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epidemic diarrhea virus: a mini-review

Hongaing Zheng', Cunyi Qiu?, Haolun Tian®, Xiaofu Zhu', Baoying Yin', Zhiding Zhou*, Xuezhao Li* and
Jingjing Zhao™

Abstract

Porcine epidemic diarrhea is an acute contagious disease caused by porcine epidemic diarrhea virus (PEDV), which
severely constrains the development of the global swine industry. Host restriction factors constitute a vital defensive
barrier against viral infections, typically interacting with viruses at specific stages of their replication process to dis-
rupt it. Considering that traditional PEDV vaccines often struggle to effectively activate mucosal immunity in sows
and thereby fail to provide reliable passive immunity to piglets via milk, this review focuses on the host restriction
factors that play crucial roles in restricting PEDV infection and replication. The aim is to identify potential targets

for the development of anti-PEDV drugs and offer insights for the exploration of novel vaccine adjuvants.
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Table 1 Host restriction factors—summarized according to the life cycle of the virus

The virus life cycle Target protein

Action mechanism

Related host restriction factors

Adsorption - Inhibition of virus adsorption MUC2
S DNAJA3
APN ADAM17
Viral entry CLTC Inhibition of PEDV endocytosis Mortalin
Virus replication TRAF6 Inhibition of virus replication KLF16
TRAF3 ATG4B
PERK, IRE1 GRAMD4
STAT3 PTPN14
- DAXX, p53
RdRP Inhibition of viral genome replication CMPK2
Virus maturation and release ORF3 Inhibit virus assembly and release VPS36
E Inhibit virus assembly and budding KPNA2, elF3L
N Inhibit the assembly of virus particles IRAV, hnRNP K, FUBP3, TARDBP. BST2,

PRPF19, PTBP1, PABPC4, RALY, RBM14,
TRIM21

viruses and their interaction with the host immune
system, restriction factors exert antiviral functions
in several ways. For instance, the restriction factors
IRAV [6] and hnRNP K [7] degrade certain crucial
viral proteins through the ubiquitin—proteasome and
autophagy-lysosome pathways. These proteins are
typically intimately associated with viral replication or
assembly [8]. Apoptosis can contribute to the release of
viral particles from infected cells; however, premature
apoptosis and cellular disintegration can limit the
time and space available for virus replication [9]. Host
restriction factors such as GRAMD 4 [10] specifically
target the apoptosis pathway to induce apoptosis in
infected cells, effectively clearing the virus and playing
an important role in defense against viral infections.
The PEDV is a single-stranded positive-sense RNA
virus whose genome replication relies on an RNA-
dependent RNA polymerase. Host restriction factors
such as CMPK2 [11] inhibit viral genome replication by
suppressing RNA-dependent RNA polymerase activity.
Further, certain host restriction factors can activate
innate immune pathways and produce interferons (IFNs)
[12], which stimulate the expression of IFN-stimulated
genes via paracrine or autocrine pathways to enhance
antiviral effects. For example, PTBP1 [13] and TARDBP
[14] boost host innate immune responses by upregulating
MyD88 expression.

Porcine epidemic diarrhea virus (PEDV), a member of
the Alphacoronavirus genus within the Coronaviridae
family [15]. The PEDV S protein is recognized as the
primary inducer of neutralizing antibodies in the host;
however, it is also among the most highly glycosylated
proteins in nature, with numerous glycosylation sites

composed of high mannose. During viral evolution,
such sites are susceptible to insertions, deletions,
and mutations, which can diminish the cross-
immunoprotective capabilities of vaccines, posing a
significant challenge in the development of effective
PEDV vaccines [16]. In recent years, researchers have
identified various host restriction factors that effectively
inhibit the replication and infection of PEDV. However,
the antiviral mechanisms of only a few of these factors
have been extensively studied. Investigating and
characterizing the host restriction factors involved in
PEDV infection and the mechanisms by which they
inhibit viral replication can enhance our understanding
of PEDV-host interactions.

This article provides a comprehensive review of the
research progress on host restriction factors that affect
the infection and replication cycle of PEDV. The find-
ings of our study offer potential targets for the develop-
ment of anti-PEDV drugs and provide new insights into
the research and development of novel PEDV vaccine
adjuvants.

2 Host restriction factors impair PEDV replication
by targeting the innate immune pathway

Innate immunity serves as the host’s first line of defense
against viral infections. Following viral infection, host
immune cells promptly produce IFN-I, which triggers
the expression of various IFN-stimulated genes, enabling
the body to enter an antiviral state [17, 18] (Figure 1).
The toll-like receptors (TLRs) constitute the earliest-
discovered family of innate immune receptors and
recognize a broad spectrum of pathogen-associated
molecular patterns (PAMPs) [19]. Previous studies
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Figure 1 Host restriction factors impair PEDV replication by targeting the innate immune pathway. “—" Denotes the inhibition
or degradation of downstream molecules. “—"Indicates the activation of downstream molecules.“X" Indicates removal of the original effect. Red

text represents the host restriction factor.

have implicated TLR2, TLR3, TLR4, TLR7, and TLR9
in NF-kB activation in porcine intestinal epithelial cells
(IECs) induced by PEDYV, suggesting that PEDV employs
its envelope glycoproteins and nucleic acids on its surface
to trigger innate immunity [20, 21].

TLR signaling pathways can be classified into MyD88-
dependent and MyD88-independent pathways (TRIE-
dependent pathways). All members of the TLR family,
except TLR3, initiate signal transduction by recruiting
the MyD88 protein to the C-terminus of the TIR domain
[22]. MyD88 encompasses a death domain and recruits
interleukin-1 receptor-associated kinases (IRAKs) to
form the Myddosome signaling complex. In the Myddo-
some, IRAK4 is activated through trans-autophospho-
rylation and subsequently phosphorylates IRAK1 [23].
Activated IRAK1 disengages from the Myddosome and
complexes with TRAF®6, resulting in TRAF6 dimerization
and triggering its E3 ubiquitin ligase activity.

The E3 ubiquitin ligase activity of TRAF6 is crucial for
TAK1 activation. The host restriction factor FBXW7 is
also an E3 ubiquitin ligase that promotes the ubiquitina-
tion and subsequent degradation of multiple proteins,
enhances RIG-I and TBK1 expression, induces interferon
gene expression, and serves as a positive innate antiviral

effector [24]. The primary role of TAK1 is to activate the
classical IkB kinase (IKK) complex and initiate NF-kB
nuclear translocation and interferon gene transcription
[25]. The host restriction factors TARDBP and PTBP1
activate the IFN-I signaling pathway by up-regulating
MyD88 expression [13, 14], while KLF16 up-regulates
TRAF6 expression in a dose-dependent manner, ulti-
mately leading to IFN activation and thereby restricting
PEDV replication [8].

TLR3 participates in the innate immune response via
a TRIF-dependent pathway. Specifically, TRIF interacts
with TRAF3, which recruits the IKK-related kinases
TBK1 and IKKe and activates IRF3 through serine/thre-
onine phosphorylation. IRF3 then forms a dimer and
translocates from the cytoplasm to the nucleus to induce
IEN-I gene expression [22]. The host restriction factor
ATG4B activates IFN-I signaling by up-regulating TRAF3
expression, thereby restricting PEDV replication [26].

Death domain-associated protein (DAXX), a classical
chaperonin involved in apoptosis, transcriptional
regulation, DNA damage repair, and host innate
immunity, inhibits PEDV replication. DAXX activates the
IFN-A3-STAT1 signaling pathway and upregulates ISG15
expression [27]. STAT3, a downstream effector molecule
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of various cytokines and growth factors, typically inhibits
IFEN-I antiviral activity and facilitates viral infection [28].
Li et al. [29] found that STAT3 tyrosine phosphorylation
is critical for PEDV infection in host cells. To counteract
viral infections, the host employs a complex mechanism
to inhibit STAT3 activation. Specifically, PTPN14, a non-
receptor tyrosine phosphatase significantly upregulated
in PEDV-infected Vero cells, impedes STAT3
phosphorylation and activation, thereby enhancing the
IEN-I pathway [30]. p53, a tumor suppressor gene, can be
activated under various conditions, such as DNA damage
or stress. p53 overexpression activates IFN signaling and
IFN-stimulated response elements, thereby inhibiting
PEDV replication [31].

However, PEDV can also evade innate immunity by
hijacking certain host proteins. For instance, PEDV
upregulates TRIM28 expression in host cells to sub-
sequently facilitate its own replication [32]. Mecha-
nistically, the TRIM28 protein interacts with PEDV-N
through its RING domain, enhancing mitophagy and
inhibiting the JAK/STAT1 signaling pathway, leading to
the downregulation of interferon-stimulated genes (ISGs)
such as ISG15 and MXI1. Zinc-finger antiviral protein
(ZAP), a component of pattern recognition receptors,
recognizes CpG-rich viral RNAs and exerts antiviral
effects by initiating RNA degradation processes. TRIM25
mediates the K63-linked polyubiquitination of ZAP,
essential for the RNA-binding capability of ZAP. PEDV-
N competitively binds the SPRY domain of TRIM25, pre-
venting TRIM25-ZAP interactions and inhibiting the
antiviral activity of ZAP [33].

3 Host restriction factors impair PEDV replication
by targeting the autophagy-lysosomal pathway
Autophagy was initially regarded as a non-selective
degradation process triggered by cellular starvation.
However, continued research has recognized that
autophagy targets specific substrates through a series of
specific cargo receptors in selective autophagy processes
[34]. These processes typically involve the following
steps: (i) cargo receptors receive signals indicating the
decomposition of their substrates and then bind to
molecular chaperones (such as E3 ubiquitin ligases);
(ii) autophagy cargo molecular chaperones promote
post-translational modifications of the cargo, making it
recognizable by multiple cargo receptors; and (iii) cargo
receptors transport the substrates to autophagosomes
for degradation. Depending on the substrates being
degraded, selective autophagy can be classified as
xenophagy, mitophagy, aggrephagy, reticulophagy,
lipophagy, and ferritinophagy, among others. [34].
Xenophagy, as an innate immune response at the cellular
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level, plays a role in restricting pathogen proliferation by
targeting and degrading certain key protein components
of invading pathogens [35] (Figure 2).

The PEDV N protein can bind and package viral
genomic RNA into nucleocapsids, playing a crucial role
in the assembly process of virus particles [36]. Selective
autophagy receptors (SARs), also known as cargo recep-
tors, play a vital role in the process of selective autophagy
degradation, responsible for connecting autophagy sub-
strates and autophagosomes. p62 was the first discov-
ered autophagy cargo receptor [34], and host restriction
factor RNA-binding motif protein 14 (RBM14) degrades
the PEDV N protein by recruiting p62 [37]. The NDP52
autophagy cargo receptor also plays an important role in
xenophagy of invading pathogens. Its C-terminus con-
tains a UBZ domain that can bind to ubiquitin proteins,
specifically recognizing ubiquitinated invading pathogens
(proteins), thereby mediating their selective autophagy
and clearance [38]. The host restriction factors heteroge-
neous nuclear ribonucleoprotein K (hnRNP K) [7], het-
erogeneous nuclear ribonucleoprotein A1 (HNRNPAI)
[39], far upstream element-binding protein 3 (FUBP3)
[14], cytoplasmic poly(A) binding protein 4 (PABPC4)
[40], HnRNP-associated with lethal yellow (RALY) [41],
pre-mRNA processing factor 19 (PRPF19) [42], and bone
marrow stromal cell antigen 2 (BST2) [43] can ubiquit-
inate the N protein by recruiting the E3 ubiquitin ligase
MARCHS. Subsequently, the ubiquitinated N protein
is transported to autophagosomes by the cargo recep-
tor NDP52 for selective degradation, thereby inhibiting
PEDV replication. However, all seven host restriction
factors mentioned above other than BST2 are RNA-bind-
ing or RNA-processing proteins. With respect to these
types of proteins, we typically focus more on their roles
in enhancing mRNA stability and promoting protein
translation. Whether they play a key role in restricting
PEDV replication and whether they have the potential to
become targets for antagonizing PEDV replication still
requires further investigation.

The envelope protein is the smallest structural protein
in PEDV and is involved in processes such as viral parti-
cle assembly and budding [44]. Recent studies have found
that the host restriction factor karyopherin a2 (KPNA2)
inhibits PEDV replication by targeting E protein degra-
dation through autophagy. However, the specific ubiqui-
tination process and the recruited cargo receptors need
further investigation [45].

4 Host restriction factors impair PEDV replication
by targeting the ubiquitin—-proteasome pathway
In eukaryotic cells, the ubiquitin—proteasome system
(UPS) serves as the primary pathway for the modification
and degradation of cellular proteins, playing a pivotal
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role in regulating cellular physiological activities.
Additionally, it is closely associated with the lifecycle of
viruses and their interaction with the host [46] (Figure 2).
The nuclear localization of the N protein can activate
the p53-DREAM signaling pathway, leading to S-phase
arrest in host cells and creating a favorable cellular
microenvironment for PEDV replication; therefore, the N
protein plays a significant role in PEDV replication [47].
Host restriction factors, such as IFN-regulated antiviral
(IRAV) [6] and tripartite motif-containing 21 (TRIM21)
[48], can interact with the PEDV N protein by recruiting
the E3 ubiquitin ligase MARCHS, resulting in N protein
degradation via the ubiquitin—proteasome pathway and
ultimately inhibiting PEDV replication.

OREF3, the only accessory protein encoded by the
PEDV genome, forms a protein channel structure.
Although direct evidence linking ORF3 ion channel
activity to PEDV replication is currently lacking, ORF3
may indirectly promote PEDV replication by regulating
the cell cycle to prolong the S-phase [49], inhibiting early
apoptosis [50], and promoting autophagy [51]. Most

coronaviruses enter host cells through the endocytic
pathway [52]. Vacuolar protein sorting-associated
protein 36 (VPS36) mediates protein degradation during
the fusion of multivesicular bodies with lysosomes [53].
VPS36 degrades ORF3 through the proteasome pathway,
thereby inhibiting PEDV replication [54].

5 Host restriction factors impair PEDV replication
by targeting the apoptosis pathway

Apoptosis is a physiological defense mechanism that
regulates viral proliferation. During viral infection,
certain host restriction factors hinder viral replication
within the body by enhancing cellular apoptosis [55].
Extracellular matrix proteins, which are apoptosis-
related factors, play a role in the onset of apoptosis [56]
(Figure 3). As an extracellular matrix protein, cellular
communication network factor 1 (CCN1) promotes
apoptosis by activating p53 and downregulating survivin
expression in esophageal adenocarcinoma tumor cells
[57]. Zhou et al. [58] demonstrated that PEDV activates
the transcription factors CREB and AP-1 via the PKA
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and p38 pathways, respectively. These factors bind
to the CCN1 promoter and upregulate CCN1, which
regulates apoptosis by promoting p53 phosphorylation,
thereby inhibiting PEDV replication. The nonstructural
PEDV protein NSP6 downregulates the expression
of glucosyltransferase Rab-like GTPase activator and
myotubularin domain-containing 4 (GRAMD4), a pro-
apoptotic protein [59], via the PERK and IRE1 pathways,
and GRAMD4 overexpression effectively inhibits PEDV
replication. Moreover, the GRAM domain is essential for
GRAMD4 to promote ER stress-mediated apoptosis and
restrict viral replication [10].

6 Host restriction factors impair PEDV replication
by targeting additional pathways

DnaJ heat shock protein family (Hsp40) member A3

(DNAJA3) interacts with the middle fragment (amino

acids 378-479) of the PEDV S1 protein, affecting viral

adsorption to IPEC-]J2 cells and thereby inhibiting virus

replication [60].

The MUC2 protein is the main component of
intestinal mucus secretion and is primarily involved in
cell signal transduction and immune regulation [61].
Pretreatment with 50 pg/mL porcine mucin 2 can reduce
PEDYV infection in host cells [62]. Biering et al. recently
demonstrated that membrane-anchored mucins 1 and 4
can prevent SARS-CoV-2 from binding to cell surfaces
[63]. However, when the cells were treated with esterase
inhibitors that selectively cleave mucins, the number
of viral particles bound to their surfaces increased
significantly.

Tight junctions (TJs) are important junction com-
plexes between epithelial cells and are composed of
transmembrane (occludin and claudin) and perimem-
brane (ZO) protein families. TJs serve as paracellular
barriers that maintain cellular polarity. Par-3 family
cell polarity regulator (PARD3), a polarity-related pro-
tein closely related to TJs, belongs to the post-synaptic
density protein-95/Discs large/Zonula occludens-1
protein family [64, 65]. PARD3 is primarily located in
the periphery of the cytoplasm and cellular membrane
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and regulates epithelial cell polarity, particularly in
maintaining apical-basal polarity [66]. Many viruses
target basolateral receptors during infection; how-
ever, the TJ barrier renders these receptors inaccessi-
ble, preventing viruses from completing the infection
process [67]. However, some viruses have developed
mechanisms that disrupt TJ barriers. For example, dur-
ing PEDV infection, PARD3 is degraded via a proteas-
ome-dependent pathway. Furthermore, downregulating
PARD3 disrupts the TJs of cells and affects the polari-
zation of the tops and bottoms of the cells, thereby pro-
moting PEDV infection [30].

Porcine aminopeptidase N (APN) is a key cell sur-
face receptor for PEDV infection [68]. Disintegrin and
metalloprotease 17, a well-characterized member of the
ADAM family, is known for its role in mediating the
cleavage of various cell surface proteins [69, 70]. Zhang
et al. showed that ADAMI17 overexpression suppresses
APN expression on the cell surface, consequently limit-
ing PEDV invasion and restricting PEDV replication [62].
Mortalin, also known as mtHsp70/PBP74/Grp75/HSPAY,
is a member of the heat shock protein (Hsp) 70 family.
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Mortalin plays multiple roles in membrane-mediated
macromolecule transport, endocytosis, and exocytosis.
Mortalin induces CLTC degradation through the protea-
some pathway, thereby inhibiting the clathrin-mediated
endocytosis of PEDV into host cells [71].

The coronavirus genome encodes 16 nonstructural
proteins, among which, the RNA-dependent RNA
polymerase encoded by nspl2 is pivotal in viral RNA
replication and transcription. This enzyme is considered
one of the most important antiviral drug targets [72].
Cytidine monophosphate kinase 2 (CMPK2), an
interferon-stimulated gene (ISG) induced by IFN-L
inhibits the replication of various viruses, including
human immunodeficiency virus, spring viremia of carp,
and dengue virus [73-75]. As a potential host restriction
factor, CMPK2 exerts anti-PEDV infection activity across
various cell types. This activity is modulated by 3 -deoxy-
3’,4"-didehydro-cytidine  triphosphate (ddhCTP),
produced by another interferon-stimulated protein,
viperin. After PEDV infection, CMPK2, viperin, and
ddhCTP act to inhibit PEDV replication by inhibiting
RNA-dependent RNA polymerase activity [11] (Figure 4).
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Coronaviruses such as herpesviruses [76], lentivi-
ruses [77], bornaviruses [78], and filoviruses [79] rep-
resent an ancient lineage of viruses that have coexisted
with their natural hosts, including birds and bats, for
hundreds of millions of years [80]. Over this extended
period of coexistence, hosts have evolved various fac-
tors to resist viral infections. Among the 24 host
restriction factors reviewed in this article, 14 inhibit
PEDV replication by targeting the autophagy-lyso-
some pathway or the ubiquitin—proteasome pathway.
This suggests that these two pathways, as the two most
important protein degradation pathways in eukaryotic
cells, play crucial roles in providing inherent antiviral
defense for the host [81-83].

As more host restriction factors are discovered, they
offer potential targets for the development of anti-
PEDV drugs. However, viruses have evolved a series
of strategies to counteract the inhibitory effects of
these host factors during their evolutionary arms race
with their hosts. For instance, during PEDV infection,
the host restriction factor Sin3-associated protein 18
(SAP18) promotes the dephosphorylation and activa-
tion of RIG-I, which is essential for the degradation of
viral RNA mediated by the RIG-I-MAVS pathway. Nev-
ertheless, PEDV Nspl0 reduces the expression level of
SAP18 and induces its cytoplasmic accumulation [84].
Additionally, the PEDV E protein can induce the forma-
tion of stress granules by upregulating G3BP1 expres-
sion, leading to global inhibition of host cell protein
synthesis during the translation phase [85]. Therefore,
activating the expression of host restriction factors to
maximize their antiviral effects has become a key focal
point of our research.

On the contrary, delving into the mechanisms of host
restriction factors will facilitate the development of
vaccines and novel adjuvants. As an integral part of the
host’s inherent antiviral machinery, host restriction fac-
tors play a significant role in limiting viral replication
[86]. However, this can be detrimental to increasing
vaccine antigen content. Thus, in the vaccine produc-
tion process, studying how to relieve the inhibitory
effects of host restriction factors on virus proliferation
is of practical importance for enhancing vaccine anti-
gen content. Furthermore, host restriction factors play
a crucial role in regulating immune responses [87]. The
preparation of immune-related host restriction fac-
tors as vaccine adjuvants co-presented with vaccine
antigens to stimulate a stronger immune response may
also emerge as a significant research direction for host
restriction factors.

Acknowledgements
The authors thank the editors and all reviewers for their comments and
suggestions.

Page 8 of 10

Authors’ contributions

Conceptualization: Zheng HQ, Zhao JJ, Tian HL and Qiu CY; software: Zhou ZD
and Li XZ; formal analysis: Li XZ and Yin BY; investigation: Zheng HQ; resources:
Qiu CY; writing—original draft preparation: Zheng HQ; writing—review

and editing: Zheng HQ and Qiu CY. All authors read and approved the final
manuscript.

Funding

This research was funded by the Doctoral Research Foundation Project of
Xianyang Vocational and Technical College (grant number 2021BK04; Xian-
yang, China).

Data availability
All data generated or analysed during this study are included in this published
article.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 31 August 2024 Accepted: 31 December 2024
Published online: 24 March 2025

References

1. Koppensteiner H, Brack-Werner R, Schindler M (2012) Macrophages
and their relevance in human immunodeficiency virus type | infection.
Retrovirology 9:82

2. Hotter D, Sauter D, Kirchhoff F (2013) Emerging role of the host restriction
factor tetherin in viral immune sensing. J Mol Biol 425:4956-4964

3. Wang XF, Zhang X, Ma W, Li J, Wang X (2023) Host cell restriction factors
of equine infectious anemia virus. Virol Sin 38:485-496

4. Taylor NMI, Leiman PG (2020) Editorial overview: virus structure and
expression. Curr Opin Virol 45:iii-v

5. Santoni G, Cardinali C, Morelli MB, Santoni M, Nabissi M, Amantini C
(2015) Danger- and pathogen-associated molecular patterns recognition
by pattern-recognition receptors and ion channels of the transient
receptor potential family triggers the inflammasome activation in
immune cells and sensory neurons. J Neuroinflammation 12:21

6. Wang H, Kong N, Jiao Y, Dong S, Sun D, Chen X, Zheng H, Tong W,
YuH, Yu L, Zhang W, Tong G, Shan T (2021) EGR1 suppresses porcine
epidemic diarrhea virus replication by regulating IRAV to degrade viral
nucleocapsid protein. J Virol 95:e0064521

7. QinW, Kong N, Wang C, Dong S, Zhai H, Zhai X, Yang X, Ye C, Ye M, Tong
W, Liu C, Yu L, Zheng H, Yu H, Lan D, Zhang W, Tong G, Shan T (2022)
hnRNP K degrades viral nucleocapsid protein and induces type | IFN
production to inhibit porcine epidemic diarrhea virus replication. J Virol
96:€0155522

8. Dongs, Kong N, Shen H, Li Y, Qin W, Zhai H, Zhai X, Yang X, Ye C, Ye M,
Liu G Yu L, Zheng H, Tong W, Yu H, Zhang W, Tong G, Shan T (2022) KLF16
inhibits PEDV replication by activating the type | IFN signaling pathway.
Vet Microbiol 274:109577

9. Roulston A, Marcellus RC, Branton PE (1999) Viruses and apoptosis. Annu
Rev Microbiol 53:577-628

10. Xu X, LiuY,Gao J, Shi X, YanY,Yang N, Wang Q, Zhang Q (2023) GRAMD4
regulates PEDV-induced cell apoptosis inhibiting virus replication via the
endoplasmic reticulum stress pathway. Vet Microbiol 279:109666

11. Zhu M, Lv J,Wang W, Guo R, Zhong C, Antia A, Zeng Q, Li J, Liu Q, Zhou
J,Zhu X, Fan B, Ding S, Li B (2023) CMPK2 is a host restriction factor that
inhibits infection of multiple coronaviruses in a cell-intrinsic manner.
PLoS Biol 21:23002039

12. Zeng C,Waheed AA, Li T, Yu J, Zheng YM, Yount JS, Wen H, Freed EQ, Liu
SL (2021) SERINC proteins potentiate antiviral type | IFN production and
proinflammatory signaling pathways. Sci Signal 14:eabc7611

13. Qin W, Kong N, Zhang Y, Wang C, Dong S, Zhai H, Zhai X, Yang X, Ye C,
Ye M, Tong W, Liu C, Yu L, Zheng H, Yu H, Zhang W, Lan D, Tong G, Shan
T (2023) PTBP1 suppresses porcine epidemic diarrhea virus replication



Zheng et al. Veterinary Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

(2025) 56:67

via inducing protein degradation and IFN production. J Biol Chem
299:104987

Dong S, Kong N, Zhang Y, Li Y, Sun D, Qin W, Zhai H, Zhai X, Yang X, Ye C,
Ye M, Liu G, Yu L, Zheng H, Tong W, Yu H, Zhang W, Tong G, Shan T (2022)
TARDBP inhibits porcine epidemic diarrhea virus replication through
degrading viral nucleocapsid protein and activating type | interferon
signaling. J Virol 96:0007022

Lin F, Zhang H, Li L, Yang Y, Zou X, Chen J, Tang X (2022) PEDV: insights
and advances into types, function, structure, and receptor recognition.
Viruses 14:1744

Sun M, Ma J, Wang Y, Wang M, Song W, Zhang W, Lu C, Yao H (2015)
Genomic and epidemiological characteristics provide new insights into
the phylogeographical and spatiotemporal spread of porcine epidemic
diarrhea virus in Asia. J Clin Microbiol 53:1484-1492

Ivashkiv LB, Donlin LT (2014) Regulation of type | interferon responses.
Nat Rev Immunol 14:36-49

Stetson DB, Medzhitov R (2006) Type | interferons in host defense.
Immunity 25:373-381

Chen N, Xia P LiS, Zhang T, Wang TT, Zhu J (2017) RNA sensors of the
innate immune system and their detection of pathogens. IUBMB Life
69:297-304

Qian S, Zhang W, Jia X, Sun Z, Zhang Y, Xiao Y, Li Z (2019) Isolation and
identification of porcine epidemic diarrhea virus and its effect on host
natural immune response. Front Microbiol 10:2272

Caol, Ge X, GaoY,Ren Y, Ren X, Li G (2015) Porcine epidemic diarrhea
virus infection induces NF-kB activation through the TLR2, TLR3 and TLR9
pathways in porcine intestinal epithelial cells. J Gen Virol 96:1757-1767
Duan T, Du Y, Xing C, Wang HY, Wang RF (2022) Toll-like receptor signaling
and its role in cell-mediated immunity. Front Immunol 13:812774
Vollmer S, Strickson S, Zhang T, Gray N, Lee KL, Rao VR, Cohen P (2017)
The mechanism of activation of IRAKT and IRAK4 by interleukin-1 and
Toll-like receptor agonists. Biochem J 474:2027-2038

LiM,WuY, Chen J, Shi H, Ji Z, Zhang X, Shi D, Liu J, Tian J, Wang X, Shi
Z,Zhang H, Zhang H, Guo L, Feng L (2022) Innate immune evasion of
porcine epidemic diarrhea virus through degradation of the FBXW7
protein via the ubiquitin-proteasome pathway. J Virol 96:e0088921

Hu L, Xu J, Xie X, Zhou Y, Tao P, Li H, Han X, Wang C, Liu J, Xu P, Neculai

D, Xia Z (2017) Oligomerization-primed coiled-coil domain interaction
with Ubc13 confers processivity to TRAF6 ubiquitin ligase activity. Nat
Commun 8:814

Dong S, Kong N, Qin' W, Zhai H, Zhai X, Yang X, Ye C, Ye M, Liu C, Yu L,
Zheng H,Tong W, Yu H, Zhang W, Li Y, Tong G, Shan T (2022) ATG4B
hinders porcine epidemic diarrhea virus replication through interacting
with TRAF3 and activating type-I IFN signaling. Vet Microbiol 273:109544
Gao Q, Zhang C, Xu X, Huang X, Jia D, Shan Y, Fang W, Li X, Xu J (2024) The
death domain-associated protein suppresses porcine epidemic diarrhea
virus replication by interacting with signal transducer and activator of
transcription 1 and inducing downstream ISG15 expression. Vet Microbiol
292:110065

Kuchipudi SV (2015) The complex role of STAT3 in viral infections. J
Immunol Res 2015:272359

Li X, Sun J, Prinz RA, Liu X, Xu X (2020) Inhibition of porcine epidemic
diarrhea virus (PEDV) replication by A77 1726 through targeting JAK and
Src tyrosine kinases. Virology 551:75-83

Huang H, LiY, Wang L, Song Y, Zhang G (2022) Membrane proteomic
analysis identifies the polarity protein PARD3 as a novel antiviral protein
against PEDV infection. J Proteomics 253:104462

Hao Z, Fu F, Cao L, Guo L, Liu J, Xue M, Feng L (2019) Tumor suppressor
p53 inhibits porcine epidemic diarrhea virus infection via interferon-
mediated antiviral immunity. Mol Immunol 108:68-74

LiX,Yan Z, Ma J, Li G, Liu X, Peng Z, Zhang Y, Huang S, Luo J, Guo X
(2024) TRIM28 promotes porcine epidemic diarrhea virus replication

by mitophagy-mediated inhibition of the JAK-STAT1 pathway. Int J Biol
Macromol 254:127722

Chuenchat J, Kardkarnklai S, Narkpuk J, Liwnaree B, Jongkaewwattana A,
Jaru-Ampornpan P, Sungsuwan S (2024) PEDV nucleocapsid antagonizes
zinc-finger antiviral protein by disrupting the interaction with its obligate
co-factor, TRIM25. Vet Microbiol 291:110033

LamarkT, Johansen T (2021) Mechanisms of selective autophagy. Annu
Rev Cell Dev Biol 37:143-169

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 9 of 10

Gatica D, Lahiri V, Klionsky DJ (2018) Cargo recognition and degradation
by selective autophagy. Nat Cell Biol 20:233-242

Jung K, Saif LJ (2015) Porcine epidemic diarrhea virus infection: Etiology,
epidemiology, pathogenesis and immunoprophylaxis. Vet J 204:134-143
Wang X, Tong W, Yang X, Zhai H, Qin W, Liu C, Zheng H, Yu H, Tong G,
Zhang Z, Kong N, Shan T (2024) RBM14 inhibits the replication of porcine
epidemic diarrhea virus by recruiting p62 to degrade nucleocapsid
protein through the activation of autophagy and interferon pathway. J
Virol 98:e0018224

Rozieres A, Viret C, Faure M (2017) Autophagy in measles virus infection.
Viruses 9:359

Zhai X, Kong N, Zhang Y, Song Y, Qin W, Yang X, Ye C, Ye M, Tong W, Liu

C, Zheng H, Yu H, Zhang W, Yang X, Zhang G, Tong G, Shan T (2023)

N protein of PEDV plays chess game with host proteins by selective
autophagy. Autophagy 19:2338-2352

JiaoY, Kong N, Wang H, Sun D, Dong S, Chen X, Zheng H, Tong W, Yu
H,Yu L, Huang Y, Wang H, Sui B, Zhao L, Liao Y, Zhang W, Tong G, Shan

T (2021) PABPC4 broadly inhibits coronavirus replication by degrading
nucleocapsid protein through selective autophagy. Microbiol Spectr
9:0090821

Qin W, Kong N, Zhang Y, Dong S, Zhai H, Zhai X, Yang X, Ye C, Ye M, Liu

C Yul, Zheng H, Yu H, Zhang W, Tong G, Lan D, Tong W, Shan T (2022)
Nuclear ribonucleoprotein RALY targets virus nucleocapsid protein and
induces autophagy to restrict porcine epidemic diarrhea virus replication.
J Biol Chem 298:102190

Zhai X, Kong N, Wang C, Qin W, Dong S, Zhai H, Yang X, Ye C,Ye M, Li G,
Tong W, Liu C, Zheng H, Yu H, Zhang W, Yang X, Tong G, Shan T (2023)
PRPF19 limits porcine epidemic diarrhea virus replication through
targeting and degrading viral capsid protein. J Virol 97:e0161422

Kong N, Shan T, Wang H, Jiao Y, Zuo Y, Li L, Tong W, Yu L, Jiang Y, Zhou Y, Li
G, Gao F, Yu H, Zheng H, Tong G (2020) BST2 suppresses porcine epidemic
diarrhea virus replication by targeting and degrading virus nucleocapsid
protein with selective autophagy. Autophagy 16:1737-1752

Malik YA (2020) Properties of coronavirus and SARS-CoV-2. Malays J Pathol
42:3-11

Gao Q,Weng Z, Feng Y, Gong T, Zheng X, Zhang G, Gong L (2023) KPNA2
suppresses porcine epidemic diarrhea virus replication by targeting and
degrading virus envelope protein through selective autophagy. J Virol
97:¢0011523

Yuan X, Zhang X, Wang H, Mao X, Sun'Y, Tan L, Song C, Qiu X, Ding C, Liao
Y (2023) The ubiquitin-proteasome system facilitates membrane fusion
and uncoating during coronavirus entry. Viruses 15:2001

Su M, Shi b, Xing X, Qi S, Yang D, Zhang J, Han Y, Zhu Q, Sun H, Wang

X, Wu H, Wang M, Wei S, Li C, Guo D, Feng L, Sun D (2021) Coronavirus
porcine epidemic diarrhea virus nucleocapsid protein interacts with p53
to induce cell cycle arrest in S-phase and promotes viral replication. J
Virol 95:e0018721

Wang H, Chen X, Kong N, Jiao Y, Sun D, Dong S, Qin W, Zhai H, Yu L,
Zheng H,Tong W, Yu H, Tong G, Shan T (2021) TRIM21 inhibits porcine
epidemic diarrhea virus proliferation by proteasomal degradation of the
nucleocapsid protein. Arch Virol 166:1903-1911

Ye S, Li Z, Chen F, LiW, Guo X, Hu H, He Q (2015) Porcine epidemic
diarrhea virus ORF3 gene prolongs S-phase, facilitates formation of
vesicles and promotes the proliferation of attenuated PEDV. Virus Genes
51:385-392

SiF, Hu X, Wang C, Chen B, Wang R, Dong S, Yu R, Li Z (2020) Porcine
epidemic diarrhea virus (PEDV) ORF3 enhances viral proliferation by
inhibiting apoptosis of infected cells. Viruses 12:214

Zou D, Xu J, Duan X, Xu X, Li P Cheng L, Zheng L, Li X, Zhang Y, Wang X,
Wu X, Shen'Y, Yao X, Wei J, Yao L, Li L, Song B, Ma J, Liu X, Wu Z, Zhang

H, Cao H (2019) Porcine epidemic diarrhea virus ORF3 protein causes
endoplasmic reticulum stress to facilitate autophagy. Vet Microbiol
235:209-219

Burkard C, Verheije MH, Wicht O, van Kasteren SI, van Kuppeveld FJ,
Haagmans BL, Pelkmans L, Rottier PJ, Bosch BJ, de Haan CA (2014)
Coronavirus cell entry occurs through the endo-/lysosomal pathway in a
proteolysis-dependent manner. PLoS Pathog 10:21004502

Teo H, Perisic O, Gonzalez B, Williams RL (2004) ESCRT-II, an endosome-
associated complex required for protein sorting: crystal structure and
interactions with ESCRT-IIl and membranes. Dev Cell 7:559-569



Zheng et al. Veterinary Research

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.
67.

68.

69.

70.

71

72.

73.

74.

75.

(2025) 56:67

Kaewborisuth C, Yingchutrakul Y, Roytrakul S, Jongkaewwattana A
(2019) Porcine epidemic diarrhea virus (PEDV) ORF3 interactome reveals
inhibition of virus replication by cellular VPS36 protein. Viruses 11:382
Barber GN (2001) Host defense, viruses and apoptosis. Cell Death Differ
8:113-126

LiY, Chen YM, Sun MM, Guo XD, Wang YC, Zhang ZZ (2016) Inhibition on
apoptosis induced by elevated hydrostatic pressure in retinal ganglion
Cell-5 via laminin upregulating B1-integrin/focal adhesion kinase/protein
kinase B signaling pathway. Chin Med J (Engl) 129:976-983

Dang T, Modak C, Meng X, Wu J, Narvaez R, Chai J (2019) CCN1 induces
apoptosis in esophageal adenocarcinoma through p53-dependent
downregulation of survivin. J Cell Biochem 120:2070-2077

Zhou H, Zhang Y, Wang J, Yan Y, Liu Y, Shi X, Zhang Q, Xu X (2022)

The CREB and AP-1-dependent cell communication network factor

1 regulates porcine epidemic diarrhea virus-induced cell apoptosis
inhibiting virus replication through the p53 pathway. Front Microbiol
13:831852

Stanelle J, Tu-Rapp H, Pltzer BM (2005) A novel mitochondrial protein
DIP mediates E2F1-induced apoptosis independently of p53. Cell Death
Differ 12:347-357

Zheng J, Gao Q, Xu J, Xu X, Shan Y, Shi F, Yue M, He F, Fang W, Li X (2022)
DNAJA3 interacts with PEDV S1 protein and inhibits virus replication by
affecting virus adsorption to host cells. Viruses 14:2413

LiuY, Yu X, Zhao J, Zhang H, Zhai Q, Chen W (2020) The role of MUC2
mucin in intestinal homeostasis and the impact of dietary components
on MUC2 expression. Int J Biol Macromol 164:884-891

Zhang J, Guo L, Yang L, Xu J, Zhang L, Feng L, Chen H,Wang Y (2018)
Metalloprotease ADAM17 regulates porcine epidemic diarrhea virus
infection by modifying aminopeptidase N. Virology 517:24-29

Biering SB, Sarnik SA, Wang E, Zengel JR, Leist SR, Schéfer A, Sathyan'V,
Hawkins P, Okuda K, Tau C, Jangid AR, Duffy CV, Wei J, Gilmore RC, Alfajaro
MM, Strine MS, Nguyenla X, Van Dis E, Catamura C, Yamashiro LH, Belk JA,
Begeman A, Stark JC, Shon DJ, Fox DM, Ezzatpour S, Huang E, Olegario
N, Rustagi A, Volmer AS et al (2022) Genome-wide bidirectional CRISPR
screens identify mucins as host factors modulating SARS-CoV-2 infection.
Nat Genet 54:1078-1089

Castafio-Rodriguez C, Honrubia JM, Gutiérrez-Alvarez J, Sola |, Enjuanes
L (2021) Viral PDZ binding motifs influence cell behavior through the
interaction with cellular proteins containing PDZ domains. Methods Mol
Biol 2256:217-236

Royer C, Lu X (2011) Epithelial cell polarity: a major gatekeeper against
cancer? Cell Death Differ 18:1470-1477

Thomas M, Banks L (2018) Upsetting the balance: when viruses
manipulate cell polarity control. J Mol Biol 430:3481-3503

Torres-Flores JM, Arias CF (2015) Tight junctions go viral! Viruses
7:5145-5154

Oh JS, Song DS, Park BK (2003) Identification of a putative cellular
receptor 150 kDa polypeptide for porcine epidemic diarrhea virus in
porcine enterocytes. J Vet Sci 4:269-275

Black RA (2002) Tumor necrosis factor-alpha converting enzyme. Int J
Biochem Cell Biol 34:1-5

Dello Sbarba P, Rovida E (2002) Transmodulation of cell surface regulatory
molecules via ectodomain shedding. Biol Chem 383:69-83

Fan B, Zhu L, Chang X, Zhou J, Guo R, Zhao 'Y, Shi D, Niu B, Gu J, Yu Z, Song
T, Luo C, Ma Z, Bai J, Zhou B, Ding S, He K, Li B (2019) Mortalin restricts
porcine epidemic diarrhea virus entry by downregulating clathrin-
mediated endocytosis. Vet Microbiol 239:108455

Sevajol M, Subissi L, Decroly E, Canard B, Imbert | (2014) Insights into RNA
synthesis, capping, and proofreading mechanisms of SARS-coronavirus.
Virus Res 194:90-99

El-Diwany R, Soliman M, Sugawara S, Breitwieser F, Skaist A, Coggiano

C, Sangal N, Chattergoon M, Bailey JR, Siliciano RF, Blankson JN, Ray

SC, Wheelan SJ, Thomas DL, Balagopal A (2018) CMPK2 and BCL-G are
associated with type 1 interferon-induced HIV restriction in humans. Sci
Adv 4:eaat0843

Lai JH, Wu DW, Wu CH, Hung LF, Huang CY, Ka SM, Chen A, Chang ZF,

Ho LJ (2021) Mitochondrial CMPK2 mediates immunomodulatory

and antiviral activities through IFN-dependent and IFN-independent
pathways. Science 24:102498

Liu W, Chen B, Chen L, Yao J, Liu J, Kuang M, Wang F, Wang Y, Elkady G,
LuY, Zhang Y, Liu X (2019) Identification of fish CMPK2 as an interferon

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 10 of 10

stimulated gene against SVCV infection. Fish Shellfish Immunol
92:125-132

McGeoch DJ, Cook S (1994) Molecular phylogeny of the
alphaherpesvirinae subfamily and a proposed evolutionary timescale. J
Mol Biol 238:9-22

Gifford RJ, Katzourakis A, Tristem M, Pybus OG, Winters M, Shafer RW
(2008) A transitional endogenous lentivirus from the genome of a basal
primate and implications for lentivirus evolution. Proc Natl Acad Sci USA
105:20362-20367

Belyi VA, Levine AJ, Skalka AM (2010) Unexpected inheritance: multiple
integrations of ancient bornavirus and ebolavirus/marburgvirus
sequences in vertebrate genomes. PLoS Pathog 6:¢1001030

Taylor DJ, Leach RW, Bruenn J (2010) Filoviruses are ancient and
integrated into mammalian genomes. BMC Evol Biol 10:193

Wertheim JO, Chu DK, Peiris JS, Kosakovsky Pond SL, Poon LL (2013) A
case for the ancient origin of coronaviruses. J Virol 87:7039-7045
Klionsky DJ, Cregg JM, Dunn WA Jr, Emr SD, Sakai Y, Sandoval IV, Sibirny
A, Subramani S, Thumm M, Veenhuis M, Ohsumi Y (2003) A unified
nomenclature for yeast autophagy-related genes. Dev Cell 5:539-545
Mizushima N, Yoshimori T, Levine B (2010) Methods in mammalian
autophagy research. Cell 140:313-326

Anang V, Antonescu L, Nho R, Soni S, Mebratu YA (2024) Targeting the
ubiquitin proteasome system to combat influenza A virus: hijacking the
cleanup crew. Rev Med Virol 34:e70005

Yang N, Zhang Q, Wang Q, Zhang Y, Li S, Zhao Y, Shi X, Li Q, Xu X (2024)
Nsp10-interacting host protein SAP18 restricts PEDV replication in
Marc-145 cells via enhancing dephosphorylation of RIG-I. Vet Microbiol
294:110124

Zheng L, Yang Y, Han Y, Yu J, Wu Z, Kay M, Xia W, Chen Z, Ma J, Yang X, Yin
L, Xu X, Zhang H (2024) Porcine epidemic diarrhea virus E protein induces
formation of stress granules and attenuates protein translation through
activation of the PERK/elF2a signaling pathway. Vet Microbiol 293:110095
HuY, Xie X, Yang L, Wang A (2021) A comprehensive view on the host
factors and viral proteins associated with porcine epidemic diarrhea virus
infection. Front Microbiol 12:762358

Niu X, Kong F, Xu J, Liu M, Wang Q (2022) Mutations in porcine epidemic
diarrhea virus nsp1 cause increased viral sensitivity to host interferon
responses and attenuation in vivo. J Virol 96:e0046922

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	1 Introduction
	2 �Host restriction factors impair PEDV replication by targeting the innate immune pathway
	3 �Host restriction factors impair PEDV replication by targeting the autophagy–lysosomal pathway
	4 �Host restriction factors impair PEDV replication by targeting the ubiquitin–proteasome pathway
	5 �Host restriction factors impair PEDV replication by targeting the apoptosis pathway
	6 �Host restriction factors impair PEDV replication by targeting additional pathways
	References
	Host restriction factors against porcine epidemic diarrhea virus: a mini-review
	Abstract 
	1 Introduction
	2 Host restriction factors impair PEDV replication by targeting the innate immune pathway
	3 Host restriction factors impair PEDV replication by targeting the autophagy–lysosomal pathway
	4 Host restriction factors impair PEDV replication by targeting the ubiquitin–proteasome pathway
	5 Host restriction factors impair PEDV replication by targeting the apoptosis pathway
	6 Host restriction factors impair PEDV replication by targeting additional pathways
	Acknowledgements
	References


