Virology 526 (2019) 1-12

Contents lists available at ScienceDirect

@ VIROLOGY
607 ANNIVERSARY.

Virology

journal homepage: www.elsevier.com/locate/virology

»m

Role of c-Jun terminal kinase (JNK) activation in influenza A virus-induced
autophagy and replication Shechser

Jingting Zhang™', Tao Ruan™’, Tianyu Sheng”, Jiongjiong Wang”, Jing Sun™", Jin Wang’,
Richard A. Prinz®, Daxin Peng®’, Xiufan Liu®, Xiulong Xu®""*

2 College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, Jiangsu Province, PR China

® Institute of Comparative Medicine, Yangzhou University, Yangzhou 225009, Jiangsu Province, PR China

€ Animal Infectious Disease Laboratory, College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, China

d Center for Immunological Research, Houston Methodist Research Institute, Houston, TX 77030, USA

© Department of Surgery, NorthShore University Health System, Evanston IL60201, USA

f Jiangsu Co-innovation Center for Prevention and Control of Important Animal Infectious Diseases and Zoonosis, Yangzhou University, Yangzhou 225009, Jiangsu
Province, PR China

ARTICLE INFO ABSTRACT

Keywords: The non-structural protein 1 (NS1) of different influenza A virus (IAV) strains can differentially regulate the
Influenza A virus activity of c-Jun terminal kinase (JNK) and PI-3 kinase (PI3K). Whether varying JNK and PI3K activation impacts
Autophagy autophagy and IAV replication differently remains uncertain. Here we report that HSN1 (A/mallard/Huadong/
Ns1 S$/2005) influenza A virus induced functional autophagy, as evidenced by increased LC3 lipidation and de-
IJDII\H; Kinase creased p62 levels, and the presence of autolysosomes in chicken fibroblast cells. HON2 (A/chicken/Shanghai/F/

98) virus weakly induced autophagy, whereas HIN1 virus (A/PR/8/34, PR8) blocked autophagic flux. H5SN1
virus activated JNK but inhibited the PI-3 kinase pathway. In contrast, N9N2 virus infection led to modest JNK
activation and strong PI-3 kinase activation; whereas HIN1 virus activated the PI-3 kinase pathway but did not
activate JNK. SP600125, a JNK inhibitor, inhibited H5N1 virus-induced autophagy and virus replication in a DF-
1 chicken fibroblast cell line. Our study uncovered a previously unrecognized role of JNK in IAV replication and

autophagy.

1. Introduction

Autophagy is a catabolic process that mediates the degradation of
damaged organelles, unneeded proteins, and invading microbes
(Galluzzi et al., 2014; Russell et al., 2014). Based on how substrates are
delivered to lysosomes, autophagy is classified into three major sub-
types: chaperone-mediated autophagy, microautophagy, and macro-
autophagy (Galluzzi et al., 2014; Russell et al., 2014). In chaperone-
mediated autophagy, cytosolic substrate proteins, which contain a
consensus pentapeptide motif (KEERQ) and can be recognized by cha-
perone heat shock cognate (HSC70), are sequestered into the lysosomal
lumen by interacting with lysosome-associated membrane protein type
2 (LAMP2) (Galluzzi et al., 2014; Russell et al., 2014) Microautophagy
involves the direct engulfment of cytoplasmic cargo by an autophagic
tube, which forms by invagination of the lysosomal membrane and
undergoes vesicle scission into the lysosomal lumen (Dong and Levine,

2013; Galluzzi et al., 2014; Russell et al., 2014; Steele et al., 2015).
Macroautophagy (hereafter referred as autophagy) begins by the initial
formation of a crescent-shaped double-membrane known as the isola-
tion membrane or phagophore (Galluzzi et al., 2014; Russell et al.,
2014). The phagophore subsequently elongates and, upon the fusion of
the phagophore edge, encloses the cytoplasmic material to form au-
tophagosome (Galluzzi et al., 2014; Russell et al., 2014). Autophago-
somes finally mature into organelles and then fuse with lysosomes to
form autolysosomes where lysosomal enzymes digest the autophago-
some content as well as the inner autophagosome membrane (Galluzzi
et al., 2014; Russell et al., 2014).

Autophagy is initiated by the activation of VPS34, a Class III PI-3
kinase in the preinitiation complex, which contains several other pro-
teins, including Beclin-1, ATG14L, and VPS15 (Dumit and Dengjel,
2012; Galluzzi et al., 2014; Russell et al., 2014). VPS34 is activated by
UNC-51-like kinase 1 (ULK1), a serine/threonine kinase that interacts
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Fig. 1. IAV induces LC-3 lipidation and p62 degradation in CEF and DF-1 cells. CEF (A & B) and DF1 cells (C & D) were infected with 0.1 MOI of H5N1 virus and
incubated for the indicated time (A & C) or with the indicated MOI (0, 001, 0.1, and 1) for 24 h (B & D). Cell lysates were prepared and analyzed for LC3-II lipidation

and the levels of p62, NP, M1, and -actin by Western blot.

with ATG13 and FIP200. Once activated, this pre-initiation complex
catalyzes phosphatidylinositol (PI)-4,5 to PI 3-phosphate (PI3P), a
phospholipid involved in the elongation and nucleation of the double
membrane, to form autophagosomes (Dumit and Dengjel, 2012;
Galluzzi et al., 2014; Russell et al., 2014). ULK1 activity is regulated by
the mechanistic target of rapamycin (mTOR) and AMP-activated pro-
tein kinase (AMPK), two nutrient- and energy-sensitive kinases, re-
spectively (Mack et al., 2012; Shang et al., 2011). These two kinases
phosphorylate ULK1 at different serine residues and have the opposite
effect on ULK activity: mTOR phosphorylates ULK1 at serine 757
(ULK1%7%7) and inhibits its activity; whereas AMPK phosphorylates
ULK1 at multiple sites, including the serine residues 317, 555, and 777
(ULK1S317/8555/8717) " and activates it (Bach et al., 2011; Kim et al.,
2011). c-Jun terminal kinase (JNK), a stress-activated protein kinase,
regulates autophagy by phosphorylating Bcl-2 and releasing its binding
from Beclin-1 (Wei et al., 2008a, 2008b). Beclin-1 becomes available
for the formation of the preinitiation complex (Wei et al., 2008a,
2008b). Alternatively, Beclin-1 can be phosphorylated by AMPK and
freed from the Bcl-2-Beclin-1 complex (Kim et al., 2013; Zhang et al.,
2016a).

Influenza A virus (IAV) infects a wide range of avian and mamma-
lian hosts, whereas influenza B virus primarily infects humans (Hsu,
2018). IAV can be further classified into various subtypes based on the
combination of two viral surface glycoproteins, e.g., hemagglutinin
(HA) and neuraminidase (NA) (Hsu, 2018). A total of 18 HA and 11 NA
subtypes have been identified so far. Among them, several reassortant
IAV genotypes, including H5N1, HON2, H7N2, and H6NS5, cause
sporadic fatal infections in humans (Hsu, 2018; Lai et al., 2016). Al-
though numerous studies have shown that IAV is able to induce au-
tophagy, many issues remain to be solved (Dumit and Dengjel, 2012;

Zhang et al., 2014). For example, how IAV infection triggers the in-
itiation of autophagy is not clear; the role of autophagy in IAV re-
plication remains controversial; whether IAV subtypes can differen-
tially induce functional autophagy has not been thoroughly
investigated.

The non-structural protein (NS1) of influenza A virus binds multiple
cellular proteins and plays important roles in regulating apoptosis,
antiviral immunity, and virus replication (Hsu, 2018; Klemm et al.,
2018; Krug, 2015). In particular, the NS1 protein of HIN1 and H3N2
viruses binds to the p85 B subunit of PI-3 kinase and activates its en-
zymatic activity (Ehrhardt and Ludwig, 2009; Ehrhardt et al., 2006,
2007a, 2007b; Hale et al., 2008, 2006; Li et al., 2008; Shin et al., 2007a,
2007b). It has been suggested that AKT activation in the PI-3 kinase
pathway can suppress JNK activation (Lu et al., 2010). Other IAV
subtypes such as H5N1 virus are unable to activate the PI-3 kinase
pathway (Li et al., 2012) but can activate JNK (Nacken et al., 2014).
JNK activation is required for autophagy induced by several types of
virus such as hepatitis B virus (Zhong et al., 2017), oncolytic adenovirus
(Klein et al., 2015), and Sendai virus (Siddiqui and Malathi, 2012). In
the present study, we compared the ability of three different subtypes of
IAV, including H5H1, H9N2, and H1IN1 viruses, to regulate the PI-3
kinase pathway and to activate JNK. We found that H5N1 virus induced
functional autophagy by activating JNK and suppressing the PI-3 kinase
pathway. In contrast, HIN1 virus activated the PI-3 kinase pathway but
did not activate JNK, whereas HIN2 virus activated both the PI-3 ki-
nase pathway and JNK. HIN1 and HIN2 viruses induced incomplete
autophagy.
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2. Results
2.1. H5N1 virus induces functional autophagy in CEF

Most studies investigating the ability of IAV to induce autophagy
have been carried out in mammalian tumor cell lines, which usually
have abnormal autophagy. Here we tested if the H5N1 virus (A/mal-
lard/Huadong/S/2005), an IAV subtype that primarily infects poultry
and replicates well in avian cells, was able to induce autophagy in
primary CEF and the DF1 chicken fibroblast cell line. As shown in
Fig. 1, H5N1 virus infection increased LC3-II lipidation and decreased
p62 levels in CEF (Fig. 1A & B) and DF1 (Fig. 1C & D) in a time- (Fig. 1A
& C) and dose-dependent manner (Fig. 1B & D). At the dose of 0.1
multiplicity of infection (MOI), increased LC3-II lipidation became re-
markable post-inoculation at 16 and 24 h, whereas p62 degradation
was visible starting at 4 and 8 h post inoculation. The infection dose as
low as 0.1 MOI was able to dramatically increase LC3-II lipidation and
decrease p62 levels in both CEF and DF1 cells 24 h post-inoculation.
Viral M1 and NP protein synthesis was detected at 4 and 8 h post in-
oculation, which corresponded to the time points when p62 protein was
degraded.

2.2. Opposite effect of different IAV subtypes on autophagy

We next determined if three different IAV strains (H5N1, A/mal-
lard/Huadong/S/2005; HON2, A/Ck/SH/F/98; HIN1, A/PR8/34), each
with two different doses, could differentially induce autophagy in CEF.
H5N1 virus was used at 0.01 and 0.1 MOI, whereas HOIN2 and HIN1
viruses were used at 0.1 and 1 MOI for infection of CEF. The reason for
different doses of these three IAV subtypes is that H5N1 virus, an avian
IAV subtype, generally replicates faster in CEF than two other subtypes.
As shown in Fig. 2A, H5N1 virus at 0.01 and 0.1 MOI dramatically
increased LC3-II lipidation and decreased p62 levels. HON2 virus at 0.1
and 1 MOI modestly increased LC3-II lipidation but did not decrease
p62 levels. In contrast, HIN1 virus at 0.1 and 1 MOI dramatically in-
creased p62 levels and modestly increased the LC3-II/LC3-I ratio. Of
note, the M1 expression levels of three IAV subtypes were almost equal,
indicating that the difference in autophagy induction by these three IAV
subtypes are not due to differing virus replication rates. These ob-
servations suggest that HSN1 virus induces functional autophagy, HIN1
virus did not induce functional autophagy but rather arrested the au-
tophagic flux.

We next conducted confocal microscopy to determine if three dif-
ferent IAV strains also differentially induced the formation of autop-
hagosomes. As shown in Fig. 2B, H5N1 virus induced the formation of
autophagic puncta which distributed perinuclearly. The puncta dis-
tribution was similar to those in a positive control in rapamycin-treated
DF-1 cells. In contrast, HIN1 virus-induced autophagosomes form very
large-size puncta that concentrated on one side near the nuclei. HON2
virus-induced puncta mostly scattered on one side near the nuclei. All
three IAV subtypes induced the formation of autophagosomes in ap-
proximately 30% of GFP-positive DF1 cells (Fig. 2C). Rapamycin in-
cluded as a positive control gave rise to approximately 15% autopha-
gosome-positive cells (Fig. 2C).

To verify the ability of H5N1 virus to induce functional autophagy,
we tested if blocking the autophagic flux by chloroquine (CQ), a lyso-
somal protease inhibitor, and bafilomycin A, an H-ATPase inhibitor,
could affect the levels of LC3-II lipidation and p62 expression. CQ
(2 uM) and bafilomycin A (10 nM) itself had no effect on p62 levels but
increased the levels of LC3-II and the ratios of LC3-II to LC-I in unin-
fected cells (Fig. 3A & B). CQ and bafilomycin A enhanced H5N1 virus-
induced LC3-II lipidation and partially blocked H5N1 virus-induced
p62 degradation (Fig. 3A). In contrast, CQ and bafilomycin A had al-
most no effect on p62 levels and LC3 lipidation in HIN1 virus-infected
cells. The ability of H5N1 virus to induce functional autophagy was
further verified by confocal microscopy of DF-1 cells in the presence of

Virology 526 (2019) 1-12

bafilomycin A. As shown in Fig. 3C, bafilomycin A (10 nM) or H5N1
virus (0.1 MOI) significantly increased the formation of autophagsomes
as the number of GFP-LC3 puncta was significantly increased in unin-
fected DF-1 cells. Bafilomycin A plus H5N1 virus further increased the
number of GFP-LC3 puncta in H5N1-infected cells (Fig. 3D).

We next determined if inhibition of autophagy affected IAV re-
plication. As shown in Fig. 3E, bafilomycin A dramatically decreased
the levels of NP and M1 proteins in the conditioned media and cell
lysates in H5N1-infected CEF, and lowered the virus titers in the con-
ditioned media of H5N1-infected CEF. Bafilomycin A only slightly de-
creased the levels of NP and M1 proteins in the conditioned media and
the cell lysates of HIN1 virus-infected CEF and slightly decreased the
virus titer in the conditioned media in H1N1-infected CEF (Fig. 3H).
Bafilomycin A slightly but significantly decreased cell proliferation in
uninfected CEF but did not further decrease the proliferation of HSN1
virus-infected cells (Fig. 3G).

The ability of three IAV subtypes to differentially induce the for-
mation of autolysosomes was further verified by using DF-1 cells stably
expressing GFP-RFP-LC3. The green fluorescence of GFP is quenched in
the acidic environment in autolysosomes, whereas the red fluorescence
of RFP is illuminated in autolysosomes. Autophagosomes illuminate as
the orange puncta through the combination of red and green fluores-
cence. As shown in Fig. 4A, there were very few puncta (7.05 *+ 0.19/
cell) in the uninfected cells. There were significantly more autopha-
gosomes present perinuclearly in the cytoplasm in H5N1 virus-infected
cells. The mean number of puncta per cell in H5SN1-infected DF-1 cells
was 40.3 + 0.66. Among them, 65.5 + 0.9% of the puncta illumi-
nated with red RFP fluorescence (Fig. 4B), which represent autolyso-
somes. In contrast, approximately 80% puncta were illuminated with
orange fluorescence in HON2 and H1N1 virus-infected DF-1 cells, which
represent autophagosomes. These observations further suggest that
H5N1 virus induces functional autophagy, whereas HON2 and HIN1
viruses block autophagic flux in DF-1 cells.

2.3. The PI-3 kinase pathway is differentially activated by three IAV
subtypes

We next determined if autophagy induced by three IAV subtypes
correlated with the activation of the PI-3 kinase pathway. As shown in
Fig. 5A, AKT®*”3 and mTORS***® phosphorylation was transiently in-
creased between 8 and 16 h post-inoculation (hpi) but inhibited at 24
hpi in H5N1 virus-infected CEF. Interestingly, phosphorylation of
S6K17%%° and ULK1%7%, two substrates of mTOR, was not changed in
the early stage of infection before 8 hpi but was decreased in the late
stage at 16-18 hpi. AKTS*7%, mTOR" 2**®, and ULK157” phosphoryla-
tion dramatically decreased 24 hpi in CEF infected with as low as 0.01
MOI H5N1 virus (Fig. 5B). Of note, total ULK1 of chicken origin was not
detectable due to the lack of reactivity of commercially available an-
tibodies. B-actin was used as a loading control.

We next compared the ability of three IAV subtypes to regulate the
PI-3 kinase pathway. Again, AKTS*73, S6K1™%° and ULK1%7%” phos-
phorylation was decreased in CEF infected with H5N1 virus at 0.01 and
0.1 MOI but was weakly increased in CEF infected with HIN1 virus at
0.1 and 1 MOI at 24 hpi. In contrast, HON2 virus infection at 0.1 and 1
MOI dramatically increased AKT**”® and S6K1"%° phosphorylation but
unexpectedly decreased ULK157% phosphorylation. It is not clear if
decreased ULK157%7 phosphorylation in HON2 virus-infected cells was
due to the decrease of total ULK1 protein, which could be caused by
ubiquitination-induced degradation or by inhibition of protein synth-
esis. Therefore, the PI-3 kinase pathway was differentially regulated by
these three IAV subtypes, leading to different autophagy outcomes.

2.4. Differential activation of JNK by three IAV subtypes

JNK is implicated in regulating autophagy by disrupting Bcl-2 and
Beclin-1 interaction (Wei et al., 2008a, 2008b). Here we tested if JNK



J. Zhang et al.

B
A
None H5N1 HIN2 HINI1 y
MOI 0 0 000 0. 01 1 01 1 (py g
— -62
p62 - - ‘ =
LC3-] | @ v o mm————— _}2
LC3-I1 [ s S G S S S——— |
: —
M1 o= —— 08 Z
LN
Actin | — —— — — -1 5 =
o
Z
N
T
C
~ 601 B
< X
= 50
8 % 5ok =
go £
15} 2 * %k E
22 30
8 &
A 8 204
a, -
o 101 R=
O & O
&} 0 E\
L) T
Ctr H5N1 HO9N2 HINI  Rapa a
<
a7

Virology 526 (2019) 1-12

GFP-LC3

Merge

Fig. 2. Differential autophagy induction by three IAV subtypes. (A) CEF were infected with the indicated MOI of three IAV subtypes (H5N1, HON2, and H1N1) for
24 h. Cell lysates were analyzed for LC3-II lipidation and the levels of p62, M1, and (-actin expression by Western blot. (B) DF-1 cells were transiently transfected
with the expression vector pmLC3-GFP. The cells were left infected or infected with H5N1 (0.1 MOI), HON2 (1 MOI) or HIN1 (1 MOI). Uninfected cells treated with
rapamycin (50 nM) were included as a positive control. After incubation for 12 h, autophagosomes were visualized under a confocal microscope. Scale bar, 25 um.
The percent of the cells with the presence of autophagosomes among the GFP-positive DF-1 cells was calculated and plotted in a bar graph with statistical analysis

(C). **p < 0.01, compared to untreated control.

was differentially activated by three IAV subtypes and correlated with
their ability to induce functional autophagy. As shown in Fig. 6A, H5N1
virus infection of CEF with 0.1 MOI induced JNK and Beclin-1 phos-
phorylation at 8-24 hpi in a time-dependent manner. H5N1 virus in-
fection of CEF with various doses of MOI (0.01, 0, 1, and 1) dramati-
cally increased JNK phosphorylation and modestly increased Beclin-1
phosphorylation at 24 hpi (Fig. 6B). Similar observations were made
with DF-1 cells (Fig. 6C & D). We then compared the ability of three IAV
subtypes to activate JNK and Beclin-1. H5N1 virus at 0.01 and 0.1 MOI
remarkably increased JNK and Beclin-1 phosphorylation, HON2 mod-
estly increased JNK phosphorylation and weakly increased Beclin-1
phosphorylation; whereas HIN1 virus almost had no effect on JNK and
Beclin-1 phosphorylation (Fig. 6E).

Finally, we determined if JNK activation was required for H5N1
virus-induced autophagy and virus replication. As shown in Fig. 7A,
SP600125, a specific inhibitor of JNK, blocked H5N1 virus-induced
LC3-II lipidation and p62 degradation. Consistently, SP600125 blocked
H5N1 virus-induced autophagosome formation (Fig. 7B & C). More-
over, SP600125 lowered the titer of H5N1 virus in the conditioned
media and the cytoplasmic fraction of DF1 cells in a dose-dependent
manner (Fig. 7D & E). Inhibition of virus replication by SP600125 was
not due to its inhibitory effect on DF-1 cell proliferation since SP600125
inhibited DF-1 proliferation marginally (Fig. 7F). These observations
suggest that JNK may enhance H5N1 virus replication by inducing
autophagy.

3. Discussion

In the present study, we provide unambiguous evidence that a strain
of H5N1 subtype of IAV induced functional autophagy in CEF, whereas
HIN2 and H1N1 subtypes induced incomplete autophagy. Differences
in autophagy induced by these different IAV subtypes were due to al-
ternative activation of JNK and the PI-3 kinase pathways. We further
showed that autophagy was inhibited by bafilomycin A or by a JNK
inhibitor, leading to suppression of H5N1 virus replication. Our study is
the first to suggest that JNK activation enhances IAV replication by
promoting autophagy.

IAV induces the accumulation of autophagosomes in various
mammalian cell lines in vitro and in mouse and human lung tissues in
vivo. For example, the HIN1 WSN strain induces autophagy in MDCK
cells; H5N1 (A/Jilin/9/2004) and H1N1 (A/new.Coledonia/20/1999)
viruses induce autophagy in A549 cells (Zhou et al., 2009). Zhirnov and
Klenk (2013) reported that HIN1 PR8 strain induces the formation of
autophagosomes in MDCK cells. Autophagy induction was evidenced by
increased LC3-II lipidation and the perinuclear presence of autopha-
gosome puncta (Zhirnov and Klenk, 2013; Zhou et al., 2009). Whether
p62 was degraded by these viruses was not investigated in these two
studies (Zhirnov and Klenk, 2013; Zhou et al., 2009). It is not clear if
these IAV subtypes indeed induced functional autophagy or induced the
accumulation of autophagosomes by blocking the autophagic flux
(Zhirnov and Klenk, 2013; Zhou et al., 2009). Pan et al. (2014) reported
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Fig. 3. Effect of bafilomycin A and CQ on IAV-induced LC-3 lipidation and p62 degradation. (A & B) CEF were left uninfected or infected with H5N1 (1 MOI) (A) or
H1N1 (10 MOI) viruses (B). After incubation for 12 h, chloroquine (2 uM) or bafilomycin A (Baf) (10 nM) was added and incubated for another 8 h. Cell lysates were
analyzed for p62, LC3, and B-actin expression by Western blot. (C) DF-1 cells transfected with the pmLC3-GFP expression vector was left uninfected or infected with
H5N1 virus (5 MOI). After incubation for 12 h, bafilomycin A (10 nM) was added and incubated for another 8 h. Autophagosomes were visualized under a confocal
microscope. Scale bar, 25 pum. The number of puncta per cell was calculated and plotted in a bar graph with statistical analysis (D). *p < 0.05, compared to the
number of puncta in the cells treated with bafilomycin A or with H5N1 virus infection. (E-F) Effect of bafilomycin A on virus replication and cell proliferation. CEF
were inoculated with H5N1 (0.1 MOI) (E) or HIN1 (1 MOI) viruses (F) and then incubated in the absence or presence of bafilomycin A (10 nM) for 24 h. Cell lysates
were prepared for the levels of NP and M1 viral protein expression. The conditioned media collected and analyzed for the TCID50 values. (G) Effect of bafilomycin A
on CEF proliferation. CEF seeded in 96-well plates were left uninfected or infected with IAV H5N1 virus (0.1 MOI) and then incubated in the absence or presence of
bafilomycin A (10 nM) for 24 h, followed by cell proliferation assay as described in Materials and Methods. Data are the mean + SD of the triplicate from one

representative of three experiments with similar results. *p < 0.05, compared to untreated control.

that H5N1 pseudotyped particles induced autophagy in A549 cells, by
observing p62 protein degradation. In the present study, we compared
the ability of three IAV subtypes, H5N1, HON2, and HIN1, to induce
autophagy in CEF. Our results showed that the HS5N1 virus induced
functional autophagy, as evidenced by increased LC3-II lipidation and
decreased p62 levels. Furthermore, the HS5N1 virus induced the for-
mation of autolysosomes, as evidenced by the presence of increased
number of RFP-LC3 puncta surrounding the nuclei and the presence of
red fluorescent puncta in RFP-GFP-LC3-infected CEF. These observa-
tions collectively suggest that the H5N1 virus induces complete and
functional autophagy. In contrast, the HIN1 virus induced accumula-
tion of autophagosomes, as evidenced by increased LC3-II lipidation
and lack of p62 degradation. Confocal microscopy revealed that RFP-

LC3 and GFP-LC3 fluorescent puncta were almost always co-localized in
HON2 and H1N1 virus-infected CEF. These observations collectively
suggest that HIN1 viruses block autophagic flux, leading to the for-
mation of autophagosomes but not the formation of autolysosomes. Of
note, the differential autophagy induced by H5N1, HON2 or HIN1
viruses was not due to the differential infectivity and replication rates
of these viruses in CEF since two different MOIs for each subtype were
used to ensure equal or similar levels of viral protein synthesis.

The mechanisms by which HIN1 virus blocks the autophagic flux
were independently investigated by several laboratories. Gannage et al.
(2009) reported earlier that HIN1 virus (A/PR8) blocks the fusion of
autophagosomes with lysosomes through the interaction of its M2
protein with Beclin-1, thus inhibiting the autophagosome flux.
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Fig. 4. H5N1 but not HON2 and HIN1 viruses induce the formation of autolysosomes. DF-1 cells stably expressing the GFP-RFP-LC3 gene were left uninfected or
infected with H5N1 (1 MOI), HON1 (5 MOI) or HIN1 (5 MOI) for 12 h. The cells were then fixed and stained with DAPI. Autophagosomes presented as the orange
puncta and autolysosomes presented as the red puncta were visualized under a confocal microscope (A). Scale bar, 25 um. (B) The numbers of red and orange puncta
per cell were plotted in a bar graph. * *p < 0.01, the number of orange and red puncta in IAV-infected DF-1 cells compared to that in a mock-infected control.

Inhibition of M2 expression through M2 siRNA or infection with M2-
deficient PR8 virus prevents the accumulation of autophagosomes.
Further studies by these authors suggest that the proton channel ac-
tivity is not required for the inhibition of the formation of autolyso-
somes. In contrast, Ren et al. (2015) reported that the proton channel
activity of M2 protein of H3N2 virus (A/Hong Kong/8/68) is required
for the blockade of the autophagosome-lysosome fusion. The M2
channel inhibitor amantadine is able to block the inhibitory effect of
M2 protein on autolysosome formation; Whereas the mutant M2 pro-
tein that lacks this channel activity fails to block autophagosome-ly-
sosome fusion (Ren et al., 2015). Beale et al. (2014) showed that the M2

protein of the PR8 virus interacts with LC3 and is required for LC3
membrane translocation, filamentous budding, and virus stability. Our
present study showed that HIN1 and HIN2 viruses arrested the au-
tophagic flux, as evidenced by increased p62 levels (Fig. 2A) and the
absence of autolysosomes (Fig. 4). In contrast, the H5N1 virus did not
block autophagic flux but rather induced functional autophagy in CEF
and DF-1 cells. The amino acid sequence in the highly conserved LC3-
interacting region (LIR) of the M2 protein of the H5N1 virus is FVNI (He
et al., 2013), which is slightly different from that in the H1NI virus with
a FVSI motif (Beale et al., 2014). Beale et al. (2014) reported that the
FVNI motif in the M2 protein of the H5N1 virus has a higher affinity
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Fig. 5. Effect of IAV infection on the PI-3 kinase pathway. CEF were inoculated with 0.1 MOI of the H5N1 virus and incubated for the indicated time (A) or inoculated
with the indicated MOI of the H5N1 virus for 24 h (B). Cell lysates were analyzed for the levels of phosphorylation and total proteins by Western blot with the
indicated antibodies. (C) CEF infected with the indicated MOI of the three IAV subtypes for 24 h. Cell lysates were analyzed for the levels of phosphorylation and total

proteins by Western blot with the indicated antibodies.

toward LC3 than the FVSI in the M2 protein of the HIN1 virus. In
addition, the A/mallard/Huadong/S/2005 H5N1 strain at the amino
acid position 86 has a valine (He et al., 2013) versus an alanine in the
PR8 HI1N1 strain (Beale et al., 2014). This should further enhance the
binding of the M2 protein of this H5N1 strain to LC3. It remains puz-
zling why the H5N1 virus was unable to arrest autophagy but rather
induced functional autophagy in CEF and DF-1 cells (Fig. 7 G).
Although it is well established that certain IAV subtypes such as the
H1N1 virus arrest autophagic flux (Beale et al., 2014; Gannage et al.,
2009; Munz, 2014; Ren et al., 2015; Rossman and Lamb, 2009), whe-
ther the autophagic process has a role in IAV replication remains con-
troversial (Steele et al., 2015). Zhou et al. (2009) reported earlier that
inhibition of autophagy by 3-methylademine (3-MA), wortmannin,
Beclin-1 or LC3 siRNA leads to the inhibition of HIN1 virus (A/WSN/33
strain) replication in Madin-Darby canine kidney (MDCK) cells, as
evidenced by decreased viral RNA and virus titers. Similarly, Liu et al.
(2016) reported that HIN1 viruses (A/WSN/33 & A/PR8/34) replicate
significantly slower in ATG7-deficient murine embryonic fibroblast

(MEF) cells, as evidenced by decreased synthesis of viral proteins and
RNAs. Yeganeh et al. (2015) reported that bafilomycin A at the con-
centrations ranging from 0.1 to 100 nM inhibits the replication of IAV
(A/PR/8/34) in A549 cells, and that bafilomycin A at 10-100 nM
blocks autophagic flux. Hahn et al. (2014) reported that a 50% reduc-
tion of ATG5 expression in alveolar epithelial cells leads to a significant
reduction of replication of the HKx31 strain of the H3N2 virus. In
contrast, Gannage et al. (2009) reported that wild-type MEF cells retain
more viral RNA and proteins of an H3N2 virus (A/Aichi/68) than
ATG5-deficient MEF cells, and that there is no significant difference in
virus titers in the supernatants of wild-type and ATG5-deficient MEF
cells. Sun et al. (2012) reported that inhibition of autophagy by ATG5
siRNA and 3-MA in A549 cells and in the lungs of mice did not change
the titers of H5N1 virus (A/Jilin/9/2004), albeit 3-MA or ATG4 siRNA
treatment significantly prolongs the survival of mice infected with
H5N1 virus. It is not clear if different effects of autophagy on virus
replication were due to the different cell lines used in these studies. Our
present study showed that bafilomycin A dramatically reduced viral
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Fig. 6. Effect of IAV infection on JNK activation. CEF (A & B) and DF1 cells (C & D) were infected with 0.1 MOI of the H5N1 virus and incubated for the indicated
time (A & C) or inoculated with the indicated MOI of theH5N1 virus for 24 h (B & D). Cell lysates were analyzed for JNK and Beclin-1 phosphorylation and their total
protein levels by Western blot with the indicated antibodies. (E) CEF were infected with the indicated MOI of the three IAV subtypes for 24 h. Cell lysates were
analyzed for JNK and Beclin-1 phosphorylation and their total protein levels by Western blot with the indicated antibodies.

protein synthesis and decreased the titer of H5N1 virus in CEF but
marginally inhibited HIN1 viral protein synthesis. Weak inhibition of
HIN1 virus replication by bafilomycin could be due to incomplete
blockade of the autophagic flux since HIN1 virus slightly increased the
number of red puncta in DF-1 cells (Fig. 4).

Different IAV strains can differentially activate JNK. Ludwig et al.
(2001) first reported that JNK is rapidly activated by some IAV subtypes
such as avian A/Bratislava/79 (H7N9) and human IAV A/Asia/579
(H2N2) viruses. Interestingly, a widely used PR8 strain, an HI1N1 virus,
blocks virus replication-induced JNK activation (Ludwig et al., 2002).

Later studies revealed that in addition to viral RNA, the NS1 protein of
IAV with a phenylalanine at position 103 of its amino acid sequence is
required for JNK activation (Nacken et al., 2014). PR8 is a unique IAV
strain. It has a serine residue at the 103 position in its NS1 protein;
whereas most other IAV strains have a phenylalanine residue at the 103
position (Nacken et al., 2014). Sequence analysis revealed F103 in the
NS1 gene of both HON2 (Zhang et al., 2008) and H5N1 viruses (He
et al., 2013). HON2 and H5N1 viruses readily induced JNK phosphor-
ylation and activation. However, the mechanism by which the NS1
protein of IAV activates JNK remains to be resolved.
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Fig. 7. Effect of JNK inhibition on IAV-induced autophagy and virus replication. (A) Effect of SP600125 on IAV-induced autophagy. DF-1 cells were inoculated with
the H5N1 virus (0.1 MOI) and then incubated in the absence or presence of SP600125 (10 uM) for 24 h. The cell lysates were analyzed for LC3-II lipidation, p62, M1
expression, and B-actin. (B) Effect of SP6000125 on IAV-induced autophagosome formation. DF-1 cells were transiently transfected with the expression vector
pmLC3-GFP. After incubation for 36 h, the cells left uninfected or infected with the H5N1 virus (5 MOI) in the absence or presence of SP600125 (10 pM) for 12h.
Autophagosomes were visualized under a confocal microscope. Scale bar, 25 pm. The percent of the cells with the presence of autophagosomes among the entire GFP-
positive DF-1 cells were calculated and plotted in a bar graph with statistical analysis (C). (D) Effect of SP600125 on IAV replication. CEF were inoculated with the
H5NT1 virus (0.1 MOI) and then incubated in the absence or presence of SP600125 (5, 10, 20 uM) for 24 h. Viral titers in the conditioned media (D) and cell lysates (E)
were analyzed for the TCID50 values and subsequently converted into the percent of control. * *p < 0.01, compared to untreated control. (F) Effect of SP600125 on
DF-1 cell proliferation. DF-1 cells seeded in 96-well plates were left uninfected or infected with H5N1 virus (0.1 MOI) and incubated in the absence or presence of
various concentrations of SP600125 (5, 10, 20 uM) for 24 h. Cell proliferation was analyzed as described in Materials and Methods. Data are the mean + SD of the
triplicate from one representative of three experiments with similar results. *p < 0.05, compared to uninfected or H5N1 virus-infected controls. (G) Schematic mode
of IAV-induced autophagy. H5N1 virus enters cells through endocytosis via its a2,3-linked -sialic acid receptor. In addition to viral RNA, the NS1 protein of H5N1
virus activates JNK, phosphorylates Bcl-2, and disrupts its interaction with Beclin-1. Alternatively, Beclin-1 is released from the Bcl-2/Beclin-1 complex through its
phosphorylation by AMPK, an energy-sensitive kinase activated by increased AMP levels at the late stage of virus replication or by other mechanisms. Once Beclin-1
becomes available, it is assembled into the pre-initiation complex, which contains several other proteins, including ATG14L, VSP15, and VPS34, a Class III PI-3 kinase
activated by ULK1. ULK1 activity is suppressed by mTOR-mediated phosphorylation at S757 but activated by AMPK-mediated phosphorylation at S555, S317, and
S777. The NS1 protein of H5N1 virus activated JNK and but inhibited the PI-3 kinase pathway. In contrast, the NS1 protein of HIN1 virus (PR8 strain) blocked JNK
activation but activated the PI-3 kinase pathway, subsequently activating mTOR, inhibiting ULK1 activity and autophagy. It is not clear if AMPK is activated by PR8
virus, leading to ULK15°%° phosphorylation and the suppression of mTOR activity. The M2 protein of IAV can interact with Beclin-1 and LC3. Inhibition of autophagic
flux may lead to the accumulation of autophagosomes in HIN1 virus-infected cells. It remains unclear why the M2 protein of H5N1 virus did not block the formation
of autolysosomes.

JNK activation has been implicated in playing an important role in addition, autophagy due to JNK activation may provide additional
autophagy. Wei et al. (2008a, 2008b) reported that JNK1 phosphor- nutritional support for virus replication (Steele et al., 2015).
ylates Bcl-2 at T69, S70, and S87 under nutrient starvation condition. mTOR suppresses autophagy by phosphorylating ULK1577, which
Bcl-2 phosphorylation releases Beclinl from the Bcl-2/Beclinl complex, inhibits its activity. mTOR is activated in HIN1 virus-infected cells
initiating starvation-induced autophagy (Wei et al., 2008a, 2008b). through its NS1 protein interaction with the p85 3 subunit of PI-3 ki-
JNK activation is also involved in regulating virus-induced autophagy. nase. Our present study showed that HIN1 virus significantly increased
For example, JNK activation in oncolytic adenovirus-infected cells leads AKT phosphorylation but only weakly increased ULK157%” phosphor-
to Bcl-2 phosphorylation and dissociation with Beclin-1 (Klein et al., ylation (Fig. 5C). Similarly, Zhirnov and Klenk (2013) reported earlier
2015) and plays a critical role in autophagy induction mediated by that significant AKT activation did not lead to a remarkable increase of
oncolytic adenovirus (Klein et al., 2015), Sendai virus (Siddiqui and S6K1 phosphorylation. It is not clear if poor ULK157>” and S6K173%®
Malathi, 2012), the X protein of hepatitis B virus (Zhong et al., 2017), phosphorylation in HIN1 virus-infected cells is due to the suppression
and cytosine-phosphate-guanine (CpG) (Wu et al., 2016). Our present of mTOR activity by activated AMPK. In contrast to HIN1 PR8 strain,
study showed that the H5N1 virus induced JNK activation and autop- the H5N1 virus did not activate the PI-3 kinase pathway in CEF. In-

hagy, whereas the HIN1 virus did not activate JNK and did not induce stead, H5N1 virus infection of CEF led to the inhibition of the PI-3 ki-
the functional autophagy. Inhibition of JNK activation by a specific JNK nase pathway and suppression of ULK157%” phosphorylation in the late

inhibitor blocked H5N1 virus-induced autophagy. These observations stage of virus replication. These observations suggest that induction of
collectively suggest that JNK activation plays a critical role in inducing H5N1 virus-induced autophagy may be in part due to inhibition of
complete autophagy. ULK1%7%” phosphorylation and ULK1 activation (Fig. 7G).

In addition to regulating autophagy, JNK activation by IAV also Due to the lack of reactivity of several commercial antibodies with
plays an important role in apoptosis (Herold et al., 2012; Iwai et al., the proteins of avian origins, our study has several limitations. Firstly, it
2013; Ludwig et al., 2006), IFN-f production (Xie et al., 2014), and is not clear if JNK activation leads to increased Bcl-2 phosphorylation
virus replication (Hrincius et al., 2010; Nacken et al., 2012; Xie et al., and increased interaction with Beclin-1; Secondly, it is not clear if in-
2014; Zhang et al., 2016b). Down-regulation of the expression of c-Jun, creased Beclin-1 phosphorylation is due to increased AMPK phosphor-
a transcription factor of JNK, by a DNAzyme in vitro in human A549 ylation and activation in CEF. AMPK phosphorylation was increased in
cells and in vivo in mice by intranasal administration suppresses H5SN1 H5N1 virus-infected MDCK cells (Zhang et al, unpublished observa-

virus replication. SP600125, a specific inhibitor of JNK, inhibits H5N1 tions). Thirdly, the role of JNK in regulating autophagy and virus re-
and H7N7 virus replication in A549 cells and in the lungs of H7N7 and plication has not been further tested by using JNK siRNA or other ge-

H1N1 virus-infected mice (Nacken et al., 2012; Zhang et al., 2016b). netic approaches. In addition, several critical questions remain. For
Consistent with these observations, our present studies showed that instance, why the H5N1 virus whose M2 protein possesses a motif that
SP600125 inhibited H5N1 virus replication. The mechanism by which should interact with LC3 did not prevent the formation of autolyso-
JNK activation enhances virus replication is not clear. Since JNK acti- somes; whether JNK activation plays a role in ameliorating the
vation can induce apoptosis and stimulate anti-viral IFN-f} production blockade of autolysosome formation is not known; how HIN1 virus
(Herold et al., 2012; Twai et al., 2013; Ludwig et al., 2006), inhibition of initiates the formation of autophagosomes remains unclear.

JNK activity should have increased IAV replication. Instead, SP600125 In summary, our present study provides clear evidence that the
suppressed IAV replication, suggesting that JNK activation enhances H5N1 virus induces complete and functional autophagy, whereas the
virus replication independent of its role in apoptosis and anti-viral H1N1 PR8 virus induces incomplete autophagy due to the blockade of
immunity. Based on the observations that autophagy enhanced virus autophagic flux. We further showed that JNK activation in CEF plays a
replication, and that inhibition of JNK activity suppressed autophagy critical role in H5N1 virus-induced autophagy and virus replication.
and IAV replication, we propose that JNK stimulates IAV production by Our study is the first to suggest that JNK activation regulates virus re-
inducing autophagy. Although it is not clear how JNK activation- plication by inducing autophagy.

mediated autophagy benefits IAV replication, we speculate that au-
tophagy may suppress virus replication in part by suppressing anti-viral
immunity. This supposition is supported by evidence from recent stu-
dies showing that autophagy does down-regulate the expression of IFN
and IFN-stimulated genes (Lindqvist et al., 2018; Perot et al., 2018). In
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4. Materials and methods
4.1. Reagents

SP600125 was purchased from Cell Signaling Technology (Danvers,
MA). Rapamycin was purchased from Cayman Laboratories (Ann Arbor,
MI). Bafilomycin and chloroquine (CQ) were purchased from Sigma (St.
Louis, MO). Anti-B-actin mAb was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Antibodies against p62, Beclin-1,
LC3, AKT, S6K1, and their corresponding phospho-antibodies including
Beclin-1%%%, ULK1%7%7, mTORS?**®, AKT®*73, and S6K1"*%° were pur-
chased from Cell Signaling Technology (Danvers, MA). The expression
vector encoding RFP-LC3 (pmRFP-LC3) was purchased from OriGene
Technologies, Inc. (Rockville, MD). DF-1 cells were purchased from the
American Tissue Culture Collection (Manassas, VA) and grown in
complete DMEM medium supplemented with 10% fetal bovine serum,
streptomycin and penicillin, and r-glutamine. Monoclonal or polyclonal
antibodies against NP, M1, and HA proteins were prepared by im-
munizing mice with purified recombinant proteins.

4.2. Cell culture and viruses

Chicken embryo fibroblasts (CEF) were prepared and grown in
M199 containing 4% fetal bovine serum. The A/mallard/Huadong/S/
2005 H5N1 virus was isolated from poultry (He et al., 2013). Viruses
were plaque purified three times in MDCK cells. A human influenza
virus (A/PR8/34) was kindly provided by Dr. Ligian Zhu (College of
Veterinary Medicine, Yangzhou University). IAV HON2 virus (AIV Ck/
SH/F/98) has been reported previously (Zhang et al., 2008). All IAV
strains were propagated in 10-day-old specific-pathogen-free em-
bryonic chicken eggs. The virus titers were measured by a 10-fold serial
dilution (10" to 10°, and each dilution (10° -10°) inoculated into CEF
cells. The 50% tissue culture infection dose (TCIDso/ml) was calculated
according to the Reed and Muench method.

4.3. Virus growth

CEF cells infected with 0.1 MOI H5N1 virus were incubated with
indicated concentrations of inhibitors for the indicated times. The
TCIDs, values were determined according to our previous publications
(He et al.,, 2013; Zhang et al., 2008). Data represent the mean =+
standard deviation (SD) of 4 independent experiments.

4.4. Cell proliferation assay

To determine if the inhibitory effect of bafilomycin A and SP600125
on virus replication was due to its inhibitory effect on cell proliferation,
DF-1 cells seeded in 96-well plates (2000 cells/well) were left unin-
fected or infected with 0.1 MOI H5N1 virus and then incubated in the
absence or presence of indicated concentrations of bafilomycin A or
SP600125. After incubation for 24 h, cell proliferation was analyzed by
using an ATP-based Cell-Glo assay (Promegan, Madison, WI) following
the manufacturer’s instruction.

4.5. Autophagosome analysis

DF-1 cells stably transfected with pmLC3-GFP were seeded on
coverslips and infected with H5N1 (1 MOI), HON2 (5 MOI) or HIN1 (5
MOI) viruses. After incubation for 12h, the cells were fixed in 4%
paraformaldehyde at RT for 10 min and then stained for their nucleus in
PBS containing 4,6-diamidino-2-phenylindole (0.5pug/ml; Sigma
Chemical Co.). The coverslips were mounted in PBS containing 50%
glycerol. Autophagosomes were examined under a Leica LP8 confocal
microscope. The green-colored puncta in the cells of ten random fields
(100X) were counted in a blinded fashion. Results represent the mean
puncta per cell + SD (standard deviation) from one of three
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independent experiments with similar results. To determine the speci-
ficity of the H5N1 virus to induce functional autophagy, DF-1 cells
stably transfected with pmLC3-GFP were infected with H5N1 virus (1
MOI) and then incubated in the absence or presence of bafilomycin A
(10nM) for 12h. The cells were then fixed and analyzed for the pre-
sence of autophagosomes. To determine if JNK activation was required
for H5N1 virus-induced autophagy, DF-1 cells stably transfected with
pmLC3-GFP were infected with this virus (1 MOI) and then incubated in
the absence or presence of SP600125 (10 M), a specific inhibitor of
JNK, for 12 h. The cells were then fixed and analyzed for the presence of
autophagosomes.

4.6. Autolysosome analysis

DF-1 cells stably transfected with GFP-RFP-LC3 were similarly in-
fected with the three IAV subtypes and analyzed for autolysosomes
under a Leica LP8 confocal microscope. The red and orange puncta,
which represent autolysosmes and autophagosomes, respectively, in the
cells of ten random fields (100X) were counted in a blinded fashion.
Results represent the mean puncta per cell + SD (standard deviation)
from one of three independent experiments with similar results. Percent
red puncta = the number of red puncta + (the number of red puncta +
the number of orange puncta) x 100%.

4.7. Western blotting

CEF and DF-1 cells seeded in 6-well plates were infected with H5N1
(0.1 MOI), HIN1 or H9N2 viruses (1 MOI each) and then incubated in
the absence or presence of various concentrations of inhibitors. Cells
were harvested and lysed in NP-40 lysis buffer [50 mM Tris-HCl, pH
8.0, 150 mM NaCl, 1% NP-40, 5mM EDTA, 5mm EGTA, 1 mM NaF,
2 mM sodium vanadate, the cocktail of protease inhibitors (1X) (Pierce
Chemical Co., Rockford, IL), 2mM sodium pervandate]. Cell lysates
were prepared and analyzed for the expression of viral proteins (HA,
NP, and M1) or other indicated proteins ((3-actin) with their specific
antibodies, followed by horseradish peroxidase-conjugated goat anti-
rabbit IgG and SuperSignal Western Pico enhanced chemiluminoscence
substrate (Pierce Chemical Co., Rockford, IL). B-actin was detected as a
loading control.

4.8. Statistical analysis

Differences in the virus titers in the conditioned media of virus-in-
fected cells, in viral mRNA levels, and in cell proliferation were sta-
tistically analyzed by using an unpaired Student t-test. A p value of <
0.05 was considered statistically significant. All statistics were per-
formed with SigmaPlot 11 software (Systat Software, Inc, San Jose, CA).
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