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The H6N1 subtype avian influenza virus (AIV) is a zoonotic infectious disease pathogen, which poses a threat to
human health. In order to study the possible substitution of H6N1 AIV for mammals, an avian-origin H6N1 virus

H6N1 was successively passaged in mice. The results showed that PB2 (L193H and E627K), PA (S709F) and HA (V1271)
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proteins had multiple amino acid substitutions. The virulence of the mouse-adapted virus was stronger than that
of the wild virus, and it was highly pathogenic to mice. Therefore, continued surveillance of these substitutions

in poultry H6N1 viruses is required.

Influenza virus is one of the most common zoonotic infectious dis-
eases, and avian influenza virus (AIV) can continuously infects humans
and cause deaths. Since 1997, the H6 subtype AIV has been infected in
poultry and caused widespread dissemination in live poultry markets
(LPMs) in Asian (Chin et al., 2002; Huang et al., 2012; Wang et al.,
2014; Wu et al., 2016a; Wu et al., 2015b; Zhao et al., 2011). In 2013,
Taiwan reported the first case of human infection with H6N1 AIVs (Shi
et al., 2013; Wei et al., 2013), followed by the isolation of H6N1 virus
from dogs in Taiwan, which has high homology with human H6N1
virus, and harbored the substitution of E627K in polymerase basic
protein 2 (PB2)(Lin et al., 2015). In addition, human-derived H6N1
virus has evolved a preference for human receptors (Wang et al., 2015),
and has the ability to infect mammals across species barriers (Cheng
et al., 2014; Lin et al., 2015). These results show that H6 AIV is a po-
tential threat to human health, and suggest that people need to con-
tinue to monitor the circulating of H6 AIV in poultry.

The aim of this study was to identify possible alternatives to the
novel reassortant Chinese H6N1 AIV for mammalian adaptation, and to
determine the pathogenicity of the mouse adaptive H6N1 virus in vivo.
The adaptation process of an avian-origin H6N1 virus in mouse lungs is
carried out through successive lung-lung passage, according to the
methods described elsewhere (Chen et al., 2015; Wu et al., 2016b; Yao
et al., 2013). The successive lung-lung passage steps of mice were as
follows: 6-8 weeks old female BALB/c mice (n = 6) were inoculated

intranasally with 10%° 50% embryo infectious dose (EIDs,) of the H6N1
virus, A/chicken/Zhejiang/1664,/2017(H6N1) (ZJ1664, accession nos.
KJ933371-8), in 0.05 mL phosphate buffered saline (PBS). The H6N1
virus originated from chickens in the live poultry market in eastern
China's Zhejiang Province in 2017, showed low pathogenicity in mice
(Wu et al., 2018). The mice were killed three days after inoculation, and
lungs of the virus-inoculated mice were harvested and put into 1 mL
PBS to crush. After centrifuging lung tissue, 0.05 mL supernatant was
inoculated into a next normal mouse. The ZJ1664 virus (wild-type
virus, WT-ZJ1664) was passaged serially (mouse-to-mouse) nine times
to obtain the mouse-adapted virus [A/chicken/Zhejiang/1664-mouse-
adapted/2017(H6N1), MA-ZJ1664].

Fifteen mice were inoculated with WT-ZJ1664 and MA-ZJ1664
10%°EID50 in the nasal cavity at a dose of 0.05 mL. Three mice were
sacrificed at 3, 6 and 9 dpi, respectively. Viruses in lung, brain, heart,
liver, kidney and spleen tissues were titrated in 9-day chicken embryos
by the Reed and Muench method (Reed and Muench, 1938). Survival
and weight-loss were monitored in the remaining six mice in each
group. The animal experiments conducted in this study were approved
by the First Affiliated Hospital, School of Medicine, Zhejiang University
(No. 2015-15).

In order to evaluate the pathological changes of mouse-adapted
virus MA-ZJ1664, the lung tissue of mice infected with virus was im-
mobilized in 10% formalin. The tissues were embedded in paraffin wax
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using standard tissue processing procedures, and slices were prepared
and fixed on glass slides. Standard hematoxylin and eosin (H&E)
staining were performed. Finally, sections were examined under light
microscopy, as described elsewhere (Wu et al.,, 2016b; Wu et al.,
2015a).

To elucidate the molecular mechanism of virulence enhancement of
mouse adaptive viruses, we sequenced the whole genome of MA-
ZJ1664 and compared it with that of WT-ZJ1664 to analyze the dif-
ferences between nucleotides and amino acids. According to the man-
ufacturer's instructions, RNA was extracted from supernatant of rup-
tured lung tissue using TRIzol (Life Technologies). RT-PCR was
performed using one-step RNA PCR kit (TaKaRa), and all fragments of
WT-ZJ1664 and MA-ZJ1664 genomes were amplified with primers
described previously (Hoffmann et al., 2001; Wu et al., 2014). BioEdit
DNA analysis software was used to compare and analyze the obtained
sequences.

The in vitro growth properties of the WT-ZJ1664 and MA-ZJ1664
viruses were characterized in MDCK and A549 cells. Confluent MDCK
or A549 cells were infected with WT-ZJ1664 and MA-ZJ1664 viruses at
a multiplicity of infection (MOI) of 0.1, overlaid with serum-free DMEM
containing TPCK-trypsin as described previously (Tan et al., 2014;
Wang et al., 2012). Cell supernatants were harvested every 12 h until
72 h postinoculation and titrated in embryonated chicken eggs by the
Reed and Muench method (Reed and Muench, 1938).

On the 4th day of infection with MA-ZJ1664, mice began to lose
weight rapidly, while mice infected with WT-ZJ1664 only showed
slight weight loss (Fig. 1). The survival rates were 66% (4/6) and 100%
(6/6), respectively, suggesting that MA-ZJ1664 was more virulent than
WT-ZJ1664 in mice. The WT-ZJ1664 virus was only detected in the
lungs of mice, while MA-ZJ1664 virus could be detected in the lungs,
hearts, spleens, kidneys, brain and liver of mice (Table S1). Pathological
analysis of lung tissue showed that on the 8th day after virus infection,
severe interstitial inflammatory hyperemia and exudative lesions were
found in the lung tissue of MA-ZJ1664 mice. The lesions of lung tissue
were larger and the lesions were fused with multiple patches (Fig. 2).

Previous studies have shown that amino acid substitution occurs in
H6N1 (or HE6N6) subtypes of AIV after multiple passages in each series
of mice and increased the virulence of mouse-adapted virus in mice
(Tan et al., 2014; Yao et al., 2013; Yu et al., 2014). In this study, the
virulence of MA-ZJ1664 increased after nine passages, and these
adaptive mutations were detected; a total of four amino acid substitu-
tions were identified through adaptive lung-to-lung passage in mice,
including PB2 (L193H and E627K), PA (S709F), and hemagglutinin
(HA) (V1271) substitutions (Table 1 and Table S2). The E627K sub-
stitution in the PB2 protein reportedly influences the host range and
confers increased virulence in many subtype viruses in animal models,
including H6N1 and H6N6 (Tan et al., 2014; Yao et al., 2013; Yu et al.,
2014). The L193H substitution was involved in the PB1 and PB2 in-
teracted regions (Ohtsu et al., 2002), and the S709F substitution of the
PA protein was located at the C-terminal region binds to the N-terminal
region of PB1 (Guu et al., 2008). The V127I substitution of the HA
protein occurs at the receptor pocket (Gamblin et al., 2004) and, given
its location (Fig. S1). In this study, the mouse-adapted virus displayed
expanded tissue tropism and increased replication kinetics in vivo when
compared to the wild-type virus.

The growth curves in MDCK and A549 cells showed that WT-ZJ1664
and MA-ZJ1664 viruses reached a maximum at 36 postinoculation.
Comparison of the growth curves obtained with these viruses indicated
that the MA-ZJ1664 virus replicated faster than the WT-ZJ1664 virus in
MDCK and A549 cells between 24h and 48h postinoculation
(P < .05), suggesting that the amino acid substitutions enhanced the in
vitro growth properties of the virus (Fig. S2).

Many previous studies have revealed a number of amino acid sub-
stitutions have been implicated in the adaptation of H6 AIVs in mice,
and these mouse-adapted AlIVs displayed increasing virulence and en-
hanced replication kinetics in mice and cell lines, and these mouse-
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Fig. 1. Survival and body weight were measured in mice infected with the
H6N1 avian influenza viruses. Survival (A) and body weight (B) were measured
in BABL/c mice infected with the wild-type (WT-ZJ1664) or mouse-adapted
(MA-ZJ1664) strains of an H6N1 avian influenza virus (n = 6/group). Each
mouse was infected intranasally with 10%° EIDsq of virus in a 50 pL volume.
The number of surviving mice and their body weights were measured daily
from the date of challenge to 14 days post inoculation.

adapted viruses contain genetic markers for mammalian adaptation and
virulence, such as the HA (L111F, H156N, S263R and N394 T), PB2
(V308 M and E627K) and polymerase acidic protein (PA) (I38M, T971,
M155I and G622R) (Tan et al., 2014; Yao et al., 2013; Yu et al., 2014).
In this study, the PB2 (L193H), PA (S709F), and HA (V127I) substitu-
tions were first reported in the H6 AIVs.

The H6 influenza virus has been widely prevalent in poultry all over
China, and domestic ducks are considered as the natural reservoir of
avian influenza virus.Waterfowls infected with AIV generally do not
show obvious clinical symptoms, so they can be used as intermediate
hosts between migratory birds and terrestrial poultry in China's avian
influenza ecosystem (Cheung et al., 2007; Huang et al., 2012; Zhao
et al., 2011). Terrestrial poultry (such as chickens) have the molecular
characteristics suitable for being the intermediate host of avian influ-
enza virus to human transmission, which may produce new influenza
viruses with pandemic potential (Gambaryan et al., 2008; Guo et al.,
2000; Xu et al., 2007).

In this study, amino acid substitutions, in the PB2 (L193H and
E627K), PA (S709F), and HA (V127I) proteins were identified in mul-
tiple genes of a mouse-adapted H6N1 AIV. These changes were asso-
ciated with increased virulence compared with the wild-type virus.
Furthermore, the adapted virus can cause death in mice, and displayed
expanded tissue tropism and increased replication kinetics in vivo.
These results suggest that the continuation of H6N1 molecular epide-
miological studies and the examination of biological characteristics are
essential to elucidate the mutation and evolutionary mechanism of AIV.
Therefore, it is necessary to monitor these substitutions of influenza
viruses in poultry.

Supplementary data to this article can be found online at https://


https://doi.org/10.1016/j.meegid.2019.103918

H. Wu, et al.

(A)

Infection, Genetics and Evolution 74 (2019) 103918

Fig. 2. Histology of mice infected with the H6N1 avian influenza viruses. Lung pathology was determined in mice infected with the wild-type (A) or mouse-adapted
(B) strains of an H6N1 avian influenza virus at 6 days post inoculation (dpi). Hematoxylin and eosin staining was used to examine the histology of the lung tissue.
Mice infected with the mouse-adapted virus displayed severe interstitial pneumonia in lung tissues, shown by the alveolar lumen flooded with dropout from alveolar

cells, inflammatory cells (diamond) and erythrocytes (triangle).

Table 1
Nucleotide and amino acid substitutions identified in a mouse-adapted H6N1
avian influenza virus.

Segment Nucleotide Nucleotide Amino acid Amino acid
position substitution position substitution
PB2 578 (T—A) Passage0 T 193 L
(P0O) (L—H)
P2 T L
P3 T/A L/H
P4 T/A L/H
P5 A H
P9 A H
1879 (G—=A) PO G 627 E
(E—K)
P1 A K
P9 A K
PA 2126 (C—T) PO C 709 S
S—F S
S/F
F
P7 C
P8 Cc/T
P9 T
HA 379 (G—=A) PO G 127 (V=1 V
P1 G/A V/1
P2 A I
P9 A I
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