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Autophagy is a highly conserved process that maintains homeosta-
sis by clearing damaged organelles and long-lived proteins. The
consequences of deficiency in autophagy manifest in a variety of
pathological states including neurodegenerative diseases, inflam-
matory disorders, and cancer. Here, we studied the role of auto-
phagy in the homeostatic regulation of innate antiviral defense.
Single-stranded RNA viruses are recognized by the members of the
RIG-I-like receptors (RLRs) in the cytosol. RLRs signal through IPS-1,
resulting in the production of the key antiviral cytokines, type I
IFNs. Autophagy-defective Atg5�/� cells exhibited enhanced RLR
signaling, increased IFN secretion, and resistance to infection by
vesicular stomatitis virus. In the absence of autophagy, cells accu-
mulated dysfunctional mitochondria, as well as mitochondria-
associated IPS-1. Reactive oxygen species (ROS) associated with the
dysfunctional mitochondria were largely responsible for the en-
hanced RLR signaling in Atg5�/� cells, as antioxidant treatment
blocked the excess RLR signaling. In addition, autophagy-indepen-
dent increase in mitochondrial ROS by treatment of cells with
rotenone was sufficient to amplify RLR signaling in WT cells. These
data indicate that autophagy contributes to homeostatic regula-
tion of innate antiviral defense through the clearance of dysfunc-
tional mitochondria, and revealed that ROS associated with mito-
chondria play a key role in potentiating RLR signaling.

innate immunity � interferon � reactive oxygen species � virus infection �
mitochondria

Autophagy is an ancient evolutionarily conserved pathway
designed to maintain cellular homeostasis by degrading

long-lived proteins and organelles in the cytosol. It has also been
studied extensively as a critical survival mechanism during
starvation conditions (1, 2). Recent studies demonstrated that
autophagy is used by the cells of the innate and adaptive immune
systems to combat viral infections (3, 4).

Current paradigm suggests that autophagy or the molecules
required for autophagy could regulate these innate viral recog-
nition pathways in distinct ways. RNA viruses are recognized by
two distinct innate sensors (5). In plasmacytoid dendritic cells
(pDC), recognition of ssRNA viruses occurs in the endosomes
via Toll-like receptors 7 and 8 (6–8). Autophagy plays a key role
in the recognition of certain ssRNA viruses by delivering viral
replication intermediate from the cytosol to the endosome,
where it engages Toll-like receptor 7 activation in pDCs (9). In
contrast to pDCs, most other cell types of the body use cytosolic
sensors of viral replication via retinoic acid-inducible gene I
(RIG-I) and melanoma differentiation-associated gene 5
(MDA-5) belonging to the RLR family (10–13). A recent study
reported by Jounai et al. demonstrated that innate recognition of
vesicular stomatitis virus (VSV) in mouse embryonic fibroblasts
(MEFs) via the RIG-I pathway is negatively regulated by the
Atg5-Atg12 conjugate (14). This study showed that type I
interferons and cytokine production were enhanced in Atg5�/�

MEFs in response to infection with VSV, which is recognized
through RIG-I (15), or to transfection with Poly I:C, which
triggers MDA-5-dependent signaling (12, 16). Consequently,
Atg5�/� MEFs were more resistant to VSV infection. The
authors further demonstrated that the Atg5-Atg12 conjugate

directly associates with RIG-I, MDA-5 and the adaptor protein
IFN-� promoter stimulator 1 (IPS-1) (17–20)—also known as
mitochondrial antiviral signaling (19), Cardif (21), or virus-
induced signaling adaptor (20)—through the caspase recruit-
ment domain (14). These results revealed a non-canonical role
of Atg family members as suppressors of RLR signaling (22).
Thus, in contrast to pDCs, fibroblasts that rely on cytosolic
sensors of viral replication appear to use molecules involved in
autophagy to repress RLR signaling. However, the role of the
process of autophagy in the regulation of RLR signaling has not
been examined.

Here, we addressed the importance of the autophagy-
dependent pathways in regulating RLR signaling in MEFs and
primary macrophages. Autophagy is one of the major pathways
by which damaged mitochondria are cleared from the cells
through a process known as mitophagy (23). We hypothesized
that autophagy could regulate the level of RLR signaling in the
following two non-mutually exclusive ways. First, cells deficient
in autophagy may produce more IFNs and cytokines upon RLR
stimulation as a result of an increase in the number of mito-
chondria per cell, leading to IPS-1 accumulation on a per-cell
basis. A previous study has shown that varying the amount of
IPS-1 by transfection and siRNA knockdown resulted in en-
hanced or reduced IFN and cytokine activation, respectively
(17). Second, enhanced RLR signaling in the absence of auto-
phagy may result from the accumulation of dysfunctional mito-
chondria that harbor elevated levels of reactive oxygen species
(ROS). Cells defective in autophagy have been shown to accu-
mulate ROS (24). In this study, we provide evidence for both of
these possibilities. We demonstrate that dysfunctional mitochon-
dria accumulated in the absence of Atg5. These cells exhibited
a corresponding increase in the levels of IPS-1 protein and an
increase in RLR signaling. More importantly, we show that
Atg5�/� cells accumulated ROS localized to the mitochondria.
Depletion of ROS by antioxidant treatment significantly dimin-
ished the amplified RLR signaling phenotype in Atg5�/� MEFs.
Further, we show that artificially increasing mitochondria-
associated ROS in WT MEFs was sufficient to enhance RLR
signaling. Such ROS-dependent activation of RLR, together
with the increase in IPS-1 levels, account for the functional
augmentation of RLR and viral clearance in the absence of
autophagy. Thus, these results provide insights into the role of
constitutive autophagy in maintaining cellular homeostasis by
clearing dysfunctional mitochondria, the absence of which leads
to accumulation of ROS and dysregulation of RLR pathways.
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Results
Atg5 Deficiency in MEFs Leads to Enhanced Type I IFN Production and
Suppression of Viral Infection. A recent report indicated that innate
recognition of VSV in MEFs via the RIG-I pathway is regulated
by the Atg5-Atg12 conjugate (14). Atg5�/� MEFs produced
enhanced type I interferons and cytokines in response to VSV
and were more resistant to VSV replication. Upon examination
of Atg5�/� or Atg5�/� MEFs in response to VSV infection
(RIG-I stimulation) or Poly I:C transfection (MDA-5 stimula-
tion), we indeed observed an increase in IFN-�, IFN-�, and IL-6
production at both the mRNA [supporting information (SI) Fig.
S1 A and B] and protein (Fig. 1A) levels. Consequently, VSV
replication was suppressed in Atg5�/� MEFs as measured by
VSVG-GFP expression by FACS (Fig. 1B) and by plaque assays
of released virus from MEF supernatant (Fig. 1C). In contrast,
enhanced RLR signaling was not detected in MEFs lacking a
non-autophagosome-related gene, MyD88 (Fig. S1 A), indicating
the specificity of the phenotype to Atg5-deficient MEFs. Thus,
these results reproduced the previous data published by Jounai
et al. (14), and the system provided us with a means to address
the importance of autophagy in regulating RLR signaling. These
data indicated that Atg5 is responsible for regulating the levels
of RLR stimulation in MEFs.

To avoid the possible effects of secondary mutations that
often take place in high passage MEFs, we used multiple lines
of primary MEFs (below 10th passage) and confirmed all of our
results throughout the course of our study. Further, to examine
whether the phenotype of Atg5�/� MEFs is caused by overex-
pression of compensatory mechanisms, we complemented
Atg5�/� MEFs with lentiviral transduction of Atg5 (Fig. S2). The
complementation with Atg5 in the knockout MEFs resulted in
significant reduction of RLR signaling. However, it did not
completely revert the phenotype to that of WT MEFs, suggesting
that the phenotype in Atg5�/� MEFs is caused by cumulative
effects of the loss of Atg5 over time.

Atg5 Deficiency in MEFs Leads to the Accumulation of Healthy and
Dysfunctional Mitochondria. Based on the finding that an Atg5-
dependent process specifically controls the RLR pathway, we
focused on the importance of the interface between autophagy
and mitochondria in RLR signaling. Autophagy is one of the
major pathways by which damaged mitochondria are cleared
from the cells through a process known as mitophagy (23). We
hypothesized that autophagy may regulate the level of RLR

signaling in the following manners: cells deficient in autophagy
may produce more IFNs and cytokines as a result of (i) an
increase in the number of mitochondria per cell, such that more
IPS-1 accumulates on a per-cell basis; and (ii) an increase in
intracellular ROS resulting from the accumulation of damaged
mitochondria. To test these possibilities, we first examined the
number of both intact and dysfunctional mitochondria in WT
and Atg5�/� MEFs. Our results indicated that Atg5�/� MEFs
contain roughly 2-fold more mitochondria on a per-cell basis
compared with WT MEFs (Fig. 2A and Fig. S3D). We then used
two types of mitochondria-specific label to distinguish respiring
(MitoTracker Red) versus total (MitoTracker Green) mitochon-
dria. The increase in mitochondria was accounted for by an
increase in both the intact (MitoTracker Green-positive, Mito-
Tracker Red-positive) and dysfunctional non-respiring (Mito-
Tracker Green-positive, MitoTracker Red-negative) mitochon-
dria (Fig. 2B and Fig. S3 A and B). To provide an independent
confirmation of the increase in the number of mitochondria, we
quantified the amount of mitochondrial DNA present in the cells
in relation to genomic DNA by quantitative PCR (Fig. 2C) and
by Southern blotting for mitochondrial DNA (Fig. 2D). These
analyses also revealed a 2 to 3-fold increase in the total amount
of mitochondrial DNA present in Atg5�/� MEFs compared with
WT MEFs.

IPS-1 Overexpression in Atg5�/� MEFs. Next, as IPS-1 is associated
with the outer membrane of mitochondria, we reasoned that the
increase in the number of mitochondria might be accompanied
by an increase in IPS-1 levels in a cell. Upon FACS analysis of
Atg5�/� and Atg5�/� MEFs for the levels of IPS-1 by intracel-
lular staining, it became apparent that Atg5�/� MEFs indeed
showed a 2-fold increase (Fig. S3D) in IPS-1 by mean fluores-
cence intensity compared with the WT MEFs (Fig. 3A). This
increase in IPS-1 was confirmed by Western blot (Fig. S4). These
data indicated that the deficiency in autophagy leads to an
approximately 2-fold increase in the total number of mitochon-
dria, many of which are dysfunctional, and a parallel increase in
the levels of mitochondria-associated IPS-1 in Atg5�/� MEFs.

We next asked if the increase in IPS-1 levels in the Atg5�/�

MEFs can solely account for the increase in IFN synthesis
following Poly I:C transfection. To this end, we transduced
Atg5�/� and Atg5�/� MEFs with lentivirus expressing IPS-1

Fig. 1. Atg5-deficient MEFs show increased cytokine production to Poly I:C
and VSV stimulation and are resistant to infection. WT, and Atg5�/� MEFs were
incubated with VSV-GFP (at a multiplicity of infection of 4) or transfected with
1 �g/mL Poly I:C. Twelve hours later, IFN� and IL-6 production was assessed by
ELISA (A). WT and Atg5�/� MEFs were infected with VSV-GFP (at a multiplicity
of infection of 1) and the levels of infection were determined by measuring
GFP expression by FACS at 18 and 24 h after infection (B) and by measuring
viral titers in the supernatants by plaque assay at the indicated time points (C).
Results are representative of 6 separate experiments.

Fig. 2. Dysfunctional mitochondria accumulate in Atg5-deficient MEFs. (A
and B) Atg5�/� and Atg5�/� MEFs were stained with 100 nM MitoTracker
Green (which stains the lipid membrane of the mitochondria) and 100 nM
MitoTracker Red (which fluoresces upon oxidation in respiring mitochondria).
Histograms (A) and contour plots (B) of FACS analysis are depicted. (C) Mito-
chondrial DNA copy number was measured by quantitative PCR and normal-
ized to nuclear DNA levels in a ratio of mtDNA COI over 18S rDNA. Relative
mitochondrial DNA copy numbers are depicted. (D) Mitochondrial DNA levels
were assessed by Southern blotting using a mitochondrial DNA-specific probe.
Numbers indicate relative intensity of mtDNA normalized to cellular DNA.
Data are representative of 3 similar experiments.
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fused with GFP. Cells expressing high levels (MFI levels between
6 � 102 and 6 � 104) of GFP were sorted by FACS and stimulated
with Poly I:C. If the differential expression levels of IPS-1 were
the sole reason for the enhanced RLR signaling in Atg5-
deficient MEFs, we would expect to see similar levels of IFN
synthesis by normalizing the levels of IPS-1 in WT and Atg5�/�

MEFs. IPS-1-expression by lentiviral transduction led to an
increase in IFN synthesis (Fig. 3B). However, despite the similar
levels of IPS-1 expression in both groups, Atg5�/� MEFs still
produced higher levels of IFN in response to Poly I:C transfec-
tion (Fig. 3B). Therefore, these data indicated that the increase
in IPS-1 levels does not fully account for the increase in RLR
signaling in the absence of Atg5.

Absence of Autophagy Leads to ROS Accumulation in Mitochondria.
The results thus far indicated that the lack of autophagy, in
addition to the increase in IPS-1 levels, results in hyperstimula-
tion of RLR in Atg5-deficient MEFs. Given that the absence of
autophagy leads to the accumulation of dysfunctional mitochon-
dria (Fig. 2), we reasoned that the presence of the dysfunctional
mitochondria is somehow potentiating RLR activation in con-
cert with the elevated levels of IPS-1. To test this hypothesis, we
examined whether the phenotype of the Atg5�/� MEFs might
reflect an increase in ROS production in the dysfunctional
mitochondria. In non-phagocytic cells such as the fibroblasts,
mitochondria are the major sites for generation of ROS, includ-
ing superoxide (O2

��), hydroxyl radical (HO�), and hydrogen
peroxide (H2O2). Previous reports have shown that cells defec-
tive in autophagy accumulate ROS (24). To examine ROS levels
in the mitochondria, we used the mitochondrial-specific ROS
indicator MitoSOX to highly selectively detect superoxide in the
mitochondria of live cells. MitoSOX is targeted to the mito-
chondria and its oxidation by superoxide leads to the generation
of red fluorescence. Our data indicated that MitoSOX fluores-
cence was enhanced in Atg5�/� MEFs compared with WT (Fig.
4A and Fig. S3D). Combined with the fact that there are more
mitochondria with lower MitoTracker Red signal (i.e., loss of
membrane potential; Fig. 2), and higher ROS accumulation (i.e.,
gain of oxidative lesions; Fig. 4), these data suggest that cells
require the Atg5 gene to clear damaged mitochondria. There-
fore, constitutive autophagy fine-tunes the clearance rate of the
dysfunctional mitochondria.

ROS Accumulation Is Required to Enhance RLR Signaling. To test
whether increased ROS contributes to the enhanced cytokine
production in Atg5�/� MEFs, we pretreated WT and Atg5�/�

MEFs with an antioxidant, N-acetyl-L-cysteine (NAC), before
Poly I:C stimulation. The NAC treatment significantly reduced
IFN-� and IFN-� in the Atg5�/� MEFs to almost WT levels (Fig.

4C). Further, treatment of MEFs with another antioxidant,
propyl gallate (PG), significantly reduced Poly I:C-induced IFN
and cytokine production in all groups (Fig. 4C). These data
demonstrated that mitochondrial ROS accumulated in the ab-
sence of Atg5, and that ROS is required for the enhancement of
RLR signals. In addition, data from the PG treatment experi-
ments imply that constitutive levels of ROS are used by RLR for
signaling.

Raising Mitochondrial ROS Levels Is Sufficient to Enhance RLR Signal-
ing. Next, we tested whether an increase in mitochondrial ROS
is sufficient to enhance RLR stimulation in WT cells. To this
end, we treated cells with rotenone to induce ROS accumulation
localized to the mitochondria. Rotenone is a well known inhib-
itor of electron transfer from complex I to ubiquinone of the
electron transport chain (25), resulting in ROS accumulation
(26). Rotenone treatment resulted in enhanced mitochondrial
ROS (Fig. 4B and Fig. S3H). Importantly, treatment of both WT
and Atg5�/� MEFs with rotenone resulted in a significant
increase in IFN production in response to Poly I:C transfection
(Fig. 4B). Therefore, excess ROS induction in the mitochondria
is sufficient to potentiate enhanced RLR stimulation even in the
presence of constitutive autophagy.

Previous studies have indicated that IPS-1 is cleaved by
endogenous caspases upon stress and apoptosis (27, 28). One
possible explanation for our observation is that ROS-mediated
stress signals cleave IPS-1 only in WT but not Atg5�/� MEFs and
suppress RLR signaling. To directly test this hypothesis, WT and
Atg5�/� MEFs were transfected with Poly I:C in the presence of
rotenone (to induce ROS accumulation on mitochondria) or
antioxidant NAC (to reduce ROS) and cleavage of IPS-1 was
measured by Western blot (Fig. S4). These analyses revealed no
preferential cleavage of IPS-1 in WT compared with Atg5�/�

MEFs. Another possibility is that ROS might enhance RIG-I
levels in cells. To this end, we measured RIG-I mRNA in WT
and Atg5�/� MEFs following Poly I:C stimulation following
rotenone or NAC treatment. Although Poly I:C induced RIG-I
transcription in both WT and Atg5�/� MEFs, neither rotenone
nor NAC treatments affected the increase in RIG-I levels (Fig.
S5). Importantly, RIG-I mRNA levels were comparable in Poly

Fig. 3. IPS-1 overexpression in Atg5�/� MEFs. (A) Intracellular staining of
IPS-1 protein analyzed by FACS in Atg5�/� and Atg5�/� MEFs. (B) Atg5�/� and
Atg5�/� MEFs were transduced with lentivirus expressing IPS-1-GFP fusion
protein or GFP (control). Cells expressing only high levels of GFP were sorted
by FACS and stimulated with 1 �g/mL Poly I:C complexed to Lipofectamine.
Twelve hours later, IFN-� and IFN-� mRNA levels were assessed by RT quanti-
tative PCR. *P � 0.05, **P � 0.005. Similar results were obtained from 2
separate experiments.

Fig. 4. Autophagy-deficient MEFs have increased levels of mitochondrial
ROS. Atg5�/� and Atg5�/� MEFs treated with 1 �M of rotenone for 12 h. (A)
Levels of mitochondria associated ROS in Atg5�/� and Atg5�/� MEFs were
analyzed by MitoSOX labeling. (B) After 12 h rotenone pretreatment, cells
were transfected with 1 �g/mL Poly I:C. Expression levels of IFN-� were
assessed by RT quantitative PCR 12 h after transfection. (C) MEFs were pre-
treated with 10 mM of the anti-oxidant NAC or 100 �M of PG for 15 min and
transfected with Poly I:C (1 �g/mL). IFN-� and IFN-� production was assessed
by RT quantitative PCR at 12 h after transfection. *P � 0.05, **P � 0.005. Data
are representative of 3 separate experiments.
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I:C-stimulated WT and Atg5�/� MEFs that were treated with
either rotenone or NAC. Therefore, these data indicated that, in
the absence of autophagy, ROS accumulation on mitochondria
potentiates RLR signaling independent of IPS-1 cleavage or
RIG-I transcription.

Atg5-Deficient Primary Macrophages Exhibit Amplified RLR Signaling.
Thus far, our study used MEFs generated from Atg5�/� or
Atg5�/� animals. To examine whether the phenotype observed
with MEFs translates to primary cells, we generated neonatal
liver macrophages from Atg5�/� or Atg5�/� pups. Analyses of
the number and the respiratory status of mitochondria revealed
that Atg5-deficeint macrophages accumulated both healthy and
damaged mitochondria (Fig. 5 A and C and Fig. S3 E and G),
similar to the MEFs (Fig. 2). Consistent with our observation
with MEFs, Atg5�/� macrophages sustained higher levels of
ROS on mitochondria (Fig. 5B) and demonstrated an accumu-
lation of IPS-1 (Fig. 5D and Fig. S3F). Finally, when primary
macrophages were stimulated with Poly I:C, much higher levels
of IFN-� and IL-6 were produced from Atg5�/� macrophages
compared with WT cells (Fig. 5E). These data indicated that
autophagy controls the clearance of damaged mitochondria in
primary cells, and in its absence, leads to amplification of RLR
signaling in both MEFs and macrophages.

Discussion
In this study, we examined the role of autophagy in RLR
signaling. We demonstrated that dysfunctional and healthy
mitochondria accumulate in the absence of Atg5. This resulted
in a parallel accumulation of IPS-1 protein on a per-cell basis,
leading to enhanced IFN and cytokine production upon RLR
engagement. However, overexpression of IPS-1 in WT cells did
not confer the capacity to elevate RLR signaling to the levels
found in Atg5�/� MEFs. This led us to look for additional
mechanisms by which lack of autophagic clearance of dysfunc-
tional mitochondria might affect RLR signaling. We found that

ROS accumulate in the mitochondria of Atg5�/� MEFs. ROS
associated with damaged mitochondria was found to be both
necessary and sufficient to support elevated RLR-induced gene
transcription. Further, we demonstrated that all of these pro-
cesses are also essential in regulating RLR signaling in primary
macrophages. Collectively, our data demonstrated the critical
importance of autophagy in maintaining cellular homeostasis—
both by clearing damaged and excess mitochondria and regulat-
ing the levels of IPS-1. More importantly, we discovered that
mitochondrial-associated ROS plays a key role in the positive
regulation of RLR signaling.

Our data revealed that IPS-1 levels increased in correlation
with the number of mitochondria in Atg5�/� cells. IPS-1 is
expressed on the outer membrane of the mitochondria because
of the presence of a mitochondrial membrane targeting sequence
(19). We did not observe any increase in IPS-1 mRNA levels in
Atg5�/� cells compared with WT MEFs (data not shown),
indicating that the increase in IPS-1 protein levels is caused by
post-transcriptional regulation. We ruled out the possibility that
such post-transcriptional regulation is caused by ROS-mediated
protection of IPS-1 from cleavage by an endogenous caspase.
Thus, the corresponding increase in the IPS-1 protein levels with
mitochondria number suggests that mitochondrial location of
IPS-1 might provide protection from degradation, and/or that
the level of IPS-1 is titrated by the number of available mito-
chondrial membrane sites. Although IPS-1 increase might ac-
count for a part of the enhanced RLR stimulation in Atg5�/�

cells, based on the results of antioxidant treatment, ROS accu-
mulation is largely responsible for the RLR phenotype of
Atg5�/� cells. ROS can occur in different locales in a cell,
including mitochondria, endoplasmic reticulum, peroxisomes,
plasma membrane, and within the cytosol. ROS are also gen-
erated by phagocytes for the elimination of pathogens. In
addition, ROS induction occurs through a variety of ligand-
receptor interactions as well. Of these, the ROS generated in the
mitochondria as a byproduct of the electron transport chain
account for the majority of cellular ROS. To protect against the
damage from ROS, the cell possesses a formidable array of
antioxidant enzymes capable of attenuating ROS. Oxidative
stress results from an imbalance between oxidant production and
the antioxidant capacity of the cell to prevent oxidative injury.
Autophagy is a key mechanism by which damaged mitochondria
are removed from the cells. In its absence, damaged mitochon-
dria harboring elevated levels of ROS accumulate (24). The toxic
effects of oxidative stress have been implicated in a large number
of human diseases and aging. However, although ROS are better
known for the DNA, protein, and lipid damage caused in their
excess, recent studies have unveiled their duality as important
signal transduction mediators via reversible oxidization of reac-
tive cysteine residues within a protein, which can modify protein
function. In particular, ROS are a well known activator of NF�B,
AP-1, MAPK, and PI3K pathways (29). A role for ROS in
antiviral IFN production has not previously been reported, and
it is important to identify the molecular mechanism by which
ROS augment IFN. Our results indicated that mitochondrial
ROS positively regulate RLR signaling. These results suggest
that a putative target of ROS is either a negative regulator of
RLR that is inactivated by oxidation, or a positive regulator of
RLR that is activated by oxidation. It is tempting to speculate
that such target of oxidation is also associated with the mito-
chondria. It will be important to determine the molecular
target(s) of ROS in RLR signaling pathway.

In conclusion, our study revealed that autophagy plays a
crucial role in the homeostatic clearance of damaged mitochon-
dria, the absence of which leads to accumulation of ROS and
dysregulation of RLR signaling. It is known that many viruses
have evolved to encode genes to block autophagy in infected cells
(30). Combined with the role of the Atg5-Atg12 conjugate in

Fig. 5. Atg5-deficient primary macrophages exhibit amplified RLR signaling.
Neonatal liver macrophages were generated from Atg5�/� or Atg5�/� pups.
Cells were stained with 100 nM MitoTracker Green and 100 nM MitoTracker
Red as in Fig. 2, and both dot plots (A) and histograms (C) of FACS analysis are
depicted. Additionally, cells were labeled with MitoSOX as in Fig. 4 (B) or with
antibody to IPS-1 as in Fig. 3. (D) Primary macrophages were transfected with
10 �g/mL Poly I:C in the presence or absence of NAC, and 12 h later, the levels
of IL-6 were assessed by ELISA and the levels of IFN� were assessed by RT
quantitative PCR (E). *P � 0.05, **P � 0.005. Results are representative of 2
similar experiments.
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RLR inhibition (14), an implication of our study is that, during
chronic infection with a virus capable of autophagy inhibition,
over-stimulation of RLR signaling might lead to excess or
prolonged secretion of cytokines with immunopathologic con-
sequences. In addition, accumulation of mitochondrial ROS as
a result of decreased autophagy is expected to have effects on
many other pathophysiological processes in addition to the
pathway described here. In particular, our study provides insight
into the link between two previously reported processes—the
increased accumulation of damaged mitochondria and ROS and
the decreased efficiency of autophagy with aging, both of which
have been implicated in many late-onset diseases such as neu-
rodegenerative diseases, cardiovascular disease, and cancer.
Future investigation on the potential link among autophagy,
ROS, and human diseases will provide a basis for guided
therapeutic interventions.

Methods
Cells and Viruses. Atg5�/� and Atg5�/� MEF cells were generated from em-
bryos of Atg5�/�� Atg5�/� (31) according to standard protocol and were kind
gifts of Herbert W. Virgin (St. Louis, MO). MyD88�/� MEFs were a kind gift of
Ruslan Medzhitov (New Haven, CT). Several independent lines of MEFs were
used in each experiment. Only primary MEFs under 10th passage were used in
all experiments. MEFs were propagated in high-glucose DMEM (Gibco) and
supplemented with 10% heat-inactivated FBS, 1% Hepes, and 100 U/mL
penicillin, and 100 �g/mL streptomycin (Gibco). VSV-G-GFP virus (32) was used
in all experiments. Primary macrophages were prepared from Atg5�/� or
Atg5�/� neonatal liver according to a previously described method (ref. 33 and
SI Methods). VSV-G-GFP was a kind gift of John Rose (New Haven, CT).

Stimulation of Cells. MEFs were stimulated with delivery of Poly I:C (1 �g/mL)
complexed to Lipofectamine 2000 (Invitrogen). ROS induction was accom-
plished by treatment of cells with rotenone (Sigma-Aldrich) at 1 �M beginning
from 12 h before stimulation with Poly I:C until the completion of the
experiment. Antioxidant treatment of cells consisted of either NAC (Alfa
Aesar) at 10 mM or PG (MP Biomedicals) at 100 �M from 15 min before
stimulation with Poly I:C until the completion of the experiment.

RT Quantitative PCR. RNA isolation was performed using the RNeasy kit
(Qiagen) according to manufacturer’s instructions. Isolated RNA was used to
synthesize cDNA using SuperScript II cDNA synthesis (Invitrogen) and qPCR
was performed on a Stratagene MX3000P unit using SyberGreen (Qiagen)
with the primers described in SI Materials and Methods.

ELISA. Levels of IFN-� present in the supernatant was quantified by ELISA as
previously described (34). Levels of IL-6 were measured using an ELISA kit (BD
Biosciences) according to manufacturer’s instruction.

Flow Cytometric Analyses. Mitochondrial mass was measured by fluorescence
levels upon staining with MitoTracker Green FM and MitoTracker Red CMXRos
(Molecular Probes/Invitrogen) at 100 nM for 25 min at 37 °C. Mitochondria-
associated ROS levels were measured by staining cells with MitoSOX (Molec-
ular Probes/Invitrogen) at 5 �M for 40 min at 37 °C. Cells were then washed
with PBS solution, trypsinized, and resuspended in PBS solution containing 1%
FBS for FACS analysis. Intracellular staining to measure IPS-1 levels was per-
formed using the BD Cytofix/Cytoperm kit according to manufacturer’s in-
structions, with the primary anti-mitochondrial antiviral signaling antibody
(Cell Signaling) and the secondary PE anti-rabbit IgG antibody (Jackson).

Mitochondrial DNA Quantification. Relative mitochondrial DNA amount was
assessed by isolating total DNA from the cells using the QIAamp DNA Mini Kit
(Qiagen) and performing quantitative PCR using two independent reactions
for mitochondrial and nuclear primer sets for each sample as previously
described (35) using established primers (36), and is described in detail in the
SI Materials and Methods. Southern blot for mitochondrial DNA was carried
out using a previously described method (37) and described in detail in the SI
Materials and Methods.

Construction of Lentivirus Expression Systems. The ATG5 sequence was cloned
from MEF cDNA and restriction enzyme sites were inserted for 5� BamHI and
3� XhoI. The IRES-EGFP sequence was cut from the pIRES EGFP vector (Clon-
tech) using 5� XhoI and 3� NotI. These segments were ligated and then the
ATG5-IRES-GFP expression segment was ligated into the pLentivirus Vector
construct at the 5� BamHI and 3� NotI sites. The IPS-1 sequence was excised
from the expression vector pEF-BOS-Flag-IPS-1 (38) using 5� XhoI and 3� KpnI
and ligated into the pEGFP-NI Vector (Clontech). IPS-1-GFP fusion sequence
was excised using 5� BglII and 3� NotI and ligated into the pLentivirus Vector
construct at the 5� BglII and 3� NotI sites. Integrity of the inserted genes was
confirmed by sequencing. HEK293T cells were transfected with either ATG5-
IRES-GFP or IPS1-GFP pLentivirus Vector plasmids along with a lentivirus
packaging plasmid. Cell culture supernatants containing lentivirus particles
were collected at 48 and 72 h after transfection, filtered, ultracentrifuged, and
used to transduce MEFs.

Statistical Analyses. Student t test was used for all statistical analyses.
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