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An H9N2 avian influenza A virus (AIV), A/chicken/Korea/01310/2001 (01310-CE20), was
established after 20 passages of influenza A/chicken/Korea/01310/2001 (01310-CE2)
virus through embryonated chicken eggs (ECEs). As a result of this process, the virus
developed highly replicative and pathogenic traits within the ECEs through adaptive
mutations in hemagglutinin (HA: T133N, V216G, and E439D) and neuraminidase (NA:
18-amino acid deletion and E54D). Here, we also established that 01310-CE20 acquired
resistance to innate inhibitors present in the egg white during these passages. To
investigate the role of egg-adapted mutations in resistance to innate inhibitors, we
generated four PR8-derived recombinant viruses using various gene combinations of
HA and NA from 01310-CE2 and 01310-CE20 (rH2N2, rH2N20, rH20N2, and rH20N20).
As expected, rH20N20 showed significantly higher replication efficiency in MDCK cells
and mouse lungs, and demonstrated greater pathogenicity in mice. In addition, rH20N20

showed higher resistance to innate inhibitors than the other viruses. By using a loss-
of-function mutant and receptor-binding assay, we demonstrated that a T133N site
directed mutation created an additional N-glycosite at position 133 in rH20N20. Further,
this mutation played a crucial role in viral replication and resistance to innate inhibitors
by modulating the binding affinities to avian-like and mammalian-like receptors on the
host cells and inhibitors. Thus, egg-adapted HA and NA may exacerbate the mammalian
pathogenicity of AIVs by defying host innate inhibitors as well as by increasing replication
efficiency in mammalian cells.

Keywords: avian influenza virus, egg adaptation, hemagglutinin, neuraminidase, innate inhibitor, mammalian
pathogenicity, H9N2

INTRODUCTION

Influenza A virus (IAV) has two glycoproteins, hemagglutinin (HA) and neuraminidase (NA),
on its enveloped surface, and these proteins play a crucial role in invasion and budding,
respectively, in host cells. HA is a major protective antigen of IAV, and it has evolved to both
escape host immune responses and adapt to new hosts via multiple amino acid substitutions
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(Matrosovich et al., 2000; Kim et al., 2013; Herve et al., 2015).
Accumulation of additional N-glycosites near the receptor-
binding site (RBS) of HA represents a significant evolutionary
drift to evade pre-existing immunity (Hensley et al., 2009;
Koel et al., 2013; Herve et al., 2015). During adaptation to
terrestrial birds, the H5N1 avian influenza A virus (AIV)
with additional N-glycans near the HA RBS balanced its
relatively low HA binding affinity by decreasing its NA
activity via NA stalk deletion (Matsuoka et al., 2009). These
mutations facilitated the balance of HA-NA activities by
increasing the replication efficiency and pathogenicity of AIVs
in mammalian hosts (Matsuoka et al., 2009; Zhao et al.,
2017).

To date, various glycoproteins and lectins in bodily fluids
have been shown to inhibit the HA of IAVs (Gottschalk et al.,
1972; Ng et al., 2012). Mucin is a glycoprotein, which can be
secreted or cell-bound, in the mucus-producing epithelia of
the respiratory, digestive, and reproductive tracts. It is also a
highly glycosylated macromolecule containing abundant sialic
acid residues linked to galactose by α2,3-linkages (Sia-α2,3-
Gal), which function as a receptor for AIVs (Brayman et al.,
2004; Adler et al., 2013). Ovomucin is present in egg white
and is a strong HA inhibitor of AIVs; it is also absorbed
and present in allantoic fluid (Lanni and Beard, 1948; Da
Silva et al., 2017). The presence of IAV inhibitors in allantoic
fluid has been previously reported (Svedmyr, 1949). The alpha
2 macroglobulin (α2M) and Ca2+-dependent (C-type) lectins
bind mannose-rich N-glycans of HA and are important for
the neutralization of IAVs (Anders et al., 1990; Matrosovich
et al., 1998). The surfactant protein-D (SP-D) is another C-type
lectin present in the lungs. It has been postulated that IAVs
containing highly glycosylated HAs may be less pathogenic
and have reduced replicative efficacy due to their increased
susceptibility to C-type lectins (Matrosovich et al., 1998; Vigerust
et al., 2007).

Based on previous reports, AIV A/chicken/01310/2000
(H9N2) (01310) was passaged 20 times in specific pathogen
free (SPF)-embryonated chicken eggs (ECEs, 01310-CE20) to
increase viral replication (Choi et al., 2008). In Korea, 01310-
CE20 has been used as a vaccine strain in the inactivated
oil emulsion vaccines. During passaging, 01310-CE20 has
been shown to grow more efficiently in ECEs, causing more
than 60% of embryonic deaths within 48 h (Choi et al.,
2008). In addition, 01310-CE20 has been shown to acquire
multiple mutations in coding genes, specifically three in HA
(T133N, V216G, and E439D, H3 numbering) and two in NA
(18 amino acid deletion (55–72) and E54D) (Choi et al.,
2008). According to the mutation profiles, 01310-CE20 might
have evolved a more effective balance of HA-NA activities
through the generation of a new N-glycosite (T133N) in HA
and a shortened stalk length in NA (Choi et al., 2008). In
this study, we demonstrate significantly higher resistance of
a 22-passage 01310 virus to innate inhibitors in egg white
compared to a 4-passage 01310 virus. We further investigated
the roles of egg-adapted mutations of HA and NA in
innate inhibitor resistance and their correlation to mammalian
pathogenicity.

MATERIALS AND METHODS

Viruses, Eggs, and Cells
In this study, we used 01310-CE4 and 01310-CE22, which had
been passaged 4 and 22 times, respectively, through the 10-
day-old SPF ECEs (Charles River Laboratories, North Franklin,
United States). The amino acid sequences of 01310-CE4 and
01310-CE22 were consistent with 01310-CE2 and 01310-CE20;
therefore, we decided to refer to them as 01310-CE2 and 01310-
CE20, respectively (Supplementary Data S1). To construct the
plasmid DNA encoding the HA and NA segments of 01310-
CE2 (H2 and N2) and 01310-CE20 (H20 and N20), a Hoffmann
pHW2000 vector system was used as described previously
(Hoffmann et al., 2000). Recombinant viruses were generated
and passaged two times in 10-day-old SPF ECEs and then
stored at −70◦C until experimental use. Madin-Darby canine
kidney (MDCK) and 293T cells were purchased from the Korean
Collection for Type Cultures (KCTC, Korea) and maintained in
DMEM (Life technologies Co., CA, United States) supplemented
with 10% FBS (Life Technologies Co., CA, United States).

Cloning and Rescue of Recombinant
Viruses
Hemagglutinin and NA segments of 01310-CE2 and 01310-CE20
were cloned into the Hoffmann’s bi-directional transcription
vector pHW2000, as described previously (Hoffmann et al.,
2000). The nucleotide sequence of the insert was determined by
sequencing with CMV-SF (5′-TAAGCAGAGCTCTCTGGCTA-
3′) and bGH-SR (5′-TGGTGGCGTTTTTGGGGACA-3′)
primers. Four combinations of HA and NA segments from
01310-CE2 and 01310-CE20 were mixed with six internal
genome segments of IAV A/Puerto Rico/8/1934 (PR8) [300 ng
of each plasmid + Lipofectamine 2000 + Plus reagents
(Life Technologies Co., CA, United States)] and transfected
into 293T cells as described previously, with modifications
(Hoffmann et al., 2000; Kim et al., 2014). After an overnight
incubation, 1 ml of Opti-MEM (Life Technologies Co., CA,
United States) containing 1 µg/ml of L-1-tosylamido-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma-Aldrich, MO, United States) were added to the
transfected 293T cells. The culture medium was harvested
after 24 h, and 200 µl of the medium was injected into 10-
day-old SPF ECEs via the allantoic cavity. Three days after
inoculation, the allantoic fluid was harvested and checked for
virus growth by the HA assay, as recommended by the WHO
manual on animal influenza diagnosis and surveillance. All
mutant viruses were confirmed by RT-PCR and sequencing.

Site-Directed Mutagenesis
To replace asparagine (N) with threonine (T) at position 133
(N133T), site-directed mutagenesis was performed using a Muta-
direct Site Directed Mutagenesis Kit (iNtRON, Korea) as per
the manufacturer’s protocol using the primers 01310-HA-N133T-
F: 5′-CTTGGAATGTGACTTT CACTGGGACAAGCAAAGC-
3′, and 5′-01310-HA-N133T-R: GCTTTGCTTGTCCCAGTGAA
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AGTCACATTCCAAG-3′. N133T was predicted to abolish a
potential glycosylation site (133–135).

N-Glycosite Prediction
To predict the three-dimensional 01310-CE20 HA protein
structure, I-TASSER was used for homology modeling1 (Zhang,
2008). A glycan molecule was manually added to the predicted
HA structure at position 133 using the Glyprot webserver2

(Bohne-Lang and von der Lieth, 2005).

Deglycosylation Using PNGase F and
Western Blotting
To confirm the presence of N-glycosylation at position 133
in 01310-CE20 HA, the recombinant viruses were denatured
and deglycosylated with the PNGase F enzyme according to
the manufacturer’s instructions (New England Biolabs, MA,
United States). The viral proteins were separated by SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) using NuPAGE
4–12 % Bis-Tris Protein Gels (Life technologies Co., CA,
United States); subsequently, they were transferred to a
nitrocellulose membrane. The membrane was incubated with
murine antisera induced by rH20N20, followed by goat anti-
mouse horseradish peroxidase (HRP)-conjugated secondary
antibody (Abcam, Cambridge, United Kingdom). Protein bands
were visualized using the Luminata forte western HRP substrate
(Merck, Germany) and the ImageQuant LAS 4000 Mini (GE
Healthcare Ltd., Buckinghamshire, United Kingdom).

Hemagglutination Inhibition (HI) Assay
HI assay was performed according to the WHO manual for the
laboratory diagnosis and virological surveillance of influenza,
with modifications. Briefly, egg white, normal mouse lung extract,
and mouse sera were serially diluted in 2-fold increments in
96-well plates, and four hemagglutinating units (HAU) of each
virus were inoculated into each well. After 1 h of incubation
at 4◦C, 0.75 % guinea pig RBCs was added to each well. The
hemagglutination inhibition (HI) titer was recorded after 1 h of
incubation at 4◦C. The HI titers are presented as the average of
four independent experiments± SD.

Assay to Determine the Relative
Replication Efficiency
To compare the MDCK cells infectivity relative to ECEs
infectivity of the recombinant viruses, MDCK cells were seeded
in 96-well plates at a density of 2×104 cells/well. After 24 h, the
confluent cells were washed twice with phosphate-buffered saline
(PBS). Then, 107 EID50/0.1 ml of the viruses were serially diluted
from 10−1 to 10−8 in 10-fold increments, and 200 µl of each
dilution was inoculated into each well with DMEM supplemented
with 1 % bovine serum albumin (BSA) (fraction V) (Roche, Basel,
Switzerland), 20 mM HEPES, antibiotic-antimycotic (Gibco,
CA, United States), and 1 µg/ml TPCK-treated trypsin (Sigma-
Aldrich, MO, United States). The TCID50 were measured at 3

1https://zhanglab.ccmb.med.umich.edu/I-TASSER/
2http://www.glycosciences.de/modeling/glyprot/php/main.php

and 5 days post-inoculation (dpi) by using HA test to determine
the end point of virus growth, and the ratio of TCID50 to EID50
(TCID50/EID50) was calculated. The results were presented as an
average of three independent experiments± SD.

Solid-Phase Assays of Receptor Binding
Specificity
The receptor binding affinities of recombinant viruses were
measured by a solid-phase binding assay as previously
described by Matrosovich et al., with some modification
(Matrosovich and Gambaryan, 2012). Briefly, 96-well enzyme
linked immunosorbent assay (ELISA) plates (SPL, Korea)
were coated with 10 µg/ml of fetuin (Sigma-Aldrich, MO,
United States) and incubated overnight at 4◦C. Once the plates
were completely dry after washing, the recombinant viruses were
bound to the fetuin-coated plates overnight at 4◦C. Next, the
wells were washed three times with PBS + 0.05 % Tween 20 and
blocked with 0.1 % desialylated BSA + 10 µM of Oseltamivir
(Sigma-Aldrich, MO, United States) for 1 h at 4◦C. The washes
were repeated three times, then the serially diluted biotinylated
sialylglycopolymers (Neu5Acα2-3Galb1-4GlcNAcb-PAA-biotin,
3′SLN-PAA, and Neu5Acα2-6GalNAca-PAA-biotin, 6′SLN-PAA,
Glycotech Corporation, MD, United States) were added to the
plates and incubated for 1 h at 4◦C. Finally, the plates were
washed three times followed by incubation in horseradish
peroxidase (HRP)-conjugated streptavidin (Thermo Fisher
SCIENTIFIC, MA, United States) for 1 h at 4◦C. The HRP
was developed with the 3,3′,5,5′-Tetramethylbenzidine (TMB)
substrate (SURMODICS, MN, United States), the reaction was
stopped with 0.1 M H2SO4, and the absorbance at 450 nm
was measured by a microplate reader (TECAN, Männedorf,
Switzerland).

Animal Experiments
Five-week-old (w-o) female BALB/c mice were purchased from
KOATEC (Pyeongtaek, Korea), and all mouse experiments were
performed at BioPOA Co. (Yongin, Korea). To measure the
in vivo pathogenicity of each mutant virus, mice (n = 5) were
anesthetized by intraperitoneal injection of 15 mg/kg Zoletil
50 (Virbac, Carros, France). Anesthetized mice were inoculated
intranasally with 106 EID50/50 µl of each virus. The negative
control (Mock) mice were injected with the same volume of
sterilized PBS. Mortality and weight loss were measured for
10 days. Mice that lost more than 20% of their original weight
were euthanized and recorded as a death. Anti-rH20N20 serum
was collected from the mice that survived rH20N20 viral infection
and was used for Western blot analysis. For comparing viral
replication efficiency in the lungs of infected mice, four mice from
each group were injected with PBS (Mock) or 106 EID50/50 µl
of each of the recombinant virus. Mouse lungs were collected
at 3 dpi and stored at −70◦C until experimental use. Tissues
were ground using a TissueLyser 2 (Qiagen, Valencia, CA,
United States) with 5-mm stainless-steel beads and 100 µl of
PBS in suspension. Then, PBS was added to make a 10 %
suspension of the ground tissues. After centrifugation at 2000× g
for 10 min, the supernatant was harvested, and virus titers of
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the lung homogenates were measured based on the TCID50 per
lung.

Ethics Statement
All mouse experiments were performed at BioPOA Co. (Yongin,
Korea) following a protocol that adhered to the National
Institutes of Health’s public health service policy on the humane
care and use of laboratory animals. The protocol was reviewed
and approved by the Institutional Animal Care and Use
Committee (IACUC) of BioPOA Co. (BP-2016-005-2).

RESULTS

Comparison of Resistance to Innate
Inhibitors in Egg White Between
01310-CE2 and 01310-CE20
It has been previously reported that innate inhibitors prevent
hemagglutination of IAVs in normal allantoic fluid (Svedmyr,
1949), and we hypothesized that these inhibitors might influence
the selection pressure during egg adaptation of AIVs. To verify
this hypothesis, we compared the HI titers of 01310-CE2 and
01310-CE20 viruses in the presence of egg white. Egg white
inhibited the HA of 01310-CE2 approximately 32 times more
efficiently than 01310-CE20 (Figure 1). Therefore, 01310-CE20
became more resistant to innate inhibitors during egg adaptation.

FIGURE 1 | Comparison of resistance to egg white between 01310-CE2 and
01310-CE20 viruses. Egg white is serially diluted in 2-fold increments in
96-well plates, and four HAUs of each virus were inoculated into each well.
Subsequently, the plates were incubated for 1 h, and 0.75 % guinea pig RBCs
were added. The hemagglutination inhibition levels were measured after an
additional 1 h of incubation. The data represents the average of four
independent experiments ± SD. Statistical significance was analyzed using a
Student’s t-test (∗∗P < 0.01).

FIGURE 2 | The relative replication efficiency of recombinant viruses in MDCK
cells to ECEs. MDCK cells were infected with 107 EID50/0.1 ml of the
recombinant viruses, and the TCID50/EID50 ratio was determined at 3 and
5 dpi. The data represent the average of three independent
experiments ± SD. Statistical significance was analyzed by one-way ANOVA
(compared to rH20N20, ∗P < 0.05, ∗∗∗P < 0.001, compared to rH20N2,
###P < 0.001).

Comparison of the Relative MDCK Cell
Infectivity
Given the amino acid substitutions in 01310-CE20, we
hypothesized that its HA and/or NA genes may drive
the increased resistance to innate inhibitors. Therefore, we
generated four PR8-derived recombinant viruses with different
combinations of HA and NA genes from 01310-CE2 and
01310-CE20 (rH2N2, rH2N20, rH20N2, and rH20N20) and
compared their relative MDCK cell infectivity at 3 and 5 dpi
(Figure 2). rH20N2 and rH20N20, which contain the HA genes of
01310-CE20, had a higher MDCK cell/ECEs infectivity ratio than
rH2N2 and rH2N20, which contain the HA genes of 01310-CE2
(Figure 2). The replication efficiency of rH2N20 was not different
from that of rH2N2, but rH20N20 had a higher MDCK cell/ECEs
infectivity ratio than rH20N2 (Figure 2). This finding suggests
that both HA and NA of 01310-CE20 play important roles in
viral replication in MDCK cells, but HA’s role may be more
crucial for viral replication.

Comparison of the Pathogenicity of
Recombinant Viruses in BALB/c Mice
To investigate the roles of HA and NA genes from 01310-
CE20 in mammalian pathogenicity, we injected the recombinant
viruses into BALB/c mice intranasally and observed the resulting
mortality and morbidity. rH20N20 infection led to significant
weight loss in BALB/c mice, and eventually resulting in
euthanization of 4 out of 5 inoculated mice at days 4 and 6
(Figures 3A,B). However, the other recombinant viruses did
not cause death in BALB/c mice. In contrast to rH2N2, rH2N20
replicated in the mouse lung at 3 dpi. Further, both rH20N20
and rH20N2 viruses showed significantly higher replication
efficiencies in the mouse lung than rH2N2 and rH2N20 (p < 0.05)
(Figure 3C). Thus, the HA and NA genes of 01310-CE20 could
individually increase viral replication in the murine lungs, but
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FIGURE 3 | Pathogenicity of the recombinant viruses in mice. The virulence of the recombinant viruses was determined based on (A) body weight loss and (B) the
mortality of infected mice. Five 5-week-old BALB/c mice were challenged with 1.0 × 106 EID50 of each virus or PBS (Mock). Mortality and weight loss were
observed for 10 days. Average weight loss ± SD was measured relative to the initial weight of each mouse. (C) Viral replication in the mouse lung at 3 dpi. The three
mice infected with 1.0 × 106 EID50 of each virus were sacrificed at 3 dpi, and the viral titers were measured by TCID50 per lung. Statistical significance was analyzed
by one-way ANOVA (compared to rH2N2, ∗∗∗P < 0.001, compared to rH2N20,###P < 0.001, compared to rH20N20, +++P < 0.001).

not enough to cause body weight loss and mortality in BALB/c
mice. However, if these mutations were combined, the virus could
obtain sufficient pathogenicity to cause body weight loss and
mortality in BALB/c mice.

Different Resistances of Recombinant
Viruses to Innate Inhibitors in Egg White,
Mouse Sera, and Mouse Lung Extracts
To evaluate the effects of HA and NA genes from 01310-CE20
on innate inhibitor resistance, we compared the HI titers of
egg white, normal mouse lung extracts, and mouse sera against
different recombinant viruses. The HI titers from egg whites for
both rH20N2 and rH20N20 were significantly lower than those of
rH2N2, although rH20N20 was less inhibited by egg white than
rH20N2 (Figure 4A). Similarly, the HI titers from lung extracts for
rH2N20, rH20N2, and rH20N20 were significantly lower than those
of rH2N2, and the HI titers for rH20N20 were significantly lower
than those for rH20N2 (Figure 4B). However, the HI titers from
the serum of all the recombinant viruses were relatively high and
did not show significant differences from each other (Figure 4C).
These findings suggest that HA and NA from 01310-CE20 may
play common roles in establishing resistance to innate inhibitors
of both avian and mammalian hosts. Meanwhile, HI assays using
recombinant human SP-D (Sino biological Inc., China) showed
that all four recombinant viruses were not inhibited by 125 µg/ml
of SP-D (Supplementary Figure S1).

Glycosylation Pattern of Recombinant
Viral Hemagglutinin
Of the HA mutations acquired by 01310-CE20, the T133N
mutation occurred in the vicinity of the RBS and generated a new
potential N-glycosylation site at position N133 (Figure 5A). To
determine whether N-glycosylation occurred in this region, we
compared the molecular weights of the HA0 protein from each of
the recombinant viruses using Western blot analysis (Figure 5B).
We found that the molecular weights of rH20N2 and rH20N20
HA0 proteins (unlike their PNGase F-treated counterparts) were
slightly higher than those of rH2N2 and rH2N20, consistent
with an additional glycosyl moiety (Figure 5B). Considering the
point mutations acquired in 01310- CE20 HA1 (T133N, V216G),
these results are consistent with the presence of an additional
N-glycosyl moiety at N133. Meanwhile, the weak signal of the
PNGase F-treated counterparts suggest that the deglycosylation
may affect the recognition of the HA protein by altering the HA
antigenicity (Zost et al., 2017; Mostafa and Pleschka, 2018).

Loss-of-Function (LOF) Effects of N133T
Mutation on Virus Replication,
Mammalian Pathogenicity, and
Resistance to Innate Inhibitors
To investigate the effects of T133N mutation on virus replication
efficiency, mammalian pathogenicity, and innate inhibitor
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FIGURE 4 | Comparison of resistance to innate inhibitors. The resistance of the recombinant viruses to (A) egg white, (B) mouse lung extract, and (C) mouse sera
were measured by the hemagglutination inhibition assay. The innate inhibitors were serially diluted in 2-fold increments in 96-well plates, and four HAUs of each virus
were inoculated into each well. The data represent the average of four independent experiments ± SD. Statistical significance was analyzed by one-way ANOVA
(compared to rH2N2, ∗∗P < 0.01, ∗∗∗P < 0.001, compared to rH20N20,###P < 0.001).

resistance, we generated a LOF mutant virus possessing an
N133T mutation in HA, rH20N20-N133T, and compared its
traits with those of rH20N20. The viral titer of rH20N20-N133T
in MDCK cells was significantly lower than that of rH20N20
at 24 and 48 h post-inoculation (Figure 6A). rH20N20 caused
significant body weight loss and mortality in inoculated mice, but
rH20N20-N133T, similar to rH2N20, only caused body weight loss,
with no mortality (Figures 3A,B). Furthermore, in comparison
to rH20N20, rH20N20-N133T showed significantly decreased
lung viral titers in mice (Figure 3C). It also exhibited lower
resistance to innate inhibitors in the mouse lung than rH20N20
(Figure 6B). However, the HI titers from the mouse serum
of rH20N20-N133T did not show any differences (Figure 6C).
Thus, the LOF mutation (N133T) decreased viral replication
efficiency in MDCK cells and mouse lungs and decreased in vivo
pathogenicity and resistance to innate inhibitors.

The Effect of Different HA and NA
Mutations on the Receptor Binding
Affinities to Avian-Like and Human-Like
Receptors
The receptor binding affinity was measured by solid-phase direct
binding assays (Matrosovich and Gambaryan, 2012). Among
the four recombinant viruses (rH2N2, rH2N20, rH20N2, and
rH20N20), rH2N2 showed the lowest receptor binding affinity
to 3′SLN-PAA (Sia-α2,3-Gal, avian-like receptor) (Figure 7A).
rH2N20 and rH20N2 exhibited moderate affinities, and rH20N20
exhibited the highest receptor binding affinity to the avian-like
receptor (Figure 7A). These findings demonstrate that egg-
adapted HA and NA may collaboratively contribute to an
increased binding affinity to the avian-like receptor (Gambaryan
et al., 1999). Although all four recombinant viruses showed
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FIGURE 5 | Additional N-glycosylation of the 01310-CE20 HA protein. (A) Structural model of the 01310-CE20 HA protein. The predicted structural model was
derived from homology modeling with I-TASSER, and a glycan molecule (red) was manually added at position 133 using the Glyprot webserver. (B) Different
molecular weights of HA1 protein due to additional N-glycosylation at position 133. Western blot analysis was performed using rH20N20 antisera as the primary
antibody, and the blots were visualized using an ImageQuant LAS 4000 Mini.

FIGURE 6 | Effects of N133T mutation on viral replication and resistance to innate inhibitors. (A) Growth kinetics of rH20N20 and rH20N20-N133T in MDCK cells.
MDCK cells were infected with 0.001 MOI of each virus. At 12, 24, 48, and 72 h post-inoculation, the viral titers in the supernatants were measured using TCID50.
The resistance of rH20N20-N133T in (B) mouse lung extracts and (C) mouse sera was measured by the hemagglutination inhibition assay. The data represent the
average of four independent experiments ± SD. Statistical significance was analyzed using one-way ANOVA (compared to rH20N20, ∗P < 0.05, ∗∗∗P < 0.001).

generally lower binding affinities to 6′SLN-PAA (Sia-α2,6-Gal,
mammalian-like receptor) than to the avian-like receptor, it
was confirmed that the binding affinities were increased by

introducing the HA gene of 01310-CE20 viruses (rH20N2 and
rH20N20) (Figure 7B). Therefore, egg-adapted HA gene is
involved in the receptor binding affinity to both avian-like
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FIGURE 7 | Comparison of receptor binding affinities to human- and
avian-like receptors. Receptor binding avidities of recombinant viruses were
measured using the solid-phase direct binding assay. The recombinant viruses
were bound to fetuin-coated plates. Subsequently, serially diluted biotinylated
avian-like receptor sialylglycopolymers
(Neu5Acα2-3Galb1-4GlcNAcb-PAA-biotin [3′SLN-PAA]) and human-like
receptor sialylglycopolymers (Neu5Acα2-6GalNAca-PAA-biotin [6′SLN-PAA])
were added. The plates were developed using an HRP-conjugated
streptavidin, TMB substrate solution, and stop solution; the absorbance at
450 nm was measured by a microplate reader. (A) Receptor binding avidities
of recombinant viruses to avian-like receptor. (B) Receptor binding avidities of
recombinant viruses to human-like receptor. The data represents the average
of three independent experiments ± SD. Statistical significance was analyzed
by one-way ANOVA (compared to rH2N2, ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001; compared to rH20N20,#P < 0.05, ##P < 0.01, ###P < 0.001).

and human-like receptors. Interestingly, rH20N20-N133T also
showed significantly higher binding affinities to both avian-
like (Figure 7A) and human-like (Figure 7B) receptors than
rH20N20. Thus, the additional N-glycosylation in 01310-CE20
HA decreased viral receptor binding affinities in both avian-like
and human-like receptors.

DISCUSSION

There are innate inhibitors hindering the hemagglutination of
AIVs in normal chicken allantoic fluid. Ovomucin, which is
abundant in egg white, is likely to play a crucial role as an
innate inhibitor based on its similar binding patterns with
allantoic fluid to egg-adapted IAVs (Gambaryan et al., 1999;
Da Silva et al., 2017). Egg adaptation of human IAVs results

in increased affinity to avian-like receptor and/or escape from
binding to inhibitors in the allantoic fluid (Hardy et al., 1995;
Gambaryan et al., 1997, 1999). Given that the chicken may be
a potential intermediate host to force H9N2 avian influenza
viruses to acquire the mammalian adaptive markers (Wan and
Perez, 2007; Kuchipudi et al., 2009; Chrzastek et al., 2018), egg
adaptive mutations of avian IAVs may affect viral pathogenicity in
mammals. The recombinant viruses containing the 01310-CE20
HA (rH20N2 and rH20N20) displayed increased binding affinities
to both avian-like and mammalian-like receptors, and increased
resistance to the innate inhibitors in egg white and mouse lungs.
Similar to innate inhibitors inducing egg-adapted mutations,
antigenic drift was also demonstrated through antibody targeting
of the 2009 pandemic H1N1 virus HA, which resulted in an
increased virulence in mice and altered their receptor-binding
properties (O’Donnell et al., 2012). Taken together, these adaptive
mutations may aid IAVs to escape antibody- or inhibitor-
based immunological pressures by increasing receptor-binding
affinities and virulence.

Recombinant viruses containing the 01310-CE20 HA (rH20N2
and rH20N20) displayed higher replication efficiency in MDCK
cells than those containing the 01310-CE2 HA (rH2N2, rH2N20).
The viral replication of the avian-origin recombinant viruses in
MDCK cells may not be restricted because of the existence of both
avian-like and mammalian-like receptors on the MDCK cells
(Ito et al., 1997). The relatively higher replication capacities of
rH20N2 and rH20N20 can be explained by the increased affinities
to both receptors on MDCK cells. Moreover, the significantly
higher replication efficiency of rH20N20 than rH20N2 may be
related to increased affinity to avian-like receptor. MDCK cells
are known to secrete apically small glycoproteins along with
the mammalian-like receptor, and this may impact growth
of IAVs (Ohkura et al., 2002). Stalk length of NA does not
influence NA activity for small substrates, but the enzyme activity
of avian NA to cleave the mammalian receptor was lower
than that of mammalian NA (Els et al., 1985; Castrucci and
Kawaoka, 1993; Kobasa et al., 1999; Garcia et al., 2014). The LOF
mutant rH20N20-N133T showed higher affinities to avian-like
and mammalian-like receptors but significantly lower replication
efficiency in MDCK cells than rH20N20 in the period 24–48 h
post-inoculation. The loss of N-glycosylation at position 158 in
H5N1 HA also increased the affinity to human-like receptor
(Stevens et al., 2008; Wang et al., 2010). Similar to H5N1 viruses,
the deglycosylation of rH20N20 may increase the affinity to sialic
acid receptors. Therefore, the decreased replication efficiency of
rH20N20-N133T may be associated with its increased affinity to
mammalian-like receptor on apically secreted glycoproteins from
MDCK cells.

The most common animal model, the BALB/c mouse,
expresses both avian-like and mammalian-like receptors in the
lower respiratory tract (Ning et al., 2009). The replication
efficiencies of rH20N2 and rH20N20 in the mouse lung were
similar but significantly higher than those of rH2N2 and rH2N20.
In addition, rH20N20-N133T showed lower replication efficiency
in the mouse lung than rH20N20, but higher than rH2N2 and
rH2N20. The higher affinity of rH20N20 to avian-like receptor
than rH20N2 might explain the rH20N20-associated deaths
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in mice. However, considering the higher affinity of rH20N20-
N133T to avian-like receptors than rH20N20, the resistance to
innate inhibitor may also play an important role in the viral
pathogenicity in mice. In the murine respiratory tract, two well-
known innate inhibitors, mucin and SP-D, are secreted (Lamblin
and Roussel, 1993; Hartshorn et al., 1994; Barbier et al., 2012;
Ng et al., 2012; Zanin et al., 2016). Whereas mucin can bind
to either the RBS of HA or the hemadsorption site of NA,
SP-D binds to glycans present in HA and NA (Lamblin and
Roussel, 1993; Reading et al., 1997; Zanin et al., 2016). The
sensitivity of N-glycans to neutralization by SP-D are known to
vary; in particular, specific N-glycans, such as the 130N-glycan
of the H1 IAVs and 165N-glycan of H3 IAVs, can determine this
sensitivity (Job et al., 2010; Tate et al., 2011a,b). In this study, we
demonstrated that the egg-adapted HA of 01310-CE20 increased
viral resistance to innate inhibitors with no difference in viral
resistance to SP-D. Further, we demonstrated that the N-glycosite
at position 133 decreased viral binding affinities to both avian-like
and mammalian-like receptors coupled with increased resistance
to innate inhibitors. Therefore, the 133N-glycan near the RBS
of HA1 may be more involved in the resistance to mucin than
SP-D.

V216G and E439D mutations in HA may not be present in
the vicinity of the receptor binding site (Figure 5). However,
considering the higher virus titer of rH20N20-N133T (with
V216G and E439D mutations) than rH2N20 (without V216G and
E439D mutations) in the lungs of infected mice, these mutations
may influence their replication in mice (Figure 3C). Meanwhile,
the significantly different innate inhibitor resistance observed
between recombinant viruses with different neuraminidases (e.g.,
rH2N2 vs. rH2N20, and rH20N2 vs. rH20N20) may indicate the
importance of NA in this resistance. The optimal balance of
HA-NA activities is one of the important factors forcing the
AIVs to become transmissible into mammals (Wagner et al.,
2000; Baigent and McCauley, 2001; Matsuoka et al., 2009). The
combination of HA and NA from 01310-CE20, naturally arising
in the course of adaptation, led to the highest infectivity and
virulence in mice. Although we do not have data on which
mutations in HA and NA occurred first, the T133N mutations
located in the vicinity of RBS in HA1 and the 18 amino
acid deletion of the NA stalk of 01310-CE20 may be the best
combination for viral fitness, balancing optimal affinities to
receptors on host cells and innate inhibitors (Gambaryan et al.,
1999; Wagner et al., 2000; Lu et al., 2005; Li et al., 2011).

Previously, 01310-CE20 showed increased pathogenicity,
causing early embryonic death after ECEs inoculation (Choi
et al., 2008). Our findings demonstrate that this increased
pathogenicity in ECEs is deeply involved in not only increased
viral replication, but also increased viral resistance to innate
inhibitors. However, the lack of early embryonic death after
inoculation of rH20N2 and rH20N20 with six PR8-derived internal

genes may reflect the importance of multigenic traits and internal
genes for the embryonic pathogenicity of AIVs (Song et al., 2008).

In this study, we indicate that egg adaptation of a H9N2 AIV,
01310-CE20, is the result of mutations balancing the affinities
of HA and NA to both avian-like and human-like receptors
on host cells and innate inhibitors. Therefore, AIVs acquire
common, essential mutations necessary for efficient replication
in mammalian hosts during adaptation in another intermediate
host, the chicken, and these mutations may be essential to
acquire additional mammalian pathogenicity-related mutations
(Lee et al., 2017).

AUTHOR CONTRIBUTIONS

H-JK and C-YL designed the study, analyzed the data, and wrote
the manuscript. C-YL and S-HA performed the experiments.
J-HK, Y-JL, and J-GC contributed to data interpretation. Y-JL and
J-GC provided the 01310 viruses and genetic information.

FUNDING

This work was financially supported through grants from the
Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture, Forestry and Fisheries (IPET) through
the Animal Disease Management Technology Development
Program, the Ministry of Agriculture, Food, and Rural Affairs
(MAFRA), and the BK21 PLUS Program for Creative Veterinary
Science Research.

ACKNOWLEDGMENTS

We thank Dr. Robert Webster and Dr. Erich Hoffmann of St. Jude
Children’s Research Hospital Inc., United States, for providing
the plasmid based reverse genetics system.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01939/full#supplementary-material

FIGURE S1 | Comparison of resistance to SP-D. For recombinant viruses, their
resistance to recombinant human SP-D (125 µg/ml) was measured by the
hemagglutination inhibition assay. SP-D was serially diluted in 2-fold increments in
96-well plates, and four HAUs of the viruses were inoculated into each well. The
data represent the average of three independent experiments.

DATA S1 | The nucleotide sequences of 01310 viruses which had been passaged
2, 4, 20, and 22 times through 10-day-old SPF ECEs.

REFERENCES
Adler, K. B., Tuvim, M. J., and Dickey, B. F. (2013). Regulated mucin secretion

from airway epithelial cells. Front. Endocrinol. 4:129. doi: 10.3389/fendo.2013.
00129

Anders, E. M., Hartley, C. A., and Jackson, D. C. (1990). Bovine and mouse serum
beta inhibitors of influenza A viruses are mannose-binding lectins. Proc. Natl.
Acad. Sci. U.S.A. 87, 4485–4489. doi: 10.1073/pnas.87.12.4485

Baigent, S. J., and McCauley, J. W. (2001). Glycosylation of haemagglutinin and
stalk-length of neuraminidase combine to regulate the growth of avian influenza

Frontiers in Microbiology | www.frontiersin.org 9 August 2018 | Volume 9 | Article 1939

https://www.frontiersin.org/articles/10.3389/fmicb.2018.01939/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01939/full#supplementary-material
https://doi.org/10.3389/fendo.2013.00129
https://doi.org/10.3389/fendo.2013.00129
https://doi.org/10.1073/pnas.87.12.4485
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01939 August 18, 2018 Time: 18:53 # 10

Lee et al. Innate Inhibitor Resistance of AIV

viruses in tissue culture. Virus Res. 79, 177–185. doi: 10.1016/S0168-1702(01)
00272-6

Barbier, D., Garcia-Verdugo, I., Pothlichet, J., Khazen, R., Descamps, D.,
Rousseau, K., et al. (2012). Influenza A induces the major secreted airway mucin
MUC5AC in a protease-EGFR-extracellular regulated kinase-Sp1-dependent
pathway. Am. J. Respir. Cell Mol. Biol. 47, 149–157. doi: 10.1165/rcmb.2011-
0405OC

Bohne-Lang, A., and von der Lieth, C. W. (2005). GlyProt: in silico glycosylation
of proteins. Nucleic Acids Res. 33, W214–W219. doi: 10.1093/nar/gki385

Brayman, M., Thathiah, A., and Carson, D. D. (2004). MUC1: a multifunctional cell
surface component of reproductive tissue epithelia. Reprod. Biol. Endocrinol.
2:4. doi: 10.1186/1477-7827-2-4

Castrucci, M. R., and Kawaoka, Y. (1993). Biologic importance of neuraminidase
stalk length in influenza A virus. J. Virol. 67, 759–764.

Choi, J. G., Lee, Y. J., Kim, Y. J., Lee, E. K., Jeong, O. M., Sung, H. W., et al.
(2008). An inactivated vaccine to control the current H9N2 low pathogenic
avian influenza in Korea. J. Vet. Sci. 9, 67–74. doi: 10.4142/jvs.2008.9.1.67

Chrzastek, K., Lee, D. H., Gharaibeh, S., Zsak, A., and Kapczynski, D. R. (2018).
Characterization of H9N2 avian influenza viruses from the Middle East
demonstrates heterogeneity at amino acid position 226 in the hemagglutinin
and potential for transmission to mammals. Virology 518, 195–201.
doi: 10.1016/j.virol.2018.02.016

Da Silva, M., Labas, V., Nys, Y., and Rehault-Godbert, S. (2017). Investigating
proteins and proteases composing amniotic and allantoic fluids during
chicken embryonic development. Poult. Sci. 96, 2931–2941. doi: 10.3382/ps/
pex058

Els, M. C., Air, G. M., Murti, K. G., Webster, R. G., and Laver, W. G. (1985). An
18-amino acid deletion in an influenza neuraminidase. Virology 142, 241–247.
doi: 10.1016/0042-6822(85)90332-0

Gambaryan, A. S., Robertson, J. S., and Matrosovich, M. N. (1999). Effects of egg-
adaptation on the receptor-binding properties of human influenza A and B
viruses. Virology 258, 232–239. doi: 10.1006/viro.1999.9732

Gambaryan, A. S., Tuzikov, A. B., Piskarev, V. E., Yamnikova, S. S., Lvov, D. K.,
Robertson, J. S., et al. (1997). Specification of receptor-binding phenotypes of
influenza virus isolates from different hosts using synthetic sialylglycopolymers:
non-egg-adapted human H1 and H3 influenza A and influenza B viruses share a
common high binding affinity for 6’-sialyl(N-acetyllactosamine). Virology 232,
345–350. doi: 10.1006/viro.1997.8572

Garcia, J. M., Lai, J. C., Haselhorst, T., Choy, K. T., Yen, H. L., Peiris, J. S.,
et al. (2014). Investigation of the binding and cleavage characteristics of N1
neuraminidases from avian, seasonal, and pandemic influenza viruses using
saturation transfer difference nuclear magnetic resonance. Influenza Other
Respir. Viruses 8, 235–242. doi: 10.1111/irv.12184

Gottschalk, A., Belyavin, G., and Biddle, F. (1972). “Glycoproteins as influenza
virus hemagglutinin inhibitors and as cellular receptor,” in Glycoproteins. Their
Composition, Structure and Function, ed. A. Gottschalk (New York, NY: Elsevier
Science Publishing), 1082–1096.

Hardy, C. T., Young, S. A., Webster, R. G., Naeve, C. W., and Owens, R. J. (1995).
Egg fluids and cells of the chorioallantoic membrane of embryonated chicken
eggs can select different variants of influenza A (H3N2) viruses. Virology 211,
302–306. doi: 10.1006/viro.1995.1405

Hartshorn, K. L., Crouch, E. C., White, M. R., Eggleton, P., Tauber, A. I., Chang, D.,
et al. (1994). Evidence for a protective role of pulmonary surfactant protein D
(SP-D) against influenza A viruses. J. Clin. Invest. 94, 311–319. doi: 10.1172/
jci117323

Hensley, S. E., Das, S. R., Bailey, A. L., Schmidt, L. M., Hickman, H. D.,
Jayaraman, A., et al. (2009). Hemagglutinin receptor binding avidity drives
influenza A virus antigenic drift. Science 326, 734–736. doi: 10.1126/science.
1178258

Herve, P. L., Lorin, V., Jouvion, G., Da Costa, B., and Escriou, N. (2015).
Addition of N-glycosylation sites on the globular head of the H5 hemagglutinin
induces the escape of highly pathogenic avian influenza A H5N1 viruses from
vaccine-induced immunity. Virology 486, 134–145. doi: 10.1016/j.virol.2015.
08.033

Hoffmann, E., Neumann, G., Kawaoka, Y., Hobom, G., and Webster, R. G.
(2000). A DNA transfection system for generation of influenza A virus from
eight plasmids. Proc. Natl. Acad. Sci. U.S.A. 97, 6108–6113. doi: 10.1073/pnas.
100133697

Ito, T., Suzuki, Y., Takada, A., Kawamoto, A., Otsuki, K., Masuda, H., et al.
(1997). Differences in sialic acid-galactose linkages in the chicken egg amnion
and allantois influence human influenza virus receptor specificity and variant
selection. J. Virol. 71, 3357–3362.

Job, E. R., Deng, Y. M., Tate, M. D., Bottazzi, B., Crouch, E. C., Dean,
M. M., et al. (2010). Pandemic H1N1 influenza A viruses are resistant to the
antiviral activities of innate immune proteins of the collectin and pentraxin
superfamilies. J. Immunol. 185, 4284–4291. doi: 10.4049/jimmunol.100
1613

Kim, I. H., Choi, J. G., Lee, Y. J., Kwon, H. J., and Kim, J. H. (2014).
Effects of different polymerases of avian influenza viruses on the growth and
pathogenicity of A/Puerto Rico/8/1934 (H1N1)-derived reassorted viruses. Vet.
Microbiol. 168, 41–49. doi: 10.1016/j.vetmic.2013.10.011

Kim, J. I., Lee, I., Park, S., Hwang, M. W., Bae, J. Y., Lee, S., et al. (2013).
Genetic requirement for hemagglutinin glycosylation and its implications for
influenza A H1N1 virus evolution. J. Virol. 87, 7539–7549. doi: 10.1128/jvi.
00373-r13

Kobasa, D., Kodihalli, S., Luo, M., Castrucci, M. R., Donatelli, I., Suzuki, Y., et al.
(1999). Amino acid residues contributing to the substrate specificity of the
influenza A virus neuraminidase. J. Virol. 73, 6743–6751.

Koel, B. F., Burke, D. F., Bestebroer, T. M., van der Vliet, S., Zondag, G. C.,
Vervaet, G., et al. (2013). Substitutions near the receptor binding site determine
major antigenic change during influenza virus evolution. Science 342, 976–979.
doi: 10.1126/science.1244730

Kuchipudi, S. V., Nelli, R., White, G. A., Bain, M., Chang, K. C., and Dunham, S.
(2009). Differences in influenza virus receptors in chickens and ducks:
implications for interspecies transmission. J. Mol. Genet. Med. 3, 143–151.
doi: 10.4172/1747-0862.1000026

Lamblin, G., and Roussel, P. (1993). Airway mucins and their role in defence
against micro-organisms. Respir. Med. 87, 421–426. doi: 10.1016/0954-6111(93)
90067-A

Lanni, F., and Beard, J. W. (1948). Inhibition by egg-white of hemagglutination by
swine influenza virus. Proc. Soc. Exp. Biol. Med. 68:312. doi: 10.3181/00379727-
68-16468P

Lee, C. Y., An, S. H., Kim, I., Go, D. M., Kim, D. Y., Choi, J. G., et al. (2017).
Prerequisites for the acquisition of mammalian pathogenicity by influenza A
virus with a prototypic avian PB2 gene. Sci. Rep. 7:10205. doi: 10.1038/s41598-
017-09560-z

Li, J., Zu Dohna, H., Cardona, C. J., Miller, J., and Carpenter, T. E. (2011).
Emergence and genetic variation of neuraminidase stalk deletions in avian
influenza viruses. PLoS One 6:e14722. doi: 10.1371/journal.pone.0014722

Lu, B., Zhou, H., Ye, D., Kemble, G., and Jin, H. (2005). Improvement of
influenza A/Fujian/411/02 (H3N2) virus growth in embryonated chicken eggs
by balancing the hemagglutinin and neuraminidase activities, using reverse
genetics. J. Virol. 79, 6763–6771. doi: 10.1128/JVI.79.11.6763-6771.2005

Matrosovich, M., Gao, P., and Kawaoka, Y. (1998). Molecular mechanisms of
serum resistance of human influenza H3N2 virus and their involvement in virus
adaptation in a new host. J. Virol. 72, 6373–6380.

Matrosovich, M., Tuzikov, A., Bovin, N., Gambaryan, A., Klimov, A., Castrucci,
M. R., et al. (2000). Early alterations of the receptor-binding properties of H1,
H2, and H3 avian influenza virus hemagglutinins after their introduction into
mammals. J. Virol. 74, 8502–8512. doi: 10.1128/JVI.74.18.8502-8512.2000

Matrosovich, M. N., and Gambaryan, A. S. (2012). Solid-phase assays of receptor-
binding specificity. Methods Mol. Biol. 865, 71–94. doi: 10.1007/978-1-61779-
621-0_5

Matsuoka, Y., Swayne, D. E., Thomas, C., Rameix-Welti, M. A., Naffakh, N.,
Warnes, C., et al. (2009). Neuraminidase stalk length and additional
glycosylation of the hemagglutinin influence the virulence of influenza H5N1
viruses for mice. J. Virol. 83, 4704–4708. doi: 10.1128/JVI.01987-08r

Mostafa, A., and Pleschka, S. (2018). Influenza H3N2 Vaccines: recent challenges.
Trends Microbiol. 26, 87–89. doi: 10.1016/j.tim.2017.12.003

Ng, W. C., Tate, M. D., Brooks, A. G., and Reading, P. C. (2012). Soluble host
defense lectins in innate immunity to influenza virus. J. Biomed. Biotechnol.
2012, 732191. doi: 10.1155/2012/732191

Ning, Z. Y., Luo, M. Y., Qi, W. B., Yu, B., Jiao, P. R., and Liao, M. (2009).
Detection of expression of influenza virus receptors in tissues of BALB/c mice
by histochemistry. Vet. Res. Commun. 33, 895–903. doi: 10.1007/s11259-009-
9307-3

Frontiers in Microbiology | www.frontiersin.org 10 August 2018 | Volume 9 | Article 1939

https://doi.org/10.1016/S0168-1702(01)00272-6
https://doi.org/10.1016/S0168-1702(01)00272-6
https://doi.org/10.1165/rcmb.2011-0405OC
https://doi.org/10.1165/rcmb.2011-0405OC
https://doi.org/10.1093/nar/gki385
https://doi.org/10.1186/1477-7827-2-4
https://doi.org/10.4142/jvs.2008.9.1.67
https://doi.org/10.1016/j.virol.2018.02.016
https://doi.org/10.3382/ps/pex058
https://doi.org/10.3382/ps/pex058
https://doi.org/10.1016/0042-6822(85)90332-0
https://doi.org/10.1006/viro.1999.9732
https://doi.org/10.1006/viro.1997.8572
https://doi.org/10.1111/irv.12184
https://doi.org/10.1006/viro.1995.1405
https://doi.org/10.1172/jci117323
https://doi.org/10.1172/jci117323
https://doi.org/10.1126/science.1178258
https://doi.org/10.1126/science.1178258
https://doi.org/10.1016/j.virol.2015.08.033
https://doi.org/10.1016/j.virol.2015.08.033
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.4049/jimmunol.1001613
https://doi.org/10.4049/jimmunol.1001613
https://doi.org/10.1016/j.vetmic.2013.10.011
https://doi.org/10.1128/jvi.00373-r13
https://doi.org/10.1128/jvi.00373-r13
https://doi.org/10.1126/science.1244730
https://doi.org/10.4172/1747-0862.1000026
https://doi.org/10.1016/0954-6111(93)90067-A
https://doi.org/10.1016/0954-6111(93)90067-A
https://doi.org/10.3181/00379727-68-16468P
https://doi.org/10.3181/00379727-68-16468P
https://doi.org/10.1038/s41598-017-09560-z
https://doi.org/10.1038/s41598-017-09560-z
https://doi.org/10.1371/journal.pone.0014722
https://doi.org/10.1128/JVI.79.11.6763-6771.2005
https://doi.org/10.1128/JVI.74.18.8502-8512.2000
https://doi.org/10.1007/978-1-61779-621-0_5
https://doi.org/10.1007/978-1-61779-621-0_5
https://doi.org/10.1128/JVI.01987-08r
https://doi.org/10.1016/j.tim.2017.12.003
https://doi.org/10.1155/2012/732191
https://doi.org/10.1007/s11259-009-9307-3
https://doi.org/10.1007/s11259-009-9307-3
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01939 August 18, 2018 Time: 18:53 # 11

Lee et al. Innate Inhibitor Resistance of AIV

O’Donnell, C. D., Vogel, L., Wright, A., Das, S. R., Wrammert, J., Li, G. M., et al.
(2012). Antibody pressure by a human monoclonal antibody targeting the 2009
pandemic H1N1 virus hemagglutinin drives the emergence of a virus with
increased virulence in mice. mBio 3:e0120-12. doi: 10.1128/mBio.00120-12

Ohkura, T., Seko, A., Hara-Kuge, S., and Yamashita, K. (2002). Occurrence
of secretory glycoprotein-specific GalNAc beta 1– > 4GlcNAc sequence
in N-glycans in MDCK cells. J. Biochem. 132, 891–901. doi: 10.1093/
oxfordjournals.jbchem.a003302

Reading, P. C., Morey, L. S., Crouch, E. C., and Anders, E. M. (1997). Collectin-
mediated antiviral host defense of the lung: evidence from influenza virus
infection of mice. J. Virol. 71, 8204–8212.

Song, J. M., Lee, Y. J., Jeong, O. M., Kang, H. M., Kim, H. R., Kwon, J. H.,
et al. (2008). Generation and evaluation of reassortant influenza vaccines made
by reverse genetics for H9N2 avian influenza in Korea. Vet. Microbiol. 130,
268–276. doi: 10.1016/j.vetmic.2008.02.005

Stevens, J., Blixt, O., Chen, L. M., Donis, R. O., Paulson, J. C., and Wilson, I. A.
(2008). Recent avian H5N1 viruses exhibit increased propensity for acquiring
human receptor specificity. J. Mol. Biol. 381, 1382–1394. doi: 10.1016/j.jmb.
2008.04.016

Svedmyr, A. (1949). Studies on a factor in normal allantoic fluid inhibiting
influenza virus haemagglutination; the effect of active virus, proteolytic
enzymes and periodate on the inhibitor. Br. J. Exp. Pathol. 30, 254–266.

Tate, M. D., Brooks, A. G., and Reading, P. C. (2011a). Specific sites of N-linked
glycosylation on the hemagglutinin of H1N1 subtype influenza A virus
determine sensitivity to inhibitors of the innate immune system and virulence
in mice. J. Immunol. 187, 1884–1894. doi: 10.4049/jimmunol.1100295

Tate, M. D., Job, E. R., Brooks, A. G., and Reading, P. C. (2011b). Glycosylation
of the hemagglutinin modulates the sensitivity of H3N2 influenza viruses to
innate proteins in airway secretions and virulence in mice. Virology 413, 84–92.
doi: 10.1016/j.virol.2011.01.036

Vigerust, D. J., Ulett, K. B., Boyd, K. L., Madsen, J., Hawgood, S., and McCullers,
J. A. (2007). N-linked glycosylation attenuates H3N2 influenza viruses. J. Virol.
81, 8593–8600. doi: 10.1128/JVI.00769-07

Wagner, R., Wolff, T., Herwig, A., Pleschka, S., and Klenk, H. D. (2000).
Interdependence of hemagglutinin glycosylation and neuraminidase as

regulators of influenza virus growth: a study by reverse genetics. J. Virol. 74,
6316–6323. doi: 10.1128/JVI.74.14.6316-6323.2000

Wan, H., and Perez, D. R. (2007). Amino acid 226 in the hemagglutinin of H9N2
influenza viruses determines cell tropism and replication in human airway
epithelial cells. J. Virol. 81, 5181–5191. doi: 10.1128/JVI.02827-06

Wang, W., Lu, B., Zhou, H., Suguitan, AL Jr, Cheng, X., Subbarao, K., et al. (2010).
Glycosylation at 158N of the hemagglutinin protein and receptor binding
specificity synergistically affect the antigenicity and immunogenicity of a live
attenuated H5N1 A/Vietnam/1203/2004 vaccine virus in ferrets. J. Virol. 84,
6570–6577. doi: 10.1128/JVI.00221-10

Zanin, M., Baviskar, P., Webster, R., and Webby, R. (2016). The interaction between
respiratory pathogens and mucus. Cell Host Microbe 19, 159–168. doi: 10.1016/
j.chom.2016.01.001

Zhang, Y. (2008). I-TASSER server for protein 3D structure prediction. BMC
Bioinformatics 9:40. doi: 10.1186/1471-2105-9-40

Zhao, D., Liang, L., Wang, S., Nakao, T., Li, Y., Liu, L., et al. (2017). Glycosylation
of the HA protein of H5N1 virus increases its virulence in mice by exacerbating
the host immune response. J. Virol. 91, e2215–e2216. doi: 10.1128/JVI.02215-16

Zost, S. J., Parkhouse, K., Gumina, M. E., Kim, K., Diaz Perez, S., Wilson,
P. C., et al. (2017). Contemporary H3N2 influenza viruses have a glycosylation
site that alters binding of antibodies elicited by egg-adapted vaccine strains.
Proc. Natl. Acad. Sci. U.S.A. 114, 12578–12583. doi: 10.1073/pnas.171237
7114

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Lee, An, Choi, Lee, Kim and Kwon. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org 11 August 2018 | Volume 9 | Article 1939

https://doi.org/10.1128/mBio.00120-12
https://doi.org/10.1093/oxfordjournals.jbchem.a003302
https://doi.org/10.1093/oxfordjournals.jbchem.a003302
https://doi.org/10.1016/j.vetmic.2008.02.005
https://doi.org/10.1016/j.jmb.2008.04.016
https://doi.org/10.1016/j.jmb.2008.04.016
https://doi.org/10.4049/jimmunol.1100295
https://doi.org/10.1016/j.virol.2011.01.036
https://doi.org/10.1128/JVI.00769-07
https://doi.org/10.1128/JVI.74.14.6316-6323.2000
https://doi.org/10.1128/JVI.02827-06
https://doi.org/10.1128/JVI.00221-10
https://doi.org/10.1016/j.chom.2016.01.001
https://doi.org/10.1016/j.chom.2016.01.001
https://doi.org/10.1186/1471-2105-9-40
https://doi.org/10.1128/JVI.02215-16
https://doi.org/10.1073/pnas.1712377114
https://doi.org/10.1073/pnas.1712377114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Acquisition of Innate Inhibitor Resistance and Mammalian Pathogenicity During Egg Adaptation by the H9N2 Avian Influenza Virus
	Introduction
	Materials and Methods
	Viruses, Eggs, and Cells
	Cloning and Rescue of Recombinant Viruses
	Site-Directed Mutagenesis
	N-Glycosite Prediction
	Deglycosylation Using PNGase F and Western Blotting
	Hemagglutination Inhibition (HI) Assay
	Assay to Determine the Relative Replication Efficiency
	Solid-Phase Assays of Receptor Binding Specificity
	Animal Experiments
	Ethics Statement

	Results
	Comparison of Resistance to Innate Inhibitors in Egg White Between 01310-CE2 and 01310-CE20
	Comparison of the Relative MDCK Cell Infectivity
	Comparison of the Pathogenicity of Recombinant Viruses in BALB/c Mice
	Different Resistances of Recombinant Viruses to Innate Inhibitors in Egg White, Mouse Sera, and Mouse Lung Extracts
	Glycosylation Pattern of Recombinant Viral Hemagglutinin
	Loss-of-Function (LOF) Effects of N133T Mutation on Virus Replication, Mammalian Pathogenicity, and Resistance to Innate Inhibitors
	The Effect of Different HA and NA Mutations on the Receptor Binding Affinities to Avian-Like and Human-Like Receptors

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


