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Abstract: Porcine epidemic diarrhea (PED) virus (PEDV) is one of the main pathogens causing di-
arrhea in piglets and fattening pigs. The clinical signs of PED are vomiting, acute diarrhea, dehy-
dration, and mortality resulting in significant economic losses and becoming a major challenge in 
the pig industry. PEDV possesses various crucial structural and functional proteins, which play im-
portant roles in viral structure, infection, replication, assembly, and release, as well as in escaping 
host innate immunity. Over the past few years, there has been progress in the study of PEDV path-
ogenesis, revealing the crucial role of the interaction between PEDV viral proteins and host cyto-
kines in PEDV infection. At present, the main control measure against PEDV is vaccine immuniza-
tion of sows, but the protective effect for emerging virus strains is still insufficient, and there is no 
ideal safe and efficient vaccine. Although scientists have persistently delved their research into the 
intricate structure and functionalities of the PEDV genome and viral proteins for years, the patho-
genic mechanism of PEDV remains incompletely elucidated. Here, we focus on reviewing the re-
search progress of PEDV structural and nonstructural proteins to facilitate the understanding of 
biological processes such as PEDV infection and pathogenesis. 

Keywords: porcine epidemic diarrhea virus (PEDV); protein function; viral proteins; innate  
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1. Introduction 
Porcine epidemic diarrhea virus (PEDV), a member of Alphacoronavirus, is an envel-

oped, single-stranded, positive-sense RNA virus that can cause porcine epidemic diarrhea 
(PED) [1,2]. PEDV-infected piglets display clinical signs like vomiting, diarrhea with wa-
tery stools, and dehydration, which can cause a high death rate among newborn piglets 
and result in substantial financial losses for the pig industry [3]. In 1971, PED was first 
reported in the United Kingdom [4]. After rampant transmission in many countries, 
PEDV became prevalent in China in 2010 [5,6]. The PEDV pandemic strains in the United 
States have resulted in a mortality rate of over 80% among suckling piglets [7]. Addition-
ally, these PEDV strains have been swiftly transmitted between farms in the United States 
since 2013, leading to the death of more than 8 million piglets in 2014 alone and accounting 
for nearly 10% of all farm piglets in the country [6]. The pig industry has suffered immense 
economic loss as a result of the widespread transmission of PEDV. With the emergence of 
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PEDV variants, the prevalence of PEDV has increased significantly, from 50.21% to 62.10% 
[8]. Recently, the pig industry in China has faced severe economic losses as a result of the 
emergence of highly virulent and infectious strains of PEDV [9,10]. 

Although herd immunization and biosafety measures are currently the most effective 
methods to prevent PED, the continuous evolution of PEDV, a variety of highly patho-
genic strains have emerged, and the lack of mucosal immunity caused by existing PED 
vaccines is likely to cause immune failure, which affects the prevention and control of 
PEDV [10,11]. Consequently, there is an immediate requirement for a comprehensive in-
vestigation into PED and its pathogenesis, along with the production of efficient vaccines 
that are specifically designed for epidemic strains. Recent studies have focused on the 
epidemiology, diagnosis, and molecular evolution analysis of PED. However, the role of 
PEDV proteins in its pathogenesis still needs to be recognized [12]. Current knowledge 
indicates that the structural and nonstructural proteins of PEDV have a significant impact 
on the process of virus invasion into host cells, gene replication, transcription, translation, 
and immune escape [13]. To offer the most up-to-date reference for studying PEDV’s path-
ogenesis, we present a comprehensive review that specifically examines the roles of PEDV 
proteins in the development of PED. Table 1 provides a summary of the involvement of 
PEDV proteins in PEDV infection. 

Table 1. The viral proteins involved in PEDV infection. 

Classification Viral 
Protein 

Role in PEDV Infection References 

Structural proteins 

S Essential for viral entry, induces neutralizing antibodies, 
virulence, induces apoptosis 

[14–17] 

E Initiates ERS, activates NF-κB, inhibits IFN-β, ISGs, virulence [18–20] 
M Induce cell cycle arrest at the S-phase, acts as IFN antagonist [21,22] 

N 
Form ribonucleoprotein complex, induces S-phase arrest, 
induces ERS, upregulates the expression of IL-8, inhibits IFN-β 
and IFN-λ production 

[23–28] 

Accessory 
protein ORF3 

Arrests cells at the S-phase, triggers ERS, induces autophagy, 
inhibits IL-6 and IL-8 productions, upregulates IKBKB-
meditated NF-κB promoter, downregulates IFN-β promoter 

[29–32] 

Nonstructural 
proteins 

Nsp1 
Acts as IFN antagonist, induces virulence, inhibits 
proinflammatory cytokine production, inhibits NF-κB activity [22,33–35] 

Nsp2 Promotes the replication of PEDV [36] 

Nsp3 
PLpro, regulates the deubiquitination of RIG-I and STING, 
inhibits IFN-β and IFN-λ1 

[37,38] 

Nsp4 
Upregulates pro-inflammatory cytokines and chemokines 
expression (IL-1α, IL-1β, TNF-α, CCL2, CCL5, and CXCL8） 

[39] 

Nsp5 3C-like protease，IFN antagonist [40,41] 
Nsp7 Inhibits type I IFN [42,43] 
Nsp8 Inhibits type III IFN [22] 
Nsp9 Inhibits ERS-mediated apoptosis [44] 

Nsp10 
Essential for viral replication, upregulates IL-2, IL-4, IL-10, 
TNF-α, and IFN-γ [45,46] 

Nsp12 RdRp, viral replication [47] 
Nsp13 HEL, inhibits bidirectional IgG transport by FcRn [48] 

Nsp14 
ExoN, suppresses ER stress-induced GRP78, acts as NF-κB 
pathway antagonist, downregulates pro-inflammatory 
cytokines 

[49,50] 
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Nsp15 EndoU, inhibits IFN-β and IRF3, downregulates CCL5, CXCL8, 
CXCL10, OAS, MXs, STAT1, and IRF9 

[51,52] 

Nsp16 
2′-O-MTase, downregulates the activities of RIG-I/MDA5-
mediated IFN-β and ISRE 

[53] 

2. The Genome of PEDV and its Encoded Proteins 
PEDV is an enveloped, single-stranded, positive-sense RNA virus, which has a char-

acteristic “crown-like” structure on its surface. The average size of the virus, including its 
spikes, ranges from 95 to 190 nm in diameter [54]. PEDV whole genome is about 28 kb 
long, including a 5′end cap, a 5′ untranslated region (UTR), a 3′untranslated region (UTR), 
a polyadenylated (poly A) tail at the 3′ end, and seven open reading frames (ORF1a, 
ORF1b, and ORF2–6) [55]. Among them, the polyproteins pp1a and pp1ab are encoded 
by ORF1a and ORF1b, respectively. The polyproteins undergo subsequent cleavage by 
two viral proteases, namely the papain-like protease (PLpro) and the 3C-like protease 
(3CLpro), which leads to the generation of 16 nonstructural proteins (nsps), designated as 
nsp1-nsp16. The functions of these nsps include genome replication, transcription of non-
structural proteins, and processing of viral polyproteins [56]. ORF2 and ORF4-6 encode 
four structural proteins, including spike protein (S, 150–220 kDa), envelope protein (E, 7 
kDa), membrane protein (M, 20–30 kDa), and nucleocapsid protein (N, 58 kDa) (Figure 1) 
[57]. These proteins are involved in the invasion, replication, assembly, and release of 
PEDV, and play vital roles in PEDV survival and evasion of host immunity [12]. The 
PEDV accessory protein ORF3 is translated from the ORF3 gene and is involved in the 
virulence of PEDV. A deficiency in ORF3 can result in a reduction in virulence [29,58]. 

 
Figure 1. (A) The schematic diagram illustrates the structure of the PEDV genome. (B) The schematic 
diagram illustrates the structure of the PEDV virion. 

3. The Replication Cycle of PEDV 
The replication of PEDV involves multiple significant stages, including attachment 

and entry, translation of viral replication enzymes, genome transcription and replication, 
translation of structural proteins, and virion assembly and release. The replication cycle 
of PEDV initiates with the recognition and interaction between the S protein and its re-
ceptor, followed by fusion with the plasma membrane [59]. Following viral entry, the ge-
nome of PEDV is released, initiating the immediate translation of the two major open 
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reading frames (ORF1a and ORF1b) within the viral genome. This translation process pro-
duces the polyproteins pp1a and pp1ab, which are subsequently cleaved into 16 nsps, 
including the replication and transcription complex (RTC), and was utilized to participate 
in subgenomic mRNA (sg mRNA) transcription and the viral genomic RNA synthesis 
[60]. The S, E, and M proteins, translated by sgmRNA, are inserted into the endoplasmic 
reticulum (ER) and immobilized within the Golgi apparatus. At the same time, the N pro-
teins interact with newly generated genomic RNA, resulting in the formation of ribonu-
cleoprotein (RNP) complexes. Following that, viral particles comprising RNP are assem-
bled within the ER-Golgi intermediate compartments (ERGIC) [56,61]. Finally, the in-
fected cells undergo cytoplasmic exocytosis to release the viral particles (Figure 2). 

 
Figure 2. The replication cycle of PEDV. 

4. The Structural Proteins of PEDV 
4.1. The Function of PEDV S Protein 

Situated on the surface of PEDV particles, the spike (S) protein functions as a type I 
transmembrane glycoprotein. It is responsible for the formation of distinct spikes and 
plays a significant role in viral attachment to target cells and the production of neutraliz-
ing antibodies [62]. During virus invasion, the PEDV S attaches to the host’s receptors on 
the cell membrane and mediates the virus-host membrane fusion [14,15,63]. It is also the 
largest structural protein in PEDV, composed of 1383 amino acids, with about 150–220 
kDa molecular weight [62]. Of all PEDV proteins, the S gene is a hypervariable region 
among different strains of PEDV. Therefore, the genetic variation of the S protein can serve 
as a phylogenetic indicator for assessing the genetic diversity of PEDV [64]. According to 
the genetic diversity of S, PEDV can be divided into two genomes, genome 1 (G1) and 
genome 2 (G2), which can be further divided into G1a, G1b, G2a, G2b, and G2c subgroups 
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[65]. Among them, PEDV G1a includes the prototype strain, CV777, identified in Belgium, 
and all strains sharing high genetic identity with CV777 [66]. The G2 strain was highly 
virulent. Further homologous recombination between G1a and G2 strains led to the emer-
gence of S-INDEL strains G1b and G2c. The G2c consisted of S-INDEL strains from Amer-
ica (e.g., OH851) and Europe (e.g., GER/L00862/2014) with high degrees of sequence sim-
ilarity to the ZL29 strain from China, suggesting that S-INDEL strains from Europe may 
have originated from a common ancestor with strain ZL29 [67,68]. In the natural host, S 
has the capacity to elicit the production of neutralizing antibodies, so it can be used as the 
target for the development of neutralizing monoclonal antibodies [16]. Song et al. have 
generated a PED vaccine candidate by expressing the immunogenic PEDV S in an Ad5 
vector, which can induce significant humoral immunity [69]. 

PEDV S is hydrolyzed by trypsin-like host cell proteases to produce S1 and S2 subu-
nits [70]. Comprising two domains, the S1 subunit includes the N-terminal domain (S1 
NTD, residues 21–324 based on PEDV CV777) for attaching to cellular carbohydrates, and 
the C-terminal domain (S1 CTD, residues 253–638) involved in binding to host [71]. The 
utilization of the core neutralization epitope region (COE) in the S1 region has been wide-
spread in the development of subunit vaccines aiming to prevent viral infection [72,73]. A 
recent study demonstrated that the virulence of PEDV is reduced, and the antibody’s vi-
rus-neutralizing abilities are affected when the S1 region of circulating PEDV is deleted 
[17]. 

Up to now, the receptor of PEDV is still controversial; the candidates include both 
host glycans and host proteins. A previous study showed that PEDV S can recognize por-
cine aminopeptidase N (pAPN) [74] and overexpression of exogenous pAPN increases 
the sensitivity of PEDV to infect cells [75]. Despite this, studies have shown that PEDV is 
capable of infecting pAPN knockout pigs [76,77]. Further evidence indicates that the func-
tional receptor APN is unnecessary for the infection of pigs by PEDV [78–80]. Many coro-
naviruses have been found to bind to sialic acid glycans using its S1 domain, and this also 
happens in PEDV [62,81,82]. Moreover, the host protein ATP1A1 could potentially serve 
as a functional receptor for PEDV, playing a role in PEDV attachment and co-localization 
with PEDV S1 protein during the initial phase of infection [83]. The PEDV S protein can 
induce apoptosis of Vero E6 cells, and it has been confirmed that S1 may be a key gene for 
PEDV-induced apoptosis [84]. 

The S2 subunit is related to virus fusion to host cell membrane, which contains a 
fusion peptide (FP, residues 891–908), two heptad repeat regions HR1 (residues 978–1117) 
and HR2 (residues 1274–1313), a transmembrane region (TM, residues 1328–1350), and a 
cytoplasmic domain (CP, residues 1351–1386) in the C-terminus [62,70,85,86]. A recent 
study found that the S2 protein possesses neutralizing epitopes, and the core sequence of 
the epitope is situated between amino acids 1261 and 1337 [87]. The infection of PEDV 
typically depends on the presence of trypsin. It is also a kind of tropism switching for the 
viruses to adapt to cultured cells if the cells are not primary or immortalized cells derived 
from a natural host. The available evidence indicates that three amino acid mutations, 
namely A605E, E633Q, and R891G, occurring in the S protein of the PEDV strain DR13att, 
which enable attenuated PEDV strain DR13 (DR13att) to infect Vero cells efficiently and 
productively, in contrast to the parental DR13 strain (DR13par). And have the potential to 
modify PEDV tropism by affecting the S2’ cleavage site and the RBD structure [88]. Tan 
et al. verified the trypsin-dependent characteristic of the S protein by comparing two 
PEDV strains, the trypsin-enhanced strain YN200 and the trypsin-independent strain 
DR13. The S protein of YN200 exhibits a stronger ability to induce syncytium formation 
and to be cleaved by trypsin than that of DR13. Using a full-length infectious YN200 
cDNA clone confirmed that the S protein is a trypsin dependency determinant by com-
parison of rYN200 and rYN200-SDR13. Moreover, their findings indicate that the trypsin 
dependence of PEDV is predominantly controlled by the S2 subunit, as opposed to a direct 
trypsin cleavage site [89]. 
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In addition, the interaction between PEDV and its host is greatly influenced by the 
PEDV S. In their study, Zhou et al. observed that the host membrane protein HSPA5 is 
capable of interacting with the PEDV S protein through its N-terminal domain, conse-
quently controlling attachment and playing a role in the internalization process of PEDV 
[90]. The PEDV S contains two nearby motifs in its cytoplasmic tail (CT): a tyrosine-based 
motif, YxxΦ (x is any residue and Φ is a bulky hydrophobic residue: F, M, I, L, or V), and 
an ER retrieval signal (ERRS), KVHVQ, which might regulate the amounts of PEDV S in 
the endoplasmic reticulum (ER)-Golgi intermediate compartments (ERGIC) or on the cell 
surface [91–93]. Hou et al. found that the deletion of YxxØ motif and ERRS can lead to the 
exposure of S protein to the cell surface, promote the fusion of cell membranes, enhance 
the recognition of immune cells, and reduce the pathogenicity of viruses. For the intact S 
protein, YxxØ motif and ERRS not only help the S protein be internalized from the cell 
surface and escape the recognition of extracellular immune cells but also assist the S pro-
tein to migrate to the ER and Golgi apparatus to assemble mature virus particles [94]. The 
data offer insightful information about the different roles played by the S protein in PEDV 
infection. 

4.2. The Function of PEDV E Protein 
Among the structural proteins in PEDV, the envelope (E) protein is the smallest, with 

about 7Da molecular weight of 7000–13,000, and is distributed on the surface of the virus 
envelope [55]. It also exhibits strong hydrophobicity [55]. The structure of E protein in-
cludes three parts: the short N-terminal hydrophilic region, the transmembrane region 
containing the α helix structure with a length of about 25aa, and the long C-terminal re-
gion [95]. There is still a lack of clear understanding regarding the function of PEDV E 
protein. Existing research has indicated that the E protein plays a vital role in viral assem-
bly, budding, and the host immune response. 

The E protein, which is situated in the endoplasmic reticulum (ER), triggers ER stress 
(ERS) by upregulating GRP78 and activating nuclear factor-κB (NF-κB), resulting in en-
hanced expression of IL-8 and Bcl-2 [18]. In light of previous research, it has been found 
that the E protein has the capacity to impede the activation of RIG-I signaling, significantly 
inhibit the transcription of IFN-β and ISGs, and interfere with the translocation of IRF3 
from the cytoplasm to the nucleus through direct interaction [19]. Further research found 
that the E protein initiates ERS by activating the PERK/eIF2α pathway, thereby attenuat-
ing the translation of RIG-I signaling-related antiviral proteins, ultimately inhibiting type 
I IFN production [96]. Moreover, the E protein can inhibit the activation of β promoters 
and swine leukocyte antigen II DR (SLA-DR), a crucial MHC-II molecule that plays an 
important role in the initiation of CD4+ T cell activation and antigen presentation [97,98]. 
The findings suggest that the E protein plays a crucial role in suppressing the immune 
response of the host. 

Moreover, the E protein can affect the viral virulence. Li et al. found that the E protein 
functions as an interferon antagonist during infection and also identified it as a virulence 
factor of PEDV [20]. They further demonstrated that deletion of a 7-amino-acid region in 
the E protein (EΔaa23–aa29) could be a promising approach for the development of live 
attenuated vaccines against PED [20]. Host factors can also affect the virulence of PEDV 
through E protein. Gao et al. found that karyopherin α 2 (KPNA2) binds to the PEDV E 
protein, leading to its degradation through autophagy as a means to inhibit PEDV repli-
cation [99]. 

Furthermore, the E protein serves as a diagnostic marker that could aid in the crea-
tion of innovative serological assays and the design of vaccines that enhance protective 
immunity [100]. 
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4.3. The Function of PEDV M Protein 
The M (membrane) protein, composed of 227 amino acids, is an essential membrane 

glycoprotein localized throughout the cytoplasm, which can affect cell growth, cell cycle 
progression, and interleukin 8 (IL-8) expression [21]. The expression of the M protein in 
an intestinal epithelial cell (IPEC) line can cause cell cycle arrest at the S-phase through 
activation of the cyclin A pathway [21]. Nevertheless, the PEDV M protein neither induces 
ERS nor activates NF-κB [21]. The coronavirus M protein has the same structural charac-
teristics: three TM domains with N-exo-C-endo orientation flanked by a short-glycosyl-
ated N-terminal domain on the virion surface and a long C-terminal globular domain 
within the virion [101,102]. The high level of conservation observed in the M gene across 
diverse PEDV strains makes it a promising target for the establishment of PEDV detection 
methods, including ELISA, RT-qPCR, and RT-PCR [103–105]. Among different PEDV iso-
lates, the linear B-cell epitope (195WAFYVR200) that spans the C-terminus of the M pro-
tein is remarkably conserved. Additionally, this specific epitope has the ability to distin-
guish between serum samples positive for PEDV and TGEV [106]. Recent studies have 
utilized a 3D model to forecast four linear B-cell epitopes, with the RSVNASSGTG and 
KHGDYSAVSNPSALT peptides being particularly noteworthy, six discontinuous B-cell 
epitopes, forty weak binding, and fourteen strong binding T-cell epitopes in the CV777 M 
protein [107]. 

The M protein serves as an essential structural protein in the processes of viral infec-
tion, replication, and assembly. Additionally, it can activate the immune response of the 
host for protection, although the precise mechanisms behind these functions are still not 
fully understood. The PEDV M protein has been recognized as an interferon antagonist 
[22]. Recent studies found that the 1–55 region of M protein is essential for disrupting IFN 
regulatory factor 7 (IRF7) function, suppressing the expression of type I IFN and various 
antiviral ISGs, enhancing viral replication, and determining the antagonistic mechanism 
used by M protein to target IFN [108]. Wang et al. found that M protein interacts with 
eukaryotic translation initiation factor 3L (eIF3L) during PEDV infection, downregulates 
the expression of eIF3L, and significantly increases virus replication [109]. Moreover, the 
M protein directly interacts with HSP70, thereby facilitating PEDV replication [110]. These 
observations indicate that M protein has the potential to serve as a candidate for the de-
velopment of a differential diagnostic test. Additionally, it could be a valuable target in 
the design of multi-epitope vaccines and novel therapeutic approaches aimed at activat-
ing protective cellular mechanisms against PEDV. 

4.4. The Function of PEDV N Protein 
The N protein is a nucleocapsid protein composed of 1383 amino acids, which is 

highly conserved and undergoes alkaline phosphorylation. It has a relative molecular 
weight of about 56 kDa [111]. The N protein plays a crucial role in multiple aspects of the 
virus’s life cycle, such as controlling viral RNA synthesis, packaging viral RNA into the 
helical nucleocapsid, and assembling viral particles [112,113]. A recent study has discov-
ered that the PEDV SH strain N protein contains a distinctive deletion of 12 amino acids 
(aa 399–410), which includes an antigenic epitope. However, this deletion does not impact 
the immunogenicity or pathogenicity [114]. The N protein of PEDV has three conserved 
domains: N-terminal domain (NTD), linker region (LKR), and C-terminal domain (CTD). 
In addition, there is an intrinsically disordered region (IDR) at both ends [115]. The N 
protein is highly expressed during all stages of PEDV infection. Therefore, identifying the 
N protein enables the assessment of PEDV replication, rendering it useful for the early 
detection of PEDV infection [116,117]. The cytoplasm serves as the main location for the 
N protein; however, it can also be detected within the nucleolus. It possesses a nuclear 
localization signal (NLS) motif pat7 (261PKKNKSR267) and is actively transferred to the 
nucleolus during the time span of PEDV infection [118]. According to the study conducted 
by Shi et al., the translocation of N protein from the cytoplasm to the nucleolus is not 
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reliant on the shuttle protein nucleolar phosphoprotein nucleophosmin (NPM1). How-
ever, N protein can interact with NPM1 to inhibit its proteolytic cleavage and improve 
cell survival, ultimately facilitating PEDV replication [119]. N protein has an RNA binding 
domain (RBD) that binds to RNA packaging signal (PS) and can associate with genomic 
RNA to form a ribonucleoprotein (RNP) complex, which participates in the replication 
and transcription process of the virus. It can also bind to M protein to promote the assem-
bly of viral particles [23,115]. The N protein NLS (S71NWHFYYLGTGPHADLRYRT90) 
can interact with p53 and activate the p53-DREAM pathway, leading to S-phase arrest and 
finally promoting virus replication [24]. 

The N protein also actively participates in regulating host innate antiviral responses 
and regulates IFN signal transduction. The N protein has the ability to specifically impede 
the nuclear translocation of NF-κB, which relies on type III IFN while leaving the expres-
sion of type I or type II IFN induced by polyinosinic-polycytidylic acid (poly(I:C)) unaf-
fected in IPEC-J2 cells [25]. During the interaction with host cells, the PEDV N protein 
exerts an inhibitory effect on cell proliferation by extending the duration of the S-phase 
cell cycle [26]. Xu et al. studied the subcellular localization and the effect of PEDV N pro-
tein on cell growth, cell cycle progression, cell survival, and IL-8 expression [26]. The N 
protein located in the ER can induce ERS, inhibit cell growth, and upregulate the expres-
sion of IL-8 in IPEC cells. The NLS sequence of the PEDV N protein is located within its 
amino acid region 71–90, with R87 and R89 being crucial for its biological function. Addi-
tionally, two nuclear export signals (NES) are at amino acids 221–236 and 325–364. How-
ever, only the NES within the 325–364 region is involved in the full-length N protein’s 
functionality [26]. Ding et al. discovered that the N protein also hinders the production of 
IFN-β induced by the Sendai virus, the expression of the IFN-stimulated gene, as well as 
the activation of the transcription factors IFN regulatory factor 3 (IRF3) and NF-κB [27]. 
Moreover, by engaging in a direct interaction with TBK1, the N protein disrupts the TBK1-
IRF3 association, resulting in the inhibition of both IRF3 activation and type I IFN produc-
tion [27]. Likewise, Cao et al. observed that PEDV-infection in IECs impedes the dsRNA-
induced IFN-β induction by interfering with IRF-3, which is associated with the RIG-I-
mediated signaling pathway and its adapter molecule, IFN-β promoter stimulator 1 (IPS-
1) [28]. However, it is not known whether it is caused by the N protein. 

Furthermore, the N protein plays a crucial role in the interaction between the coro-
navirus and its host, as well as in the pathogenesis. The PEDV N protein serves as a mul-
tifunctional protein, playing a crucial role in facilitating PEDV replication by targeting 
specific host cytokines. For example, the N protein promotes the cyclization of viral 
mRNA through binding to PABPC1 and eIF4F proteins, thus promoting viral transcrip-
tion and facilitating viral replication [120]. PEDV N protein can interact with TRIM28 to 
induce mitophagy, leading to inhibition of the JAK-STAT1 pathway to promote PEDV 
replication [121]. On the other hand, the host can use host cytokines to hijack the N protein 
and then degrade it to inhibit the replication of PEDV. The E3 ubiquitin ligase MARCH8 
facilitates the interaction between EGR1 and the PEDV N protein, resulting in N protein 
ubiquitination and degradation. Additionally, EGR1 directly binds to the IRAV promoter, 
leading to the upregulation of IRAV expression and subsequent suppression of PEDV 
replication [122]. PTBP1 facilitates the recruitment of MARCH8, an E3 ubiquitin ligase, 
and NDP52, a cargo receptor, for the catalysis and degradation of N protein via selective 
autophagy, thereby inhibiting PEDV replication [123]. The activation of autophagy by 
HNRNPA1 promotes the degradation of PEDV N, while the N protein-mediated autoph-
agy pathway triggered by PEDV infection also results in the degradation of HNRNPA1 
protein [124]. PRPF19 can recruit the E3 ubiquitin ligase MARCH8 to the N protein for 
ubiquitination, and the ubiquitinated N protein is recognized by the NDP52 and trans-
ported to autolysosomes, thus inhibiting virus replication [125]. HnRNP K inhibits PEDV 
replication through autophagic degradation of viral N protein and upregulation of 
MyD88 expression, leading to IFN-1 production [126]. RALY can degrade the N protein 
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through a RALY-MARCH8-NDP52-autophagosome pathway to suppress PEDV replica-
tion [127]. FUBP3, TARDBP, and BST2 are capable of initiating the degradation of the N 
protein via the MARCH8-NDP52-autophagosome pathway, resulting in the induction of 
IFN-I production, in an effort to hinder the replication of PEDV [128–130]. TRIM21 selec-
tively directs the degradation of the N protein through a proteasome-dependent mecha-
nism, resulting in the inhibition of PEDV replication [131]. Hence, the enhanced replica-
tion of PEDV in Vero E6 cells with overexpression of N protein could potentially be at-
tributed to the suppression of host immune response induced by N protein [132]. 

In summary, the N protein performs various functions, while further exploration is 
required to fully comprehend its underlying mechanism. These data have improved our 
knowledge regarding the function of PEDV N protein. 

5. The Accessory Protein of PEDV 
ORF3 serves as the sole accessory protein in PEDV, situated between S protein and E 

protein. It consists of 224 amino acids. Based on bioinformatic predictions, it has been 
determined that the PEDV ORF3 protein is a viroporin, possessing four transmembrane 
domains. Furthermore, it acts as a potassium ion channel protein, regulating the release 
of the virion [133]. When PEDV is adapted to growth in cell culture, the protein is vulner-
able to deletion or mutation. [134,135]. Research findings indicate that viruses lacking 
ORF3 or with a truncated ORF3 demonstrate complete attenuation in vivo, enabling us to 
distinguish cell-adapted and wild-type PEDV strains [136,137]. Thus, the ORF3 gene holds 
promise as a potential instrument for conducting epidemiological research on PEDV in-
fections [138]. Typically, with the exception of CH/GSJIII/07, Chinese PEDV field strains 
exhibit a single ORF of 672 or 675 nucleotides in their ORF3 genes [139]. In cell-adapted 
strains of PEDV, such as DR13, CV777, KPED-9, and P-5V, deletion of either 51 or 49 nu-
cleotides within the ORF3 gene has been observed due to continuous in vitro passage. 
This deletion results in premature termination of translation and a frameshift in the read-
ing frame [133,140]. However, it has been confirmed that PEDV field strains discovered 
in China, which possess a naturally occurring truncated ORF3 gene, exhibit high viru-
lence, resulting in severe clinical signs and elevated mortality rates among suckling piglets 
[141,142]. The study conducted by Jiang et al. revealed that the ORF3-null recombinant 
PEDV exhibited larger plaque size and syncytia phenotypes than the wild-type ancestor. 
Additionally, the ORF3-null virus demonstrates a relatively rapid growth phenotype 
[143]. According to recent studies, recombinant PEDV with truncated ORF3 has a minimal 
effect on pathogenicity. This suggests that ORF3 may not be necessary for PEDV propa-
gation in vitro [144]. The findings of these studies indicate an enigmatic role of the ORF3 
protein in the pathogenicity of PEDV. 

Apart from its impact on PEDV virulence, the ORF3 protein also has multiple func-
tions in cellular processes. During virus infection, there is a potential interaction between 
the full-length and naturally truncated ORF3 proteins with the S protein. This suggests 
that the ORF3 protein could potentially support the binding of the S protein to cell recep-
tors, thereby enhancing virus infection in cells [145]. ORF3, like the M protein, can arrest 
cells at the S-phase and facilitate the formation of vesicles, and attenuated strain express-
ing a truncated ORF3 is prone to replicate faster [29]. The ORF3 protein, localized in the 
ER, triggers the ERS response by increasing the expression of GRP78 protein and activat-
ing the PERK-eIF2α signaling pathway. This activation leads to autophagy but has no 
impact on apoptosis [30]. Similarly, Chen et al. also confirmed that overexpression of 
ORF3 protein does not induce apoptosis [84]. However, Si et al. found that compared to 
artificially rescued PEDV recombinant virus strains carrying full-length ORF3 gene 
(rPEDV-ORF3wt, rPEDV-ORF3CV777, and rPEDV-ORF3NY), PEDV recombinant virus 
strains without ORF3 gene (rPEDV-ΔORF3) can cause more severe cytopathic effect 
(CPE); ORF3 protein can promote virus replication by suppressing cellular apoptosis in-
duced by PEDV [58]. Moreover, the study uncovered that the PEDV ORF3 hinders virus 
replication through its interaction with the cellular vacuolar protein-sorting-associated 
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protein 36 (VPS36) [146]. Furthermore, the ORF3 protein is involved in the PEDV immune 
evasion strategy. The ORF3 protein was found to inhibit the production of proinflamma-
tory cytokines (IL-6) in host cells by blocking the NF-κB pathway, enabling PEDV to evade 
the innate immune response [31]. Kaewborisuth et al. discovered that the ORF3 protein 
can enhance the activity of the IKBKB-mediated NF-κB promoter, inhibit the activation of 
the IKBKB-mediated IFN-β promoter, and suppress the production and induction of type 
I IFN by poly (I:C) [32]. 

Collectively, these studies highlight the versatility of the ORF3 gene/protein, which 
is implicated in diverse cellular processes and is pivotal for PEDV infection, packaging, 
release, PEDV-host interaction, and preservation of host immunity. 

6. The Nonstructural Proteins of PEDV 
The poly-proteins pp1a and pp1b are encoded by the partially overlapping 5’-termi-

nal of the PEDV genome and can undergo cleavage, producing 16 mature replicase pro-
teins known as nonstructural proteins 1–16 (nsp1–16) [147,148]. These nonstructural pro-
teins can function independently and have the capacity to influence one another. The non-
structural proteins encoded by PEDV are mainly involved in the compilation of the viral 
replication enzyme complex and the synthesis of viral RNA. They are expressed during 
viral replication but do not appear in mature viral particles. 

The nonstructural protein 1 (nsp1) comprises 110 amino acids and has high nucleo-
tide similarity to the nsp1 of β-coronavirus; the conserved hydrophobic amino acid se-
quence plays a crucial role in preserving the protein’s structure, thus implying a possible 
similarity in structure and function. Niu et al. discovered that a genetically modified 
PEDV mutant with nsp1 N93A and N95A mutations demonstrates partial attenuation and 
retains immunogenicity in neonatal pigs. These findings imply that targeting nsp1 N93 
and N95 could be a promising strategy for the development of live attenuated vaccines. 
Furthermore, it could potentially serve as a promising candidate for vaccine development 
targeting other β-coronaviruses [149]. Among all the proteins encoded by PEDV, nsp1 is 
an effective IFN antagonist, has the most obvious effect on disrupting host gene expres-
sion, and can suppress or evade the innate immune response and facilitate viral replica-
tion [33]. Consequently, nsp1 is considered a crucial factor for virulence and a potential 
target for vaccine development. The nsp1 can promote proteasome-mediated degradation 
of cAMP response element binding protein (CBP), making IRF3 unable to bind to CBP 
after phosphorylation into the nucleus, hindering the formation of enhancer complex, 
thereby inhibiting type I IFN and proinflammatory cytokine production [22]. It can also 
block the nuclear translocation of IRF1, leading to a decrease in peroxisomes and conse-
quently suppressing the IRF1-mediated type III IFNs [34]. In addition, nsp1 hinders the 
phosphorylation and degradation of IκBα, thus impeding the activation of p65 and sup-
pressing the NF-κB activity mediated by the positive regulatory domain (PRD) II in vitro 
[35]. The nsp1 can inhibit Complement component 3 (C3) by inhibiting CCAAT/enhancer-
binding protein β (C/EBP-β) phosphorylation via amino acid residue 50 [150]. Additional 
research on the structure and biochemical properties of the PEDV nsp1 has unveiled that 
its three motifs (aa 67 to 71, 78 to 85, and 103 to 110) form a stable, functional region capa-
ble of suppressing the production of host proteins, including IFN [151,152]. 

Similarly, other nonstructural proteins of PEDV have been shown to play a role in 
the process of regulating viral genome replication, transcription, and anti-host innate im-
mune response. Through the K48-linked ubiquitin-proteasome pathway, the nonstruc-
tural protein 2 (nsp2) can interact with FBXW7, leading to its degradation and ultimately 
promoting the replication of PEDV [36]. 

Nonstructural protein 3 (nsp3) is the largest transmembrane protein encoded by 
PEDV and contains two papain-like protease (PLpro) domains (PLP1 and PLP2). PLP2 
has deubiquitinating enzymes (DUB) activity, which can regulate the de-ubiquitination of 
RIG-I and stimulator of interferon gene (STING) thus inhibiting type I IFN expression [37]. 
Similar findings have been found in other coronaviruses. SARS-CoV-PLpro inhibits 
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STING-mediated activation of IRF-3 nuclear translocation and induction of IRF-3 depend-
ent promoters and blocks STING dimer formation [38]. The SCoV2-PLpro selectively tar-
gets the regulators of the RLR signaling pathway through both deubiquitination-depend-
ent and -independent mechanisms. The inhibitory effect of SCoV2-PLpro on RIG-I and 
TBK1 is connected to its DUB function, whereas its antagonistic effect on MAVS, TRAF3, 
TRAF6, and IRF3 is not reliant on the DUB activity [153].  

Unlike the nsp3, the nonstructural protein 4 (nsp4) can promote the expression of 
pro-inflammatory cytokines and chemokines, such as IL-1α, IL-1β, TNF-α, CCL2, CCL5, 
and CXCL8, by upregulating the NF-κB pathway to inhibit PEDV replication during viral 
infection [39].  

The nonstructural protein 5 (nsp5), also known as 3C-like protease (3CLpro), can 
cleave proproteins into nsp5 and nsp16, leading to their maturation and subsequent in-
volvement in multiple stages of virus replication [40]. Due to its conserved structure and 
catalytic mechanism, the coronavirus 3CLpro assumes a crucial role in viral polyprotein 
processing, making it a highly desirable candidate for antiviral drug targeting. The re-
search conducted by Ye et al. demonstrated that the inhibitor GC376, which targets 3Cpro 
or 3CLpro of viruses in the picornavirus-like supercluster, can effectively hinder viral rep-
lication by binding to the catalytic pocket of PEDV 3CLpro [41]. Additionally, the nsp5 
protein functions as an interferon antagonist by specifically cleaving the NF-κB essential 
modulator (NEMO) at glutamine 231 (Q231). NEMO plays a critical role in linking inter-
feron-regulatory factor and NF-κB activation [154]. The same function is also found in 
nsp5 of PDCoV, which can inhibit SEV-induced IFN-β production by targeting the NEMO 
[155]. It is worth noting that the PLpro domain of nsp3 and the 3CLpro domain of nsp5 
have been confirmed to possess a viral replication-promoting effect, which is associated 
with their role in processing pp1a and pp1ab polyprotein precursors into nsps. In addi-
tion, nsp5 of PDCoV can also cleave STAT2 but not Janus kinase 1 (JAK1), tyrosine kinase 
2 (TYK2), STAT1, and interferon regulatory factor 9 (IRF9) to antagonize the signal trans-
duction downstream of the IFN receptor [156]. However, whether there is a similar mech-
anism of action of nsp5 in PEDV-infected cells still needs further study. 

Recent evidence indicates that the nonstructural protein 6 (nsp6) can induce autoph-
agy via the PI3K/Akt/mTOR signaling pathway [157]. 

The nonstructural protein 7 (nsp7), consisting of 83 amino acids, is a polypeptide that 
is predicted to have four helices. It is conserved within the Coronaviridae family and is 
essential for viral replication. The nsp7, in combination with nsp8 and nsp12, forms a viral 
replication and transcription complex that is crucial for viral replication [158]. Nonethe-
less, apart from its role as the “mortar” that stabilizes the nsp7/nsp8 complex structure, 
there is limited understanding of its functions [159]. The nsp7 can interact with the DNA 
binding domain of STAT1/STAT2, leading to the interaction between karyopherin α1 
(KPNA1) and STAT1. As a result, the nuclear transport of ISGF3 is blocked and type I IFN 
signaling pathway is inhibited [42]. Subsequent investigations revealed that nsp7 has the 
ability to selectively bind to the caspase activation and recruitment domains (CARDs) of 
melanoma differentiation-associated gene 5 (MDA5). This interaction effectively hinders 
the association between MDA5 and the protein phosphatase 1 (PP1) catalytic subunits 
(PP1α and PP1γ), resulting in the inhibition of MDA5 S828 dephosphorylation and sub-
sequent suppression of the type I IFN signaling pathway [43]. 

Additionally, it has been demonstrated that nsp8 can inhibit type III IFN activities by 
decreasing IRF1 promoter activities in vitro, indicating that nsp8 may function as immu-
nosuppressive factors. However, the precise mechanism of innate immunosuppression 
caused by nsp8 is still unidentified [22]. 

The nonstructural protein 9 (nsp9) is a vital element in coronavirus replication as an 
essential RNA binding protein. It is characterized by seven antiparallel β-strands and one 
α-helix strand. [160]. The interactions between nsp9 and RNA potentially play a role in 
stabilizing viral RNAs during viral replication or transcription. Furthermore, the dimeri-
zation of nsp9 and its positively charged surface can amplify this interaction. [60,161]. The 
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nsp9 protein could potentially be utilized as a promising target for the development of 
effective diagnostic tools or vaccines against PEDV. Liu et al. discovered that nsp9 has the 
ability to activate the swine immune system, leading to the development of humoral im-
munity. Moreover, the resulting antibody exhibits inhibitory effects on PEDV prolifera-
tion in Vero cells [162]. Furthermore, the nsp9 has the capacity to increase the expression 
of H2BE, thereby suppressing ERS-induced apoptosis and promoting viral replication. 
This process is reliant on the N-terminal domain of H2BE (amino acids 1–28) [44]. 

Nonstructural protein 10 (nsp10) plays a vital role as a regulator in viral RNA syn-
thesis by enhancing the activities of nsp14 ExoN and nsp16 2′-O-MTase, which is indis-
pensable for viral replication. [45,163]. Recent research found that nsp10 can upregulate 
the expression of IL-2, IL-4, IL-10, TNF-α, and IFN-γ to induce the cellular immune re-
sponse in mice and inhibit PEDV replication [46]. It is suggested that nsp10 exhibits a high 
level of immunogenicity, making it a suitable target for the development of antiviral drugs 
or a potential candidate for the rapid diagnosis of PEDV infection. 

The nonstructural protein 12 (nsp12) is an RNA-dependent RNA polymerase (RdRp), 
which is a key replication enzyme for viral replication [47]. At present, there are few stud-
ies on PEDV nsp12. 

Nonstructural protein 13 (nsp13) functions as a nucleic acid helicase/NTPase and is 
crucial for viral gene transcription and replication [164]. Furthermore, the nsp13 exhibits 
robust ATPase functionality, capable of hydrolyzing adenosine triphosphate (ATP) in the 
presence of Mg2+ and Mn2+. Moreover, it has the ability to bind to both double-stranded 
RNA (dsRNA) and double-stranded DNA (dsDNA) and effectively unwind the substrates 
in a 5’-to-3’ orientation, utilizing the energy derived from the hydrolysis of all nucleoside 
triphosphates (NTPs). The role of lysine 289 (K289) in PEDV nsp13 is crucial for its ATPase 
and helicase functions [164]. According to recent studies, nsp13 is implicated in the im-
mune evasion of PEDV. It has the potential to impact the NF-κB canonical pathway and 
enhance the expression of DNA methyltransferase 3b (DNMT3b) protein through the fa-
cilitation of p65 protein binding to chromatin. Consequently, this leads to abnormal meth-
ylation of the neonatal Fc receptor (FcRn) promoter, ultimately inhibiting the bidirectional 
transport of IgG. In addition, the essential domain for FcRn inhibition is within the core 
region of nsp13 (230 ~ 597 aa) [48]. 

CoV nonstructural protein 14 (nsp14) has 3′-to-5′ exoribonuclease (ExoN) activity 
[165], which is important for the fidelity of CoV RNA genome replication, and N7-methyl-
transferase (N7-MTase) activity [166], which is also crucial for viral transcription and 
translation. The research conducted by Niu et al. revealed that recombinant PEDV vari-
ants carrying mutations at the crucial functional sites (E191A) within nsp14-ExoN exhibit 
either lethality or genetic instability [167]. Abolishing N7-MTase activity has lethal conse-
quences for PEDV, and altering a single amino acid (D350A) in nsp14 can maintain 25% 
of N7-MTase activity and ensure viability. In addition, N-7 MTase-deficient mutant in-
duces increased secretion of type I and III IFNs [168]. Nsp14 can inhibit the activity of 
GRP78 promotor, and its N7-MTase domain is necessary for this role. This result suggests 
that PEDV possesses the potential to antagonize ER stress via nsp14 [49]. Nsp14 can also 
suppress the host antiviral response. Nsp14 is an NF-κB pathway antagonist that remark-
ably decreases SeV-, poly (I:C)-, and TNF-α-induced NF-κB activation [50]. Furthermore, 
it demonstrates the ability to suppress the expression of proinflammatory cytokines, in-
hibit the phosphorylation of IKKs by interacting with IKKs and p65, and impede the phos-
phorylation and nuclear import of p65 induced by TNF-α [50]. 

Nonstructural protein 15 functions as an endoribonuclease (EndoU) and is essential 
for viral replication and evasion of the host’s antiviral defense mechanisms [169]. The En-
doU activity of nsp15 relies on H226, H241, and K282. The formation of stress granules 
(SGs) in host cells is impeded by the nsp15 protein by reducing the accumulation of viral 
double-stranded RNA and isolating the key elements of SGs [170]. The nsp15 not only 
inhibits the activities of IFN-β and IRF3 promoters but also suppresses the activity of type 
III IFN [22,34]. Moreover, it has the ability to antagonize IFNs and obstruct the chemokine 
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system in order to establish a suitable intracellular milieu for viral replication. Nsp15 can 
subvert the IFN response by suppressing TBK1/IRF3 dependent-EndoU activity to facili-
tate PEDV replication [51]. A recent study found that nsp15 can inhibit several genes in-
volved in immune responses and inflammation, such as CCL5, CXCL8, CXCL10, OAS, 
MXs, STAT1, and IRF9 [52]. 

Among coronaviruses, the nonstructural protein 16 (nsp16) shows a highly con-
served 2′O-methyltransferase activity [171]. PEDV nsp16 is dependent on the KDKE tet-
rad, which has the ability to suppress the functions of RIG-I/MDA5-mediated IFN-β and 
ISRE, thus facilitating virus replication. Moreover, nsp10 was discovered to enhance the 
suppressive impact of nsp16 on IFN-β production [172]. The decrease in PEDV 2′-O-
MTase activity leads to a reduction in the virus virulence in piglets and triggers enhanced 
type I and type III IFN responses in IPEC-DQ cells[53]. This suggests that nsp16 could 
serve as a potential target for the development of PEDV vaccines. 

It is worth mentioning that nsp14-nsp16 contributes to the RNA cap formation of 
CoVs. Under the influence of a cis-element present in viral genome RNA, the virally en-
coded RdRP synthesizes nascent genome and subgenome RNA. Subsequently, nsp13 hy-
drolyzes the RNA, resulting in the production of ppN-RNA [173]. Following this, the 
ppN-RNA is capped through the catalytic activity of an unidentified CoV capping en-
zyme, leading to the synthesis of GpppN-RNA. The cap structure can be further methyl-
ated at the G-N-7 position by CoV nsp14. Lastly, the complex comprising CoV nsp16 and 
its stimulatory factor nsp10 functions as a 2’-O-MTase, thereby raising the cap 0 to cap 1 
structure [163,174,175]. Of note, the crystal structures of various cap-forming enzymes in 
SARS-CoV-1, such as nsp14, nsp16, and the nsp16-nsp10 complex, have been accurately 
determined. Consequently, this has facilitated the precise identification of their catalytic 
sites at the amino acid level [176,177]. 

Over the past few years, a growing body of research has demonstrated that numer-
ous nonstructural proteins of PEDV possess the ability to suppress the innate immune 
response of the host, thereby facilitating the rapid proliferation and dissemination of in-
vading viruses. Therefore, it is reasonable to suggest that these proteins may enhance the 
effectiveness of vaccines, and the signaling pathways they impact could be investigated 
as potential targets for the development of a PEDV vaccine, provided that relevant con-
cerns are appropriately addressed. 

7. Conclusions 
Given the persistent mutability of the PEDV virus, it is conceivable that the current 

PEDV vaccine has failed to mitigate the PEDV epidemic[10]. Consequently, studying the 
mechanism of PEDV proteins can greatly contribute to the development of new PEDV 
vaccines and the implementation of more efficient strategies for the prevention and con-
trol of PED. PEDV vaccines are mainly divided into inactivated vaccine, attenuated vac-
cine, and subunit vaccine [178]. Among these vaccines, both inactivated and attenuated 
live vaccines, as whole-virus vaccines, may experience a partial or complete decline in 
their capacity to withstand the challenge of parental strains, even if the strains’ virulence 
is weakened through repeated passages. Hence, certain researchers have initiated the al-
teration of PEDV strains using reverse gene operating systems in order to create live at-
tenuated vaccines that possess high immunogenicity while exhibiting reduced virulence 
[86]. The structural protein S [94], accessory protein ORF3 [136], and the nonstructural 
proteins nsp1 [179], nsp14 [168], nsp15 [179], and nsp16 [53,179] can be considered as po-
tential targets for the development of PEDV attenuated live vaccines. This is attributed to 
the significant reduction in viral virulence observed when specific mutations occur in 
these genes. In summary, employing reverse gene technology to introduce virulence gene 
mutations and inactivate interferon antagonists proves to be a successful approach in de-
veloping highly efficacious live attenuated PEDV vaccines. 
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The subunit vaccine, in contrast to the entire virus vaccine, boasts notable advantages 
such as enhanced safety, reduced propensity for spread, and minimal risk of reversion. 
The PEDV S protein is widely recognized as a crucial target for stimulating immune re-
sponse and generating neutralizing antibodies, making it the primary focus for subunit 
vaccine development [180,181]. Nevertheless, despite the presence of epitopes in N and 
M proteins, the development of subunit vaccines utilizing PEDV N and M proteins re-
mains unreported [106,182]. Moreover, additional verification is required to determine 
whether subunit vaccines utilizing PEDV nonstructural proteins can effectively induce 
protective responses. 

Considering the significant influence and danger presented by PEDV variant strains, 
the advancement of anti-PEDV drugs and the exploration of associated antiviral mecha-
nisms hold great significance. Research shows that antiviral drugs such as prenylated phe-
nolic compounds [183], magnolol [184], bis-benzylisoquinoline alkaloids [185], Ginkgo bi-
loba exocarp [186], Aloe extract [187], glycyrrhizin [188], and quercetin 7-rhamnoside 
[189,190] can be used as potential anti-PEDV drugs. Despite the effectiveness of anti-
PEDV drugs, their adoption in clinical practice remains limited due to their prohibitive 
cost and inability to achieve the desired antiviral effect. Currently, there is a lack of com-
mercially available anti-PEDV drugs, and there have been no reports of drugs specifically 
targeting PEDV protein. 

Furthermore, it is also particularly important to study the relationship between host 
and viral proteins and explore the immune escape mechanism of PEDV infection for the 
prevention and control of PEDV. Host cells can establish intricate signaling networks to 
identify, control, and eliminate invading viruses. However, these antiviral pathways are 
frequently evaded, inhibited, or disrupted by PEDV countermeasures. The PEDV demon-
strates the capability to utilize host factors to promote its own replication. Consequently, 
the study of the interplay between host and viral proteins, along with the investigation of 
the immune evasion mechanism in PEDV infection, assumes paramount significance. This 
paper provides a summary of the role of PEDV protein in viral cell invasion, viral replica-
tion and transcription, host immune protection, and the mechanism of interaction with 
the host. It is anticipated that it will offer fresh insights into the development of PEDV 
vaccines, targeted pharmaceuticals, and the prevention and control measures for PED. 

Author Contributions: Conceptualization, X.L., S.H., X.G. and J.L.; investigation, Z.Y. and G.L.; re-
sources, Y.W., Z.Y. and G.L.; writing—original draft preparation, X.L. and Y.W.; writing—review 
and editing, X.G., S.H., J.L. and X.L. All authors have read and agreed to the published version of 
the manuscript. 

Funding: This research was funded by the Lingnan Modern Agricultural Science and Technology 
Guangdong Provincial Laboratory Zhaoqing Branch ‘s ‘ 14th Five-Year ‘ Independent Project, grant 
number P20211154-030303, Double first-class discipline promotion project, grant number 
2023B10564003, and the Guangdong Key Research and Development Program, grant numbers 
2019B020218004. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Pensaert, M.B.; de Bouck, P. A new coronavirus-like particle associated with diarrhea in swine. Arch. Virol. 1978, 58, 243–247. 

https://doi.org/10.1007/bf01317606. 
2. Cavanagh, D. Nidovirales: A new order comprising Coronaviridae and Arteriviridae. Arch. Virol. 1997, 142, 629–633. 
3. Hou; X.L.; Yu, L.Y.; Liu, J. Development and evaluation of enzyme-linked immunosorbent assay based on recombi-nant nucle-

ocapsid protein for detection of porcine epidemic diarrhea (PEDV) antibodies. Vet. Microbiol. 2007, 123, 86–92. 
4. Wood, E. An apparently new syndrome of porcine epidemic diarrhoea. Vet. Rec. 1977, 100, 243–244. 

https://doi.org/10.1136/vr.100.12.243. 
5. Sun, R.-Q.; Cai, R.-J.; Chen, Y.-Q.; Liang, P.-S.; Chen, D.-K.; Song, C.-X. Outbreak of porcine epidemic diarrhea in suckling 

piglets, China. Emerg. Infect. Dis. 2012, 18, 161–163. https://doi.org/10.3201/eid1801.111259. 



Genes 2024, 15, 165 15 of 22 
 

6. Lee, C. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine virus. Virol. J. 2015, 12, 193. 
https://doi.org/10.1186/s12985-015-0421-2. 

7. Stevenson, G.W.; Hoang, H.; Schwartz, K.J.; Burrough, E.R.; Sun, D.; Madson, D.; Cooper, V.L.; Pillatzki, A.; Gauger, P.; Schmitt, 
B.J.; et al. Emergence of Porcine epidemic diarrhea virus in the United States: Clinical signs, lesions, and viral genomic se-
quences. J. Vet. Diagn. Invest. 2013, 25, 649–654. 

8. Liu, Q.; Wang, H.-Y. Porcine enteric coronaviruses: An updated overview of the pathogenesis, prevalence, and diagnosis. Vet. 
Res. Commun. 2021, 45, 75–86. https://doi.org/10.1007/s11259-021-09808-0. 

9. Chen, X.; Zhang, X.-X.; Li, C.; Wang, H.; Wang, H.; Meng, X.-Z.; Ma, J.; Ni, H.-B.; Zhang, X.; Qi, Y.; et al. Epidemiology of porcine 
epidemic diarrhea virus among Chinese pig populations: A meta-analysis. Microb. Pathog. 2019, 129, 43–49. 
https://doi.org/10.1016/j.micpath.2019.01.017. 

10. Yao, X.; Qiao, W.-T.; Zhang, Y.-Q.; Lu, W.-H.; Wang, Z.-W.; Li, H.-X.; Li, J.-L. A new PEDV strain CH/HLJJS/2022 can challenge 
current detection methods and vaccines. Virol. J. 2023, 20, 13. https://doi.org/10.1186/s12985-023-01961-z. 

11. Krishna, V.D.; Kim, Y.; Yang, M.; Vannucci, F.; Molitor, T.; Torremorell, M.; Cheeran, M.C. Immune responses to porcine epi-
demic diarrhea virus (PEDV) in swine and protection against subse-quent infection. PLoS ONE 2020, 15, e0231723. 

12. Zhang, Y.; Chen, Y.; Zhou, J.; Wang, X.; Ma, L.; Li, J.; Yang, L.; Yuan, H.; Pang, D.; Ouyang, H. Porcine Epidemic Diarrhea Virus: 
An Updated Overview of Virus Epidemiology, Virulence Variation Patterns and Virus–Host Interactions. Viruses 2022, 14, 2434. 
https://doi.org/10.3390/v14112434. 

13. Hu, Y.; Xie, X.; Yang, L.; Wang, A. A Comprehensive View on the Host Factors and Viral Proteins Associated with Porcine 
Epidemic Diarrhea Virus Infection. Front. Microbiol. 2021, 12, 762358. https://doi.org/10.3389/fmicb.2021.762358. 

14. Bosch, B.J.; van der Zee, R.; de Haan, C.A.; Rottier, P.J.M. The coronavirus spike protein is a class i virus fusion protein: Struc-
tural and functional characterization of the fusion core complex. J. Virol. 2003, 77, 8801–8811. 
https://doi.org/10.1128/jvi.77.16.8801-8811.2003. 

15. Tang, T.; Bidon, M.; Jaimes, J.A.; Whittaker, G.R.; Daniel, S. Coronavirus membrane fusion mechanism offers a potential target 
for antiviral development. Antivir. Res. 2020, 178, 104792. https://doi.org/10.1016/j.antiviral.2020.104792. 

16. Li, C.; Li, W.; De Esesarte, E.L.; Guo, H.; van den Elzen, P.; van den Born, A.E.; Rottier, P.J.M.; Bosch, B.J. Cell Attachment 
Domains of the Porcine Epidemic Diarrhea Virus Spike Protein Are Key Targets of Neutralizing Antibodies. J. Virol. 2017, 91, 
10-1128. 

17. Tsai, K.-J.; Deng, M.-C.; Wang, F.-I.; Tsai, S.-H.; Chang, C.; Chang, C.-Y.; Huang, Y.-L. Deletion in the S1 Region of Porcine 
Epidemic Diarrhea Virus Reduces the Virulence and Influences the Virus-Neutralizing Activity of the Antibody Induced. Vi-
ruses 2020, 12, 1378. https://doi.org/10.3390/v12121378. 

18. Xu, X.; Zhang, H.; Zhang, Q.; Dong, J.; Liang, Y.; Huang, Y.; Liu, H.-J.; Tong, D. Porcine epidemic diarrhea virus E protein causes 
endoplasmic reticulum stress and up-regulates interleukin-8 expression. Virol. J. 2013, 10, 26. https://doi.org/10.1186/1743-422x-
10-26. 

19. Zheng, L.; Wang, X.; Guo, D.; Cao, J.; Cheng, L.; Li, X.; Zou, D.; Zhang, Y.; Xu, J.; Wu, X.; et al. Porcine epidemic diarrhea virus 
E protein suppresses RIG-I signaling-mediated interferon-beta production. Vet. Microbiol. 2021, 254, 108994. 

20. Li, Z.; Ma, Z.; Han, W.; Chang, C.; Li, Y.; Guo, X.; Zheng, Z.; Feng, Y.; Xu, L.; Zheng, H.; et al. Deletion of a 7-amino-acid region 
in the porcine epidemic diarrhea virus envelope protein induces higher type I and III interferon responses and results in atten-
uation in vivo. J. Virol. 2023, 97, e0084723. https://doi.org/10.1128/jvi.00847-23. 

21. Xu, X.G.; Zhang, H.L.; Zhang, Q.; Dong, J.; Huang, Y.; Tong, D.W. Porcine epidemic diarrhea virus M protein blocks cell cycle 
progression at S-phase and its subcellular local-ization in the porcine intestinal epithelial cells. Acta Virol. 2015, 59, 265–275. 

22. Zhang, Q.; Shi, K.; Yoo, D. Suppression of type I interferon production by porcine epidemic diarrhea virus and degradation of 
CREB-binding protein by nsp1. Virology 2016, 489, 252–268. 

23. Hurst, K.R.; Koetzner, C.A.; Masters, P.S. Characterization of a critical interaction between the coronavirus nucleocapsid protein 
and nonstructural protein 3 of the viral replicase-transcriptase complex. J. Virol. 2013, 87, 9159–9172. 

24. Su, M.; Shi, D.; Xing, X.; Qi, S.; Yang, D.; Zhang, J.; Han, Y.; Zhu, Q.; Sun, H.; Wang, X.; et al. Coronavirus Porcine Epidemic 
Diarrhea Virus Nucleocapsid Protein Interacts with p53 To Induce Cell Cycle Arrest in S-Phase and Promotes Viral Replication. 
J. Virol. 2021, 95, e0018721. https://doi.org/10.1128/jvi.00187-21. 

25. Shan, Y.; Liu, Z.Q.; Li, G.W.; Chen, C.; Luo, H.; Liu, Y.J.; Zhuo, X.H.; Shi, X.F.; Fang, W.H.; Li, X.L. Nucleocapsid protein from 
porcine epidemic diarrhea virus isolates can antagonize interferon-lambda production by blocking the nuclear factor-κB nuclear 
translocation. J. Zhejiang Univ. Sci. B 2018, 19, 570–580. 

26. Xu, X.; Zhang, H.; Zhang, Q.; Huang, Y.; Dong, J.; Liang, Y.; Liu, H.-J.; Tong, D. Porcine epidemic diarrhea virus N protein 
prolongs S-phase cell cycle, induces endoplasmic reticulum stress, and up-regulates interleukin-8 expression. Vet. Microbiol. 
2013, 164, 212–221. https://doi.org/10.1016/j.vetmic.2013.01.034. 

27. Ding, Z.; Fang, L.; Jing, H.; Zeng, S.; Wang, D.; Liu, L.; Zhang, H.; Luo, R.; Chen, H.; Xiao, S. Porcine epidemic diarrhea virus 
nucleocapsid protein antagonizes beta interferon production by sequestering the interaction between IRF3 and TBK. J. Virol. 
2014, 88, 8936–8945. https://doi.org/10.1128/jvi.00700-14. 



Genes 2024, 15, 165 16 of 22 
 

28. Cao, L.; Cao, L.; Ge, X.; Gao, Y.; Herrler, G.; Ren, Y.; Ren, X.; Li, G. Porcine epidemic diarrhea virus inhibits dsRNA-induced 
interferon-beta production in porcine intestinal epi-thelial cells by blockade of the RIG-I-mediated pathway. Virol. J. 2015, 12, 
127. 

29. Ye, S.; Li, Z.; Chen, F.; Li, W.; Guo, X.; Hu, H.; He, Q. Porcine epidemic diarrhea virus ORF3 gene prolongs S-phase, facilitates 
formation of vesicles and promotes the proliferation of attenuated PEDV. Virus Genes. 2015, 51, 385–392. 
https://doi.org/10.1007/s11262-015-1257-y. 

30. Zou, D.; Xu, J.; Duan, X.; Xu, X.; Li, P.; Cheng, L.; Zheng, L.; Li, X.; Zhang, Y.; Wang, X.; et al. Porcine epidemic diarrhea virus 
ORF3 protein causes endoplasmic reticulum stress to facilitate autophagy. Vet. Microbiol. 2019, 235, 209–219. 
https://doi.org/10.1016/j.vetmic.2019.07.005. 

31. Wu, Z.; Cheng, L.; Xu, J.; Li, P.; Li, X.; Zou, D.; Zhang, Y.; Wang, X.; Wu, X.; Shen, Y.; et al. The accessory protein ORF3 of porcine 
epidemic diarrhea virus inhibits cellular interleukin-6 and interleukin-8 productions by blocking the nuclear factor-κB p65 ac-
tivation. Vet. Microbiol. 2020, 251, 108892. 

32. Kaewborisuth, C.; Koonpaew, S; risutthisamphan, K.; Viriyakitkosol, R.; Jaru-Ampornpan, P.; Jongkaewwattana, A. PEDV 
ORF3 Independently Regulates IκB Kinase beta-Mediated NF-κB and IFN-beta Promoter Activities. Pathogens 2020, 9, 376. 
https://doi.org/10.3390/pathogens9050376 

33. Shen, Z.; Yang, Y.; Yang, S.; Zhang, G.; Xiao, S.; Fu, Z.F.; Peng, G. Structural and Biological Basis of Alphacoronavirus nsp1 
Associated with Host Proliferation and Immune Evasion. Viruses 2020, 12, 812. https://doi.org/10.3390/v12080812. 

34. Zhang, Q.; Ke, H.; Blikslager, A.; Fujita, T.; Yoo, D. Type III Interferon Restriction by Porcine Epidemic Diarrhea Virus and the 
Role of Viral Protein nsp1 in IRF1 Signaling. J. Virol. 2018, 92, 10-1128. https://doi.org/10.1128/jvi.01677-17. 

35. Zhang, Q.; Ma, J.; Yoo, D. Inhibition of NF-κB activity by the porcine epidemic diarrhea virus nonstructural protein 1 for innate 
immune evasion. Virology 2017, 510, 111–126. 

36. Li, M.; Wu, Y.; Chen, J.; Shi, H.; Ji, Z.; Zhang, X.; Shi, D.; Liu, J.; Tian, J.; Wang, X.; et al. Innate Immune Evasion of Porcine 
Epidemic Diarrhea Virus through Degradation of the FBXW7 Protein via the Ubiquitin-Proteasome Pathway. J. Virol. 2022, 96, 
e0088921. https://doi.org/10.1128/jvi.00889-21. 

37. Xing, Y.; Chen, J.; Tu, J.; Zhang, B.; Chen, X.; Shi, H.; Baker, S.C.; Feng, L.; Chen, Z. The papain-like protease of porcine epidemic 
diarrhea virus negatively regulates type I interferon pathway by acting as a viral deubiquitinase. J. Gen. Virol. 2013, 94 Pt 7, 
1554–1567. https://doi.org/10.1099/vir.0.051169-0. 

38. Sun, L.; Xing, Y.; Chen, X.; Zheng, Y.; Yang, Y.; Nichols, D.B.; Clementz, M.A.; Banach, B.S.; Li, K.; Baker, S.C.; et al. Coronavirus 
Papain-like proteases negatively regulate antiviral innate immune response through disruption of STING-mediated signaling. 
PLoS ONE 2012, 7, e30802. https://doi.org/10.1371/journal.pone.0030802. 

39. Yu, L.; Dong, J.; Wang, Y.; Zhang, P.; Liu, Y.; Zhang, L.; Liang, P.; Wang, L.; Song, C. Porcine epidemic diarrhea virus nsp4 
induces pro-inflammatory cytokine and chemokine expression inhibiting viral replication in vitro. Arch. Virol. 2019, 164, 1147–
1157. https://doi.org/10.1007/s00705-019-04176-2. 

40. Tomar, S.; Johnston, M.L.; St. John, S.E.; Osswald, H.L.; Nyalapatla, P.R.; Paul, L.N.; Ghosh, A.K.; Denison, M.R.; Mesecar, A.D. 
Ligand-induced Dimerization of Middle East Respiratory Syndrome (MERS) Coronavirus nsp5 Protease (3CLpro): Implications 
for nsp5 regulation and the development of antivirals. J. Biol. Chem. 2015, 290, 19403–19422. 

41. Ye, G.; Wang, X.; Tong, X.; Shi, Y.; Fu, Z.F.; Peng, G. Structural Basis for Inhibiting Porcine Epidemic Diarrhea Virus Replication 
with the 3C-Like Protease Inhibitor GC. Viruses 2020, 12, 240. 

42. Zhang, J.; Yuan, S.; Peng, Q.; Ding, Z.; Hao, W.; Peng, G.; Xiao, S.; Fang, L. Porcine Epidemic Diarrhea Virus nsp7 Inhibits 
Interferon-Induced JAK-STAT Signaling through Sequestering the Interaction between KPNA1 and STAT1. J. Virol. 2022, 96, 
e0040022. 

43. Zhang, J.; Fang, P.; Ren, J.; Xia, S.; Zhang, H.; Zhu, X.; Ding, T.; Xiao, S.; Fang, L. Porcine Epidemic Diarrhea Virus nsp7 Inhibits 
MDA5 Dephosphorylation to Antagonize Type I Interferon Production. Microbiol. Spectr. 2023, 11, e0501722. 

44. Xu, X.; Ma, M., Shi, X.; Yan, Y.; Liu, Y.; Yang, N.; Wang, Q.; Zhang, S.; Zhang, Q. The novel Nsp9-interacting host factor H2BE 
promotes PEDV replication by inhibiting endoplasmic reticulum stress-mediated apoptosis. Vet. Res. 2023, 54, 27. 

45. Bouvet, M.; Imbert, I.; Subissi, L.; Gluais, L.; Canard, B.; Decroly, E. RNA 3′-end mismatch excision by the severe acute respira-
tory syndrome coronavirus nonstructural protein nsp10/nsp14 exoribonuclease complex. Proc. Natl. Acad. Sci. USA 2012, 109, 
9372–9377. 

46. Zhu, L.; Liu, S.; Zhuo, Z.; Lin, Y.; Zhang, Y.; Wang, X.; Kong, L.; Wang, T. Expression and immunogenicity of nsp10 protein of 
porcine epidemic diarrhea virus. Res. Vet. Sci. 2022, 144, 34–43. https://doi.org/10.1016/j.rvsc.2021.12.024. 

47. Sexton, N.R.; Smith, E.C.; Blanc, H.; Vignuzzi, M.; Peersen, O.B.; Denison, M.R. Homology-Based Identification of a Mutation 
in the Coronavirus RNA-Dependent RNA Polymerase That Confers Resistance to Multiple Mutagens. J. Virol. 2016, 90, 7415–
7428. https://doi.org/10.1128/jvi.00080-16. 

48. Jia, X.; Jia, X.; Chen, J.; Qiao, C.; Li, C.; Yang, K.; Zhang, Y.; Li, J.; Li, Z. Porcine Epidemic Diarrhea Virus nsp13 Protein Down-
regulates Neonatal Fc Receptor Expression by Causing Promoter Hypermethylation through the NF-κB Signaling Pathway. J. 
Immunol. 2023, 210, 475–485. 

49. Zeng, W.; Ren, J.; Yang, G.; Jiang, C.; Dong, L.; Sun, Q.; Hu, Y.; Li, W.; He, Q. Porcine Epidemic Diarrhea Virus and Its nsp14 
Suppress ER Stress Induced GRP78. Int. J. Mol. Sci. 2023, 24, 4936. https://doi.org/10.3390/ijms24054936. 



Genes 2024, 15, 165 17 of 22 
 

50. Li, S.; Yang, F.; Ma, C.; Cao, W.; Yang, J.; Zhao, Z.; Tian, H.; Zhu, Z.; Zheng, H. Porcine epidemic diarrhea virus nsp14 inhibits 
NF-κB pathway activation by targeting the IKK complex and p65. Anim. Dis. 2021, 1, 24. 

51. Wu, Y.; Zhang, H.; Shi, Z.; Chen, J.; Li, M.; Shi, H.; Shi, D.; Guo, L.; Feng, L. Porcine Epidemic Diarrhea Virus nsp15 Antagonizes 
Interferon Signaling by RNA Degradation of TBK1 and IRF3. Viruses 2020, 12, 599. https://doi.org/10.3390/v12060599. 

52. Ouyang, T.; Yang, Z.; Wan, J.; Zhang, Y.; Wang, X.; Kong, L.; Wang, T.; Li, Y. Transcriptome analysis of host response to porcine 
epidemic diarrhea virus nsp15 in IPEC-J2 cells. Microb. Pathog. 2022, 162, 105195. https://doi.org/10.1016/j.micpath.2021.105195. 

53. Hou, Y.; Ke, H.; Kim, J.; Yoo, D.; Su, Y.; Boley, P.; Chepngeno, J.; Vlasova, A.N.; Saif, L.J.; Wang, Q. Engineering a Live Attenu-
ated Porcine Epidemic Diarrhea Virus Vaccine Candidate via Inactivation of the Viral 2′-O-Methyltransferase and the Endocy-
tosis Signal of the Spike Protein. J. Virol. 2019, 93, e00406-19. https://doi.org/10.1128/jvi.00406-19. 

54. Jung, K.; Saif, L.J.; Wang, Q. Porcine epidemic diarrhea virus (PEDV): An update on etiology, transmission, pathogenesis, and 
prevention and control. Virus Res. 2020, 286, 198045. https://doi.org/10.1016/j.virusres.2020.198045. 

55. Kocherhans, R.; Bridgen, A.; Ackermann, M.; Tobler, K. Completion of the porcine epidemic diarrhoea coronavirus (PEDV) 
genome sequence. Virus Genes. 2001, 23, 137–144. https://doi.org/10.1023/a:1011831902219. 

56. Brian, D.A.; Baric, R.S. Coronavirus genome structure and replication. Curr. Top. Microbiol. Immunol. 2005, 287, 75. 
57. Zhang, H.; Liu, Q.; Su, W.; Wang, J.; Sun, Y.; Zhang, J.; Shang, K.; Chen, Z.; Cheng, S.; Wu, H. Genome-wide analysis of differ-

entially expressed genes and the modulation of PEDV infection in Vero E6 cells. Microb. Pathog. 2018, 117, 247–254. 
https://doi.org/10.1016/j.micpath.2018.02.004. 

58. Si, F.; Hu, X.; Wang, C.; Chen, B.; Wang, R.; Dong, S.; Yu, R.; Li, Z. Porcine Epidemic Diarrhea Virus (PEDV) ORF3 Enhances 
Viral Proliferation by Inhibiting Apoptosis of Infected Cells. Viruses 2020, 12, 214. 

59. Park, J.-E.; Cruz, D.J.M.; Shin, H.-J. Clathrin- and serine proteases-dependent uptake of porcine epidemic diarrhea virus into 
Vero cells. Virus Res. 2014, 191, 21–29. https://doi.org/10.1016/j.virusres.2014.07.022. 

60. Snijder, E.J.; Decroly, E.; Ziebuhr, J. The Nonstructural Proteins Directing Coronavirus RNA Synthesis and Processing. Adv. 
Virus Res. 2016, 96, 59–126. https://doi.org/10.1016/bs.aivir.2016.08.008. 

61. Perlman, S.; Netland, J. Coronaviruses post-SARS: Update on replication and pathogenesis. Nat. Rev. Microbiol. 2009, 7, 439–450. 
https://doi.org/10.1038/nrmicro2147. 

62. Li, W.; van Kuppeveld, F.J.M.; He, Q.; Rottier, P.J.M.; Bosch, B.-J. Cellular entry of the porcine epidemic diarrhea virus. Virus 
Res. 2016, 226, 117–127. https://doi.org/10.1016/j.virusres.2016.05.031. 

63. Liu, C.; Tang, J.; Ma, Y.; Liang, X.; Yang, Y.; Peng, G.; Qi, Q.; Jiang, S.; Li, J.; Du, L.; et al. Receptor Usage and Cell Entry of 
Porcine Epidemic Diarrhea Coronavirus. J. Virol. 2015, 89, 6121–6125. https://doi.org/10.1128/jvi.00430-15. 

64. Chen, J.; Liu, X.; Shi, D.; Shi, H.; Zhang, X.; Li, C.; Chi, Y.; Feng, L. Detection and molecular diversity of spike gene of porcine 
epidemic diarrhea virus in China. Viruses 2013, 5, 2601–2613. https://doi.org/10.3390/v5102601. 

65. Guo, J.; Guo, J.; Fang, L.; Ye, X.; Chen, J.; Xu, S.; Zhu, X.; Miao, Y.; Wang, D.; Xiao, S. Evolutionary and genotypic analyses of 
global porcine epidemic diarrhea virus strains. Transbound. Emerg. Dis. 2019, 66, 111–118. 

66. Chen, P.; Wang, K.; Hou, Y.; Li, H.; Li, X.; Yu, L.; Jiang, Y.; Gao, F.; Tong, W.; Yu, H.; et al. Genetic evolution analysis and 
pathogenicity assessment of porcine epidemic diarrhea virus strains circulating in part of China during 2011—2017. Infect. Genet. 
Evol. 2019, 69, 153–165. 

67. Hsueh, F.C.; Lin, C.N.; Chiou, H.-Y.; Chia, M.Y.; Chiou, M.T.; Haga, T.; Kao, C.F.; Chang, Y.C.; Chang, C.Y.; Jeng, C.R.; et al. 
Updated phylogenetic analysis of the spike gene and identification of a novel recombinant porcine epidemic diarrhoea virus 
strain in Taiwan. Transbound. Emerg. Dis. 2020, 67, 417–430. https://doi.org/10.1111/tbed.13365. 

68. Hu, X.; Lian, Y.; He, Y.; Liu, X.; Tian, Z.; Dai, Y.; Liu, M.; Fan, H.; Shi, Y.; Cong, F. Molecular Characterization and Phylogenetic 
Analysis of a Variant Recombinant Porcine Epidemic Diarrhea Virus Strain in China. Animals 2022, 12, 2189. 

69. Song, X.; Zhou, Q.; Zhang, J.; Chen, T.; Deng, G.; Yue, H.; Tang, C.; Wu, X.; Yu, J.; Zhang, B. Immunogenicity and protective 
efficacy of recombinant adenovirus expressing a novel genotype G2b PEDV spike protein in protecting newborn piglets against 
PEDV. Microbiol. Spectr. 2023, 12, e0240323. https://doi.org/10.1128/spectrum.02403-23. 

70. Wicht, O.; Li, W.; Willems, L.; Meuleman, T.J.; Wubbolts, R.W.; van Kuppeveld, F.J.M.; Rottier, P.J.M.; Bosch, B.J. Proteolytic 
activation of the porcine epidemic diarrhea coronavirus spike fusion protein by trypsin in cell culture. J. Virol. 2014, 88, 7952–
7961. https://doi.org/10.1128/jvi.00297-14. 

71. Kirchdoerfer, R.N.; Bhandari, M.; Martini, O.; Sewall, L.M.; Bangaru, S.; Yoon, K.-J.; Ward, A.B. Structure and immune recogni-
tion of the porcine epidemic diarrhea virus spike protein. Structure 2021, 29, 385–392.e5. https://doi.org/10.1016/j.str.2020.12.003. 

72. Sun, Y.G.; Li, R.; Xie, S.; Qiao, S.; Li, Q.; Chen, X X.; Deng, R.; Zhang, G. Identification of a novel linear B-cell epitope within the 
collagenase equivalent domain of porcine epi-demic diarrhea virus spike glycoprotein. Virus Res. 2019, 266, 34–42. 

73. Makadiya, N.; Brownlie, R.; Hurk, J.V.D.; Berube, N.; Allan, B.; Gerdts, V.; Zakhartchouk, A. S1 domain of the porcine epidemic 
diarrhea virus spike protein as a vaccine antigen. Virol. J. 2016, 13, 57. https://doi.org/10.1186/s12985-016-0512-8. 

74. Li, B.; Ge, J.; Li, Y. Porcine aminopeptidase N is a functional receptor for the PEDV coronavirus. Virology 2007, 365, 166–172. 
https://doi.org/10.1016/j.virol.2007.03.031. 

75. Nam, E.; Lee, C. Contribution of the porcine aminopeptidase N (CD13) receptor density to porcine epidemic diarrhea virus 
infection. Vet. Microbiol. 2010, 144, 41–50. https://doi.org/10.1016/j.vetmic.2009.12.024. 



Genes 2024, 15, 165 18 of 22 
 

76. Zhang, J.; Wu, Z.; Yang, H. Aminopeptidase N Knockout Pigs Are Not Resistant to Porcine Epidemic Diarrhea Virus Infection. 
Virol. Sin. 2019, 34, 592–595. https://doi.org/10.1007/s12250-019-00127-y. 

77. Luo, L.; Wang, S.; Zhu, L.; Fan, B.; Liu, T.; Wang, L.; Zhao, P.; Dang, Y.; Sun, P.; Chen, J.; et al. Aminopeptidase N-null neonatal 
piglets are protected from transmissible gastroenteritis virus but not porcine epidemic diarrhea virus. Sci. Rep. 2019, 9, 13186. 

78. Ji, C.M.; Wang B, Zhou J, Huang YW. Aminopeptidase-N-independent entry of porcine epidemic diarrhea virus into Vero or 
porcine small intestine epithelial cells. Virology 2018, 517, 16–23. 

79. Shirato, K.; Maejima, M.; Islam, M.T.; Miyazaki, A.; Kawase, M.; Matsuyama, S.; Taguchi, F. Porcine aminopeptidase N is not a 
cellular receptor of porcine epidemic diarrhea virus, but promotes its infectivity via aminopeptidase activity. J. Gen. Virol. 2016, 
97, 2528–2539. 

80. Li, W.; Luo, R.; He, Q.; van Kuppeveld, F.J.; Rottier, P.J.; Bosch, B.-J. Aminopeptidase N is not required for porcine epidemic 
diarrhea virus cell entry. Virus Res. 2017, 235, 6–13. https://doi.org/10.1016/j.virusres.2017.03.018. 

81. Schwegmann-Wessels, C.; Bauer, S.; Winter, C.; Enjuanes, L.; Laude, H.; Herrler, G. The sialic acid binding activity of the S 
protein facilitates infection by porcine transmissible gastroenteritis coronavirus. Virol. J. 2011, 8, 435. 

82. Desmarets, L.M.B.; Theuns, S.; Roukaerts, I.D.M.; Acar, D.D.; Nauwynck, H.J. Role of sialic acids in feline enteric coronavirus 
infections. J. Gen. Virol. 2014, 95 Pt 9, 1911–1918. https://doi.org/10.1099/vir.0.064717-0. 

83. Xiong, M.; Liu, X.; Liang, T.; Ban, Y.; Liu, Y.; Zhang, L.; Xu, Z.; Song, C. The Alpha-1 Subunit of the Na+/K+-ATPase (ATP1A1) 
Is a Host Factor Involved in the Attachment of Porcine Epidemic Diarrhea Virus. Int. J. Mol. Sci. 2023, 24, 4000. 

84. Chen, Y.; Zhang, Z.; Li, J.; Gao, Y.; Zhou, L.; Ge, X.; Han, J.; Guo, X.; Yang, H. Porcine epidemic diarrhea virus S1 protein is the 
critical inducer of apoptosis. Virol. J. 2018, 15, 170. https://doi.org/10.1186/s12985-018-1078-4. 

85. Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 2016, 3, 237–261. 
https://doi.org/10.1146/annurev-virology-110615-042301. 

86. Li, Z.; Ma, Z.; Li, Y.; Gao, S.; Xiao, S. Porcine epidemic diarrhea virus: Molecular mechanisms of attenuation and vaccines. 
Microb. Pathog. 2020, 149, 104553. https://doi.org/10.1016/j.micpath.2020.104553. 

87. Liu, J.; Shi, H.; Chen, J.; Zhang, X.; Shi, D.; Ji, Z.; Jing, Z.; Feng, L. A New Neutralization Epitope in the Spike Protein of Porcine 
Epidemic Diarrhea Virus. Int. J. Mol. Sci. 2022, 23, 9674. https://doi.org/10.3390/ijms23179674. 

88. Chen, B.; Dong, S.; Yu, L.; Si, F.; Li, C.; Xie, C.; Yu, R.; Li, Z. Three Amino Acid Substitutions in the Spike Protein Enable the 
Coronavirus Porcine Epidemic Diarrhea Virus to Infect Vero Cells. Microbiol. Spectr. 2023, 11, e0387222. 
https://doi.org/10.1128/spectrum.03872-22. 

89. Tan, Y.; Sun, L.; Wang, G.; Shi, Y.; Dong, W.; Fu, Y.; Fu, Z.; Chen, H.; Peng, G. Trypsin-enhanced infection with porcine epidemic 
diarrhea virus is determined by the S2 subunit of the spike glycoprotein. J. Virol. 2021, 95, e02453-20. 
https://doi.org/10.1128/jvi.02453-20. 

90. Zhou, C.; Liu Y, Wei Q, Chen Y, Yang S, Cheng A, Zhang G. HSPA5 Promotes Attachment and Internalization of Porcine 
Epidemic Diarrhea Virus through Interaction with the Spike Protein and the Endo-/Lysosomal Pathway. J. Virol. 2023, 97, 
e0054923. 

91. Ye, R.; Montalto-Morrison, C.; Masters, P.S. Genetic analysis of determinants for spike glycoprotein assembly into murine coro-
navirus virions: Distinct roles for charge-rich and cysteine-rich regions of the endodomain. J. Virol. 2004, 78, 9904–9917. 

92. Zhou, X.; Cong, Y.; Veenendaal, T.; Klumperman, J.; Shi, D.; Mari, M.; Reggiori, F. Ultrastructural Characterization of Membrane 
Rearrangements Induced by Porcine Epidemic Diarrhea Virus Infection. Viruses 2017, 9, 251. https://doi.org/10.3390/v9090251. 

93. Winter, C.; Schwegmann-Wessels, C.; Neumann, U.; Herrler, G. The spike protein of infectious bronchitis virus is retained 
intracellularly by a tyrosine motif. J. Virol. 2008, 82, 2765–2771. https://doi.org/10.1128/jvi.02064-07. 

94. Hou, Y.; Meulia, T.; Gao, X.; Saif, L.J.; Wang, Q. Deletion of both the Tyrosine-Based Endocytosis Signal and the Endoplasmic 
Reticulum Retrieval Signal in the Cytoplasmic Tail of Spike Protein Attenuates Porcine Epidemic Diarrhea Virus in Pigs. J. Virol. 
2019, 93, e01758-18. https://doi.org/10.1128/jvi.01758-18. 

95. Torres, J.; Maheswari, U.; Parthasarathy, K.; Ng, L.; Liu, D.X.; Gong, X. Conductance and amantadine binding of a pore formed 
by a lysine-flanked transmembrane domain of SARS coronavirus envelope protein. Protein Sci. 2007, 16, 2065–2071. 
https://doi.org/10.1110/ps.062730007. 

96. Zheng, L.; Liu, H.; Tian, Z.; Kay, M.; Wang, H.; Wang, X.; Han, H.; Xia, W.; Zhang, J.; Wang, W.; et al. Porcine epidemic diarrhea 
virus E protein inhibits type I interferon production through endoplasmic reticulum stress response (ERS)-mediated suppres-
sion of antiviral proteins translation. Res. Vet. Sci. 2022, 152, 236–244. 

97. Wang, J.; Wang Y, Liu B, He Y, Li Z, Zhao Q, Nan Y, Wu C. Porcine Epidemic Diarrhea Virus Envelope Protein Blocks SLA-DR 
Expression in Barrow-Derived Dendritic Cells by Inhibiting Promoters Activation. Front. Immunol. 2021, 12, 741425. 

98. Figueiredo, M.M.; Costa, P.A.C.; Diniz, S.Q.; Henriques, P.M.; Kano, F.S.; Tada, M.S.; Pereira, D.B.; Soares, I.S.; Martins-Filho, 
O.A.; Jankovic, D.; et al. T follicular helper cells regulate the activation of B lymphocytes and antibody production during Plas-
modium vivax infection. PLOS Pathog. 2017, 13, e1006484. https://doi.org/10.1371/journal.ppat.1006484. 

99. Gao, Q.; Weng, Z.; Feng, Y.; Gong, T.; Zheng, X.; Zhang, G.; Gong, L. KPNA2 suppresses porcine epidemic diarrhea virus 
replication by targeting and degrading virus envelope protein through selective autophagy. J. Virol. 2023, 97, e0011523. 
https://doi.org/10.1128/jvi.00115-23. 



Genes 2024, 15, 165 19 of 22 
 

100. Lei, X.-M.; Yang, Y.-L.; He, Y.-Q.; Peng, L.; Zhao, P.; Xu, S.-Y.; Cao, H.; Fang, P.; Qiu, W.; Qin, P.; et al. Specific recombinant 
proteins of porcine epidemic diarrhea virus are immunogenic, revealing their potential use as diagnostic markers. Vet. Microbiol. 
2019, 236, 108387. https://doi.org/10.1016/j.vetmic.2019.108387. 

101. Arndt, A.L.; Larson, B.J.; Hogue, B.G. A conserved domain in the coronavirus membrane protein tail is important for virus 
assembly. J. Virol. 2010, 84, 11418–11428. https://doi.org/10.1128/jvi.01131-10. 

102. Armstrong, J.; Niemann, H.; Smeekens, S.; Rottier, P.; Warren, G. Sequence and topology of a model intracellular membrane 
protein, E1 glycoprotein, from a coronavirus. Nature 1984, 308, 751–752. https://doi.org/10.1038/308751a0. 

103. Fan, J.H.; Zuo, Y.Z.; Shen, X.Q.; Gu, W.Y.; Di, J.M. Development of an enzyme-linked immunosorbent assay for the monitoring 
and surveillance of anti-bodies to porcine epidemic diarrhea virus based on a recombinant membrane protein. J. Virol. Methods 
2015, 225, 90–94. 

104. Zhou, X.; Zhang, T.; Song, D.; Huang, T.; Peng, Q.; Chen, Y.; Li, A.; Zhang, F.; Wu, Q.; Ye, Y.; Tang, Y. Comparison and evalua-
tion of conventional RT-PCR, SYBR green I and TaqMan real-time RT-PCR assays for the detection of porcine epidemic diarrhea 
virus. Mol. Cell Probes 2017, 33, 36–41. 

105. Ren, X.; Suo, S.; Jang, Y.S. Development of a porcine epidemic diarrhea virus M protein-based ELISA for virus detection. Bio-
technol. Lett. 2011, 33, 215–220. 

106. Zhang, Z.; Chen, J.; Shi, H.; Chen, X.; Shi, D.; Feng, L.; Yang, B. Identification of a conserved linear B-cell epitope in the M protein 
of porcine epidemic diarrhea virus. Virol. J. 2012, 9, 225. https://doi.org/10.1186/1743-422x-9-225. 

107. Rodríguez-Enríquez, A.; Herrera-Camacho, I.; Millán-Pérez-Peña, L.; Reyes-Leyva, J.; Santos-López, G.; Rivera-Benítez, J.F.; 
Rosas-Murrieta, N.H. Predicted 3D model of the M protein of Porcine Epidemic Diarrhea Virus and analysis of its immunogenic 
potential. PLoS ONE 2022, 17, e0263582. https://doi.org/10.1371/journal.pone.0263582. 

108. Li, S.; Zhu, Z.; Yang, F.; Cao, W.; Yang, J.; Ma, C.; Zhao, Z.; Tian, H.; Liu, X.; Ma, J.; et al. Porcine Epidemic Diarrhea Virus 
Membrane Protein Interacted with IRF7 to Inhibit Type I IFN Production during Viral Infection. J. Immunol. 2021, 206, 2909–
2923. https://doi.org/10.4049/jimmunol.2001186. 

109. Wang, R.; Yu, R.; Chen, B.; Si, F.; Wang, J.; Xie, C.; Men, C.; Dong, S.; Li, Z. Identification of host cell proteins that interact with 
the M protein of porcine epidemic diarrhea virus. Vet. Microbiol. 2020, 246, 108729. https://doi.org/10.1016/j.vetmic.2020.108729. 

110. Park, J.Y.; Ryu, J.; Park, J E.; Hong, E J.; Shin, H J. Heat shock protein 70 could enhance porcine epidemic diarrhoea virus 
replication by interacting with membrane proteins. Vet. Res. 2021, 52, 138. 

111. Chen, H.; Gill, A.; Dove, B K.; Emmett, S R.; Kemp, C F.; Ritchie, M A.; Dee, M.; Hiscox, J A. Mass spectroscopic characterization 
of the coronavirus infectious bronchitis virus nucleoprotein and elucidation of the role of phosphorylation in RNA binding by 
using surface plasmon resonance. J. Virol. 2005, 79, 1164–1179. 

112. Tan, Y.W.; Fang, S.; Fan, H.; Lescar, J.; Liu, D. Amino acid residues critical for RNA-binding in the N-terminal domain of the 
nucleocapsid protein are essential determinants for the infectivity of coronavirus in cultured cells. Nucleic Acids Res. 2006, 34, 
4816–4825. https://doi.org/10.1093/nar/gkl650. 

113. Fan, H.; Ooi, A.; Tan, Y.W.; Wang, S.; Fang, S.; Liu, D.X.; Lescar, J. The nucleocapsid protein of coronavirus infectious bronchitis 
virus: Crystal structure of its N-terminal domain and multimerization properties. Structure 2005, 13, 1859–1868. 

114. Wang, X.-W.; Wang, M.; Zhan, J.; Liu, Q.-Y.; Fang, L.-L.; Zhao, C.-Y.; Jiang, P.; Li, Y.-F.; Bai, J. Pathogenicity and immunogenicity 
of a new strain of porcine epidemic diarrhea virus containing a novel deletion in the N gene. Vet. Microbiol. 2020, 240, 108511. 
https://doi.org/10.1016/j.vetmic.2019.108511. 

115. Narayanan, K.; Maeda, A.; Maeda, J.; Makino, S. Characterization of the coronavirus M protein and nucleocapsid interaction in 
infected cells. J. Virol. 2000, 74, 8127–8134. https://doi.org/10.1128/jvi.74.17.8127-8134.2000. 

116. Lee, H.-K.; Yeo, S.-G. Cloning and sequence analysis of the nucleocapsid gene of porcine epidemic diarrhea virus Chinju99. 
Virus Genes 2003, 26, 207–212. https://doi.org/10.1023/A:1023447732567. 

117. Junwei, G.; Baoxian, L.; Lijie, T.; Yijing, L. Cloning and sequence analysis of the N. gene of porcine epidemic diarrhea virus 
LJB/03. Virus Genes 2006, 33, 215–219. https://doi.org/10.1007/s11262-005-0059-z. 

118. Shi, D.; Lv, M.; Chen, J.; Shi, H.; Zhang, S.; Zhang, X.; Feng, L. Molecular characterizations of subcellular localization signals in 
the nucleocapsid protein of porcine epi-demic diarrhea virus. Viruses 2014, 6, 1253–1273. 

119. Shi, D.; Shi, H.; Sun, D.; Chen, J.; Zhang, X.; Wang, X.; Zhang, J.; Ji, Z.; Liu, J.; Cao, L.; et al. Nucleocapsid Interacts with NPM1 
and Protects it from Proteolytic Cleavage, Enhancing Cell Survival, and is Involved in PEDV Growth. Sci. Rep. 2017, 7, 39700. 
https://doi.org/10.1038/srep39700. 

120. Zhai, H.; Qin, W.; Dong, S.; Yang, X.; Zhai, X.; Tong, W.; Liu, C.; Zheng, H.; Yu, H.; Kong, N.; et al. PEDV N protein capture 
protein translation element PABPC1 and eIF4F to promote viral replication. Vet. Microbiol. 2023, 284, 109844. 
https://doi.org/10.1016/j.vetmic.2023.109844. 

121. Li, X.; Yan, Z.; Ma, J.; Li, G.; Liu, X.; Peng, Z.; Zhang, Y.; Huang, S.; Luo, J.; Guo, X. TRIM28 promotes porcine epidemic diarrhea 
virus replication by mitophagy-mediated inhibition of the JAK-STAT1 pathway. Int. J. Biol. Macromol. 2023, 254 Pt 1, 127722. 
https://doi.org/10.1016/j.ijbiomac.2023.127722. 

122. Wang, H.; Kong, N.; Jiao, Y.; Dong, S.; Sun, D.; Chen, X.; Zheng, H.; Tong, W.; Yu, H.; Yu, L.; et al. EGR1 Suppresses Porcine 
Epidemic Diarrhea Virus Replication by Regulating IRAV To Degrade Viral Nucleocapsid Protein. J. Virol. 2021, 95, JVI0064521. 
https://doi.org/10.1128/jvi.00645-21. 



Genes 2024, 15, 165 20 of 22 
 

123. Qin, W.; Kong, N.; Zhang, Y.; Wang, C.; Dong, S.; Zhai, H.; Zhai, X.; Yang, X.; Ye, C.; Ye, M.; et al. PTBP1 suppresses porcine 
epidemic diarrhea virus replication via inducing protein degradation and IFN production. J. Biol. Chem. 2023, 299, 104987. 
https://doi.org/10.1016/j.jbc.2023.104987. 

124. Zhai, X.; Kong, N.; Zhang, Y.; Song, Y.; Qin, W.; Yang, X.; Ye, C.; Ye, M.; Tong, W.; Liu, C.; et al. N protein of PEDV plays chess 
game with host proteins by selective autophagy. Autophagy 2023, 19, 2338–2352. https://doi.org/10.1080/15548627.2023.2181615. 

125. Zhai, X.; Kong, N.; Wang, C.; Qin, W.; Dong, S.; Zhai, H.; Yang, X.; Ye, C.; Ye, M.; Li, G.; et al. PRPF19 Limits Porcine Epidemic 
Diarrhea Virus Replication through Targeting and Degrading Viral Capsid Protein. J. Virol. 2023, 97, e0161422. 

126. Qin, W.; Kong, N.; Wang, C.; Dong, S.; Zhai, H.; Zhai, X.; Yang, X.; Ye, C.; Ye, M.; Tong, W.; et al. hnRNP K Degrades Viral 
Nucleocapsid Protein and Induces Type I IFN Production to Inhibit Porcine Epidemic Diarrhea Virus Replication. J. Virol. 2022, 
96, e0155522. 

127. Qin, W.; Kong, N.; Zhang, Y.; Dong, S.; Zhai, H.; Zhai, X.; Yang, X.; Ye, C.; Ye, M.; Liu, C.; et al. Nuclear ribonucleoprotein RALY 
targets virus nucleocapsid protein and induces autophagy to restrict porcine epidemic diarrhea virus replication. J. Biol. Chem. 
2022, 298, 102190. 

128. Dong, S.; Kong, N.; Wang, C.; Li, Y.; Sun, D.; Qin, W.; Zhai, H.; Zhai, X.; Yang, X.; Ye, C.; et al. FUBP3 Degrades the Porcine 
Epidemic Diarrhea Virus Nucleocapsid Protein and Induces the Production of Type I Interferon. J. Virol. 2022, 96, e0061822. 
https://doi.org/10.1128/jvi.00618-22. 

129. Dong, S.; Kong, N.; Zhang, Y.; Li, Y.; Sun, D.; Qin, W.; Zhai, H.; Zhai, X.; Yang, X.; Ye, C.; et al. TARDBP Inhibits Porcine 
Epidemic Diarrhea Virus Replication through Degrading Viral Nucleocapsid Protein and Activating Type I Interferon Signal-
ing. J. Virol. 2022, 96, e0007022. https://doi.org/10.1128/jvi.00070-22. 

130. Kong, N.; Shan, T.; Wang, H.; Jiao, Y.; Zuo, Y.; Li, L.; Tong, W.; Yu, L.; Jiang, Y.; Zhou, Y.; et al. BST2 suppresses porcine epidemic 
diarrhea virus replication by targeting and degrading virus nucleocapsid protein with selective autophagy. Autophagy 2020, 16, 
1737–1752. 

131. Wang, H.; Chen, X.; Kong, N.; Jiao, Y.; Sun, D.; Dong, S.; Qin, W.; Zhai, H.; Yu, L.; Zheng, H.; et al. TRIM21 inhibits porcine 
epidemic diarrhea virus proliferation by proteasomal degradation of the nucleocapsid protein. Arch. Virol. 2021, 166, 1903–1911. 

132. Liwnaree, B.; Narkpuk, J.; Sungsuwan, S.; Jongkaewwattana, A.; Jaru-Ampornpan, P. Growth enhancement of porcine epidemic 
diarrhea virus (PEDV) in Vero E6 cells expressing PEDV nucleocapsid protein. PLoS ONE 2019, 14, e0212632. 
https://doi.org/10.1371/journal.pone.0212632. 

133. Wang, K.; Lu, W.; Chen, J.; Xie, S.; Shi, H.; Hsu, H.; Yu, W.; Xu, K.; Bian, C.; Fischer, W.B.; et al. PEDV ORF3 encodes an ion 
channel protein and regulates virus production. FEBS Lett. 2012, 586, 384–391. https://doi.org/10.1016/j.febslet.2012.01.005. 

134. Song, D.S.; Yang, J.S.; Oh, J.S.; Han, J.H.; Park, B.K. Differentiation of a Vero cell adapted porcine epidemic diarrhea virus from 
Korean field strains by restriction fragment length polymorphism analysis of ORF3. Vaccine 2003, 21, 1833–1842. 

135. Wongthida, P.; Liwnaree, B.; Wanasen, N.; Narkpuk, J.; Jongkaewwattana, A. The role of ORF3 accessory protein in replication 
of cell-adapted porcine epidemic diarrhea virus (PEDV). Arch. Virol. 2017, 162, 2553–2563. https://doi.org/10.1007/s00705-017-
3390-5. 

136. Beall, A.; Yount, B.; Lin, C.-M.; Hou, Y.; Wang, Q.; Saif, L.; Baric, R. Characterization of a Pathogenic Full-Length cDNA Clone 
and Transmission Model for Porcine Epidemic Diarrhea Virus Strain PC22A. mBio 2016, 7, e01451-15. 
https://doi.org/10.1128/mbio.01451-15. 

137. Lee, S.; Son, K Y.; Noh, Y H.; Lee, S C.; Choi, H W.; Yoon, I J.; Lee, C. Genetic characteristics, pathogenicity, and immunogenicity 
associated with cell adaptation of a virulent genotype 2b porcine epidemic diarrhea virus. Vet. Microbiol. 2017, 207, 248–258. 

138. Su, Y.; Liu, Y.; Chen, Y.; Zhao, B.; Ji, P.; Xing, G.; Jiang, D.; Liu, C.; Song, Y.; Wang, G.; et al. Detection and phylogenetic analysis 
of porcine epidemic diarrhea virus in central China based on the ORF3 gene and the S1 gene. Virol. J. 2016, 13, 192. 
https://doi.org/10.1186/s12985-016-0646-8. 

139. Chen, J.; Wang, C.; Shi, H.; Qiu, H.; Liu, S.; Chen, X.; Zhang, Z.; Feng, L. Molecular epidemiology of porcine epidemic diarrhea 
virus in China. Arch. Virol. 2010, 155, 1471–1476. https://doi.org/10.1007/s00705-010-0720-2. 

140. Park, S.-J.; Moon, H.-J.; Luo, Y.; Kim, H.-K.; Kim, E.-M.; Yang, J.-S.; Song, D.-S.; Kang, B.-K.; Lee, C.-S.; Park, B.-K. Cloning and 
further sequence analysis of the ORF3 gene of wild- and attenuated-type porcine epidemic diarrhea viruses. Virus Genes. 2008, 
36, 95–104. https://doi.org/10.1007/s11262-007-0164-2. 

141. Zhang, Y.H.; Li, H.X.; Chen, X.M.; Zhang, L.H.; Zhao, Y.Y.; Luo, A.F.; Yang, Y.R.; Zheng, L.L.; Chen, H.Y. Genetic Characteristics 
and Pathogenicity of a Novel Porcine Epidemic Diarrhea Virus with a Naturally Occurring Truncated ORF3 Gene. Viruses 2022, 
14, 487. 

142. Lu, Y.; Huang, W.; Zhong, L.; Qin, Y.; Liu, X.; Yang, C.; Wang, R.; Su, X.; Du, C.; Mi, X.; et al. Comparative Characterization and 
Pathogenicity of a Novel Porcine Epidemic Diarrhea Virus (PEDV) with a Naturally Occurring Truncated ORF3 Gene Coin-
fected with PEDVs Possessing an Intact ORF3 Gene in Piglets. Viruses 2021, 13, 1562. https://doi.org/10.3390/v13081562. 

143. Jang, G.; Lee, D.; Lee, C. Development of a Next-Generation Vaccine Platform for Porcine Epidemic Diarrhea Virus Using a 
Reverse Genetics System. Viruses 2022, 14, 2319. https://doi.org/10.3390/v14112319. 

144. Kristen-Burmann, C.; Rogger, P.; Veiga, I.B.; Riebesehl, S.; Rappe, J.; Ebert, N.; Sautter, C.A.; Kelly, J.N.; Stalder, H.; Ehmann, 
R.; et al. Reverse Genetic Assessment of the Roles Played by the Spike Protein and ORF3 in Porcine Epidemic Diarrhea Virus 
Pathogenicity. J. Virol. 2023, 97, e0196422. https://doi.org/10.1128/jvi.01964-22. 



Genes 2024, 15, 165 21 of 22 
 

145. Kaewborisuth, C.; He, Q.; Jongkaewwattana, A. The Accessory Protein ORF3 Contributes to Porcine Epidemic Diarrhea Virus 
Replication by Direct Binding to the Spike Protein. Viruses 2018, 10, 399. https://doi.org/10.3390/v10080399. 

146. Kaewborisuth, C.; Yingchutrakul, Y.; Roytrakul, S.; Jongkaewwattana, A. Porcine Epidemic Diarrhea Virus (PEDV) ORF3 In-
teractome Reveals Inhibition of Virus Replication by Cellular VPS36 Protein. Viruses 2019, 11, 382. 

147. Snijder, E.J.; Bredenbeek, P.J.; Dobbe, J.C.; Thiel, V.; Ziebuhr, J.; Poon, L.L.M.; Guan, Y.; Rozanov, M.; Spaan, W.J.; Gorbalenya, 
A.E. Unique and conserved features of genome and proteome of sars-coronavirus, an early split-off from the coronavirus group 
2 lineage. J. Mol. Biol. 2003, 331, 991–1004. https://doi.org/10.1016/s0022-2836(03)00865-9. 

148. Thiel, V.; Ivanov, K.A.; Putics, A.; Hertzig, T.; Schelle, B.; Bayer, S.; Weißbrich, B.; Snijder, E.J.; Rabenau, H.; Doerr, H.W.; et al. 
Mechanisms and enzymes involved in SARS coronavirus genome expression. J. Gen. Virol. 2003, 84, 2305–2315. 
https://doi.org/10.1099/vir.0.19424-0. 

149. Niu, X.; Kong, F.; Xu, J.; Liu, M.; Wang, Q. Mutations in Porcine Epidemic Diarrhea Virus nsp1 Cause Increased Viral Sensitivity 
to Host Interferon Responses and Attenuation In Vivo. J. Virol. 2022, 96, e0046922. https://doi.org/10.1128/jvi.00469-22. 

150. Fan, B.; Peng, Q.; Song, S.; Shi, D.; Zhang, X.; Guo, W.; Li, Y.; Zhou, J.; Zhu, X.; Zhao, Y.; et al. Nonstructural Protein 1 of Variant 
PEDV Plays a Key Role in Escaping Replication Restriction by Complement C3. J. Virol. 2022, 96, e0102422. 

151. Shen, Z.; Ye, G.; Deng, F.; Wang, G.; Cui, M.; Fang, L.; Xiao, S.; Fu, Z.F.; Peng, G. Structural Basis for the Inhibition of Host Gene 
Expression by Porcine Epidemic Diarrhea Virus nsp1. J. Virol. 2018, 92, e01896-17. https://doi.org/10.1128/jvi.01896-17. 

152. Shen, Z.; Wang, G.; Yang, Y.; Shi, J.; Fang, L.; Li, F.; Xiao, S.; Fu, Z F.; Peng, G. A conserved region of nonstructural protein 1 
from alphacoronaviruses inhibits host gene expression and is critical for viral virulence. J. Biol. Chem. 2019, 294, 13606–13618. 

153. Ran, X.H.; Zhu, J.W.; Chen, Y.Y.; Ni, R.Z.; Mu, D. Papain-like protease of SARS-CoV-2 inhibits RLR signaling in a deubiquiti-
nation-dependent and deubiquitination-independent manner. Front. Immunol. 2022, 13, 947272. 

154. Wang, D.; Fang, L.; Shi, Y.; Zhang, H.; Gao, L.; Peng, G.; Chen, H.; Li, K.; Xiao, S. Porcine Epidemic Diarrhea Virus 3C-Like 
Protease Regulates Its Interferon Antagonism by Cleaving NEMO. J. Virol. 2016, 90, 2090–2101. https://doi.org/10.1128/jvi.02514-
15. 

155. Zhu, X.; Fang, L.; Wang, D.; Yang, Y.; Chen, J.; Ye, X.; Foda, M.F.; Xiao, S. Porcine deltacoronavirus nsp5 inhibits interferon-beta 
production through the cleavage of NEMO. Virology 2017, 502, 33–38. 

156. Zhu, X.; Wang, D.; Zhou, J.; Pan, T.; Chen, J.; Yang, Y.; Lv, M.; Ye, X.; Peng, G.; Fang, L.; et al. Porcine Deltacoronavirus nsp5 
Antagonizes Type I Interferon Signaling by Cleaving STAT2. J. Virol. 2017, 91, e00003-17. https://doi.org/10.1128/jvi.00003-17. 

157. Lin, H.; Li, B.; Liu, M.; Zhou, H.; He, K.; Fan, H. Nonstructural protein 6 of porcine epidemic diarrhea virus induces autophagy 
to promote viral replication via the PI3K/Akt/mTOR axis. Vet. Microbiol. 2020, 244, 108684. 
https://doi.org/10.1016/j.vetmic.2020.108684. 

158. Peti, W.; Johnson, M.A.; Herrmann, T.; Neuman, B.W.; Buchmeier, M.J.; Nelson, M.; Joseph, J.; Page, R.; Stevens, R.C.; Kuhn, P.; 
et al. Structural genomics of the severe acute respiratory syndrome coronavirus: Nuclear magnetic resonance structure of the 
protein nsP7. J. Virol. 2005, 79, 12905–12913. https://doi.org/10.1128/jvi.79.20.12905-12913.2005. 

159. Zhai, Y.; Sun, F.; Li, X.; Pang, H.; Xu, X.; Bartlam, M.; Rao, Z. Insights into SARS-CoV transcription and replication from the 
structure of the nsp7-nsp8 hexadecamer. Nat. Struct. Mol. Biol. 2005, 12, 980–986. 

160. Sutton, G.; Fry, E.; Carter, L.; Sainsbury, S.; Walter, T.; Nettleship, J.; Berrow, N.; Owens, R.; Gilbert, R.; Davidson, A.; et al. The 
nsp9 replicase protein of SARS-coronavirus, structure and functional insights. Structure 2004, 12, 341–353. 

161. Zeng, Z.; Deng, F.; Shi, K.; Ye, G.; Wang, G.; Fang, L.; Xiao, S.; Fu, Z.; Peng, G. Dimerization of Coronavirus nsp9 with Diverse 
Modes Enhances Its Nucleic Acid Binding Affinity. J. Virol. 2018, 92, e00692-18. https://doi.org/10.1128/jvi.00692-18. 

162. Liu, S.; Yu, Q.; Li, S.; Li, M.; Yang, L.; Wang, Q.; Tu, Z.; Tao, F.; Yang, P.; Kong, L.; et al. Expression and immunogenicity of 
recombinant porcine epidemic diarrhea virus Nsp9. Virology 2023, 587, 109861. https://doi.org/10.1016/j.virol.2023.109861. 

163. Bouvet, M.; Debarnot, C.; Imbert, I.; Selisko, B.; Snijder, E.J.; Canard, B.; Decroly, E. In vitro reconstitution of SARS-coronavirus 
mRNA cap methylation. PLoS Pathog. 2010, 6, e1000863. 

164. Shu, T.; Huang, M.; Wu, D.; Ren, Y.; Zhang, X.; Han, Y.; Mu, J.; Wang, R.; Qiu, Y.; Zhang, D.-Y.; et al. SARS-Coronavirus-2 
Nsp13 Possesses NTPase and RNA Helicase Activities That Can Be Inhibited by Bismuth Salts. Virol. Sin. 2020, 35, 321–329. 
https://doi.org/10.1007/s12250-020-00242-1. 

165. Denison, M.R.; Graham, R.L.; Donaldson, E.F.; Eckerle, L.D.; Baric, R.S.; Coronaviruses: An RNA proofreading machine regu-
lates replication fidelity and diversity. RNA Biol. 2011, 8, 270–279. 

166. Chen, Y.; Cai, H.; Pan, J.; Xiang, N.; Tien, P.; Ahola, T.; Guo, D. Functional screen reveals SARS coronavirus nonstructural 
protein nsp14 as a novel cap N7 methyltransferase. Proc. Natl. Acad. Sci. USA 2009, 106, 3484–3489. 

167. Niu, X.; Kong, F.; Hou, Y.J.; Wang, Q. Crucial mutation in the exoribonuclease domain of nsp14 of PEDV leads to high genetic 
instability during viral replication. Cell Biosci. 2021, 11, 106. https://doi.org/10.1186/s13578-021-00598-1. 

168. Lu, Y.; Cai, H.;Lu, M.; Ma, Y.; Li, A.; Gao, Y.; Zhou, J.; Gu, H.; Li, J.; Gu, J. Porcine Epidemic Diarrhea Virus Deficient in RNA 
Cap Guanine-N-7 Methylation Is Attenuated and Induces Higher Type I and III Interferon Responses. J. Virol. 2020, 94, e00447-
20. 

169. Kindler, E.; Gil-Cruz, C.; Spanier, J.; Li, Y.; Wilhelm, J.; Rabouw, H.H.; Züst, R.; Hwang, M.; V'Kovski, P.; Stalder, H.; et al. Early 
endonuclease-mediated evasion of RNA sensing ensures efficient coronavirus replication. PLoS Pathog. 2017, 13, e1006195. 



Genes 2024, 15, 165 22 of 22 
 

170. Gao, B.; Gong, X.; Fang, S.; Weng, W.; Wang, H.; Chu, H.; Sun, Y.; Meng, C.; Tan, L.; Song, C.; et al. Inhibition of anti-viral stress 
granule formation by coronavirus endoribonuclease nsp15 ensures efficient virus replication. PLOS Pathog. 2021, 17, e1008690. 
https://doi.org/10.1371/journal.ppat.1008690. 

171. Decroly, E.; Imbert, I.; Coutard, B.; Bouvet, M.; Selisko, B.; Alvarez, K.; Gorbalenya, A E.; Snijder, E J.; Canard, B. Coronavirus 
nonstructural protein 16 is a cap-0 binding enzyme possessing (nucleo-side-2′O)-methyltransferase activity. J. Virol. 2008, 82, 
8071–8084. 

172. Shi, P.; Su, Y.; Li, R.; Liang, Z.; Dong, S.; Huang, J. PEDV nsp16 negatively regulates innate immunity to promote viral prolifer-
ation. Virus Res. 2019, 265, 57–66. https://doi.org/10.1016/j.virusres.2019.03.005. 

173. Ivanov; K.A.; Ziebuhr, J. Human coronavirus 229E nonstructural protein 13: Characterization of duplex-unwinding, nucleoside 
triphosphatase, and RNA 5'-triphosphatase activities. J. Virol. 2004, 78, 7833–7838. 

174. Decroly, E.; Debarnot, C.; Ferron, F.; Bouvet, M.; Coutard, B.; Imbert, I.; Gluais, L.; Papageorgiou, N.; Sharff, A.; Bricogne, G.; et 
al. Crystal structure and functional analysis of the SARS-coronavirus RNA cap 2'-O-methyltransferase nsp10/nsp16 complex. 
PLoS Pathog. 2011, 7, e1002059. 

175. Chen, Y.; Su, C.; Ke, M.; Jin, X.; Xu, L.; Zhang, Z.; Wu, A.; Sun, Y.; Yang, Z.; Tien, P.; et al. Biochemical and structural insights 
into the mechanisms of SARS coronavirus RNA ribose 2'-O-methylation by nsp16/nsp10 protein complex. PLoS Pathog. 2011, 7, 
e1002294. 

176. Ma, Y.Y.; Wu, L.J.; Shaw, N.; Gao, Y.; Wang, J.; Sun, Y.N.; Lou, Z.Y.; Yan, L.M.; Zhang, R.G.; Rao, Z.H. Structural basis and 
functional analysis of the SARS coronavirus nsp14–nsp10 complex. Proc. Natl. Acad. Sci. USA 2015, 112, 9436–9441. 
https://doi.org/10.1073/pnas.1508686112. 

177. Chen, Y.; Tao, J.; Sun, Y.; Wu, A.; Su, C.; Gao, G.; Cai, H.; Qiu, S.; Wu, Y.; Ahola, T.; Guo, D. Structure-function analysis of severe 
acute respiratory syndrome coronavirus RNA cap gua-nine-N7-methyltransferase. J. Virol. 2013, 87, 6296–6305. 

178. Lee, S.H.; Yang, D.-K.; Kim, H.-H.; Cho, I.-S. Efficacy of inactivated variant porcine epidemic diarrhea virus vaccines in growing 
pigs. Clin. Exp. Vaccine Res. 2018, 7, 61–69. https://doi.org/10.7774/cevr.2018.7.1.61. 

179. Deng, X.; Buckley, A.C.; Pillatzki, A.; Lager, K.M.; Faaberg, K.S.; Baker, S.C. Inactivating Three Interferon Antagonists Attenu-
ates Pathogenesis of an Enteric Coronavirus. J. Virol. 2020, 94, e00565-20. https://doi.org/10.1128/jvi.00565-20. 

180. Chang, Y.-C.; Chang, C.-Y.; Tsai, P.-S.; Chiou, H.-Y.; Jeng, C.-R.; Pang, V.F.; Chang, H.-W. Efficacy of heat-labile enterotoxin B 
subunit-adjuvanted parenteral porcine epidemic diarrhea virus trimeric spike subunit vaccine in piglets. Appl. Microbiol. Bio-
technol. 2018, 102, 7499–7507. https://doi.org/10.1007/s00253-018-9110-6. 

181. Zhao, P.; Wang, B.; Ji, C.-M.; Cong, X.; Wang, M.; Huang, Y.-W. Identification of a peptide derived from the heptad repeat 2 
region of the porcine epidemic diarrhea virus (PEDV) spike glycoprotein that is capable of suppressing PEDV entry and induc-
ing neutralizing antibodies. Antivir. Res. 2017, 150, 1–8. https://doi.org/10.1016/j.antiviral.2017.11.021. 

182. Wang, X.; Fang, L.; Zhan, J.; Shi, X.; Liu, Q.; Lu, Q.; Bai, J.; Li, Y.; Jiang, P. Identification and characterization of linear B cell 
epitopes on the nucleocapsid protein of porcine epidemic diarrhea virus using monoclonal antibodies. Virus Res. 2020, 281, 
197912. 

183. Cho, H.-M.; Ha, T.-K.; Dang, L.-H.; Pham, H.-T.; Tran, V.-O.; Huh, J.; An, J.-P.; Oh, W.-K. Prenylated Phenolic Compounds from 
the Leaves of Sabia limoniacea and Their Antiviral Activities against Porcine Epidemic Diarrhea Virus. J. Nat. Prod. 2019, 82, 702–
713. https://doi.org/10.1021/acs.jnatprod.8b00435. 

184. Wang, X.; Chen, B.; Yu, R.; Si, F.; Xie, C.; Li, Z.; Dong, S.; Zhang, D. Magnolol, a Neolignan-like Drug, Inhibits Porcine Epidemic 
Diarrhea Virus Replication in Cultured Cells. Pathogens 2023, 12, 263. 

185. Dong, S.; Yu, R.; Wang, X.; Chen, B.; Si, F.; Zhou, J.; Xie, C.; Li, Z.; Zhang, D. Bis-Benzylisoquinoline Alkaloids Inhibit Porcine 
Epidemic Diarrhea Virus In Vitro and In Vivo. Viruses 2022, 14, 1231. https://doi.org/10.3390/v14061231. 

186. Lee, J.-H.; Park, J.-S.; Lee, S.-W.; Hwang, S.-Y.; Young, B.-E.; Choi, H.-J. Porcine epidemic diarrhea virus infection: Inhibition by 
polysaccharide from Ginkgo biloba exocarp and mode of its action. Virus Res. 2014, 195, 148–152. https://doi.org/10.1016/j.vi-
rusres.2014.09.013. 

187. Xu, Z.; Liu, Y.; Peng, P.; Liu, Y.; Huang, M.; Ma, Y.; Xue, C.; Cao, Y. Aloe extract inhibits porcine epidemic diarrhea virus in 
vitro and in vivo. Vet. Microbiol. 2020, 249, 108849. https://doi.org/10.1016/j.vetmic.2020.108849. 

188. Huan, C.-C.; Wang, H.-X.; Sheng, X.-X.; Wang, R.; Wang, X.; Mao, X. Glycyrrhizin inhibits porcine epidemic diarrhea virus 
infection and attenuates the proinflammatory responses by inhibition of high mobility group box-1 protein. Arch. Virol. 2017, 
162, 1467–1476. https://doi.org/10.1007/s00705-017-3259-7. 

189. Song, J.H.; Shim, J.K.; Choi, H.J. Quercetin 7-rhamnoside reduces porcine epidemic diarrhea virus replication via independent 
pathway of viral induced reactive oxygen species. Virol. J. 2011, 8, 460. 

190. Choi, H.-J.; Kim, J.-H.; Lee, C.-H.; Ahn, Y.-J.; Song, J.-H.; Baek, S.-H.; Kwon, D.-H. Antiviral activity of quercetin 7-rhamnoside 
against porcine epidemic diarrhea virus. Antivir. Res. 2009, 81, 77–81. https://doi.org/10.1016/j.antiviral.2008.10.002. 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


