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A B S T R A C T   

Porcine deltacoronavirus (PDCoV) is an emerging swine enteropathogenic coronavirus (CoV) that poses eco-
nomic and public health burdens. Currently, there are no effective antiviral agents against PDCoV. Cryptoporus 
volvatus often serves as an antimicrobial agent in Traditional Chinese Medicines. This study aimed to evaluate the 
antiviral activities of ergosterol peroxide (EP) from C. volvatus against PDCoV infection. The inhibitory activity of 
EP against PDCoV was assessed by using virus titration and performing Quantitative Reverse transcription PCR 
(RT-qPCR), Western blotting and immunofluorescence assays in LLC-PK1 cells. The mechanism of EP against 
PDCoV was analyzed by flow cytometry, RT-qPCR and Western blotting. We found that EP treatment inhibited 
PDCoV infection in LLC-PK1 cells in a dose-dependent manner. Subsequently, we demonstrated that EP blocked 
virus attachment and entry using RT-qPCR. Time-of-addition assays indicated that EP mainly exerted its 
inhibitory effect at the early and middle stages in the PDCoV replication cycle. EP also inactivated PDCoV 
infectivity directly as well as suppressed PDCoV-induced apoptosis. Furthermore, EP treatment decreased the 
phosphorylation of IκBα and p38 MAPK induced by PDCoV infection as well as the mRNA levels of cytokines (IL- 
1β, IL-6, IL-12, TNF-α, IFN-α, IFN-β, Mx1 and PKR). These results imply that EP can inhibit PDCoV infection and 
regulate host immune responses by downregulating the activation of the NF-κB and p38/MAPK signaling 
pathways in vitro. EP can be used as a potential candidate for the development of a new anti-PDCoV therapy.   

1. Introduction 

Porcine deltacoronavirus (PDCoV), belonging to the genus Delta-
coronavirus of the family Coronaviridae, is a widespread swine entero-
pathogenic coronavirus (CoV), which can cause severe dehydration, 
vomiting and watery diarrhea in piglets [1]. Since its first detection in 
2012 in pig feces [2], PDCoV has subsequently been found in a number 
of countries, including the USA, South Korea, Japan, Canada and China 
[1,3–6]. In addition, PDCoV can infect a variety of animals, exhibiting a 
wide range of tissue tropisms. Studies have found that PDCoV can also 
infect calves, chickens and turkeys [7–9], highlighting its ability to cross 
interspecies barriers. The global distribution of PDCoV in pigs and its 
potential for transmission to various hosts are alarming. Pigs are inter-
mediate hosts for several pathogens that can be transmitted 

zoonotically, which underscores the need for studying the zoonotic 
potential of PDCoV and the development of antiviral drugs against it 
[10]. 

Until now, there have been no effective therapeutics or vaccines to 
control PDCoV infections. The currently used antiviral agents have sig-
nificant side effects and lead to the development of drug resistance in 
virus population because the virus is evolving under selective pressures 
[11]. Due to the lack of specific antiviral therapies to control PDCoV 
infections, it is important to find effective small-molecule inhibitors that 
are active against PDCoV. Natural products, which have intrinsic anti-
viral activities, are candidates to be developed as new generations of 
antivirals administrated either alone or in combination with current 
modalities [12]. 

In Asian countries, the medical use of mushrooms has a long 
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tradition and this trend has become increasingly popular in the Western 
Hemisphere [13]. Our previous studies have shown that the extract of 
the mushroom Cryptoporus volvatus has anti-porcine reproductive and 
respiratory syndrome virus (PRRSV) and anti-influenza virus activities 
in vivo and in vitro [14,15]. Furthermore, ergosterol peroxide (EP) is 
abundant in C. volvatus and previous studies have shown that EP exhibits 
multiple biological properties, including antimicrobial, antitumorigenic 
and immunomodulatory activities [16,17]. However, whether EP has 
anti-PDCoV properties has yet to be determined. 

The innate immune system is an evolutionarily conserved system of 
host defense against microbial infections. Cytokines are parts of the 
necessary initial immune response to pathogens. The activation of NF-κB 
is one of the hallmarks of a cell’s response to invasion by different 
pathogens, which can be involved in the expression of cytokines [18]. 
The mitogen-activated protein kinase (MAPK) signaling pathway is 
another important signaling pathway related to viral infections [19]. 
The MAPK signaling pathway may regulate viral infections via single or 
multiple steps in the infection cycle. For example, ERK-2 regulates 
human immunodeficiency virus type 1 (HIV-1) assembly and release by 
phosphorylating the p6gag protein of HIV-1 [20] Inhibition of p38 or 
JNK1/2 results in a significant reduction of porcine epidemic diarrhea 
virus (PEDV) RNA synthesis, protein expression and progeny release 
[21]. Currently, numerous drugs have antiviral and anti-inflammatory 
activities mediated by regulating the activities of the NF-κB and MAPK 
signaling pathways, such as the anti-severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) effect of Liu Shen capsules [22]. 

In the present study, we investigated whether EP from the fruiting 
body of C. volvatus could inhibit PDCoV infection and elucidated the 
possible antiviral mechanism of EP in vitro. 

2. Materials and methods 

2.1. Preparation of ergosterol peroxide 

C. volvatus was purchased from a market in Yunnan Province, China. 
The mushroom was authenticated, and a voucher specimen was 
deposited in our laboratory. Extraction and purity determination of EP 
were done as previously described [23]. Air-dried fruiting bodies of 
C. volvatus (1,200 g) were smashed and extracted with 90% ethanol 3 
times under reflux for 1 h. The solvent was removed under reduced 
pressure to yield approximately 310 g of the ethanol extract, which was 
then suspended in water and partitioned with petroleum ether, 
dichloromethane, ethyl acetate and n-butanol. The dichloromethane 
fraction (250 g) was separated into eleven fractions (I-XI) by silica gel 
chromatography and eluted using dichloromethane-methanol (1:0–0:1, 
v/v). Fraction I (2.2 g) was then subjected to silica gel chromatography 
and eluted with petroleum ether-ethyl acetate (1:0–0:1, v/v) to obtain 
about 30 mg ergosterol peroxide with a purity of over 97%. 

2.2. Virus propagation in LLC-PK1 cells 

LLC-PK1 cells (ATCC CL-101) and ST cells (ATCC CRL-1746) were 
obtained from the American Type Culture Collection (ATCC) and 
cultured in MEM (Gibco, USA) supplemented 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). The mainte-
nance medium for PDCoV propagation was MEM supplemented with 10 
μg/mL trypsin (Gibco, USA) and cells were grown in a 5% CO2 incu-
bator. The PDCoV CHN-HN-1601 strain (GenBank accession no: 
MG832584) was provided by Professor Hanchun Yang, China Agricul-
tural University, Beijing, China. 

Virus propagation was performed as previously described [24]. 
Briefly, the cells were cultured in T75 flasks and washed twice with the 
maintenance medium at 80% confluency. The PDCoV CHN-HN-1601 
strain in the maintenance medium was added to the flask. The cells 

were cultured continuously at 37 ℃ in 5% CO2, and cytopathic effects 
(CPE) were monitored. When CPE was evident, the plates were frozen at 
− 80 ℃ and thawed twice. The cells and supernatants were harvested 
together to determine viral titers. Viral titers were calculated using the 
Reed-Muench method [25] and expressed as TCID50/mL. 

2.3. Virus titration 

LLC-PK1 cells were seeded into 96-cell plates and grown to 100% 
confluence for 24 h. Then, viral samples were serially diluted (10-fold) 
in MEM with 10 μg/mL trypsin and added to the LLC-PK1 cells in eight 
replicates per dilution. The cells were cultured continuously at 37 ℃ in 
5% CO2, and viral CPE was observed for 96 h. The viral titers are re-
ported as TCID50 calculated using the method of Reed and Muench. 

2.4. Cytotoxicity assay 

The cytotoxicity of EP was assessed in vitro using the Cell Counting 
Kit-8 (CCK8, DOJINDO, Japan) according to the manufacturer’s in-
structions. LLC-PK1 cells were seeded into 96-cell plates and grown to 
100% confluence for 24 h. After washing 3 times with phosphate- 
buffered saline (PBS), the cells were treated with increasing EP con-
centrations ranging from 3.9 to 248 μM. Mock-treated cells were used as 
control. After 36 h, the cells were washed with PBS and incubated with 
100 μL MEM and 10 μL CCK8 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 

2.5. Indirect immunofluorescence assay (IFA) 

The cells were fixed with cold methanol-acetone (1:1, v/v) for 30 
min at 4 ℃ and then permeabilized with 0.2% Triton X-100 in PBS 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 Agricultural 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 incubated with DAPI 
(1:1000, diluted in PBS) at room temperature for 5 min and examined by 
fluorescence microscopy (Olympus IX71, Tokyo, Japan). 

2.6. Antiviral assay 

To assess the antiviral efficacy of EP on PDCoV replication, confluent 
cells were inoculated with PDCoV (MOI = 0.5) in the presence of 
nontoxic concentrations of EP at 37 ℃ for 24 h. Ribavirin, a broad- 
spectrum antiviral drug, has previously been reported to inhibit Mid-
dle East respiratory syndrome coronavirus (MERS-CoV) replication 
(belonging to the same family as a novel CoV) [26], was used as a 
positive control. As a negative control, another set of cells was infected 
with the same amount of PDCoV without any drug treatment. After 24 h, 
the supernatants were collected for virus titration. In addition, the cells 
were fixed for IFA and the cell lysates were harvested for Quantitative 
Reverse transcription PCR (RT-qPCR) and Western blotting analysis. 

2.7. Analysis of the effect of ergosterol peroxide on viral attachment 

LLC-PK1 cells were seeded into 12-well plates and grown to 90% 
confluence for 24 h. EP at concentrations of 248 μM and 124 μM was 
mixed with the virus (MOI = 0.5), and the mixture was then added to the 
cells, followed by incubation for 1 h at 4 ℃. As a control, the cells were 
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infected with the same amount of PDCoV without any drug treatment. 
After washing with cold PBS, cell lysates were harvested for RT-qPCR 
analysis. 

2.8. Analysis of the effect of ergosterol peroxide on viral entry 

LLC-PK1 cells were infected with PDCoV (MOI = 0.5) at 4 ℃ for 1 h. 
Unbound viruses were removed by washing with cold PBS. The cells 
were then incubated with nontoxic EP (248 or 124 μM) at 37 ℃ for 1 h. 
As a control, another set of cells was infected with the same amount of 
PDCoV without any drug treatment. After removing the uninternalized 
viral particles on the cell surface by washing with acidic PBS-HCl (pH 
3.0), cell lysates were harvested for RT-qPCR analysis. 

2.9. Analysis of the effect of ergosterol peroxide on the post-entry stage of 
PDCoV life cycle 

LLC-PK1 cells were infected with PDCoV (MOI = 0.5) at 4 ℃ for 1 h. 
Unbound viruses were removed by washing with cold PBS. After incu-
bating at 37 ℃ for 1 h, the cells were then incubated with different 
concentrations of EP at 37 ℃ for 6 h. The supernatants were collected for 
virus titration, the cells were fixed for IFA and the cell lysates were 
harvested for RT-qPCR analysis. 

2.10. Time-of-addition assay 

Confluent LLC-PK1 cells were inoculated with PDCoV (MOI = 0.5) at 
4 ℃ for 1 h, washed with cold PBS and then shifted to 37 ℃ (this time 
point was set up as 0 h). Different concentrations of EP (248 or 124 μM) 
were added at the time intervals of 1–3, 3–5 and 5–7 h post infection 
(hpi). The cells were fixed for IFA, and the cell lysates were harvested for 
RT-qPCR analysis. 

2.11. Analysis of the viricidal effect 

PDCoV (MOI = 0.5) was incubated with different concentrations of 
EP for 2 h at 37 ℃. The samples were then washed with 1 mL PBS, and 
re-purification was done using ultracentrifugation through a 20% (w/w) 
sucrose cushion at 90,000 g for 1.5 h at 4 ℃. The pelleted virions were 
re-suspended in PBS. Then, viral infectivity was determined by RT- 
qPCR, TCID50 and IFA in LLC-PK1 cells. 

2.12. Analysis of apoptosis 

Apoptosis was analyzed using the Dead Cell Apoptosis Kit with 
Annexin V Alexa Fluor™ 488 & Propidium Iodide (PI) (Invitrogen, USA) 
by flow cytometry. Annexin V has a high affinity for the membrane 
phosphatidylserine, which is translocated from the inner face of the 
plasma membrane to the cell surface at the early stage of apoptosis. 
Therefore, FITC-labeled Annexin V can be used as a fluorescent probe to 
detect early cell apoptosis. Propidium iodide (PI) can pass through the 
membrane of apoptotic and necrotic cells and can be used to detect late 
apoptosis. Thus, a combination of Annexin V and PI can be used to 
distinguish early and late cell apoptosis. 

In brief, LLC-PK1 cells were detached using trypsin (without EDTA) 
for 2 min and then centrifuged (1,000 × g, 5 min). The cells were washed 
twice with PBS and re-suspended with 100 μL of binding buffer. Then, 5 
μL of Alexa Fluor 488 Annexin V and 1 μL of 100 μg/mL PI were added to 
the cells, followed by incubation at room temperature for 15 min in the 
dark and examination by a flow cytometer (BD FACSCalibur Flow Cy-
tometer, BD Biosciences, CA, USA). 

2.13. RNA extraction and RT-qPCR 

Total RNAs from LLC-PK1 cells were extracted using TRIzol reagent 
(Invitrogen, USA). The RNAs were converted to cDNA using the 

HiFiScript cDNA Synthesis Kit (CoWin Biosciences, China). Viral RNA 
was analyzed using absolute quantitative RT-PCR with primers designed 
according to the PDCoV Spike (S) gene (Forward: CGTTAACCTCTTCT-
CACCACTT, Reverse: GCTGAGAGTCTGGTTGGTTATT). A plasmid con-
taining the PDCoV S sequence was used to generate a standard curve. 
Cytokine mRNA levels were expressed as a ratio to the β-actin mRNA 
level. The specific primers for porcine IL-1β, IL-6, IL-12, TNF-α, IFN-α, 
IFN-β, Mx1, OAS, PKR and β-actin were designed with reference 
described previously [27,28] (Table 1). RT-qPCR was performed by an 
Applied Biosystems 7500 Fast Real-Time PCR System (Applied Bio-
systems, USA) using the TB Green™ Premix Ex Taq™ II (Tli RNaseH 
Plus) (TaKaRa, China). 

2.14. Western blotting 

The cells were lysed in radioimmunoprecipitation assay (RIPA) lysis 
buffer (CoWin Biosciences, China) with 100 U of proteinase inhibitors 
(CoWin Biosciences, China) and 20 μM NaF on ice for Western blotting 
assay. Primary antibodies used in this study were anti-PDCoV N (1:5, 
provided by Professor Pinghuang Liu, China Agricultural University, 
Beijing, China), anti-phospho-ERK, anti-phospho-JNK, anti-phospho- 
p38, anti-phospho-NF-κB p65 (1:500, Cell Signaling Technology, 
USA), anti-phospho-IκBα (1:300, Cell Signaling Technology, USA), anti- 
ERK, anti-JNK, anti-p38, anti-IκBα, anti-NF-κB (1:1000, Cell Signaling 
Technology, USA) and anti-β-actin (1:1000, ProteinTech Group, USA). 
Horseradish peroxidase conjugated to AffiniPure goat anti-mouse IgG 
(1:5000, ProteinTech Group, USA) or goat anti-rabbit IgG (1:5000, 
ProteinTech Group, USA) was used as secondary antibodies. 

2.15. 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±standard 
deviation (SD). The statistically significant differences were set at P <
0.05. *P < 0.05; **P < 0.01; ***P < 0.001. 

Table 1 
Sequences of the primers used for RT-qPCR.  

Primers name Directiona Sequence (5′→3′) 

IL-1β F AACGTGCAGTCTATGGAGT 
R GAACACCACTTCTCTCTTCA 

IL-6 F CTGGCAGAAAACA ACCTGAACC 
R TGATTCTCATCAAGCAGGTCTCC 

IL-12 F CGTGCCTCGGGCAATTATA 
R CGCAGGTGAGGTCGCTAGTT 

TNF-α F AACCTCAGATAAGCCCGTCG 
R ACCACCAGCTGGTTGTCTTT 

IFN-α F TCTCATGCACCAGAGCCA 
R CCTGGACCACAGAAGGGA 

IFN-β F AGTGCATCCTCCAAATCGCT 
R GCTCATGGAAAGAGCTGTGGT 

Mx1 F GGCGTGGGAATCAGTCATG 
R AGGAAGGTCTATGAGGGTCAGATCT 

OAS F GAGCTGCAGCGAGACTTCCT 
R TGCTTGACAAGGCGGATGA 

PKR F AAAGCGGACAAGTCGAAAGG 
R TCCACTTCATTTCCATAGTCTTCTGA 

β-actin F TGACTGACTACCTCATGAAGATCC 
R TCTCCTTAATGTCACGCACGATT  

a F = forward; R = reverse. 
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3. Results 

3.1. Cytotoxicity of ergosterol peroxide on LLC-PK1 cells 

We obtained about 30 mg of EP (C28H44O3, MW 428.65) with a pu-
rity of over 97% from 1,200 g of C. volvatus. The chemical structure of EP 
was shown in Fig. 1A. The relative cell viability was above 80% after 
treatment with EP at concentrations of 3.9, 7.8, 15.5, 31, 62, 124 and 
248 μM for 36 h (Fig. 1B), respectively. Based on these results, 62, 124 
and 248 μM were chosen as nontoxic EP concentrations for the subse-
quent antiviral assays. 

3.2. Ergosterol peroxide inhibits PDCoV replication 

To evaluate the antiviral activity of EP against PDCoV, LLC-PK1 cells 
were infected with PDCoV and treated with EP at concentrations of 62, 
124 and 248 μM. The inhibitory effects of EP on PDCoV replication were 
assessed at 24 h post-infection (hpi). Western blotting analysis demon-
strated that EP treatment decreased the amount of PDCoV N protein 
relative to mock-treated infected cells in a dose-dependent manner 
(Fig. 2A, B). In addition, the inhibitory effects of EP on PDCoV infection 
were confirmed by RT-qPCR (Fig. 2C), virus titration (Fig. 2D) and IFA 
(Fig. 2E, F). Compared with the mock-treated infected cells, the viral 
RNA copies were decreased by 2.6 and 1.6 logs in the 248 μM and the 
124 μM EP-treated infected cells, respectively (Fig. 2C). The viral titers 
of infected cells treated with 248 μM or 124 μM EP were decreased by 
4.52 or 3.49 lgTCID50/mL, respectively as compared with the infected 
cells without EP (Fig. 2D). The IFA showed that EP treatment resulted in 
a significant dose-dependent reduction of infected cells (Fig. 2E, F). To 
further confirm its antiviral activity, we also characterized the inhibi-
tory effects of EP on PDCoV replication in ST cells. The results were 
shown in Fig. S1, demonstrating that EP also reduced the number of 
infected cells efficiently. Taken together, these results demonstrate that 
EP has inhibitory effects on PDCoV. 

3.3. Ergosterol peroxide inhibits different stages of the PDCoV replication 
cycle 

The early events of the viral infection cycle include virus attachment 
and entry into cells. Here, we investigated whether EP blocked PDCoV 
attachment or entry into cells. The number of viral RNA copies in 
infected LLC-PK1 cells was significantly reduced by EP treatment (P <
0.001) in both attachment (Fig. 3A) and entry (Fig. 3B) assays. In 
addition, the inhibitory effect of 248 μM EP on viral replication was 
stronger than that of 124 μM EP. 

Subsequently, we determined the role of EP in the post-entry stage of 
PDCoV infection. EP treatment led to a significant reduction of viral 
RNA copy numbers (Fig. 3C) (P < 0.001) and viral titers (Fig. 3D) (P <

0.01) relative to PDCoV-infected cells without EP treatment. In addition, 
the inhibitory effect of 248 μM EP on virus replication was greater than 
that of 124 μM EP. Furthermore, IFA results confirmed that EP treatment 
inhibited PDCoV infection at the post-entry stage (Fig. 3E, F). 

To determine at which step(s) EP acts to mediate its antiviral effect in 
the post-entry stage of PDCoV, time-of-addition experiments were per-
formed in LLC-PK1 cells (Fig. 4). The viral RNA copy numbers and the 
number of infected cells significantly decreased when the infected cells 
were treated with EP during 1–3 hpi (Fig. 4A, B, G) (P < 0.001) or 3–5 
hpi (Fig. 4C, D, H) (P < 0.001) compared with mock-treated infected 
cells. In addition, the decreases were greater when the cells were treated 
with 248 μM EP compared with 124 μM EP (P < 0.001). However, there 
were no significant differences in PDCoV infection between EP- and 
mock-treated infected cells during 5–7 hpi as measured by the number of 
viral RNA copies or by the number of infected cells (Fig. 4E, F, I). These 
results suggest that EP mediates its antiviral effect at the early and 
middle stages of PDCoV replication. 

3.4. Ergosterol peroxide directly inactivates PDCoV virions 

To determine the viricidal effects of EP on PDCoV, we pretreated live 
PDCoV virions with various concentrations of EP at 37 ℃ for 2 h. We 
then washed and re-purified the virions, and tested their infectivity. 
Treatment of the virions with EP decreased viral infectivity compared 
with mock-treated virions as measured by mRNA levels (Fig. 5A) (P <
0.001), viral titers (Fig. 5B) (248 μM, P < 0.001; 124 μM, P < 0.01) and 
the number of infected cells (Fig. 5C, D). In addition, treatment with 
248 μM EP was more effective in decreasing viral infectivity compared 
with 124 μM EP. To determine whether EP exerts an antiviral effect by 
pre-influencing host cells, we pretreated cells with EP for 2 h at 37 ℃ 
and infected the cells with PDCoV after washing them rigorously to 
remove residual EP. However, there was no significant difference in 
viral infectivity between EP- and mock-treated infected cells (Fig. 5E-H). 
These results indicate that EP can directly inactivate PDCoV virions, and 
preincubation of cells with EP has no inhibitory effect on virus 
replication. 

3.5. Ergosterol peroxide inhibits LLC-PK1 cell apoptosis caused by PDCoV 
infection 

PDCoV infection induces apoptosis in LLC-PK1 cells [29]. To deter-
mine the effect of EP treatment on apoptosis induced by PDCoV infec-
tion, the cells were infected with PDCoV and treated with EP for 36 h, at 
which time cells were assessed for apoptosis. At 36 hpi, PDCoV infection 
induced early and late apoptosis in 35.81% and 12.28% of cells, 
respectively (Fig. 6). PDCoV-induced apoptosis was decreased after EP 
treatment. The early and late apoptosis rates were 11.3% and 5.67% in 
248 μM EP-treated cells, and 21.47% and 8.58% in 124 μM EP-treated 

Fig. 1. The cytotoxicity of ergosterol peroxide on LLC-PK1 cells. A. Chemical structure of EP. B. Determination of cytotoxicity of EP by CCK8 assay. Cells were treated 
with 0, 3.9, 7.8, 15.6, 31, 62, 124 and 248 μM EP for 36 h, respectively. The relative cell viability was evaluated by CCK8 Kit according to the manufacturer’s 
instructions. Values represent the mean ± SD for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. 
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cells, respectively (Fig. 6). Therefore, EP treatment inhibits PDCoV- 
induced apoptosis in vitro. 

3.6. Ergosterol peroxide inhibits PDCoV-induced mRNA expression of 
cytokines in LLC-PK1 cells 

Viral infections induce the release of cytokines, which may 
contribute to their pathogenesis. Studies have shown that PDCoV 
infection can induce the secretion of IL-6, IL-12, TNF-α, IFN-α and IFN-β 
in vivo [30,31]. Thus, we used RT-qPCR to determine whether treatment 
of LLC-PK1 cells with EP altered the expression of pro-inflammatory 
cytokines, type I interferons (IFN) and IFN-stimulated genes (ISGs) 
induced by PDCoV infection. As expected, PDCoV infection increased 
the mRNA expressions of IL-1β, IL-6, IL-12, TNF-α, IFN-α, IFN-β, Mx1 
and PKR (Fig. 7A-G, I). However, EP treatment significantly reduced IL- 
1β, IL-6, IL-12, TNF-α, IFN-α, IFN-β, Mx1 and PKR expressions induced 
by PDCoV infection in a dose-dependent manner (Fig. 7A-G, I). In 
addition, we transfected LLC-PK1 cells with polyinosine-polycytidylic 
acid (polyI:C) followed by EP or mock treatment, and then analyzed 
the mRNA expression of cytokines. The results showed that EP 
remarkably reduced the mRNA levels of IL-1β, IL-6, IL-12, TNF-α, IFN-α, 
IFN-β, Mx1 and PKR up-regulated by polyI:C (Fig. 7A-G, I). These data 
demonstrate that EP can potentially regulate immune responses in 
PDCoV-infected cells by decreasing the mRNA expressions of cytokines. 

3.7. Ergosterol peroxide suppresses PDCoV-induced activations of IκBα 
and p38 in LLC-PK1 cells 

A variety of CoVs have been reported to utilize the NF-κB and MAPK 

signaling pathways to promote their infection [21,22]. Here, we 
examined the impact of PDCoV infection on these two signaling path-
ways and determined whether the inhibition of PDCoV infection by EP 
was related to the signalings. Our data demonstrated that PDCoV 
infection induced the phosphorylation of IκBα (Fig. 8A, F), NF-κB p65 
(Fig. 8B, G), ERK (Fig. 8C, H), JNK (Fig. 8D, I) and p38 (Fig. 8E, J). 
Treatment with EP significantly decreased the PDCoV-induced activa-
tions of IκBα (Fig. 8A, F) and p38 (Fig. 8E, J) in a dose-dependent 
manner. EP treatment did not decrease the phosphorylation of NF-κB 
p65 (Fig. 8B, G), ERK (Fig. 8C, H) or JNK (Fig. 8D, I). In fact, treatment 
with 124 μM EP increased the phosphorylation of NF-κB p65 (Fig. 8B, 
G), ERK (Fig. 8C, H) and JNK (Fig. 8D, I). Next, LLC-PK1 cells were 
transfected with polyI:C followed by EP treatment or mock treatment, 
and then the phosphorylation of IκBα was analyzed. The results showed 
that EP repressed IκBα phosphorylation induced by polyI:C (Fig. 9A, C). 
To explore whether EP affects PDCoV replication by inhibiting p38/ 
MAPK signaling pathway, we treated LLC-PK1 cells with different con-
centrations of p38 inhibitor SB203580 for 1 h prior to infection. As 
shown in Fig. 9B, D, the p38 inhibitor reduced PDCoV N protein levels in 
a dose-dependent manner when compared with mock-treated PDCoV 
infected cells. Thus, the IκBα and p38/MAPK signaling pathways might 
be involved in the anti-PDCoV mechanisms of EP in LLC-PK1 cells. 

4. Discussion 

PDCoV is disseminated globally and results in significant economic 
losses to the pig industry. In addition, there are only a few reports on 
anti-PDCoV drugs and vaccines, highlighting the importance of identi-
fying effective antiviral drugs. Natural products from Chinese herbs 

Fig. 2. Antiviral effect of ergosterol peroxide on PDCoV replication. A. The protein levels of PDCoV N in LLC-PK1cells were determined by Western blotting. B. 
Results were presented as the ratio of protein band intensity to the intensity of the β-actin band. C. The viral RNA copies in LLC-PK1 cells were determined by RT- 
qPCR with primers targeting the PDCoV S gene. D. The viral titer (lgTCID50/mL) in LLC-PK1 supernatants was calculated by the method of Reed and Muench. E. 
PDCoV replication in LLC-PK1 cells was determined by IFA. Green fluorescence represents the PDCoV distribution, and the blue fluorescence represents the nuclear 
distribution. F. Percentage of infected cells in different treatment groups in E. Values represent the mean ± SD for three independent experiments. *P < 0.05; **P <
0.01; ***P < 0.001. Scale bars, 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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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 SARS-CoV-2 and SARS-CoV has had an outstanding effect 
[32]. According to the National Administration of Traditional Chinese 
Medicine report, 214 SARS-CoV-2 patients were treated with Qing Fei Pai 
Du Tang and the overall effective rate was ≥ 90%. 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 coun-
tries [33]. 

C. volvatus, which grows in certain areas of China, belongs to the 
family Aphyllophorales and the genus Cryptoporus [34]. 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 activities [35–37]. According to our previous studies, 
C. volvatus extract has potent antiviral properties against influenza virus 
and PRRSV [14,15,37,38]. Also, the chemical constituents of C. volvatus 
have been studied, and several compounds and their structures have 
been elucidated [23]. In the current study, we assessed the anti-PDCoV 
activity of EP from C. volvatus and found that EP efficiently inhibited 
PDCoV replication. 

The replication of CoV begins with the attachment of viral particles 
to host cells and entry, which are essential early steps in the viral life 
cycle. The intervention strategies that block early viral attachment and 
entry are particularly effective for combating viral infections and the 

accompanying inflammatory diseases. Our data demonstrated that EP 
potently blocked PDCoV attachment and entry. Following entry, the 
viral particle is uncoated, which starts translation, transcription, RNA 
replication, protein synthesis, assembly, maturation and release. In-
terruptions to any of these processes can impair virus replication. In this 
study, EP also exerted its inhibitory effects on the post-entry stage of the 
PDCoV life cycle, and the time-of-addition assays indicated that the in-
hibition mainly took place at the early and middle stages of the PDCoV 
life cycle. The effective replication of the virus is dependent on the host 
cell machinery. CoV modulates several cellular pathways to enhance its 
replication by regulating the phosphorylation and dephosphorylation of 
host proteins, including the MAPK signaling pathway [21,39]. Our study 
demonstrated that PDCoV infection activated p38 signaling pathway, 
and its inhibitor inhibited PDCoV replication in a dose-dependent 
manner, suggesting that PDCoV may activate the p38/MAPK signaling 
pathway to facilitate its replication. Treatment with EP suppressed p38 
activation induced by PDCoV infection. Therefore, we speculate that 
interfering with p38/MAPK signaling might be one of the anti-PDCoV 
mechanisms used by EP in LLC-PK1 cells. The p38/MAPK signaling 
pathway has been suggested to be involved in viral entry. The activation 
of p38 induced by the influenza virus can enhance endocytosis to 
facilitate virus entry [40]. In addition, inhibition of p38 has been re-
ported to result in reduced PEDV RNA synthesis and protein expression 
during the post-entry steps of the PEDV life cycle [21]. Murine coro-
navirus utilizes increased p38 to phosphorylate eIF4E (a viral mRNA 

Fig. 3. Antiviral effect of ergosterol peroxide on different stages of PDCoV life cycle. The viral RNA copies in LLC-PK1 cells treated with various concentrations of EP 
during viral attachment (A), entry (B) and post-entry stage (C) were determined by RT-qPCR with primers targeting the PDCoV S gene. D. The viral titer (lgTCID50/ 
mL) in LLC-PK1 supernatants treated with different concentrations of EP in the post-entry stage was calculated by the method of Reed and Muench. E. Inhibitory 
effects of EP on PDCoV in the post-entry stage were observed by IFA. Green fluorescence represents the PDCoV distribution, and the blue fluorescence represents the 
nuclear distribution. F. Percentage of infected cells in different treatment groups in E. Values represent the mean ± SD for three independent experiments. *P < 0.05; 
**P < 0.01; ***P < 0.001. Scale bars, 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 4. Time-of-addition assays of the inhibitory effects of ergosterol peroxide on PDCoV replication. The inhibitory effects of EP on PDCoV during 1–3 hpi were 
determined by RT-qPCR (A) and IFA (B). The inhibitory effects of EP on PDCoV during 3–5 hpi were determined by RT-qPCR (C) and IFA (D). The inhibitory effects of 
EP on PDCoV during 5–7 hpi were determined by RT-qPCR (E) and IFA (F). G-I. Percentage of infected cells in different treatment groups in B, D and F. RT-qPCR was 
performed with primers targeting the PDCoV S gene. Green fluorescence represents the PDCoV distribution, and the blue fluorescence represents the nuclear dis-
tribution. Values represent the mean ± SD for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars, 100 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Ergosterol peroxide directly inactivates PDCoV virions. The viricidal effect of EP on PDCoV was determined by RT-qPCR (A), viral titer (lgTCID50/mL) (B) and 
IFA (C). The effect of preincubation of cells with EP for 2 h on PDCoV infection was determined by RT-qPCR (E), viral titer (lgTCID50/ml) (F) and IFA (G). D, H. 
Percentage of infected cells in different treatment groups in C and G. RT-qPCR was performed with primers targeting the PDCoV S gene. Viral titer (lgTCID50/mL) in 
LLC-PK1 supernatant was calculated by the method of Reed and Muench. Green fluorescence represents the PDCoV distribution, and the blue fluorescence represents 
the nuclear distribution. Values represent the mean ± SD for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars, 100 μm. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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translation factor) to promote virus-specific protein synthesis and sub-
sequent progeny virus production [39]. Taken together, our data suggest 
that EP may inhibit PDCoV infection through the inhibition of the p38/ 
MAPK signaling pathway. However, further study is required to eluci-
date the detailed mechanisms. 

Although pre-incubation of host cells with EP at 37 ℃ for 2 h did not 
prevent PDCoV infection, pre-incubation of PDCoV virions with EP 
significantly suppressed PDCoV replication, implying that EP has a 
viricidal effect on PDCoV. These results are consistent with our previous 
study showing that Cryptoporic acid E from C. volvatus directly impaired 
influenza virus infectivity [38]. EP may disrupt the integrity of viral 
particles to achieve its viricidal effects. The integrity of viral particles is 
essential for preventing the viral genome from being exposed to RNase 
and degraded, which is pivotal to virus infectivity [41]. This inhibitory 
effect occurs before the virus invades the host cell and is a critical di-
rection for the development of antiviral drugs. 

A rapid well-coordinated innate immune response is the first line of 
defense against viral infections, but dysregulated and excessive immune 
responses may mediate immunopathology. Cytokines play important 
roles in immunity and immunopathology during viral infections. For 
example, acute lung injury caused by SARS-CoV or MERS-CoV infection 
is closely related to the elevated pro-inflammatory cytokine responses 
[42]. In addition, intensive immunosuppression reduces the mortality as 
a result of SARS-CoV-2-associated cytokine storm syndrome [43]. The 
NF-κB signaling pathway is a crucial mediator of cytokines and plays a 
central role in the host response to viral infections. In unstimulated cells, 
NF-κB complexes are inactive and reside predominantly in the cyto-
plasm with inhibitory IκB proteins. When the NF-κB signaling pathway is 
activated, the IκB protein is degraded, and NF-κB dimers translocate into 
the nucleus to modulate target gene expressions [44]. Persistent acti-
vation of the NF-κB signaling pathway could trigger inflammation by 
stimulating the expression of various cytokines [45]. The NF-κB 
signaling pathway is highly activated during infections with diverse 
CoVs, such as SARS-CoV and PEDV, leading to the excessive secretion of 
cytokines, acceleration of the pathogenesis and disease development 

[46,47]. Our results demonstrated that PDCoV activated the NF-кB 
signaling pathway as shown by the up-regulation of p-NF-κB p65 and p- 
IκBα in PDCoV-infected cells, which promotes the secretions of IL-1β, IL- 
6, IL-12, TNF-α, IFN-α, IFN-β, Mx1 and PKR. Treatment with EP reduced 
the mRNA expression of these cytokines and the protein expression of p- 
IκBα, while EP treatment did not reduce the protein expression of p-NF- 
κB p65. In addition, there is abundant evidence showing that p38 is 
involved in the secretion of pro-inflammatory cytokines. For example, 
feline infectious peritonitis virus increases the production of IL-1β and 
TNF-α in primary blood-derived feline mononuclear cells through the 
activation of the p38/MAPK signaling pathway [48]. Murine 
coronavirus-induced IL-6 can be repressed by a p38 inhibitor [39]. 
Therefore, we speculated that EP might suppress the overwhelming 
cytokines induced by PDCoV infection through inhibiting the phos-
phorylation of p38, IκBα and other transcription factors of the NF-κB 
family. 

Cytokines are the key regulatory components in numerous apoptotic 
pathways [49,50]. The p38/MAPK signaling pathway also plays a crit-
ical role in triggering apoptosis [51]. Therefore, the remission of EP on 
the immoderate cytokine secretion and p38 activation caused by PDCoV 
infection might be crucial mechanisms by which EP inhibits PDCoV- 
induced apoptosis. Apoptosis is considered to be a host innate defense 
mechanism because it eliminates virus-infected cells. However, some 
viruses trigger apoptosis to facilitate the dissemination of viral progeny, 
which is one of the pathogenic properties of viruses that cause CPE in 
vitro and/or tissue injury in vivo [52]. Jejunum and ileum tissues infected 
with PDCoV exhibit acute diffuse, severe atrophic enteritis and moder-
ate vacuolation and degeneration of enterocytes [1]. The massive loss of 
enterocytes hampers the absorption and digestion of nutrients and 
electrolytes in the small intestines, which causes malabsorptive and 
maldigestive diarrhea that consequently leads to fatal dehydration in 
piglets. Thus, the inhibition of PDCoV-induced apoptosis by EP may 
limit PDCoV infection and decrease the pathogenicity of PDCoV. 

In conclusion, our findings revealed that EP could inhibit PDCoV 
infection in LLC-PK1 cells through targeting multiple stages of the 

Fig. 6. Effect of ergosterol peroxide on apoptosis caused by PDCoV infection. Cells were incubated with PDCoV (MOI=0.5) for 1 h. Thereafter, the supernatant was 
removed, and MEM supplemented with various concentrations of EP was added. At 36 hpi, the rates of apoptosis were analyzed by flow cytometry. 
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Fig. 7. Ergosterol peroxide alleviates PDCoV-induced mRNA expressions of cytokines in LLC-PK1 cells. LLC-PK1 cells were inoculated with PDCoV (MOI=0.5) or 
transfected with polyI:C in the presence or absence of EP. Total RNA was extracted from cell lysates at 24 hpi. The relative expression of IL-1β mRNA (A), IL-6 mRNA 
(B), IL-12 mRNA (C), TNF-α mRNA (D), IFN-α mRNA (E), IFN-β mRNA (F), Mx1 mRNA (G), OAS mRNA (H) and PKR mRNA (I) was assessed by RT-qPCR. Values 
represent the mean±SD for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 8. Ergosterol peroxide suppresses PDCoV- 
induced activations of IκBα and p38 in LLC-PK1 
cells. LLC-PK1 cells were inoculated with 
PDCoV (MOI = 0.5) in the presence or absence 
of EP. Western blotting analysis of p-IκBα and 
IκBα (A), p-NF-κB p65 and NF-κB p65 (B), p- 
ERK and ERK(C), p-JNK and JNK (D), p-p38 
and p38 (E) was determined at 24 hpi. F-J. 
Results were presented as the ratio of protein 
band intensity to the intensity of the β-actin 
band. Values represent the mean±SD for three 
independent experiments. *P < 0.05; **P <
0.01; ***P < 0.001.   
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PDCoV life cycle, including attachment, entry and the early and middle 
stages of the post-entry stage. In addition, EP directly inactivated PDCoV 
infectivity and reduced early and late apoptosis caused by PDCoV 
infection. Furthermore, EP suppressed PDCoV-induced cytokines, 
including IL-1β, IL-6, IL-12, TNF-α, IFN-α, IFN-β, PKR and Mx1, and 
inhibited the activation of IκBα and p38 induced by PDCoV infection. 
Therefore, the antiviral and immunomodulatory abilities of EP against 
PDCoV may be attributed to the suppression of the NF-κB and p38/ 
MAPK signaling pathways. These results provide some clues for the 
design of drugs against PDCoV. 
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