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ABSTRACT

Influenza A virus can evade host innate immune response that is involved in several viral proteins with
complicated mechanisms. To date, how influenza A M2 protein modulates the host innate immunity
remains unclear. Herein, we showed that M2 protein colocalized and interacted with MAVS (mitochon-
drial antiviral signaling protein) on mitochondria, and positively regulated MAVS-mediated innate
immunity. Further studies revealed that M2 induced reactive oxygen species (ROS) production that
was required for activation of macroautophagy/autophagy and enhancement of MAVS signaling path-
way. Importantly, the proton channel activity of M2 protein was demonstrated to be essential for ROS
production and antagonizing the autophagy pathway to control MAVS aggregation, thereby enhancing
MAVS signal activity. In conclusion, our studies provided novel insights into mechanisms of M2 protein
in modulating host antiviral immunity and uncovered a new mechanism into biology and pathogenicity
of influenza A virus.

Abbreviations: AKT/PKB: AKT serine/threonine kinase; Apo: apocynin; ATG5: autophagy related 5; BAPTA-
AM: 1,2-Bis(2-aminophenoxy) ethane-N,N,N',N-tetraacetic acid tetrakis; BECN1: beclin 1; CARD: caspase
recruitment domain; CCCP: carbonyl cyanide m-chlorophenylhydrazone; CQ: chloroquine; DCF: dichlorodi-
hyd-rofluorescein; DPI: diphenyleneiodonium; DDX58: DExD/H-box helicase 58; eGFP: enhanced green
fluorescent protein; EGTA: ethylene glycol-bis(2-aminoethylether)-N,N,N’,N -tetraacetic acid; ER: endoplasmic
reticulum; hpi: hours post infection; IAV: influenza A virus; IFN: interferon; IP: immunoprecipitation; IRF3:
interferon regulatory factor 3; ISRE: IFN-stimulated response elements; LIR: LC3-interacting region;
MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; MAVS: mitochondrial antiviral signal-
ing protein; MMP: mitochondrial membrane potential; MOI, multiplicity of infection; mRFP: monomeric red
fluorescent protein; MTOR: mechanistic target of rapamycin kinase; NC: negative control; NFKB/NF-kB:
nuclear factor kappa B; PI3K: class | phosphoinositide 3-kinase; RLR: RIG-I-like-receptor; ROS: reactive oxygen
species; SEV: sendai virus; TM: transmembrane; TMRM: tetramethylrhodamine methylester; VSV: vesicular
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Introduction

Influenza A virus (IAV) causes significant morbidity and mortal-
ity in humans and animals worldwide. IAV infection induces
rapidly host innate immune response via a variety of regulatory
mechanisms [1], which is essential for pathogen clearance and
host survival. However, excessive inflammatory response defined
as ‘cytokine storm’ leads to host immunopathology. Influenza A
M2 protein, one of the best characterized viroporin to date, plays a
well-established biological role in viral pathogenesis [2]. However,
the detailed mechanisms remain not completely understood. It is
a homotetrameric integral membrane protein, with each chain of
the mature protein containing 97 amino acid residues, comprising
a 24-residue N-terminal ectodomain, a single 19-residue trans-
membrane (TM) domain, and a 54-residue cytoplasmic tail [3].

M2 protein possesses a proton-selective ion channel activity,
which is the target of antiviral drug (amantadine) and involved
in both viral entry and synthesis of new viruses during viral
assembly and budding [4]. Histidine residue at position 37 in its
TM domain is associated with proton channel selective activity
and conduction, which can be abolished when His37 is replaced
by glycine, alanine, glutamic acid, serine or threonine [5,6]. The
M2 proton channel activity is required for the activation of
NLRP3 (NLR family pyrin domain containing 3) inflammasome
in primed macrophages and dendritic cells [7]. It has been docu-
mented that M2 proton channel activity contributes to the block
of autophagosomes-lysosomes fusion, and that the effect of M2 on
autophagy arrest can be inhibited by amantadine [8]. Other
studies have also demonstrated that the influenza virus infection
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can trigger autophagy initiation as well as inhibit autophagosome
maturation, and M2 is involved in initiating the formation of
autophagosomes in infected cells [9-12]. However, the underlying
pathway of how M2 initiates the autophagy process remains not
completely understood. M2 is expressed in the endoplasmic reti-
culum (ER), Golgi and then at the plasma membrane in a sequen-
tial manner in the infected cells [7]. However, whether M2 protein
could anchor to other organelles remains unknown.

Multiple factors such as nutritional deprivation, growth
factor depletion, hypoxia, proteins aggregates, damaged
organelles, DNA damage and infection could initiate an
autophagic response [13], and in turn the aggregated pro-
teins such as MAVS aggregates could be degraded and
cleared in the autophagic process [14]. ROS [15,16] and
intracellular Ca®" [15,17] can serve as signaling molecules
in autophagy, regulating inflammation and innate immu-
nity. Autophagy modulates the RIG-I-like-receptor (RLR)
signaling in two ways. First, mitochondria accumulate
within the cell in the absence of autophagy, leading to the
building up of MAVS, a key signaling protein for RLRs.
Second, damaged mitochondria that are not degraded in
the absence of autophagy provide a source of ROS, which
amplifies the RLR signaling [18]. Recent studies demon-
strate that autophagy negatively regulates the stability of
MAVS or MAVS aggregates that are not only functional
but also potently propagate downstream signaling via
directly binding of ATG5 [19,20] and MAP1LC3B/LC3B
[21,22] to MAVS through a conserved classical LC3-inter-
acting region (LIR) motif in the caspase recruitment
domain (CARD) of MAVS, thereby attenuating the
MAVS-mediated antiviral signaling. As a viropinrin,
whether and how M2 protein is involved in modulating
host innate immunity remains unclear.

In this study, we provided the first evidence that M2 was able
to anchor to mitochondria, promoted the mitochondria fusion
and increased the mitochondria number. Furthermore, we
showed that M2 triggered extracellular Ca** influx-dependent
ROS production, and subsequently led to the activation of ATG5
and inhibition of AKT/PKB and MTOR (mammalian target of
rapamycin kinase) activity through class I phosphoinositide 3-
kinase (PI3K)-AKT-MTOR signaling pathway, ultimately trig-
gering the activation of autophagy. In addition, we revealed that
M2 antagonized the autophagy and interacted with MAVS,
resulting in reducing the MAVS-ATGS5 and MAVS-LC3B com-
plexes formation, thus increasing MAVS aggregations that
induce amplification of RLR signaling. Finally, we demonstrated
that the proton channel activity of M2 protein was crucial to
enhance activation of host innate immunity.

Results

M2 induces autophagy through ATG5 and PI3K-AKT-
MTOR pathway

Autophagy begins with the activation of class III phosphatidy-
linositol 3-kinase (PtdIns3K) complex, of which, BECN1/
Beclinl not only participates in autophagosome formation,
but also interacts with different protein complexes regulating
the autophagosome-lysosome fusion [12]. MTOR, a well-

characterized suppressor in autophagic pathway, is important
in autophagy processing, and AKT has been shown to contri-
bute to positive regulation of MTOR [23]. The ATG12-ATG5
complexes are key regulators that are required to activate autop-
hagy, and are involved in one of the two ubiquitin-like conjuga-
tion systems mediating vesicle elongation during the
autophagosome formation process [24]. We showed that both
the H5N1 A/duck/Hubei/Hangmei01/2006 (H5N1/HM) virus
and its M2 protein were able to induce autophagosome accu-
mulation, evidenced by the results of both western blot (Figure
1(a), Figure Sl(a and d)) and immunofluorescence analysis
(Figure S1(b and c)), which was in agreement with the findings
as reported previously [25]. Influenza virus may trigger autop-
hagy initiation as well as block the autophagosome fusion with
lysosome [9-12]. To explore whether M2 could mediate autop-
hagy initiation, we knocked down the autophagy genes ATG5
and BECNI, and detected the LC3B lipidation in the M2-
expressing cells that were treated with or without chloroquine
(CQ, an inhibitor blocking the fusion of autophagosome with
lysosome), respectively. As shown in Figure S1(e and f), both
ATG5 and BECNI were efficiently knocked down, and M2-
mediated increase of LC3B-II expression was significantly sup-
pressed when silenced ATG5 or BECN1 in the absence of CQ,
suggesting that M2 was able to trigger the initiation of autop-
hagy by ATG5 and BECNI1. Because CQ can activate a non-
canonical autophagy response [26], when the cells were exposed
to CQ, M2-induced LC3B-II increase was dramatically
enhanced in ATG5-, BECNI- or NC (negative control)-silen-
cing groups compared with cells treated without CQ, which was
inconsistent with the findings of a previous study [25].
Intriguingly, LC3B-II expression in ATG5-silencing cells trea-
ted with CQ was still much lower than the NC-silencing cells
treated with CQ, whereas the amount of LC3B-II induced by
M2 was comparable in BECNI and NC-silencing cells that were
treated with CQ. These results indicated that M2 possibly
blocked the autolysosome formation, in which process
BECNI1 played a crucial role. This was consistent with the
results of a previous study that showed the first 60 amino
acids of M2 enable binding to BECN1 and are sufficient for
inhibition of autophagic influx [25]. To confirm that M2 blocks
the fusion of autophagosomes with lysosomes, we used a tan-
dem reporter construct, mRFP-GFP-LC3; the green fluorescent
protein (GFP) of this tandem autophagosome reporter is sensi-
tive and attenuated in an acidic pH environment by lysosomal
degradation, whereas the red fluorescent protein (mRFP) is not;
therefore, the fusion of autophagosomes with lysosomes will
result in the loss of yellow fluorescence and only appearance of
the red fluorescence of mRFP. In either the H5N1/HM virus-
infected (Figure S1(g), Middle) or M2-transfected (Figure S1
(g), Down) cells, the LC3 positive autophagic vacuoles were
yellow, suggesting impaired autophagosome fusion with lyso-
somes. Moreover, both M2 mutant (M2"%”, expresses equally
to the WT M2), which abolished the proton channel activity
and amantadine (the proton channel activity inhibitor) exhib-
ited significant depression in LC3B-II expression (Figure S1
(d)). Similarly, there was a substantial decrease in the number
of GFP-LC3 puncta visualized in H5N1/HM-infected cells trea-
ted with amantadine (Figure S1(b)) and M2M%7S _transfected
cells (Figure S1(c)). These findings were consistent with the
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Figure 1. Influenza M2 protein induces autophagy through ATG5 and PI3K-AKT-MTOR pathway and cellular responses. (a and b) HEK 293T cells were transfected with
indicated plasmids for 24 h, cells lysates were analyzed by western blot. * represents the indicated protein. (c) HEK 293T cells were pretreated with 10 pM LY294002
for 6 h, and then transfected with Flag-M2 for another 24 h. Cells lysates were evaluated by western blot. (d) HEK 293T cells were transfected with indicated plasmids
for 12 h and treated with 5 pM amantadine. The Fluo-4 AM (Up) and Rhod-2 AM (Down) fluorescence was tested by BD FACSCalibur system after 12 h treatment. (e)
HEK 293T cells were treated as in (d). Mean DCF (Up) and MitoSOX (Down) fluorescence was determined via flow cytometry. (f) HEK 293T cells were transfected with
Flag-M2 and treated with 0.4 mM EGTA or 16 uM BAPTA-AM, respectively. DCF fluorescence was analyzed as (e). (g-i) Flag-M2-transfected HEK 293T cells were
treated with 0.4 mM EGTA (g), or 16 pM BAPTA-AM (h), or 3 uM DPI (i), or 0.1 mM Apo (i) for 24 h. Cell lysates were analyzed by western blot. Error bars, mean + SD
of 3 experiments (*p < 0.05; **p < 0.01; **p < 0.001).
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results of a recent study that showed proton channel activity of
M2 contributes to the autophagy arrest [8].

However, which signaling pathway (s) used by M2 to
initiate formation of autophagosome remains unclear. Thus,
we sought to explore whether M2-induced autophagy
depended on ATGS5, the PtdIns3K complex containing
BECN1 or the PI3K-AKT-MTOR signaling pathway. As
shown in Figure 1(a and b), M2 expression resulted in a
significant reduction of AKT (Ser473) phosphorylation and
of MTOR (Ser2448) phosphorylation as well as one of their
respective downstream targets of AKT [27], FOXO1 (Ser256)
phosphorylation and RPS6KB1 (Thr389) phosphorylation (a
downstream effector of MTOR signaling [27]), although the
intensity of whole AKT, MTOR, FOXO1 and RPS6KB1 were
comparable in both WT M2- and control-transfected HEK
293T cells. Meanwhile, ATG5 was substantially upregulated
but BECN1 was moderately downregulated. Furthermore,
LY294002, a known chemical PtdIns3K inhibitor [28],
remarkably decreased the M2-induced LC3B-II expression
(Figure 1(c)). Collectively, these results indicated that M2-
induced autophagy in HEK 293T cells was by activating
ATGS5 and inhibiting AKT and MTOR activity through the
PI3K-AKT-MTOR signaling pathway.

M2-induced elevation of Ca** and ROS production are
essential for M2-triggered autophagosome formation

Viruses (poliovirus, rhinovirus, coxsackievirus, HBV and
EMCYV) have been identified as pathogens that encode vir-
oporins, which mediate increase of [Ca®'],, thereby activat-
ing a calcium-dependent signaling pathway to initiate
autophagy [29,30]. To investigate whether M2-induced
autophagy is due to the Ca®" concentration alteration, we
first evaluated Ca®* dynamics including intracellular [Ca*'];
and mitochondrial [Ca®*],, affected by M2, respectively. M2
expression resulted in dramatic elevations of [Ca®']; and
[Ca®'],,, whereas both amantadine and M2’ blocked
these effects (Figure 1(d)), indicating that M2 altered the
Ca®* dynamics that were proton channel activity-dependent.
Increased [Ca®'],, can result in some effects including
increasing electron transport, elevating ROS production,
and causing the opening of permeability transition pore
under some conditions [31]. Influenza M2 has also been
reported to trigger apparent elevation of ROS production
[32]. To investigate whether M2 is really able to potentiate
the ROS production in concert with the elevated levels of
Ca®*, impact of M2 on the intracellular and mitochondrial
ROS production was determined by utilizing the fluorescent
dye DCF-DA and mitochondria-targeting superoxide indi-
cator MitoSOX, respectively. Results showed that the mean
DCF and MitoSOX fluorescence were much weaker in cells
expressing M2 treated with amantadine or M2™%% protein
than those in M2-transfected cells without treatment with
amantadine (Figure 1(e)), indicating that M2 induced
intense ROS generation, depending on its proton channel
activity. Moreover, the H5N1/HM virus-induced elevations
of [Ca*'];, [Ca®*],,, and ROS production were also drastically
depressed by amantadine in H5N1/HM-infected A549 cells
at 24 h post infection (hpi) (Figure S2(a)), indicating that the

proton channel activity of M2 contributed to the cellular
response changes. Next we determined whether M2 really
triggered Ca’*-dependent ROS production, and showed that
both EGTA (a chelator of extracellular Ca**) and BAPTA-
AM (a chelator to block cytosolic calcium) significantly
reduced the M2-induced ROS generation (Figure 1(f)).
These results indicated that M2-induced increase of ROS
production depended on the elevation of [Ca*'];.

We next determined whether M2-induced increase of [Ca®
*]; is responsible for induction of autophagy. The results
showed that LC3B-II was significantly reduced in cells treated
with EGTA when compared to those without treatment with
EGTA (Figure 1(g)). Similar results were obtained when
BAPTA-AM was applied in analogous assays (Figure 1(h)).
Meanwhile, rapamycin (an autophagy inducer)-induced
autophagy was also suppressed by EGTA and BAPTA-AM
(Figure S2(d and f)), respectively, suggesting that rapamycin-
induced autophagy may also be through the enhanced Ca**
signaling, which was consistent with the results of a previous
study [33]. A significant decrease was also observed in the
abundance of M2-induced LC3B-II when cells were treated
with the NADPH oxidase inhibitor, diphenyleneiodonium
(DPI) or apocynin (Apo) (Figure 1(i)). These results indicated
that ROS production were essential for M2-induced autop-
hagy. Simultaneously, EGTA and BAPTA-AM markedly low-
ered the degree of M2-induced increase of [Ca**]; (Figure S2
(b)), and intracellular ROS also exerted a drastic decrease
when cells were treated with either DPI or Apo (Figure S2
(b)). Noticeably, the concentrations of inhibitors used did not
affect both cell viability as determined by MTT detection (data
not shown) and M2 expression (Figure 1(g-i)). Accordingly,
these data demonstrated that M2-triggered autophagosome
formation was a result of M2 viroporin-mediated elevation
of cellular Ca®>* concentration and ROS production.

M2 protein anchors to mitochondria and disrupts
mitochondrial dynamics

In the infected cells, M2 protein, upon synthesized, is trans-
ported to the ER, travels to the Golgi apparatus, and then is
sorted at the trans Golgi network (TGN) for transportation to
the plasma membrane and assembled into the virus particle
[34]. Several viroporins have been reported to be partially
colocalized with mitochondria and alter the normal morphol-
ogy of mitochondrial network [35-40]. To investigate whether
M2 protein is able to anchor to mitochondria, we performed
immunofluorescence analysis. Results showed that partial of
M2 protein colocalized with the ER and Golgi marker in the
A549 cells that were infected with H5N1/HM virus (Figure S3
(a and b)), as reported by the previous studies [41,42], and
partial colocalized with red fluorescent protein RFP-tagged
mito (dsRed-mito), a mitochondrial marker protein, in the
A549 cells that were transfected with the M2 (Figure 2(a)) or
infected with the H5N1/HM virus (Figure 2(b), Figures 54, S5,
Movie S1, Model S1 and S2). Western blot analysis of sub-
cellular fractions further demonstrated that M2 protein was
substantially enriched in the mitochondrial fraction in both
M2-transfected cells (Figure 2(c); Left) and H5NI1/HM-
infected cells (Figure 2(c); Right). These results suggested



that M2 could be transported to mitochondria. To examine
the effect of M2 on the mitochondria number, we quantified
the amount of mitochondrial DNA present in the cells in
relation to genomic DNA by quantitative PCR (Figure 2(d))
and semi-quantitative PCR (Figure S6(a)). Results revealed a
1.5- to 2-fold increase in the total amount of mitochondrial
DNA in M2-transfected HEK 293T cells compared to that in
control-transfected cells. Moreover, a significant increase was
observed in the expression of mitochondrial protein
TOMM20 (for outer membrane) and COXA4I1 (for inner
membrane) in M2-expressing cells (Figure 2(e)). These results
suggested that M2 led to increase of mitochondria number.
We hypothesized that M2 regulated the level of mitochondria
number in the following manners: (i) an increase in the
accumulation of damaged mitochondria during the mito-
chondria fission; (ii) an increase in the number of new-syn-
thetic mitochondria per cell. Next, we further explored
whether M2 could affect the mitochondrial dynamics. A dra-
matic decrease in the levels of mitochondrial fission-related
proteins including DNMI1L, MFF and FIS1, but a drastic
increase in fusion-related OPAl protein and a moderate
increase in fusion-related MFN1, MEFN2 proteins were
detected in M2-expressing cells when compared to control-
and M2H37G—expressing cells (Figure 2(f and g)), indicating
that M2 facilitated mitochondria fusion and exhibited an ion
channel activity-dependent manner. Importantly, PRKN/
PARK2, an E3 ubiquitin ligase which ubiquitinates itself and
its mitochondrial substrates, MFN1, MFN2 and VDAC
[43,44], significantly declined in the M2-expressing cells; in
contrast, M2"7C reversed this effect (Figure 2(f and g)).
PPARGCIA, a transcriptional coactivator required for the
transcription of nuclear-encoded mitochondrial genes and a
master regulator of mitochondrial biogenesis in health and
disease [45,46], was significantly increased in both its mRNA
level (Figure S6(b)) and protein level (Figure S6(c)) in M2-
transfected cells, depending on its proton channel activity.
Strikingly, the mRNA levels of PPARGCIA downstream target
genes, directly involved in mitochondrial biogenesis
(ATP5F1B, MT-CO2, NRF1, NFE2L2/NRF2, TFAM), resulted
to be generally unchanged or significantly increased (Figure
S6(b)). Accordingly, these data indicated that M2 protein
could anchor to mitochondria, facilitate mitochondrial fusion,
increase mitochondrial number by increasing the mitochon-
dria new-biogenesis, and exert a proton channel activity-
dependent manner.

M2 protein potentiates the innate immune response

We have shown that M2 could anchor to mitochondria, which
serve as platforms for innate immunity, therefore we further
examined whether M2 is involved in regulating the innate
immunity. RT-PCR analysis of cellular mRNAs in response
to SEV stimulation showed that M2 facilitated the production
of IFNB, CXCL8 and CCL5 (Figure 3(a)). M2 also dramati-
cally enhanced SEV-induced activation of IFNB (Figure 3(b)),
NFKB/NF-kB  (Figure 3(c)) and ISRE (IFN-stimulated
response elements) (Figure 3(d)) promoters. IRF3 and NFKB
are the essential transcription factors for type I IFN produc-
tion and cytokine synthesis, and their phosphorylation and
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nuclear translocation are the hallmarks of IRF3 and NFKB
activation [47,48]. We next investigated whether M2 is able to
activate these signals. Results showed that SEV infection
markedly potentiated IRF3 (Figure 3(e)) and RELA/p65
(Figure 3(f)) phosphorylation in the M2-expressing cells in
contrast to the control cells. Overexpression of M2 also sig-
nificantly increased the Pro-IL1B expression upon SEV infec-
tion (Figure 3(f)), which was in agreement with the results of
a previous study [7]. These results suggested that M2 poten-
tiated the SEV-induced innate immune response.

Because M2 enhanced virus-triggered induction of IFNB, we
next determined whether M2 plays a role in the cellular antiviral
response. Results showed that M2 expression exhibited strong
inhibition of a recombinant vesicular stomatitis virus (VSV-
eGFP) replication at both 12 hpi and 24 hpi (Figure 3(g)) as
well as the recombinant Newcastle disease virus (NDV-eGFP)
replication. As shown in Figure S7(a), overexpression of M2
protein extremely inhibited NDV replication, as evidenced by
the results of fluorescence microscopy (up) and diminished
GEFP expression (down). Collectively, these data indicated that
M2 was involved in cellular antiviral responses.

We have demonstrated that M2 facilitated mitochondria
fusion whereas the M2™7C hindered it, we hypothesized that
the M2 ion channel activity is crucial for M2-enhanced activation
of innate immunity. As shown in Figure S7(b-d), cells overex-
pressing M2 and treated with amantadine or overexpressing
M2"7¢ markedly attenuated SEV-induced activation of IFNB,
NEFKB, ISRE promoter activities when compared to those over-
expressing M2 without treatment with amantadine.
Simultaneously, further results indicated that the elevation of
transcription levels of IFNB, CXCL8 and CCL5 potentiated by
M2 under SEV infection were significantly weakened by treating
with amantadine or overexpressing M2H¥76 (Figure S7(e)).
Furthermore, overexpressing M2 and treatment with amantadine
or overexpressing M2"™*’¢ compromised the inhibition ability of
M2 to VSV replication (Figure S7(f)). Interestingly, the M2
protein was not detected in the mitochondrial fraction via wes-
tern blot analysis (Figure S7(g)), suggesting that mitochondrial-
localization was important for M2 in antiviral innate immunity.
Collectively, these data suggested that the proton channel activity
was crucial for M2-enhanced activation of innate immunity.

MAVS is the potential target of M2 protein

SEV is a strong inducer of the RLRs-mediated IFN signaling
pathway, and MAVS is an adaptor protein of DDX58/RIG-I
[49]. Next, we examined the role of M2 in MAVS-mediated
antiviral signaling. Overexpression of M2 dramatically poten-
tiated DDX58- or MAVS-induced transcription of endogen-
ous IFNB, CXCL8 and CCL5 genes (Figure 4(a)). Consistently,
DDX58- and MAVS-activated IFNB and NFKB promoter
activities were potently enhanced by M2 (Figure 4(b and c)).
Importantly, M2 expression dramatically increased SEV-acti-
vated MAVS level (Figure S7(h)). To explore whether MAVS
is required for M2-enhanced innate signaling, we tested the
effect of MAVS knockdown on M2-enhanced innate immune
signaling with DDX58 stimulation, and showed that the
knockdown of MAVS significantly lowered DDX58-stimu-
lated IFNB promoter activity when compared with the control
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Figure 2. Influenza virus M2 anchors to mitochondria and disrupts the mitochondrial dynamics. (a) A549 cells were co-transfected with indicated plasmids for 24 h
and analyzed for the colocalization of M2 and dsRed-mito. Scale bar: 10 um. It was the representative of 20 cells. (b) A549 cells were transfected with dsRed-mito,
and then infected with the H5N1/HM virus for 24 h and analyzed for the colocalization of M2 with dsRed-mito. Scale bar: 10 pm. It was the representative of 20 cells.
(c) HEK 293T cells were transfected with Flag-M2 (left) or A549 cells were infected with the H5N1/HM virus (Right), respectively. Subcellular fractions were purified for
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cells were transfected with Flag-M2 for 24 h. Mitochondrial DNA copy number was measured by quantitative PCR and normalized to nuclear DNA levels in a ratio of
mtDNA MT-COI over RNA18S rDNA. Relative mitochondrial DNA copy numbers were depicted. (e) HEK 293T cells were transfected with Flag-M2 for 24 h and analyzed
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(*p < 0.05; **p < 0.01; ***p < 0.001).

(Figure S7(i)). These data together suggested that M2 posi-
tively regulated the MAVS-mediated innate immune
response. MAVS contains a C-terminal TM domain that is
essential for antiviral signaling pathway, localization of MAVS
to mitochondrial outer membrane and MAVS self-associa-
tion, and an N-terminal CARD that is required for binding

to downstream effector [19,50]. Because M2 could anchor to
mitochondria, we hypothesized that M2 directly interacts with
MAVS. As expected, results of coimmunoprecipitation assays
demonstrated that M2 did physically interact with HA-MAVS
(Figure 4(d)) and Flag-MAVS (Figure 4(e)). Very importantly,
M2 also coimmunoprecipitated with endogenous MAVS in
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Figure 4. MAVS is the potential target of M2 protein. (a) HEK 293T cells were transfected with indicated plasmids. RNA was prepared for IFNB, CXCL8 and CCL5
detection by RT-PCR. (b and ¢) HEK 293T cells were transfected with indicated plasmids. Luciferase assays were performed at 24 h post transfection. (d) HEK 293T cells
were transfected with plasmids encoding Flag-M2 and HA-MAVS. Cell lysates were subjected to IP. (e) HEK 293T cells were transfected with HA-M2 and Flag-MAVS
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transfected with Flag-ATG5 and HA-MAVS or control vector together with Flag-M2. Cell lysates were subjected to IP. (i and j) HEK 293T cells were transfected with
indicated plasmids. Cell lysates were immunoprecipitated with either anti-HA (i) or anti-GFP (j) antibody. (k and 1) HEK 293T cells were transfected with indicated
constructs for 24 h, cells lysates were analyzed by SDD-AGE and SDS-PAGE assays. (m) HEK 293T cells were transfected with indicated plasmids. Cell lysates were
subjected to the IP. Error bars, mean + SD of 3 independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).



H5N1/HM-infected A549 cells (Figure 4(f)). Coincidently,
results of immunofluorescence analysis revealed that very
large MAVS aggregates were formed, a significant portion of
which was colocalized with M2 at the mitochondria when
cells coexpressed M2 and MAVS; in contrast, MAVS was
uniformly distributed in the cytoplasm without M2 expression
(Figure 4(g)). Taken together, our findings indicated that M2
physically interacted with MAVS, and their interaction
occurred at the mitochondria.

Viral infection efficiently induces MAVS conformational
switch that leads to formation of very large MAVS aggregates,
which potently activate IRF3 and propagate the antiviral sig-
naling [51]. ATG5 can interact with MAVS and function as a
negative regulator in MAVS signaling by controlling MAVS
aggregation [19,20]. We have shown that M2 interacted with
MAVS, we next investigated whether M2 is an alternative
substrate of ATG5, which will impair the binding of ATG5
to MAVS. Results of the coimmunoprecipitation assays
revealed that M2 expression markedly decreased the binding
of ATG5 to MAVS (Figure 4(h)). Furthermore, results of
luciferase assays indicated that the suppressed effect on
IFNB promoter activity by ATG5 was reversed when the
cells overexpressed with M2 under MAVS stimulation
(Figure S7(j)). These results supported that M2 sequestered
MAVS-ATGS interaction. Recent studies have shown that
MAVS induces formation of LC3B puncta and interacts with
LC3B to suppress MAVS-mediated innate immunity [21,22].
Therefore, we determined whether M2 is able to affect the
interaction of MAVS with LC3B, and showed that M2 trans-
fection decreased either the binding of LC3B to MAVS
(Figure 4(i)), or MAVS to LC3B (Figure 4(j)). These results
suggested that M2 negatively regulated the MAVS-ATG5 and
MAVS-LC3B complexes formation, thereby enhancing the
MAVS-mediated innate immunity.

To further determine whether M2 modulated MAVS signaling
truly by controlling MAVS aggregation, we employed the immu-
nostaining assay and semi-denaturing detergent agarose gel elec-
trophoresis (SDD-AGE) analysis as described previously [51].
Results showed that the MAVS aggregates in cells transfected
with control vector, M2 or M2™7% and MAVS were detected.
As shown in SDD-AGE assays (Figure 4(k)), enhancement of
MAVS aggregations was observed in cells coexpressing MAVS
and M2 in contrast to those transfected with either the control
vector or the M2"%7, Consistent with the above results, M2
apparently reversed the reduction of MAVS aggregations that
were negatively regulated by ATG5 (Figure 4(1)). Our further
studies showed that M2 was able to increase the MAVS self-
association (Figure 4(m)), which has been shown to mediate
antiviral innate immune signaling [50]. Taken together, these
data suggested that MAVS was the potential target of M2, and
M2 strengthened the MAVS-mediated antiviral signaling by
increasing MAVS aggregates formation.

The his37 of M2 and the integrity of MAVS are required
for the interaction of M2 with MAVS

Both TAV M2 and MAVS interact with LC3B depending
on their respective conserved LIR motif in the cytoplasmic
tail and the CARD domain [21,22,52]. We next sought to
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determine whether M2 bound MAVS also via its LIR
domain. Unexpectedly, results showed that all mutants in
the M2 LIR motif (M2"°'S, M2 and M2ALIR) did not
impair the interactions of MAVS with M2 (Figure 5(a)),
indicating that the M2 LIR motif was not critical for
interaction with MAVS. As overexpression of MAVS
could activate autophagy [19], we hypothesized that the
ability of M2 binding MAVS is possibly related to M2-
induced autophagy level. Since M2"*’¢ failed to induce
autophagy, we further investigated if M2"™’S can bind
MAVS. Results showed that M2M*’S failed to interact
with MAVS (Figure 5(b and c)). Simultaneously, M2H376
did not affect the interaction between MAVS with either
ATG5 or LC3B (Figure 5(d-f)). Collectively, these data
indicated that the His37 of M2 was essential for interac-
tion with MAVS and sequestering interaction of MAVS
with either ATG5 or LC3B.

We next explored whether MAVS bound to M2 in a LIR-
dependent manner. Results showed that the interactions
were detected between M2 with each MAVS LIR mutant
(MAVS**A, MAVS'"?** or MAVSALIR) (Figure 5(g and h))
that was able to activate MAVS signaling (data not shown).
These results indicated that the LIR motif was not essential
for MAVS binding to M2. However, other MAVS mutants,
which include mutants that only contains N-terminal
domain (MAVS-1N) or C-terminal domain (MAVS-1C), or
lacking either the N-terminal CARD-like domain (MAVS-
ACARD) or the C-terminal TM domain (MAVS-ATM) con-
structed as described previously [53,54], and were unable to
active MAVS signaling and induce autophagy (data not
shown), failed to bind to M2 (Figure 5(i)). These results
indicated that the integrity of MAVS was required for
MAVS binding to M2 and that M2 modulated antiviral
signaling through its interaction with MAVS.

M2 enhances MAVS signaling via increasing ROS
production

Ca*" [55] and ROS [56-58] are closely associated with the
innate immune system. Next we determined whether M2-
enhanced innate antiviral response is modulated by Ca** and
ROS. Results showed that the promoter activities of IFNB
(Figure 6(a, ¢) and S8(a-d)) and NFKB (Figure 6(b and d)),
enhanced by M2 overexpression under SEV infection, were
effectively inhibited by EGTA, BAPTA-AM, DPI and Apo in
a dose-dependent manner. Furthermore, results of RT-PCR
assays also revealed that treatment with EGTA, BAPTA-AM,
DPI or Apo resulted in obvious decrease of the mRNA of
IFNB (Figure S8(e-h)). Altogether, these results suggested
that M2-enhanced innate immunity required the production
of Ca® from extracellular and of ROS by the NADPH
oxidase.

Given that M2 enhanced MAVS signaling activity and
accordingly increased cellular ROS levels (Figure 6(e)), we
tried to determine whether the increase of MAVS signaling
by M2 is attributed to the increase of ROS levels. As expected,
Apo treatment was sufficient to suppress the apparent
increase in the levels of MAVS signaling activity by overex-
pressing M2 in MAVS-stimulating cells (Figure 6(f)).
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Figure 5. M2 His37 and the integrity of MAVS are required for the interaction between M2 and MAVS. (a) HEK 293T cells were transfected with Flag-MAVS alone or
cotransfected with HA-M2-mutants (F91S, 194S and ALIR). Cell lysates were subjected to IP and further analyzed by western blot. (b) HEK 293T cells were transfected
with Flag-M2 or Flag-M2"3€ alone or along with HA-MAVS, respectively. Cell lysates were immunoprecipitated with anti-Flag and analyzed by western blot. (c) HEK
293T cells were transfected with HA-MAVS or both HA-MAVS and Flag-M2"37C. Cell lysates were immunoprecipitated with anti-HA antibody and then analyzed by
western blot. (d-f) HEK 293T cells were transfected with indicated plasmids for 24 h, cell lysates were subjected to IP with respective antibodies. (g-i) HEK 293T cells
were cotransfected with each HA-MAVS-mutant (Y9A, 112A, ALIR, 1N, 1C, ATM and ACARD) with Flag-M2. Cell lysates were immunoprecipitated with anti-Flag
antibody (g) or anti-HA antibody (h and i), and then analyzed by western blot.
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Intriguingly, Apo significantly inhibited the M2-enhanced M2 antagonizes the autophagy process to enhance the
MAVS aggregations (Figure 6(g)). These results indicated innate immune response

that M2 positively regulated MAVS signaling through increas-
ing ROS production as M2 was essential for ROS production
and physically interacted with MAVS.

Autophagy plays a vital role in innate and adaptive immune
responses [59,60]. MAVS acts as a potential autophagy
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receptor to mediate mitochondrial turnover upon excessive
activation of RLR signaling [22]. Our results have demon-
strated that M2 was able to not only induce autophagy but
also enhance the MAVS signaling activity, we next investi-
gated whether there is a link between M2-induced autophagy
process and M2-enhanced MAVS-mediated innate immunity.
First, the effect of M2-enhanced MAVS activation was
detected when the autophagy level was disrupted by knocking
down either ATG5 or BECNI. Results showed that ATG5 and
BECN1 were efficiently knocked down (Figure 7(a and b)).
Furthermore, knocking down either ATG5 or BECNI down-
regulated the LC3B-II level but upregulated exogenous MAVS
expression and the MAVS aggregations when the cells were
transfected with M2 under MAVS stimulation (Figure 7(a and
b)), suggesting that M2 accelerated the MAVS activation
when autophagy initiation was depressed. Additionally, M2-
enhanced IFNB promoter activity further potentiated either in
the ATG5 or BECNI-silencing cells, in contrast to the NC-
silencing cells with either MAVS (Figure 7(c and e)) or SEV
stimulation (Figure 7(d)). Taken together, these data indicated
that M2 antagonized the autophagy process to enhance the
innate immune response, but the host also negatively regu-
lated the M2-enhanced innate immune responses by inducing
the autophagy process.

Discussion

Mitochondria function as platforms for innate antiviral signal
transduction in mammals through MAVS [19] and activation
of MAVS can change morphology of mitochondrion [19,51].
The mitochondrial dynamics, the physical properties of mito-
chondria and the resulting changes in MAVS distribution and
aggregates play important roles in modulating the innate
immune response. Mitochondrial elongation and fusion facil-
itate the MAVS aggregates into active complexes, specifically
for enhancing the MAVS-mediated signaling capacity
[50,51,61-63], whereas mitochondrial fragmentation and fis-
sion attenuate the RLR signaling [64]. Several viroporins have
been reported to be partially colocalized with mitochondria
and alter the normal morphology of mitochondrial network
[35-37,39,40]. In this study, we demonstrated that IAV M2
protein was able to anchor to mitochondria in both the virus-
infected and M2-overexpressing cells. Based on our knowl-
edge, it was the first time. Furthermore, we showed that M2
promoted mitochondria fusion via downregulating expression
of PRKN, thereby increasing the expression of mitochondrial
fusion proteins, exerting an ion channel activity-dependent
effect. Therefore, M2 accelerated the MAVS self-association to
facilitate the MAVS aggregates formation. In addition, M2
increased the mitochondria number by regulating mitochon-
drial new-biosynthesis that was dependent on its proton
channel activity, thereby positively modulating the increase
of MAVS aggregates, which further promoted the MAVS-
mediated innate antiviral immunity. Some signals such as
death signals or calcium signaling has been reported to affect
mitochondrial dynamics [62]. It is possibly that M2-triggered
increase in the level of Ca®" promotes the mitochondrial
fusion. However, the underlying mechanism remains obscure,
and needs to be further investigated. Previous studies have

reported that ER-mitochondria contacts are increased at the
mitochondria-associated membrane (MAM) upon infection-
induced mitochondrial elongation and fusion, and that the
MAM functions as a crucial subcellular domain in generation
of type I IFNs and cytokines [62,65]. We have shown that part
of M2 protein could localize to the ER (Figure S3(a)), it is
likely that the mitochondrial-targeting M2 protein translo-
cates from the ER to perform its function to enhance the
innate immune response. However, whether the mitochon-
drial-targeting M2 protein is a dynamic process and the rela-
tion between the mitochondria- and ER-targeting M2 proteins
in regulating the MAVS signaling, are still unclear and need to
be further explored. Moreover, although we demonstrated
that M2 was able to localize to the mitochondria, the sub-
mitochondrial localization of the M2 protein and the detailed
mechanisms remain not completely clear and need to be
further investigated. Mitochondrial membrane potential
(MMP) is required for MAVS-mediated antiviral signaling
[66], we also analyzed the MMP affected by M2 via MMP-
sensitive dye (tetramethylrhodamine methylester [TMRM])
staining, and showed that CCCP (carbonyl cyanide m-chlor-
ophenylhydrazone), a protonophore that dissipates MMP,
dramatically collapsed the MMP, whereas M2 slightly
increased the MMP, depending on its ion channel activity
(Figure S2(c)), which was in line with M2-mediated mito-
chondrial fusion and enhancement of MAVS signaling.
Previous reports have alleged that ROS [67] and Ca®" [68]
act as signaling molecules in intracellular autophagy process.
Our studies further demonstrated that M2-mediated increase
of [Ca®']; from extracellular ion entering into the cytoplasm
resulted in ROS production that directly or indirectly acti-
vated ATG5 and inhibited AKT and MTOR activity through
PI3K-AKT-MTOR signaling pathway, thereby triggering
autophagy initiation, indicating that M2 was able to trigger
autophagy initiation as well as inhibit autophagosome
maturation. Recent studies have shown that IAV PR8 strain
(HIN1) infection [69] as well as CQ [26] can activate a non-
canonical autophagy response, different results obtained by
our studies were possibly attributed to a different virus strain
used, as a previous study has reported that the H5N1 virus but
not the HIN1 virus infection induces an AKT-TSC2-MTOR
signaling pathway-dependent autophagic process [70].
Activation of MAVS has been shown to be involved in the
positive modulation of ROS production and autophagy [19]
and autophagy controls DDX58-MAVS signaling by repres-
sing ROS production [18,57]. In the present study, our results
indicated that M2 served as another factor besides PBI-F2
[71] leading to excessive Ca*" flux-dependent ROS generation
for the pathogenicity of IAV, and that the proton channel
activity played an indispensable role in this effect. Moreover,
M2-triggered increase of ROS production regulated the
MAVS aggregations, thus upregulated MAVS-mediated
innate immune response. Autophagy suppresses MAVS-
mediated antiviral signaling through also regulating the
MAVS aggregates and stability via the direct binding of
ATGS5 [19,20] and LC3B [21,22] to MAVS. Noticeably, our
results demonstrated that the His37 of M2 was required for
M2 to anchor to mitochondria, colocalize and physically
interact with MAVS, and sequester the ATG5-MAVS and
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Figure 7. M2 antagonizes the autophagy process to enhance the innate immune response. (a) After transfection with siATG5 for 6 h, the HEK 293T cells were further
transfected with indicated plasmids for 24 h. The cells lysates were collected and analyzed by either SDD-AGE or SDS-PAGE assays. (b) HEK 293T cells were
transfected with siBECNT for 6 h, cells were further transfected with indicated plasmids for 24 h, and cells lysates were analyzed by either SDD-AGE or SDS-PAGE
assays. (c) HEK 293T cells were transfected with siATG5 for 6 h, the cells were further transfected with indicated plasmids for 24 h, and then luciferase assays were
performed. (d) HEK 293T cells were transfected with siATG5 for 6 h, the cells were further transfected with indicated plasmids for 24 h, and then mock-infected or
infected with SEV for 12 h. The luciferase assays were performed. (e) HEK 293T cells were transfected with siBECNT for 6 h, cells were further transfected with
indicated plasmids. At 24 h post transfection, luciferase assays were performed. Error bars, mean + SD of 3 independent experiments (*p < 0.05; **p < 0.01;

*%p < 0.001).
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LC3B-MAVS interactions. Therefore, it acted as an opposite
regulator as did ATG5 and LC3B by redistributing MAVS to
aggregates observed upon activation of RLR signaling, thereby
functioning as a positive regulator in MAVS-mediated anti-
viral innate immunity. So, M2-mediated increase of ATG5
and LC3B protein were re-involved in the autophagosome
formation, in consistent with results that ATG5 played a
critical role in the initial process of M2-induced autophagy.
Both M2-induced autophagy and enhanced innate antiviral
response were depressed by the Ca** and ROS inhibitors,
which was most likely due to a lower inhibitory effect of
autophagy on the M2-enhcanced innate antiviral response
than the enhanced effect of ROS on M2-enhanced innate
immune response. The underlying mechanisms need to be
further determined in future studies. Both M2 and MAVS
were able to localize to the mitochondria, but M2™%7€ failed
to localize to the mitochondria (Figure S7(g)), we speculated
that the ability of M2 binding MAVS was possibly related to
its mitochondrial-targeting. The detailed mechanisms on how
M2 translocated to the mitochondria while M2*7S failed to,
need to be further investigated. It has been well established
that the late stage of autophagy, the process of autolysosome
formation, is involved in the removal of the aggregated pro-
teins such as MAVS aggregates by the lysosome enzyme [14].
However, our current and other previous studies [8] showed
that the proton channel activity of M2 was able to block the
autolysosome formation, thereby reducing the elimination of
excessive ROS and the MAVS aggregates, which in turn led to
the amplification of MAVS signaling in the regulation of
innate immune response. These results suggested that the
M2 proton channel activity was the prerequisite for M2-
enhanced innate immunity. Based on this, we tried to assure
that the M2 proton channel activity is responsible for M2-
enhanced innate immunity in infection, but we failed to
rescue the recombinant IAV containing M2™%’S mutation.
Gannagé et al [25] recued the M2-deficient recombinant
influenza A/PR8/34 virus (a single round of replications in
cell culture), but it might be due to a different virus strain
used. Noticeably, we also showed that M2 from several other
subtypes of IAV (PR8 HINI, avian HIN2, swine HIN1 and
avian H7N9) could also enhance the MAVS signaling (data
not shown). However, overactivation of MAVS signaling
could lead to detrimental levels of inflammation or other
immunopathological consequences that are harmful to the
host. TAV infection induces rapidly host innate immunity,
whereas a dysregulation of and an excessively exaggerated
immune response ‘cytokine storm’ can cause severe patho-
genicity that often directly contributes to morbidity and mor-
tality of IAV infection. However, the link between the direct
effect of M2 on the immune signaling and consequent damage
to the cells is still unclear and needs to be investigated in
future studies.

Therefore, our study unveiled a novel mechanism used by
M2 to antagonize the autophagy pathway in order to feedfor-
ward modulate MAVS-mediated antiviral signaling and pro-
vided novel insight into biology and pathogenicity of IAV.
Moreover, improved understanding of M2 protein-enhanced
MAVS signaling may facilitate development of novel antiviral
therapeutics for the prevention and control of influenza virus

infection. The proposed underlying mechanism used by influ-
enza A M2 protein to regulate host innate immune response
was shown in Figure 8.

Materials and methods
Cells and viruses

Human lung epithelial cell line A549, human embryonic
kidney 293T and Hela cells were purchased from ATCC
(CCL-185™, CRL-3216™ and CCL-2™). A549 cells were main-
tained in HAM’S/F-12 (HyClone, SH30026.01) medium; HEK
293T and Hela cells were maintained in RPMI 1640
(HyClone, SH30809.01) medium. They were supplemented
with 10% heat-inactivated fetal bovine serum (FBS; PAN
biotech, P30-3302), and incubated in a 37°C humidified incu-
bator with 5% CO,. A/duck/Hubei/Hangmei01/2006(H5N1)
(H5N1/HM) was isolated from duck brain tissues and stored
in our laboratory [72]. A549 cells were infected with H5N1/
HM at multiplicity of infection (MOI) of 0.1. After 1 h
adsorption, cells were washed once with warm phosphate-
buffered saline (PBS (PH 7.2); HyClone, SH30256.01) and
then incubated in HAM’S/F-12 containing 1% FBS at 37°C.
After 24 h post infection (hpi), cells were subjected to either
BD FACSCalibur™ Flow Cytometer (BD Biosciences, San
Jose, CA 95131 USA) or immunofluorescence assays. All
experiments with the H5N1/HM were performed in the
Biosafety Level 3 laboratory at Huazhong Agricultural
University. The recombinant vesicular stomatitis virus encod-
ing enhanced green fluorescence protein (VSV-eGFP) was a
gift from Harbin Veterinary Research Institute and eGFP
expression levels directly reflected the degree of VSV replica-
tion. eGFP expression was visualized by fluorescence micro-
scopy and analyzed by FACS. NDV was conserved by the
State Key Laboratory of Agricultural Microbiology of China,
and Sendai virus (SEV) was kindly provided by Professor
Zhengfan Jiang (Peking University, China).

Chemicals and reagents

Amantadine (Sigma-Aldrich, A1260), apocynin (Apo; Sigma-
Aldrich, A10809), 1,2-bis(2-aminophenoxy)ethane-N,N,N,N
"-tetraacetic acid tetrakis (BAPTA-AM; Sigma-Aldrich, A1076),
carbonyl cyanide 3-chlorophenylhydrazone (CCCP; Sigma-
Aldrich, C2759), chloroquine (CQ; Sigma-Aldrich, C6628),
dimethyl sulphoxide (DMSO; Sigma-Aldrich, D4540), dipheny-
leneiodonium chloride (DPI; Sigma-Aldrich, D2926), ethylene
glycol-bis(2-aminoethylether)-N,N,N'’,N'-tetraacetic acid
(EGTA; Sigma-Aldrich, E0396), LY294002 (Sigma-Aldrich,
19908), rapamycin (Sigma-Aldrich, 553,210), oxidant-sensitive
dye 5-(and-6)-chloromethyl-2',7"-dichlorodihyd-rofluorescein
diacetate (CM-H2DCEF-DA; Invitrogen, C6827) and MitoSOX
Red mitochondrial superoxide indicators (Invitrogen, M36008)
incubated cells at the corresponding concentrations.

Antibodies

The antibodies used and their sources are as follows: rabbit
anti-AKT (Cell Signaling Technology, 4691S), rabbit anti-p-
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Figure 8. Schematic diagram of proposed mechanisms underlying the regulation of innate immune response by influenza virus HSN1/HM M2 protein. Proton channel
activity of M2 protein was essential for the increase of Ca>* entry into cytoplasm from extracellular with a subsequent elevation in ROS production. On one hand, the
increase level of ROS directly or indirectly led to the activation of ATG5 and inhibition of AKT and MTOR activity through the PI3K-AKT-MTOR pathway, thereby
triggering M2-induced autophagy process. One the other hand, M2 protein anchored to the mitochondria, increased the mitochondrial number and accelerated the
mitochondria fusion, which resulted in increasing ROS-dependent MAVS aggregations. The MAVS aggregates can be packed into the autophagosome and be
degraded by the lysosomal enzyme in the process of autolysosome formation. LC3B and ATG5 interact with MAVS in this process, thereby attenuating MAVS-
mediated antiviral signaling pathway. However, M2 physically interacted with MAVS and sequestered the MAVS-ATG5 and MAVS-LC3B complexes formation, thus
leading to the release of MAVS aggregates from the ATG5-MAVS and LC3B-MAVS complexes. Furthermore, M2 protein inhibited the autolysosome formation, which
suppressed the MAVS aggregates degradation. The released MAVS aggregates from ATG5-MAVS and LC3B-MAVS complexes in turn participated in the MAVS-
mediated innate immune response, which resulted in subsequent amplification of IFN and inflammatory cytokine signaling by RLR signaling.

AKT-S473 (Cell Signaling Technology, 4060S), rabbit anti-
COX4I1 (Cell Signaling Technology, 4844S), rabbit anti-
IRF3 (Cell Signaling Technology, 11904T), rabbit anti-NFKB
RELA/p65 (Cell Signaling Technology, 8242S), rabbit anti-p-
NFKB RELA/p65-5536 (Cell Signaling Technology, 3033S),
rabbit anti-BECN1 (ABclonal Biotechnology, A7353), rabbit
anti-MFN1 (ABclonal Biotechnology, A9880), rabbit anti-
MEFN2 (ABclonal Biotechnology, A5750), rabbit anti-DNM1
(ABclonal Biotechnology, A2586), rabbit anti-MFF (ABclonal

Biotechnology, =~ A4874), rabbit anti-FIS1 = (ABclonal
Biotechnology, A5821), rabbit anti-PPARGCIA (ABclonal
Biotechnology, A12348), rabbit anti-PRKN (ABclonal
Biotechnology, A0968), rabbit anti-RPS6KB1 (ABclonal
Biotechnology, =~ A2190), rabbit anti-p-RPS6KB1-T389
(ABclonal Biotechnology, AP0564), rabbit anti-FOXOI

(ABclonal Biotechnology, A13862), rabbit anti-p-FOXO1-
S256 (ABclonal Biotechnology, AP0172), rabbit anti-MTOR
(ABclonal Biotechnology, A11345), rabbit anti-p-MTOR-
S2448  (ABclonal  Biotechnology, = AP0094),  rabbit
anti-p-IRF3-S386 (ABclonal Biotechnology, AP0091), rabbit
anti-IL1IB (ABclonal Biotechnology, Al1112), rabbit anti-

control IgG (ABclonal Biotechnology, AC005), mouse anti-
HSP90B1 (Proteintech, 60012-1-1 g), rabbit anti-MAVS
(Proteintech, 14341-1-AP), rabbit anti-TOMM20
(Proteintech, 11802-1-AP), rabbit anti-IAV M2 and NP
(Gene Tex, GTX125951 and GTX30852), rabbit anti-Golgi
Marker-AE-6 (Santa Cruz Biotechnology, sc58770), rabbit
anti-MAP1LC3B/LC3B (Novus Biologicals, NB100-2220),
mouse anti-OPA1 (BD biosciences, 612607), mouse anti-
ATG5 (Arigo biolaboratories, ARG54822), mouse anti-
GAPDH (California  Bioscience, CB100127), mouse
anti-GFP-tag (CWBIO, CWO0258A), mouse anti-HA-tag
(MBL, M180-3), and mouse anti-Flag M2 (Sigma-Aldrich,
F1804) antibodies were incubated overnight at 4°C.
Horseradish  peroxidase = (HRP)-conjugated anti-mouse
(Beijing Biodragon Inmmunotechnologies, BF03001) and
anti-rabbit  (Beijing Biodragon Inmmunotechnologies,
BF03008) secondary antibodies were incubated 1 h at room
temperature. FITC-goat anti-mouse (Sungene Biotech,
GM200G-02C), FITC-goat anti-rabbit (Sungene Biotech,
GR200G-02C), 594-conjugated goat anti-mouse (Sungene
Biotech, GM200G-43C), 594-conjugated goat anti-rabbit
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(Sungene Biotech, GR200G-43C) or 405-goat anti-mouse
(Sungene Biotech, GM200G-46C) secondary antibodies were
incubated 1 h at room temperature.

Plasmids and siRNA oligonucleotides

Full-length ¢cDNA encoding H5N1/HM M2 and human
LC3B proteins were amplified by reverse transcription
(RT)-PCR from total RNA extracted from A549 cells
infected with H5N1/HM using specific primers (available
upon request) and cloned into p3xFlag-CMV (Flag-M2),
HA-pCAGGS (HA-M2) and pEGFP-N1 (GFP-LC3). The 3
empty vectors [p3xFlag-CMV (Sigma, E7908), HA-pCAGGS
(YouBia, VT1076) and pEGFP-N1 (YouBia, VT1110)] were
stored in our laboratory. DDX58, MAVS expression plas-
mids and 3 luciferase (Luc) reporter plasmids [IFNB promo-
ter (IFNB-luc), NFKB promoter (NFKB-luc) and ISRE
promoter (ISRE-luc)], were kindly provided by Professor
Zhengfan Jiang (Key Laboratory of Cell Proliferation and
Differentiation of the Ministry of Education, School of Life
Sciences, Peking University, Beijing, China). A Renilla con-
trol plasmid (pGL4.75 hRluc/CMV; Promega, E6931) was
used as a control. The construct encoding a mitochondrial-
targeting signal fused to RFP gene (dsRed-mito) was stored
in our laboratory. The tandem fluorescent monomeric red
fluorescent protein (mRFP)-GFP-LC3 (ptfLC3) construct
[73] was kindly provided by Dr. Chan Ding (Shanghai
Veterinary Research Institute, China). The M2 mutants
(H37G, F91S, 194S and ALIR) and MAVS mutants (Y9A,
I12A, ALIR, IN, 1C, ATM and ACARD) were generated by
using A QuickChange XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA) and overlap cloning techniques.
RNAi oligonucleotides 5-GATTCATGGAATTGAGCCA-3'
were used for the ATGS5, and 5'-
CAGUUUGGCACAAUCAAUA-3" were wused for the
BECNI siRNA experiments.

Real-time quantitative PCR (RT-qPCR)

To determine the effect of M2 protein on the expressions of
IFNB, CXCL8 and CCL5, HEK 293T cells seeded in 24-well
plates were transfected with the empty vector, or H5N1/HM
WT M2 (Flag-M2), or mutant- M2H376 (Flag—M2H37G) plas-
mid. After 24 h post transfection, cells were mock-infected
or infected with SEV for 12 h. To determine the effect of M2
protein on the RLR signaling pathway, plasmids encoding
DDX58 or MAVS were co-transfected with Flag-M2 or Flag-
M2%¥G for 24 h. Total RNA was extracted using TRIzol
(Invitrogen, 15596018) according to the manufacturer’s
instructions and 1 pg of RNA was reversely transcribed.
Gene expression was determined by SYBR Green-based
RT-PCR wusing an ABI ViiA 7 PCR system (Apllied
Biosystems, Foster City, CA, USA). Each gene expression
was normalized to GAPDH. The primers used in this study
were available upon request.

To analyze the expression levels of mitochondrial DNA,
total cellular DNA was extracted from the HEK 293T cells
transfected with the indicated plasmids using Easy Pure
Genomic DNA kit (Transgen Biotech, EE101-01) and

subsequently RT-PCR was conducted. Human mtDNA MT-
COI primers and the RNAI18S rDNA primers used were
adapted based on a previous publication [74].

Western blot

For the SDS-PAGE assay, protein samples were prepared by
using cell lysis buffer for Western Blotting and IP (Beyotime,
P0013) or mammalian cell lysis buffer (CWBIO, CW0889)
containing EDTA-free protease inhibitor cocktail (Roche,
04693132001). After SDS-PAGE separation, samples were
transferred to nitrocellulose membrane (GE Healthcare Life
sciences, 10600001 and 10600002), which was blocked in
Tris-buffered saline with Tween (TBST; Sigma, SRE0031)
containing 2% bovine serum albumin (BSA; Sigma, A1933),
then reacted with the corresponding primary antibodies,
followed by HRP-conjugated secondary antibodies, and sig-
nals were detected by using a WesternBright"™ ECL detec-
tion kit (advansta, K-12045-D50) in an ECL detection system
(Amersham Biosciences, Piscataway, NJ, USA). All bands of
western blots were detected within the linear range. The
semidenaturing detergent agarose gel electrophoresis (SDD-
AGE) was carried out as described previously [51]. Briefly,
HEK 293T cells transfected with indicated plasmids were
homogenized in a 1 x sample buffer without P-mercap-
toethanol [1 x TBE (Wuhan Servicebio Technology Co.,
Ltd, G3002), 10% glycerin (Sigma, G2289), 2% SDS (Sigma,
L3771), 0.0025% bromophenol blue (Sigma, 115-39-9) and
Roche EDTA-free protease inhibitor cocktail] by repeated
Dounce homogenization. Protein samples without boiling
were resuspended and loaded onto a vertical 1.5% agarose
gel in the running buffer (1 x TBE and 0.1% SDS) for 1 h
with a constant voltage of 100 V at 4°C. Immunoblotting
was carried out by standard procedures.

Luciferase reporter assay

HEK 293T cells grown in 24-well plates were cotransfected
with 0.25 pg/well of reporter plasmids IFNB-luc, NFKB-luc or
ISRE-luc, respectively, 0.01 pg/well of plasmid pGL4.75
(hRluc/CMV), 0.25 pg/well DDX58 or MAVS, respectively,
and 0.5 pg/well of Flag-M2, Flag-M2"*"S expression plasmid
or an empty vector for 24 h. When necessary, DDX58 and
MAVS transfection were replaced by infecting with SEV to
stimulate cells at 24 h post transfection. Cells were lysed at
12 hpi, and firefly luciferase and Renilla luciferase activities
were determined with the Dual-Luciferase reporter assay sys-
tem (Promega, E1910) according to the manufacturer’s pro-
tocol. Data were presented as relative firefly luciferase
activities normalized to Renilla luciferase activities and were
representative of 3 independent experiments.

Immunofluorescence and confocal microscopy

A549 cells or HeLa cells were plated on coverslips in 12-well
plates, and infected with H5N1/HM (or transfected with indi-
cated plasmids). At 24 h post infection (or post transfection),
cells were fixed with 4% paraformaldehyde for 15 min,



permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, X100)
in PBS for 10 min, and blocked with 1% BSA for 1 h at room
temperature, and then incubated with corresponding antibo-
dies at 4°C overnight. Cells were then incubated in Alexa
Fluor FITC- and 594-conjugated goat anti-mouse or anti-
rabbit secondary antibodies described above for 2 h. Nuclei
were stained with DAPI (Invitrogen, 00-4959-52) for 10 min.
All cells were washed with PBS 5 times after each step and
were imaged by confocal microscopy (Carl Zeiss LSM 880
Confocal Microscope and ZEN 2.3 LITE software) or super-
resolution techniques (NIKON N-SIM).

Detection of Ca** accumulation

The culture medium of either the transfected or infected cells
was changed to HBSS (BasalMedia, B430K]) that did not
include phenol red. 5 pM Fluo-4 AM (Invitrogen, F23917)
or 10 uM Rhod-2 AM (AAT Bioquest, 21,060) in HBSS was
added as an indicator of Ca®" in the cytosol [Ca**]; or mito-
chondrial [Ca*'],,, respectively. After incubation at 37°C for
30 min, cells were washed twice with HBSS. Fluorescence was
analyzed via the BD FACSCalibur™ Flow Cytometer System.

ROS detection

The transfected HEK 293T cells, the mock infected and
infected A549 cells with different treatment were disposed
and ROS was detected as described previously [75].

Mitochondrial membrane potential (MMP) detection

The culture medium of the transfected cells were changed to
RPMI 1640 and were supplemented with 60 nM TMRM
(AAT Bioquest, 22221). After incubation for 30 min at 37°C,
fluorescence was determined by using the BD FACSCalibur
system.

Subcellular fractionation

Pure mitochondrial fractionation was isolated by utilizing
the Mitochondria/Cytosol Fractionation Kit (Millipore,
MT1000) according to the manufacturer’s instructions.
Briefly, HEK 293T cells and A549 cells were plated onto a
15-cm dish, the HEK 293T cells were transfected with 20 pg
of Flag-M2 or Flag-M2™7%; and A549 cells were infected
with H5N1/HM at 0.1 MOI for 24 h, respectively. Cells
were washed with ice-cold PBS twice and then detached
with a cell scraper. Subsequently, the cell pellets were col-
lected after centrifugation and resuspended with 800 pl of
Isotonic Mitochondrial Buffer with protease inhibitor cock-
tail at 1:100 dilutions. Cells were homogenized with a 1 ml
Dounce homogenizer via 40 strokes on ice and were cen-
trifuged at 600 x g for 10 min. The supernatants were
recentrifuged at 10,000 x g for 30 min. All centrifugation
was performed at 4°C. The mitochondrial fraction in the
pellets was resuspended with 40 ul of the Mitochondrial
Lysis Buffer containing protease inhibitors. The superna-
tants were considered as the cytosolic fraction. Proteins
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from each fraction were analyzed by western blot using
the indicated antibodies.

Statistical analyses

Data were expressed as means * standard errors of the means
(SEM). Statistical analysis was performed by paired two-tailed
Student’s t test. P value equal or lower to 0.05 was considered
significant (*p < 0.05, **p < 0.01, ***p < 0.001).
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