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Abstract 

Lacticaseibacillus is one of the predominant microorganisms in gut from human and animal, and the lacticaseibacillus 
have effective applications against the viral diarrhea of piglets in the farm. However, the function and the concrete cell 
single pathways of the active ingredient from lacticaseibacillus was not clear within anti-infection in the postbiotics 
research. Here, we compared the biological function of extracellular polysaccharides (EPS) purified from lacticaseibacil-
lus casei (L. casei) and gene editing lacticaseibacillus casei with the CRISPER-Cas9 technology, which were with the abil-
ity of antioxidation and anti-inflammation, and the EPS could also inhibit the ROS production within the Porcine Small 
Intestinal Epithelial Cells-J2 (IPEC-J2). Interestingly, we found that both of EPS and genome editing lacticaseibacillus 
casei could specifically target the IFN-λ expression in the IPEC-J2, which was beneficial against the PEDV infec-
tion in the virus replication and production with the qRT-PCR and indirect immunofluorescence methods. Finally, 
the STAT3 cell single pathway was stimulated to transcribe IFN-λ with the EPS to elucidate the detailed mechanism 
of activating type III IFN signals receptor of IL-10R2, which play the function between anti-inflammation and anti-
virus in the PEDV infection. Taken together, our research linked a postbiotics of EPS with the antiviral infection 
of PEDV, which suggest that the lacticaseibacillus itself still have displayed the potential immunomodulatory activities, 
and highlight the immunomodulatory potential of EPS-producing microbes.
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Graphical Abstract

Introduction
Probiotics, lacticaseibacillus and bifidobacteria, are 
main colonization in intestinal tract playing a beneficial 
effect on the human and animals. Lacticaseibacillus was 
a useful supplement for clinical therapeutics during acute 
diarrhea and intestinal inflammation [26]. A great num-
ber of researches focused on the function of lacticasei-
bacillus against intestinal infection, and the concrete cell 
single pathways have been drawn with the whole lactica-
seibacillus, such as IL-10, NF-κB and Th1\Th2 [17–19, 
21]. In the postbiotics era, the substance is released by 
or produced through the metabolic activity of the micro-
organism, such as short-chain fatty acids, surface pro-
teins, bacteriocins, and polysaccharides, which exerted 
a beneficial effect on the host, directly or indirectly. The 
researchers aimed to find the active ingredient of lacti-
caseibacillus, which was endowed with unique function 
and concreting cell single mechanism in the gut disease 
from host [34, 41]. However, the purified the ingredi-
ent may not accurately defined the function compar-
ing with the probiotic stimulating the intestinal mucosal 

immune system in the complexed microorganism envi-
ronment of gut. The development of the genome editing 
technology in the lacticaseibacillus provide the possibil-
ity [6, 40], which further demonstrated the functionality 
of metabolic activity for the specific gene, and built the 
correlation comparing with deletional lacticaseibacillus 
and wild lacticaseibacillus with the specific gene in the 
gut of host. The live gene-edited lacticaseibacillus would 
much better to study the colonization, differentiation and 
metabolism comparing with the wild lacticaseibacillus 
in the gut. Among all ingredients, the lacticaseibacillus 
polysaccharide derived immunomodulatory effects, such 
as lacticaseibacillus. casei LOCK 0919 [12], lacticasei-
bacillus paracasei DG [3] and lacticaseibacillus reuteri 
ASM20016 [39, 42], which mainly comes to host response 
modulation through extracellular polysaccharides(EPS) 
[27]. However, all these researches were focused on the 
purified EPS in the vitro and cell experiment, there was 
not gene knock-out of lacticaseibacillus to explain all the 
function of substance released by or produced through 
the metabolic activity in host.
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Most of the coronavirus were mainly susceptible to 
the epithelial cell, such as respiratory epithelial cells 
and intestinal epithelial cells, which was immune eva-
sion with types I and II IFN. However, the type III IFN-
lambda (IFN-λ) has been specific expression on the 
mucosal surfaces, including epithelial surfaces of the 
liver, respiratory, and gastrointestinal epithelial cell, 
and plays vital roles in controlling coronavirus infection 
within mucosal surfaces, such as SARS-CoV-2, COVID-
19, MERS-CoV, SADS-CoV and PEDV from human and 
pigs [5, 10, 16, 44, 51].Thus, nutritional recommendations 
to prevent the COVID-19 infection with the oral admin-
istration of prebiotics and probiotics, since an imbalance 
in the intestinal microbiota with other viral infectious 
diseases [47], the prebiotics intervention reduce the risk 
of secondary infection and inflammatory storm with the 
viral infection. The extracellular extracts and cell wall 
fractions of lactic acid bacteria could provide protective 
effects against PEDV infections [7]. Lacticaseibacillus 
plantarum metabolites, the main component was exopol-
ysaccharides, which prevented PEDV adsorption, and 
alleviated inflammatory responses and early apoptosis 
in the injured cells, but it could not regulate the immune 
function in the IPEC-J2 [14]. However, it remained 
unclear about viral clearance patterns with the oral 
administration of prebiotics after the coronavirus infec-
tion within the complexed microorganism environment 
of the host. Therefore, the active ingredient of lacticasei-
bacillus was required to design a following up research 
in the anti-viral infection. Most importantly, the mecha-
nism of the exopolysaccharides from the lacticaseibacil-
lus against the PEDV infection in the host of piglets.

Our previous study has found that the lacticaseibacil-
lus casei could effectively inhibit diarrhea and inflam-
mation with PEDV infection. And we have purified the 
EPS from the fermentation of lacticaseibacillus casei. The 
gene-edited lacticaseibacillus casei, which knock-out the 
glucose-1-phosphate thymidylyltransferase gene result-
ing in the decrease in exopolysaccharide (EPS) produc-
tion, both of EPS and gene-edited lacticaseibacillus casei 
were used to study the molecular function to inhibit the 
PEDV infection with the IPEC-J2. And the in vitro exper-
iments in the IPEC-J2 were used to evaluate the active 
ingredient of EPS, and which was also to assess the cell 
single pathway such as anti-inflammation and inhibition 
of viral replicationbetween polysaccharides and host cells 
with their potential immunomodulatory activities.

Materials and methods
The extraction of bacterial polysaccharides 
and gene‑edited Lacticaseibacillus casei
Lacticaseibacillus casei (supplied by Brightdairy Dairy 
Co., Ltd, Shanghai, China) was grown in Man, Rogosa, 

Sharpe (MRS) broth for 1 L at 37  °C for 18  h without 
shaking. The supernatant was collected, and the polysac-
charide antigens were precipitated with 5 volumes of cold 
96% ethanol in 4  °C for overnight. The precipitate was 
suspended in water dialyzing for 48 h in water, and then 
freeze-drying. The precipitate of lacticaseibacillus casei 
was washed by PBS for two times. The EPS were per-
formed by acidic phenol (Sigma-Aldrich) at 68  °C. The 
DNase I, Rnase and Pronase were used to remove nucleic 
acids and proteins at 37 °C, respectively. The pre-cooled 
ethanol was added to the polysaccharides, and then dia-
lyzed against distilled water for 3 days and freeze-dried. 
Purified polysaccharides were dissolved in water for the 
next experiments.

The CRISPR-CAS9 gene editing plasmid pLCNICK 
were purchased from Addgene Company (ID: 84653), 
which was studied to decrease the production of poly-
saccharides in the lacticaseibacillus casei [40]. The pLC-
NICK plasmid was transferred into the lacticaseibacillus 
casei with the electroporation technology. To confirm the 
glucose-1-phosphate thymidylyltransferase gene deletion 
in the genome, we extracted the genome of gene edited 
lacticaseibacillus casei. Meanwhile, we amplified the 
Has of glucose-1-phosphate thymidylyltransferase gene 
of genome with PCR method, which demonstrated the 
sequence determination, glucose-1-phosphate thymidy-
lyltransferase gene producing the EPS has been deleted in 
the genome. The genome editing lacticaseibacillus casei 
was used in our further experiments.

Cytotoxic experiments
The IPEC-J2 was used to analyze the cytotoxicity, the 
best concentration of polysaccharide was chosen for the 
next experiments. Firstly, the extracellular polysaccha-
rides (EPS) was isolated from cultured lacticaseibacillus 
casei. Then we added EPS in the IPEC-J2 culture media 
which the concentration of polysaccharides increased 
gradually from 25 μg/mL to 400 μg/mL. Then we meas-
ured the activity of IPEC-J2 for the maximum dose of cell 
cytotoxicity test with the CKK8 method.

Cell antioxidation and oxidative damage assay
The experiment utilized a comparison control group 
designed with three groups of EPS(EPS + IPEC-J2) group, 
the lacticaseibacillus strain(Lacticaseibacillus + IPEC-J2) 
group and controls group with IPEC-J2 group. Briefly, 
the supernatants were collected and stored at − 80 °C for 
the analysis after the cells were seeded in 96-well plates 
and add polysaccharides for 24 h. Subsequently, the oxi-
dant and antioxidant activity of the cell were examined by 
MDA, SOD, CAT, GSH and NO with different kits. All 
these kits were purchased from Nanjing Jiancheng Bioen-
gineering Institute.
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The level of ROS was measured with the ROS detec-
tion kit, which was purchased from Nanjing Jiancheng 
Bioengineering Institute, and based on the method 
for the quantitative detection of extracellular reactive 
oxygen species with the fluorescent dye of DCFH-DA 
(2,7dichlorodihydrofluorescein diacetate). The IPEC-J2 
cells in 100 μl were seeded in 96-well plates at a density of 
1.0 × 104 cells/well. And the 96-well plates were incubated 
at 37 °C and 5% CO2. After 24 h, the EPS and lacticasei-
bacillus were added in the different groups of cells, and 
incubated for 48 h at 37 °C and 5% CO2. The ROS could 
oxidize non-fluorescent DCFH to produce fluorescent 
DCF, and its intensity is measured for the level of ROS.

Real‑time quantitative PCR (qRT‑PCR) analysis
The qRT-PCR detection System (Bio-Rad) aims to ana-
lyze the levels of cytokine gene expression in IPEC-J2. 
According to the manufacturer’s instructions, the total 
RNAs were extracted from the cell using a total RNA 
extraction kit(iNtRON). The extracted RNA was then 
converted to cDNA using EasyScript First-Strand cDNA 
Synthesis SuperMix (TransGen Biotech, Beijing, China). 
The obtained cDNAs were used for real-time PCR with 
SYBR® qRT-PCR reagent kit (Thermo Scientific, PA, 
USA). A volume of 1 μL of cDNA was used as the tem-
plate for each real-time PCR reaction in a total reaction 
volume of 10  μL. The 10  μL-volume PCR amplification 
condition was as follows: predenaturation at 95  ℃ for 
30 s, then 40 cycles at 95 ℃, for 10 s and 60 ℃ for 30 s.

The Livak method (2-∆∆CT method) was used to cal-
culate the fold change compared to the control group. 
The fluorescence was determined at 488  nm excitation 
and 525 nm emission wavelengths. All primer sequences 
used for qPCR were listed in Table 1.

Indirect immunofluorescence
The cell was fixed with the cell fixation fluid of 4% para-
formaldehyde for 300 µL in each well at room tempera-
ture (RT) for 10  min, and then the cell was washed for 

three times with pre-cooled PBS as mentioned before. 
Then the cells were treated in 3% BSA for 2  h at room 
temperature. After the permeabilization with 0.4% Tri-
ton X-100 at room temperature, the cells were incubated 
for 45 min at RT with the specific antibody for the anti-
PEDV antibody and Anti-F4/80 antibody. And anti-F4/80 
antibody is the macrophage marker. The second antibody 
of goat anti-mouse IgG H&L antibody (FITC) (Abcam) 
was used in the cell for 30  min at room temperature. 
Finally, the samples were washed and examined under a 
fluorescence microscope (Leica, Wetzlar, Germany).

Experimental analysis of virus titers
The maximum non-toxic dose of EPS was added to a six-
well cell culture plate covered with a single layer of IPEC 
cells, which were incubated at 37  °C for two hours. The 
PEDV with the virus concentration of 200 PFU/mL was 
added to the cell culture plate. After incubation for 2 h, 
the cell was washed for three times with PBS. Then the 
cell culture plate was added to the agarose of the culture 
medium of preheating 37 °C, which the liquids are added 
in equal proportions and a total of 1.5 ml. After the aga-
rose has been sealed in the culture medium, the plates are 
then placed in a cell incubator for 48 h. The lesion cells 
were observed under the microscope, and the nutrient 
agarose containing a neutral red dye (Canspec, Shanghai, 
China) was added to the culture plate in dark conditions. 
Then we observed the size, shape, and number of plaques 
every three hours. Three repeated experiments were set 
in the course of this experiment, and we also set up a 
negative control group and a virus control group.

The effect of copy number of viral RNA
First, IPEC cells were spread in 24-well cell culture plates, 
and which were allowed to grow about 70–80%. The 
maximum non-toxic dose of EPS, lacticaseibacillus and 
lacticaseibacillus mutant were added in the IPEC-J2, 
and the PEDV with the virus concentration of 200PFU/
mL infected the IPEC-J2 for 48  h. Then we employed 

Table 1  Primers used for q-RT PCR for intestinal inflammation and integrity

Primer Forward sequence Reverse sequence

β-actin CCA​GTT​GGT​AAC​AAT​GCC​ATGT​ GGC​TGT​ATT​CCC​CTC​CAT​CG

IL-6 AAA​GAG​TTG​TGC​AAT​GGC​AAT​TCT​ AAG​TGC​ATC​ATC​GTT​GTT​CAT​ACA​

IL-10 CGC​AGC​TCT​AGG​AGC​ATG​TG GCT​CTT​ACT​GAC​TGG​CAT​GAG​

TNF-ɑ AGT​GGT​GCC​AGC​CGA​TGG​GTTGT​ GCT​GAG​TTG​GTC​CCC​CTT​CTC​CAG​

IFN-γ AGA​CAA​TCA​GGC​CAT​CAG​CA- AGA​CAA​TCA​GGC​CAT​CAG​CA-

Occludin GCT​GTG​ATG​TGT​GTG​AGC​TG GAC​GGT​CTA​CCT​GGA​GGA​AC

ZO-1 AGG​ACA​CCA​AAG​CAT​GTG​AG GGC​ATT​CCT​GCT​GGT​TAC​A

PEDV-M GGT​TCT​ATT​CCC​GTT​GAT​GAGGT​ AAC​ACA​AGA​GGC​CAA​AGT​ATC​CAT​
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real-time qRT-PCR and the CFX96TM real-time PCR 
detection System (Bio-Rad), aiming to analyze the PEDV 
mRNA in IPEC-J2. According to the manufacturer’s 
instructions, the total RNAs were extracted from the cell 
using a total RNA extraction kit(iNtRON). The extracted 
RNA was then converted to cDNA using EasyScript First-
Strand cDNA Synthesis SuperMix (TransGen Biotech, 
Beijing, China). The obtained cDNAs were used for real-
time PCR with SYBR® qRT-PCR reagent kit (Thermo 
Scientific, PA, USA). TaqMan real-time RT-PCR was 
used to detect virus numbers. A standard curve was gen-
erated by plotting the threshold values against the seri-
ally diluted plasmid DNA encoding the PEDV M gene 
fragment [13]. All primer sequences used for qPCR were 
listed in Table 1.

Western blot analysis of IL‑10 and STAT3
The antagonist of IL-10 and STAT3 was used in the 
cell single research of anti-inflammation and the tran-
scription of cytokines, which indicated the mechanism 
of EPS against the PEDV infection. The IPEC-J2 were 
lysed with RIPA Lysis and Extraction Buffer (Thermo 
Fisher, USA) after washing with frozen pre-cooled PBS. 
Subsequently, the lysis solutions were centrifuged at 
12,000 rpm for 5 min at 4 °C, and then the supernatants 
were transferred into 0.5 mL centrifuge tubes and stored 
at −20  °C. The protein concentrations of the lysates 
were measured by BCA protein assay kit (Pierce Chemi-
cal Co.). Equal amounts of protein from each cell lysate 
were separated by loading and electrophoresing on 12% 
SDS polyacrylamide gel, and the SDS-PAGE was trans-
ferred to polyvinylidene fluoride (PVDF) membranes 
(Millipore, Bio-Rad, USA). The first antibody anti-IL-10 
(Solarbio, Beijing, China), anti-pSTAT3 (Solarbio, Bei-
jing, China) were used to target the protein of IL-10, 
pSTAT3 and Tubulin. The secondary antibody of goat 
anti-rabbit linked with horseradish peroxidase was used 
for the detection of the first antibody. After the second-
ary antibody was applied, the protein was visualized by 
the ultra-sensitive ECL chemiluminescence kit (Beyo-
time). The membrane was scanned and the fluorescence 
density of the bands was analyzed by using NIH Image-
J software(National Institutes of Health, Bethesda, MD). 
Quantified results were presented as the mean ± standard 
deviation (SD) from three experiments in bar graphs.

Results
The antioxidant and differential activities of the EPS
The activity of the maximum dose of cell cytotoxic-
ity test in the IPEC-J2 with the CKK8 method. The 
experimental data showed that the activity of IPEC cells 
were decreased with the increasing EPS concentration 
(Fig. 1A). The results have shown that the cell activity of 

EPS was gradually decreased in the concentration from 
25 μg/mL to 200 μg/mL, and there was no significant dif-
ference with cytotoxicity between these concentrations. 
The maximum cytotoxicity of EPS was 400 μg/mL.

Activities of MDA, CAT, SOD and GSH were used to 
evaluate oxidant and antioxidant levels for the EPS and 
lacticaseibacillus casei (lacticaseibacillus), which are 
shown in Table  2. Compared with the control group, 
the results of MDA, CAT and NO were shown that the 
experimental groups were all lower than the control 
groups, which indicated that the EPS and lacticaseiba-
cillus were with the function of debasing these oxidant 
lesions in the IPEC. There was no significant difference 
in the control, EPS and lacticaseibacillus groups with the 
level of MDA. The level of CAT and NO had the same 
trend in the lacticaseibacillus group, which indicated that 
EPS did not play the role with inhibiting the production 
of CAT and NO in IPEC. Besides, EPS and lacticaseiba-
cillus groups significantly increased the extracellular con-
centrations of SOD and GSH comparing with the control 
group. According to these data, we could infer that EPS 
might be the main functional substance of lacticaseiba-
cillus as exerting cellular antioxidant damage.

The reactive oxygen species are free radicals containing 
the oxygen atoms, which are formed as natural products 
of the normal metabolism of oxygen, and have impor-
tant roles in cell signaling and homeostasis (Fig. 1B, C). 
Compared with the control group, the extracellular ROS 
level of the experimental groups, such as EPS group and 
lacticaseibacillus group, could reduce the extracellular 
ROS level in the IPEC-J2. And the EPS group showed 
a significant difference comparing with the other two 
groups. The function of EPS in the immune cell was 
studied with the immunofluorescence. The activities of 
macrophage were analyzed with the F4/80 antibody and 
DAPI in the Fig.  1D–E. The results showed that both 
of EPS and lacticaseibacillus could stimulate the mac-
rophage differentiation, and the effect of EPS was better 
than the lacticaseibacillus with stimulating macrophage 
differentiation.

Protection of EPS inhibit the inflammation in IPEC
As shown in Fig. 2 the results of RT-PCR indicated that 
there was no significant difference in the mRNA expres-
sion of tight junction protein Claudin-1, Occludin and 
ZO-1 (Fig.  2A–C)  between EPS and lacticaseibacil-
lus groups. From the Claudin-1 and Occludin results, 
the expression of the EPS group was higher than the 
other groups, but the change was not significant, which 
indicated that the EPS had a much better effect with 
maintaining the integrity of epithelial cells than the 
lacticaseibacillus in the IPEC-J2. However, compared 
with lacticaseibacillus, the EPS group had a significant 
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increase in the anti-inflammatory factors both IL-10 
and TGF-β  (Fig. 2D, E), and IL-10 played the main role 
in the anti-inflammation comparing with the TGF-β in 
the EPS groups. However, the EPS also had a promoting 

effect in the inflammatory cytokines IL-1β (Fig. 2G) and 
TNF-α  (Fig.  2F)  comparing with other groups. And the 
EPS groups were lower than the lacticaseibacillus groups, 

Fig. 1  The IPEC-J2 was used to choose the cytotoxicity of EPS from the concentration of 25 mg/mL to 400 mg/mL with the CKK8 method. 
Comparing with different concentrations, a significant difference was observed in the optimal concentration for our research in the A. The ROS 
was measured with the method for the quantitative detection of extracellular reactive oxygen species with the fluorescent dye of DCFH-DA 
from the (B–C). The activities of macrophage were analyzed with the F4/80 antibody and DAPI in the D–E. The results are represented 
as the mean ± SEM of three independent experiments. Data with * denote p < 0.05, ** denote p < 0.01

Table 2  Antioxidant Induced by EPS and Lacticaseibacillus in IPEC-J2

The activities of malondialdehyde (MDA), catalase (CAT), superoxide dismutase (SOD) and the level of glutathione (GSH) were used to evaluate antioxidant with IPEC. 
Activities of SOD and CAT are expressed as units per milligrams of protein (U/mg protein). The activity of GSH and MDA are expressed as μmol/g protein and nmol/mg 
protein respectively

Data with * denote p < 0.05, ** denote p < 0.01; The results are represented as the mean ± SEM of three independent experiments

MDA (nmol/mg prot) SOD (U/mg prot) CAT (U/mg prot) GSH (μmol/mg prot) NO (mol/mg prot)

Control 1.21 ± 0.13 2.17 ± 0.23 3.47 ± 0.63 22.62 ± 2.43 3.68 ± 0.38

EPS 1.18 ± 0.14 2.69 ± 0.27* 3.21 ± 0.59 28.72 ± 3.14* 3.32 ± 0.39

Lacticaseibacillus 1.17 ± 0.15 2.75 ± 2.22* 2.87 ± 0.61* 27.16 ± 2.34* 3.19 ± 0.42*
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which indicated that the function of lactobacilli against 
inflammation was mainly exerted through the EPS.

Genome editing with the EPS gene in Lacticaseibacillus 
casei
An effective, rapid, and precise tool for genome edition, 
was established for L. casei genome engineering based on 
CRISPR-Cas9. A previous genome editing plasmid delet-
ing the exopolysaccharide biosynthesis gene (glucose-
1-phosphate thymidylyltransferase gene, 2179 gene) was 
studied in our research, which was electrotransformation 
to obtain positive genome editing L. casei. The mecha-
nism of genome engineering L. casei based on CRISPR-
Cas9 was shown in the Fig.  3A, the pLCNICK plasmid 
was constructed without the 2179 gene. The sgRNA 
and Cas9D10A would cut the 2179 gene, and the plasmid 
repaired and deleted the 2179 gene. The Fig. 3B showed 
the plasmid of pLCNICK, which contained all the ele-
ments in the genome edition of L. casei. The positive 
genome editing L. casei was studied the EPS production, 

and the previous results showed that L. casei(2179) 
mutant decreases the exopolysaccharide (EPS) produc-
tion about 25% compared with the wild-type L. casei 
when the glucose-1-phosphate thymidylyltransferase 
gene was deleted. The decreased EPS production of L. 
casei(2179) confirmed the involvement of EPS synthe-
sis, which was used in our next vitro experiment. The 
genome editing L. casei would be much more effective to 
prove the function of EPS in the vitro.

The inhibition of PEDV replication with the EPS
The antiviral experiment was measured by TCID50 
with the maximum non-toxic dose of EPS (200  μg/
mL) in Fig. 4A. As shown in the figure, the virus titers 
were increased in the positive control group and L. 
casei(2179) mutant group with the PEDV infection 
from 12 to 48  h. The virus titers in the L. casei(2179) 
mutant group was lower than the positive control 
group with the PEDV infection. However, the EPS, 

Fig. 2  The relative anti-inflammatory and integrated genes were analyzed for the EPS and Lacticaseibacillus with the method of qRT-PCR 
experiments in the level of mRNA expression. The inflammatory and anti-inflammatory genes were IL-1b, TNF-a, IL-10 and TGF-b, and the integrated 
genes in the IPEC-J2 were Claudin-1, Occludin and ZO-1 with the concentration of 200 mg/mL for EPS and Lacticaseibacillus groups. The results 
are represented as the mean ± SEM of three independent experiments. The Livak method (2-∆∆CT method) was used to calculate the fold change 
compared to the control group. Data with * denote p < 0.05, ** denote p < 0.01
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and lacticaseibacillus significantly decreased compar-
ing with the PEDV group from the 18  h to 48  h. The 
experimental results showed that the virus titers and 
viral RNA copies were significantly decreased with the 
EPS and lacticaseibacillus, and EPS groups had a much 

better effect against PEDV infection than the lacticasei-
bacillus group. But there was no significance between 
these two groups. The results indicated that the EPS 
and lacticaseibacillus had the same effect of anti-PEDV 
infection. And the data showed that EPS was taken the 

Fig. 3  The genome edition for L. casei genome engineering based on CRISPR-Cas9D10A. A genome editing plasmid deleting the exopolysaccharide 
biosynthesis gene (glucose-1-phosphate thymidylyltransferase gene, 2179 gene) was constructed in our research in the mechanism 
diagram (A), The positive genome editing plasmid of L. casei was constructed, and the B shown the diagram losing the glucose-1-phosphate 
thymidylyltransferase gene, which contain the SgRNA, dCas9, left and right homologous arm genes

Fig. 4  The antiviral effect of EPS, lacticaseibacillus and lacticaseibacillus mutant was analyzed by plaque assay with TCID50 in the IPEC-J2 in A. The 
TaqMan real-time RT-PCR was used to detect virus mRNA copies numbers in the PEDV replication in B. A standard curve was generated by plotting 
the threshold values against the serially diluted plasmid DNA encoding the PEDV M gene fragment. The C indicated that the type I and type 
III interferons, such as IFN-α, IFN-β, IFN-λ1 and IFN-λ3, expressed with the mRNA from the IPEC-J2 in the C. The indirect immunofluorescence 
results showed the PEDV distribution patterns detected in the IPEC with the rabbit polyclonal antibodies, which were used to analysis the EPS 
lacticaseibacillus and lacticaseibacillus mutant function against PEDV infection in the IPEC-J2 (D–E). The upper pictures are from the fluorescent 
(FITC) channel, and the bottom pictures are information added in the cell culture media in each groups. The results are represented 
as the mean ± SEM of three independent experiments. Data with * denote p < 0.05, ** denote p < 0.01
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effect against PEDV infection within the lacticaseiba-
cillus. The copy number of PEDV mRNA was used to 
analyze the anti-viral effect of EPS and lacticaseibacil-
lus with the qRT-PCR method in Fig.  4B. The experi-
mental results showed that the copy number of PEDV 
infection was significantly decreased in the group add-
ing lacticaseibacillus and EPS. The data showed that 
the RNA copy number of porcine epidemic diarrhea 
virus in the EPS and lacticaseibacillus group had the 
same trend comparing with PEDV titers experiments. 
The EPS could inhibit the RNA and PEDV production.

The EPS and lacticaseibacillus were used to analyze the 
activation promoting the type I and type III interferons, 
such as IFN-α, IFN-β, IFN-λ1 and IFN-λ3. As shown in 
the Fig. 4C, there was no significant difference with the 
gene expression of type I interferon between the EPS, 
lacticaseibacillus and lacticaseibacillus mutant groups 
within the PEDV infection. But the treatment of IPEC-
J2 with the EPS, lacticaseibacillus and lacticaseibacillus 
mutant have increased in the IFN-α and IFN-β expres-
sion comparing with the control group without PEDV 
infection. The IFN-λ1expression in the EPS group was 
significantly higher than the other two groups, which 
means that the EPS could stimulate the IFN-λ1 activa-
tion. The most important was that both the EPS and 
lacticaseibacillus could stimulate the IFN-λ3 expression, 
which expression was the highest comparing with IFN-λ1 
against the PEDV infection. The genome editing L. casei 
without EPS lost the specific stimulation with the IFN-λ3 
expression, which indicated that the EPS played the role 

in the lacticaseibacillus stimulating the IFN-λs expres-
sion. The results of IFN-λ1 and IFN-λ3 indicated that the 
type III interferon was much more sensitive under the 
treatment of EPS in the IPEC-J2 against PEDV infection.

We verified the distribution of viral antigens in cells 
by using a fluorescence method, and divided them into 
four groups for experiments, such as negative control, 
PEDV infection, L. casei (2179) mutant, L. casei and EPS 
groups with PEDV infection in Fig. 4D–E. Green fluores-
cence under fluorescent electron microscopy indicated 
the PEDV in the IPEC-J2 infection. No infection was 
observed in the negative group, while PEDV infection 
group and L. casei (2179) mutant were observed in the 
positive group. Under the observation of fluorescence 
electron microscope, the fluorescence quantity of EPS 
groups decreased comparing with the positive group, 
which shown that EPS and lacticaseibacillus inhibited 
the viral RNA replication and production of the PEDV. 
The genome editing L. casei without EPS (L. casei(2179) 
mutant) did not inhibit the PEDV replication and pro-
duction in the IPEC-J2. The polysaccharides groups, such 
as EPS and lacticaseibacillus, were compared with the 
amount of green fluorescence, the EPS group was slightly 
less than the lacticaseibacillus group, the effect of anti-
PEDV in the EPS group was much stronger than that of 
the lacticaseibacillus group. The pictures are representa-
tive of sections derived from each group.

Fig. 5  The EPS was the functional component of EPS from lacticaseibacillus to the antiviral infection of PEDV with the STAT3 in the cell nucleus, 
which robust the mRNA transcription of anti-inflammatory and anti-viral genes, such as IL-10 and IFN-λ. The B indicated that the EPS did 
not specifically stimulate the IL-10 single pathways, and enhance the expression STAT3 with the PEDV infection. The C explained the higher 
expression of STAT3 with the EPS stimulation with the PEDV infection comparing with other groups in the IPEC-J2. The EPS from the lacticaseibacillus 
stimulate the STAT3 in the cell nucleus, which specifically robust the mRNA transcription and expression of anti-viral genes with IFN-λ in the F 
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EPS promote the anti‑inflammation and the STAT3 
transcription
The antagonist of IL-10 and STAT3 were used in the cell 
single research of anti-inflammation and the transcrip-
tion of cytokines in Fig. 5. And the antagonist of Ossirene 
effectively blocked the IL-10 expression in the Fig.  5A. 
The Western Blot results indicated that there was no sig-
nificant difference in the expression of anti-inflammatory 
factors IL-10 between the control group, EPS and PEVD 
group as shown in Fig.  5B. However, the nuclear tran-
scription factor of STAT3 was also examined in the signal 
transduction pathways of IL-10 in the Fig. 5A. The rela-
tive expression of STAT3 indicated that there was sig-
nificant difference between the PEDV infectious group 
and the EPS group, and the relative expression of STAT3 
in the EPS group was higher than the PEDV infectious 
group in the Fig. 5C. The results of IL-10 in the Fig. 5A 
have indicated that the EPS did not have the function of 
promoting the IL-10 expression with PEDV infection. 
However, the relative expression of STAT3 was stimu-
lated by the EPS, which mean that EPS played the role in 
the nuclear transcription by the STAT3 pathway.

The STAT3 antagonist of Angoline hydrochloride was 
added in the analysis of the role in the signal transduc-
tion pathways of interferon, which was built the connec-
tion with type III interferon inducing expression against 
the PEDV in Fig. 5D. The nuclear transcriptional regula-
tion of STAT3 expression was different from the mecha-
nisms of nuclear transcription with STAT3, which we 
previously knew in Fig.  5A. The relative expression of 
STAT3 in the PEDV infecting group was lower than the 
EPS group with the PEDV infection, which indicated that 
the EPS could stimulate the STAT3 expression with the 
PEDV infection under the STAT3 antagonist comparing 
with the PEDV infecting group in the Fig. 5E. In contrast, 
under same conditions, the PEVD group conspicuously 
increased the expression of STAT3 comparing with the 
STAT3 antagonist group.

In the Fig.  5F, the relative expression of IFN-λ in the 
EPS group was also higher than the PEDV infectious 
group, which had the same trend comparing with the 
mRNA expression of IFN-λ1 and IFN-λ3 in our previ-
ous research. The STAT3 and IFN-λ results could include 
that EPS stimulated STAT3 expression inducing the IFN-
λ1 nuclear transcription. According to these experiment 
results, we could infer that EPS has the effect of anti-
inflammation and transcription regulation through the 
STAT3 single pathway against the PEDV infection.

Discussion
The EPS has good water soluble with good water-hold-
ing capacity, which properties are attributed to the large 
amounts of hydrogen bond in the structure of polymer 

chains [29]. Due to the good water holding capacity of 
EPS, which has been used in our study with various con-
centrations for the cytotoxic test. According to the pre-
sent results, the EPS purified from the lacticaseibacillus 
was free from the cytotoxic effects. Our results have 
shown that the EPS have no cytotoxic effects with differ-
ent concentrations from 25 μg to 200 μg/mL on the IPEC-
J2. However, there was significant difference between the 
concentration 200  μg/mL to 400  μg/mL in the cellular 
viability inhibition percentage and cellular proliferation 
comparing with the non-treated cells. These results were 
similar to the further research of purifying EPS from lac-
ticaseibacillus acidophilus 20079[8]. Besides, the EPS are 
biodegradable, non-toxic, bio-compatible, and antioxi-
dant activities in a natural source. Both of the EPS and 
lacticaseibacillus in our study were with the properties of 
antioxidant activities, and the EPS was much better than 
the lacticaseibacillus in the clear the CAT and NO, which 
enhanced the SOD and GSH. EPS purified from different 
strain lacticaseibacillus, which had different derivatives 
of EPS from lacticaseibacillus with different antioxidant 
property, such as lacticaseibacillus delbrueckii and bul-
garicus, which was mainly based on the structural char-
acterization [43]. Most interestingly, the antioxidant 
property of EPS took a role in the various cell lines of 
different hosts. Researchers have taken a great number 
of studies on the exopolysaccharides following the anti-
oxidant property in different diseases, such as inflam-
matory bowel disease symptoms, antibacterial activities, 
colon cancer and Alzheimer’s disease [2, 35, 38]. How-
ever, there was no research to focus on the character of 
innate immunity of antiviral infection. The macrophage 
differentiation results indicated that EPS had taken the 
function of stimulating the immune cell differentiation. 
Previous studies has found that UV-killed lacticaseiba-
cillus strains and their EPSs trigger a Th1-type immune 
response in a human host [23], and UV-killed lacticasei-
bacillus strains through TLR4 and TLR2 signal grouping 
mediated immunological properties [24]. Certainly, com-
ponents mediated the immunomodulation, and evalu-
ated the signaling mechanism, which contain the LPS, 
surface layer protein, SLP; genomic DNA, gDNA, CpG-
ODN [36]. The clear signaling mechanism and applica-
tion were not clear in the immune regulation.

The epithelial cell infection, such as coronaviruses, 
SARS-CoV and human respiratory syncytial (HRSV), 
produced a high level of ROS, associated with cytokine 
production, inflammation and cell death pathological 
processes. Investigation of virus infections on ROS-pro-
ducing indicated that ROS are crucial for replication of 
virus-associated disease [22]. The previous studies have 
supported that there was a tight connection between the 
concentration and species of lacticaseibacillus inhibiting 
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the production of ROS in response to challenge with 
lactic bacteria [25]. ROS entities are extremely toxic, 
and have deleterious, such as fungi, parasites, and bac-
teria. Investigation of the influence of these infections 
on ROS-producing and ROS-scavenging enzymes, and 
systems may allow for the identification of those that 
are crucial for replication of the pathogens and occur-
rence of virus-associated disease. And the ingredients 
of heat-killed lacticaseibacillus would also play the role 
of effective constituent on the bacterium composition. 
The lacticaseibacillus was with the function of relieving 
the ROS in various infections. The immunological role 
of the EPS decreasing ROS production has been high-
lighted in defecting effects in the IPEC-J2, and the EPS 
has a better effect than lacticaseibacillus in inhibiting the 
production of ROS. Likewise, the inhibition of new ROS 
molecules in response to lacticaseibacillus was associ-
ated with the mechanisms underlying anti-inflammation 
and anti-virus.

There was no relative research on the anti-inflamma-
tion and maintenance of the integrity of epithelia in the 
intestinal epithelial cell. Our results have shown that the 
EPS take a much better effect in reducing the expression 
of inflammatory cytokines, such as IL-1β and TNF-α 
in the IPEC-J2. And the EPS has much more important 
role to stimulate the expression of the anti-inflammatory 
cytokines, such as TGF-β and IL-10, which was signifi-
cantly higher than the lacticaseibacillus [32]. All of these 
results indicated that the EPS was mainly stimulating 
the expression of the anti-inflammatory cytokines, but 
not the expression of the inflammatory cytokines. Most 
importantly, the EPS could stimulate the type III IFN-λ 
expression, which was with the specificity expression in 
the IPEC-J2. L. salivarius isolating from the intestine of 
wakame-fed pigs maintained their ability to enhance 
IFN-β and IFN-λ, which played the anti-viral factors 
expression in porcine intestinal epithelial cells [15]. The 
freeze-dried compound of lacticaseibacillus kefiri stimu-
lated the production of antiviral cytokines, such as IFN-α 
and IFN-λ in DCs, which active ingredients was not 
clear with a unique composition and functionality in the 
expression of cytokines [11]. Our research firstly found 
the transcriptional mechanism of the IFN single pathway 
in the intestinal epithelial cells, which was deeply studied 
to build the connection between EPS and anti-virus activ-
ity. Many anti-viral and anti-inflammatory researches 
were connected with the lacticaseibacillus through the 
innate immunity, but these studies were not clear for the 
active ingredients and cell singing. The most important 
was that there was rarely research on the cell EPS from 
the lacticaseibacillus against animal coronavirus infec-
tion. The probiotics was effectively used to rebalance the 
intestinal microbiome for controlling COVID-19, which 

obtained with immunomodulatory ability, and mim-
icked the blood cytokine environment produced in early 
immune responses of COVID-19 infection [20].

Previous study found that the PEDV could activate the 
transcription of type I interferon in porcine monocyte-
derived dendritic cells, and the PEDV did not replicate 
in the dendritic cells [37, 46]. However, the E protein 
in the PEDV acts as an antagonist suppressing IFN-β 
through the RIG-I-mediated signaling in the host innate 
immune response of IPEC-J2 [50]. There were much 
more researchers found that the PEDV escape the type 
I interferon in the various singles molecule [5]. Recently, 
type III interferon was considered that it could inhibit 
the PEDV infection in the IPEC-J2, which have a much 
better effect than the IFN-α inhibiting the PEDV repli-
cation under the ISGs and STING in the host cell [49], 
and there was not complete overlap between the unique 
transcriptional profile inducing by the IFN-λ3 and IFN-α 
[30]. It was regarding that the elicited nuclear transcrip-
tion factor were the difference between the type I and III 
IFNs in restricting porcine intestinal viral infection with 
the RNA replication of PEDV. The Lacticaseibacillus 
plantarum metabolites was experimented to determine 
the inhibitory effects on PEDV replication and prevented 
PEDV adsorption, and also alleviated inflammatory 
response. The metabolites of EPS was one of the main 
components from the lacticaseibacillus [14]. Moreover, 
the extracellular extracts or cell wall fractions of lactic 
acid bacteria could enhance the found that cell viabilities 
decreased mRNA expression of PEDV in the Vero cells, 
and which decreased the mRNA expression of TNF-α 
and IL-8. And the extracellular extracts of Ln. mesenter-
oides YPK30 possessed in vitro prophylactic, therapeutic, 
and direct-inhibitory effects against PEDV in the Vero 
cell model [4]. The extracts or cell wall fractions of YM22 
and YM33 strains for 24  h before infection with PEDV 
showed significantly higher cell viabilities and lower 
mRNA expression of PEDV nucleocapsid (PEDV-N) than 
the unpretreated cells, indicating that the extracellular 
extracts and cell wall fractions of YM22 and YM33 pos-
sessed prophylactic effects on Vero cells against PEDV 
infection.

The previous studies have shown that the treat-
ment with lacticaseibacillus caused an increase in the 
specific and total serum IgA titer on dendritic cells 
(DCs), was also stimulated the production of antivi-
ral cytokines, IFN-α and IFN-λ(IL29) in DCs [11]. But 
there were not much more researches on the mecha-
nism on how dose the lacticaseibacillus stimulated 
the DC expressing the IFN-λ, and enhanced the IFN-λ 
expressing in the epithelial cell. The polysaccharide 
from Ginkgo biloba exocarp possessed an effective 
inhibitory effect on viral attachment and entry steps of 
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the PEDV life cycle [28]. Our results firstly explained 
the anti-viral and anti-inflammatory mechanism with 
the EPS produced lacticaseibacillus against the PEDV 
infection in the IPEC-J2. The EPS could enhance the 
IL-10 expression in the PEDV infection, and increased 
the STAT3 expression in the PEDV infection. The 
blocker of STAT3 in the experiments shown that the 
EPS was with the dual function, increasing the IL-10 
and the STAT3 expression, against the inflammatory 
storm with the PEDV infection. The most important 
was that the previous study defined STAT3 as a nega-
tive regulator of type I IFN response, and provided a 
therapeutic target for viral infections [45]. But our 
study found that the EPS could specifically stimu-
late IFN-λ expression with the STAT3 single pathway 
against the PEDV infection. In the classical Jak-Stat 
antiviral signaling pathway, the inflammatory STAT3-
HNF4α feedback loop activating IFN-λ1 inhibits HCV 
replication through the suppression of miRNA-122 
[1]. Besides, the significant anti-viral activity of IL-22 
could be a novel therapeutic against multiple enteric 
diarrhea viruses in IPEC-J2, such as PEDV, PoRV and 
TGEV, which were mediated by the activation of the 
STAT3 signal pathway [48]. The secreted factors and 
cell surface components from lacticaseibacillus spe-
cies have been shown to modulate the host immune 
system. However, the precise role of L. reuteri surface 
proteins in influencing dendritic cells (DCs) could pro-
mote IL-10 and suppress inflammation [9, 42]. The 
IL-10 receptor complex is the first step for the EPS in 
initiating IL-10 signaling pathways that regulates intes-
tinal inflammation and viral persistence. However, 
these results did not explain the IFN-λ overexpres-
sion, and the role of STAT3 comparing with IL-10 in 
the PEDV infection. After the infection by the SARS-
CoV-2 proteins, NSP1, and ORF6, STAT1. With STAT1 
activity restricted, STAT3 then becomes dominant and 
induces STAT3- ISGs. Both STAT1 and STAT3 activity 
is inhibited, which was also inhibited the kinase activ-
ity of JAKs for the negative feedback of IFN-I signaling 
[33].

The previous studies hold that type I IFNs increased 
the anti-inflammatory IL-10 and decreased pro-inflam-
matory cytokines in the virus infection, which could 
also explain that the type I IFNs was not effective 
against the virus replication with the PEDV infection. 
The timing of IL-10 expression and production with 
the EPS in IPEC-J2 during the PEDV infection could 
be particularly important for the IFN-λ expression in 
the future. Type I IFNs acted via the IFNα/β receptor 
(IFNAR)1 and IFNAR2, but the type III IFN signals was 
active through IFNLR1 and IL-10R2, all the phenom-
enon and results implied that the type III IFN signals 

induced formation of a receptor complexed between 
IL10R2 and IL-10. The most interestingly, the STAT3 
primarily homodimerize built the connection between 
IL-10R2 and type III IFN. and the increasing the 
expression of IL-10R1, and subsequently IL-10 induced 
a higher level of STAT3 on monocytes. The IL-29, a 
member of the type III IFN family, was sensitized to 
IL-10 stimulation in APCs [31]. If the virus has already 
compromised STAT1, then treatment with the EPS pro-
ducing from lacticaseibacillus focus on preventing the 
excessive activation of STAT3 that drives the remission 
of proinflammatory cytokines and increasing IFN-λ1 to 
inhibit the PEDV infection.

Conclusion
This study firstly focused on the EPS-producing lactica-
seibacillus with the gene editing lacticaseibacillus and 
purification, both of which have displayed the potential 
antioxidation and anti-inflammation. The immunomodu-
latory activities were highlight the immunomodulatory 
potential of EPS against the PEDV infection. All these 
results indicated the detailed mechanism of activating type 
III IFN signals receptor of IL-10R2 inhibiting the replica-
tion and inflammatory storm within coronavirus PEDV.
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