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A B S T R A C T   

Porcine deltacoronavirus (PDCoV) is a swine enteropathogenic coronavirus (CoV) that continues to spread 
globally, placing strain on economic and public health. Currently, the pathogenic mechanism of PDCoV remains 
largely unclear, and effective strategies to prevent or treat PDCoV infection are still limited. In this study, the 
interaction between autophagy and PDCoV replication in LLC-PK1 cells was investigated. We demonstrated that 
PDCoV infection induced a complete autophagy process. Pharmacologically induced autophagy with rapamycin 
increased the expression of PDCoV N, while pharmacologically inhibited autophagy with wortmannin decreased 
the expression of PDCoV N, suggesting that PDCoV-induced autophagy facilitates virus replication. Further ex-
periments showed that PDCoV infection activated p38 signaling pathway to trigger autophagy. Besides, ergos-
terol peroxide (EP) alleviated PDCoV-induced activation of p38 to suppress autophagy, thus exerting its antiviral 
effects. Finally, we employed a piglet model of PDCoV infection to demonstrate that EP prevented PDCoV 
infection by suppressing PDCoV-induced autophagy via p38 signaling pathway in vivo. Collectively, these find-
ings accelerate the understanding of the pathogenesis of PDCoV infection and provide new insights for the 
development of EP as an effective therapeutic strategy for PDCoV.   

1. Introduction 

Porcine deltacoronavirus (PDCoV) is a swine enteropathogenic 
coronavirus (CoV), which belongs to the genus Deltacoronavirus of the 
family Coronaviridae. It can cause severe dehydration, vomiting and 
watery diarrhea in piglets (Ma et al., 2015), leading significant eco-
nomic loss in the swine industry. PDCoV was first detected in 2012 in pig 
feces during the molecular surveillance of CoVs (Woo et al., 2012), and 
first broke out in the United States in February 2014 with 30–40 % 
mortality in piglets (Wang et al., 2014). Subsequently, it has been found 
in many countries, including South Korea, Japan and China (Dong et al., 
2016; Jang et al., 2017; Suzuki et al., 2018). In addition to pigs, PDCoV 
can infect a variety of other animals, including calves and poultry (Boley 
et al., 2020; Jung et al., 2017), highlighting its potential to cross inter-
species barriers. As an emerging virus, the pathogenesis and virus-host 
interaction of PDCoV are poorly understood. Besides, effective thera-
peutics or vaccines to control PDCoV infection are still limited. 

Autophagy is an evolutionarily conserved process to maintain 
cellular homeostasis in response to stress (e.g. nutrient and energy 

deficiency, pathogen infection, and endoplasmic reticulum stress) via 
formation of a double-membraned autophagosome and subsequent 
lysosomal fusion leading to degradation (Boya et al., 2013). However, 
several viruses have evolved diverse strategies to hijack autophagy for 
their own benefit, such as classical swine fever virus (CSFV), porcine 
reproductive and respiratory syndrome virus (PRRSV) and porcine 
epidemic diarrhea virus (PEDV) (Lin et al., 2020; Pei et al., 2014; Sun 
et al., 2012). Understanding the relationship between autophagy and 
viral infection is crucial to control the disease (Bonam et al., 2020). 
PDCoV infection has been reported to induce autophagy (Qin et al., 
2019), but no study has shown how PDCoV causes autophagy and the 
functions of autophagy during PDCoV replication the details. The p38 
mitogen-activated protein kinase (MAPK) signaling pathway is a major 
cell signaling pathway which converts extracellular stimuli into a wide 
range of cellular responses, including autophagy (Gan et al., 2018; Hou 
et al., 2020). We previously demonstrated that PDCoV infection acti-
vated p38 signaling pathway to benefit its replication (Duan et al., 
2021). Therefore, we are curious whether p38 signaling pathway is 
involved in autophagy induced by PDCoV infection. 
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Our recent study has shown that ergosterol peroxide (EP) from the 
mushroom Cryptoporus volvatus (C. volvatus) possesses efficient anti- 
PDCoV properties and can alleviate p38 activation induced by PDCoV 
infection (Duan et al., 2021). C. volvatus belongs to the family Aphyllo-
phorales and the genus Cryptoporus, and grows in certain areas in China 
(Hua et al., 1991). It has a long medical use history for treating asthma 
and bronchitis in China. Aqueous extracts from the fruiting body of C. 
volvatus have been reported to have multiple bioactivities, such as 
anti-tumorigenic, anti-allergic, anti-inflammatory and antiviral activ-
ities (Ma et al., 2013; Xie et al., 2006; Zhu et al., 2016). 

In the present study, we employed LLC-PK1 cell models and piglet 
models of PDCoV infection to reveal the relationship between autophagy 
and PDCoV infection, and to elucidate the mechanisms by which PDCoV 
infection induced autophagy. Moreover, we explored the inhibitory ef-
fects of EP on PDCoV infection from the viewpoint of autophagy. 

2. Materials and methods 

2.1. Ethics in animal experimentation 

Experiments with piglets were carried out in strict accordance with 
the Guidelines for Laboratory Animal Use and Care from the Chinese 
Center for Disease Control and Prevention and the Rules for Medical 
Laboratory Animals from the Chinese Ministry of Health, under protocol 
CAU20190816-1, approved by the Animal Ethics Committee of China 
Agricultural University. 

2.2. Preparation of EP 

EP was extracted from Cryptoporus volvatus with a purity of over 97 
%. Extraction and purity determination were done as previously 
described (Duan et al., 2021). 

2.3. Cell culture 

LLC-PK1 cells (ATCC CL-101) were obtained from the American Type 
Culture Collection (ATCC) and cultured in MEM (Gibco, USA) supple-
mented with 1% antibiotic-antimycotic (Gibco, USA), 1% HEPES 
(Gibco, USA), 1% MEM non-essential amino acids solution (NEAA) 
(Gibco, USA) and 10 % heat-inactivated fetal bovine serum (FBS) 
(Gibco, Australia). LLC-PK1 cells were incubated at 37 ◦C with 5% CO2. 

2.4. Virus, viral infection and virus titration 

The PDCoV CHN-HN-1601 strain (GenBank accession no: 
MG832584) provided by Professor Hanchun Yang, China Agricultural 
University, was used in this study. Virus titers were calculated using the 
Reed-Muench method and expressed as 50 % tissue culture infectious 
doses per milliliter (TCID50/mL). LLC-PK1 cells were grown to 80 % 
confluence in 6-well plates and incubated with PDCoV at a multiplicity 
of infection (MOI) of 2 with 10 μg/mL trypsin for 1 h at 37 ◦C. After 
being washed three times with phosphate-buffered saline (PBS), the cells 
were cultured in maintenance medium without FBS supplemented with 
5 μg/mL trypsin. Suspended virus was irradiated with UV light for 5 h 
with gentle shaking at intervals to prepare inactivated PDCoV. 

2.5. Indirect immunofluorescence assay (IFA) 

LLC-PK1 cells were washed with PBS and fixed with 4% para-
formaldehyde for 30 min at 4℃. The cells were permeabilized with 0.2 
% Triton X-100 for 10 min. After washing with PBS, the cells were 
blocked with 1% bovine serum albumin (BSA) for 45 min at 37℃. 
Subsequently, the cells were stained with anti-PDCoV monoclonal 
antibody (1:1000, provided by Professor Pinghuang Liu, China Agri-
cultural University, Beijing, China) at 4℃ for 12 h. The cells were then 
washed and incubated with FITC-conjugated goat anti-pig IgG (1:200, 

Solarbio, China) for 45 min at 37℃. After 3washes with PBS, the cells 
were examined by fluorescence microscopy (Olympus IX71, Tokyo, 
Japan). 

2.6. Cytotoxicity assay 

The cytotoxicity of rapamycin (Selleck, USA), wortmannin (Selleck, 
USA) and chloroquine (CQ, Sigma-Aldrich, Germany) were assessed in 
vitro using the Cell Counting Kit-8 (CCK-8, DOJINDO, Japan) according 
to the manufacturer’s instructions. LLC-PK1 cells were seeded into 96- 
cell plates and grown to 100 % confluence for 24 h. After washing 3 
times with PBS, the cells were treated with different concentrations of 
rapamycin, wortmannin and CQ. Mock-treated cells were used as con-
trol. After 36 h, the cells were washed with PBS and incubated with 
100 μL MEM and 10 μL CCK-8 solution at 37℃ for 2 h. Absorbance was 
measured with a microplate reader (Model 680 Microplate Reader, BIO- 
RAD, USA) at 450 nm. Cytotoxicity was analyzed according to the 
following formula:  

Cytotoxicity (%) = [(Abs sample) – (Abs blank)] / [(Abs negative control) – 
(Abs blank)] × 100                                                                                 

2.7. Intervention test of biochemical agents 

Cells grown to 80 % confluence in 6-well plates were pretreated with 
autophagy activator rapamycin (62.5 μg/mL), autophagy inhibitor 
wortmannin (5 μg/mL), lysosomal inhibitor CQ (12.5 μg/mL) or p38 
inhibitor SB203580 (5 μM) for 4 h, followed by PDCoV adsorption for 
1 h at a MOI of 2. Then the inoculum was removed, and the cells were 
washed three times with PBS. Subsequently, the cells were cultured in 
fresh medium containing rapamycin (31.2 μg/mL), wortmannin 
(2.5 μg/mL), CQ (6.25 μg/mL) or p38 inhibitor SB203580 (5 μM). The 
cells were detected for the related indexes at 24 h post infection (hpi). 

2.8. Confocal immunofluorescence microscopy 

For the detection of autophagosomes, the cells were grown to 60–80 
% confluence on glass coverslips in 6-well plates, then transfected with 
plasmid GFP-LC3 (provided by Wenqi He, Jilin University) using Lip-
ofectamine 3000 (Invitrogen, USA) for 24 h. After three washes with 
PBS, the cells were infected with PDCoV (MOI = 2) for 1 h. Then the 
inoculum was removed, and the cells were washed three times with PBS. 
Subsequently, the cells were cultured in fresh medium. For the detection 
of autophagic flux, the cells were transfected with the tandem fluores-
cent monomeric red fluorescent protein (mRFP)-GFP-LC3 (ptfLC3) 
(provided by Wenqi He, Jilin University) as described above. After 24 h, 
the cells were washed and treated with CQ according to the method in 
the Intervention test of biochemical agents. At 24 hpi, the cells were 
washed with PBS and fixed with 4% paraformaldehyde for 30 min at 
4℃. Cell monolayers were permeabilized with 0.2 % Triton X-100 for 
10 min. The cells were then blocked with 1% BSA for 45 min at 37℃. 
Subsequently, the cells were stained with anti-PDCoV N monoclonal 
antibody (1:1000, Medgene, USA) at 4℃ for 12 h, followed by incuba-
tion of RBITC-conjugated goat anti-mouse IgG (1:200, Solarbio, China) 
for 45 min at 37℃. After washing with PBS, the cells were incubated 
with DAPI (Sigma-Aldrich, Germany) at room temperature for 5 min and 
photographed using a Leica SP8 Laser Scanning confocal microscope 
(Leica Microsystems, Germany). 

2.9. Small interfering RNA (siRNA) transfection 

Specific porcine p38 siRNA sequences were designed using the 
sequence of Sus scrofa p38 mRNA (GenBank Accession No. 
XM_003356616.1) and synthesized by Genepharma (Shanghai, China). 
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NC siRNA (5′-UUCUCCGAACGUGUCACGUTT-3′) was purchased from 
Genepharma. The p38 siRNA sequences were as follows: 5′- CCGAG-
GUCUCAAGUAUAUATT-3′ (#1), 5′-GGGCAGAUCUGAACAACAUTT-3′

(#2) and 5′-GCAGGAGCUGAACAAGACATT-3′ (#3). The siRNAs were 
transfected using HiPerFect Transfection Reagent (Giagen, Germany) at 
a final concentration of 60 nM according to the manufacturer’s in-
structions. After 24 h, the efficiency of the siRNA was characterized by 
western blot. 

2.10. Antiviral assays 

The cells were infected with PDCoV (MOI = 2) in the absence or 
presence EP (150 μM). According to our previous study (Duan et al., 
2021), treatment of LLC-PK1 cells with 150 μM EP for 36 h has no toxic 
effects. After 1 h, the inoculum was removed, and the cells were washed 
three times with PBS. Subsequently, the cells were cultured in fresh 
medium in the absence or presence EP (150 μM) for 1 h. The cells were 
collected and the related indexes were detected by western blot at 
24 hpi. 

2.11. In vivo study of piglets 

A total of 15 seven-day-old crossbred (Landrace × Large White) 
piglets of mixed gender, weighing 3.0 ± 0.2 kg were purchased from a 
regular commercial farm in Tianjin, China. Prior to the start of the trial, 
no clinical signs of diarrhea or other diseases were observed in any of the 
piglets, and the rectal swabs were confirmed negative for the major 
porcine enteric viruses (PDCoV, porcine epidemic diarrhea virus 
(PEDV), transmissible gastroenteritis virus (TGEV) and rotavirus) by 
Reverse transcription PCR. On day 0, the piglets were divided randomly 
into 3 groups (n = 5 per group): (i) control group (CN), oral adminis-
tration of 5 mL MEM at 8:00 am on days 1–3; (ii) PDCoV group, oral 
administration of 5 mL MEM containing a total of 1 × 106 TCID50 of the 
PDCoV CHN-HN-1601 strain at 8:00 am on day 1, 5 mL MEM at 8:00 am 
on days 2-3; (iii) PDCoV + EP group, oral administration of 5 mL MEM 
containing a total of 1 × 106 TCID50 of the PDCoV CHN-HN-1601 strain 
and EP (2.5 mg/kg body weight) at 8:00 am on day 1, 5 mL MEM con-
taining EP (2.5 mg/kg body weight) on days 2-3. On day 5, piglets from 
each group were necropsied, and jejunal tissues were collected. 

2.12. Western blot analysis 

The cell and jejunum tissues were lysed in radioimmunoprecipitation 
assay (RIPA) lysis buffer (CoWin Biosciences, China) with 1 mM phe-
nylmethyl sulfonyl fluoride (PMSF, Beyotime, China) and 20 μM NaF on 
ice. Primary antibodies used in this study were anti-LC3, anti-p62/ 
SQSTM1 (1:1000, Sigma-Aldrich, Germany), anti-PDCoV N (1:5, pro-
vided by Professor Pinghuang Liu, China Agricultural University), anti- 
phospho-p38 (1:500, Cell Signaling Technology, USA), anti-p38 
(1:1000, Cell Signaling Technology, USA) and anti-β-actin (1:1000, 
ProteinTech Group, USA). Horseradish peroxidase conjugated to Affi-
niPure goat anti-mouse IgG (1:5000, ProteinTech Group, USA) or goat 
anti-rabbit IgG (1:5000, ProteinTech Group, USA) was used as second-
ary antibodies. 

2.13. Statistical analysis 

All experiments were performed 3 times. Statistical analysis was 
performed using IBM SPSS Statistics 25 software (IBM, USA). Differ-
ences between means were compared using Tukey’s honestly significant 
difference post-hoc test. The data were visualized using GraphPad Prism 
7 software (GraphPad Software, USA) and expressed as mean ± SEM. 
The statistically significant differences were set at P < 0.05. 

3. Results 

3.1. PDCoV infection induces autophagy in LLC-PK1 cells 

To explore whether PDCoV induces autophagy, the levels of auto-
phagy marker proteins were examined in PDCoV-infected LLC-PK1 cells. 
LC3 is a specific marker protein for monitoring autophagic vesicle for-
mation, and the ratio of LC3-II to β-actin is commonly used to assess the 
activity of autophagy. We found that LC3-II expression was significantly 
upregulated at 6, 12, 24 and 30 hpi, as compared with mock cells 
(Fig. 1A, B). PDCoV-induced autophagy was also determined by visu-
alizing the fluorescent puncta of LC3. In agreement with western blot 
analysis, there was few fluorescent puncta in uninfected LLC-PK1 cells, 
whereas PDCoV-infected cells displayed accumulation of fluorescent 
puncta (Fig. 1D). 

The accumulation of autophagosomes may be due to autophagy in-
duction or a block in autophagosome maturation. To confirm whether 
PDCoV-induced autophagy is a complete process, we also measured the 
degradation of p62, a marker for the autophagy-mediated protein 
degradation pathway (Mizushima et al., 2010). PDCoV-infected cells 
decreased p62 expression at 6, 12, 24 and 30 hpi, as compared with 
mock cells (Fig. 1A, C), suggesting that PDCoV induced complete 
autophagy. To further confirm the observation, LLC-PK1 cells were 
transfected with a ptfLC3 plasmid. The signal of green (GFP) is quenched 
by the low pH inside the lysosome lumen, whereas the red signal (RFP) 
retains its fluorescence in acidic conditions. Meanwhile, LLC-PK1 cells 
were treated with CQ, which can inhibit the fusion of the autophago-
some with lysosome. As shown in Fig. 1F, numerous red fluorescent 
puncta were observed and many green fluorescent puncta were 
quenched in PDCoV-infected cells at 24 hpi. In contrast, CQ treatment 
dramatically recovered green fluorescent puncta and increased yellow 
puncta in PDCoV-infected cells. These data indicated that PDCoV 
infection not only increased autophagosome formation, but also 
enhanced autophagic flux. 

3.2. PDCoV replication enhances the autophagy process 

To determine whether PDCoV induced-autophagy required virus 
replication, UV inactivation of PDCoV was performed. Loss of infectivity 
was confirmed by fluorescence imaging (Fig. 2A). LC3-II expression in 
cells infected with UV-inactivated PDCoV was higher than that in mock 
cells (Fig. 2B), however, lower than that in cells infected with the 
nonirradiated PDCoV (Fig. 2B), indicating that PDCoV replication en-
hances the autophagy process. These results were further confirmed by 
confocal immunofluorescent analysis. There were more fluorescent 
puncta in PDCoV-infected cells compared with UV-PDCoV-infected cells 
(Fig. 2C). 

3.3. Autophagy promotes PDCoV replication 

Next, we investigated the effect of autophagy on PDCoV replication. 
Western blot analysis demonstrated that rapamycin treatment signifi-
cantly increased the levels of LC3-II and PDCoV N, whereas, wortmannin 
treatment decreased the levels of LC3-II and PDCoV N (Fig. 3A). In 
addition, rapamycin treatment up-regulated the infectious titers of 
PDCoV. Conversely, wortmannin treatment reduced the infectious titers 
of PDCoV (Fig. 3B). These findings reveal that autophagy promotes 
PDCoV replication. The treatment concentration of rapamycin and 
wortmannin had no toxic effects on the cells compared with the mock- 
treatment (Fig. 3C, D). 

3.4. Inhibition of PDCoV-induced autophagy by EP contributes to its 
antiviral effect 

We previously observed that EP inhibits PDCoV replication. Here we 
explored the possible antiviral mechanisms of EP. Compared with the 
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cells infected with PDCoV only, EP treatment decreased the levels of 
LC3-II and PDCoV N (Fig. 4). 

3.5. The p38 signaling pathway participates in the inhibition of EP on 
PDCoV-induced autophagy 

Our previous study showed that PDCoV infection activated p38 
signaling pathway to benefit its replication (Duan et al., 2021). The p38 
signaling pathway has also been reported to mediate autophagy (Gan 
et al., 2018; Hou et al., 2020). Hence, we used p38 inhibitor SB203580, 
rapamycin and wortmannin to explore the role of p38 in PDCoV repli-
cation and PDCoV-induced autophagy. Infected cells treated with 

SB203580 had lower expressions of phosphorylated p38, LC3-II and 
PDCoV N compared with the cells infected with PDCoV only (Fig. 5A). 
Besides, SB203580 treatment reduced the infectious titers of PDCoV 
(Fig. 5B). A similar trend was observed in infected cells treated with 
wortmannin (Fig. 5A, B). However, increased expressions of phosphor-
ylated p38, LC3-II and PDCoV N were observed in infected cells treated 
with rapamycin compared with the cells infected with PDCoV only 
(Fig. 5A). Consistently, rapamycin treatment increased the infectious 
titers of PDCoV (Fig. 5B). Next, we used siRNA-mediated knockdown to 
further address the role of p38 in EP inhibiting PDCoV replication and 
alleviating PDCoV-induced autophagy in LLC-PK1 cells. The siRNA 
targeting p38 apparently reduced the expression of p38 (Fig. 5C), and 

Fig. 1. PDCoV infection induces autophagy in LLC-PK1 cells. (A) LLC-PK1 cells were mock infected or infected with PDCoV (MOI = 2). The expressions of LC3-II 
and p62 were analyzed by western blot at 6, 12, 24 and 30 hpi. (B, C) Results were presented as the ratio of target protein band intensity to β-actin band intensity. (D) 
LLC-PK1 cells were transfected with plasmid GFP-LC3 for 24 h, followed by PDCoV infection (MOI = 2). The fluorescence signals were visualized by confocal 
immunofluorescence microscopy at 24 hpi. Scale bars: 10 μm. (E) Determination of cytotoxicity of CQ by CCK-8 assay. (F) LLC-PK1 cells were transfected with 
plasmid ptfLC3 for 24 h, followed by mock-treated or CQ (12.5 μg/mL)-treated for 4 h. Then, the cells were mock-infected or infected with PDCoV (MOI = 2). After 
PDCoV adsorption for 1 h, the cells were further cultured in fresh medium in the absence or presence of CQ (6.25 μg/mL). The fluorescence signals were visualized by 
confocal immunofluorescence microscopy at 24 hpi. Scale bars: 10 μm. Values represent the mean ± SEM for three independent experiments. *P < 0.05; **P < 0.01. 

Fig. 2. PDCoV replication enhances the autophagy process. (A) Immunofluorescence assay verified that UV-inactivated PDCoV was replication defective. (B) 
LLC-PK1 cells were mock infected or infected with PDCoV and UV-inactivated PDCoV. The expression of LC3-II was analyzed by western blot at 24 hpi. Results were 
presented as the ratio of LC3-II band intensity to β-actin band intensity. (C) LLC-PK1 cells were transfected with plasmid GFP-LC3 for 24 h, followed by mock infected 
or infected with PDCoV and UV-inactivated PDCoV. The fluorescence signals were visualized by confocal immunofluorescence microscopy at 24 hpi. Scale bars: 
10 μm. Values represent the mean ± SEM for three independent experiments. *P < 0.05; **P < 0.01. 
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p38 siRNA #1 was used for subsequent experiments. As shown in 
Fig. 5D, PDCoV infection increased the expression of phosphorylated 
p38 protein, and knockdown of p38 decreased the level of PDCoV N, 
implying that PDCoV might activate the p38 signaling pathway to 
facilitate its replication. Meanwhile, knockdown of p38 slowed down 
the increase of LC3-II expression induced by PDCoV infection, suggest-
ing that p38 participates in the autophagy mechanism of PDCoV infec-
tion. EP treatment inhibited PDCoV-induced activation of p38, 
attenuated the up-regulated expression of LC3-II caused by PDCoV 
infection, and reduced the level of PDCoV N. Moreover, both knock-
down of p38 and EP treatment decreased the infectious titers of PDCoV 
(Fig. 5E). These results demonstrated that EP could suppress 
PDCoV-induced autophagy to inhibit virus replication via p38 signaling 
pathway. 

3.6. EP suppressed PDCoV-induced autophagy and p38 activation in the 
jejunum of piglets 

Finally, we studied the autophagy induced by PDCoV and the effect 
of EP in vivo. As expected, all piglets in the PDCoV group showed typical 
clinical syndrome, including diarrhea and vomiting, while the piglets in 
the PDCoV + EP group and the CN group were normal. The jejunum 
villus structure of piglets in PDCoV group was incomplete, and the in-
testinal epithelial cells were shed. However, the jejunum of piglets in 
PDCoV + EP group only showed hyperaemia. Western blot analysis 
demonstrated that compared with the CN group, higher expression of 

LC3-II was observed in the jejunum of the PDCoV group (Fig. 6A, B). 
Conversely, lower expression of LC3-II was found in the jejunum of the 
PDCoV + EP group compared with the PDCoV group (Fig. 6A, B). There 
was no significant difference in LC3-II expression in the jejunum be-
tween the CN group and the PDCoV + EP group. These results indicated 
that administration of EP attenuated PDCoV-induced autophagy in 
piglets. In addition, the PDCoV group had higher expression of phos-
phorylated p38 in the jejunum compared with the CN group (Fig. 6A, C). 
However, expression of phosphorylated p38 in the jejunum of the 
PDCoV + EP group was lower than that of the PDCoV group (Fig. 6A, C). 
No statistical difference was found in phosphorylated p38 expression in 
the jejunum between the CN group and the PDCoV + EP group. These 
results suggested that administration of EP alleviated the activation of 
p38 induced by PDCoV in piglets. Correspondingly, it was observed that 
expression of PDCoV N in the jejunum of the PDCoV + EP group was 
obviously lower than that of the PDCoV group (Fig. 6A, E). 

4. Discussion 

Since 2014, PDCoV has disseminated around the world, causing 
significant economic losses to the pig industry. Until now, there is 
paucity of information on the underlying mechanism of PDCoV repli-
cation and pathogenesis. Autophagy has been widely investigated due to 
its important role in the pathogenesis of many diseases in recent years 
(Levine and Kroemer, 2008; Valero-Muñoz et al., 2020). It not only 
serves a protective function in cell survival under stress, but also 

Fig. 3. Autophagy promotes PDCoV replication. (A) LLC-PK1 cells were pretreated with autophagy activator rapamycin (62.5 μg/mL) or autophagy inhibitor 
wortmannin (5 μg/mL) prior to PDCoV infection (MOI = 2). After PDCoV adsorption for 1 h, the cells were further cultured in fresh medium in the absence or 
presence of rapamycin (31.2 μg/mL) or wortmannin (2.5 μg/mL). The expressions of LC3-II and PDCoV N was analyzed by western blot at 24 hpi. Results were 
presented as the ratio of target protein band intensity to β-actin band intensity. (B) The virus titer (lgTCID50/mL) in LLC-PK1 cell supernatants was calculated by the 
method of Reed and Muench. (C, D) Determination of cytotoxicity of rapamycin and wortmannin by CCK-8 assay. Values represent the mean ± SEM for three in-
dependent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. 

Fig. 4. Inhibition of PDCoV-induced autophagy by EP contributes to its antiviral effect. LLC-PK1 cells were mock-infected or infected with PDCoV (MOI = 2) in 
the absence or presence EP (150 μM). After PDCoV adsorption for 1 h, the cells were further cultured in fresh medium in the absence or presence EP (150 μM). The 
expressions of LC3-II and PDCoV N were analyzed by western blot at 24 hpi. Results were presented as the ratio of target protein band intensity to β-actin band 
intensity. Values represent the mean ± SEM for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. 
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involves in pathogen infection (Shintani and Klionsky, 2004). On the 
one hand, host cells utilize autophagy to delivery viruses to the lyso-
somal compartment for degradation and elimination. On the other hand, 
many viruses have developed mechanisms to block autophagy or use 
autophagy for their own benefit. For example, TGEV and PEDV are both 
swine enteropathogenic coronaviruses. TGEV infection induces auto-
phagy to negatively regulate its replication (Guo et al., 2016), whereas 
PEDV infection induces autophagy to promote its replication (Lin et al., 
2020). Until now, the specific role of autophagy on PDCoV infection has 

not been reported. In this study, we demonstrated that PDCoV infection 
induces a complete autophagy and provided the first piece of evidence 
that PDCoV infection can trigger autophagy to facilitate its replication. 
We speculated that PDCoV-induced autophagy might provide a mem-
brane platform for its replication or assembly. Besides, autophagy plays 
multiple roles in innate and adaptive immunity (Levine and Deretic, 
2007). It may facilitate virus replication by suppressing innate antiviral 
immunity. Previous research showed that the ATG12–ATG5 conjugate, a 
key regulator of the autophagic process, negatively regulated type I IFN 

Fig. 5. The p38 signaling pathway participates in the inhibition of EP on PDCoV-induced autophagy. (A) LLC-PK1 cells were pretreated with p38 inhibitor 
SB203580 (5 μM), rapamycin (62.5 μg/mL) or wortmannin (5 μg/mL) prior to PDCoV infection (MOI = 2). After PDCoV adsorption for 1 h, the cells were further 
cultured in fresh medium in the absence or presence of SB203580 (5 μM), rapamycin (31.2 μg/mL) or wortmannin (2.5 μg/mL). The expressions of p-p38, p38, LC3-II 
and PDCoV N were analyzed by western blot at 24 hpi. Results were presented as the ratio of target protein band intensity to β-actin band intensity. (B) The virus titer 
(lgTCID50/mL) in LLC-PK1 supernatants was calculated by the method of Reed and Muench. (C) The efficiency of p38 siRNA was evaluated by western blot. LLC-PK1 
cells were transfected with the indicated siRNA. At 24 h post transfection, the expression of p38 was analyzed by western blot. Results were presented as the ratio of 
p38 band intensity to β-actin band intensity. (D) LLC-PK1 cells were transfected with p38 siRNA #1 or NC siRNA. At 24 h post transfection, the cells were mock- 
infected or infected with PDCoV (MOI=2) in the absence or presence EP (150 μM). After PDCoV adsorption for 1 h, the cells were further cultured in fresh me-
dium in the absence or presence EP (150 μM). The expressions of p-p38, p38, LC3-II and PDCoV N were analyzed by western blot at 24 hpi. Results were presented as 
the ratio of target protein band intensity to β-actin band intensity. Values represent the mean ± SEM for three independent experiments. Mean values without a 
common superscript (a, b, c, d, e) differ significantly (P < 0.05). 

Fig. 6. EP suppressed PDCoV-induced autophagy and p38 activation in the jejunum of piglets. 
(A) Western blot analysis of proteins from jejunum tissues probed with the anti-LC3, anti-p-p38, anti-p38 and anti-PDCoV N antibody. (B–E) Results were presented 
as the ratio of target protein band intensity to β-actin band intensity. Values represent the mean ± SEM for three independent experiments. *P < 0.05; **P < 0.01. 
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production pathway during vesicular stomatitis virus replication (Jou-
nai et al., 2007). PDCoV-induced autophagy may make for its immune 
evasion through blocking type I IFN signaling pathway. However, these 
speculations need further work. 

UV-inactivated PDCoV can also induce a degree of autophagy, but it 
was feebler than the nonirradiated PDCoV. We surmised that PDCoV 
structural proteins (S, M, E or N) or the attachment process might have 
the ability to trigger autophagy, and PDCoV replication could enhance 
the autophagy process. The nonstructural proteins of PDCoV may take 
part in triggering autophagy. For example, nsp6 and ORF3 of PEDV are 
two of the key inducers of autophagy (Lin et al., 2020). 

So far, there are no adequate control strategies against PDCoV. The 
development of anti-PDCoV drugs has attracted the attention of an 
increasing number of researchers (Ke et al., 2021; Zhai et al., 2019). 
Natural products from Chinese herbs have attracted the attention of 
pharmacists and have been exploited extensively in the pursuit of new 
antiviral agents. For example, the application of Traditional Chinese 
Medicine (TCM) for the treatment or prevention of Severe Acute Res-
piratory Syndrome Coronavirus (SARS-CoV) and Severe Acute Respira-
tory Syndrome Coronavirus 2 (SARS-CoV-2) has had an outstanding 
effect (Yang et al., 2020). Mushrooms have been applied as TCM for 
centuries, and dried extracts from fruit bodies are a lucrative segment of 
the market for herbal medicines in western countries (Gründemann 
et al., 2020). Our previous study revealed that EP from the mushroom 
C. volvatus has efficient anti-PDCoV properties in vitro (Duan et al., 
2021). In the current study, we found that EP alleviated PDCoV-induced 
autophagy, contributing to its antiviral effects. 

In mammalian cells, the p38 signaling pathway is strongly activated 
by environmental stresses and inflammatory cytokines. Many viruses, 
including CoVs, are known to stimulate p38 and to exploit it in order to 
regulate cellular or viral gene expression or both for the success of virus 
replication (Lee et al., 2016; Marchant et al., 2010). Thus, p38 can be an 
effective drug target. At present, we found that knockdown of p38 
inhibited PDCoV-induced up-regulation of LC3-II, suggesting that p38 
signaling pathway mediates PDCoV-induced autophagy. EP treatment 
suppressed PDCoV-induced p38 activation, thus alleviating 
PDCoV-induced autophagy and inhibiting virus replication. Besides, it 
has been reported that PEDV can induce autophagy via the 
PI3K/Akt/mTOR signaling pathway (Lin et al., 2020). Whether PDCoV 
also induces autophagy through this pathway remains to be studied. 

Autophagy occurs at basal levels in most tissues and contributes to 
the routine turnover of cytoplasmic components. However, autophagy 
can be induced by a change of environmental conditions. As far as we 
know, there is no relevant reports on the effect of PDCoV on autophagy 
in piglets. Herein, we found that PDCoV infection increased the ex-
pressions of LC3-II and phosphorylated p38 in the jejunum, and inferred 
that PDCoV infection could also induce autophagy through activating 
p38 signaling pathway in vivo. Autophagy can serve to protect cells but 
may also contribute to cell damage (Shintani and Klionsky, 2004). The 
induction of autophagy by PDCoV infection may promote its replication 
in the body and aggravate its damage to the intestine. EP administration 
reduced p38 activation caused by PDCoV infection, and then attenuated 
PDCoV-induced autophagy. 

In conclusion, this study demonstrates for the first time that PDCoV- 
induced autophagy enhances virus replication. The p38 signaling 
pathway mediates the induction of autophagy by PDCoV infection. EP 
suppresses PDCoV-induced autophagy through p38 signaling pathway 
to inhibit virus replication in vitro and in vivo. These results improve the 
understanding of the pathogenesis of PDCoV infection and provide clues 
to the development of effective drugs against PDCoV. 
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