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After serial passage of a waterfowl-origin H3N2 subtype avian influenza virus in BALB/c mice, we obtained

H3N2 H3N2 mouse-adapted variants and identified eight amino acid substitutions in five viral proteins in our previous
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study. Here, we analyze the key mutations determining viral pathogenicity in mammals. We found that both
PB2-D701N mutation and M1-M192V mutation were implicated in the viral pathogenic phenotypic variation of
H3N2 avian influenza virus in mice. Furthermore, we found that PB2-D701N could enhance viral replication in
vitro and in vivo and expanded viral tissue tropism. Our data suggest that PB2-D701N and M1-M192V are the

virulence markers of H3N2 avian influenza virus, and these markers can be used in the trans-species transmission
surveillance for the H3N2 avian influenza virus.

Avian influenza virus (AIV) is a vital threat to poultry industry and
public health. Since wild waterfowl are the natural reservoir of AIV, this
virus cannot be easily eliminated (Cheng et al., 2014; Rovida et al.,
2017). Furthermore, avian influenza are zoonosis and may cause a
global pandemic (Obenauer et al., 2006; Shu and Wang, 2016).
Therefore, the trans-species transmission research of AIV is a hot spot of
influenza research, especially regarding the molecular mechanism of
AlVs effectively adapting to mammalian infection. H3N2 virus circu-
lates in waterfowl in worldwide (Guo et al.,, 2016; Jonassen and
Handeland, 2007; Ramakrishnan et al., 2010). To investigate their ge-
netic adaptation in mammals, we serially passaged a waterfowl-origin
H3N2 virus in mice and obtained some mouse-adapted variants. Fur-
thermore, we found eight mutations in these variants: E192K and
D701N in PB2 protein; F269S, 1475V, and L598P in PB1 protein; V242E
in HA protein; G170R in NA protein; and M192V in M1 protein (Yu
et al., 2017). Here, we further investigate the effect of these mutations
on mammalian pathogenicity and found that both PB2-D701N and M1-
M192V mutations could enhance mammalian adaptation and patho-
genicity of H3N2 avian influenza virus in mice.

This study was conducted at the biosafety level 3 laboratory in the

Military Veterinary Research Institute. All animal experiments were
approved by the Review Committee of the Military Veterinary Research
Institute. H3N2 parental virus A/baikal teal/Shanghai/SH-89/
2013(H3N2) (abbreviated as WT-H3N2) and its mouse-adapted viruses
(MA-K1P1, MA-K1P3, MA-K1P7, MA-K1P10, and MA-K1P11) were
used in this study. The GenBank accession numbers corresponding to
each of the eight WT-H3N2 viral gene segments are KJ907500-
KJ907507. H3N2 mouse-adapted viruses (MA-K1P1, MA-K1P3, MA-
K1P7, MA-K1P10, and MA-K1P11) were sequenced to identify the
adaptive mutations in our previous study (Yu et al., 2017) (Table 1).

The MDCK cell monolayer was infected with H3N2 parent virus WT-
H3N2 or its mouse-adapted viruses (MA-K1P1, MA-K1P3, MA-K1P7,
MA-K1P10, and MA-K1P11) at a multiplicity of infection (MOI) of 0.01.
Cell supernatants were collected at 12, 24, 36, 48, 60, and 72 h after
infection and viral titers of the supernatants were determined by end-
point titration in MDCK cells. Viral titers were calculated from three
replicates by the method of Reed and Muench (1938).

Morbidity and mortality of the H3N2 parent virus or mouse-adapted
viruses were analyzed using female 4-6-week-old BALB/c mice (Merial-
Vital Laboratory Animal Technology Co., Ltd., Beijing, the People's

* Corresponding author at: Institute of Poultry Science, Shandong Academy of Agricultural Sciences, No. 1 Jiaoxiao Road, Jinan, Shandong, 250023, China.
** Corresponding author at: The Military Veterinary Institute, Academy of Military Medical Science of PLA, 666 Liuyingxi St., Changchun, 130122, China.
E-mail addresses: yuzhijun@shandong.cn (Z. Yu), gaoyuwei@gmail.com (Y. Gao).

https://doi.org/10.1016/j.virusres.2019.06.002

Received 18 January 2019; Received in revised form 17 April 2019; Accepted 2 June 2019

Available online 04 June 2019
0168-1702/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2019.06.002
https://doi.org/10.1016/j.virusres.2019.06.002
mailto:yuzhijun@shandong.cn
mailto:gaoyuwei@gmail.com
https://doi.org/10.1016/j.virusres.2019.06.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2019.06.002&domain=pdf

Z. Yu, et al.

Table 1

MLDs, of H3N2 viruses.
Virus® PB2 PB1 HA NA M1 MLDso

192 701 269 475 598 242" 170 192

WT-H3N2 E D F I L \% G M > 6.5
MA-K1P1 K D S 1 P \% G M > 6.5
MA-K1P3 K N S I P \% G M 4.5
MA-K1P7 K N S I P E G M 4.5
MA-K1P10 K N S v P E R M 4.5
MA-K1P11 K N S \'A P E R A\ 3.75

@ WT-H3N2, A/baikal teal/Shanghai/SH-89/2013(H3N2); MA-K1P1, the
mouse-adapted virus obtained from the first-generation mice lung; MA-K1P3,
mouse-adapted virus obtained from the third-generation mice lung; MA-K1P7,
mouse-adapted virus obtained from the seventh-generation mice lung; MA-
K1P10 mouse-adapted virus obtained from the tenth-generation mice lung; MA-
K1P11, mouse-adapted virus obtained from the eleventh-generation mice lung.
These viruses and mutations have been obtained in our previous studies (Yu
et al., 2017).

 H3 numbering.

Republic of China). Mice were humanely sacrificed when their weight
loss > 25% compared to their initial body weight. Mice were in-
tranasally inoculated with 10° EIDs, or 10*EIDs, dose of indicated
virus. Mouse body weight and death were recorded daily until the
fourteenth day after virus challenge. Body weight change and survival
represent morbidity and mortality, respectively. The MLDs, of the
H3N2 subtype of parent virus or mouse-adapted variants was analyzed
using groups of females 4-6-week-old BALB/c mice. Mice were in-
tranasally inoculated with 50 pul of 10-fold continuous dilutions from
10" EIDso/ml to 10° EIDs/ml of virus in PBS. Mouse body weight and
death were recorded daily until the fourteenth day after virus chal-
lenge. MLDs, were analyzed according to Reed-Muench method (Reed
and Muench, 1938).

The lungs’ viral titers were detected using female 4-6-week-old
BALB/c mice as previous described (Yu et al., 2015). Briefly, animals
were intranasally inoculated with 10° EIDs, of indicated virus, and the
lungs of three mice were collected in each group at 3 days post in-
oculation (dpi) and 5 dpi. Viral titers were determined by end-point
titration in embryonated eggs and analyzed by the Reed-Muench
method (Reed and Muench, 1938). The tissue tropism of H3N2 subtype
of parent virus or mouse-adapted viruses were detected using groups of
females 4-6-week-old BALB/c mice as previous described (Yu et al.,
2015). Briefly, after inoculation with 10° EIDg, of virus, the lungs,
brains, livers, spleens, kidneys, and intestines of three mice were col-
lected at 3 dpi. Viral titers were detected by end-point titration in
embryonated eggs and analyzed by the Reed-Muench method (Reed
and Muench, 1938). All experimental results were analyzed using
GraphPad Prism version 5.00.

The effect of these adapted mutations on replication ability in vitro
were assessed in this study (Fig. 1). Both the MA-K1P1 virus and WT-
H3N2 virus possess similar replicated kinetics in vitro, indicating that
PB2-E192 K, PB1-F269S, and PB1-L598 P cannot change viral replica-
tion ability. However, the MA-K1P3 virus replicated faster and brought
about higher titers than MA-K1P1 virus (Fig. 1). Furthermore, the MA-
K1P3 virus grew to the highest virus titer and yielded about 6.8-fold
more virus than MA-K1P1 virus by 48 h post inoculation (hpi) (Fig. 1),
indicating that PB2-D701N changed viral replication ability in vitro.
Lastly, the MA-K1P11, MA-K1P10, or MA-K1P7 virus replicated with
similar viral replication kinetics as the MA-K1P3 virus in vitro (Fig. 1),
indicating that HA-V242E, PB1-1475V, NA-G170R, and M1-M192V
cannot enhanced viral replication in vitro. Taken together, our data
show that the PB2-D701N mutation can enhance viral replication ca-
pacity of H3N2 avian influenza virus.

To analyze the effect of these adapted mutations on virulence of
H3N2 subtype of virus in mice, BALB/c mice were infected with 10°
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Fig. 1. Growth characteristics of H3N2 viruses in vitro. MDCK cells were
inoculated at a multiplicity of infection of 0.01 with the WT-H3N2 parental
virus or a mouse-adapted virus (MA-K1P1, MA-K1P3, MA-K1P7, MA-K1P10,
and MA-K1P11). The average of three experimental replicates is shown with
standard deviation indicated using error bars. *, p < 0.05, when comparing
MA-K1P3 with MA-K1P1 virus, as determined by two-way ANOVA. **,
p < 0.01, when comparing MA-K1P3 with MA-K1P1 virus, as determined by
two-way ANOVA.

EIDs, or 10* EIDs, doses of the parent virus (WT-H3N2) or mouse-
adapted viruses (MA-K1P1, MA-K1P3, MA-K1P7, MA-K1P10, and MA-
K1P11), respectively. At an infecting dose of 10°EIDs,, mice which
were inoculated with WT-H3N2 virus or MA-K1P1 virus did not show
any body weight loss (Fig. 2A), and all mice survived (Fig. 2B). How-
ever, all mice which were infected with MA-K1P3, MA-K1P7, or MA-
K1P10 mouse-adapted virus rapidly lost weight and have similar weight
loss curve (Fig. 2A), and all mice succumbed to viral infection by day 9
post-infection (Fig. 2B). Furthermore, the MLDs, of both WT-H3N2
virus and MA-K1P1 were > 6.5 log;o EIDsq, and the MLDs, of MA-
K1P3, MA-K1P7, or MA-K1P10 virus were 4.5 log,¢ EIDso (Table 1).
The MLDs of MA-K1P3 virus was reduced > 100-fold compared to the
MA-K1P1 virus. Our results show that PB2-D701N mutation increase
mammalian pathogenicity of H3N2 virus in mice and PB2-E192K, PB1-
F269S, PB1-1475V, PB1-L598P, HA-V242E, and NA-G170R mutations
do not increase the virulence of H3N2 virus in mice. Additionally, at an
infecting dose of 10*EIDsy, mice which were inoculated with MA-
K1P10 virus lost moderate weight (Fig. 2C), and all mice survived
(Fig. 2D). However, mice which were inoculated with MA-K1P11 ra-
pidly lost weight (Fig. 2C), and only 2/5 mice recovered from the in-
fection mice (Fig. 2D). Furthermore, the MLDs, of MA-K1P11 virus was
3.75 logy EIDsq (Table 1), indicating that MLDs, of MA-K1P11 virus
was reduced 5.6-fold compared to the MA-K1P10 virus. Our data in-
dicate that M1-M192V mutation in the context of the other mutations
tested increase the mammalian pathogenicity of H3N2 virus. Further-
more, we have tested the effect of M1-M192V alone on viral mamma-
lian pathogenicity by comparing the virulence of an H3N2 virus only
possessing M1-M192V mutation with that of parental virus WT-H3N2;
however, we found that the MLDs, of WT-H3N2-M1-M192V virus was
also > 6.5 log1o EIDsq, indicating that there may be no influence of
single M1-M192V mutation on the viral mammalian virulence in the
context of no other mutations introduced into wide-type H3N2 virus.
Additionally, we sequenced the viruses after replication in mice and we
did not find additional amino acid changes emerging.

To study the effect of the adaptive mutations on viral replication
ability in vivo, viral titers of the mice lungs at 3dpi and 5 dpi were
assessed (Fig. 3). The MA-K1P1 virus replicated with similar kinetics as
the WT-H3N2 virus in lungs, indicating that PB2-E192K, PB1-F269S,
and PB1-L598P cannot enhanced viral replication in mice. Lungs’ viral
titers of MA-K1P1 virus group were 5.50 + 0.07 log;o EIDso/g at 3 dpi
and 4.96 = 0.17 log;o EIDso/g at 5 dpi, respectively (Fig. 3), and
Lungs’ viral titers of MA-K1P3 virus group were 8.14 * 0.18 logio
EIDs0/g at 3 dpi and 7.61 = 0.31 log;o EIDso/g at 5 dpi, respectively
(Fig. 3), these data suggest that PB2-D701N mutation obviously en-
hance H3N2 AIV replication ability in vivo. Lastly, the MA-K1P11, MA-
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Fig. 2. Morbidity and mortality of H3N2 viruses in mice. (A) Mice (n = 5) were inoculated intranasally with 10°EIDs, dose WT-H3N2 parental virus or mouse-
adapted variants or mock inoculated (Mock; n = 5). Morbidity is represented as a percentage of the weight on the day of inoculation (day 0). (B) Mortality after
inoculation with 10°EIDs, dose WT-H3N2 parental virus or mouse-adapted variants or diluent (Mock). (C) Mice (n = 5) were inoculated intranasally with 10*EIDs,
dose WT-H3N2 parental virus or mouse-adapted variants or mock inoculated (Mock; n = 5). Morbidity is represented as a percentage of the weight on the day of
inoculation (day 0). (D) Mortality after inoculation with 104EID50 dose WT-H3N2 parental virus or mouse-adapted variants or diluent (Mock).
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Fig. 3. Growth characteristics of H3N2 viruses in vivo. Mice (n = 3) were
inoculated intranasally with 106 EIDs, of the parental virus (WT-H3N2) or a
mouse-adapted virus (MA-K1P1, MA-K1P3, MA-K1P7, MA-K1P10, and MA-
K1P11). Viral titers in the mice lungs were determined at 3 and 5 days post-
infection in eggs. The results are expressed as log;o EIDs/g and the dotted line
indicates the limit of detection. The average of three replicates is shown with
error bars indicating the standard deviation. **, p < 0.01, when comparing
MA-K1P3 with MA-K1P1 parental virus, as determined by two-way ANOVA.

K1P10, or MA-K1P7 AIV replicated with similar kinetics as the MA-
K1P3 AIV in lungs, indicating that HA-V242E, PB1-1475V, NA-G170R,
and M1-M192V cannot enhanced viral replication in mice (Fig. 3).
Taken together, our results suggest that the PB2-D701N mutation in-
creased mammalian pathogenicity of the H3N2 virus correlates with
enhanced viral replication ability in vivo.

To assess the influence of the adaptive amino acid substitutions on
the viral tissue tropism, mice were inoculated intranasally with 10°
EIDs indicated virus and viral titers of mice organs were detected at 3
dpi (Fig. 4). At the WT-H3N2 virus inoculation group and the MA-K1P1
virus inoculation group, viruses were only detected in the lungs (Fig. 4).
However, at the MA-K1P3 virus inoculation group, the MA-K1P7 virus
inoculation group, the MA-K1P10 virus inoculation group, and the MA-
K1P11 virus inoculation group, viruses were detected in the lungs at
higher titers compared to that of the WT-H3N2 virus inoculation group;
furthermore, viruses were also detected in the brains, livers, spleens,
kidneys, and intestines of mice in these virus inoculation group (Fig. 4).

10
I WT-H3N2
I MA-KI1P1
I MA-K1P3
I MA-K1P7
I MA-KI1P10
I MA-KI1P11

log;oEIDsy/g

Lung Brain Liver Spleen Kidney Intestine

Fig. 4. Viral tissue tropism of H3N2 viruses in vivo. Mice (n = 3) were in-
fected with 10° EIDs, of the parental virus (WT-H3N2) or a mouse-adapted
virus (MA-K1P1, MA-K1P3, MA-K1P7, MA-K1P10, and MA-K1P11). Lungs,
brains, livers, spleens, kidneys, and intestines were collected at day 3 post-in-
fection and viral titers were titrated in eggs. The results are expressed as log;o
EIDs,/g and the dotted indicates the lower limit of detection. The average of
three replicates is shown with error bars indicating the standard deviation. **,
p < 0.01, when comparing MA-K1P3 with MA-K1P1 parental virus, as de-
termined by two-way ANOVA.

The above data show that the H3N2 virus possessing a PB2-D701N
amino acid substitution could be detected in multiple organs of the
infected mice. Our results suggest that PB2-D701N mutation is suffi-
cient to confer H3N2 virus extrapulmonary replication ability in the
intestines, brains, kidneys, livers, and spleens of mice.

Avian influenza viruses, unlike other general livestock and poultry
pathogens, can spread to humans and threat public health security (He
et al., 2016; Hou et al., 2017, 2018; Liu et al., 2009; Wang et al., 2014,
2018; Zhao et al., 2018a,b). The pathogenesis of influenza viruses in-
volves the interaction between virus factors and host factors. The RNA-
dependent RNA polymerase of influenza virus consists of PB2, PB1, and
PA subunit. The RNA-dependent RNA polymerase mediates viral RNA
genome transcription activity and replication activity (Gabriel and
Fodor, 2014). In recent years, the viral RNA-dependent RNA poly-
merase plays a vital role in viral mammalian pathogenicity. Ad-
ditionally, the viral HA, NP, NA, M1, and NS1 protein also involved in
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the virulence of AIV in mammals (Ozawa et al., 2011; Pappas et al.,
2008; Smeenk et al., 1996). Here, we found that PB2-D701N and M1-
M192V amino acid substitution contribute to the high pathogenicity of
H3N2 AIV in BALB/c mice.

In this study, we found that that D701N in PB2 protein enhances
viral replication ability and expand viral tissue tropism of H3N2 avian
influenza virus, resulting in high virulence of this virus in mammals.
PB2 protein has been demonstrated to be a vital pathogenicity de-
terminant of influenza viruses in mammals, and mouse-adapted influ-
enza viruses constantly contain mutations in PB2 gene. The significance
of PB2-E627K for mammalian adaptation was first described for an
H5N1 virus, and this mutation occurs frequently during the replication
of highly pathogenic H5 and H7N9 viruses in mammals (Hatta et al.,
2001; Shi et al., 2017). Our data emphasize the major role of the as-
paragine (N) at position 701 of the PB2 protein for viral pathogenicity
of H3N2 avian influenza virus in mice. Residue 701 is located in the
627- nuclear localization signal (NLS) domain of PB2, and it was pro-
posed that PB2-D701N amino acid substitution could destroy the salt
bridge between D701 residue and R753 residue and thus expose the
NLS and cause enhanced importin-a binding (Gabriel and Fodor, 2014).

M1 is a structural protein that helps mediate viral assembly and
interacts with HA and NA and ribonucleoprotein (RNP) (Kamal et al.,
2014). Previous studies showed that MA-A41V and M1-T139A were
vital pathogenicity determinants for HIN1 virus (Ward, 1995). Ad-
ditionally, M1-N30D and M1-T215A have been demonstrated to in-
crease the virulence of H5N1 virus in mammals (Fan et al., 2009).
However, M1 functional domains are not well understood until now,
and the mechanisms of M1 mutations mediating viral pathogenicity
variation are still not clear.

Taken together, we found that PB2-D701N and M1-M192V muta-
tion play a role in the virulence variation of H3N2 avian influenza virus
in mammals, and researches of viral infection in mammals may parallel
or predict the adaptation and pathogenesis of the virus to humans.
Lastly, these molecular markers will be of value to future avian influ-
enza and cross-species transmission surveillance.
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