
Autophagy regulates MAVS signaling activation in a
phosphorylation-dependent manner in microglia
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Mitochondrial antiviral signaling (MAVS) protein has an important role in antiviral immunity and autoimmunity. However, the
pathophysiological role of this signaling pathway, especially in the brain, remains elusive. Here we demonstrated that MAVS
signaling existed and mediated poly(I:C)-induced inflammation in the brain. Along with the MAVS signaling activation, there was an
induction of autophagic activation. Autophagy negatively regulated the activity of MAVS through direct binding of LC3 to the LIR
motif Y(9)xxI(12) of MAVS. We also found that c-Abl kinase phosphorylated MAVS and regulated its interaction with LC3.
Interestingly, tyrosine phosphorylation of MAVS was required for downstream signaling activation. Importantly, in vivo data
showed that the deficiency of MAVS or c-Abl prevented MPTP-induced microglial activation and dopaminergic neuron loss.
Together, our findings reveal the molecular mechanisms underlying the regulation of MAVS-dependent microglial activation in the
nervous system, thus providing a potential target for the treatment of microglia-driven inflammatory brain diseases.
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Mitochondrial antiviral signaling (MAVS) is one of the well-
studied signaling pathways, which responses to viral infection
and maintains immune homeostasis. Upon infection with an
RNA virus, two retinoic acid-inducible gene-I (RIG-I)-like
receptors (RLRs), RIG-I and melanoma differentiation-
associated gene 5 (MDA-5), recognize the viral RNA and
interact with MAVS via CARD–CARD domain interaction. The
MAVS complex subsequently activates NF-κB and type I
interferon by facilitating the nuclear translocation of NF-κB and
IRF3, respectively.1–4 Apart from its function as the essential
adaptor of RIG-I and MDA-5, MAVS itself also regulates the
translocation and activation of the NLRP3 inflammasome.5

More importantly, MAVS signaling has been found to be critical
for immune homeostasis, and dysregualtion of this signaling
was associated with type-1 diabetes,6 autoimmune disorders7

and experimental colitis.8

However, it is not known yet the pathophysiological role of
this signaling pathway in the brain, especially for the neuro-
degeneration diseases. Several lines of evidence showed
that influenza virus infection contributes to the development of
neurodegeneration.9–13 Moreover, naked poly(I:C), a reagent
specifically stimulating TLR3, causes neurodegeneration
through TLR3-mediated inflammation.14,15 Many cytokines

also have been found to be involved, including interleukin-1
beta (IL-1β)16 and tumor necrosis factor alpha (TNF-α).17,18 The
above findings linked the inflammatory factors to the develop-
ment of neurodegeneration. Microglia are the tissue macro-
phages of the brain, and they have an important role in
scavenging pathogens, dying cells and molecules. Activated
microglia are observed in many virus infection conditions and
neurodegenerative diseases other than Parkinson’s disease
(PD), that is, Alzheimer’s disease (AD) and stroke,19–22 thus
representing a potential therapeutic target. Whether MAVS
signaling is involved in microglial activation and neurondegen-
eration diseases still remain elusive.
Taking into account the important role of MAVS signaling,

their tight regulation is imperative. Autophagy was reported to
regulate the activity of MAVS signaling in MEF cells.23 Also,
autophagy defect was found to be involved in the development
of neurondegeneration diseases.24–26 Consistent with this,
upregulation of autopahgy by administrating of rapamycin
could attenuate oxidative stress-induced neuronal toxicity.27

However, those studies mainly focused on neuronal cells, with
few studies on microglial cells. Whether autopahgy regulates
MAVS-mediated inflammation in microglia and whether this
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signaling contributes to the neurondegeneration diseases are
still unknown.
In this study, we demonstrate that MAVS signaling is

involved in microglial activation in vivo. Along with the
inflammation, there is an induction of autophagic activation,
and inhibition of autophagy in microglial cells strengthens
MAVS-mediated inflammation. Furthermore, we observe that
c-Abl kinase phosphorylates MAVS and regulates MAVS
signaling activation. Taken together, our findings reveal the
molecular mechanisms underlying the regulation of MAVS-
dependent microglial activation in the nervous system, with
implication of a potential target for the treatment of microglia-
driven inflammatory brain diseases.

Results

MAVS signaling is involved in microglial activation in the
brain. We first measured protein expression of MAVS in
various mouse tissues using immunoblotting. MAVS protein
varied widely among the mouse tissues tested, with high
levels found in the liver, heart and muscle (Figures 1a and b).
There were also considerable levels of MAVS protein in brain
samples when compared with organs of the immune system
such as the spleen and thymus. To reveal the existence of
MAVS signaling pathway in the substantia nigra (SN), we
injected poly(I:C)/LyoVec (complexed with transfection
reagent, 1 μg for each mice), a specific stimulator of the
RLR pathway, into the SN of MAVS−/− or wild-type mice
(Figure 1c) and measured IFN-β and TNF-α levels. As shown
in Figures 1d and e, poly(I:C)/LyoVec significantly increased
IFN-β and TNF-α levels in wild-type mice, but not in MAVS−/−

mice, suggesting that MAVSs in the dopaminergic system
also mediate poly(I:C)-induced inflammation. Because micro-
glial cells are the main immune cells in the brain,28 we next
isolated primary microglial cells from wild-type mice and
MAVS−/− mice. Consistent with the role of MAVS in
macrophages investigated in this study (Supplementary
Figures S1A and B), MAVS knockout significantly decreased
the protein levels of IFN-β, TNF-α and IL-6 induced by poly(I:
C) (Figures 1f–h), as well as the mRNA levels induced by
Sendai virus (SeV) in microglial cells (Figures 1i–k) in the
primary microglia. In addition, MAVS knockdown in both BV2
and N9 cells markedly reduced the levels of IFN-β induced by
poly(I:C) treatment (Supplementary Figures S1D–G). These
results strongly suggested that MAVS is critical for microglial
activation induced by either poly(I:C) stimulation or SeV
infection in the brain.

Autophagy inhibits the activation of MAVS signaling in
microglial cells. Previous reports implicate that there is
functional connection between autophagy and RLR signaling
activation.29,30 Here we observed that treatment of primary
microglial cells with poly(I:C) increased the levels of p-IRF3,
along with an induction of autophagic activation with the
increase of LC3II and the degradation of p62 (Figures 2a–c
and Supplementary Figures S2A). A similar observation was
made in BV2 cells as seen in Supplementary Figures S2B–D,
consistent with the amount of LC3 puncta in cells (Figures 2d
and e). Next, we blocked autophagic flux by adding

bafilomycin A1 in the culture medium. As shown in
Supplementary Figures S2E, poly (I:C) treatment could
increase LC3II levels in both normal condition and autopha-
gic flux blockage situation, suggesting that poly (I:C)-induced
autophagy activation is due to an enhancement of LC3II
levels. Moreover, rapamycin, a well-known autophagy indu-
cer, was used as a positive control (Supplementary
Figure S2E). Next, we examined the role of autophagy in
the activation of MAVS signaling. As shown in Figures 2f
and g, in response to poly(I:C) treatment, LC3 knockdown
increased the levels of p-IRF3. IN addition, the levels of
both IFN-β and TNF-α increased upon LC3 knockdown
(Figures 2h and i), suggesting that autophagy negatively
regulates the activation of MAVS signaling in microglial cells.
To further confirm this, we generated a mouse that had the
deletion of Atg5 gene in microglia, and then isolated primary
microglial cells. We observed that Atg5 deletion increased the
expression of the IFN-β, TNF-α and IL-6 in poly(I:C)-treated
microglial cells (Figures 2j–l). Together, these results con-
firmed that autophagy inhibits MAVS-mediated inflammation
in microglial cells.

Autophagy regulates MAVS protein level through the
direct binding of LC3 to MAVS. We next asked how
autophagy inhibits the activity of MAVS signaling in micro-
glial cells. We first measured the protein levels of MAVS
under the autophagy deficiency conditions. As shown in
Figure 3a, Atg5 knockout increased MAVS protein levels
in microglial cells, suggesting that autophagy negatively
regulates the protein levels of MAVS in microglial cells.
Autophagy receptors, such as NBR, Atg32, p62 and
FUNDC1, interact with LC3 through a classical linear
motif of W/YxxL/I (LIR motif).31,32,33 Interestingly, we found
that there was a conserved classical LIR motif Y(9)xxI(12)
in the CARD domain of MAVS (Figures 3b and Supplemen-
tary Figure S3A), with the motif being exposed to the
cytosolic site of the mitochondrial membrane. To confirm
this, we transfected the Flag-tagged wild-type MAVS or the
CARD deletion mutant of MAVS into HEK293T cells and
found that wild-type MAVS interacted with LC3, but not the
CARD domain mutant MAVS (Figure 3c), suggesting that
MAVS binds to LC3 through its CARD domain. To test
whether MAVS binds to LC3 through this LIR motif, we then
generated a series of mutants including Y9F, I12A and double
mutants Y9F/I12A. We found that mutations in the LIR motif
markedly impaired the interactions of MAVS with LC3
(Figure 3d). GST-pull down assay showed that either deletion
of the CARD domain or mutation in the LIR motif abolished
this interaction (Figure 3e). Furthermore, we found that
ectopically expressed wild-type MAVS increased LC3II levels
in microglial cells, but not Y9F mutant MAVS (Figure 3f),
suggesting that MAVS activation-induced autophagy through
direct binding of MAVS and LC3 via its LIR motif. We then
asked whether autophagy mediated the degradation of
MAVS through its modification in LIR motif. To end this,
we determined the expression of MAVS and mutant Y9F
MAVS after treating cells with cycloheximide. As shown
in Figures 3g and h, we found that mutant Y9F MAVS
hold much higher stability compared with wide-type MAVS.
Taken together, these results demonstrated that autophagy
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mediates the degradation of MAVS through this LIR motif,
which suggested autophagy negatively regulates microglial
inflammation through modulating MAVS protein stability. In
addition, reactive oxygen species (ROS) have been regarded
as crucial contributors to microglia-driven inflammation.34–36

Here we found that poly(I:C) treatment increased ROS
levels in BV2 cells, and treatment of N-acetyl-L-cysteine, a
ROS scavenge reagent, largely inhibited the ROS levels and
IFN-β levels (Supplementary Figures S4A and B). Consis-
tently, upregulation of ROS levels in BV2 cells by adding

Rotenone increased poly(I:C)-induced IFN-β levels
(Supplementary Figure S4C). Next, we found that poly(I:C)
treatment increased ROS levels were MAVS-dependent
(Supplementary Figure S4D). ROS scavenge largely reduced
the level of phosphorylated IRF3 induced by poly(I:C)
treatment (Supplementary Figure S4E); however, knockdown
of LC3 still increased the phosphorylated IRF3 levels,
suggesting that ROS was involved in the regulatory effect
of autophagy on MAVS signaling in microglia. Together, these
results indicated that autophagy inhibits MAVS signaling

Figure 1 MAVS is involved in microglial activation. (a and b) Immunoblotting analysis of MAVS and GAPDH in different mice tissues and quantitative data of MAVS
expression. (c) Model of stereotaxic injection of poly(I:C)/LyoVec into the SN (three mice in each group). (d and e) RT-PCR analysis the expression of IFN-β, TNF-α in the SN in
MAVS−/− mice and wild-type mice. (n= 3 per group). *Po0.05. (f–h) ELISA of IFN-β, TNF-α and IL-6 in the supernatant of primary microglial cells from wild-type mice or
MAVS−/−mice treated with transfected poly(I:C) (complexed with Lipofectamine 2000 at a ratio of 1 : 2; 1 μg/ml) for 24 h. *Po0.05. (i, k) Expression of IFN-β, TNF-α and IL-6 in
primary microglial cells from wild-type mice or MAVS−/− mice treated with SeV for 12 h. *Po0.05. Error bars are mean±S.E.M. Experiments were carried out in triplicate, at
least three independent times
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activity through regulating the stability of MAVS via the direct
binding of LC3 to MAVS in microglial cells.

c-Abl regulates the interaction of MAVS with LC3 and is
required for its signaling activation. Next, we asked how
the interaction between MAVS and LC3 is regulated in
response to RLR signaling activation. One previous study
showed that c-Abl kinase was involved in the activation of
MAVS signaling in MCF7 cells;37 however, the precise
regulatory mechanism is largely unknown, especially the
loss of in vivo evidences. Here as shown in Figure 4a, we

found that poly(I:C) treatment increased the binding of
MAVS to LC3, suggesting that this interaction was involved
the activation of MAVS signaling. Furthermore, we observed
that pretreatment of STI571 (a c-Abl-family kinase inhibitor)
abolished the interaction between MAVS and LC3. Consis-
tently, induction of c-Abl largely increased the binding of
MAVS to LC3 (Figure 4b), suggesting that c-Abl regulates the
interaction between MAVS and LC3.
As the binding of MAVS to LC3 is important for its stability,

we then assayed the protein levels of MAVS under c-Abl
deficiency condition. We found pretreatment of STI571 in BV2

Figure 2 Autophagy inhibits the activation of MAVS signaling. (a–c) Immunoblotting analysis of p62, LC3 (rabbit antibody, #2775, Cell Signaling, 1:1000), p-IRF3, IRF3 and
GAPDH in primary microglial cells treated with transfected poly(I:C) (1 μg/ml) and quantitative data of p-IRF3 and LC3II expression. *Po0.05. (d and e) Immunofluorescent
staining of LC3 and Hoechst in BV2 cells treated with transfected poly(I:C) (1 μg/mL) for 6 h. The images were collected by the confocal laser scanning microscopy (Leica SP5
confocal microscope) using the × 40 objective lens. The quantitative data of LC3 puncta in BV2 cells were analyzed (20 cells were counted in each group). (f and g)
Immunoblotting analysis of p-IRF3, IRF3, LC3 and GAPDH in control and LC3 knockdown BV2 cells treated with transfected poly(I:C) (1 μg/ml) and quantitative data of p-IRF3
expression. *Po0.05. (h and i) Expression of IFN-β and TNF-α in control and LC3 knockdown BV2 cells treated with transfected poly(I:C) (1 μg/ml) for 12 h. *Po0.05. (j–l)
ELISA of IFN-β, TNF-α and IL-6 in the supernatant of primary microglia from Atg5flox/floxmice and Atg5flox/floxCD11b-Cremice treated with transfected poly(I:C) (1 μg/ml) for 24 h.
*Po0.05. Error bars are mean± S.E.M. Experiments were carried out in triplicate for three independent times
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cells increased MAVS levels (Figure 4c). To further conform
this, we generated amouse that had the deletion of c-Abl gene
in microglia by crossing c-Abl floxed mice with Lyz2-Cre
mice.38 The deletion of c-Abl in microglial cells was confirmed
in isolated primary microglial cells from c-Ablflox/flox and
c-Ablflox/floxLyz2-Cre mice as shown in Figure 4d, and we
found that microglial deletion of c-Abl increased MAVS protein
levels. To investigate the role of c-Abl on MAVS activity, we
treated BV2 cells with STI571 before poly(I:C) stimulation.
Surprisingly, as shown in Supplementary Figures S5A and B,
we found that c-Abl inhibition significantly reduced the levels of
IFN-β and phosphorylated IRF3. Furthermore, knockdown of
c-Abl by siRNA also resulted in a decrease of IFN-β mRNA
level and p-IRF3 protein level (Supplementary Figures S5C
and D), suggesting that c-Abl upregulates the activity of MAVS

inmicroglial cells. Using primary c-Abl deletionmicroglial cells,
we found that c-Abl deletion significantly decreased the
expression levels of p-IRF3 and IFN-β upon SeV stimulation
(Figures 4e–g). In addition, RT-PCR analysis showed that
many downstream cytokines of MAVS were also decreased in
c-Abl deleted microglial cells, including TNF-α, IL-6 and iNOS
(Figures 4h–j). Taken together, we revealed that c-Abl kinase
is required for MAVS signaling activation in microglial cells.

c-Abl interacts with MAVS and phosphorylates MAVS.
We next investigated how c-Abl regulates the binding of
MAVS with LC3 and how c-Abl regulates the activity of MAVS
signaling in microglial cells. First, we found that c-Abl was
phosphorylated upon SeV infection and pretreatment of
STI571 totally block this increase. Interestingly, MAVS was

Figure 3 Autophagy regulates MAVS protein level through the direct binding of LC3 to MAVS. (a) Immunoblotting analysis of MAVS, Atg5 and GAPDH in primary microglia
cells from Atg5flox/flox mice and Atg5flox/floxCD11b-Cre mice. (b) Sequence alignment of the LIR motif of MAVS, NBR, Atg32, p62 and FUNDC1. (c) Flag-tagged fully length of
MAVS or the CARD domain deleted form was transfected into HEK293T cells. Cell lysates were immunoprecipitated with anti-GFP affinity gel and then blotted for Flag-MAVS.
(d) HEK293T cells were transfected with Flag-tagged wild-type MAVS, mutant Y9F, I12A, and Y9FI12A together with GFP-LC3. Cell lysates were immunoprecipitated with anti-
Flag M2 affinity gel and then blotted for GFP-LC3. (e) A recombinant GST-LC3 protein was incubated with lysates from wild-type MAVS and mutants in cells then
immunoprecipitated with anti-GST antibody-coated protein G gel and then blotted for Flag. (f) BV2 cells were transfected with Flag empty vector, Flag-tagged MAVS or mutant
MAVS Y9F, respectively. Forty-eight hours later, cells were lysed and immunobloted of LC3, Flag and GAPDH. (g) HEK293T cells were transfected with Flag-tagged wild-type
MAVS or mutant Y9F. Then, cells treated with cycloheximide to inhibit protein synthesis and cell lysates were immunoblotted with Flag or GAPDH. (h) Quantitative expressions of
MAVS and mutant Y9F in HEK293T cells. Experiments were carried out for three independent times
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found to be phosphorylated upon SeV infection, and
pretreatment of STI571 also abolished the phosphorylated
tyrosine of MAVS, indicating that c-Abl might be involved in
the tyrosine phosphorylation of MAVS (Figures 5a and b).
Second, we found that c-Abl interacted with MAVS in BV2
cells (Figure 5c). To further map the binding domain of MAVS,
we generated two truncated mutants, CARD domain deletion
mutant and TM domain deletion mutant (Figure 5d), and

examined their interaction with c-Abl. As shown in Figure 5e,
deletion of CARD domain of MAVS markedly impaired the
binding of MAVS to c-Abl, suggesting that the CARD domain
of MAVS is required for the binding. Last, the phosphorylation
experiments showed that c-Abl indeed phosphorylated the
CARD domain of MAVS (Figure 5f). After analyzing the
sequences of MAVS among species (Supplementary
Figure S6A), we generated a series of tyrosine mutations

Figure 4 c-Abl regulates the interaction of MAVS with LC3 and is required for its signaling activation. (a) HEK293T cells were transfected with flag-tagged wild-type MAVS
together with GFP-LC3 and then treated with transfected poly(I:C) or STI571 as indicated. Cell lysates were immunoprecipitated with anti-Flag M2 affinity gel and then blotted for
GFP-LC3. (b) HEK293T cells were transfected with flag-tagged wild-type MAVS and GFP-LC3 together with or without Myc-c-Abl as indicated. Cell lysates were
immunoprecipitated with anti-Flag M2 affinity gel and then blotted for GFP-LC3. (c) Immunoblotting analysis of c-Abl, MAVS and GAPDH in primary microglial cells treated with or
without STI571 (10 μM for 6 h). (d) Immunoblotting analysis of c-Abl and GAPDH in primary microglial cells from c-Ablflox/flox and c-Abl flox/flox Lyz2-Cre mice. (e) Immunoblot
analysis of p-IRF3, IRF3, iNOS and GAPDH in primary microglial cells from c-Ablflox/flox and c-Abl flox/floxLyz2-Cremice treated with SeV for 24 h. (f) Expression of IFN-β in primary
microglial cells from c-Ablflox/flox and c-Abl flox/floxLyz2-Cre mice treated with SeV for 12 h. *Po0.05. (g) ELISA analysis of of IFN-β in the supernatant in primary microglial cells
from c-Ablflox/flox and c-Abl flox/floxLyz2-Cre mice treated with SeV for 24 h. *Po0.05. (h–j) Expression of TNF-α, IL-6 and INOS in primary microglial cells from c-Ablflox/flox and
c-Abl flox/floxLyz2-Cre mice treated with SeV for 12 h. *Po0.05. Error bars are mean± S.E.M. Experiments were carried out in triplicate with three independent times
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of MAVS, including Y9F, Y11F, Y30F and Y71F. When
comparing with wild-type MAVS and Y11F mutation, we
found the phosphorylation levels in the Y9F, Y30F and Y71F

mutant forms were greatly decreased (Figure 5g). Taking into
account the requirement of MAVS Y9 for the binding to LC3
(Figures 3d and e), these results indicated that c-Abl-

Figure 5 c-Abl interacts with MAVS and phosphorylates MAVS. (a) BV2 cells were infected by SeV with or without pretreatment of STI571 (10 μM for 3 h). Cell lysates were
immunoprecipitated with anti-phosphotyrosine antibody-coated gel and then blotted for c-Abl and MAVS. (b) Quantitative data of phosphotyrosine levels of c-Abl and MAVS.
*Po0.05. (c) Cell lysates of BV2 cells were immunoprecipitated with anti-c-Abl antibody-coated gel and then blotted for c-Abl and MAVS. (d) Structured region of the MAVS.
(e) HEK293T cells were transfected with flag-tagged wild-type MAVS, truncated dCARD and dTM domain of MAVS together with Myc-c-Abl. Cell lysates were immunoprecipitated
with anti-Flag M2 affinity gel and then blotted for Myc-c-Abl. (f) HEK293T cells were transfected with flag-tagged wild-type MAVS and truncated dCARD of MAVS together with
Myc-c-Abl. Cell lysates were immunoprecipitated with anti-Flag M2 affinity gel and then blotted for phosphotyrosine. (g) HEK293T cells were transfected with flag-tagged wild-type
MAVS and mutants as indicated together with Myc-c-Abl or kinase dead form Myc-c-Abl K290R. Cell lysates were immunoprecipitated with anti-Flag M2 affinity gel and then
blotted for phosphotyrosine. (h and i) HEK293T cells were transfected with wild-type MAVS and mutants as indicated plus luciferase reporter plasmid for IFN-β activation. Cells
were lysed 24 h after transfection for luciferase assays. *Po0.05. (j) Expression of IFN-β in the primary microglial cells of wild-type MAVS, MAVS−/− or MAVS−/− transfected
with MAVS and mutant 4YF as indicated. All groups treated with transfected poly(I:C) (1 μg/ml) for 12 h. *Po0.05. (k) HEK293T cells were transfected with wild-type MAVS
and mutants as indicated together with or without 3-methyladenine (3-MA) treatment (5 mM for 12 h), the luciferase activity of IFN-β was tested as above. *Po0.05;
NS, no significance. Error bars are mean±S.E.M. Experiments were carried out in triplicate with three independent times
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mediated tyrosine phosphorylation for MAVS is critical for the
interaction of MAVS with LC3 in microglial cells.
We next wanted to know how this tyrosine phosphorylation

of MAVS impairs its activity. As shown in Figure 5h, the mutant
forms (Y9F, Y30F and Y71F) significantly inhibited the IFN-β
promoter activation, with the lowest level in the Y9Fmutant. To
further study the function of these phosphorylation sites, we
generated MAVS 4YF (Y9F/Y11F/Y30F/Y71F). As shown in
Figure 5i, MAVS 4YF further decreased the IFN-β promoter
activation when compared with MAVS Y9F, suggesting that
besides Y9, other tyrosine sites also contributed to the
activation of MAVS. Moreover, rescue experiments showed
that the ectopically expressed MAVS 4YF failed to activate
IFN-β expression (Figure 5j). To investigate whether the status
of tyrosine phosphorylation of MAVS affects the connection of
MAVS with autophagy, either wild-type MAVS or 4YF mutant
MAVS was transfected into HEK293T cells. As shown in
Figure 5k, 3-methyladenine (an autophagy inhibitor) treatment
only increased wild-type MAVS-induced IFN-β promoter
activation, with no effect on mutant 4YF, suggesting that the
phosphorylation of the tyrosine sites is required for autophagy
inhibition-induced MAVS activation. Taken together, we
revealed that autophagy regulated MAVS signaling activation
in a c-Abl-mediated phosphorylation manner.

MAVS deficiency attenuates MPTP-induced dopami-
nergic neuron loss and microglial activation. To investi-
gate the role of MAVS signaling in vivo, a 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced mouse model
of PD was performed. Wild-type and MAVS−/− mice were
treated with MPTP (four intraperitoneal injections of 20 mg/kg
at 2 h intervals; Figure 6a). We found that MAVS−/− mice hold
more tyrosine hydroxylase (TH)-positive cells in the SN,
suggesting that MAVS signaling takes a protective role
against MPTP-induced loss of nigral dopaminergic neurons
(Figures 6b and c). To examine the role of microglial
activation in this process, we stained microglia with ionized
calcium-binding adaptor molecule 1 (Iba1), and counted them
via stereological analysis. As shown in Figures 6d and e,
in the saline-treated group, no differences were observed
between wild-type and MAVS−/− mice. However, following
MPTP treatment, MAVS−/−mice showed a significant
decrease in the number of nigral microglial cells. Further-
more, this difference was associated with a decrease in
IFN-β, TNF-α and IL-1β levels in the brain (Figures 6f–h),
suggesting that dysregulation of MAVS signaling-driven
inflammation contributes to the development of MPTP-
induced the activation of microglia. Interestingly, we found
that there was a large increase in MAVS expression in αlpha-
synuclein transgenic mice and PD patients (Supplementary
Figures S7A–D), arguing that this signaling might be involved
in the progression of PD.
As c-Abl is required for the activation of MAVS signaling in

microglial cells, we then investigated whether microglial c-Abl
knockout also prevent MPTP-induced neuroinflammation and
loss of neurons. We found that microglial deletion of c-Abl
rendered mice more resistant to MPTP-induced cell loss of
nigral dopaminergic neurons (Supplementary Figure S8A
and B) and microglial activation (Supplementary Figure S8C
and D) within the SN. Importantly, these differences were also

associated with a decrease in the levels of IFN-β, TNF-α and
IL-6 in the brain tissues (Supplementary Figure S8E), sug-
gesting that the deletion of microglial c-Abl contributes to the
development of MPTP-induced microglial activation.
Altogether, these results show that autophagy has a critical

role in regulating the activity of MAVS via the binding of LC3 to
MAVS, and that c-Abl phosphorylates MAVS and regulates its
activity in microglial cells, which contributes to MPTP-induced
microglial activation and neurotoxicity in vivo (Figure 6i).

Discussion

The RLR pathway is one of the important innate immunity
pathways that is involved in various human diseases; however,
its pathophysiological role in the brain remains unclear. Here
we found that autophagy regulates MAVS-mediated microglial
activation in a phosphorylation-dependent manner: (1) MAVS
signaling-driven inflammation contributes to the development
of MPTP-induced dopaminergic neurotoxicity; (2) autophagy
negatively regulates the activity of MAVS through direct
binding of LC3 to the LIR motif of MAVS; and (3) c-Abl
regulates the interaction of MAVS with LC3 and is required for
its signaling activation.
Evidence is accumulating for the involvement of immune

system dysfunction in the development of PD. Herewe provide
the evidence that MAVS signaling contributed to the microglial
activation and MPTP-induced neurotoxicity in vivo. In the
absence of MAVS, poly(I:C) and MPTP-induced inflammation
were both significantly decreased compared with control mice.
Interestingly, the increase in MAVS levels occurred in both
αlpha-synuclein transgenic mice and PD patients, indicating
that this pathway might be a potential clinical target for PD.
Thus, our results suggested that MAVS signaling has
important role in the microglia-driven inflammatory brain
diseases.
Autophagy is a basic cell biological process, which is

upregulated under various stress conditions, including inflam-
matory responses. The deficiency of autophagy may result in
necrotic cell death, a process that can initiate an inflammation
reaction. It has been reported that genetic deletion of Atg5,
Atg7 or Atg16L1 results in the accumulation of dysfunctional
mitochondria and ROS, which have been reported to be
essential for the activations of RLR and NLRP3.39–41 Atg5–
Atg12 has also been shown to negatively regulate RLR
signaling by direct association with RIG-I and MAVS.30 Tal MC
et al.23 reported that autophagy deficiency results in higher
levels of MAVS and ROS, leading to amplification of the RLR
pathway. However, it remains unclear how this regulation
occurs in microglia and whether this signaling contributes to
the neurodegenerative disease. Here our results showed that
autophagy played critical roles in the activation of MAVS
signaling in microglial cells. Autophagy deficiency, either
knockdown of LC3 or genetic deletion of Atg5, aggravated
the activities of MAVS in microglial cells. Moreover, the finding
of the interaction between MAVS and LC3 provides a direct
regulatory mechanism between MAVS-induced inflammation
and autophagy. It has been reported that autophagy dysfunc-
tion increases ROS level, which is involved in the activation of
MAVS signaling.23,42 Here we clearly showed that ROS
production is MAVS-dependent and ROS in turn upregulates
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MAVS-mediated inflammation activation in microglial cells.
Taken together, we argue that there might be a feedback
regulation loop among MAVS inflammation–autophagy–ROS
production in microglial cells upon inflammatory stress.
Phosphorylations of RLR pathway proteins have been

reported to be essential for the subsequent innate immune
response.43,44 Here we found that tyrosine kinase c-Abl
interacted with and phosphorylated MAVS in microglial cells.
Interestingly, one important phosphorylation site, MAVS Y9, is
contained in its binding motif with LC3. Inhibition of the activity
of c-Abl in microglial cells abolished the interaction between
MAVS and LC3, indicating that c-Abl contributes to the
inhibitory effect of autophagy on MAVS activation. Recently,
MAVS was reported to regulate the localization and

inflammasome activation of NLRP3,5 a well-studied inflam-
masome involved in the development of PD and AD.45,46 In our
study presented here, we found that deletion of MAVS
impaired the level of IL-1β in the brain or primary microglial
cells (Figure 6h and Supplementary Figure S1C). Whether
c-Abl impairs the localization and inflammasome activation of
NLRP3, and whether the phosphorylation sites of MAVS are
involved in this process are important questions remain to be
elucidated. In addition, the role of c-Abl in neurodegenerative
disease has been addressed previously.47–51 We also
reported that c-Abl phosphorylates MST1 (mammalian
STE20-like kinase 1) and increased MST1-dependent neuro-
nal cell death.52 More recently, we showed that c-Abl/p38
signaling has an important role in the development of PD.53

Figure 6 Deficiency of MAVS attenuates MPTP-induced dopaminergic neuron loss and microglial activation. (a) Model of MPTP-induced dopaminergic neurotoxicity in
MAVS−/− and wild-type mice. (b) Immunohistochemical staining for tyrosine hydroxylase (TH) in the SN in wild-type and MAVS−/− mice 7 days after either saline or MPTP
treatment. (c) Stereological analysis of TH-positive cells in the SN in wild-type and MAVS−/− mice administrated saline or MPTP (six mice per group). *Po0.05.
(d) Immunohistochemical staining for Iba1 in the SN in wild-type and MAVS−/− mice 7 days after either saline or MPTP treatment. (e) Stereological analysis of Iba1-positive cells
in the SN in wild-type mice and MAVS−/− mice administrated saline or MPTP (six mice per group). *Po0.05. (f–h) Expression of IFN-β, TNF-α and IL-1β in the striatum in wild-
type or MAVS−/− mice administrated saline or MPTP. (i) Schematic model of molecular mechanisms underlying MAVS-dependent microglial activation in the nervous system
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However, those studies mainly focused on neuronal cells, with
few studies on microglial cells. Here we found that c-Abl was
required for the activation of MAVS signaling inmicroglial cells.
Furthermore, microglial deletion of c-Abl also protected
MPTP-induced neuroinflammation and loss of dopaminergic
neurons in vivo, indicating that inhibition of microglial c-Abl
also contributes to the neuroprotective effect. It is well-
established that MAVS signaling is important for antiviral
immunity and autoimmunity.6–8,54 It is crucial to further
investigate whether MAVS activation via autophagy and
phosphorylation is involved in this process.
In summary, our results revealed that the MAVS signaling is

involved in the development of microglial activation-induced
neurotoxicity. Furthermore, we showed that LC3/autophagy
interaction and tyrosine phosphorylation regulate MAVS-
mediated microglial activation, suggesting that c-Abl-MAVS
signaling is a potential target for the treatment of microglia-
driven inflammatory brain diseases.

Materials and Methods
Mice. MAVS−/− mice2 were described previously and kindly provided by
Dr Baidong Hou (Institute of Biophysics, Chinese Academy of Science, China).
The mice with the deletion of Atg5 in microglia were generated by crossing the Atg5
locus floxed mice (provided by Professor Noboru Mizushima, The Graduate School
of Medicine, The University of Tokyo, Tokyo, Japan)25 with CD11b-Cre mice
(provided by Dr Lize Xiong, The Fourth Military Medical University, Xian, China).
The mice with the deletion of c-Abl in microglia were generated by crossing the
c-Abl locus floxed mice (provided by Dr Yong Cang, Zhejiang University, Hangzhou,
China) with Lyz2-Cre mice (provided by Model Animal Research Center of Nanjing
University, Nanjing, China).
All animals were maintained in the Animal Care Facility at our institute. All animal

experiments were approved by the Institutional Animal Care and Use Committee at
the Institute of Biophysics, Chinese Academy of Sciences.

MPTP-induced neuroninflammation in vivo. Adult male mice aged
10 weeks were intraperitoneally injected with 20 mg/kg MPTP four times at 2 h
intervals. At day 7, animals were killed, and their brains were dissected and
processed for immunohistochemistry, RT-PCR or immunoblotting analysis.

Stereotaxic injection of poly(I:C)/LyoVec into SN. All procedures
were performed as previously described.55 In brief, adult (10 weeks of age)
male MAVS+/+ mice and MAVS−/− mice were anesthetized with pentrobarbital
(60 mg/kg). A measure of 1 μl (1 μg/μl) of poly(I:C)/LyoVec (complexed with transfection
reagent, InvivoGen, San Diego, CA, USA) was applied stereotactically into the SN at a
rate of 0.2 μl/min.

Stereological assessment. All procedures were performed as previously
described.55 In brief, 40 μm coronal sections were cut throughout the entire brain,
and every fourth section was used for analysis by Stereo Investigator software
(MicroBrightfield, Williston, VT, USA).

Cell preparation and stimulation. Microglial cells were prepared from
neonatal mice (age 1–3 days) as described previously.56 For inducing immune
activation, 5 × 105 cells were plated into 12-well plates and cultured overnight, and
medium was exchanged with opti-MEM before cell stimulation.

Immunohistochemistry. All procedures were performed as previously
described.55 In brief, mice were perfused with saline and brains were fixed with
4% paraformaldehyde (w/v) for 1 week. Fixed mouse brains were cryoprotected in
30% sucrose. Coronal sections were cut throughout the whole brain and sections
were incubated with rabbit polyclonal anti-TH (1:1000; Pel-Freez Biologicals,
Rogers, AR) or Iba1 (1:500; WAKO, Richmond, VA, USA) and visualized with
biotinylated goat anti-rabbit IgG, followed by streptavidin-conjugated horseradish
peroxidase (Vectastain ABC kit, Zhongshanjinqiao, Beijing, China). Positive
immunostaining was visualized with 3,30-diaminobenzidine after reaction with

hydrogen peroxide (DAB kit, Zhongshanjinqiao). Stained sections were mounted
onto slides and analyzed by Stereo Investigator software (MicroBrightfield).

Immunofluorescence. BV2 cells were washed with PBS three times and
then blocked with 5% goat serum in PBS containing 0.2% Triton X-100. Cells were
then incubated with the primary antibody overnight at 4 °C. After washing with PBS
three times, Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad,
CA, USA) was added and incubated 1 h at room temperature. Finally, nuclear
morphology was visualized using Hoechst 33258 (Sigma, St. Louis, MO, USA).

siRNA or shRNA-mediated gene silences in microglial cells. For
siRNA transfection, microglial cells were plated onto 12-well plates, and were then
transfected with 50 nM siRNA using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions (siRNA sequences in Supplementary Table 1). For
selecting stable targeted gene knockdown BV2 cell line, pLKO.1 vector containing
shRNA (sequences in Supplementary Table 1) was co-transfected with VSV-G and
pCMV-dR8.12 into HEK293T cells and virus was collected at 36 and 72 h after
transfection. Stable knockdown cell lines were established by infecting correspond-
ing lenti-virus, before being selected in complete medium containing 5.0 μg/ml
puromysin as described previously.57

Immunoprecipitation and immunoblot analysis. Coimmunoprecipita-
tion and immunoblotting were performed as described previously.58 In brief, cells
were collected and lysed with IP buffer containing 0.5% NP-40, 150 mM NaCl,
50 mM Tris-HCl, PH 8, 50 mM NaF, 2 mM EDTA, plus a protease inhibitor mixture
(Roche Applied Science, Penzberg, Upper Bavaria, Germany). The equivalent
amount of cellular extract were subjected to antibody-coated Protein G Sepharose
(GE Healthcare Life, Pittsburgh, PA, USA, 1 μg antibody and 25 μl Protein G
Sepharose for each sample) and incubated overnight. Immunoprecipitates were
washed four times in lysis buffer and eluted by boiling in Laemmli sample buffer
(Bio-Rad, Berkeley, CA, USA). Samples were fractionated by SDS-PAGE and
transferred to nitrocellulose. Immunoblots were probed with primary antibodies
indicated and visualized by ECL (Thermo, Waltham, MA, USA). Rabbit polyclonal
anti-p-IRF3 (Ser396, Cell Signaling, Cambridge, MA, USA, 1:1000), anti-IRF3
(FL-425, Santa Cruz, Santa Cruz, CA, USA, 1:1000), GAPDH (CW0100A,
Cwbiotech, Beijing, China, 1:1000), mouse MAVS (#4983, Cell Signaling, 1:1000),
human MAVS (ab25084, Abcam, Cambridge, MA, USA, 1:1000), rabbit polyclonal
LC3 (#2775, Cell Signaling, 1:1000), c-Abl (2862, Cell Signaling, 1:1000), p-tyrosine
(4G10, Cell Signaling; 1:1000), p62 (PM045, MBL; Woburn, MA, USA, 1:1000) and
Atg5 (M153-3, MBL, 1:1000).

Transfection of BV2 cells by electroporation. Cells were resuspended
in 100 μl electroporation buffer (Lonza, Allendale, NJ, USA) at a concentration of
4 × 107 cells per ml. An amount of 5 μg of plasmid DNA was transferred to Gene
Pulser cuvettes and transfected into cells (Bio-Rad). Transfected cells were plated
into 6 cm plate in DMEM medium containing 10% FBS and utilized 48 h later.

ELISA. Mouse IFN-β, TNF-α and IL-6 were measured in the cell culture
supernatants according to the manufacturer’s instructions (Biolegend, San Diego,
CA, USA).

ROS detection. Cellular ROS were measured using a commercial kit (ROS-Glo
H2O2 assay, Promega, Madison, WI, USA) according to the manufacturer’s
instructions.

Quantitative RT-PCR. Total RNA was extracted from cells or brain tissues
using Trizol reagent (Invitrogen). cDNA synthesis was performed using a one step
first strain cDNA synthesis kit (Transgen, Beijing, China). Quantitative real-time PCR
was performed with primers for IFN-β, TNF-α, IL-6, iNOS and GAPDH
(Supplementary Table 2). RT-PCR reactions were performed using 2 × SYBR
Green PCR master mix (Transgen) and an Agilent Mx3005P RT-PCR system (Santa
Clara, CA, USA). The mRNA levels were normalized to GAPDH expression levels.

Luciferase assay. Luciferase activity was measured with the Dual-Luciferase
reporter assay system according to the manufacturer’s protocol (Promega).

Statistical analysis. All values are expressed as the mean± S.E.M.
Statistical analysis was performed with the t-test for two groups, or one-way
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ANOVA for multiple groups (Graphpad Software, San Diego, CA, USA). A P-
valueo0.05 was considered as significant.
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