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Hypomethylated interferon
regulatory factor 8 recruits
activating protein-2a to
attenuate porcine epidemic
diarrhea virus infection in
porcine jejunum

Qiufang Zong1†, Huan Qu1†, Xianrui Zheng2, Haifei Wang1,
Shenglong Wu1, Zongjun Yin2* and Wenbin Bao1*

1College of Animal Science and Technology, Yangzhou University, Yangzhou, Jiangsu, China,
2College of Animal Science and Technology, Anhui Agricultural University, Hefei, Anhui, China
Interferon regulatory factor 8 (IRF8) is a key regulator of innate immune receptor

signaling that resists pathogen invasion by regulating cell growth and

differentiation. Porcine epidemic diarrhea virus (PEDV) targets the intestine and

damages themucosal barrier. However, whether IRF8 regulates PEDV replication

remains unclear. We revealed that PEDV infection activated IRF8 expression.

Moreover, IRF8 deletion drastically promoted PEDV replication and invasion,

increasing the virus copies and titers. Hypomethylation enrichment of activating

protein (AP)-2awas significantly negatively correlated with high IRF8 expression,

and AP-2a directly targeted the IRF8 promoter to regulate PEDV replication.

Furthermore, IRF8 overexpression decreased the cellular reactive oxygen

species levels and mitochondrial membrane potential and increased the

antioxidant enzyme activities to alleviate PEDV-induced oxidative damage.

IRF8 overexpression suppressed apoptotic gene expression, thereby inhibiting

apoptosis in response to PEDV stimulation. Taken together, this study

demonstrates that AP-2a is involved in PEDV-induced epigenetic modification

of IRF8 to reduce cell apoptosis and oxidative stress and facilitate host resistance

to PEDV in the intestinal epithelium.

KEYWORDS

PEDV, IRF8, DNA methylation, AP-2a, oxidative stress, apoptosis
1 Introduction

Porcine epidemic diarrhea (PED) is a severe intestinal and severe respiratory infectious

disease characterized by the atrophy and blockage of intestinal villi, with typical symptoms

of watery diarrhea, vomiting, and dehydration in sick pigs, which may rapidly lead to the

death of affected piglets (1–3). PED is a devastating intestinal disease that infects pigs of
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different ages, breeds, and genders, causing serious economic loss to

the pig industry (4). PED virus (PEDV) is an enveloped RNA virus

of the Coronavirus genus (5). PEDV enters the intestine via oral and

nasal infections, mainly proliferates in the intestinal villous

epithelial cell, causes malabsorption of nutrients, and leads to

diarrhea (6). Therefore, keeping the regular function of the

intestinal barrier is crucial to prevent PEDV invasion.

PEDV infection may disrupt the interferon (IFN) response (7).

Activation of IFN regulators is critical for controlling the

expression of IFN and several IFN-induced genes (8). IFN

regulatory factor 8 (IRF8), a key regulator for IFN and IFN-

induced genes (9, 10), is involved in the clearance of virus-infected

cells and regulation of cell growth, differentiation, and survival

(11, 12). IRF8 is also a vital regulator of the immune response to

various pathogenic infections. IRF8 regulates caspase activation

and subsequent KAP1 cleavage in the Epstein-Barr viruses (13).

Host cells have been reported to perform an active role in resisting

PRRSV infection through the IRF8–microRNA-10a–signal

recognition particle 14 regulatory pathway (14). IRF8 has been

reported to be a key candidate gene associated with PEDV

resistance in pigs via epigenetic analysis (15). It’s worth

mentioning that the expression of IRF8 in PEDV-infected

jejunum is 3.8-fold higher than Control group via RNA-seq

analysis. In addition, the IRF8 expression in PEDV-infected

IPEC-J2 was 3.1-fold higher than those in the Control group,

which is consistent with the expression trend at the molecular

level (15). Therefore, IRF8 is an important candidate gene for

piglet resistance to PEDV infection that may be regulated by

epigenetic modifications.

In recent years, advancements in epigenetics have facilitated

the study of genetic mechanisms of various diseases. DNA

methylation is a key epigenetic role in regulating gene

transcription that introduces a monomethyl group on the 5th

carbon atom of cytosine to convert it into 5-methylcytosine

(16, 17). DNA methylation is suggested to inhibit gene

expression and cell differentiation (18) by affecting the binding

of specific transcription factor (TF) to DNA. Silencing of IRF8 in

various tumors may be closely related to abnormal DNA

methylation (19) due to the inability of the TF STAT1, in

activating IRF8 (20). However, whether IRF8 transcription is

mediated by DNA methylation during PEDV infection in

IPEC-J2 remains unknown.

In this study, we aimed to demonstrate the inhibitory effects and

potential action mechanisms of IRF8 in intestinal tract infections

caused by PEDV. By deletion and overexpression of IRF8 and

detection of viral copy, cell activity, and inflammatory factor

expression, it was preliminarily verified that IRF8 activation

resists PEDV infection. Further analysis revealed that the

transcription factor, activating protein (AP)-2a, targets IRF8

promoter methylation and participates in PEDV resistance

regulation. Pathway enrichment analysis indicated that IRF8 was

involved in anti-PEDV infection via apoptosis and oxidative stress

pathways. Our results provide a basis for further research on the

mechanisms of IRF8 resistance and its application in PED

resistance breeding.
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2 Materials and methods

2.1 Ethics statement

All animal experiments were approved by the Institutional

Animal Care and Use Committee (IACUC) of the Yangzhou

University Animal Experiments Ethics Committee (permit

number: SYXK (Su) IACUC 2012-0029). All experiments were

performed following the relevant guideline.
2.2 Experimental animals

We used 6 piglets (7-day-old) exhibiting the symptom of

vomiting, dehydration, and diarrhea and 6 healthy piglets under

the same feeding conditions from a pig farm. After euthanizing with

sodium pentobarbital, duodenum, jejunum, and ileum were frozen

and stored for subsequent experiments.
2.3 Histomorphology of the pathogen

RNA was extracted from the duodenum, jejunum, and ileum

tissues of 12 piglets and reverse-transcribed into cDNA for the PCR

amplification of PEDV, transmissible gastroenteritis virus (TGEV),

porcine delta coronavirus (PDCoV), and porcine rotavirus (PoRV).

All primers are listed in Table S1. After washing the intestines using

phosphate-buffered saline (PBS; Sangon, Shanghai, China) and

fixing using 4% paraformaldehyde for 1 day. Then the sections

were embedded in paraffin, baked at 60 °C, and stained with

hematoxylin and eosin (HE). The morphology of the intestine in

the Control and PEDV groups was observed under a light

microscope. Images were analyzed using the analysis system

(Motic, Xiamen, China).
2.4 Cell lines and culture condition

Porcine intestinal epithelial cell (IPEC-J2) was obtained from

the China Agricultural University. Vero kidney cell (Vero) was

purchased from the ATCC. Cells were maintained in DMEM/F12

(Gibco, NY, USA), which contained 5% FBS in a 37 °C incubator.
2.5 Virus titration and infection

CV777 strain of PEDV was provided by the China Agricultural

University. Vero was used for PEDV propagating and titrating.

IPEC-J2 was cultured overnight in a 12 well plate (Jet Biofil,

Guangzhou, China) of 3 × 105/mL. PEDV toxicity of 0.1 MOI

was propagated in an FBS-free medium containing 8 mg/mL trypsin

at 37°C for 2 h. After specific periods (24, 48, and 72 h) of viral

infection, the cell was collected for further experiments and 50%

tissue culture infectious dose (TCID50) was used for quantifying the

infectious virus particles (21). To detect the viral titers in IRF8-KO,
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IRF8-OE, and Control cells, culture supernatant was collected after

specific periods and titrated by the TCID50 method.
2.6 Construction of IRF8, Sp1, and AP-2a
overexpression vectors

The coding sequence (CDS) region was amplified and ligated to

the pcDNA3.1, vector using a T4 ligase. Subsequently, the

recombinant vector was transformed into the Top-10 competent

cells. The overexpression vectors were constructed and named

IRF8-OE, Sp1-OE, and AP-2a-OE. After transfection into IPEC-

J2 by Lipofectamine 2000 (Lipo2000) reagent and sieving with 400

µg/mL G418 for 7 days. Stable cell lines constituted the polyclonal

pools of cells.
2.7 IRF8 gene depletion via
CRISPR/Cas9 editing

Single guide RNAs (sgRNAs) were designed by the CRISPR

Design software (http://crispr.mit.edu/; Table S2). Oligo

corresponding to sgRNA was annealed to dsDNA. DNA was

ligated into the pGK1.2 vector. Subsequently, the recombinant

vector was transformed into the Top-10 competent cells. Positive

recombinant plasmids were extracted and transfected into IPEC-J2

by Lipo2000. After sieving with 3 mg/mL puromycin for 3 days, the

DNA of puromycin-resistant cells was extracted for PCR

amplification. Primers are listed in Table S3. Gene knockout

sequences were detected via TA clone sequencing. Positive

monoclonal cells were harvested and called IRF8-KO cells.
2.8 RNA isolation and quantitative PCR

Cellular and intestinal RNA was isolated by FastPure Cell/

Tissue Total RNA Isolation Kit V2 (Vazyme, Nanjing, China).

cDNA was synthesized using the Hifair II 1st Strand cDNA

Synthesis Kit (Yeasen, Shanghai, China). RT-qPCR amplification

was performed using the StepOnePlus quantitative PCR system

(ABI, CA, USA). Relative quantification results were calculated

following the 2−DDCt method (22). Primers used here are listed in

Table S4.
2.9 Cell viability assay

To demonstrate the effect of IRF8 knockout and inhibitors (Z-

VAD-FMK and BIP-V5) on IPEC-J2 proliferation, cells were

subjected to a cell counting kit-8 (CCK-8) assay. IRF8-KO and

Control cells were infected with PEDV at 24, 48, and 72 h. Z-VAD-

FMK and BIP-V5 (0.1, 1, 2.5, 5, 7.5, 10, and 20 mM) were incubated

with cells for 48 h. Then, 10 mL CCK-8 reagent (Vazyme, Nanjing,

China) was added, and the absorbance of 450 nm was determined

by microplate reader.
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Control and IRF8-OE cell were seeded at 80% confluency for

PEDV infection. After 48 h, cells were cultured with 100 mL live/

dead reagent (Yeasen, Shanghai, China) for 30 min at 37°C.

Fluorescence microscopy was used to capture the signals of

Calcein AM, which represented the live cell and those of

Propidium Iodide (PI), which represented the dead cell.
2.10 Flow cytometry assay

For apoptosis analysis, cells of PEDV and IRF8-OE+PEDV

groups were collected and washed using the binding buffer

(Solarbio, Beijing, China). Annexin V-FITC and PI were used to

stain cells, and the apoptotic cell was subsequently detected by

CytoFLEX flow cytometer. For the reactive oxygen species (ROS)

assay, cells of Control, PEDV, IRF8-OE, and IRF8-OE+PEDV

groups were harvested and suspended in diluted DCFH-DA

(Solarbio) for 30 min at 37 °C. The ROS level was detected using

a CytoFLEX flow cytometer after washing thrice with Opti-MEM.

For the mitochondrial membrane potential (MMP) assay, cells of

Control, PEDV, IRF8-OE, and IRF8-OE+PEDV groups were

harvested and incubated with JC-1 dye working buffer (Beyotime,

Shanghai, China) at 37 °C for 30 min. After washing twice with the

JC-1 staining buffer, MMP was determined using flow cytometry.
2.11 Western blotting analysis

Cells were lysed for 20 min in RIPA buffer on ice. Cells were

then centrifuged for 10 min at 12,000 rpm to remove the insoluble

components. The concentration of protein was determined by a

BCA Protein Assay Kit (CW Biotech, Beijing, China). Protein

separation was conducted by SDS-PAGE and transformation by

PVDF membrane (Millipore, MA, USA). After blocking with 5%

skim milk for 1 h and incubating with the primary antibody (Table

S5) at 4°C overnight. The membrane was then incubated with a

secondary antibody for 1 h. Protein was visualized by

Chemiluminescence Kit (Thermo Fisher Scientific, MA, USA),

and the image was obtained by the FC3 Chemiluminescent

system (ProteinSimple, CA, USA).
2.12 Total DNA isolation and
bisulfite treatment

Genomic DNA from the jejunum was isolated by the TIANamp

Genomic DNA Kit (Tiangen, Beijing, China). The DNA was

bisulfite-converted following the instruction of the EZ

Methylation-Gold Kit (Zymo Research, CA, USA). Porcine IRF8

promoter (upstream 2000 bp) was acquired from the NCBI

database. The CpG island of the IRF8 gene was predicted by

MethPrimer software. The primer for bisulfite sequencing PCR

(BSP) amplification was listed in Table S6. The PCR system (50 µL)

contains 2 µL forward primer (10 pmol/mL), 2 µL reverse primer (10

pmol/mL), 25 µL ZYMO Taq Premix, 4 µL DNA, and 17 µL H2O.
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Reaction condition: 95°C for 15 min, 45 cycles of 94°C for 40 s, 54/

52°C for 40 s, 72°C for 1 min, and 72°C for 8 min. After purifying,

the fragment was ligated with pMD-19T at 16°C for 12 h.

Recombinant plasmids were transformed into E. coli DH-5acell
and cultured on an agar plate containing ampicillin at 37°C. 25

monoclonal colonies were sent to perform bisulfite sequencing 14 h

later. The methylation profile of CpG sites was calculated by the

QUMA database.
2.13 Construction of truncated IRF8 core
promoter vectors

IRF8 promoter sequence was analyzed by the Alibaba2 online

database for predicting the underlying TF-binding site. Based on the

BDGP online software core promoter prediction, truncated vectors

(Control, –300 to –1 bp; fragment 1, –500 to –1 bp; fragment 2,

–1000 to –1 bp) were constructed separately for –1000 to –1 bp,

where the CpG island was located, and then ligated to the pGL3-

basic vector.
2.14 Construction of promoter
recombinant plasmid and M.SssI
methylation treatment

Amplification fragment of 293 bp (–782 to –490 bp) in the IRF8

promoter was amplified via PCR using primers with SpeI and NcoI

restriction site at the 5′-end (Table S7). The recombinant plasmid was

constructed with the product and a pCpGL-basic linearized vector.

We also amplified fragments (–500 to 0 bp) that deleted or mutated

the putative IRF8 binding site. IRF8-WT contains the DNA fragment

from –500 to 0 bp in the pGL3-basic. The mutant fragment of IRF8-

Mut includes a sequence mutated from CCCGGCGGCC to

TTTAATAATT. Moreover, the CCCGGCGGCC sequence was

removed to generate IRF8-Del. Recombinant plasmids, IRF8-P1,

and IRF8-P2, were methylated by M.SssI, and the product was

purified. Products were then transfected into IPEC-J2 cells using an

unmethylated vector (Control) or pCpGL-basic. Relative fluorescence

intensity was quantified to determine the role of hypermethylation on

IRF8 promoter transcriptional activities. IPEC-J2 was treated with 5’-

Aza-2dC demethylases (Sigma-Aldrich).
2.15 Dual-luciferase reporter assay

Firefly luciferase reporter vectors (100 ng) along with IRF8

(WT, Mut, or Del), AP-2a-OE, and 2 ng of pRL-TK (calibrated as

internal reference) were co-transfected into IPEC-J2 by Lipo2000.

Relative fluorescence intensity was detected 48 h later by a Dual-

Luciferase Reporter system. 100 mL passive lysis buffer was added

into cells and incubated for 30 min with slight shaking, and 20 mL of
cell lysates were used for determination. Data analyses were

repeated thrice, each performed 6 times.
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2.16 RNA-seq library construction
and sequencing

IRF8-KO and wild-type IPEC-J2 were cultured and infected

with PEDV of 0.1 MOI. After 48 h of incubation, PEDV-infected

IRF8-KO (IRF8-KO+PEDV), Control (PEDV), and wild-type

(mock) cells were harvested to perform RNA-seq. Total RNA was

extracted and purified by the AMPure XP system (Beckman

Coulter, California, USA). cDNA library was conducted and

sequenced by Illumina HiSeq 2000 sequencer (BGI Tech, Hong

Kong). The original data were processed for quality control by

removing the adapters and low-quality reads. The Sscrofa11.1

genome was used to align reads by TopHat2 software (23).

HTSeq software was used to calculate gene expression (24), and

FPKM values were calculated. Finally, differential gene expression

analysis was conducted by DESeq software (25). Adjusted P value <

0.05 and |log2-fold change| >2 was defined as a differentially

expressed gene (DEG). GO and KEGG pathway enrichment in

the differential gene set was conducted by Cluster Profiler software.
2.17 Measurement of the oxidative
stress index

Control and IRF8-OE cells were seeded at 80% confluency for

PEDV infection. After the infection for 48 h, the cells of Control,

PEDV, IRF8-OE, and IRF8-OE+PEDV groups were centrifuged

(4000 rpm for 10 min) to get the supernatant. Then the BCA

Protein Assay Kit (CWBiotech, Beijing, China) was used to detect

the concentration. Total antioxidant capacity (T-AOC) and the levels

of adenosine triphosphate (ATP), nicotinamide adenine dinucleotide

(NADH), catalase (CAT), superoxide dismutase (SOD), glutathione

peroxidase (GSH-Px), and malondialdehyde (MDA) were

determined following the detection kits (Jiancheng, Nanjing, China).
2.18 Statistical analysis

Statistical analyses were conducted by GraphPad Prism. Data

are shown as the mean ± standard error or standard deviation and

repeated at least thrice. Statistical analyses were performed by a

two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
3 Results

3.1 IRF8 expression is strongly associated
with PEDV infection

PCR products of 6 diarrheal piglets revealed that the amplified

fragment was PEDV strain (JSCZ1601), whereas no bands of TGEV,

PDCoV, and PoRV were detected (Figures S1A, B). HE staining

revealed that the intestinal villi of the mucosal epithelium in PEDV-

infected piglets were broken and detached, and the height of the
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intestinal villi was reduced (Figure 1A). It was found that N protein

was expressed in different intestinal segments of PEDV-infected

piglets (Figure 1B). We also found that the IRF8 mRNA expression

in PEDV-infected jejunum was significantly higher than those in the

Control (Figure 1C). N protein was also expressed in IPEC-J2

infected with PEDV (Figure 1D) and mRNA expression levels of

IRF8 were significantly upregulated 48 h PEDV post-infection (hpi)

in IPEC-J2 (Figure 1E). Moreover, the morphology of cells infected

with PEDV for 24, 48, and 72 h was observed by microscopy. As

shown in Figure 1F, the cells changed from a flat spindle to a spherical

shape, with some cells showing shrinkage. The cells showed complete

lesions at 72 hpi and cellular complete morphology was lost.
3.2 Downregulation of IRF8 expression
facilitates PEDV infection

To understand the relationship between IRF8 and PEDV

infection, we constructed IRF8 knockout cell line. Figure 2A shows

the relative positions of gRNAs in the genome sequences. More than

80% of green fluorescence was visualized by fluorescence microscope,

indicating that the knockout vector was transfected into IPEC-J2 cells

(Figure 2B). The PCR amplification result showed a significant

reduction in sequence length (Figure S2). Furthermore, IRF8

protein was barely expressed in IRF8-knockout cells via western

blotting (Figure 2C). The morphological difference was observed by

microscope upon PEDV infection (Figure 2D). IRF8-KO cells

showed more severe lesions infected with PEDV compared to that

of the pGK1.2 vector infected with PEDV, especially at 72 hpi, and

almost all cells shrank and fused with partial necrosis. In addition,

RT-qPCR revealed that IRF8 knockout significantly upregulated the

mRNA level of theM gene (Figure 2E). TCID50 assay was conducted
Frontiers in Immunology 05
to detect the viral titer in IRF8-KO and Control cells upon PEDV

infection, and the result demonstrated that PEDV replication

increased significantly after IRF8 knockout (Figure 2F). Moreover,

cell proliferation and survival rate were decreased in the IRF8-KO

group after PEDV infection, suggesting that IRF8 depletion inhibits

cell viability (Figure 2G). Knockout of IRF8 also increased PEDV N

protein levels (Figure 2H). To explore whether PEDV causes

inflammation, the mRNA level of key inflammatory cytokines was

measured. RT-qPCR showed that cytokine expression was

significantly upregulated after IRF8 knockout (Figure 2I).

To further demonstrate that IRF8 affects PEDV invasion, an

IRF8 overexpression vector was constructed. As shown in

Figure 3A, IRF8-OE, and pcDNA3.1-EGFP vectors were

transfected into cells. The IRF8 mRNA and protein level was

significantly upregulated compared to the pcDNA3.1-EGFP

vector (Figures 3B, C). In addition, M gene expression was

significantly downregulated in the IRF8-OE group than in

Control cells (Figure 3D). TCID50 assay revealed that the PEDV

replication was inhibited after IRF8 overexpression along with the N

protein expression (Figures 3E, F). Cytokine IL-6, IL-8, and IL-1a
expression were significantly downregulated in IRF8-OE cells

infected with PEDV (Figure 3G).
3.3 IRF8 expression is negatively correlated
with the promoter methylation status

To determine whether DNA methylation regulates the mRNA

expression of IRF8, a CpG island (–398 to –106 bp) was predicted in

the IRF8 promoter (Figure S3). IRF8methylation profiles in PEDV-

infected piglets and Control groups were determined using BSP. As

shown in Figure 4A, 38 CpG sites with different methylation
D
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C

FIGURE 1

IRF8 expression is strongly associated with PEDV infection. (A) HE staining of the intestinal tissues under the light microscope. (B) Protein expression
levels of PEDV-N in the three intestinal segments of PEDV-infected and Control piglets. (C) IRF8 mRNA expression level in the duodenum, jejunum, and
ileum. (D) Protein expression levels of PEDV-N in the IPEC-J2 infected with PEDV. (E) IRF8 mRNA expression in PEDV-infected IPEC-J2 after 24, 48, and
72 h. (F) Light microscopy observation of PEDV-infected IPEC-J2 after 24, 48, and 72 h. All images were taken at 4 × magnification. *P < 0.05, **P < 0.01.
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FIGURE 3

Up-regulation of IRF8 suppresses PEDV infection. (A) Fluorescence field and white light images of IPEC-J2 transfected with IRF8 overexpression
plasmid. (B) The mRNA expression level of IRF8 after transfection of the overexpressed plasmid into IPEC-J2. (C) Western blot results of IRF8 protein
expression after IRF8 overexpression. (D) M gene expression in pcDNA3.1 and IRF8-OE groups after PEDV infection for 24 h, 48 h, and 72 h. (E)
PEDV virulence of pcDNA3.1 and IRF8-OE cells after PEDV infection determined by TCID50. (F) The protein expression level of PEDV-N in pcDNA3.1
and IRF8-OE cells after PEDV infection. (G) Expression levels of inflammatory genes in pcDNA3.1 and IRF8-OE cells. *P < 0.05, **P < 0.01.
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FIGURE 2

Downregulation of IRF8 expression facilitates PEDV infection. (A) Locations of 3 Single guide RNAs (sgRNAs) used for IRF8 depletion. (B)
Fluorescence field and white light images of IPEC-J2 cells transfected with the IRF8 knockout plasmid. (C) Western blotting of IRF8 protein
expression levels after IRF8 knockout. (D) Cytologic observation of pGK1.2 and IRF8-KO cells after PEDV infection for 24, 48, and 72 h. (E)
Expression levels of M gene in pGK1.2 and IRF8-KO groups after PEDV infection for 24, 48, and 72 h. (F) PEDV virulence in pGK1.2 and IRF8-KO cells
after PEDV infection was detected using TCID50. (G) Activities of pGK1.2 and IRF8-KO cells via cell counting kit (CCK)-8 assay. (H) Protein expression
levels of PEDV-N in pGK1.2 and IRF8-KO cells after PEDV infection. (I) Expression levels of inflammatory genes in pGK1.2 and IRF8-KO cells. All
images were taken at 4 × magnification. *P < 0.05, **P < 0.01.
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statuses were observed in the amplification fragments. Figure 4B

depicts the significant difference in mC-5 loci, with methylation

status of 12.7 and 4.4% in the Control and PEDV groups,

respectively. Moreover, the methylation status of 4.2% in the

Control group at the mC-36 loci showed a higher degree

compared to the PEDV-infected group. Importantly, the average

methylation status in the Control group was also higher than the

PEDV-infected group. Pearson correlation revealed that the IRF8

expression was negatively correlated with CpG island methylation

statuses (Figure 4C, r = –0.575). Transcriptional factor prediction

revealed that the potential transcription factors in the promoters at

mC-5 and mC-36 were Sp1 and AP-2a, respectively (Figure 4D).

Based on the sequences of the transcription factor-binding site

where Sp1 and AP-2a are located, we constructed 3 recombinant

vectors (Figure 4E). The dual-luciferase assay revealed that the

activity of fragment 1 was significantly higher than the Control

group (Figure 4F). The data indicated that the core promoter of

IRF8 is located between –301 and –500 bp, where AP-2a is located.
3.4 Hypermethylation status suppresses
AP-2a-mediated IRF8 transcription

To verify whether DNA methylation affects IRF8 expression,

the effect of promoter methylation on IRF8 activity was assessed via
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a dual-luciferase reporter assay. RT-qPCR revealed that IRF8

expression was significantly upregulated after 5’-Aza-2dC

treatment (Figure 5A). Moreover, PEDV invasion was markedly

activated by methylase treatment, and M gene expression in the

recombinant plasmid containing AP-2a binding site (IRF8-P2) was

significantly higher than that in the recombinant plasmid

containing Sp1 binding domain (IRF8-P1; Figure 5B). In

addition, M gene expression was significantly downregulated in

both IRF8-P1 and IRF8-P2 groups after 5’-Aza-2dC treatment

(Figure 5C). To further determine the effect of TFs on IRF8

activity, overexpression vectors of Sp1 and AP-2a were co-

transfected into IPEC-J2 cells with core promoter recombinant

plasmid after methylase treatment. Figure 5D shows that

transcriptional activity was activated by transcription factors co-

transfected with a methylated reporter compared to those

transfected with an unmethylated vector. Moreover, AP-2a plays

a critical role in IRF8 transcription activation.

Whether AP-2a directly regulates IRF8 expression remains

unclear. We hypothesize that AP-2a binds to the IRF8 promoter

and acts as a transcriptional activator that directly regulates its

expression. Therefore, we constructed vectors containing IRF8

promoter with or without AP-2a binding sites (Figures 5E, F).

Dual-luciferase assay revealed that AP-2a activates the IRF8

activity, rather than the truncated vector without AP-2a binding

sites (Figure 5G). In addition, we further demonstrated that AP-2a
D
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FIGURE 4

IRF8 expression is negatively correlated with the promoter methylation status. (A) Methylation status of CpG island site in IRF8 gene promoter.
(B) Methylation level differences at each locus between PEDV and Control groups. (C) Correlation between mRNA expression and IRF8 methylation.
(D) Transcription factor binding prediction of CG sites on IRF8 CpG island. (E) Schematic diagram of truncated fragment sequences synthesized
according to the location of key CG sites. (F) Dual-luciferase results after transfection of the truncated fragment recombinant plasmid into IPEC-J2
cells. Different capital letters represent P < 0.01. *P < 0.05.
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failed to regulate the vector upon IRF8 binding sites

mutation (Figure 5H).
3.5 IRF8 knockdown increases PEDV-
induced oxidative phosphorylation and
apoptosis abnormality

Transcripts of mock, PEDV, and IRF8-KO + PEDV cells were

obtained via RNA-seq in IPEC-J2 cell lines. We identified 689 DEGs

in mock and PEDV cells, of which 300 were upregulated and 389

were downregulated in the PEDV group (Figure 6A, Table S8).

Moreover, 1219 DEGs were determined between the PEDV and

IRF8-KO + PEDV cells, among which IRF8 knockout caused 586

genes downregulation and 633 genes upregulation compared to

those in the PEDV group (Figure 6B, Table S9). Heatmaps of

clustered genes with significantly altered PEDV expression showed

similarities in expression change caused by IRF8 knockout

(Figure 6C). Venn diagram shows that 77 altered gene expression

in the PEDV group was suppressed by IRF8 knockout (Figure 6D,

Table S10). Enrichment analysis by KEGG demonstrated that the

oxidative phosphorylation pathway was highly enriched in the
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mock and PEDV groups, and the apoptosis pathway was mainly

enriched in the PEDV and IRF8-KO + PEDV groups (Figures 6E,

F). Based on the fold difference in gene expression and biological

function, 13 genes (CHI3L1, PLET1, GPR87, CMPK2, CDKN1C,

TMEM74B, SERPINB2, SPINK14, CAPN14, TRIML2, OTUD6A,

ACSM2B, and HMGCS1) were selected for RT-qPCR assay, and

the result was in line with RNA-seq (Figure 6G). Heat maps of gene

expression in oxidative phosphorylation and apoptosis pathways

were drawn according to the RNA-seq. Oxidative phosphorylation

genes were significantly downregulated upon PEDV infection,

whereas IRF8 knockdown exacerbated the PEDV-induced

decrease in gene expression levels (Figure 6H). However, most

apoptosis-related gene expression was significantly upregulated

after PEDV infection, and IRF8 knockdown exacerbated the

elevated gene expression caused by PEDV (Figure 6I).
3.6 IRF8 expression is associated with
PEDV-induced oxidative stress

As endogenous energy sources, ATP and NADH levels were

significantly decreased in cells infected with PEDV, which were
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FIGURE 5

Hypermethylation suppresses AP-2a-mediated IRF8 transcription. (A) Relative expression levels of IRF8 before and after demethylase treatment. (B) Relative
expression levels of M gene after transfection of methylase-treated recombinant plasmids into PEDV-infected IPEC-J2. (C) Relative M gene expression under
demethylase treatment after transfection of the recombinant plasmids into PEDV-infected IPEC-J2 cells. (D) Dual-luciferase results after co-transfer of Sp1
and AP-2a overexpression plasmids with IRF8 recombinant plasmid before and after methylase treatment, respectively. (E) Schematic representation of the
porcine IRF8 promoter. AP-2abinding sites are highlighted in yellow. ATG region is highlighted in red. (F) Construction of IRF8-WT, IRF8-Del (with or without
the AP-2a binding site), and the IRF8-Mut recombinant plasmids (mutated AP-2a binding site). (G) Detection of dual-luciferase activity after transfection of
IRF8-WT, IRF8-Del, and IRF8-Mut recombinant plasmids into cells, respectively. (H) Dual-luciferase activity assay before and after co-transfection of IRF8-
WT, IRF8-Del, and IRF8-Mut recombinant plasmids with AP-2a overexpression vector, respectively. ns, not significant, **P < 0.01.
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rescued by the upregulation of IRF8 levels (Figures 7A, B). To clarify

the effect of IRF8 in oxidative stress caused by PEDV, ROS levels

and MMP of the cells were measured. PEDV infection increased the

cellular ROS levels, which were reduced by IRF8 overexpression

(Figure 7C). In contrast, IRF8 overexpression alleviated the decrease

in MMP induced by PEDV (Figure 7D). Concomitant with the

decrease in T-AOC in PEDV-infected cells (Figure 7E), PEDV

infection significantly decreased CAT, SOD, and GSH-Px levels in

cells, whereas IRF8 overexpression alleviated the decrease in CAT

and SOD levels induced by PEDV infection (Figures 7F–H).

Importantly, IRF8 overexpression significantly diminished the

PEDV-induced increase in lipid peroxide and MDA levels

induced by PEDV (Figure 7I).
3.7 IRF8 expression is essential for
PEDV-induced apoptosis

Pan-caspase inhibitors, Z-VAD-FMK, and Bax inhibitor,

BIP-V5, were selected to rescue cell apoptosis. IPEC-J2 were

treated with inhibitors at gradient concentrations (0.1, 1, 2.5, 5,

7.5, 10, and 20 mM). CCK-8 assay revealed that cell viability

decreased with 7.5 mM Z-VAD-FMK and 20 mM BIP-V5

(Figures 8A, C). Therefore, concentrations of 5 mM Z-VAD-

FMK and 10 mM BIP-V5 were suitable for preventing the

apoptosis of IPEC-J2 cells. To verify whether IRF8 affects

apoptosis, its protein expression was analyzed. Figure 8B
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revealed that PEDV increased the expression of IRF8 that was

suppressed by Z-VAD-FMK. As expected, elevated expression of

IRF8 was observed in the PEDV group, which was recovered by

BIP-V5 treatment (Figure 8D). Both inhibitors and clustering

heatmap results jointly proved that IRF8 played a repressive role

in PEDV-induced apoptosis. Flow cytometry revealed that IRF8

overexpression markedly decreased the ratio of apoptotic cells

compared to that by PEDV alone (Figure 8E). In addition,

fluorescence staining further confirmed that high expression of

IRF8 improves the cell viability compared with the PEDV group

(Figure 8F). Furthermore, the heatmap revealed that IRF8

overexpression strongly inhibited the PEDV-induced increase

in apoptotic gene expression (Figure 8G). Immunoblotting

revealed that IRF8 overexpression efficiently downregulated the

cleaved caspase 3 and Bax protein expression compared to the

PEDV group (Figure 8H). In contrast, RT-qPCR results revealed

that most cell cycle-related gene expression was significantly

downregulated by PEDV, and upregulation of IRF8 expression

restored the cell cycle (Figure 8I). Compared to the PEDV group,

IRF8 overexpression resulted in strong upregulation of PCNA

and CDK4 levels (Figure 8J).
4 Discussion

PED is a highly contagious enterovirus disease induced by PEDV

and has a high fatality rate in neonatal piglets (26). As the most
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FIGURE 6

IRF8 knockdown increases PEDV-induced oxidative phosphorylation and apoptosis abnormality. (A) Volcano plot of DEGs between the Mock and
PEDV-infected cells. (B) Volcano plot of DEGs between the PEDV and IRF8-KO + PEDV cells. (C) Cluster analysis of DEGs among the 3 groups.
(D) Venn plot of screened DEGs among 3 groups. (E) KEGG enrichment analysis of DEGs between the Mock and PEDV groups. (F) KEGG enrichment
analysis of DEGs between the PEDV and IRF8-KO + PEDV groups. (G) Gene expression alignment of RNA-seq with RT-qPCR results in Mock, PEDV,
and IRF8-KO + PEDV groups. (H) Expression clustering heatmap of oxidative phosphorylation pathway genes in the 3 groups. (I) Expression
clustering heatmap of apoptosis pathway genes in the 3 groups.
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abundant envelope component of PEDV, the M protein perform a

vital effect in virus assembly (27). In this study,M gene amplification

and intestinal morphology observations showed that PEDV bands

could be amplified in piglets infected with PEDV, accompanied by
Frontiers in Immunology 10
symptoms, such as intestinal villous atrophy, epithelial cell necrosis,

and shedding. Combined with the fact that no other typical diarrheal

pathogens (TGEV and PoRV) were detected in these piglets (28),

PEDV was determined to be the only pathogen of infection.
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FIGURE 8

IRF8 is essential for PEDV-induced apoptosis. (A, C) Effects of gradient concentration inhibitors (Z-VAD-FMK and BIP-V5) on cell viability.
(B, D) Protein expression levels of IRF8 in the 4 groups. (E) Apoptosis of cells evaluated via flow cytometry with annexin V staining. (F) Cell viability is
determined using live/dead reagent staining. (G) Heatmap of apoptosis gene mRNA expression (Log2) normalized to Control. (H) Protein expression
of apoptotic protein in 4 groups. (I) Relative mRNA expression of cell cycle genes. (J) Expression levels of proliferation proteins in 4 groups.
*Compared to the Control group; #compared to the PEDV group.
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FIGURE 7

IRF8 expression is associated with PEDV-induced oxidative stress. (A, B) Determination of ATP and NADH levels in 4 groups. (C) Fluorescence
intensity of ROS in the 4 groups. (D) Mitochondrial membrane potential levels in the 4 groups of cells. Ratio of red over green fluorescence intensity
in flow cytometry is indicated by DY. (E–I) Detection of the T-AOC, CAT, SOD, GSH-Px, and MDA levels in different groups. *Compared to the
Control group; #compared to the PEDV group.
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As an immunoregulatory factor, IRF8 is involved in the regulation

of various immune processes (29). Although there have been several

studies on IRF8 antiviral activity (13, 30, 31), its contribution to

resistance to PEDV, one of the most harmful viruses to piglets,

remains unclear. PEDV is particularly harmful to neonatal piglets

(32). This study detected IRF8 expression in duodenum, jejunum, and

ileum of a 7-day-old piglet and found that PEDV infection can activate

IRF8 gene expression. The main PEDV target is the porcine intestinal

epithelial cell (5). Therefore, a PEDV-infected cell injury model was

constructed, and the result revealed that PEDV infection induced

increased IRF8 expression. With the property of conservation, the M

protein is an important structural protein that viruses stimulate the

host to produce immune protection (33). Therefore, the virulence of

PEDV can be determined by detecting the expression of the M protein.

The degree of cytopathic deepening is accompanied by the

enhancement of PEDV virus copy and titer with the IRF8 knockout

IPEC-J2 cell model. IRF8 is a key factor in the infection process of

PEDV. IRF8 overexpression may inhibit viral reproduction and PEDV

replication. Notably, IRF8 plays a vital effect in cell growth and

differentiation (34). Herein, we addressed the fact that PEDV

infection reduced the proliferative activity of IPEC-J2 cells, blocked

the cell cycle, and induced apoptosis (35). This provides the basis for

supporting IRF8-regulated cell cycle and cell arrest. We demonstrated

that cell activity and viability were significantly reduced and cells were

arrested after IRF8 knockout. Based on these findings that IRF8

depletion hinders cell proliferation during PEDV invasion, we

speculated that IRF8 may rebuild the epithelial cell barrier by

promoting cell proliferation. The inflammatory response triggered by

a viral infection can induce host morbidity. IRF8 has been extensively

studied in antiviral activity and modulation of inflammatory responses

(36, 37). Expression levels of proteins involved in the inflammatory

response increase upon PEDV infection (38). Consistent with our

results, the cytokine expression significantly increased after IRF8

knockdown and high expression of IRF8 resisted virus invasion.

Taken together, IRF8 deletion during PEDV infection further

enhances the viral infection process and produces a severe

inflammatory response in the host.

DNA methylation blocks transcriptional activation of gene

promoters in cells by inhibiting specific TFs to bind to DNA,

which is often associated with disease development (39, 40).

Previous studies demonstrated that the IRF8 may be epigenetically

regulated (41). However, whether IRF8 expression is also modulated

by DNA methylation during PEDV infection remains unknown. We

speculate that PEDV alters the methylation level of the IRF8

promoter, and hypomethylation at mC-5 and mC-36 sites located

in the core promoter region is associated with increased IRF8

expression. Hypomethylation of promoter DNA is often regulated

by transcription factors (42). Interestingly, transcription factor AP-

2a was more sensitive to IRF8-mediated transcription than Sp1. We

also speculated that Sp1, AP-2a, and IRF8 play synergistic roles via

changes in gene expression involved in PEDV infection. Sp1 and AP-

2a may regulate the IRF8 expression to resist PEDV invasion.

However, the co-transformation experiments with IRF8 promoter
Frontiers in Immunology 11
methylase treatment and transcription factor overexpression

plasmids provided further evidence for the specifically targeted

activation of IRF8 by AP-2a, and we proved that AP-2a negatively

regulates PEDV replication by activating the expression of IRF8. In

addition, AP-2a participates in the antiviral gene regulation process

via post-translational modification (43, 44). This may be another

mechanism for AP-2a to modify the expression of IRF8 under PEDV

infection, which requires further investigation.

Further functional enrichment analysis demonstrated that the

oxidative phosphorylation pathway was significantly altered upon

PEDV infection, whereas the apoptotic pathway was closely related to

IRF8 knockout. Cellular energy generation is primarily through

oxidative phosphorylation (45). Deletion of IRF8 blocks energy

production caused by PEDV, which is manifested as oxidative

phosphorylation in cells caused by viral stimulation and increased

energy consumption. This may be associated with the energy

metabolism modification upon PEDV infection, which meets the

energy requirements for virus assembly (46). Notably, the

mitochondria also generate ROS during oxidative phosphorylation.

Upregulated oxidative phosphorylation induced by PEDV affects

reversible cysteine redox modification by generating high levels of

ROS and plays a key role in lipid molecule-induced oxygen stress

(47). Inhibition of ROS generation and restoration of MMP via the

activation of IRF8 suggest that IRF8 may be an important metabolic

regulator during oxidative stress. The reduction in antioxidant

enzyme activity and intracellular lipid peroxidation further

indicates that high expression of IRF8 is beneficial for maintaining

the redox homeostasis of the organism during pathogen infection

(48). Interestingly, PEDV induces apoptosis in Vero through ROS/

p53, suggesting that activation of oxidative phosphorylation is

associated with apoptosis (49). IRF8 is a key regulator of apoptosis

inhibitory protein, which can defend against pathogenic infection

(50). In our study, treatment with Z-VAD-FMK and BIP-V5

alleviated the PEDV-induced increase in IRF8 protein expression

levels, implying that IRF8 is involved in PEDV-induced apoptosis.

Decreased expression levels of key apoptotic proteins further

illustrate that high expression of IRF8 is beneficial for viral

infection-activated apoptosis and changes in biological processes,

such as the cell cycle (35).

In summary, our study revealed that AP-2a positively regulates

IRF8 via promoter methylation and activation of IRF8 resists PEDV

replication by inhibiting oxidative stress and apoptosis. Our finding

provides valuable insight into the IRF8 in PEDV replication and

lays a foundation for developing therapeutic strategies for PEDV-

associated diseases.
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Interferon regulatory factors: the next generation. Gene (1999) 237:1–14. doi: 10.1016/
s0378-1119(99)00262-0

11. Tshuikina M, Jernberg-Wiklund H, Nilsson K, Öberg F. Epigenetic silencing of
the interferon regulatory factor ICSBP/IRF8 in human multiple myeloma. Exp Hematol
(2008) 36:1673–81. doi: 10.1016/j.exphem.2008.08.001
12. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 cells. Annu Rev
Immunol (2009) 27:485–517. doi: 10.1146/annurev.immunol.021908.132710

13. Lv D, Zhang K, Li R. Interferon regulatory factor 8 regulates caspase-1
expression to facilitate Epstein-Barr virus reactivation in response to B cell receptor
stimulation and chemical induction. PloS Pathog (2018) 14:e1006868. doi: 10.1371/
journal.ppat.1006868

14. Zheng Z, Fu X, Ling X, Sun H, Li Y, Ma Z, et al. Host cells actively resist porcine
reproductive and respiratory syndrome virus infection via the IRF8-microRNA-10a-
SRP14 regulatory pathway. J Virol (2022) 13:e0000322. doi: 10.1128/jvi.00003-22

15. WangH, Yang L,QuH, FengH,Wu S, BaoW.Globalmapping ofH3K4 trimethylation
(H3K4me3) and transcriptome analysis reveal genes involved in the response to epidemic
diarrhea virus infections in pigs. Anim (Basel) (2019) 9:523. doi: 10.3390/ani9080523

16. Xiao M, Liang X, Yan Z, Chen J, Zhu Y, Xie Y, et al. A DNA-methylation-driven
genes based prognostic signature reveals immune microenvironment in pancreatic
cancer. Front Immunol (2022) 13:803962. doi: 10.3389/fimmu.2022.803962

17. Phillips T. The role of methylation in gene expression. Nat Educ (2008) 1:116.
Available at: https://www.nature.com/scitable/topicpage/the-role-of-methylation-in-
gene-expression-1070/

18. Robertson KD. DNA methylation and human disease. Nat Rev Genet (2005)
6:597–610. doi: 10.1038/nrg1655

19. Guo C, Pei L, Xiao X, Wei Q, Chen JK, Ding HF, et al. DNA methylation protects
against cisplatin-induced kidney injury by regulating specific genes, including interferon
regulatory factor 8. Kidney Int (2017) 92:1194–205. doi: 10.1016/j.kint.2017.03.038

20. McGough JM, Yang D, Huang S, Georgi D, Hewitt SM, Röcken C, et al. DNA
methylation represses IFN-g–induced and signal transducer and activator of
transcription 1–mediated IFN regulatory factor 8 activation in colon carcinoma cells.
Mol Cancer Res (2008) 6:1841–51. doi: 10.1158/1541-7786.MCR-08-0280

21. Wang Q, Xie H, Zeng W, Wang L, Liu C, Wu J, et al. Development of indirect
immunofluorescence assay for TCID50 measurement of grass carp reovirus genotype II
without cytopathic effect onto cells. Microb Pathog (2018) 114:68–74. doi: 10.1016/
j.micpath.2017.11.042

22. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2–DDCT method.Methods (2001) 25:402–8. doi: 10.1006/
meth.2001.1262
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1187144/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1187144/full#supplementary-material
https://doi.org/10.1128/JCM.02898-14
https://doi.org/10.1007/s11262-012-0713-1
https://doi.org/10.1177/1040638713501675
https://doi.org/10.3201/eid1808.120002
https://doi.org/10.3201/eid1808.120002
https://doi.org/10.1128/JVI.01677-17
https://doi.org/10.1016/j.vetmic.2017.09.021
https://doi.org/10.1128/JVI.01091-16
https://doi.org/10.1038/nri1900
https://doi.org/10.1146/annurev.immunol.26.021607.090400
https://doi.org/10.1146/annurev.immunol.26.021607.090400
https://doi.org/10.1016/s0378-1119(99)00262-0
https://doi.org/10.1016/s0378-1119(99)00262-0
https://doi.org/10.1016/j.exphem.2008.08.001
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1371/journal.ppat.1006868
https://doi.org/10.1371/journal.ppat.1006868
https://doi.org/10.1128/jvi.00003-22
https://doi.org/10.3390/ani9080523
https://doi.org/10.3389/fimmu.2022.803962
https://www.nature.com/scitable/topicpage/the-role-of-methylation-in-gene-expression-1070/
https://www.nature.com/scitable/topicpage/the-role-of-methylation-in-gene-expression-1070/
https://doi.org/10.1038/nrg1655
https://doi.org/10.1016/j.kint.2017.03.038
https://doi.org/10.1158/1541-7786.MCR-08-0280
https://doi.org/10.1016/j.micpath.2017.11.042
https://doi.org/10.1016/j.micpath.2017.11.042
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fimmu.2023.1187144
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zong et al. 10.3389/fimmu.2023.1187144
23. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2:
accurate alignment of transcriptomes in the presence of insertions, deletions and gene
fusions. Genome Biol (2013) 14:R36. doi: 10.1186/gb-2013-14-4-r36

24. Anders S, Pyl PT, Huber W. HTSeq–a Python framework to work with high-
throughput sequencing data. Bioinformatics (2015) 31:166–69. doi: 10.1093/
bioinformatics/btu638

25. Anders S, Huber W. Differential expression of RNA-Seq data at the gene level–the
DESeq package Vol. 10. Heidelberg, Germany: European Molecular Biology Laboratory
(EMBL (2012). p. f1000research.

26. Jung K, Saif LJ. Porcine epidemic diarrhea virus infection: Etiology,
epidemiology, pathogenesis and immunoprophylaxis. Vet J (2015) 204:134–43.
doi: 10.1016/j.tvjl.2015.02.017

27. Chen JF, Sun DB, Wang CB, Shi HY, Cui XC, Liu SW, et al. Molecular
characterization and phylogenetic analysis of membrane protein genes of porcine
epidemic diarrhea virus isolates in China. Virus Genes (2008) 36:355–64. doi: 10.1007/
s11262-007-0196-7

28. Wu J, Wang F, Wu Z, Wu S, Bao W. Regulatory effect of methylation of the
porcine AQP3 gene promoter region on its expression level and porcine epidemic
diarrhea virus resistance. Genes (Basel) (2020) 11:1167. doi: 10.3390/genes11101167

29. Zhao J, Kong HJ, Li H, Huang B, Yang M, Zhu C, et al. IRF-8/interferon (IFN)
consensus sequence-binding protein is involved in Toll-like receptor (TLR) signaling
and contributes to the cross-talk between TLR and IFN-g signaling pathways. J Biol
Chem (2006) 281:10073–80. doi: 10.1074/jbc.M507788200

30. Adams NM, Lau CM, Fan X, Rapp M, Geary CD, Weizman O, et al.
Transcription factor IRF8 orchestrates the adaptive natural killer cell response.
Immunity (2018) 48:1172–82. doi: 10.1016/j.immuni.2018.04.018

31. Huang X, Xu Y, Lin Q, Guo W, Zhao D, Wang C, et al. Determination of
antiviral action of long non-coding RNA loc107051710 during infectious bursal disease
virus infection due to enhancement of interferon production. Virulence (2020) 11:68–
79. doi: 10.1080/21505594.2019.1707957

32. Kim O, Chae C. In situ hybridization for the detection and localization of
porcine epidemic diarrhea virus in the intestinal tissues from naturally infected piglets.
Vet Pathol (2000) 37:62–7. doi: 10.1354/vp.37-1-62

33. van Rijn PA, van Gennip HG, de Meijer EJ, Moormann RJ. Epitope mapping of
envelope glycoprotein E1 of hog cholera virus strain Brescia. J Gen Virol (1993)
74:2053–60. doi: 10.1099/0022-1317-74-10-2053

34. Manzella L, Tirrò E, Pennisi MS, Massimino M, Stella S, Romano C, et al. Roles
of Interferon regulatory factors in chronic myeloid leukemia. Curr Cancer Drug Targets
(2016) 16:594–605. doi: 10.2174/1568009616666160105105857

35. Shen X, Yin L, Pan X, Zhao R, Zhang D. Porcine epidemic diarrhea virus
infection blocks cell cycle and induces apoptosis in pig intestinal epithelial cells.Microb
Pathog (2020) 147:104378. doi: 10.1016/j.micpath.2020.104378

36. Zhang R, Chen K, Peng L, Xiong H. Regulation of T helper cell differentiation by
interferon regulatory factor family members. Immunol Res (2012) 54:169–76.
doi: 10.1007/s12026-012-8328-0
Frontiers in Immunology 13
37. Taniguchi T, Ogasawara K, Takaoka A, Tanaka N. IRF family of transcription
factors as regulators of host defense. Annu Rev Immunol (2001) 19:623–55.
doi: 10.1146/annurev.immunol.19.1.623

38. Ye Y, Zhu J, Ai Q, Wang C, Liao M, Fan H. Quantitative proteomics reveals
changes in vero cells in response to porcine epidemic diarrhea virus. J Proteome Res
(2019) 18:1623–33. doi: 10.1021/acs.jproteome.8b00897

39. Sørensen KD, Abildgaard MO, Haldrup C, Ulhøi BP, Kristensen H, Strand S,
et al. Prognostic significance of aberrantly silenced ANPEP expression in prostate
cancer. Br J Cancer (2013) 108:420–28. doi: 10.1038/bjc.2012.549

40. Wulfänger J, Schneider H, Wild P, Ikenberg K, Rodolfo M, Rivoltini L, et al.
Promoter methylation of aminopeptidase N/CD13 in malignant melanoma.
Carcinogenesis (2012) 33:781–90. doi: 10.1093/carcin/bgs091

41. Yashiro T, Yamamoto M, Araumi S, Hara M, Yogo K, Uchida K, et al. PU.1 and
IRF8modulate activation of NLRP3 inflammasome via regulating its expression in human
macrophages. Front Immunol (2021) 12:649572. doi: 10.3389/fimmu.2021.649572

42. Dostal V, Churchill MEA. Cytosine methylation of mitochondrial DNA at CpG
sequences impacts transcription factor ADNAbinding and transcription. Biochim Biophys
Acta Gene Regul Mech (2019) 1862:598–607. doi: 10.1016/j.bbagrm.2019.01.006
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