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Faecalibacterium prausnitzii-derived outer ==

membrane vesicles reprogram gut microbiota
metabolism to alleviate Porcine Epidemic
Diarrhea Virus infection
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Abstract

Background The Porcine Epidemic Diarrhea Virus (PEDV) is one of the major challenges facing the global pig farm-
ing industry, and vaccines and treatments have proven difficult in controlling its spread. Faecalibacterium prausnitzii (F.
prausnitzii), a key commensal bacterium in the gut, has been recognized as a promising candidate for next-generation
probiotics due to its potential wide-ranging health benefits. A decrease in F.prausnitzii abundance has been associ-
ated with certain viral infections, suggesting its potential application in preventing intestinal viral infections. In this
study, we utilized a piglet model to examine the potential role of Fprausnitzii in PEDV infections.

Results A piglet model of PEDV infection was established and supplemented with Fprausnitzii, revealing that F.
prausnitzii mitigated PEDV infection. Further studies found that outer membrane vesicles (OMVs) are the main
functional components of Fprausnitzii, and proteomics, untargeted metabolomics, and small RNA-seq were used
to analyze the composition of OMVs. Exhaustion of the gut microbiota demonstrated that the function of Fp. OMVs
relies on the presence of the gut microbiota. Additionally, metagenomic analysis indicated that Fp. OMVs altered
the gut microbiota composition, enhancing the abundance of Faecalibacterium prausnitzii, Prevotellamassilia timon-
ensis, and Limosilactobacillus reuteri. Untargeted metabolomics analysis showed that Fp. OMVs increased phosphati-
dylcholine (PC) levels, with PC identified as a key metabolite in alleviating PEDV infection. Single-cell sequencing
revealed that PC altered the relative abundance of intestinal cells, increased the number of intestinal epithelial
cells, and reduced necroptosis in target cells. PC treatment in infected IPEC-J2 and Vero cells alleviated necroptosis
and reduced the activation of the RIPK1-RIPK3-MLKL signaling axis, thereby improving PEDV infection.

Conclusion fprausnitzii and its OMVs play a critical role in mitigating PEDV infections. These findings provide a prom-
ising strategy to ameliorate PEDV infection in piglets.
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Introduction

Porcine Epidemic Diarrhea Virus (PEDV) is a virus that
causes highly contagious diarrhea, posing a particularly
lethal threat to piglets. Since its initial identification in
the 1970s, PEDV outbreaks have continuously spread
globally, significantly impacting productivity in the swine
industry [1]. Due to PEDV’s high pathogenicity and rapid
transmission rate, outbreaks typically lead to widespread
piglet mortality, resulting in substantial economic losses
for pig farming operations. Furthermore, the limited effi-
cacy of current vaccines and treatment options exacer-
bates the challenges of epidemic prevention and control
[2]. Eprausnitzii has drawn widespread interest for its
potential in regulating inflammatory responses and sup-
porting gut health [3]. Numerous studies have shown a
close association between Fprausnitzii abundance and

gut health, particularly in patients with inflammatory
bowel disease (IBD), where its levels are notably reduced
[4]. Analysis of the gut microbiota in Crohn’s Disease
patients identified Fprausnitzii as an anti-inflammatory
symbiont that, when supplemented, effectively alleviates
the disease and improves inflammatory responses [5].
Additionally, FEprausnitzii mediates GPR43 signaling via
butyrate production, aiding CKD renal recovery [6]. The
abundance of Eprausnitzii is significantly reduced in cer-
tain viral infection states [7—13], and while previous stud-
ies have highlighted its role in inflammation regulation,
the specific mechanisms underlying its function during
viral infections remain underexplored, limiting its poten-
tial applications in antiviral therapy.

The gut microbiota is pivotal in regulating the host’s
immune responses, with certain probiotics found to
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inhibit viral replication and reduce viral infection symp-
toms by boosting the host’s innate immune response
[14]. Bacterial OMVs are crucial in host—pathogen inter-
actions. Secreted by Gram-negative bacteria, OMVs are
small vesicles containing various bioactive substances,
including proteins, lipids, DNA, and RNA [15]. OMVs
from Helicobacter pylori may promote the passage of
bacterial antigens through the gastric epithelial bar-
rier, contributing to local and systemic host inflam-
mation and immune responses [16]. Moreover, OMVs
play a role in gene-level exchange between bacteria and
between bacteria and hosts [17, 18]. For instance, OMVs
from Klebsiella pneumoniae can transfer plasmids con-
taining resistance genes to Escherichia coli, Salmonella
enterica, and Pseudomonas aeruginosa, impacting micro-
biota antibiotic sensitivity and potentially altering host
metabolism and immune responses [19]. In a mouse
model, OMVs from Akkermansia muciniphila promote
placental formation and alleviate preeclampsia [20]. Sim-
ilarly, extracellular vesicles from Lactobacillus johnsonii
and Lactobacillus plantarum promote M2 macrophage
polarization to combat inflammation [21, 22].

Metabolites produced by the gut microbiota play cru-
cial roles in host health and disease, with metabolomics
studies highlighting their diverse functions in regulat-
ing host physiological processes [23]. Research indicates
that short-chain fatty acids (SCFAs) produced by the
gut microbiota regulate host immune and inflammatory
responses by activating G protein-coupled receptors,
such as GPR41 and GPR43 [24, 25]. Similarly, second-
ary bile acids influence host metabolic pathways and
immune responses by activating the farnesoid X recep-
tor (FXR) and the TGR5 receptor [26]. Another signifi-
cant class of gut microbial metabolites includes indole
and its derivatives. Indole-3-propionic acid promotes
aryl hydrocarbon receptor (AhR) production, inhibits
NF-«B signaling and NLRP3 inflammasome formation,
and mitigates inflammation [27]. Phosphatidylcholine, a
primary membrane-forming phospholipid in eukaryotes,
is synthesized through the methylation pathway or the
CDP-choline pathway and is also involved in interactions
between macrophages and lymphocytes [28].

This study aims to reveal the role of Eprausnitzii in
PEDV infections. We demonstrate that Eprausnitzii can
improve viral infections through mechanisms mediated
by its OMVs. These Fp.OMVs regulate the structural
composition and metabolic profiles of the gut microbi-
ota, with PC being a key metabolite that influences the
distribution of intestinal cell subpopulations. Further-
more, Fp.OMVs reduce extensive necroptosis of target
cells caused by viral infections, thereby minimizing tissue
damage. This finding provides a strategy for PEDV pre-
vention and treatment.

Page 3 of 25

Methods

Cells, bacteria, and virus

Vero cells and IPEC-J2 cells were cultured in DMEM and
DMEM/F12, respectively (Servicebio, China), with the
addition of 10% fetal bovine serum (Gibco, USA) at 37 °C
in a 5% CO, environment. Faecalibacterium prausnitzii,
Prevotellamassilia timonensis, and Limosilactobacillus
reuteri were maintained in our laboratory, with standard
strain numbers DSM 107840, DSM22865, and CICC6123,
respectively. Faecalibacterium prausnitzii was cultured
in BHI medium, Prevotellamassilia timonensis in DSM
Medium 110, and Limosilactobacillus reuteri in MRS
medium under anaerobic conditions at 37 °C. PEDV
CV777 was kept in our laboratory and propagated using
Vero cells. The viral units used in this study were 10*34
PFU ml~%,

Animals and experimental design

The Landrace pigs were sourced from a farm in Jilin
Province, China. The piglets were weaned after consum-
ing colostrum for three days and were subsequently fed
with artificial formula milk to ensure uniform nutrient
intake for all piglets. During group assignment, piglets
from the same litter were evenly distributed across dif-
ferent experimental groups to minimize the effect of
maternal milk variability on individual groups. The diet
and environmental conditions were kept consistent for
all piglets, with each experimental group housed sepa-
rately. The environmental temperature was maintained
at 28-30 °C, with humidity levels between 50-70%. All
piglets tested negative for PEDV. The study comprised
four segments: Fprausnitzii functionality experiments,
effector substance functionality experiments, gut micro-
biota depletion experiments, and PC functionality exper-
iments. Parallel experiments were conducted in each
segment for sample collection.

In the first part, piglets were randomly assigned to
three groups: Fp+PEDV (n=8), PEDV (n=38), and Con-
trol (n=5). The Fp+PEDV group received Eprausnitzii
(10° CFU/kg) once a day from days 0 to 7, and both the
Fp+PEDV and PEDV groups were challenged with

PEDV on day 7.

In the second part, piglets were randomly divided
into five groups: Fp.supernatant+PEDV (n=6),
Fp.inactivated + PEDV (n=6), Fp.OMVs+PEDV
(n=6), PEDV (n=6), and Control (n=6). The
Fp.supernatant+PEDV,  Fp.inactivated+ PEDV, and

Fp.OMVs + PEDV groups were administered Eprausnitzii
culture supernatant (50kD filtration extraction), inacti-
vated Eprausnitzii (10° CFU/kg), and Fp.OMVs (1 mg/
kg) once a day from days O to 7, respectively. All groups
except the Control were challenged with PEDV on day 7.
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In the third part, piglets were randomly assigned
to four groups: Abx+Fp.OMVs+PEDV (n=6),
Fp.OMVs+PEDV (n=6), PEDV (n=6), and Control
(n=6). The Abx+Fp.OMVs+PEDV group received anti-
biotic treatment from days 0 to 5, and both the Abx+ Fp.
OMVs+PEDV and Fp.OMVs+PEDV groups were
administered Fp.OMVs (1 mg/kg) once a day from days 5
to 12. All groups except the Control were challenged with
PEDV on day 12.

In the fourth part, piglets were randomly allocated
into three groups: Abx+PC+PEDV (n=6), Abx+PEDV
(n=6), and Control (n=6). The Abx+PC+PEDV and
Abx+PEDV groups received antibiotic treatment from
days 0 to 5, and the Abx+PC+PEDV group was given
PC (10 mg/kg) (Medchemexpress, USA) once a day from
days 5 to 12. All groups except the Control were chal-
lenged with PEDV on day 12. Throughout all experi-
ments, piglets in the Control group were administered
PBS at all stages. All experiments involved orally gavag-
ing 1 ml of PEDV (10**** PFU ml™) to piglets, followed
by assessment of body weight changes, survival, diarrhea,
and viral load over the next 7 days to characterize the
infection state. Intestinal contents samples from piglets
in the Fp.OMVs +PEDV group and the PEDV group were
collected during the second and third parts of the animal
experiments for subsequent metagenomic and untar-
geted metabolomic analyses.

Antibiotic treatment

Ampicillin (1 mg/ml) (Solarbio, China), streptomycin
(1 mg/ml) (Solarbio, China), vancomycin (0.25 mg/ml)
(Solarbio, China), and neomycin (1 mg/ml) (Solarbio,
China) were incorporated into the milk and administered
for 5 days to extensively reduce the gut microbial back-
ground of the piglets [29].

Bacterial outer membrane vesicle isolation

Eprausnitzii was cultured anaerobically, and the superna-
tant was collected during the logarithmic growth phase.
The supernatant was filtered through a 0.22 pm filter,
transferred to a 50 kD centrifugal filter unit, and cen-
trifuged at 10,000x g for 50 min. The filtrate was then
transferred to a centrifuge tube for ultracentrifugation at
120,000 x g for 120 min. The OMVs were collected from
the tube’s bottom, resuspended in 1 ml PBS, and stored at
—80 °C after concentration determination [30].

Bacterial inactivation treatment

After bacterial culture, the suspension was collected and
washed three times with PBS. The suspension was then
inactivated at 70 °C for 30 min, followed by three addi-
tional PBS washes for subsequent studies.
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Fp.OMVs proteomics

Samples were treated with Denaturing Buffer, centri-
fuged at 12,000x g for 15 min at 4 °C, and the superna-
tant was collected. It was then treated with 1 M DTT at
56 °C for 1 h, followed by incubation with Iodoacetamide
at room temperature in the dark for 1 h. Formalin-Fixed,
Paraffin-Embedded samples were dewaxed with octane,
rehydrated with ethanol, washed in PBS, and incubated
with protein lysis buffer (4% SDS, 100 mM Tris) at 95 °C
for 10 min. After sonication and incubation at 95 °C for
60 min, Tris (2-carboxyethyl) phosphine and Chloro-
acetamide were added for reduction and alkylation. The
supernatant was centrifuged, precipitated with acetone
at —20 °C for at least 4 h, and dissolved in lysis buffer.
Protein concentrations were measured by the Bradford
assay, and 20 pg of protein was analyzed using SDS-
PAGE (12%) stained with Coomassie Brilliant Blue. Pro-
teins were digested with trypsin at 37 °C for 4 h, followed
by overnight digestion with trypsin and CaCl,. The pH
was adjusted with formic acid, centrifuged, and desalted
using a C18 column. The eluate was freeze-dried. Liquid
chromatography was performed using a Vanquish Neo
UHPLC system, followed by mass spectrometry in data-
dependent acquisition mode. Functional protein analysis,
including GO, IPR, COG, and KEGG pathways, was done
using InterProScan software.

Fp.OMVs small RNA-seq

OMVs samples were mixed with RNA lysis buffer and
incubated at room temperature for 5 min, followed by
the addition of 140 pl chloroform. After vortexing and
incubation, the mixture was centrifuged at 12,000 x g for
15 min at 4 °C. The aqueous phase was collected, mixed
with ethanol, and passed through an RNeasy spin col-
umn. After washing with Buffer RWT and Buffer RPE,
RNA was eluted with RNase-free water and stored at
—80 °C. RNA quantification was performed using a
Quantus Fluorometer. For 3’ and 5 adaptor ligation,
reactions were incubated at 28 °C, followed by cycling
at 65 °C and 4 °C. cDNA synthesis and purification were
done using QMN Beads, followed by PCR amplification.
miRNA libraries were sequenced using PE150 sequenc-
ing. FastQC and Fastp were used for quality assessment
and trimming. Bowtie was used to align sequences to
the Rfam database to remove rRNA and ncRNA, and the
miRBase database was used for miRNA identification.

Metagenome assembly and functional annotations

Total DNA was extracted using the Fecal Genome DNA
Extraction Kit (BioTeke, China). Libraries were con-
structed using the TruSeq Nano DNA Library Prepara-
tion Kit (Illumina, USA) and sequenced on an Illumina
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NovaSeq 6000 platform with 150 bp paired-end reads.
Adapters and low-quality reads were removed using cut-
adapt and fqtrim, and the remaining reads were aligned
with bowtie and assembled using MEGAHIT. Cod-
ing sequences were predicted with MetaGeneMark and
clustered into unigenes using CD-HIT. LEfSe (Linear
Discriminant Analysis Effect Size) was used to analyze
inter-group differences across taxonomic levels, select-
ing features with LDA >3 and P<0.05. Visualization was
performed using cladograms and bar charts generated via
the R package ggplot2 (version 3.2.0). Differential abun-
dance analysis between groups was conducted using the
metagenomeSeq package (version 1.38.0), and Manhat-
tan plots were created for visualization (ggplot2 version
3.2.0). Taxonomic classification was performed with
DIAMOND and the NR database, and species with dif-
ferential abundance were identified via the Wilcoxon test.
Functional annotations were made using KEGG.

LC-MS/MS

Samples were thawed and metabolites were extracted
using 80% methanol. Liquid samples were mixed with
precooled methanol, while solid samples were extracted
with methanol, followed by centrifugation. Supernatants
were dried, redissolved, and stored at —80 °C. QC sam-
ples were created by pooling 10 pL from each extraction.
Metabolite analysis was conducted using an UltiMate
3000 UPLC system with an ACQUITY UPLC T3 column,
and detection was done with a Q-Exactive mass spec-
trometer. Data were processed with XCMS and metabo-
lites were identified by matching retention times and m/z
values. Statistical analysis, including PLS-DA, was con-
ducted in R, with significant metabolites selected based
on P<0.05 and fold change>1.2. Functional analysis and
network mapping were done using KEGG.

Single-cell RNA sequencing

Jejunum tissues were pre-washed with 1 xXPBS on ice, cut
into 0.5 mm? pieces, and washed again. The tissue frag-
ments were digested with 0.35% collagenase IV, 2 mg/ml
papain, and 120 U/ml DNase I at 37 °C for 20 min, then
neutralized with PBS containing 10% fetal bovine serum.
The cell suspension was filtered, centrifuged at 300 g
for 5 min, and resuspended in 1xPBS with 0.04% BSA.
Erythrocytes were lysed, and dead cells were removed
with Dead Cell Removal MicroBeads. The final suspen-
sion, adjusted to 700-1200 cells/puL, was checked for
viability (>85%) using trypan blue and counted. Cells
were loaded into the 10 X Chromium chip using the 10X
Genomics Single-Cell 3’ kit to capture around 10,000
cells. cDNA amplification and library preparation were
performed, and sequencing was done on an Illumina
NovaSeq 6000 (paired-end, 150 bp) with 20,000 reads per
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cell. Data were processed with Cell Ranger and aligned to
the Sscrofa Ensemble 11.1 genome. Seurat was used for
analysis, and t-SNE was employed for data visualization.

Fp.OMVs labeling

The collected Fp.OMVs were adjusted to a concentra-
tion of 1 mg/ml. They were then incubated with DIL dye
(1:1000, Beyotime, China) for 20 min at room tempera-
ture, in conditions avoiding light exposure. Afterward,
the labeled OMVs were collected by ultracentrifugation
and washed with PBS to remove unbound dye, a process
repeated three times. Finally, the labeled Fp.OMVs were
collected and stored at —80 °C.

SEM

Intestinal tissue samples were collected and immedi-
ately fixed in 2.5% glutaraldehyde at 4 °C for 24 h. After
fixation, the samples were washed three times with
0.1 M phosphate buffer (pH 7.4) and post-fixed with 1%
osmium tetroxide for 1 h at room temperature. The tis-
sues were dehydrated through a graded series of etha-
nol (30%, 50%, 70%, 90%, and 100%), followed by critical
point drying. The dried samples were mounted on alu-
minum stubs, sputter-coated with gold—palladium, and
examined under a scanning electron microscope. Images
were captured at various magnifications to analyze the
surface morphology of the intestinal villi.

TEM

A 10 pl sample of Fp.OMVs was placed on a copper
grid and allowed to settle for 1 min, with excess liq-
uid removed using filter paper. The grid was stained
with 10 pl uranyl acetate for 1 min, and excess stain
was removed with filter paper. After air drying for sev-
eral minutes at room temperature, the samples were
imaged using a transmission electron microscope at
80 kV. For particle size analysis, the exosome sample was
diluted to 30 pl, and instrument performance was tested
with a standard sample. The exosome sample was then
loaded, ensuring gradient dilution to prevent clogging,
and analyzed to obtain particle size and concentration
information.

In vivo imaging

Piglets were administered Fp.OMVs treated with DIL at a
dose of 1 mg/kg. Fluorescent imaging was performed at 6,
12, 18, and 24 h post-administration using a NightOWL.
FL system. At each time point, piglets were placed in the
imaging system, and fluorescence images were captured
to detect ODj,o. Multiple views were obtained to ensure
comprehensive data collection. The fluorescence inten-
sity was measured across consistent regions of interest in
the intestine for each time point. Data were analyzed to
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quantify fluorescence intensity and monitor changes over
time. Control samples were used to validate the specific-
ity and accuracy of fluorescence detection, and the imag-
ing system calibration was checked before each session.

Bacterial growth measurement

Limosilactobacillus reuteri, Prevotellamassilia timon-
ensis, and Faecalibacterium prausnitzii were cultured in
media with varying concentrations of Fp.OMVs (10, 50,
and 100 pg/ml). The bacterial growth was monitored
over 48 h by measuring optical density (ODg,) at inter-
vals of 0, 6, 12, 18, 24, 30, 36, 42, and 48 h. Growth curves
were generated to evaluate the effect of OMVs on bacte-
rial growth, with control groups for comparison.

Bacterial-Fp.OMVs binding analysis

Limosilactobacillus reuteri, Prevotellamassilia timon-
ensis, and Faecalibacterium prausnitzii were cultured
in media containing high concentrations of Fp.OMVs
(100 pg/ml) under strict light-avoidance conditions and
collected after 6 h. In a light-avoidant environment, the
bacteria were washed three times with PBS, fixed with
4% paraformaldehyde, washed again with PBS, and
mixed with Anti-Fade Mounting Medium. The samples
were then placed on slides and observed using a Nikon
Al (HD25) system. Additionally, the remaining bacteria
from each group were analyzed for DIL-positive bacteria
using the LSRFortessa” system (BD) for flow cytometry
analysis.

Flow cytometry

Vero and IPEC-]J2 cells were cultured to 80% confluence
and then switched to maintenance medium. The cells
were pre-treated with various concentrations of PC (1, 5,
and 10 pM), or with a combination of PC (10 pM) and
inhibitors Necrostatin-1 (20 pM) and GSK-872 (5 pM)
for 24 h. Following pre-treatment, the cells were infected
with PEDV at a multiplicity of infection (MOI) of 0.1.
After 24 h of infection, the cells were collected, washed
twice with pre-cooled PBS, and centrifuged at 500xg
for 5 min at 4 °C. The cell concentration was adjusted
to 5% 10° cells/ml. Subsequently, 100 pl of the cell sus-
pension was taken and incubated with 5 pl of Annexin

(See figure on next page.)
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V-APC and 5 pl of PI. The mixture was gently vortexed
and incubated in the dark at room temperature for
10 min. Finally, 400 pl of pre-cooled PBS was added, and
the samples were gently mixed. The stained cells were
then analyzed using a flow cytometer (BD LSRFortessa).
The data was analyzed by Flow]Jo 10.8.1 software.

Fecal PC concentration determination

According to the reagent manufacturer’s instructions
(elabscience, China), 1 g of feces was homogenized, cen-
trifuged at 10,000 X g for 10 min at 4 °C, and the superna-
tant was taken to measure ODg,.

Cell viability assay

Vero and IPEC-J2 cells were seeded into 96-well plates
(100 pl/well) and cultured until they reached 80% con-
fluence. The cells were then treated with various con-
centrations of Phosphorylcholine (PC) (1, 5, 10, 20, 50,
100, 200, 500, 1000, 2000, and 5000 uM) for 24 h. After
this period, 10 pl of CCK-8 solution was added to each
well, and the plates were incubated for 2 h. Absorbance
at 450 nm was measured using a microplate reader to
evaluate the cytotoxicity of PC. Additionally, cells were
pre-treated with 10 uM PC, either alone or in combi-
nation with the inhibitors Necrostatin-1 (20 pM) and
GSK-872 (5 uM) (both from Medchemexpress, USA)
for 24 h. This was followed by infection with PEDV at
a multiplicity of infection (MOI) of 0.1. After 24 h of
infection, cell viability was assessed using the CCK-8
method.

Western blot analysis

Animal Samples: Intestinal tissues were placed in ice-cold
PBS, cut into 1-2 cm pieces, and digested with 0.25%
trypsin—EDTA at 37 °C for 20 min. After washing, tissues
were further digested with collagenase IV and DNase I at
37 °C for 30—60 min, filtered, and centrifuged.

Cell Line Samples: Vero and IPEC-J2 cells (80% con-
fluence) were pre-treated with PC (1, 5, 10 uM) or
Fp.OMVs (1, 5, 10 pg) for 24 h, followed by PEDV infec-
tion (MOI=0.1). Cells were lysed with RIPA buffer, cen-
trifuged, and protein concentration was measured using
a BCA kit.

Fig. 1 Fprausnitzii alleviates intestinal viral infection in a piglet model. a Development of a functional model for F.prausnitzii; piglet small intestines
were sampled on day 5 post-infection to assess intestinal damage, Fp+PEDV (n=8), PEDV (n=8), Control (n=5). Comparative analysis of clinical
indicators of survival (b), weight loss (c), and diarrhea (d) among the piglet groups. e Analysis of epithelial cell shedding from pathological sections.
f Comparison of histopathological changes (H&E staining); images taken at 20 xand 100 x magnifications. g Alterations in intestinal appearance.

h Scanning electron microscopy (SEM) examination of jejunal villi; images taken at 10x, 200 x, and 500 x magnifications. i Assessment of relative
PEDV-S expression levels in the intestines. j Immunofluorescence analysis of the intestines using PEDV-S; images taken at 100 x magnification. k
Characterization of viral content in intestinal epithelial cells using PEDV-N. Results are shown as means + SD, with statistical significance determined
by t tests for two groups and one-way ANOVA for three groups. *P < 0.05; **P<0.01; ****P<0.0001. Panels a was created with BioRender.com


https://www.biorender.com/

Xing et al. Microbiome (2025) 13:90 Page 7 of 25
a b 1007 == Fp+PEDV
=y Group1 Fprausnitzii (10°CFU/kg) ~ PEDV (10*3*PFUml") Protective Analysis £ 804 }— === PEDV
1.Clinical Indicators E Control
(/ Group2 PBS PEDV (10%%*PFUml™") . . S 60
2.Pathological lesions F]
) \ Group3 PBS PBS 3.Viral Load £ 40 l
Landrace pig ©
(3-day-old) L 20 p=0.0441
| ] | L
I 1 L 1
Day0 Day7 Day19 o 1 2 3 4 5 & 71
Days after infection
C d e *
115 4 1
S 110 - Fp+PEDV -~ Fp+PEDV *  kkkk
5. - PEDV o5 -= PEDV 4o T
g e
s Control 9 Control o
S 100 13 53
o © o
5 % - £ ’ § 2
S t
3 % 81 2
3 85 31
o
] 0 [}
T T T T T T T 1 v T T T T T T 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 04 04 (o\
Days after infection Days after infection x‘v & &
f <
Fp+PEDV PEDV Control g
Fp+PEDV PEDV

Relative expression

Duodenum

Duodenum

Jejunum

lleum
MLN

B-actin

Fig. 1 (See legend on previous page.)

= Fp+PEDV
= PEDV

Jejunum lleum MLN
PEDV Fp+PEDV
PVeoeoww~>55
(Sepee——
|m W W —55
W w ey w - 55
Teew-ew 2




Xing et al. Microbiome (2025) 13:90

Proteins were separated by SDS-PAGE, transferred to
PVDF membranes, and blocked. After blocking, mem-
branes were incubated overnight at 4 °C with the follow-
ing primary antibodies: PEDV-N (Medgene Labs, USA),
RIPK1 (Proteintech, USA), P-RIPK1 (Proteintech, USA),
RIPK3 (Proteintech, USA), P-RIPK3 (Nature Biosciences,
China), MLKL (Proteintech, USA), P-MLKL (ABclonal,
USA), B-actin (Proteintech, USA), and GAPDH (Protein-
tech, USA). After washing, secondary antibodies were
applied, and proteins were visualized using ECL on the
Amersham Imager 600.

Quantitative PCR

Following euthanasia, small intestine tissues were col-
lected from piglets, and RNA was extracted using an
RNA extraction kit (Takara, Japan) following the manu-
facturer’s instructions. The extracted RNA was converted
to cDNA using the SweScript RT II First Strand cDNA
Synthesis Kit (Servicebio, China). Quantitative PCR was
then performed using 2 X SYBR Green qPCR Master Mix
(Servicebio, China) on a 7500 Real-Time PCR System.
The primer sequences for PEDV-S were as follows: For-
ward: 5-GTCAAGGAAATTGTCATCACCAAG-3’ and
Reverse: 5-CAGCATCCAACAAACCGAGA-3!

Histopathology and IFA assessment

On the 5th day post-PEDV infection, jejunum tissues
from piglets were fixed in 4% paraformaldehyde and
then embedded in paraffin. The tissues were dehydrated
through a graded ethanol series and sectioned. For
each sample, at least two 3-um-thick sections were pre-
pared and stained with hematoxylin and eosin (HE). The
stained sections were analyzed using an inverted fluo-
rescence microscope (Leica Microsystems, Germany).
Another tissue section was stained with anti-PEDV-S
antibody (1:1000) (LanDuBio, China), followed by incu-
bation with FITC-conjugated goat anti-mouse antibody
(1:1000) (Servicebio, China). The cells were then stained
with DAPI for 5 min and covered with an anti-fade rea-
gent (Beyotime, China). The sections were observed

(See figure on next page.)

Page 8 of 25

under a fluorescence microscope (Leica Microsystems,
Germany) in a dark room, and images were captured at
200 x magnification.

Scoring for small intestinal changes was based on the
grade of epithelial cell desquamation, measured as fol-
lows: O=normal (no desquamation), 1=mild (a few
desquamated cells of tip villous epithelium), 2=mod-
erate (desquamation of upper villous epithelium),
3=marked (desquamation of lower villous epithelium),
and 4 =severe (desquamation of crypt epithelium). Nine
regions were randomly selected on the intestinal tissue
sections to determine the average lesion change [29].

Statistical analysis

Metagenomic sequencing of piglet gut contents, untar-
geted metabolomic sequencing of bacterial culture
supernatants and gut contents, and single-cell sequenc-
ing of piglet gut were performed and analyzed using
the OmicStudio platform (www.omicstudio.cn). All
data are expressed as the mean+SD. Statistical analysis
was performed using one-way ANOVA and t tests with
GraphPad Prism 10.0 (GraphPad software). In the case
of multiple comparisons, P values were corrected using
Tukey’s method. The P values are indicated as follows:
*P<0.05; **P<0.01; ***P<0.001; ****P < 0.0001.

Results

F.prausnitzii alleviates PEDV infection in a piglet model

We utilized a piglet infection model with PEDV, known
for its stable infection in piglets, to examine the role of
Eprausnitzii. Three-day-old Landrace piglets were ran-
domly assigned to three groups. On day 7, 16 piglets were
infected with PEDV, followed by a 7-day analysis of clini-
cal indicators, pathological damage, and viral load detec-
tion (Fig. 1a). The findings indicated that the survival rate
of the Fp+PEDV group was significantly higher than that
of the PEDV group post-infection (P=0.0441) (Fig. 1b).
The Fp+PEDV group experienced less weight loss and
maintained a higher body weight percentage compared
to the PEDV group, suggesting a beneficial effect of

Fig. 2 Fp.OMVs play a key role in alleviating intestinal viral infection. a Creation of a screening model for Fprausnitzii functional substances;

piglet small intestines were sampled on day 5 post-infection to assess intestinal damage. Groups included Fp.supernatant+PEDV (n=6),
Fp.inactivated +PEDV (n=6), Fp.OMVs+PEDV (n=6), PEDV (n=6), and Control (n=6). Comparative analysis of clinical indicators of survival (b),
weight loss (d), and diarrhea (e) in each piglet group. ¢ Analysis of the digestive kinetics of DiL-labeled Fp.OMVs in piglet intestines using an in vivo
imaging system; fluorescence signals were collected at 6, 12, 18, and 24 h. f Scanning electron microscopy analysis of jejunal villi; images taken

at 10x, 200, and 500 x magnifications. g Alterations in intestinal appearance. h Comparison of histopathological changes (H&E staining); images
taken at 20x and 100 x magnifications. i Characterization of viral content in intestinal epithelial cells using PEDV-N. j Immunofluorescence analysis
of the intestines using PEDV-S; images taken at 100 x magnification. k Assessment of relative PEDV expression levels in the intestines. | Analysis

of epithelial cell shedding from pathological sections. Results are presented as means + SD, with statistical significance determined by t tests for two
groups and one-way ANOVA for four and five groups. *P < 0.05; **P<0.01; ***P < 0.001; ****P<0.0001. Panel a was created with BioRender.com


http://www.omicstudio.cn
https://www.biorender.com/

Xing et al. Microbiome

Landrace pig
(3-day-old)

(2025) 13:90 Page 9 of 25

(on

Group Fp.supernatant (10°CFU/kg)

Group2 Fp.inactivated (10°CFU/kg)

Group3 Fp.OMVs (1mg/kg)
Group4 PBS
Group5 PBS

PEDV (103 PFU ml")
PEDV (1043 PFU ml")
PEDV (103 PFU ml")
PEDV (1043 PFU ml*)

PBS

Protective Analysis

1.Clinical Indicators
2.Pathological lesions
3.Viral Load

6h

12h

18h

24h

J Fp.supernatant+PEDV.

Relative expression
>

Duodenum

Fp.inactivated+PEDV-

*k
* *kk Kk
[ |
Jejunum

Fig. 2 (See legend on previous page.)

lleum

Control

7
B3 Fp.OMVs+PEDV
= PEDV
1

== Fp.supernatant+PEDV

= ] = Fp.inactivated+PEDV
S -~ Fp.OMVs+PEDV
3 oo == PEDV
H _l Control
: 40
o -
z 2 ]p:().ous
— T 1

0 1 2 3 4 5 6 7
Days after infection

Fp.supernatant+PEDV
Fp.inactivated+PEDV
Fp.OMVs+PEDV
PEDV

Control

L |

Days after infection

(0]

Fp.supernatant+PEDV
Fp.inactivated+PEDV
Fp.OMVs+PEDV
PEDV

Control

L)

Diarrhea score

PEDV. Control

i Fp.supernatant Fp.inactivated
PEDV PEDV PEDV

Fp,?MVs
PEDV

kDa
Duodenumlm-- |—55
D e e —————
D e —————— )
MLN I---“-.- ——l—ss

GAPDH | e --Q!!-!——-l’”
* %%k

I Hokk

B Fp.supernatant+PEDV
Bl Fp.inactivated+PEDV

Lesion score




Xing et al. Microbiome (2025) 13:90

Eprausnitzii on weight maintenance (Fig. 1c). Addition-
ally, the Fp+PEDV group exhibited milder and shorter
diarrhea symptoms (Fig. 1d). Further examination,
including lesion scoring using HE staining (Fig. le, f)
and intestinal appearance analysis (Fig. 1g), revealed that
the Fp+PEDV group had more intact intestinal villi and
healthier intestinal tissue structures, whereas the PEDV
group displayed severe villous damage and significant tis-
sue destruction. These findings were further confirmed
by scanning electron microscopy results (Fig. 1h). qPCR
analysis revealed significantly lower viral replication lev-
els in various intestinal segments and mesenteric lymph
nodes in the Fp+PEDV group (Duodenum, P=0.0255;
Jejunum, P=0.0015; Ileum, P=0.0287; MLN, P=0.0086)
(Fig. 1i), with viral replication quantified by measuring
the PEDV-S expression. Immunofluorescence staining
(Fig. 1j) and Western blot (Fig. 1k) confirmed a reduc-
tion in PEDV antigen and viral protein expression in the
intestines of the Fp+PEDYV group.

Fp.OMVs play a key role in alleviating viral infection

Bacteria can influence immunity and infection through
surface proteins, metabolites, and OMVs [29, 31-33].
To identify the active substances by which Eprausnitzii
exerts its effects, we isolated its culture supernatant,
OMVs, and inactivated bacteria for functional analy-
sis. On day 7, the piglets were infected with PEDV, fol-
lowed by a 7-day functional evaluation (Fig. 2a). To
confirm whether Fp.OMVs can effectively enter the gut,
we labeled them with DILC,4(3) (DIL) and monitored
their digestive kinetics at 6, 12, 18, and 24 h. The results
indicated that the OMVs diffused and were digested over
time, starting from the stomach and duodenum at 6 h and
accumulating in the ileum by 24 h (Fig. 2c). The results
showed that the survival rate of the Fp.OMVs+PEDV
group was significantly higher than that of the PEDV
group (P=0.0145) (Fig. 2b). The Fp.OMVs+PEDYV group
experienced the least weight loss, maintaining over 90%
of their body weight throughout the study (Fig. 2d), and
exhibited milder diarrhea symptoms (Fig. 2e). Scanning
electron microscopy (Fig. 2f) and HE staining (Fig. 2h)
revealed that the intestinal villi and tissue structure of
the Fp.OMVs+PEDV group were the most intact, while
the other treatment groups and the PEDV group showed

(See figure on next page.)
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varying degrees of damage and extensive shedding of
intestinal epithelial cells. In terms of overall gut health,
the Fp.OMVs+PEDV group displayed a healthy state,
while the other treatment groups and the PEDV group
exhibited clear lesions such as congestion and edema
(Fig. 2g). Immunofluorescence staining (Fig. 2j) and
Western blot (Fig. 2i) results confirmed that pretreat-
ment with OMVs reduced the expression of viral antigens
and proteins. qPCR analysis demonstrated that the viral
replication levels in various intestinal segments and mes-
enteric lymph nodes were lower in the Fp.OMVs+PEDV
group compared to the other treatment groups and the
PEDV group (Fig. 2k). Finally, lesion scoring showed
that the Fp.OMVs+PEDV group had significantly lower
scores than the other treatment groups and the PEDV
group (Fig. 2I).

Characterization of proteins, small RNAs, and metabolites
in Fp.OMVs

To date, a comprehensive analysis of the structure and
composition of Fp.OMVs has not been performed. We
collected OMVs using concentration and ultracen-
trifugation methods (Fig. 3a). Transmission electron
microscopy revealed that the diameter of Fp.OMVs
ranges from approximately 30-150 nm, and they are
round in shape (Fig. 3b, Fig. Sla, b). Next, we employed
sequencing techniques to analyze the proteins, metab-
olites, and small RNAs in the OMVs (Fig. 3c). At
the protein level, we identified a total of 1,326 pro-
teins, including Pgsa, Rplt, Rpsl, Rpll, Grol, Crt, Etfa,
and Rpsd, which are highly expressed and functional
within bacterial cells. Subcellular localization analy-
sis showed that the main components were cytoplasm
proteins and cell inner membrane proteins, accounting
for 45.24% and 41.99%, respectively, with the remain-
ing being periplasm proteins (9.52%), extracellular
proteins (2.60%), and cell outer membrane proteins
(0.65%) (Fig. 3d). Functional enrichment comparison
using IPR, GO, COGs, and KEGG databases revealed
696 common genes (Fig. 3e). IPR functional annota-
tion indicated that ABC transporter-like functions
were the most abundant among proteins identified in
the OMVs (Fig. Slc). Additionally, we identified 352
and 180 metabolites under positive and negative ion

Fig. 3 Characterization and composition analysis of Fp.OMVs. a Process for collecting Fp.OMVs. b Analysis of Fp.OMVs using transmission electron
microscopy. ¢ Detection of proteins, metabolites, and miRNAs in Fp.OMVs using proteomics, untargeted metabolomics, and small RNA-Seq.
Structures of proteins and miRNAs were generated with AlphaFold3, while metabolite structures were generated with ChemDraw and presented
as an exploded view of Fp.OMVs. d Subcellular localization analysis of Fp.OMVs proteins based on Cell-mPLOC. e Functional analysis of Fp.OMVs
proteins based on IPR, GO, COGs, and KEGG databases. Classification and proportion of Fp.OMVs metabolic components under positive ion (f)

and negative ion (g) modes. Panel a was created with BioRender.com
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modes, respectively (Fig. 3f, g). Major components
included Indole, L-Threonine, Methionine, Gluconic
acid, Azelaic acid, Acetylcholine, Inosine, and Succinic
acid. Lipids and lipid-like molecules, as well as organic
acids and derivatives, were the predominant catego-
ries in both ion modes. Comparison with the HMDB
database showed successful identification of 44 and 45
metabolites in the Lipids and lipid-like molecules and
Organic acids and derivatives categories, respectively
(Fig. S1d). Finally, we analyzed small RNAs, which had
sequence lengths ranging from 17 to 150 nucleotides,
with the highest number of sequences being 1,696,222
at a length of 22 nucleotides. These small RNAs were
classified into various types, including miRNA, Cis-
regulatory RNA, IncRNA, rRNA, snoRNA, and snRNA.
Different families of miRNA were identified, with total
lengths ranging from 16 to 32 nucleotides, such as
mir4270, mir6787, mir6602, mir1901, mir4211, mir84,
mir3917, and mir6601 (Fig. Sle).

Fp.OMVs rely on gut microbiota to alleviate viral infection

The exact mechanism by which Fp.OMVs function is
still unclear. We pretreated Vero and IPEC-]2 cells with
a safe concentration of Fp.OMVs (Fig. S2a, b) before
infecting them with PEDV. The results indicated that
direct application of Fp.OMVs did not reduce the
viral load (Fig. S2c¢, d), suggesting an indirect mecha-
nism of action. Bacteria use OMVs to exchange infor-
mation, impacting microbial community niches and
metabolic functions [34, 35]. To investigate whether
the function of Fp.OMVs depends on the gut microbi-
ota, we established a piglet gut microbiota disruption
model using antibiotic treatment (Fig. 4a). We found
that, compared to the Fp.OMVs+PEDV group, the
Abx +Fp.OMVs+PEDV group had a similar survival
rate to the PEDV group, negating the protective effect
of Fp.OMVs (Fig. 4b). Weight change data showed
accelerated weight loss in the Abx+Fp.OMVs+PEDV
group (Fig. 4c) and a significant increase in diarrhea
scores (Fig. 4f), indicating that Fp.OMVs lost their
protective effect in the absence of a normal gut micro-
biota. Scanning electron microscopy (Fig. 4e) and HE

(See figure on next page.)
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staining (Fig. 4g) further supported this conclusion,
showing severe damage to the intestinal villi structure
in the Abx+Fp.OMVs+PEDV group, compared to
milder damage in the Fp.OMVs + PEDYV group. Lesion
scores between the Abx + Fp.OMVs + PEDV and PEDV
groups showed no significant difference (Fig. 4d).
Additionally, gross intestinal examination revealed
obvious lesions in the Abx+Fp.OMVs+PEDV group,
while the Fp.OMVs+PEDV group maintained rela-
tively mild edema (Fig. 4h). Immunofluorescence
staining (Fig. 4i) and Western blot (Fig. 4k) results
showed a similar trend, with increased viral protein
expression in the Abx+Fp.OMVs+PEDV group. We
also observed that viral replication levels in various
intestinal segments and mesenteric lymph nodes were
higher in the Abx+ Fp.OMVs + PEDV group compared
to the Fp.OMVs +PEDV group (Fig. 4j). In summary,
the function of Fp.OMVs largely depends on the pres-
ence of the gut microbiota. Depletion of the gut micro-
biota abolishes the mitigating effects of Fp.OMVs on
viral infection.

Fp.OMV:s alter the structure and abundance of the gut
microbiota and stimulate bacterial growth in vitro

To identify which bacterial categories are affected by
Fp.OMVs, we employed metagenomic methods to ana-
lyze the impact of OMVs on the gut bacterial commu-
nity. The Shannon Index (Fig. S3a), Observed Species
(Fig. S3b), and Chaol (Fig. S3c) metrics revealed the
richness and evenness of gut microbiota under differ-
ent treatment conditions. The shared Unigenes between
the Fp.OMVs+PEDV group and the PEDV group
totaled 2,289,768, while the Fp.OMVs+PEDV group
had 40,697 unique Unigenes (Fig. S3d). Alpha diversity
analysis showed that the Simpson index, Goods cover-
age, Shannon index, and observed species count in the
Fp.OMVs+PEDV group were significantly higher than
in the PEDV group (Fig. 5a). Beta diversity analysis using
PCA (Fig. 5b), PCoA (Fig. S3e), NMDS (Fig. S3f) and
PERMANOVA (P<0.0001) (Supplementary informa-
tion Table 1) demonstrated that Fp.OMYVs significantly
altered the microbial structure in the piglet gut. Relative

Fig. 4 Fp.OMVs function depends on the gut microbiota. a Creation of a piglet intestinal microbiota depletion model; piglet small intestines

were collected on day 5 post-infection to evaluate intestinal damage in groups Abx+ Fp.OMVs + PEDV (n=6), Fp.OMVs+PEDV (n=6), PEDV

(n=6), and Control (n=6). Comparative analysis of survival (b), weight loss (c), and diarrhea (f) in each piglet group. d Analysis of epithelial cell
shedding from pathological sections. e Scanning electron microscopy analysis of jejunal villi; images taken at 10X, 200 x, and 500 x magnifications.
g Comparison of histopathological changes (H&E staining); images taken at 20 xand 100 x magnifications. h Alterations in the appearance

of the intestines. i Immunofluorescence analysis of the intestines using PEDV-S; images taken at 100 x magnification. j Assessment of relative PEDV
expression levels in the intestines. k Characterization of viral content in intestinal epithelial cells using PEDV-N. Results are presented as means + SD,
with statistical significance determined by t tests for two groups and one-way ANOVA for three and four groups. *P < 0.05; **P<0.01; ****P <0.0001.

Panel a was created with BioRender.com
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abundance analysis at the phylum (Fig. S3g), genus (Fig.
S3h), and species levels (Fig. 5c) revealed significant
increases in the abundances of Euryarchaeota and Pseu-
domonadota at the phylum level in the Fp.OMVs + PEDV
group. At the genus level, the abundances of Prevotella,
Faecalibacterium, and Lactobacillus were significantly
increased in the Fp.OMVs+PEDV group, with nota-
ble upregulation of species such as Prevotella sp. P5-92,
Segatella copri, Faecalibacterium prausnitzii, and Lacto-
bacillus johnsonii. LEfSe analysis supported these find-
ings, showing high-expression communities of genera
like Prevotella, Faecalibacterium, and Lactobacillus, and
species such as Faecalibacterium prausnitzii, Prevotel-
lamassilia timonensis, and Limosilactobacillus reuteri
in the Fp.OMVs+PEDV group (Fig. 5d, e, f and Fig.
S3i). Bacterial OMVs facilitate interspecies communica-
tion and community signaling. We hypothesized that
Fp.OMVs could bind to or enter other bacteria to influ-
ence their growth. To test this, we pre-labeled OMVs with
DIL and co-cultured them with Limosilactobacillus reu-
teri, Prevotellamassilia timonensis, and Faecalibacterium
prausnitzii. Confocal microscopy showed that Fp.OMVs
could bind to all three bacterial species (Fig. 5g). In vivo
abundance alone does not fully capture the impact of
OMVs on bacteria. Therefore, we cultured the three
upregulated bacteria with different concentrations of
Fp.OMVs in vitro. Interestingly, Fp.OMVs (10, 50, and
100 pg/ml) stimulated the growth of Limosilactobacillus
reuteri (Fig. 5h), Prevotellamassilia timonensis (Fig. 5i),
and Faecalibacterium prausnitzii (Fig. 5j), including self-
growth stimulation of Faecalibacterium prausnitzii. This
binding was further confirmed by flow cytometry, which
demonstrated a increase in DILY Limosilactobacillus
reuteri (Fig. 51, m, k), DILT Prevotellamassilia timonen-
sis (Fig. 50, p, n), and DIL" Faecalibacterium prausnitzii
(Fig. 51, s, q) after treatment with Fp.OMVs. In conclu-
sion, Fp.OMVs alter the composition and abundance of
the gut microbiota in vivo, a phenomenon also observed
in vitro.

(See figure on next page.)
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Fp.OMVs modulate the metabolic profiles of the intestine
and associated bacteria

Metabolites were quantified using untargeted metabo-
lomics via LC-MS/MS, and the abundance of each
metabolite was normalized to the total ion current
for statistical comparison. Besides impacting bacte-
rial growth, Fp.OMVs are likely to alter bacterial func-
tions. KEGG analysis indicated notable changes in the
genes related to bacterial metabolic pathways in the gut
(Fig. S3j). We identified the upregulated metabolites fol-
lowing Fp.OMVs treatment, noting that Glycerophos-
pholipids, Fatty Acyls, Carboxylic acids and derivatives,
and Prenol lipids were the primary categories in both
bacterial cultures of Limosilactobacillus reuteri (Fig. 6a),
Prevotellamassilia timonensis (Fig. 6c), Faecalibacte-
rium prausnitzii (Fig. 6d), and the intestinal environ-
ment (Fig. 6e). Further analysis of the next level of
metabolites showed that Fp.OMVs treatment increased
key substances downstream of Glycerophospholipids,
such as PC, PA, and PG, with a significant rise in PC.
Additionally, there were substantial increases in Ara-
chidonic acid, FAHFA36:3, Tomentosic acid, Maslinic
Acid, Euscaphic acid, and b-Boswellic acid within the
Fatty Acyls and Prenol lipids categories (Fig. 6b). Dif-
ferential analysis of the metabolites indicated that PC-
group metabolites like PC(DiMe(11,3)/6keto-PGFialpha),
PC(18:4(62,92.122.157)/6 keto-PGFlalpha), PC(16:0/
PGE1), PC(15:0/20:4(6Z,8E,10E,14Z)—20H(5S,12R)),
PC(15:0/0:0), and PC O-17:0 were significantly upregu-
lated in both bacterial cultures of Limosilactobacillus
reuteri (Fig. 6f), Prevotellamassilia timonensis (Fig. 6g),
Faecalibacterium prausnitzii (Fig. 6h), and the intestinal
environment (Fig. 6i). Following this, we investigated the
metabolic variations induced by Fp.OMVs in the intes-
tinal environment and during in vitro co-cultures with
Limosilactobacillus reuteri, Prevotellamassilia timonen-
sis, and Faecalibacterium prausnitzii. PLS-DA analysis
revealed that Fp.OMVs modified the metabolic profiles
of Limosilactobacillus reuteri (Fig. 6j), Prevotellamassilia

Fig. 5 Fp.OMVs bind to specific bacteria and stimulate their growth. a Comparative analysis of Simpson index, Goods coverage index, Shannon
index, and observed species index between the Fp.OMVs+PEDV (n=15) and PEDV (n=15) groups. b PCA analysis based on weighted UniFrac
distances to identify microbial structural changes. ¢ Top 20 species at the species level between the Fp.OMVs +PEDV and PEDV groups. d
LEfSe-based differential species abundance analysis (Faecalibacterium prausnitzii, Prevotellamassilia timonensis, and Limosilactobacillus reuteri). e
Bacterial phylogenetic branches, with different circle layers from inner to outer representing seven taxonomic levels: domain, phylum, class, order,
family, genus, and species; each node represents a species classification at that level. f LEfSe analysis (LDA score > 3). g Co-localization results

of DIL-labeled Fp.OMVs with Limosilactobacillus reuteri, Prevotellamassilia timonensis, and Faecalibacterium prausnitzii detected by laser confocal
microscopy. Growth measurements of Limosilactobacillus reuteri (h) (n=3), Prevotellamassilia timonensis (i) (n =3), and Faecalibacterium prausnitzii
(j) (n=3) pre-treated with different concentrations of Fp.OMVs, Fp.OMVs-L, 10 ug/mL; Fp.OMVs-M, 50; Fp.OMVs-H, 100 ug/mL. Flow cytometry
combined analysis of DiL-labeled Fp.OMVs with Limosilactobacillus reuteri (I, m, k), Prevotellamassilia timonensis (o, p, n), and Faecalibacterium
prausnitzii (r, s, q); results presented using scatter plots, statistical charts, and histograms. Results are presented as means + SD, with statistical
significance calculated by t tests for two groups and one-way ANOVA for four groups. **P<0.01; ***P < 0.001; ****P<0.0001
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timonensis (Fig. 6k), Faecalibacterium prausnitzii
(Fig. 61), and the intestinal environment (Fig. 6m). Finally,
gene function prediction on the metabolites in Limosilac-
tobacillus reuteri (Fig. 6n), Prevotellamassilia timonensis
(Fig. 60), Faecalibacterium prausnitzii (Fig. 6p), and the
intestinal environment (Fig. 6q) post-Fp.OMVs treatment
showed enrichment in functions related to Cellular Pro-
cesses, Metabolism, and Organismal Systems. In conclu-
sion, Fp.OMVs not only significantly alter the metabolic
composition of the piglet gut but also affect the meta-
bolic activities of specific bacteria.

Gut microbiota-derived PC alleviates viral infection

Our differential metabolomics analysis revealed a
enrichment of PC-like substances following Fp.OMVs
treatment. These metabolites, mostly precursors or inter-
mediates of PC, led us to hypothesize that PC might play
a functional role during viral infection. The measurement
of PC in piglet intestinal feces revealed that Fp.OMVs sig-
nificantly increased the PC content in vivo (P=0.0089)
(Fig. 7a). We established a piglet viral infection model,
using antibiotic treatment to eliminate interference from
metabolites produced by other microorganisms (Fig. 7b).
The results indicated that PC mitigated the negative
impacts of the virus, as evidenced by improved survival
rates (Fig. 7c) and body weight changes (Fig. 7d) com-
pared to the PEDV group. In addition, PC alleviated bro-
ken villi and extensive epithelial cell shedding, consistent
with the pathology scoring results (Fig. 7e). The diarrhea
index also showed improvement (Fig. 7g), maintaining
a stable trend from day 4 to day 7. Scanning electron
microscopy (Fig. 7f) and HE staining (Fig. 7i) revealed
that the intestinal villi and tissue structure of the PC pre-
treatment group remained intact, with only mild damage
and epithelial cell shedding. Additionally, the PC pre-
treatment group exhibited mild congestion and edema in
gut appearance, while the PEDV group showed obvious
lesions and severe congestion and edema (Fig. 7h). Viral
load analysis demonstrated that the PC pretreatment
group had lower viral replication levels in various intes-
tinal segments and mesenteric lymph nodes compared to

(See figure on next page.)
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the PEDV group (Fig. 7j). Western blot results (Fig. 7k)
and Immunofluorescence staining (Fig. 71) also con-
firmed that PC could reduce viral load in different areas.

PC significantly alters intestinal cell subpopulation
distribution under viral infection

The gut, a crucial immune organ, has its mucosal sur-
face populated with numerous immune cells. Microbi-
ota-produced metabolites stimulate the immune system
to defend against intestinal pathogens [23, 36-38]. To
understand how PC regulates viral infection, we ana-
lyzed cell distribution in the piglet gut using single-cell
sequencing. These subpopulations were displayed in dif-
ferent groups using t-SNE (Fig. 8a). Further cell marker
analysis identified 15 cell types, including T cells (CD3E,
CD3D, CD4, CD8A, CD8B), B cells (CD19, MS4A1l,
CD79A, CD79B), Macrophages (CD163, CD68, CSF1R),
Dendritic cells (CCR7, CD83, CD86, FSCN1), Mono-
cytes (ITGAM, TYROBP, MYDS88), Epithelial cells
(EPCAM, VIL1, CLDN4, CLDN7, KRTS8, KRT18), Gob-
let cells (MUC2, TFF3, SPDEF), Smooth muscle cells
(TAGLN, ACTA2, CALD1), Endothelial cells (CLDNS5,
PECAMI1, RAMP2), Enteroendocrine cells (CHGA,
CHGB, PCSK1, GCQG), Intestinal stem cells (OLFM4,
REG4, TOP2A), Fibroblasts (DCN, COL1A1, COL1A?2),
MMPhigh-Fibroblasts (MMP1, MMP2, MMP3), Intesti-
nal neurons (NCAM1, CADMI, PHOX2B), and Intesti-
nal proliferative cells (AURKB, CDC20, PLK1) (Fig. 8b).
To better visualize the subpopulation boundaries and cell
morphology, we generated a gene marker map (Fig. 8c)
and revealed the proportion of these subpopulations in
the PC+PEDV and PEDV groups. We dissociated the
entire jejunal tissue to create a comprehensive single-cell
atlas. Based on differential gene sets, we identified 0-26
cell subpopulations, each expressing specific genes, such
as PECAM1 and CLDNS5 in subpopulation 0 (Fig. 8d).
Cell abundance analysis showed that PC pretreatment
increased the relative abundance of epithelial cells while
reducing the relative abundance of T cells and B cells,
which are critical for adaptive immunity (Fig. 8e). We
then identified highly expressed genes in the early stage,

Fig. 6 Fp.OMVs alter the metabolic profiles of intestines and cultured bacteria, increasing PC class metabolites. Statistical analysis of differentially
upregulated metabolite classes in Limosilactobacillus reuteri (Fp.OMVs group, n=>5; Control group, n=5) (a), Prevotellamassilia timonensis (Fp.

OMVs group, n=5; Control group, n=5) (c), and Faecalibacterium prausnitzii (Fp.OMVs group, n=5; Control group, n=5) (d) during in vitro culture,
as well as in piglet intestines (Fp.OMVs + PEDV group, n=15; PEDV group, n=15) (e). b Statistical analysis of the number of downstream products

of the top three classes of metabolites in different systems treated with Fp.OMVs. Volcano plot analysis of differentially abundant metabolites

in Limosilactobacillus reuteri (f), Prevotellamassilia timonensis (), Faecalibacterium prausnitzii (h), and piglet intestines (i) after Fp.OMVs pre-treatment.
Partial least squares discrimination analysis (PLS-DA) of metabolites in Limosilactobacillus reuteri (j), Prevotellamassilia timonensis (k), Faecalibacterium
prausnitzii (1), and piglet intestines (m) after Fp.OMVs pre-treatment. Functional comparative analysis of metabolic components in the KEGG
database in Limosilactobacillus reuteri (n), Prevotellamassilia timonensis (o), Faecalibacterium prausnitzii (p), and piglet intestines (q) after Fp.OMVs

pre-treatment



Xing et al. Microbiome (2025) 13:90 Page 17 of 25

Control Control Control
FOMVs EOMVs FOMVs
LT e——" i

DLty skt -GOA Sepsapagenl B VIR Mot Act

- P00 Mypertra

PorGEIIYe PRaGiOTIY s

PRI 0MS) Mersqunenc s

Control Control Control
FOMVs [r——— EOMVs FOMVs
W 2
|- e ESST—— = [— [ [RE— a0z
o Ay
=
£
=
n o [em— r—— r— stoonn
1E1D0MES 120
Thmine Gicentint Fseontey
[
d T Conr cone conr
. EOMVs FOMVs P FOMVs P—
N fev— e s reusarann fr—— Jre—
=
2]
E
=
w [ST——— Gt [T, rooue2 10 [m—— —

PRI R

Gt Moo M

' Control ' Control ICommI
s FOMVs MGDG 0-13:1 50 FOMVs PRS0 FOMVs Gaoderic acid H
- £ = x
2 SRR = ——
£ boncosia 1t fr— [revr—— rearane reot60en st mtychpeses 7 S—
=
o y Jn
= /
= LS
=
an ﬂ MGDG 0162 50 MGDG 0257 287 GOm0 reaoson Putlstchyia lopen-tone
=
DanG o 192 rcous -
f Limosilactobacillus reuteri g Prevotellamassilia timonensis h Faecalibacterium prausnitzii | Piglets intestinal contents

-ogroipuan

5 1 C=) H
:. 3. ]
H ¥ H
Sigcan Sigiteant
* Sawee
N 641) | © Noowrse) Nl (1065
+ Sabomiy

 Sg_Down 10) *| o Sq_Down 425
ogatFc) togatrc)

@control @Fp.omvs [ Y intestinal contents ( PLS-DA > @ Control @Fp.OMVs

sac)
L.Reuteri ( PLS-DA) @Control ®Fp.OMVs k Ptimonensis ( PLS-DA ) @ Control @Fp.OMVs | Fprausnitzii ( PLS-DA )

—

g g g g
2 I 3 b
5 ¢ 2 2 o ks
CRN) L L

PC1 (42.80%) PC1 (38.45%)

Fig. 6 (Seelegend on previous page.)



Xing et al. Microbiome (2025) 13:90

such as RABI11A, STOM, LRRCI19, ENPP3, and SLC51B,
as well as in the late stage, such as BMP4, FERMT?2,
GJA1, NID2, and ANXA1 (Fig. 8f). In summary, PC pre-
treatment altered the distribution of intestinal cells under
viral infection, predominantly rescuing a large number of
epithelial cells.

PC reduces necroptosis induced by PEDV infection
Intestinal epithelial cells, due to their extensive expo-
sure surface, are prone to viral contact and act as vectors
for viral replication and transmission [39]. KEGG func-
tional predictions of epithelial cells from PC-treated and
control groups revealed that PC treatment reduced the
expression of genes involved in the necroptosis pathway,
indicating that PC may inhibit necroptosis during infec-
tion (Fig. 9a). To determine cytotoxicity, we treated two
cell lines capable of PEDV infection, IPEC-J2 and Vero
cells, with varying concentrations of PC (Fig. 9b, c). Con-
centrations of 1, 5, and 10 uM were used as low, medium,
and high doses. After treatment, cells were infected
with PEDV at MOI=0.1 and harvested 24 h later. Flow
cytometry was used to detect cell death, characterized
in the Q2 quadrant. PC treatment at different concentra-
tions inhibited PEDV-induced cell death in both IPEC-]J2
and Vero cells (Fig. 9d, e, f). We also treated cells with
the RIPK1 inhibitor Nec-1 and the RIPK3 inhibitor GSK-
872 in combination with PC, further reducing cell death.
This indicated that PC inhibited necroptosis-induced cell
death during viral infection (Fig. 9g, h, i). RIPK1 interacts
with RIPK3 to form the RIPK1-RIPK3 complex, which
activates RIPK3 to phosphorylate MLKL. Phosphorylated
MLKL accumulates at the cell membrane, forming pores
that ultimately lead to cell death. We analyzed the phos-
phorylation levels of RIPK1, RIPK3, and MLKL in IPEC-
J2 (Fig. 9j) and Vero cells (Fig. 9k) treated with different
concentrations of PC. Compared to the PEDV infection
group, PC treatment reduced the phosphorylation lev-
els of RIPK1, RIPK3, and MLKL. Similarly, cell viabil-
ity of IPEC-J2 (Fig. 91) and Vero cells (Fig. 9m) treated
with PC (10 uM) alone and in combination with inhibi-
tors showed the same trend, indicating that PC reduces
necroptosis induced by viral infection.

(See figure on next page.)
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Discussion

Our study reveals the potential functions of Eprausnitzii
and its OMVs in PEDV infection. Although Eprausnitzii
is known for its anti-inflammatory properties and role
in maintaining intestinal health, this study using a piglet
model found that Eprausnitzii significantly reduced viral
load and mitigated disease progression during viral infec-
tion. This discovery highlights the important role of the
commensal bacterium Fprausnitzii in maintaining intes-
tinal health and resisting pathogen invasion. Our study
provides new insights into the prevention and treatment
of PEDV.

Pigs were chosen for our study due to their anatomical,
physiological, and genetic similarities to humans, mak-
ing them superior disease models in biomedical research
[40, 41]. OMVs, as mediators of intercellular communi-
cation, carry various bioactive substances that regulate
host immune responses and microbiota structure [15, 34].
Functional analysis of FEprausnitzii culture supernatants,
inactivated bacteria, and OMVs showed that only OMVs
played a significant role in antiviral activity, improving
clinical outcomes, reducing pathological damage, and
lowering viral load. Bacterial OMVs, similar in size to
mammalian EVs, are believed to mediate communica-
tion between bacteria and the host by transporting bio-
active molecules, including proteins, nucleic acids, lipids,
and metabolites, thus contributing to health or causing
pathology [35]. We observed that Fp.OMVs could alter gut
microbiota composition and promote the growth of ben-
eficial bacteria, potentially through the synergistic actions
of specific active components within the OMVs that reg-
ulate host immune systems and microbiota interactions.
Transmission electron microscopy and negative stain-
ing confirmed the physical characteristics of Fp.OMYVs.
High-throughput sequencing analysis identified proteins,
metabolites, and small RNAs in Fp.OMYVs, including com-
ponents known to regulate bacterial function. For exam-
ple, indole, a microbial community signaling molecule,
controls various aspects of bacterial physiology such as
spore formation, plasmid stability, antibiotic resistance,
and biofilm formation [42, 43]. These components may
achieve antiviral effects by activating host immune cells,

Fig. 7 PC alleviates intestinal viral infection. a Analysis of PC content in the intestine of piglets. b Establishment of the PC function verification
model; piglet small intestines were collected on day 5 post-infection for evaluation of intestinal damage. Groups included Abx+PC+PEDV (n=6),
Abx+PEDV (n=6), and Control (n=6). Comparative analysis of clinical indicators of survival (c), weight loss (d), and diarrhea (g) in each group

of piglets. @ Analysis of epithelial cell shedding based on pathological sections. f Scanning electron microscopy analysis of jejunal villi; images taken
at 10x, 200 %, and 500 x magnifications. h Changes in the appearance of the intestines. i Comparison of histopathological changes (H&E staining);
images taken at 20 xand 100 x magnifications. j Analysis of relative expression levels of PEDV in the intestines. k Characterization of viral content

in intestinal epithelial cells using PEDV-N. I Immunofluorescence analysis of the intestines using PEDV-S; images taken at 100 x magnification.
Results are presented as means + SD, with statistical significance determined by t tests for two groups and one-way ANOVA for three groups.

*P<0.05; **P<0.01; ***P<0.001. Panel a was created with BioRender.com
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Fig. 8 PC regulates intestinal cell abundance and rescues a large number of epithelial cells during infection. a Single-cell sequencing analysis

of intestinal cell distribution after PC treatment; dimensionality reduction analysis using the t-SNE algorithm. b Expression analysis of cell markers
in different cell groups. ¢ Integrated map of the location and markers of various cell types in piglets. d Volcano plot and heatmap analysis of marker
genes in different cell groups, with P<0.01 and gene expression fold change logFC>0.26. e Analysis of cell proportions in the PEDV and PC+ PEDV
groups. f Screening of highly expressed genes in early and late phases in intestinal cell groups. Panel ¢ was created with BioRender.com

promoting the secretion of antiviral factors, or inhibiting
key enzymes involved in viral replication.

We unexpectedly discovered that the antiviral func-
tion of Fp.OMVs relies on the presence of gut microbiota,

which contrasts with previous studies where OMVs
exerted direct regulatory effects [44—47]. The bacte-
ria-OMVs-bacteria signaling pathway may be crucial in
shaping the human microbiota’s composition. The gut
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microbiota, a complex ecosystem of trillions of microor-
ganisms, is closely linked to the host’s immune system,
metabolic function, and overall health [48, 49]. Using an
antibiotic-treated gut microbiota disruption model, we
found that Fp.OMVs lost their function without a normal
microbiota. The gut microbiota is essential for maintain-
ing host health, and its integrity is vital for immune and
metabolic functions [50]. Metagenomic analysis revealed
that Fp.OMVs significantly altered the diversity and
structure of the gut microbiota, particularly increasing
the abundance of Faecalibacterium prausnitzii, Prevotel-
lamassilia timonensis, and Limosilactobacillus reuteri.
This highlights the importance of ecological balance in
the microbiota for the antiviral function of Fp.OMVs. To
further investigate this dependency, we cultured bacte-
ria in vitro with varying concentrations of Fp.OMVs and
observed significant growth promotion of Faecalibac-
terium prausnitzii, Prevotellamassilia timonensis, and
Limosilactobacillus reuteri. Confocal microscopy with
DIL labeling showed that Fp.OMVs can bind to these
bacteria, suggesting direct intercellular interactions
that affect bacterial growth and function. Flow cytom-
etry further validated this, demonstrating that Fp.OMVs
play a crucial regulatory role within bacterial communi-
ties. These findings provide important clues for future
research in microbiota regulation.

Bacterial metabolism is crucial for growth and adapta-
tion to various environmental conditions, such as differ-
ent temperatures, pH levels, and oxygen concentrations.
Bacterial metabolites are involved in mechanisms that
combat infection and disease [38, 51]. Fp.OMVs signifi-
cantly alter the metabolic profiles of gut and co-cultured
bacteria, notably increasing levels of phosphatidylcholine
(PC) metabolites, which are derived from synthesized
and modified PC. PC is a typical eukaryotic membrane
phospholipid found in only about 10% of all bacterial spe-
cies, particularly those interacting with eukaryotes. There
are two known pathways for PC biosynthesis in bacteria:
the methylation pathway and the phosphatidylcholine
synthase (Pcs) pathway [52]. Previous studies have shown
that PC formation in bacteria is essential for symbiotic

(See figure on next page.)
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and pathogenic interactions. PC deficiency disrupts cer-
tain organisms’ motility, bacterial growth, and stress
responses [53, 54]. Our study discovered a new function
of PC in improving clinical symptoms, reducing tissue
damage, and lowering viral load during viral infections.
Accumulation of PC on the mucosal surface is crucial for
protecting colonic epithelial cells from pathogenic inva-
sion [55]. Reduced PC in colonic mucus compromises the
mucosal barrier, leading to attacks by commensal bacte-
ria and inducing colitis. Clinical trials using PC as a novel
therapeutic have shown promise in alleviating ulcerative
colitis [56], suggesting its significant potential in treating
gut diseases and viral infections.

Given PC’s crucial role in the gut, analyzing how PC
regulates gut cell function is essential. Although we
previously explored cell distribution in a pig model
[57], we defined gut cells more precisely and compre-
hensively by combining functional data from high-
expression genes with human and mouse databases.
Sequencing revealed that PC pretreatment signifi-
cantly altered gut cell community distribution, notably
increasing epithelial cell proportions. Epithelial cells
are vital for gut barrier function and immune defense
[58]. They also maintain host-microbe relationships
and immune cell homeostasis in the gut [59]. Studies
have shown that choline metabolites from PC synthe-
sis and degradation regulate cell proliferation, growth,
and programmed cell death [60], suggesting similar
functions during viral infections. Subsequent func-
tional pathway predictions for gut epithelial cells indi-
cated that PC could inhibit necroptosis pathways. This
finding was validated experimentally, showing that PC
protects epithelial cells from virus-induced damage.
Moreover, PC pretreatment significantly influenced
interactions between gut cells. Cell signaling analysis
revealed that PC regulates cell function and immune
response through various receptor-ligand interactions,
which might be a crucial pathway for PC in gut immune
regulation.

In summary, Fp.OMVs act as communication vectors
to regulate intestinal flora and metabolism, especially

Fig. 9 PC alleviates necroptosis caused by PEDV infection. a Statistical analysis of downregulated pathways in the cell growth and death (KEGG)
category in intestinal epithelial cells after PC treatment. b Analysis of IPEC-J2 cell viability at varying PC concentrations (1, 5, 10, 20, 50, 100, 200,
500, 1000, 2000, 5000 uM). € Analysis of Vero cell viability at varying PC concentrations (1, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 uM). d
Flow cytometry analysis of the effect of different PC concentrations on IPEC-J2 and Vero cell death post-PEDV infection, with statistical analysis

of differences in Q2 regions in IPEC-J2 (e) and Vero (f) cells, PCL1 uM; PCM, 5 uM; PCH, 10 pM. Flow cytometry detection of cell death in IPEC-J2
and Vero cells treated with PC alone or combined with inhibitors Nec-1 (20 uM) and GSK-872 (5 uM), with statistical analysis of differences in Q2
regions in IPEC-J2 (h) and Vero (i) cells. Expression analysis of RIPK1, p-RIPK1, RIPK3, p-RIPK3, MLKL, p-MLKL, and PEDV-N in IPEC-J2 (j) and Vero (k)
cells pre-treated with various PC concentrations post-PEDV infection. Viability analysis of IPEC-J2 (I) and Vero (m) cells treated with PC (10 uM)
alone or combined with inhibitors Nec-1 (20 uM) and GSK-872 (5 uM). Results are presented as means + SD, with statistical significance calculated

by one-way ANOVA for five groups. *P< 0.05; **P < 0.01; ***P<0.001
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increasing PC metabolites, which significantly reduces
pathological damage and viral load caused by PEDV
infection. This discovery provides a theoretical basis
for the development of PEDV prevention and treatment
methods based on Eprausnitzii, and provides a new
perspective on the relationship between intestinal flora
and host health.
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