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Abstract Autophagy is an intrinsic cellular process that
can degrade cytoplasmic components. It has been reported
that several pathogens hijack this process to facilitate their
replication. Coxsackievirus B3 (CVB3), a member of the
family Picornaviridae, induces autophagy upon infection.
However, the details of CVB3-induced autophagy remain a
subject of debate. This study applied a combination of
multiple assays for the measurement of autophagy and
demonstrated that CVB3 induces a complete autophagic
flux. Experiments with infected HEK293A cells revealed
that autophagosomes were induced upon CVB3 infection.
Most of these autophagosomes were mCherry positive in
mCherry-GFP-LC3 cells. Conversely, mCherry-positive
autophagosomes were rescued to green positive when
treated with the acidification inhibitors chloroquine (CQ)
and bafilomycin Al (BAF), suggesting that autophago-
somes fused with late endosomes or lysosomes. The co-
localization of LC3-positive puncta with lysosome-associ-
ated membrane protein 1 (LAMP1) or LysoTracker con-
firmed that the autophagosomes fused primarily with
lysosomes. Interestingly, the disruption of autophagosome
formation by 3-methyladenine (3-MA) or ATGS5 siRNA
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treatment during viral infection significantly decreased
CVBS3 replication. However, inhibitors of lysosomal acid-
ification, fusion, or degradation did not affect viral repli-
cation. Therefore, autolysosomes may not be critical for
viral replication in vitro.

Introduction

Coxsackievirus B3 (CVB3), which belongs to the family
Picornaviridae, is a non-enveloped single-stranded RNA
virus with a genome of approximately 7,400 nt in length
[12]. It is considered a common infectious pathogen that
induces viral myocarditis, which often progresses into
chronic myocarditis and even dilated cardiomyopathy [3,
17, 27]. During CVB3 infection, viral particles enter cells
via the coxsackievirus and adenovirus receptor. The
uncoated genomic RNA functions as a template for gen-
ome replication and protein synthesis. The single
polyprotein translated from the genomic RNA is further
processed by viral protease into viral capsid and non-
structural proteins for virion packaging [8, 16, 18]. Effec-
tive preventive vaccines against CVB3 have not yet been
developed. Thus, the mechanisms of host—virus interplay
during infection must be clarified to facilitate the devel-
opment of efficient therapeutic strategies to control CVB3
infection effectively.

Autophagy, a highly conserved protein degradation sys-
tem in eukaryotic cells, is a homeostatic process that controls
the quantity and quality of cytoplasmic biomass [14, 22].
This process involves the formation of a double lipid bilayer
membrane structure known as an autophagosome, which
engulfs long-lived cytoplasmic macromolecules and dam-
aged organelles and then coordinates the fusion of the
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autophagosome with a lysosome or a vacuole for degrada-
tion. Viral infection processes are closely related to the
autophagy of host cells, and autophagy can serve in innate
immunity and the adaptive immune response against intra-
cellular pathogens, including human immunodeficiency
virus 1 (HIV-1), hepatitis B virus (HBV) and herpes simplex
virus 1 (HSV-1) [10, 13, 15].

Despite the role of autophagic signaling in host defense,
several pathogens can subvert autophagy and maximize its
advantages [6, 9]. For example, the replication cycle of
positive-strand RNA viruses can be promoted by some
aspects of the autophagic pathway. Positive-strand RNA
viruses are causative agents of many diseases, including
myocarditis, encephalitis, and hand, foot, and mouth disease.
CVB3 can induce autophagy both in vitro and in vivo [1, 4,
26, 30]. However, there are conflicting findings that need to
be resolved. A previous study showed that CVB3 infection
triggers autophagosome formation in 293A cells, which are
important for viral replication [30]. It is less certain whether
the autophagosome is fused with a lysosome in the subse-
quent process of autophagy, although the inhibition of
lysosomal fusion results in enhanced viral replication. In
another study, using a mouse model of CVB3 infection, it
was found that CVB3 induces the formation of small
autophagy-like vesicles and permits amphisome formation
in pancreatic acinar cells. However, the fusion of
autophagosomes with lysosomes is greatly reduced by viral
infection. As a consequence, large autophagy-related struc-
tures called megaphagosomes are formed [1, 4]. A recent
study also showed that CVB3 protease 2A can cleave the p62
protein, which is an autophagy receptor targeting ubiquiti-
nated proteins for degradation [23]. Thus, the interpretation
of lysosome protein degradation in these studies should be
reconsidered by measuring the p62 protein level.

Confocal microscopy with mCherry-GFP fluorescent-
protein-tagged LC3 is an efficient tool that is used to
investigate the conversion of autophagosomes into
autolysosomes [7]. In this study, fluorescent proteins
combined with autophagy chemical inhibitors or inducers
were used in HEK293A cells, and CVB3-induced LC3-
targeting vacuoles were characterized under a confocal
microscope. We demonstrate that CVB3 infection induces
a complete autophagy flux, and autophagosomes alone are
sufficient for efficient viral replication. This study provides
further insights into CVB3-induced autophagy.

Materials and methods
Viruses and plasmids

CVB3 (Nancy strain) was maintained by passage in
HeLa cells. CVB3-eGFP was produced by transfecting
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HeLa cells with a plasmid containing the CVB3 genome
and the eGFP gene [2, 28]. Virus titers were determined
using a 50 % tissue culture infectious dose (TCIDsg)
assay on HeLa cell monolayers and calculated by the
Reed—Muench  method [19]. Plasmids encoding
mCherry-LC3 (#40827) were purchased from Addgene.
The plasmid mCherry—GFP-LC3 was kindly provided by
Prof. William Jackson (Medical College of Wisconsin,
USA).

Cell culture and transfection

HeLa cells and HEK293A cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM; HyClone)
supplemented with 10 % fetal bovine serum, 4 mM
L-glutamine, 100 U of penicillin, and 100 pg of strepto-
mycin per ml. These cells were cultured at 37 °C in 5 %
CO,. Transfection was performed with the indicated plas-
mids using Lipofectamine 2000 Reagent (Invitrogen) in
accordance with the manufacturer’s guidelines. HEK293A
cells were transiently transfected mCherry-GFP-LC3 or
mcherry-LC3 in a 10-cm dish to generate a stable cell line.
After two rounds of sorting by BD FACSAriaTM III flow
cytometry, more than 90 % of the cells continuously
expressed GFP or mCherry.

Antibodies and chemical compounds

For Western blot analysis, a primary anti-LC3B antibody
from Sigma-Aldrich (L7543) was used at a dilution of 1:2
000. A rabbit polyclonal anti-GAPDH antibody from
Hangzhou Goodhere Biotechnology, anti-Atg5 (Atg5-
Atgl2 complex), and anti-p62/SQSTMI1 antibodies from
MBL International (PM050 and PMO045) were used at a
dilution of 1:1000. The secondary antibodies Alexa Fluor
680-goat anti-rabbit IgG and Alexa Fluor 680-goat anti-
mouse IgG from Jasckson ImmunoResearch were used at a
dilution of 1:10000. For immunofluorescence, a mouse
monoclonal anti-LAMPI1 antibody from Santa Cruz (sc-
20011) was used at a dilution of 1:200. A rabbit polyclonal
anti-EEA1 antibody from Cell Signaling Technology
(#2411S) was used at a dilution of 1:500. The secondary
antibodies DyLight 633- or 488-labeled anti rabbit IgG and
DyLight 488-labeled anti-mouse IgG from KPL were used
at a dilution of 1:200. The rabbit polyclonal anti-CVB3
VP1 (1:2000) antibody was a gift from Dr. Fei Deng
(Wuhan Institute of Virology, Chinese Academy of
Science).

Rapamycin (100 nM, R706203) was purchased from
Sangon Biotech. CQ (50 nm, C6628), 3-MA (10 mM,
MO9281), pepstatin A (2 pg/mL, P5318), and leupeptin tri-
fluoroacetate salt (10 uM, L2023) were procured from
Sigma-Aldrich. BAF (100 nM, sc-201550), vinblastine
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sulfate (10 uM, ICM1035), E-64d (10 uM, E123225), and
LysoTracker Green DND-26 (L-7526) were obtained from
Santa Cruz, Gene Operation, Aladdin, and Life Tech-
nologies, respectively. Cell cytotoxicity was measured by
CCKS assay to ensure that there was no obvious cytotox-
icity due to treatment with chemical compounds.

Western blot analysis

The cells were harvested and washed twice with phos-
phate-buffered saline (PBS). Afterward, the cell lysate was
separated by 12 % SDS-PAGE and then transferred to
PVDF membranes (Millipore). The membranes were
blocked with 5 % nonfat milk in 1x PBS-0.1 % Tween 20
for 2 h and incubated with the indicated primary antibodies
for 2 h at room temperature or overnight at 4 °C. The
membranes were washed three times with 1x PBS-0.1 %
Tween 20 and incubated with secondary antibodies at room
temperature for 2 h. Immunoreactive bands were visual-
ized using an enhanced Odyssey Imaging System (Gene
Company Limited).

Indirect immunofluorescence and confocal
microscopy

mCherry-GFP-LC3 or mCherry-LC3 stable cell lines were
infected with CVB3 at an MOI of 1.5 in a culture chamber
for confocal imaging (Livefocus) to detect autophago-
somes. The cells were fixed at 8 h postinfection with or
without chemical inhibitors and permeabilized with
paraformaldehyde buffer which containing 10 ml 10x PBS,
33.4 ml 11 % formaldehyde, 0.6 ml 30 % Triton X-100,
and 56 ml ddH20O in total 100 ml volume for 30 min at
37 °C. For immunofluorescent staining, 1 x PBS containing
1 % BSA solution was used to block the fixed cells for
30 min at 37 °C. The cells were then incubated with the
indicated primary antibodies for 2 h at room temperature
and with secondary antibodies (KPL) for 1 h at room tem-
perature. The nuclei were stained with DAPI (Beyotime) for
10 min at room temperature, and the cells were viewed
using a laser scanning confocal microscope (Nikon Al).

AtgS siRNA assay

HEK293A cells in a six-well plate were transfected with a
mixture of 50 nM siRNA targeting the human Atg5 gene
(siRNA; 5'-CAA AGA AGU UUG UCC UUC UGC UAU
U-3’; siRNA, 5-AAU AGC AGA AGG ACA AAC UUC
UUU G-3') and siRNA N. C. FAM (Invitrogen), a scram-
bled siRNA, using Lipofectamine. Two days post-trans-
fection, the cells were collected for Atg5 blotting or
infected with CVB5-eGFP.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software. Data are presented as the mean and standard
deviation. The data were statistically analyzed using a two-
tailed independent Student’s -test, and the level of sig-
nificance was set at P < 0.05.

Results
Autophagosomes are induced by CVB3 infection

The Atg8/LC3 protein is an ubiquitin-like protein that can
be conjugated to phosphatidyl ethanolamine, which is a
reliable marker associated with autophagosome formation.
The conversion of nonlipidated LC3-I to lipidated LC3-II
is usually considered an indicator of autophagic activity
[7]. We initially determined whether CVB3 infection
triggers the formation of autophagosomes, and the con-
version of endogenous LC3-I to LC3-II was assessed by
immunoblotting. Even at a low MOI of 0.75, the LC3-1I
level notably increased at 8 h postinfection (Fig. 1A and
B). This indicated that autophagosome formation exhibited
a cumulative increase as infection progressed.

CVB3 infection induces the formation of acidic
autophagic vesicles

The formation and accumulation of autophagosomes is an
intermediate step of autophagic flux that appears to corre-
late with the induction of autophagy. The formation of the
autophagosome is followed by fusion with lysosomes and
the degradation of the contents, resulting in a complete
flux. Alternatively, before fusing with a lysosome, an
autophagosome can fuse with an endosome to produce an
amphisome [4]. The level of the autophagic substrate
SQSTM1/p62, an adaptor protein that interacts with LC3,
is generally considered an indicator of autophagy pathway
degradation [30]. Consistent with previous findings [23],
our results indicated that CVB3 can promote the degrada-
tion of p62 at 8 h postinfection (data not shown). However,
viral protease 2AP™ is responsible for CVB3-induced p62
cleavage, as described in a previous study [23]. Thus, the
degradation of p62 in the present study may not correspond
to the CVB3-induced autophagy flux.

We then used the special tandem reporter plasmid
mCherry-GFP-LC3. The GFP of this tandem autophago-
some reporter is sensitive to a low-pH (acidic) environ-
ment, whereas mCherry remains intact in the acidic
environment. Therefore, the fusion of autophagosomes
with late endosomes or lysosomes results in the loss of GFP
fluorescence and the appearance of the red fluorescence of
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Fig. 1 Formation of autophagosomes during CVB3 infection.

(A) HEK293A cells were infected with CVB3 at various MOIs as
indicated. Viral replication and the induction of autophagy were
evaluated via western blotting of VP1 and conversion of LC3I to
LC3II, respectively, at 8 h postinfection. (B) HEK293A cells were

mCherry [25]. In the positive control, the majority of the
LC3-positive autophagic vacuoles in DMEM-starved cells
were mCherry positive. However, when we treated the
DMEM-starved cells with CQ to block acidification of the
lysosome, many GFP-positive autophagosomes were
detected and appeared yellow in merged images (Supple-
mentary Data 1). We then infected mCherry-GFP-LC3
stable cell lines with CVB3. It appeared that there were few
GFP-positive autophagic vacuoles, but a large number of
mCherry-positive ~ autophagic ~ vacuoles  remained
detectable compared to mock-infected cells (Fig. 2). This
observation indicated that CVB3 infection may induce
lysosomal fusion, which occurs in the late stage of autop-
hagy flux.

To confirm the above observation, we treated CVB3-
infected cells with the chemical inhibitors CQ, BAF and
vinblastine. The results showed that the majority of
autophagic vacuoles become positive for both mCherry and
GFP when vacuole acidification was inhibited by CQ or
BAF and when microtubule assembly was prevented via
vinblastine treatment. This confirms that autophagosomes
can be processed further to acidic autophagic vacuoles
upon CVB3 infection (Fig. 2).

CVB3-induced autophagic vacuoles can fuse
with lysosomes

CVB3-induced acidic autophagic vacuoles can be gener-
ated through the fusion of autophagosomes with endo-
somes to form amphisomes, or with lysosomes to form
autolysosomes [4]. We stained cells with LAMP1 and
LysoTracker Green to observe the subcellular colocaliza-
tion of CVB3-induced autophagic vacuoles in detail. The
mCherry-LC3 stable cell line was also generated to mon-
itor the autophagic vacuoles, given that GFP is sensitive in
the acidic vacuoles. A yellow punctuate distribution was
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infected with CVB3 (MOI = 1.5) as indicated. Viral replication and
the induction of autophagy were evaluated via western blotting of
VP1, and conversion of LC3I to LC3II, respectively, at different time
points as indicated

observed with LAMP1 or LysoTracker Green, thereby
confirming that the CVB3-induced autophagic vacuoles
colocalize with lysosomes (Fig. 3). However, the mCherry-
positive vacuoles did not colocalize well (Fig. 3) when we
tracked endosome colocalization with early endosome
antigen 1 (EEAT1) or the late endosome/amphisome marker
mannose-6-phosphate receptor (MPR) [11]. Similar results
were obtained when we investigated colocalization of
LAMP1 or EEAl with mCherry-LC3 upon starvation.
These data demonstrate that autophagosomes primarily
fuse with lysosomes during CVB3 infection, representing
the late stage of autophagy. However, we cannot exclude
that a small proportion of the autophagosomes fuse with
endosomes to form amphisomes.

CVB3 hijacks autophagosomes
but not autolysosomes for efficient viral replication

To investigate the relationship between autophagy and
viral replication, we treated cells with various inhibitors
targeting different stages of autophagy. These inhibitors
included 3-MA, an inhibitor of autophagosome formation,
and CQ/BAF, which are inhibitors of lysosome acidifica-
tion. The results revealed that the VPI/GAPDH ratio is
notably decreased in 3-MA-treated cells compared with
that in CVB3-infected cells (Fig. 4A). However, the VP1/
GAPDH ratio did not change considerably with CQ/BAF
treatment. Similarly, virus titration showed that the viral
titer decreased approximately tenfold upon 3-MA treat-
ment (Fig. 4B). These results were also further confirmed
by flow cytometry analysis using CVB3-eGFP virus. The
disruption of autophagosome formation via Atg5 siRNAs
confirmed that autophagosome formation induced by
CVB3 infection is critical for viral replication (Fig. 4C).
Particularly, we observed that treatment with lysosome
protease inhibitors (pepstatin A + E-64d + leupeptin) had
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Fig. 2 Formation of acidic
vacuoles during CVB3
infection. HEK293A cells were
infected with CVB3 at an MOI
of 1.5 with or without inhibitor
treatment. At 8 h postinfection,
the cells were fixed and the
nuclei were stained with DAPI
before imaging. The chemical
inhibitors CQ, BAF and
vinblastine were used at a
concentration of 50 nM,

100 nM and 10 pM,
respectively. The bar represents
10 pm

CVB3 +BAF CVB3 +CcQ CvB3 Mock

CVB3 + Vinblastine

mCherry-GFP-LC3
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Fig. 3 Colocalization of
CVB3-induced autophagic
vacuoles with lysosomes. The
stable cell line HEK293A
expressing mCherry-LC3 was
infected with CVB3 at an MOI
of 1.5. At 8 h postinfection, the
cells were fixed and treated with
Lysotracker or stained for the
lysosome marker LAMP1, the
endosome marker EEA1, or the
endosome/amphisome marker
MPR. DAPI was used for
nuclear staining before imaging.
The bar represents 10 pm

CvB3

no influence on CVB3 replication (Fig. 4D). Therefore, the
initial formation and accumulation of autophagosomes is
crucial for CVB3 replication, but later formation of
autolysosomes is not, although CVB3 infection induces
autophagy flux.

Discussion
Autophagy can play an important role in protecting host
cells during virus infection, and several viruses have

developed strategies to evade or even exploit this homeo-
static pathway. Many positive-strand RNA viruses exploit
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the autophagic process for viral RNA replication [29, 30].
Studies on poliovirus, a member of the family Picor-
naviridae, have shown that both autophagosome formation
and maturation of the autophagic vacuole are used to
promote two separate and distinct steps in the virus life
cycle [20, 24]. In this study, we used multiple assays in
HEK?293A cells to show that picornavirus CVB3 induces
mCherry-positive autophagic vacuoles. Treatment with the
lysosomal acidification inhibitors chloroquine (CQ) and
bafilomycin Al (BAF) rescued the GFP-positive vacuoles.
This finding indicated that the induced vacuoles were
processed from autophagosomes in a low-pH (acidic)
environment. These vacuoles were co-localized with
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Fig. 4 Autophagosomes are critical for efficient viral replication.
(A) HEK 293A cells were treated with 10 mM 3-MA, 50 nM CQ, or
100 nM BAF before infection with CVB3 at an MOI of 1.5. The
induction of autophagy and viral replication were evaluated by
blotting of LC3IIB and VP1 at 8 hours postinfection. (B) Measurement
of viral titers in the culture medium of infected cells after the
treatments shown in panel A. (C) The Atg5-siRNA silencing
efficiency was measured via western blotting using anti-Atg5

lysosome-associated membrane protein 1 (LAMP1) and
LysoTracker. Inhibitors of lysosomal protease, fusion, and
acidification did not affect viral replication. However, viral
replication was significantly decreased by treatment with
3-methyladenine (3-MA) or Atg5 siRNA, indicating that
autophagosomes are critical for replication.

Although some studies have shown that CVB3 can
induce autophagy both in vitro and in vivo [1, 4, 26, 30], it
was not certain whether CVB3 infection induces a com-
plete autophagic flux. Autophagy is a complicated process,
and therefore, no individual assay is guaranteed to be the
most appropriate in every situation. To interpret the results,
the use of multiple assays, such as LC3 turnover detection
via Western blot and Tandem mCherry-GFP-LC3 via
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antibody 48 hours post-transfection (upper panel). HEK293A cells
with Atg5-siRNA silencing were infected with CVB3-eGFP at an
MOI of 1, and at 12 and 24 h postinfection, virus replication was
measured by flow cytometry. (D) 293A cells were treated as indicated
with chemical compounds and then infected with CVB3-eGFP at an
MOI of 3. Viral replication was measured by flow cytometry at 12 h
postinfection. The results are presented as the mean £+ SD of three
separate experiments. **, p < 0.01; *** p < 0.001

fluorescence microscopy in combination with autophagic
inhibitors, is strongly recommended for monitoring
autophagy [7]. We initially demonstrated by mCherry-GFP
confocal microscopy, which is a fluorescence assay par-
ticularly designed to monitor autophagic flux [5], that most
of the vesicles induced by CVB3 infection in
stable mCherry-GFP-LC3 cells were mCherry positive.
These vesicles then became positive for both mCherry and
GFP when treated with lysosomal inhibitors, indicating that
these vesicles may fuse with lysosomes in a low-pH
environment. These observations were confirmed by
immunostaining, showing that mCherry-positive puncta
colocalized well with LysoTracker and LAMPI, but not
with the early-endosome marker EEAl or the late-
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endosome/amphisome marker MPR. Therefore, the
autophagosomes induced by CVB3 infection predomi-
nantly fuse with lysosomes in cell culture. Another report
showed that CVB3 induces amphisome formation in pan-
creatic acinar cells in a mouse model of CVB3 infection
[4]. The different cell types or methods used may account
for this discrepancy. However, we still cannot exclude the
formation of amphisomes because a small number of the
LC3-positive vesicles colocalized with EEA1 and MDR
via immunostaining.

It has been proposed that remodeled autophagic intra-
cellular membranes serve as a structural platform for
replication and assembly of picornaviruses [21]. The
interruption of autophagosome formation either by 3-MA-
or by Atg5-specific siRNA decreases viral replication. This
finding is in accordance with that of a previous study [30].
In contrast to earlier results showing that the inhibition of
autophagosomes and lysosomes by LAMP2 siRNA
enhances CVB3 replication [30], our results with lysoso-
mal fusion, protease, and acidification inhibitors revealed
that the degradation of autolysosomes and lysosomal fusion
are not essential for virus production. The maturation of
infectious poliovirus particles requires the acidification of
autophagic vesicles. In these vesicles, the capsid protein
VPO is cleaved into VP4 and VP2, and as a result, the
infectious 150S virion is formed [20]. Treatment with
lysosomal inhibitors in vitro did not significantly reduce
the CVB3 titer; however, further studies should determine
whether CVB3-induced autolysosomes participate in the
viral life cycle in vivo. Virions that are resistant to acidic
degradation in autolysomes might be better suited to escape
digestion in the gastrointestinal tract during natural
infection.

In conclusion, we show that complete autophagic flux is
induced in CVB3-infected HEK293A cells. Autophago-
somes, but not autolysosomes, are required for efficient
viral replication. These vesicles may provide relatively
stable sites for cytoplasmic virus replication. Further
studies on autophagy would improve our knowledge of the
pathogenesis of CVB3-induced viral myocarditis and pro-
vide insights into the development of novel antiviral
strategies against CVB3 infection.
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