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Autophagy is a basic biological metabolic process involving in intracellular membrane

transport pathways that recycle cellular components and eliminate intracellular

microorganisms within the lysosome. Autophagy also plays an important part in virus

infection and propagation. However, some pathogens, including viruses, have evolved

unique trick to escape or exploit autophagy. This study explores the mechanism

of autophagy induction by porcine hemagglutinating encephalomyelitis virus (PHEV)

in Neuro-2a cells, and examines the role of autophagy in PHEV replication. PHEV

triggered autophagy in Neuro-2a cells is dependent on the presence of bulk double- or

single-membrane vacuoles, the accumulation of GFP-LC3 fluorescent dots, and the

LC3 lipidation. In addition, PHEV induced an incomplete autophagic effect because

the degradation level of p62 did not change in PHEV-infected cells. Further validation

was captured using LysoTracker and lysosome-associated membrane protein by

indirect immunofluorescence labeling in PHEV-infected cells. We also investigated the

change in viral replication by pharmacological experiments with the autophagy inducer

rapamycin or the autophagy inhibitor 3-MA, and the lysosomal inhibitor chloroquine (CQ).

Suppression of autophagy by 3-MA increased viral replication, compared with the mock

treatment, while promoting of autophagy by rapamycin reduced PHEV replication. CQ

treatment enhanced the LC3 lipidation in PHEV-infected Neuro-2a cells but lowered

PHEV replication. These results show that PHEV infection induces atypical autophagy

and causes the appearance of autophagosomes but blocks the fusion with lysosomes,

which is necessary for the replication of PHEV in nerve cells.

Keywords: porcine hemagglutinating encephalomyelitis virus, atypical autophagy, neurotropic virus, neuro-2a

cells, virus replication, autophagic flux, LC3

INTRODUCTION

Porcine hemagglutinating encephalomyelitis virus (PHEV) is a single-stranded, positive-sense
RNA coronavirus and is classified as a member of the Coronaviridae family (Andries and Pensaert,
1981). It mainly gives rise to encephalomyelitis or vomiting and wasting disease in piglets. As a
neurotropic virus, it spreads via the peripheral to the central nervous system (CNS), resulting
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in neurological damage by virus infection (Andries and
Pensaert, 1980). Nervous lesions caused by pathogens often
lead to abnormal nerve cell morphology, unnatural protein
accumulation, vesicular transport or neuronal gene transcription
disorders, and synaptic transmission obstacles (Xilouri and
Stefanis, 2010). Similarly, as a virus invading the nervous
system, rabies virus (RABV) can cause severe encephalitis
and induce analogous cytopathic features (Peng et al., 2016).
Although, some studies of PHEV pathogenesis have been
performed, the underlying mechanism of PHEV replication is
still poorly elucidated. Therefore, a more detailed description
of the mechanism should be revealed, especially the biological
changes of the host cells induced by infection.

In eukaryotic cells, autophagy is characterized by its
highly conserved as a metabolic process for preserving the
homeostasis. Among the intracellular membrane transport
pathway, the corresponding cytoplasmic proteins and cargos
are delivered to the lysosomes (Levine et al., 2011). As
a cytoprotective process, autophagy is an inherent host
defense mechanism against viral aggression, which helps to
maintain cell homeostasis in response to multiple external
stress stimuli, containing a nutrient-poor environment,
endoplasmic reticulum (ER) stress, especially pathogen
infection (Kroemer et al., 2010). Dysfunction in autophagy
has been associated with many illnesses that infect humans
such as neurodegeneration diseases, cancer, metabolic
syndrome, lysosomal diseases, and aging (Rubinsztein et al.,
2011).

Previous studies have indicated that autophagy not only
protects cells under stressful conditions, but also plays an
important part in the process of pathogen infection (Shintani
and Klionsky, 2004). Some viruses have also developed
strategies to reverse the autophagy defense pathway. US11,
a late gene of herpes simplex virus-1 (HSV-1), blocks the
formation and development of autophagosomes in both
fibroblasts and HeLa cells. US11 also interacts with PKR
to suppress autophagy (Lussignol et al., 2013). Nevertheless,
there are viruses that utilize autophagosomes for promoting
their replication, such as in poliovirus infection, where
the formation of autophagosomes provides a conservative
platform for viral replication (Suhy et al., 2000). Conversely,
in the Sindbis virus and tobacco mosaic virus infections,
autophagy successfully suppresses viral replication (Liu et al.,
2005). More interestingly, several coronaviruses can hijack the
important autophagy-related protein LC3-I and endoplasmic
reticulum vesicle structures for their replication (Reggiori et al.,
2010) using the same mechanism as rotavirus (Crawford
et al., 2012). This mechanism induced by viral proteins is
associated with their own pathogenic non-structural proteins,
exemplified by the infectious bursal disease virus infection (Hu
et al., 2015). However, whether PHEV, as a member of the
coronavirus family, infection is associated with autophagy is
unknown. In this study, we confirmed that PHEV infection
induces atypical autophagy and leads to the accumulation of
autophagosomes while blocking their fusion with lysosomes,
which creates conditions for the virus to replicate within nerve
cells.

MATERIALS AND METHODS

Cells, Viruses, and Plasmids
Mouse neuroblastoma (Neuro-2a) cells were cultured in high
glucose Dulbecco’s-modified Eagle’s medium (DMEM) (GIBCO,
USA) containing 2 mM L-glutamine and 1.5 g/L sodium
bicarbonate, added with 10% fetal bovine serum (FBS). The
PHEV strain HEV 67N (GenBank: AY048917) was propagated
in N2a cells. The plasmid GFP-LC3 and the tandem fluorescent
monomeric red fluorescent protein (mRFP)-GFP-LC3 (ptfLC3)
were maintained in the laboratory.

Viral Infection, Drug Treatments, and Cell
Viability Assay
Neuro-2a cells were infected with PHEV (105.43TCID50/mL) in
cell cultures with 2% FBS for 1 h. Following a 1 h absorption
period, infected cells were incubated in the complete DMEM at
37◦C for the relevant times in the conformity with experimental
requirements.

In subsequent experiments, the optimum concentration of
the corresponding drug was used and the cell viability were
determined by a WST-8 cell proliferation assay (Beyotime,
China) according to the manufacturer’s guidelines. The
concentrations tested for rapamycin (Selleckchem, USA) were
100, 500, and 200 µM; for chloroquine (CQ) (Sigma, St. Louis,
MO, USA) were 16, 32, 64, and 128µM; and for 3-methyladenine
(3-MA) (Selleckchem, USA) were 1, 2, 3, and 5mM. According
to existing experimental procedures, the medium was removed
with 100µl of fresh medium added with 10µl of WST-8, the
sample was further incubated at 37◦C for 1 h (Shao et al., 2014).
Cell viability was evaluated by measuring the absorbance at 450
nm against the background control.

Transmission Electron Microscopy (TEM)
TEM is a valid and important method for monitoring autophagy
induction in morphology (Peng et al., 2016). In this assay,
Neuro-2a cells were treated with 100 nM rapamycin in complete
medium for 3 h as a positive control, and the infected cells
were incubation with PHEV (105.43TCID50/mL) for 24 h. The
cell samples were washed three times with PBS, collected in the
bottom of 1.5-ml Eppendorf tubes and centrifuged at 1,000 ×g
for 10 min. The cell pellets were fixed with 2.5% glutaraldehyde
in PBS overnight at 4◦C and then postfixed in 1% OsO4 for 2
h. After being washed, the cells were dehydrated with a graded
series of ethanol and then embedded in epoxy resin. Next,
ultrathin sections were prepared and stained with uranyl acetate
and lead citrate as previously described (Risco et al., 2012). At
last, the autophagosome-like vesicles were examined under a
transmission electron microscopy (JEOL, Tokyo, Japan).

Confocal Fluorescence Microscopy
Confocal fluorescence microscopy was utilized to detect the
expression of LC3 in PHEV infected or drug-treated cells and the
expression of autophagy-related proteins during PHEV infection.
Neuro-2a cells were seeded in 22.1mm dishes with coverslips and
transfected with GFP-LC3, mRFP-GFP-LC3, or control plasmids.
At 24 h post-transfection, the cells were incubated with complete
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medium with 10% FBS, and then mock-infected, and those
infected with PHEV were treated as required. The cells were then
incubated with 50 nM LysoTracker Red DND-99 (Invitrogen,
Carlsbad, CA, USA) for 1 h, rinsed 3 times with PBS and analyzed
under the Olympus FV1000 confocal microscope (Olympus,
Japan).

Western Blotting Analysis
Drug treated, mock-infected or PHEV-infected cells were
harvested at corresponding times. Next, immediately lysed with
RIPA lysis buffer, including 1mM PMSF (Beyotime, China) for
30min to 1 h on ice, shaking during the lysis. The clarified
lysate was boiled in loading buffer for 10min, and the proteins
which in equal amounts were displayed on SDS–polyacrylamide
gel electrophoresis (Millipore, Billerica, MA, USA). Afterwards,
the proteins were transferred to PVDF membranes, blocked in
PBST buffer added 5% nonfat milk powder for 1 h at 37◦C. The
corresponding primary antibodies were incubated overnight at
4◦C, and the HRP-conjugated secondary antibodies for 1 h at
37◦C.

Autophagic Flux Measurements
p62, also called SQSTM1, undergoes degradation in the course
of autophagy. Whether the complete autophagy response was
activated by PHEV infection, we analyzed p62 degradation by
western blotting or confocal immunofluorescence microscopy
for the autophagic flux as previously described (Bjørkøy et al.,
2005). In this test, Neuro-2a cells were infected with PHEV and
harvested at 6–48 h post-infection (hpi) using anti-p62 antibody
as the primary antibody. CQ can inhibit autophagy by inhibiting
acidification of lysosomes and endosomes. To verify the effect
of PHEV infection on autophagic flux, the cells were infected
with PHEV after CQ treatment, the levels of p62 and PHEV were
detected.

A tandem reporter construct, mRFP-GFP-LC3 (ptfLC3), was
used as an additional plasmid to monitor the autophagic
flux (Kimura et al., 2007). Neuro-2a cells grown to 60–70%
confluency on coverslips were transfected with ptfLC3 and
infected with PHEV (105.43TCID50/mL). At 12, 24 and 48 hpi, the
cells were fixed and visualized by confocal microscopy. GFP-LC3
colocalization with the lysosome-associated membrane protein 1
(LAMP1) was also investigated as d previously described. Briefly,
Neuro-2a cells were transfected on cell slips with GFP-LC3 and
infected with PHEV at 12, 24, and 48 h. Then, the cells were
incubated and examined with rabbit antibody against LAMP1
(Abcam, Cambridge, MA, USA) under a confocal fluorescence
microscope.

To mark the acidic late endosomal and lysosomal structures,
LysoTracker Red (50 nM) was added to the treated, mock- or
infected cells for 1 h. Following treatment or infection, cells
were settled in 4% paraformaldehyde for 15 min and washed
with PBS for three times, and then permeabilized using 0.1%
Triton X-100 for 15 min at room temperature. Blocking was
performed with 5% nonfat milk powder in PBS for 1 h prior
to incubation with primary antibodies followed by incubation
with the suitable secondary antibody. Images were visualized by
confocal fluorescence microscopy.

Quantitative Real-Time (qRT) PCR
Real-time quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) was performed to analysis the
virus copies of PHEV. The cells were given the appropriate
treatment or infection and RNA was extracted following
lysis in Tripure isolation reagent (Roche, Basel, Switzerland).
According to the manufacturer’s protocol of the PrimeScript R©

RT reagent Kit (Takara, Japan), the corresponding treated
cDNA samples were synthesized. A pair of specific primers
(PHEV-p1: AGCGATGAGGCTATTCCGACTA /PHEV-p2:
TTGCCAGAATTGGCTCTACTACG) was used in the study
for PHEV detection, which was targeting a region to the
HE gene of PHEV. The real-time RT-PCR was performed
using FastStart Universal SYBR Green Master (Roche).
The PCR conditions were as follows: 95◦C for 3min (1
cycle), 95◦C for 30 s, 60◦C for 30 s, and 72◦C for 30min (40
cycles).

RESULTS

Autophagosomes Accumulate in
PHEV-Infected Cells
In this study, double membrane vacuoles containing
organelle and cytosolic components, which are analogous
to autophagosomes, were visible in the PHEV infected cells
compared with the mock cells (Figure 1A). To understand
how PHEV induces autophagy, we monitored the processing
of LC3-I to its lipidated membrane-bound form LC3-II.
The Neuro-2a cells were transfected with GFP-LC3 and
prepared for rapamycin for 6 h or PHEV-infection (Figure 1B).
In the mock-infected Neuro-2a cells, GFP-LC3 shows a
diffuse distribution (Figure 1B). PHEV infection leads to
the accumulation of autophagosomes in cells, as observed
by GFP-LC3 punctate redistribution. Similarly, short-term
treatment with rapamycin efficiently induced autophagy,
resulting in GFP-LC3 puncta formation in ∼40% of cells
(Figure 1C). To further corroborate the finding that PHEV
induces autophagy, we measured the expression of LC3-I
and LC3-II in cells by western blotting. Consistent with the
GFP-LC3 fluorescence and TEM data, an increase of LC3-II
was detected in the rapamycin treated and PHEV-infected cells
(Figure 1D).

The Autophagy by PHEV-Induced Is
Time-Dependent
To investigate the temporal regulation of autophagy by PHEV,
a time course of PHEV infection showed that autophagosome
accumulation could be detected by Western blotting from
6 to 36 hpi, and it increased with the infection process
(Figure 2A). In addition, immunofluorescence microscopy was
used to detect the GFP-LC3 puncta and contrast with the
cells transfected with control vector showing that, GFP-LC3
puncta steadily increased at 36 hpi (Figure 2B). In line with
these data, increased LC3-II accumulation was also examined
in PHEV-infected cells with the increasing time by infection
(Figure 2C).
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FIGURE 1 | Autophagosomes accumulate in PHEV-infected Neuro-2a cells. (A) TEM observations. Neuro-2a cells were mock infected or infected with PHEV

for 24 h and studied by transmission electron microscopy. Black triangles indicate the structures with autophagosomes characteristics. (B) Confocal microscopy.

Neuro-2a cells were transfected with GFP-LC3 followed by treatment at 24 h post transfection with mock treatment as a negative control, and rapamycin treatment as

a positive control. The localization of GFP-LC3 positive autophagosome accumulation (green) and the S-tagged PHEV products (red) was visualized using a confocal

microscope. (C) The quantification of cells showing GFP-LC3 puncta in PHEV-infected cells. In three random fields, the average number of puncta in each cell was

taken from at least 80 cells in each treatment. Representative results with graphs are shown in Figure 1B. (D) Western blotting. The turnovers of LC3-I to LC3-II were

detected for mock-treated Neuro-2a cells, rapamycin-treated Neuro-2a cells, and PHEV-infected Neuro-2a cells. Cells were collected at appropriate time points and

detected with anti-LC3B antibody, and β-actin was used as a protein loading control. **P < 0.01; ***P < 0.001. Scale bars: 10µm.

The Membranes of Autophagosome-Like
Vesicles Have Colocalization with Virions
In order to examine whether the autophagy is associated with
viral replication in PHEV infection, we performed subcellular
localization of viral proteins and LC3 or LAMP on PHEV-
infected cells for the first time. As shown in the Figures 3 A,B,
the effective fluorescent signal is observed in the infected cells,
with puncta accumulation. In addition, we also examined the
fluorescence spectra of LAMP1 in PHEV-infected cells. We
found that LAMP1 can is localized with the viral protein in
the infected cells. It reveals that the reassignment of autophagy
marker LC3 induced by PHEV appeared in the infected cells and
the autophagy is involved in viral replication.

PHEV Infection Suppresses Autophagic
Flux
The complete autophagy process contains the formation of
autophagosomes and the fusion between autophagosomes and

lysosomes (Kliosnky et al., 2016). Immunoblotting showed that
PHEV-infected cells have no significant changes in the p62
protein from 12 to 48 hpi, compared to the mock infection

(Figures 4A,B). Consistent with these results, the levels of the

p62 protein were essentially invariant during the infection

by PHEV determined by confocal fluorescence microscopy

(Figure 4C).
Furthermore, the cells were infected with PHEV after

CQ treatment, the result showed that the obvious higher
accumulation levels of p62 than that of the control (Figure 4D).

As shown in Figures 4E–G, CQ increased the levels of LC3II and

p62 and suppressed PHEV infection. These results suggest that

cells infected with PHEV suppress autophagic flux, leading to
no decrease of p62 but an accumulation when treated with CQ
before PHEV infection. These results also revealed that PHEV
induced incomplete autophagy. These data implied that PHEV
infection may interfere with the fusion of autophagosomes with
lysosomes or impair autolysosomal degradation.
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FIGURE 2 | PHEV-induced autophagy was time-dependent. (A) Immunofluorescence microscopy was used to detect the GFP-LC3-autophagosomes in PHEV

infected cells at different post-infection time points before transfection with GFP-LC3 into Neuro-2a cells. The cells were fixed at 0, 24, and 36 h post-infection,

respectively, and then analyzed for GFP-LC3 positive autophagosome accumulation using a confocal microscope as described in Figure 2A. (B,C) Neuro-2a cells

were infected with PHEV and mock-infected cells served as control. At 0, 12, 24, and 36 h post-infection, the cells were then lysed for western blotting analysis using

an anti-LC3B and anti-β-actin antibodies. Scale bars: 10µm.

PHEV Activates Autophagosome
Formation but Suppresses Its Fusion with
Lysosomes
According to the results presented above, PHEV infection
induces an autophagic response, but efficient autophagic protein
degradation and the complete autophagic process remains
unobserved. In order to further explore the potential mystery,
which of the inhibition of autophagic degradation induced by
PHEV, we transfected the Neuro-2a cells with a tandem-tagged
fluorescent reporter, mRFP-GFP-LC3 (ptfLC3) (Figure 5A). The

GFP fluorescence from the ptfLC3 fusion protein is quenched in

acidic autolysosomal conditions; however, the red fluorescence
signal produced by ptfLC3 is not sensitive to acidic conditions.

We found the GFP puncta were increased by PHEV during

infection, as shown in Figure 5A. When both RFP and GFP
signals were colocalized, resulting in yellow puncta, the RFP

puncta remained increased at 12 and 24 h. However, with
rapamycin treated cells, ptfLC3-transfected cells experienced
complete autophagic flux and showedmain red fluorescence with
only a fuzzy green fluorescence.
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FIGURE 3 | The membranes of autophagosome-like vesicles have colocalization with virions. (A,B) PHEV-infected Neuro2a cells were stained with LC3

(green) and PHEV (red) antibodies. The color-merged images are shown in the third panel. The colocalization between PHEV and LC3 and LAMP1 was magnified in

the merged images. Scale bars: 10 µm.

Subsequently, we examined whether the fusion of the
autolysosome with lysosomes was intact during PHEV infection.
A marker for acidic late endosomal and lysosomal structures,
LysoTracker Red was used in the corresponding treated cells
(Figure 5B). In mock-infected cells, a certain number of GFP-
LC3 vacuoles merged with LysoTracker staining. It indicated
that a portion of autophagosomes had fused with lysosomes
and became acidified. However, after PHEV infection, the
autophagosomes do not fuse with acidic compartments.

To exclude the autophagosomes fusion with lysosomes rather
than the efficiently acidified in infected cells, we also stained
the cells with an antibody for LAMP1, a lysosomal marker. In
accordance with the results above, the colocalization of GFP-LC3
and LAMP1 was not examined in Neuro-2a cells (Figure 5C).
It was further clarified by western blotting, compared with the
mock samples at the same time, that LAMP1 showed exceptional
accumulation (Figure 5D). These data indicated that PHEV
infection inhibits the fusion of autophagosomes with acidified
LAMP1 lysosomes and thereby prevents the degradation of
macroautophagy substrates. Collectively, these findings confirm
that PHEV can induce autophagosome formation and activate an
incomplete autophagic response.

Induction of Autophagy with Rapamycin
Inhibits the Replication of PHEV in
Neuro-2a Cells
Autophagy may facilitate or suppress viral replication, depending
on the virus type. To investigate the possible effect of autophagy
on PHEV replication, we treated Neuro-2a cells with rapamycin,

a prompter of autophagy that can stimulate complete autophagy,
targeting mammalian target of rapamycin (mTOR) signaling
pathways. We found that the induction of autophagy with
rapamycin (200µM) for 2 h effectively upregulated the alteration
of LC3-I to LC3-II but significantly inhibited PHEV replication
at 24 and 48 hpi in Neuro-2a cells (Figure 6A). It indicated that
the complete autophagy pathway was activated after treatment
with rapamycin; although, PHEV infection blocked the smooth
of autophagic flow, PHEV replication was also inhibited because
of the rapamycin treatment.

Inhibition of Autophagy with
3-Methyladenine (3-MA) Promotes the Viral
Replication
In expect to recognize the effect of autophagy induced by
PHEV infection on viral replication, we treated the Neuro-2a
cells with 3-MA, the autophagic inhibitor targeting a class III
phosphatidylinositol-3-kinase (PI3K) (Petiot et al., 2000). As
shown in Figure 6B, there was no significant change in the
conversion of LC3-I to LC3-II and the replication of PHEV
at 24 hpi after 3-MA treatment. However, the replication of
PHEVwas significantly increased at 48 hpi after 3-MA treatment.
These results suggested that 3-MA can promote effective PHEV
replication by inhibiting autophagy.

Regulation of Autophagy Does Not Affect
Cell Viability
In this study, we examined the influence of autophagy
during PHEV infection by pharmacological alterations
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FIGURE 4 | PHEV infection suppresses autophagic flux. (A) Western blot analysis of p62 changes in Neuro-2a cells with PHEV infection for 12, 24, 36, and 48 h,

as well as the mock infection for the relevant times. (B) The p62 to β-actin ratio normalized to the mock infection set at 1.0 of (A) (n = 3; P < 0.05). (C) Representative

images of Neuro-2a cells with PHEV infection from 6 to 60 h labeled with antibodies to anti-p62 and anti-PHEV. (D) Effect of chloroquine (CQ) treatment on LC3-II and

p62 of Neuro-2a cells for 24 h, as tested by Western blotting. (E–G) show the ratios of PHEV to β-actin, p62 to β-actin or LC3-II to β-actin from three independent

experiments of (D). *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 10 µm.

of autophagy, containing rapamycin treatment, 3-MA
treatment, and CQ treatment. We found that the cell
viability was not significant change by WST-8 assay,
which provided the basis for our further explore
aiming to the relationship among autophagy and viruses
(Figure 7).

DISCUSSION

PHEV is a neurotropic virus that transmits along the peripheral
nerves to the CNS (Li et al., 2013). The neurological dysfunction
by PHEV infection, results in neurological symptoms, vomiting
and other clinical features. Some cases also accompanied with the
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FIGURE 5 | PHEV activates autophagosome formation but prevents its fusion with lysosomes. (A) Neuro-2a cells were transfected with mRFP-GFP-LC3. As

the positive control for induction of autophagy, Neuro-2a cells were transfected with mRFP-GFP-LC3 and then treated with complete medium supplemented with 200

µM rapamycin for 3 h. At 0, 12, and 24 h post-transfection, the cells were fixed and assessed with GFP and mRFP fluorescence. Scale bars: 50 µm. (B) Neuro-2a

cells were used to analyze the colocalization of LysoTracker-stained acidified vesicles and GFP-LC3-positive autophagosomes in the mock-infected and

PHEV-infected cells at 12, 24, 36, and 48 h. Representative images are shown in Figure 5B. (C) Furthermore, the fusion of autophagosomes with lysosomes was

analyzed as colocalization of the autophagosome marker GFP-LC3 with the lysosome marker LAMP1. Nuclear DNA was stained with DAPI. One of the three

experiments conducted is shown. (D) Western blotting analysis of LAMP1 changes in PHEV-infected cells for 12, 24, 36, and 48 h were shown in Figure 5D,

compared with the relevant times in mock cells. Scale bars: 10 µm.

characteristics of diarrhea, but whether the infection is associated
with nerve injury is not yet clear (Li et al., 2016). In a previous
study, we found that the invasion of nerve cells by PHEV is
mediated by the S protein and neural cell adhesion molecule
(NCAM), which is an adhesionmolecule on the nerve cell surface
(Gao et al., 2010; Dong et al., 2015). However, the specific
mechanism by which the virus invades and replicates in nerve
cells remains ill-defined. Autophagy plays a vital role in the
replication of DNA and RNA viruses (Dreux and Chisari, 2010).

Many RNA viruses induce autophagy in order to produce the
membrane-associated replication complexes (Miller and Krijnse-
Locker, 2008). During the coronavirus infection, LC3 could
be recruited to form double-membrane vesicles (DMVs) from
the ER (Reggiori et al., 2010). These DMVs appear to have a
subcellular structure similar to the autophagosome, which is
called a “virus factories” in a recent study. These viral factories
provide a suitable platform for the replication and encourage
autophagy, implying that a covered connection between DMVs
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FIGURE 6 | The effect of -induced or -inhibited autophagy on PHEV replication. (A,B) Neuro-2a cells were infected with PHEV in the presence or absence of

rapamycin (100 nM) or 3-MA (2 mM). At 24 h and 48 hpi, the cells were harvested and analyzed by immunoblotting using anti-LC3, anti-PHEV, and anti-β-actin

antibodies.

FIGURE 7 | Regulation of autophagy does not affect cell viability. The

pharmacological alteration of autophagy does not affect cell viability. Neuro-2a

cells were determined by WST-8 cell proliferation assay after being treated with

rapamycin, 3-MA, or chloroquine (CQ) for 24 h. Data on the percentage of cell

viability are shown as the mean ± SD for three independent experiments. #P

> 0.05.

and autophagy (Blanchard and Roingeard, 2015). In this study,
it is an initial glance that PHEV infection induces atypical
autophagy which is involved in viral replication.

Here, the traditional TEM assay were performed, the
effectively increased number of double- or single-membrane
vacuoles were displayed in PHEV infected cells for the first time,
that is, the formation of autophagosome. We found that these
single or double vesicle structure is similar to autophagosomes,
but not exactly the same (Pei et al., 2014). Some of these vesicles
encapsulate viral particles, while others do not. It suggested that
autophagy induced by PHEV is different from the complete
autophagy in conventional sense. In addition, accumulation of
GFP-LC3 puncta in PHEV-infected cells were observed by laser
confocal microscopy. It further verified that the formation of
autophagosomes.

Autophagy is often closely related to viral replication, and
several viruses use autophagic substances or the autophagosome
to escape the immune system in order to achieve viral
proliferation, while others use the autophagosome or autophagic
vesicle model structure as its own site for genome transcription

and replication (Jackson et al., 2005). Therefore, the development
of autophagy often contributs to the proliferation of the virus
(Levine and Kroemer, 2008). Several studies have determined
the mechanism of virus-induced autophagy, such as influenza
A virus. The virus inhibits the autophagic degradation process,
and its matrix protein 2 plays a key role in this process
(Gannagé et al., 2009). Rotavirus also blocks the maturation
of autophagosomes and inhibits autophagy maturation, both of
which may offer the rotavirus as a way for escaping the antiviral
function of autophagy (Crawford et al., 2012). Recently, it has
been reported that coronavirus membrane-associated papain-
like protease PLP2 (PLP2-TM) could promote autophagy. In
addition, the interaction between PLP2-TMwith Beclin 1 affected
the replication of the coronavirus, and further regulated the
innate immune defense mechanism against viruses. (Chen et al.,
2014). The similar phenomenon is shown in our results which
demonstrated that PHEV could activate the appearance of
autophagosome but influence its fusion with lysosomes.

As previously mentioned, the complete autophagy process
involves the appearance of autophagosomes and the fusion
and degradation of autophagosomes with lysosomes. The term
“autophagic flux” is used to denote the dynamic process of
autophagosome synthesis, the delivery of autophagic cargoes to
the lysosome, and the degradation of autophagic cargoes inside
the lysosome and is a more reliable indicator of autophagic
activity than measurements of autophagosome numbers. Some
recent studies have demonstrated that the induction of autophagy
not only increases autophagosome formation and expression of
autophagy proteins but also increases autophagic flux, which can
be measured by detecting the levels of p62 (Pankiv et al., 2007).
Using several means of measuring autophagic flux, including p62
degradation, LC3-II turnover, and GFP-LC3 lysosomal delivery
and proteolysis, we confirmed that autophagic flux remained
unchanged upon PHEV infection. The cells were infected with
PHEV after CQ treatment, the level of LC3-II was increased,
but PHEV infection was suppressed. The effect of CQ treatment
may be related to its inhibition of autophagic proteolysis by
suppressing acidification of lysosomes and endosomes. Cellular
entry of coronaviruses is dependent on clathrin-mediated
endocytosis, CQ treatment may block viral genome release from
the lysosome into the cytoplasm for replication (Burkard et al.,
2014). This may also be another dominant effect of CQ. These
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findings illustrate that an incomplete autophagy is activated in
Neuro-2a cells by PHEV infected, like we mentioned as “atypical
autophagy” above, and this autophagy induced by PHEV is
involved in viral replication.

In some positive-strand RNA viruses, there is a co-localization
between their viral components and autophagic markers, which
subvert the autophagy mechanism, suggesting that the assembly
of the translation/replication complexes of these viruses may
exist in autophagic vesicles (e.g., poliovirus, mouse hepatitis
virus, and dengue virus; Suhy et al., 2000; Lee et al., 2008;
Beachboard et al., 2015). In the present study, we examined the
co-localization between autophagy-related proteins and PHEV
virion in infected cells, including LC3, an important component
in the autophagosomal membrane; LAMP1, a widely used of
lysosomal marker protein. We found that PHEV improved
the rearrangement of LC3 and LAMP1, suggesting that several
autophagy-associated membrane proteins are related to the
PHEV replication.

In order to make a thorough inquiry the effect of autophagy
on PHEV infection, Neuro-2a cells were treated with the
corresponding experimental requirements in pharmacological
alterations, including autophagy inducer (Rapa), the early
autophagy inhibitor 3-MA and the late autophagy inhibitor
CQ. Our data displayed that after rapamycin treatment, viral
replication was inhibited by the rapamycin-treated autophagic
effect. The early autophagic inhibitor 3-MA treatment could
significantly promote the replication of PHEV, further implied
that the formation of early autophagosome contributes to PHEV
replication. At the same time, the results from the WST-8
assay we performed above proposed that the pharmacological
alteration did not affect cell viability.

In conclusion, we first propose that PHEV can induce
atypical autophagy and jam the fusion of autophagosomes
with lysosomes, thereby hampering the autophagy pathway
degradation process. However, the specific mechanism of
inhibiting autophagy maturation requires further exploration.
On the other hand, such a seemingly contradictory process
precisely sets the stage in the formation of early autophagy rather
than the autophagolysosome. It may also be an evolutionary
mechanism in which the virus escapes the immune system. Our
studies provide insights into PHEV-host interactions and may
develop a theoretical basis for further study between the virus
and autophagy. These insights may raise promising targets for
the development of antiviral strategies against PHEV infection.
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