptor binding
avidity, and simultaneously altering antigenicity in AH-
H7N9 [32]. Furthermore, several mutations including
L226Q were later found on the internal branch ances-
tral to the HP cluster within the YRD-2b clade of HA
[31]. Both wild type AH-H7N9 and SH-H7NO retained
dual receptor binding ability due to keeping the Q226L
type mutation. Accordingly, quite a few mutations
of the HA 7 protein found in this study, i.e., A135T
(AH-H7N9), SH-H7N9 (G218E, T40I, T1571, A107T
and V223R) mutations, were consistent with previous
structural biological studies and/or related researches.
A previous study showed that the four hydrophobic
residues Alal38, Val186, Pro221 and Leu226 have a
higher ability to bind the human receptor than the
four hydrophilic counterparts Ser138, Gly186, Thr221
and GIn226, in H7N9 HA protein®. Interestingly, some
mutations of the HA 7 protein found above, i.e., T40I,
T791, T1571 and V223I, changed into a hydropho-
bic residue (isoleucine), indicating that they acquire
a higher ability to bind the human receptor. The HA
T481 mutation removes a potential N-glycosylation
site at position 46, which may also affect antigenic and
other properties of this strain. In detail, the motif at
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positions 46—-48 changed from NAT (glyco) to NAI (no
glyco). On the contrary, HA A143T mutation, which
had higher affinity to 6’SL, created a new potential
N-glycosylation site at position 141 which may also
affect antigenic and other properties of this strain.
In detail, the motif at positions 141-143 changed
from NGA (no glyco) to NGT (glyco). As observed in
resolved structures of proteins from related strains, the
HA position equivalent to this mutation is involved in
binding of small ligand(s), antibody recognition sites,
or viral oligomerization interfaces (Fig. 5b and c¢). HA
A107T (SH-H7N9) had already occurred (0.15% of all
samples with HA sequence) in a strain (A/environ-
ment/Korea/MA-410/2016) in 2016. The HA position
is involved in viral oligomerization interfaces and a
T-cell epitope presented by MHC molecules- antibody
recognition sites (Fig. 5¢) [18]. Mutations at the posi-
tion equivalent to HA T1571, HA G218E or HA V223R
(SH-H7N9) have been reported for their associations
with virulence, antigenic drift and escape mutation. As
observed in resolved structures of proteins from related
strains, the HA positions equivalent to two mutations
are involved in viral oligomerization interfaces, anti-
body recognition sites and binding of small ligand(s)
(Fig. 5e, f and g). HA R364K and HA T70I mutations
have been reported many times previously. However,
further studies assessing these from structural and
functional perspectives are necessary in the future.

On the other hand, the indispensably important func-
tion of NA in H7N9 virus is to promote viral mobility
toward/within the infected host through protecting virus
particles from entrapment by mucin-rich secretions in
the respiratory tract as well as through facilitation of viral
egress from infected host cells. Thus, the typical N9 NA
protein structure contains conserved residues of active
sites that contact neuraminic acid as well as residues that
provide basic requirements for catalysis, including cal-
cium ion-binding sites, by interacting with both water
molecules and backbone carbonyl oxygen atoms at spe-
cific sites (293/297/324/347 aa) based on N2 numbering
[33]. In this study, the NA S171N mutation had already
occurred once with 0.15% of all samples of NA sequence
in the strain (A/goose/Jiangsu/J1111/2014) in China.
Nevertheless, in addition to G335S (Gly335Ser,AH-
H7N9) and N171S (Asnl171Ser, AH-H7N9) in this study,
which was located within an adjacent area as previ-
ously reported, the possibility of other specific muta-
tions that may be critical to conformation stabilization
within the active sites of NA proteins cannot be ruled
out. The resolved structures of neuraminidase from A/
Shanghai/2/2013 (H7N9) influenza virus showed that the
NA-S171N mutation contributes to NA tetramerization
interfaces and binding of small ligand(s). The NA G335S
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Fig. 5: 3D structures of interactions between the HA protein and receptors analyzed by Flusurver (https://flusurver.bii.a-staredu.sg/INTERACTIO
NS/) (a) 3D structures of HA7 color-marked mutation sites and receptors; (b) Shanghai/2 HA mutation Thr40lle and ligand NAG (pink atoms); (c)
Anhui/1 HA mutation Ala135Thr and ligand GLC (pink atoms), host cell receptor SIA (pink atoms). (d) Shanghai/2 HA mutation A107T on viral chain
A (yellow backbone), within 5 A from oligomeric subunit chain F (blue backbone); (e) Shanghai/2 HA mutation G218E on viral chain A (yellow
backbone), within 5 A from oligomeric subunit chain C (blue backbone); (f) Shanghai/2 HA mutation T1571 on viral chain A (yellow backbone),
within 5 A from ligand EPE (pink atoms); (g) Shanghai/2 HA mutation V218l on viral chain A (yellow backbone), within 5 A from ligand EPE (pink

mutation is involved in viral oligomerization interfaces
and binding of small ligand(s) as well as antibody recog-
nition sites as shown in Fig. 6a—d.

Apart from mutations occurring in the HA and NA
genes, Shanghai/2 passaging strains also had some
mutations of interest, including PA (M86V, Y161A),
NP (A284T) and NS1 (D101N). The SH-NS1 D101N
and E208K mutations are not found in sequences used
to derive mutation statistics. The NS1 D101IN position
mutated except for NS1-E208K is involved in binding of
small ligand(s) or host protein(s), or viral oligomeriza-
tion interfaces, as found in resolved structures of pro-
teins from related strains. The PA M86V and PA Y161A
mutations have been reported to be involved in viral oli-
gomerization interfaces, as shown in Additional file 4:

Fig. 4a—b. NA N69I is not found in sequences used to
derive mutation statistics. The NA position equivalent to
this mutation is involved in viral oligomerization inter-
faces (Additional file 4: Fig. 4C) Mutation NP M352I and
Anhui-NP A373T already occurred many times The NP
A373T position but NP M352I is involved in viral oli-
gomerization interfaces, a T-cell epitope presented by
MHC molecules as shown in Fig. 4D.

Nevertheless,  Shanghai/2-H7N9  strains  PB1
(S515E,P596S), PB2 (1185S), NP (M352I) and NS (E208K),
and AH-H7NO9 strains PA (A343T, A347T and E349T),
PB1 (D76N and V451E), PB2 (D87@G) are not found in
sequences used to derive mutation statistics, thus requir-
ing further investigation of the underlying mechanisms
by reverse genetics in H7N9 viruses.
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experiment). (@) 3D structures of NA9 color-marked mutation sites and receptors; (b) Anhui/1 NA mutation NA-N171S enlargement; (c) The
NA-N171S mutation position (red atoms) on viral chain A (yellow backbone), within 5 A from oligomeric subunit chain B (blue backbone). (d) The
NA- G335S mutation position (red atoms) on viral chain B (yellow backbone), within 5 A from oligomeric subunit chain E (blue backbone)

Conclusion

In this study, we identified quite a few human-adapted
variants of AH-H7N9 and SH-H7N9 by serial passag-
ing in MDCK cells. Our results revealed that some of
these variants displayed higher variability in replicative
capability in both subtypes with multiple amino acid
mutations in the H7 and N9 proteins, which was further
demonstrated by enhanced receptor affinity to 3/SL/6/SL
and NA activity, as well as increased virulence in those
strains.
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Additional file 1: Figure 1. Long-term serial passaging of virus strains.

Additional file 2: Figure 2. Absolute RNA amounts in viruses from super-
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Additional file 3: Figure 3. lllustration of the five rounds of H7N9 out-
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Additional file 4: Figure 4. Crystal structure of representative PA, NP and
NA. (A) Shanghai2 PA M86V mutation position (red atoms) on viral chain

B (yellow backbone), within 5 A from oligomeric subunit chain A (blue
backbone); (B) Shanghai2 PAY161A mutation position (red atoms) on
viral chain C (yellow backbone), within 5 A from oligomeric subunit chain
A (blue backbone). (C) Anhui/2 NP A373T mutation position (red atoms)
corresponds to position 8 on viral chain F (yellow backbone); (D) Wild
Anhui/1 NA-M26I (compared with wild Shanghai2) mutation position (red
atoms) corresponds to position 84 on viral chain A (yellow backbone),
within 5 A from ligand NAG (pink atoms).
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AH-H7N9: A/Anhui/1/2013; SH-H7N9: A/Shanghai/2/2013; HA7: hemaggluti-
nin 7; IAV: influenza type A virus; NA: neuraminidase; HPAL: highly pathogenic
avian influenza; LPAI: low pathogenicity avian influenza; SA: sialic acid; TCIDs;:
tissue culture infective dose; MDCK: Madin-Darby canine kidney cells; CPE:
cytopathic effect.

Acknowledgements
Not applicable.

Authors’ contributions

The project was designed by TZ and FY. The experiments were conducted by
TZ, LG, HXS and FL. The data were analyzed by TZ. The manuscript was written
by TZ, HD. All authors read and approved the final manuscript.

Funding

The work was supported by the National Key Technology R&D Program of
China (Project No. 2017ZX10104001, 20182X10711001). Ting Zhang is the
funding receiver.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All of authors declare that they have none of conflict of interest.

Received: 21 August 2020 Accepted: 4 December 2020
Published online: 11 January 2021

References

1. Olsen B, Munster VJ, Wallensten A, Waldenstrom J. Global patterns of
influenza A virus in wild birds. Science. 2007;312:5772.

2. Medina RA, Garciasastre A. Influenza A viruses: new research develop-
ments. Nat Rev Microbiol. 2011;9:8.

3. LiuD, ShiWw, ShiY,Wang D, Xiao H, Li W, Bi Y, Wu Y, Li X, Yan J, et al.
Origin and diversity of novel avian influenza A H7N9 viruses causing
human infection: phylogenetic, structural, and coalescent analyses.
Lancet. 2013;381:9881.

4. ShiY,Zhang W, Wang F, Qi J, Wu Y, Song H, Gao F, Bi Y, Zhang Y, Fan Z,
et al. Structures and receptor binding of hemagglutinins from human-
infecting H7N9 influenza viruses. Science. 2013;342:6155.

5. LamTY, Zhou B, Wang J, Chai Y, Shen Y, Chen X, Ma C, Hong W, Chen
Y, Zhang Y. Dissemination, divergence and establishment of H7N9
influenza viruses in China. Nature. 2015;522:7554.

6.  Zhu X, YuW, McBride R, Li Y, Chen LM, Donis RO, Tong S, Paulson JC,
Wilson IA. Hemagglutinin homologue from H17N10 bat influenza virus
exhibits divergent receptor-binding and pH-dependent fusion activi-
ties. Proc Natl Acad Sci USA. 2013;110:4.

7. Zhong G, Fan S, Hatta M, Nakatsu S, Walters KB, Lopes TJS, Wang JI,
Ozawa M, Karasin A, Li Y, et al. Mutations in the neuraminidase-like
protein of bat influenza H18N11 virus enhance virus replication in
mammalian cells, mice, and ferrets. J Virol. 2020;94:5.

8. ShiJ, etal. Isolation and characterization of H7N9 viruses from live
poultry markets—Implication of the source of current H7N9 infection
in humans. Chin Sci Bull. 2013;58:16.

9. ShiJ, Deng G, Kong H, Gu C, Ma S, Yin X, Zeng X, Cui P, Chen 'Y, Yang
H, et al. H7N9 virulent mutants detected in chickens in China pose an
increased threat to humans. Cell Res. 2017;27:12.

10. ShiJ, Deng G, Ma S, Zeng X, Yin X, Li M, Zhang B, Cui P, Chen Y, Yang H,
et al. Rapid evolution of H7N9 highly pathogenic viruses that emerged
in China in 2017. Cell Host Microbe. 2018;24:4.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Page 150f 16

. Zhang Q, Shi J, Deng G, Guo J, Zeng X, He X, Kong H, Gu C, Li X, Liu J,

et al. H7N9 influenza viruses are transmissible in ferrets by respiratory
droplet. Science. 2013;341:6144.

. ZhaoY,Yu Z, Liu L, Wang T, Sun W, Wang C, Xia Z, Gao Y, Zhou B, Qian

J. Adaptive amino acid substitutions enhance the virulence of a novel
human H7N9 influenza virus in mice. Vet Microbiol. 2016; 187

. Lee N, Cao B, Ke C, Lu H, HuY, Tam HC, Ma CR, Guan D, Zhu Z, Li

H.IFITM3, TLR3, and CD55 Genes SNPs and Cumulative Ge-netic Risks
for Severe Outcomes in Chinese Patients with H7N9 / HIN1pdm09
Influenza. J Infect Diss. 2017; 216:1.

. Moncla LH, Florek NW, Friedrich TC. Influenza evolution: new insights

into an old foe. Trends Microbiol. 2017;25:6.

. SuS, Gu M, Liu D, Cui J, Gao GF, Zhou J, Liu X. Epidemiology, evolution,

and pathogenesis of H7N9 influenza viruses in five epidemic waves
since 2013 in China. Trends Microbiol. 2017;25:9.

. Wang X, Jiang H, Wu P, Uyeki TM, Feng L, Lai S, Wang L, Huo X, Xu K,

Chen E, et al. Epidemiology of avian influenza A H7N9 virus in human
beings across five epidemics in mainland China, 2013-17: an epide-
miological study of laboratory-confirmed case series. Lancet Infect Dis.
2017,17:8.

. Webby RJ, Yang Z. The changing landscape of A H7N9 influenza virus

infections in China. Lancet Infect Dis. 2017;17:8.

. ZhaoY,Yu Z, Liu L, Wang T, Sun W, Wang C, Xia Z, Gao Y, Zhou B, Qian

J, Xia X. Adaptive amino acid substitutions enhance the virulence of a
novel human H7N9 influenza virus in mice. Vet Microbiol. 2016; 187:

. Dortmans JCFM, Dekkers J, Wickramasinghe INA, Verheije MH, Rottier

PIM, Kuppeveld FJMV, Vries ED, Haan CAMD. Adaptation of novel H7N9
influenza A virus to human receptors. Sci Rep. 2013;3:10.

Liu Q, Zhou B, Ma W, Bawa B, Ma J, Wang W, Lang Y, Lyoo Y, Halpin RA,
Lin X. Analysis of recombinant H7N9 wild-type and mutant viruses in
pigs shows that the Q226L mutation in HA Is important for transmis-
sion. J Virol. 2014;88:14.

Chen F, Li J, Sun B, Zhang H, Zhang R, Yuan J, Ou X, Ye W, Chen J, Liu

Y. Isolation and characteristic analysis of a novel strain H7N9 of avian
influenza virus A from a patient with influenza-like symptoms in China.
Int J Infect Dis. 2015; 33:C.

Lu B, Zhou H, Chan W, Kemble G, Jin H. Single amino acid substitutions
in the hemagglutinin of influenza A/Singapore/21/04 (H3N2) increase
virus growth in embryonated chicken eggs. Vaccine. 2006,24:44-6.
Wiwanitkit V. Structural aberration in HA associated with adaptation of
human influenza A H3N2 virus in embryonated chicken eggs. Turkish J
Vet Anim Sci. 2009;33:5.

Su'S, Bi Y, Wong G, Gray GC, Gao GF, Li S. Epidemiology, evolution, and
recent outbreaks of avian influenza virus in China. J Virol. 2015;89:17.
Mishin VP, Sleeman K, Levine M, Carney PJ, Stevens J, Gubareva LV.

The effect of the MDCK cell selected neuraminidase D151G mutation
on the drug susceptibility assessment of influenza A(H3N2) viruses.
Antiviral Res. 2014;101:1.

Hooper KA Jr, CJ, Bloom JD.. Influenza viruses with receptor-binding
N1 neuraminidases occur sporadically in several lineages and show no
attenuation in cell culture or mice. J Virol. 2015;89:7.

Zadeh VR, Jagadesh A, Krishnan A, Arunkumar G. Detection of
D151G/N mutations in the neuraminidase gene of influenza A(H3N2)
viruses by real-time RT-PCR allelic discrimination assay. J Med Virol.
2017,89:7.

Hooper KA, Bloom JD. A mutant influenza virus that uses an N1 neu-
raminidase as the receptor-binding protein. J Virol. 2013;87:23.
Takashita E, Fujisaki S, Shirakura M, Nakamura K, Kishida N, Kuwahara

T, Shimazu Y, Shimomura T, Watanabe S, Odagiri T. Influenza A(HTNT1)
pdm09 virus exhibiting enhanced cross-resistance to oseltamivir and
peramivir due to a dual H275Y/G147R substitution, Japan, March 2016.
Euro surveillance : bulletin Européen sur les maladies transmissibles =
European communicable disease bulletin. 2016; 21:24.

Reed LJ, Muench H. A simple method of estimating fifty per cent
endpoiNTS. Amjhyg. 1938;27:3.

. Lu J, Raghwani J, Pryce R, Bowden TA, Theze J, Huang S, Song Y, Zou L,

Liang L, Bai R, et al. Molecular evolution, diversity, and adaptation of
influenza A(H7N9) viruses in China. Emerg Infect Dis. 2018;24:10.
Ning T, Nie J, Huang W, Li C, Li X, Liu Q, Zhao H, Wang Y. Antigenic drift
of influenza A(H7N9) virus hemagglutinin. J Infect Dis. 2019;219:1.



Zhang et al. Virol J (2021) 18:14 Page 16 of 16

33. Gubareva LY, Sleeman K, Guo Z, Yang H, Hodges E, Davis CT, Baranovich Publisher’s Note
T, Stevens J. Drug susceptibility evaluation of an influenza A(H7N9) Springer Nature remains neutral with regard to jurisdictional claims in pub-
virus by analyzing recombinant neuraminidase proteins. J Infect Dis. lished maps and institutional affiliations.
2017;216:suppl_4.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Identifying novel amino acid substitutions of hemagglutinin involved in virulence enhancement in H7N9 virus strains
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	In vitro passaging of H7N9 virus strains
	Absolute quantification of virus titers by real-time RT-PCR
	Sequence analysis of viral RNAs
	Recombination of viral protein mutants
	Recombinant virus
	Western Blot
	Interaction detection between the recombinant HA and receptors
	Interaction detection between H7N9-pseudotyped viruses and receptors
	Statistical analysis

	Results
	Total amounts and virulence strengths of viruses in MDCK-infected cells
	Full gene sequences of the H7N9 virus in the P0-P6 passages
	Interactions of recombinant HAs with receptors
	Virus infectivity and pathogenesis

	Discussion
	Conclusion
	Acknowledgements
	References


