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ABSTRACT

The success of future clinical trials with oncolytic viruses depends on the identification and the control of mechanisms that mod-
ulate their therapeutic efficacy. In particular, little is known about the role of autophagy in infection by attenuated measles virus
of the Edmonston strain (MV-Edm). We investigated the interaction between autophagy, innate immune response, and onco-
lytic activity of MV-Edm, since the antiviral immune response is a known factor limiting virotherapies. We report that MV-Edm
exploits selective autophagy to mitigate the innate immune response mediated by DDX58/RIG-I like receptors (RLRs) in non-
small cell lung cancer (NSCLC) cells. Both RNA interference (RNAi) and overexpression approaches demonstrate that autophagy
enhances viral replication and inhibits the production of type I interferons regulated by RLRs. We show that MV-Edm unexpect-
edly triggers SQSTM1/p62-mediated mitophagy, resulting in decreased mitochondrion-tethered mitochondrial antiviral signal-
ing protein (MAVS) and subsequently weakening the innate immune response. These results unveil a novel infectious strategy
based on the usurpation of mitophagy leading to mitigation of the innate immune response. This finding provides a rationale to

modulate autophagy in oncolytic virotherapy.

IMPORTANCE

In vitro studies, preclinical experiments in vivo, and clinical trials with humans all indicate that oncolytic viruses hold promise
for cancer therapy. Measles virus of the Edmonston strain (MV-Edm), which is an attenuated virus derived from the common
wild-type measles virus, is paradigmatic for therapeutic oncolytic viruses. MV-Edm replicates preferentially in and kills cancer
cells. The efficiency of MV-Edm is limited by the immune response of the host against viruses. In our study, we revealed that
MV-Edm usurps a homeostatic mechanism of intracellular degradation of mitochondria, coined mitophagy, to attenuate the
innate immune response in cancer cells. This strategy might provide a replicative advantage for the virus against the develop-
ment of antiviral immune responses by the host. These findings are important since they may not only indicate that inducers of
autophagy could enhance the efficacy of oncolytic therapies but also provide clues for antiviral therapy by targeting SQSTM1/

p62-mediated mitophagy.

U nderstanding how a virus either escapes cell scrutiny or is
sensed and incapacitated by the infected cell is of tremendous
interest not only for antiviral strategies but also for virus-based
anticancer or gene transfer therapies. Successful viral infection
requires the virus to take advantage of the cellular machinery for
replication, transcription, and translation of its own genome;
however, hijacking a host cell requires sophisticated strategies to
bypass cellular defenses (1).

Cells have evolved a variety of molecules that sense pathogen-
associated molecular patterns (PAMPS) and mount innate im-
mune responses (2). Antiviral responses are initiated through the
detection of viral nucleic acids, lipids, or proteins by innate pat-
tern recognition receptors (PRRs). Four members of the Toll-like
receptor (TLR) family, TLR3, -7, -8, and -9, are located in endo-
somal membranes, in particular those of immune cells, whereas
the DDX58/RIG-I like receptors (RLRs), comprising retinoic ac-
id-inducible gene I (DDX58/RIG-I) and melanoma differentia-
tion-associated protein 5 (IFIH1/MDAS), are located in the cyto-
sol of immune and nonimmune cells. Upon activation, RLRs
interact with mitochondrial antiviral signaling protein (MAVS/
IPS-1) tethered to mitochondria. MAVS in turn relays signals to
interferon regulatory factor 3 (IRF3), IRF7, and nuclear factor
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kappa BNFKB1/NF-kB1, leading to antiviral responses character-
ized by the production of type I interferons, such as alpha inter-
feron or beta interferon 1 (IFNBI1), and other innate immune
response proteins, such as the chemokine C-X-C motif chemo-
kine 10/interferon-induced protein 10 (CXCL10/IP-10) (2). This
signaling pathway is then maintained by an amplification loop
that increases RLRs and interferon expression, thus ensuring that
a robust innate immune response is mounted (3-5).

Autophagy is a highly conserved homeostatic process that al-
lows cells to recycle their components and to remove damaged
organelles. This process begins with the formation of vesicles
called autophagosomes that pack components targeted for degra-
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dation and is terminated upon Ras-associated protein RAB7
(RAB7A)-mediated fusion of the autophagosomes with lysosomes
by the degradation of the cargo (6-8). Autophagy can induce bulk
degradation or remove specific proteins or organelles upon recog-
nition of autophagic receptors, such as sequestosome 1 (SQSTM1/
p62), autophagy-related protein 32 (ATG32), or BCL2/adenovi-
rus E1B (BNIP3) and BNIP3L/NIX (9-13). Autophagy plays a
crucial role in the regulation of inflammation and constitutes an
essential innate responsive mechanism against pathogens in prim-
itive eukaryotic cells (14, 15). Bacteria and viruses can be degraded
by autophagy after being engulfed by autophagosomes, a process
called xenophagy (16-18). Viral peptides produced by autophagic
digestion of viral particles are presented by major histocompati-
bility complex class II (MHC-II) and thus provide a link between
autophagy and adaptive immunity (19, 20).

Despite some viruses being efficiently thwarted by autophagy,
others have evolved countermeasures to abrogate the antiviral
properties of autophagy. Several viral proteins inhibit key proteins
involved in autophagy induction, such as Beclin 1 (BECN1), or
block autophagic flux (8, 20). Contrary to intuition, recent studies
indicate that viruses can actually benefit from autophagy, since it
facilitates viral replication (21-23). Several underlying mecha-
nisms are currently proposed to explain this effect. Some data
suggest that membranes of autophagosomes form viroplasms,
specific membranous intracellular compartments that facilitate
the replication of some viruses (24, 25). Other novel findings in-
dicate that autophagic proteins interfere with innate immune re-
sponses mediated by PRR upon infection by pathogens. This is the
case of ATG5 and ATG12, two proteins essential for the formation
of autophagosomes, which have been shown to inhibit innate im-
mune responses by impeding the interaction of IFIH1 or DDX58
with MAVS (14, 26). In addition, mitophagy, a selective type of
autophagy targeting mitochondria (27-29), reduces the innate re-
sponse by preventing NOD-like receptor family pyrin-containing
domain protein 3 (NLRP3) signaling and inflammation (30).

The attenuated measles virus of the Edmonston strain (MV-
Edm) is an oncolytic single-stranded RNA virus that has entered
clinical trials. Autophagy contributes to measles virus infection
and replication both during interaction of MV-Edm with its entry
receptor CD46 and later during production of viral protein C
within the infected cell (22, 23, 31). Although recent studies show
that the measles virus Edmonston strain employs autophagy for its
replication (22, 23), how virus-induced autophagy counteracts
innate immunity remains unclear. In this study, we demonstrated
that autophagy and mitophagy contribute to replication of MV-
Edm by interfering with the DDX58/RIG-I-like receptor-medi-
ated innate immune responses.

MATERIALS AND METHODS

Cells, plasmids, and siRNA. Human lung adenocarcinoma cell lines A549
(CCL-185), H1299 (CRL-5803), and Vero African green monkey kidney
cells (CCL-81) were obtained from American Type Culture Collection
(ATCC) (Manassas, VA). Cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 0.1 mM nonessential amino
acids, 5% fetal bovine serum, and penicillin-streptomycin (all from Invit-
rogen). Expression plasmids were as follows: pBABEpuro-EGFP-LC3
(Addgene; 22405) was provided by Jayanta Debnath (University of Cali-
fornia, San Francisco, CA), pCMV-myc-Atg5 and pCMV-myc-ATG7
(Addgene; 24922 and 24921) were provided by Toren Finkel (NHLBI,
Bethesda, MD), pCI-neo was purchased from Promega (E1841), pCl-neo-
hApg5-HA and pCl-neo-hApg5 (K130R)-HA (Addgene; 22948 and 22949)
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were provided by Noboru Mizushima (Tokyo Medical and Dental Univer-
sity, Tokyo, Japan). pPCMV-myc was purchased from Beyotime (D2672).
BEZ-235 was purchased from Selleck (S1009). Chloroquine (CQ) was pur-
chased from Sigma (C6628). Small interfering RNA (siRNA) directed against
SQSTM1 (p62) (NM_003900) was synthesized by GenePharma (sense, GGA
GCACGGAGGGAAAAGALt; antisense, UCUUUUCCCUCCGUGCUCC
ac). The siRNAs targeting ATG5 (Invitrogen; HSS114104), ATG7 (Invitro-
gen; HSS116182), BECNI (Invitrogen; HSS112731), DDX58 (RIG-I)
(Invitrogen; HSS177513), IFIH1 (MDAS5) (Invitrogen, HSS127414), MAVS
(IPS-1) (Invitrogen; HSS148538), SQSTM1 (p62) (Invitrogen; HSS121770),
and RAB7 (Invitrogen; HSS187913) and negative-control siRNA (Invitrogen;
12935400) were all purchased from the Invitrogen Stealth RNAi collection.

Viruses. Measles virus Edmonston vaccine lineage seed B (MV-Edm)
and MV-Edm expressing a reporter gene luciferase (MV-Edm-luc, kindly
provided by S. Russell, Mayo Clinic, Minnesota, USA) were propagated in
Vero cells with a multiplicity of infection (MOI) of 0.02 in 2 ml Opti-
MEM (Invitrogen; 31985-062) at 37°C for 3 h. The medium was changed
to DMEM supplemented with 2% fetal calf serum (FCS), and cells were
incubated at 37°C for 1 day before being transferred to 32°C for another
day. Cells were harvested, and viral particles were released by two cycles of
snap-freezing in liquid nitrogen and thawing in a 37°C water bath. Viral
titers were determined by 50% endpoint dilution assays (50% tissue cul-
ture infective dose [TCID,,]) on Vero cells.

Transfection. One hundred nanomolar siRNA or 500 ng/ml expres-
sion plasmids coupled with Lipofectamine 2000 (Invitrogen; 11668-019)
were used for transfection of A549 or H1299 cells on a 6- or 12-well plate
according to the manufacturer’s instructions.

Cell viability assay. Cells were harvested by trypsin-EDTA and stained
with trypan blue; viability was determined by a trypan blue exclusion
assay.

Crystal violet staining. Cells on 12-well plates were stained with a
solution containing 0.4 mg/ml crystal violet with 5% formaldehyde in
phosphate-buffered saline (PBS) and incubated for 30 min at room tem-
perature. After washing twice with deionized water, the plates were air
dried for scanning.

Western blot analysis. Cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer containing a protease inhibitor cocktail (Roche;
11873580001). The protein concentration was determined. Equal amounts
of protein were separated by SDS-PAGE and electrophoretically trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane (Roche;
03010040001). After blocking with 5% nonfat milk in Tris-buffered saline
containing 0.1% Tween 20, the membrane was incubated with specific
primary antibodies, followed by incubation with appropriate horseradish
peroxidase-conjugated secondary antibodies. Signals were detected using
an enhanced chemiluminescence reagent (Millipore; WBKLS0500) and
subjected to the Alpha Innotech Fluor Chem-FC2 imaging system. Anti-
bodies used in this experiment were as follows: anti-glyceraldehyde-3-
phosphate dehydrogenase (anti-GAPDH) (Bioworld; MB001, 1:5,000
diluted), anti-microtubule-associated protein 1 light chain 3 beta (anti-
MAPILC3B/LC3) (Thermo Scientific, PAI-16930, 1:500 diluted), anti-
SQSTM1/p62 (Abcam; ab109012, 1:5,000 diluted), anti-ATG5 (Cell Sig-
naling Technology; 2630, 1:1,000 diluted), anti-DDX58/RIG-I (Cell
Signaling Technology; 3743, 1:1,000 diluted), anti-IFIH1/MDAS5 (Sigma-
Aldrich; SAB3500356, 1:500 diluted), anti-MAVS/IPS-1 (Abcam; ab31334,
1:500 diluted), anti-phospho-IRF-3 (Cell Signaling Technology; 49478,
1:1,000 diluted), anti-HSPD1/HSP60 (Epitomics; 1724-1, 1:10,000 di-
luted), and anti-COX4I1/COX4-1 (Abcam; ab16056, 1:500 diluted).

qPCR. For quantitative reverse transcription (RT)-PCR (qPCR), total
cellular RNA was extracted with TRIzol (Invitrogen; 15596-026), and 1 pg
of RNA was reverse transcribed using the synthesis system (TaKaRa;
DRRO36A). qPCR was performed using the real-time PCR system (ABI
7300). Gene expression was calculated with the comparative threshold
cycle (C;) method and normalized to the endogenous levels of GAPDH.
Primer sequences used for qPCR are as follows: DDX58 (RIG-I), 5'-GCC
ATTACACTGTGCTTGGAGA-3' and 5'-CCAGTTGCAATATCCTCCA
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CCA-3'; IFIHI (MDA-5),5'-AGGAGTCAAAGCCCACCATCTG-3" and
5'-ATTGGTGACGAGACCATAACGGATA-3"; MAVS (IPS-1), 5'-GCA
ATGTGGATGTTGTAGA G-3' and 5'-CTGAAGGGT ATTGAAGAG-3';
ATG5, 5'-AAGCAACTCTGGATGGGATT-3" and 5'-GCAGCCACAGG
ACGAAAC-3';ATG7,5'-ACCCAGAAGAAGCTGAACGA-3" and 5'-AG
ACAGAGGGCAGGATAGCA-3'; BECNI, 5'-GGATGGATGTGGAGAA
AGGCAAG-3' and 5'-TGAGGACACCCAAGCAAGACC-3'; RAB7,5'-T
TACTTCGAGACCAGTGCCAAGGA-3" and 5 -TGTCCAGTTTGATG
GGTTCAGGGA-3'; SQSTM1 (p62), 5'-GAACTCCAGTCCCTACAGA
T-3"and 5'-CGATGTCATAGTTCTTGGTC-3"; CXCLI10 (IP10),5'-CTT
CCAAGGATGGACCACACA-3" and 5'-CCTTCCTACAGGAGTAGTA
GCAG-3";IFNBI,5'-CTTGGATTCCTACAAAGAAGC-3' and 5'-CATC
TCATAGATGGTCAATGC-3'; IF127, 5'-TGGCCAGGATTGCTACAGT
TG-3" and 5'-TATGGAGGACGAGGCGATTC-3'; OASI, 5'-TCCAAGC
TCAGTCAGCAGAA-3" and 5'-TGTCAATGGCATGGTTGATT-3'; MV-
Edm N-protein, 5'-ACATTAGCATCTGAACTCGGTATCAC-3' and 5'-TT
TTCGCTTTGATCACCGTGTA-3'; MV-Edm H-protein, 5'-GATGACAAG
TTGCGAATGGAGA-3" and 5'-GACAAGAC CCCGTATGAAGGAA-3';
GAPDH, 5'-CC ACCCATGGCAAATTCCATGGCA-3" and 5'-TCTAGAC
GGCAGGTCAGGTCCACC-3'.

Luciferase assay. The luciferase activity of cells infected by MV-Edm
expressing luciferase (MV-Edm-Luc) was monitored by luminescence
spectrometry after adding luciferin (Gold Biotechnology; 115144-35-9) at
a concentration of 150 pg/ml according to the manufacturer’s instruc-
tions.

ELISA. Supernatants from treated or untreated cells were harvested,
centrifuged, and stored at —80°C. Samples were then subjected to en-
zyme-linked immunosorbent assay (ELISA) for detection of CXCL10/
IP10 (eBioscience; BMS284) and IFNBI/IEN-B (R&D Systems; 41410-
1A) according to the manufacturer’s protocol.

Confocal microscopy and immunofluorescence. The pBABEpuro-
EGFP-LC3/Map1lc3b (32) construct was transiently expressed in A549
cells 24 h prior to MV-Edm infection. For some experiments, cells were
stained with MitoTracker red (Invitrogen, M7512) at a concentration of
100 nM for 20 min at 37°C in culture medium and then fixed with 4%
paraformaldehyde. Cells were observed under a confocal microscope
(Olympus), and images were obtained by using a digital camera with
FV10-ASW software (Olympus) and analyzed using the software program
Image] (National Institutes of Health, USA). Pearson’s correlation coef-
ficient was quantified using Image] software in 30 different cells per time
point for each condition.

For some experiments, cells were fixed with 4% paraformaldehyde for
10 min and permeabilized in 0.1% PBS-Tween with 1% BSA—0.3 M gly-
cine for 1 h. Cells were then incubated with anti-measles virus H protein
(Santa Cruz; sc-57913, mouse monoclonal, 1:200 diluted) antibody over-
night at 4°C, followed by incubation with Alexa Fluor 568-conjugated
goat anti-mouse IgG (Invitrogen; A-11004, 1:1,000 dilution) for 1 h at
room temperature. Cell nuclei were counterstained with 4',6-diamidino-
2-phenylindole (DAPI) (Invitrogen; D3571) before being subjected to
confocal microscopy.

Flow cytometric analyses. Cells were grown on 12-well plates with or
without MV-Edm infection for 12, 24, and 48 h. MitoTracker green (In-
vitrogen; M7514) was then added for mitochondrion staining according
to the manufacturer’s instructions. The mean fluorescent intensity of cells
was determined using a FACSCalibur instrument (Becton, Dickinson).
Mitochondrial mass was quantified using mean fluorescence intensity av-
eraged from 3 independent experiments. Uninfected and unstained cells
were used to set maximum and minimum mean fluorescence intensities,
respectively.

Electron microscopy. A549 cells (5 X 10* cells/cm?) were seeded on
sapphire discs (Briigger) in a 12-well plate and infected with MV-Edm at
an MOI of 0.5 for 3 h. Cells were washed and incubated for an additional
9 h. Samples were frozen under high pressure, dehydrated, and chemically
fixed. Ultrathin section were cut and stained with uranyl acetate and lead
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citrate. Cells were imaged using a Zeiss EM 10 transmission electron mi-
croscope using an acceleration voltage of 80 kV.

Cell fractionation. Mitochondrial and cytoplasmic proteins were sep-
arated using a commercially available mitochondria/cytosol fractionation
kit (Beyotime Institute of Biotechnology; C3601) according to the man-
ufacturer’s protocol. Briefly, cells were harvested and washed twice with
ice-cold PBS. They were then incubated in 500 pl ice-cold mitochondrial
lysis buffer on ice for 10 min. The cell suspension was then taken into a
glass homogenizer and homogenized for 32 strokes using a tight pestle on
ice. The homogenate was centrifuged at 800 X g for 10 min at 4°C to
remove any unbroken cells. The supernatant was further centrifuged at
8,000 X g for 10 min at 4°C to obtain the mitochondrial fraction (pellet)
and cytoplasmic proteins (supernatant). Samples of mitochondria were
dissolved in lysis buffer, and proteins were subjected to immunoblotting.

Statistical analyses. Student’s f test was used for all statistical analyses.

RESULTS

MV-Edm-induced autophagy and autophagic flux enhance the
oncolytic activity of the virus. First, we investigated whether, in
non-small cell lung carcinoma (NSCLC) cells, MV-Edm affected
early stages of autophagy, i.e., autophagosome formation, and/or
late stages of autophagy, which is referred to as autophagic flux.
Enhanced green fluorescent protein (EGFP)—microtubule-associ-
ated protein 1 light chain 3 beta (MAP1LC3B/LC3) was overex-
pressed in NSCLC cells in order to follow the induction of au-
tophagy in infected cells. Upon incubation with MV-Edm, we
observed a significant change in the appearance of EGFP-
MAPILC3B from a homogenous to a punctuate distribution in
the cytosol of the transfected cells (Fig. 1A). Autophagy was in-
duced early upon infection (2 h) (Fig. 1A) and was sustained over
24 h while virus replicated (Fig. 1B). We also observed enhanced
levels of lipidated MAP1LC3B/LC3 (LC3-II) in infected cells (Fig.
1C). Furthermore, lipidation levels of MAP1LC3B in the presence
of chloroquine increased in infected cells when chloroquine abro-
gated the autophagic flux, thus arguing that autophagy is com-
pleted by lysosomal degradation of the cargo in infected cells (Fig.
1D). Along the same lines, we observed that SQSTMI levels de-
creased between 24 and 48 h upon MV-Edm infection, which is
consistent with degradation of SQSTM1 via a preserved au-
tophagic flux (Fig. 1E). Taken together, these results indicate that
MV-Edm triggers and sustains autophagy and autophagic flux
both at early stages of viral infection in NSCLC cells and at later
time points when viral replication continues. These observations
are consistent with previous reports (23, 31).

The impact of autophagy on viral infection is diverse because
autophagy can either potentiate or impede viral infection depend-
ing on the virus and possibly the cell type. To characterize the
influence of autophagy on the oncolytic activity of MV-Edm in
NSCLC cells, we modulated the activities of BECN1, ATG7, and
ATGS, key proteins for initiation of preautophagosomal mem-
brane formation in mammalians. Downregulating expression of
these proteins decreased cell death induced by MV-Edm, indicat-
ing that autophagy contributes to virus-induced oncolytic activity
(Fig. 1F). In line with this, enhanced autophagy upon overexpres-
sion of ATG5 or ATG7 (Fig. 1H) sensitized the A549 and H1299
cell lines for MV-Edm-induced cell death (Fig. 1G). Together,
these results support the notion that autophagy contributes to
MV-Edm-induced oncolysis in NSCLC.

MV-Edm-induced autophagy and autophagic flux facilitate
replication and spread of MV-Edm. To elucidate how autophagy
contributes to MV-Edm-induced oncolysis and spread, we quan-
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FIG 1 MV-Edm-induced autophagy and autophagic flux enhance oncolytic activity of the virus in NSCLC cells. (A) Translocation of EGFP-MAP1LC3B toward
autophagosomes was followed by fluorescence microscopy in A549 cells transiently transfected with a plasmid encoding EGFP-MAP1LC3B grown for 2 h in the
presence or absence of MV-Edm (MOI = 0.5). Bars represent 10 pm. The number of EGFP-MAP1LC3B-positive vesicles per cell was quantified by fluorescence
microscopy. Bright punctuate structures are GFP* vesicles, indicating autophagosomes. (B) A549 lung cancer cells were transiently transfected with a plasmid
encoding EGFP-MAP1LC3B for 24 h followed by infection with MV-Edm (MOI = 0.5) for 6 and 24 h or were left uninfected and cultured in completed medium
or in Dulbecco’s PBS (DPBS) for 4 h. Cells were then stained for measles virus H protein. Aggregation of EGFP-MAP1LC3B at autophagosomes (green dots) and
expression of measles virus H protein (red dots) were evaluated by fluorescence confocal microscopy. Scale bars represent 10 pm. (C) Levels of lipidated
MAPILC3B (LC3-II) were assessed by Western blotting in lysates obtained from A549 and H1299 lung cancer cells infected with MV-Edm at an MOI of 0.5 or
left uninfected for 6, 9, and 24 h (upper panels). The LC3-II/GAPDH ratio was quantified by densitometric analysis (lower panels). (D) MAP1LC3B lipidation
was analyzed and quantified in A549 and H1299 cells infected with MV-Edm and grown with or without chloroquine. (E) Degradation of SQSTM1 was
monitored by immunoblotting of A549 and H1299 cells after infection by MV-Edm (MOI = 0.2) at 24, 48, and 72 h. (Fand G) A549 and H1299 cells transfected
with siRNA targeting ATG5, ATG7, or BECN1 or with nontargeting control siRNA (F) or with ATG5 or ATG7 expression plasmids or a mock plasmid (G) for 24
h were infected with MV-Edm (MOI = 0.2) for 48 h. Cell death was quantified using trypan blue staining. Knockdown efficiency for ATG5, ATG7, and BECN1
was monitored at the protein level by Western blotting (F, upper panels). One experiment representative of three (for F) or of two (for G) is shown. Results are
means of triplicates. (H) Uninfected A549 and H1299 cells were transfected with plasmids encoding ATG5 or ATG7 or with a mock plasmid for 19 h. Cells were
then grown in the presence or absence of chloroquine (CQ) (20 wM) for another 5 h. LC3-II was evaluated by Western blotting. The LC3-1I/GAPDH ratio was
quantified by densitometry. *, P < 0.05; #*, P < 0.01.
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FIG 2 MV-Edm-induced autophagy and autophagic flux promote viral replication and spread in NSCLC cells. (A) Replication of MV-Edm was quantified in
A549 and H1299 cells transfected with siRNA targeting ATG7, BECN1, SQSTM]I, or RAB7 or with control siRNA, followed by MV-Edm infection at an MOI of
0.2 for 48 h. Viral particles were then harvested by two rounds of freezing-thawing cycles, and the viral titer was determined by calculating the TCID5, on Vero
cells. Knockdown efficiency of RAB7 and SQSTM1 were monitored by Western blotting (upper panels). (B) Syncytium formation was observed by phase-
contrast microscopy (left panel) and was further evaluated by crystal violet staining of A549 and H1299 cells transfected with siRNAs targeting ATG7 or BECN1
or with control siRNA and infected with MV-Edm (MOI = 0.2) for 48 h (right panel). Pictures representative of three independent experiments are shown. The
mean number of syncytia is depicted (lower panel). (C to E) The expression of H and N viral structural genes was quantified by qRT-PCR in A549 and H1299 cells
transfected with siRNA targeting ATG7, BECN1, SQSTM1, RAB7, or control siRNA (C) or with a plasmid expressing a mutant ATG5 gene encoding the K130R
substitution (ATG5 K130R) (D) or functional ATG5 (E), followed by infection with MV-Edm (MOI = 0.2) for another 48 h. Results are mean of quadruplicates.
%, P < 0.05; **, P < 0.01. Similar results were obtained in two independent experiments.

tified viral titers upon infection of cells downregulated for BECN1
and ATGY7 (to inhibit formation of autophagosomes), SQSTM1
(to block cargo delivery to autophagosomes), and RAB7 (to abro-
gate fusion of autophagosomes with lysosomes) (Fig. 2A). All
these approaches strongly decreased the titer of MV-Edm, indi-
cating that both early and late stages of autophagy contribute to
replication of MV-Edm. Knockdown of ATG7 or BECNI reduced

syncytium formation, the typical cytopathic effect of MV-Edm
(Fig. 2B). Along the same lines, expression of mRNA encoding the
viral proteins H and N was clearly decreased when ATG7, BECNI,
SQSTM1, or RAB7 was knocked down (Fig. 2C). This was corrob-
orated by decreased expression of viral H and N protein mRNA
upon inhibition of autophagy by overexpressing dominant nega-
tive ATG5-K130R (ATGS5 with a K130R substitution) (Fig. 2D).
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Conversely, overexpressing ATG5 promoted the expression of vi-
ral genes (Fig. 2E). These results support a proviral function of
autophagy in MV-Edm-infected cells and are consistent with find-
ings of previous studies performed in different cell lines (23).

Antiviral innate immune response is impaired by MV-Edm-
induced autophagy and autophagic flux. Cells can efficiently
sense viruses and mount an innate antiviral response by produc-
ing cytokines that block viral replication, activate the immune
system, or cause cell suicide. To evaluate the impact of autophagy
on the elaboration of an innate immune response against MV-
Edm infection, expression levels of the antiviral cytokines IFNBI1,
CXCL10 (a gamma interferon (IFN-y)-inducible protein), IF127,
and 2',5'-oligoadenylate synthetase 1 (OAS1) (which activates la-
tent RNase L, causing viral RNA degradation) were determined by
RT-PCR. As shown in Fig. 3A, impairment of autophagy mediated
by RNAi against ATG7, BECN1, SQSTM1, or RAB7 in MV-Edm-
infected cells enhanced expression of each of the cytokines as-
sayed, except for IFNB1 in H1299 cells knocked down for BECN1.
This effect was most pronounced with IFNB1 and CXCL10 in
A549 cells, where mRNA levels increased 35- and 65-fold, respec-
tively, when ATG7 was knocked down. In contrast, BECNI down-
regulation in the same cell line resulted in only 3- and 4-fold ele-
vation of IFNB1 and CXCL10 mRNA, respectively, suggesting that
ATG7 and BECNI1 are not equivalent in inducing proviral au-
tophagy. Of note, completion of autophagy by fusion with lyso-
somes was also necessary for inhibition of the innate immune
response, since knockdown of RABY significantly increased these
cytokines (Fig. 3A). In line with these results, forced expression of
ATG5-K130R led to a significant increase in these cytokines (Fig.
3B). In contrast, expression of IFNB1, CXCL10, IFI27, and OAS1
significantly decreased in cells overexpressing ATG5 (with the ex-
ception of OAS1 in A549 cells) (Fig. 3C). To assess whether en-
hanced gene expression of cytokines translated into protein pro-
duction, we determined the protein levels of IFNB1 and CXCL10
in A549 cells where ATG7 or BECN1 was knocked down (Fig. 3D).
CXCL10 and IFNB1 were barely detectable in uninfected cells
with or without inhibition of autophagy. However, CXCL10 in-
creased to approximately 20 pg/ml in cells transfected with a non-
targeting siRNA and infected with MV-Edm and reached more
than 237 or 157 pg/ml when BECNI or ATG7 was knocked down,
respectively. The IFNBI1 concentration increased from approxi-
mately 44 pg/ml up to 201 or 195 pg/ml when BECNI or ATG7,
respectively, was downregulated (Fig. 3D). Taken together, these
results show that autophagy and autophagic flux counteract the
expression of crucial antiviral cytokines, which might enhance
viral replication.

MV-Edm-induced autophagy and autophagic flux attenuate
DDX58/IFIH1/MAVS signaling. The DDX58/IFIH1/MAVS sin-
gle-stranded RNA sensing and signaling pathway is central in the
induction of antiviral responses, since it bridges early detection of
viruses with expression of antiviral cytokines by the host. Having
shown that MV-Edm-induced autophagy impairs expression of
antiviral cytokines, we wanted to know whether this could be ex-
plained by MV-Edm-induced autophagy impairing the DDX58/
IFIH1/MAVS signaling pathway. Indeed, replication of MV-Edm
increased upon downregulation of MAVS or DDX58 (Fig. 4A). In
addition, the amplification loop of RLR expression was activated
following infection by MV-Edm, since expression of DDX58 and
MAVS was enhanced at the protein level (Fig. 4B).
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Unexpectedly, knockdown of BECNI and ATG7 resulted in
greater enhancement of DDX58, IFIH1, and MAVS expression at
both the mRNA and protein levels in MV-Edm-infected cells (Fig.
4C and D). Similar results were obtained at the mRNA level when
SQSTM1I or RAB7, which impairs recognition of autophagic car-
gos or autophagic flux, respectively, was silenced (Fig. 4C). To-
gether this set of data indicates that autophagy represses the innate
immune response mediated by RLRs in MV-Edm-infected cells.
This was further confirmed by the dramatic increase in phospho-
IRF3 observed after knockdown of BECN1 or ATG7 in infected
cells (Fig. 4D). Along the same lines, protein levels of DDX58,
IFIHI, and MAVS were increased by overexpression of ATG5-
K130R in MV-Edm-infected cells, whereas the abundance of RLRs
remained unchanged in noninfected cells (Fig. 4E). Conversely,
stimulation of autophagy by overexpression of ATG5 reduced the
abundance of RLRs in infected cells (Fig. 4F). Altogether, these
results unmask that autophagy keeps innate immune responses in
check in infected cells by mitigating the positive feedback loop of
RLR signaling.

MV-Edm induces degradation of mitochondria by mitophagy.
Next, we investigated the specific mechanisms by which MV-
Edm-induced autophagy interferes with the DDX58/IFIH1/
MAVS pathway. ATG5-ATG12 heterodimers have recently been
shown to sequester MAVS, resulting in negative regulation of
genes containing MAVS-dependent promoters, which include
RLR and MAVS genes themselves (26). We observed that MV-
Edm does not affect the amount of ATG5-ATG12 complexes in
NSCLC cells (Fig. 5A), suggesting that mitigation of RLR signaling
occurs in the autophagic pathway downstream of ATG5-ATG12
complex formation.

Since key proteins involved in the innate immune response,
such as MAVS, are anchored to mitochondrial membranes, we
hypothesized that MV-Edm controls innate immune response by
mitophagy, a selective type of autophagy targeting mitochondria.
To evaluate mitophagy, we analyzed the localization of mitochon-
dria and of the autophagosomal marker EGFP-MAP1LC3B in
MV-Edm-infected cells. Mitochondria and autophagosomes were
found to colocalize 12 and 24 h after infection (Fig. 5B); in addi-
tion, double-layered structures characteristic of autophagosomes
enveloped mitochondria 24 h after infection by MV-Edm, ob-
served by electron microscopy (Fig. 5C). These observations indi-
cate that MV-Edm induces mitophagy. In agreement with this
assertion, colocalization of mitochondria with autophagosomes
preceded a decrease in mitochondrial mass per cell after 24 h, as
shown by cytometric analysis of MitoTracker green-stained cells
(Fig. 5D) and by analysis of expression levels of the mitochondrial
protein heat shock protein 60 (HSPD1/HSP60) (Fig. 5E). These
observations further support the notion that mitochondria are
degraded via mitophagy upon MV-Edm infection.

SQSTM1 impairs DDX58/IFIH1/MAVS signaling by mediat-
ing MV-Edm-induced mitophagy. It has been reported that se-
lective mitophagy occurs after recognition of altered mitochon-
dria by autophagic receptors, such as SQSTM1, ATG32, or NIX.
We postulated that these proteins might contribute to mito-
chondrial degradation in MV-Edm-induced cells. We found
that SQSTM1 accumulated on mitochondria of infected cells
following infection and mitophagy, eventually leading to re-
duction and exhaustion of SQSTM1 48 h and 72 h postinfec-
tion, respectively (Fig. 6A). Downregulation of SQSTM1
strongly reduced colocalization of mitochondria with autopha-
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FIG 3 MV-Edm-induced autophagy and autophagic flux impair antiviral immune responses. Gene expression of the antiviral cytokines IFNB1, CXCL10, OAS]1,
and IFI27 was quantified by qRT-PCR in A549 and H1299 cells transfected with siRNAs targeting ATG7, BECN1, SQSTM1, or RAB7 or with control siRNA (A),
with an expression plasmid encoding the ATG5 mutant ATG5-K130R (B), or with functional ATG5 (C) and grown in the absence or presence of MV-Edm
(MOI = 0.2) for 48 h. The fold increase in gene expression shown in panel A was normalized to levels for cells treated with control siRNA in the absence (open
bars) or presence (filled bars) of MV-Edm. P values were obtained by comparison with results for cells transfected with control siRNA after MV-Edm infection.
The percentage decrease in gene expression shown in panel B was compared to results for cells expressing ATG5-K130R and infected with MV-Edm. Means +
SD for quadruplicates are shown. Similar results were obtained in two independent experiments. (D) CXCL10 and IFNB1 were quantified by ELISA in the
supernatants of A549 cells transfected with siRNAs for ATG7, BECN1, or control siRNA followed by infection with MV-Edm for 48 h (filled bars) or left

uninfected (open bars). Means + SD of two experiments are shown. *, P < 0.05; #*, P < 0.01.
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FIG 4 MV-Edm-induced autophagy and autophagic flux mitigate DDX58/IFIH1/MAVS signaling. (A) Viral replication was quantified in A549 and H1299 cells
transfected with siRNAs targeting DDX58, IFIH1, or MAVS or with nonspecific control siRNA after infection with MV-Edm-Luc (MOI = 0.2) for 24 h. Luciferase
activity as a viral replication indicator was determined relative to that of MV-Edm-infected cells transfected with control siRNA. Results are compared to those
for uninfected cells. Means + SD of quadruplicates are shown (left panel). Knockdown efficiency of MAVS, DDX58, and IFIH1 in NSCLC cells with or without
MV-Edm infection was monitored by Western blot 48 h after siRNA treatment (right panel). Similar results were obtained in two independent experiments. *,
P < 0.05; #%, P < 0.01. (B) Expression of DDX58, IFIH1, and MAVS was determined by immunoblotting in A549 and H1299 cells infected with MV-Edm
(MOI = 0.2) for 48 h. (C) Gene expression of DDX58, IFIH1, and MAVS was quantified by qRT-PCR in A549 and H1299 cells transfected with siRNAs targeting
ATG7, BECN1, SQSTM], or RAB7 or with nonspecific control siRNA and grown in the absence or presence of MV-Edm (MOI = 0.2) for 48 h. The fold increase
in gene expression was normalized to results for cells treated with nonspecific control siRNA in the absence (open bars) or presence (filled bars) of MV-Edm.
Means + SD of quadruplicates are shown. P values were obtained by comparison with results for cells transfected with control siRNA upon MV-Edm infection.
#, P < 0.05; **, P < 0.01. Similar results were obtained in three independent experiments. (D) DDX58, IFIH1, and MAVS (left panel) and p-IRF3 (right panel)
protein levels were evaluated by immunoblotting of cell lysates harvested from A549 and H1299 cells transfected with siRNAs targeting ATG7 or BECNI or with
a nonspecific control siRNA followed by MV-Edm infection (MOI = 0.2) for 48 h. A representative result from two independent experiments is shown. (E and
F) A549 and H1299 cells were transiently transfected with a plasmid encoding ATG5-K130R (E) or ATGS5 (F) and cultured in the presence or absence of MV-Edm
(MOI = 0.2) for 48 h. Cell lysates were harvested, and DDX58, IFIH1, and MAVS protein levels were evaluated by immunoblotting. A representative result from
two independent experiments is shown.
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FIG 5 MV-Edm induces mitophagy leading to mitochondrial degradation. (A) Levels of ATG5-ATGI12 conjugates were assessed by Western blotting in lysates
obtained from A549 and H1299 lung cancer cells infected with MV-Edm at an MOI of 0.5 or left uninfected for 6, 9, and 24 h. A representative result from two
independent experiments is shown. (B) Colocalization of autophagosomes and mitochondria was quantified in A549 cells transiently transfected with pBABE-
puro-EGFP-Map1lc3b and infected by MV-Edm (MOI = 0.5) for 4, 12, and 24 h or left uninfected. Cells were then stained with MitoTracker stain and subjected
to confocal microscopy (left panels). Scale bars = 10 wm. Colocalization (yellow dots) of mitochondria (red) with autophagosomes (green puncta) was
quantified by calculating Pearson’s correlation coefficient [PCC, R(r)] (right panels). Means are shown (n = 30 for each time point). s, P < 0.01; N.S, not
significant. (C) Subcellular analysis of A549 cells infected without (left panel) or with (middle and right panels) MV-Edm (MOI = 1; 24 h) was performed by
electron microscopy. Arrowheads depict double-layer structures that contain mitochondria in an MV-Edm-infected cell. Scale bar = 2 wm (left), 5 wm (middle),
or 1 pm (right). (D) Mitochondrial mass was measured by cytometry in MitoTracker green-stained A549 cells 12, 24, and 48 h after infection with MV-Edm
(MOI = 0.5). An overlay of histograms representative of 3 independent experiments (left panel), and quantification of mitochondrial mass as mean fluorescence
intensity averaged from 3 independent experiments (right panel) are shown. (E) Mitochondrial HSPD1 protein level was determined by Western blotting in
lysates obtained from A549 lung cancer cells infected with MV-Edm at an MOI of 0.5 for 12, 24, and 48 h or left uninfected. A representative result from two
independent experiments is shown.

DISCUSSION
Autophagy is one of the primordial mechanisms of defense

gosomes (Fig. 6B) and resulted in preservation of the mito-
chondrial mass in MV-Edm-infected cells (Fig. 6C and D),

confirming the role of SQSTMI in targeting mitochondria to-
ward autophagy. Together, these findings demonstrate that
MV-Edm induces massive SQSTM1-mediated mitophagy that
removes mitochondria from infected cells.

To further assess the role of mitophagy in the regulation of
innate immune response induced by MV-Edm, we abrogated mi-
tochondrial clearance by knocking down SQSTM1 expression.
This restored expression of DDX58, IFIH1, and MAVS (Fig. 6E).
Consistent with the enhanced antiviral response upon SQSTM1
downregulation, cell death was significantly inhibited under these
conditions (Fig. 6F). Taken together, these results converge to
demonstrate that SQSTM1-mediated mitophagy contributes to
mitigate the innate immune response upon MV-Edm infection,
possibly by taking part in the degradation of mitochondrion-
bound MAVS.
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against pathogens (14, 15). However, autophagy also promotes
infections, as shown here and in previous work (33, 34). MV-
Edm triggers proviral autophagy and autophagic flux upon in-
teraction with CD46, a receptor involved in the internalization
of MV-Edm (22, 23, 31). Following entry of the virus into the
cell, newly produced viral protein C sustains autophagy, which
contributes directly to viral replication (23). As shown for
other viruses, this could be related to assembly and maturation
of viral particles into acidified autophagosomes (33, 34). Here
we have shown that MV-Edm-induced mitophagy indirectly
promotes viral replication and oncolytic activity of MV-Edm
against NSCLC cells by mitigating the type I interferon innate
immune response (Fig. 7). Overall, these results contribute to
our understanding of how autophagy modulates the RLR sig-
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triplicates are shown; *, P < 0.05; s, P < 0.01. Similar results were obtained in three independent experiments.

naling pathway and provide a rationale for optimizing viro-
therapy against cancer.

mune signaling mediated by IFIH1 or DDX58 (26). However, we
did not observe enhanced cellular levels of ATG5-ATG12 com-

We have shown that MV-Edm subverts autophagy to mitigate
the antiviral response mediated by RLRs and type I interferon-
related cytokines at both the transcriptional and posttranscrip-
tional levels. These results indicate that MV-Edm disrupts innate
immune responses at early stages of the signaling pathways. A
previous study has shown that complexes of ATG5 and ATG12,
two key proteins involved in autophagy, can interact with MAVS
at the level of mitochondria to abrogate early-stage innate im-
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plexes after infection by MV-Edm in NSCLC cells. Instead, we
found that completion of late stages of autophagy is required to
attenuate RLR signaling, which argues that autophagy degrades
components involved in this pathway. Previous reports demon-
strate that autophagy contributes to MV-Edm replication (22, 23).
Interestingly, we found that induction of autophagy in uninfected
cells by overexpression of ATG5 or by treatment with a potent
phosphatidylinositol 3-kinase inhibitor is insufficient to alter the
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FIG 7 MV-Edm subverts mitophagy to attenuate the innate immune re-
sponse. In this model, MV-Edm induces an innate immune response via acti-
vation of DDX58/MAVS signaling while in parallel stimulating autophagy and
mitophagy that degrade DDX58, IFIHI1, and mitochondrion-anchored
MAYVS. SQSTM1 may play a crucial role in tipping the balance of anti- to
proviral functions of autophagy, enhancing replication of MV-Edm, since it
mediates mitophagy.

expression levels of RLRs (data not shown). However, selective
autophagy mediated by SQSTM1, a chaperone protein involved in
specific degradation of ubiquitinated proteins by autophagy, is
necessary to attenuate the expression of DDX58, IFIH1, or MAVS.
Taken together, these observations suggest that autophagy plays
multiple roles in MV-Edm infection via different types of au-
tophagy. Bulk autophagy enhances viral replication as reported by
others (23), while selective autophagy promotes viral replication
by the attenuation of the innate immune response, as shown here.
The completion of late stages of autophagy is required to at-
tenuate RLR signaling, which argues that autophagy degrades
components involved in this pathway. Accordingly, we found that
MV-Edm engages SQSTM1-mediated mitophagy, which also re-
sults in the degradation of mitochondrial tethered proteins that
include MAVS. The trigger for mitophagy remains to be deter-
mined. It is possible that upon entry into the host cell, the virus
induces mitochondrial damage or impairs mitochondrial dynam-
ics, thereby targeting mitochondria toward autophagosomes (35).
It is noteworthy that IRGM, which has been shown to promote
proviral autophagy after infection by measles virus (22), is also
implicated in the regulation of mitochondrial fission (36). Thus, it
would be of interest to determine whether IRGM disrupts mito-
chondria dynamics and primes infected cells for mitophagy. Fur-
thermore, measles virus protein C is involved in the inhibition of
the IFN response (37, 38), and this protein has recently been
shown to be essential for sustaining autophagy in infected cells
(23). Whether protein C also contributes to mitophagy and
whether it modulates IRGM activity remain to be determined.
We found that inhibition of autophagy decreases cell death in
NSCLC cells, whereas recently published data demonstrate that
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apoptosis is enhanced upon inhibition of autophagy in HeLa cells
infected by MV-Edm (23). Indeed, ongoing investigations in our
lab also indicate that mitophagy inhibits apoptosis by removing
damaged mitochondria before they release cytochrome ¢; how-
ever, mitophagy enhances overall oncolysis by nonapoptotic cell
death (unpublished data). Thus, we postulate that autophagy-
promoted oncolysis might be a consequence of excessive viral rep-
lication enhanced by mitigated innate immunity and/or by atten-
uated apoptosis.

SQSTM1-mediated mitophagy is transient following MV-Edm
infection, since recruitment of SQSTM1 to mitochondria de-
creases over time. Our findings suggest two possible explanations
for this observation. First, mitophagy might remove only a specific
subset of mitochondria damaged by the virus, since mitochon-
drial mass is decreased roughly by half in infected cells. The second
explanation is that the intracellular abundance of SQSTM1 and its
degradation rate after autophagy and mitophagy induction define
the time window where mitophagy occurs. In that case, attenua-
tion of the innate immune response might be restricted to early
stages of infection in cells with a low SQSTM1 reservoir, whereas
high levels of SQSTM1 could allow anti-inflammatory mitophagy
to be sustained for longer periods. A corollary is that variations of
SQSTM1 abundance in different cells should influence oncolytic
efficacy in a tissue-specific manner. Given that SQSTMI is often
upregulated in cancers displaying RAS dependency (39-41), this
finding might contribute to explaining the targeted oncolytic ac-
tivity of viruses against cancer.

In conclusion, this work unveils a novel strategy exploited by
MV-Edm to mitigate the innate immune response of host cells. It
has been shown that autophagy and mitophagy contribute to the
defense against pathogens (36, 42) and attenuate inflammation to
prevent organism damage under some circumstances (43). Our
study demonstrates that MV-Edm usurps this homeostatic pro-
cess in cancer cells to impair the antiviral immune response and to
promote its replication. Finally, while our findings suggest that
combination treatment with MV-Edm and drugs that stimulate
autophagy should enhance oncolytic efficacy against cancer, they
also underline that stratification according to SQSTM1 levels and
appropriately timed modulation of autophagy might be needed to
optimize mitophagy levels for viral replication.
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