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Abstract

Porcine epidemic diarrhea virus (PEDV) infection causes severe gastrointestinal and lethal disease in piglets, leading
to huge economic losses for the swine industry worldwide. Recent studies have emphasized probiotics can regulate
innate immunity and cellular functions through interaction with intestinal epithelial cells via extracellular vesicles

(EVs) as effective carriers. The cGAS-STING signaling pathway is crucial for inducing type | interferons (IFNs) to estab-
lish antiviral innate immunity. It also triggers cellular autophagy, which helps maintain intracellular environmental
homeostasis. In our study, we found that Lactiplantibacillus plantarum extracellular vesicles (LpEVs) significantly
activated the cGAS-STING signaling pathway in porcine intestinal epithelial cells (IPEC-J2), thereby enhancing anti-
viral immune responses. Notably, compared to the untreated control group, 10 ug/mL LpEVs retained the capacity

to activate the cGAS-STING pathway, but their activation efficacy was significantly lower than that of 2.5 ug/mL, sug-
gesting a potential feedback regulatory mechanism at higher concentrations. Furthermore, 10 ug/mL LpEVs regulated
CcGAS-STING activation through autophagy induction, and this autophagic response was STING-dependent. Addi-
tionally, LpEVs at concentrations of 2.5, 5, and 10 pg/mL all significantly inhibited the proliferation of PEDV. However,
10 pg/ml LpEVs exhibited a stronger inhibitory effect on PEDV replication compared to 2.5 or 5 ug/mL doses, and this
enhanced antiviral activity was closely associated with autophagy. Our findings elucidate the underlying mechanism
of antiviral effects of probiotics through regulating innate immunity and autophagy, which highlights the critical role
of LpEVs in preventing PEDV infection as a potential antiviral agent.
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Introduction
*Correspondence: Orcine epidemic diarrhea virus (PEDV), a member of the
Chunfeng Wang Alphacoronavirus genus within the Coronaviridae family,
j’ivsggzhﬁifeng@”au'edum causes acute diarrhea, vomiting, dehydration, and high
jingtaoh@jlau.edu.cn mortality in neonatal piglets [1]. Over the past 30 years,
! Engineering Research Center of Microecological Vaccines (Drugs) numerous reports have documented the global impact of
Ec)k:igAanorAnlmal Diseases, Ministry of Education, Changchun 130118, porcine epidemic diarrhea, which has caused substantial
2 Animal Medical College, Jilin Agricultural University, Changchun 130118, economic losses in the swine industry due to the absence
SCEIT Al Seience sl Tech noloay i Acricutural Univerc of effective drugs or vaccines [2]. Therefore, it is urgent to
Chgngﬁﬁjn o f& e e ecnneiody AN AgRCUTHraTERvErh: develop novel and efficient antiviral strategies to prevent

PEDV infection.
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Lactobacillus, a characterized probiotic with well-
documented health benefits, has emerged as a potent
antiviral agent demonstrating efficacy against diverse
viral pathogens. Growing literatures have elucidated
multiple mechanisms underlying its antiviral effects:
direct virucidal effects via surface adhesins and anti-
microbial peptides; modulation of innate immune
responses through signaling pathway (e.g., TLR/NF-«B)
regulation; and production of bioactive metabolites that
impair viral replication cycles [3-5]. Emerging mecha-
nistic studies further reveal strain-specific antiviral
signatures dependent on bacterial-epithelial cell cross-
talk. How these strains translocation across the host
barrier to communicate with distal cells and impact
viral infections remains elusive. Type I interferons
(IEN-I) play a crucial role in antiviral immunity. Emerg-
ing evidence has demonstrated that probiotics-derived
extracellular vesicles (EVs) serve as critical media-
tors of host-microbe crosstalk by trafficking immuno-
genic cargo during IFN priming. Notably, Lactobacillus
extracellular vesicles have been shown to activate the
cyclic GMP-AMP synthase-stimulator of interferon
genes (cGAS-STING) pathway through delivering
bacterial DNA to distant host cells [6, 7]. This EVs-
mediated"defense priming"'mechanism suggests a
sophisticated evolutionary strategy where commensal
microbes remotely regulate host immunity response
against viral invaders. Systematic comparisons reveal
that extracellular vesicles exhibit enhanced immu-
noregulatory capacity relative to crude bacterial prep-
arations in regulating intestinal immune cell response
and fortifying epithelial barrier integrity [8—10].

The cGAS-STING-IFN-I signaling axis serves as a
central mechanism in antiviral defense [11, 12]. Upon
detection of cytosolic microbial DNA, cyclic GMP-AMP
synthase (cGAS) catalyzes the synthesis of the cyclic
dinucleotide 2"3’-cGAMP. This second messenger binds
to STING at the endoplasmic reticulum (ER), inducing
its translocation and subsequent recruitment of TBKI.
Activated TBK1 phosphorylates IRF3 to initiate IFN-I
production and downstream interferon-stimulated gene
(ISG) expression, which establish an antiviral cellular
state[13, 14]. However, dysregulated hyperactivation of
this pathway is increasingly linked to tissue inflamma-
tion and organ pathology [15]. Accumulating evidence
indicates that the cGAS-STING pathway has been shown
to induce the autophagy pathway, a conserved lysoso-
mal degradation system, through non-canonical mecha-
nisms [16, 17]. Mechanistic studies demonstrate that
STING directly engages microtubule-associated protein
1 light chain 3 (LC3) via LC3-interacting region (LIR)
motif, thereby autophagosome formation [18]. Interest-
ingly, STING activation triggers autophagy in a TBK1/
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IRF3-independent manner but requires core autophagy
proteins including ATG5, ATG16L1, and ATG7 [18, 19].

Autophagy selectively targes long-lived proteins and
dysfunctional organelles for lysosomal degradation and
subsequent recycling of cellular components [20, 21].
This evolutionarily conserved mechanism acts as a criti-
cal cellular stress adaptor, enabling dynamic homeosta-
sis maintenance under diverse pathological challenges
[22, 23]. Mechanistic studies reveal that the autophagy-
related protein Beclin-1 binds and inhibits cGAS, thereby
blocking downstream IFN-I production. Simultaneously,
this interaction activates autophagy-mediated clearance
of cytoplasmic DNA to restore cellular equilibrium [15].
Furthermore, autophagy enhances the degradation of
STING itself-degradation, thereby suppressing IFN pro-
duction and apoptosis to promote homeostasis restora-
tion [24]. Accumulating studies demonstrate autophagy
is capable of inhibiting viral replication through multiple
mechanisms [25, 26]. For example, host protein RNA-
binding motif protein 14 (RBM14) recruits the cargo
receptor p62 via the RBM14-p62-autophagosome axis
to degrade PEDV nucleocapsid (N) protein [27]. Zinc
ions (Zn?*) similarly suppress PEDV replication in Vero
E6 cells by inducing autophagy [28]. Notably, deficiency
in autophagy-related protein ATG5 significantly impairs
IEN-a production triggered by viral pathogens, including
vesicular stomatitis virus (VSV), Sendai virus, influenza
virus, HIV-1, and herpes simplex virus (HSV) [29]. These
evidences highlight autophagy as a key process for viral
sensing and initiation of antiviral immune responses.

In this study, we investigated the antiviral efficacy of
Lactiplantibacillus plantarum-derived extracellular vesi-
cles (LpEVs) against PEDV in intestinal epithelial cells
(IPEC-J2), focusing on the mechanistic crosstalk between
cGAS-STING pathway and autophagy. Our findings
revealed that LpEVs potently activated the cGAS-STING
pathway, induced autophagic through STING-dependent
mechanisms, and establish a self-regulatory circuit where
autophagy exerted negative feedback to attenuate cGAS-
STING excessive activation. Notably, STING-mediated
autophagy triggered by LpEVs exhibited synergistic
enhancement of antiviral efficacy. This study establishes
a novel framework for developing EVs-based antiviral
strategies targeting pathogen-immune interplay.

Materials and methods

Cells and viruses

IPEC-J2 cells (ACC 701) were purchased from DMSZ
(Braunschweig, Germany) and cultured in Dulbec-
co’s modified Eagle’s medium/Nutrient Mixture F-12
(DMEM/F12) (Sevenbio, Beijing, China) supplemented
with 10% fetal bovine serum (FBS) (Sangon, Shang-
hai) with penicillin (100 U/ml)/streptomycin (100 mg/
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ml) (Sevenbio, Beijing, China). All cultures were main-
tained in a humidified incubator at 37 °C with 5% CO,.
The strain of the porcine epidemic diarrhea virus (PEDV)
(CV777) was stored in our laboratory.

Chemical reagents and antibodies

The 2x SYBR Green qPCR MasterMix II (Universal) and
the All-in-one First Strand cDNA Synthesis Kit II (with
dsDNase) for quantitative PCR were purchased from
Seven Biotechnology Co., Ltd (Beijing, China). The fol-
lowing monoclonal antibodies (mAb) were provided by
ABclonal (Wuhan, China): LC3B rabbit mAb (A19665),
SQSTM1/p62 rabbit mAb (A19700), STING/TMEM173
rabbit mAb (A21051), and cGAS rabbit mAb (AB335).
Additionally, AdPlus-mCherry-GFP-LC3B(C3012), IRF3
rabbit mAb (AF2485), Phospho-IRF3 (Ser386) rab-
bit mAb (AF1594), FITC-labeled goat anti-rabbit IgG
(H +L) (A0562), GAPDH mouse mAb (AF1186), and
B-actin rabbit mAb (AF5003) were all obtained from
Beyotime Institute of Biotechnology (Shanghai, China).
3-methyladenine (3-MA) (HY-19312) and STING-IN-2
(C-170) (HY-138682) were purchased from MedChem-
Express LLC (Shanghai, China). PEDV nucleoprotein
mAb (M100048) was purchased from Zoonogen Biotech-
nology Co., Ltd (Beijing, China).

Strain and purification of EVs

Lactiplantibacillus  plantarum JL01 (CGMCC No.
18056), originally isolated from the intestinal content of
piglets in our previous study [30], was anaerobically cul-
tured in MRS broth (Difco, USA; Catalog No. DF0881-
17-5) at 37 °C overnight. LpEVs were isolated from the
culture supernatants using ultrafiltration combined with
ultracentrifugation. In brief, the culture supernatants
were collected by centrifugation (8,000 rpm, 15 min,
4 °C) to remove cell debris and impurities, and then were
filtered through a 0.22 pm filter (Merck Millipore, USA).
The supernatant was concentrated using 10 kDa MWCO
concentrators (3,000 rpm, 30 min, 4 °C) twice and ultra-
centrifuged at 100,000 X g (4 °C) for 2 h. The precipitate
was resuspended with PBS and ultracentrifuged at the
same condition again, finally resuspended the pellet with
PBS and storage at —80 °C. Total protein content was
determined by Bradford assay (Bio-Rad, USA). The mor-
phology and the size distribution of LpEVs were observed
by transmission electron microscope (TEM) (JEM-F200,
Jeol Ltd., Japan) and nanoparticle tracking analysis (NTA)
(Zetaview-PMX120-Z, Particle Metrix Inc., Germany).

Detection of cell viability by CCK-8

IPEC-J2 cells (1 x10° cells/well) seeded in 96-well plates
were treated with varying concentration of LpEVs (2.5, 5,
10, and 20 pg/mL) for 12 h. Additionally, a fixed dose was
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administered for 3, 6, 9, and 12 h, respectively. The cul-
ture medium was then replaced with a 100 uL. DMEM/
F12 medium containing 10 uL of CCK-8 reagent (Beyo-
time, Shanghai, China) and incubated at 37 °C for 1 h.
The optical density (OD) was measured at 450 nm by a
microplate reader (Biotek HTX, Beijing, China). Cell
viability was evaluated as (OD value of the stimulated
cell-OD value of unstimulated cells)/(OD value of the
unstimulated cell-OD value of blank) x 100%.

ELISA

IPEC-J2 cells (5 x10°) were seeded in 6-well plate and
treated with varying concentrations of LpEVs (2.5, 5,
and 10 pg/mL) for 12 h. The cell culture supernatant was
collected by centrifugation (1500 rpm, 15 min, 4 °C).
The supernatant was quantified using IFN-a and IFN-$
ELISA detection kit (Meimian Biotechnology, Jiangsu,
China) according to the manufacturer’s protocols.
Absorbance was measured at 450 nm using a microplate
reader (Biotek HTX, Beijing, China).

qPCR

Total RNA was extracted from IPEC-J2 cells (1 x10°)
treated with LpEVs (2.5, 5, 10 pg/mL) for 12 h in 6-well
plate using TRIzol® reagent (Takara, Japan) following
standard protocols. cDNA synthesis was performed with
the First Strand cDNA Synthesis Kit (Sevenbio, China).
Quantitative PCR reactions utilized SYBR Green Mas-
terMix (Sevenbio) on an Applied Biosystems 7500 Real-
Time PCR System. The results are displayed as relative
expression values normalized to that of GAPDH. Rela-
tive gene quantification was calculated using the 2744t
method. The specific primer sequences are provided in
the Table 1.

Western blotting

Total proteins were extracted from IPEC-J2 cells (1 x 10°)
treated with LpEVs (2.5, 5, 10 pg/mL) for 12 h using
RIPA lysis buffer (Beyotime Institute of Biotechnology,
Shanghai, China). The protein concentrations in the
lysates were quantified and adjusted using a BCA pro-
tein assay kit (Beyotime, Shanghai, China). The protein
samples were then mixed with 4 X loading buffer in a 3:1
ratio and heated at 95 °C for 10 min. The protein super-
natant was subjected to SDS-PAGE and subsequently
transferred to a PVDF membrane. The membrane was
blocked with 5% nonfat milk at room temperature for 2 h
and then incubated with the primary antibody (including
LC3B, SQSTM1/p62, STING/TMEM173, cGAS, IRF3,
Phospho-IRF3, B-actin, GAPDH, and PEDV nucleopro-
tein mAb) overnight at 4 °C. After washing with TBST,
the membrane was incubated with a secondary anti-
body (GAPDH and B-actin mAb) at room temperature
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Table 1 Primers for gPCR amplification used in this study

Gene Primer set Sequence (5'-3")
IFN-a Forward CTGGCCAACCTGCTCTCTAG
Reverse CTCCTGCGGGAATCCAAAGT
IFN-B Forward CAGCAATTTTCAGTGTCAGAAGC
Reverse TCATCCTGTCCTTGAGGCAGT
ISG15 Forward GAGCTAGAGCCTGCAGCAAT
Reverse TCACGGACACCAGGAAATCG
CXCL10 Forward TGCCCTGACAAACTAATGAGC
Reverse CAAGGCATATTCTGCACCAG
IFIT2 Forward ATGCCACTTCACCTGGAACC-
Reverse CTTCGGCTTCCCCTAAGCAT
LC3B Forward TGTCCGACTTATTCGAGAGCAGCA
Reverse TGTGTCCGTTCACCAACAGGAAGA
ATG5 Forward GTGACTGGACTTACGGTGGG
Reverse GCCAAACTTCTTGCTCCCGA
ATG8 Forward TCTGAGTCAAGAGGAGGGGT
Reverse CCGGGGCCGAAATAGCTTAG
ATG12 Forward GCGAGCGGGTTCCCATT
Reverse CATTCCCAGCCATCGCCTAT
Beclin-1 Forward TCAAGGCGTCACTTCTGGG
Reverse TTCTTTAGGCCCCGACGCTC
GAPDH Forward GGTGTGAACCATGAGAAGTATGA
Reverse GAGTCCTTCCACGATACCAAG
PEDV-N Forward GCAAAGACTGAACCCACTAAT
Reverse GCCTCTGTTGTTACTTGGAG

for 1 h. Protein signals were detected using an enhanced
chemiluminescence (ECL) substrate (Beyotime, Shang-
hai, China) and an imaging system (Invitrogen iBright
FL1500, Thermo Fisher Scientific, China). The experi-
ment was performed in triplicate.

Transcriptome sequencing analysis

IPEC-J2 cells (1 x10°) were treated with LpEVs (10 pg/
mL) for 12 h. Total RNA was then isolated from the cells
via a RNeasy Mini Kit (QIAGEN, Hilden, Germany).
Before downstream analysis, the integrity of the RNA
was verified with a 2100 Bioanalyzer (Agilent Technolo-
gies, Palo Alto, CA, USA). Complementary DNA (cDNA)
libraries were constructed following the manufacturer’s
instructions via the TruSeq stranded mRNA LT sam-
ple preparation kit (NEBNext® Ultra™ Directional RNA
Library Prep Kit for Illumina® NEB, USA). Clean reads
were aligned rapidly and accurately to the reference
genome with HISAT2 software to determine the read
positioning information. Gene expression levels were
quantified for each sample via the feature Counts tool
in the subread software. Following the quantification of
gene expression, statistical analysis was performed with
DESeq to identify genes displaying significantly different
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expression levels under varying conditions. The criteria
for selecting differentially expressed genes were defined
as log2 (fold change) |> =1 and padj < = 0.05. Finally,
gene ontology (GO) functional enrichment analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were carried out on the
differentially expressed gene set via cluster Profiler soft-
ware, utilizing a threshold of padj <0.05 for the analysis.

Autolysosome analysis

IPEC-J2 cells (5 x10°) seeded in 24-well plates were
transfected with adenovirus encoding mCherry-GFP-
LC3 (green fluorescence protein-red fluorescence pro-
tein-LC3) at an MOI of 10 for 24 h. Cells were exposed
to LpEVs (2.5, 5, and 10 pg/mL) for an additional 12 h.
Orange puncta displayed in mCherry-GFP-LC3-express-
ing cells are autophagosomes. Since the GFP signal is
quenched in acidic lysosomes, red puncta represent
autolysosomes, suggesting that cells undergo complete
autophagy. Ten random fields per condition were ana-
lyzed in a blinded manner [31, 32]. Data shown as mean
puncta/cell +SD are representative of three independent
experiments.

Treatment with inhibitors of autophagy and STING

To inhibit autophagy, cells were pretreated with 3-MA (5
mM in DMSO) for 3 h. After washing with PBS for three
times, complete cell medium was supplemented with or
without LpEVs (2.5 and 10 pg/mL) as described. Total
Protein and RNA were extracted from treated cells at
indicated time points for subsequent analysis.

To inhibit STING, cells were cultured in serum-free
medium containing C-170 (1 uM) for 3 h. Residual C-170
was removed via washing with PBS for three times, and
complete cell culture medium was supplemented with
or without LpEVs (2.5 and 10 pg/mL) as described. Total
Protein and RNA were extracted for subsequent analysis.
Furthermore, autolysosome analysis was performed as
described.

Cell treated with LpEVs and PEDV

IPEC-)2 cells (1 x10°) were treated with LpEVs at vary-
ing concentrations (2.5 and 10 pg/mL) at 37 °C for 12 h.
After triple PBS washing to remove residual LpEVs, cells
were infected with PEDV (MOI of 0.1) for 1 h. Unbound
virions were eliminated through additional washing with
PBS for three times. Infected cells were cultured in 2%
FBS-maintenance medium at 37 °C for 24 h. Following 24
h incubation, total proteins were harvested to determine
autophagic marked proteins by western blotting.
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Determination of viral titers and replication in IPEC-J2 cells
IPEC-J2 cells were treated with LpEVs (2.5, 5 and 10 pg/
mL) and PEDV (MOI of 0.1) as described. The viral sus-
pension was harvested after three freeze—thaw cycles and
subsequently quantified using the TCIDg, assay. In brief,
cells (1 x 10° cells/well) in 96-well plates were inoculated
with tenfold serial dilutions of viral sample. After 1 h
incubation at 37 °C, the culture medium was replaced
with fresh 2% FBS-maintenance medium. A tested in
eight replicates. The cells were cultured until cytopathic
effects (CPE), and TCIDj;, was calculated using the Reed-
Muench method. Furthermore, total RNA and protein
extracts isolated from treated cells for parallel assessment
of PEDV-N gene and protein expression using qPCR and
western blotting, respectively.

Statistical analysis

All results are representative of three independent exper-
iments. The data are presented as the mean +stand-
ard error of the mean (SEM) and were analyzed with
two-tailed Student’s ¢-tests or one-way analysis of vari-
ance using GraphPad Prism 9.4.1 (GraphPad Software,
USA). P values <0.05 were considered to indicate statis-
tical significance and are shown as *P< 0.05, **P< 0.01,
**#*P<0.001, ***P< 0.0001.

Results
Lactiplantibacillus
releases EVs.

To ensure the successful isolation and purification of
LpEVs from the culture supernatant, we employed nano-
particle tracking analysis (NTA) and transmission elec-
tron microscopy (TEM) for verification. NTA revealed
a relatively smooth particle size detection curve, indi-
cating high purity, with the diameter of LpEVs measur-
ing approximately 132.5 nm and a yield of about 4.56
%1010 particles per liter (Fig. 1 A, B). Additionally, TEM
revealed that LpEVs exhibited a closed spherical lipid
bilayer membrane structure (Fig. 1 C). Results of CCK8
demonstrated that 2.5, 5, 10 and 20 pug/mL of LpEVs did
not affect the cell viability (Fig. 1 D). After treatment
with LpEVs (2.5 pg/mL) for 3, 6, 9, and 12 h, cell viabil-
ity remained almost the similar level with control group
(CON) (Fig. 1 E). These results indicate that the purified
LpEVs did not adversely affect the viability of IPEC-]J2
cells.

plantarum  JLO1  spontaneously

LpEVs activated the cGAS-STING pathway

To determine whether LpEVs can activate the cGAS-
STING pathway, IPEC-J2 cells (1 X 10°) were pre-treated
with LpEVs at concentrations of 2.5, 5, and 10 pug/mL for
12 h. The expression of key proteins in the cGAS-STING
pathway was subsequently analyzed via Western blotting.
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Compared with the CON group, we found that 2.5, 5,
and 10 pg/mL LpEVs significantly enhanced the expres-
sion of cGAS, STING and phosphorylated IRF3. Interest-
ingly, compared to 2.5 pg/mL LpEVs, the concentration
of 10 pg/mL LpEVs significantly decreased the expres-
sion of cGAS and STING, as well as phosphorylated
IRF3 (Fig. 2A-D). Further, to assess the expression and
transcription levels of IFN-a and IFN-f, both ELISA and
qPCR analyses were conducted in this study. The results
showed that 2.5, 5 and 10 pg/mL LpEVs all significantly
increased the production of IFN-a and IFN- in compar-
ison to CON group. Whereas IFN-a and IFN-f in 10 pg/
mL LpEVs-treatment both showed a significant decrease
compared with 2.5 pg/mL-treatment (Fig. 2 E-H). The
transcription of ISGs further validated the effect of
LpEVs, indicating LpEVs (2.5, 5 and 10 pg/mL) signifi-
cantly up-regulated the transcription of CXCL10, IFIT2
and ISG15. Compared with 2.5 pg/mL LpEVs-treatment,
10 ug/mL LpEVs showed notably less transcription
(Fig. 2I-K). These results suggest that LpEVs activated the
cGAS-STING pathway, with the effect appearing inde-
pendent dosage manner.

LpEVs stimulate the transcription of various
autophagy-related genes

We conducted a transcriptome analysis through RNA
sequencing to investigate how high concentration (10
pg/mL) LpEVs influence cGAS-STING pathway. RNA
sequencing was performed on three independent sam-
ples of IPEC-J2 cells. RNA-seq revealed that LpEVs led
to the upregulation of 731 genes and the downregulation
of 338 genes (Fig. 3A). A hierarchical clustering heat-
map of the differentially expressed genes (DEGs) fur-
ther illustrated the impact of LpEVs on gene expression
variability among the replicates (Fig. 3B). Notably, Gene
Ontology (GO) classification and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis revealed
that LpEVs treatment was significantly associated with
the mitophagy pathway (— loglO(padj) =41) (Fig. 3C).
Further examination of the KEGG pathway diagram
revealed that several autophagy-related genes, including
LC3, ATG5, ATG9, NIX, Beclin-1, UB, and PINK1, were
upregulated within this pathway (Fig. 3D). The results
showed that 10 pg/mL LpEVs treatment could effectively
stimulate the up-regulation of transcription of various
autophagy-related genes in IPEC-]2 cells.

LpEVs induced autophagy in IPEC-J2 Cells

Based on KEGG enrichment analysis from transcrip-
tomic sequencing, we investigated whether LpEVs-treat-
ment can trigger autophagy in IPEC-J2 cells. The cells
were treated with LpEVs as described above mentioned.
The results showed that both 5 and 10 pg/mL LpEVs
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significantly induced autophagy, as indicated by the con-
version of LC3I to LC3II and the degradation of P62,
compared to the control group. However, the effect of
2.5 pg/mL LpEVs on the induction of autophagy was not
obvious via western blotting (Fig. 4A-C). qPCR results
were consistent, revealing that 10 pug/mL LpEVs sig-
nificantly upregulated the transcription of LC3B, ATGS5,

ATGS8, ATG12, and Beclin-1 genes, whereas 2.5 ug/mL
LpEVs did not showed such effect (Fig. 4D-H). Fluores-
cence microscopy was subsequently used to assess the
ability of LpEVs to induce autophagosome-lysosome
system formation. In non-autophagic cells, mCherry-
GFP-LC3B appeared as diffuse orange fluorescence (a
combination of mCherry and GFP) in the cytoplasm
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mL for 12 h. A-D Protein levels of cGAS, STING, and P-IRF3 were determined via western blotting. The ratios of cGAS/B-actin, STING/B-actin,

and P-IRF3/IRF3 were analyzed via Image Studio Lite. E, F Transcription levels of IFN-a and IFN-$ via gPCR. G, H Expression levels of IFN-a and 3
via ELISA. I-K Transcription levels of the interferon-stimulated genes (ISGs), including CXCL10, IFIT2, and ISG15 via gPCR. The results are presented
as the means + SEM of three repeats (*P< 0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001)

under a fluorescence microscope. In autophagic cells,
mCherry-GFP-LC3B aggregated on the autophagosome
membrane, resulting in orange spots. After autophago-
somes fused with lysosomes, the fluorescence of GFP was
partially quenched, resulting in red spots, which indi-
cated that the cells had undergone complete autophagy.
As shown in Fig. 41, ], diffuse orange fluorescence was
observed in untreated IPEC-]J2 cells (CON group). After
treatment with 2.5 pg/mL LpEVs, there was a slight
increase in orange spots compared with that in con-
trol. The cells treated by 5 pg/mL LpEVs significantly
increased the number of red puncta. Moreover, almost
entirely red puncta were observed in the cells treated
with 10 pg/mL LpEVs. Collectively, these findings

demonstrate that LpEVs trigger autophagic activation in
IPEC-]2 cells at concentrations of 5 and 10 pug/mL.

LpEVs induced autophagy to limit excessive activation

of cGAS-STING pathway

To determine whether LpEVs negatively regulate the
cGAS-STING pathway via autophagy, IPEC-J2 (1 x 10°)
was added with autophagy inhibitor 3-MA and sub-
sequently treated with LpEVs (2.5 and 10 pg/mL) as
above mentioned. The result showed that 3-MA effec-
tively decreased LC3-expression and the transcription
of LC3B, enhanced P62-expression mediated by LpEVs
(Fig. 5A-D). We subsequently examined activation of
the cGAS-STING pathway. After the addition of 3-MA,
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treatment

10 pg/mL LpEVs significantly increased the expression
of cGAS, STING, and phosphorylated IRF3 to compare
with the same dosage of LpEVs without 3-MA. How-
ever, 2.5 pg/mL LpEVs did not influence the expression
of these proteins even with 3-MA (Fig. 5E-H). Fur-
thermore, qPCR and ELISA demonstrated that 3-MA
significantly increased the production of IFN-a/f
mediated by 10 ug/mL LpEVs (Fig. 5I-L). Similarly, the
transcription of CXCL10, IFIT2, and ISG15 revealed a
similar trend (Fig. 5M-O). These indicate that the effect
of 10 pg/mL LpEVs on the cGAS-STING pathway was
reversed upon inhibiting autophagy. Therefore, higher
doses of LpEVs (10 pg/mL) triggered autophagy to limit
excessive activation of the cGAS-STING pathway.

STING played a crucial role in LpEVs-induced autophagy

To investigate whether LpEVs induce autophagy via
STING, IPEC-J2 cells (1 x10° were pretreated with the
STING inhibitor C-170 and administrated with LpEVs.
Results indicated that C-170 significantly inhibited STING
expression (Fig. 6A, B). We subsequently assessed the
expression of autophagy marker proteins via western blot-
ting. The results indicated that the autophagy trigged by
10 pg/mL LpEVs was significantly suppressed upon C-170
pretreatment, evidenced by reduced conversion of LC3 I
to LC3 II and P62 degradation, compared to that without
C-170 (Fig. 6A, C, D). Consistently, the transcription of
ATG5, ATGS8, ATG12, and Beclin-1 induced by 10 pg/mL
LpEVs was also significantly reduced after C-170 treatment
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0.01, **P<0.001)

(Fig. 6E-H). After the addition of C-170, autophagic lys-
osomes (red dots) in IPEC-]J2 cells treated with 10 pg/mL
LpEVs were significantly less than that without C-170, indi-
cating that C-170 inhibited the formation of autophagic
flux (Fig. 61, J). These demonstrated STING plays a pivotal
role in the process of autophagy triggered by LpEVs.

LpEVs induce autophagy to suppress PEDV replication

in IPEC-J2 cells

To clarify the antiviral effects of different concentra-
tions of LpEVs, we specifically investigated whether

LpEVs-induced autophagy influenced PEDV prolif-
eration. IPEC-J2 cells (1 X 10°) were treated with LpEVs
(2.5, 5 and 10 pg/mL) and infection with PEDV (MOI of
0.1). Results showed that LpEVs significantly inhibited
the expression and transcription of N protein, as well as
viral titer in a dose-dependent manner (Fig. 7A-D). In
addition, we also observed PEDYV increased the conver-
sion of LC3 I to LC3 11, and degraded p62 significantly to
compare with CON group. However, the effect of PEDV
on activating autophagy was significantly lower than
that observed in 10 pg/mL LpEVs +PEDV group, while
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Fig. 5 LpEVsinduced autophagy to limit the excessive activation of cGAS-STING pathway. IPEC-J2 cells (1 x 10.5) were pretreated

with the autophagy inhibitor 3-MA (5 mM) for 3 h. Subsequently, the IPEC-J2 cells were treated with LpEVs at concentrations of 2.5 and 10 pg/

mL for 12 h. A-C Protein levels of LC3 and P62 were analyzed, and Image Studio Lite was used to assess the ratios of LC3-Il/LC3-I and P62/3-actin

via western blotting. D Transcription level of LC3B via gPCR. E-H Expression levels of cGAS, STING, and phosphorylated proteins IRF3 were analyzed
via Image Studio Lite to determine the ratios of cGAS/B-actin, STING/B-actin, or P-IRF3/IRF3.1, J Transcription levels of IFN-a and IFN-@3 via gPCR. (K,
L) Secretion of IFN-a and IFN-{3 via ELISA. M-O Transcription levels of the interferon-stimulated genes (ISGs), including CXCL10, IFIT2, and ISG15. The
results are presented as the means +SEM of three repeats (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001)

being comparable to 2.5 pg/mL LpEVs +PEDV group
(Fig. 7E-Q).

To assess the antiviral effect of autophagy triggered by
LpEVs, IPEC-]J2 cells were pre-treated with 3-MA prior
to treatment with LpEVs, as previously described. Our
results indicated that the presence of 3-MA inhibited the
antiviral effect of LpEVs, as demonstrated by an increase
in the expression and transcription of N protein, as well
as viral titer (Fig. 7H-K). These indicate that autophagy
triggered by LpEVs enhances the antiviral effect, which is
helpful to inhibit PEDV proliferation.

Discussion

Extracellular vesicles (EVs) derived from probiot-
ics are believed to possess beneficial immunomodu-
latory properties, by conveying immune signals and
modulating the activity of host cells [33]. Emerging evi-
dence highlights their anti-viral properties by distinct

molecular mechanism, which represent a paradigm
shift in microbiome-based antiviral strategies [34, 35].
While early studies primarily attributed these effects
to generic immunomodulation (TLR3 activation) or
physical barrier enhancement, recent advances reveal
strain-specific mechanisms operating at molecular, cel-
lular, and systemic levels [36]. For example, EVs derived
from Enterobacter cloacae and Bacteroides thetaio-
taomicron significantly induce the gene expression of
antiviral cytokines, including IL-6, TNF-«, IL-1f, and
IFN-y, thereby reduce murine norovirus replication
in RAW?264.7 cell [37].EVs derived from the beneficial
commensal bacterium Escherichia coli Nissle 1917 can
activate the cGAS-STING-type I interferon axis to pro-
mote the clearance of DNA viruses (herpes simplex virus
type 1) and RNA viruses (vesicular stomatitis virus) in a
cGAS-dependent manner [7]. In this study, we observed
that LpEVs could modulate innate antiviral immunity via
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the cGAS-STING pathway in IPEC-]2 cells, as evidenced
by increased levels of cGAS, STING, phospho-IRF3,
IEN-a, IFN-f, and ISGs. This aligns with some previous
study demonstrating that probiotic EVs activate cytosolic
DNA-sensing machinery [38]. Interestingly, the activa-
tion of cGAS-STING pathway mediated by LpEVs was
not in a dose-dependent manner. Higher doses (10 pg/
mL) paradoxically suppressed cGAS-STING signaling
and IFN responses compared to lower doses (2.5 pg/mL).
Some studies demonstrated that 5 pg/mL of Lactobacil-
lus plantarum-derived EVs could significantly increase
TNF-«, IL-1p and IL-6, showing a strong immune effect.
In contrast to lower doses, 10 pg/mL doses suppressed
IL-1p and increased IL-10 secretion [39]. This biphasic
regulation speculated a threshold-dependent mechanism,
where excessive activation triggers negative feedback.
Emerging evidences demonstrate the cGAS-STING
pathway as a pivotal regulator of autophagy, orchestrat-
ing both homeostatic cellular clearance and pathogen-
directed immune responses. STING undergoes LC3
lipidation-dependent autophagic degradation via p62/
SQSTM1 binding, forming a negative feedback loop to
prevent hyperactivation [40]. In addition, STING medi-
ated by the WD40 domain of ATG16L1, activates LC3
lipidation onto single-membrane perinuclear vesicles,
thereby inducing autophagy [19]. In this study, we also

10pgml 2.5 pg/ml Mock

ock

M

2.5 pg/ml

10 pg/ml

Fig. 6 STING played a crucial role in LpEVs-induced autophagy. IPEC-J2 cells (1 x 10.5) were pretreated with the STING inhibitor C-170 (1 uM)
for 3 h. Subsequently, LpEVs at concentrations of 2.5, 5, and 10 pug/mL were added, and the IPEC-J2 cells were treated for 12 h. A-D Expression
levels of STING, LC3, and P62 were analyzed, and Image Studio Lite was used to assess the ratios of STING/B-actin, LC3-II/LC3-I, and P62/3-actin.
E-H Transcription levels of the autophagy-related genes ATG5, ATG8, ATG12, and Beclin-1.1, J IPEC-J2 cells transfected with mCherry-GFP-LC3B

(MO of 10). Quantitative analysis was conducted to examine the orange autophagosome spots and red autolysosome spots under a fluorescence
microscope. The results are presented as the means +SEM of three repeats (*P < 0.05, **P < 0.01, ***P< 0.001)
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observed that 10 pg/mL LpEVs significantly induced
autophagy in IPEC-]2 cells, manifested by increased con-
version of LC3 I to LC3 II, degradation of P62, marked
upregulation of autophagy-related genes (ATG5, ATGS,
ATG@G12, and Beclin-1), and formation of autophagic flux.
To investigate whether the regulatory effects of high-dose
LpEVs on the STING-IEN pathway are predominantly
autophagy-dependent, we employed the autophagy
inhibitor 3-methyladenine (3-MA). As a class III phos-
phatidylinositol 3-kinase (PI3 K) inhibitor, 3-MA exerts
its autophagic suppression by blocking VPS34 catalytic
activity [41]. The critical role of autophagy in temper-
ing cGAS-STING over-activation was demonstrated
through 3-MA inhibition experiments: autophagy inhibi-
tor reversed the effect of 10 ug/mL LpEVs on regulation
of cGAS-STING pathway. Notably, lower LpEVs doses
(2.5 pg/mL) did not engage this regulatory loop, speculat-
ing autophagy-mediated suppression occurs only when
immune stimulation exceeds a physiological threshold.
Such dose-specific crosstalk highlights the precision of
host-probiotic equilibrium.

To investigate whether STING is a pivotal media-
tor of LpEVs-induced autophagy, we utilized the cova-
lent inhibitor STING-IN-2 (C-170), which specifically
targets the transmembrane cysteine residue (Cys91) of
STING. This small molecule irreversibly inhibits STING
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activation by preventing its functional conformational
rearrangements and subsequent downstream signaling
cascades [42]. C-170 treatment effectively attenuated
LpEVs-induced autophagy at 10 ug/mL, as demonstrated
by decreased LC3 II/LC3 I ratio, impaired P62 degrada-
tion, suppression of autophagic flux, and downregulation
of autophagy-related gene expression. These indicate that
STING is also essential in LpEVs-induced autophagy.
This interdependent relationship between STING and
autophagy reflects a conserved mechanism by which
LpEVs balance immune defense and cellular homeostasis.

Interestingly, the resulting autophagy not only modu-
lates the activity of the cGAS-STING pathway but also
directly suppresses PEDV replication. Hopefully, LpEVs
decreased PEDV-N protein expression and viral titers in
a dose-dependent manner. Upon the addition of 3-MA,
we observed that this antiviral effect disappeared, indi-
cating that LpEVs limit PEDV proliferation in cells even
though at the state of autophagy. These results were con-
sistent with previous findings by Ko S. et al. regarding the
induction of autophagy in IPEC-]2 cells ultimately inhib-
iting PEDV proliferation [26]. This dual role-suppressing
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excessive inflammation while enhancing antiviral effector
functions-positions autophagy as a central coordinator of
LpEVs-mediated protection.

In summary, our study elucidates that LpEVs activate
the ¢GAS-STING pathway and induce autophagy in
IPEC-J2 cells. Furthermore, LpEVs engage autophagy to
restrict excessive activation of this pathway while sup-
pressing intracellular proliferation of PEDV. Notably,
STING-mediated autophagy amplifies the antiviral effi-
cacy of LpEVs. These findings lay a theoretical foundation
for developing EV-based targeted antiviral strategies.
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