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ABSTRACT Junín virus (JUNV), a member of the family Arenaviridae, is the etiologi-
cal agent of Argentine hemorrhagic fever (AHF), a potentially deadly endemic-
epidemic disease affecting the population of the most fertile farming land of Argen-
tina. Autophagy is a degradative process with a crucial antiviral role; however,
several viruses subvert the pathway to their benefit. We determined the role of au-
tophagy in JUNV-infected cells by analyzing LC3, a cytoplasmic protein (LC3-I) that
becomes vesicle membrane associated (LC3-II) upon induction of autophagy. Cells
overexpressing enhanced green fluorescent protein (EGFP)-LC3 and infected with
JUNV showed an increased number of LC3 punctate structures, similar to those ob-
tained after starvation or bafilomycin A1 treatment, which leads to autophagosome
induction or accumulation, respectively. We also monitored the conversion of LC3-I
to LC3-II, observing LC3-II levels in JUNV-infected cells similar to those observed in
starved cells. Additionally, we kinetically studied the number of LC3 dots after JUNV
infection and found that the virus activated the pathway as early as 2 h postinfec-
tion (p.i.), whereas the UV-inactivated virus did not induce the pathway. Cells sub-
jected to starvation or pretreated with rapamycin, a pharmacological autophagy in-
ductor, enhanced virus yield. Also, we assayed the replication capacity of JUNV in
Atg5 knockout or Beclin 1 knockdown cells (both critical components of the au-
tophagic pathway) and found a significant decrease in JUNV replication. Taken to-
gether, our results constitute the first study indicating that JUNV infection induces
an autophagic response, which is functionally required by the virus for efficient
propagation.

IMPORTANCE Mammalian arenaviruses are zoonotic viruses that cause asymptom-
atic and persistent infections in their rodent hosts but may produce severe and le-
thal hemorrhagic fevers in humans. Currently, there are neither effective therapeutic
options nor effective vaccines for viral hemorrhagic fevers caused by human-
pathogenic arenaviruses, except the vaccine Candid no. 1 against Argentine hemor-
rhagic fever (AHF), licensed for human use in areas of endemicity in Argentina. Since
arenaviruses remain a severe threat to global public health, more in-depth knowl-
edge of their replication mechanisms would improve our ability to fight these vi-
ruses. Autophagy is a lysosomal degradative pathway involved in maintaining cellu-
lar homeostasis, representing powerful anti-infective machinery. We show, for the
first time for a member of the family Arenaviridae, a proviral role of autophagy in
JUNV infection, providing new knowledge in the field of host-virus interaction.
Therefore, modulation of virus-induced autophagy could be used as a strategy to
block arenavirus infections.
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Members of the family Arenaviridae are enveloped, negative-sense RNA viruses (1).
The genus Mammarenavirus, comprising arenaviruses with mammalian hosts, has

been divided into Old World (OW) and New World (NW) viral groups based on
phylogenetic, serological, and geographical distribution differences (2). Mammarena-
viruses cause chronic infections of rodents indigenous to Europe, Africa, America, and
perhaps other continents. These asymptomatically infected animals move freely in their
natural habitats and may invade human habitations. When humans come in contact
with excreted viruses, disease may result. Arenavirus infections of humans are common
and, in some cases, may cause severe disease. Indeed, several members of the group
are responsible for severe acute infections termed hemorrhagic fevers (HF). Lympho-
cytic choriomeningitis virus (LCMV), the prototypic OW arenavirus with worldwide
distribution, causes only mild, self-limiting illness in immunocompetent individuals, but
Lassa virus (LASV) and Lujo virus (LUJV), OW arenaviruses distributed in Africa, can
cause severe HF in humans (3, 4). On the other hand, the NW group is further
subdivided into different clades: A, B, C, and the proposed new D (1). Among them,
clade B contains many important human pathogens, such as Junín virus (JUNV) and
Machupo, Sabia, Guaranito, and Chapare viruses. Among the above-listed pathogens,
JUNV is the etiological agent of Argentine HF (AHF) (5). Currently, there are no effective
therapeutic options, since no effective vaccines for viral HF caused by human-
pathogenic arenaviruses exist, except the vaccine Candid no. 1 against JUNV in
Argentina, used in areas of endemicity (6). To date, between hundreds and several
thousand HF cases have been reported in the regions of endemicity, causing significant
morbidity and high mortality; consequently, the viruses have been classified as cate-
gory A pathogen agents by the U.S. National Institutes of Health. Therefore, since
arenaviruses remain a severe threat to global public health, more comprehensive
knowledge of the mechanisms of multiplication would improve our ability to fight the
viruses.

Arenaviruses are enveloped, bisegmented, negative-strand RNA viruses (1). Each
genomic RNA segment (L, 7.3 kb, and S, 3.5 kb) contains two open reading frames
(ORFs) with opposite (ambisense) orientations divided by a noncoding intergenic
region that serves as a transcription termination signal. The genomic-RNA segment L
encodes the viral RNA-dependent RNA polymerase and the small zinc finger matrix
protein Z, whereas segment S encodes the nucleoprotein (NP) and the viral glycopro-
tein (GP) precursor (GPC) (7). This precursor is proteolytically processed into a periph-
eral membrane glycoprotein (GP1), which is implicated in receptor binding; an integral
glycoprotein (GP2); and the stable signal peptide (SSP), which may serve in envelope
glycoprotein structure and trafficking (8).

The internalization of human-pathogenic arenaviruses into host cells has been
extensively studied, especially regarding the receptor involved in this first step of the
viral replication cycle. Several members of the OW complex and the NW clade C,
containing the nonpathogenic Oliveros virus and Latino virus, use �-dystroglycan as a
cellular receptor (9, 10). NW clade B arenaviruses employ transferrin receptor 1 (TfR1) of
their natural hosts as the cellular receptor for viral entry, and it has been shown that all
pathogenic members of the group use human TfR1 (hTFR1) to infect human cells (11).
Additionally, some arenaviruses may use alternative receptors for entry. For example,
for JUNV strain IV4454, it has been demonstrated that the virus infection is enhanced by
the presence of DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin) and L-SIGN (12). After internalization, exposure to the low-pH
conditions of the late endosome is required to enhance membrane fusion by GPCs,
which are reported to be unusually resistant to low pH (13). Whatever the internaliza-
tion mechanism after entry into the host cell, viruses have evolved a plethora of
mechanisms to gain control of critical cellular signaling pathways that affect broad
aspects of cellular macromolecular synthesis, metabolism, growth, and survival for their
benefit.

Autophagy is an essential lysosomal degradation pathway that controls cellular
homeostasis by eliminating protein aggregates and damaged organelles from the
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cytoplasm. The pathway, initially identified as a cellular starvation-induced process,
constitutes an evolutionarily conserved response in eukaryotes enabling the degrada-
tion of proteins, carbohydrates, and lipids, which allows the cell to adapt its metabolism
and meet its energy needs (14). Autophagy may be deregulated in several disorders,
including metabolic diseases, neurodegenerative disorders, infectious diseases, and
cancer. Autophagy is also an essential contributor to both innate and adaptive immu-
nity against intracellular pathogens (15). The pathway begins with the formation of
isolation membranes in the cytoplasm known as phagophores, which elongate and
surround the cytoplasmic cargo to form double-membrane vesicles called autophago-
somes. During this stage, the microtubule-associated protein 1 light chain 3 (LC3-I)
becomes covalently linked to phosphatidylethanolamine (PE) and is incorporated into
autophagosome membranes. This lipidation process converts cytosolic LC3-I into the
active, autophagosome membrane-bound form, LC3-II. Autophagosomes move toward
the microtubule-organizing center, where there is a perinuclear concentration of
lysosomes. Ultimately the autophagosomes fuse with the acidic lysosomes to form the
autolysosome, where degradation and eventual recycling of the resulting macromol-
ecules occur (16).

In the last few years, there have been multiple studies on the role of autophagy in
virus replication cycles (17). An example of a specific antiviral action is the targeting of
the pathogen to autophagosomes, a process called xenophagy or virophagy, whereby
activation of autophagy leads to the sequestering of cytoplasmic subviral components
in autophagosomes for lysosomal degradation. Therefore, many highly successful
pathogens have evolved mechanisms to evade the deleterious autophagic effects and,
in some cases, to subvert the pathway to promote their replication. For example,
several single-stranded RNA viruses, such as poliovirus, coronavirus, dengue virus, and
hepatitis C virus, seem to induce the accumulation of autophagic vacuoles and use
these membrane vesicles to benefit their replication (18–20). In contrast, other viruses,
such as herpes simplex virus 1 (HSV-1), human cytomegalovirus, and Kaposi’s sarcoma
herpesvirus, have evolved mechanisms to suppress autophagy and, in the case of
HSV-1, favor its survival (21–23). However, to date, the role of autophagy in arenavirus
infection remains unknown. Here, we intended to define the role of autophagy in JUNV
replication to provide a basis for further studies of the life cycle of arenaviruses,
analyzing the biological significance of autophagy in JUNV replication in vitro. We
found that JUNV induces autophagy at early times after infection. In contrast, UV-
inactivated virus did not trigger the autophagic response. We assayed the replication
capacity of JUNV in Atg5 knockout or Beclin 1 knockdown cells (both critical compo-
nents of the autophagic pathway) and found a significant decrease in JUNV replication.
Taken together, our results constitute the first study indicating that JUNV replication
induces an autophagic response that is in turn functionally required by the infecting
virus for efficient propagation.

RESULTS
JUNV infection activates the autophagy pathway. Viruses have evolved diverse

mechanisms to exploit cellular processes in order to coexist with their hosts and to
evade host defenses. One central cell pathway is an ancient degradative process,
designated autophagy. Even though cumulative evidence indicates that many viral
agents interact with the autophagic pathway (reviewed in reference 24), there is no
evidence indicating whether JUNV infection modulates autophagy. Therefore, we
decided to explore JUNV-induced autophagy modulation by employing human lung
epithelial A549 cells as the cellular model. First, we analyzed autophagy pathway
modulation in these cells by employing well-known autophagy modulators and JUNV
infection by performing immunoblotting with an antibody against LC3. During the
course of autophagy, the cytosolic LC3 form (LC3-I) undergoes a process modifying it
into a phosphatidylethanolamine-conjugated form (LC3-II), which can associate with
the autophagosomal membranes (25). LC3-I and LC3-II are easily separated by SDS-
PAGE because of the difference in their electrophoretic mobilities, and the level of
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LC3-II correlates with the number of autophagosomes in the cell. Monolayers of the
human cell line A549 were mock treated or treated for 2 h with bafilomycin A1 (BafA1),
which blocks the autophagy flux with a concomitant increase in the levels of LC3-II;
rapamycin (RAP), a widely used compound that induces autophagy (26); Earle’s bal-
anced salt solution (EBSS) (GIBCO), for starvation induction of the pathway; EBSS plus
BafA1; and wortmannin (WORT), which exercises inhibitory effects on class III
phosphatidylinositol-3 kinase (PI3K) activity, which is required for autophagy initiation
(27); or JUNV at a multiplicity of infection (MOI) of 1. Because the ratio between LC3-II
and housekeeping gene expression is considered an accurate indicator of autophagic
activity, we assessed the densitometric ratios of LC3-II to �-tubulin. As shown in Fig. 1A,
a small fraction of processed LC3-II was detected under normal conditions, whereas
processed LC3-II was significantly increased in cells after exposure to BafA1, RAP, EBSS,

FIG 1 JUNV infection induces the autophagy pathway. (A) A549 cells were treated with MEM (MOCK), MEM plus 100 nM BafA1, 100 nM RAP, EBSS, EBSS plus
100 nM BafA1, or 100 nM WORT or infected with JUNV at an MOI of 1. After 2 h of treatment, the cells were processed for Western blot analysis. *, P � 0.05.
(B) A549 cells were mock treated or infected with JUNV at an MOI of 1. At 5 and 11 h p.i., BafA1 was added for 1 h before processing. A rabbit polyclonal anti-LC3
antibody, monoclonal antibodies against the JUNV NP, and a monoclonal antibody against �-tubulin were used, followed by the corresponding peroxidase-
conjugated secondary antibodies. The quantifications of the Western blot were conducted as described in Materials and Methods. *, P � 0.05. (C and D) A549
cells were treated with EBSS, RAPA, WORT, or MEM for 2 h and then infected with JUNV at an MOI of 1; 24 h p.i., the cells were processed for Western blot or
immunofluorescence analysis. (C) After 24 h, cells were processed for Western blot analysis using monoclonal antibodies against the JUNV NP and a monoclonal
antibody against �-tubulin, followed by the corresponding peroxidase-conjugated secondary antibodies. The quantifications of the Western blot analysis were
conducted as described in Materials and Methods. *, P � 0.05. (D) At 24 h p.i., supernatants were harvested, and titers were determined by a PFU assay. Also,
in order to determine the percentage of infected cells, samples were fixed and processed for immunofluorescence assay to detect viral NP, as described in
Materials and Methods, and the nuclei were stained with Hoechst stain (magnification, �100; *, P � 0.05). The data represent means and SE. In all cases, a
representative experiment from three independent experiments is shown.
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or EBSS plus BafA1. Also, as expected, WORT treatment caused inhibition of the
pathway with less accumulation of the LC3-II form than with control-treated cells.
Furthermore, in JUNV-infected cells, we observed a significant increase in the accumu-
lation of the LC3-II form after 2 h of infection, as shown in Fig. 1A. Therefore, we
decided to further explore this observation by performing a time course infection (2, 6,
9, 12, and 24 h of infection) followed by Western blot analysis of LC3-II. In order to do
this, monolayers of A549 cells were infected with JUNV at an MOI of 1, and monoclonal
antibodies against JUNV nucleoprotein, which specifically recognize JUNV NP, were
employed to estimate the infection progress. As expected, JUNV NP was detected from
9 h postinfection (p.i.) and increased during the 24 h of infection, which is in concor-
dance with the ordinary course of infection. The results shown in Fig. 1B demonstrate
a significant increase in LC3-II levels in JUNV-infected cells relative to mock-treated cells
(Fig. 1B, MOCK) at 2 and 6 h p.i., as indicated by the LC3-II/�-tubulin ratio. To determine
whether LC3-II accumulation was due to autophagy induction or to a block in the
maturation of autophagosomes into autolysosomes (28), we employed BafA1, which
can distinguish between the two possibilities (29). Therefore, we treated infected cells
for 1 h with the compound at two time points after infection, 5 and 11 h p.i. As shown
in Fig. 1B, we observed a significant increase in LC3-II levels after BafA1 treatment of
infected cells compared to 6 or 12 h p.i. without BafA1 treatment, suggesting that the
virus does not alter the autophagic flux but likely induces the autophagy pathway.
Similar results were obtained when we inhibited lysosomal proteolysis, employing
pepstatin A as an alternative approach (data not shown).

Next, in order to study if autophagy modulation was able to impact viral infection,
we pretreated cells with well-established autophagy inducers and inhibitors, followed
by infection of A549 cells with JUNV. For this purpose, monolayers of the human cell
line A549 were treated for 2 h with EBSS, RAP, or WORT or left with minimum essential
medium (MEM)-10% fetal calf serum (FCS) (control). Then, the cells were infected with
JUNV at an MOI of 1, fixed at 24 h p.i., and subsequently subjected to Western blot
analysis to detect the viral NP under the different conditions tested. As shown in Fig.
1C, the levels of viral NP were significantly increased in EBSS- or RAP-pretreated
monolayers, where the autophagy pathway was previously induced. In order to confirm
these data, a different set of monolayers, similarly treated, were immunostained for
detection of the viral NP to determine the extent of infection by epifluorescence
microscopy, as well as by titrating the virus in the supernatant. As shown in Fig. 1D, the
percentage of infected cells was significantly higher in the monolayers pretreated with
EBSS or RAP. Accordingly, viral titer was significantly increased after autophagy induc-
tion by RAP treatment. The WORT treatment exerted a partial effect on infection, but
we did not observe statistical significance, probably due to a weak effect of the drug
on basal autophagy. Altogether, these results suggest that JUNV infection induces the
autophagy pathway early p.i., with a proviral role of the pathway, demonstrated by the
increased percentage of infected cells after pretreatment of the cells with autophagy
inducers.

Autophagic flux is not affected by JUNV infection. In order to corroborate that
the increased accumulation of autophagosomes in infected cells corresponded to an
induction of the biogenesis of autophagosomes rather than to a block of their fusion
with lysosomes, we performed an additional assay employing the tandem fusion of LC3
with the red, acid-insensitive mCherry (red fluorescent protein) and the acid-sensitive
green fluorescent protein (GFP) to quantify the autophagic flux (30). Thus, mCherry-
GFP-LC3-transfected cells were infected with JUNV at an MOI of 1 and fixed at 2, 6, 9,
12, and 24 h p.i., and the numbers of autophagosomes (GFP�, mCherry�, or yellow
puncta) and autophagolysosomes (GFP�, mCherry�, or red puncta) were determined
by using confocal microscopy images. We used mock treatment, mock treatment plus
BafA1, EBSS-starved cells, and EBSS plus BafA1 as internal controls and GP antibodies
to identify infected cells in our kinetics of JUNV infection. The autophagolysosome/
autophagosome ratio was determined for each condition and employed to analyze the
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effect of JUNV infection on the pathway. We observed a significant increase in the total
number of autophagic structures with a ratio similar to that under EBSS conditions after
2, 6, and 24 h of infection, reinforcing our previous results pointing to induction of the
pathway by the presence of the virus (Fig. 2).

JUNV requires the autophagy protein Atg5. To further validate our observations,
we analyzed JUNV replication in wild-type (WT) and atg5�/� mouse embryonic fibro-
blasts (MEFs). Atg5 is an essential protein for autophagosome formation (31). Indeed,
these cells have been widely used to study the relationship between viral infections and
autophagy (32–34). Before employing the atg5�/� cells in our viral assays, we validated
their autophagy deficiency. Therefore, we monitored basal autophagosomal levels in
rich medium (MEM), as well as under induced autophagy conditions (EBSS). As ex-
pected, WT MEFs showed a punctate distribution of endogenous LC3 protein after EBSS
treatment (Fig. 3A, top), whereas in atg5�/� MEFs, the LC3-specific signal remained
cytoplasmic (Fig. 3A, bottom). Then, to examine the role of ATG5 in JUNV infection, we
infected WT, atg5�/�, and Atg5-overexpressing atg5�/� MEFs at an MOI of 1. At 24 h
and 48 h p.i., the cells were fixed, immunostained for endogenous LC3 and the viral
protein NP, and analyzed by epifluorescence microscopy as shown in Fig. 3B. Notably,
at both 24 and 48 h p.i., infected WT MEFs showed a clear punctate pattern for
endogenous LC3, demonstrating autophagy induction in the cells. Interestingly, as
shown in Fig. 3C, the percentage of infected cells (determined by the expression of NP)
was significantly lower in atg5�/� MEFs than in WT MEFs at both times p.i. analyzed.
Additionally, at 48 h p.i., we observed significant recovery of the percentage of infected
cells when we complemented the atg5�/� MEFs by transfecting them with a plasmid
construct encoding Atg5. Then, to quantitatively confirm the effect of autophagy
deficiency on the ability of the virus to complete its replication cycle, we performed
viral titration by employing the supernatants from 24 and 48 h p.i. of infected WT,
atg5�/�, and Atg5-overexpressing atg5�/� MEFs. We observed that the JUNV yield was
significantly decreased in atg5�/� MEFs, with significant recovery at 24 h p.i. after
complementation compared to the WT cells, reinforcing the notion that Atg5 is
required for the JUNV infection cycle (Fig. 3C).

Finally, we conducted Western blot analysis of WT and atg5�/� infected MEFs,
confirming two aspects of our study: (i) the accumulation of LC3-II in infected WT MEFs
(Fig. 3D, bottom) and (ii) the absence of LC3-II formation in atg5�/� MEFs after JUNV
infection, which suggests that autophagy induction by JUNV infection is Atg5 depen-
dent. Interestingly, atg5�/� MEFs showed higher basal levels of LC3-I than WT MEFs,
consistent with the fact that LC3-I cannot be processed into LC3-II in these cells and
suggesting that JUNV autophagy induction occurs upstream of the Atg5-dependent
step (Fig. 3D, bottom).

JUNV requires the autophagy protein Beclin 1. The autophagy-related proteins
Atg5 and Atg7, as well as Beclin 1 and the class III PtdIns3K, all play important roles in
conventional autophagy (35). Canonical (Beclin 1-dependent) autophagy activation is
usually initiated by the formation of the Beclin 1-PtdIns3K complex, which is comprised
of Beclin 1, PtdIns3K, PIK3R4/VPS15, and UV irradiation resistance-associated gene
(UVRAG) or Atg14 (39). During activation of Beclin 1-dependent autophagy by stimu-
lants such as serum starvation, phosphatidylinositol-3-phosphate (PtdIns3P) is gener-
ated by the enzymatic activity of the Beclin 1-PtdIns3K complex and recruited to the
membrane for autophagosome formation (36). However, increasing evidence suggests
that specific noncanonical autophagy (Beclin 1 independent) (37) can be induced
independently of Beclin 1 or PtdIns3K in several cell types by specific stimulants or
infection by pathogens (38–43). Thus, to test whether JUNV-induced autophagy relies
on the canonical or noncanonical pathway, we decided to perform a second genetic
study using small interfering RNAs (siRNAs) against Beclin 1. We used a plasmid carrying
a small interfering RNA against Beclin 1 (pSuper Beclin 1-KD, referred to as Beclin 1-KD),
which causes knockdown of transfected cells after 48 h. A549 cells were first trans-
fected, and at 24 h posttransfection, the cells were infected with JUNV at an MOI of 1,

Roldán et al. Journal of Virology

August 2019 Volume 93 Issue 15 e02307-18 jvi.asm.org 6

 on D
ecem

ber 4, 2020 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

https://jvi.asm.org
http://jvi.asm.org/


FIG 2 JUNV infection promotes autophagic induction. A549 cells were transfected with a plasmid encoding the mCherry-GFP-LC3 tandem
construct or with the empty construct. Twenty-four hours posttransfection, the cells were treated with MEM (MOCK) or MEM plus 100 nM BafA1,
and the numbers of red and yellow punctate structures were determined. Two-tailed ANOVA with Tukey’s test contrast was used to determine
statistical significance, considering the total number of dots (red plus yellow) under each condition (*, P � 0.05). The ratio of red dots to yellow
dots (Ratio R/Y) was also determined as a measure of the autophagy flux. Representative images were taken using a confocal microscope
(Olympus FV 1000). The data represent means and SE. In all cases, a representative experiment from three independent experiments is shown.
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and infection was allowed to proceed for a total of 24 h. The expression levels of Beclin
1 and the extent of infection were analyzed by Western blotting, as shown in Fig. 4A.
We observed a significant decrease in both Beclin 1 expression and viral NP accumu-
lation in the Beclin 1-KD-transfected cells compared to those transfected with the
empty vector, pSuper, corroborating the knockdown of protein expression and the

FIG 3 Efficient JUNV replication requires the autophagy protein Atg5. (A) WT and atg5�/� MEFs were treated with MEM or EBSS for 2 h and then fixed and
processed for immunofluorescence assay using an LC3 antibody (magnification, �400). (B to D) Both types of MEF and the Atg5-complemented atg5�/� MEFs
were infected with JUNV at an MOI of 1. At 24 and 48 h p.i., the supernatants were collected, and the cells were fixed and processed for immunofluorescence
using LC3 (red) and NP (green) antibodies. The numbers of infected and total cells were determined and then related to the control treatment (panel C) (*,
P � 0.05). (C) Titers of the supernatants harvested 24 and 48 h p.i. were determined by PFU assay (*, P � 0.05). (D) Cells were processed for Western blotting
24 and 48 h p.i. LC3 and �-tubulin antibodies were used. The protein band quantification was conducted as described in Materials and Methods. The data
represent means and SE. In all cases, a representative experiment from three independent experiments is shown.
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concomitant hampering of the viral life cycle (Fig. 4A). Subsequently, to quantitatively
assay the effect of autophagy deficiency on the ability of the virus to complete its
replication cycle, we infected knocked down and control A549 cells with JUNV at an
MOI of 1, and at 24 h p.i., the cells were fixed, immunostained for the viral NP, and
analyzed by epifluorescence microscopy as shown in Fig. 4B. As shown, the percentage
of infected cells (determined by the expression of NP) was significantly lower in the
Beclin 1-KD-transfected monolayers than in those transfected with the empty vector. At
the same time, the supernatants were harvested and employed for viral titration under
both conditions. As expected, we observed that the JUNV yield was significantly
decreased in the cells with a diminished level of Beclin 1 compared to those with
regular protein expression (Fig. 4C). Altogether, our observations powerfully depict a
scenario where the presence of the virus inside the host cells triggers the induction of
the canonical (Beclin 1-dependent) pathway by stimulation of autophagosome biogen-
esis without significantly affecting the autophagic flux. More importantly, autophagy
seems to be crucial for viral infection establishment.

JUNV infection induces the autophagy pathway in a viral protein expression-
dependent fashion. Next, and already focusing on the elucidation of the autophagy
induction mechanism, we decided to analyze whether the modulation of the au-
tophagic pathway was dependent on viral replication. To address this issue, A549 cells

FIG 4 JUNV requires the autophagic protein Beclin 1. A549 cells were transfected with a plasmid
encoding a pSuper Beclin 1 (siRNA) construct or the empty construct (control). Twenty-four hours
posttransfection, the cells were infected with JUNV at an MOI of 1 or mock treated. Twenty-four hours
p.i., the cells were fixed and processed for Western blotting (A) or immunofluorescence analysis (B). (A)
Monoclonal antibodies against Beclin 1, JUNV NP, and �-tubulin were used, followed by the correspond-
ing peroxidase-conjugated secondary antibodies. The quantifications of the Western blot analysis were
conducted as described in Materials and Methods (*, P � 0.05). (B) A monoclonal antibody against the
JUNV NP was used as described in Materials and Methods to detect infected cells. Nuclei were stained
with Hoechst stain in order to determine the percentage of infected cells (*, P � 0.05). (C) Supernatants
were harvested, and titers were determined by a PFU assay (*, P � 0.05). The data represent means and
SE. In all cases, a representative experiment from three independent experiments is shown.
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were transfected with pEGFP-LC3, and 24 h posttransfection, the cells were treated with
MEM, EBSS, BafA1, RAP, or WORT or infected with JUNV at an MOI of 1 for 2 or 6 h. To
assess whether the induction of autophagy observed in JUNV-infected cells requires the
expression of viral proteins, we used UV-inactivated JUNV, which can interact with
cellular receptors and enter cells but does not exhibit any viral gene expression. Then,
the cells were fixed and processed for direct confocal microscopy analysis of enhanced
green fluorescent protein (EGFP)-LC3. In infected cells, fixation and immunodetection
of the viral GP were performed (shown in Fig. 5A, top). It is essential to mention that
at 6 h p.i. with UV-inactivated JUNV, the vast majority of cells showed weak or absent
specific GP signal, probably due to lysosomal degradation of the inactivated particles.
As shown in Fig. 5A (bottom), after the treatment of A549 cells with EBSS, BafA1, or RAP,
we observed an increase in the number of punctate structures per cell, while WORT
treatment caused a decrease in the number of LC3 puncta compared with the MEM-
treated control. In the infected coverslips, the number of puncta of EGFP-LC3 per cell
was measured only in infected cells, which exhibited GP (red) staining. Interestingly, at
both time points assayed, we observed significant accumulation of EGFP-LC3 punctate
structures in JUNV-infected cells, while no difference was observed when the cells were
infected with UV-inactivated JUNV (Fig. 5A). To confirm this result, we conducted a
Western blot analysis of infected A549 cells and used an anti-EGFP antibody in order to
analyze the EGFP–LC3-II/�-tubulin ratio. EGFP–LC3-II conversion in A549 cells infected
with JUNV or UV-inactivated JUNV was analyzed, and significant increases in the
EGFP–LC3-II/�-tubulin ratio at 2 and 6 h p.i. were observed only when the virus was
infective (Fig. 5B). These remarkable results indicate that the early induction of the
autophagy pathway by JUNV is dependent upon the viral replication ability within the
host cells.

DISCUSSION

The autophagy pathway is a crucial component of host defense against viral
infection, leading to pathogen degradation, innate immune response, and also specific
features of adaptive immunity. However, to survive and propagate within the host,
viruses have evolved a plethora of strategies to evade the autophagic fight and to
manipulate the autophagy machinery for their benefit. To date, the relationship be-
tween JUNV (or, indeed, any arenavirus) infection and autophagy has not been ana-
lyzed. Therefore, we intended to define the role of autophagy in JUNV replication to
provide the basis for further studies of the arenavirus life cycle, analyzing the biological
significance of autophagy in JUNV replication in vitro. Our study clearly showed that
JUNV infection triggers an increase in the conversion of LC3-I to LC3-II and accumula-
tion of autophagic structures in a Beclin 1-dependent fashion in permissive human
A549 cells from 2 h p.i., indicating the early activation of the canonical autophagic
pathway after viral infection. To dissect if this effect was due to autophagy induction or
flux blocking, we employed BafA1, a proton pump V-ATPase inhibitor that hampers
autophagy progression; pepstatin A, a lysosomal protease inhibitor (data not shown);
and the tandem fusion protein mCherry-GFP-LC3, all of them well-described tools to
analyze autophagy flux modulation (30). As mentioned above, arenavirus entry is
initiated by binding to an appropriate cell surface receptor protein, hTfR1 in the case
of the pathogenic NW viruses (11, 44). After binding to hTfR1, the virion is endocytosed,
and the viral and endosomal membranes fuse, a process activated by the acidification
of the maturing endosome (45, 46). This fusion event promotes viral uncoating,
allowing the viral core to initiate its replication in the cytoplasm. Thus, we assayed
BafA1 treatments in JUNV infections at 5 and 11 h p.i. in order to dissect autophagy
induction from autophagy flux blocking after JUNV infection without interfering with
viral entry and progression of the infection. The marked increase in LC3-II accumulation
after BafA1 treatment of JUNV-infected cells at both 5 and 11 h p.i., in combination with
a significant increase in the total number of autophagic structures and a ratio similar to
that under EBSS conditions observed with the tandem protein (Fig. 1A and B and 2),
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FIG 5 UV-inactivated JUNV infection does not induce LC3-II lipidation. A549 cells were transfected with a plasmid construct encoding EGFP-LC3. (A) Twenty-four
hours posttransfection, cells were mock treated or treated with EBSS, 100 nM BafA1, 100 nM RAP, or 100 nM WORT or infected with JUNV or UV-inactivated
JUNV (JUNV*) at an MOI of 1. After 2 h of treatment and at 2 or 6 h p.i., the cells were fixed and processed for immunofluorescence assay. An antibody against
the JUNV GP was used, and the number of punctate structures was determined. Representative images were taken using a confocal microscope (Olympus
FV 1000) (*, P � 0.05). (B) Twenty-four hours posttransfection, cells were mock treated or infected with JUNV or JUNV* at an MOI of 1. After 2 h of
treatment and at different times p.i., the cells were processed for Western blotting using antibodies to EGFP, NP, and �-tubulin, followed by the
corresponding peroxidase-conjugated secondary antibodies. The quantifications of the Western blot analysis were conducted as described in Materials
and Methods (*, P � 0.05). The data represent means and SE. In all cases, a representative experiment from three independent experiments is shown.
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demonstrated that the virus induces the autophagy pathway from 2 h p.i. without a
substantial effect on autophagic flux.

To elucidate the role of JUNV-induced autophagy promotion in the viral life cycle,
we observed that the infective ability was increased in cells with an augmented level
of autophagy (Fig. 1C and D). Furthermore, the critical autophagy proteins Atg5 and
Beclin 1 were required for the success of viral infection establishment, strongly pointing
to a proviral role of the canonical pathway (Fig. 3 and 4). Moreover, the UV-inactivated
virus was not able to induce the pathway, supporting the notion that active induction
of autophagy is carried out by the virus for the benefit of its replication cycle (Fig. 5).

As obligatory intracellular parasites, virus survival is intimately associated with their
ability not only to circumvent cellular processes that prevent their growth, but also to
exploit host cell functions, such as autophagy, for their replication. Consequently,
viruses have developed diversified strategies to avoid autophagy-mediated immune
responses, allowing them to manipulate and exploit the autophagy pathway to their
advantage. To date, the autophagic pathway and/or components of the autophagy
machinery have been implicated in proviral roles for several RNA and DNA viruses
(reviewed in reference 47). However, the precise molecular mechanisms of most
proviral activities are scarcely known in the vast majority of cases. Notably, two critical
questions arise from our observations: (i) what is the mechanism mediating autophagy
induction by JUNV infection and (ii) what exactly is the role of autophagy in the virus
replication cycle? Regarding the former, it was feasible to think about the autophagy
induction as a consequence of virus-induced endoplasmic reticulum stress followed by
an unfolded-protein response (ER-UPR). Indeed, growing evidence indicates that au-
tophagy is induced by ER stress in organisms from Saccharomyces cerevisiae to mam-
mals, and viral polypeptides synthesized during infection can stimulate ER stress (48).
In turn, ER-induced autophagy may act as a protective mechanism to back up the
ER-associated degradation pathway to help handle the cell burden under ER stress (49),
or it can initiate programmed cell death if ER stress cannot be relieved (50). However,
for JUNV, it has been reported that due to activation of the pattern recognition receptor
protein kinase R (PKR) and upregulation of eIF2� phosphorylation, potent translational
inhibition occurs during infection by the pathogenic Romero strain of JUNV in A549
cells at 48 h p.i. (51). Moreover, the authors demonstrated that a recombinant version
of JUNV (rJUNV) expressing the Candid no. 1 strain-derived GPC protein caused ER
stress due to levels of RNA synthesis and protein production higher than those in
infection with rJUNV expressing the GPC protein of the pathogenic Romero strain of
JUNV. They additionally showed that the impaired processing and altered trafficking of
Candid no. 1 GPC were the causes of ER stress promotion and final apoptosis (52). We
sought to study this possibility, which included the induction of autophagy as a
consequence of the possible UPR-ER stress pathway triggered by our experimental
conditions. Thus, A549 cells were infected with JUNV at an MOI of 1, and at 2, 6, and
12 h p.i., the monolayers were analyzed by Western blotting to detect intracellular
levels of calnexin (CNX), an ER chaperone. Upon ER stress, upregulation of ER chaper-
ones is pivotal for cell survival because it facilitates the correct folding and assembly of
ER proteins and prevents their aggregation (53). Therefore, we analyzed the intracel-
lular CNX level as a marker of UPR-ER in infected cells. As a positive control, we
employed a 2-h treatment of A549 cells with tunicamycin (TM), a well-known ER stress
inducer. While an apparent accumulation of CNX occurred after TM treatment, we did
not observe a significant accumulation of CNX in JUNV-infected A549 cells at 2, 6, and
12 h p.i., suggesting the absence of a UPR-ER response after JUNV infection (data not
shown).

On the other hand, regarding the induction mechanism, we nowadays count
observations (58–60) in the JUNV field that allow us to answer this aspect, at least
hypothetically. Cuevas and Ross demonstrated that murine macrophages, the initial
targets of JUNV infection, sense JUNV through Toll-like receptor 2 (TLR-2)/TLR-6 het-
erodimers on the cell surface, leading to innate immune response activation charac-
terized by the increased transcription levels of interferon beta and tumor necrosis factor
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alpha (54). Since TLR signaling has been suggested to activate the autophagic pathway
as well (55), we linked these two observations to hypothesize that TLR sensing might
be responsible for autophagy induction by JUNV in the human A549 cell line. In this
regard, it is vital to take into account that the innate immune response activation
mediated by TLR-2 is independent of virus replication, as shown by Cuevas and
collaborators (56). Therefore, even if it is possible that TLR-2 mediates autophagy
induction, additional mechanisms, dependent on viral replication initiation, must be
involved, since the inactivated virus was unable to trigger the pathway. Moreover,
regarding the role of autophagy in JUNV replication, there are several possible ways in
which autophagy might benefit viral infection. We focused on that derived from the
fact that the autophagy pathway mediates dynamic membrane rearrangements inside
the cell, which may facilitate the biogenesis of an intracellular membranous niche
required for viral replication. In line with this possibility, Baird and collaborators,
employing the nonpathogenic Tacaribe virus or the attenuated Candid no. 1 strain of
JUNV, showed the cytosolic structures in which arenavirus replication and transcription
take place. The authors analyzed the biochemical composition of the replication-
transcription complexes (RTCs) induced by the virus and showed that several different
cellular structures are involved. They observed a low buoyant density of RTCs, which,
together with their sensitivity to nonionic detergents and their association with phos-
phatidylinositol 4 phosphate, strongly suggest that cellular membranes are mobilized
for RTC formation (57). Thus, it seems likely that the autophagy machinery may
collaborate in this crucial step of the arenavirus replication process, an aspect that we
are planning to explore in our laboratory.

In conclusion, in this study, we found that the early activation of the autophagy
pathway upon JUNV infection of A549 human cells has a proviral role, supporting
efficient viral infection establishment. Our understanding of the molecular mechanisms
underlying the interplay between JUNV and autophagy is still insufficient, and further
investigations are necessary to comprehend the exact molecular mechanism by which
the virus induces the pathway and how the autophagy machinery supports JUNV
infection in these cells. Nevertheless, we consider our present data especially relevant,
since they comprise the first evidence for the elucidation of the role of autophagy in the
field of arenavirus replication. Indeed, these observations constitute the keystone of the
field, aiding in the direction of the discovery of new molecular targets to design
therapeutic approaches to arenavirus infection.

MATERIALS AND METHODS
Cell lines, virus, and plasmids. Human lung epithelial A549 cells (ATCC no. CCL-185) were grown

in MEM (Life Technologies, Argentina) containing 10% heat-inactivated FCS (Life Technologies, Argen-
tina) and supplemented with 50 �g/ml gentamicin and incubated at 37°C in an atmosphere of 5% CO2.
atg5�/� and WT MEFs (provided by Noboru Mizushima, University of Tokyo, Tokyo, Japan) were
maintained in Dulbecco’s modified Eagle medium (DMEM) (Life Technologies, Argentina) containing 10%
heat-inactivated FCS and supplemented with 50 �g/ml gentamicin and incubated at 37°C in an atmo-
sphere of 5% CO2. The naturally attenuated Junín virus strain IV4454 (58), employed in all the experiments,
was propagated in Vero cells (ATCC no. CCL-81). Virus yield was determined by PFU assay in Vero cells
as described previously (59). JUNV was inactivated by UV irradiation as described previously (60).
Inactivation was verified by PFU assay in the above-mentioned cells. A plasmid encoding EGFP-
microtubule-associated protein light chain 3 (pEGFP-LC3) was kindly provided by Noboru Mizushima
(Tokyo Medical and Dental University). pBeclin 1-KD (a pSuper.retro.puro vector in which the
oligonucleotide sequence used for siRNA interference with Beclin 1 expression has been inserted)
and the empty plasmid were provided by William S. Maltese (Medical University of Ohio, Toledo, OH,
USA). A tandem fusion protein of mCherry and GFP fused to LC3B (one of the members of the
mammalian LC3 family) to make a pH-sensitive sensor that is used to monitor autophagy in live cells,
mCherry-GFP-LC3, was kindly provided by D. Terje Johansen (30). A plasmid construction encoding
the Atg5 protein was kindly provided by Tamotsu Yoshimori (Osaka, Japan) and employed for
atg5�/� MEF complementation.

Reagent and antibodies. BafA1, WORT, RAP, a polyclonal antibody against LC3, and monoclonal
antibodies against �-tubulin were purchased from Sigma-Aldrich (Argentina) and prepared following the
manufacturer’s instructions. For some experiments, cells were incubated in starvation medium, EBSS,
purchased from Life Technologies (Argentina). Alexa 488 – goat anti-rabbit, Alexa 568 – goat anti-rabbit,
Alexa 488 – goat anti-mouse, Alexa 568 – goat anti-mouse, and Alexa 647– goat anti-mouse secondary
antibodies were also purchased from Life Technologies (Argentina). Monoclonal antibodies against JUNV
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NP and virus GP were kindly provided by A. Sanchez (CDC, Atlanta, GA, USA) (61). Whole rabbit antiserum
against EGFP was kindly provided by Martín Monte (FCEN, IQUIBICEN, UBA, Argentina).

Transient transfections and infections. A549 cells were grown on coverslips to 50% confluence in
24-well plates and transfected with Lipofectamine 2000 (Life Technologies, Argentina) according to the
manufacturer’s recommendations. After 24 h of transfection, the cells were subjected to different
treatments and analyzed by epifluorescence microscopy or Western blotting. For atg5�/� complemen-
tation experiments, MEFs were grown on coverslips to 50% confluence in a 24-well plate and transfected
with polyethylenimine, branched (PEI) (Sigma-Aldrich, Argentina), according to the manufacturer’s
recommendations. Viral infections were carried out with Junín IV4454 virions at an MOI of 1 PFU/cell. After
60 min of virus adsorption, the cells were washed, fresh medium was added, and the infection was
allowed to proceed at 37°C for 2 to 48 h, depending on the assay. When indicated, EBSS, WORT, or RAP
was added before the infected and mock-infected cells.

Fluorescence microscopy. (i) Direct immunofluorescence. pEGFP-LC3- or pmCherry-GFP-LC3-
transfected A549 cells were infected or not (mock infected) with JUNV for 2, 6, 9, 12, and 24 h. When
assaying the UV-inactivated virus, we tested only 2 and 6 h of infection. Then, the cells were washed
three times with phosphate-buffered saline (PBS), fixed with freshly prepared 4% formaldehyde solution
in PBS for 15 min at room temperature, permeabilized with 0.2% Triton X-100, and incubated with the
corresponding antibodies to detect the infected cells. Subsequently, the cells were washed three times
with PBS, mounted with buffered glycerol, and analyzed by fluorescence microscopy using a confocal
Olympus FV1000 microscope. For quantification of punctate structures, all the images were processed
using ImageJ software (Wayne Rasband, National Institutes of Health). After image binarization using a
defined threshold, the dots were quantified using the Particle Analyzer plugin.

(ii) Indirect immunofluorescence. A549 cells were treated with EBSS, WORT, BafA1, or RAP or left
under control conditions for 2 h. After that period, the cells were infected with JUNV as described above.
In the experiments employing WT and atg5�/� MEFs, to optimize the infection conditions, the cells were
centrifuged for 30 min at 1.000 � g during JUNV inoculation (termed “spinoculation”) without pretreat-
ment. At 24 and 48 h p.i., the cells were washed three times with PBS, fixed as described for direct
immunofluorescence, permeabilized with 0.2% Triton X-100, and incubated with the monoclonal anti-
body for the viral NP or with the monoclonal antibody for the viral GP for identification of infected cells
or with polyclonal antibody against LC3 when using MEFs. Anti-NP bound antibodies were detected by
incubation with Alexa 488-goat anti-mouse antibody, and anti-GP bound antibodies were detected by
incubation with Alexa 647-goat anti-mouse antibody (tandem experiment) or Alexa 568-goat anti-mouse
antibody (UV inactivated virus experiment). Anti-LC3 bound antibodies were detected by incubation with
Alexa 568-goat anti-rabbit antibody. Nuclei were stained with Hoechst 33342. The cells were mounted
with buffered glycerol and examined with an Olympus BX51 or confocal Olympus FV1000 microscope.
The data in the figures represent the means and standard errors (SE) obtained after analyzing 100 cells
per condition from at least three independent experiments. Representative images are shown for each
case.

Western blotting. Protein samples of a total cell lysate from A549 cells or pEGFP-LC3-transfected
A549 cells infected with JUNV and treated with EBSS, WORT, BafA1, RAP, or control were prepared.
Infected WT and atg5�/� MEF lysates were also analyzed. Briefly, the cells were washed three times with
PBS and lysed in dithiothreitol (DTT) buffer. Whole-cell lysates were separated in SDS-PAGE gels (15% for
endogenous LC3 and 10% for EGFP-LC3 detection) and transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 3% skim milk in Tris-buffered saline (TBS) for 1 h at
room temperature, followed by incubation with antibodies against LC3 or NP in PBS or �-tubulin or
EGFP in 3% skim milk in TBS at 4°C overnight. The membranes were then incubated with the
appropriate horseradish peroxidase-conjugated secondary antibodies in 3% skim milk in TBS at
room temperature for 2 h, followed by detection with an enhanced-chemiluminescence detection kit
from GE Healthcare (Amersham, UK; RPN2109). The protein band intensities from three independent
experiments were quantitated with FIJI software (62) and normalized against �-tubulin. Represen-
tative images are shown for each case.

Statistical analysis. Two-tailed analysis of variance (ANOVA) with Tukey’s test was used to determine
statistical significance in fluorescence and Western blot experiments. In all graphs, the results are shown
as the means and SE of the results of at least three independent experiments normalized to the control
treatment. A P value of 0.05 was considered statistically significant. The InfoStat program (63) was used
to conduct the analyses.
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