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ABSTRACT

Arenaviruses are important emerging human pathogens maintained by noncytolytic persistent infection in their rodent reser-
voir hosts. Despite high levels of viral replication, persistently infected carrier hosts show only mildly elevated levels of type I
interferon (IFN-I). Accordingly, the arenavirus nucleoprotein (NP) has been identified as a potent IFN-I antagonist capable of
blocking activation of interferon regulatory factor 3 (IRF3) via the retinoic acid inducible gene (RIG)-I/mitochondrial antiviral
signaling (MAVS) pathway. Another important mechanism of host innate antiviral defense is represented by virus-induced mi-
tochondrial apoptosis via RIG-I/MAVS and IRF3. In the present study, we investigated the ability of the prototypic Old World
arenavirus lymphocytic choriomeningitis virus (LCMV) to interfere with RIG-I/MAVS-dependent apoptosis. We found that
LCMV does not induce apoptosis at any time during infection. While LCMV efficiently blocked induction of IFN-I via RIG-I/
MAVS in response to superinfection with cytopathic RNA viruses, virus-induced mitochondrial apoptosis remained fully active
in LCMV-infected cells. Notably, in LCMV-infected cells, RIG-I was dispensable for virus-induced apoptosis via MAVS. Our
study reveals that LCMV infection efficiently suppresses induction of IFN-I but does not interfere with the cell’s ability to un-
dergo virus-induced mitochondrial apoptosis as a strategy of innate antiviral defense. The RIG-I independence of mitochondrial
apoptosis in LCMV-infected cells provides the first evidence that arenaviruses can reshape apoptotic signaling according to their
needs.

IMPORTANCE

Arenaviruses are important emerging human pathogens that are maintained in their rodent hosts by persistent infection. Persis-
tent virus is able to subvert the cellular interferon response, a powerful branch of the innate antiviral defense. Here, we investi-
gated the ability of the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) to interfere with the induction of pro-
grammed cell death, or apoptosis, in response to superinfection with cytopathic RNA viruses. Upon viral challenge, persistent
LCMV efficiently blocked induction of interferons, whereas virus-induced apoptosis remained fully active in LCMV-infected
cells. Our studies reveal that the persistent virus is able to reshape innate apoptotic signaling in order to prevent interferon pro-
duction while maintaining programmed cell death as a strategy for innate defense. The differential effect of persistent virus on
the interferon response versus its effect on apoptosis appears as a subtle strategy to guarantee sufficiently high viral loads for
efficient transmission while maintaining apoptosis as a mechanism of defense.

The arenaviruses are a large family of emerging viruses that
includes several causative agents of severe viral hemorrhagic

fevers with high mortality in humans (1, 2). Moreover, the proto-
typic arenavirus lymphocytic choriomeningitis virus (LCMV)
provides a powerful experimental system for the discovery of fun-
damental concepts of virus-host interaction and viral immunobi-
ology applicable to other pathogens (3, 4). Arenaviruses are envel-
oped negative-strand RNA viruses whose nonlytic life cycle is
restricted to the cytoplasm (1). The viral genome is comprised of
two RNA segments that code for two proteins each, using an am-
bisense coding strategy. The small (S) RNA segment encodes the
envelope glycoprotein precursor (GPC) and the nucleoprotein
(NP), and the L segment encodes the matrix protein (Z) and the
viral polymerase (L).

In their natural reservoir hosts, arenaviruses are maintained by
persistent infection via vertical transmission from infected moth-
ers to offspring in utero (1). Infection with LCMV of most mouse
strains within 24 h of birth, prior to negative selection of T cell and
B cell repertoires, results in tolerance and the establishment of a

largely asymptomatic carrier state (3). Despite extensive viral rep-
lication and high viral loads throughout organs and tissues (5),
LCMV carrier mice show only a modest type I interferon (IFN-I)
response (6), suggesting that arenaviruses evade or actively sup-
press, or both, innate immunity (7). Major pathogen recognition
receptors (PRRs) implicated in innate detection of arenaviruses in
many cell types are the cytosolic RNA helicases (RLHs) retinoic
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acid-inducible gene I (RIG-I) and melanoma differentiation-as-
sociated gene 5 (MDA5) (8–11), whereas Toll-like receptor 7
(TLR7) has been implicated in recognition of arenaviruses in plas-
macytoid dendritic cells (12, 13). Upon activation, RIG-I and
MDA5 induce downstream signaling by binding to the mitochon-
drial adaptor mitochondrial antiviral signaling (MAVS) protein,
also known as IFN-� promoter stimulator 1 (IPS-1), CARD adap-
tor inducing IFN-� (Cardif), and virus-induced signaling adaptor
(VISA) (14–17). Activation of MAVS leads to the assembly of a
signaling complex, including tumor necrosis factor receptor-asso-
ciated factors (TRAFs), classical I�B kinases IKK�/IKK�/NEMO
involved in activation of nuclear factor �B (NF-�B), and the IKK-
related TANK-binding kinase (TBK1) and IKKε (14–18) that ac-
tivate interferon regulatory factor 3(IRF3) and IRF7 (19). The
arenavirus NP was identified as an IFN antagonist viral factor able
to block the induction of IFN-I in the host cell by preventing the
activation of the transcription factors IRF3 and NF-�B (20, 21).
The IFN-I-counteracting activity of NP has been linked to a 3=–5=
exoribonuclease activity located within the C-terminal region of
NP (22–27). Interestingly, infection with different strains of the
New World arenavirus Junin (JUNV) induced IFN-I in a RIG-I-
dependent manner (28), suggesting that arenavirus species differ
in their ability to evade innate immunity.

Another important mechanism of innate antiviral defense is
the induction of programmed cell death, or apoptosis, in response
to viral infection (29). Apoptosis is a fundamental process essen-
tial for normal development and health and can be triggered via an
extrinsic pathway involving death receptors of the tumor necrosis
factor receptor (TNFR) family as well as an intrinsic pathway in-
duced at the mitochondrion (30). Many DNA and RNA viruses
can induce and influence apoptosis in the host cell by affecting
pro- and antiapoptotic signaling pathways (31, 32). Notably, RNA
and DNA viruses can trigger mitochondrial apoptosis via a RIG-
I/MAVS-dependent pathway involving IRF3 (33, 34). In contrast
to the IFN-I response that requires translocation of IRF3 into the
nucleus, apoptotic activation of IRF3 via MAVS results in its as-
sociation with the proapoptotic protein Bax in the cytosol (33).
Subsequent translocation of the IRF3/Bax complex to the mito-
chondrion induces cytochrome c release from the inner mito-
chondrial membrane, which leads to oligomerization of apoptotic
protease-activating factor 1 (APAF-1), followed by autocatalytic
cleavage of procaspase 9 and activation of the effector caspase 3.

Recent studies addressed the capacity of the New World are-
navirus JUNV to influence apoptotic signaling in the host cell.
Infection of human and primate cells with JUNV induced apop-
tosis in a RIG-I-dependent, IFN-I-independent manner (35).
Moreover, JUNV NP was found to act as a decoy substrate for
activated caspase 3 (36), providing the first evidence that arenavi-
ruses can counteract proapoptotic signaling. In the present study,
we sought to extend these studies by investigating the interplay of
the prototypic Old World arenavirus LCMV with RIG-I/MAVS-
dependent mitochondrial apoptosis. We found that, in contrast to
JUNV, LCMV does not induce apoptosis at any time during in-
fection. While LCMV efficiently blocked RIG-I/MAVS-depen-
dent induction of IFN-I in response to superinfection with cyto-
lytic RNA viruses, MAVS-dependent mitochondrial apoptosis
remained fully active in LCMV-infected cells. Remarkably, virus-
induced mitochondrial apoptosis became independent of RIG-I
in LCMV-infected cells, suggesting that LCMV persistence re-

shapes the host cell program that contributes to virus-induced
proapoptotic signaling.

MATERIALS AND METHODS
Cells and viruses. Human lung adenocarcinoma epithelial cells (A549),
human fibrosarcoma cells (HT-1080), mouse embryonic fibroblasts
(MEF), and human hepatocarcinoma Huh7 and Huh7.5 cells (37) were
maintained in Dulbecco’s modified Eagle medium (DMEM) (Gibco BRL)
supplemented with 10% fetal calf serum (FCS) at 37°C and 5% CO2.
Primary mouse cardiac fibroblasts (MCF) isolated from day 2 mouse
heart were purchased from ScienCell Research Laboratories (Carlsbad,
CA) and cultured according to the manufacturer’s instructions. Cells were
expanded for five doubling times under the conditions recommended by
the provider, and their differentiated phenotype was verified by immuno-
fluorescence staining for fibronectin expression.

To infect cells, we used LCMV ARM53b variant clone 13, vesicular
stomatitis virus (VSV) serotype Indiana, and the Cantell strain of Sendai
virus (SeV), purchased from Charles River Laboratories (Wilmington,
MA). For the use of VSV at the Institute of Microbiology of the Lausanne
University Hospital, we obtained permission number A141238 from the
Office Fédéral de la Securité Alimentaire et des Affaires Veterinaries
(OSAV). The viruses were diluted in 10% FCS-DMEM and added to the
cells for 1 h at 37°C. The inoculum was then removed and replaced by
fresh cell medium. Detection of LCMV infection by flow cytometry was
performed via intracellular staining for LCMV NP as described previously
(38). Samples were analyzed with a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA) using Cell Quest software. Infectious virus titers
were determined by immunofocus assay (IFA) on fresh monolayers of
Vero E6 cells as described previously (39).

Antibodies and reagents. Guinea pig serum anti-LCMV and mouse
monoclonal antibody (MAb) 113 anti-LCMV NP have been previously
described (40). Monoclonal antibody anti-�-tubulin was from Sigma-
Aldrich (St. Louis, MO). Rabbit MAb directed against the cleaved form of
poly(ADP-ribose) polymerase (clPARP), rabbit polyclonal antibody
(pAb) anti-Akt, and rabbit MAb anti-phospho-Akt were from Cell Sig-
naling Technology (Danvers, MA). Mouse MAb against RIG-I protein
was purchased from Adipogen International (Liestal, Switzerland).
Mouse MAb anti-MAVS and mouse MAb anti-cytochrome c were from
Enzo Life Sciences (Farmingdale, NY) and Life Technologies (Carlsbad,
CA), respectively. Mouse MAb 23H12 to the M protein of VSV (41) was
kindly provided by Douglas S. Lyles (Wake Forest University School of
Medicine, Winston-Salem, NC). Alexa Fluor 488 F(ab=)2 fragment of goat
anti-mouse IgG and Alexa Fluor 594 goat anti-mouse IgG2a were pur-
chased from Life Technologies (Carlsbad, CA). Staurosporine used as an
inducer of mitochondrial apoptosis and the inhibitor of phosphatidylino-
sitol 3-kinase (PI3K) LY294002 (25 �M) were from a kinase inhibitor
library from Enzo Life Sciences (Farmingdale, NY).

Detection of caspase activity. To monitor activation of caspases 9 and
3/7, we used Caspase-Glo 9 and 3/7 assay kits from Promega (Madison,
WI). Briefly, 2 � 104 cells per well were seeded in 96-well white, clear-
bottom plates on the day prior to the experiment. Cells were then infected
with viruses or treated with drugs for the time points indicated on the
figures. Cells were processed according to the manufacturer’s protocol,
and caspase activity was measured by luminescence detection in a TriStar
LB 941 multimode microplate reader from Berthold Technologies (Bad
Wildbad, Germany).

Microscopy. To visualize the release of cytochrome c from mitochon-
dria, A549 cells were seeded on glass eight-well LabTek tissue culture
chamber slides (Nunc) and infected with viruses or treated with drugs for
different time periods as indicated on the figures. Specimens were fixed
with 2% (wt/vol) formaldehyde in phosphate-buffered saline (PBS) for 15
min at room temperature and washed with PBS. Cells were then perme-
abilized for 30 min at room temperature with 0.1% (wt/vol) saponin, 10%
(vol/vol) goat serum, and 100 mM glycine-PBS. Primary and secondary
antibodies were diluted in 0.1% (wt/vol) saponin–1% (vol/vol) goat se-
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rum in PBS and incubated overnight at 4°C and for 1 h at room temper-
ature, respectively. Specimens were mounted using Mowiol (Sigma-Al-
drich, St. Louis, MO). Image acquisition was performed with a Zeiss
LSM710 Quasar confocal microscope equipped with a Plan Apochromat
lens (40� or 20� objective; 1.2 numerical aperture [NA]), a 405-nm
diode laser, argon lasers (458, 476, 488, and 514 nm), and a 561-nm
diode-pumped solid-state (DPSS) laser. To quantify cytochrome c release,
the nucleoprotein (NP) of LCMV was detected using guinea pig anti-
LCMV serum using an Alexa Fluor 594-conjugated goat anti-guinea pig
IgG secondary antibody. Cytochrome c was detected with mouse MAb
anti-cytochrome c and an Alexa Fluor 488 F(ab=)2 fragment of goat anti-
mouse IgG. Cell nuclei were counterstained with 4=,6=-diamidino-2-phe-
nylindole (DAPI), and specimens were examined under a fluorescence
microscope equipped with a narrow band-pass filter. In three visual fields,
100 NP-positive cells (red) were counted, and cells showing release of
cytochrome c (green) were scored. In the staurosporine-treated speci-
mens, 3 � 100 cells were examined, and redistribution of cytochrome c
was scored.

Western blotting. Cells were lysed using sodium dodecyl sulfate
(SDS) sample buffer, and the lysates were boiled for 5 min at 95°C before
being processed by SDS-polyacrylamide gel electrophoresis (PAGE). Pro-
teins were transferred to nitrocellulose membranes and then detected us-
ing specific primary antibodies and species-specific secondary antibodies.
Protein bands were visualized using a chemiluminescence detection kit
(GE Health Care, United Kingdom) and a charge-coupled-device (CCD)
camera (ImageQuant LAS4000; GE Health Care) according to the manu-
facturer’s instructions.

Real-time RT-qPCR and detection of IFN-� protein. Total RNA was
purified with an RNeasy minikit (Qiagen, Chatsworth, CA), and cDNA
was synthesized using a high-capacity cDNA reverse transcription kit
from Applied Biosystems (Foster City, CA). TaqMan probes specific for
human IFN-� (Hs01077958_s1), mouse IFN-� (Mm00439552_s1),
MDA5 (IFIH1; Hs01070332_m1), NOD2 (Hs00223394_m1), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH; Hs99999905_m1) were
obtained from Applied Biosystems. Reverse transcription-quantitative
PCR (RT-qPCR) was performed using a StepOne RT-qPCR system (Ap-
plied Biosystems), and gene expression levels relative to GAPDH were
determined according to the 2���CT (where CT is threshold cycle)
method (42).

For the detection of IFN-� protein, cell culture supernatants of in-
fected cells were harvested, centrifuged for 5 min at 12,000 rpm, and kept
on ice. IFN-� protein was detected using a multisubtype enzyme-linked
immunosorbent assay (ELISA) kit for the quantitative determination of
human IFN-� in cell culture supernatant samples (PBL Interferon Source,
Piscataway, NJ) in a 96-well plate format according to the manufacturer’s
recommendations.

RNAi. RNA interference (RNAi) was performed using validated small
interfering RNAs (siRNAs) for RIG-I (DDX58; SI03019646), MDA5
(IFIH1; SI03648981), MAVS (VISA; SI04190368), and NOD2 (CARD15;
SI00133049) and a scrambled siRNA (1027280) as a control from Qiagen
(Chatsworth, CA). Briefly, 5 � 105 cells in six-well plates were first reverse
transfected and then forward transfected 24 h later with 2.5 nM siRNA
and Lipofectamine RNAiMAX (Invitrogen, Paisley, United Kingdom) as
described previously (43). At 24 h after the second transfection, cells were
replated and, 8 h later, infected. In parallel samples, the efficiency of
knockdown was verified by Western blotting or RT-qPCR detection of
mRNA at 72 h after the first transfection, as indicated on the figures.

Statistical analysis. Caspase assay data were analyzed using one-way
analysis of variance (ANOVA), followed by a Bonferroni posttest, as in-
dicated in the figures and figure legends.

RESULTS
LCMV does not induce mitochondrial apoptosis. Infection of
cells with cytolytic RNA viruses such as Sendai virus (SeV) and
vesicular stomatitis virus (VSV) can induce mitochondrial apop-

tosis via a RIG-I/MAVS-dependent pathway involving IRF3 and
Bax (33, 34), and, recently, RIG-I-dependent apoptosis was ob-
served in cells infected with the New World arenavirus JUNV (35).
Here, we extended these studies investigating a possible role of this
pathway in the infection with the prototypic Old World arenavi-
rus LCMV. Human lung epithelial cells (A549) and the fibrosar-
coma cell line HT-1080, originally used to elucidate the pathway
(33), were infected with LCMV at a multiplicity of infection
(MOI) of 3, resulting in 	95% infected cells after 24 h, as assessed
by flow cytometry (data not shown). Activation of caspase 9 and
caspase 3/7 was monitored over time using a robust biochemical
assay, as detailed in Materials and Methods. Neither caspase 9 nor
caspase 3/7 underwent significant activation during up to 3 days of
LCMV infection (Fig. 1A). In contrast, infection with SeV and
VSV, as well as exposure to the proapoptotic drug staurosporine,
induced robust caspase 9 and 3/7 activity (Fig. 1A). In line with the
lack of caspase activation, we did not observe cytochrome c leak-
ing from mitochondria in LCMV-infected cells, whereas exposure
to staurosporine resulted in marked cytochrome c release (Fig. 1B
and C). Next, we examined cleavage of poly(ADP-ribose) poly-
merase (PARP), a substrate of caspase 3 and a validated marker of
apoptosis. Infection with SeV and VSV resulted in extensive PARP
cleavage, as reported previously (33, 34), whereas no PARP pro-
cessing was detected in LCMV-infected cells (Fig. 1D), consistent
with the lack of caspase activation and absence of cytochrome c
release (Fig. 1A).

Some RNA viruses are able to activate phosphatidylinositol
3-kinase (PI3K) early in infection, resulting in a delay of mito-
chondrial apoptosis via phosphorylation and activation of the an-
tiapoptotic kinase Akt/protein kinase B (PKB) (44). To address
this possibility, we examined the activation of PI3K/Akt during
the course of LCMV infection. Briefly, A549 cells were infected
with LCMV, and Akt phosphorylation was detected with phos-
pho-Akt-specific antibodies at different time points postinfection.
During infection with LCMV, we observed enhanced phosphory-
lation of Akt in a biphasic manner, with an early activation at
around 4 h postinfection, followed by a later and more sustained
activation at 24 h (Fig. 2A). Inhibition of PI3K by the inhibitor
LY294002 abolished virus-induced phosphorylation of Akt (Fig.
2A). To address a possible role of early virus-induced PI3K/Akt
activation in preventing apoptosis, cells were infected with LCMV
or SeV in the presence of LY294002, and activation of caspase 3/7
was monitored over time. The presence of the PI3K inhibitor did
not accelerate or enhance the induction of caspase 3/7 after chal-
lenge with LCMV (Fig. 2B), but it did so after challenge with SeV
(Fig. 2C), as reported earlier (44), suggesting that activation of
PI3K is not responsible for the absence of apoptosis during LCMV
infection.

LCMV blocks RIG-I/MAVS-dependent virus-induced IFN-I
production but not apoptosis. Next, we compared the effect of
LCMV on the RIG-I/MAVS-dependent signaling pathways in-
volved in the induction of IFN-I (14–17) and virus-activated
mitochondrial apoptosis in response to challenge with cytolytic
RNA viruses (33, 34). First, we confirmed the role of RIG-I in
both pathways in our system. To this end, we depleted RIG-I
from A549 cells by RNA interference (RNAi). Cells treated with
an siRNA to RIG-I showed 	95% reduction in RIG-I protein
after 72 h compared to the level of the control, as assessed by
densitometric analysis of the Western blot (Fig. 3A). Consis-
tent with earlier reports, depletion of RIG-I prevented the in-
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duction of IFN-� mRNA (14, 33) (Fig. 3B) and markedly re-
duced virus-induced mitochondrial apoptosis in response to
infection with SeV or VSV (33) (Fig. 3C).

We next examined whether LCMV interfered with these two
pathways. For this, A549 cells were infected with LCMV for 48 h,
and the extent of infection was verified by detection of NP in flow
cytometry, revealing 	95% infection (Fig. 4A). LCMV- and
mock-infected A549 cells were then superinfected with SeV and
VSV, and the induction of IFN-� mRNA was detected by RT-
qPCR. In line with previous reports (20), LCMV infection drasti-
cally reduced the induction of IFN-� mRNA upon SeV and VSV
superinfection (Fig. 4B). When cell culture supernatants were
probed for IFN-� protein by ELISA, significantly reduced levels
were found in LCMV-infected cells upon challenge with VSV or
SeV (Fig. 4C). In contrast to the marked suppression of the IFN-I
response, LCMV infection could not prevent activation of
caspases 9 and 3/7 (Fig. 4D). Consistent with the high levels of

caspase activation, we detected extensive release of cytochrome c
(Fig. 4E and F) and PARP cleavage (Fig. 4G) in LCMV-infected
cells challenged with VSV. Superinfection with SeV gave similar
results (data not shown). In sum, the data indicated that LCMV
differentially affected the RIG-I/MAVS-induced type I IFN re-
sponse and mitochondrial apoptosis.

A hallmark of arenaviruses is their ability to establish persistent
infection in cells in vitro and in vivo (1). To address the effect of
persistent LCMV infection on the host cell’s ability to undergo
virus-induced apoptosis, we established LCMV persistently in-
fected (LCMV-pi) A549 and HT-1080 cells, as well as LCMV-pi
mouse embryonic fibroblasts (MEF). In LCMV-pi cultures 	95%
of cells expressed LCMV NP, as detected by flow cytometry (data
not shown). LCMV-pi cells were challenged with VSV and SeV,
and virus-induced apoptosis was assessed by detecting the activa-
tion of caspases 9 and 3/7. As shown in Fig. 5, superinfection with
both VSV and SeV resulted in moderately enhanced activation of

FIG 1 LCMV infection does not induce mitochondrial apoptosis. (A) No activation of caspases 9 and 3/7 in LCMV-infected cells. A549 and HT-1080 cells were
infected with LCMV (MOI of 3) or left uninfected (u), and activation of caspases 9 and 3/7 was measured at the indicated time postinfection (hpi) using
Caspase-Glo luminescence assays as described in Materials and Methods. In the positive controls, cells were exposed to 3 �M staurosporine (St) for 8 h or infected
with SeV (80 hemagglutinin units/ml) or VSV (MOI of 3) for 16 h. Data presented are normalized to relative luminescence units (RLU) detected in uninfected
cells (n 
 3; means � standard deviations). Statistical significance was assessed by one-way ANOVA as follows: *, P � 0.0001; n.s., not significant (P 	 0.05). (B)
Cytochrome c release in LCMV infected cells. A549 cells were infected with LCMV, left uninfected, or exposed to staurosporine as described for panel A. At 24
and 48 h postinfection cells were fixed, permeabilized, and stained for cytochrome c (green), and nuclei were visualized with DAPI (blue). Specimens were
examined by confocal laser scanning microscopy. Scale bar, 20 �m. (C) Quantification of cytochrome c release in LCMV-infected cells. A549 cells were infected
with LCMV for 48 and 72 h, left uninfected, or exposed to staurosporine. At the indicated time points, cells were fixed, permeabilized, and stained for LCMV NP
using a guinea pig serum anti-LCMV and an Alexa Fluor 594-conjugated secondary antibody. Cytochrome c was detected as described for panel B. In
LCMV-infected specimens, 100 NP-positive cells were examined, and cells showing release of cytochrome c were scored. In the staurosporine-treated specimens,
cytochrome c release of 100 cells was assessed. Data represent the means of triplicates � standard deviations. (D) PARP cleavage in LCMV-infected cells. A549
cells were infected with LCMV (MOI of 3), SeV (80 hemagglutinin units /ml), or VSV (MOI of 3) or left uninfected (U). At 48 h after LCMV infection and 16 h
after VSV and SeV infections, cells were lysed, and the cleavage of PARP was assessed by Western blotting using an antibody specific for cleaved PARP (clPARP).
Tubulin expression was used as a loading control.
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both caspase 9 and caspase 3/7 in all three LCMV-pi cell types
compared to levels in mock-infected controls.

So far, our studies on the effects of LCMV on virus-induced
apoptosis had been performed in cell lines (A549 and HT-1080) or
MEF. In a next step we sought to validate our findings using a
suitable primary murine cell type. For our studies, we chose pri-
mary mouse cardiac fibroblasts (MCF) isolated from postnatal
day 2 mouse heart. We found this cell type to maintain a stable
phenotype in vitro for up to five population doublings and to be
highly susceptible to LCMV infection. When MCF were infected
with LCMV at an MOI of 0.1, 	98% of MCF were NP positive
after 48 h (Fig. 6A). Infection with LCMV at a high MOI (MOI of
3) did not induce activation of caspase 9 or caspase 3/7 over time
(Fig. 6B), and no signs of cytopathic effect (CPE) were observed.

In contrast, infection of MCF with VSV or treatment with stau-
rosporine caused induction of caspases 9 and 3/7 (Fig. 6B).
Similar to results with the cell lines studied before, LCMV in-
fection in MCF did not result in cytochrome release (Fig. 6C)
or PARP cleavage (Fig. 6D). As observed in our cell lines, in-
fection with LCMV prevented induction of IFN-I in MCF upon
superinfection with VSV (Fig. 6E), whereas virus-induced
apoptosis remained active, as evidenced by induction of
caspases (Fig. 6F), cytochrome c release (Fig. 6G), and PARP
cleavage (Fig. 6H). Together, the data provided the first evi-
dence that acute and persistent LCMV infection efficiently
blocks virus-induced IFN-I expression but retains the host
cell’s ability to undergo efficient mitochondrial apoptosis in
response to superinfection with lytic RNA viruses.

FIG 2 LCMV activates the PI3K/Akt pathway. (A) LCMV infection induces Akt phosphorylation. A549 cells were infected with LCMV (MOI of 3) or left
uninfected (U) in the presence of the PI3K inhibitor LY294002 or vehicle alone (dimethyl sulfoxide [DMSO]). Cells were lysed at the indicated time points, and
phosphorylation of Akt (pAkt) was assessed by Western blotting using a phosphospecific antibody. Expression of Akt was detected with a phosphorylation-
insensitive antibody. Signals were analyzed by densitometry, and the ratio of phospho-Akt/Akt calculated with uninfected cells was defined as 1. At 24 h
postinfection an additional band (*), distinct from phosphorylated Akt (pAkt), was detected in the presence of LY294002. (B) Inhibition of PI3K activation does
not induce apoptosis in LCMV-infected cells. A549 cells were infected with LCMV (MOI of 3), SeV (80 hemagglutinin units/ml), or left uninfected (u) in the
presence or absence of LY294002 as described for panel A. Activation of caspase 3/7 was assessed at the indicated time postinfection as described in the legend of
Fig. 1A. Staurosporine (St) treatment (3 �M for 8 h) was used as a positive control. Data presented are normalized to values of uninfected (u) cells (n 
 3;
means � standard deviations). Statistical analysis for SeV-infected specimens was performed by one-way ANOVA comparing results for specimens treated with
LY294002 with those for specimens treated with vehicle (DMSO). For LCMV, we compared results for LCMV-infected cells with those for staurosporine-treated
cells. P values are indicated. n.s., not significant (P 	 0.05).

FIG 3 Virus-induced IFN-I response and mitochondrial apoptosis are RIG-I dependent. (A) Depletion of RIG-I by RNAi. A549 cells were first reverse
transfected with siRNA for RIG-I or control siRNA (C), followed by forward transfection 24 h later. Efficiency of depletion was assessed 72 h after the first
transfection by Western blotting using specific antibody against RIG-I. (B) Depletion of RIG-I prevents induction of IFN-I by VSV and SeV. Cells depleted of
RIG-I, as described for panel A, were infected with VSV (MOI of 3) and SeV (80 hemagglutinin units/ml) for 16 h or left uninfected (u). Cells were lysed, total
RNA was extracted, and cDNA was synthesized by reverse transcription. IFN-� mRNA was detected by RT-qPCR using specific TaqMan probes for IFN-� and
GAPDH. Gene expression levels relative to GAPDH were determined according to the 2���CT method. Data represent fold induction relative to levels in
uninfected cells (n 
 3; means � standard deviations). (C) Induction of apoptosis by SeV and VSV is dependent on RIG-I. Cells depleted for RIG-I, as described
for panel A, were infected with VSV (MOI of 3) or SeV (80 hemagglutinin units/ml). Cleavage of PARP was assessed by Western blotting using a specific antibody.
Tubulin expression was used as a loading control.
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Virus-induced mitochondrial apoptosis in LCMV-infected
cells is independent of RIG-I, MDA5, and NOD2 but requires
signaling via MAVS. Our data revealed that LCMV efficiently
blocked RIG-I-mediated induction of IFN-I without perturbing

mitochondrial apoptosis triggered by superinfection with a differ-
ent RNA virus. Since induction of mitochondrial apoptosis by SeV
and VSV critically depends on RIG-I and MAVS (33, 34), we ex-
amined the role of these signaling molecules in the observed mi-

FIG 4 LCMV blocks virus-induced IFN-� production but not apoptosis. (A) A549 cells were infected with LCMV (MOI of 0.1), and NP-positive cells were
detected at 48 h postinfection by flow cytometry. Solid line, MAb 113 to LCMV NP combined with anti-mouse IgG-phycoerythrin; dashed line, secondary
antibody only. One representative example of three independent experiments is shown. (B) LCMV infection prevents VSV- and SeV-induced IFN-I response.
A549 cells were infected with LCMV at an MOI of 0.1 or mock infected (u) for 48 h and then superinfected with VSV (MOI of 3) or SeV (80 hemagglutinin
units/ml). At 16 h postinfection, levels of IFN-� mRNA were determined by RT-qPCR as described in the legend of Fig. 3B. Data represent fold induction above
values for uninfected (u) cells (n 
 3; means � standard deviations). (C) Detection of IFN-� protein. Supernatants from the experiment described in panel B
were analyzed in a multisubtype IFN-� ELISA. Induction of IFN-� protein was calculated over the level in mock-treated uninfected (u) cells (n 
 3; means �
standard deviations). (D) LCMV infection does not prevent virus-induced caspase activation. A549 cells were infected with LCMV (MOI of 0.1) or mock infected
for 48 h, followed by superinfection with VSV (MOI of 3) (C) or SeV (80 hemagglutinin units/ml) (D) as described for panel B. At 16 h postinfection, activity of
caspases 9 and 3/7 was measured as described in the legend of Fig. 1A. Data presented are normalized to levels of uninfected (u) cells (n 
 3; means � standard
deviations). For statistical analysis, LCMV-infected and mock-infected specimens were compared at each time point by one-way ANOVA. P values are indicated.
n.s., not significant (P 	 0.05). (E) LCMV infection does not prevent VSV-induced cytochrome c release. A549 cells were infected with LCMV or mock infected,
followed by superinfection with VSV. At the indicated time points, cells were stained for cytochrome c (green) with a specific antibody, and nuclei were visualized
with DAPI (blue). (F) Cytochrome c release in LCMV-infected and staurosporine-treated cells was quantified as described in the legend of Fig. 1C. (G) LCMV
does not prevent VSV-induced PARP cleavage. Cells were LCMV infected or mock infected and superinfected with VSV for 16 h. PARP cleavage was assessed by
Western blotting. Tubulin was used as a loading control. The increased PARP cleavage in LCMV-infected versus mock-infected cells was consistently observed.

FIG 5 LCMV-pi cells remain sensitive to virus-induced mitochondrial apoptosis. A549 cells, HT-1080 cells, and MEF were either persistently infected with LCMV or
mock infected. Cells were then superinfected with SeV (80 hemagglutinin units/ml) and VSV (MOI of 3) for 16 and 20 h. Activation of caspases 9 and 3/7 was measured
as described in the legend of Fig. 1A. Data presented are normalized to levels of mock-treated, uninfected (u) cells (n 
 3; means � standard deviations). Statistical
analysis was performed by one-way ANOVA, comparing results for LCMV-infected and noninfected specimens at each time point. P values are indicated. n.s., not
significant (P 	 0.05).
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tochondrial apoptosis in LCMV-pi cells. For this purpose, we used
RNAi to deplete RIG-I and MAVS from LCMV-pi and mock-
infected A549 cells. Treatment of cells with specific siRNAs to
RIG-I and MAVS, but not control siRNAs, resulted in a reduction
of protein expression of 	95%, as assessed by Western blotting
(Fig. 7A and B). As expected, mock-infected cells depleted of
RIG-I and MAVS were unable to upregulate IFN-� mRNA after
challenge with VSV (Fig. 7C and D). LCMV blocked VSV-medi-
ated induction of IFN-� mRNA to a similar extent as knockdown
of RIG-I and MAVS (Fig. 7C and D). Remarkably, LCMV-pi cells
depleted of RIG-I were still able to undergo efficient apoptosis in
response to VSV challenge, as assessed by PARP cleavage (Fig. 7E).
In contrast, depletion of MAVS abolished VSV-induced apoptosis
in both LCMV-pi and mock-infected cells (Fig. 7F), indicating
that apoptosis in the presence of LCMV still requires signaling
through MAVS.

The RIG-I-independent virus-induced mitochondrial apopto-
sis in the presence of LCMV suggested detection of the chal-

lenge virus by another cytosolic PRR linked to MAVS. To assess
a possible role of MDA5 in this context, we used RNAi to de-
plete LCMV-pi and mock-infected A549 cells of MDA5 (Fig.
8A). Silencing of MDA5 had no effect on VSV-induced apop-
tosis in either LCMV-pi or mock-infected cells (Fig. 8B), mak-
ing a role of MDA5 in the process rather unlikely. Recent stud-
ies implicated nucleotide-binding oligomerization domain 2
(NOD2) in detection of viral RNA derived from the paramyxo-
virus respiratory syncytial virus (RSV) (45). Upon recognition
of virus-derived single-stranded RNA (ssRNA), NOD2 associ-
ates with MAVS, resulting in activation of IRF3. To address a
possible function of NOD2 in virus-induced mitochondrial
apoptosis in LCMV-pi cells, NOD2 was depleted by RNAi (Fig.
8C), which was followed by challenge with VSV. Despite
marked depletion of NOD2 mRNA, virus-induced mitochon-
drial apoptosis remained intact in LCMV-pi cells (Fig. 8D),
arguing against a major role of NOD2 as a PRR. Together, our
data indicate that virus-induced mitochondrial apoptosis in

FIG 6 LCMV infection in primary MCF blocks virus-induced IFN-I production but not apoptosis. (A) Primary MCF were infected with LCMV at an MOI of
0.1. At the indicated time points, cells were fixed, and LCMV NP was detected by immunofluorescence. One hundred cells were counted, and NP-positive cells
were scored (n 
 3; means � standard deviations). (B) MCF were infected with LCMV as described for panel A, and activation of caspases 9 and 3/7 was
monitored over time as described in the legend of Fig. 1A. VSV (MOI of 3; 16 h of infection) and staurosporine (St) (3 �M; 8 h) were used as positive controls.
(n 
 3; means � standard deviations). Data were analyzed by one-way ANOVA comparing values for each specimen with those of the uninfected cells. *, P �
0.0001; n.s., not significant (P 	 0.05). (C) MCF infected with LCMV for the indicated time points were examined for cytochrome c release as described in the
legend of Fig. 1C (n 
 3; means � standard deviations). (D) Detection of cleaved PARP (clPARP) in MCF infected with LCMV (MOI of 0.1) for 48 and 72 h or
with VSV (MOI of 3) for 16 h or left uninfected (u). (E) LCMV prevents induction of IFN-� mRNA in MCF. MCF were infected with LCMV (MOI of 0.1) or
mock infected for 48 h, followed by challenge with VSV (MOI of 3; 16 h of infection). IFN-� mRNA was detected by RT-qPCR as described in the legend of Fig.
3B (n 
 3; means � standard deviations). (F to H) LCMV infection in MCF does not prevent apoptosis upon challenge with VSV. MCF infected with LCMV as
described for panel E were superinfected with VSV (MOI of 3). At the indicated time points, activation of caspases 9 and 3/7 (F) and cytochrome c release (G) were
detected as described in the legend of Fig. 1A and C, respectively (n 
 3; means � standard deviations). Cleavage of PARP (H) was assessed after 20 h by Western
blotting as described in the legend of Fig. 1D. Statistical analysis in panel F was performed by one-way ANOVA comparing values for LCMV- and mock-infected
cells for each time point. P values are indicated. n.s., not significant (P 	 0.05).
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LCMV-infected cells is independent of RIG-I, MDA5, and
NOD2 but requires signaling via MAVS, suggesting that per-
sistent virus alters the molecular mechanism of virus-induced
apoptosis.

DISCUSSION

Many viruses are capable of delaying or preventing apoptosis to
maintain a favorable cellular environment for productive infec-
tion (31, 32, 46). This is of particular importance in persistent viral

infections, where efficient virus replication and gene expression
must occur without causing overt cytopathic effects. With a life
cycle confined to the cytoplasm, arenaviruses are unable to inte-
grate into the genome of the host cell and to adopt a latent state
(1). As a consequence, arenavirus persistence is maintained by
productive infection, characterized by high levels of viral replica-
tion and gene expression (5, 47). Recent studies revealed that in-
fection with the New World arenavirus JUNV induces apoptosis
in an IFN-I-independent manner via RIG-I (35) and that JUNV

FIG 7 Virus-induced mitochondrial apoptosis in LCMV-pi cells is RIG-I independent but requires MAVS. (A and B) LCMV-pi A549 cells were depleted of RIG-I
and MAVS using specific siRNAs, and efficiency of knockdown was verified by Western blotting using tubulin as a loading control. (C and D) Persistent LCMV
prevents induction of IFN-� via RIG-I and MAVS. LCMV-pi and mock-infected control cells depleted of RIG-I or MAVS were superinfected with VSV (MOI of
3) for 16 h. The induction of IFN-� mRNA was assessed by RT-qPCR as described in the legend of Fig. 3B. Data represent fold induction above the level seen in
uninfected (u) and control siRNA (C)-treated cells (n 
 3; means � standard deviations). (E and F) Virus-induced apoptosis in LCMV-pi cells is independent
of RIG-I but requires MAVS. Cells were depleted of RIG-I and MAVS and then superinfected with VSV as described for panels C and D. PARP cleavage was
detected in cell lysates by Western blotting as described in the legend of Fig. 1D, using tubulin as a loading control.

FIG 8 Virus-induced mitochondrial apoptosis in LCMV-pi cells is independent of MDA5 and NOD2. LCMV-pi A549 cells were depleted of MDA5 (A) and
NOD2 (C) by transfection of specific siRNAs and control siRNAs. Efficiency of knockdown was verified by RT-qPCR. LCMV-pi and mock-infected control cells
depleted of MDA5 (B) and NOD2 (D) were superinfected with VSV (MOI of 3). After 16 h, cells were lysed, and PARP cleavage was detected by Western blotting
using tubulin as a loading control.
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NP is able to block apoptosis by acting as a decoy substrate for the
effector caspase 3 (36). In mice persistently infected with LCMV,
apoptotic cells are scarce (3), despite high viral load in many or-
gans and tissues, suggesting that the virus can evade or actively
suppress proapoptotic signaling. First, we infected different hu-
man and murine cells with LCMV and found no evidence for the
induction of mitochondrial apoptosis, as assessed by activation of
caspases 9 and 3/7, cytochrome c release, and PARP cleavage. Sim-
ilar to other RNA viruses, including SeV (44, 48), influenza virus
(49), and JUNV (50), LCMV was found to activate the anti-apop-
totic PI3K/Akt pathway early in infection. However, inhibition of
PI3K did not accelerate apoptosis in LCMV-infected cells, arguing
against a crucial antiapoptotic function of the virus-induced acti-
vation of PI3K/Akt.

Consistent with previous studies, we found that LCMV effi-
ciently suppressed induction of IFN-I in response to superinfec-
tion by SeV and VSV (20). However, challenge of LCMV-infected
cells with SeV and VSV resulted in efficient induction of mito-
chondrial apoptosis. In LCMV-pi cells, virus-induced apoptosis
seemed to occur even more efficiently than in uninfected cells,
suggesting that the prolonged presence of LCMV somehow sensi-
tized proapoptotic pathways. Findings obtained in human cell
lines (A549 and HT-1080) and MEF were confirmed in primary
mouse cells, excluding cell type-specific artifacts. Our data pro-
vided the first evidence that LCMV differentially affects the virus-
induced RIG-I/MAVS-mediated IFN-I response, on the one hand,
and mitochondrial apoptosis, on the other hand (Fig. 9). This
appears distinct from the effects of JUNV and other RNA viruses,
like VSV and SeV, that induce both IFN-I and apoptosis via RIG-
I/MAVS (28, 35).

The ability of LCMV to block RIG-I/MAVS-mediated in-
duction of IFN-I but not apoptosis seemed contradictory to
recent studies by Chattopadhyay and colleagues that revealed a
lower activation threshold of IRF3 for the IFN-I response than
for apoptosis (51). To address this apparent contradiction, we
evaluated the role of RIG-I and MAVS in virus-induced apop-
tosis in LCMV-pi cells. Silencing of RIG-I and MAVS by RNAi

revealed that RIG-I was dispensable for induction of apoptosis
in LCMV-pi cells upon challenge with RNA viruses, whereas
MAVS was still required. This finding suggested that in
LCMV-pi cells, incoming challenge virus may be sensed via a
distinct PRR (Fig. 9). Evaluation of MDA5 and NOD2 excluded
these candidates, and the nature of the MAVS-linked PRR in-
volved in virus-induced apoptosis in LCMV-pi cells remains
unknown. In sum, our study reveals a differential effect of
LCMV on the virus-induced IFN response versus apoptosis. In
the context of the coevolution of the virus with its natural
reservoir species, this appears as a subtle strategy to guarantee
sufficiently high viral loads for efficient transmission within the
host population while maintaining a basic mechanism of anti-
viral defense against other pathogens.
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