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A B S T R A C T

Influenza A virus usually leads to economic loss to breeding farms and pose a serious threat to human health.
Virus infecting tissues directly and influenza virus-induced excessive production of inflammatory factors play the
key role in pathogenesis of the disease, but the mechanism is not well clarified. Here, the role of autophagy was
investigated in H9N2 influenza virus-triggered inflammation. The results showed that autophagy was induced by
H9N2 virus in A549 cells and in mice. Inhibiting autophagy by an autophagy inhibitor (3-methyladenine, 3-MA)
or knockdown of Atg5(autophagy-related gene) by Atg5 siRNA significantly suppressed H9N2 virus replication,
H9N2 virus-triggered inflammatory cytokines and chemokines, including IL-1β, TNF-α, IL-8, and CCL5 in vitro
and in vivo, and suppressed H9N2 virus-triggered acute lung injury as indicated as accumulative mortality of
mice, inflammatory cellular infiltrate and interstitial edema, thickening of the alveolar walls in mice lung tissues,
increased inflammatory cytokines and chemokines, increased W/D ratio in mice. Moreover, autophagy mediated
inflammatory responses through Akt-mTOR, NF-κB and MAPKs signaling pathways. Our data showed that au-
tophagy was essential in H9N2 influenza virus-triggered inflammatory responses, and autophagy could be target
to treat influenza virus-caused lung inflammation.

1. Introduction

Influenza A virus often causes economic loss to breeding farms and
pandemics in humans and results in morbidity and mortality [1,2].
Most patients infected with influenza virus usually suffered from acute
lung injury (ALI) with rapid progression to its severe form, acute re-
spiratory distress syndrome (ARDS) [3–5]. The major pathogenic fac-
tors of influenza virus infection are virus infecting tissues directly and
rapid viral replication [6]. Another major factor that contributes to
virus-caused acute lung injury is virus-triggered increase in in-
flammatory cytokines and chemokines [5,7,8]. However, it is not
known how virus infecting lung tissues directly and virus-triggered the
inflammatory responses are involved in the pathogenic mechanism of
acute lung injury [9].

It was reported that autophagy was induced by influenza A virus
infection (IAV) and plays an important role in pathogenic mechanism

[10]. Autophagy is a cellular degradation process that keeps the in-
tracellular homeostasis by eliminating various cytoplasmic debris and
controls microbe invasion [11,12]. Autophagy can be triggered by nu-
trient starvation, infection with pathogen and other factors and is in-
itiated by the activation of Beclin-1 complex, then the microtubule-
associated protein 1 light chain 3 (LC3) protein transforms its cytosolic
non-lipidated form LC3-I to a phosphotidylamine-conjugated form LC3-
II which attaches to the autophagosome membrane and serves as a
marker for the formation of autophagosome [13–15]. It is reported that
p62 can act as an autophagic adaptor protein interacted with LC3-II to
facilitate the delivery of cytoplasmic cargos, such as nonfunctional or-
ganelles, misfolded proteins, and microorganisms, into the autopha-
gosomes [16]. The fully formed and closed autophagosome will fuse
with the lysosome for degradation [17]. It is reported that autophagy
could be induced by different subtypes of influenza virus, such as
H5N1, H3N2 and H1N1, playing the important role in the virus

https://doi.org/10.1016/j.intimp.2019.105737
Received 17 January 2019; Received in revised form 21 June 2019; Accepted 1 July 2019

⁎ Corresponding authors.
E-mail addresses: haoyq1960@163.com (Y.-q. Hao), xutong1969@sohu.com (T. Xu).

1 Ruihua Zhang and Hongliang Zhang contributed equally to this work.

International Immunopharmacology 74 (2019) 105737

Available online 06 July 2019
1567-5769/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2019.105737
https://doi.org/10.1016/j.intimp.2019.105737
mailto:haoyq1960@163.com
mailto:xutong1969@sohu.com
https://doi.org/10.1016/j.intimp.2019.105737
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2019.105737&domain=pdf


replication and pathogenic mechanism of influenza virus [18–21]. Re-
search indicates that autophagy triggered by influenza virus is an im-
portant factor for viral replication [10]. In addition, it was shown that
autophagy was critical for the production of inflammatory cytokines
and chemokines in influenza virus-infected human macrophages [19].
Evodiamine (an autophagy inhibitor) treatment dramatically sup-
pressed H1N1-induced cytokine production in A549 cells [22]. These
data indicated that the autophagy promoted influenza virus-triggered
inflammatory responses, however, it remains unclear how autophagy
causes the lung inflammation induced by influenza virus.

In this study, the relationship between autophagy induced by in-
fluenza virus and lung inflammation was investigated. The results de-
monstrated that H9N2 influenza virus induced autophagy and in-
flammatory response in A549 cells and in mice. Inhibiting the
autophagy by autophagy inhibitor and knockdown of Atg5 dramatically
suppressed H9N2 virus-induced inflammatory response in A549 cells
and in mice. Moreover autophagy mediated the inflammatory responses
through Akt-mTOR, MAPKs and NF-κB signaling pathways. Our study
showed that autophagy was essential for H9N2 virus-induced in-
flammatory responses, and autophagy could be target to treat influenza
virus-caused lung inflammation.

2. Materials and methods

2.1. Virus strains and cell culture

The H9N2 influenza A/swine/HeBei/012/2008 virus (H9N2 virus)
was provided by key Laboratory of Preventive Veterinary Medicine in
HeBei North University. Human lung adenocarcinoma A549 cells were
kindly provided by Nankai University, and cultured in DMEM medium
with 10% fetal bovine serum in 5% CO2 at 37 °C.

2.2. Cell treatments and virus infection

A549 cells were treated with 10mM (final concentration) 3MA (a
PI3K inhibitor), 50 μM (final concentration) CQ (an inhibitor of lyso-
some acidification) for 1 h and then infected with H9N2 virus at a
multiplicity of infection (MOI) of 0.1, 2, 6 or 10 or an equal volume of
vehicle, followed by further study. For RNA interference, A549 cells
were plated and transiently transfected with 50 nM Atg5-specific siRNA
or control siRNA. The sequence of Atg5-specific siRNA (Atg5 siRNA)
was determined in accordance with references [20]. At 48 h post
transfection, the protein levels of Atg5 were determined by Western
blotting analysis.

2.3. Animals and intranasal inoculation

Animal experiments were approved by the Committee on the
Animal Care and Use of the Hebei North University in accordance with
the ethics guidelines for the Care and Use of Laboratory Animals of the
National Research Council Guide. BALB/c mice (the Laboratory Animal
Center of Beijing, China) were caged in a pathogen-free facility and fed
standard rodent chow and water ad libitum.

Mice in H9N2 group were anesthetized by diethyl ether, and then
were intranasal inoculated 50 μL H9N2 virus (107 TCID50). Mice in
control group were intranasal inoculated an equivalent dilution of
noninfectious allantoic fluid. In the H9N2+3-MA group, 3-MA
(15mg/kg) was injected intraperitoneally 2 h before the infection of
H9N2 virus. In the 3-MA group, only 3-MA (15mg/kg) was injected
intraperitoneally. In the Atg5 siRNA group and control siRNA group,
mice were intratracheally treated with Atg5-specific siRNA or control
siRNA (100 μg in 100 μL), respectively. In the H9N2+Atg5 siRNA
group and H9N2+ control siRNA group, mice were treated with Atg5-
specific siRNA or control siRNA and intranasal inoculated 50 μL H9N2
virus (107 TCID50). All mice were monitored throughout a 24-hour
period of recovery, and knockdown efficiency of Atg5-specific siRNA

was estimated by Western blotting. The sequence of Atg5-specific
siRNA (Atg5 siRNA) was determined in accordance with references
[20]. After H9N2 virus challenge, the survival rates of mice in each
group (n=18) were monitored for 14 days, and mice were sacrificed at
5 d after H9N2 virus infection in the other experiments.

2.4. Measurement of lung wet/dry ratio

Mice in all groups as described above were euthanized, and mice
lungs were collected and evaluated for their wet weight 5 days after
H9N2 virus infection and were dried in a 70 °C oven to obtain a dry
weight. Then the lung wet/dry ratio was measured.

2.5. Histological staining

At 5 days postinfection, mice were euthanized and the lung tissues
were fixed with formalin. After dehydration, the fixed lung tissues
samples were embedded in paraffin and sectioned at 4 μm. Ultrathin
sections were rehydrated, and stained with hematoxylin and eosin (H&
E). The histopathological features of the mice lung tissues were de-
tected by use of an optical microscopy. Lung injury, based on the in-
flammatory cell infiltration, alveolar and interstitial oedema, was as-
sessed according to our previous research [23].

2.6. Titration of viruses

A549 cells grown in 12-well plates were treated with 3MA, control
siRNA or Atg5-specific siRNA, and then infected with H9N2 virus at an
MOI of 10. Cells were then incubated for 24 h, supernatants of infected
culture were harvested and serially diluted in serum-free DMEM. Ten-
fold dilutions were added to MDCK cells in a 96-wells plate, and in-
fected cells were maintained in DMEM with 10% FBS for 72 h. Virus
titers were determined by the Reed-Muench method and were ex-
pressed as TCID50 per milliliter supernatant. BALB/C mice were treated
with 3MA, control siRNA or Atg5-specific siRNA, and then the mice
were infected with H9N2 virus (107 TCID50). Mice were killed at 72 h
after infection, and mice lungs were homogenized in serum-free DMEM.
The homogenate supernatants of lung were harvested, then TCID50 was
measured as described above.

2.7. Real-time quantitative assay

A549 cells and BALB/C mice were treated with 3-MA, control siRNA
or Atg5-specific siRNA, and then infected with H9N2 virus or an equal
volume of vehicle. Total RNA in cells or lung tissues was extracted using
Trizol reagent (Invitrogen) according to manufacturer's protocol. cDNA
was synthesized from 1.5 μg of RNA with cDNA Reverse Transcription
Kit (Applied Biosystems). PCR amplification assays were performed
with a SYBR Premix Ex Taq II kit (TaKaRa) on an ABI 7300 Real-Time
PCR system (Applied Biosystems). The expression of NP gene was
normalized on the basis of the expression of β-Actin. The sequences of
primers were listed in Table 1 [24,25].

2.8. Western blotting analysis

A549 Cells were collected, lysed and the protein concentration in
supernatant was determined by a BCA protein assay kit (Thermo sci-
entific) according to the manufacturer's protocol. The supernatant of
homogenized mice lungs were harvested, and protein was also de-
termined by a BCA Protein Assay Kit. Proteins from each sample were
run on SDS polyacrylamide gel. Then protein bands were transferred
onto nitrocellulose filter membranes. Membranes were incubated with
the specific antibodies against LC3B, p62, Atg5, GAPDH, NF-κB p65,
phosphorylated NF-κB p65, p38 MAPK, phosphorylated p38 MAPK,
JNK, phosphorylated JNK, ERK, phosphorylated ERK, Akt, phosphory-
lated Akt, mTOR, phosphorylated mTOR (Cell Signaling Technology)
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and then with horseradish peroxidase-labeled IgG secondary antibodies
(Cell Signaling Technology). Finally membranes were visualised with
enhanced chemiluminescence system (Amersham Pharmacia Biotech).

2.9. Statistical analysis

All data are presented as means ± SD. Statistically significant dif-
ferences among groups were calculated by one-way ANOVA analysis
followed by Tukey's multiple comparison test. Survival data were
analyzed by a Log-Rank (Mantel-Cox) test. P < 0.05 shows statistical
significance.

3. Results

3.1. H9N2 virus induced autophagy in A549 cells and mouse lung tissues

The process of autophagy involves the formation of double-mem-
braned autophagosome, the fusion of autophagosome and lysosome,
and the degradation of sequestered cargoes in autolysosome [26].
When autophagy is induced, cytosolic LC3-I is converted to membrane-
bound LC3-II by the accretion of phosphatidylethanolamine to LC-I
[27,28]. In order to confirm whether H9N2 virus induced autophagy in
A549 cells and mouse lung tissues, we assessed autophagosome for-
mation by detecting the LC3-II expression using the Western blotting
analysis according to the correlative references [28]. The data showed
that LC3-II-to GAPDH ratio in H9N2 virus-infected A549 cells and
mouse lung tissues increased relative to the controls. However, 3-MA
treatment remarkably decreased LC3-II-to GAPDH ratio in A549 cells
(Fig. 1A and C) and mouse lung tissues (Fig. 1F and H). The results
implied that H9N2 virus successful induced autophagy in mouse lung
tissues and human lung A549 cells. Since the increase of LC3-II ex-
pression could be due to increased formation of autophagosome or
decreased fusion and degradation of autolysosome, we next blocked the
fusion of autophagosome and lysosome by using CQ. The results
showed that the CQ treatment increased the LC3-II expression in H9N2
virus-infected A549 cells (Fig. 1B and D) and mice lungs (Fig. 1G and I),
which declared that accumulation of LC3-II was caused by formation of
autophagosome.

P62 is another important protein which involved in autophagic
degradation. In this study, the protein level of p62 in H9N2-infected
A549 cells and mice lungs showed significant decrease, CQ treatment
rescued p62 expression in A549 cells (Fig. 1B and D) and mice lung
tissues (Fig. 1G and I). These results further confirmed H9N2 virus
promoted autophagy. Moreover, the viral NP protein could be detected
in the A549 cells and mice infected by H9N2 virus, and inhibition of
autophagy with autophagy inhibitor decreased the accumulation of NP.
The data showed that altering cellular autophagy has the effect on viral
protein synthesis (Fig. 1A–I).

3.2. Autophagy induced by H9N2 virus was critical for the inflammatory
responses in A549 cells

In the present study, we investigated the effect of autophagy in
inflammatory responses caused by H9N2 virus. H9N2 virus infection
dramatically increased the levels of inflammatory cytokines and che-
mokines, such as IL-1β, TNF-α, IL-8, and CCL5 in A549 cells at 24 h p.i.,
indicating the inflammatory effects of H9N2 virus. The 3-MA treatment
significantly attenuated H9N2 virus-induced inflammatory cytokines
and chemokines in A549 cells (Fig. 2A–D). As autophagy promotes to
influenza virus replication [10], suppression of inflammatory responses
is possibly due to lower viral loads in the cells after blockage of au-
tophagy. That is to say, virus itself but not autophagy directly con-
tributes to inflammatory responses. Hence, it is necessary to investigate
if 3-MA suppresses inflammatory cytokine expression equally after in-
fection of different viral loads. A549 cells were pretreated with 3-MA,
followed by H9N2 virus infection at MOI of 2, 6 or 10 at 24 h p.i. and
36 h p.i., then the levels of inflammatory cytokines and chemokines was
detected. The data showed that no significant difference in production
of cytokines and chemokines was found in 3-MA treated A549 cells
infected by H9N2 virus at an MOI of 2, 6, and 10 at 24 h p.i.
(Fig. 2A–D). Similar results were obtained in the 3-MA treated A549
cells infected by H9N2 virus at an MOI of 2, 6, and 10 at 36 h p.i.
(Fig. 2E–H). So, the results showed that autophagy inhibition, instead of
lower viral loads after blockage of autophagy, was critical in the de-
creased inflammatory responses in A549 cells. To investigate further,
autophagy-related gene Atg5 was knocked down with Atg5 siRNA to
block the autophagic pathway, and inflammatory responses were de-
tected. The results demonstrated that the Atg5 knockdown reduced
H9N2 virus-induced autophagy as indicated as decreased expression of
LC3-II (Fig. 2I and J) and alleviated the expression of inflammatory
cytokines and chemokines caused by H9N2 virus. Moreover, there were
no significant differences in the levels of inflammatory cytokines and
chemokines in the Atg5 gene knockout cells infected by H9N2 virus at
an MOI of 2, 6, and 10 at 24 h p.i. (Fig. 2K–N). By contrast, treatment
with control siRNA has no effect on the expression of inflammatory
cytokines and chemokines. So autophagy was critical for the in-
flammatory responses induced by H9N2 virus.

3.3. Autophagy induced by H9N2 virus was essential for the acute lung
injury in mice

3.3.1. Inhibiting autophagy ameliorated histopathological lesions in mice
infected with H9N2 influenza virus

We previously successfully established a mouse model of ALI (acute
lung injury) by inoculation with H9N2 influenza virus to research the
pathogenic mechanisms of the H9N2 virus [29]. In the present study,
BALB/c mice inoculated intranasally with H9N2 virus showed severe
lung inflammation including inflammatory cellular infiltrate and in-
terstitial edema, thickening of the alveolar walls compared with the
control mice (Fig. 3A and B). However, autophagy inhibitor 3-MA

Table 1
The sequences of primers for real-time PCR reaction.

Primer Sense (5′-3′) Anti-sense (5′-3′)

Human β-Actin CGCGAGAAGATGACCCAGATC CATGAGGTAGTCAGTCAGGTCCC
Human IL-1β CCCAGAGAGTCCTGTGCTGAATG GAGAGCTGACTGTCCTGGCTGAT
Human TNF-α TGGAGAAGGGTGACCGACTCAG GTTTGGGAAGGTTGGATGTTCG
Human CCL5 AACCCAGCAGTCGTCTTTGTC GGACAAGAGCAAGCAGAAACAG
Human IL-8 TGTGGAGAAGTTTTTGAAGAGGG CCCTACAACAGACCCACACAATAC
Mouse β-Actin GCTTCTTTGCAGCTCCTTCGT CCTTCTGACCCATTCCCACC
Mouse IL-1β GGTGTGTGACGTTCCCATTAGAC AGGGTGGGTGTGCCGTCTT
Mouse TNF-α GTCTACTGAACTTCGGGGTGATCG TGGGCTACAGGCTTGTCACTCG
Mouse CCL5 ACTCCCTGCTGCTTTGCCT CACACTTGGCGGTTCCTTCG
Mouse IL-8 GGTCTTCCTGCTTGAATGGCTTGA GCGGTGTCCTGATTATCGTCCTC
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treatment relieved the pathological lesions (Fig. 3C). We also knocked
down the autophagy-related gene Atg5 in mice by Atg5 siRNA treat-
ment, and the treated mice were infected with H9N2 virus. As shown in
the figure the Atg5 knockdown reduced H9N2 virus-induced autophagy
as indicated as decreased expression of LC3-II (Fig. 3L and M). Patho-
logical lesions in Atg5 siRNA treated mice infected with H9N2 influenza
virus were ameliorated compared with the control siRNA treated mice
infected with H9N2 virus (Fig. 3E and F). Additionally, no difference in
pathological changes was found in H9N2 influenza virus-infected mice
and virus-infected mice pretreated by control siRNA (Fig. 3B and E).
The pathological changes showed that autophagy induced by H9N2
virus was essential for the acute lung injury in mice. The score of

histopathological changes also showed that autophagy was involved in
acute lung injury induced by H9N2 virus. The severity of inflammatory
cellular infiltration, interstitial and alveolar edema induced by H9N2
influenza virus was significantly alleviated by 3-MA treatment or Atg5
siRNA treatment (Fig. 3G–J).

3.3.2. Inhibiting autophagy decreased the mortality of H9N2 influenza
virus-infected mice

The accumulative mortality of mice infected with H9N2 virus was
significantly high when compared to the mortality of control mice.
Treatment with 3-MA reduced the mortality of mice caused by H9N2
virus (Fig. 4A). Similar to the 3-MA treatment, Atg5 siRNA treatment
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Fig. 1. H9N2 influenza virus induced autophagy in A549 cells and in mice.
A549 cells were pretreated with 3-MA or CQ, followed by infection with H9N2 influenza virus. Western blotting was used to detect the protein expression levels of
LC3-II, p62 and NP in A549 cells (A and B). The protein levels of LC3-II, p62 and NP in A549 cells were analyzed as ratios of intensities of GAPDH bands (C and D).
BALB/C mice were pretreated with 3-MA or CQ, followed by infection with H9N2 influenza virus. Mouse lung tissues were collected and the protein expression levels
of LC3-II, p62 and NP were detected by Western blotting (F and G). The protein levels of LC3-II, p62 and NP in mouse lung tissues (H and I) were analyzed as ratios of
intensities of GAPDH bands. The data were showed as means ± SD (n≥ 3). **P < 0.01 relative to control. ##P < 0.01relative to H9N2.
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also results in a decrease in the mortality of H9N2 infected mice
(Fig. 4B).

3.3.3. Inhibiting autophagy attenuated lung edema in mice infected by
H9N2 influenza virus

To evaluate the severity of lung edema, the ratio of the weight of
wet lung to the weight of dry lung (W/D) was determined in our study.
H9N2 influenza virus results in an increase in the W/D ratio. Treatment
with 3-MA or Atg5 siRNA suppressed H9N2 virus-induced increase in
the W/D ratio (Fig. 5A and B). So lung edema induced by H9N2 virus
was prominently decreased in mice treated with the autophagy in-
hibitor 3-MA or Atg5 siRNA. These data showed that autophagy in-
duced by H9N2 virus was essential for the acute lung injury in mice.

3.3.4. Inhibiting autophagy reduced production of cytokines and
chemokines in mice infected by H9N2 influenza virus

To further evaluate the role of autophagy in H9N2 influenza virus-
induced ALI, Inflammatory cytokines and chemokines in BALF in mice
were detected by real-time PCR. The result showed that 3-MA treatment
significantly reduced H9N2 virus-induced inflammatory cytokines and
chemokines in mice (Fig. 6A–D). Similar to 3-MA, knockdown of au-
tophagy-related gene Atg5 also alleviated the excessive expression of
inflammatory cytokines and chemokines caused by H9N2 virus
(Fig. 6E–H). We wanted to show that suppression of inflammatory re-
sponses is due to autophagy inhibition directly but not lower viral loads
in the tissues after blockage of autophagy, mice treated with 3-MA were
inoculated with different viral titers, then inflammatory cytokine

A B C D

E F G H

GAPD

LC3-I
LC3-II

Atg5

H9N2
Con siRNA  Atg5 siRNA

I J
G

K L M N

Fig. 2. Autophagy was essential for the inflammatory responses in A549 cells.
A549 cells were pretreated with 3-MA, followed by infection with H9N2 influenza virus at an MOI of 2, 6 or 10. Then cells were collected and the levels of
inflammatory cytokines and chemokines were detected by real-time PCR at 24 h p.i. (A–D) and 36 h p.i. (E–H). A549 cells were transfected with control siRNA or
Atg5 siRNA, followed by infection with H9N2 influenza virus at an MOI of 2, 6 or 10. Cells were collected and the protein expression levels of Atg5 and LC3-II were
detected by Western blotting to detect whether Atg5 is knocked down and autophagy is inhibited (I). The protein levels were analyzed as ratios of intensities of
GAPDH bands (J). The levels of inflammatory cytokines and chemokines were detected by real-time PCR at 24 h p.i. (K–N). The data were showed as means ± SD
(n≥ 5). **P < 0.01 relative to control. ##P < 0.01 relative to H9N2.
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expression was detected. The data showed that no significant difference
in production of cytokines and chemokines was found in 3-MA
(Fig. 6A–D) or Atg5 siRNA (Fig. 6E–H) treated mice infected by H9N2
virus at an MOI of 2, 6, and 10 at 24 h p.i. So, autophagy inhibition, but
not lower viral loads after blockage of autophagy was critical in the
decreased inflammatory responses in mice. So, autophagy was critical
for the inflammatory responses induced by H9N2 virus.

3.4. Inhibiting autophagy decreased influenza A virus replication

It is reported that the virus (H1N1) titer was relative to autophagy

[30] and autophagy activation is required for influenza A virus (H1N1)
replication [31]. However, other studies reported that autophagy did
not affect the H5N1 virus replication [20]. In this study, we detected
the role of autophagy on H9N2 virus replication by treating the cells
and mice with 3-MA or Atg5 siRNA. The virus titer was determined in
supernatants of A549 cells and mouse lung tissue homogenates infected
by H9N2 virus by measuring tissue culture infectious dose (TCID50). To
verify H9N2 virus replicated in A549 cell and mice, different multi-
plicity of infection (MOI= 0.1 and 10) were applied to infected cells
and mice, and the TCID50 was detected in this study. The results showed
that H9N2 virus replicated in A549 cells and mice, and treated cells and

H I J

#
** * *

##
#

GAPDH

LC3-I
LC3-II

Atg5

H9N2
Con siRNA Atg5 siRNA

L M

G

Fig. 3. Inhibiting autophagy ameliorated histopathological lesions in mice infected with H9N2 influenza virus.
BALB/C mice were pretreated with 3-MA, or control siRNA or Atg5 siRNA, followed by infection with H9N2 influenza virus. Mice were euthanized and mice lung
tissues were collected and stained with H&E. A: Control. B: H9N2. C:H9N2+3-MA. D: Atg5 siRNA. E: H9N2+ control siRNA. F: H9N2+Atg5 siRNA. Scale bar:
200mm (A–F). The severity of lung injury was determined on the basis of inflammatory cell infiltration (G and I), alveolar and interstitial edema (H and J). The
severity of lung injury was ranked from 0 (normal) to 4 (severe). *P < 0.05 relative to control, #P < 0.05 relative to H9N2. Besides, the protein expression levels of
LC3-II in supernatants in lung tissues were detected by Western blotting and analyzed as ratios of intensities of GAPDH bands (L and M).
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mouse lung tissues with 3-MA showed lower H9N2 virus titer
(Fig. 7A–D). To further explore the relevance between autophagy and
H9N2 virus titer, we treated A549 cells and mice with Atg5 siRNA to
knock down the Atg5. As shown in the Fig. 7A–D, Atg5 knockdown
significantly resulted in a decrease in the virus titer. Control siRNA
treatment has no effect on the H9N2 virus titer. The result above
showed that inhibiting autophagy decreased H9N2 influenza virus re-
plication.

3.5. Autophagy induced by H9N2 virus mediated the inflammatory
responses through Akt-mTOR, MAPK, and NF-κB signaling pathways in
A549 cells

Our previous research found that NF-κB signaling participates in the
inflammatory responses induced by H9N2 influenza virus [23], here,
we examined if NF-κB signaling involved in the inflammatory responses
is relative to autophagy induced by H9N2 virus. The Western blotting
analysis demonstrated that the phosphorylation of NF-κB p65 and the
ratio of LC3II to GAPDH markedly increased in H9N2 virus-infected
A549 cells, which were remarkably decreased by 3-MA (Fig. 8A and B)
and siRNA of Atg5 treatment (Fig. 8C and D). Notably, H9N2 virus
activated NF-κB signaling pathway and autophagy pathway, blocking
autophagy with 3-MA and Atg5 siRNA remarkably reduced phosphor-
ylation of NF-κB p65 in A549 cells. By contrast, control siRNA treat-
ment did not lead to the decrease in level of phosphorylation of NF-κB
p65. So the data showed that autophagy induced by H9N2 virus
mediated the inflammatory responses through NF-κB signaling

pathways in A549 cells.
Our previous research also reported that mitogen-activated protein

kinases (MAPKs) signaling pathways participate in the inflammatory
responses induced by H9N2 influenza virus [23]. In the present study,
the phosphorylation of ERK, JNK, and p38 MAPK, and the ratio of LC3II
to GAPDH significantly increased in A549 cells infected by H9N2 virus,
which were remarkably decreased by 3-MA (Fig. 8A and B) and siRNA
of Atg5 treatment (Fig. 8C and D). Notably, MAPKs and autophagy
pathways were activated by H9N2 virus infection, and activated MAPKs
and autophagy pathways induced by H9N2 virus were suppressed by
blocking autophagy with 3-MA and Atg5 siRNA. By contrast, control
siRNA treatment did not lead to the decrease in level of phosphoryla-
tion of ERK, JNK and p38 MAPK. So the autophagy induced by H9N2
virus mediated the inflammatory responses through ERK, JNK, and p38
MAPK signaling pathways in A549 cells.

It has been reported the induction of autophagy could be mediated
by inhibition of Akt-mTOR signaling in IAV-infected HPMECs [25], we
next examined whether Akt-mTOR signaling pathway plays a critical
role in the attenuation of proinflammatory responses and inhibition of
autophagy in H9N2 virus-infected A549 cells. The results showed that
the phosphorylation of Akt and mTOR significantly decreased in A549
cells infected by H9N2 virus, which were remarkably increased by 3-
MA treatment (Fig. 8A and B). So the autophagy induced by H9N2 virus
mediated the inflammatory responses through Akt-mTOR signaling
pathways in A549 cells. Taken together, our data suggest that Akt-
mTOR, MAPKs, and NF-κB signaling pathways play the critical role in
the attenuation of proinflammatory responses and inhibition of

*

#

*
#

A B

Fig. 4. Inhibiting autophagy decreased the mortality of H9N2 influenza virus-infected mice.
BALB/C mice (n=18) were pretreated with 3-MA, or control siRNA or Atg5 siRNA, followed by infection with H9N2 influenza virus, and survival was calculated
*P < 0.05 relative to control. #P < 0.05 relative to H9N2.

Fig. 5. Inhibiting autophagy attenuated lung edema in mice infected by H9N2 influenza virus.
BALB/C mice were pretreated with 3-MA, or control siRNA or Atg5 siRNA, followed by infection with H9N2 influenza virus. Mice lungs were collected, and lung W/D
(wet weight-to-dry weight) ratios were measured (A and B). The data were showed as means ± SD (n=5). **P < 0.01 relative to control. ##P < 0.01 relative to
H9N2.
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Fig. 6. Inhibiting autophagy reduced cytokines and chemokines in mice infected by H9N2 influenza virus.
BALB/C mice were pretreated with 3-MA, or control siRNA or Atg5 siRNA, followed by infection with H9N2 influenza virus at an MOI of 2, 6 or 10. Levels of
inflammatory cytokines and chemokines in BALF were detected by real-time PCR (A–H). The data were showed as means ± SD (n=5). **P < 0.01 relative to
control. ##P < 0.01 relative to H9N2.

Fig. 7. Inhibiting autophagy decreased influenza A virus replication.
A549 cells and BALB/C mice were pretreated with 3-MA, or control siRNA or Atg5 siRNA, followed by infection with H9N2 influenza virus at MOI of 0.1 and 10.
Supernatants from A549 cells (A and B, A, MOI= 0.1, B, MOI=10) and lung tissue homogenates (C–D, C, MOI= 0.1, D, MOI= 10) were collected, and the virus
titer was determined by measuring tissue culture infectious dose (TCID50). The data were showed as means ± SD (n=5). ##P < 0.01 relative to H9N2.
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autophagy in A549 cells infected by H9N2 virus.

3.6. Autophagy induced by H9N2 virus mediated the inflammatory
responses through Akt-mTOR, MAPKs, and NF-κB signaling pathways in
lung tissues

We further investigated autophagy induced by H9N2 virus mediated
the inflammatory responses through Akt-mTOR, MAPKs and NF-κB
signaling pathways in mice. H9N2 virus infection significantly results in
an increase in the phosphorylation of ERK, JNK, p38 MAPK, and NF-κB
p65 and a decrease in the phosphorylation of Akt and mTOR in lung
tissues. H9N2 virus infection also increased the ratio of LC3II to

GAPDH. Treatment with 3-MA markedly suppressed H9N2 virus-in-
duced increase in the phosphorylation of ERK, JNK, p38 MAPK, and NF-
κB p65 and restored the phosphorylation of Akt and mTOR (Fig. 9A and
B). Similar to 3-MA, Atg5 siRNA treatment significantly reduced the
increase in the phosphorylation of ERK, JNK, p38 MAPK induced by
H9N2 virus (Fig. 9C and D). By contrast, control siRNA treatment did
not lead to the decrease in the phosphorylation of ERK, JNK, p38
MAPK, and NF-κB p65. These data obviously demonstrated that the
autophagy induced by H9N2 virus mediated the inflammatory re-
sponses through Akt-mTOR, MAPKs, and NF-κB signaling pathways in
mice.

22

C
H9N2

Con siRNA Atg5 siRNA  Con        

p-p38
p38

p-p65
p65

LC3-I
LC3-II

GAPDH

p-ERK

ERK

p-JNK

JNK

A

GAPDH

Con        

p-p38
p38

p-p65

p65

LC3-I
LC3-II

H9N2
3-MA

p-JNK

JNK

p-ERK

ERK

p-AKT
AKT
p-mTOR
mTOR

B D

Fig. 8. Autophagy mediated the inflammatory responses through Akt-mTOR, MAPKs, and NF-κB signaling pathways in A549 cells.
A549 cells were pretreated with 3-MA (A and B), or transfected with control siRNA or Atg5 siRNA (C and D), followed by infection with H9N2 influenza virus. Then
A549 cells were collected and the protein expression levels of LC3-II, phospho-pERK, phospho-pJNK, phospho-p38MAPK, phospho-pAkt, phospho-pmTOR, phospho-
NF-κB p65, total ERK, JNK, p38MAPK, Akt, mTOR, and NF-κB p65 were detected by Western blotting. The protein levels of LC3-II were analyzed as ratios of
intensities of GAPDH bands. The protein levels of phospho-pERK, phospho-pJNK, phospho-p38MAPK, phospho-pAkt, phospho-pmTOR, and phospho-NF-κB p65,
were analyzed as ratios of intensities of total ERK, JNK, p38MAPK, Akt, mTOR and NF-κB p65 bands, respectively. The data were showed as means ± SD (n≥ 5).
**P < 0.01 relative to control. ##P < 0.01 relative to H9N2.
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4. Discussion

Influenza A viruses usually lead to economic loss to breeding farms
and pose a serious threat to human health. However, the pathogenesis
of influenza virus infection has not been well elucidated, which hin-
dered the development of antiviral treatment. In this study, we have
demonstrated that autophagy triggered by H9N2 influenza was essen-
tial for the inflammation in A549 cells and in mice, which functioned
through Akt-mTOR, MAPKs, and NF-κB signaling pathways. Induction
of autophagy is the major mechanism of H9N2 influenza virus-induced
inflammation responses in vitro and in vivo, therefore, autophagy
suppression may become effective therapeutic strategy to alleviate the

pathogenesis of H9N2 influenza viruses.
Autophagy could be induced by different subtypes of influenza

virus, such as H5N1, H3N2, and H1N1, playing the important role in
the virus replication and pathogenic mechanism of influenza virus
[18–21]. However, how autophagy involves in pathogenic mechanism
of influenza virus has not been well elucidated yet. It is reported that
autophagy did not affect the H5N1 virus replication, and inhibiting
autophagy did not regulate the level of H5N1-induced cytokine in A549
cells [20]. However, in this study, the data showed that autophagy
played an important role in regulating the H9N2 virus replication, and
is essential for the inflammatory responses induced by H9N2 virus.
Inhibiting autophagy by an autophagy inhibitor 3-MA or knockdown of

A
p-p38
p38

p-p65
p65
LC3-I
LC3-II
GAPDH

Con        
H9N2

3-MA

p-JNK
JNK

p-ERK

ERK

p-AKT

AKT
p-mTOR
mTOR

C H9N2
Con siRNA Atg5 siRNA  Con        

p-p38
p38

p-p65
p65

LC3-I
LC3-II
GAPDH

p-JNK

JNK

p-ERK

ERK

B D

Fig. 9. Autophagy mediated the inflammatory responses through Akt-mTOR, MAPKs, and NF-κB signaling pathways in mice.
BALB/C mice were pretreated with 3-MA (A and B), or control siRNA or Atg5 siRNA (C and D), followed by infection with H9N2 influenza virus. Then mouse lung
tissues were collected and the protein expression levels of LC3-II, phospho-pERK, phospho-pJNK, phospho-p38MAPK, phospho-pAkt, phospho-pmTOR, phospho-NF-
κB p65, total JNK, ERK, p38MAPK, Akt, mTOR, and NF-κB p65 were detected by Western blotting. The protein levels of LC3-II were analyzed as ratios of intensities of
GAPDH bands. The protein levels of phospho-pERK, phospho-pJNK, phospho-p38MAPK, phospho-pAkt, phospho-pmTOR, and phospho-NF-κB p65, were analyzed as
ratios of intensities of total ERK, JNK, p38MAPK, Akt, mTOR and NF-κB p65 bands, respectively. The data were showed as means ± SD (n=5). **P < 0.01 relative
to control. ##P < 0.01 relative to H9N2.
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essential gene Atg5 by Atg5 siRNA treatment suppressed the H9N2
virus replication and the H9N2 virus-induced inflammatory responses
in A549 cells and in mice. It was reported that viral infection of tissues
and virus-induced increase in inflammatory cytokines and chemokines
are two major factors in the pathogenic mechanism of influenza virus
[5–8]. Our data showed that autophagy restricted the replication of
H9N2 virus and inflammatory responses which are the two major fac-
tors in the pathogenic mechanism of influenza virus, so autophagy
could be another important mechanism contributing to the pathogen-
esis of H9N2 influenza virus infection. Therefore autophagy could be
target to treat influenza virus-caused inflammation.

Our previous study showed that NF-κB and MAPKs signaling path-
ways was involved in H9N2 influenza virus-triggered inflammatory
responses [23]. H5N1 influenza virus infection resulted in a significant
increase in inflammatory cytokines and chemokines through NF-κB
signaling in human microvascular endothelial cells and in mice [32,33].
Moreover, previous studies showed that p38 MAPK was mediated the
H5N1-triggered inflammatory cytokines in macrophages [34,35].
However, how the NF-κB and MAPKs signaling pathways mediates the
inflammation induced by influenza virus remains unclear. The present
study demonstrated that the autophagy was essential in H9N2 virus-
induced inflammatory cytokines and chemokines in A549 cells and
mice lung tissues, and inhibiting autophagy by an autophagy inhibitor
3-MA or knockdown of essential gene Atg5 suppressed the H9N2 virus
induced inflammation. Besides, autophagy mediated virus-induced in-
flammation through MAPKs and NF-κB signaling, and autophagy in-
hibiting suppressed the virus-triggered activation of MAPKs and NF-κB
signaling. It has been reported the induction of autophagy could be
mediated by inhibition of Akt-mTOR signaling in IAV-infected HPMECs
[25]. The present study demonstrated that Akt-mTOR signaling
pathway plays a critical role in the attenuation of proinflammatory
responses and inhibition of autophagy in A549 cells infected by H9N2
virus.

In conclusion, autophagy is essential in H9N2 influenza virus-trig-
gered increase in inflammatory cytokines and chemokines in A549 cells
and in mice. Autophagy induced by H9N2 influenza virus mediates
inflammatory responses through Akt-mTOR, MAPKs and NF-κB sig-
naling pathways. This study showed the definite connection between
H9N2-triggered autophagy and inflammation responses, which sup-
plements the pathogenesis of H9N2 virus. Suppressing autophagy could
be target to treat influenza virus-caused inflammation responses.
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