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ABSTRACT
Porcine epidemic diarrhea virus (PEDV) is emerging as a major threat to the global swine industry. 
Clinical PEDV infection is associated with severe intestinal lesions, resulting in absorptive dysfunc-
tion and high mortality rates in suckling piglets. The extracellular matrix (ECM) is an important 
component of intestinal tissue, providing a structural framework and conveying tissue-specific 
signals to nearby enterocytes. In this study, we investigated the extensive ECM remodeling 
observed in intestinal epithelial cells infected with PEDV and elucidated the associated activated 
ECM receptor-related pathways. Protein-protein interaction network analysis revealed two signifi-
cantly differentially expressed genes (cluster of differentiation 44 [CD44] and serpin family 
E member 1 [SERPINE1]) associated with the ECM. At the transcriptional level, both genes 
exhibited significant positive correlation with the extent of PEDV replication. Similarly, the 
expression of CD44 and PAI-1 (encoded by SERPINE1) was also increased in the intestines of 
piglets during viral infection. Furthermore, CD44 exhibited antiviral activity by enhancing the 
expression of antiviral cytokines (e.g., interleukin [IL]-6, IL-18, IL-11, and antimicrobial peptide 
beta-defensin 1) by activating nuclear factor-κB signaling. Conversely, PAI-1 was found to promote 
the release of progeny virions during PEDV infection, despite a decreased intracellular viral load. 
Nevertheless, the underlying mechanisms are still unclear. Taken together, our results highlighted 
the biological roles of specific ECM-regulated genes, i.e., CD44 and SERPINE1 in suppressing and 
promoting PEDV infection, thereby providing a theoretical foundation for the role of the ECM in 
intestinal infections and identifying potential therapeutic targets for PEDV.
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Introduction

Porcine epidemic diarrhea virus (PEDV), a prominent 
member of the coronavirus family, has caused major 
economic losses within the global pig industry [1]. 
PEDV-infected piglets have been shown to exhibit 
severe intestinal mucosal injury, characterized by exten-
sive enterocyte necrosis, villous atrophy, and shedding. 
These symptoms result in increased permeability and 
absorptive dysfunction of the intestinal tissue, ulti-
mately leading to acute watery diarrhea and death by 
dehydration in suckling piglets [2]. Thus, the mainte-
nance of intestinal mucosal barrier integrity and func-
tions is critical for reducing PEDV-induced mortality 
rates (which can be as high as 100%) in neonatal pigs.

Although strengthening of the intestinal epithelial tight 
junctions and regulation of intestinal epithelium regen-
eration have been extensively studied with the goal of 
combating enteric pathogen infection [3,4], the roles of 

the extracellular matrix (ECM) secreted by enterocytes in 
maintaining and enhancing the intestinal mucosal barrier 
remain to be fully elucidated. Formed by a complex 
assortment of glycoproteins and proteoglycans, the 
ECM not only serves as a scaffold for intestinal tissues 
but also constitutes the host’s cellular microenvironment 
in which most infection-related events occur [5,6]. 
Additionally, the ECM serves as a reservoir for various 
signals that are components of immunological pathways. 
In fact, recent studies have shown that mucosal ECM 
components serve as first-line contacts or barriers, 
between host cells and pathogens [7]. Specifically, during 
pathogen infection, the ECM conveys specific signals to 
connective cells, inducing multiple immune protective 
effects, including antimicrobial and antiviral responses, 
pathogenic microorganism recognition, immune cell acti-
vation, and transcriptional regulation of inflammatory 
factors [8–10].
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The ECM functions by interacting with neighboring 
cell surface receptors, a phenomenon that ultimately 
determines the complex cellular behaviors. Evidence 
has emerged that a series of classic membrane receptors 
are involved in ECM-modulated essential immune 
responses [11]. Among them, cluster of differentiation 
44 (CD44) is a multidomain signaling protein that 
integrates ECM cues and regulates many biological 
processes, including cell adhesion, migration, and pro-
liferation [12]. As an important transmembrane recep-
tor, CD44 exhibits broad expression on the surfaces of 
hematopoietic, epithelial, endothelial, and mesenchy-
mal cells and interacts with myriad ECM components, 
including hyaluronic acid (HA), collagen, and fibronec-
tin, as well as numerous growth factors and cytokines 
[13]. Although there is clear evidence suggesting the 
importance of investigating the function of CD44 as 
a mucosal immune factor in the ECM, its specific role 
in protection against invading pathogens remains 
unclear.

During pathogen-induced ECM remodeling, the 
generation and degradation of ECM components are 
regulated by various factors. Following degradation by 
specific lyases, biologically active fragments of ECM 
proteins, such as growth factors and cytokines, are 
released into the extracellular microenvironment, 
thereby contributing to the activation of defense 
mechanisms in neighboring cells [14]. The fibrinolytic 
system, including plasminogen activators (PAs), plas-
minogen, plasmin, and plasminogen activator inhibi-
tor-1 (PAI-1), have been shown to critically affect ECM 
degradation. The urokinase/tissue plasminogen activa-
tor (uPA/tPA) regulates the fibrinolytic system, con-
verting zymogen plasminogen as plasmin, which 
triggers a proteolytic cascade [15,16]. However, the 
activation of uPA/tPA is inhibited by PAI-1, a serine 
protease inhibitor that directly titrates the overall peri-
cellular proteolytic balance [17]. Moreover, a recent 
report identified extracellular PAI-1 as an unconven-
tional interferon-stimulated protein that blocks the 
maturation of influenza A virus (IAV) [18]. However, 
it is unclear whether PAI-1 is also associated with 
infection with other viruses that require extracellular 
protease-driven maturation.

Here, we explored the functions and mechanisms of 
ECM components, including CD44 and PAI-1, as well 
as their downstream pathways, in PEDV infection. Our 
findings provided insights into the applications of the 
ECM in resisting intestinal pathogenic infections and 
improved our understanding of the mucosal immune 
system.

Materials and methods

Cells, antibodies, and reagents

Vero E6 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 10% fetal bovine 
serum (FBS) at 37°C with 5% CO2. Mouse monoclonal 
antibodies (mAbs) targeting PEDV nucleocapsid (N) 
protein were purchased from Median Diagnostics 
(South Korea). Additionally, antibodies against collagen 
alpha 1 (IV) (COL4A1; Abcepta; cat. no. AP7369), 
laminin beta 2 (LAMB2; Abcepta; cat. no. AP6836b), 
integrin alpha 6 (ITG6; Proteintech; cat. no. 27,189- 
1-AP), and decorin (DCN; Affinity; cat. no. DF6543) 
were used to detect changes in ECM composition. To 
quantify the expression of CD44 and PAI-1 proteins, 
anti-pig CD44 (cat. no. ab157107) and PAI-1 (cat. no. 
ab66705) mAbs were purchased from Abcam 
(Cambridge, UK). The nuclear factor (NF)-κB pathway 
was assessed using anti-pig p65 (cat. no. 6956) and 
anti-pig phospho-p65 (cat. no. 3033) antibodies from 
Cell Signaling Technology (Danvers, MA, USA). BAY 
11–7082 (an NF-κB inhibitor) was purchased from 
Selleck Chemicals (China). Secondary antibodies used 
for immunofluorescence included goat anti-rabbit 
Alexa Fluor 594 (R37117), goat anti-rat Alexa Fluor 
594 (cat. no. A48264), and goat anti-mouse Alexa 
Fluor 488 (cat. no. A-11029), purchased from 
Invitrogen (Carlsbad, CA, USA). Nuclei were stained 
with diamidino-2-phenylindole (DAPI) from Thermo 
Fisher Scientific (USA).

PEDV infection

The PEDV strain Zhejiang08 was isolated from piglets 
exhibiting serious diarrhea in 2012; this strain was 
clustered with an emerging virulent strain [19]. 
Briefly, a cultured confluent monolayer of Vero E6 
cell was subjected to 1-hour inoculation with PEDV at 
a multiplicity of infection (MOI) of 0.1 at 37°C. After 
washing, cells were cultured in DMEM supplemented 
with 2% FBS at 37°C in an atmosphere containing 5% 
CO2. When a cytopathic effect (CPE) of 80% was 
detected, cell mixtures were subjected to freezing and 
thawing to harvest the viruses. The harvested viruses 
were used for further propagation or stored at −80°C. 
The intestinal samples acquired from piglets orally 
infected with PEDV, which were used to validate the 
results from in vitro experiments, were preserved as 
described for a previous PEDV challenge experi-
ment [20].
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RNA preparation and transcriptome sequencing

Using TRIzol reagent (Qiagen, MD, USA), total RNA 
was harvested from infected and uninfected Vero cells, 
and cDNA was synthesized using an HiScript II 1st 
Strand cDNA Synthesis Kit (Vazyme, China), in accor-
dance with the manufacturer’s instructions. A Nano 
6000 Assay Kit and NanoPhotometer spectrophot-
ometer (IMPLEN) with the Bioanalyzer 2100 system 
(Agilent Technologies) were used to assess the purity 
and integrity of RNA.

RNA samples (3 μg) were used to generate a sequen-
cing library using a NEBNext Ultra RNA Library Prep 
Kit (Illumina, NEB, USA), according to the manufac-
turer’s protocols, and index codes were used to attri-
bute sequences to the appropriate samples. The library 
preparations were then subjected to sequencing using 
an Illumina Hiseq 2000 system, and 100-basepair 
paired-end reads were obtained. The reference genome 
and gene model annotation were obtained from ftp:// 
ftp.ensembl.org/pub/. An index pertaining to the refer-
ence genome was constructed using Bowtie v2.0.6, and 
clean paired-end reads were aligned to the reference 
genome using TopHat v2.0.9. HTSeq v0.6.1 was used 
to determine the RPKM of respective genes based on 
gene lengths and read counts, with mapping to the 
appropriate genes. Differential expression of genes 
was evaluated for two scenarios/cohorts (with two 
biological replicates per scenario) using DESeq 
R package (1.10.1). Data were deposited in the 
Sequence Read Archive, under the accession number 
PRJNA679356.

Single nucleotide polymorphism (SNP) and 
alternative splicing analysis

Using Asprofile v1.0 software, alternative splicing (AS) 
events were classified into 12 basic types. The number 
of AS events in respective samples was estimated sepa-
rately. SNP analysis was performed using Picard-tools 
v1.96 and Samtools v0.1.18 for sorting, identifying cop-
ied reads, and reordering bam alignment results. 
GATK2 was used for SNP calling.

Functional analysis of differentially expressed 
genes (DEGs) and analysis of 
protein-proteininteractions (PPIs)

DEGs were assessed by Gene Ontology (GO) enrich-
ment analysis. GO terms with corrected P values < 0.05 
were considered significantly enriched in DEGs. For 
analysis of the gene pathway network, we used 
KOBAS to test the enrichment of DEGs in Kyoto 

Encyclopedia of Genes and Genomes (KEGG) path-
ways. PPI networks among the DEGs were analyzed 
using the STRING database (http://string-db.org/), 
which included direct and indirect associations of pro-
teins. Cytoscape was used to build the DEG network.

Plasmid construction and lentivirus packaging

The coding sequences of CD44 (XM_008002067.1) and 
serpin family E member 1 (SERPINE1, encoding PAI-1; 
XM_008018478.1) were amplified and inserted into the 
EcoRI/BamHI site of the pLVX-DsRed-Monomer-N1 
vector.

For CD44 and SERPINE1 knockdown, the shRNA 
sequences were designed by BLOCK-It RNAi Designer 
(http://rnaidesigner.lifetechnologies.com/rnaiexpress/ 
insert.do; Life Technologies; Table S1) and inserted into 
pLVX-shRNA1 vector (TaKaRa, China).

Lentiviral production was carried out using the 
Lenti-X HTX Packaging Mix (plasmids pLP1, pLP2, 
and VSV-G) and X-tremeGENE HP DNA 
Transfection Reagent (Roche, Germany), in line with 
the lentivirus packaging protocol. After collection, the 
lentivirus (MOI = 2) was added into Vero E6 cells with 
polybrene (8 µg/mL) for 8 h. At 48 h post-infection, 
puromycin was used for positive selection (8 µg/ml, 
Sigma-Aldrich), this experiment continued for 
2 weeks to generate stable cell lines. Cell lines expres-
sing the CD44, PAI-1, and control (scrambled) shRNA 
vectors were designated shRNA-CD44, shRNA-PAI-1, 
and shRNA-control, respectively.

Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR)

Cellular RNA was extracted using RNAiso Plus 
(TaKaRa) and was reverse transcribed using 
a HiScript III 1st Strand cDNA Synthesis Kit 
(Vazyme). Real-time PCR was performed using a TB 
Green PCR kit (TaKaRa). All primers used for RT- 
qPCR are presented in Table S2. The expression of 
cellular glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was quantified as the internal control.

Western blotting

Samples were lysed using RIPA lysis buffer, and protein 
concentrations were determined using BCA assay. 
Proteins were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis on 12% gels and 
transferred onto polyvinylidene difluoride membranes 
(Millipore, USA). After blocking with 5% skim milk, 
the membranes were probed with specific primary 
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antibodies. GAPDH was used as a loading control. 
Protein bands were detected, and the relative protein 
levels were quantified using ImageJ (National Institutes 
of Health, Bethesda, MD, USA).

Immunofluorescence assay (IFA)

Vero E6 cells were seeded on coverslips placed in 24- 
well plates and then infected with PEDV (MOI = 0.1) 
for 24 h. After fixation with 4% paraformaldehyde, 
permeabilization with 0.1% Triton X-100, and blocking 
with 0.1% bovine serum albumin, the cells were probed 
with anti-PEDV N (nucleocapsid), anti-CD44, anti-PAI 
-1, anti-p65, and anti-phospho-p65 antibodies. 
Subsequently, the cells were incubated with the corre-
sponding secondary antibodies, and nuclei were stained 
with DAPI. Finally, cells were visualized using a Zeiss 
LSM710 confocal microscope and analyzed with ZEN 
2012 software.

Isolation and culture of porcine intestinal epithelial 
cells

Porcine intestinal epithelial cells (IECs) were isolated 
from the jejunum as previously described [21,22]. 
Briefly, thoroughly flush the jejunum with ice-cold 
sterile saline to remove its lumen contents and cut 
longitudinally. Rinse the lumen 3 times with 
Dulbecco’s Phosphate Buffered Saline (DPBS) contain-
ing 20 mM HEPES (pH 7.4) and 5 mM EDTA (dis-
odium). The tissues were cut into small pieces 
(approximately 2–3 mm3) and transferred to a 50 ml 
tube containing 40 ml DPBS containing 20 mM HEPES 
(pH 7.4) and 5 mM EDTA (disodium), and rinsed three 
times. Then, the tissue pieces were incubated with 
DPBS containing 20 mM HEPES (pH 7.4) and 5 mM 
EDTA (disodium) at 37°C in a shaking water bath (70 
shakes/min) for 30 minutes. After incubation, the tissue 
pieces were gently tapped and the cell suspension was 
filtered through a metal mesh with a pore size of 
200 μm and centrifuged at 300 g at 4°C for 5 min, 
then washed three times with DPBS containing 
20 mM HEPES (pH 7.4) without EDTA, and resus-
pended. The viability of the prepared enterocytes was 
assessed by trypan blue exclusion and the resulting cells 
were used for the subsequent studies.

Plaque assay

Confluent monolayers of Vero E6 cells in 6-well tissue 
culture plates were infected with PEDV suspensions 
(500 μL of serial 10-fold dilutions) at 37°C in an atmo-
sphere containing 5% CO2. After incubation for 1 h at 

37°C, cells were overlaid with 0.8% low-melting-point 
agarose in DMEM containing 2% FBS and incubated at 
37°C for 3 days. The plaques were the visualized using 
Crystal Violet staining.

Statistical analysis

Statistical analyses were performed using SPSS 15.0 
(SPSS Inc., Chicago, IL, USA). Data were expressed as 
means ± standard deviations (SDs) and RT-qPCR and 
western blotting data were analyzed using analysis of 
variance or t-tests. For all analyses, results with p values 
< 0.05 were considered significant. All results were 
obtained from triplicate experiments, unless otherwise 
noted.

Results

Characterization of DEGs following PEDV infection

To monitor the kinetics of PEDV propagation in Vero 
E6 cells, the CPE and viral protein were determined at 
different times. Although minimal CPE was visible 24 h 
post-infection (hpi), evident CPE was observed at 36 
hpi, and nearly complete cell death was detected at 
48 hpi (Figure S1a). Additionally, high levels of viral 
protein expression (Figure S1b) and major accumula-
tion of intracellular virions (Figure S1c) were observed 
at 24 hpi. The kinetics of PEDV propagation in Vero 
cells was assessed by detecting viral titers and RNA in 
the indicated time (Figure S1d and S1e). Growth- 
kinetic studies showed that the virus replicated rapidly 
and efficiently in Vero E6 cells with an almost logarith-
mic growth form from 12 h to 24 h, reaching a max-
imum titer of 106 PFU/ml by 48 hpi.

To ensure a high proportion of infected cells while 
avoiding excessive CPE, mock- or PEDV-infected cells 
were collected 24 hpi for RNA-seq. This analysis iden-
tified 14,715 and 13,544 genes in the control and 
PEDV-infected groups having an RPKM greater than 
1, respectively, and Venn diagram analysis (Figure S2a) 
identified 1793 genes expressed only in the control 
group and 622 genes expressed exclusively in the 
PEDV-infected group. The reduced gene expression in 
the PEDV group indicated that the virus may influence 
functional gene expression in the infected Vero cells. 
To further investigate the differential expression pat-
terns in Vero cells, genes with a |log2 (fold change)| 
greater than 1 and p.adj less than 0.001 were considered 
significant DEGs. Automatic offset correction was used 
to reduce manual error. Ultimately, 5647 DEGs were 
identified and their expression was quantified in 
PEDV-infected cells. Among these genes, 2898 genes 
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exhibited significant upregulation, whereas 2739 genes 
exhibited marked downregulation during PEDV infec-
tion (Figure S1b and Data S1).

SNPs and insertion/deletion (InDel) events from the 
PEDV-infected and control samples were also charac-
terized. Among the identified SNP transversions, A/G, 
G/A, C/T, and T/C transitions exhibited the highest 
abundances, whereas A/T and T/A transitions were 
the least abundant (Figure S2c). Furthermore, putative 
SNPs and InDel events decreased after PEDV infection. 
Among the 12 basic types of AS events, the transcrip-
tional start site, transcription termination site, and 
skipped exons were the primary events observed fol-
lowing PEDV infection (Figure S2d). The expression 
levels of six DEGs determined by RNA-seq were ver-
ified by RT-qPCR. The result showed that the expres-
sion levels of these six DEGs were consistent with those 
determined by RNA-seq (Figure S2e).

PEDV infection disrupted ECM expression

To identify the roles of the obtained DEGs and anno-
tate the genes to their biological, cellular, and molecular 
functions, we performed GO analysis using GOseq 
R package. Most of the downregulated DEGs were 
classified into the cellular components category, in 
which ECM and ECM-bound organelle categories 
were highly enriched (Figure 1(a)). Furthermore, 
DEGs were investigated to using KEGG analysis to 
identify biological pathways enriched during infection. 
In addition to canonical signaling pathways (e.g., RNA 
transport, mitogen-activated protein kinase, tumor 
necrosis factor, and NF-κB, all of which are associated 
with PEDV infection), the ECM-receptor interaction 
pathway was also identified through KEGG enrichment 
analysis (Figure 1(b)). Heat map analysis identified 
DEGs involved in ECM construction and modulation. 
Compared with the mock group, the PEDV-infected 
group exhibited significant up- or downregulation of 
many ECM components (e.g., LAMA, LAMB, ITGB, 
ITGA, COL1A, HSA3, and COL8A1) and ECM regulat-
ing molecules (e.g., SERPINE, MMP25, MMP7, CTSC, 
and CTSB; Figure 1(c,d)). Furthermore, significant 
changes in the expression of genes encoding ECM 
component proteins, including COL4A1, DCN, and 
ITGA6, were also identified in the small intestine of 
PEDV-infected piglets (Figure 1(e)).

Correlational analysis between ECM-related genes 
and PEDV infection

Based on the KEGG results, 85 DEGs (from the top 
1000 up- or downregulated genes) from nine activated 

signaling pathways were selected for the construction of 
a PPI network. The Cystoscape software was visualized 
the protein interaction networks of the DEG products, 
while the connective degree of the DEGs was calculated 
by plugin CytoHubba (Figure 2(a)). The hub DEGs 
(connective degree > 15) involved in the ECM receptor- 
related pathway were presented as a histogram. Based 
on the functional annotations, we further detected the 
dynamic expression of five highly connected DEGs (i.e., 
SERPINE, CD44, COL4A1, SPP1, and MMP7) in Vero 
E6 cells and intestinal tissues from PEDV-infected pig-
lets (Figure 2(b)). Pearson and Spearman correlation 
analysis further identified SERPINE1 and CD44 as 
being significantly correlated with PEDV replication, 
indicating that these genes may influence ECM con-
struction and signal transduction during PEDV infec-
tion (Figure 2(c)).

PEDV altered CD44 and PAI-1 protein expression

To investigate the expression of CD44 and PAI-1 
(encoded by SERPINE1) during PEDV infection, we 
extracted total protein from mock-infected or PEDV- 
infected Vero E6 cells (MOI = 0.1) at the indicated 
times (1–48 h). Compare to mock-infected group, the 
quantity of intracellular CD44 and PAI-1 protein 
showed an increasing trend after viral infection. At 12 
or 24 h after infection, the abundances of CD44 and 
PAI-1 were nearly 2-fold higher than those of the con-
trols (Figure 3(a)). To validate in porcine cells, primary 
porcine intestinal epithelial cells (IECs) were isolated 
from one-week-old piglets. After PEDV inoculation, 
the protein and mRNA levels of CD44 and PAI-1 in 
IECs were up-regulated (Figure S3), which exhibited 
similar expression change as that in Vero E6 cells. 
Analysis of the expression of CD44 and PAI-1 in 
response to PEDV infection in piglets revealed that 
these molecules were highly upregulated in different 
segments of the small intestine in PEDV-infected pig-
lets (compared with that in mock-infected controls); 
this upregulation correlated with viral loading 
(Figure 3(b)). Moreover, IFA revealed high abundances 
of CD44 and PAI-1 in the jejunum of PEDV-infected 
piglets and showed that these proteins mainly accumu-
lated in intestinal epithelial cells (Figure 3(c,d)).

CD44 hampered PEDV infection of host cells

As a transmembrane receptor protein, CD44 forms 
a connection between the ECM and neighboring cells. 
To assess whether CD44 influenced PEDV infection, 
Vero E6 cells were used to generate stable knockdown 
of CD44 expression by transfection with shRNA 
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vectors. Compared with cells transfected with shRNA- 
NC, the expression of CD44 was decreased significantly 
in cells transfected with shRNA-CD44#2 and shRNA- 
CD44#3 (Figure 4(a)). Subsequently, the replication 
characteristics of PEDV (MOI = 0.1) were detected in 
shRNA-CD44#2-transfected Vero cells. As shown in 
Figure 4(b,c), knockdown of CD44 expression strongly 
promoted viral protein expression and progeny yield in 
cells following PEDV infection, as compared with that 
in shRNA-NC-transfected cells. Furthermore, the 
effects of CD44 on PEDV infection were visualized by 
IFA. In comparison with mock-transfected cells, 
shRNA-CD44#2-transfected cells showed greater 
PEDV positivity (Figure 4(d)).

For additional verification of the effects of CD44 on 
PEDV infection, Vero E6 cells were transfected with the 
recombinant plasmid pLVX-DsRed harboring the 
green monkey CD44 gene. At 72 h after transfection, 
cells were infected with PEDV (MOI = 0.1) for 24 h. 
Successful overexpression of CD44 was confirmed by 
western blotting, resulting in a nearly 50% reduction in 
PEDV protein expression (Figure 4(e)). Additionally, 
plaque formation revealed that CD44 significantly 
decreased PEDV titers in a dose-dependent manner 
(Figure 4(f)). Nevertheless, CD44 knockdown and over-
expression did not impact cell viability, as demon-
strated using Cell Counting Kit 8 proliferation assays 
(Figure S4).

Figure 1. Enrichment analysis and expression profiles of differentially expressed genes (DEGs). (a) Functional map for downregulated 
DEGs enriched for GO terms. (b) Statistical analysis of the top 30 enriched KEGG pathways during PEDV infection. The x-axis indicates 
the factor of enrichment, whereas the y-axis indicates the KEGG channel. The dot color indicates the q value. The dot size 
corresponds to the number of DEGs mapped to the reference category. (c and d) Hierarchical clustering of extracellular matrix- 
constituent (c) and -regulated (d) DEGs. Rows indicate hierarchical clustering in accordance with average linkage based on Pearson 
correlation coefficients with the measured distance. Expression was visualized using a gradient color scheme; the scale from the 
minimal to maximal abundance fell in the range of −3.0 to 3.0. Blue represents low expression, whereas red represents high 
expression. (e) The total protein collected from the small intestine of PEDV-infected piglets (48 h post-infection) was prepared, and 
the expression levels of ECM-associated proteins (i.e., COL4A1, LAMB2, ITG6, and DCN) and PEDV N protein were determined by 
western blotting. The data shown are means ± SDs from triplicate experiments. *P < 0.05, **P < 0.01.
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CD44 blocked PEDV infection by activating the 
inflammatory pathway

Inflammatory cytokines elicit widespread innate 
immune responses and enhance the host’s defense 
against pathogen infections [23,24]. Previous studies 
have demonstrated that CD44 is involved in cytokine 
regulation. To detect whether the antiviral effects 
induced by CD44 were associated with inflammatory 
cytokine expression, we assessed the transcript-levels of 
cytokines in stable shRNA-CD44- and Plvx-CD44- 
transfected Vero E6 cells. Overexpression of CD44 
resulted in enhanced expression of IL-6, IL-18, IL-11, 
and defensin beta I (DB-1) following PEDV infection, 
whereas in CD44-knockdown cells, the transcript-level 
of these cytokines was significantly decreased (Figure 5 
(a,b)).

NF-κB signaling is a central coordinating signal 
for the expression of many inflammatory cytokines 

and host innate immune responses [25]. Moreover, 
phosphorylation and nuclear translocation of p65 are 
critical indicators of NF-κB signal activation [26]. 
Hence, following PEDV infection (MOI = 0.1), the 
levels of p65 and phospho-p65 were also detected in 
CD44-overexpressing and knockdown cell lines 
(Figure 5(c)). Compared with mock-transfected 
Vero E6 cells, overexpression of CD44 increased the 
phosphorylation of p65. However, the activation of 
p65 was significantly inhibited in CD44-knockdown 
Vero cells during PEDV infection. Additionally, the 
nuclear translocation of p65 was verified by indirect 
IFA (Figure 5(d)), further verifying that the nuclear 
translocation of p65 induced in response to PEDV 
infection was partial abrogated (50%) in CD44- 
knockdown Vero E6 cells. Moreover, pretreatment 
of CD44-overexpressed cells with an inhibitor of 
NF-κB (BAY 11–7082) significantly counteracted the 
inhibitory effects of CD44 on PEDV infection 

Figure 2. Protein-protein interaction (PPI) network analysis and evaluation of the relationships between the DEGs and ECM receptor 
signaling. (a) A PPI network of DEGs was constructed using STRING and visualized using Cytoscape. The hub genes in the bar chart 
were identified based on the connectivity degree within the PPI. DEGs are represented as round nodes. Green and red nodes 
indicate downregulated and upregulated DEGs, respectively. Proteins with mutual associations show edge-based connections, and 
combined interaction scores are indicated by the edge thickness. (b) The mRNA levels of hub genes in Vero E6 cells and intestinal 
tissues infected with PEDV were quantified using RT-qPCR. (c) Correlation analysis between the expression of hub genes in Vero E6 
cells and intestinal tissues infected with PEDV. The color of the dots indicates positive or negative correlations, and the dot size 
indicates the correlation coefficient (r); Pearson and Spearman correlation analyses were employed for determining the r value. Data 
are presented as means ± SDs of three independent experiments. *P < 0.05, **P < 0.01.
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(Figure 5(e,f)), as well as the secretion of antiviral 
cytokines induced by CD44 (Figure 5(g)). In contrast, 
the cell viability of each group was not influenced by 
inhibitor treatment (Figure S6).

Role of PAI-1 protein in PEDV infection

Vero E6 cells were transiently transfected with shRNAs 
targeting SERPINE1, and the interference effect of the 
shRNA was confirmed by investigating PAI-1 expression 

Figure 3. Infection with PEDV enhanced CD44 and PAI-1 protein levels. Vero E6 cells were mock-infected or PEDV-infected 
(MOI = 0.1) at the time indicated (1–48 h), then cellular total proteins were harvested. (a) CD44 and PAI-1 protein levels in Vero 
E6 cells were determined by western blotting. GAPDH was taken as the internal reference; the ratio of each protein gray value to 
that of GAPDH was regarded as the relative expression of protein. (b) Total protein was isolated from the intestinal tissues of PEDV- 
infected piglets (48 hpi), and CD44, PAI-1, and PEDV protein levels in the duodenum, jejunum, and ileum were detected by western 
blotting. (c and d) Staining for PAI-1 (d), CD44 (c), and PEDV antigen (N protein) based on immunofluorescence in the jejunum of 
PEDV-infected piglets. Red, CD44 or PAI-1; green, PEDV; blue, DAPI. Scale bars, 25 μm. The data shown represent means ± SDs from 
triplicate experiments. *P < 0.05, **P < 0.01.
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(Figure 6(a)). Compared with control shRNA 
(scrambled) transfection, suppression of SERPINE1 
expression significantly inhibited the viral progeny yield 
in PEDV-infected Vero cells (Figure 6(b)). Additionally, 
we generated Vero E6 cells exhibiting stable downregula-
tion of SERPINE1 (> 70% inhibition efficiency), and the 
cells were subsequently infected with PEDV (MOI = 0.1). 
Although the release of the viral progeny was inhibited in 
SERPINE1-knockdown cells (Figure 6(e)), the expression 
of viral protein (Figure 6(c)) and mRNA was unexpect-
edly increased (Figure 6(d)).

For further investigation of the effects of PAI-1 in 
PEDV infection, we transfected Vero E6 cells with 
pLVX- SERPINE1 and confirmed the overexpression 
efficiency of PAI-1 (Figure 6(f)). After PEDV infection 
(MOI = 0.1), the protein and mRNA levels of PEDV 
genes in PAI-1-overexpressing cells were significantly 
decreased compared with those in mock-transfected 
cells (Figure 6(f,g)). However, the number of infectious 
viral virions released from cells increased by 50% 

(Figure 6(h)). Cell viability assays showed that recom-
binant PAI-1 did not elicit any significant cytotoxic 
effects at concentrations of 5–200 ng/mL (Figure S5). 
According to the recommended working concentration 
in manual, and the growth-kinetics for PEDV 
Zhejiang08, recombinant PAI-1 at a concentration of 
160 ng/mL was added to the medium of Vero E6 cells 
at the stage of PEDV entry (−1 hpi-0 hpi), prebudding 
(6 hpi-24 hpi), release (12–24 hpi). Subsequently, the 
culture supernatant and cellular samples were harvested 
at 24 hpi, and analyzed to quantify the infectious par-
ticle titers, as well as the levels of viral RNA. Notably, 
treatment with PAI-1 during the viral entry stage did 
not affect the quantity of intracellular viruses or infec-
tious virion release (Figure 6(i)). However, treatment of 
cells with PAI-1 during the viral prebudding or release 
stage resulted in effects, significantly promoting the 
release of infectious viral progeny, although no effects 
on intracellular viral levels were detected (Figure 6 
(j,k)).

Figure 4. CD44 impeded PEDV infection. (a) CD44 knockdown verification. Cells were transfected with three shRNAs targeting CD44, 
and the silencing efficiency was verified by western blotting. Subsequently, Vero E6 cells stably transfected with shRNA-CD44#2 were 
established and inoculated with PEDV for 24 h. (b) PEDV protein levels in CD44-silenced cells were detected by western blotting. (c) 
Virus titers in the supernatants of cultures of CD44-silenced cells were detected by plaque assays. (d) Staining for PEDV antigen (N 
protein) in mock-transfected cells and CD44-silenced cells was evaluated by immunofluorescence. Green, PEDV; blue, DAPI. Bars, 
50 μm. (e) Increased CD44 expression inhibited PEDV infection. Vero E6 cells were transfected with lentiviral particles to generate 
CD44-overexpressing cells and then infected with PEDV for 24 h. Western blotting was performed to determine the expression levels 
of CD44 and PEDV N proteins. (f) Vero E6 cells were transfected with a CD44 expression vector (pLVX-CD44) and infected with PEDV 
for 24 h. The extracellular virus titers were measured using plaque assays. The data represent means ± SDs of triplicate assays. * 
P < 0.05; ** P < 0.01.
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Discussion

Because the primary pathological characteristic of 
PEDV infection is severe intestinal mucosal injury, it 
is critical to maintain and enhance the integrity of the 
intestinal mucosal barrier to effectively reduce the risk 
of mortality associated with PEDV [27]. As the primary 
component of the microenvironment in the intestinal 
mucosa, the ECM serves as a physical support for tissue 
integrity and elasticity [28]. Indeed, during infection, 
the various and specific effects of the ECM alter the 
invasion and spread of microbial pathogens in host 
tissues and significantly affect the overall immune 
response to infection [29,30].

During pathogenic infection, host cells are con-
stantly rebuilding and remodeling the ECM to limit 
pathogen infection and restrict disease progression 
[14]. This phenomenon is observed in heparin- 
binding peptides derived from laminin, vitronectin 
and fibronectin, which exert a direct inhibitory effect 
on bacterial infection [31]. Moreover, the extracellu-
lar protein Tenascin-C has been reported to reduce 
human immunodeficiency virus (HIV) infection by 
its neutralizing activity [32]. Notably, the ECM and 
innate immune response are inextricably linked. 
During pathogenic infection, the ECM transmits spe-
cific signals that feed into immunological and 

Figure 5. CD44 upregulated antiviral cytokines by activating NF-κB signaling. (a) CD44 knockdown blocked the secretion of antiviral 
cytokines following PEDV infection. CD44-knockdown and mock-transfected Vero E6 cells were infected with PEDV (MOI = 0.1) for 24 
h, and IL-18, IL-11, and BD-1 mRNA levels were quantified by RT-qPCR. (b) CD44 overexpression enhanced antiviral cytokine 
secretion. IL-18, IL-11, and BD-1 mRNA levels were detected in CD44-overexpressing Vero E6 cells. (c) CD44 induced the phosphor-
ylation of NF-κB in Vero E6 cells. Cells were infected with PEDV (MOI = 0.1) for 24 h, and CD44, p65, phospho-p65, PEDV (N protein), 
and GAPDH (loading control) protein levels in CD44-knockdown and -overexpressing cells were detected by western blotting. 
Statistical results for p65 and phospho-p65 are shown in bar charts. (d) CD44-knockdown cells were infected with PEDV, and the 
nuclear translocation of p65 was verified by IFA. Colors correspond to nuclei (blue) and p65 (red). Scale bars, 25 μm. Nuclear 
accumulation of p65 was evaluated in 200 cells in three independent experiments; the data are shown in bar charts. (e–g) To inhibit 
NF-κB activation, CD44-overexpressing Vero E6 cells were treated with BAY 11–7082 (10 μM) or DMSO for 2 h at 37°C. After washing, 
cells were infected with PEDV (MOI = 0.1) for 24 h and harvested for subsequent analyses. (e) The protein levels of CD44, p65, 
phospho-p65, PEDV (N protein), and GAPDH were detected by western blotting. Statistical results for CD44, p65, phospho-p65, and 
PEDV are presented in bar charts. (f) virus titers were detected by plaque assays. (g) IL-18, IL-11, and DB-1 mRNA levels were further 
determined. The data indicate means ± SDs of triplicate assays. * P < 0.05; ** P < 0.01.
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inflammatory pathways, thereby modulating essential 
immune functions within infected tissues [7,33]. Such 
as mindin (a member of secreted ECM proteins) 
which induces the synthesis of a series of pro- 
inflammatory cytokines (e.g. TNF-α and IL-6), and 
the hyaluronan fragments which stimulates both 
inflammatory cytokine (e.g., MIP-1α, CCL-2, IL-12, 

and TNF-α) and IFNβ secretion via TLR-2 or TLR- 
4-dependent pathway [8,34,35]. Additionally, ECM 
cleavage enzymes known as matrix metalloproteases 
(MMPs) regulate innate immunity by promoting the 
release of pro-inflammatory cytokines, chemokines, 
and other immune-related proteins. For example, 
MMP-12 and MMP-25 mediate IκBα transcription 

Figure 6. PAI-1 promoted PEDV release. (a) PAI-1 knockdown verification. Cells were infected with lentivirus particles expressing 
shRNAs targeting SERPINE1. After 48 h, western blotting was performed to investigate SERPINE1 knockdown efficiency. (b) Following 
PEDV infection (MOI = 0.1), extracellular virus titers were evaluated using plaque tests. (c–e) SERPINE1-knockdown cell lines were 
established by puromycin screening, and greater than 80% interference efficiency was achieved. (c) SERPINE1-knockdown cell lines 
were infected with PEDV (MOI = 0.1) for 24 h, and PEDV N expression was evaluated by western blotting. (d) Viral RNA expression 
was evaluated by RT-qPCR. (e) Extracellular virus titers were measured using plaque assays. (f) PAI-1-overexpressing cell lines were 
infected with PEDV (MOI = 0.1) for 24 h, and western blotting was performed to investigate PAI-1 and PEDV N expression. (g) Viral 
RNA expression was quantified by RT-qPCR. (h) The yield of the progeny virus was measured using plaque assays. Extracellular PAI-1 
affected the replication stage of PEDV infection. PAI-1 (160 ng/mL) was added to the medium at the entry (−1 h to 0 h of 
inoculation) (i), prebudding (6–24 hpi) (j), or release (12–24 hpi) (k) stages of PEDV infection (MOI = 0.1). Intracellular viral RNA and 
extracellular virus titers were detected at 24 h after PEDV inoculation. The data represent means ± SDs of triplicate assays. * P < 0.05; 
** P < 0.01.
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in NF-κB signaling, leading to the protection of the 
host against coxsackievirus type B3 infection [36,37].

In the current study, we found that the expression of 
ECM components in the intestine was affected by 
PEDV infection, along with activation of ECM recep-
tor-related pathways. To explore the potential functions 
of the ECM and associated downstream pathways in 
PEDV infection, we screened for highly connected 
DEGs in the ECM receptor-related pathways by PPI 
analysis. Our results showed that CD44 and SERPINE1 
expression levels were positively correlated with PEDV 
mRNA levels. Hence, the biological functions of PEDV- 
induced CD44 and SERPINE1 expression were further 
investigated.

As a transmembrane glycoprotein, CD44 is 
a multidomain signal integration protein for several 
growths factor-induced and immune-regulated signal-
ing pathways [38]. The extracellular domain of CD44 
mediates interactions with several ECM molecules, 
including hyaluronan, collagen, fibronectin, and lami-
nin. Recently, the association between CD44 and viral 
infection has attracted much attention [39]. For exam-
ple, incorporation of CD44 into virions is required for 
the efficient dissemination of HIV-1 into secondary 
lymphoid organs [40]. Moreover, hepatitis C virus 
(HCV)-induced osteopontin promotes HCV replication 
and assembly by binding to αVβ3 and CD44 [41]. 
However, the role of CD44 in PEDV infection remains 
unknown. In this study, we observed significantly 
increased PEDV replication in CD44-knockdown Vero 
E6 cells, and infection of CD44-overexpressing Vero E6 
cells with PEDV was significantly inhibited. Hence, our 
study is the first to report the role of CD44 in protect-
ing the intestine against viral infection, suggesting that 
CD44 could be a potential antiviral protein for novel 
interventions in intestinal coronavirus infection.

The inflammatory response is the primary host 
defense against pathogenic infection. CD44 could act 
as a docking site for mediating the inflammatory 
response, thereby contributing to its antiviral functions 
[42]; however, this potential mechanism underlying 
CD44 antiviral activity requires further investigation. 
Our results showed that CD44 inhibited PEDV replica-
tion while activating the NF-κB signaling pathway. 
Additionally, NF-κB inhibitors reversed the inhibitory 
effects of CD44 on PEDV replication. Furthermore, the 
activation of CD44/NF-κB signaling promoted the 
expression of protective genes, including IL-11, BD-1, 
IL-6, and IL-18, in Vero E6 cells. These genes primarily 
act on the mucosal epithelium and exhibit robust anti-
viral activity within the mucosal surface [20,43–46]. 
Activation of NF-κB signaling is a hallmark of the 
cellular response to various pathogens. As 

a transcription factor that mediates the expression of 
antiviral cytokines, NF-κB is a central orchestrator of 
the response to viral infection [26]. Notably, NF-κB has 
recently been shown to support the replication of sev-
eral viruses, including influenza virus [47], murine her-
pesvirus [48], and transmissible gastroenteritis virus 
(TGEV) [49]. Importantly, these viruses inhibit NF-κB 
activation in the early stage of infection. For example, 
TGEV and PEDV exhibit rapid replication with almost 
logarithmic growth from 6 hpi, whereas NF-κB is not 
activated until 24 hpi, by which time most of the host 
cells have already been infected [50,51]. Under such 
circumstances, the cytokines induced by NF-κB activa-
tion not only are unable to induce the antiviral 
response but also aggravate tissue damage, thereby 
facilitating viral spread at the site of infection.

In this study, we also explored the functions of PAI- 
1 in PEDV infection. As the main tissue plasminogen 
activator and urokinase in the ECM, PAI-1 is secreted 
by epithelial, endothelial, and immune cells in various 
tissues, including the intestines. Our findings suggested 
that PAI-1 promoted the generation of infectious vir-
ions at the stage of PEDV replication, which was con-
tradictory to the current knowledge on the antiviral 
activity of PAI-1. Indeed, PAI-1 was recently shown 
to inhibit IAV maturation by targeting host proteases 
required for viral glycoprotein cleavage, thereby redu-
cing the extracellular maturation of IAV particles [18]. 
Additionally, independent of its roles as an extracellular 
protease inhibitor, intracellular PAI-1 inhibits HCV 
replication by stimulating innate host cell defenses 
[52]. In our experiments, both intracellular and 
secreted PAI-1 increased the yield of mature PEDV 
virions. Therefore, as a secretory protease inhibitor, 
we postulate that PAI-1 may influence the activities of 
proteases required for viral protein translocation, 
assembly, and release; however, the specific mechan-
isms involved in this process remain unclear. Because 
enhancing viral release is an unexpected function of the 
PAI-1 protein, this protein may be a potential target for 
the development of novel therapies against PEDV 
infection.

In conclusion, we found that the ECM components 
of Vero E6 cells were markedly altered during PEDV 
infection; the ECM-regulated receptor molecules CD44 
and SERPINE1 both exhibited high correlations with 
viral replication. Moreover, CD44 was identified as 
a host factor that inhibited PEDV infection by activat-
ing NF-κB nuclear translocation and enhancing the 
release of protective cytokines, thereby reducing 
PEDV replication in host cells. In contrast to previous 
studies, PAI-1, encoded by SERPINE1, had unexpected 
effects of promoting progeny PEDV virion release, 
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suggesting a unique mechanism underlying the invol-
vement of PAI-1 in PEDV infection. Taken together, 
our findings provided insights into the functions of 
ECM-related proteins in restricting or promoting 
PEDV infection, highlighting the important roles of 
the ECM and its downstream pathways in intestinal 
pathogen infection.
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