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Avian influenza viruses can be efficiently transmitted through mucous membranes, and conventional vaccines are not effective in protecting against mucosal infection by influenza viruses. To induce multiple immune responses in an organism, we constructed a recombinant Lactobacillus plantarum expressing the influenza virus antigen HA1 with the adjuvant dendritic cell-targeting peptide (DCpep). The recombinant L. plantarum strains NC8Δ-pWCF-HA1 and NC8Δ-pWCF-HA1-DCpep were used to immunize mice via oral administration, and the humoral, cellular and mucosal immune responses were evaluated. In addition, the serum levels of specific antibodies and hemagglutination inhibition (HI) levels were also measured. Our results showed that recombinant L. plantarum activated dendritic cells in Peyer’s patches (PPs), increased the numbers of CD4+IFN-γ+ and CD8+IFN-γ+ cells in the spleen and mesenteric lymph nodes (MLNs), and affected the ability of CD4+ and CD8+ cells to proliferate in the spleen and MLNs. Additionally, recombinant L. plantarum increased the number of B220+IgA+ cells in PPs and the level of IgA in the lungs and different intestinal segments. In addition, specific IgG, IgG1 and IgG2a antibodies were induced at high levels in the mice serum, specific IgA antibodies were induced at high levels in the mice feces, and HI potency was significantly increased. Thus, the recombinant L. plantarum strains NC8Δ-pWCF-HA1 and NC8Δ-pWCF-HA1-DCpep have potential as vaccine candidates for avian influenza virus.
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Introduction

Avian influenza viruses (AIVs) have broken the genetic barrier and acquired the ability to directly infect not only birds but also humans, causing substantial economic damage to the poultry industry and posing a serious risk to human health and public health (1). The genome of avian influenza virus contains eight single-stranded negative-sense RNA fragments, and the unique fragmented genomic features make the virus highly susceptible to recombination and often lead to the creation of new viruses (2). The differences in antigenicity of the hemagglutinin (HA) and neuraminidase (NA) protein segments can be divided into 16 subtypes for the HA protein segment and 9 subtypes for the NA protein segment (3). H7N9 subtype avian influenza virus is a highly pathogenic avian influenza virus, first emerged in China in 2013, resulting in 1,568 human infections and causing 615 deaths (4). To date, vaccines based on AIV surface proteins are the most effective means of controlling the spread of AIVs.

Hemagglutinin is an important multifunctional protein in influenza viruses. HA is a trimer with a large globular immunodominant head, and each HA monomer is synthesized as an inactive precursor protein, HA0. The HA0 protein is cleaved into the HA1 and HA2 subunits by cytosolic proteases, and the HA1 subunit, which forms the globular head, is highly variable among isoforms and contains the major neutralizing epitope (5). Kamble et al. demonstrated that live attenuated nutrient-deficient mutants of Salmonella typhimurium expressing the immunogenic HA1 protein enhance immunity to H1N1 influenza virus infection (6). In addition, Te Beest et al. demonstrated that anti-HA1 antibody-mediated immune responses are more cross-reactive than previously thought and can result in sustained humoral immunity against influenza A virus (7). However, oral vaccines based on the HA1 protein have rarely been reported.

The function of dendritic cells (DCs) is to take up, process and deliver antigens to stimulate an immune response in the body. These cells are the most powerful antigen-presenting cells, as they mature to recognize and process exogenous antigens and present antigenic peptides to naive T cells to induce T cell activation and proliferation (8). DCs are the initiators of the adaptive immune response and the “bridge” between the innate and adaptive immune systems. Dendritic cell-targeting peptide (DCpep) is composed of 12 amino acids and is strongly targeted to DCs, resulting in a relatively strong immune response (9). Xu et al. demonstrated that DCpep-modified chimeric viruslike particle(cVLP) activated DCs in vitro and induced effective immune stimulation in chickens with enhanced secretory immunoglobulin A (sIgA) secretion and splenic T cell differentiation (10). The use of DCpep as an adjuvant, therefore, has the advantage of consisting of short sequences and solves the challenge of label expression, as well as providing ready antigen presentation and further stimulation of the immune system.

Lactic acid bacteria (LAB) is an internationally recognized food-grade microorganism that has been used in many fields to increase beneficial intestinal flora and improve human gastrointestinal tract function and immune regulation (11). Shin et al. showed that L. plantarum (LRCC5310), which was shown to inhibit rotavirus adhesion and proliferation in the small intestine in animal studies, improved clinical symptoms (12). Park et al. showed that oral or intranasal administration of L. plantarum DK119 to mice modulated innate immunity to provide protection against influenza virus (13). Recombinant exogenous proteins of L. plantarum can usually be expressed anchored on the surface of bacterium by targeted transport of plasmid expression vectors. Wang et al. demonstrated that the SARS-CoV-2 spike-in protein can be efficiently expressed on the surface of recombinant L. plantarum strains and the expressed protein exhibited high antigenicity (14). Oral administration of HA2-LTB-expressing recombinant Lactobacillus strains effectively protects mice from H9N2 subtype AIV and increases T cell expression of SIgA-responsive antibodies (15).

Polyglutamate synthase A (pgsA) is derived from Bacillus subtilis and is often used as a surface display element, with examples of successful applications seen in the surface display of recipient strains. In most of our previous studies, vectors with resistance screening markers were used, which had environmental impact (16). In this study, An E. coli-Lactobacillus shuttle expression vector was used to construct an intermediate host using the aspartic acid-β-semialdehyde dehydrogenase (asd) gene and the alanine racemase (alr) gene as antibiotic-free screening markers and asd gene-deficient E. coli (E. coli χ6212) as the plasmid donor. The alr gene deletion L. plantarum strain NC8Δ (17) was used as the host strain. We used pWCF as an expression vector to achieve expression of a pgsA’ gene product as an attachment matrix for HA1-DCpep and HA1 on the surface of L. plantarum. The aim of this study was to construct a novel recombinant L. plantarum and evaluate its stimulation of immune responses in mice.



Materials and Methods


Antigens, Virus and Vaccine

The amino acid sequences of the antigenic polypeptides DCpep (18) and HA1 were synthesized by Shanghai ZiYu Biotech Co., Ltd.; the sequences were FYPSYHSTPQRP and KSYKNTRESPAIVVWGIHHS, respectively. A recombinant avian influenza virus (H5+H7) trivalent inactivated vaccine was purchased from Harbin Vico Biotechnology Co.



Preparation of Recombinant L. plantarum

To construct recombinant L. plantarum, the sequence of the HA1 gene was queried as GenBank: Influenza A virus (A/chicken/China/WYG1/2019(H7N9)) and GenBank: MN700034.1. The HA1 sequence was tandemly linked to 3 DCpep peptides as the target fragment (18). This fragment was synthesized and ligated into the pUC-GW-Kan vector by GENEWIZ. To obtain the HA1 fragment from the pUC-HA1-DCpep plasmid, the primers HF and HR were designed with the sequences HF: 5’-TCTAGAATGGACAAAATCTGCCTCG-3’ and HR: 5’-AAGCTTATCTCGCAGTCCGTTTTCT-3’. The HA1 fragment was obtained by PCR and ligated into the pEASY-Blunt-zero vector. The reaction conditions of PCR are 25 cycles of denaturation at 98°C for 10s, annealing at 65°C for 15s, and extension at 72°C for 10s.The vector was obtained as a spare from the recombinant plasmid 409ata kept in the laboratory. We treated the plasmids with XbaI and HindIII to obtain the gene fragments HA1 and HA1-DCpep. The gene fragments HA1 and HA1-DCpep were subsequently cloned to the pWCF fragment using T4 ligase to construct the NC8Δ-pWCF-HA1 and pWCF-HA1-DCpep vectors. Next, the pWCF-HA1 and pWCF-HA1-DCpep plasmids were electrotransformed into the L. plantarum strain NC8Δ, and the positive recombinant bacteria were identified by restriction endonuclease digestion and named NC8Δ-pWCF-HA1 and NC8Δ-pWCF-HA1-DCpep, respectively.



Western Blotting

Recombinant L. plantarum stored at -80°C were activated, inoculated into 5 mL of MRS liquid medium and incubated overnight at 37°C in an anaerobic workstation. The next day, the bacteria was transferred to 50 mL centrifuge tubes at a 1:40 dilution, and all recombinant L. plantarum was incubated at 30°C under anaerobic conditions. SppIp-inducing peptide (50 ng/mL) was added when the OD600 reached 0.3. After induction, recombinant L. plantarum was collected for ultrasonic fragmentation or deposited at -80°C and subjected to 5 freeze-thaw cycles. Subsequently, SDS–PAGE was performed on 10% acrylamide gels. After transfer to membranes, the membranes were blocked with 5% skim milk powder for 1 h at room temperature. An anti-H7N9 hemagglutinin (SinoBiological, China) mouse monoclonal antibody was incubated overnight at 4°C as the primary antibody, and HRP-labeled goat anti-mouse IgG (Bioss Company, China) was used as the secondary antibody. The incubation was carried out at room temperature for 1.5 hours. Finally, color development was performed using a chemiluminescence enhancement kit (Thermo Scientific, USA).



Flow Cytometry Assay

Recombinant L. plantarum was cultured and induced as described previously (19). A total of 1 x 106 CFU of bacteria were washed, followed by the addition of 1 mL of 1% BSA in PBS and incubation for 1 h. An anti-H7N9 hemagglutinin mouse monoclonal antibody was incubated with the bacteria overnight at 4°C. The samples were washed three times with 1 mL of PBS containing 0.2% Tween-20 and incubated for 1.5 h under light-protected conditions with a PE-labeled anti-mouse secondary antibody (BioLegend, USA); after washing, the samples were examined by flow cytometry (BD LSRFortessa™, USA).



Immunofluorescence Detection

Recombinant L. plantarum expressing DCpep were identified by immunofluorescence. A DCpep-specific polyclonal antibody was obtained by immunizing rabbits with a short DCpep peptide. Briefly, in the 2nd and 4th weeks, the short peptides and Freund’s adjuvant were mixed to immunize the rabbits. Then, in the 5th week, blood was collected from the heart, and serum was isolated to obtain DCpep-specific polyclonal antibodies. The bacterial solution was incubated with a primary antibody, the above-prepared DCpep-specific polyclonal antibody (1:300), and then a secondary antibody, a FITC-labeled goat anti-rabbit antibody (1:800) (BioLegend, USA). Ten microliters of bacterial solution was placed on a glass slide, covered with an anti-fluorescence attenuator (Solarbio, China), and observed under a microscope (Leica Microsystems, Germany) in the dark.



Animals, Ethics Statement and Experimental Design

Fifty specific pathogen-free (SPF) 6-week-old C57BL/6J mice were provided by Henan Skbex Biotechnology Co. Sterile water and feed were provided at the Experimental Animal Centre of Jilin Agricultural University (JLAU20210423001). All animal experiments were monitored by the Animal Protection and Ethics Committee of Jilin Agricultural University. Mice were randomly divided into PBS, NC8Δ-pWCF, NC8Δ-pWCF-HA1, NC8Δ-pWCF-HA1-DCpep and vaccine groups, for a total of 5 groups with 10 animals per group. A volume of induced recombinant L. plantarum was washed 3 times with sterile PBS, resuspended in 200 μL PBS and administered to mice by gavage. Two hundred microliters of PBS was used for gavage in the PBS group, and 100 μL of H5-H7 trivalent inactivated vaccine was administered intramuscularly in the vaccine group. The initial immunizations were performed on Days 1, 3 and 5, and booster immunizations were given on Days 15, 17 and 19. The status of the mice was observed after the booster immunizations, and flow cytometry was performed on Day 29.



Flow Cytometry

Ten days after booster immunization, three mice from each group were euthanized. Spleens, mesenteric lymph nodes (MLNs) and Peyer’s patches (PPs) were aseptically removed, and single-cell suspensions were prepared. Flow cytometry was performed as previously described for this laboratory (20). A prepared 100-μL PPs cell suspension (1 × 106 cells) was mixed with anti-CD16/CD32 (BD Biosciences, USA) at 4°C, incubated for 5 min, and then directly spiked with anti-CD11c-APC (BD Biosciences, USA), anti-CD80-FITC (BD Biosciences, USA), anti-CD86-PE-Cy7 (BD Biosciences, USA), and anti-MHC-II-PerCP-Cy5.5 (BD Biosciences, USA). The antibodies were incubated for 20 min at 4°C in the dark, and then the cell suspension was washed. The cells were then fixed, permeabilized, centrifuged twice, incubated with IgA-FITC (BD Biosciences, USA) for 20 min at 4°C, washed and passed through a nylon sieve.

Each group of prepared splenocyte and MLNs cell suspensions (150 μL, 1.5×106 cells) was transferred into 24-well cell culture plates, and phorbol-12-myristate-13-acetate (PMA) (Sigma-Aldrich, USA) was added. Only the HA1 peptide was added to the NC8∆-pWCF-HA1 group, while the HA1 and DCpep peptides were added to the rest of the groups and incubated for 8 hours. Protein transport inhibitor (BD Biosciences, USA) was then added and incubated for 4 hours. The cells were washed and blocked by adding anti-CD16/CD32 Pure (5μ), followed by antibody staining using 10 μL each of anti-CD3-PerCP-Cy5.5 (BD Biosciences, USA), anti-CD4-FITC (BD Biosciences, USA) and anti-CD8-APC-Cy7 (BD Biosciences, USA). The cells were then fixed, permeabilized and centrifuged twice, and 10 μL of anti-IFN-γ-APC (BD Biosciences, USA) was added for 20 min at 4°C in the dark. The cells were then washed and passed through a nylon sieve prior to detection. Cells were analyzed using BD fluorescence-activated cell sorting (FACS) on an LSRFortessa™ cell analyzer (BD Biosciences, USA). All data were analyzed using FlowJo 7.6.2 software.



T Cell Proliferation Assay

Each group of splenocytes and MLNs cells were stained with carboxyfluorescein succinimidyl amino ester (CFSE) in 300 μL (3 × 106 cells), incubated at 37°C for 10 min, and then washed. Two hundred microliters (5.0 mL × 105 cells) was transferred to a 96-well cell culture plate, and PMA and antigenic peptides were added and incubated in a cell culture incubator at 37°C for 3 days. The cells were washed, mixed with anti-CD16/CD32 and blocked for 5 min. Ten microliters each of anti-CD4-PerCP (BD Biosciences, USA) and anti-CD8-APC (BD Biosciences, USA) were added and incubated for 20 min at 4°C in the dark. After washing, the cells were washed through a nylon sieve and ready for testing (LSRFortessa™ flow cytometer, BD Biosciences, USA).



Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assays (ELISAs) were performed as described previously to detect the expression levels of specific IgG, IgG1 and IgG2a in the sera of mice at weeks 2, 4 and 10 and IgA in the feces of mice at weeks 2 and 4 (21). Briefly, 96-well ELISA plates were coated with peptides (100 μL) overnight at 4°C and washed 3 times with PBST, and then 100 μL of PBS blocking solution containing 2% BSA was added to each well and incubated in a 37°C incubator for 2 h. PBST was used to wash the plate 3 times, mice serum (100-fold dilution) and fecal supernatant (10-fold dilution) samples were taken and added to each well (100 μL), and standard curve wells were prepared. Specifically, 1 μg/mL unlabeled purified mouse IgG/IgG1/IgG2a/IgA antibody (Southern Biotech, USA) in 100 μL was added to the first well, followed by the preparation of 2-fold dilutions, and the plates were incubated at 37°C for 2 h. The wells were washed 3 times with PBST. Goat anti-mouse IgG1/IgG2a/IgA alpha chain-HRP (HRP, 10,000-fold dilution) (Southern Biotech, USA) and rabbit anti-mouse IgG (HRP, 1000-fold dilution) (Abcam, UK) in a PBS solution containing 1% BSA were added. The reaction was terminated by adding 50 μL of H2SO4 termination solution at a concentration of 2 M to each well, and the reaction was incubated for 1 h at 37°C. The plates were washed 3 times with PBST, and TMB (Sigma-Aldrich, USA) was added (100 μL per well) for 10 min at room temperature in the dark. The OD450 nm values were read and recorded using an enzymatic marker.



B Cell Response in Tissue

Mice lungs, duodenums, jejunums and ileums were harvested, fixed in 4% paraformaldehyde and then paraffin embedded after dehydration through an alcohol series and clearing. Sections for immunofluorescence staining were 2 μm thick and subsequently dewaxed using xylene and a graded alcohol series. The sections were heated in 1× antigen repair solution for 20 min. The sections were slowly cooled at room temperature, and the antigen repair solution was discarded. The sections were covered with PBS solution and washed 3 times. Tissues labeled with an immunohistochemistry pen were blocked with 5% BSA and 0.3% Triton-100 PBS for 1 h. After removing the blocking buffer by blotting, anti-B220-APC (250× dilution) (BD Biosciences, USA) and IgA-FITC (200× dilution) (BD Biosciences, USA) were added dropwise to the labeled tissues and stored flat overnight at 4°C in a wet box protected from light. The sections were then soaked three times in PBS solution for 5 min each time. The PBS section was removed by blotting the sections dry, a 4’,6-diamidino-2-phenylindole (DAPI) staining solution was added dropwise and placed flat at room temperature protected from light for 15 min. The PBS solution was used to wash the sections three times, and then any residual PBS was removed by blotting. An anti-fluorescence attenuation sealant was added dropwise, coverslips were mounted, and the sections were observed under a fluorescence microscope (Leica Microsystems, Germany).



Detection of Hemagglutination Inhibition (HI) Levels in Mice Serum

Blood was collected from mice on Days 0, 14, 28 and 70, and serum was isolated, added to 4 times the volume of receptor-disrupting enzyme (RDE) (Denka Seiken, Japan) and incubated in a 37°C incubator overnight. Then, the serum was inactivated in a 56°C water bath for 50 min and stored at 4°C. The HA test was performed by adding 25 µL of H7 antigen to each well and 25 µL of H7 antigen to the first well; the contents were then diluted in multiples to the 11th well, with 25 µL aspirated and discarded while another 25 μL of PBS was added to each well, and finally 25 µL of 1% chicken red blood cell suspension was added to each well, followed by shaking for 2 min and incubation for 30 min at room temperature. The highest dilution at which no flow was detected when the reaction plate was tilted to 60 degrees was considered the hemagglutination potency of the H7 antigen. The potency of the H7 antigen was divided by 4 to obtain a dilution containing 4 units of the H7 antigen. PBS (25 µL) was added to wells 1 to 11 of the 96-well plate, and 50 µL of PBS was added to well 12. Treated serum (25 µL) was added to well 1 and mixed well, and then 25 µL was moved to well 2. The samples were then double diluted to well 10, and 25 µL was aspirated from well 10 and discarded. The 4HAU antigen (25 µL) was added to wells 1 to 11 and allowed to stand at room temperature for 30 min. Finally, 25 µL of 1% chicken red blood cell suspension was added to each well, shaken to mix, and allowed to stand at room temperature for 30 min. The result was determined when the red blood cells in the control wells were clearly clumped at the bottom of the wells, and the highest dilution of serum that completely inhibited the agglutination of the 4HAU antigen was considered the HI potency of the serum sample.



Statistical Analysis

Flow cytograms were analyzed using FlowJo 7.6.2 software. GraphPad Prism software was applied to make graphs and perform statistical analyses, and differences among groups were analyzed by one-way ANOVA (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).




Results


Synthesis of pWCF-HA1 and pWCF-HA1-DCpep Expressed on L. plantarum

Recombinant pWCF-HA1 and pWCF-HA1-DCpep plasmids expressing influenza virus HA1 were successfully constructed (Figures 1A, B). As assessed by immunoblotting using an anti-H7N9 hemagglutinin antibody, positive bands were observed with both ultrasonic fragmentation (Figure 1C) and repeated freeze-thaw (Figure 1D) methods, but no bands were observed in control samples. To further determine whether HA1 and HA1-DCpep are localized on the surface of L. plantarum, detection was performed by flow cytometry and immunofluorescence staining. The results showed that positive fluorescence signals were detected for both NC8Δ-pWCF-HA1 and NC8Δ-pWCF-HA1-DCpep samples compared to control samples (Figures 1E, F). The above results indicate that the pWCF-HA1 and pWCF-HA1-DCpep plasmids were successfully constructed and expressed in L. plantarum.




Figure 1 | Synthesis of pWCF-HA1 and pWCF-HA1-DCpep on L. plantarum. (A) Recombinan pWCF-HA1 plasmid mapping. (B) Plasmid profile of recombinant pWCF-HA1-DCpep. (C) Recombinant bacteria were sonicated, and the synthesis of fusion antigens was detected by immunoblotting using an anti-H7N9 hemagglutinin antibody. M: marker; Lane 1: NC8Δ-pWCF; Lane 2: NC8Δ-pWCF-HA1; Lane 3: NC8Δ-pWCF-HA1-DCpep. (D) Recombinant L. plantarum were subjected to repeated freeze-thaw cycles, and fusion antigen synthesis was detected by immunoblotting using an anti-H7N9 hemagglutinin antibody M: marker; Lane 1: NC8Δ-pWCF; Lane 2: NC8Δ-pWCF-HA1; Lane 3: NC8Δ-pWCF-HA1-DCpep. (E) Flow cytometry with an anti-H7N9 hemagglutinin antibody and PE-conjugated anti-mouse IgG antibody. (F) Indirect immunofluorescence analysis with an anti-DCpep antibody followed by indirect immunofluorescence analysis with a FITC-conjugated anti-mouse IgG antibody.





Activation of DC Costimulatory Molecules by L. plantarum Expressing HA1 and HA1-DCpep

To investigate the effect of NC8Δ-pWCF-HA1 and NC8Δ-pWCF-HA1-DCpep on DCs in PPs of mice, we examined the expression of the activation markers CD80, CD86 and MHC-II on the surface of DCs. The gating method for DCs in PPs is shown in Figure 2A. The results showed that the differences in the MFI (CD11c+ CD80+ MFI) of the PPs between the HA1-DCpep group and the PBS, pWCF and HA1-DCpep groups were highly significant (P < 0.001) and that between the HA1-DCpep group and vaccine group was highly significant (P < 0.01) (Figures 2B, E). The difference in the MFI (CD11c+ CD86+) of the PPs between the HA1-DCpep group and vaccine group was highly significant (P < 0.01), and that between the HA1-DCpep group and the pWCF group was also highly significant (P < 0.05) (Figures 2C, F). The MFI (CD11c+ MHC-II+) of the PPs in the HA1-DCpep group was significantly different (P < 0.05) from that in the PBS group and highly significantly different (P < 0.01) from that in the vaccine group, and the HA1 group was highly significantly different (P < 0.01) from the vaccine group (Figures 2D, G). The above results indicate that recombinant L. plantarum have an activating effect on DCs in mice PPs.




Figure 2 | Activation of DC costimulatory molecules by L. plantarum expressing HA1 and HA1-DCpep. After booster immunization, mice PPs were harvested, and cell suspensions was prepared using 1 ×106 total cells treated with anti-CD16/CD32 for molecular staining of the DC surface (A) Gating strategy for DCs in PPs. Flow cytometry was performed to detect the expression levels of CD80 (B, E), CD86 (C, F), and MHC-II (D, G) in DCs in PPs. Statistical significance was assessed by one-way ANOVA (n = 3 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001.





Recombinant L. plantarum Affects the T Cell Response

Following booster immunization, CD4+IFN-γ+ and CD8+IFN-γ+ cells in the MLNs and spleen of mice were examined using flow cytometry, which showed that both the MLN and splenic cellular immune responses of mice could be activated by recombinant L. plantarum. A scatter plot of CD4+IFN-γ+ T cells in the MLNs is displayed (Figure 3A), and the full scatter plots are shown in Figure S1. CD4+IFN-γ+ cells were detected in the MLNs of mice. The results showed that the proportion of CD4+IFN-γ+ cells in the recombinant L. plantarum group after oral administration of NC8Δ-pWCF-HA1-DCpep was highly significantly increased compared with that in the PBS and vaccine groups (P < 0.001), and the difference with the pWCF group was significant (P < 0.05). Additionally, among the groups, the HA1-DCpep group had the highest proportion of CD4+IFN-γ+ cells; the differences between the HA1 group and the pWCF and vaccine groups were highly significant (P < 0.01) (Figure 3B). In contrast, when CD8+IFN-γ+ cells were detected, the proportion of CD8+IFN-γ+ cells in the orally administered NC8Δ-pWCF-HA1-DCpep recombinant L. plantarum group was highly significantly increased (P < 0.01) compared to that in the PBS control group and significantly increased (P < 0.05) compared to that in NC8Δ-pWCF; the difference between the HA1 group and the PBS group was significant (P < 0.05) (Figure 3C). CD4+IFN-γ+ cells in the mice spleen were examined, and the proportion of CD4+IFN-γ+ cells was highly significantly increased in the NC8Δ-pWCF-HA1-DCpep recombinant L. plantarum group after oral administration compared with the PBS control group (P <0.0001), highly significantly increased compared with the pWCF group (P < 0.01), and significantly increased compared with the HA1 group (P < 0.05). Additionally, among the groups, the HA1-DCpep group had the highest proportion of CD4+IFN-γ+ cells; the difference between the HA1 group and the PBS group was significant (P < 0.05) (Figure 3D). In contrast, when CD8+IFN-γ+ cells were detected, the proportion of CD8+IFN-γ+ cells was highly significantly different (P < 0.0001) in the orally administered NC8Δ-pWCF-HA1-DCpep recombinant L. plantarum group compared to the PBS control group, highly significantly different (P < 0.01) compared to the pWCF group and significantly different (P < 0.05) compared to the HA1 group. Additionally, the HA1-DCpep group had the highest proportion of CD8+IFN-γ+ cells among the groups; the difference between the HA1 group and the PBS group was highly significant (P < 0.01) (Figure 3E).




Figure 3 | Effect of recombinant L. plantarum on T cell responses. After booster immunization, mice MLNs and spleen were collected, and cell suspensions was prepared using a total of 1.5 ×106 cells for plates containing PMA and specific antigenic peptides, and the plates were incubates for a total of 8 h. Scatter plots of CD4+IFN-γ+ T cells in MLNs in different groups are displayed (A). The numbers of CD4+IFN-γ+ T cells (B) and CD8+IFN-γ+ T cells (C) in the MLNs were detected by flow cytometry after antibody staining, and the numbers of CD4+IFN-γ+ T cells (D) and CD8+IFN-γ+ T cells (E) in the spleen were determined. Statistical signicance was assessed by one-way ANOVA (n = 3 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Effect of Recombinant L. plantarum on T Cell Proliferation

After booster immunization, T cell proliferation in the mice MLNs and spleen was examined using flow cytometry, and the results showed that both MLNs and splenic T cell proliferation in mice could be activated by recombinant L. plantarum. The number of CD4+IFN-γ+ T cells in the MLNs is displayed (Figure 4A), and the full figures are shown in Figure S2. For the assay assessing CD4+ T cell proliferation in the MLNs in mice, the results showed that the proliferation of CD4+ T cells was significantly (P < 0.05) increased in the recombinant L. plantarum group after oral administration of NC8Δ-pWCF-HA1-DCpep compared to the vaccine control group (Figure 4B). In contrast, when CD8+ T cell proliferation was detected, the proliferation of CD8+ T cells was significantly (P < 0.05) increased in the orally administered NC8Δ-pWCF-HA1-DCpep recombinant L. plantarum group compared to the vaccine control group (Figure 4C). CD4+ T cell proliferation was examined in the mice spleen. The results showed that CD4+ T cell proliferation in the orally administered NC8Δ-pWCF-HA1-DCpep recombinant L. plantarum group was highly significantly increased compared to that in the PBS control group (P < 0.01) and significantly increased compared to that in the pWCF group (P < 0.05), and the HA1-DCpep group had the highest CD4+ T cell proliferation among all groups (Figure 4D). In contrast, for the CD8+ T cell proliferation assay, enhancement of the proliferation of CD8+ T cells in the recombinant L. plantarum group induced via oral administration of NC8Δ-pWCF-HA1-DCpep was highly significantly increased (P < 0.01) compared to that in the PBS and pWCF groups; the difference in proliferation between the HA1 group and the pWCF group was significant (P < 0.05) (Figure 4E).




Figure 4 | Effect of recombinant L. plantarum on T cell proliferation. After booster immunization, mice MLNs cells and splenocytes were stained with CFSE and subsequently cocultured in 96-well U-bottom plates with specific antigenic peptides for 3 days. The number of CD4+IFN-γ+ T cells in the MLNs in different groups is displayed (A). The proliferation of CD4+ T cells (B) and CD8+ T cells (C) in the mice MLNs and that of CD4+ T cells (D) and CD8+ T cells (E) in the spleen were examined. Statistical significance was assessed by one-way ANOVA (n = 3 mice per group). *P < 0.05; **P < 0.01.





Effect of Recombinant L. plantarum on B Cells

We also investigated whether recombinant L. plantarum can induce B cell activation in mice by examining B cells in the PPs of mice after booster immunization. The HA1-DCpep group showed a highly significant increase in the percentage of B220+IgA+ cells compared to the PBS control and pWCF groups (P < 0.001), while the HA1 group showed a highly significant increase in the percentage of B220+IgA+ cells compared to the PBS control and pWCF groups (P < 0.01). Additionally, a highly significant increase in the percentage of B220+IgA+ cells was observed in the vaccine group compared to the PBS control and pWCF groups (P < 0.0001), and a significant increase in the percentage of B220+IgA+ cells was observed in the vaccine group compared to the HA1 group (P < 0.05) (Figure 5).




Figure 5 | Effect of recombinant L. plantarum on B cells. Mice PPs were harvested and used to generate cell suspensions after booster immunization; the cell suspensions were treated with anti-CD16/CD32 and staines with anti-B220 and IgA. Subsequently, the cells were evaluated by flow cytometry. Statistical significance was assessed by one-way ANOVA (n = 3 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Recombinant L. plantarum Increase Specific Antibody Levels

To investigate whether recombinant L. plantarum can stimulate the body’s immune system and thus induce the production of specific antibodies, we measured IgG in mice serum at weeks 0 (before immunization), 2 (2 weeks after primary immunization), 4 (2 weeks after booster immunization) and 10 (10 weeks after primary immunization). Meanwhile, we also measured IgG1 and IgG2a expression in mice serum at weeks 2, 4 and 10 and IgA expression in mice feces at weeks 0, 2 and 4 using ELISA. We found that IgG expression in the serum was significantly elevated in the HA1-DCpep group compared with the pWCF groups at 2, 4 and 10 weeks (P < 0.0001) (Figure 6A), while IgG1 showed similar expression levels in the HA1-DCpep and HA1 groups. In addition, the mice in the HA1-DCpep group produced more IgG1 than those in the HA1 group (Figure 6B). Similarly, the expression levels of IgG2a in the serum were significantly elevated in the HA1-DCpep group versus the HA1 group at weeks 2, 4 and 10 (Figure 6C). Additionally, IgA in the feces of mice was detected. We found that compared with those in the pWCF groups, the IgA expression levels of the HA1-DCpep group, the HA1 group and the vaccine group were surprisingly increased (P<0.0001), and the IgA expression level of the HA1-DCpep group was higher than that of the HA1 group (Figure 6D). The results suggest that oral administration of recombinant L. plantarum to mice can stimulate the body’s immune response, resulting in the production of specific antibodies.




Figure 6 | Recombinant L. plantarum increase specific antibody levels. The expression levels of specific IgG antibodies in the serum at weeks 0 (before immunization), 2 (2 weeks after primary immunization), 4 (2 weeks after booster immunization) and 10 (10 weeks after primary immunization), (A) IgG1 (B) and IgG2a (C) antibodies in the serum at weeks 2, 4 and 10 and IgA (D) antibodies in the feces of mice at weeks 0, 2 and 4 were measured by ELISA. In the same period, HA1, HA1-DCpep and vaccine groups were compared with the pWCF “empty vector” group. Statistical significance was assessed by two-way ANOVA (n = 3 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Elevated IgA Expression in the Mice Lungs, Duodenum, Jejunum and Ileum

To verify the expression of IgA induced by recombinant L. plantarum expressing the H7N9 antigen at different sites, we measured the expression of IgA in the lungs, duodenum, jejunum and ileum of mice after booster immunization using immunofluorescence staining. The results showed that for the lungs of mice, the HA1 and HA1-DCpep groups exhibited more intense IgA expression than the pWCF group and this expression was even higher than that of the vaccine group (Figure 7). Furthermore, the mice in the HA1-DCpep group had the highest IgA expression in the duodenum, jejunum and ileum, while the HA1 group exhibited higher IgA expression in the duodenum than the pWCF group and the vaccine group. The vaccine group produced less IgA in any intestinal segment than the recombinant L. plantarum group (Figure 8). Thus, recombinant L. plantarum were able to effectively induce IgA expression in the lungs and intestine, with the HA1-DCpep group showing a more pronounced advantage.




Figure 7 | Recombinant L. plantarum increase IgA expression in the lungs of mice. After oral immunization of mice with recombinant L. plantarum, IgA expression was measured in the lungs using anti-B220 (red) and IgA (green) antibody staining and immunofluorescence techniques. B220+IgA+ cells were stained yellow. Lung scale bars represent 500 μm (left) and 100 μm (right).






Figure 8 | Recombinant L. plantarum increase IgA expression in the intestine of mice. After oral immunization of mice with recombinant L. plantarum, IgA expression was measured in different sections (duodenum, jejunum, and ileum) using anti-B220 (red) and IgA (green) antibody staining and immunofluorescence technique. Intestinal segment scale bars represent 100 μm.





Recombinant L. plantarum Enhances Serum HI Levels

Following immunization with recombinant L. plantarum, we measured HI levels in mice sera at weeks 2, 4 and 10 and showed that the HA1-DCpep, HA1 and vaccine groups exhibited higher HI levels at weeks 2, 4 and 10 than the pWCF group, with the HA1-DCpep group showing the highest potency and peaking at week 4. Interestingly, the vaccine group did not show an advantage in HI potency compared to the recombinant L. plantarum group immunized with the critical antigen of the linked influenza virus, peaking only at week 4 (Figure 9).




Figure 9 | Recombinant Lactobacillus enhances serum HI levels. HI levels were measured in the serum of mice at weeks 2, 4 and 10 after oral immunozation with recombinant L. plantarum.






Discussion

Mutations in the neuraminidase and hemagglutinin proteins on the surface of avian influenza virus allow the virus to cross the genus barrier and gain the ability to bind to human receptors, resulting in an interpersonal transmission epidemic (22). Human infections have been detected for avian influenza virus subtypes H5N1, H9N2, H7N9, H10N8, H5N6 and H6N1. Among them, H7N9 infection causes high numbers of severe human cases, causing serious damage to human health (23). Prophylactic vaccination against AIV helps in disease’s prevention in animals, and different vaccination strategies are often used to combat AIV infection (24). The selection of a broad-spectrum, effective vaccine that can be produced quickly and cost-effectively during a pandemic outbreak has become critical. In recent years, recombinant Lactobacillus based vaccines have gained advantages in terms of immune efficacy and biological safety (25). In addition, recombinan Lactobacillus vaccines can be utilized with adjuvants to enhance antigenic potency, maximize immunogenicity and induce a broad immune response against influenza virus (26).

Recombinant L. plantarum expressing different antigens is protective against influenza virus infection. Our previous study applied the resistance screening marker vector NC8-pSIP409-pgsA’ for the expression of antigens (27). The disadvantage of this screening method is that it causes some environmental contamination, whereas in this study, we applied antibiotic-free screening using the alr gene deletion strain NC8Δ as the expressing bacterium, which automatically degrades when the recombinant bacterium enters the external environment without causing any environmental impact. Therefore, the environmentally friendly recombinant L. plantarum vaccine could be used as a safe live vector vaccine to prevent virus infection.

HA is a polypeptide chain consisting of 548 to 552 amino acid residues that plays key roles in viral adsorption and membrane penetration, stimulates the production of neutralizing antibodies that neutralize the infectivity of the virus, and is the main antigen of influenza virus (28). In addition, during viral replication, intracellular proteases cleave HA into two subunits, HA1 and HA2, and the antigenicity of hemagglutinin is mainly concentrated in HA1 (5). Our previous study on recombinant L. plantarum expressing the HA2 antigen triggered protective immunity against H9N2 subtype avian influenza virus in chickens, with a significant increase in T cell responses following oral inoculation with NC8-pSIP409-pgsA’-HA2 (16). Hajam et al. used Salmonella to express the HA1 antigen, which has dual functions as a delivery system and as a natural adjuvant, that could trigger specific humoral and cell-mediated immune responses (29). Kamble et al. showed that intracellular delivery of HA1 subunit antigens by attenuated Salmonella protected chickens from infection with a low-pathogenicity H5N3 subtype virus and increased systemic viral clearance (30). Our results in the present study are consistent with those reported in other studies; specifically, recombinant Lactobacillus expressing HA1 can induce specific humoral and cellular immunity, indicating that the HA1 antigen can be used as a target-binding antigen for vector delivery with good immunogenicity.

Previous studies have shown that fusion proteins consisting of a DCpep and protective antigens efficiently delivered by Lactobacillus enhance antigen-induced systemic immune responses (31). Recombinant Enterococcus faecalis fused to the Eimeria 3-1E protein with a dendritic cell-targeting peptide increased secretory IgA levels in cecal lavage fluid and the proportions of CD4+ and CD8+ cells in the peripheral blood (32). Recombinant Lactobacillus casei expressing a fusion molecule containing dendritic cell-targeting peptides enhanced T helper cell responses in piglets, promoted lymphocyte proliferation and effectively protected piglets from PEDV infection (33). In addition, in our previous study, the mucosal vaccine NC8-pSIP409-HA-DCpep, a recombinant NC8 strain expressing HA and DCpep, was constructed to elicit high serum titers of hemagglutination inhibition (HI) antibodies in mice and induce a robust T cell immune response against H9N2 subtype virus infection in both mouse models and chicken models (34). The results of the present study are consistent with previous studies in which NC8Δ-pWCF-HA1-DCpep exhibited a higher degree of DCs activation while significantly elevating IFN-γ expression within CD4+ and CD8+ T cells in the MLNs and spleen. Interestingly, HA1-DCpep stimulation did not result in a more pronounced CD4+ or CD8+ T cell proliferative response in the MLNs, whereas the increase was significant in the spleen, suggesting a dominant T cell response in the spleen during AIV infection.

Conventional vaccines do not protect against influenza virus infection on mucosal surfaces, and IgA is one of the major immune effector products present in the gut and plays an important role in preventing natural infection (35). Our previous study showed that recombinant L. plantarum NC8 expressing the influenza virus fusion genes HA2 and 3M2e significantly stimulated intestine-specific IgA titers in mice and increased B220+IgA+ cell numbers in PPs (26). The use of recombinant Lactobacillus in other viral infections also elevated the immune response, and oral administration of Lactobacillus lactis expressing the HPV-16 L1 antigen in mice induced significant levels of mucosal IgA antibodies (36). This is consistent with our findings that recombinant L. plantarum not only elevated the number of B220+IgA+ cells in PPs and the expression of IgA in different intestinal segments but also induced higher levels of antibody production in lung infection sites. Furthermore, sIgA antibodies showed cross-protection against variant influenza viruses in a mouse model (37). Thus, a mucosal influenza vaccine that induces mucosal immunity would be a powerful tool to protect individuals against influenza viruses.

In summary, L. plantarum displaying the influenza virus antigen HA1-DCpep on its surface modulates the activation state of dendritic cells to improve DC function and enhance T cell responses and proliferation. We also demonstrated that recombinant L. plantarum increased IgG1, IgG2a and IgA levels and improved serum HI levels. This study demonstrates that HA1-DCpep-expressing recombinant L. plantarum can effectively exert immune effects against influenza viruses and has potential as a mucosal vaccine.
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Wild pigs usually showed high tolerance and resistance to several diseases in the wild environment, suggesting that the gut bacteria of wild pigs could be a good source for discovering potential probiotic strains. In our study, wild pig feces were sequenced and showed a higher relative abundance of the genus Lactobacillus (43.61% vs. 2.01%) than that in the domestic pig. A total of 11 lactic acid bacteria (LAB) strains including two L. rhamnosus, six L. mucosae, one L. fermentum, one L. delbrueckii, and one Enterococcus faecalis species were isolated. To investigate the synergistic effects of mixed probiotics strains, the mixture of 11 LAB strains from an intestinal ecology system was orally administrated in mice for 3 weeks, then the mice were challenged with Escherichia coli ATCC 25922 (2 × 109 CFU) and euthanized after challenge. Mice administrated with LAB strains showed higher (p < 0.05) LAB counts in feces and ileum. Moreover, alterations of specific bacterial genera occurred, including the higher (p < 0.05) relative abundance of Butyricicoccus and Clostridium IV and the lower (p < 0.05) abundance of Enterorhabdus in mice fed with mixed LAB strains. Mice challenged with Escherichia coli showed vacuolization of the liver, lower GSH in serum, and lower villus to the crypt proportion and Claudin-3 level in the gut. In contrast, administration of mixed LAB strains attenuated inflammation of the liver and gut, especially the lowered IL-6 and IL-1β levels (p < 0.05) in the gut. Our study highlighted the importance of gut bacterial diversity and the immunomodulation effects of LAB strains mixture from wild pig in gut health.
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1 Introduction

Homeostasis of gut health, together with the diverse and complex microbial community harbored in the gut, plays a central role in host health (1). Disorder of gut health, including the alteration of gut microbiota, impairment of barrier function, and disruption of the immune system, further lead to several diseases of the host (2). Supplementation of probiotics has been revealed as one of the effective strategies to maintain the gut health (3). According to the definition, probiotics are “living microorganisms that confer several health benefits when administrated in adequate amounts to the host” (4). Most often used as probiotic supplements, lactic acid bacteria (LAB) include many bacterial genera, including Lactobacilli, Lactococci, Enterococci, Streptococci, Leuconostoc, and Pediococci, among which the best known is the genus Lactobacillus (5). Numerous studies have revealed the beneficial effect in applying LAB, with the mechanisms behind including suppression of pathogens, manipulation of microbiota communities, immunomodulation, stimulation of epithelial cell proliferation, and differentiation and fortification of the gut barrier (6).

Isolation and characterization of bacterial strains was the first step in the discovery and application of probiotics. As the gut is one of the sources for probiotic strains, probiotics such as L. gasseri, L. reuteri, and L. fermentum isolated from the human gut exert therapeutic and protective activities (7). However, imbalance in the gut microbiota usually occurs in humans with industrialized lifestyles, following a rise in diseases such as allergic and autoimmune disorders, and inflammatory bowel disease, indicating the importance of preserving the treasure of microbial diversity from rural communities (8). On the other hand, the gut of pigs is also suggested as a good source of probiotics (9). In our previous study, probiotic strain L. reuteri ZJ617 was isolated from the domestic pig intestine and showed high adhesive ability together with inhibition activity against pathogens including Escherichia coli K88 and Salmonella enteritidis 50335 (10). Compared with the domestic pig fed with a commercial diet, wild pigs live in a wild environment mainly fed on a diet that includes acorns, wild fruits, grassroots, and stems with high cellulose content and low carbohydrate or fat content (11). It has been previously reported that a strong distinction existed in the bacterial diversity of wild pigs and domestic pigs. What is more, predictions of metagenome function showed more bacterial genes related to the immune system and environmental adaptation in the feces of wild pigs than that in domestic pigs (12). To investigate the probiotics in wild pigs, Li and colleagues assessed the probiotic characteristics and safety properties of LAB strains isolated from the gut, including L. mucosae, L. salivarius, Enterococcus hirae, Enterococcus durans, and Enterococcus faecium (13). Previous studies have suggested the beneficial effects of probiotics in the gut of wild pigs, while few studies demonstrated the mechanism behind applying probiotics strains in gut health. On the other hand, although beneficial effects of single-strain probiotics to health were revealed in numerous studies, the potential of synergistic effects from mixed probiotics strains is still not fully explored (14).

In this study, we sequenced and isolated LAB strains from the feces of a wild pig, following administrated LAB strain mixture in mice challenged with E. coli, aiming to investigate the synergistic effects of probiotic strains and illustrate the mechanisms in the contribution to gut health.



2 Materials and Methods


2.1 Animals and Fecal Collection

In this study, one adult WP weighting 100 kg from a wild environment and three adult DP (Duroc × Landrace × Yorkshire) with similar weights were selected. Fecal pellets were collected and stored at -80°C immediately with 20% glycerol for further analysis.



2.2 16S rRNA Gene Amplicon Sequencing

Amplicon sequencing of the 16S RNA was performed by Realbio Genomics Institute (Shanghai, China). Briefly, DNA was extracted and the V3–V4 region was amplified in PCR reactions using primers 341F: 5′-CCTACGGGRSGCAGCAG-3′ and 806R: 5′-GGACTACVVGGGTATCTAATC-3′ and sequenced on a HiSeq platform (Illumina Inc., CA, USA) for paired-end reads of 250 bp. Reads were clustered into Operational Taxonomic Units (OTUs) with 97% similarity (15) and classified with RDP Classifier (http://rdp.cme.msu.edu/). QIIME1 (v1.9.1) was used in the OTU profiling and alpha/beta diversity analyses. All DNA sequences in this study were deposited in the NCBI sequence read archive with the project number PRJNA778598.



2.3 Isolation and Characterization of LAB Strains


2.3.1 Isolation of LAB Strains

LAB strains were isolated according to methods described in a previous study (10). Briefly, feces from WP was suspended, homogenized, and spread on de Man, Rogosa and Sharpe (MRS) agar (Qingdao Haibo Bio, China) plates and incubated anaerobically. After incubation, the white colony of LAB was streaked onto MRS agar plates again and incubated at 37°C for 48 h. Samples from LAB medium plates were transferred to a tube containing 10 ml MRS broth and preserved at -80°C with a dilution of 40% (w/v) sterile glycerol for further use.



2.3.2 Sequencing and Phylogenetic Analysis of LAB

DNA of the LAB strains was extracted, and full lengths of 16S rRNA genes were amplified with the following primers: forward 5′-A GAGTTTGATCCTGGCTCAG-3′ and reverse 5′-GGTTACCTTGTTACGACTT-3′ (16). The PCR products were sequenced (Shangya Biotechnology, Hangzhou, China), and sequences were compared with the sequences available in the NCBI of BLAST program (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Phylogenetic tree analysis was achieved with MEGA 7.0 (http://megasoftware.net/). Sequences were submitted in GenBank, and the name and accession numbers (MT12247, MT712248, MT712249-MT712254, MT712255, MT712256, MT712257) are obtained.



2.3.3 Characterization of LAB Strains

LAB strains were characterized according to the procedures in a previous study (10). Briefly, bacterial culture inoculated into MRS broth was measured for the growth curve in 0, 6, 9, 12, 15, 18, 21, and 24 h. Auto-aggregation assay (17) was applied, and absorbance of the supernatant was measured to determine the specific cell–cell interactions. In terms of cell surface hydrophobicity, xylene was added to the cell suspension and the aqueous phase was measured. All the absorbance of bacterial culture, supernatant, and aqueous phase was measured for each time at 600 nm using a BioTek Synergy HTX multi-mode reader (Thermo Fisher Scientific, Waltham, MA, USA). Acid and bile salt survivability of the LAB was assessed in the MRS broths with pH = 3.0 or 0.1% bile salt. Viable bacterial counts were determined by plating appropriate dilutions on MRS agar medium. For the tolerance of Cu2+ and Zn2+, MRS mediums were prepared with 100 mg/L or without Cu2+/Zn2+ and inoculated with 2% of culture and incubated for 24 h at 37°C. Optical density at OD 600 nm was measured for monitoring the growth kinetics. The above tests were carried out in triplicate for each strain.




2.4 Oral Administration of LAB and Sample Collection in Mouse Study

All animal experiments were performed in accordance with the guidelines for the care and use of laboratory animals approved by the Institutional Animal Care and Use Committee of Zhejiang University (No. 20170529). In this study, a total of 36 male C57BL/6J mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and fed with chow diet ad libitum. Mice were housed in a quiet and ventilated environment at 25°C, 50% humidity, and 12-h light–dark cycle.

As shown in Figure S1A, mice were randomly divided into four groups of nine mice each. Four groups were treated as follows: (1) mice orally administrated with 200 μl of PBS for 3 weeks (C); (2) mice orally administrated with 200 μl of PBS for 3 weeks followed by oral challenge with E. coli ATCC 25922 (18) as gut inflammatory model (2 × 109 CFU) (CE); (3) mice orally administrated with mixed LAB (2 × 109 CFU) for 3 weeks (M); and (4) mice orally administrated with mixed LAB (2 × 109 CFU) for 3 weeks followed by oral challenge with E. coli ATCC 25922 (2 × 109 CFU) (ME), respectively. The body weight of all mice was recorded daily, and feces of all mice was collected aseptically and suspended into sterile saline to determine viable LAB counts. At the endpoint, the body temperature of each mouse was measured, and blood and fecal samples were collected before euthanasia. Viable LAB that adhered in the jejunum and ileum epithelium were counted by plating appropriate dilutions on MRS agar medium.



2.5 Biochemical Assays of Serum

The concentrations of T-AOC, SOD, GSH, DAO, TNF-α, IL-1β, and IL-6 in the serum were determined with commercially available ELISA kits according to the protocol provided by the manufacturer (Nanjing Jiancheng Bioengineering Institution).



2.6 Hematoxylin and Eosin Staining of Liver and Gut

Hematoxylin and eosin (H&E) staining of liver and gut tissues was performed as previously described (19). In brief, samples from the liver, ileum, and colon were soaked in 4% paraformaldehyde, waxed, and sliced into 5 µm-thick sections. After deparaffinization and dehydration, sections were soaked in graded alcohols and stained with H&E subsequently. Photomicrographs were obtained via optical microscopy, and crypt length was measured using Imaging Software (CS-EN-V1.18) (Olympus Corporation).



2.7 Western Blotting

Bradford’s method was applied in the determination of protein concentration in samples (20). Protein samples were loaded on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. The primary antibody was applied to incubate and block the membrane at 4°C overnight. The blot was developed with electrochemiluminescence (Millipore) after incubation with the secondary antibody. Bands were measured using ImageJ software (National Institutes of Health) and standardized to the density of GAPDH.



2.8 Quantitative Real-Time Polymerase Chain Reaction Analysis

Quantitative real-time polymerase chain reaction analysis (qRT-PCR) of mRNA from the gut was performed with TB Green Premix Ex Taq (Tiangen Biotech) according to the instructions. The sequences for PCR primers were as follows: GAPDH (5′-CGCGAGAAGATGACCCAGAT-3′, 5′-GCACTGTGTTGGCGTACAGG-3′); TNF-α (5′-CGTTGTAGCCAATGTCAAAGCC-3′, 5′-TGCCCAGATTCAGCAAAGTCCA-3′); IL-1β (5′-TCTTTGAAGTTGACGGACCC-3′, 5′-TGAGTGATACTGCCTGCCTG-3′); IL-6 (5′-GCTACCAAACTGGATATAATCAGGA-3′, 5′-CCAGGTAGCTATGGTACTCCAGAA-3′). The data obtained were analyzed using the Mx3000P system (Agilent), and β-actin was used as internal standard in all gene quantifications performed. The final data were derived from the formula 2-ΔΔCt.



2.9 Gut Microbiota Profiling

The 16S rRNA gene amplicon sequencing of fecal samples in mice was performed. The detailed procedures were described in Section 2.2.



2.10 Statistical Analysis

All data were expressed as mean ± standard error of the mean (SEM). Student’s t-test, one-way ANOVA, and two-way ANOVA were applied in the comparison of two groups, bacterial strains, and four groups, respectively. For the abundance of gut microbiota, Kruskal–Wallis H test and Dunn’s post hoc test were carried out on the comparison among four groups. Analysis of similarities (Anosim) was applied for the beta diversity of gut microbiota between four groups. Linear discriminant analysis effect size (LEfSe) was used to the detect the differential microbiota at the genus level, and the linear discriminant analysis (LDA) score of each microbiota was given. In each case, p-values < 0.05 were considered statistically significant. Analysis of the dataset was completed with R software (version 3.5.1).




3 Results


3.1 Isolation and Identification of LAB Strains From Wild Pig

Results of 16S rRNA gene sequencing (Figure 1A and Table S1) revealed high relative abundance of Lactobacillus in feces of WP (43.61%) than that in DP (2.01%). When LAB strains from WP were isolated and cultured (Figure 1B), a total of 112, 15, 2, 1, and 1 strains were classified as L. mucosae, L. rhamnosus, L. fermentum, L. delbrueckii, and Enterococcus faecalis within the 192 cultures, respectively. According to the threshold of 97% similarity, 11 LAB strains were identified, namely, ZJU_AH811, ZJU_AH812, ZJU_AH813, ZJU_AH814, ZJU_AH815, ZJU_AH816, ZJU_ AH817, ZJU_AH818, ZJU_AH819, ZJU_AH820, and ZJU_AH821. As shown in Figure 1C, a phylogenetic tree of 11 LAB strains with reference sequences from NCBI was constructed. Within the 11 LAB strains, ZJU_AH811 and ZJU_AH812 belong to L. rhamnosus, ZJU_AH819 belongs to L. fermentum, ZJU_AH820 belongs to L. delbrueckii, ZJU_AH821 belongs to Enterococcus faecalis, and the rest of the 6 strains belong to L. mucosae.




Figure 1 | Isolation and identification of lactic acid bacteria (LAB) strains. (A) Relative abundance (>1%) of gut microbiota at the genus level between domestic pig (DP) and wild pig (WP). (B) Proportion of the cultured LAB strains isolated from WP. (C) Phylogenetic tree of 11 LAB strains with similarity < 97% (ZJU_AH811, ZJU_AH812, ZJU_AH813, ZJU_AH814, ZJU_AH815, ZJU_AH816, ZJU_AH817, ZJU_AH818, ZJU_AH819, ZJU_AH820, ZJU_AH821) and reference sequences from NCBI.





3.2 Characteristics of LAB Strains

As the LAB strains were isolated and identified from WP, the growth kinetics of the 11 LAB strains were evaluated (Figure 2A). After 24 h, ZJU_AH819 and ZJU_AH817 showed the highest growth rate value indicated as OD600 nm values, respectively. The hydrophobicity of LAB strains was tested at 18 h (Figure 2A), and ZJU_AH821 and ZJU_AH814 showed the highest (3.76%) and lowest (0.08%) hydrophobicity among the 11 LAB strains. The auto-aggregation curves within 6 h of 11 LAB strains alone or mixed were generated (Figure 2B), which ranged from 60.54% to 27.24%. The mixed LAB strains showed the lowest auto-aggregation than 11 LAB strains alone. All the 11 LAB strains tested showed tolerance to acid (pH = 3), and the survival rate of LAB strains was between 102.25 ± 0.95% and 89.48 ± 0.32% after 3 h of exposure to acid (Figure 2C, p < 0.01). The survivability in 0.3% bile salt was examined (Figure 2D, p < 0.01), and seven LAB strains were able to survive with a survival rate ranging from 64.43 ± 0.92% to 71.58 ± 1.13% after a 3-h exposure, including ZJU_AH811, ZJU_AH812, ZJU_AH814, ZJU_AH817, ZJU_AH818, ZJU_AH820, and ZJU_AH821. The results of the LAB strains’ tolerance to 100 mg/l Zn2+ or Cu2+ are shown in Figures 2E, F. The LAB strains ZJU_AH817 and ZJU_AH816 showed the highest (53.93%) and the lowest (42.57%) tolerance to Zn2+ after 24 h, respectively. The tolerance of Cu2+ showed no significant difference between 11 LAB strains (p = 0.01).




Figure 2 | Characteristics of LAB strains. Growth curve and hydrophobicity (A), and auto-aggregation (B) of single and mixed of 11 LAB strains. Tolerance of (C) acid, (D) bile acid, (E) Zn2+, and (F) Cu2+ of 11 LAB strains (ZJU_AH811, ZJU_AH812, ZJU_AH813, ZJU_AH814, ZJU_AH815, ZJU_AH816, ZJU_AH817, ZJU_AH818, ZJU_AH819, ZJU_AH820, ZJU_AH821). Results are expressed as mean ± standard error of the mean (SEM). Letters a-h in the same graphic were significantly different (p < 0.05).





3.3 Adherence of Mixed LAB Strains in the Gut and Composition of Gut Microbiota in Mice

In mice fed with a mixture of 11 LAB strains, feces were collected and cultured to test the viable count of entire LAB in the gut. As shown in Figure 3A, the LAB counts in mice fed with mixed LAB strains (M) were 7.18 ± 0.30, 7.66 ± 0.35, and 7.54 ± 0.32 Log10 CFU/ml and were significantly higher (p < 0.05) than 6.63 ± 0.29, 6.84 ± 0.35, and 6.85 ± 0.31 Log10 CFU/ml in the control group (C) at days 5, 14, and 20, respectively. During the study, no significant of feed intake, weight gain, or feed-to-gain ratio was observed between C and M mice (Figure S1B). As shown in Figure 3B, the challenge with E. coli showed a significant effect (p < 0.01) on body temperature, while the administration of mixed LAB strains (p = 0.07) showed a decreasing trend in the body temperature, and the interaction between mixed LAB strains and E. coli showed no significant effect (p = 0.41) on the body temperature in mice. As shown in Figure 3C, administration of mixed LAB strains showed a significant effect on the counting number of LAB in the ileum (p < 0.01) than that in control mice. The challenge of E. coli and the interaction between mixed LAB strains showed no effect on the counting number of LAB both in the ileum and colon.




Figure 3 | Gut microbiota profiles in mice fed with mixed LAB strains and challenged with Escherichia coli. (A) Counts of LAB in feces of mice fed with mixed LAB strains (M) and control group (C) at days 1, 5, 14, and 20. (B) Body temperature of control mice (C), control mice challenged with Escherichia coli (CE), mice fed mixed LAB strains (M), and mice fed mixed LAB strains and challenged with Escherichia coli (ME) at the end point. (C) Adherence of LAB in the ileum and colon of mice between C, CE, M, and ME groups. (D) Alpha diversity (Shannon and Simpson index) of gut microbiota in mice between C, CE, M, and ME groups. (E) Principal coordinate analysis (PCoA) on the weighted UniFrac distance matrix of gut microbiota between C, CE, M, and ME groups. (F) Linear discriminant analysis (LDA) score of gut microbiota (with LDA score > 2) at the genus level between C, CE, M, and ME groups. (G) Relative abundance of bacteria genera with LDA score > 2 between C, CE, M, and ME groups. *p < 0.05, **p < 0.01. Letters a,b in the same graphic were significantly different (p < 0.05).



When fecal samples were sequenced, significant differences (p = 0.01) of the Shannon and Simpson indices were observed between four groups (Figure 3D). Mice fed mixed LAB strains showed both higher Shannon and Simpson indices in the gut microbiota than did CE and ME mice. The PCoA analysis based on the weight UniFrac distance matrix of the gut microbiota revealed the beta diversity in C, CE, M, and ME mice (Figure 3E). Analysis of similarities (Anosim) showed no significant difference between the C and M (p = 0.38) or CE and ME (p = 0.08) group while the profiles of gut microbiota in M and ME mice showed a significant difference (p < 0.01). The relative abundance of gut microbiota between C, CE, M, and ME groups at the phylum and genus levels is shown in Tables S2, S3. LEfSe analysis revealed 8 differential genera (LDA score > 2, Figure 3F), and the relative abundance of differential genera between four groups is shown in Figure 3G, including Olsenella, Bifidobacterium, Enterorhabdus, Butyricicoccus, Akkermansia, Oscillibacter, Desulfovibrio, and Clostridium IV. When mice were challenged with E. coli, higher (p < 0.01) abundance of Akkermansia was observed in the CE and ME group than in the C and M group. Mice fed with mixed LAB strains challenged the lower (p = 0.05) relative abundance of Oscillibacter in the gut than did other groups.



3.4 Alleviation of Liver and Gut Morphology in Mice Fed Mixed LAB Strains and Challenged With E. coli

H&E staining revealed hepatic vacuolization in CE mice challenged with E. coli, while administration of mixed LAB strains attenuated the vacuolization in ME mice (Figure 4A). Morphology of the ileum and colon in C, CE, M, and ME mice was also assessed and is shown in Figures 4B, C. Administration of mixed LAB strains showed no effect on the villus length (p = 0.91) and crypt depth (p = 0.19) while challenge with E. coli significantly increased the villus length (p = 0.02) and crypt depth (p = 0.04), and no interaction between LAB and E. coli was observed (Figures 4B, C). In addition, a lower (p < 0.01) proportion of villus to crypt in mice challenged with E. coli was observed (Figure 4B). In the colon, both LAB (p = 0.02) and E. coli (p = 0.04) showed a significant effect on the crypt depth. Mice administrated with mixed LAB strains showed the highest crypt depth (358.21 µm) than other C (299.73 µm), CE (298.10 µm), and ME (295.74 µm) mice. The interaction between LAB and E. coli (p = 0.03) was also observed (Figure 4C).




Figure 4 | Morphology of the (A) liver, (B) ileum, and (C) colon in control mice (C), control mice challenged with Escherichia coli (CE), mice fed mixed LAB strains (M), and mice fed mixed LAB strains and challenged with Escherichia coli (ME) at the end point.





3.5 Effects of Mixed LAB Strains in the Inflammation of Serum and Gut in Mice

The oxidative stress of mice was assessed (Figure 5A); the LAB, E. coli, or both showed no significant (p > 0.05) effect on the T-AOC and SOD levels in serum between C, CE, M, and ME mice. CE and ME mice challenged with E. coli showed a significantly lower (p < 0.01) GSH level in the serum than that in C and M mice. When cytokines in the serum were measured (Figure 5B), LAB or E. coli showed no significant (p > 0.05) effects on the concentrations of TNF-α, IL-6, and IL-1β in the serum between four groups. In the gut, administration of mixed LAB strains or E. coli also showed no significant (p > 0.05) effects on the proteins claudin-3 and I-κBα between four groups (Figures 6A, B). A significant difference of cytokines in the gut was observed between four groups (Figure 6C). Challenge with E. coli elevated the levels of TNF-α (p < 0.01) and IL-1β (p < 0.01) in the gut, and administration of LAB significantly lowered the IL-1β (p < 0.01) and IL-6 (p < 0.01) in the gut of mice. The interaction (p < 0.01) of mixed LAB strains and E. coli was observed in the IL-6 level of gut between four groups.




Figure 5 | Oxidant and inflammation status of the serum in control mice (C), control mice challenged with Escherichia coli (CE), mice fed mixed LAB strains (M), and mice fed mixed LAB strains and challenged with Escherichia coli (ME). (A) Oxidative stress parameters and (B) cytokines in the serum of mice between four groups. T-AOC, total antioxidant capacity colorimetric; SOD, superoxidase dismutase; GSH, glutathione; DAO, diamine oxidase; TNF-α, tumor necrosis factor alpha; IL, interleukin.






Figure 6 | Inflammation status of the gut in control mice (C), control mice challenged with Escherichia coli (CE), mice fed mixed LAB strains (M), and mice fed mixed LAB strains and challenged with Escherichia coli (ME). Ratio of (A) Claudin3, (B) I-κBα, and (C) mRNA expression of cytokines in the gut of mice between four groups. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; I-κBα, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; TNF-α, tumor necrosis factor alpha; IL, interleukin.






4 Discussion

In this study, LAB strains from wild pig were isolated and characterized, which showed beneficial effects on the gut health in mice. Our results revealed the probiotics of LAB strains and the mechanisms in mediating immune defenses against E. coli in the gut, highlighting the importance of probiotics in healthy individuals.

LAB is known as a probiotic group and is normally found in the gut, which has been widely applied in humans and animals to promote gut health (21, 22). Compared with the domestic pigs, higher abundance of Lactobacillus was found in the gut of wild pig in our study, suggesting the potential relationship between LAB and high disease resistance of wild pigs. As a part of LAB, Lactobacillus contributes to the growth and reduction of diarrhea and inhibition of pathogens in pigs (23). Thus, wild pigs might benefit from the high abundance of Lactobacillus in the gut. However, previous studies usually observed a higher abundance of Lactobacillus in the gut of commercial and domestic native pigs than wild pigs (12, 24), which is inconsistent with our results, partly due to the differential environment or geography (25, 26).

When LAB strains were isolated and cultured, a total of 11 LAB strains were identified and assigned as 5 species, including L. mucosae, L. fermentum, L. delbrueckii, L. rhamnosus, and Enterococcus faecalis. Similar to previous studies, L. mucosae and L. fermentum were also isolated from wild pigs (13, 27), indicating the widely distributed inhabitants in the pig. As the characteristics of 11 LAB strains were described, ZJU_AH817 showed the lower hydrophobicity but higher tolerance of acid, bile salt, and Zn2+ among the 11 strains. Cell-surface hydrophobicity was associated with bacterial attachment to the surface (28, 29), and greater hydrophobicity of bacteria means higher levels of adhesion (30), which was the first step for the LAB strains performing beneficial effects on the host (31). Moreover, the viability and survival of LAB strains were one of the most important parameters in the condition of low pH from the stomach and bile secreted in the intestine (32). Thus, despite the lower hydrophobicity of ZJU_AH817 which might make it difficult to adhere to the gut, higher tolerance of the acid and bile salt could contribute to the existence of ZJU_AH817 in wild pigs for further properties. What is more, differential tolerance of acid, bile salt, and Zn2+ between strains (ZJU_AH813, ZJU_AH814, ZJU_AH815, ZJU_AH816, ZJU_AH817, ZJU_AH818) even from the same species L. mucosae was observed, suggesting that the variation of bacteria at the strain level also demonstrated differential function in adhesion (33), immunity (34), and diseases (35). The lower auto-aggregation of mixed LAB strains than other strains also suggested the variation between different strains (36). On the other hand, the tolerance of Zn2+ and Cu2+ indicates the possibility in the application of LAB strains in pigs, since zinc and copper are classified as trace minerals required by pigs and usually supplemented in diet (37).

The efficacy of single-strained and multi-strained mixture probiotics remains debated. McFarland reviewed randomized controlled trials and found a similar efficiency of mixtures and single strains in the prevention or treatment of disease (38), while Chapman and Gibson claimed that the mixtures appear to be more effective against a wide range of end points (39). The synergistic interactions between mixed strains could be the key which influences the efficiency of probiotics (40). Since the LAB strains were isolated together from the wild pig in this study, we believe that the synergistic interactions of 11 LAB strains could exist and be more effective than a single strain. When administrated with the mixed LAB strains, mice showed higher LAB counts in the gut and feces, suggesting the colonization of LAB strains. Probiotic strains could stimulate the enterocyte migration in mice (41, 42); higher crypt depth in mice administrated with LAB strains was observed in our study, which was in accordance with previous studies. Indeed, Butyricicoccus, one of the butyrate producers (43), enriched in mice administrated with LAB strains, could also contribute to the crypt depth via butyrate in the colon (44). In addition to the colonization and crypt depth, similar feed intake, weight gain, gut microbiota profiles, or serum oxidative parameters between M and C groups were observed, suggesting that colonization of LAB strains showed a limited effect on healthy individuals. Recently, a systemic review also concluded that the probiotic supplementation showed a limited effect on immune and inflammatory markers in healthy adults (45).

Published studies usually focused on metabolic actions of probiotics while paying less attention on the immune response of probiotics. In our study, mixed LAB strains exerted the beneficial effects via the immunomodulation effects when inflammation of the gut and liver occurred in mice challenged with E. coli. Vacuolization of liver and lower GSH concentrations in the serum was observed, suggesting the oxidative stress triggered by E. coli (46). In the gut, higher diversity and differential patterns of microbiota in the M group were observed than those in the CE and ME group. Loss of microbiota diversity appears as a common feature of gut dysbiosis and diseases in several human studies (47, 48), which highlighted the importance of supplementation with probiotics in the improvement of diversity and gut health (49). LEfSe analysis revealed the alteration of specific bacterial genera after challenge with E. coli in mice, for instance, higher relative abundance of Enterorhabdus and Akkermansia was observed in mice challenged with E. coli. Enterorhabdus isolated from the inflamed ileal mucosa in a mouse (50) were observed to be enriched in the disordered gut of mice fed a Western-style diet or high-fructose intake (51). Lower abundance of Enterorhabdus in the gut suggests the improvement of gut health in mice fed with mixed LAB strains. However, Akkermansia, one of the next-generation probiotics (52, 53), was enriched in mice challenged with E. coli, which was inconsistent with previous studies, and the mechanism behind it requires further investigation. Besides, challenge with E. coli lowered the relative abundance of Clostridium IV in mice. As one of the major inhabitants in the gut, a decrease in Clostridium IV was associated with loss of gut microbiome colonization resistance in patients with chronic gut inflammation compared to healthy subjects (54, 55).

Apart from the gut microbiota, challenge with E. coli altered the gut morphology and tight junction, together with increased levels of cytokines, including TNF-α, IL-6, and IL-1β in the gut. The villi, crypts, and villus height-to-crypt depth ratio are critical histomorphometric parameters in the final stage of nutrient digestion and assimilation (56). Human studies showed that E. coli could induce damage to epithelial cells (57). Similar to the previous study, a lower trend of a sealing component of tight junction, claudin 3, was also observed in the mice challenged with E. coli. What is more, previous studies revealed that damage of epithelial cells induced by E. coli also interacted with the elevated levels of pro-inflammatory cytokines in fecal samples from children and adult with diarrhea (58, 59). A study on mice also showed that impairment of the gut might be highly related to the increase in oxidative stress, including the upregulation of the pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) (60). During the inflammatory response, pro-inflammatory cytokines are produced, which cause disruption of the gut barrier (61). Overexpression of several cytokines in the inflamed gut has been suggested as a contributor to impairment of the gut. For example, in vitro studies revealed that TNF-α could decrease the protein expression of the tight-junction proteins (62, 63). In various inflammatory diseases of the gut, IL-6 has been shown to play a critical role and contribute to the pro-inflammatory cascade, which includes barrier disruption (64, 65). Previous studies also showed that IL-1β caused an increase of permeability in the gut both in vivo and in vitro (66, 67). On the other hand, studies indicated that inhibition of cytokines could exert beneficial effects against intestinal mucosal damage and development of inflammation in the gut (61). However, no significant difference of inflammation cytokines in serum was observed including TNF-α, IL-6, and IL-1β between four groups, indicating that the challenge of E. coli ATCC 25922 (18) might induce a local rather than a systemic inflammation in mice.

When challenged with E. coli in mice fed with mixed LAB strains, a lower trend of the relative abundance of Desulfovibrio was observed. The opportunistic pathogen Desulfovibrio enriched in patients with chronic inflammatory processes (68) and oral administration of probiotic strain L. plantarum P-8 decreased the abundance of Desulfovibrio in adults of different ages (69). Apart from the inhibition of potential pathogens, supplementation of mixed LAB strains also attenuated the inflammation in the liver and gut in mice challenged with E. coli. Previous studies also revealed that pretreatment of probiotics L. reuteri ZJ617 attenuated the hepatic inflammatory and autophagy through the gut–liver axis both in mice (70) and in piglets (71). After challenge with E. coli, lower levels of IL-6 and IL-1β in the gut of mice administrated with mixed LAB strains were observed than those in the control group, indicating the immunomodulation effect of LAB strains isolated from the wild pig. Since the importance of gut microbiota to the immune system has been demonstrated (72), it is urgent to apply probiotics treating various diseases via regulation of cytokine profiles in the gut (73).

Taken together, mixed LAB strains from wild pig exerted a beneficial effect on the host via immunomodulation of IL-6 and IL-1β against the infection of E. coli in the gut while the exact mechanisms behind it, including specific components/metabolites derived from the LAB strains and pathways in the gut, warrant further illustration. Also, other probiotics including bacillus, yeast, and some other bacterium in the gut of wild pigs warrant further investigation in future studies. This study highlighted the importance of preserving bacterial diversity and beneficial effects of LAB strains mixture from wild pig as probiotics in the gut.
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Altered gut microbiota are implicated in inflammatory neonatal calf diarrhea caused by E. coli K99. Beneficial probiotics are used to modulate gut microbiota. However, factors that mediate host-microbe interactions remain unclear. We evaluated the effects of a combination of multispecies probiotics (MSP) on growth, intestinal epithelial development, intestinal immune function and microbiota of neonatal calves infected with E. coli K99. Twelve newborn calves were randomly assigned as follows: C (control, without MSP); D (E. coli O78:K99 + gentamycin); and P (E. coli O78:K99 + supplemental MSP). All groups were studied for 21 d. MSP supplementation significantly (i) changed fungal Chao1 and Shannon indices of the intestine compared with group D; (ii) reduced the relative abundance of Bacteroides and Actinobacteria, while increasing Bifidobacteria, Ascomycetes, and Saccharomyces, compared with groups C and D; (iii) improved duodenal and jejunal mucosal SIgA and total Short Chain Fatty Acids (SCFA) concentrations compared with group D; (iv) increased relative ZO-1 and occludin mRNA expression in jejunal mucosa compared with group D; and (v) enhanced intestinal energy metabolism and defense mechanisms of calves by reducing HSP90 expression in E. coli K99, thereby alleviating the inflammatory response and promoting recovery of mucosal function. Our research may provide direct theoretical support for future applications of MSP in ruminant production.
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INTRODUCTION

Newborn calf diarrhea (NCD) can cause huge economic losses due to high morbidity and mortality (Walker et al., 1998; Cho and Yoon, 2014; Brunauer et al., 2021). The risk factors associated with diarrhea include the environmental conditions, nutritional levels, and immune status of calves (Klein-Jöbstl et al., 2014; Al Mawly et al., 2015). The most common enteric pathogens include Escherichia coli, Salmonella, Cryptosporidium and Rotavirus (Moon et al., 1978; Gulliksen et al., 2009; da Silva Medeiros et al., 2015). Enterotoxigenic Escherichia coli (ETEC), which constitute the most common cause of neonatal calf diarrhea globally, have been extensively studied over the past 40 years (Bywater and Logan, 1974; González Pasayo et al., 2019). Neonatal calves are most susceptible E. coli K99 ETEC infections during the first 4 days of life (Krogh, 1983; Acres, 1985).

The E. coli K99 antigen binds to the small intestinal mucosa and gradually decreases from the first 12 h of adhesion. This adhesion ability is related to age (Runnels et al., 1980). However, in ETEC, this ability increases after the 3rd week of age (Bulgin et al., 1982; Izzo et al., 2011). Antibiotics have been used to treat E. coli that cause diarrhea (Sunderland et al., 2003), where these antibiotics not only affect the target pathogens, but also beneficial microorganisms in the intestine, resulting in long-term changes in intestinal microbiota being associated with the disease. Application of antibiotics also exerts many other side effects, such as intestinal barrier dysfunction and the emergence of carcinogenic and drug-resistant bacteria, which greatly affect the usefulness of antibiotics (Raheem et al., 2021). Probiotics, which are considered as sustainable alternatives to antibiotics, can be used to prevent and treat diarrhea in humans and animals (Collinson et al., 2020; Dahlgren et al., 2021; Hrala et al., 2021). Many previous studies have demonstrated that supplementing calves with probiotics early in life effectively prevents diarrhea (Malmuthuge and Guan, 2017; Wu et al., 2021a). Lactobacillus acidophilus (Lépine et al., 2018), Bacillus subtilis (Sambanthamoorthy et al., 2014; Shen et al., 2017; Memon et al., 2021) and Saccharomyces cerevisiae (Chiaro et al., 2017; Bitla et al., 2021) has the ability to resist pathogen adhesion and enhance the intestinal barrier function (Sanchez et al., 2010; Younis et al., 2017).

In this study, we evaluated whether newborn calves were infected with E. coli K99, and whether supplementation with MSP enhanced the integrity of the intestinal barrier and local and systemic immune responses of calves, by regulating intestinal microbiota and ameliorating intestinal dysfunction caused by inflammation. In addition, we investigated the recovery of damaged intestinal function and explored the interaction between the diversity of microbiota and the repair of intestinal mucosa.



MATERIALS AND METHODS


Preparation of Multispecies Probiotics Complex Preparations

The MSP (L. acidophilus 3 × 109 CFU/1 g, B. subtilis 3 × 109 CFU/1 g, and S. cerevisiae 1 × 109 CFU/1 g) was prepared by the Biological Feed Laboratory of the College of Animal Science and Technology, Shihezi University, and the MSP preparation method is described in the previous study (Wu et al., 2021b).



Experimental Design

Thirty-six male Holstein calves (body weight 40.1 ± 0.6 kg; age 5 ± 2) were used for this study. Three groups, each containing 12 calves that were randomly assigned using a random number generator (Microsoft Corp., Redmond, WA), were formed as follows: (i) the control group (C) fed a basal diet and not challenged with E. coli K99; (ii) the diarrhea group (D) also fed a basal diet and orally challenged with E. coli K99 (30 mL; 1 × 109 CFU/mL) and antibiotic support therapy (intramuscular gentamicin 20 mL/days, injection lasted for 2 days); and (iii) the MSP group (P): fed MSP every day from the next day (7.0 × 109CFU/g; 2 g/calf) after orally challenged with E. coli K99 (30 mL; 1.0 × 109CFU/mL). This is because the best effect was obtained with 2 g MSP per day according to a previous study of ours (Wu et al., 2021a), MSP which is in the form of a powder, was administered via milk. The basal diet (Supplementary Table 1) was free of antibiotics. The experimental treatments lasted 21 d, during which all the animals had free access to fresh water and starter concentrate. The starter concentrate, provided by Xinjiang Urumqi Zhengda Feed Co., Ltd. (Urumqi, China) was fed to the calves from day 4. The study was conducted between April and May 2020 at the Shu Rui Farm (Shihezi, China). The calves were maintained according to the standards for the professional guidance process for feeding and management of the Shu Rui farm. The health of the calves was monitored and recorded after birth and throughout the experimental period.



Sample Collection

Blood samples were obtained from six calves before morning feeding on day 21, 10 mL of blood being collected from the jugular vein of each calf with an anticoagulant vacuum blood collection tube, during the course of 30 min. The serum was centrifuged at 3,000 rpm for 15 min, separated into a centrifuge tube, and stored in the frozen state at –20°C until needed for testing.

Samples of intestinal tissue, mucosa, and contents (mid duodenum, mid jejunum, mid ileum, mid cecum, mid colon, and rectum) were obtained from different intestinal regions of the same six calves on day 21 of the experiment. Next, the 18 calves (6 in each group) were humanely sacrificed by injecting 4% sodium pentobarbital solution. Intestinal tissues were stored in 4% paraformaldehyde fixative (Biosharp, China). Samples of the mucosa and intestinal contents were stored in 50 mL cryotubes, and divided into three 2 mL sterile, enzyme-free cryotubes, which were immediately placed in liquid nitrogen for rapid freezing and stored at –80°C until needed for further analyses. All experimental steps were aseptically conducted and all intestinal tissues and digests were obtained within 20 min after euthanasia (Roth et al., 2009).



Bacterial 16S rRNA and Fungal Internal Transcribed Spacer Gene High-Throughput Sequencing

Total gut microbial genomic DNA was extracted, wherein the primer sequences as well as PCR conditions used for the amplification of bacterial and fungal DNA were in accordance with those described in a previous study of ours (Wu et al., 2021a). According to the standard protocol of Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China), paired-end sequencing was performed on the Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, United States). The sequences were submitted to GenBank under accession number SRP329437.



Processing of Sequence Data

Key steps involved in sequencing data analysis are as follows. First, in order to obtain clean readings by eliminating adapter contamination and low quality data, the data was preprocessed to connect overlapping double-ended (COPE) software (V1.2.1) to obtain clean double-ended readings incorporated into labels (Liu et al., 2012). Bacterial tags were classified as operational taxonomic units (OTUs) based on 97% sequence similarity via Mothur (v1.31.2) softwares (Schloss et al., 2009). Bacterial sequences representative of OTUs was classified using a Mothur software script based on the Ribosomal Database Project (RDP) database (Cole et al., 2009). Fungal tags were clustered into OTUs based on 97% sequence similarity, using USEARCH (v7.0.1090) software (Edgar, 2013). The RDP classifier (v.2.2), based on the UNITE database, was used to classify fungal OTU representative sequences (Abarenkov et al., 2010). Mothur (v1.31.2) was used to calculate the Chao 1 index, the Shannon index, and the Simpson index, and R (v3.0.3) software was used to draw a sparse curve. QIIME (v1.80) Principal coordinate analysis (PCoA) software was used to plot beta diversity, using weighted UniFrac distance.



Analysis of Small Intestine Immune Function by ELISA

The double-antigen sandwich method was used to determine immunoglobulin M (IgM), immunoglobulin A (IgA), immunoglobulin G (IgG), tumor necrosis factor-α (TNF-α), and interleukin-2 in calf serum (IL-2). Interleukin-1β (IL-lβ), interleukin-4 (IL-4), and secretory immunoglobulin (SIgA) of small intestine contents were determined using a biochemical kit. ELISA kits and biochemical kits were purchased from Shanghai Enzyme Link Biotechnology Co., Ltd. All tests were performed according to the manufacturer’s instructions.



Real-Time Quantitative PCR

Tissue preparation for mRNA quantification was recently described by Schäff et al. (2018). The optical density measured at 260:280 using a spectrophotometer (NanoPhotometer, Implen GmbH, Munich, Germany) was used to estimate the quantity and quality of total RNA. For cDNA synthesis, 750 ng RNA used 200 U reverse transcriptase MMLV-RT RNase (H-) point mutant (Promega, Madison, WI) and 250 pmol random hexamer primers (Metabion International AG, Planegg-Steinkirchen, Germany) Dilute the cDNA 1:4 with diethyl pyrocarbonate water and store aliquots at –80°C. Specific primers were used to measure the mRNA expression of interleukin-1β (IL-1β), interleukin-2 (IL-2), tumor necrosis factor alpha (TNF-α), Toll-like receptors (TLRs), nuclear factor kappa-B (NF-κB), zona occludens-1 (ZO-1), occludin, claudin, and the copy number of 16S rRNA genes of total bacteria, L. acidophilus, B. subtilis, S. cerevisiae, and E. coli K99 in the small intestinal mucosa (duodenum, jejunum and ileum). Primers were designed using Primer 3 version 0.4.0 (Untergasser et al., 2012) or via literature surveys as shown (Supplementary Table 2). β-actin was used as a reference gene to normalize data. Data are presented as the ratio between the copy numbers of relevant genes and the abundance of reference genes. Relative expression of the target genes was determined using the 2-△△ Ct method.



Short Chain Fatty Acids Concentration

A sample (100 mg) of jejunum contents was weighed, transferred to a 5 mL tube (containing 25% phosphoric acid), and vortexed vigorously until completely dissolved (4:1; v:v). As described in Bi et al. (2021), the concentration of acetate, propionate, butyrate, isobutyrate, isovalerate, and valerate was measured by gas chromatography. The concentration of Short Chain Fatty Acids (SCFA) in the jejunum is expressed as μg/g.



Analysis of the Metaproteome in Jejunum Contents

Fecal contents in the jejunum samples were enriched with microbial cells via differential centrifugation, according to the method reported by Tanca et al. (2017). The bicinchoninic acid (Beyotime, Shanghai) method was used to quantitatively extract the protein in the jejunum sample, and SDS polyacrylamide gel electrophoresis was used to evaluate the quality of the protein extract in the sample. The protein sample (100 μg) was digested by the FASP method (Wiśniewski et al., 2009). After enzymolysis, similar amounts from each biological sample were removed and mixed. Of this, 100 μg were classified via high pH RP reversed-phase chromatography (chromatograph: Agilent 1100 (including Chemstation, 214 nm dad detector, and vacuum degasser).

The column was Waters XBridge C18 (5 μm, 4.6 × 250 mm, 120 Å). Protein Discoverer 2.1.0182 (Thermo Fisher Scientific, Rockford, IL, United States) was used for protein retrieval and analysis. Biological samples were collected for data-independent acquisition (DIA) and analyzed quantitatively using Skyline software (Department of Genome Sciences, University of Washington, Seattle, WA) (Egertson et al., 2015).

The sequences were submitted to MassIVE and can be downloaded via the following address: fttp://massive.ucsd.edu/MSV000087975/.



Liquid Chromatography-MS/MS Analysis

Jejunum content samples were analyzed using an online nanospray Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, MA, United States) with an EASY-nLC system (Thermo Fisher Scientific, MA, United States). The peptides were dissolved in solvent A (0.1% formic acid in water) spiked with 1× iRT standard (iRT Kit; Biognosys, Schlieren, Switzerland). Exactly 1 μg of peptide sample was loaded onto an Acclaim PepMap C18 column (75 μm × 25 cm) and separated using 120-min linear gradient. Column flow rate was maintained at 400 nL/min, while column temperature was maintained at 40°C. An electrospray voltage of 2100 V was applied. A full scan was performed at m/z 350–1,200 with a resolution of 120,000 at m/z = 200, and maximum injection time of 50 ms. The MS/MS scan was performed with higher-energy collision-activated dissociation for m/z 200–2,000 with a resolution of 30,000 at m/z = 200, and maximum injection time of 90 ms. Collision energy was 32%, and the stepped collision energy was 5%. DIA was performed with 25 variable isolation windows with a 1 Da overlap and total cycle time of 3 s.

The DDA mode was used to construct a spectral library for protein identification and quantification using DIA. One microgram of peptides from each sample was combined, and the mixture was redissolved in 50 μL of buffer C (20 mM ammonium formate in water, pH = 10.0, adjusted by ammonium hydroxide). Next, the combined peptide solution was subjected to high-pH reversed-phase Liquid Chromatography (LC) fractionation via an Ultimate 3000 system (Thermo Fisher Scientific, MA, United States) with a C18 column (4.6 mm × 250 mm, 5 μm). Column flow rate was maintained at 1 mL/min, while column temperature was maintained at 40°C. The fractions were continuously collected. Each fraction was dried in a vacuum-freeze dryer, redissolved in 50 μL of solvent A (0.1% formic acid in water), and subjected to LC-MS/MS analysis; the injection volume was 5 μL. Dynamic exclusion was enabled within a duration of 30 s. An MS/MS scan was performed with 1.6 Da isolation window widths. The other MS parameters, LC gradient conditions, and LC column were similar to those used in the DIA experiments.



Microbial Function Analysis

All quantifiable microbial protein sequences were annotated using the Clusters of Orthologous Genes (COG) database (version 2014), as previously described (Zhang et al., 2016). KEGG ortholog (KO) annotation of protein sequences was conducted using the GhostKOALA web application (Kanehisa et al., 2016). Taxonomic assignment of the proteins was performed using MEGAN 6 (Huson et al., 2007). The taxonomy of a protein group was assigned using the lowest common ancestor (LCA) of all proteins within that protein group.

Pathway enrichment analysis was performed using STRING (version 10.5) (Szklarczyk et al., 2017). Protein interaction networks were exported from STRING and visualized using Cytoscape software (version 3.4.0).



Statistical Analysis

The Durbin Watson test was used to examine the randomness of initial weight data and the effectiveness of randomization. The GLIMMIX program SAS 9.4 was used to analyze serum immunoglobulin, SCFA concentration, SIgA and fecal microbial data on the basis of repeated measurement and compound symmetrical variance and covariance structure. The fixed effect of treatment, day, the interaction between treatment and day, and the random effect of calf identity were included in the repeated measurement model. A melting curve analysis was generated to verify the specificity of the reaction after each quantitative real-time PCR analysis. Select housekeeping gene β-Actin was used as a reference gene to normalize the mRNA expression of the target gene. The gene expression data of replicated samples were calculated using the CT method (Pfaffl, 2001). The relative expression of target genes in group C was set to 1.0. Each sample was measured in triplicate. The data are expressed as the least squares mean and the standard error of the mean. Tukey’s multi range test was used to evaluate the differences between the treatment groups.

DDA data were analyzed using Proteome Discoverer 2.1.0182 (Thermo Fisher Scientific, Rockford, IL, United States). MS1 tolerance was set to 10 ppm, and MS/MS tolerance was 0.02 Da. All DDA MS/MS spectra were searched against the database of bacterial proteomes downloaded from the UniProt database (23,730,617 protein entries,1 access date July 2019). The Bacteria, Eukaryota, and Archaea databases in the Uniprot database were “searched and compared.” The FDR cut-off for PSM, peptide, and protein group levels was 1%. Raw DIA data were then processed and analyzed via Skyline (Department of Genome Sciences, University of Washington, Seattle, WA, United States) using the default settings. The top three filtered peptides that passed the 1% Q-value cut-off were used to calculate the major group quantities.

Annotation of identified proteins was performed using KOBAS2 in which several databases (i.e., GO, KEGG, and eggNOG) were integrated. Differentially expressed proteins were analyzed using mapDIA, a software package used to preprocess and statistically analyze quantitative proteomics data. The abundance of each phylum was calculated by summing the intensities of all proteins corresponding to that phylum. Data visualization was conducted using R packages, including heatmaps, circles, and ggplot2.




RESULTS


Gut Microbial Diversity

Our data indicated that bacterial amplicon sequencing of the intestinal content microbiota generated 6,978,315 high-quality sequences that were assigned to a total of 33952 OTUs based on a 97% nucleotide sequence similarity, with an average of 32,112 sequences per sample (21,230–35,090 sequences). PCoA (Supplementary Figure 2) and analysis of similarities (ANOSIM) analyses (Supplementary Table 3) revealed that supplementing E. coli infected neonatal calves with MSP induced significant differences in the microbial structure of different gut region digesta-attached microbiota. The diversity of microbiota in the D and P groups was similar to that of control (C) on day 21, whereas the duodenal, ileal and jejunal microbiota of the D and P groups demonstrated a marked shift along principal component 1 compared with that of the C group.

Bacterial diversity on day 21, which was estimated using Chao1, Shannon, and Simpson indices, was lowest in the jejunum, ileum, cecum, and colon of the D group, as compared to those of the H and P groups. In addition, the Chao1 and Shannon indices for the C group and P group were all significantly higher than those for the D group. There were no significant differences between the diversities in the duodenums of the C and D groups (Figure 1 and; Supplementary Table 4).
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FIGURE 1. The abundance and diversity index of microorganisms in different intestinal contents of Holstein calves. (A–F) Represent the abundance of Chao1, Shannon and Simpson and the diversity of bacterial and fungal microflora diversity indexes. *P < 0.05, **P < 0.01.


The fungal diversity index, Chao 1, for the cecum, colon, and rectum of the D group was significantly lower than that for the C and P groups (P < 0.01; P = 0.02; and P < 0.01, respectively). The Shannon diversity index for the jejunum, ileum, cecum, and rectum of the D group was significantly lower than that of the C and P groups (P < 0.01; P = 0.01; P < 0.01; and P < 0.01, respectively). There were no significant differences between the C and P groups. The Simpson index of fungal diversity for the jejunum, cecum, and rectum of group D was significantly lower than that of the C and P groups (P < 0.01; P < 0.01; and P < 0.01, respectively) (Figure 1 and Supplementary Table 4). In addition, the results indicated that treatment and gut segment had a significant effect on the α-diversity of bacteria and fungi.



Relative Abundance of Bacterial and Fungal Taxa

Firmicutes, Actinobacteria, and Bacteroidetes were the dominant bacterial phyla in the duodenum, jejunum, ileum, cecum, colon, and rectum, followed by Proteobacteria and Fusobacteria. The relative abundance of Firmicutes in the duodenum (P = 0.01) and jejunum (P = 0.04) of neonatal calves in the D group was higher than those in the C and P groups. The relative abundance of Actinobacteria in the duodenum (P = 0.01) and jejunum (P = 0.03) of calves in the D group was lower than that in the C and P groups, whereas in the ileum (P = 0.01) it was higher than that in the C and P groups. The relative abundance of Bacteroidetes in the jejunum (P = 0.03) of calves in the D group was lower than that in the C and P groups, while no significant differences were observed between other intestinal segments (Figure 2 and Supplementary Table 5).
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FIGURE 2. Composition of the different gut region digesta-associated microbial community. (A,C) Show the composition of the microbial community in the three groups (C, D, and P) with respect to bacterial phyla and genera. (B,D) Show the composition of the microbial community in the three groups (C, D, and P) with respect to fungal phyla and genera (CD, DD, and PD represent groups C, D, P dudenum; CJ, DJ, and PJ, represent groups C, D, P jejunum; CI, DI, and PI represent groups C, D, P ileum; CCa, DCa, and PCa, represent groups C, D, P cecum; CCo, DCo, and PCo, represent groups C, D, P colon; CRe, Dre and PRe, represent groups C, D, P rectum).


The top 20 genera at the genus level, were detected and further analyzed: Olsenella, Prevotella_7, Selenomonas, Bifidobacterium, Lactobacillus, Blautia, Faecalibacterium, Syntrophococcus, and Ruminococcaceae_UCG-005 were the predominant bacterial genera in the duodenum and jejunum. The relative abundances of Sarcina (P < 0.01), Streptococcus (P < 0.01), Selenomonas (P < 0.01), and Lactobacillus (P < 0.01) in the duodenums of the D group were significantly higher than those of the C and P groups.

However, the relative abundance of Bifidobacterium in the duodenum (P = 0.02), jejunum (P = 0.02), and ileum (P = 0.01) of the P group was significantly higher than that of the C and D groups. The relative abundance of Sharpea in the jejunum (P = 0.04) of the D group was significantly lower than that of the C and P groups (P = 0.02), while the relative abundance of Prevotella_7 in the jejunum of the P group was significantly higher than that of the C and D groups. No significant differences were observed between other gut regions. In addition, no significant difference was observed between the hindguts of the three groups (Figure 2 and Supplementary Table 6).

The microbial composition of the calf gut indicated that Ascomycota was the dominant phylum followed by Basidiomycota and Mucoromycota (Figure 2 and Supplementary Table 6). A trend toward greater relative abundance of Ascomycota was observed in MSP supplemented neonatal calves compared to that in the C and D groups (P < 0.10). However, the relative abundance of Mucoromycota in the colon of group D neonatal calves was higher than that in the group C and P neonatal calves (P = 0.03). In addition, the relative abundance of Basidiomycota in the C group was significantly higher than that in the other two groups (P = 0.01).

Calf gut microbial composition indicated that Saccharomyces, Aspergillus, Wardomyces, and Acaulium were the predominant genera, followed by Cladosporium, Filobasidium, Geotrichum, Mortierella, Kazachstania, Kernia, Cutaneotrichosporon, and Scopulariopsis (Figure 2 and Supplementary Table 6). The relative abundances of Acaulium in the duodenum, jejunum, ileum, and cecum of the D group tended to be higher than those of the C and P groups (P = 0.01; P < 0.01; P < 0.01; and P = 0.01, respectively). The relative abundance of Saccharomyces in the duodenum, jejunum, and ileum of the P group was significantly higher than that of the C and D groups (P < 0.01; P < 0.01; and P = 0.03, respectively). The relative abundance of Wardomyces in the jejunum, ileum, cecum, colon, and rectum of group D was significantly higher than that of the C and P groups (P < 0.01; P = 0.02; P = 0.03; P = 0.02; and P = 0.02, respectively). The relative abundances of Kazachstania and Acremonium in group P were significantly higher than those in the C and D groups (P < 0.01). The relative abundance of Cladosporium and Pichia in the jejunum of group D was significantly higher than that of the C and P groups (P < 0.01). In addition, the relative abundance of fungi at the phylum and genus levels was significantly different in the different treatment groups of neonatal calves infected with E. coli K99.



Immune Function

MSP supplementation caused significant differences in the levels of IgM and TNF-α in the sera of neonatal calves infected with E. coli K99 (P < 0.05), wherein the C group differed significantly from the P group (P < 0.01), while the calf sera of the C, D, and P groups showed significant differences. The concentrations of IgG, IgA, IL-1, IL-2, and IL-4 were not significantly affected (P > 0.05) (Table 1).


TABLE 1. Effect of MSP supplementation on the serum immune function and the content of SIgA in neonatal calves intestinal mucosa of neonatal calves infected by E. coli K99.

[image: Table 1]
The effect of MSP supplementation on SIgA in the duodenum, jejunum, and ileum mucosa of neonatal calves infected with E. coli K99 was significantly different from that of the D and P groups (P < 0.01). In addition, SIgA concentrations in the duodenum, jejunum, and ileum mucosa of calves in group P were significantly higher than those in group D (P < 0.01). The SIgA concentrations in the duodenum and jejunum mucosa of calves in the C group were significantly higher than those in the D and P groups (P < 0.01) (Table 1).



Expression of Inflammation-Related and Intestinal Barrier-Related Genes

The relative expression of IL-1β, NF-κB, and TNF-α mRNA in the duodenal and jejunal mucosa of the D group was significantly higher than those of the C and P groups (P < 0.01). The relative expression of IL-2 mRNA in the jejunum of calves in the P group was significantly higher than that in the D group (P < 0.01). The relative expression of ZO-1 mRNA in the jejunum mucosa of calves in group P was significantly higher than that in groups C and D (P < 0.01). The relative expression of claudin mRNA in the mucosa of calves in the duodenum, jejunum, and ileum of the P group was significantly higher. The expression of occludin mRNA was significantly higher in the P group than in the C and D groups (P < 0.01), while the relative expression of occludin mRNA in the jejunum and ileum mucosa of calves in group P was significantly lower than that in groups C and D (P < 0.01) (Figure 3).
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FIGURE 3. Effect of supplementation with MSP on the relative expression of small intestinal mucosal immune factors and tight junction protein mRNA in neonatal calves infected by E. coli K99 (C, Control group; D, Diarrhea group; P, MSP group; respectively). (A) Interleukin-1β, IL-1β. (B) Interleukin-2, IL-2. (C) Tumor necrosis factor-α, TNF-α. (D) Nuclear factor kappa-B, NF-κB. (E) Toll-like receptor 4,TLR4. (F) Zonula occludens 1, ZO-1. (G) Claudin. (H) Occludin. *P < 0.05, **P < 0.01.




Short Chain Fatty Acid Concentration in the Jejunum of Neonatal Calves

To further analyze microbial activity in jejunum contents, we measured the concentrations of short-chain fatty acids (SCFAs), using them as a proxy reflecting microbial metabolic activity in our gut samples. The concentrations of acetate, propionate, butyrate, and isovaleric acid were significantly higher than those in the C and P groups (Table 2). The concentration of total SCFA in the P group was increased compared to that in the D group, while being significantly higher in the C group than that in the D group (Table 2). In addition, there were significant differences between the concentrations of acetic acid, propionic acid, butyric, isobutyric, isovaleric, and isocaproic acid contents among the three groups.


TABLE 2. Short chain fatty acid (SCFA) concentration and molar proportion in the jejunum contents of neonatal calves.
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Metaproteomics Profiling of Jejunum Content

An advantage associated with metaproteomics is that the microbial population as well as host proteins can be measured in a single analysis. Therefore, we further analyzed microbial function in the calf jejunum, via a metaproteomics analysis aimed at detecting microbial and host proteins in our samples.

We quantified 22,080 unique peptides and 4,414 proteomes in nine samples, with an average recognition rate of 39 ± 8% (mean ± standard deviation). On average, 2,453 ± 89 unique peptides and 735 ± 33 proteomes were identified for each sample. Among the 4,414 proteomes, 3,679 proteins (83%) were from host calves, and only 735 (17%) were from calf jejunum-content microorganisms. However, host proteins accounted for 5.54 times the intensity of the total proteins. We used macroproteomics to characterize the microbiomes of 9 jejunum samples from groups C, D, and P (three samples in each group). The results indicated that 226 showed expressions specific for each group.

Data obtained via further analyses of the gut microbiome function in the jejunum indicated that probiotics caused shifts in intestinal microbiome function, as evidenced by the scatterplot generated from the principal component analysis (PCA) and the Cluster Dendrogram (Figure 4). PCA was performed using calf-derived proteins or non-calf proteins (i.e., microbiota-derived) quantified in ≥ 50% of the samples. The PCA score plot for calf proteins showed an obvious separation among the three groups (Figure 4A). Furthermore, PCA analysis of microbiota-derived proteins also showed obvious separation among the three groups (Figure 4C).
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FIGURE 4. Host and microbiota proteome landscape alterations in neonatal calves infected by E. coli K99. (A,C) PCA score plot of calf-derived and microbiome-derived proteins quantified in ≥ 50% of the samples; (B,D) group mean clustering based on Mahalanobis distances calculated with MANOVA test using the first 10 PCs of PCA on calf-derives proteins, respectively.


Multivariate analysis of variance (MANOVA) of calf-derived proteins yielded greater differences, revealing significant differences (P < 0.01) between groups C and D (Figure 4B). By contrast, MANOVA of microbiota-derived proteins revealed significant differences between C, D, and P groups (Figure 4D). To identify treatment-related alterations in host and microbiota, we combined samples from C, D, and P in jejunal function recovery for further analysis.



Elevated Microbial Response to Carbohydrates and Defense Mechanisms in Neonatal Calves

To assess microbial function, we annotated all quantified microbial proteins using the COG database and obtained 330 COGs from 24 COG categories. A total of 154 COGs were identified in all three groups (Figures 5, 6).
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FIGURE 5. Functional compositions of microbiome in neonatal calves infected by E. coli K99. Heatmap of differentially abundant COGs in neonatal calves. Representative COG categories are shown, and the colors indicate the average label free quantitation (LFQ) intensity for each subgroup of samples. Each row corresponds to a COG with the COG ID and the name indicated.
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FIGURE 6. Functional compositions of the microbiome in neonatal calves infected by E. coli K99. (A) Heatmap of differentially abundant COGs in neonatal calves. Representative COG categories are shown, and the colors indicate the average LFQ intensity for each subgroup of samples. Each row corresponds to a COG with the COG ID and name indicated. (B) Heatmap shows the average LFQ intensity for each group of samples. Each row represents one protein group, and the corresponding KO ID, KO name and taxonomic assignment are shown in the right panel.


At the COG category level, we found that category G (carbohydrate transport and metabolism), category O (posttranslational modification, protein turnover, chaperones) category V (defense mechanisms), and category S (function unknown) were significantly increased in the MSP group compared to those of the C and D groups (Figure 7). Defense mechanisms in the P group, in particular, were significantly increased compared to those in the C and D groups. Two COGs belonging to defense mechanisms were identified as differentially abundant in the P group microbiome compared to that in the C and D groups (Figure 7). KO annotation identified 516 KOs corresponding to 735 proteins. The Wilcoxon rank-sum test identified 116 proteins that were significantly different among the three groups, among which six were upregulated in the D group and downregulated in the C and P groups, where ATP-binding cassette (ABC) transporters (KO:K09810), ubiquitin carboxyl-terminal hydrolases (UCHs)(KO:K05610), Glucose-6-phosphate isomerase (KO:K01810), 30S ribosomal protein S9 (A0A099S8L6), and heat shock protein 90 OS (KO:K04079) were significantly upregulated in group D compared with groups C and P (Figure 6B). Interestingly, dietary supplementation with MSP only decreased the expression of both HSPs, where the difference was significant in the case of HSP90.
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FIGURE 7. (A) eggNOG classifications of the neonatal calves gut Metaproteomics. (B) LFQ intensity of COG category C (Energy production and conversion), category G (Carbohydrate transport and metabolism), category J (Translation, ribosomal structure and biogenesis), category O (Posttranslational modification, protein turnover, chaperones), and category V (Defense mechanisms) in microbiome of neonatal calves infected by E. coli K99. For the box plot, the bottom and top of the box represent the first and third quartiles, respectively. The middle line represents the sample median. Whiskers are drawn from the ends of the IQR to the furthest observations within 1.5 times the IQR range. Outliers > 1.5 times the IQR are indicated with circle. *p < 0.05, **p < 0.01, ***p < 0.001.


We identified 666 microbial species (666 ± 27 species per sample) with a minimum of one distinctive peptide from three different kingdoms (bacteria, fungi, and archaea). Linear discriminant analysis effect size (LEfSe) identified seven phyla and 71 species as differentially abundant among the three groups. All seven differentially abundant phyla, namely Proteobacteria, Firmicutes, Chytridiomycota, Ascomycota, and Basidiomycota, were decreased in group P, compared to those in D, while Blastocladiomycota, Zoopagomycota, and Crenarchaeota, were increased compared to the D and C groups. Of the four most significantly changed strains in the D group, Prevotella and Streptomyces, were decreased and Pichia and Selenomonas were increased, respectively, compared to C and P groups. This finding agreed with those of a 16S rRNA and ITS sequencing study using a similar type of calves. However, in contrast to the 16s rRNA and internal transcribed spacer (ITS) sequencing study using a similar type of calves, Batrachochytrium in the D group was higher than that in the C and P groups. Previous studies have indicated that genera identified via metagenomics may differ from those identified via the 16S rRNA and ITS sequencing (Walker and Lue, 2015; Hubert et al., 2017; Hu et al., 2018).



Host-Protein in Jejunum of Neonatal Calves

To identify calf proteins that were differentially abundant in group D compared to groups C or P, or in groups D or P compared to C, a Venn diagram was conducted for each pair of groups. We identified 55, 57 and 52 differentially abundant calf proteins for C vs. D, P vs. D, and P vs. C, respectively (Supplementary Figure 2 and Supplementary Table 7). Among the differentially abundant calf proteins, 11 were upregulated and 12 were downregulated in the other groups compared with group D. The proteins, Q3ZBF3, P62248, Q9XSC9, and Q3ZC02, in group D were significantly downregulated compared to those in C, and the proteins, Q3ZBF3, Q3ZC02, and Q9XSC9, in group P were significantly upregulated compared to those in group D (Supplementary Table 7).

Gene ontology enrichment analysis of differentially abundant calf proteins in P and D groups demonstrated that the most highly enriched biological functions involved metabolic and cellular processes (Supplementary Figure 4 and Supplementary Table 8).

To gain insights into host-microbiome interactions, we performed co-occurrence analysis for all identified differentially abundant calf proteins and microbial functions and found that both calf proteins and microbial functions were substantially associated with each other (Supplementary Figure 4). In the protein interaction networks (Supplementary Figure 4 and Supplementary Table 9), the microbial heat stress protein, HSPCOG 0326, which displayed the highest association (n = 5) with calf proteins, acted as an important microbial hub connecting the host and microbiome nodes, thereby suggesting a “hub” role for these proteins. As mentioned above, 54 of the 154 significantly increased microbial COGs belonged to categories G, O, and V, which were related to energy production and conversion and DNA damage/mismatch responses, indicating that in calves, microbes are utilizing a considerable amount of energy production and conversion as well as defensive mechanisms against stressors derived by the host.

HSP90 is associated with five host proteins, and generates an inflammatory response via the necroptosis pathway, thereby facilitating the upregulation of IL-1β expression (KO4079). The microbial host-protein interaction map indicated that HSP90 was associated with the host protein, Q3MHN2, which participates in the immune system process and responds to stimuli affecting the host. Q3MHN2 contains a membrane attack complex (MAC)/perforin domain, and the MAC of the complement system is a well-characterized innate immune effector (Merselis et al., 2021). These findings proved that the relationship between neonatal calves infected by E. coli K99 and Batrachochytrium salamandrivorans may be at the strain level instead of at the species level, and that its sub-species level dysbiosis may be related to differences between immune functions in response to oxidative stress.




DISCUSSION

The diversity of intestinal microbiota showed a gradually increasing trend during the growth of newborn calves. Shannon diversity differs between animals of different ages (Alipour et al., 2018; Dias et al., 2018). The establishment of intestinal microflora in calves within 7 weeks of birth is closely related to calf health and growth (Oikonomou et al., 2013). Beta diversity decreased with age, while alpha diversity increasing (Dill-McFarland et al., 2019; Li et al., 2020). In addition, the Shannon and Chao1 indices showed significant changes in diversity from birth until the 8th week. Previous studies on dairy cows have shown that the Chao1 index gradually increases with body weight over time from the 1st to the 7th week before weaning. Older calves have a higher Chao1 index (Oikonomou et al., 2013). Diarrhea or an infection may cause a decrease in microbial diversity (Kim et al., 2021; Xin et al., 2021). While most previous studies focused on investigating and interpreting calf manure samples, only a relatively few studies, such as ours, have focused on investigating the effects of feeding calves with compound probiotics on the intestinal microflora of these animals. The results of our current study on the diversity of microbiota in calf fecal samples were consistent with those of previous studies (Li et al., 2018, Dill-McFarland et al., 2019). Our results showed that the Chao1 and Shannon indices of the fecal microbiota gradually changed over time. However, the diversity of microbiota in the small intestine of D calves was higher than that of the fungi, while Chao1 and Shannon indices were lower than those of the C and P groups, in addition to which α-diversity was significantly reduced. Thus, intestinal microbiota diversity of calves infected with E. coli can be significantly improved by adding compound probiotics.

However, calves have a large amount of mucosal-associated E. coli in their intestines in the first week after birth, which causes them to be more likely infected with pathogens. Therefore, reducing pathogen colonization and intestinal infections has become an effective way to improve intestinal health (Song et al., 2018). This study shows that Streptococcus and Enterococcus can use the available oxygen in the intestine and create an anaerobic environment, which is beneficial to the colonization of strict anaerobic intestinal residents such as Bifidobacterium and Bacteroides (Conroy et al., 2009). However, recent studies have indicated that gut microbiota possibly begin colonizing during the birth process (Malmuthuge et al., 2015; Song et al., 2018). The transmission process of maternal microbiota to newborn calves may originate at the amniotic fluid stage, in a manner similar to that reported for NB human infant gut microbiota (DiGiulio, 2012) and meconium (Moles et al., 2013). Significant individual variations observed among the NB calves may be due to variability in the transmission process from the mother cow to the birth environment (uterus, vaginal canal, and fetal membranes) (Klein-Jöbstl et al., 2019). The study found that the relative abundance of Lactobacillu and Shigella was higher in newborn calves than in D21 calves (Song et al., 2018).

E. coli infection can destroy the integrity of the intestinal tract and severely damage its intestinal function, thereby disrupting the balance of intestinal microbiota and leading to a decline in immune function (Dubreuil, 2017; Braz et al., 2020). Antibiotics play a vital role in many bacterial infections (Liu et al., 2017). However, antibiotics are known to cause intestinal microbiota imbalance, affect host metabolism, and lead to chronic inflammation (Scott et al., 2018). Relevant studies have shown that probiotics have a positive effect in reducing the susceptibility of calves to intestinal infections before weaning (Markowiak and Śliżewska, 2018; Mazloom et al., 2019; Plaza-Diaz et al., 2019). The anti-diarrheal function of MSP may be associated with its role in immunity (Inatomi et al., 2017; Villot et al., 2020). Concentrations of circulating immunoglobulins, especially those of IgG, IgM, and IgA, are important indicators of immune function (Crassini et al., 2018). Some studies have indicated that supplementation with probiotics promotes the immune responsiveness of calves by improving serum IgG concentration (Song et al., 2019). Other studies have shown that supplementing with probiotics can reduce the rate of calf diarrhea and increase the serum IgM concentration on the 14th day, while increasing the serum IgA, IgG and IgM concentrations on the 28 day, respectively (Wang et al., 2019).

Intestinal SIgA has become the main regulator of intestinal microbiota through agglutination and enhancement of the opportunity to eliminate pathogens (Moor et al., 2017; Guo et al., 2020, 2021). Furthermore, Karamzadeh-Dehaghani et al. (2021) demonstrated that supplementation with probiotics improved the growth performance and immune response of calves. Consistent with these findings, we found that the gut SIgA concentration in the jejunum of calves in the MSP supplemented P group was increased by 86.48 μg/g compared to that in the D group. Studies have indicated that the regulation of potential intestinal pathogens and fungal colonization may enhance immunity (Nakawesi et al., 2020; Guo et al., 2021), whereas antibiotic exposure disturbs early GM, leading to intestinal dysbiosis and reduced SIgA (Guo et al., 2021), and that supplementation with additional probiotics may help enhance normal intestinal functioning (Tanaka et al., 2017; Plaza-Diaz et al., 2019; Roggero et al., 2020). The results of our study indicated that MSP supplementation improved the diversity and structure of the small intestinal microbiota in neonatal calves infected with E. coli K99, and simultaneously increased the secretion of SIgA compared to that in the antibiotics group.

The gut tract, which is one of the most microbiologically active ecosystems, plays a crucial role in the functioning of the mucosal immune system (MIS). Probiotics are known to exert positive effects on intestinal diseases. Among other effects, probiotics exert barrier-modulating effects and alter the inflammatory response toward pathogens in in vitro and in vivo intestinal infection models (Lodemann et al., 2017; Wang et al., 2019; Maldonado Galdeano et al., 2019), prevent or ameliorate damage to epithelial integrity caused by pathogenic challenge (Sherman et al., 2005; Johnson-Henry et al., 2008), and modulate the ease of cytokine secretion (Bahrami et al., 2011; Paszti-Gere et al., 2012). There is a close connection between the gut microbial community and the host immune system (Duparc et al., 2017; Cani and Jordan, 2018; Cani, 2019). Several reports have validated the fact that manipulating gut microbiota using probiotics, such as Bacillus subtilis (Jia et al., 2021) and Lactobacillus acidophilus (Lépine et al., 2018) may affect host gut barrier function and gut microbiota composition (Régnier et al., 2021). A growing number of studies have shown that certain probiotics (such as Lactobacillus acidophilus) can regulate the obstruction of intestinal epithelial fluid absorption and secretion caused by diarrhea (Borthakur et al., 2008; Singh et al., 2014). The results of the present study showed that MSP supplementation significantly upregulated relative mRNA expression of ZO-1, claudin-1, and occludin in the jejunum of E. coli-infected neonatal calves. Among them, a downward trend was observed in group D, indicating that in group P, claudin mRNA levels were increased to reduce intestinal E. coli adhesion, and to protect the mechanical barrier and paracellular permeability of the small intestine.

SCFA has important physiological effects on the host (Perego et al., 2018; Chen and Vitetta, 2019). Acetic acid is a short-chain fatty acid produced by intestinal bacteria. It inhibits the growth of pathogens and regulates the metabolism and gene expression of B cells, and promotes the secretion of SIgA, thereby maintaining and repairing the intestinal morphology of animals (Garcia et al., 2007; Kim et al., 2016; Wu et al., 2017; Bourassa et al., 2018). The results of this study indicate that MSP maintains intestinal health by increasing the acetic acid content in the jejunum of newborn calves infected with E. coli K99. Previous studies have shown that most Bacteroides, Bifidobacterium, Prevotella, and Rumenococci produce acetic acid through “pyruvate via the acetyl-CoA pathway” (Louis et al., 2014; Koh et al., 2016). In our study, the relative abundances of Bacteroides, Bifidobacterium, Prevotella, and Rumenococcus in the calf jejunum content of the MSP group was significantly higher than those of the antibiotic group. The results of this study indicated that MSP promotes the recovery of the intestinal function of calves following E. coli infection. Further, the results of this study are consistent with those of previous studies (Louis et al., 2014; Koh et al., 2016; Heeney et al., 2019).

Various functions of HSPs that target microbial stimuli include maintaining protein stability and functionality, activating, potent immune responses, immunomodulation of host-microbe relationships, and acting as biomarkers (diagnosis of infection) (Bolhassani and Agi, 2019). Various functions of HSPs that may be used to control bacterial infections have been studied (Bolhassani and Agi, 2019). Studies have shown that high expression of HSP90 may lead to the secretion of inflammatory cytokines in the body (Abaza, 2014). Studies have shown that some HSPs are effective inducers of innate and adaptive immunity. In addition, HSPs exert cytoprotection against inflammatory reactions by modulating inflammatory cascades which activate pro-inflammatory cytokines, such as TNF-α, thus attenuating chronic inflammation (Zugel and Kaufmann, 1999; Ikwegbue et al., 2019). In our study, HSP expression levels which were further decreased in the C and P groups, were upregulated in group D, thus alleviating diarrhea in neonatal calves. In agreement with the results of our study, Giri et al. (2018) and Kong et al. (2021) demonstrated that dietary supplementation with a probiotic mixture consisting of B. subtilis, L. acidophilus, and S. cerevisiae decreased the expression of HSP90 in in probiotic treated groups resulting in better growth and immunity.

Overexpression of HSP90S impairs the function of T cells, leading to a decrease in IL-2 expression (Bae et al., 2013). Enteric pathogens that invade a host are recognized by pattern recognition receptors (Kan et al., 2021). Probiotic supplementation can promote toll like receptors (TLR) to recognize various pathogens and activate NF-κB. Then NF-κB is transferred to the nucleus to induce the expression of target genes, thereby regulating immune and inflammatory responses (Huebener and Schwabe, 2013; Elghandour et al., 2020). This study shows that probiotic supplementation can effectively down regulate IL-1 in jejunal mucosa β, TNF-α, and NF-κ. The expression of B mRNA and inflammatory factors further indicates that probiotic supply can effectively resist E. coli infection by enhancing the intestinal innate immune function of newborn calves. This is consistent with the results of previous studies (Dong et al., 2019; Boranbayeva et al., 2020; Kan et al., 2021). However, some studies believe that the physiological functions of different probiotic strains are different (Kang and Im, 2015). Although the addition of probiotics can activate the TLR-NF-κB signaling pathway, the gene expression of IL-1β and TNF-α cytokines was not significantly affected (Wang et al., 2017). In conclusion, the gene expression of the TLR-NF-κB signaling pathway, pro-inflammatory cytokines, and heat shock protein in the jejunum of healthy newborn calves in group D in this article is down-regulated, indicating that antibiotic treatment of calves with diarrhea may reduce their immune levels and cause infections in the large intestine. The probiotic supplementation of bacillus new calves may focus on promoting the recovery of their intestinal function.



CONCLUSION

We demonstrated that supplementation with MSP promotes immune function and microbiota function in neonatal dairy calves. MSP supplementation significantly changed the microbial structure and diversity of the small intestine of calves infected with E. coli K99 MSP supplementation improved intestinal immune function, especially the production of SIgA and SCFA concentrations in the jejunum of infected calves, decreased the relative mRNA expression of IL-1β and TLR4 and increased the relative mRNA expression of ZO-1 and occludin in the jejunal mucosa. Supplementation with MSP significantly enhanced intestinal energy metabolism and defense mechanisms of calves infected with E. coli K99 by reducing the expression of HSP90, which reduced inflammation and promoted the recovery of intestinal mucosal function. In view of these results, we recommend adding 2 g/day of MSP supplementation to the diets of dairy calves infected with E. coli K99. Our results are expected to provide a theoretical basis for the rational use of MSP supplements in calf production and provide substitutes for reducing the use of antibiotics.
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Largemouth bass iridovirus (LMBV) can cause high mortality and lead to heavy economic loss in the cultivation of largemouth bass, but there was no effective treatment. Here, the present study constructed a recombinant Pichia pastoris expressing LMBV major capsid protein (MCPD). The recombinant GS115-pW317-MCPD was then used to immunize largemouth bass via oral administration, and mucosal immune response mediated by immunoglobulins (Igs) was measured after oral immunization. Serum antibody levels were measured by ELISA, neutralizing antibody titers were determined by serum neutralization test (SNT), antigen presentation-related gene expressions were detected by RT-PCR, and the histopathological characteristics of immunized fish were assessed after challenging with 0.1 ml 107.19 TCID50/ml LMBV. The relative percentage survival (RPS) was also determined. Our results showed that the serum antibody titers of immunized fish were significantly higher than that of control groups (P < 0.05). IgT and IgM expressions in gut were increased significantly after vaccination with GS115-pW317-MCPD; however, much stronger response in gut was observed as compared with gill. The expression levels of major histocompatibility complex (MHC) II, CD8, and T-cell receptor (TCR) were significantly elevated in GS115-pW317-MCPD group (P < 0.05), while CD4 and MHC I transcription levels remained unchanged after oral immunization (P > 0.05). The RPS of fish orally immunized with 1.0 × 108 CFU/g GS115-pW317-MCPD was reached up to 41.6% after challenge with 0.1 ml 109.46 TCID50/ml LMBV. Moreover, orally immunizing with GS115-pW317-MCPD can relieve the pathological damage caused by LMBV. Therefore, GS115-pW317-MCPD showed a promising potential against LMBV.
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1 Introduction

Largemouth bass (Micropterus salmoides) was a widely cultured freshwater fish in China (1, 2). Since 2009, it has been suffering an outbreak of iridovirus disease, which was caused by largemouth bass virus (LMBV) (3). Frequent outbreaks of the disease may hinder the development of largemouth bass aquatic industry (4), so there are urgent needs for effective ways to control the disease.

Currently, there are still no effective chemical drugs used to control the outbreak of LMBV; also, drug residues, food, and environmental safety caused by excessive use of drugs are other disadvantages of chemotherapy (5). Vaccine is the most effective tool to prevent and control fish diseases; it was also considered as an effective way to reduce the use of chemical drugs (6). According to the preparation method of the vaccine, it can be divided into inactivated vaccine, live vaccine, and subunit and biotechnology vaccine. There are three main vaccine delivery ways in fish: injection, immersion, and oral administration, among which injection was the most effective way. However, injection was not suitable for large-scale operation in aquaculture; meanwhile, it could hamper the growth of immunized aquatic animals (7, 8). Immersion was another common immunization route, but a low immune effect limited its use in aquaculture. So, the urgent need of new methods for fish immunization has become the consensus of the aquaculture industry and academia. More and more effort has been made to pursue more convenient and efficacious immune methods to control fish disease (9, 10). Oral immunization has become the focus research topic due to its convenience in actual production (11). The greatest advantage of oral immunization was that it can trigger mucosal and systemic immune responses via activated dendritic cells (DCs) (12, 13), which then metastasizes to mesenteric lymph nodes (MLNs) and presents processed antigens to T and B lymphocytes. On the other hand, it is easy to elicit a rapid local innate immune response in the intestine.

Yeast is an ideal protein preparation platform; it was easy to culture and suitable for large-scale production. Additionally, β-glucan, the main compound of the cell wall of yeast, was recognized as an immune-stimulant supplement in fish, which made the yeast an attractive candidate for antigen delivery to the intestinal mucosa (14). On the other hand, it is very easy to administer with no stress to fish of various sizes and ages. In this study, Pichia pastoris GS115 was used as a host to express the LMBV major capsid protein (MCP) and introduced into P. pastoris GS115 by electroporation. Then, orally immunized to largemouth bass. Serum antibody levels of fish immunized with recombinant GS115-pW317-MCPD were measured by ELISA, neutralizing antibody titers were determined by SNT, and immune response of immunoglobulins (Igs) and antigen presentation-related gene expressions were detected by RT-PCR. The relative percentage survival (RPS) and the histopathological characteristics of immunized fish were also assessed.



2 Materials and Methods


2.1 Fish

Healthy largemouth bass (24.6 ± 3.1 g) were purchased from Zhejiang Institute of Freshwater Fisheries Comprehensive Experimental Base (Zhejiang, China) and were acclimatized in recirculating aquaculture system for 14 days. Before the experiment, fish were randomly sampled for the examination of bacteria, parasite (microexamination), and virus (PCR for LMBV); no pathogens were detected, and no naturally dead fish were found during the temporary cultivation. Water quality conditions were controlled by recirculating the aquaculture system as follows: temperature: 28°C ± 1°C, dissolved oxygen >5 mg l-1; nitrites < 0.02 mg l-1; ammonia < 0.1 mg l-1.



2.2 Virus and Cell Lines

The LMBV was originally isolated and identified from diseased largemouth bass by our laboratory. Fathead minnow (FHM) cell was obtained from Pearl River Fisheries Research Institute and grown at 28°C in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum. Epithelioma papulosum cyprini (EPC) cells were maintained in our lab and grown at 28°C in DMEM. The P. pastoris GS115 was obtained from Hangzhou Fenghai Biotechnology Co., Ltd.



2.3 Codon Optimization and Gene Synthesis

Major epitope regions of MCPD protein were analyzed and optimized (see in the attachment). In order to facilitate the purification of protein and antibody level determination, hexa-histidine tag was designed. The MCPD gene (hexa-histidine tag at the N-terminus) was synthesized by Sangon Biotech (Shanghai, China) Co., Ltd.



2.4 Construction of Recombinant GS115-pW317-MCPD

The primers for amplifying MCPD were listed as follows: F : AATTGGTTTGACTAATTCCATAAT; R : AATGTTCGTCAAAATGGTGAC. EcoR I and NotI sites were also added, respectively (Figure 1). The pWB17 plasmid and the recombinant pWB17-MCPD were integrated into P. pastoris GS115 by electroporation. Recombinant GS115-pW317-MCPD and GS115-pW317 were cultured in yeast extract peptone dextrose (YPD, containing 1,000 µg/ml zeocin) medium at 37°C.




Figure 1 | Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- PAGE) and Western blot detection of recombinant truncated MCPD protein expression. (A) Plasmid map of pW317-MCPD. (B) SDS-PAGE and Western blot detection. M, protein standard molecular weight; C, blank control; Y, recombinant bacteria; 1, recombinant bacteria; 2, blank control.





2.5 Identification of Recombinant GS115-pW317-MCPD

After induction for 24 h, recombinant GS115-pW317-MCPD cells were harvested and then disrupted by sonication. The protein concentration of the culture lysates was then determined. The MCPD proteins were separated by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis and then recombinant MCPD proteins (with His-Tag) were identified by Western blotting using anti-His-tag monoclonal antibody and Horseradish Peroxidase (RRP)-conjugated goat anti-mouse IgG as antibodies (Beijing Solarbio Science & Technology Co., Ltd.).



2.6 Assessment of Immune Efficacy of Recombinant GS115-pW317-MCPD


2.6.1 Oral Immunization and Experimental Design

Five groups of fish (30 each) were orally immunized with 108 CFU/g GS115-pW317-MCPD (commercial basal diet + GS115-pW317-MCPD), 107 CFU/g GS115-pW317-MCPD (commercial basal diet + GS115-pW317-MCPD), GS115-pW317 (108 CFU/g and 107 CFU/g), and PBS (commercial basal diet+PBS). Briefly, the harvested GS115-pW317-MCPD and GS115-pW317 were washed twice with PBS, and then the concentrations of harvested GS115-pW317-MCPD and GS115-pW317 were determined, and the required amount of GS115-pW317-MCPD and GS115-pW317 was mixed with commercial basal diet for oral immunization. All fish were fed twice for 1 day at 08:00 and 16:00 h, respectively. The feeding trial was conducted for 2 weeks. Sera were collected from the caudal vein of each fish for antibody titer determination. Gill, gut, and kidney were sampled on days 7, 14, 21, 28, and 35 for immune response and gene expression assays (3 fish/time point). All treatments and control groups were conducted with three replicates (30 fish for each).



2.6.2 Detection of Anti-MCPD Antibody

The antibody levels of immunized fish were determined by ELISA according to previous studies (6, 10). Three largemouth bass were randomly selected from each group, serum from each fish was obtained and then diluted by 50 mM Na2CO3/NaHCO3 buffer (pH 9.6) at 37°C for 4 h (each conducted with three parallel repetitions). Purified MCPD protein (with His-Tag) was then added into 96-microtiter plate at 37°C; after incubation for 1 h, each well was washed with Phosphate Buffered Saline with 0.05% Tween (PBST) 3 times. Here, 100 µl of McAb Mouse Anti-His Tag (1:2,500) used as primary antibody were then added into each well of plate at 37°C for 1 h, then washed with PBST buffer 3 times. Subsequently, HRP-conjugated goat-mouse IgG antibody (1:2,000) used as secondary antibody was added into each well of plate at 37°C; after incubation for 1 h, each well was washed by PBST buffer 3 times, then 2 mol/L H2SO4 were used to stop the reaction; Tetramethylbenzidine (TMB) was used to color the result.



2.6.3 Immune Response of Immunoglobulins

Gene expression levels of IgM and IgT after immunization were conducted. Total RNA extracted from each tissue (gill, gut, and kidney) was prepared by TRIzol lysis (Invitrogen, USA). cDNA was then synthesized according to the protocol of Reverse Transcriptase M-MLV Kit (TaKaRa, Dalian, China). The RT-PCR was performed using THUNDERBIRD SYBR qPCR Mix Kit (TOYOBO, Shanghai, China). The primer was designed following previous reports (15, 16).



2.6.4 Antigen Presentation-Related Gene Expression

Expression levels of antigen presentation-related genes major histocompatibility complex (MHC) I, MHC II, CD8, CD4, and T-cell receptor (TCR) were also determined by RT-PCR. Briefly, total RNA was extracted from gill, gut, and kidney by TRIzol Reagent (Cwbio, Beijing, China). The RT-PCR was performed using THUNDERBIRD SYBR qPCR Mix Kit (TOYOBO, Shanghai, China) and carried out in a Stratagene MxPro System (Stratagene mx3005p, USA) in 96-well reaction plates.



2.6.5 Serum Neutralization Test

Neutralizing antibody titers were determined by serum neutralization test (SNT) in EPC cells according to previous methods (17). Firstly, harvested sera were doubly serially diluted in DMEM (without Fatal Bovine Serun), and then 50 μl of serum was mixed with the same volume of DMEM and 100 tissue TCID50 of virus. Secondly, 100 μl preincubated mixture (25°C for 1 h) were added to EPC cell monolayers. Finally, 5 days after incubation, the highest dilution at which 50% EPC cells were inhibited was considered as the LMBV neutralizing antibody titer.



2.6.6 Histological Evaluation

At 35 days post immunization (dpi), three largemouth bass were randomly selected from group GS115-pW317-MCPD and GS115-pW317 and injected 0.1 ml 108.66 TCID50/30 ml LMBV per fish, six largemouth bass were randomly selected from PBS group, three fish were challenged with 0.1 ml 107.19 TCID50/ml LMBV, the remaining three fish were treated with no virus. After 14 days, the liver, kidney, and spleen samples in each group were received, fixed in 10% formalin, embedded in paraffin wax, and sectioned by microtome, and then hematoxylin and eosin (H&E) staining was conducted to analyze the histological change of immunized fish.




2.7 Challenge Test

Five groups were set in challenge test. Each group contains 20 largemouth bass; each group was performed with three replicates. Immunized groups were orally immunized with GS115-pW317-MCPD (commercial basal diet + GS115-pW317-MCPD 107 CFU/g feed) and GS115-pW317-MCPD (commercial basal diet + GS115-pW317-MCPD 108 CFU/g feed). GS115-pW317 (107 CFU/g feed and 108 CFU/g) and PBS (commercial basal diet+PBS) served as control group. All fish were fed twice a day and lasted for 2 weeks. On 21 dpi, all fish were challenged with 0.1 ml 109.46 TCID50/ml LMBV per fish. Mortalities in each group were recorded daily for 15 days. The RPS was calculated as follows:

	



2.8 Data Analysis

The data were expressed as the mean and standard deviation (mean ± SD) and analyzed by Statistical Product and Service Solutions (SPSS 19.0). The difference was considered statistically significant when P < 0.05 and highly significant when P < 0.01.




3 Results


3.1 Construction of Recombinant GS115-pW317-MCPD

GS115-pW317-MCPD (Figure 1A) was constructed and introduced into P. pastoris GS115 by electroporation. The cell lysates GS115-pW317-MCPD and GS115-pW317 were subjected to SDS-PAGE and Western blot. A specific band of about 43 kDa was detected in GS115-pW317-MCPD (Figure 1B), but no band was found in GS115-pW317 (Figure 1B), which indicated that MCPD was successfully expressed in P. pastoris GS115.



3.2 Assessment of Immune Efficacy of Recombinant GS115-pW317-MCPD


3.2.1 Detection of Anti-MCPD Antibody

Results from ELISA showed that the antibody levels in GS115-pW317-MCPD-immunized group were significantly higher than those of fish fed GS115-pW317 or PBS (P < 0.01). Serum antibody levels in 108 CFU/g GS115-pW317-MCPD-immunized group were about 8-fold higher than those in the PBS group and GS115-pW317 group (Figure 2); the highest antibody level was detected on 28 dpi.




Figure 2 | The levels of serum antibody. Serum was collected from the fish at 7, 14, 21, 28, and 35 dpi, and serum antibodies against MCPD were determined by ELISA. Three replicates were set for the tests, with three fish per replicate. Data are means for three assays and presented as the means ± SE. **P < 0.01. 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD.





3.2.2 Immune Response of Immunoglobulins

The expression levels of IgM in all tested tissues were significantly increased after oral immunization. After oral immunization, IgM had highest expression in the kidney followed by gut. The expression level of IgM in the kidney increased firstly and then decreased slowly, reached a peak at 28 dpi, which was about 11-fold higher than that in the PBS group. Interestingly, the IgM mRNA level in GS115-pW317 group was significantly higher than that in the PBS group in gut and head kidney at 21, 28, and 35 dpi (P < 0.05).

Compared with GS115-pW317 and PBS control groups, IgT was highly expressed in head kidney and gut. In head kidney, the IgT gene expression reached its peak at 21 dpi, which was about 12-fold higher than that in the control PBS group; the corresponding data in gut was 5.5-fold. However, much stronger response in gut was observed as compared with gill after oral immunization (Figure 3).




Figure 3 | The expression level of IgM and IgT in different tissues after immunization. 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD. **P < 0.01; *P < 0.05.





3.2.3 Antigen Presentation-Related Gene Expression

The RT-PCR analysis showed that the expressions of MHC-I mRNA in the tested tissues were increased as compared with those in the control group after oral immunization. In gill, the expressions of MHC-I mRNA in GS115-pW317-MCPD-immunized group were significantly upregulated and reached the top at 21 dpi, which was 2.4-fold higher than those in the PBS groups (Figure 4). However, no difference was found in gut tissue (Figure 5). The peak value of kidney tissue was 3.8 times higher than that of the PBS group on 28 dpi (Figure 6).




Figure 4 | The expression level of antigen presentation-related gene in gill after immunization. 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD. **P < 0.01; *P < 0.05.






Figure 5 | The expression level of antigen presentation-related gene in gut after immunization. 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD. **P < 0.01; *P < 0.05.






Figure 6 | The expression level of antigen presentation-related gene in head kidney after immunization. 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD. **P < 0.01; *P < 0.05.



The mRNA expressions of MHC II in GS115-pW317-MCPD-immunized group were significantly upregulated as compared with those in the control group (P < 0.01). In kidney, the expression level of MHC II reached up to a peak at 21 dpi, which was 2.4-fold higher than that in the PBS group. In gut, the peak value of 108 CFU/g group was found at 21 dpi, which was 4.5-fold higher than that in the PBS group (Figure 5).

The results of mRNA expressions of CD4 in kidney, gut, and gill were shown in Figures 4–6. In kidney, the relative expression of CD4 transcript level in the immunized group was significantly upregulated and reached its peak at dpi 28; similar results were also detected in gill. However, in gut, both immunized groups showed no difference compared with PBS group and empty carrier group (P > 0.05).

The mRNA expressions of CD8 in kidney, gut, and gill were significantly increased as compared with those in the control group (P < 0.01) (Figure 4). In kidney, the expressions of CD8 mRNA were significantly upregulated at 28 dpi as compared with those in the PBS group (P < 0.01) (Figure 6). In gut, the peak value of 108 CFU/g group was found at 28 dpi, which was 4.2-fold higher than that in the PBS group (Figure 5).

The RT-PCR analysis showed that the expressions of TCR mRNA in the three tested tissues were increased as compared with those in the control group. The peak value of kidney tissue was 2.6 times higher than that of the PBS group on 28 dpi (P < 0.01). In gill, the expressions of TCR mRNA reached up to a peak at 35 dpi, with a peak value of 2.2-fold higher than that of the PBS group (Figure 4).



3.2.4 Histopathological Analysis

Varying degrees of cytopathic lesions were detected in largemouth bass after challenging with LMBV, however, in the control group treated with non virus, cells were normal with intact structure, and no pathological changes were found (Figures 7A, E, I). Hepatic sinus dilatation and congestion, hepatic cell swelling and vacuolar degeneration, and steatosis were found in the liver of largemouth bass after challenging with LMBV (Figures 7B–D). The splenic sinus was diluted and filled with pink serous fluid, and a large number of red blood cells were detected in the spleen (Figures 7F–H). Tubule epithelial cells were highly swollen and partially separated from the basal side of the renal tubules (Figures 7 J–L). However, the pathological injuries in spleen and kidney were relatively light when immunized with 108 CFU/g GS115-pW317-MCPD.




Figure 7 | Histopathological assessment of liver, spleen, and kidney from largemouth bass after challenge. Groups A, E, and I: Fed with commercial basal diet+PBS, treated with no virus; Groups B, F, and J: Fed with commercial basal diet+107 CFU/g GS115-pW317-MCPD, challenged with LMBV; Groups C, G, and K: Fed with commercial basal diet+108 CFU/g GS115-pW317-MCPD, challenged with LMBV; Groups D, H, and L: Fed with commercial basal diet+PBS, challenged with LMBV. (A) The structure of liver cell was integrated, and the gland was clearly visible. (B) Some hepatocytes were swollen and degenerated (⇨), the chromatin edges are concentrated and moved into rings (O). (C) Hepatic cell swelling and vesicular degeneration were detected (⇨), the chromatin edges are concentrated and moved into rings (O). (D) Hepatic sinus dilatation and congestion (⇨), hepatic cell swelling and vacuolar degeneration and steatosis were found (O). (E) The spleen cells were normal with intact structure, and no pathological changes were found. (F) The splenic sinus was diluted and filled with pink serous fluid, a small amount of reticular cellulose and a large number of red blood cells were detected (⇨), spleen structure is disordered and reticular cells increase (O). (G) Some congestive spleen cells were found (⇨). (H) Spleen sinuses were dilated and congested (O), a large number of red blood cells were detected in the spleen tissue (⇨). (I) The kidney cells were normal with intact structure. (J) Swelling and degeneration of renal tubular epithelial cells were detected (⇨), tubule epithelial cells were swollen and separated from the basal side of the renal tubules (O). (K) Some swelling and degeneration of renal tubular epithelial cells were detected (⇨). (L) Tubule epithelial cells were highly swollen (⇨) and partially separated from the basal side of the renal tubules (O).





3.2.5 Serum Neutralization Test

The results of SNT were shown in Figure 8. Antibody titers in 108 CFU/g GS115-pW317-MCPD-immunized group were significantly higher than those in GS115-pW317 and PBS groups; the peak titer in 108 CFU/g GS115-pW317-MCPD was 1:64 at dpi 28, while the peak titer in 107 CFU/g group was 1:32.




Figure 8 | Serum neutralization assay of largemouth bass after oral immunization. Note: 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD.






3.3 Challenge Test

The challenged largemouth bass began to die on day 4 in PBS group; 96.7% mortality was found in GS115-pW317 and PBS groups. However, the immunized group began to die on day 6; the mortality of fish immunized with both doses of pW317-MCPD was significantly reduced (P < 0.01) (Figure 9). The RPS of 108 CFU/g GS115-pW317-MCPD and 107 CFU/g GS115-pW317-MCPD was 41.6% and 33.3%, respectively.




Figure 9 | The cumulative mortality of vaccinated largemouth bass. Note: 107pW317: 107 CFU/g GS115-pW317; 108pW317: 108 CFU/g GS115-pW317; 107pW317-MCPD: 107 CFU/g GS115-pW317-MCPD; 108 pW317-MCPD: 108 CFU/g GS115-pW317-MCPD.






4 Discussion

LMBV was one of the most harmful viruses in the cultivation of largemouth bass. However, there is still no effective drug to treat LMBV infection. Vaccination is considered as an effective method to control the outbreak of fish disease (18). The route of immunization plays a vital role in the effectiveness of vaccine. There were three main immunization routes in aquaculture: bath/immersion, injection, and oral administration (19). Oral immunization was the preference because it can be used for mass vaccination, and it is relatively easy and stress-free. In the present study, an oral vaccine that expressed the MCP protein of LMBV was constructed via the yeast P. pastoris, and the results from the challenge test showed that GS115-pW317-MCPD can effectively elicit immunity response and protect largemouth bass against LMBV, which indicated that P. pastoris could become a promising oral vaccine carrier against fish virus.

Neutralizing antibody plays a vital role in defending against viral diseases of fish (12, 20). Results from the present study showed that the antibody titers reached up to 64 at 28 dpi, and the RPS of fish orally immunized with GS115-pW317-MCPD was 41.6%. However, Yi et al. (21) reported that SN antibody titers could reach a peak with the value of 1:375 ± 40 at 14 days after immunization via injection, which was almost 6-fold higher than our results. This may be because the immunological effect of injection was better than oral administration. Moreover, the content of antigen expressed by P. pastoris may not be enough for largemouth bass. So, more technology applied to improve immune efficacy is needed. Coexpression of antigen or some adjuvant-related protein can enhance the immune effect. Liu et al. (22) found that coexpression of influenza NP-M2 and a mucosal adjuvant (FliC) by Lactobacillus plantarum could enhance the protective immune responses against H9N2 influenza. Recent research demonstrated that coexpression of some invasion-related proteins can improve the immune effect. Fibronectin-binding proteins (FnBPA) were one of the most studied invasion-related proteins; it could invade mammalian cells by binding to the α5β1 integrin on the surface of the host cell membrane. Therefore, it was usually used to carry DNA to host cells (23). Liu et al. (24) confirmed that invasive L. plantarum expressing the FnBPA protein enhanced humoral and cellular immunity and improved protective effectiveness against Eimeria tenella. Xue et al. (25) used the invasive L. plantarum (expressing FnBPA) as a live bacterial vector to coexpress Trichinella spiralis SS1 and murine interleukin-4; in vivo results exhibited that FnBPA increased the effect of antigen presentation and immune protection. Additional studies are required to further coexpress more antigens; some adjuvant or invasion-related proteins are needed to enhance the humoral and cellular immunity (26).

Igs are key element components of the immune response in teleost fish, playing a crucial role in protecting fish against various pathogens. So far, three major classes of Igs, IgM, IgD, and IgT/Z, were found in teleost fish (27). IgT, equivalent to that of mammalian IgA, was firstly detected in rainbow trout (Oncorhynchus mykiss) (28, 29). More and more research showed that IgT plays a key role in the mucosal immunity of teleost (28, 29). IgM is the best characterized teleost Ig isotype and plays an important role in systemic immunity (30). The expression levels of IgM in kidney, gut, and gill were significantly increased after oral immunization of GS115-pW317-MCPD and highest expressed in kidney followed by gut. Interestingly, the IgM mRNA level in GS115-pW317 group was significantly higher than that in the PBS group in gut and head kidney. This may be because the main cell wall component of yeast, β-glucan, has been characterized as a dietary immune-stimulant supplement that could increase complement activity and enhance the expression of IgM (14). As for IgT, after administering recombinant GS115-pW317-MCPD, it was highly expressed in the head kidney and gut largemouth bass. Similar to our results, the expression level of IgT in largemouth bass was highest expressed in head kidney after immersion vaccination with Aeromonas hydrophila, then in spleen, liver, and gill. By contrast, the highest expression level of Ig tau heavy chain (IgT) in turbot and flounder was detected in gill and spleen (31, 32). Because IgT may exhibit fish species specificity (30). Our results also indicated that much stronger response of IgT was observed in gut after oral immunization; higher levels of IgT expression were observed in gut than in gill, which indicated that gut may be the main mucosal immunity site. Some studies have shown that sIgT and IgT+ cells in trout develop a stronger mucosal immune response than systemic immunity that indicated that IgT presented played a major role in mucosal immunity (28, 29). Based on the above, we speculated that intestinal tract plays an important role in mucosal immunity after oral immunization; also, IgT played a major important role in largemouth bass mucosal immunity.

Antigen handling and presentation play an important role in adaptive immunity. When the antigen binds to MHC I and II, antigens are processed and presented to specific lymphocytes (33). MHC is a group of cell surface proteins that interact with T cells in the acquired immune system through TCR (34) and is a key protein for recognizing invading pathogens and stimulating immune responses. MHC I and MHC II recognize antigenic peptides mainly via TCR especially the protein chains on TCR-A and TCR-B (35). MHC I is an exogenous peptide produced by degradation of intracellular pathogens into cytotoxic CD8+ T cells; additionally, MHC I can recognize exogenous antigens and present to cytotoxic T cells through a mechanism called antigenic cross presentation (36). Some reports showed that MHC II plays an important role in presenting the extracellular antigen to CD4+ T cells (37). The results from the present study showed that MHC II b, CD8, and TCR were elevated, while CD4 and MHC I transcription levels remained unchanged after oral immunized with GS115-pW317-MCPD. Consistent with our research, Pichietti et al. (38) reported that the expression of CD8-a in posterior intestine was significantly elevated after immunization, while the expression of TCR-b and CD8-a was higher than that of CD4. By contrast, after immunizing with inactivated viruses via immersion and oral administration, the expression levels of MHC I and CD8 mRNA were significantly upregulated in Dicentrarchus labrax and Epinephelus coioides (39–41); this indicated that a subset of CD8-aþ T cells could bind antigens out of the context of MHC molecules that was also found in mammalian TCR-gd CD8-aaþ IEL subset, which means that MHC-restricted peptide presentation was not absolutely required (42).

In conclusion, an oral vaccine using P. pastoris that expressed MCPD has been developed to control LMBV. Our findings revealed that the P. pastoris yeast expression system was a promising vehicle for antigen delivery; it showed a good prospect in the application of fish oral vaccine. However, the mucosal immune mechanism should be included in future studies.
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Enterococcus faecium (E. faecium) is a protective role that has crucial beneficial functions on intestinal homeostasis. This study aimed to investigate the effects of E. faecium on the laying performance, egg quality, host metabolism, intestinal mucosal immunity, and gut microbiota of laying hens under the Salmonella Enteritidis (S. Enteritidis) challenge. A total of 400 45-week-old laying hens were randomly divided into four treatments (CON, EF, SCON, and SEF groups) with five replicates for each group and 20 hens per replicate and fed with a basal diet or a basal diet supplemented with E. faecium (2.5 × 108 cfu/g feed). The experiment comprised two phases, consisting of the pre-salmonella challenged phase (from day 14 to day 21) and the post-salmonella challenged phase (from day 21 to day 42). At day 21 and day 22, the hens in SCON and SEF groups were orally challenged with 1.0 ml suspension of 109 cfu/ml S. Enteritidis (CVCC3377) daily, whereas the hens in CON and EF groups received the same volume of sterile PBS. Herein, our results showed that E. faecium administration significantly improved egg production and shell thickness during salmonella infection. Also, E. faecium affected host lipid metabolism parameters via downregulating the concentration of serum triglycerides, inhibited oxidative stress, and enhanced immune functions by downregulating the level of serum malondialdehyde and upregulating the level of serum immunoglobulin G. Of note, E. faecium supplementation dramatically alleviated intestinal villi structure injury and crypt atrophy, and improved intestinal mucosal barrier injuries caused by S. Enteritidis challenge. Moreover, our data revealed that E. faecium supplementation ameliorated S. Enteritidis infection-induced gut microbial dysbiosis by altering the gut microbial composition (reducing Bacteroides, Desulfovibrio, Synergistes, and Sutterella, and increasing Barnesiella, Butyricimonas, Bilophila, and Candidatus_Soleaferrea), and modulating the gut microbial function, such as cysteine and methionine metabolism, pyruvate metabolism, fatty acid metabolism, tryptophan metabolism, salmonella infection, and the PI3K-Akt signaling pathway. Taken together, E. faecium has a strong capacity to inhibit the S. Enteritidis colonization of hens. The results highlight the potential of E. faecium supplementation as a dietary supplement to combat S. Enteritidis infection in animal production and to promote food safety.
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Introduction

Salmonella enterica serovar Enteritidis (S. enterica) infection is an important public health problem and also associated with significant morbidity and mortality in those infected with the pathogen (1, 2). Intestinal damage and diarrhea caused by S. enterica infection are a severe gastrointestinal disease responsible for the annual economic loss in the global poultry industry (3). Salmonella infection is associated with intestinal damage, impaired absorption of nutrients, and poor overall performance in poultry. Also, salmonella is one of the most common reasons of foodborne disease (4–6). Salmonella, as a common foodborne pathogen that affects humans, poses a serious threat to human health via contaminated poultry products, including laying eggs and meat (6). It was well known that the risks of acquiring this disease are greatly influenced by the prevalence of salmonella in poultry (7). Also, infection with salmonella significantly increases chick mortality and disrupts egg formation to reduce laying performance and egg quality in hens (8, 9). Very importantly, the stages of the laying period of laying hens are generally 27–50 weeks old. Egg production and egg quality by the hens in the peak egg production stage are affected by manifold factors, especially salmonella infection (10, 11). Besides, salmonella infection in hens also disrupts host metabolism and intestinal barrier functions and promotes host inflammatory responses and oxidative stress. Hence, to prevent the salmonella contamination of poultry products worldwide, growing studies demonstrated that feed additives are also considered as effective measures to minimize salmonella infection in poultry production (12, 13). In recent years, antibiotic use is the main approach to confront pathogenic infection; however, due to the emergence of antibiotic-resistant bacteria in animal husbandry (14, 15), there is an urgent need to find suitable alternatives to improve the intestinal health and maintain animal and human health in the post-antibiotics era (2, 16). Many studies have demonstrated that probiotic supplementation might be an effective strategy to solve this public problem in poultry (17, 18).

The current definition formulated by the Food and Agriculture Organization of the United Nations and World Health Organization working group experts states that probiotics are “live strains of strictly selected microorganisms which, when administered in adequate amounts, confer a health benefit on the host” (19, 20). Therefore, the use of probiotics is a promising measure for the prevention and treatment of intestinal disorders or diseases, such as inflammatory bowel disease (IBD), diarrhea, and intestinal homeostasis dysfunction (21–23). Numerous studies have also shown that some microbes, including Bacillus, Lactobacilli, and Enterococci, could significantly alleviate the severity and damage of intestinal ecosystems in poultry (24–26). Enterococcus faecium (E. faecium) is a ubiquitous bacterium that has been observed in the microbiota of many animals and humans (27). Also, the commensal strains of E. faecium have been reported to protect animals from enteric pathogenic infection and potentially improve host metabolism, immune responses, and intestinal homeostasis (27, 28). Studies have shown that the chicken supplement E. faecium could significantly improve the growth performance of broiler chickens and promote the digestion and absorption of nutrients (29). Also, another study revealed that E. faecium NCIMB 10415 has inhibited the pathogenic infection in piglets (30). For example, E. faecium has a considerable therapeutic effect on S. typhimurium infection in pigs (31). Moreover, current studies have demonstrated that the supplementation of E. faecium NCIMB11181 can decrease salmonella colonization in the intestine of broiler chickens infected with Escherichia coli O78 (32). While some previous studies have begun to reveal the functions of E. faecium in animal husbandry, the underlying mechanisms of action and specific protective factors for E. faecium that are related with salmonella susceptibility in laying hens are still unknown.

Therefore, our study mainly explored the detailed protective mechanism of E. faecium against S. enterica infection in laying hens, from the sides of crucial phenotypes, host metabolism and immune responses, intestinal barrier function, gut microbial community and structure, and salmonella colonization.



Materials and Methods

The experiment was carried out following the guidelines of China Agricultural Animal Care and Use Ethics Committee and conducted according to the relevant guidelines and regulations (AW02211202-1-1, Beijing, China). All experimental protocols were in accordance with the recommendations of the Guide for Guidelines for Experimental Animals of the Ministry of Science and Technology (Beijing, China).


Animals, Housing, and Experimental Design

A total of 400 45-week-old laying hens (Yukou Poultry Co., Ltd., Beijing, China) were assigned according to the body weight (1.80 ± 0.10 kg) and egg production (88 ± 2.10%) and then randomly allocated to four groups with five replicates for each group and 20 hens per replicate. Each of the groups consisted of five replicates in ten different cages (two birds per cage). The cages (Height 45 cm × Width 45 cm × Depth 45 cm) were equipped with one nipple drinker and an exterior feed trough that expanded the length of the cage. The whole experiment comprised 6 weeks, consisting of a 2-week adaptation period and 4- week experimental period. As shown in Figure 1, the experiment comprised two phases, consisting of the pre-salmonella challenged phase (from day 14 to day 21) and the post-salmonella challenged phase (from day 21 to day 42). The E. faecium powder (2.5 × 108 cfu/g feed) used in this study was provided by a commercial company (Smistyle Sci. & Tech. Development Co., Ltd, Beijing, China). The laying hens were fed with a basal diet (powder) or a basal diet supplemented with E. faecium (2.5 × 108 cfu/g feed). The four treatment groups were as follows: CON group (basal diet), EF group (basal diet + 2.5 × 108 cfu E. faecium per g feed), SCON group (basal diet + S. Enteritidis), and SEF group (basal diet + 2.5 × 108 cfu E. faecium per g feed + S. Enteritidis). In our study, the required quality of probiotics was added to the commercial powdered feed for homogenous mixing. Also, the basal diet was formulated to meet the recommended nutrient content by the National Research Council (1994) and was shown in Table S1. Room temperature was thermostatically controlled at 22 ± 3°C, with 16 h of light/d. The laying hens were provided with ad libitum feed and water throughout the experiment. In our study, challenged and non-challenged hens were fed in two independent, mechanically ventilated hen houses under the same environmental conditions to avoid cross-infection. Before and during the experiment, the salmonella- free status of diets, water, and environment samples was determined by using RT-qPCR analysis as we have discussed previously (33).




Figure 1 | Study design for the whole experiment.





S. Enteritidis Inoculum and Challenge

S. enterica spp. enterica serovar Enteritidis (S. Enteritidis, CVCC3377) was obtained from the China Institute of Veterinary Drug Control (Beijing, China). The frozen culture was recovered by using 10 ml of sterile tryptone soy broth and incubated at 37°C with orbital shaking for 24 h. Subsequently, 5 ml of S. Enteritidis pre-culture were transferred to 100 ml of tryptone soy broth and incubated with orbital shaking overnight at 37°C. To determine the concentration of viable S. Enteritidis in the culture, the inoculum was diluted with sterile phosphate buffer saline (PBS) (pH = 7.2), then plated on xylose lysine doxycholate (XLD) and incubated at 37°C for 24 h. The stock culture was prepared in sterile PBS and adjusted to 1 ×109 cfu/ml of S. Enteritidis to be used as an inoculum. At day 8 and day 9, the hens in SCON and SEF groups were orally challenged with 1.0 ml suspension of 109 cfu/ml S. Enteritidis daily, whereas the hens in CON and EF groups received the same volume of sterile PBS. A syringe with an attached flexible tube was used for the administration of the suspension and the physiological saline solution.



Laying Performance and Egg Quality

During the study, feed intake was recorded weekly by calculating the difference between full bucket weights and the remaining feed. The hen-day egg production and egg weight were recorded daily, and the body weight was recorded weekly on a replication basis. The egg mass was calculated. The feed conversion ratio (FCR) was calculated as the grams of feed intake per gram of egg mass produced. At the end of the experiment, 30 eggs from each treatment were randomly collected to assess egg quality parameters. The eggshell strength and eggshell thickness were measured with a digital egg tester (ESTG-01; Orka Food Technology Ltd., Ramat Hasharon, Israel). The Haugh unit, yolk color, and egg weight were measured by a multifunctional egg quality tester (EA-01; Orka Food Technology Ltd., Ramat Hasharon, Israel). The eggshell was weighed, and yolks were separated using a separator and were then weighed to determine the relative yolk and albumen proportion as previously described (34).



Blood Sampling and Biochemical Analysis

At the end of the experiment, blood samples were collected from birds via the wing vein on sampling days as previously described. The serum was centrifuged at 3,000 rpm for 15 min at room temperature. Serum samples were aspirated by a pipette and stored in 1.5 ml tubes at -20°C until analyzed. The serum concentrations of total protein (TP), albumin (ALB), globulin (GLB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), triglycerides (TGs), calcium (Ca), phosphate (P), immunoglobulin A (IgA), immunoglobulin G (IgG), and immunoglobulin M (IgM) were measured by an automatic biochemical analyzer (7600; Hitachi, Tokyo, Japan), following the manufacturer’s instructions. Also, the levels of total superoxide dismutase (T-SOD), total antioxidant capacity (T-AOC), malondialdehyde (MDA), interleukin-1β (IL-1β), interleukin-6 (IL-6), interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) were evaluated with enzyme-linked immunosorbent assay kits (Nanjing Jiancheng Biology Engineering Institute, Nanjing, China). All operations are in accordance with the instructions. Hens were humanely euthanized using an injection of pentobarbital sodium (0.4 ml kg/body weight; Sile Biological Technology Co. Ltd., Guangzhou City, China).



Tissue Collection, Fixation, and Histochemistry

At the end of the experiment, duodenum, jejunum, and ileum tissues were fixed in 4% paraformaldehyde, embedded in paraffin, cut into 5 μm thick sections, and subsequently stained with hematoxylin and eosin (H&E). Images were collected and analyzed using the CaseViewer 2.4 software (3DHISTECH Ltd., Budapest, Hungary). The villus height (VH) was measured from the top of the villus to the crypt mouth, and the crypt depth (CD) was defined as the depth of the invagination between adjacent crypt mouths. The villus width was measured at the bottom of the villus. Intestinal tissue damage was scored as previously described (35, 36), and the epithelial loss of intestinal villi and the infiltration of inflammatory cells were evaluated.



Immunofluorescence Staining and Analysis

Paraffin-embedded 5 μm thick sections were deparaffinized by heating to 60°C for 15 min and cleared with xylene, followed by an ethanol gradient (75%, 95%, and 100%) and water and steamed for 30 min in a citrate buffer for antigen retrieval. The levels of apoptosis in the colon tissues were detected by terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) staining according to the instructions provided as previously described (Roche, Basel, Switzerland). The 4’,6-diamidino-2-phenylindole, dilactate (DAPI) blue nuclei with the same label were selected as the total cells, and the TUNEL-positive cell number per field of intestinal epithelial cells was analyzed. Cell apoptosis was observed by green fluorescence microscopy (×200 magnification).

The intestinal tissues, including duodenum, jejunum, and ileum, harvested from hens were fixed in 4% PFA in PBS and incubated in 50% ethanol overnight. After fixation, the tissues were embedded in paraffin, sectioned, and subjected. For immunofluorescence analysis, samples were incubated with a ZO-1 rabbit polyclonal antibody (Cat: #A0659, ABclonal Technology; 1:200) and occludin (OCLN) rabbit polyclonal antibody (Cat: # A2601, ABclonal Technology; 1:200) for 30 min at 37°C. After three washes, the samples were stained with a Cy3-conjugated goat anti-rabbit secondary antibody (Beyotime, Beijing, China) and DAPI (Cat: #D21490, Invitrogen Life Technologies, Carlsbad, CA, USA). Images were obtained using a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).



Cecal DNA Extraction, Amplification, and Sequencing of 16s RNA Gene

All the fresh cecal contents were collected and immediately frozen in liquid nitrogen and instantly sent to the laboratory for DNA extraction. Microbial DNA was isolated by the Omega Bio-Tek stool DNA kit (Omega, Norcross, GA, United States) and quantified by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Then, the V3–V4 region of the 16S rRNA gene was amplified with 338F and 806R primers with the sequence of 5’-ACTCCTACGGGAGCAGCA-3’ and 5’-GGACTACHVGGGTWTCTAAT-3’. DNA samples were quantified, followed by the amplification of the V3–V4 hypervariable region of the 16S rDNA. The final amplicon pool was evaluated by the AxyPrep DNA gel extraction kit. The purified PCR products were sequenced on the Illumina MiSeq PE300 platform at Major Biomedical Technology Co., Ltd. (Shanghai, China).

After demultiplexing, the resulting sequences were merged with FLASH (v1.2.11) and quality-filtered with fastp (0.19.6). Then, the high-quality sequences were de-noised using the DADA2 plugin in the QIIME2 (version 2020.2) [81] pipeline with the recommended parameters, which obtains single-nucleotide resolution based on the error profiles within samples. DADA2-denoised sequences are usually called amplicon sequence variants (ASVs). To minimize the effects of sequencing depth on the alpha and beta diversity measure, the number of sequences from each sample was rarefied to 4,000, which still yielded an average Good’s coverage of 97.90%. The taxonomic assignment of ASVs was performed using the naive Bayes consensus taxonomy classifier implemented in QIIME2 and the SILVA 16S rRNA database (v138). The analyses of the 16S rRNA microbiome sequencing data were performed using the free online platform Majorbio Cloud Platform.



Determination Gene Copy Numbers of S. Enteritidis in Cecal Contents

Five randomly chosen hens from SCON and SEF groups were euthanized, respectively. The samples of fresh cecal contents were aseptically collected and immediately frozen. The genomic DNA from samples was isolated with the QIAamp DNA Stool Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s protocols. Finally, the genomic DNA of S. Enteritidis in these samples was determined in 0.1 μl aliquot of the DNA template for RT-qPCR detection.

The sequences of the primer pairs used for RT-qPCR detection were designed according to the S. Enteritidis special Prot6E nucleotide sequence (NO. U66901). The production size was 175 bp. The sequences of the primer pairs were as follows: Prot6E-F: 5’-ACAGGGGCACAATAACCGTA-3’ and Prot6E-R: 5’-TGCATCCCTGTCACAACATT-3’. The PCR and data acquisition and analysis were performed using the iCycler iQ Optical system software (version 3.1; Bio-Rad, California, USA). The number of target copies in the reaction was deduced from the threshold cycle (Ct) values. The Ct value corresponds to the fractional cycle number at which the fluorescence emission exceeds the standard deviation of the mean baseline emission by 15-fold. The plasmid DNA containing the target amplicon was diluted to contain 101–108 copies of the target DNA per test tube and used as the plasmid standard series. All samples were analyzed three times by the RT-qPCR assay, and the concentrations of the target DNA detected were expressed as the mean log10 of the bacterial genome copy number per milligram of cecal material.



Statistical Analysis

The data of the laying performance, egg quality, histomorphological parameters, and cecum content of salmonella copies were analyzed by means of one-way ANOVA using the SPSS 22.0 software (SPSS Inc., Chicago, IL, United States). Statistical significance was declared at P < 0.05 and trended at P < 0.1. The data were expressed as mean ± standard error of mean (SEM), and graphs were generated by the GraphPad Prism software v 8.0 (GraphPad Software, Inc., San Diego, USA).

All statistical analyses were performed in the R environment (version: V3.6.0, http://www.r-project.org/). The alpha diversity indices, including the Sobs index, Ace index, Chao index, and Shannon index, were determined by sampling-based ASV analysis and presented by the observed ASV, which was calculated using the MOTHUR program (version v.1.30.1). Principal coordinates analysis (PCoA) was conducted by the R package (http://www.R-project.org/) to display microbiome beta diversity. The Bray–Curtis metric distances, unweighted Unifrac distances, and weighted Unifrac distances were calculated with the phyloseq package. Adonis (999 permutations) was used to evaluate the effect of E. faecium supplementation on the bacterial community structure using the vegan package in R. The differences in the abundance and enrichment of bacterial genera were examined using Kruskal–Wallis tests, and ternary plots were created using the “vcd” package and visualized by the “ggplot2” package in R. The predominance of bacterial communities between groups was analyzed by the linear discriminant analysis (LDA; LDA score > 2.0) effect size method. Based on the normalized relative abundance matrix, the features with significantly different abundances between assigned taxa were determined by the linear discriminant analysis effect size (LEfSe) with the Kruskal–Wallis rank-sum test (P < 0.05), and LDA was used to assess the effect size of each feature. The PICRUSt (version 2.0) software was used to predict the Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog functional profiles of bacterial communities in rhizospheres and roots using the 16S rRNA sequences.




Results


E. faecium Alleviated the Laying Performance and Egg Quality Damage of S. Enteritidis-Challenged Laying Hens

During the post-salmonella challenge period (from day 21 to day 42), compared with the CON group, the egg production of SCON hens had a decreasing trend (0.05 < P < 0.1, Table 1). Importantly, the level of egg production was significantly higher (P < 0.05) from SEF hens than in SCON hens (Table 1). Moreover, compared to the CON group, the yolk color was significantly decreased (P < 0.05) in the EF group and the shell thickness was decreased (P < 0.05) in the SCON group (Table 2). Further, the level of shell thickness in the SEF hens was significantly higher (P < 0.05) than in SCON hens (Table 2). Also, there was no significant difference (P > 0.05) in the laying performance, including the egg weight, feed intake, egg mass, and feed efficiency, and in the egg quality, including the yolk weight, albumen weight, eggshell weight, eggshell strength, and Haugh unit of these hens among the treatment groups (Tables 1, 2).


Table 1 | Effect of dietary supplementation with E. faecium on laying performance of hens challenged with S. Enteritidis.




Table 2 | Effect of dietary supplement with E. faecium on egg quality of layers challenged with S. Enteritidis.





E. faecium Affected Host Metabolism, Oxidative Stress Parameters, Inflammatory Cytokines, and Immunoglobulin Levels of S. Enteritidis-challenged laying hens

To evaluate the effects of dietary E. faecium supplementation on the host health of laying hens, the protein metabolism, lipid metabolism, oxidative stress, and inflammatory immune responses were recorded and calculated at different phases (the pre-salmonella challenge period and post-salmonella challenge period). As shown in Figure 2, during the post-salmonella challenge period (from day 21 to day 42), S. Enteritidis infection increased (P < 0.05) the concentration of serum ALP and decreased (P < 0.05) the levels of serum LDL-C, TC, TG, P, and MDA (Figures 2H, J–M, Q), while E. faecium treatment significantly decreased (P < 0.05) the levels of ALP, T-SOD, IL-1β, IL-6, and TNF-α (Figures 2H, O, R, S, U). Also, on day 42, compared to the CON hens, E. faecium supplementation downregulated the concentrations of serum TG and MDA and upregulated the level of IgG in the EF group (Figure 2W).




Figure 2 | Effect of dietary supplementation with E. faecium on serum parameters of hens challenged with S. Enteritidis. (A–H) TP, ALB, GLB, ALB/GLB, ALT, AST, AST/ALT, and ALP levels in serum samples were measured in different treatments. (I–N) HDL-C, LDL-C, TC, TG, Ca, and P levels in serum samples were measured. (O–X) T-SOD, T-AOC, MDA, IL-1β, IL-6, IFN-γ, TNF-α, IgA, and IgM levels in serum samples were measured among these groups. Asterisks denote significant differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001), n = five per group; data are represented as mean ± SEM.





E. faecium Improved Intestinal Histopathologic Changes, Alleviated Intestinal Barrier, and Reduced Intestinal Apoptosis of S. Enteritidis-Challenged Laying Hens

The intestinal morphology of the duodenum, jejunum, and ileum was displayed in Figure 2. In our study, obvious hemorrhagic spots were observed (P < 0.05) in both jejunum and ileum parts after S. Enteritidis challenge. Hematoxylin–eosin (H&E) staining revealed that the intestinal epithelial villi and crypt in the segments of duodenum, jejunum, and ileum were severely damaged (P < 0.05) in response to S. Enteritidis, as evidenced by the broken villi structure and crypt atrophy (Figure 3). However, E. faecium administration decreased (P < 0.05) the degree of intestinal injury, and reduced the CD, and increased the villus-to-crypt ratio (VCR) in the duodenum, jejunum, and ileum (Figures 3B–J). Besides, the salmonella infection significantly decreased (P < 0.05) the expression of intestinal barrier-related proteins, such as ZO-1 (TJP1) and OCLN-1 in the duodenum, jejunum, and ileum. However, the expression of TJP1 and OCLN in the SEF group was significantly higher (P < 0.05) compared with the SCON group (Figure 4). Meanwhile, TUNEL assay results demonstrated that S. Enteritidis infection significantly increased the number of positive cells in the duodenum, jejunum, and ileum, while there was a decline following E. faecium administration (Figure 5).




Figure 3 | Effect of dietary supplement with E. faecium on histomorphological parameters of jejunum and ileum of layers challenged with S. Enteritidis. (A) Histomorphometric analysis of the Duodenum, Jejunum, and Ileum by Hematoxylin & Eosin (H&E) staining. (B–J) The villus height, crypt depth, and villus/crypt ratio shown in the pictures were randomly measured in each sample from each group. Scale bar: 200 μm. Asterisks denote significant differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001), n = five per group; data are represented as mean ± SEM.






Figure 4 | Effect of dietary supplement with E. faecium on intestinal epithelial barrier function of layers challenged with S. Enteritidis. Representative images of the immunohistochemical staining of TJP in the duodenum (A), Jejunum (B), and ileum (C) mucosa. The positive cells are stained red. Representative images of the immunohistochemical staining of OCLN in the duodenum (D), Jejunum (E), and ileum (F) mucosa. The positive cells are stained red. Scale bar: 200 μm. Asterisks denote significant differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001), n = five per group; data are represented as mean ± SEM.






Figure 5 | Effect of dietary supplement with E. faecium on intestinal epithelial cell apoptosis of layers challenged with S. Enteritidis. Representative images of the immunohistochemical staining of TUNEL in the duodenum (A), jejunum (B), and ileum (C) mucosa. Scale bar: 200 μm. Asterisks denote significant differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001), n = five per group; data are represented as mean ± SEM.





E. faecium Reshifted the Gut Microbial Community and Structure of S. Enteritidis-Challenged Laying Hens

We next used the high-throughput 16S rRNA gene sequencing to determine whether E. faecium supplementation affected the gut microbial composition in S. Enteritidis-infected hens. V3-V4 16S rRNA gene sequencing was performed on the cecal samples collected from CON, EF, SCON, and SEF hens (n = 5 per group). As shown in Figures 6A–C, no significant difference was observed (P > 0.05) in the alpha diversity, including the Sobs, Ace, and Chao indices of these hens. A principal coordinate analysis (PCoA) was performed to assess the similarities and differences among groups (Figures 6D–H). Our results indicated distinct clusters of the gut microbial composition among these groups. The Adonis analysis based on the Bray–Curtis distance was performed to quantify the differences in species diversity. As shown in Figures 6D–H, the data revealed that E. faecium administration significantly altered (P < 0.05) the β diversity index compared to the control group (EF vs. CON, SEF vs. SCON, respectively). However, these results demonstrated that S. Enteritidis infection did not alter the β diversity index of the gut microbiome (Figures 6G, H).




Figure 6 | Effect of dietary supplement with E. faecium on the gut microbial community and structure of cecum in hens. (A) Sobs index of ASV level. (B) Shannon index of ASV level. (C) Simpson index of ASV level. (D–H) PCoA plots assessed by Adonis analysis among these treatments. (I–J) Shows the relative abundance of phylum and genus in different groups. Linear discriminate analysis effect size (LEfSe) was performed to determine the difference in abundance among these treatments (K–N).



As shown in Figures 6I, J, phylogenetic analysis revealed the most abundant composition of cecal microbiota at phylum and genera levels among all treatments. At the phylum level, Firmicutes, Bacteroidota, Desulfobacterota, Campilobacterota, Proteobacteria, and Synergistota were dominant (Figure 6I). The composition of the gut microbiome at the genera level is shown in Figure 6J. The predominant genera were Bacteroides, Alistipes, unclassified_f:Lachnospiraceae, Barnesiella, Ruminococcus_torques_group, norank_f:norank_o:Clostridia_UCG-014, Lactobacillus, unclassified_o:Bacteroidales, Phascolarctobacterium, Faecalibacterium, Parabacteroides, and so on (Figrure 6J). The specific bacterial taxa associated with E. faecium and S. Enteritidis treatments was identified through the linear discriminant analysis effect size (LEfSe, LDA score > 2.0) analysis. As shown in Figure 6K (CON group vs. EF group), there was a significant increase in the relative abundance of Barnesiella, norank_f:Barnesiellaceae, Rikenella, Butyricimonas, Lachnoclostridium, Bilophila, Negativibacillus, Candidatus_Soleaferrea, Coprobacter, Turicibacter, and Oscillibacter and reduction in the relative abundance of Bacteroides, Phascolarctobacterium, Desulfovibrio, Synergistes, Sutterella, Campylobacter, Flavonifractor, and Parasutterella in the hens fed with an E. faecium-supplemented diet compared to the control hens. As shown in Figure 6L (SCON group vs. SEF group), the predominant bacterial strains of SEF were Barnesiella, Rikenella, Hydrogenoanaerobacterium, Butyricimonas, Odoribacter, Bilophila, Paludicola, and Candidatus_Soleaferrea, while the predominant bacterial strains in the control group (SCON) were Bacteroides, Synergistes, Desulfovibrio, Eubacterium_brachy_group, and Sutterella. Also, the predominant bacterial strain in the CON group was Phascolarctobacterium, while the predominant bacterial strains in the SCON group were Oscillospira, Coprobacter, Anaerofustis, and Papillibacter (Figure 6M). As shown in Figure 6N, the predominant bacterial strains in the EF group were norank_f:Barnesiellaceae and unclassified_k:norank_d:Bacteria, while the predominant bacterial strain in the SEF group was norank_f:Oscillospiraceae.

In the present study, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2.0 (PICRUSt2) was based on the ASV tree in the Greengenes database to achieve the prediction of the metabolic function of the gut microbiota. As shown in Figure 7A, compared to the CON group, the relative abundance of cysteine and methionine metabolism, tryptophan metabolism, secondary bile acid biosynthesis, and the NOD-like receptor signaling pathway were significantly increased in the EF group, while nitrogen metabolism, pyruvate metabolism, ferroptosis, and apoptosis were markedly decreased. Also, our results showed that the abundance of cysteine and methionine metabolism, pyruvate metabolism, fatty acid metabolism, tryptophan metabolism, salmonella infection, and the PI3K-Akt signaling pathway were dramatically increased in the SEF group, while the levels of purine metabolism and apoptosis were decreased compared with the SCON group (Figure 7B).




Figure 7 | Effect of dietary supplement with E. faecium on the gut microbial function of cecum in hens. (A) The functional profile of cecum contents between CON and EF groups. (B) The functional profile of cecum contents between SCON and SEF groups.





E. faecium Inhibited S. Enteritidis Colonization of Laying Hens

S. Enteritidis copies were detected using the RT-qPCR from cecal samples collected at different time points. Samples were collected from SCON and SEF groups at days 1, 7, 14, and 21 post-infection (1, 7, 14, and 21 dpi). Also, the samples collected from the negative control groups (CON and EF) were negative for S. Enteritidis throughout the experiments (data not shown). As shown in Figures 8A, B, hens developed infection with S. Enteritidis observed in the cecal samples at 1 dpi, while no significant difference was observed between the SCON and SEF groups (P > 0.05). Importantly, compared to the SCON, the supplementation of E. faecium in the SEF group dramatically decreased (P < 0.05) salmonella copies in cecal samples at 7, 14, and 21 dpi (Figures 8C–E). These results indicate that E. faecium has a strong capacity to inhibit the S. Enteritidis colonization of laying hens (Figure 8F).




Figure 8 | Effect of dietary supplementation with E. faecium on salmonella copies in cecum of hens challenged with S. Enteritidis. (A–F) salmonella copies in the cecum contents determined by RT-qPCR at day 1, 7, 14, 21 post infection (1 Dpi, 7 Dpi, 14 Dpi and 21 Dpi). Asterisks denote significant differences (ns, not significant; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001), n = five per group; data are represented as mean ± SEM.






Discussion

S. Enteritidis infection is a serious problem in animal production (e.g., egg products and poultry meat) that ultimately affects the quality and safety of animal-derived foods and human health (37). Numerous previous studies have shown that the S. Enteritidis challenge led to a compromised growth performance of poultry. In this study, we found that salmonella exposure resulted in a significant laying performance and egg quality loss, whereas E. faecium supplementation reversed these changes. As we have known, the intestine is believed to be the main target organ for salmonella infection. It can destroy the intestinal mucosal barrier, increase gut permeability, and induce intestinal inflammation and bacterial translocation (4). Herein, the S. Enteritidis challenge significantly caused host metabolic dysfunction, intestinal histopathologic damage, and intestinal mucosal injuries, whereas E. faecium supplementation attenuated these detrimental effects, suggesting the capacity of E. faecium to improve the laying performance and support the intestinal homeostasis. In the present study, we have recently identified a crucial role for E. faecium in regulating hen cecal commensal microbes that improve beneficial bacteria and inhibit S. Enteritidis colonization. These results also revealed that the supplementation of E. faecium markedly enriched the cysteine and methionine metabolism, pyruvate metabolism, fatty acid metabolism, tryptophan metabolism, and the PI3K-Akt signaling pathway of hens. Therefore, the supplementation with E. faecium has the potential to improve laying hen outcomes.

Previous studies revealed that host cells and organs undergo metabolic reprogramming and activate inflammatory pathways in response to salmonella infection (5, 38). In the present study, S. Enteritidis infection significantly increased the serum ALP, whereas E. faecium supplementation reversed these alterations. According to a previous study, the abnormalities in liver enzyme levels are frequent during severe intestinal injuries due to S. Enteritidis infection (39), which is in line with these findings. However, the level of ALP was decreased in the serum of broilers with fungal infection (40). As reported, oral supplementation with intestinal alkaline phosphatase (IAP) protects mice from infections with S. Typhimurium as well as with Clostridium Difficile (41). Also, the animals given IAP maintained their weight, had reduced clinical severity and gut inflammation, and showed improved survival (41). Therefore, it remains unclear which dietary supplementation with E. faecium directly influences the serum ALP of hens infected with S. Enteritidis, the underlying mechanism by which the beneficial functions in E. faecium leads to host health needs further study. In laying hens, S. Enteritidis has been found in the internal tissues of infected chickens, including the intestine, liver, spleen, lung, ovary, and oviduct (42). Gast et al. reported that salmonella can persist in the liver as a chronic infection for up to 5 weeks after the oral inoculation of hens (43). It is well known that the liver is an important organ for lipid metabolism and the de novo fatty acid synthesis (44). Importantly, lipid metabolism in the liver has also been regarded as having an important role in egg maturation and production (44). The induction and maintenance of egg productivity are dependent upon the expression of genes related to lipid metabolism and the generation of egg yolk lipid that is mostly composed of low-density lipoproteins (LDLs) (45). Therefore, S. Enteritidis infection could elevate lipid synthesis and reduce lipid transportation in the chicken hepatocytes. It was well known that the concentrations of serum lipid indices are indicative of the host metabolic regulations in a steady state. Of note, as shown in our results, the concentrations of serum TG and LDL-C in the S. Enteritidis infection group were decreased compared with the CON group, while no significant differences were observed in the lipid metabolism, including the HDL-C, LDL-C, TC, and TG of these hens (SCON vs. SEF groups). In line with these results, a study revealed that the supplementation of E. faecium had no effect on serum lipid parameters, including HDL-C, LDL-C, TG, TC, and other lipid indices of broilers (46). Also, a previous study reported that the administration of E. faecium did not affect the serum TG and TC of broilers (47). In brief, it appeared that the serum protein and lipid metabolic parameter response observed in the current study was similar to those of poultry models in previous studies. Therefore, the administration of E. faecium did not affect the lipid metabolism of hens, which is likely due to the unchanged lipogenic and lipolytic enzyme activities in the tissues.

The host immune system also activates inflammatory pathways in response to infection with salmonella (48). It was well known that salmonella infection increases susceptibility to intestinal inflammation and contributes to intestinal or systemic inflammation (35, 49). Also, the dysfunction of the host immune system caused by infection is the key factor for salmonella-induced inflammatory injuries (49). Therefore, when the intestinal barrier function is destroyed upon salmonella infection, these pro-inflammatory cytokines, including IL-1β, IL-6, IL-8, IFN, and TNF-α, are activated (5, 50). A previous study reported that a number of cytokines, including IL-1β and TNF-α, are produced during the initial salmonella infection (51). In the current study, no significant difference was observed in the systemic inflammation, including the IL-1β, IL-6, IFN-γ, and TNF-α of these hens (CON and SCON groups), while the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in the SEF hens were markedly decreased and the IgG was increased than those in the SCON hens. According to previous studies, these cytokines have all been demonstrated to be important for salmonella infection and clearance (52). In line with the outcome, previous studies have demonstrated that some lactic acid bacteria are capable of activating immune responses against pathogen infection and then alleviating host inflammation (53). Importantly, E. faecium is one of the first batch of probiotics approved by the European Union and Food and Drug Administration for animal feed (54). As reported that the treatment of  intestinal porcine enterocyte cell line (IPEC) cell lines with E. faecium HDRsEf1 was found to be effective against pathogen infection (E. coli, ETEC) (55). Similarly, numerous studies reported that E. faecium showed many beneficial functions, including inhibiting pathogen adhesion and infection, enhancing the anti-inflammatory effect, as well as promoting immune system development (30, 47, 56, 57). These results suggested that E. faecium might suppress salmonella-induced systemic inflammation by reducing pro-inflammatory cytokines.

It is well known that gut integrity is a prerequisite for maintaining the host and intestinal homeostasis (58, 59). According to previous studies, the intestinal mucosal barrier comprises connecting epithelial cells that are overlaid by a host-secreted mucous layer and serve as the first line of defense against pathogens and potentially harmful commensal bacteria (60–63). However, the impaired intestinal barrier functions caused by pathogen infection compromises the immune tolerance of the intestines and causes systemic inflammatory responses, which aggravate the systemic immune response and host body damage (64). As we have known, salmonella invades and destroys the intestinal epithelial cells and then crosses the intestinal epithelial barrier to cause intestinal and even systemic inflammation (65, 66). In the current study, significant hemorrhagic spots were observed in the duodenum, jejunum, and ileum on the dpi 42. Also, during the post-salmonella challenge period, the intestinal epithelial villi and crypt in the segments of duodenum, jejunum, and ileum were significantly damaged. For example, the broken villi structure and crypt atrophy were observed, which are consistent with the results from previous reports. Interestingly, the supplementation of E. faecium significantly increased the VH and VCR and decreased CD in the duodenum, jejunum, and ileum of hens, and ultimately effectively alleviated the damages of S. Enteritidis infection. As previous reported, high VCR is widely regarded as a good biomarker of intestinal mucosal turnover and is related to strong digestion and absorption capacity (67). Similarly, Zhang et al., reported that E. faecium YQH2 effectively reduced the colonization of S. Typhimurium, which may be attributed to the alleviation of intestinal barrier function damage (66). Meanwhile, according to previous studies, salmonella infection has been shown to regulate certain tight junction proteins, which ultimately promotes the translocation of the bacteria through the intestinal epithelial cell monolayer (68). Also, the manipulation of tight junction proteins serves to damage the intestinal epithelial barrier by increasing its permeability, thereby allowing salmonella to more effectively invade the basolateral side of the epithelial cell monolayer (48). Upon infection with salmonella, OCLN becomes dephosporylated and subsequently removed from epithelial tight junctions (68). In addition, ZO-1 (TJP) is recruited from the cytosol to the membrane, suggesting that salmonella changes the intracellular distribution of this tight junction protein (68). In line with previous studies, S. Enteritidis infection significantly downregulated TJP and OCLN protein expression in the small intestinal tissues, exacerbating systemic inflammation in hens. Interestingly, after E. faecium supplementation was given to the hens, the improvement expression levels of TJP and OCLN suggested that E. faecium restored the intestinal mucosal barrier functions and intestinal health. A previous study reported that E. faecium YQH2 improved the intestinal mucosal damage caused by salmonella in chicken (66), which was consistent with the outcome. Also, E. faecium YQH2 significantly stimulated the Wnt/β-catenin pathway to promote the repair of intestinal epithelial cells and reduced the intestinal inflammation level (66). Therefore, through the present study, these results indicated that the integrity of intestinal barrier functions in hens infected with S. Enteritidis was dramatically destroyed, while E. faecium supplementation resulted in the improvement of intestinal or systemic inflammation.

Accumulating evidence has shown that the gut microbiome is consistent with host physiological states, and intestinal physiological structure and function (69–72), and has been regarded as a potential nutritional intervention for the improvement of several intestinal diseases, especially pathogen infection (59, 64, 73). The gut microbiota is increasingly recognized for playing a critical role in human or animal health and disease, especially pathogenic infections, such as salmonella (74). In the present study, both salmonella infection and E. faecium supplementation affected the gut microbial alpha- and beta-diversity parameters. Similarly, previous studies indicated that the exposure of chickens to salmonella influences and shapes their gut microbial community and structure (75). As shown in a previous study, salmonella can multiply rapidly and destroy the gut microbiome of young chicks (76). In addition, the salmonella-associated alteration of the gut microbiota could be a result of either pathogen-commensal microbiota interaction or host intestinal mucosal immune responses to the pathogen or even a combination of both (75, 77). As previously reported, the supplementation of E. faecium significantly altered the gut microbiota composition of broilers and enriched the relative abundance of short-chain fatty acid-producing microbes (78). Also, E. faecium is a natural commensal bacteria of the poultry gastrointestinal tract and is commercially used as a probiotic in poultry diets (47), previous studies reported that numerous types of probiotic (e.g., Bacillus subtilis, Lactobacillus, and E. faecium) supplementation can alter the community and structure of the gut microbiota and improve its diversity (11, 79–81). Based on the PCoA and LEfSe analyses, the gut microbial composition and function are altered in hens, followed with E. faecium supplementation. In our study, for both non-infected and infected hens, the relative abundance of Barnesiella, Butyricimonas, and Bilophila were markedly enriched in the supplementation of E. faecium, while the abundance of Bacteroides was increased in the control hens (CON and SCON groups). As we have known, even though some strains of Bacteroides have an anti-inflammatory property, toxigenic Bacteroides fragilis induces intestinal inflammation and can cause intestinal diseases and colon cancer (82). For example Bacteroides, especially Gallibacterium, is an indigenous bacterial pathogen in chicken and one of the major pathogens causing reproductive tract disorders in laying hens (83). As this study reported, these results revealed that orally administered E. faecium significantly decreased the relative abundance of Bacteroides and then substantially inhibited the intestinal injuries in hens challenged with S. Enteritidis, which was similar to the previous result to some extent (84). Earlier studies found that certain E. faecium spp. can produce folate, an essential vitamin, which is needed by the body for cell metabolism, cell division, and the synthesis of vitamins and amino acids (54, 85). Also, animal research results indicated that E. faecium spp. may boost immune cell function, improve the regulation of cell proliferation, and elevate fat-burning capacity (30, 77, 86). Therefore, E. faecium has been confirmed to use some functional compounds as nutritional and immunological substrates to metabolize and regulate beneficial compounds for effectively affecting host and gut microbial metabolism (85, 87, 88). Based on the PICRUSt2 analysis, dietary E. faecium may modulate the cysteine and methionine metabolism, Tryptophan metabolism, the NOD-like receptor signaling pathway, and PI3K-Akt signaling pathway and ultimately inhibit salmonella infection by improving the intestinal homeostasis, which was similar to a previous result to some extent. However, the underlying mechanism of effect of E. faecium on the bacterial function and host metabolism during salmonella infection needs further research.



Conclusion

In summary, we found that E. faecium supplementation significantly improved the laying performance and egg quality to combat the S. Enteritidis challenge. Also, these results demonstrated that E. faecium administration dramatically alleviated the intestinal histopathologic damage and improved the intestinal mucosal barrier function injuries caused by S. Enteritidis infection. Moreover, the data of 16S rRNA high- throughput sequencing of cecal microflora revealed that Barnesiella, Butyricimonas, Bilophila, and Candidatus_Soleaferrea dominated the cecal microflora of hens with E. faecium supplementation, which have a higher relative abundance in the known functional genes for cysteine and methionine metabolism, pyruvate metabolism, fatty acid metabolism, tryptophan metabolism, and the PI3K-Akt signaling pathway in E. faecium-treated hens from the PICRUSt2 analysis. Very importantly, these results indicate that E. faecium has a strong capacity to inhibit the S. Enteritidis colonization of laying hens. Therefore, the maintenance of the gut microbial composition protects the intestinal barrier from injury under S. Enteritidis infection, as demonstrated by decreased intestinal permeability, enhanced the inhibition of the translocation of bacteria and toxins, and suppressed intestinal inflammation. Our findings provide a scientific foundation for E. faecium application in poultry feed in the future.
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Background

Chicken meat is one of the most consumed meats worldwide and poultry production is increasing at an exponential rate. Reducing antibiotic usage has resulted in the recurrence of subclinical necrotic enteritis again and influenced global poultry production. Probiotics are potential antibiotic substitutes that can be used to prevent subclinical necrotic enteriti. However, the precise mechanism of action of probiotics and information on which gut microbes confer this efficacy remain elusive.



Methods and results

The subclinical necrotic enteritis animal model was used to reveal the mechanism underlying the effect of probiotics on intestinal health through RNA sequencing and 16S rDNA amplicon sequencing. Bacillus licheniformis H2 feeding significantly reduced the relative abundance of Clostridium perfringens in the ileum and markedly ameliorated the pathological damage in the ileum and liver. In addition, oral administration of B. licheniformis H2 contributed to the enhancement of the intestinal barrier function and epithelial renewal, reducing energy consumption, and improving enteral nutrition absorption. Probiotic B. licheniformis H2 also ameliorated the inflammatory response and increased the immunity of subclinical necrotic enteritis infected broilers. Finally, B. licheniformis H2 feeding regulated liver gene expression to suppress immune response and promoted growth and metabolism depending on the gut microbiota.



Conclusions

These results indicated the mechanism of probiotic action of B. licheniformis H2 in maintaining intestinal health and thus promoting growth and B. licheniformis H2 may serve as an antibiotic substitute to prevent subclinical necrotic enteritis in poultry farming.
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Introduction

Chicken is a major source of animal protein for humans (1). However, necrotic enteritis (NE), an enteric bacterial disease in poultry industry, significantly impacts the attempts to increase global poultry production. The annual loss in the global economy due to NE is estimated to exceed $6 billion (2). Acute or clinical NE is characterized by sudden death of up to 50% mortality, whereas the more prevalent subclinical form of NE (SNE) showed neither peak mortality nor overt clinical symptoms (3–5). Therefore, SNE-infected individuals are usually difficult to detect, thereby causing more considerable economic and profitability losses (5, 6). Clostridium perfringens (CP) is the main causative pathogen of SNE. Its infection in chickens could trigger food-borne diseases in humans (7). The occurrence and development of SNE depends on predisposing factors and the presence of pathogenic C. perfringens strains (8, 9). Eimeria infection, a major predisposing factor for SNE, provides a rich nutrient source for supporting CP proliferation by impairing the intestinal barrier (8, 9). Other predisposing factors (e.g., diet and stress) can also change the intestinal environment to provide a more favorable growth advantage to C. perfringens (9–11). Virulence factors (e.g., alpha, beta, and NetB toxins) are produced by pathogenic C. perfringens strains; these factors, lead to gross damage of the epithelia (10–12).

Poultry production and nutrition are interlinked with intestinal health. Crucial functions of the intestinal barrier include maintaining intestinal health, allowing the absorption of nutrients, and limiting the entry of potential pathogens, thereby resulting in the optimal performance and health of broiler chickens (13, 14). The disruption of the intestinal barrier can lead to “leaky gut” and nutrient malabsorption (14, 15). This intestinal barrier dysfunction exposes the liver to bacterial components and metabolites and gut bacteria, thereby leading to liver inflammation (14–16). C. perfringens colonizes the liver through the portal vein during SNE infection (12, 17, 18). Cholangiohepatitis is induced by a large number of C. perfringens in the liver (12, 17, 18), which indicates that the gut–liver axis, which is the close functional and vascular association between gut and liver, is closely related to SNE pathogenesis.

Antibiotics have been widely used to control SNE to increase poultry production. However, the mounting concerns on the development of resistance in bacteria prompted the ban or restriction of antibiotic usage in many regions, leading to the outbreak of SNE again (19, 20). In recent years, the interest in the use of alternatives to antibiotics has surged. Probiotics reportedly improve nutrient digestibility and the overall health of the host, which means they are ideal substitutes for antibiotics (21). The beneficial mechanism of probiotics is the modification of the composition of intestinal microflora to restore and maintain intestinal homeostasis (22–24). Many studies have shown that healthy intestinal microbiota is important. It has remarkable implications for immunity, inflammation, energy metabolism, nutrient availability and absorption rate, and productivity in broiler chickens (25, 26). Birds infected with SNE have an altered gut microbiota profile, such as reduced abundance of Firmicutes, Lactobacillus, and Bacteroides, which were associated with healthy status and high productivity in chickens (6). Manipulating gut microbiota via the use of probiotics is a promising strategy for controlling SNE. However, the precise mechanism of probiotics and which gut microbes confer this efficacy remain largely unclear.

Therefore, this study was conducted to investigate the underlying mechanisms of probiotics involved in shaping the gut microbiota and in reducing the negative influence of SNE on gut health through the gut–liver axis. Probiotics isolated from the intestine of the host itself are more effective compared with those from other sources, because local microorganisms colonize and stabilize the gut more easily (27, 28). The natural probiotic Bacillus licheniformis H2 (H2) originally isolated from the ileum of healthy chickens was utilized in this study. H2 can exert a positive effect on the growth performance of broiler chickens damaged by SNE, of which the mechanism may be related to intestinal development, lipid anabolism, antioxidant capacity, and apoptosis which were improved by H2 (29, 30).



Methods


Animal Ethics Statement

All animal experiment procedures in this study were conducted in accordance with the guidelines of the Animal Welfare Act and all procedures and protocols were approved by the Institutional Animal Care and Use Committee of the Sichuan Agricultural University (approval number: SYXKchuan2019-187). All efforts were made to minimize the suffering of the animals.



Animals and Diets

One-day-old male broiler chicks (n = 180) were purchased from a commercial hatchery (a local broiler hatchery in Chengdu, China). The animals had the same genetic background (Ross 308 strain) and similar birth weights. Chicks were reared in a controlled room (relative humidity, 60–70%; room temperature, maintained at 33°C for the first 3 days and subsequently decreased by 3°C every week up to a final temperature of 24°C; lighting, 24 h daily). Birds had free access to water and food. An antibiotic-free and standard broiler diet mostly consisted of corn and soybean meal; it was formulated according to the NRC. The detailed composition of the basal feed and nutrient levels are shown in Appendix Table S1.



Experimental Design and Sample Collection

One-day-old male chicks were weighed and randomly divided into three groups. Each group had six replicates with 10 birds per replicate. Each replicate chick was reared in the same cage. The experimental groups were as follows (Figure 1): (i) a negative control group (NC); (ii) a positive control group infected with SNE (PC); and (iii) a preventing group infected with SNE and supplemented with B. licheniformis H2 (BL). Birds in NC and PC groups were fed basal diets plus LB liquid medium. Birds in BL group were fed basal diets plus probiotic B. licheniformis H2 at 1.0 × 106 CFU/g feed. On day 15, birds in the PC and the BL groups were orally inoculated with a 10-fold dose of live coccidiosis vaccine. Subsequently, the birds were orally challenged with CP (1 ml, 2.2 × 108 CFU/ml) daily from 18 to 22 days of age.




Figure 1 | Sketch of animal experiment design. Newly hatched chicks with similar birth weights were randomly allocated to three groups with different treatments. NC, birds received basal diet supplemented with LB liquid medium; PC, birds received basal diet and induction of SNE; BL, birds received induction of SNE and basal diet supplemented with 1.0 × 106 cfu B licheniformis H2/g diet.



Before the end of the experiment, one bird from each replicate was randomly selected, and weighed after fasting for 12 h, and executed by jugular vein bloodletting on the 28th day. Blood samples were collected from the jugular vein, incubated at 37°C for 2 h. Serum samples were separated by centrifuging the blood at 2,000×g for 15 min and storing at −30°C. Thymus gland (on the right side), bursal, spleen, and liver were removed simultaneously from each chicken and weighed. Two liver samples were collected. One was washed with ice-cold phosphate buffered saline (PBS) and then fixed with fresh 4% paraformaldehyde for pathological detection. The other one was rapidly frozen in liquid nitrogen and stored at −80°C for transcriptome detection. The ileum tissue (about 1–2 cm) was removed, gently washed with cold PBS, and then fixed for paraffin embedding. Additionally, ileum and cecum contents were collected and frozen at −80°C for microbial flora detection.



Bacterial Strains and Coccidiosis Vaccine

The B. licheniformis H2 strain (CCTCC NO: M2011133) was originally isolated from the ileum of healthy chickens by the animal microecology research center of the Sichuan Agricultural University. The C. perfringens type-A strain (CVCC2030) was purchased from the China Veterinary Culture Collection Center, isolated from the intestines of broiler chickens with necrotic enteritis. The culture and use of H2 and CP were based on our previous study (29). The DLV coccidium vaccine was provided by the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences.



Histological Examination of the Ileum and Liver Tissues

The ileum and liver tissues of each chicken were fixed in 4% paraformaldehyde solution for 1 week, processed, trimmed, and embedded in paraffin. Tissue sections (5 μm in thickness) were prepared from tissue blocks with a microtome and stained with hematoxylin and eosin. All the prepared tissue slides were histologically examined using a light microscope (Olympus, Japan).



Measurement of Organ Index

One broiler randomly selected from each replicate in each group was weighed and sacrificed for the measurement of organ index. Thymus gland (on the right side), bursal, spleen, and liver tissues were removed. Organ index was calculated by using the following equation:

Organ index = organ weight (mg)/live body weight (g) × 100%.



Detection of Immunoglobulins and Cytokines of the Ileum, Liver, and Serum

The concentrations of immunoglobulins (IgA, IgG, and IgM) in the liver, serum, and ileum were measured with a sandwich ELISA using microtiter plates and chicken-specific IgA, IgM, and IgG ELISA quantitation kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). The ELISA procedure was executed strictly in accordance with the instructions of the manufacturer. Absorbance was measured at 450 nm using a microplate autoreader (Thermo Lab System, Helsinki, Finland). The levels of cytokines, namely, interleukin (IL)-2, IL-4, IL-6, IL-8, IL-10, IL-17, interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α), in the liver, serum, and ileum were determined by chicken-specific ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).



Microbial Genomic DNA Extraction

Total DNA extraction from ileum and cecum contents was performed in accordance with the procedure of the Omega E.Z.N.A.TM Stool DNA Isolation kit (Omega Bio-tek, GA, USA). DNA purity and integrity were determined by agarose gel electrophoresis (AGE). DNA concentration was precisely quantified using an Invitrogen Qubit 4 Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). DNA was stored at −20°C until further processing.



Bacterial 16S rDNA Gene Sequencing

The bacterial V4 hypervariable region within the 16S rRNA gene was amplified by using broadly conserved primer pairs 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GACTACHVGGGTWTCTAAT-3′). PCR reactions (30 µl) consisting of 15 µl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 µM of forward and reverse primers, and about 10 ng template DNA were conducted. The PCR amplification conditions were as follows: initial denaturation at 98°C for 1 min, 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s, and a final extension step at 72°C for 5 min. The amplified products were detected using 2% agarose gel, and further purified with GeneJET™ Gel Extraction Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) in accordance with the recommendations of the manufacturer, and quantified by using a Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). At last, the purified amplicons were sequenced on the Illumina MiSeq 2 × 250 platform conducted by the Novogene Company (Beijing, China).



Sequence Processing and Bioinformatics Analysis

Quality filtering was performed by using Cutadapt software (V1.9.1, http://cutadapt.readthedocs.io/en/stable/) according to the method introduced by Martin. Then, the filtered sequences were aligned with the reference database (Silva database, https://www.arb-silva.de/) using the UCHIME algorithm (UCHIME Algorithm,

http://www.drive5.com/usearch/manual/uchime_algo.html) to remove chimera sequences. The high-quality sequences were analyzed by Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/). Sequences were assigned to the same operational taxonomic units (OTUs) based on 97% sequence similarity. A representative sequence for each OTU was screened for further annotation based on the Silva Database (https://www.arb-silva.de/). Alpha diversity indices namely, Observed-species, Chao1, Shannon, Simpson, ACE, and Good-coverage, were calculated by QIIME (Version1.7.0) and drawn using R software (Version 2.15.3). Beta diversity analysis based on weighted unifrac were calculated with QIIME software (Version 1.7.0) and displayed by principal coordinate analysis (PCoA). Relative abundances of phyla, classes, orders, families, genera, and species were statistically compared among the different groups. Linear Discriminant Analysis Effect Size (LEfSe) analysis was conducted using LEfSe software.



Transcriptome Analysis of Liver Tissue

The total RNA from liver samples was extracted using an RNAiso Plus reagent (TaKaRa, Dalian, China) in accordance with the protocol of the manufacturer. RNA samples with RNA integrity number (RIN) value ≥7 were used for library construction (Agilent, CA, USA). RNA-seq libraries were prepared using the TruSeq Stranded mRNA LT Sample Prep Kit according to the specifications (Illumina, San Diego, USA) and then sequenced using Illumina HiSeq™ 2500 by the Genedenovo Biotechnology Co., Ltd. (Guangzhou, China).



The Gene Expression and Abundance of C. perfringens

The total RNAs of liver and intestinal samples (namely, jejunum and ileum) were extracted separately using the EZNA® Total RNA Isolation Kit (Omega Bio-tek, GA, USA) in accordance with the instructions of the manufacturer. The synthesis of the first strand (cDNA) was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) in accordance with the instructions of the manufacturer. RT-qPCR reactions were conducted using prepared cDNA products of liver and intestinal samples. The reactions were conducted in a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The relative expression of genes was normalized to GAPDH and calculated using the 2−ΔΔCt method (31). The gene expression of the C. perfringens was normalized using the 16S rRNA gene and calculated using the 2−ΔCt method in accordance with Huang et al. (32). The primer sequences used for the gene expression analysis and bacterial abundance analysis are shown in Appendix Table S2. The cycling conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 52°C for 30 s, and 72°C for 1 min (32).



Host Transcriptome–Microbiome Correlation Analysis

The Pearson’s correlation between liver transcriptome and gut microbiome was calculated using R software (Version 2.15.3).



Statistical Analysis

Statistical analysis of immune organ index, immunoglobulins, cytokines, and relative expression of genes were performed by one-way ANOVA followed by Duncan’s multiple comparison tests. Results were statistically significant if P-values were <0.05.




Results


Probiotic H2 Suppresses Proliferation of CP and SNE-Induced Inflammation in the Broiler Chickens

The inhibitory effect of H2 on C. perfringens was evaluated in vivo. The ileal relative abundance of C. perfringens in the BL-fed birds was significantly lower than that in the SNE-infected birds (P <0.05, Figure 2). To identify and validate the inflammation caused by SNE and ameliorated by probiotic feeding, we compared the pathological damage of the ileum and liver in the NC, PC, and BL groups. Histological examination revealed that the ileum tissue structure of the NC group was normal (Figure 2). In the PC group, the lamina propria of ileum showed hyperemia, a large number of lymphocytes were infiltrated, and intestinal epithelial cells were necrotic and exfoliated.




Figure 2 | Probiotic H2 suppresses proliferation of CP and SNE-induced inflammation in broiler chickens. (A) Relative abundance of C. perfringens in the ileum. *P <0.05, n = 6, measured using ANOVA. (B) Hematoxylin–eosin (H&E) staining in the ileum and liver. Scale bar: 2 mm. (A–F) Images of ileal sections. (A) NC group (magnification × 200); (B) NC group (magnification × 400); (C) PC group (magnification × 200); (D) PC group (magnification × 400); (E) BL group (magnification × 200); (F) BL group (magnification × 400). (G–L) Images of liver sections. (G) NC group (magnification × 200); (H) NC group (magnification × 400); (I) PC group (magnification × 200); (J) PC group (magnification × 400); (K) BL group (magnification × 200); (L) BL group (magnification × 400).



In the BL group, the damage of ileum was alleviated, and the lamina propria was slightly congested. No obvious pathological lesions were found in the liver tissue of the NC group. Severe pathological damage was detected in broilers infected with SNE, i.e., obvious hepatocyte swelling and granular degeneration. Probiotic B. licheniformis H2 administration markedly ameliorated the pathological damage; mild granular degeneration was found in the BL group.



Probiotic H2 Enhances the Intestinal Barrier Function and Epithelial Renewal

Liver inflammation indicated destruction of intestinal epithelial barrier. Therefore, we further analyzed the effect of H2 on intestinal barrier in broilers. The CLDN-1 gene expression was higher in the jejunum in the BL group compared with the NC and PC groups (Figure 3). The expression levels of CLDN-3, ZO-1, and ZO-2 in the ileum and jejunum of the BL group were higher than those of the NC and PC groups. Our data indicated that oral administration of H2 significantly upregulated the expression of tight junction proteins, suggesting a promotion of gut integrity. Furthermore, mTOR expression was significantly enhanced after probiotic feeding (P <0.05), indicating an accelerated intestinal epithelial cell renewal.




Figure 3 | Relative mRNA expressions of mTOR, CLDN-1, CLDN-3, OCLN, ZO-1, and ZO-2 in the jejunum and ileum of broiler chickens (n = 6, mean with SD). a, b means with different letters are significantly different (P <0.05). One-way ANOVA and adjustment for multiple comparisons were conducted.





Probiotic H2 Ameliorates the Inflammatory Response and Increases Immunity to SNE-Infected Broilers

In general, destroyed intestinal barrier (“leaky gut”) and increased intestinal permeability could enable intestinal bacteria or bacterial products/toxins to harm the liver through the portal vein, thus promoting systemic inflammation (33). The H2-fed birds had a significant increased immune organ index of bursal (P <0.05, Figure 4). The liver organ index of broilers increased in the SNE-infected birds (P >0.05), whereas this was reduced in the H2-fed birds (P >0.05), indicating an occurrence of inflammation caused by SNE, which was alleviated by probiotics (Figure 4).




Figure 4 | Probiotic H2 ameliorates the inflammatory response and increases the immunity of SNE-infected broilers. (A, B) Comparison of organ indexes from thymus gland, bursa, spleen, and liver (n = 4, mean with SD). (C) Protein contents of IgG, IgA, and IgM were determined in the serum, ileum, and liver of broiler chickens (n = 6, mean with SD). a, b means different letters are significantly different (P <0.05). One-way ANOVA and adjustment for multiple comparisons were conducted.



To assess the immune response during SNE with or without probiotic treatment, the levels of cytokines and immunoglobulins in the serum, ileum, and liver were detected (Figures 4, 5). The contents of IL-2 and IFN-γ in the serum, IL-2 and IL-8 in the ileum, and IL-6 in the liver were significantly decreased in the PC group compared with the NC group (P <0.05), whereas the contents of IL-4 and IL-10 in the serum, IL-10 and IFN-γ in the ileum, and IFN-γ in the liver were significantly increased (P <0.05). No significant difference was found between the NC and BL groups in terms of the levels of IL-2, IFN-γ, IL-4, and IL-10 in the serum, IL-2, IFN-γ, and IL-8 in the ileum, and IL-6 and IFN-γ in the liver (P >0.05). Moreover, the serum and ileum contents of IgG in the PC group were significantly decreased compared with the NC group (P <0.05), whereas the contents of IgG were enhanced by H2 (P >0.05). The serum, ileum, and liver contents of IgA in the PC group were significantly decreased compared with the NC group (P <0.05), whereas the contents of IgA were enhanced by H2. Improvement in the contents of IgG and IgA was detected in the BL group, suggesting a boosted immunity after H2 feeding.




Figure 5 | Protein contents of IL-2, IL-4, IL-6, IL-8, IL-10, IL-17, IFN-γ, and TNF-α were determined in the serum, ileum, and liver of broiler chickens (n = 6, mean with SD). a, b means those with different letters are significantly different (P <0.05). One-way ANOVA and adjustment for multiple comparisons were conducted.





Probiotic H2 Promotes Growth Metabolism and Nutrient Transport

Immune responses are a process of energy consumption that diverts nutrients from growth and subsequently reduces growth performance (34). Our data showed that the oral administration of H2 contributed to the reduction of PGC-1α expression in the jejunum and ileum, indicating a reduction in energy consumption (P <0.05, Figure 6). After H2 feeding, SCD1 gene expression markedly increased, indicating an improvement in metabolic dysfunction and hepatocyte apoptosis (P <0.05, Figure 6). Next, we investigated the effect of H2 on intestinal nutrient absorption. The oral administration of H2 significantly increased the expressions of glucose and amino acid transporter genes (GLUT2, SGLT1, and rBAT) in the ileum (P <0.05, Figure 6). Interestingly, the opposite result was detected in the jejunum. These findings revealed that H2 significantly increased the expression levels of glucose and amino acid transporter gene expressions, which were related to nutrient absorption.




Figure 6 | Relative mRNA expressions of PGC-1α, SCD1, GLUT2, SGLT1, rBAT, and CAT1 of broiler chickens (n = 6, mean with SD). a, b means those with different letters are significantly different (P <0.05). One-way ANOVA and adjustment for multiple comparisons were conducted.





Liver Transcriptional Changes Induced by SNE and Probiotic H2 Treatment

By using RNA-Seq, we investigated the liver transcriptional alterations associated with SNE-infected broilers with or without H2. As shown in Figure 7A, 77, 69, and 44 differentially expressed genes (DEGs; FDR <0.05 and |log2FC| >1) were discovered in three comparison levels, namely, PC group vs NC group, BL group vs NC group, and BL group vs PC group, respectively. The Gene Ontology (GO) enrichment analysis suggested that the DEGs might be involved in immune response, immunoglobulin binding, MHC protein binding, antigen processing and presentation, antigen binding, cell activation involved in immune response, glucose transport, lipid metabolic, ATP biosynthetic process, ATP metabolic process and cell cycle G1/S phase transition (Appendix Tables S3–5). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis suggested that the DEGs may be involved in the regulation of ErbB signaling pathway, metabolic pathways, fatty acid degradation, fatty acid metabolism, synthesis and degradation of ketone bodies, TGF-beta signaling pathway, PPAR signaling pathway, Jak-STAT signaling pathway, MAPK signaling pathway, and cell cycle (Appendix Table S6 and Figure S1). Venn diagram analysis suggested that three genes (MHCIY, SCD, and ALPP) correlated strongly with immune response and metabolic process were significantly expressed in the NC group vs the PC group, and the PC group vs the BL group, but no significant expression was found in the NC group vs the BL group (Figure 7B and Appendix Table S7). Four genes (LOC771804, FCER1G, LOC107050390, and CHIR-B3) correlated strongly with immune response were significantly expressed in the NC group vs the PC group, but not in the NC group vs the BL group and the PC group vs the BL group (Figure 7B and Appendix Table S7).




Figure 7 | Identification of differentially expressed genes in the liver. (A) RNA-Seq analysis reveals differentially expressed genes between the NC and the BL groups, the NC and the PC groups, and the PC and the BL groups. Red and blue colors represent up and downregulated transcripts, respectively. (B) Venn diagram for the DEGs.





Probiotic H2 Normalizes the Intestinal Microbiota Composition

The structure and functionality of the gut microbiota, namely, intestinal barrier integrity, nutrient absorption, metabolism, and immunity, play a crucial role in poultry health (25, 26). We then investigated which components of the gut microbiota of broiler chickens were involved in the amelioration of SNE by orally administered H2 using 16S rDNA amplicon sequencing analysis. The rarefaction curves suggested that almost all bacterial species were identified in ileal and cecal samples of birds (Appendix Figure S2). Chao1 and Shannon indices showed that bacterial species composition and diversity of ileum and cecum in BL and NC groups were more similar (Figure 8). Other indices of alpha diversity, namely, ACE, Observed-species, Simpson, and Good-coverage also showed similar changes (Appendix Figure S3). The beta diversity analysis based on weighted unifrac distances further showed that gut microbiota of the NC group had a higher similarity with that of the BL group, but had a lower similarity with that of the SNE group. Venn diagrams showed the unique and shared intestinal OTUs of the different groups in the ileum and cecum. The number of SNE-induced unique OTUs in both ileum and cecum decreased after B. licheniformis treatment (Figure 9). Intestinal microbial taxonomic analysis indicated that SNE infection resulted in an alteration in the microbiota composition of broiler chickens, and B. licheniformis treatment rescued the SNE-induced trend in microbiota composition (Figure 9). At the phylum level of microbiota in the ileum, the relative abundance levels of Firmicutes, Proteobacteria, and Chloroflexi decreased in the PC group compared with the NC group, whereas they increased in the BL group compared with the PC group. Moreover, the relative abundance levels of Oxyphotobacteria, Bacteroidetes, Deinococcus-Thermus, and Fusobacteria increased in the PC group compared with the NC group, whereas they decreased in the BL group compared with the PC group. Firmicutes and Bacteroidetes were the most predominant phyla in microbial communities across cecum. At the phylum level of microbiota in cecum, the relative abundance levels of Bacteroidetes, Tenericutes, Proteobacteria, and Melainabacteria decreased in the PC group compared with the NC group, whereas they increased in the BL group compared with the PC group. Moreover, the relative abundance of Firmicutes increased in the PC group compared with the NC group, whereas they decreased in the BL group compared with the PC group. At the genus level of microbiota in the ileum, the relative abundance levels of Streptococcus and Enterococcus decreased in the PC group compared with the NC group, whereas they increased in BL group compared with the PC group. The relative abundance levels of Romboutsia, Staphylococcus, unidentified_Oxyphotobacteria, Bacteroides, Weissella, and Faecalibacterium increased in the PC group in comparison with the NC group, whereas they decreased in the BL group in comparison with the PC group. Moreover, Lactobacillus increased and Candidatus_Arthromitus decreased with the probiotic diet in comparison with other groups. At the genus level of microbiota in cecum, the relative abundance levels of Bacteroides, Lactobacillus, unidentified_Ruminococcaceae, and Tyzzerella decreased in the PC group in comparison with the NC group, whereas they increased in the BL group in comparison with the PC group. The relative abundance levels of Alistipes, Megamonas, unidentified_Lachnospiraceae, Negativibacillus, and Phascolarctobacterium increased in the PC group in comparison with the NC group, whereas they decreased in the BL group in comparison with the PC group. Metastats analysis exhibited significant variability in ileal and cecal bacterial composition at the phylum and genus levels (Appendix Figure S4). SNE infection resulted in the remarkable reduction of unidentified_Ruminococcaceae and Hydrogenoanaerobacterium and the remarkable increase of Candidatus soleaferrea in intestinal microbiota. The abundance levels of unidentified_Ruminococcaceae and Hydrogenoanaerobacterium increased after H2 feeding. LEfSe analysis revealed that the PC group in the ileum had more differential biomarkers, followed by the BL and NC groups (Appendix Figure S5). Bacterial co-occurrence network also revealed that the number of ileal genera that was directly correlated with Bacillus in the PC group was more than those in the NC group and BL groups (Appendix Figure S6). These results suggested the higher similarity in bacterial community between the NC and BL groups.




Figure 8 | Bacterial alpha diversity and principal-coordinate analysis (PCoA) in the ileum (A, C, E) and cecum (B, D, F). *P < 0.05, **P < 0.01.






Figure 9 | Venn diagrams for OTU and bacterial taxonomic compositions at the levels of phylum and genus in the ileum (A, C, E) and the cecum (B, D, F).





Probiotic H2 Normalizes the Function of Intestinal Bacteria

Next, we analyzed the function of gut microbiota in the broiler chickens. The prediction of the function of gut microbiota showed the high similarity between the NC and BL groups, whereas both the NC and the BL groups were distinguishable from the PC group (Figure 10). This trend was reflected in chemoheterotrophy, fermentation, ureolysis, mammal gut, xylanolysis, animal parasites or symbionts, and aerobic chemoheterotrophy functions. The results of principal component analysis also confirmed this trend.




Figure 10 | Probiotic H2 normalizes the function of the ileum (A, C) and the cecum bacteria (B, D).





Changes in Gene Expression Profiles are Correlated With Microbiota Alterations

Next, we investigated the potential association between gut microbiota and hepatic gene expression by the Spearman correlation coefficients. Seven differentially expressed genes were involved in metabolic and immune responses, as concluded from results of the liver transcriptome. According to the results of 16S rDNA amplicon sequencing, the top 100 abundant bacterial genera were screened out. The correlations between bacterial genera and hepatic genes with altered expression levels are represented in heatmaps (Figure 11). Interestingly, high positive correlations were found between bacterial genera and immune genes, high negative correlations between bacterial genera and metabolic genes simultaneously. Our results demonstrated that the numbers of Bacteroides, Lactobacillus, unidentified_Ruminococcaceae, Erysipelatoclostridium, Hydrogenoanaerobacterium, Unidentified clostridiales, and Subdoligranulum in the cecum decreased in the SNE group compared with the NC group, whereas they increased in the BL group compared with the SNE group. These numbers were positively correlated with metabolic gene expression and negatively correlated with immune gene expression. In addition, Alistipes, Megamonas, Negativibacillus, Candidatus soleaferrea, Romboutsia, and Phascolarctobacterium increased in the SNE group compared with the NC group, whereas they decreased in the BL group compared with the SNE group. They were positively correlated with immune gene expression, and negatively correlated with metabolic gene expression. In the ileum, Romboutsia, Weissella, Faecalibacterium, Rothia, Insolitispirillum, Megamonas, Eisenbergiella, Unidentified bacteria, Fusobacterium, and Stenotrophomonas increased in the SNE group compared with the NC group, whereas they decreased in the BL group compared with the SNE group. They were positively correlated with immune gene expression, and negatively correlated with metabolic gene expression. The correlation analyses between these genera in the ileum and cecum and other indicators unveiled they also altered gut immunity and metabolism (Appendix Figure S7).




Figure 11 | Heatmaps of Spearman correlation analyses between the abundance of top 100 bacterial genera and two metabolic and three immune genes in the ileum (A) and the cecum (B).






Discussion

A steady increase in the population of the world has led to the growth in demand for poultry products (35, 36). SNE significantly impacts the attempts to increase global poultry production, leading to the great difficulty in meeting the global demand for animal protein (35, 36). In the past, using antibiotics to manage gut microbiota and control diseases was the norm. Given that antibiotics have detrimental impacts on the environment and food chain worldwide, alternatives to antibiotics are urgently needed to prevent SNE in poultry farming (37). Probiotics are known to improve the gut health and growth performance of the host and have received considerable attention over the last decade (38). Gut health broadly includes normal intestinal physiology, complete intestinal epithelial barrier, efficient immune responses, metabolism and energy balance, sustained inflammatory balance, high nutrient absorption efficiency, and especially, healthy microbiota (35). However, the precise mechanism of probiotic action and which gut microbes confer this efficacy remain largely unknown.

Strong genetic selection for productive performance of animals adversely affects animal welfare and natural immunity, thereby also decreasing disease tolerance (39). Currently, disease control and reasonable production costs have become issues that needed to be addressed in the poultry industry (39). The support of gut health by probiotics is crucial for maintaining optimum performance and controlling diseases of broiler chickens (35). H2 was identified as a promising antibiotic alternative for preventing SNE-induced inhibition of broiler performance (29). By assessing the abundance of C. perfringens in vivo, we found that the relative abundance of C. perfringens was significantly decreased after H2 feeding. We also observed that probiotic H2 administration markedly ameliorated the pathological damage to the ileum and liver. These results indicated that probiotic H2 could suppress SNE-induced inflammation in broiler chickens.

Intestinal barrier plays an important role in preventing liver exposure to intestinal bacteria or bacterial products/toxins (15). Tight junctions (TJ) are a multi-protein complex that tightly controls paracellular permeability across the intestinal epithelium, which can be used as a marker for gut health and epithelial barrier integrity (40, 41). In vivo and in vitro studies have shown that the loss of the tight junction integrity greatly leads to a phenomenon commonly known as “leaky gut” (40, 41). This intestinal barrier dysfunction exposes the liver to bacterial components and metabolites and intestinal bacteria, leading to liver inflammation (42, 43). Enteric pathogens can reportedly destroy tight junctions and increase paracellular permeability. For example, C. perfringens enterotoxin (CPE) produced by CP uses TJ proteins (certain members of the claudin family) as cellular receptors; these are responsible for increased paracellular permeability (42, 43). SNE drove intestinal barrier dysfunction and induced liver inflammation (32, 44, 45). These negative influences were effectively inhibited by probiotics (i.e., Lactobacillus, Bacillus, and C. butyricum) (32, 44, 45). Consistent with these studies, our findings indicated that H2 was involved in the enhancement of tight junction protein expression. Intestinal epithelium has rapid self-renewing and powerful regenerative ability after infection and inflammation injury (46, 47). The renewal of intestinal epithelial cells along the crypt-villus axis is regulated by the mechanistic target of rapamycin (mTOR) signaling pathway (46, 47). Our study demonstrated that the expression level of mTOR was significantly increased by H2, suggesting an accelerated intestinal epithelial cell renewal. The capacity of mTOR signaling pathway to regulate intestinal epithelial cell renewal may be carried out partly through its effect on the antioxidant capacity and protein synthesis of intestinal epithelial cells (46). Our previous studies have shown that H2 exerted a positive effect on the antioxidant capacity of broiler chickens, which ensured that the meat quality of broilers was not damaged by oxidative stress (29).

Intestinal barrier dysfunction contributes to disease development, thereby increasing the susceptibility to chronic inflammation, malabsorption, and systemic infection (15). The modification of the organ index demonstrated that birds might be suffering from SNE infection. H2 could change the levels of cytokines and immunoglobulins in serum, ileum, and liver, demonstrating alleviated inflammation and boosted immunity in birds. Immune response is an energy-consuming process (48). The activation of the immune function requires the synthesis of many new molecules and undertakes numerous cellular tasks, and it must occur rapidly (53]. Therefore, the immune system diverts nutrients from growth to ensure sufficient energy for an effective response (resistance), subsequently reducing growth performance (32, 48). In this study, we demonstrated that H2 significantly decreased the expression of PGC-1α associated with cell energy metabolism. SCD1 plays a key role in general metabolism and nutrition (49). We observed that SCD1 gene expression was markedly increased after H2 feeding, indicating a positive effect on metabolic and nutritional regulation. Moreover, broilers are fast growing due to the great potential of intestinal epithelium for nutrient absorption and efficient conversion of nutrient to muscle (50). In the present study, we observed that H2 significantly increased the expression levels of glucose and amino acid transporters associated with nutrient absorption in the ileum. These results suggested that H2 significantly reduced the energy consumption of the immune response and optimized the nutrient absorption efficiency of the intestinal epithelium. The gene expression levels of glucose and amino acid transporters in the jejunum were contradictory. A possible explanation is that jejunum and ileum differed in terms of physiological structure and disease severity.

Gut–liver axis represents a close functional and physiological connection between the gut and the liver (51, 52). The liver receives about 70% of its blood supply from the portal vein outflowing from the intestine (51, 52). Therefore, the disruption of the intestinal barrier increases the risk of liver exposure to gut-derived products. Liver injury can lead to the impairment of the bile acid metabolism and the promotion of intestinal dysmotility and systemic inflammation, thereby resulting in gut dysbiosis, which in turn further exacerbates liver damage (51–53). Given that SNE induces injuries in the liver through the gut microbiota, we used RNA-Seq to compare gene expression in the liver of normal, SNE-infected, and H2-fed birds. Differentially expressed genes may be involved in immune response and metabolism-related pathways. Of note, we identified that the two genes (SCD and ALPP) correlated strongly with metabolic process, and one gene (MHCIY) correlated strongly with immune response; these were significantly expressed in the NC group vs the PC group and the PC group vs the BL group but not in the NC group vs the BL group. Four genes (LOC771804, FCER1G, LOC107050390, and CHIR-B3) correlated strongly with immune response were significantly expressed in the NC group vs the PC group, but not in the NC group vs the BL group, and the PC group vs the BL group. Our findings suggested that these seven genes may be regulated by probiotic H2 through unrecognized gut microbes.

Gut microbiota is the crucial organ that influences nutrient absorption, feed digestibility, energy utilization, and productivity in poultry (35). The early colonization and establishment of gut microbiota in chicks can vary the morphology and physiology of the gut and the susceptibility to infectious diseases (54). Therefore, one of the advantages of probiotics is that early probiotic supplementation is conducive to shaping healthy intestinal microbiota and enhancing disease resistance of broiler chickens (55, 56). In this study, we found that the composition and diversity of gut microbiota in the BL group had a high similarity with those in the NC group but a low similarity with the SNE group. Also, the prediction results of gut microbiota function showed the high similarity between the NC and the BL groups, whereas both the NC and the BL groups were distinguishable from the PC group. Additionally, the stage of liver injury reportedly correlates closely with the severity of gut dysbiosis (57). To investigate the relationship between altered microbiota and liver gene expression, we compared normal broilers and SNE-infected broilers with or without H2 using the Spearman correlation coefficients. Interestingly, we found a high positive correlation between a few bacterial genera and immune genes/metabolic genes, whereas a high negative correlation was found between a few bacterial genera and immune genes/metabolic genes simultaneously. For example, the relative abundance of butyrate-producing bacteria Erysipelatoclostridium, Subdoligranulum, and unidentified_Ruminococcaceae in the cecum of BL-fed birds were higher than that of SNE-infected birds, suggesting that H2 inhibited the negative effects caused by SNE. They showed high and positive correlation with liver metabolic genes and high and negative correlation with liver immune genes, indicating that they are beneficial to the host by promoting growth and metabolism and by reducing immune responses. Similarly, Lactobacillus has probiotic activities, namely, immunomodulation and pathogen inhibition, and such activities increased after H2 addition (58). Alistipes is highly associated with dysbiosis and disease, such as non-alcoholic steatohepatitis and liver fibrosis, which are reduced after H2 addition (59). These results suggested that H2 suppresses immune response and promotes growth and metabolism by regulating liver gene expression, which relies on gut microbiota.



Conclusions

SNE can cause inflammation in the gut and liver of broiler chickens, destroy the intestinal barrier, and result in gut dysbiosis, thereby reducing production efficiency. These negative effects were effectively suppressed by probiotic H2. Probiotic feeding improved intestinal barrier, and enhanced nutrient absorption efficiency. Additionally, probiotic feeding regulated liver gene expression to suppress immune response and promotes growth and metabolism relies on the gut microbiota. These results suggest that H2 may serve as an antibiotic alternative for preventing SNE in poultry farming.
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The number of co-infections with multiple porcine diarrhea viruses has increased in recent years. Inducing mucosal immunity through oral immunization is an effective approach for controlling these pathogens. To generate a multi-pathogen vaccine against viral co-infection, we employed the Lactobacillus vector platform, which was previously used to generate potent candidate vaccines against various diseases. Two strategies were used to test the protective efficiency of recombinant Lactobacillus against multiple diarrhea viruses. First, we used a mixture of recombinant Lactobacillus separately expressing antigens of transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhea virus (PEDV), and porcine rotavirus (PoRV). Next, we used a recombinant Lactobacillus expressing an antigen fusion protein of the above viruses. Twenty-four newborn piglets were divided into three groups and orally immunized with a mixture of recombinant Lactobacillus, recombinant Lactobacillus expressing the antigen fusion protein, or sterile phosphate-buffered saline daily for seven consecutive days after birth. After immunization, the piglets were randomly selected from each group for oral administration of PEDV, and these piglets were then cohabited with piglets without PEDV infection for 7 days. The protective effect against PEDV was evaluated based on clinical symptoms, viral shedding, and intestinal pathological damage. Piglets immunized with recombinant Lactobacillus showed specific mucosal and humoral immune responses to the three viruses and were protected against severe diarrhea and intestinal pathology. Our results highlight the potential of an oral multi-pathogen vaccine based on Lactobacillus to prevent transmission and limit the severity of viral co-infection.
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INTRODUCTION

Viral diarrhea, caused by enterovirus infections acquired via mucosal surfaces, is a problem in pig farms worldwide. Viral diarrhea causes high morbidity and mortality of neonatal piglets, resulting in large economic impacts (Sun et al., 2016). The main pathogens causing porcine viral diarrhea are porcine epidemic diarrhea virus (PEDV), porcine transmissible gastroenteritis virus (TGEV), and porcine rotavirus (PoRV), and, in recent years, the newly discovered porcine deltacoronavirus, porcine cristavirus, and swine acute diarrhea syndrome coronavirus (Song et al., 2015; Zhang et al., 2019; Wen et al., 2021). Co-infection with multiple viruses has been reported in clinical samples of porcine diarrhea in recent years (Liu et al., 2013; Wang et al., 2014; Chang et al., 2016). Therefore, the development of multi-vaccines is urgently required. However, few multi-vaccines are currently available on the market, and most are inactivated or attenuated vaccines administered by injection.

The fecal-oral route is thought to be the main mode of transmission of porcine diarrheal viruses, with the intestinal villus as the primary site of infection (Kim et al., 2011; Thomas et al., 2015; Jiang et al., 2016), where an effective mucosal immune response is the first line of defense for neutralizing pathogens (Mestecky, 1987; Mcghee et al., 1992; Nirmal et al., 2014). Secretory IgA (sIgA) plays a key role against pathogen invasion at mucosal sites by causing the agglutination and neutralization of bacteria, viruses, and toxins, as well as by stimulating T and B cells, enhancing mucosal immunity (Austin et al., 2003). Most sIgA is released into the gastrointestinal fluid, saliva, tears, urine, and other secretions and is then secreted to the mucosal surface together with secretions to exert immunity-related effects (Renegar et al., 2004). Mucosal vaccination not only induces a strong sIgA response to defend against viral infection at the mucosal surface but also produces systemic serum IgG to neutralize newly generated viruses (Thomas et al., 2015). A previous study on the effects of different administration routes (oral, intranasal, and intramuscular) on systemic and mucosal immune responses induced by PEDV infection suggested that oral inoculation generates more comprehensive immune responses compared to those by the other routes (Yza et al., 2019). This may be because mucosal vaccination can be achieved via oral vaccination with antigens that can stimulate immune routes similar to those of viral infection (Staats et al., 1994). In addition, mucosal vaccination is needle-free, comparatively convenient, has a lower risk of causing hypersensitivity reactions, and is cost-effective (Mantis et al., 2011). Therefore, oral mucosal vaccination is a promising method for preventing porcine viral diarrhea.

Nevertheless, the bottleneck in the development of oral vaccines is that denaturation of antigens in the stomach and intestinal tract prevents them from stimulating the intestinal mucosa (Renukuntla et al., 2013). To overcome this difficulty, bacterial delivery systems that can survive in adverse environments have been used to deliver antigens to the intestinal tract (Bhuyan et al., 2018). Safety is an important factor in qualified delivery systems, and food-grade lactic acid bacteria (LAB) are an excellent platform for fulfilling this requirement (Craig et al., 2019). Most LAB are “generally recognized as safe” according to the United States Food and Drug Administration and fulfill the criteria of the Qualified Presumption of Safety notion developed by the European Food Safety Authority (Daniel et al., 2011). In addition, LAB perform numerous beneficial functions, such as improving nutrient absorption, adhering to deleterious substances, increasing the immune response, and inhibiting viral replication (Martín et al., 2010). A previous study showed that LAB can survive in the presence of bile and low pH (Pfeiler et al., 2007; Wall et al., 2007) and thus can adapt to the conditions encountered during transit through the gastrointestinal tract. Therefore, many researchers have transformed LAB into delivery vectors for live vaccines to transport heterogeneous antigens (Rajoka et al., 2017; Chiabai et al., 2019; Liu et al., 2019; Natalia et al., 2019). In most studies, oral administration of the LAB vaccine elicited both antigen-specific systemic and sIgA immune responses that could eradicate the pathogen in post-immunization pathogen challenge models (Daniel et al., 2011). We previously demonstrated that recombinant Lactobacillus expressing PEDV or TGEV antigens induced specific mucosal and humoral immune responses in piglets (Liu et al., 2011; Hou et al., 2018). To prevent co-infection with porcine diarrhea virus, we developed a multi-vaccine based on Lactobacillus in this study.

The purpose of this study was to investigate the immunogenicity of Lactobacillus expressing multiple antigens simultaneously and to determine whether oral Lactobacillus multi-vaccines can prevent viral infection. Three types of porcine diarrhea viruses (TGEV, PEDV, and PoRV) were selected as research models. Two strategies (mixed group and fused group) were adopted to explore the feasibility and effectiveness of the Lactobacillus multi-vaccine. We observed humoral responses in the mucosa and systemically against all three viruses in newborn piglets. The piglets were protected against viral challenge and cohabitation infection following oral immunization with recombinant Lactobacillus casei. Notably, the effect of the mixed group was slightly better than that of the fused group. Our results suggest that using recombinant Lactobacillus is a promising vaccine strategy against coinfection with multiple viruses.



MATERIALS AND METHODS


Strain, Plasmid, and Virus

Lactobacillus casei ATCC 393 was kindly provided by the Netherlands NIZO Institute and grown anaerobically in de Man, Rogosa, and Sharpe (MRS) broth at 37°C without shaking. The Lactobacillus constitutive expression plasmid pPG-T7g10-PPT (Song et al., 2014; encoded resistance to chloramphenicol and contained an HCE promoter, PgsA anchor, T7g10 enhancer, and rrnBT1T2 terminator), Escherichia coli pMD19-T-6Ds/TG1, pMD19-T-COE/TG1, and pMD19-T-VP4/TG1 were constructed and preserved in our laboratory; the PEDV GT/2017 strain, belonging to the G2b subtype, was isolated from clinical samples and identified in 2017 in our laboratory; the TGEV TH-98 and PoRV JL94 strains were isolated in our laboratory.



Animals

Twenty-four antibody-seronegative, healthy newborn piglets were purchased from the Acheng Experimental Practice Base of Northeast Agricultural University (Harbin, China). The piglets were breastfed until day 7 after birth and then fed with animal milk powder every 6 h. Animal studies were performed according to the regulations of the Animal Experiment Ethics Committee of the Northeast Agricultural University, China (review number: NEAUEC20210337).



Plasmids and Recombinant Strain Construction

A schematic diagram of the recombinant plasmid construction is shown in Figure 1. The details of primers used in this paper are shown in Table 1. Briefly, primers F1 and R1 were used to amplify the 6Ds gene using the plasmid pMD19-T-6Ds as a template. Primers F2 and R2 were used to amplify the VP4 gene using pMD19-T-VP4 as a template. Using plasmid pMD19-T-COE as a template, the primers F3/R3 and F4/R4 were used to amplify the COE gene, linker sequence, and SacI, KpnI, BamHI, SphI, and ApaI sites. After digesting the vector at restriction enzyme sites SacI and ApaI, the genes 6Ds, VP4, and COE were inserted into the expression plasmid pPG-T7g10-PPT, giving rise to recombinant plasmids pPG-T7g10-6Ds, pPG-T7g10-VP4, and pPG-T7g10-COE, respectively. The 6Ds fragment was inserted into the KpnI/BamHI sites of 19 T-simple-COE to generate the plasmid pMD19-T-6Ds-COE. The VP4 fragment was inserted into the SphI/ApaI sites of the recombinant plasmid pMD19-T-6Ds-COE to generate the plasmid pMD19-T-6Ds-COE-VP4. The 6Ds-COE-VP4 fragment was inserted into the SacI and ApaI sites of the expression plasmid pPG-T7g10-PPT to generate the plasmid pPG-T7g10-6Ds-COE-VP4. All four recombinant expression plasmids were verified using polymerase chain reaction (PCR) and sequencing. Finally, the recombinant plasmids were transformed into L. casei 393 via electroporation to generate the recombinant strains pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, pPG-T7g10-VP4/LC393, and pPG-T7g10-6Ds-COE-VP4/LC393.
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FIGURE 1. Schematic diagram showing the construction of recombinant plasmids. The fragments 6Ds, COE, VP4, and 6Ds-COE-VP4 were inserted into the vector pPG-T7g10-PPT digested by SacI and ApaI to generate the recombinant plasmids pPG-T7g10-6Ds (A), pPG-T7g10-COE (B), pPG-T7g10-VP4 (C), and pPG-T7g10-6Ds-COE-VP4 (D).




TABLE 1. Details of primers used in this study.
[image: Table1]



Identification of Antigen Expression in Recombinant Lactobacillus Using Western Blot

To analyze the expression of the proteins of interest in recombinant strains pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, pPG-T7g10-VP4/LC393, and pPG-T7g10-6Ds-COE-VP4/LC393, the identified strains were cultured in MRS medium containing chloramphenicol (10 mg/ml) at 37°C for 16 h and then harvested by centrifugation (Heraeus Pico17 centrifuge, Thermo Fisher Scientific, Waltham, MA, United States) at 10000 × g for 2 min. After cell lysis with lysozyme (10 mg/ml) and washing with sterile deionized water, the bacterial precipitate was resuspended in phosphate-buffered saline (PBS) and mixed with 5× sodium dodecyl sulfate buffer to obtain the protein samples. These samples were subjected to western blotting using mouse anti-6Ds serum, rabbit anti-COE serum and rabbit anti-VP4 serum (1:200 dilution) prepared in our laboratory. Anti-FLAG tag mouse monoclonal antibody (1:1000 dilution) was used as the primary antibody, and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG and HRP-conjugated goat anti-rabbit IgG (1:5000 dilution) were used as secondary antibodies. Finally, the target protein was detected and visualized using western enhanced chemiluminescence substrate and visualized.



Identification of Antigen Expression in Recombinant Lactobacillus Using Immunofluorescence

To further evaluate the expression of the target protein, recombinant strains were cultured in MRS medium at 37°C for 16 h, and 500 μl of the culture was collected and centrifuged at 3500 × g for 5 min. The bacterial precipitate was washed three times with PBS, and the bacterial sediment was resuspended in mouse anti-6Ds serum, rabbit anti-COE serum, rabbit anti-VP4 serum, and anti-FLAG tag mouse monoclonal antibody (1:100 dilution) at 37°C for 1 h. Subsequently, the cells were incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG and fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:200 dilution) at 37°C for 45 min in the dark. The cells were visualized using fluorescence microscopy.



Animal Grouping and Immunizing Procedure

Recombinant Lactobacillus strains were cultured in MRS medium for 16 h without agitation, washed with sterile PBS, and resuspended in PBS to a final concentration of 1010 colony-forming units (CFU)/ml. Twenty-four newborn piglets were divided into three groups. Six piglets were orally immunized with a mixture of 2 × 1010 CFU/ml pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, and pPG-T7g10-VP4/LC393 (mixed group); six piglets were orally immunized with 2 × 1010 CFU/ml pPG-T7g10-6Ds-COE-VP4/LC393 (fused group), and the remaining 12 piglets were orally administered 2 ml of sterile PBS (PBS group). The immunization program was conducted daily for seven consecutive days after birth.



Anti-TGEV/PEDV/PoRV Specific sIgA Levels of Immunized Piglets

After immunization, anal and nasal swabs of piglets were collected daily and soaked in 1 ml of cold sterile PBS at 4°C overnight. After centrifugation at 10000 × g for 10 min at 4°C, the supernatant was stored at −40°C. Specific sIgA levels in the samples were detected using enzyme-linked immunosorbent assay (ELISA) (Zhao et al., 2017). Briefly, polystyrene microtiter plates were coated with purified TGEV/PEDV/PoRV for 12 h at 4°C, washed three times with PBS containing 0.05% Tween-20 (PBST), blocked at 37°C for 2 h with 5% skim milk in PBST, washed with PBST, and incubated for 2 h at 37°C. After washing, commercial HRP-conjugated goat anti-porcine sIgA diluted to 1:5000 was added to the plate, incubated at 37°C for 1 h, and washed with PBST, followed by color development using 3,3′,5,5′ tetramethylbenzidine chromogenic solution at 37°C for 10 min. The reaction was stopped by adding 2 N H2SO4, and the optical density at 450 nm was determined using an ELISA reader (SpectraMax® ABS, Molecular Devices, Sunnyvale, CA, United States). Each sample was tested in triplicate.



Anti-TGEV/PEDV/PoRV Serum-Specific IgG Levels of Immunized Piglets

Blood flow from the anterior vena cava was collected from piglets in each group on days between 0 and 7 post-immunization. Serum was prepared, and serum-specific IgG responses were measured using ELISA. The method was the same as that for sIgA, but the secondary antibody was HRP-conjugated goat anti-porcine IgG (1:5000).



Grouping of Piglets

After 7 days of continuous immunization, piglets were randomly selected from the mixed, fused, and PBS groups (three piglets per group) for oral administration of 4 ml PEDV (107 of the median tissue culture infectious dose), and the piglets were grouped as shown in Figure 2.

[image: Figure 2]

FIGURE 2. Schematic diagram of the immunization, challenge, and cohabitation of piglets. Twenty-four newborn piglets were divided into three groups for immunization. The immunization program was conducted daily for 7 consecutive days after birth. [image: inline1] indicates three piglets. The blue dotted box indicates six piglets orally immunized with a mixture of 2 × 1010 CFU/ml pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, and pPG-T7g10-VP4/LC393 (mixed group); the yellow dotted box indicates 12 piglets orally administered with PBS (PBS-group); and the green dotted box indicates 6 piglets orally immunized with 2 × 1010 CFU/ml pPG-T7g10-6Ds-COE-VP4/LC393 (fused-group). [image: inline1] indicates three piglets randomly selected from each group after immunization for PEDV challenge on day 8. The piglets were regrouped into four different isolators (numbers 1–4) for cohabiting until they were euthanized on day 15.




Clinical Symptoms and Weight Changes

The piglets were weighed prior to challenge and at 7 days post-challenge to calculate body weight gain, and the clinical symptoms of piglets were recorded daily and scored according to the guidelines in Table 2.



TABLE 2. Scoring system for evaluating piglets for signs of infection.
[image: Table2]



Virus Shedding Through Feces of Piglets

Anal swabs were collected from the piglets daily after the challenge, and virus in the anal swabs was detected using reverse transcription PCR (RT-PCR). Briefly, one anal swab from each pig was suspended in 1 ml PBS at 4°C overnight, and the supernatant was harvested by centrifugation at 5000 × g for 3 min. RNA was extracted and then reverse transcribed into cDNA, and PCR was performed using primers ORF3-F and ORF3-R.



Macroscopic Examination and Histopathology Assessment

All experimental piglets were euthanized on day 8 after challenge and dissected to observe lesions in the intestinal tract. In addition, jejunum samples were embedded in paraffin wax, and pathological sections were prepared and stained with hematoxylin and eosin.



Statistical Analysis

The data were analyzed using GraphPad Prism 6 software (GraphPad, Inc., La Jolla, CA, United States), and all data are expressed as the mean ± standard deviation. Data were analyzed using two-way analysis of variance, with at least three independent experiments. The results were considered as significant at p < 0.05 and highly significant at p < 0.01.




RESULTS


Construction of Recombinant Expression Vectors of Lactobacillus

To improve the expression of antigens and ensure their localization on the surface of LAB, the previously constructed expression vector pPG-T7g10-PPT was used. This vector contains the enhancer T7g10 fragment, HCE constitutive promoter, and PgsA anchor sequence (Liu et al., 2011). The protective antigen (6Ds, COE, and VP4) genes of TGEV, PEDV, and PoRV were inserted into pPG-T7g10-PPT separately or combined into the same vector (Figure 1). Four types of recombinant lactobacilli expression vectors were identified using PCR and sequencing. The sequencing results showed that the above vectors were successfully constructed.



Expression of Viral Antigens in Recombinant Lactobacillus

Recombinant Lactobacillus was obtained by electroporation of the recombinant plasmid into Lactobacillus cells. Cell lysates of the recombinant strains were analyzed using western blotting after 16 h of culture. Correctly sized proteins were detected in all inserts of pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, pPG-T7g10-VP4/LC393, and pPG-T7g10-6Ds-COE-VP4/LC393. The negative control, pPG-T7g10-PPT/LC393, did not display a corresponding immunoreactive band (Figure 3A). Immunofluorescence assays were performed to analyze the expression of the proteins of interest. As shown in Figure 3B, green fluorescence was observed for recombinant Lactobacillus but not for pPG-T7g10-PPT/LC393. These results indicate that the proteins of interest were successfully expressed in recombinant Lactobacillus.

[image: Figure 3]

FIGURE 3. Identification of proteins of interest expressed in recombinant Lactobacillus. (A) Identification of the proteins of interest using western blotting. The relevant immunoreactive bands were detected in the cell pellets of strain pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, pPG-T7g10-VP4/LC393, and pPG-T7g10-6Ds-COE-VP4/LC393 but not in those of strain pPG-T7g10-PPT/LC393. (B) Identification of proteins of interest using immunofluorescence assay. Green fluorescence was observed in strain pPG-T7g10-6Ds/LC393, pPG-T7g10-COE/LC393, pPG-T7g10-VP4/LC393, and pPG-T7g10-6Ds-COE-VP4/LC393 but not in strain pPG-T7g10-PPT/LC393.




Determination of Anti-TGEV/PEDV/PoRV-Specific sIgA Level of Immunized Piglets

Anti-TGEV/PEDV/PoRV-specific sIgA was assessed to evaluate the ability of recombinant Lactobacillus strains to induce mucosal immune responses in piglets. Anal and nasal swabs were collected from the piglets at 0–7 days post-immunization, and specific sIgA levels in the samples were detected using ELISA. As shown in Figure 4, anti-TGEV/PEDV/PoRV-specific sIgA in the nasal swabs and anal swabs post-immunization was detected in both the mixed group and fused group and gradually increased over time. No significant differences were observed in the PBS group before and after immunization. Anti-TGEV/PEDV/PoRV-specific sIgA levels in the nasal swabs and anal swabs from piglets in the mixed and fused groups were significantly higher than those in the PBS group from days 3 to 7 post-immunization (p < 0.05). The levels of sIgA in the mixed and fused groups did not exhibit significant differences; however, sIgA was produced earlier in the mixed group than in the fused group.
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FIGURE 4. Levels of anti-TGEV/PEDV/PoRV specific sIgA in immunized piglets. The levels of anti-TGEV/PEDV/PoRV-specific sIgA was detected using ELISA. (A) Anti-PoRV specific sIgA in nose swab. (B) Anti-TGEV specific sIgA in nose swab. (C) Anti-PEDV specific sIgA in nose swab. (D) Anti-PoRV specific sIgA in anal swab. (E) Anti-TGEV specific sIgA in anal swab. (F) Anti-PEDV specific sIgA in anal swab. “*” Represents the comparison between mixed-group and PBS group, *p < 0.05, **p < 0.01. “#” represents the comparison between fused-group and PBS group, #p < 0.05, ##p < 0.01.




Determination of Anti-TGEV/PEDV/PoRV-Specific IgG Level in Serum of Immunized Piglets

Anti-TGEV/PEDV/PoRV-specific IgG was assessed to evaluate the ability of recombinant Lactobacillus to induce humoral immune responses in piglets. Twenty-four newborn piglets were divided into three groups for immunization (mixed, fused, and PBS groups). Serum collected from piglets between days 0 and 7 post-immunization was prepared, and serum-specific IgG responses were measured using ELISA. As shown in Figure 5, anti-TGEV/PEDV/PoRV-specific IgG was detected at day 7 post-immunization in both the mixed and fused groups. No significant differences were observed in the PBS group before and after immunization. The levels of serum anti-TGEV/PEDV/PoRV-specific IgG in the mixed and fused groups were significantly higher than those in the PBS group (p < 0.01). However, there was no significant difference between the mixed and fused groups.
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FIGURE 5. Levels anti-TGEV/PEDV/PoRV specific IgG in the serum of immunized piglets. Serum collected from piglets on days 0 and 7 post-immunization were prepared, and the serum specific IgG levels were measured using ELISA. (A) Anti-PoRV specific IgG in serum. (B) Anti-TGEV specific IgG in serum. (C) Anti-PEDV specific IgG in serum. **p < 0.01.




Clinical Symptoms and Weight Changes of Piglets After Challenge

The challenge test using PEDV as an example was carried out after seven consecutive days of immunization; the piglets were grouped as shown in Figure 2. The clinical symptoms of the piglets in each group were observed after challenge and scored as shown in Table 1. Briefly, the piglets that were orally administered PBS followed by PEDV challenge (PBS + PEDV3) showed typical PEDV infection symptoms, including acute watery diarrhea, depression, and drowsiness, with the most severe symptoms observed between days 4 and 5 after challenge (Figure 6A). The immunized piglets (mixed+PEDV1 and fused+PEDV2) had slight diarrhea and a normal appetite and showed a significant difference from the PBS + PEDV3 group after 2 days (Figure 6A). None of the cohabiting piglets (mixed1 and fused2) developed diarrhea during the experiment and showed significant differences from unimmunized piglets (PBS1 and PBS2). In addition, before and after challenge, the weight of immunized piglets was significantly higher than that of unimmunized piglets (Figure 6B).
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FIGURE 6. Clinical symptom scores and weight change of piglets. (A) Clinical symptom scores of piglets in different groups. (B) Average weight gain of piglets in different groups. *p < 0.05, **p < 0.01.




Analysis on the Regularity of Virus Shedding Through Feces of Piglets

Anal swabs were collected from the piglets daily after grouping, and PEDV RNA in the anal swabs was detected using RT-PCR. The PBS + PEDV3 group began shedding the virus on day 1, which continued for the next few days (Figure 7). However, PEDV RNA was detected at 1–4 days in immunized piglets (mixed+PEDV1 and fused+PEDV2) and then disappeared (Figure 7). Among the cohabiting piglets, PEDV RNA was detected in unimmunized piglets (PBS1 and PBS2) 2–4 days after cohabitation; almost no fecal virus shedding was observed in the mixed1 and fused2 groups (Figure 7). Oral immunization with recombinant Lactobacillus inhibited PEDV shedding through the feces of piglets and reduced the infection risk of the cohabiting piglets. The inhibitory effect on fecal PEDV shedding in the mixed group was slightly stronger than that in the fused group.
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FIGURE 7. Detection of virus shedding through feces of piglets. PEDV RNA in anal swabs collected daily after grouping was detected using RT-PCR.




Macroscopic Examination and Histopathological Detection of Small Intestine in Piglets

All piglets were euthanized for macroscopic examination at 7 days after the challenge. Piglets in the PBS + PEDV3 group exhibited moderately thin and transparent intestinal walls in the small intestine, and large amounts of fluid accumulated in the intestinal lumen (Figure 8A). Cohabiting piglets (PBS1 and PBS2) exhibited similar or even more serious symptoms. In contrast, there were no observable changes in the small intestines of immunized piglets (mixed+PEDV1, fused+PEDV2, mixed1, and fused2) compared with those of the piglets in the PBS4 group (Figure 8A). Histopathological observations indicated that infection by PEDV caused extensive damage to the jejunum of piglets in the PBS + PEDV3 group, characterized by large amounts of fragmentation and shedding of intestinal villi (Figure 8B). Interestingly, the PBS1 and PBS2 groups exhibited more severe pathological damage to the jejunum. In contrast, damage to the jejunum of immunized piglets (mixed+PEDV1 and fused+PEDV2) was minor compared to that in the PBS + PEDV3 group. No pathological damage was observed in the piglets of the mixed1 and fused2 groups (Figure 8B).
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FIGURE 8. Intestinal macroscopic examination and histopathological observation of piglets. (A) Macroscopic examination of piglets in different groups. (B) Histopathological observation of jejunum of piglets in different groups. Original magnification: × 100.





DISCUSSION

By harnessing the mucosal immune system for vaccine development, sIgA and serum IgG can be induced to provide two layers of defense against mucosal pathogens (Thomas et al., 2015). Mucosal immunization can be achieved through oral administration, which is comparatively convenient to administer and is a far more effective route for directly stimulating intestinal sIgA responses (Neutra and Kozlowski, 2006; Sung et al., 2018). Lactobacillus is an ideal bacterial delivery system for oral vaccines (Rajoka et al., 2017; Chiabai et al., 2019; Liu et al., 2019; Natalia et al., 2019). Thus, we investigated the feasibility of using a multi-pathogen vaccine based on Lactobacillus spp. against porcine viral diarrhea.

We chose TGEV, PEDV, and PoRV, which are common pathogens of porcine viral diarrhea and often occur as mixed infections, to explore the feasibility of multi-pathogen vaccines. Antigens are key factors for the development of bacterial vector vaccines. The D site (378–395 amino acids) of the TGEV S protein has been identified as an important immune target for the host to neutralize the virus (Posthumus et al., 1990; Uer et al., 1991). To enhance immunogenicity, 6D fragments of the TGEV S protein were linked to each other to form a tandem gene, which was named as 6Ds. We previously showed that recombinant Lactobacillus expressing 6Ds induced mucosal and systemic immune responses in mice (Liu et al., 2011). Similarly, the COE and VP4 genes have been identified as the antigenic neutralizing epitopes of PEDV and PoRV (Duarte and Laude, 1994; Gilbert and Greenberg, 1998), respectively, and their effectiveness has been confirmed in the Lactobacillus expression system (Li et al., 2010; Hou et al., 2018). Therefore, we used the proteins 6Ds, COE, and VP4 as antigens.

To improve the expression of antigens and ensure their localization on the surface of Lactobacillus, the previously constructed expression vector pPG-T7g10-PPT (Song et al., 2014; containing the enhancer T7g10 fragment, HCE constitutive promoter, and PgsA anchor sequence), which expresses foreign antigens on the surface (Xu and Li, 2007; Liu et al., 2011; Yu et al., 2017; Zhao et al., 2017; Hou et al., 2018), was used in this study. We previously confirmed that recombinant Lactobacillus expressing a single antigen had a strong immune effect (Li et al., 2010; Liu et al., 2011; Hou et al., 2018). Research has suggested that combining multiple vaccines can have numerous positive effects against mixed multi-virus infections (Sánchez-Matamoros et al., 2019). Data on the immunity and safety afforded by such combined administration have been published for other vaccines in piglets (Jeong et al., 2016; Garcia-Morante et al., 2019; Sánchez-Matamoros et al., 2019). In this context, we constructed a recombinant Lactobacillus expressing antigen 6Ds, COE, and VP4, and immunity was evaluated following combined administration. To simplify the vaccine production schedules and reduce the cost of bacterial culture, another strategy involves the construction of a recombinant Lactobacillus expressing these three antigens in a fused manner. A previous study confirmed that direct fusion of antigens may lead to many undesirable outcomes, including misfolding of the fusion proteins, low yield in protein production, or impaired bioactivity (Amet et al., 2009). Therefore, the selection or rational design of linkers to join fusion proteins is important in recombinant fusion protein technology (Chen et al., 2012). Here, we chose a rigid linker to preserve the stability and bioactivity of the fusion proteins, and recombinant Lactobacillus pPG-T7g10-6Ds-COE-VP4/LC393 fused expressing the three antigens was constructed. Our results confirmed that the antigens 6Ds, COE, and VP4 were successfully expressed in recombinant Lactobacillus using pPG-T7g10-PPT as a vector. These antigens were expressed on the surface of the recombinant Lactobacillus.

Immune responses of newborn piglets induced by recombinant Lactobacillus were evaluated via oral immunization. Specific sIgA and IgG levels symbolize mucosal and humoral immune responses (Holmgren and Czerkinsky, 2005; Suzuki et al., 2017). In this study, anti-TGEV/PEDV/PoRV-specific sIgA and IgG were significantly increased in both the mixed and fused groups after immunization compared to those in the PBS group. The results showed that recombinant L. casei induced not only a specific mucosal immune response but also a specific humoral immune response against all three viruses in piglets, which is consistent with our previous results (Li et al., 2010; Liu et al., 2011; Hou et al., 2018). In addition, the anti-TGEV/PEDV/PoRV-specific sIgA and serum IgG in partial samples of the mixed group were slightly higher than those of the fused group, but the difference was not significant.

To determine whether the immune response of piglets induced by recombinant Lactobacillus could protect against viral infection, a challenge test was performed using PEDV as an example. Fecal-oral transmission is thought to be the main mode of PEDV transmission, and airborne transmission is considered as a potential route for dissemination (Alonso et al., 2014; Lin et al., 2016). The objectives of this study were to determine the efficacy of protecting piglets orally challenged with PEDV and to inhibit the horizontal spread of PEDV among piglets. For cohabiting piglets, the route of exposure to the virus is similar to that of natural infection rather than that from a high-dose oral challenge. Therefore, both oral challenge and cohabitation groups were examined in this study. Our results showed that recombinant Lactobacillus alleviated clinical symptoms, inhibited virus shedding, and reduced intestinal pathological damage in challenged piglets but could not prevent fecal virus shedding. The cohabiting piglets had no obvious symptoms, almost no fecal virus shedding, and no intestinal pathological damage, showing that recombinant Lactobacillus effectively protected cohabiting piglets. Thus, application of oral multi-pathogen recombinant Lactobacillus under field conditions may inhibit the horizontal transmission of PEDV and protect piglets from infection. Notably, protection of the mixed group was better than that of the fused group in terms of clinical symptoms and fecal virus shedding. The combination of multiple vaccines may have allowed the three recombinant Lactobacillus strains to play independent roles. In addition, because the specific sIgA and IgG levels induced by recombinant Lactobacillus against the three viruses were similar, the protective effect of these recombinant Lactobacillus against TGEV and PoRV may be similar to that of PEDV. To confirm this prediction, TGEV and PoRV challenge will be evaluated in further studies.

Overall, our results demonstrate that an oral multi-vaccine based on Lactobacillus can induce specific mucosal and humoral immune responses against multiple piglet diarrhea viruses and protect piglets from viral infection. Lactobacillus-based oral multi-vaccines show excellent potential as vaccines and should be further evaluated, which will have important implications for porcine management in highly convenient vaccination programs.
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Oral Vaccination of Mice With Trichinella spiralis Putative Serine Protease and Murine Interleukin-4 DNA Delivered by Invasive Lactiplantibacillus plantarum Elicits Protective Immunity
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Trichinellosis is a serious zoonotic parasitic disease caused by Trichinella spiralis (T. spiralis) that causes considerable economic losses for the global pig breeding and food industries. As such, there is an urgent need for a vaccine that can prevent T. spiralis infection. Previous studies have reported that recombinant invasive Lactococcus lactis (LL) expressing Staphylococcus aureus fibronectin binding protein A (LL-FnBPA+) can transfer DNA vaccines directly to dendritic cells (DCs) across an epithelial cell monolayer, leading to significantly higher amounts of heterologous protein expression compared to non-invasive Lactococcus lactis. In this study, the invasive bacterium Lactiplantibacillus plantarum (L. plantarum) expressing FnBPA was used as a carrier to deliver a novel oral DNA vaccine consisting of T. spiralis adult putative serine protease (Ts-ADpsp) and murine interleukin (IL)-4 DNA to mouse intestinal epithelial cells. Experimental mice were orally immunized 3 times at 10-day intervals. At 10 days after the last vaccination, mice were challenged with 350 T. spiralis infective larvae by oral inoculation. Immunization with invasive L. plantarum harboring pValac-Ts-ADpsp/pSIP409-FnBPA induced the production of anti-Ts-ADpsp-specific IgG of serum, type 1 and 2 helper T cell cytokines of mesenteric lymph node (MLN) and spleen, secreted (s) IgA of intestinal lavage, and decreased T. spiralis burden and intestinal damage compared to immunization with non-invasive L. plantarum expressing Ts-ADpsp (pValac-Ts-ADpsp/pSIP409). Thus, invasive L. plantarum expressing FnBPA and IL-4 stimulates both mucosal and cellular immune response to protect against T. spiralis infection, highlighting its therapeutic potential as an effective DNA vaccine for trichinellosis.

Keywords: Trichinella spiralis, invasive Lactobacillus plantarum, Ts-ADpsp, murine IL-4, DNA vaccine


INTRODUCTION

Trichinellosis is a foodborne zoonosis caused by Trichinella spiralis (T. spiralis) (Dupouy-Camet, 2009). Humans and animals are infected with T. spiralis mainly through the consumption of raw or undercooked meat contaminated by muscle larvae (ML) (Pozio, 2007). T. spiralis infection not only causes considerable economic losses for the pig breeding industry but also threatens human health. T. spiralis infections have been reported in 55 countries, and China is a major endemic area of trichinellosis (Cui et al., 2007). As such, there is a need for a safe and effective vaccine that can prevent T. spiralis infection in domestic animals and humans.

Proteases hydrolyze peptide bonds are classified into 4 types according to the active site residue or catalytic mechanism, namely, serine, cysteine, aspartic proteases, and metalloproteases (Donaldson et al., 1993). The serine protease plays an important role in the process of parasite infection (Gao et al., 2018). The excretory/secretory products and crude extracts of T. spiralis contain serine proteases that can hydrolyze host structural proteins and serve as mechanical and humoral barriers during infection (Ros-Moreno et al., 2000). Serine proteases are also involved in blood clotting, reproduction, and evasion of host immune surveillance (Todorova, 2000; Dzik, 2006; Balasubramanian et al., 2010). Putative serine proteases are distributed in the inner epidermis and esophagus of T. spiralis and participate in molting and digestion (Trap et al., 2006). Previous studies have reported that the recombinant T. spiralis putative serine protease was sensitive and specific for the measurement of anti-Trichinella IgG, and could act as a potential early diagnostic antigen of trichinellosis (Sun et al., 2018). Thus, we selected T. spiralis adult putative serine protease (Ts-ADpsp) protein as an oral DNA vaccine antigen to evaluate its immunogenicity and efficacy against T. spiralis infection in mice.

Cytokines are important regulators of the immune response and used as vaccine adjuvants. Interleukin (IL)-4 was shown to promote the excretion of intestinal worms in T. spiralis-infected mice, possibly through interaction with IL-13 via IL-4 receptor; this resulted in the activation of signal transducer and activator of transcription (STAT)6, stimulation of T and B cell differentiation and proliferation, mast cell degranulation, intestinal mucus secretion, and increased intestinal motility (Knight et al., 2000; Urban et al., 2000; Finkelman et al., 2004).

Some of the lactic acid bacteria (LAB) are non-pathogenic probiotics that have beneficial effects against parasite infections (Travers et al., 2011). Oral inoculation with the probiotic Lactiplantibacillus casei markedly reduced adult worm and muscle larvae burden in T. spiralis-infected mice (Bautista-Garfias et al., 2001). L. plantarum is a LAB that tolerates acid and bile salts and can adhere to intestinal epithelial cells, allowing it to permanently colonize the intestine (Kato et al., 1999). L. plantarum NC8 isolated from silage is widely used as a host bacterium for expressing foreign proteins (Anbazhagan et al., 2013). Staphylococcus aureus invades host cells through fibronectin-binding proteins (FnBPA and FnBPB) expressed on the bacterial cell surface that bind α5β1 integrin on the host cell membrane (Liu et al., 2018). Most of the delivery vehicle bacteria are degraded by the phagolysosome and then the delivered plasmid DNA is released and transcribed through the host cell nuclear transcription system (Azevedo et al., 2015). Expression of FnBPA in recombinant Lactococcus lactis significantly improves the efficiency of mammalian cell invasion, with the target gene delivered into the host cell (Innocentin et al., 2009). Invasive L. plantarum expressing the FnBPA protein reduced cecal damage and decreased anticoccidial index while increasing the rate of relative weight gain in chickens infected with Eimeria tenella (Zhang et al., 2020). These findings highlight the potential for using invasive L. plantarum as a carrier for DNA vaccines.

In the present study, we developed a DNA vaccine coexpressing Ts-ADpsp and mouse (m)IL-4 delivered by invasive L. plantarum and evaluated its protective efficacy against T. spiralis infection in mice. Vaccinated mice produced high levels of anti-Ts-ADpsp-specific antibody and showed strong cellular and mucosal immune responses, indicating the induction of protective immunity against trichinellosis.



RESULTS


Construction and Expression Analysis of Recombinant Plasmids

The amplified Ts-ADpsp and Ts-ADpsp-IL-4 gene fragments were approximately 1,372 and 1,949 bp, respectively (Figures 1A,B). The Ts-ADpsp and Ts-ADpsp-IL-4 cDNA sequences were separately ligated into the eukaryotic expression vector pValac, and the ligated samples were transformed into E. coli TG1 competent cells. Digestion with KpnI/XbaI restriction enzymes showed that recombinant plasmids extracted from randomly picked pValac-Ts-ADpsp and pValac-Ts-ADpsp-IL-4 colonies cultured in Luria–Bertani (LB) solid medium with chloramphenicol (Cm) contained an insert of about 1,372 and 1,949 bp, respectively (Figures 1C,D). The presence of pValac-Ts-ADpsp and pValac-Ts-ADpsp-IL-4 in the clones was confirmed by gene sequencing (Figures 1E,F).
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FIGURE 1. Construction of recombinant plasmids pValac-Ts-ADpsp and pValac-Ts-ADpsp-IL-4. (A) Expression of the Ts-ADpsp gene in the tongue muscles of mice challenged with T. spiralis muscle larvae. (B) PCR amplification of the Ts-ADpsp-IL-4 fragment. (C) Identification of the Ts-ADpsp insert in plasmids extracted from randomly picked pValac-Ts-ADpsp colonies after Cm selection. Lane 1: plasmids digested with KpnI; lane 2: plasmids digested with XbaI; lane 3: plasmids digested with KpnI/XbaI; lane 4: pValac-Ts-ADpsp plasmid. (D) Identification of the Ts-ADpsp-IL-4 insert in plasmids extracted from randomly picked pValac-Ts-ADpsp-IL-4 colonies after Cm selection. Lane 1: plasmids digested with KpnI; lane 2: plasmids digested with XbaI; lane 3: plasmids digested with KpnI/XbaI; lane 4: pValac-Ts-ADpsp-IL-4 plasmid. Genes encoding Ts-ADpsp and Ts-ADpsp-IL-4 were inserted into the pValac vector, producing pValac-Ts-ADpsp (E) and pValac-Ts-ADpsp-IL-4 (F), respectively.


Ts-ADpsp and IL-4 gene fragments were inserted into Flag tag and His tag, respectively. (HEK)-293T cells transfected with pValac-Ts-ADpsp plasmid of human embryonic kidney were incubated with anti-Flag monoclonal antibody (Figure 2C), and 293T cells transfected with pValac-Ts-ADpsp-IL-4 plasmid were incubated with anti-Flag monoclonal antibody (Figure 2D) or incubated with anti-His monoclonal antibody (Figure 2E), and then all the samples were incubated with FITC-conjugated goat anti-mouse IgG, respectively. pValac with GFP-expressing transfected cells was the positive control (Figure 2B) and non-transfected cells were the negative control (Figure 2A). Finally, the samples were treated with DAPI and fluorescence was observed by confocal microscopy. Intense immunoreactivity was observed in cells expressing the Ts-ADpsp and Ts-ADpsp-IL-4 fusion proteins but not in non-transfected cells, suggesting that ADpsp and Ts-ADpsp-IL-4 fusion proteins were successfully expressed in 293T cells. Western blotting revealed 2 protein bands of 50.3 and 17.3 kDa, which are consistent with the sizes of the native proteins (Figures 3A,B). On western blotting analysis, two specific bands of 50.3 and 17.3 kDa were exhibited, and the molecular size of the Ts-ADpsp and IL-4 proteins was consistent with the predicted sizes (Figures 3A,B). The results suggested that two proteins Ts-ADpsp and IL-4 linked by P2A could be sheared when translated in HEK-293T cells and these proteins were expressed independently.
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FIGURE 2. Expression of recombinant plasmids pValac-Ts-ADpsp and pValac-Ts-ADpsp-IL4 in vitro by immunofluorescence analysis. Non-transfected cells acted as the negative control (A) and pValac with GFP-expressing transfected cells served as the positive control (B). Ts-ADpsp expression in HEK-293T cells transfected with pValac-Ts-ADpsp was observed by IFA using anti-Flag tag monoclonal antibody, FITC-conjugated goat anti-mouse IgG and DAPI (C). Ts-ADpsp-IL-4 expression in HEK-293T cells transfected with pValac-Ts-ADpsp-IL-4 was observed by IFA using anti-Flag tag monoclonal antibody, FITC-conjugated goat anti-mouse IgG and DAPI (D). Ts-ADpsp-IL-4 expression in HEK-293T cells transfected with pValac-Ts-ADpsp-IL-4 was observed by IFA using anti-His tag monoclonal antibody, FITC-conjugated goat anti-mouse IgG and DAPI (E). Arrows indicate the expression of the target protein in HEK-293T cells.
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FIGURE 3. Analysis of Ts-ADpsp and Ts-ADpsp-IL-4 proteins expression by western blotting. Ts-ADpsp and Ts-ADpsp-IL-4 proteins were detected by western blotting using anti-Flag (A) and anti-His (B) monoclonal antibodies as primary antibodies and HRP-conjugated goat anti-mouse IgG as the secondary antibody. M: protein molecular weight marker; lane 1: pValac/pSIP409 plasmid; lanes 2: pValac-Ts-ADpsp/pSIP409 plasmid and 3: pValac-Ts-ADpsp-IL4/pSIP409-FnBPA plasmid expressed in HEK-293T cells, respectively.




Lactiplantibacillus plantarum Invasion of BHK-21 Cells

To assess the invasive capacity of invasive L. plantarum in vitro, recombinant L. plantarum cells were cocultured with BHK-21 cells and the number of intracellular bacteria was counted after 24 h. The invasion rate was higher with invasive L. plantarum than with non-invasive L. plantarum (p < 0.01; Figure 4), suggesting that FnBPA enhanced the ability of L. plantarum to invade host cells.
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FIGURE 4. Invasion rates of invasive and non-invasive recombinant L. plantarum in BHK-21 cells. Recombinant L. plantarum was cocultured with BHK-21 cells and cultured in solid MRS (Em, Cm) at 37°C for 24 h; the number of intracellular bacteria was counted to calculate cell invasion rates. All experiments were independently repeated at least 3 times. Data are shown as means ± standard deviations; n = 3. **P < 0.01.




Analysis of Humoral Immunity

To detect mucosal and humoral immune responses elicited by recombinant L. plantarum, serum and intestinal lavage collected from mice were analyzed by indirect ELISA. Mice immunized with recombinant L. plantarum pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, and pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA had a higher titer of anti-Ts-ADpsp-specific IgG than the control groups (empty vector and saline) (P < 0.05), and the titer increased with each boost immunization. Notably, mice immunized with pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA had a higher specific IgG antibody level than the other four groups at 10 days after each immunization, with a peak at 10 days after the last immunization (Figure 5A).
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FIGURE 5. Immune profiles following T. spiralis infection with or without vaccination. Levels of anti-Ts-ADpsp-specific IgG (A), total IgA (B), anti-Ts-ADpsp-specific IgA (C), IFN-γ (D), IL-4 (E), and IL-10 (F) in sera or intestinal lavage of mice orally administered saline, empty vector, pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, or pValac-TsADpsp-IL-4/pSIP409-FnBPA 10 days after each immunization were detected by ELISA. Data are presented as mean ± SEM (n = 5 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001.


Mice immunized with pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, and pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA had higher total sIgA than control groups after each immunization (P < 0.05). Total sIgA level was higher in the empty vector group than in the saline group (P < 0.05), implying that sIgA production was stimulated by L. plantarum (Figure 5B). Mice in the invasive L. plantarum Ts-ADpsp-IL-4 group produced a larger amount of specific sIgA compared to those in the invasive (P < 0.05) and non-invasive (P < 0.05) L. plantarum Ts-ADpsp groups (Figure 5C). Statistically significant differences were observed between vaccinated mice and control mice not only in total IgA (P < 0.05, < 0.01, and < 0.001), but also in specific IgA (P < 0.05, < 0.01, and < 0.001) (Figures 5B,C).

Administration of recombinant L. plantarum pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, and pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA induced high levels of IFN-γ (P < 0.01 and < 0.001), IL-4 (P < 0.05, < 0.01, and < 0.001), and IL-10 (P < 0.05, < 0.01, and < 0.001) relative to control groups, specifically in the invasive L. plantarum Ts-ADpsp-IL-4 group 10 days after each immunization (Figures 5D–F). These data suggest that L. plantarum expressing Ts-ADpsp antigen induced the type 1 and 2 T helper cell (Th1 and Th2, respectively) cellular immune responses.



Analysis of Cytokine Profile

The levels of the cytokines IFN-γ, IL-4, and IL-10 in mesenteric lymph node (MLN) cells and splenocytes were evaluated by flow cytometry 10 days after each immunization (Figure 6). The secretion of IFN-γ, IL-4, and IL-10 was increased in both cell types stimulated with Ts-ADpsp and Ts-ADpsp-IL-4 compared with the control groups (P < 0.05, < 0.01, and < 0.001), indicating that a Th1/Th2 mixed immune response was induced by the pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, and pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA DNA vaccines. Moreover, IFN-γ (P < 0.05, < 0.01, and < 0.001), IL-4 (P < 0.05, < 0.01, and < 0.001), and IL-10 (P < 0.05, P < 0.01 and < 0.001) levels were highest in the invasive L. plantarum Ts-ADpsp-IL-4 group. These results were consistent with the findings from ELISA.
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FIGURE 6. Cytokine secretion following vaccination. IFN-γ, IL-4, and IL-10 levels in MLN (A) and spleen (B) of vaccinated mice were evaluated by flow cytometry 10 days after each immunization. (C) Quantification of IFN-γ, IL-4, and IL-10 cytokines. Data are presented as mean ± SEM (n = 5 mice per group). *P < 0.05, **P < 0.01.




Assessment of the Protective Effect of the DNA Vaccine

To evaluate the protective effect of recombinant L. plantarum, we examined adult worm and muscle larvae burdens in immunized mice at 6 days post-infection (dpi) and 35 dpi separately. Adult worm burden was reduced by 20.3% (pValac/pSIP409), 35.7% (pValac-Ts-ADpsp/pSIP409), 50.1%(pValac-Ts-ADpsp/pSIP409-FnBPA), and 62.4% (pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA) compared with infected but non-immunized mice (all P < 0.05; Figure 7A). Similarly, muscle larvae burden was decreased by 13.6% (pValac/pSIP409), 36.9% (pValac-Ts-ADpsp/pSIP409), 49.2% (pValac-Ts-ADpsp/pSIP409-FnBPA), and 60.5% (pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA) compared with the negative control (all p < 0.05; Figure 7B). These results indicated that invasive L. plantarum expressing Ts-ADpsp-IL-4 conferred greater protection against T. spiralis infection than non-invasive L. plantarum.
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FIGURE 7. Worm burden in mice following T. spiralis infection with or without vaccination. Adult worm (A) and larvae per gram of muscle (LPG) burden (B) of vaccinated mice after infection with 350 T. spiralis muscle larvae. Data are presented as mean ± SEM (n = 8 mice per group). *P < 0.05, **P < 0.01, and ***P < 0.001.




Histopathologic Analysis

Small intestine specimens of mice euthanized at 6 dpi and masseter muscle specimens of mice euthanized at 35 dpi were embedded in paraffin and sectioned to evaluate histopathologic changes. A larger number of goblet cells, shorter and thicker intestinal villi, and eosinophilic infiltration were observed in the small intestine of mice infected with T. spiralis muscle larvae only (Figure 8). However, the villus structure of mice in the invasive and non-invasive L. plantarum Ts-ADpsp and invasive L. plantarum Ts-ADpsp-IL4 groups showed less damage with a smaller number of infiltrating goblet cells and eosinophils, especially in the invasive L. plantarum Ts-ADpsp-IL4 group. Furthermore, there were encysted larvae in the masseter muscles of mice in all groups except for the saline control group, resulting in varying degrees of destruction of muscle fibers. Meanwhile, the muscle fibers of the invasive L. plantarum Ts-ADpsp-IL-4 group were intact, with less encysted larvae than in the invasive and non-invasive L. plantarum Ts-ADpsp groups.
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FIGURE 8. Histopathologic analysis of small intestine and masseter muscles after T. spiralis infection. Mice were challenged with 350 T. spiralis muscle larvae, and histologic analysis was performed by hematoxylin and eosin staining (200 × magnification). Quantification of encysted larvae. *P < 0.05, **P < 0.01, and ***P < 0.001.





DISCUSSION

As a multicellular parasitic nematode, T. spiralis has numerous antigens. To avoid the host’s immune surveillance system and achieve successful colonization, T. spiralis uses a strategy of constantly changing antigens (Bruschi and Chiumiento, 2012). This prevents the development of immunity against T. spiralis and makes the diagnosis of trichinellosis challenging. In nucleic acid vaccines, an exogenous gene encoding an antigenic determinant is placed under the control of eukaryotic expression elements and the recombinant plasmid is introduced into a host, which then mounts a specific immune response to the antigen (Zhang et al., 2018). Different proteases secreted by parasites have various functions such as tissue penetration, larval migration, inhibition of blood clotting, digestion, molting, and extracellular matrix degradation; thus, epitopes for nucleic acid vaccines can be designed based on protease (Boulard, 1989; Anisuzzaman et al., 2012).

In this study, the adult worm-specific hypothetical serine protease (Ts-ADpsp) of T. spiralis was selected as the antigen for vaccine development. L. plantarum carrying the recombinant plasmid entered the intestinal epithelial cells of mice and induced an immune response. The pValac-Ts-ADpsp eukaryotic expression system ensured that the structure and biological activity of the recombinant and native proteins were similar. The expression of Ts-ADpsp protein from pValac-Ts-ADpsp delivered by L. plantarum was previously shown to be superior to the E. coli TspGST prokaryotic expression system in terms of stimulating IgG production, cellular immunity, and worm burden (Liu et al., 2017). Although vaccination with TsPmy DNA delivered by live attenuated Salmonella typhimurium conferred protection against T. spiralis infection, L. plantarum may be a safer vaccine carrier (Wang et al., 2016). Our previous study has reported that FnBPA could be successfully expressed in L. plantarum NC8 (Liu et al., 2019). Interestingly, invasive L. plantarum has a higher invasion rate than the non-invasive strain because it expresses FnBPA, which binds α5β1 integrin on the host cell surface (Pontes et al., 2012; Liu et al., 2019). Thus, FnBPA improves the efficiency of recombinant plasmid delivery by L. plantarum as well as antigen presentation and vaccine efficacy. In addition, the DNA vaccines in this study are safe and stable for the mouse. On one hand, LAB, which belongs to food-grade bacteria, is considered to be probiotic strains in most cases (Diep et al., 2009), with potential benefits to human and animal health. On the other hand, DNA vaccines could themselves maintain constancy in the plasmid components or backbone because they are not produced from vector immunity in the host and they do not integrate into the host genome (Ghaffarifar, 2018).

IgG plays an important role in protective immunity against T. spiralis infection. Intramuscular injection of T. spiralis newborn larva (NBL) strongly stimulated a specific IgG response in mice and reduced muscle larvae burden by 77.93% (Xu et al., 2017). IgG titer was elevated in mice vaccinated with Ts-Adsp, which enhanced protection against T. spiralis (Xu et al., 2020). In this study, oral vaccination of mice with recombinant L. plantarum carrying Ts-ADpsp antigen increased anti–Ts-ADpsp–specific IgG titer after each immunization, with a peak after the final immunization; the titer was higher in mice vaccinated with invasive L. plantarum expressing FnBPA compared to non-invasive L. plantarum Ts-ADpsp.

The intestinal mucosa is the first barrier against intestinal pathogens such as T. spiralis. sIgA against T. spiralis adult worm surface proteins was shown to mediate adult worm expulsion from the intestine (Wang et al., 2017). In the present study, oral administration of pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, and pValac-Ts-ADpsp–IL-4/pSIP409-FnBPA strongly induced specific IgA production in the intestinal mucosa of mice, with the maximum titer measured after the third boost immunization. LAB can enter sites of induction of the mucosal immune response such as Peyer’s patches to stimulate sIgA production (Wang et al., 2014; Liu et al., 2020). We found that the empty vector induced specific sIgA secretion in mice compared to saline, suggesting that L. plantarum itself contributes to the activation of an immune response.

IFN-γ induces eosinophil activation and enhances the cytotoxicity of macrophages against T. spiralis NBL, while IL-4 participates in the excretion of T. spiralis adult worm. Thus, a mixed Th1/Th2 response mediates protection against T. spiralis infection (Miahipour et al., 2016; Tharmalingam et al., 2016). We measured Th1 (IFN-γ) and Th2 (IL-4 and IL-10) cytokine levels in the spleen and MLNs of vaccinated mice 10 days after each immunization by indirect ELISA and flow cytometry, respectively, and the results showed that Th1 and Th2 cytokine levels were elevated and reached a peak 10 days after the last immunization, indicating that the vaccine stimulated both Th1 and Th2 cellular immune responses, especially in the invasive L. plantarum Ts-ADpsp-IL-4 group. IL-4 is an important regulator of cellular and humoral immunity and can confer protection against T. spiralis infection (Wang et al., 2020); accordingly, we observed that immunization with pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA significantly reduced intestinal damage and worm burden compared to pValac-Ts-ADpsp/pSIP409-FnBPA administration.

The present study exhibited that oral vaccination with Ts-ADpsp DNA vaccine displayed 62.4% adult worm reduction and 60.5% muscle larvae reduction after T. spiralis challenge relative to the saline control group, suggesting Ts-ADpsp gene stimulated specific immunity and provided a partial protection against T. spiralis infection. However, in a previous report when a recombinant serine protease from adult worms was used in combination with an alum adjuvant to immunize mice, which were subsequently challenged with T. spiralis larvae, the animals exhibited an average reduction in the muscle larvae burden of 46.5% relative to the control group (Feng et al., 2013). The reduction in muscle larvae burden in this work was lower than above report, which may be due to invasive L. plantarum expressing FnBPA binding to the α5β1 integrin on the surface of host cells to deliver DNA vaccines directly or across an epithelial cell monolayer into DCs, thereby enhancing the ability of antigen presentation and efficacy of vaccine protection (Long et al., 2014). The DNA vaccine in the present study, with a lower protective effect compared with previous studies, provides a promising strategy for the development of an oral DNA vaccine against T. spiralis infection. T. spiralis is a unique intracellular parasitic nematode with a complicated life cycle, and the antigens against the host were stage specific. Vaccination with a single antigenic molecule produced a partial protection in the host, which might not be enough to resist T. spiralis infection (Liu et al., 2015; Ortega-Pierres et al., 2015). Hence, the novel immune strategy, vaccination routes, and multivalent antigenic molecules from different life stages should be explored in the future to enhance the protective efficacy of T. spiralis vaccine.

Invasive L. plantarum expressing FnBPA and IL-4 strain could effectively colonize and act as adhesive host cavities, ensuring long-lasting persistence in the host and possibly extending the time of antigen presentation to the immune system to induce anti-ADpsp specific systemic and mucosal immune responses against T. spiralis infection. Furthermore, IL-4 could induce T cell and B cell differentiation and proliferation, accelerate smooth muscle contraction, and promote the elimination of intestinal T. spiralis.



CONCLUSION

In summary, the results of our study demonstrate that oral vaccination with pValac-Ts-ADpsp/pSIP409 delivered by invasive L. plantarum induced anti-Ts-ADpsp-specific IgG production and stimulated the mucosal and cellular immune responses in mice, thereby alleviating intestinal damage and reducing worm burden following infection with T. spiralis. The protective effect was enhanced by IL-4 used as an adjuvant. These findings provide evidence for the efficacy of a novel DNA vaccine for trichinellosis.



MATERIALS AND METHODS


Parasites and Experimental Animals

The T. spiralis isolate ISS534 was maintained by serial passaging in ICR mice in the laboratory of animal care in the center of Jilin Agricultural University (Jilin, China). Individual T. spiralis larvae were isolated from mice infected for more than 35 dpi by digesting mouse carcasses with 1% HCl and 1% pepsin (1:3,000; Solarbio, Beijing, China; Li et al., 2010). Experimental mice were orally administered 350 muscle larvae. The 8-week-old male BALB/c mice were obtained from Hua Fu Kang Biotechnology (Beijing, China) and allowed to eat and drink freely until the end of the experiment. The use of mice in this study was approved by the Animal Ethics Committee and Institutional Life Science Ethics Committee of Jilin Agriculture University (permit no. JLAU 20200904001). The experiments were carried out in strict accordance with the National Laboratory Animal Welfare Guidelines. If any animal has labored breathing, bleeding diarrhea, or becomes moribund it will be euthanized immediately by CO2 inhalation.



Bacterial Strains and Cells Culture

Escherichia coli TG1 cells (Takara Bio, Otsu, Japan) were cultured in LB broth at 37°C for 24 h. Invasive and non-invasive L. plantarum NC8 were generously provided by Jing Liu (Jilin Agricultural University, Changchun, China) and grown in de Man, Rogosa, and Sharpe (MRS) medium with erythromycin (10 μg/ml) at 30°C under anaerobic conditions. Invasive L. plantarum NC8 strain expressing protein FnBPA could enhance the adhesion and invasion ratios of L. plantarum strain on a porcine intestinal epithelial cell line (IPEC-J2) compared with non-invasive L. plantarum NC8 (Liu et al., 2019). HEK-293T cells were cultured in complete Dulbecco’s Modified Eagle’s Medium (Gibco, Grand Island, NY, United States) at 37°C and 5% CO2.



PCR Amplification of Ts-ADpsp and Ts-ADpsp-IL-4

The DNA sequences of Ts-ADpsp (GenBank: EU263332.1) and murine IL-4 (mIL-4) (GenBank: AAR87867.1) were obtained from GenBank. The mIL-4 gene was synthesized by Sangon Biotech (Shanghai, China) and cloned into the pUC57 vector. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) from adult worms of T. spiralis. Specific primer (forward, 5′-GCGAATTCTGCAGGATCCAACTTTTTTTTTTTTTTTTTT-3′) was used to reverse transcribe the RNA into cDNA, which was used as a template for PCR. Ts-ADpsp and mIL-4 genes were amplified using Ts-ADpsp primers (forward, 5′-GGGGTACCATGAAGAGGTTTCACCACCACCACTTCGG-3′; reverse, 5′-GCTCTAGAGTACACGGCGCCGCTGAT-3′) and IL-4 primers (forward, 5′-ATGGGCGTGAAGGTGCTGTT-3′; reverse, 5′-GTGATGGTGATGGTGGTGG GA-3′) and fused with Flag and His tags, respectively, with KpnI and XbaI sites added to the 5′ and 3′ ends, respectively. Ts-ADpsp and mIL-4 were joined together via the P2A linker sequence by PCR using Ts-ADpsp-IL-4 primers (forward, 5′-GGGGTACCACCGGTCGCCACCATGG-3′; reverse, 5′-GCTCTAGATTAATGG TGGTGATGGTGGTGGCTCA-3′) to produce the Ts-ADpsp-IL-4 fragment.



Recombinant Plasmids Construction

The eukaryotic expression vector pValac-green fluorescent protein (GFP; Institut National de la Recherche Agronomique, Paris, France) was digested with KpnI and XbaI to remove the GFP gene and purified using the DNA Fragment Purification Kit (Axygen, Taizhou, China). The Ts-ADpsp and Ts-ADpsp-IL-4 fragments were separately linked with the purified product to obtain the recombinant plasmids pValac-Ts-ADpsp and pValac-Ts-ADpsp-IL-4. These along with the empty vector (pValac-GFP) were transformed into E. coli TG1 and cultured on LB agar with 10 μg/ml ampicillin to select positive clones, which were verified by PCR amplification and restriction enzyme digestion.



Detection of Recombinant Protein Expression by Immunofluorescence Analysis and Western Blotting

For immunofluorescence analysis, HEK-293T cells were cultured in a 24-well cell plate containing glass coverslips treated with 1% polylysine at 37°C with 5% CO2 until the cells reached 80% confluence. The cells were transfected with pValac-GFP, pValac-Ts-ADpsp, or pValac-Ts-ADpsp-IL-4 plasmid using Nano293T transfection reagent (NCM Biotech, Newport, RI, United States). After 48 h, the cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde, incubated with 0.1% Triton X-100, and blocked with 5% skimmed milk. The cells were then incubated with anti-Flag (1:2,000 dilution) or anti-His (1:2,000 dilution) monoclonal antibody (Proteintech Group, Inc., Rosemont, IL, United States) at room temperature for 1 h, except for the pValac-GFP group (positive control). After washing with PBS containing 0.1% Triton X-100 (PBST) and incubating with fluorescein isothiocyanate-labeled goat anti-mouse IgG (1:1,000 dilution) at room temperature for 1 h, the cells were stained with 4′,6-diamidino-2-phenylindole (1:3,000 dilution) and fluorescence was observed by confocal microscopy (Leica, Wetzlar, Germany).

For western blotting, HEK-293T cells were cultured in a 48-well plate for 12 h before transfection; at 48 h after transfection, the cells were lysed with radioimmunoprecipitation assay lysis buffer (Beyotime) at 4°C for 20 min and centrifuged. The target protein in the supernatant was separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane, which was blocked with 3% bovine serum albumin (BSA) at room temperature for 2 h and then probed with anti-Flag (1:1,000 dilution) and anti-His (1:1,000 dilution) antibodies followed by horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Proteintech Group, Inc., Rosemont, IL, United States). Protein bands were visualized and imaged using an Amersham Imager 600 RGB (GE Healthcare Life Sciences, Marlborough, MA, United States).



Plasmid DNA Vaccine Construction

Invasive or non-invasive L. plantarum NC8 competent cells were transformed with the recombinant plasmids pValac-GFP, pValac-Ts-ADpsp, and pValac-Ts-ADpsp-IL4 using a Gene Pulser electroporator (Bio-Rad, Hercules, CA, United States). The cells were grown on MRS agar supplemented with chloramphenicol (Cm; 10 μg/ml) and erythromycin (Em; 10 μg/ml) to select transformants, which were confirmed by PCR amplification and sequencing. Clones with the correct insertions were named pValac/pSIP409, pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp-IL-4/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, and pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA and cultured in MRS medium containing Cm and Em (Cm + Em) without shaking at 30°C for 3 h until the optical density at 600 nm (OD600) was 0.2–0.3. The expression of proteins ADpsp and IL-4 were induced with sakacin P (SppIP), followed by a continuous culture at 30°C in an anaerobic chamber for 36 h (OD600 = 1). Recombinant L. plantarum was harvested and centrifuged at 8,000 × g for 10 min at 4°C and the liquid medium was discarded. The bacterial pellet was then washed twice using sterile saline and the bacterial pellet was resuspended in saline with a final cell density of 5 × 109 CFU/ml. A total of 200 μL of the bacterial suspension (1 × 109 CFU) was used to orally immunize the experimental animal.



Measurement of Recombinant Lactiplantibacillus plantarum Invasion Rate

Recombinant L. plantarum (pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, pValac-Ts-ADpsp–IL-4/pSIP409, and pValac-Ts-ADpsp–IL-4/pSIP409-FnBPA) cells were cocultured with baby hamster kidney (BHK)-21 cells in a 24-well plate for 2 h until the multiplicity of infection was 103 bacteria/cell. The extracellular bacteria were inactivated with gentamicin (20 mg/ml). The cells were then washed using PBS and cultured on solid MRS (Cm + Em) for 24 h and the number of colonies was counted.



Immunization Schedule and Challenge

BALB/c mice were vaccinated 3 times at 10-day intervals. The immunization schedule and challenge doses are presented in Table 1. Briefly, experimental mice were randomly divided into the following 5 groups: (1) non-invasive L. plantarum Ts-ADpsp (pValac-Ts-ADpsp/pSIP409); (2) invasive L. plantarum Ts-ADpsp (pValac-Ts-ADpsp/pSIP409-FnBPA); (3) invasive L. plantarum Ts-ADpsp-IL-4 (pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA); (4) empty vector L. plantarum (pValac/pSIP409); and (5) saline control. The experimental groups were orally vaccinated with 109 CFU recombinant L. plantarum (pValac-Ts-ADpsp/pSIP409, pValac-Ts-ADpsp/pSIP409-FnBPA, pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA, or pValac/pSIP409) by oral gavage and the control mice were given saline (Wang et al., 2020). To evaluate the humoral and cellular immune responses, blood, intestinal lavage, spleen, and mesenteric lymph node (MLN) samples of mice (n = 5) of each group were obtained from mice 10 days after each immunization. To evaluate the protective effect of recombinant L. plantarum against T. spiralis infection, the mice were orally inoculated with 350 individual T. spiralis larvae 10 days after the last immunization. The adult worms were collected from the intestines of infected mice (n = 8) at 6 day following T. spiralis challenge. The muscle larvae were harvested from the muscle tissue of infected mice (n = 8) at 35 dpi. The flow chart of immune procedures is exhibited in Figure 9.


TABLE 1. Immunization schedule and challenge doses.
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FIGURE 9. Immune procedures. The immune-stimulation was carried out three times (1, 2, 3; 13, 14, 15; 25, 26, 27) at a 10-day interval and orally administered with 350 T. spiralis muscle larvae at day 37 after the first immunization. The ELISA detection was performed at days 0, 13, 25, 37 after the first immunization to detect the humoral immunity and mucosal immune response induced by recombined L. plantarum pValac-Ts-ADpsp-IL-4/pSIP409-FnBPA. The flow cytometry was carried out at days 13, 25, 37 after the first immunization to assess the cellular immune response. Adult worm was counted at days 44 after the first immunization, and the muscle larvae was performed at day 79 after the first immunization to assess the protective effect of recombinant DNA vaccine against T. spiralis infected.




Antigen Preparation

The purified PCR products of Ts-ADpsp were cloned into the pUC57 vector and sub-cloned into the expression vector pET-30a. The transformants were cultured on LB agar with kanamycin (Kan; 50 μg/ml) to select positive clones, which were verified by enzymatic digestion and confirmed by DNA sequencing. The expression of the Ts-ADpsp protein was induced with 0.5 mM IPTG for 16 h at 28°C. The recombinant Ts-ADpsp protein was expressed in the supernatant and purified by HisPurTM Ni-NTA Spin Columns. The protein concentration of purified Ts-ADpsp protein was determined by Bradford method and analyzed by western blotting using a 5% acrylamide stacking gel and 12% acrylamide separating gel.



Detection of Mucosal and Systemic Antibody Responses

At 10 days after each immunization, a blood sample was collected from mice and the serum was separated and stored at −80°C. Intestinal lavage was performed as previously described (Wang et al., 2006). Briefly, mice were sacrificed and the abdomen was cut open aseptically; approximately 15 cm of the small intestine was cut longitudinally and washed twice with cold PBS and then centrifuged for 10 min at 3,000 × g. The supernatant was stored at −80°C.

Specific IgG and sIgA were detected by enzyme-linked immunosorbent assay (ELISA) using 96-well plates that were coated with purified Ts-ADpsp antigen (5 μg/ml) at 4°C for 12 h, washed 4 times with PBST, and blocked with 3% BSA at 37°C for 2 h. Serum and intestinal lavage served as the source of primary antibody and HRP-conjugated goat anti-mouse IgG/sIgA (CWBio, Beijing, China) was used as the secondary antibody. Total intestinal sIgA, interferon (IFN)-γ, IL-4, and IL-10 levels were detected with a commercial ELISA kit (Jiangsu Meimian Industrial Co., Zhangjiagang, China).



Cytokine Detection by Flow Cytometry

Spleen and MLN samples isolated from mice 10 days after each immunization were used to assess cellular immune responses. Dissociated spleen and MLN cells stimulated with Ts-ADpsp protein (5 μg/ml) for 8 h were added to GolgiPlug™ (Brefeldin A) for an additional 4 h at 37°C with CO2. Then, the cells were collected and incubated with Alexa 700-conjugated monoclonal rat anti-mouse cluster of differentiation (CD)3e and BB700-conjugated monoclonal rat anti-mouse CD4 antibodies for 45 min at 4°C. The cells were fixed, permeabilized, and stained with phycoerythrin (PE)-Cy7-conjugated rat anti-mouse IFN-γ, allophycocyanin-conjugated rat anti-mouse IL-4, and PE-conjugated rat anti-mouse IL-10 monoclonal antibodies. Finally, the samples were detected by flow cytometry (BD Biosciences, Franklin Lakes, NJ, United States).



Adult Worm and Muscle Larvae Isolation and Worm Burden Evaluation

The abdomen of the euthanized mice were cut aseptically and the small intestines were collected to isolate adult worm at 6 dpi with T. spiralis. The small intestine was cut longitudinally, washed using pre-warmed saline, cut into pieces, and incubated in saline at 37°C for 2 h. Then, the released adult worms were separated from the intestinal debris by filtration through a 200-mesh sieve and differential sedimentation for 30 min. Adult worms were centrifuged and the worms in the sediment were collected. In addition, the muscle larvae were isolated from the muscle tissue according to the standard artificial digestion method (Li et al., 2010). Briefly, mice were euthanized and dissected to remove visceral tissues and the muscle tissues were collected at 35 dpi. The muscle tissues were cut into small pieces and digested using 1% HCl and 1% pepsin (Solarbio, Beijing, China) at 37°C for 2 h under continuous agitation using an electric stirrer and the digested mixture was passed through a 50-mesh sieve to remove the coarse particles. Muscle larvae were collected on a 200-mesh sieve, washed twice using saline, and then suspended in saline. The supernatant fluid was discarded and the muscle larvae in sediment were counted under the microscope (Leica, Wetzlar, Germany).

The reduction evaluation in adult worm and muscle larvae was based on the mean number of adult worm or muscle larvae collected from the group vaccinated with empty vector, non-invasive Ts-ADpsp, invasive Ts-Adpsp, invasive Ts-Adpsp-IL-4, or both compared with those from the saline control group using the following formula: % adult worm reduction = (1-mean number of adult worm in vaccinated mice/mean number of adult worm in control mice) × 100%, % Larva reduction = (1-mean number of larvae per gram muscle in vaccinated mice/mean number of larvae per gram muscle in control mice) × 100%.



Statistical Analyses

Data were analyzed with Prism 8 software (GraphPad, La Jolla, CA, United States) and are expressed as mean ± standard deviation of at least 3 independent experiments. Differences between groups were evaluated by one-way analysis of variance. P < 0.05 was considered statistically significant.
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Grass carp haemorrhagic disease caused by grass carp reovirus II is a serious disease of the aquaculture industry and vaccination is the only effective method of GCRV protection. In this study, Lactococcus lactis was used as oral vaccine delivery to express the GCRV II VP6 protein. We evaluated the protective efficacy of the live vaccine strain to induce mucosal immune protection. After oral administration, the recombinant strains remained in the hindgut for antigen presentation and increased the survival rate 46.7% and the relative percent survival 42.9%, respectively versus control vaccination. Though L. lactis alone can induce the inflammatory response by stimulating the mucosal immune system, the recombinant L. lactis expressing VP6 greatly enhanced nonspecific immune responses via expression of immune related genes of the fish. Furthermore, both systemic and mucosal immunity was elicited following oral immunization with the recombinant strain and this strain also elicited an inflammatory response and cellular immunity to enhance the protective effect. L. lactis can therefore be utilized as a mucosal immune vector to trigger high levels of immune protection in fish at both the systemic and mucosal levels. L. lactis is a promising candidate for oral vaccine delivery.
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Introduction

Outbreaks of grass carp haemorrhagic disease (GCHD) caused by grass carp reovirus (GCRV), result in mass mortality of grass carp and serious economic losses for the aquaculture industry (1). GCRV can be classified into three different genotypes, and the results of epidemiological investigation showed that GCRV II is the major epidemic strain. An injectable vaccine has proven effective against GCRV II infections but is not an ideal immunization route due to its complex operations (2, 3). Oral immunization has many advantages such as easy operation and low labor input and can be applied to different culture conditions (4). However, environmental exposure of oral vaccines has led to antigen degradation that impeded the potency of oral vaccines (5).

Lactococcus lactis is a species of lactic acid bacteria and is a recognized safety grade microbe that has been used in oral immunization trials (6–8). L. lactis is Gram-positive bacterium and is therefore free of LPS (endotoxin) and can survive the intestinal tract and has been used as a tool for antigen presentation (9–11). Furthermore, L. lactis has multiple probiotic functions such as gut microecology regulation, improving feed utilization efficiency and enhancing innate and acquired immunity (12–14). These advantages of L. lactis may therefore allow its use as a carrier to express foreign antigenic proteins.

In order to develop an appropriate oral subunit vaccine, antigen choice is as important as the selection of a suitable delivery system (15). As with all reoviruses, GCRV II is organized as two concentric icosahedral layers: an inner core and an outer capsid layer (16). VP6 is one of the primary structural protein components of the GCRV II mature particle and is encoded by segment 9 and forms part of the viral core and plays an important role in replication (17). In particular, VP6 functions as a mediator that bridges the inner core and outer capsid and is directly inserted into position co-translationally without the involvement of ATP or chaperones. VP6 can directly bind target cell surface sialic acids (18). The VP6 protein has been shown to be immunogenic and elicit the production of neutralizing antibodies (19). Therefore, VP6 is a potential candidate protein for the development of a GCRV II oral vaccine.

GCHD is not confined to grass carp, and the rare minnow (Gobiocypris rarus) is as sensitive to GCRV II as grass carp (20). In addition, the use of the rare minnow as the model for evaluation of experimental vaccines against GCRV II infections has many advantages such as its small size, facile care, transparent egg membrane and annual spawning. These conditions are ideal for a model experimental aquatic animal. In addition, the immunogenicity and protective effects of vaccines for grass carp and rare minnow are consistent in their expression of immune-related genes, specific serum antibody titers and protection (21).

In this study, we constructed a recombinant L. lactis displaying the VP6 protein and administered the recombinant strain to rare minnow cultures that were then challenged with GCRV II. The goal of this work was to investigate whether L. lactis expression of VP6 would stimulate mucosal immunity and protection.



Materials and Methods


Experimental Fish

Rare minnows approximately 4.0 ± 0.5 cm in length were obtained from the Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan, China) and acclimatized in the laboratory for 2 weeks before experimental manipulations. Fish were fed a commercial diet daily. Water temperature was maintained at 28°C. Prior to experiments, fish were randomly selected and liver, kidney and spleens were examined for the presence of GCRV using RT-qPCR as described previously (21). All animal procedures were conducted according to animal welfare standards and approved by the Ethical Committee for Animal Experiments of Pearl River Fisheries Research Institute, Chinese Academy of Fishery Sciences, China. All animal experiments complied with the guidelines of the Animal Welfare Council of China.



Strains

The GCRV II (GCRV HuNan1307 strain) and L. lactis NZ9000 were kept in our laboratory. GCRV was propagated in cultured grass carp swim bladder cells at 28°C in M199 medium containing 5% fetal bovine serum. L. lactis NZ9000 was cultured at 30°C in M17 broth medium without shaking. LD50 determinations were performed according to the method of Reed-Muench (22). Viral titers were determined by the half lethal dose (LD50) method and was typically 10–5.25 LD50/20 μL for the rare minnow.



Bioinformatics Analysis the Structure of VP6

To determine a suitable segment of VP6 expressed by L. lactis NZ9000, a protein structure set was obtained from the SWISS-MODEL web server. The transmembrane area of VP6 was analyzed with TMHMM 2.0, the secondary structure was analyzed by the PSIpred-MEMSAT 3 web server and the functional domains was analyzed through the online software the PredictProtein server.



Construction of pNZ8148-VP6 Recombinant Plasmid

The designed gene construct was amplified by PCR using the primers GCRV VP6-F/R (Table 1). Amplicons were subcloned into plasmid pNZ8148 (Novagen, Madison, WI, USA) using Nco I and Xba I restriction enzymes resulting in recombinant pNZ8148-VP6. The recombinant plasmid was introduced into L. lactis NZ9000 by electroporation as previously described (23). The L. lactis transformants were cultured in M17 agar containing 5 μg/mL chloramphenicol and incubated at 30°C for 24 h. Positive clones were selected and confirmed by PCR using VP6 primers (Table 1).


Table 1 | Primers used in this study.





Expression and Identification of the VP6 Protein in L. lactis

The recombinant strain was cultured in M17 broth medium containing 10 μg/mL chloramphenicol 30 °C until log growth phase. Protein expression was induced by the addition of using nisin (Weijia, Guangzhou, China) for 4 h. L. lactis cells were then collected by centrifugation and the pellets were suspended in PBS. The cells were lysed with the addition of 10 mg lysozyme and incubation at 37°C for 1 h. The cell lysates were then further processed as described previously (23). Protein production was analyzed using 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were then incubated with anti-rVP6 polyclonal antibody (24) at 1:1000 in PBS-Tween-20 (PBST) for 2 h at 37°C and followed by incubation with the secondary antibody HRP-conjugated goat anti-rabbit IgG (1:5000 diluted with PBS (Sigma-Aldrich, Pittsburg, PA, USA) and visualized with the addition of diaminobenzidine (Sigma-Aldrich).

Aliquots of protein (8 μg/mL) were added to 96-well plates and incubated at 4°C overnight and washed 3× with PBST and blocked with 5% skim milk in PBS for 2 h at 37°C. Anti-rVP6 polyclonal antibody (24) was then added at 1/1000 dilution in PBS for 2 h at 37°C and washed 3× with PBST and then incubated with HRP-conjugated goat anti-rabbit IgG (1:5000 Sigma-Aldrich) for 1 h at 37°C. OPD-H2O2 substrate (Beyotime, Canton, China) was then added and the plates were incubated for 10 min. The reaction was stopped by addition of 2M H2SO4 and absorbance was measured in a microplate reader (Biotek, Santa Clara, CA, USA) at 450 nm. Samples were assayed in triplicate.



Oral Immunization and Challenge

Immunization trials were conducted on specific pathogen-free rare minnows (100 fish per group). On 1, 2, 3, 21, 22 and 23 days, the fish were orally immunized with 10 μL 2 × 109 CFU/mL/fish/d of the recombinant strain and control fish were exposed to with L. lactis NZ9000 or PBS as controls (25, 26). At 3-, 7-, 14- and 21-days post-vaccination (dpv), spleen, kidney and hindgut tissues were dissected for RNA extraction and stored at -80°C. During the immunization procedure, the fish were bled twice at weeks 3 and 6 using 10 fish per group. Samples were obtained by tail ablation and collected using heparinized microcapillaries and kept at -80°C for ELISA. At 42 dpv 30 fish from vaccinated and control groups were challenged by injection with GCRV HuNan1307. Fish mortality was monitored daily for 14 days and fish tissues were examined using RT-qPCR to quantify the viral loads using the newly established method in our laboratory. The relative percentage survival (RPS) (27) was calculated by the following formula: RPS = [1-(% mortality of vaccinated fish/% mortality of control fish)] × 100.



Detection of Recombinant Strain Colonization in Intestines

After oral immunization with 10 μL 2×109 CFU/mL/fish, the hindgut tissues were recovered from sacrificed fish at 3, 6, 12, 24, 48 and 72 h after the first immunization and homogenized in PBS before plating serial dilutions on M17 agar plates containing chloramphenicol (5 μg/mL). Several clones were picked up randomly and analyzed using PCR amplification to detect the presence of the VP6 gene (see above).



Determination of Immune-Related Gene Expression by RT-qPCR

RT-qPCR was used for relative quantitative analysis of the rare minnow cDNA obtained from spleen, kidney and hind gut tissues. The immune-related genes included Toll-like receptors 5 (TLR5), 3 (TLR3), myeloid differentiation primary response protein 88 (MyD88), nuclear factor kappa beta (NF-kB), interferon regulatory factor 7 (IRF7), Myxovirus resistance factor (Mx), interferon 2 (IFN2), major histocompatibility complex class II (MHC II) and interleukin-1β (IL-1β). β-actin was used as a reference gene for normalization (Table 1). RT-qPCR was performed using a SYBR Premix Ex Taq kit (Takara, Shiga, Japan) on an ABI 7500 fluorescence quantifier (Applied Biosystems, Foster City, CA, USA) with the following procedures: 95°C for 5 min and 35 cycles of 95°C for 15 s, 60°C for 45 s in triplicate. The expression level of immune genes was calculated using the 2-△△Ct method (21). All data were expressed as the mean ± SD.



Detection of Specific Antibody Levels by ELISA

To test the specific IgM levels against VP6 in the antisera of immunized fish, anti-IgM MAbs were prepared and kept in our laboratory. Serum antibody levels were determined by ELISA as described previously (23). Briefly, recombinant VP6 (rVP6) (24) (8 μg/mL in carbonate-bicarbonate buffer) was used as antigen to coat wells overnight at 4°C. After blocking with 5% skim milk at 37°C for 2 h, serum samples (1:50) were added and the plates were incubated for 2 h at 37°C and washed 3× with PBST and then incubated with rabbit anti-grass carp IgM (21) (1:1000) for 1 h at 37°C followed by incubation with HRP-conjugated goat anti-rabbit IgG (1:5000) for 1 h at 37°C. The wells were developed by reaction with tetramethylbenzidine substrate (Beyotime) for 10 min and the reaction was stopped by addition of 2 M H2SO4. OD values at 450 nm were taken as described above. Results of 10 samples were averaged to obtain the antibody titers of immunized fish at the different sampling times.



Statistical Analysis

The experimental data was expressed as mean ± SD and the P values were calculated using one-way ANOVA with a Dunnett post-hoc test (SPSS Statistics, version 22.0, IBM, Chicago, Ill, USA). A P value of < 0.05 was considered significant, and < 0.01 was greatly significant.




Results


Identification of the Recombinant Strains

The VP6 protein contained two functional domains; an N-terminal fibrous tail arranged as a triple coiled coil that serves as a virion anchor and a C-terminal globular head that interacts with the cellular receptor. These two parts form by separate trimerization events. The N-terminal fibrous tail forms on the polysome and post-translational assembly of the C-terminal globular head requires Hsp90 and binds target cell surface sialic acids and may promote apoptosis (Figure 1A). We examined the predicted structure of the N-terminus and identified 5 α-helices (residues 578-588, 596-613, 670-685, 721-737 and 740-775) connected by short aperiodic coils. The N-terminal of VP6 possessed no other complexities and was therefore suitable for the prokaryotic expression system (Figure 1B). GCRV II VP6 was amplified by PCR and cloned into the expression vector pNZ8148 and the recombinant plasmid was verified using double digestion (Figure 2A) and PCR (Figure 2B). Western blots following expression in L. lactis indicated the presence of 57.6 kDa bands from recombinant strains that were lacking in vector only controls (Figure 2C). In addition, indirect ELISA indicated a significant (p < 0.05) increase in the presence of the recombinant protein versus time of exposure to the inducer nisin (Figure 2D).




Figure 1 | Function and structure predicted of the GCRV VP6. (A) Analysis of functional domains of the GCRV VP6. (B) Structure prediction of the N-terminal of the GCRV VP6.






Figure 2 | Identification of the recombinant strain pNZ8148-VP6/L. lactis. (A) Identification by enzyme digestion. M: DNA maker DL5000; Lane 1: Nco I digestion; Lane 2: Xba I digestion; Lane 3: double digestion; Lane 4: pNZ8148-VP6 plasmid. (B) Identification of recombinant plasmids pNZ8148-VP6 by PCR. Lane M: DNA marker DL5000, Lanes 1–3: L. lactis pNZ8148-VP6. (C) Western blot analysis of pNZ8148-VP6 fusion protein expression, M: Low molecular weight protein maker. Lane 1: negative control L. lactis NZ9000. Lane 2: L. lactis pNZ8148-VP6. (D) Indirect ELISA analysis of pNZ8148-VP6 fusion protein expression. *p < 0.05.





Intestinal Colonization

We next evaluated the transit of pNZ8148-VP6/L. lactis in the rare minnow intestine. After exposure to the recombinant bacteria strain, hindgut samples at 3, 6, 12, 24, 48 and 72 h following the first immunization were collected and isolated chloramphenicol-resistant bacterial clones immediately (Figure 3A). The numbers of these colonies increased over time and reached a maximum at 6 h. The colony numbers then decreased but could still be detected and persisted at 72 h (Figure 3B). Isolated bacterial colonies also possessed the VP6 gene (Figure 3C) indicating the presence of the recombinant L. lactis in the intestines of immunized fish.




Figure 3 | Colonization of strains in rare minnow intestinal tract. (A) Recombinant strain colonies in pNZ8148-VP6 group that grew on chloramphenicol M17 agar plates. (B) Colony counts obtained from hindgut tissues collected at the indicated time points following immunization. The data represent means ± SEM of 3 fish. (C) PCR specific amplification the fragment of pNZ8148-VP6 in colonies from L. lactis pNZ8148-VP6 group intestinal dilution contents. Lane M: DNA marker DL5000, Lanes 1–9: colonies picked from plates.





Immunoprotective Effects of the Vaccine

Immunized fish were challenged with 10 LD50 of GCRV HuNan1307 at 42 dpv and monitored for mortality and clinical symptoms for 14 d. All moribund fish presented typical clinical symptoms of GCHD including a deepening of body color, unresponsiveness and organ hemorrhaging. GCRV II could be detected in the tissues of all moribund fish. Fish mortality was first observed at 5 days post-infection in the PBS and L. lactis NZ9000 groups but 1 day later in the pNZ8148-VP6/L.lactis group. Mortality peaked for each group on day 8 following challenge. The cumulative mortality rate for the pNZ8148-VP6/L. lactis group was 53.3% and significantly (P<0.01) lower than the cumulative mortality for the PBS (93.3%) and the L. lactis NZ9000 (76.7%) groups. Hence, the protective efficacy of pNZ8148-VP6/L. lactis, compared with the PBS control yielded an RPS of 42.9%. These data indicated that the recombinant L. lactis greatly increased the survival of immunized fish against GCRV II infection (Figure 4).




Figure 4 | Cumulative mortality curves of vaccinated fish exposed to GCRV-HuNan1307. Mortality was monitored daily for 14d post-challenge. *P < 0.05 between immunized and control groups at day 14.





Detection of Specific Antibody Levels in Serum

The protective effects of the recombinant vaccine strains were then examined for their ability to induce immunity by measuring levels of specific anti-VP6 antibodies in the sera of immunized fish. Anti-VP6 levels were significantly elevated in the fish receiving the specific vaccine strain 21 days after the booster vaccination (p<0.05) and were even higher 42 days later (p<0.05). There were no significant differences in the level of specific serum antibody for the controls (Figure 5). These results indicated that the VP6 protein could be successfully delivered to the mucosal immune system of the fish by L. lactis and efficaciously induced the systemic immune response in the rare minnows.




Figure 5 | Detection of serum specific antibody levels by ELISA. Levels are indicated using OD450 values and presented as mean ± SD. A comparison the L. lactis pNZ8148-VP6 group and the PBS group is shown. *p < 0.05.





Expression of Immune-Related Genes in Different Tissues

Immune-related gene expression was then used to evaluate the immunized and control fish using RT-qPCR of cDNA derived from intestinal, spleen and kidney tissues. The relative expression levels of all the genes we used for screening with the exception of actin were significantly or greatly significantly up-regulated in the pNZ8148-VP6/L. lactis immunization group. This indicated that the oral immune recombinant strain induced both cellular and humoral immune responses in the fish. Specifically, intestinal levels of TLR3 were significantly up-regulated 7 dpv (p<0.05) and no significant changes in TLR5 expression were observed (p>0.05) (Figures 6A, B). Furthermore, although TLR3 expression was consistently increased 14 dpv in spleen and kidney (p<0.05), in the intestine it returned rapidly to basal levels. In the intestine, the expression level of genes downstream of TLR3 and TLR5 including NF-κB, IFN2 and Mx were also up-regulated significantly as in the spleen and kidney. In contrast, MyD88 and IRF7 in the intestine were not significantly altered (Figures 6C–G). The expression levels of MHCII in spleen, kidney and intestine were significantly increased on days 14 and 21 and returned to baseline levels at day 28 (Figure 6H). These results suggested that the pNZ8148-VP6/L. lactis strain could induce adaptive cellular immunity in both the mucosal and general immune systems. Additionally, the up-regulation of IL-1β expression could be observed in spleen, kidney and hind gut in the pNZ8148-VP6/L. lactis group indicating that the vaccine strain could cause an inflammatory response in the fish after oral immunization (Figure 6I).




Figure 6 | RT-qPCR analysis of the expression of immune-related genes in different tissues of the rare minnow. (A) TLR3, (B) TLR5, (C) MyD88, (D) NF-κB, (E) Mx, (F) IFN2, (G) IRF7, (H) MHC II, (I) IL-1β. The mRNA level of each gene was normalized on the basis of β-actin gene expression. *p < 0.05, **p < 0.01 (versus PBS group).






Discussion

Vaccination is considered the preferred method for reducing the severity of GCHD. Although attenuated vaccines are efficacious, they are limited because they must be physically injected in each fish and this is not compatible with the large sample sizes used in the fish culture industry. Oral vaccines are more convenient for farmers (28–31). In this study, we constructed a recombinant L. lactis strain that displayed the VP6 protein and exposure to this strain could effectively induce immune protection in the fish via oral administration.

In previous studies, VP4 (27), VP35 (28) and NS38 (29) have been tested as oral vaccine candidates. Although all these subunit vaccines generated certain levels of immune protection, the effectiveness was not as good as the injected live vaccine. The immunoprotective effects of these antigens are related to the robustness of the antigen. VP6 is a capsid component and our bioinformatics analysis indicated that the fibrous tail anchor also possessed a small region which could bind target cell surface sialic acids and may promote apoptosis. This region could elicit neutralizing antibodies and the structure was simple enough to be expressed in the prokaryote L. lactis.

Probiotics have been previously used as live vector vaccine systems and can be an effective antigen delivery system (32). L. lactis can symbiose in the gut and is safe for aquaculture and terrestrial animals to promote intestinal health (33–35). In this study, L. lactis was used to deliver the oral vaccine displaying the N-terminus of VP6. The recombinant strain could be continuously isolated and detected in the intestinal tract over 72 h indicating a compatibility with the fish gut. This also resulted in stimulation of mucosal immunity. These results were consistent with the uses of L. lactis in colonization of the intestinal tracts of terrestrial animals (26).

In order to explore the mucosal immune effect and mechanism for the generation of immunity with the recombinant L. lactis, the rare minnow was used as the model for evaluation of the oral vaccine. We assessed the cumulative mortality rate of vaccinated fish challenged with GCRV. Compared with the naive (PBS) group, the survival rate and the relative percent survival were 46.7% and 42.9%, respectively. Additionally, compared with the oral vaccines using Bacillus subtilis as the delivery system, the L. lactis presented better immunoprotective effects in fish (26). The same antigen and different inoculation routes and methods may lead a different effects for different immune activation pathways (28, 36) and immunoprotection of VP6 by injection was better than by the oral methods (37). The focus of future research will be the choosing of a proper immunopotentiator to improve the immune protection effect.

Our L. lactis vaccine generated specific IgM production in serum that was significantly (p<0.05) elevated over controls. IgM is the most important Ig isotype for teleosts and the most abundant immunoglobulin in blood and in mucosal-associated lymphoid tissue (MALT). IgM therefore plays a key role in mucosal immunity (38). Our results indicated that oral pNZ8148-VP6/L. lactis could effectively induced systemic humoral immune response in the fish.

Recombinant probiotic vaccine strains may also generate similar immunoprotective effects through different mechanisms. Oral administration of antigens can elicit an effective immune response by regulation of cytokines or other factors (39). For instance, MHC II levels on the surface of antigen-presenting cells (APC) are rapidly and significantly up-regulated in spleen, kidney and intestine. Our results indicated that the antigen carried by L. lactis was also taken up by professional APCs in the gut. These APCs can interact directly with CD4+ T helper cells to stimulate fish immunity (40–42).

The innate immunity of fish is also activated via pattern recognition receptors (PRR) (43) that are responsible for sensing the presence of pathogen-associated molecular patterns. TLR3 and TLR5 as the classical PRRs and are important sensors for the presence of invading microorganisms and play important roles in antiviral immunity (44, 45) These function via MyD88-dependent and MyD88-independent signaling pathways (46). We found that TLR3 expression first increased in intestinal tissues and 7 days later was increased in the spleen and kidney. TLR5 and MyD88 were up-regulated in the spleen and kidney 14 dpv. These results indicated that the APCs have the ability to directly activate innate immune signaling pathways in the immune tissue of the intestine. The recombinant vaccine strain also induced expression of inflammatory and cytokine related genes such as NF-κB, Mx, IRF7 and IFN2. Elevation of NF-κB was followed by Mx in spleen and kidney as well as the intestine. Additionally, vaccination induced a large-scale amplification of the signaling cascade that activates IFNs via IFN regulatory factors in the spleen and kidney. Although the expression level of IRF7 in the intestine was not up-regulated, some of the downstream genes including IFN2 were up-regulated. This was most likely a consequence of compensatory regulation from the spleen or kidney.

In summary, we constructed a recombinant L. lactis vaccine strain that displayed the GCRV VP6 protein. After oral immunization, the strain could reside in the hindgut of the fish at least 72 h to induce mucosal as well as systemic immunity. Fish survival of a GCRV challenge was also significantly enhanced by vaccination. This work highlights the use of L. lactis as a powerful oral vaccine delivery system in aquatic systems and may be used for other oral vaccines.
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Aspergillosis is a fungal infection caused mainly by Aspergillus fumigatus that often results in respiratory disease in birds. Aspergillosis is a major cause of morbidity and mortality in captive-bred penguin species. Currently, there is no registered vaccine to prevent aspergillosis. Recent research demonstrated that oral administration of gram-negative bacteria expressing high levels of galactose-α-1,3-galactose (α-Gal) modulates anti-α-Gal immunity and protects turkeys from clinical aspergillosis caused by experimental A. fumigatus infection. The role of anti-α-Gal immunity in penguins has not been studied. Here, we tested the distribution of α-1,3-galactosyltransferase (α1,3GT) genes in the fecal microbiome of Humboldt penguins (Spheniscus humboldti). The occurrence of natural anti-α-Gal antibodies (Abs) in sera and eggs of healthy Humboldt penguins was also assessed. A trial was then conducted to test whether oral administration of Escherichia coli Nissle, expressing high α-Gal levels, modulates anti-α-Gal immunity in a colony of Humboldt penguins. Animals in the vaccination and placebo groups were evaluated before the trial and followed for one year for aspergillosis detection using a diagnostic panel including computed tomography scans, capillary zone electrophoresis, 3-hydroxybutyrate levels, and anti-A. fumigatus Abs. Anti-α-Gal Abs were detected in sera (IgM and IgY) and eggs (IgY) of healthy penguins. Microbiota analysis and functional predictions revealed the presence of α1,3GT genes in the microbiota of Humboldt penguins and other penguin species. A strong decrease in anti-α-Gal IgM levels was observed in all animals in the placebo group three months after vaccination protocol. This decrease was not observed in E. coli Nissle-treated penguins. After the vaccination protocol, we found a positive correlation between anti-E. coli IgY and anti-α-Gal IgY in the E. coli Nissle group, suggesting a correlation between the presence of the bacteria and these Abs. During the study period, three penguins exhibited respiratory signs consistent with aspergillosis. Two were from the placebo group whose symptoms resolved with specific treatments, while a single vaccinated individual developed fatal respiratory aspergillosis eight months after the trial. We conclude that E. coli Nissle represents a safe potential probiotic with a protective effect against aspergillosis in Humboldt penguins that deserves to be further explored for therapeutic uses in these animals.
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Introduction

Aspergillosis is an infectious disease caused by the ubiquitous opportunistic saprophytic fungi from the genus Aspergillus, primarily Aspergillus fumigatus (1). Inhalation of fungal spores is the main route of infection in birds (2). When the bird’s immunity is unable to address the infection with too many spores being inhaled, clinical presentation varies from acute cases involving the lungs to chronic, disseminated infections of the air sacs (1). Mycelial granulomas called aspergillomas may develop within the lungs or other organs, as well as fungal necrotizing plaques resulting in thickening of avian air sac mucosa (3), both of which may obstruct the respiratory airways. Predisposing factors in birds include immunosuppression causes, genetic factors, nutritional (hypovitaminosis A), or infectious and toxic disorders (4, 5). Penguins are among the most affected captive-bred bird species (6–14).

Yearly fatal A. fumigatus cases affect approximately 10% of the penguin colony at ZooParc de Beauval in France (personal communication from author MT) and can represent 27% of all cause-mortality in some penguin colonies (12). Fungal loads in their environment settings are often quite high (15), making immunosuppressed or stressed individuals, particularly at risk of developing clinical aspergillosis (2), especially during the summer season (July-September) in the northern hemisphere (13, 15). Diagnosis in birds is challenging, and often requires a multi-tool diagnostic panel in addition to the anamnesis and clinical evaluation (16, 17). Treatment of aspergillosis in clinically infected penguins primarily relies on azole drug-based therapy (18–20). Alternatives include terbinafine (21), amphotericin B (22), or other antifungals. However, clinical signs are non-specific, the diagnosis in the laboratory is challenging, and all together the initiation of adequate antifungal therapy is consequently often delayed. Besides, voriconazole toxicity has been described in penguin species (23) and resistance of Aspergillus sp. strains to azole molecules is reported from low (24, 25) to high (8)  depending on the zoological institutions. For all these reasons, medical prophylaxis against aspergillosis is paramount in penguins.

The glycan galactose-α-1,3-galactose (α-Gal) is expressed on the surface of several pathogens including Plasmodium spp (26)., Trypanosoma cruzi (27, 28), Leishmania spp. (29), and A. fumigatus (30), as well as on glycoconjugates in cells of non-primate mammals, prosimians, and New World monkeys. However, birds, fish, and humans evolved with the inability to synthesize the α-Gal due to the functional inactivation of the α1,3-galactosyltransferase (α1,3GT) gene. In turn, they can produce high levels of anti-α-Gal antibodies (Abs) in response to antigenic stimulation from gut microbiota bacteria, which may be protective against multiple α-Gal-containing pathogens (31). The protective role of anti-α-Gal immunity has been validated in several infectious models, as immunization with the glycan protects against infection with Plasmodium spp (26)., T. cruzi (32), and Leishmania spp (27). Notably, oral administration of the bacterium Escherichia coli O86:B7 with high α-Gal content elicited an anti-α-Gal Abs response associated with protection against malaria transmission in α1,3GT-deficient mice (26). In another study, probiotic formulations including Aeromonas veronii and Pseudomonas entomophila with high content of α-Gal were biosafe and increased the levels of anti-α-Gal IgM and protected against Mycobacterium marinum in a zebrafish model (33). Protective mechanisms that regulated immunity and metabolism activated in response to probiotics included modification of the gut microbiota composition, B-cell maturation, anti-α-Gal antibodies-mediated control of mycobacteria, while they induced innate immune responses, beneficial effects on nutrient metabolism, and reduced oxidative stress (33). In addition, recent research showed that oral administration of Escherichia coli O86:B7 prevented turkeys from developing aspergillosis after experimental infection with A. fumigatus (30). However, the protective effect of E. coli O86:B7 was not associated with an increase in circulating anti-α-Gal IgY levels, but with a striking reduction of anti-α-Gal IgA in the lungs of infected turkeys (30). Animals treated with E. coli O86:B7 experienced lower lung inflammation, which was associated with no activation of pro-inflammatory cytokine genes (i.e., IFNγ, IL6, IL2) in A. fumigatus-infected turkeys. In the light of this evidence, probiotic-based vaccines were proposed as an alternative to activate protective mechanisms associated with the α-Gal immunity for the control of infectious diseases in fish, birds, and humans (31, 34–36).

Developing an anti-α-Gal oral vaccine opens the perspective to protect penguins against various infectious diseases, including malaria, mycobacteriosis, and aspergillosis. However, little is known about α-Gal immunity in Sphenisciformes. In this study, we first studied the occurrence of anti-α-Gal Abs in healthy Humboldt penguins as well as in penguins with clinical suspicion of aspergillosis and in penguin eggs. Then, the presence and abundance of α1,3GT genes were inferred from the 16S rRNA data using the bioinformatics pipeline PICRUSt2 for metagenome prediction. We also tested the safety of using oral administration of E. coli Nissle with high content of α-Gal to modulate the anti-α-Gal immunity in penguins. The results advance our current knowledge about α-Gal immunity and show that E. coli Nissle is a safe probiotic to use in penguins with protective potential against aspergillosis to be further studied in this species.



Materials and Methods


Penguins Gut Microbiome Analyses


Feces Collection in Humboldt Penguins, DNA Extraction and 16S rRNA Sequencing

During manual restraint for annual avian influenza vaccination, cloacal swabbing was performed on four Humboldt penguins from the study colony (randomly selected). Genomic DNA was extracted from cloacal samples using Nucleospin tissue DNA extraction Kit (Macherey-Nagel, Hoerdt, France). The samples were deposited inside an extraction buffer kit to remove fecal material, and the manufacturer’s instructions were followed to purify the genomic DNA. Fecal genomic DNA was eluted in 100 µl of sterile water and its quality (OD260/280 between 1.8 –2.0) was measured with NanoDrop™ One (Thermo Scientific, Waltham, MA, USA). More than 200ng of DNA at ≥ 20 ng/µL concentration were sent for amplicon sequencing of the bacterial 16S rRNA gene, which was commissioned to Novogene Bioinformatics Technology Co. (London, UK). Libraries were prepared with NEBNext® Ultra™ IIDNA Library Prep Kit (New England Biolabs, MA, USA). A pair lane of Illumina MiSeq system was used to generate 251-base paired-end reads from the V4 variable region of the 16S rRNA gene using barcoded universal primers (515F/806R). The emerged raw 16S rRNA sequences obtained from cloacal penguin samples were deposited at the SRA repository (Bioproject No. PRJNA808259).

In addition to S. humboldti, the presence of α1,3GT genes was also predicted in the gut microbiome of other penguin species including Eudyptes chrysolophus, Eudyptula minor, Pygoscelis papua, and Aptenodytes patagonicus [Bioproject PRJEB3083 (37)].



16S rRNA Sequences Processing

After downloading from SRA repository (38), the raw 16S rRNA sequences were uploaded and analyzed using the QIIME2 software (v. 2021.4) pipeline (39). The fastq files were first demultiplexed and filtered for quality control using DADA2 pipeline (40), implemented in QIIME2. Reads were then denoised into amplicon sequence variants (ASVs) and taxonomical classifications were assigned to ASVs using a pre-trained Naive Bayes classifier (41) from SILVA database (release 138) (42).



Prediction of α-1,3-Galactosyltransferase Genes in Penguin Microbiomes

We tested the presence and abundance of α1,3GT genes in the bacterial microbiomes of Humboldt penguins and, for comparative purposes, other selected penguin species. These include the Macaroni penguin (E. chrysolophus), the Little penguin (E. minor), the Gentoo penguin (P. papua), and the King penguin (A. patagonicus). The 16S rRNA amplicon sequences of Humboldt penguin (this study) and publicly available 16S rRNA datasets [for the other penguins, Bioproject PRJEB3083 (37)] were used to predict the metabolic profiling of each sample.

PICRUSt2 (43) was used to predict the metagenomes from 16S rRNA amplicon sequences. Briefly, the ASVs were placed into a reference tree (NSTI cut-off value of 2) containing 20,000 full 16S rRNA sequences from prokaryotic genomes, which was then used to predict individual gene family copy numbers for each ASV. The predictions are based on Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs (KO) (44). The analysis was focused in the detection of α1,3GT genes including the gspA-general secretion pathway protein A (accession K02450), waaL, rfaL-O-antigen ligase (K02847); waaO, rfaI-UDP-glucose: (glucosyl) LPS alpha-1,3-glucosyltransferase (K03275); waaJ, rfaJ, UDP-glucose: (galactosyl) LPS alpha-1,2-glucosyltransferase (K03279); waaR, waaT, rfaJ- UDP-glucose/galactose: (glucosyl) LPS alpha-1,2-glucosyl/galactosyltransferase (K03276) and waaI, rfaI-UDP-D-galactose: (glucosyl) LPS alpha-1,3-D-galactosyltransferase (K03278). The bacterial taxa contributing to these genes were also identified. A Sankey and chord diagrams were used to represent the taxa contribution analysis using the networkD3 (45) and circlize (46) packages, respectively, as implemented in R studio (47).




Vaccination Trial


Penguins and Vaccination Trial Design

Before starting the vaccination trial, a preliminary safety test of the probiotic bacteria was used as a vaccine, and the placebo was carried out using two penguins (none of them included in the vaccination trial groups). One penguin was given an oral dose of vaccine and the other one a placebo. Both individuals were closely monitored by zookeepers for three weeks. Once the administration of the ‘oral vaccine’ and the placebo were considered safe for the penguins, the trial started.

Twenty adult Humboldt penguins, were randomly selected from the study colony (n = 123). Each penguin was assigned to either the vaccination (n = 10, penguins N°11-20) or the placebo (n = 10, penguins N°21-30) groups (Table 1). Penguins in each group were identified with wing tags of different colors. Based on medical records, clinical examination, and baseline plasma electrophoretic profiles, all animals included in the study were considered healthy at the moment of inclusion (See below details on ‘diagnosis of aspergillosis’). During the vaccination trial (vaccine and placebo given orally on D0, D2, D7, D9, D14, and D16; Table 1), and the follow-up period of one year, the animals were kept together with the other penguins of the colony.


Table 1 | Penguins and procedures in the vaccination triala.





Oral Administration of Probiotic Bacteria and Placebo

Animals in the vaccination group received E. coli Nissle 1917 (Mutaflor, DSM 6601, Pharma-Zentrale GmbH, Herdecke, Germany). These probiotic bacteria were administered orally using gastro-resistant hard capsules (2.5 - 25 x 109 colony-forming units (CFU) per capsule). Animals in the placebo group were given empty vegetable capsules made of pullulan (YourSupplements, Bredbury, Stockport, UK). The vaccine or the placebo capsules were orally administrated every Monday and Wednesday for three consecutive weeks (Table 1). Free-food sessions, in the large enclosure of the penguins at the zoo, were used to administer the vaccine or placebo capsules using thawed sprats (Sprattus sprattus) as baits.



Blood Sampling and Blood Processing

Three sampling sessions were performed one month before (T-1mo), one month (T1mo), and three months (T3mo) after the beginning of the vaccination protocol (Table 1). Penguins were manually restrained and 2-to-2.5ml of blood were sampled from either the medial metatarsal vein or the dorsal coccygeal vein (14), using a 2.5ml plastic syringe and a 22-g needle. For each penguin, 0.5ml of whole blood was immediately transferred to EDTA tubes (Tube BD® Vacutainer® Silicone EDTA 4ml), homogenized, then transferred to a dry tube containing 0.5ml of perchloric acid, homogenized again and stored at 4°C until further processing. Another 0.5ml was also immediately transferred to heparin-lithium tubes (Tube BD® Vacutainer® Silicone lithium heparin 4ml) and homogenized. The remaining amount of fresh blood (1-to-1.5ml) was transferred into a plastic tube for serum collection with a coagulation activator (Tube BD® Vacutainer® Silicone dry tube 4ml). All tubes were centrifuged at 5000rpm for 15 minutes twice. The supernatants obtained from the EDTA-blood + perchloric acid tubes were stored in cryotubes (Thermo Fischer Scientific, 91140 Les Ulis, France) at -20°C. Once the three sampling sessions were completed, samples were thawed and 3-hydroxybutyrate (3-OHB) concentration was measured using the Roche Cobas 6000® instrument (Roche Diagnostics, Indianapolis, IN), with INstruchemie® reagents (INstruchemie, Delfzijl, The Netherlands). Capillary zone electrophoretic profiles were obtained from the fresh heparin-lithium plasma samples using the Minicap® automated system (Sebia, Lissex, 91008 Evry Cedex, France). For each plasma sample, total protein concentration was determined using a chemistry analyzer (Catalyst One, Idexx Laboratories, Inc., Westbrook, Maine 04092 USA). Serum was also extracted and stored at -20°C until further processing.



Computed Tomography

The twenty penguins of the trial were brought to the on-site veterinary hospital for computed tomography (CT) imaging (Philips Brilliance 64; Philips Medical Systems; Philips France, 92156 Suresnes, France; No iodine contrast. Acquisition parameters: 2 mm slice thickness, -1.5 mm increment, Tube voltage 120 kV, Tube current 150 mAs/slice; Pulmonary reconstruction parameters: 158mm FOV, 1mm slice thickness, -0.6mm increment, Y-detail (YB) filter) at two time points (T-1mo, T3mo, Table 1). Penguins were placed in a 40cm-high, 18cm-large PVC tube fixed on a rigid plate, as previously reported (48). If the penguins were too big to fit the PVC tube, they were anesthetized with isoflurane delivered by facemask to perform a dorsal recumbent CT scan. A binary scoring system was created to assess aspergillosis-related lesions. Six reading categories were considered: right lung nodules, left lung nodules, air sac nodules, air sac plaques, trachea nodules, and trachea plaques. For each category, the presence (1) or absence (0) of lesions was recorded for each penguin at T-1mo and T3mo. CT scans were blindly read (vaccination status not available), separately by two radiologists (European College of Veterinary Diagnostic Imaging diplomates). Both readings were harmonized to a collegiate, unique score for each CT scan. Size (mm) and the number of each lesion were also recorded.



Diagnosis of Aspergillosis

A multi-tool diagnostic panel (16, 17) was used to assess aspergillosis status at T-1mo, T1mo, and T3mo (Table 1). Criteria for suspicion of aspergillosis in penguins included clinical signs (increased respiratory efforts, abnormalities on respiratory auscultation), respiratory lesions on the CT scans (49, 50) (see the section above “Computed tomography”), 3-hydroxybutyrate plasma levels above the cut-off value of 940μmol/l together with an elevation of the α2 and β electrophoretic fractions (51), and elevated anti-A. fumigatus Abs (50, 52–54). Penguins were closely monitored by zookeepers each day, and any abnormal behavior was reported to the zoo veterinarians. If penguins from the study died during the one-year follow-up period (01/12/2020 – 01/12/2021), a complete post-mortem examination was performed together with a complete histopathology examination, as well as cytology, fungal culture, and Aspergillus sp. PCR on air sac and lung samples.




Serological Assays and Analyses


Evaluation of Secondary Antibodies for Penguin Abs Detection

Considering the lack of commercially available anti-penguin Abs, we assessed the specificity of anti-chicken and anti-turkey Abs for penguin IgY for their use as secondary Abs in indirect ELISA assays to measure penguin Abs in sera samples. Specificity was assessed using indirect ELISA and western blots, as described below. For serological assay optimization, sera samples of different penguins (n = 10, Supplementary Table S1), not included in the vaccination trial, were used.



Indirect ELISA

Plates (Nunc-ImmunoTM Plate, Thermo Scientific, Waltham, MA, USA) were coated with α-Gal linked to Human Serum Albumin (HSA) (HSA-α-Gal, 50ng/well, Dextra Laboratories, Reading, UK) diluted in carbonate/bicarbonate buffer (0.05 M, pH 9.6) and incubated overnight at 4°C. Wells were washed three times with 100 µL of Phosphate-Buffered Saline: 10 mM NaH2PO4, 2.68 mM KCl, 140 mM NaCl, pH 7.2 (Sigma-Aldrich, St. Louis, MO, USA), (PBS) with 0.05% tween (PBST) and then blocked with 100 μL of 1% HSA/PBS for 1 hour at room temperature (RT). After three washes, sera samples, diluted 1:200 in PBS, were added to the wells and incubated for 1 hour at 37°C. The plates were washed three times and horseradish peroxidase (HRP)-conjugated goat anti-turkey IgY (Mybiosource, San Diego, USA) or goat anti-chicken IgY (Sigma-Aldrich, St. Louis, MO, USA) were added at dilution 1:1500 in PBS (100 μL/well) and incubated for 1 hour at RT. Subsequently, the plates were washed three times and the reaction was developed by adding 100 µL ready-to-use TMB solution (Promega, Madison, USA) at RT for 20 min in the dark. Then, 50 µL of 0.5 M H2SO4 was added to stop the reactions. The optical density (OD) was measured at 450 nm using a Multiskan FC ELISA reader (Thermo Scientific, Waltham, MA, USA). All samples were tested in triplicate and the average value of three blanks (no Abs) was subtracted from the reads. The cut-off was determined as two times a mean OD value of the blank controls.



Western Blots

Total chicken and penguin IgY were purified using the Pierce™ Chicken IgY Purification Kit kit (Thermo Scientific, Waltham, MA, USA), following the manufacturer’s instructions. Purified chicken or penguin IgY were loaded on a 4-15% Mini-protean TGX stain-free gel (Bio-Rad, Hercules, USA) and separated by SDS-electrophoresis 1 hour at 120V by duplicated. One of the gels was used for protein staining with Coomassie blue. The other gel was used for protein transference onto Trans-Blot Turbo Transfer Packs membrane (Bio-Rad, Hercules, USA). The membrane was blocked 2 hours with 1% HSA (Sigma-Aldrich, St. Louis, MO, USA)/PBS at RT, washed three times with PBST, and incubated at 4°C overnight with HRP-conjugated goat anti-turkey IgY (Mybiosource, San Diego, CA, USA), or goat anti-chicken IgY (Sigma-Aldrich, St. Louis, MO, USA) antibodies dilution 1:400 in PBS. Immunoreactive proteins were visualized with TMB solution (Promega, Madison, WI, USA).




Relative Quantification of Penguin Abs


Indirect ELISA for Quantification of Penguin Anti-α-Gal IgM and IgY

The occurrence of anti-α-Gal IgY was measured in penguins not included in the vaccination trial (Supplementary Table S1). Anti-α-Gal IgM and IgY were also measured in the penguins included in the vaccination trial (n = 20) at different time points (T-1mo, T1mo, and T3mo) (Table 1). In both cases, IgY or IgM was measured by indirect ELISA, as described above with the following specifications. Penguin sera were diluted 1:200 in PBS. HSA-α-Gal was used as coating antigen and anti-chicken IgY or IgM (Sigma-Aldrich, St. Louis, MO, USA) were added at 1:1500 dilution in 1% HSA/PBS (100 μL/well). Reactions were developed and stopped as described above.



Competitive ELISA for Quantification of Total Penguin Anti-α-Gal Abs

Total penguin anti-α-Gal Abs were measured in animals included (Table 1), or not (Supplementary Table S1), in the vaccination trial. Total penguin anti-α-Gal Abs were measured as the capacity of penguin sera to inhibit the binding of the monoclonal mouse anti-α-Gal antibody (mAb) M86 (Enzo Life Sciences, Farmingdale, NY, USA) in a competitive ELISA (55), with modifications. Briefly, dilutions of penguin sera were prepared (1:200, 1:80, 1:20, and 1:5) and added to α-Gal antigen simultaneously with mAb M86. The binding of penguin sera to α-Gal was measured as mAb M86 binding inhibition percentage (%). Penguin sera were mixed with mAb M86 and both Abs were added simultaneously to plates coated with α-Gal-BSA (200 ng/well, Dextra Laboratories, Reading, UK). The HRP-conjugated goat anti-mouse IgM (Sigma-Aldrich, St. Louis, MO, USA) was used as a secondary antibody and the OD was measured at 450 nm with a Multiskan FC ELISA reader (Thermo Scientific, Waltham, MA, USA). Duplicates were used for each sample. The average value of the blanks was subtracted from all reads before further analysis. The mAb M86 binding inhibition % was calculated as {([OD mAb M86 alone] − [OD mAb M86 with penguin sera])/[OD mAb M86 alone]} × 100.



Relative Quantification of Penguin Anti-A. fumigatus IgM and IgY

Penguin Ab response to the fungus A. fumigatus was measured by indirect ELISA using protein extracts of A. fumigatus CBS 144.89 (CEA10) as coating antigens. Aspergillus fumigatus coating antigen was obtained by fungal culture and protein extraction. Aspergillus fumigatus culture was performed on Sabouraud dextrose agar (SDA), supplemented with chloramphenicol (5 mg/L), and incubated at 37°C for 10 days. Sub-cultures were performed twice a week and A. fumigatus colonies were grown for 2–3 days at 37°C. Conidia were subsequently harvested by resuspension in PBS with 0.01% tween, filtered in a 70 µm diameter nylon cell strainer (ClearLine Dominique Dutscher, Brumath, France), washed by centrifugation at 3500× g for 10 min, resuspended in with 0.01% tween and then counted using a Malassez counting chamber. Aspergillus fumigatus suspension containing 4 × 107 conidia was resuspended in 500 µl lysis buffer PBS with 1% Triton All reagents used for the fungus preparation were apyrogenic. Aspergillusfumigatus proteins were extracted with six steel balls using the homogenizer Precellys® 24 Dual (Bertin, France) at 5000× g for 20s, 2 times on lysis buffer. The homogenate was centrifuged at 200× g for 5 minutes and the supernatant was collected and quantified with BCA Protein Assay (Thermo Scientific, Waltham, MA, USA) with bovine serum albumin (BSA) as standard. Anti-A. fumigatus IgM and IgY were measured in penguin sera samples collected at T-1mo, T1mo, and T3mo (Table 1) by indirect ELISA, as described above with the following specifications. Penguin sera were diluted 1:200 in PBS. Aspergillus fumigatus protein extract was used as coating antigen and anti-chicken IgY or IgM (Sigma-Aldrich, St. Louis, MO, USA) were added at 1:1500 dilution in 1% HSA/PBS (100 μL/well). Reactions were developed and stopped as described above.



Relative Quantification of Penguin Anti-E. coli Nissle IgM and IgY

Penguin Ab response to the bacteria E. coli was measured by indirect ELISA using protein extracts of E. coli Nissle 1917 as coating antigens. Escherichia coli coating antigen was obtained by bacterial culture and protein extraction. Escherichia coli Nissle 1917 (Mutaflor strain) were grown on 20 mL of Luria Broth (Sigma-Aldrich, St. Louis, MO, USA), at 37°C overnight to OD600 = 0.8. Bacteria were washed twice with PBS, centrifuged at 1000× g for 5 min at 4°C, and resuspended in 500 µl lysis buffer, PBS with 1% Triton (Sigma-Aldrich, St. Louis, MO, USA). All reagents used for bacterial preparation were apyrogenic. Escherichia coli Nissle proteins were extracted with six steel balls using the homogenizer Precellys®24 Dual (Bertin, France) at 5000× g for 20s, 2 times on lysis buffer. The homogenate was centrifuged at 200× g for 5 minutes and the supernatant was collected and quantified with BCA Protein Assay (Thermo Scientific, Waltham, MA, USA) with BSA as standard. Anti-E. coli IgM and IgY were measured in penguin sera samples collected at T-1mo, T1mo, and T3mo (Table 1) by indirect ELISA, as described above with the following specifications. Penguin sera were diluted 1:200 in PBS. Escherichia coli Nissle protein extract was used as coating antigen and anti-chicken IgY or IgM (Sigma-Aldrich, St. Louis, MO, USA) were added at 1:1500 dilution in 1% HSA/PBS (100 μL/well). Reactions were developed and stopped as described above.




Determination of α-Gal on E. coli by Flow Cytometry

The presence of the glycan α-Gal was measured in E. coli Nissle 1917 (Mutaflor strain) by flow cytometry as described (56). The strains E. coli O86:B7 (ATCC 12701) with high content of α-Gal and E. coli ClearColi® BL21 (DE3) (Lucigen, Middleton, Wisconsin, USA) with no LPS (where α-Gal is mainly present) were used as positive (26, 30, 56, 57) and negative (58) controls, respectively. The strain E. coli BL21 (DE3, Invitrogen, Carlsbad, CA, USA) with low α-Gal content (30, 56) was used for comparative purposes. All bacterial strains were grown as described above. After three washes in PBS, the bacteria were fixed for 30 minutes in 4% paraformaldehyde, and then incubated with mAb M86 (Enzo Life Sciences, Farmingdale, NY, USA) diluted 1:100 in PBS. FITC-goat anti-mouse IgM (Sigma-Aldrich, St. Louis, MO, USA) labelled antibody (diluted 1:1000 in PBS 2 h at RT) was used as a secondary antibody. The mean fluorescence intensity (MFI) was determined by flow cytometry and compared between test and control cells.



Purification and Quantification of Total IgY From Humboldt Penguins Egg Yolk

Two Humboldt penguin eggs were kindly provided by Sylvie Laidebeure and Alexis Lécu from the Paris Zoological Park (Muséum national d’Histoire naturelle, France). Egg yolk and egg white were separated. Total egg IgY was purified with Pierce™ Chicken IgY Purification Kit (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s instructions. Briefly, egg yolk was weighed and mixed with a volume of cold delipidation reagent equal to five times the egg yolk weight. The mix was incubated for 2 hours at 4°C and then centrifuged 20 minutes at 10,000× g in a refrigerated centrifuge. The supernatant was recovered and an equal volume of cold IgY precipitation reagent was added and incubated for 2 hours at RT. After 20 minutes of centrifugation at 10,000× g in a refrigerated centrifuge, the pellet was collected and a volume of PBS equal to the original volume of the egg yolk was added. Total proteins were quantified using BCA Protein Assay (Thermo Scientific, Waltham, MA, USA) with BSA as standard. Egg Abs were quantified by competitive (total anti-α-Gal Abs) and indirect (anti-α-Gal, anti-E. coli, and anti-A. fumigatus IgY) ELISA, as described above.



Statistical Analyses

Statistical differences of parameters measured in penguins of each group were evaluated using paired and unpaired Student’s t-test applied to individual paired and unpaired values, respectively. Pearson correlation was used to assess the correlation between anti-α-Gal and anti-E. coli Abs levels. All statistical analyses were performed in the GraphPad 9 Prism program (GraphPad Software Inc., San Diego, CA, USA). Differences were considered significant when p < 0.05.




Results


Presence and Distribution of α1,3GT Genes in Penguin Microbiomes

Taxonomic classification of the microbiota of Humboldt penguin analyzed from fecal samples showed that the most abundant taxa were the genera Fastidiosipila, Gottschalkia, Staphylococcus, Pseudomonas, Ezakiella, Psychrobacter, Oceanisphaera, Acinetobacter, and Neisseriaceae (Figure 1A). The taxa Enterobacteriaceae and Escherichia-Shigella were found in all the samples, although their relative abundances were not high (less than 2%) (Supplementary Table S2). Furthermore, α1,3GT genes were predicted from the gut microbiome of Humboldt penguin and the taxa contributing to these genes were traced (Figure 1B). Results showed that 198 taxa contributed to the six α1,3GT genes but the contribution of only 12 of these taxa (listed in Figure 1B) was higher than 1%. Interestingly, among the taxa with the highest contribution, Enterobacteriaceae, and Escherichia-Shigella were found.




Figure 1 | Taxonomic and functional profiles of the fecal microbiome of Humboldt penguin. (A) Barplot showing the taxonomic classification of gut bacterial species from Humboldt penguin. The nine taxa with the highest relative abundance were highlighted within the black box and shown in the legend. (B) Chord diagrams representing the metagenome contribution to α1,3GT genes in the gut microbiota of Humboldt penguin. The links indicate the linkage between the taxa and α1,3GT genes and their width are proportional to the contribution. Node segments along the circle represent taxa or functional genes, the node’s width represent the abundance (measured as feature count) of contributing taxa and genes. Only taxa with contribution higher than 1% to all the functional genes were shown in the legend.



In addition to S. humboldti, the presence of α1,3GT genes was also predicted in the gut microbiome of other penguin species including E. chrysolophus, E. minor, P. papua, and A. patagonicus. More than twenty bacterial taxa, with a contribution higher than 1%, were identified to harbor α1,3GT genes (Supplementary Figure S1). Not all taxa contributed equally to the distribution of α1,3GT genes, as various of these taxa had very low abundance in the microbiomes and thus contributed only marginally to α1,3GT genes. Similar to the Humboldt penguin, all the α1,3GT genes were present in the microbiome of other penguin species studied. When taxa with the marginal contribution to the α1,3GT genes (less than 1%) were excluded, only four of the genes were found (i.e., K02450, K02847, K03278, K03279) to have a major presence in E. chrysolophus, E. minor, and A. patagonicus (Supplementary Figure S1). The most frequently found α1,3GT genes were K02450 and K02847, especially in E. minor. Among the four species analyzed, E. minor is the closest relative to the Humboldt penguin. Accordingly, Humboldt penguins presented a similar α1,3GT genes profile to E. minor, where K02450 and K02847 were also the most frequently found (Figure 1B). The taxa that most contributed to α1,3GT genes in S. humboldti were Oceanisphaera. In the other penguin species, the bacterial taxa Gallicola, PeH15, Fusobacterium, and Peptostreptococcales-Tissierellales were among the main contributors to α1,3GT genes. These results suggest a wide distribution of α1,3GT genes in the penguin microbiome, which may be associated with the induction of natural anti-α-Gal Abs in this group of birds.



Occurrence of Anti-α-Gal Ab in Penguin Sera and Eggs

Western blot analysis showed that anti-chicken IgY recognizes bands of similar size in chicken and penguin IgY (Supplementary Figure S2). Anti-turkey IgY recognized several bands in purified chicken and penguin IgY (Supplementary Figure S2). In agreement with a non-specific recognition of anti-turkey IgY for penguin Abs, the indirect ELISA showed that the OD values using the anti-turkey IgY were higher than those using the anti-chicken IgY (data not shown). Based on the western blot and indirect ELISA results, anti-chicken secondary Abs were used in the indirect ELISA assays to measure the levels of penguin IgM and IgY.

The occurrence of anti-α-Gal Abs in Humboldt penguins was assessed in sera samples collected from healthy penguins (n = 5) and penguins with clinical suspicion of aspergillosis (n = 5) (Supplementary Table S1). At the individual level, total anti-α-Gal Abs were higher in the serum of the penguin with a strong suspicion of aspergillosis compared with that of the healthy animals (Figure 2A), but statistical analysis showed no difference between groups (p > 0.05, Figure 2B). Isotype-specific detection of penguin anti-α-Gal showed variable levels of IgY in this group of animals (Figure 2C), but differences were not significant (p > 0.05, Figure 2D). Total anti-α-Gal Abs (Figure 2E) and anti-α-Gal IgY (Figure 2F) were also detected in Humboldt penguin eggs. Antibodies IgY specific to E. coli and the pathogen A. fumigatus were also detected in the eggs (Figure 2F).




Figure 2 | Individual variation of anti-α-Gal Abs in penguin sera and eggs. The levels of circulating total anti-α-Gal Ab (A, B) and anti-α-Gal IgY (C, D) were measured by competitive and indirect ELISA, respectively. Total and IgY anti-α-Gal Abs were variable in the sera of individual penguins (ID 1 - 10). Total anti-α-Gal Ab (C) and anti-α-Gal IgY (D) were measured in two egg yolks by competitive and indirect ELISA, respectively. Egg anti-α-Gal IgY specific to E coli and A. fumigatus proteins were measured by indirect ELISA. M86 binding inhibition % (A, B, E) and OD (C, D, F) means and standard deviation values of technical replicates per sample are displayed. Penguins with strong (Red), mild (rose) or none (light rose) clinical suspicion of aspergillosis were included, as listed in Supplementary Table S1. Values were compared by unpaired (B, D) student’s t-test (ns, not significant, strong (n = 1), mild (n = 4) and none (n = 5), and three technical replicates per sample).





Presence of α-Gal Glycan in the Probiotic E. coli Nissle

The α-Gal glycan was detected on the surface of E. coli Nissle as assessed by flow cytometry (Table 2). The α-Gal glycan was also detected in the positive control E. coli O86:B7. This was not the case for E. coli ‘clean’, and E. coli BL21 strains, used as negative controls of α-Gal production (Table 2). The average fluorescein isothiocyanate (FITC) absorption values were higher for E. coli Nissle and E. coli O86:B7 compared to those of E. coli ‘clean’ and BL21 strains (Table 2).


Table 2 | Presence of α-Gal in E. coli Nissle measured by flow cytometry.





Modulation of Anti-α-Gal Abs After Oral Administration of E. coli Nissle

Before starting the trial, two penguins from the colony (not included in the trial) were randomly selected and given an oral dose of vaccine or placebo. No adverse effects were reported on these two individuals during three weeks of close monitoring. Based on these observations the vaccination trial started and oral administration of vaccine or placebo followed the schedule described in Table 1. No side effects were noted in any of the penguins administered the vaccine or the placebo.

Three months (T3mo) after the oral vaccination (Post-V), the penguins that received E. coli Nissle showed a significant reduction (10.19 SD ± 12.05, 95% IC 1.57-18.81) in total anti-α-Gal Abs compared with the levels before the oral vaccination (Pre-V, 20.20 SD ± 11.31, 95% IC 12.11-28.29) (Student’s t-test p = 0.03, Figure 3A). No differences were observed in the levels of anti-α-Gal IgM (Figure 3B) and IgY (Figure 3C) Post-V compared with the levels Pre-V. The animals in the placebo group showed no significant difference in the levels of total anti-α-Gal Abs (Figure 3D) and anti-α-Gal IgY (Figure 3F) before and after administering the placebo, while in the same group of animals, the levels of anti-α-Gal IgM were significantly lower Post-V (0.66 SD ± 0.49, 95% IC 0.80-1.56) compared with the levels Pre-V (2.22 SD ± 0.68, 95% IC 1.69-2.74) (Student’s t-test p = 0.003, Figure 3E). No significant differences were found in the levels of anti-α-Gal IgM (Figure 3G), or anti-α-Gal IgY (Figure 3H) Pre-V or Post-V in the vaccination compared with the placebo group.




Figure 3 | Variation in penguin anti-α-Gal Ab levels after oral administration of E coli Nissle. The levels of circulating total anti-α-Gal Ab (A) and anti-α-Gal IgM (B) and IgY (C) were measured by competitive (A, D) and indirect (B, C, E, F–H) ELISA in the E coli Nissle (red dots) and placebo (black dots) groups before (Pre-V) and after (Post-V) the vaccination protocol. Total anti-α-Gal Abs decreased in the sera of penguins vaccinated with oral E coli Nissle (A). Anti-α-Gal IgM decreased in the sera of penguins of the placebo group (E). No significant differences were observed in the levels of anti-α-Gal IgM (G) and IgY (H) when the two groups, E coli Nissle and placebo, were compared Pre-V and Post-V. Individual (A–F) and means and standard deviation (G, H) values are shown. Values were compared by paired (A–F) or unpaired (G, H) student’s t-test (*p < 0.05, **p < 0.005; ns, not significant, 1 experiment, n = 10 in the E coli Nissle group and n = 9 in the placebo group, and three technical replicates per sample).



We then asked whether oral administration of E. coli Nissle elicits anti-E. coli Abs and, if yes, whether a correlation existed between anti-E. coli and anti-α-Gal Abs levels. No significant change was found in the levels of anti-E. coli IgM Pre-V and Post-V (Figure 4A), while anti-E. coli IgY (Figure 4B) showed a significant increase in the penguins of the E. coli Nissle group. However, the same pattern was found in the placebo group, with no significant change in anti-E. coli IgM Pre-V and Post-V (Figure 4C) and a significant increase in anti-E. coli IgY (Figure 4D). The levels of anti-E. coli IgM (Figure 4E) and anti-E. coli IgY (Figure 4F) in the penguins of the E. coli Nissle group were not different from those of the placebo group. Positive correlations between the levels of anti-E. coli IgM and anti-α-Gal IgM Pre-V (Pearson coefficient r=0.46, p = 0.04, Figure 4G) and anti-E. coli IgY and anti-α-Gal IgY in the E. coli Nissle group Post-V (Pearson coefficient r=0.63, p = 0.04, Figure 4H) were found. There was no correlation between levels of anti-E. coli IgM or IgY and anti-α-Gal IgM or IgY in the placebo group Post-V or between anti-E. coli IgM and anti-α-Gal IgM in the E. coli Nissle group Post-V.




Figure 4 | Levels of anti-E. coli Abs after oral administration of E. coli Nissle and their association with anti-α-Gal Ab levels. The levels of anti-E. coli IgM (A, C, E) and IgY (B, D, F) were measured in penguin sera by indirect ELISA in animals of the E. coli Nissle (red dots) and placebo (black dots) groups before (Pre-V) and after (Post-V) the vaccination protocol. No significant differences were observed in the levels of anti-E. coli IgM within (A, C) and between (E) groups. Significant differences were observed in the levels of anti-E. coli IgM within (A, C), but not between (E) groups. Positive correlations between the levels of anti-E. coli IgM and anti-α-Gal IgM Pre-V (Pearson coefficient r=0.46, p = 0.04) (G), and anti-E. coli IgY and anti-α-Gal IgY in the E. coli Nissle group Post-V (Pearson coefficient r=0.63, p = 0.04) (H) were found. Individual (A–H) and means and standard deviation (E, F) values are shown. Values were compared by paired (A–D) or unpaired (E, F) student’s t-test (**p < 0.005; ns, not significant, 1 experiment, n = 10 in the E. coli Nissle group and n = 9 in the placebo group, and three technical replicates per sample, A-F). Values of both groups placebo and E. coli Nissle were merged for the Pre-V anti-E. coli-anti-α-Gal IgM correlation analysis (n = 19). For the correlation of anti-E. coli-anti-α-Gal E. coli Nissle Post-V IgY n = 10.





Markers of Aspergillus Infection in Penguin Plasma

Oral administration of E. coli Nissle was not associated with significant changes in the prealbumin, albumin, α1, α2, β1, β2, and γ-globulins concentrations and albumin/globulin (A/G) ratio compared with the placebo group (Figure 5). Except for prealbumin, the levels of the above plasma proteins did not change significantly Post-V in the E. coli Nissle or placebo groups compared with the levels Pre-V (Supplementary Figure S3). In the placebo group, the levels of prealbumin were significantly lower Post-V (3.36 SD ± 2.95, 95% IC 1.09-5.64) compared with the levels Pre-V (6.56 SD ± 1.37, 95% IC 5.50-7.62) (Student’s t-test p = 0.01), but the level of this plasma protein did not change significantly in the E. coli Nissle group (Supplementary Figure S3).




Figure 5 | Levels of plasma proteins after oral administration of E coli Nissle. The percentage of prealbumin (A), albumin (B), α1 (C), α2 (D), β1 (E), β2 (F), and γ (G) -globulins concentrations and the albumin/globulin (H) ratio of animals in the E coli Nissle (red dots) and placebo (black dots) groups Post-V are shown. Individual, means and standard deviation values are shown. Values were compared by unpaired student’s t-test (ns, not significant, 1 experiment, n = 9 in the E coli Nissle group and n = 8 in the placebo group).



The mean concentration of 3-OHB Post-V in penguins of the E. coli Nissle group was lower (540.3 SD ± 226.9 µmol/L) than that in the placebo group (610 SD ± 259.1 µmol/L), but the difference was not statistically significant (Student’s t-test P > 0.05, Figure 6A). The levels of 3-OHB before and after the oral vaccination did not change significantly in the penguins of E. coli Nissle (Figure 6B) or placebo groups (Figure 6C). Individual values of 3-OHB per penguin are available in Supplementary Table S3.




Figure 6 | 3-OHB plasma levels and anti-A. fumigatus Abs after oral administration of E coli Nissle. The concentration of 3-OHB (µmol/L) in the E coli Nissle (red dots) and placebo (black dots) groups were compared between groups (A) and within E coli Nissle (B) or placebo (C) groups before (Pre-V) and after (Post-V) the vaccination protocol. Anti-A. fumigatus IgM (D, F) and IgY (E, G) levels in penguin sera were measured by indirect ELISA and compared between (D, E) and within (F, G) groups. Individual (A–G) and means and standard deviation (A, D, E) values are shown. Values were compared by paired (B, C, F, G) or unpaired (A, D, E) student’s t-test (**p < 0.005; ns, not significant, 1 experiment, n = 10 in the E coli Nissle group and n = 9 in the placebo group, and three technical replicates per sample in the ELISA).



The levels of IgM (Figure 6D) and IgY (Figure 6E) specific to A. fumigatus were not significantly different between groups (E. coli Nissle vs. placebo) Pre-V or Post-V. Oral administration of E. coli Nissle was not associated with significant changes in anti-A. fumigatus IgM levels before and after the treatment, while the levels of IgM (2.29 SD ± 0.45, 95% IC 1.94-2.63) were significantly lower Post-V (1.29 SD ± 0.22, 95% IC 1.12-1.46) in the penguins of the placebo group (Student’s t-test p = 0.0001, Figure 6F). No significant changes were observed in the levels of anti-A. fumigatus IgY Pre-V and Post-V in the E. coli Nissle or placebo groups (Figure 6G).



Morbidity and Mortality Occurrence in Vaccinated vs. Non-Vaccinated Penguins

During the first session, 13 penguins underwent conscious, standing scanning using a device inspired by Rivas et al. (48) (Figure 7), while the remaining seven underwent conscious CT scanning in dorsal recumbency. No pulmonary lesion was observed in any of the penguins at any time point (T-1mo and T3mo), considering any of the six reading categories (Supplementary Table S3).




Figure 7 | Computed tomography in a non-anesthetized, standing Humboldt penguin. Dorsal (top right) and transverse (bottom right) sections of penguin n°13 are presented. The lung parenchyma (asterisks) and the thoracic air sacs walls (arrow) are well depicted. No lesions (nodules or plaques) are seen.



Three penguins exhibited respiratory signs consistent with aspergillosis after the trial, one from the vaccine group and two from the placebo group. A 7.5-yr-old, vaccinated male (penguin n°14) died from respiratory aspergillosis eight months after the trial (A. fumigatus isolated from extensive lesions in the left caudal air sac and the lungs, by PCR and fungal culture), despite antibiotic and antifungal treatments. Strong suspicion of respiratory aspergillosis occurred in two females from the placebo group (penguin n°23 three days after the second blood sampling session, and penguin n°25 eight months after the trial), whose clinical signs (lethargy, dysorexia, intermittent increased respiratory noises) resolved after the completion of antibiotic and antifungal treatments for ten to 21 days. They were considered healed based on normal behavior, appetite, physical examination, and follow-up blood work.




Discussion

Aspergillosis is a major cause of morbidity and mortality in captive-bred penguins (4–6) and treatment success is often hampered by diagnostic difficulty and few identifiable clinical signs. Preventive measures are paramount in zoological institutions housing penguins, and limitation of risk factors (stress, poor nest sanitation, poor ventilation, high temperature and humidity, high number of individuals living together, respiratory airways irritation by aerosolized toxins, and others) is essential to avoid the development of the fungal infection (3, 6, 7). The development of a vaccine makes it possible to consider long-term protection, but previously published studies do not show the efficacy of the tested strategies (13, 59, 60), in penguins or other birds.

The presence of α-Gal on the surface of A. fumigatus (30) may explain variations of anti-α-Gal Abs in A. fumigatus-infected birds. Variations in anti-α-Gal Abs levels in healthy individuals have been associated with the bacterial composition of the gut microbiome in humans (35, 61), α1,3GT-deficient mice (62), and fish (33). Production of anti-α-Gal Abs in humans is thought to be driven by intestinal exposure to bacteria of the Klebsiella, Serratia, and Escherichia genera expressing α-Gal (61). In addition to these bacterial genera, α1,3-GT genes are broadly distributed in the bacterial gut microbiome of humans (63), and wild and domestic birds (64). In this study, some of these bacterial taxa were found to contribute to the pool of α1,3-GT genes in the microbiome of the penguins E. chrysolophus, E. minor, P. papua, A. patagonicus, and S. humboldti. Individual differences in the gut microbiome of S. humboldti could explain the presence of anti-α-Gal Abs in healthy penguins. The positive correlation between the levels of anti-α-Gal and anti-E. coli IgM before the treatment further suggests a role of penguin gut microbiota in the production of anti-α-Gal Abs. Several studies show that the inter-generational transfer of maternal Abs provides humoral immune defence against pathogens in eggs and early-life offspring. This mechanism is crucial as endogenous production of Abs in chicks occurs only 10-14 days post-hatching (65). Anti-Aspergillus Abs may be transmitted from mother to offspring in penguins (3), a finding confirmed by the presence of anti-Aspergillus IgY in the two Humboldt penguin eggs tested in our study. Our results also showed the presence of anti-α-Gal Abs in Humboldt penguin eggs. The levels of anti-α-Gal IgY in eggs of different bird species are variable (65–67). Anti-α-Gal IgY isolated from birds can bind α-Gal antigens in mammalian tissues. Particularly, the binding of avian anti-α-Gal Abs blocks the binding of human anti-α-Gal to xenograft endothelial cells (68, 69). Avian anti-α-Gal Abs also block human blood complement activation and antibody-dependent cell-mediated lysis mechanisms that are responsible for hyperacute rejections in xenografts (68, 69). This shows the functionality of avian anti-α-Gal Abs. However, whether anti-Aspergillus and/or anti-α-Gal Abs inter-generationally transferred from the mother to egg to chick, have protective functions against Aspergillus or other infectious diseases in penguins remains an open question.

The role of microbiota in the induction of anti-α-Gal Abs has been experimentally evaluated. Gut colonization by E. coli O86:B7 elicited anti-α-Gal Abs in α1,3GT-deficient mice (57), humans (70), primates (71), white Leghorn chicks (72), and turkeys (30). Modulation of anti-α-Gal immunity using gut microbiota manipulation protects birds against avian aspergillosis, caused by experimental infection with A. fumigatus (30). Specifically, oral administration of E. coli O86:B7 increased the levels of IgY against the disaccharide Galα1-3Gal in sera of treated turkeys. Oral administration of E. coli O86:B7 was also associated with decreased anti-α-Gal IgA in lungs compared with non-treated turkeys. Decreased levels of anti-α-Gal IgA were accompanied by a reduction in the occurrence of lung granulomas, which is associated with acute aspergillosis in turkeys. These results suggest a crosstalk mechanism in birds by which the gut microbiota modulates the immune response in the lungs (73). In the infection model reported by Mateos-Hernández et al., 2020 (30), (i.e., the intratracheal infectious challenge with A. fumigatus), the mechanism of protection against avian aspergillosis does not seem mediated by increased anti-Galα1-3Gal IgY in sera. However, increased sera levels of anti-Galα1-3Gal IgY induced by oral administration of E. coli O86:B7, or other E. coli strain producing α-Gal may be relevant to prevent avian aspergillosis in conditions of airborne infection with A. fumigatus, as occur in natural conditions. Here we showed that E. coli Nissle produces α-Gal levels similar to those found in E. coli O86:B7 and higher than those found in α-Gal-negative bacteria, as measured by flow cytometry. In the present study, oral administration of E. coli Nissle was not associated with significant changes in the levels of anti-α-Gal IgY in penguins. However, we found a significant decrease in total anti-α-Gal Abs of animals treated with E. coli Nissle. Interestingly, oral administration of E. coli Nissle in penguins prevented the sharp decrease in anti-α-Gal IgM observed in the placebo group. Possible explanations for these differences are the species (turkeys vs. penguins), the bacterial dose (three administrations per week for three weeks in turkeys (30) vs. two administrations per week for three weeks in penguins), or a differential cellular location of the α-Gal epitope in E. coli Nissle and E. coli O86:B7. The α-Gal epitope of E. coli O86:B7 is expressed on the capsule or glycoprotein portion of the bacterial wall, rather than on the LPS molecules (61). Other E. coli strains were found to express the glycan in the LPS molecules (61). These findings suggest that the α-Gal epitope can be located in the LPS, capsule, or glycoprotein portion of E. coli. The cellular fraction in which E. coli Nissle expresses α-Gal is currently unknown. The results of the present study suggest that E. coli Nissle express α-Gal in a cellular fraction that is not accessible to the immune system to induce a significant increase of anti-α-Gal Abs. However, the positive correlation between the levels of anti-α-Gal and anti-E. coli IgY in the E. coli Nissle group suggests that the immune response to α-Gal is associated with that triggered by E. coli.

For aspergillosis and diagnostic tools in penguins, CT is a state-of-the-art diagnostic method for respiratory symptoms in penguins (74, 75) and was therefore included in the diagnostic panel for aspergillosis assessment in the study penguins. Physiological alterations in the lung (density and volume) and air-sac (volume) readings have been associated with dorsal recumbency (75) in Humboldt penguins undergoing CT, while no difference was seen in conscious vs. anesthetized individuals. Thus, the decision was made to perform CT in non-anesthetized penguins in a standing positioning as far as possible (Figure 7), as previously described (48). Other diagnostic tools included physical examination, plasma levels of 3-hydroxybutyrate, capillary zone electrophoresis, and A. fumigatus serology. A recently described method using an Aspergillus lateral-flow device is promising when combining plasma and glottis mucus swab samples but was not included in our study (76). Three penguins exhibited clinical signs consistent with respiratory aspergillosis. Penguin n°14 died from disseminated aspergillosis and penguin n°25 was successfully treated on strong clinical suspicion. As both of them presented seven to eight months after the vaccination trial, these findings were considered unrelated to the trial. Penguin n°23 was also successfully treated after a strong suspicion of respiratory aspergillosis reported three days after the second blood sampling session (T1mo), which was considered the stressful event that led to acute immunosuppression and subsequent acute form of aspergillosis.

Definitive diagnosis of aspergillosis relies on definitive fungal identification (by fungal culture or PCR) and typical morphological and histological lesions. Ante-mortem diagnosis remains difficult, and a multi-tools analysis is required (2, 16, 77). Plasma electrophoresis offers valuable data in infected penguins (51, 78–80) especially the β globulin fraction containing the fibrinogen (53, 77, 80–82), and 3-OHB levels (83). For these reasons, capillary zone electrophoresis assay and measurement of 3-OHB levels were added to the diagnostic panel in this study. Despite being a sometimes-useful assay in selected avian species such as psittacine birds (53, 80, 84) the s=galactomannan assay is not reliable in penguins (85) and was not used in the study.

Three months after the beginning of the trial, vaccinated penguins showed lower plasmatic levels of 3-OHB compared to placebo penguins, but no statistical difference was seen. Whether the lack of significance is due to insufficient statistical power and the oral vaccine is associated with a slower progression of subclinical Aspergillus sp. infection as reflected by lower 3-OHB values would be overstated. Mean values were below previously reported values (51), in healthy African penguins (Spheniscus demersus), a species closely related to the Humboldt penguin. For accurate aspergillosis assessment in penguins, plasma levels of 3-OHB should be interpreted together with β-globulins and α2 globulins (51) in order to have a high specificity (> 90%) and a good negative predictive value (≥ 80%). No significant difference was seen in these electrophoretic fractions between penguin groups. These results suggest that none of the penguins had developed aspergillosis during the three months of the trial, which is consistent with CT scan readings throughout the study period. As a consequence, differences observed between penguin groups in Abs levels Post-V were only attributable to the oral vaccine compared to the placebo.

However, a significant reduction of the pre-albumin fraction was observed on the electrophoretic profiles of non-vaccinated penguins after the vaccination trial. This reduction was not seen in the vaccination group. This finding suggests that prealbumin concentrations decrease when globulin levels rise (86). The only relevant difference in Abs levels Pre-V vs. Post-V was a significant decrease of total anti-α-Gal Abs in vaccinated penguins and of anti-α-Gal IgM in non-vaccinated individuals. Consequently, a direct link between globulin levels and prealbumin concentrations seems highly unlikely in our study population and the exact clinicopathological relevance of this finding remains unknown. Still, a link with non-humoral immunity pathways is hypothesized. Significantly lower prealbumin values have been reported in falcons with confirmed aspergillosis (77, 82). In humans, a similar trend was seen in fatal cases of COVID-19 (87). As a transport protein, the human prealbumin fraction (also so-called transthyretin) has various physiological effects, including anti-inflammatory actions (88) and a strongly hypothesized positive effect on the cell-mediated immunity (89, 90)], especially on immune cells from the myeloid compartment (91). Although no statistical difference in prealbumin values was observed between the Post-V penguin groups, the significant reduction of Pre-V vs. Post-V prealbumin levels in the unvaccinated group may be indicative of lower immunity against Aspergillus sp., linked to lower cell-mediated immunity compared to vaccinated penguins. Whether the probiotic strain of E. coli Nissle has a positive effect on myeloid immune cells in penguins deserves further research.



Conclusion

This study confirms that the oral use of the probiotic strain of E. coli Nissle is safe in the Humboldt penguin. The immune response to α-Gal in these animals is closely related to that of E. coli. The tested oral vaccine did not produce a significant increase in anti-α-Gal Abs as we suspect that E. coli Nissle expresses α-Gal at a cellular location that is not accessible to the penguin immune system. Nevertheless, a positive effect on cell-mediated immunity of vaccinated penguins can be hypothesized, as suggested by the significant decrease of the pre-albumin fraction only in the placebo group. Moreover, the excellent gut colonization property of E. coli Nissle and stable and long-term antigen expression (92) render this strain an ideal candidate for an oral probiotic-based vaccine. However, further studies are needed to evaluate the positive effect of E. coli Nissle as an oral probiotic on myeloid immune cells in the Humboldt penguin.
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Riboflavin Attenuates Influenza Virus Through Cytokine-Mediated Effects on the Diversity of the Gut Microbiota in MAIT Cell Deficiency Mice
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Influenza is a serious respiratory disease that continues to threaten global health. Mucosa-associated invariant T (MAIT) cells use T-cell receptors (TCRs) that recognize microbial riboflavin derived intermediates presented by the major histocompatibility complex (MHC) class I-like protein MR1. Riboflavin synthesis is broadly conserved, but the roles or mechanisms of riboflavin in MR1–/– mouse influenza infection are not well understood. In our study, immunofluorescence techniques were applied to analyze the number and distribution of viruses in lung tissue. The amount of cytokine expression was assessed by flow cytometry (FCM), ELISA, and qPCR. The changes in the fecal flora of mice were evaluated based on amplicon sequencing of the 16S V3-V4 region. Our study showed that MAIT cell deficiency increased mortality and that riboflavin altered these effects in microbiota-depleted mice. The oral administration of riboflavin inhibited IL-1β, IL-17A, and IL-18 production but significantly increased the expression of IFN-γ, TNF-α, CCL2, CCL3, and CCL4 in a mouse model. The analysis of the mouse flora revealed that riboflavin treatment significantly increased the relative abundance of Akkermansia and Lactobacillus (p < 0.05) and decreased that of Bacteroides. In contrast, MR1–/– mice exhibited a concentrated aggregation of Bacteroides (p < 0.01), which indicated that MAIT cell deficiency reduced the diversity of the bacterial population. Our results define the functions of MAIT cells and riboflavin in resistance to influenza virus and suggest a potential role for riboflavin in enhancing MAIT cell immunity and the intestinal flora diversity. Gut populations can be expanded to enhance host resistance to influenza, and the results indicate novel interactions among viruses, MAIT cells, and the gut microbiota.
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INTRODUCTION

Influenza A virus (IAV) is classified into various subtypes based on the protein structure and genetic characteristics of neuraminidase (NA) and hemagglutinin (HA) on the virus surface (Li et al., 2018). IAV is an acute infectious disease that causes sepsis in both humans and animals from the respiratory system to the whole body (Li et al., 2021). Examples of highly pathogenic influenza viruses are H7N9 (human) and H5N1(mice) (Yudhawati et al., 2020). H7N9 has caused epidemic outbreaks since 2016 in Guangdong, China (Bai et al., 2020). The direct lung damage caused by virus replication combined with a strong inflammatory response following infection determines the disease severity (Cardani et al., 2017). IAV recognition activates signaling pathways that recruit proinflammatory mediators and thereby activate T cells to recognize and kill the virus (Iwasaki and Pillai, 2014). The immune response is coordinated by a combination of proinflammatory cytokines and chemokines and results in effective clearance of the virus and restoration of homeostasis in vivo (Hemann et al., 2019).

Mucosal-associated invariant T (MAIT) cells are innate-like T cells that express TCRVα7.2-Jα33 in humans and Vα19-Jα33 in mice and identify microbial riboflavin derived intermediates presented by MR1 (Kjer-Nielsen et al., 2012). MAIT cells can be induced by the response to riboflavin synthesis, and the abundance of riboflavin can mark this subpopulation (Constantinides et al., 2019); these cells are enriched in tissues that come in contact with the external environment and symbiotic microbiota, including the liver (Nel et al., 2021), oral mucosa (Sobkowiak et al., 2019), respiratory system, intestine (Rouxel et al., 2017), and peripheral blood (PB) (Toubal et al., 2019). The assessment of the inflammatory pathological response of the disease may be due to bacterial-viral infection or stimulation by other proinflammatory factors. MAIT cells can rapidly metastasize to the site of inflammation when inflammation occurs, and MAIT cells are remarkably effective in defending against pulmonary Legionella infection (Ussher et al., 2014; Wang et al., 2018). Notably, peripheral-specific MAIT cells are activated in humans after infection with IAV, dengue virus, hepatitis C, and a series of acute infectious diseases, which drive the IL-18 dependent activation of MAIT cells and enhance the immune response (van Wilgenburg et al., 2016).

Vitamins not only have important functions in development and metabolism but also play a key role in the regulation of the immune system. The functions of vitamins D and A, two lipid-soluble vitamins, in regulating the immune response have been reported. Kjer-Nielsen et al. (2012) suggested a very different immune function for vitamins B2 (riboflavin) and B9 (folic acid), which are water-soluble vitamins. Riboflavin is considered an anti-inflammatory vitamin due to its antioxidant properties (Ahn and Lee, 2020). Bacteria that metabolize certain B vitamins produce molecules that activate MAIT cells. The authors propose that MAIT cells detect infected cells through vitamin metabolites and that vitamins can act as antigens that activate immune system T cells, and these hypotheses contribute to a more in-depth understanding of the immune system (Chua and Hansen, 2012). In conclusion, direct precursors and metabolites of riboflavin biosynthesis directly activate MAIT cells.

The gut microbiota is an intricate community of intestinal bacteria that plays critical roles in human health and disease development (Zhao et al., 2018). The maintenance of a symbiotic relationship with the gut flora is vital to human health. Disruption of this relationship can promote or even directly contribute to a multifarious variety of diseases and dysfunctions, including inflammatory diseases, colon cancer, and autoimmunity. Although various mechanisms through which the gut microbiota safeguards the host from intestinal infections have been described (McKenney and Pamer, 2015), the mechanisms through which the gut microbiota protects against extraintestinal infections, particularly respiratory infections, have not been fully elucidated (Brown et al., 2017).

Of note, we illustrated the tight relationship among the four components of MAIT cells, riboflavin, the abundance of the intestinal flora composition, and influenza virus infection. Our study provides the first demonstration that the infusion of riboflavin can influence the occurrence of influenza and that riboflavin changes the production of proinflammatory cytokines and chemokines. The riboflavin metabolic pathway of intestinal flora is involved in the regulation of influenza by MAIT cells through TCR-dependent signaling. An initial exploration of the potential mechanisms through which MAIT cells influence influenza development was performed.



MATERIALS AND METHODS


Ethics Statement

All of the experimental procedures with mice were performed at the Experimental Animal Center under protocol number JLAU20210423001. The experiments were conducted under the supervision of the Experimental Animal Welfare and Ethics Committee of Jilin Agricultural University.



Virus Strains and Mice

The strain used in the study was influenza A/Puerto Rico/8/1934 (H1N1). The mice were housed in a specific-pathogen-free (SPF) facility at the Laboratory Animal Center of Jilin Agriculture University (Changchun, China) with a 12-h day/12-h night light cycle, 40% humidity, and a temperature of 22–24°C and provided sterile water and feed. Six to eight-week-old female wild-type (WT, C57BL/6J) mice were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd., China. MR1-knockout (KO, MR1–/–) mice on the C57BL/6 background were provided by Shanghai Model Organisms Center, Inc. The mouse genotypes were determined by tail DNA PCR at the MR1 locus using the following primers: Fwd (wild type), TAATAAAATAAATCTTGGGACTGG; Fwd (knockout), CCCATATACGCTACTTCTA, Rev, TAATAAA ATAAATCTTGGGACTGG. The mice were anesthetized with 1% pelltobarbitalum natricum and intranasally administered 30 μl of influenza A/Puerto Rico/8/1934 H1N1 virus or sterile phosphate buffered saline (PBS, mock group).



Experimental Design

The mice were randomly arranged into four groups: WT PBS group, riboflavin-pretreated WT group, MR1–/– PBS group, and riboflavin-pretreated MR1–/– group. The four groups of mice were placed in different cages and fed the same food and water. At 6 weeks of age, the mice were orally administered riboflavin (Solarbio, China, 100 mg/kg) or 30 μl of PBS every day for 7 days. All the mice were euthanized 7 days after the administration of 100 CFUs of H1N1 in saline or saline. Blood and feces were collected. Lymphocytes were isolated from lung tissue sites for flow cytometry, and feces were assessed by 16S sequence analysis. The lungs were prepared and stored in 4% paraformaldehyde. To explore the role of the gut microbiota in male C57BL/6J mice during PR8 infection, we depleted the gut microbiota using broad-spectrum antibiotics (Abx). Eight-week-old male C57BL/6J mice were treated with 10 mg each of ampicillin, neomycin, metronidazole, and vancomycin (167 mg/ml) daily for 5 days via oral gavage. Subsequently, the mice received Abx (1 g/l ampicillin, 1 g/l metronidazole, 1 g/l neomycin sulfate, and 0.5 g/l vancomycin, BioChemPartner, China) in their drinking water and riboflavin or PBS for 5 days. The antibiotic-treated water was then stopped 2 days, and the mice were then infected with IAV. The animal management procedures and all laboratory procedures abided by the regulations of the Animal Care and Ethics Committees of Jilin Agriculture University, China.



Histopathology

The lung tissues of mice were fixed in 4% paraformaldehyde and dehydrated gradually in ethanol, and 3-μm-thick sections of the tissues were then stained with hematoxylin and eosin (H&E).



Immunofluorescence Assay and Viral Signal Quantification

Paraffin sections were subjected to three 5-min washes with xylene and two washes with anhydrous ethanol and then fixed with 90% ethanol, 70% ethanol, and distilled water. The slides were blocked for 1 h in blocking buffer (3% normal goat serum, 1% BSA, and 0.3% Triton X-100 in sterile PBS). After blocking, recombinant influenza A H1N1 HA/hemagglutinin antibody rabbit mAb (Sino Biological, Beijing, diluted 400 times) was added to the blocking buffer, and the slides were incubated overnight at 4°C and washed three times with sterile PBS. The slides were then incubated with donkey anti-rabbit IgG labeled with FITC (BioLegend, United States) as a secondary antibody at 1:400 dilution for 1 h at room temperature, washed three times with immunostaining washing solution (Beyotime, Shanghai), and stained with 4,6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature. The slides were washed three times with immunostaining washing solution. Eventually, antifade mounting medium (Beyotime, Shanghai) was used for sealing, and the sections were imaged with a Leica DM4B forward fluorescence microscope (Leica, Germany). The results were analyzed using ImageJ (Bitplane).



Intracellular Staining and Flow Cytometry

The lungs were cut up and incubated in 1 ml of RPMI 1640 containing 1 mg/ml collagenase IV (Sigma, United States) for 45 min in a water bath at 37°C. The cells were passed through a 70-μm cell strainer and washed with RPMI with 10% FBS. Tissue was added to ACK lysis buffer (Beyotime, Shanghai) for 5 min and centrifuged. To assess the cytokine immune response, the lungs were isolated from each group of sacrificed mice. Individual cells from the lungs were collected and incubated in 24-well plates (2 × 106 cells/ml per well). Purified PMA and NP proteins were added, and the cells were incubated in a CO2 incubator at 37°C for 12 h. Brefeldin A was added for the final 4 h of incubation. Cell supernatants were collected (100 μl) to determine the levels of cytokines. The cells were preincubated with anti-CD16/CD32 mAb on ice for 5 min and then with a LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (APC-Cy7) for 10 min. The individual cells were then incubated with CD3 (PerCP-Cy5.5), CD4 (FITC), and CD8 (APC) for 25 min at 4°C. Monoclonal antibodies were purchased from BioLegend. The cells were fixed, permeabilized with Cytofix/Cytoperm buffer (BD Bioscience, United States), immobilized, and stained with IFN-γ (PE-Cy7) and TNF-α (PE) antibodies. Ultimately, the cell samples were analyzed using an LSRFortessa analyzer (BD Biosciences, United States), and the data were analyzed using FlowJo software (Tree Star).



Enzyme-Linked Immunosorbent Assay

The levels of secreted cytokines in serum, cell supernatant, and bronchoalveolar lavage fluid (BALF) were determined. Cell supernatant was obtained from individual cells isolated from the lungs of mice treated with purified PMA and NP proteins and incubated for 12 h, and the cell culture medium supernatant was aspirated. The mice were euthanized, and 1 ml of PBS (sterile) was then injected into the lungs and collected three times to obtain BALF. A quantitative analysis was conducted using commercial MeiMian ELISA kits (MeiMian Industrial Co., Ltd, Yancheng, China) in accordance with the manufacturer’s instructions.



Quantitative Real-Time PCR

Total RNA in the lung was quantified using a MiniBEST Universal RNA Extraction Kit according to the manufacturer’s instructions (Takara, Japan). The concentration of RNA was measured with a BioTek Epoch 2 microplate reader (BioTek, United States). Total RNA was reverse-transcribed to cDNA using a PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Japan) according to the manufacturer’s instructions. Real-time PCR was performed with Premix Ex Taq™ (Probe qPCR) (Takara, Japan). The specific primer sequences used in the experiment are summarized in Supplementary Table 1. The expression of genes of interest relative to that of β-actin was calculated using the 2–ΔΔ Ct method.



16S rRNA Gene Sequencing and Analysis

Amplification of the V3-V4 hypervariable region of the bacterial 16S rRNA gene was performed using the 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (806R: 5′-GGACTACNNGGGTATCTAAT-3′) primers. For Illumina NovaSeq analysis, a small fragment library was constructed, and the library was sequenced by double-end sequencing (Paired_End) based on the Illumina NovaSeq sequencing platform. After read splicing and filtering, operational taxonomic unit (OTU) clustering, species annotation, and abundance analysis, and deep data mining based on alpha diversity and beta diversity analyses were performed.



Statistical Analysis

For the assessment of statistical significance, one-way ANOVA tests were performed using GraphPad Prism (version 9.0, United States), and the data are expressed as the means ± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




RESULTS


MR1 Deficiency Is Associated With Enhanced Mortality

To examine the correlation between MAIT cells and riboflavin efficacy in vivo, we assessed the weight loss following IAV infection in WT and MR1–/– mice and in WT and MR1–/– mice that received oral riboflavin (Figure 1A). Following challenge with 100 PFUs of PR8 virus, the MR1–/–mice showed a higher body weight loss and increased mortality (Figures 1B,C) than the WT mice. Importantly, the weight loss in the MR1–/– mice was improved by oral gavage with riboflavin 1 week prior to IAV infection. Consistent with this observation, severe tissue destruction and inflammatory infiltrates were observed in the lungs of untreated PR8-infected mice (Figure 1D). This lung tissue damage and inflammation were alleviated after riboflavin treatment, and the alleviation in WT mice was superior to that observed in MR1–/– mice. The fluorescence-labeled virus was mainly retained in the lungs (Figure 1E), which indicated that the lungs constitute a main site of PR8 infection. Consistently, the strongest fluorescence intensity was observed in the lungs of MR1–/– mice after the administration of Fluo-loaded PR8 HA (Figure 1F). Broadly speaking, these findings suggest that riboflavin can be orally administered in cases of milder infections.
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FIGURE 1. Mice show enhanced weight loss and mortality in response to influenza, and pretreatment with riboflavin improves their survival and reduces lung damage. (A) Schematic of the protocol: WT and MR1–/– mice were administered riboflavin (100 mg/kg) or PBS by oral gavage for 1 week, and all the mice were then infected with 100 PFUs of H1N1. (B) Kinetic measurement of weight loss presented as a percentage and survival rate were analyzed by the log-rank test (C). (D) Pulmonary histology during influenza virus infection (magnification, 200×). Scale bar, 400 μm. (E) Immunofluorescence analysis of lung influenza virus colonization load counts. H1N1 HA antibody (green) and nuclear (blue) expression were measured through lung staining and immunofluorescence techniques. The lung scale bars represent 100 μm (F). The viral loads are depicted in the bar charts in the form of relative fluorescence intensities. The statistical significance was assessed by one-way ANOVA (n = 3 mice per group). *p < 0.05; **p < 0.01; and ***p < 0.001.




Effect of Mucosa-Associated Invariant T Cell Deficiency and Riboflavin on Cytokines and Chemokines in Response to Influenza Infection

The cytokine-mediated immune responses in mice infected with H1N1 influenza virus were assessed because cellular immune responses in mice are thought to play a key role in the immunosuppression of IAV challenge. The activation of T cells in the lungs was detected by flow cytometry in vitro (Supplementary Figure 1). Significantly higher levels of IFN-γ and TNF-α were observed in CD3+CD4+ and CD3+CD8+ T cells in lung tissue after the oral administration of riboflavin (Figure 2A). We discovered that this protection depends to a large extent on the contribution of CD3+CD4+ T cells (Figure 2B). We investigated whether riboflavin could block cytokine production in mice during PR8 infection. The levels of IL-1β, IL-17A, and IL-18 secreted in serum, BALF, and cell supernatant were measured by ELISA (Figures 2C–E). The results revealed the following: infection with PR8 induced the production of IL-1β, IL-17A, and IL-18; the BALF expression of IL-1β in WT mice infected with the virus was lower than that in infected MR1–/– mice (p < 0.001); the BALF expression of IL-17A in WT mice infected with the virus was higher than that in infected MR1–/– mice (p < 0.05); and the expression of IL-17A and IL-18 in the supernatant of cells from WT mice infected with the virus was lower than that in the supernatant of cells from infected MR1–/– mice (p < 0.05). The production of these cytokines was significantly attenuated after gavage with riboflavin, and cytokine expression in WT mice infected with the virus was lower than that in infected MR1–/– mice. The levels of CCL2, CCL3, and CCL4 were also significantly increased after gavage with riboflavin (Figures 2F–H). The level of CCL5 in riboflavin-pretreated MR1–/– mice infected with the virus was lower than that in riboflavin-pretreated WT mice (Figure 2I). In fact, the expression of these cytokines was higher in WT mice pretreated with riboflavin, and riboflavin administration had at most a marginal effect in MR1–/– mice.
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FIGURE 2. Riboflavin pretreatment reduces the PR8-induced proinflammatory status in WT and MR1–/– mice. Mouse lungs were collected, and cell suspensions were prepared using a total of 2 × 106 cells for incubation in plates containing purified PMA and NP proteins. The plates were incubated for a total of 12 h. Scatter plots of CD3+CD4+IFN-γ+TNF-α+ and CD3+CD8+IFN-γ+TNF-α+ (A) as percentages of IFN-γ and TNF-α cytokines in CD4+ and CD8+ T cells (B). The serum, BALF, and cell supernatant of mice were collected, and ELISA kits were used for the analysis of IL-1β (C), IL-17A (D), and IL-18 (E). The chemokines CCL2 (F), CCL3 (G), CCL4 (H), and CCL5 (I) in the lungs were detected by qPCR. The data are presented as the mean values ± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




Influenza Virus Infection Changed the Composition of the Gut Microbiota in Mice

We examined whether influenza infection could influence the gut microbiota. We analyzed the fecal pellets collected from the mice by 16S rRNA gene sequencing. The rarefaction curve directly reflects the rationality of the amount of sequencing data and indirectly reflects the species abundance in the four groups. As presented in Supplementary Figure 2, the grouping was sufficient to describe the microbial diversity. Through a comparison with the Silva138 database with respect to species annotation and the counting of different taxonomic levels, we identified 3,969 OTUs, and 3,953 (99.60%) of these OTUs could be annotated to the database. The number of unique OTUs in the WT, MR1–/– and both groups were 638, 878, and 1,858, respectively. Additionally, the numbers of unique OTUs in the riboflavin-pretreated WT group, riboflavin-pretreated MR1–/– group, and both groups were 1,069, 528, and 1,714, respectively. The results indicated that the composition of the microflora was highest in the feces of the riboflavin-pretreated WT mice. The number of OTUs in the four groups with mutual interactions was 1,232 (Figure 3A). The microbiota structural changes were then extracted from the most dominant elements and structures based on multidimensional data using a series of eigenvector and eigenvector sorting analyses, including weighted UniFrac distance-based principal coordinate analysis (PCoA), which accurately reflected the degree of variation between samples. H1N1 infection caused significant differences in the biological populations among the four groups (Figure 3B). The gut microbiota diversity was compared among the four groups using the Shannon index and the Chao1 index. Interestingly, a significant difference in diversity was found between the gut microbiota of the MR1–/– mice and the WT mice and between the riboflavin-pretreated WT mice and the riboflavin-pretreated MR1–/– mice, and the differences in the gut microbiota diversity between the groups were independent of riboflavin administration (Figures 3C,D). To assess the differences induced by riboflavin on the intestinal microorganisms in mice, we sequenced the intestinal flora at the bacterial phylum taxonomic level (Figure 3E). Similar abundances of the Bacteroidota and Verrucomicrobiota phyla were observed in the four groups (Figures 3F,G). One striking difference was that the MR1–/– mice had a lower abundance of Firmicutes and a higher abundance of Proteobacteria than the WT group (p < 0.05) (Figures 3H,I). No significant increase in the relative abundance of Akkermansia was detected at the genus level (Figures 3J,K), and MR1 gene deficiency led to the appearance of concentrated clustering of Bacteroides (p < 0.01) (Figure 3L). Riboflavin administration also decreased the Muribaculaceae abundance in the MR1–/– group and increased the Lactobacillus abundance in the WT group. MAIT cell deficiency decreased the abundance of Muribaculaceae independently in the WT and MR1–/– mice (p < 0.01) (Figures 3M,N).
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FIGURE 3. H1N1 infection alters the gut microbiota composition. (A) Venn diagram of the alpha diversity. Each circle represents a group of samples, and the number of overlapping circles represents the number of OTUs shared between groups. (B) PCoA based on weighted UniFrac distances. A closer sample distance indicates greater similarity in the species composition structure. Analysis of Chao1 diversity (C) in the feces of mice. (D) Shannon diversity in the feces of mice. (E) Relative abundance analysis of the top ten phyla in the fecal microbiota. Average bacterial taxonomic profiling at the phylum level. Bacteroidota (F), Verrucomicrobiota (G)), Firmicutes (H), and Proteobacteria (I) were detected in fecal flora through a LEfSe analysis of relative abundance. (J) Genus-level composition of the fecal microbiota. Relative abundance analysis of Akkermansia (K), Bacteroides (L), Muribaculaceae (M), and Lactobacillus (N). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




LEfSe Analysis of Landmark Commensal Species

A heatmap was also constructed to display the microbial genera showing the largest differences in response to influenza infection in the four groups (Figure 4A). Muribaculaceae (phylum Bacteroidetes) was found at a significantly higher abundance in the riboflavin-pretreated WT mice and the WT mice (Figures 4B,C). The LEfSe branch diagram is shown in Supplementary Figure 3. Blautia (phylum Firmicutes) showed different trends among the four groups (Figure 5A). Homoplastically, the MR1–/– group exhibited a greater abundance of Bacteroidetes than the riboflavin-pretreated MR1–/– group. The LEfSe analysis showed that the abundance of Muribaculaceae (Figure 5B) was significantly decreased in the MR1–/– and riboflavin-pretreated MR1–/– groups compared with the WT and riboflavin-pretreated WT groups, whereas that of Sutterellaceae (Figure 5C) was significantly increased in MR1–/– and riboflavin-pretreated MR1–/– groups. Therefore, the absence of MAIT cells was identified as the factor driving the differences between the groups, and the results indicate that MAIT cells maintain intestinal homeostasis after H1N1 infection by interacting with commensal microorganisms.
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FIGURE 4. Examination of the differences in the gut microbiota between groups at the genus level. (A) Heatmap depicting the normalized abundance of each bacterial genus in individuals. (B) T-test of the species differences between the WT and MR1–/– groups at the genus level. (C) T-test of the species differences between the riboflavin-pretreated WT and MR1–/– groups at the genus level.
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FIGURE 5. Biomarkers showing significant differences in species with latent Dirichlet allocation (LDA) scores greater than four between groups. The bar chart shows the distribution of the LDA values. (A) The bars represent species showing significant differences in abundance between different groups, and the length of the bars represents the magnitude of the effect of the species showing differences in abundance. Analysis of Muribaculaceae (B) and Sutterellaceae (C) in the different groups.




Correlation of Operational Taxonomic Unit Relative Abundances With Cytokines and Chemokines

We then analyzed the relationship between cytokines and chemokines and major OTUs among the four groups (Figure 6A). We researched 35 OTUs showing significant correlations between relative bacterial abundance and inflammatory mediators. Of note, IL-1β was positively correlated with Bacteroides, IL-17A was positively correlated with Akkermansia and Lactobacillus, IL-18 was positively correlated with Helicobacter and Bacteroides, and IFN-γ, TNF-α, and chemokines were positively correlated with Muribaculum and Lachnospiraceae_UCG.006. Conversely, IL-1β and IL-18 were negatively correlated with Lachnospiraceae_UCG.006, IL-17A was negatively correlated with Helicobacter, and IFN-γ, TNF-α, and chemokines were negatively correlated with Bacteroides. Overall, systemic immune responses were found to be associated with alterations in the intestinal flora. Interestingly, Bacteroidetes and Lachnospiraceae_UCG.006 exhibited the strongest correlations, including both positive and negative correlations. In addition, a diagram of the correlations of OTUs with Proteobacteria, Firmicutes, and Bacteroidota was plotted to show the relationships among some important members belonging to the dominant phyla (Figure 6B).
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FIGURE 6. Spearman correlation analysis between specific or differential microbial taxa and infection-related indicators among the four groups. The shade of the resulting color is closely related to the value of the Spearman correlation coefficient (*p < 0.05, **p < 0.01, indicates a significant finding after correction for the false discovery rate). (A) The red and blue colors indicate positive and negative correlations in the relative abundance, respectively. (B) Correlation coefficient between the dominant bacterial phyla in the different groups.




Metabolic Functional Kyoto Encyclopedia of Genes and Genomes Pathway Annotations Predicted With PICRUSt2

We observed significant differences in the predicted functional abundances between the gut microbiota using PICRUSt2. The identified KEGG pathways such as metabolism, genetic information processing, and organismal systems are shown in Supplementary Figure 4, and these include the metabolism of cofactors and vitamins, carbohydrate metabolism, and amino acid metabolism. Notably, many enriched pathways, such as lipid metabolism and carbohydrate metabolism, were less abundant in infected WT mice and riboflavin-pretreated infected WT mice than in their respective MR1–/– counterparts. The infected WT mice showed a lower abundance of some essential pathways, such as immune systems, transcription, and replication/repair, than the infected MR1–/– mice (Figure 7A). The riboflavin pretreatment of WT mice resulted in increased levels of pathways potentially related to metabolism, such as nucleotide metabolism, compared with the levels found in riboflavin-pretreated MR1–/– mice (Figure 7B).
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FIGURE 7. Differences in the abundances of KEGG pathways inferred by PICRUSt2. The abundances of the KEGG pathways encoded by the gut microbiota of the WT and MR1–/– mice (A) and the riboflavin-pretreated WT and MR1–/– mice (B).




Microbiota Depletion Decreases the Antiviral Capacity After Influenza Infection

To explore the role of the gut microbiota in mice during infection, we depleted the microbiota in mice using broad-spectrum antibiotics (Figure 8A). During the 1st week of antibiotic treatment, the mice lost weight, and at the end of the antibiotic treatment, significant weight loss was observed in the Abx-treated MR1–/– mice compared with the WT mice (Figure 8B). The results showed that the IAV load in the lungs of the Abx-treated mice was increased, as shown in Supplementary Figure 5. However, riboflavin pretreatment partially reversed these changes (Figures 8C,D). Specifically, riboflavin significantly increased the expression of TNF-α and IFN-γ in Th1 well-differentiated CD4+ T cells of WT mice (p < 0.01), and the expression of TNF-α and IFN-γ in MR1–/– mice was significantly lower than that in WT mice (p < 0.01) (Figures 8E–G). These data indicated that the microbiota helped enhance the antiviral capacity and that the absence of MAIT cells was the factor driving the differences between the groups.
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FIGURE 8. Depletion of the microbiota increase the IAV burden in tissues after infection. Flow diagram of the experiment. (A) The methods used for the antibiotic and riboflavin treatment of Abx-treated mice are described in the “Materials and Methods” section. The mice were then infected with IAV. The lungs were collected at 7 days, and the mice were weighed daily after infection. (B) Curve of the body weight of the WT mice and MR1–/– mice. (C) Pulmonary histology during influenza virus infection (magnification, 200×). Immunofluorescence determination of influenza virus colonization load counts in the lungs. H1N1 HA antibody (green) and nuclear (blue) expression were measured by lung staining and immunofluorescence techniques. The lung scale bars represent 100 μm (D). The viral loads are depicted in the bar charts in the form of relative fluorescence intensities. (E–G) Frequency of CD4+IFN-γ+TNF-α+ T cells in the lungs of the four groups at 7 dpi. Each experiment was repeated three times. The data are shown as the means ± SEMs. Statistical significance was determined using the Wilcoxon rank-sum test. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

Numerous studies have clarified that alterations in the intestinal flora play a role in the pathogenesis of multifarious infectious diseases. Recent studies have identified the functional properties of MAIT cells associated with enriched distribution in the lung, increased cytokine expression, and activation of riboflavin metabolites in the intestinal flora, and we hypothesized that MAIT cells regulate the intestinal flora and alter the composition of the microbiota during influenza development. Our study also highlights the importance of riboflavin in host defense against influenza virus infection. We demonstrated that MAIT cells can influence the development of influenza by regulating the composition of the intestinal flora microbiota and exerting immunosuppressive effects in mice after riboflavin gavage.

Microbial riboflavin synthesis and costimulatory signaling induce the activation and accumulation of MAIT cells after infection (Chen et al., 2017). MAIT cells have been used in clinical studies of both acute dengue virus and chronic hepatitis C virus (HCV) (Ussher et al., 2018). We found that HCV elicits a response to MAIT cell activation and is highly sensitive to T-cell-derived IFN-γ, which limits HCV replication in vitro. MAIT cells undergo functional and phenotypic changes during clinical and trial sepsis (Trivedi et al., 2020). During experimental sepsis, MAIT cells can be highly activated and contribute to cytokine responses that are protective against death. During COVID-19 infection, MAIT cells are also involved in the immune response against SARS-CoV-2 and in cellular immunopathogenesis (Parrot et al., 2020). These series of findings from viral infectious diseases could prove that MAIT cells play a protective role against respiratory and systemic viral diseases.

Cell-mediated immune responses are considered a crucial part of the challenge of immunity against IAV (Yang et al., 2017). After influenza virus infects the body, the pattern recognition receptor (PRR) encoded by the host germline gene recognizes the pathogen-associated molecular pattern (PAMP) of the pathogen, triggers antiviral immunity, activates multiple sets of cell signaling pathways, and induces cytokines (TNF-α, IFN-γ, IL-17A, and IL-1β) and chemokines (CCL2, CCL3, CCL4, and CCL5), which are released, thereby promoting the activation and chemotaxis of inflammatory cells, mediating inflammatory responses, and accelerating virus clearance, while persistent overexpression of inflammatory factors can lead to the activation of a large number of inflammatory cells, resulting in higher levels of inflammatory factors secretion, resulting in severe inflammatory response and tissue cell damage. MAIT cells activation could also be of importance for both protection and immunopathology (van Wilgenburg et al., 2016) in tissues such as the liver and lungs and exerts an antiviral effect, and the activation of these cells can occur in a direct or an indirect manner. Therefore, we hypothesize that the partial activation of MAIT cells in tissues could be directly related to antiviral function. Undoubtedly, the levels of proinflammatory mediators, such as TNF-α, NO, and IL-1β, in the plasma of septic mice are reduced after the intravenous administration of riboflavin (Toyosawa et al., 2004). Granzyme, IL-12, and perforin regulation play a vital role in the regulation of intracellular bacterial infections (Kurioka et al., 2015). Consequently, the induction of the CD3+CD4+ T immune response to IAV may reduce the course and infection of the clinical disease by maximizing the clearance of virus-infected cells in mice because the CD3+CD4+ T-cell response plays a basic role in the prevention of IAV infection. MAIT cells antecedently generate either type-1 (IFN-α-dependent early phase) or type-2 (IL-18-induced later phase)-associated cytokines (Koay et al., 2016; Flament et al., 2021). MAIT cells are also activated by microbe-derived antigens and produce cytokines, including IL-17A, and these effects are important in the maintenance of gut integrity (Lee et al., 2015). A transcriptome analysis of human and murine MAIT cells has revealed that a tissue repair profile, and tissue repair genes, including CCL3, are upregulated in human MAIT cells after their activation (Leng et al., 2019). The deficiency of MAIT cells shows marked upregulation of IL-1β, IL-17A, and IL-18, downregulation of CCL2, CCL3, and CCL4, and MAIT cells may play a considerable role in early antiviral protection in mice by secreting inflammatory cytokines and chemokines. Overall, the MR1-dependent and cytokine-mediated mechanisms underlying the anti-disease effects of MAIT cells will be essential for addressing issues related to clinical disease.

According to previous studies, H1N1 does not directly infect the gut (Wang et al., 2014), which raises the question of the interaction between respiratory infections and the gut flora. Based on the results reported by Bartley, lung tissue and gut mucosal surfaces are considered to share immunological signals (Bartley et al., 2017); hence, inflammation in one area may affect another area. In organisms, the gut is considered the largest immune area; therefore, signals from the gut microbiota play a crucial role in IAV infections. For instance, mouse enteric virus (Kuss et al., 2011) requires an effective infection mechanism involving intestinal bacterial flora. IAV infection temporarily transforms the fermentative activity and composition of the gut flora in mice (Sencio et al., 2020). Conversely, IAV will protect the body from triggering a more effective immune response in cases of an abundance of intestinal bacterial flora.

MAIT cells and riboflavin reduce infection by adjusting the components of the gut flora, and at the phylum level, we found that the predominant phyla included Bacteroidota, Verrucomicrobiota, and Firmicutes. Representative gut species tend to be strains of the phylum Bacteroidota (Hildebrand et al., 2021). At the genus level, reduced abundance of Bacteroides was observed. Bacteroides is an important symbiotic bacterium, and a decrease in its abundance may be responsible for riboflavin metabolites. Notably, in previous studies, a number of verified probiotics were found to exhibit a significant positive correlation with influenza infection (Yang et al., 2017). For instance, the abundance of Akkermansia was significantly increased at the later stages of infection in the riboflavin-pretreated WT and MR1–/–groups. Additionally, the beneficial role of Akkermansiaceae in the intestinal immune response may also play a complementary role in the fight against influenza infection (Hu et al., 2020). Lactobacillus are considered probiotics due to their health-promoting effects (Zhang et al., 2018). Lactobacillus has been found to exert a protective effect against airway inflammation during RSV infection (Fujimura et al., 2014).

The increasing amount of research on the gut microbiota against influenza performed in recent years has revealed that some strains exert a significant protective effect during the course of IAV infection (Zhang et al., 2020), and these strains include Bifidobacterium longum (Kawahara et al., 2015), Lactobacillus rhamnosus (Villena et al., 2012), and Lactobacillus pentosus (Kiso et al., 2013). Simultaneously, the decrease in their abundances observed ion the mice intragastrically administered riboflavin may be related to increases in certain species of the gut microbiota, such as Lachnospiraceae and Muribaculaceae. Muribaculaceae have diverse functions in the degradation of complex carbohydrates (Lagkouvardos et al., 2019). Different levels of Lachnospiraceae serve as the main predictor of the intestinal flora during the onset of H1N1 infections. In summary, further studies should explore the specific mechanisms underlying the changes induced by riboflavin. Riboflavin might be a novel treatment strategy for IAV. Each species of the microbiota sends signals to the immune system in very different manners (Geva-Zatorsky et al., 2017). In our study, the production of cytokines associated with influenza infection exhibited different correlations with each OTU. We noted that the more pronounced changes in the relative abundance of intestinal bacteria were related to the chemokines IL-17A and IL-1β, respectively. More broadly, the results demonstrate that the generation of cytokines relevant to H1N1 infection are differentially associated with each of the 35 OTUs identified in our study.

By combining the above-described results with previously published findings, we confirmed the relationship among riboflavin, intestinal flora, MAIT cells, and influenza. Stimulation of the fecal flora by cytokines and MAIT cell deficiency exacerbates viral colonization and aggravates infection. Riboflavin and MAIT cells can regulate the intestinal flora through the immune action of cytokines. Additionally, MAIT cells suppress the development of influenza by exerting immunosuppressive effects. Our research may provide a new clinical prevention and treatment strategy for influenza that comprises MAIT cell therapy, riboflavin therapy, and cytokine treatment and can yield improved disease treatment outcomes.
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IHNV is a virus that infects salmonids and causes serious economic damage to the salmonid farming industry. There is no specific treatment for the disease caused by this pathogen and the main preventive measure is vaccination, but this is only possible for small groups of individuals. Therefore, it is important to investigate new oral vaccines to prevent IHNV. In this study, the CK6 chemokine protein of rainbow trout and the truncated G protein of IHNV were used to construct a secretory expression recombinant L.casei vaccine for rainbow trout. The results showed that the levels of IgM and IgT antibodies in rainbow trout reached the highest level on the 15th day after the secondary immunization, and the antibodies exhibited high inhibitory activity against viral infection. Furthermore, the expression of relevant cytokines in different tissues was detected and found to be significantly higher in the oral vaccine group than in the control group. It was also found that pPG-612-CK6-G/L.casei 393 could stimulate splenic lymphocyte proliferation and improve mucosal immunity with significant differences between the immunized and control groups. When infected with IHNV, the protection rate of pPG-612-CK6-G/L.casei 393 was 66.67% higher than that of the control group. We found that pPG-612-CK6-G/L.casei 393 expressed and secreted the rainbow trout chemokine CK6 protein and IHNV truncated G protein, retaining the original immunogenicity of rainbow trout while enhancing their survival rate. This indicates that recombinant L.casei provides a theoretical basis and rationale for the development of an oral vaccine against IHNV and has important practical implications for the protection of rainbow trout from IHNV infection.
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Introduction

Infectious haematopoietic necrosis (IHN) is a viral disease that is highly infectious to salmonids (1). The disease has spread widely around the world and caused outbreaks, leading to huge economic losses to the salmon farming industry (2). The pathogen which causes IHN is IHNV, which is an antisense single-stranded RNA ejection virus with extremely high morbidity and lethality (3–6). IHNV consists of six proteins, P, G, M, N, L and NV respectively (7–10). The main approach for the treatment of this disease is prevention, supplemented by drug therapy. Over time, some problems have been revealed, such as drug residues and heavy metals. Therefore, as an alternative to drugs, the development of vaccines has become a new effective way to prevent and treat this disease. Anderson et al. used chemical inactivation of IHNV to create vaccines for the immunization of rainbow trout, and found that a propionolactone inactivated whole virus vaccine provided the fish with significant protection (11). M. Adomako et al. created DNA vaccines made from IHNV encapsulated with PLGA nanoparticles and was found to prevent outbreaks of IHN after immunizing rainbow trout orally (12). The IHNV vaccine is currently in the research phase and only one vaccine has been commercialized for use (13). Given the economic impact of IHNV, the development of a vaccine is an issue of substantial importance that needs to be addressed quickly.

The role of G proteins is to stimulate the production of antibodies in the host. The G protein of IHNV is a structural protein and also an important transmembrane protein of the virus (14). The G protein is the major antigenic cluster of IHNV and is involved in viral adsorption, endocytosis and replication (15, 16). The extra-membrane region of the IHNV G protein is the main region that affects the antigenic properties and biological characteristics of IHNV. Changes in amino acids at specific locations within the extra-membrane region can alter the virulence and antigenic properties of the virus (17–19). It has been reported that the pcDNA 3.1 eukaryotic expression vector has been combined with the IHNV G protein to form a recombinant expression vector to immunizse rainbow trout, and it was found that the nucleic acid vaccine provided up to 90% protection against rainbow trout (20). Anderson et al. developed a DNA vaccine by recombining the G protein gene of IHNV with a plasmid containing a cytomegalovirus promoter and found that the immune protection of this vaccine could reach 85-98% (21). From these studies it can be seen that the G protein plays an important role in the development of IHNV vaccines.

Lactobacillus is a Gram-positive bacterium that is very common in humans and animals. It is not pathogenic to the organism and protects against viruses. It is also a good vector for the expression and delivery of exogenous proteins and is widely used in the development of oral and lactic acid bacteria vaccines (22, 23). It has been found that using Lactobacillus as a carrier can enhance the immune system and prevent infection (24). It was shown that recombinant lactobacilli constructed by combining the S protein of TGEV with L.casei were effective at immunizing mice. It was found that antibody levels in the mice after vaccination were elevated, indicating that the recombinant Lactobacillus were able to induce local and systemic immune responses in immunized mice (25). In another study researchers immunised mice with recombinant Lactobacillus constructs with VP8 from Rotaviruses and showed that the mice exhibited significant intestinal mucosal antibody protection up to 50% (26). In aquatic vaccine studies, it was found that Lactobacillus could also act as a vehicle to deliver viral antigens and induce faster specific immunity in fish (27).

In this study, a recombinant plasmid was constructed by truncating the IHNV G gene with the chemokine CK6 gene of rainbow trout. The recombinant plasmid was introduced into L.casei using electroconversion to construct a recombinant L.casei expression system named pPG-612-CK6-G/L.casei 393. The immunoprotective effect of the vaccine was evaluated by testing the immunogenicity and protection of the recombinant L.casei expression system. This provided a theoretical basis for the subsequent development of a vaccine against infectious haematopoietic organ necrosis.



Materials and Methods


Growth Conditions for Cells, Viruses, Bacteria

The IHN virus was inoculated into CHSE-214 cells and cultured at 18°C. The CHSE-214 cells were inoculated in L-15 containing 10% FBS and cultured at 22°C. Lactobacillus and E.coli TG1 were inoculated in MRS and LB medium respectively and cultured at 37°C. The concentration of antibiotics used was chloramphenicol (Cm) at 10 μg/mL and sodium ampicillin at 100 μg/mL. The strains and plasmids used in this study are listed in Table 1.


Table 1 | Strains and plasmids used in this study.





Experimental Fish

Rainbow trout weighing 10 ± 0.5 g were bought from the Bohai Coldwater Fish Experiment Station, Heilongjiang Institute of Fisheries Science (Mudanjiang, China). Healthy rainbow trout were temporarily reared for one week in a laboratory at a pathogen-free water temperature of 18°C and randomly tested for viruses. The rainbow trout were grouped according to experimental needs. All experimental fish were kept in accordance with animal welfare standards.



Construction of Recombinant Plasmid pPG-612-CK6-G

The E.coli TG1 containing pMD18-T-CK6 plasmid was inoculated in LB and incubated at 37°C. Plasmids were extracted according to the instructions of the extraction kit. RNA was extracted from the viral liquid using the Trizol method and then reverse transcribed into cDNA. The CK6 gene was amplified using primers C1 and C2, and the G gene was amplified by primers C3 and C4. The target gene was linked to the vector pMD19-T-simple. and the G gene was cleaved with BamH I and Xho I, while the CK6 gene was cleaved with Sph I and BamH I. The recombinant plasmid pPG-612-CK6-G was constructed by ligating the digested target gene to the pPG-612 vector. The pPG-612-CK6-G was transferred into E.coli TG1 and identified. The primers for PCR used in this paper are listed in Table 2. Enzyme cut sites are indicated by underlining.


Table 2 | Primers for PCR and qRT-PCR.





Construction and Identification of pPG-612-CK6-G/L.casei 393

L.casei was cultured in MRS medium containing 2% glycine at 37°C until OD600 was 0.4-0.8, and it was treated with receptor cells in EPWB and EPB solution. We used the following procedure: 1 μL of rpPG-612 was mixed well with 200 μL receptor cells, then chilled in an ice bath for 1 min and added to the electroshock cup. After the electroshock 1 mL of non-resistant medium was then added mixed well before incubating at 37°C for 2 h. Then 200 μL of bacterial solution was taken and coated in resistant MRS solid medium and incubated overnight at 37°C. The colonies from the solid plate were picked for PCR identification. The correctly identified pPG-612-CK6-G/L.casei 393 was inoculated into MRS resistance medium and incubated until OD600 was 0.6-0.8. The bacteria were inoculated at a ratio of 1:10 in a new MRS resistance medium containing 2% xylose for 20 hours to induce. The induced organisms were taken and treated with lysozyme to obtain the protein and identified.



The Genetic Stability and Growth Curve of pPG-612-CK6-G/L.casei 393

The correctly transformed pPG-612-CK6-G/L.casei 393 was inoculated as the first generation at a ratio of 1:100 into MRS medium overnight at 37°C. The pPG-612-CK6-G/L.casei 393 was continuously passaged to the 50th generation and the bacterial solutions were taken every five generations for identification. The 50th generation of pPG-612-CK6-G/L.casei 393 was inoculated at a ratio of 1:100 in new MRS medium containing Cm+ and incubated at 37°C. The bacterial solution was taken every 4 hours and OD600 was measured for 36 h. The growth curve was drawn according to the OD600.



Detection of Specific Antibodies in Serum, Skin and Intestinal Mucus

The pPG-612-CK6-G/L.casei 393 was inoculated into MRS medium and incubated at 37°C until OD600 was 0.6-0.8. Bacterial broth was inoculated at a ratio of 1:10 in new MRS medium containing 2% xylose to induce. The induced bacteria were washed with PBS and adjusted to a concentration of 1 × 1010 CFU/mL (OD600 = 1.0). The adjusted bacterial solution was used to immunize rainbow trout by oral injection. The experimental group was orally given 200 μL of pPG-612-CK6-G/L.casei 393 suspension, the control group was orally given pPG-612/L.casei and the blank group was orally given phosphate buffered solution (PBS). The second immunization was performed on the 30th day after the first immunization. On days 1, 15, 30, 45 and 60 after the second immunization, blood, body surface and intestinal mucus were taken, processed and tested for specific antibodies using indirect ELISA. At the same time, the brain, kidney, muscle, spleen, gill and intestinal tissues were taken for the detection of relevant cytokines using qRT-PCR. The primers for PCR used in this paper are listed in Table 2.



Detection of Antibodies in Serum, Skin and Intestinal Mucus

The blood, skin and intestinal mucus were taken from immunized rainbow trout and the supernatant was removed by filtering with a 0.22 μm membrane. The serum was inactivated at 56°C for 20 min and diluted using the 2-fold dilution method. The diluted sample was mixed with an equal volume of viral solution in which the viral value had been determined and incubated at 16°C for 1 h. 100 µL of the mixture was inoculated into the 96-well plate with well-grown cells. The 96-well plates were incubated at 16°C and 100 μL of maintenance solution (L-15 + Hapes) was added after 1 hour, observed and recorded. The efficacy of the neutralizing antibody was calculated using the criterion of protection of 50% of the cell pores from CPE.



Splenic Lymphocyte Proliferation Assay

The rainbow trout spleen was removed under aseptic conditions and put into L-15 containing 10% penicillin-streptomycin. The tissue was passed through a 200-mesh cell sieve to obtain a cell suspension. The cell suspension was added to the percoll isolate slowly, then centrifuged and the cell bands collected between the isolates. The collected cells were washed and then 100 uL of inoculated cells were taken and placed into 96-well plate cell culture plates until they stuck to the wall. 10 μL of pPG-612-CK6-G/L.casei 393 were taken and added to the pining cells and incubated overnight at 37°C. Assays and calculations were performed based on the methods of the CCK-8 kit.



Immunoprotective Assay With Recombinant Lactobacillus

The first oral immunization was given to rainbow trout after temporary rearing. The experimental group was orally immunized with 200 μL pPG-612-CK6-G/L.casei 393 suspension, the control group with an equal dose of pPG-612/L.casei, and the blank group with PBS. The second equal immunization dose was given on day 30 after the first immunization. On day 60 after the second immunization, rainbow trout was injected with 200 μL 107 TCID50/mL of IHNV. The number of deaths was observed and recorded, and the survival curve was drawn.



Statistical Analysis

Experimental data are presented as mean ± SD and P values were calculated using one-way ANOVA and LSD post hoc tests (SPSS Statistics, version 23.0, IBM, Chicago, Ill, USA). * represents p<0.05 (a difference), ** represents p<0.01 (a significant difference), and *** represents p<0.001 (a highly significant difference).




Results


Identification of pPG-612-CK6-G and pPG-612-CK6-G/L.casei 393

The description of the results in 3.1 is modified to “The results in Figure 1A show that the predicted tertiary structure of the protein following recombination of the CK6 and G genes. And the target gene can be obtained by PCR amplification in pPG-612-CK6-G/L.casei 393 in Figure 1B. The double digestion electropherogram in Figure 1C shows a band of about 1200 bp, suggesting that the construction of rpPG-612 is correct. The SDS-PAGE result in Figure 1D shows a specific reaction band at 43 kDa in the induced pPG-612/L.casei, and the non-induced pPG-612/L.casei and blank groups did not show specific bands. The Figures 1E–G indirect immunofluorescence results showing that CK6 and G genes can be expressed intracellularly after recombination. This indicates that the CK6-G gene in the recombinant pPG-612-CK6-G plasmid is capable of being expressed in L.casei, which provides a basis for future experiments




Figure 1 | Identification of pPG-612-CK6-G/L.casei 393 and the protein expression. (A) Three-dimensional structures of recombinant CK6 and G proteins (B) Electrophoresis plots of amplification of different target genes, line 1: the G gene strip; line 3: the CK6 gene strip; line 5: the recombinant CK6-G strip; line 2, 4 and 6: blank control; (C) Double digestion electrophoresis plots of recombinant plasmids, 1: recombinant plasmid double digestion strip; M1: DNA marker DL5000, M2: DNA marker DL2000; (D) SDS-PAGE identification of protein expression of CK6-G gene, line 1: the pPG-612-CK6-G/L.casei 393 after induction; line 2: the uninduced pPG-612-CK6-G/L.casei 393; 3: blank control; M: 10-190 kDa protein marker (E) Indirect immunofluorescence map of the blank group. (F) Indirect immunofluorescence map of the control group. (G) Indirect immunofluorescence plot of the experimental group.





Stability and Growth Curve of pPG-612-CK6-G/L.casei 393

According to the results in Figure 2A, the amplification of pPG-612-CK6-G/L.casei 393 at different passages resulted in a target band of approximately 1200 bp in size, indicating that the constructed pPG-612-CK6-G was able to be amplified in the stable presence of L.casei without loss of the target gene. The results in Figure 2B show that the growth of pPG-612-CK6-G/L.casei 393 was similar to that of L.casei and pPG-612/L.casei, indicating that the inserted exogenous CK6-G protein gene did not affect the normal growth of L.casei, providing a basis for growth differences in subsequent experiments.




Figure 2 | Genetic stability and growth of pPG-612-CK6-G/L.casei 393. (A) Identification of samples taken at different times for 50 consecutive generations, line 1: first generation sap; line 2: the 5th generation sap; line 3: the 10th generation sap; line 4: the 15th generation sap; line 5: the 20th generation sap; line 6: the 25th generation sap; line 7: the 30th generation sap; line 8: the 35th generation sap; line 9: the 40th generation sap; line 10: the 45th generation sap; line 11: the 50th generation sap; line 12: blank control; M: DNA marker DL2000; (B) Growth curves of pPG-612-CK6-G/L.casei, pPG-612/L.casei and L.casei over 36 h.





Effect of pPG-612-CK6-G/L.casei 393 on Specific Antibody Production

According to Figure 3A it can be seen that after oral immunization of rainbow trout with rpPG-612/L.casei, the specific antibody IgM in the serum reached its highest point on the 15th day after the second immunization. When specific antibody IgT was examined in the intestinal mucosa and skin mucosa, it was found that production began in the body 15 d after the first immunization and reached its highest point at day 15 after the second immunization (Figures 3B, C). The antibody levels in both serum and mucosa were significantly different from those in the blank and control groups. This indicates that the recombinant L.casei not only induced the production of IgM, but also IgT, a specific antibody against IHNV in rainbow trout serum and mucosa. This suggests that pPG-612-CK6-G/L.casei enhanced the immunity of rainbow trout in this study.




Figure 3 | Levels of specific antibody expression in different tissues 60 days after secondary immunization. (A) Changes in IgM levels in serum at different time periods; (B) changes in IgT levels in skin mucosa at different time periods; (C) changes in IgT levels in intestinal mucosa at different time periods. Data are presented as mean ± SD and P values were calculated using one-way ANOVA and LSD post hoc tests. * represents p<0.05, ** represents p<0.01.





Effect of pPG-612-CK6-G/L.casei 393 on Cytokines in Different Tissues

The results presented in Figures 4A–C show significant differences in the expression of IL-1β, IL-4 and IL-8 in the kidney, intestine and skin mucus after oral pPG-612-CK6-G/L.casei 393 immunization compared to the control group. The results presented in Figures 4D–G show significant differences in the expression of IRF1, IRF3, IRF7, IFN in the spleen, kidney, intestine and skin mucus after oral administration of recombinant vaccine compared to the control group. In Figure 4H, MX1 was significantly different from the control group in all tissues except the liver after oral administration of the recombinant vaccine. The results in Figure 4I show that TNF-α differed from the control group in all tissues after oral administration of the recombinant vaccine. This shows that the recombinant vaccine in this study can enhance the expression of inflammatory and antiviral factors in rainbow trout.




Figure 4 | The relative expression levels of cytokines in the liver, spleen, kidney, intestine, gill, and skin mucus on the 15th day after secondary immunization. (A) the relative expression of IL-1β; (B) the relative expression of IL-4; (C) the relative expression of IL-6; (D) the relative expression of IRF1; (E) the relative expression of IRF3; (F) the relative expression of IRF7; (G) the relative expression of IFN; (H) the relative expression of MX1; (I) the relative expression of TNF-α. Data are presented as mean ± SD and P values were calculated using one-way ANOVA and LSD post hoc tests. * represents p<0.05, ** represents p<0.01.





Effect of pPG-612-CK6-G/L.casei 393 on Neutralizing Antibodies Against IHNV

As shown in Figure 5A, the potency of serum neutralizing antibodies increased gradually after 15 d following secondary immunization, reaching the highest antibody levels at d 15, with oral pPG-612-CK6-G/L.casei 393 inducing higher antibody levels than both control pPG-612/L.casei and PBS. The results in Figures 5B, C show that the ability of both the intestinal and skin mucosa to neutralize antibodies was enhanced after secondary immunization. The potency of oral pPG-612-CK6-G/L.casei 393 against IHNV was 101.86, 101.59 and 101.35 in serum, skin mucosa and intestinal mucosa, respectively, as calculated by the Karber method. The results suggest that oral immunization with L.casei can prevent disease by stimulating the body to secrete antibodies in the serum and mucous membranes to neutralize the virus.




Figure 5 | Levels of antibody-neutralizing virus in different immunized tissues at 60 days after secondary immunization. (A) Changes in antibody neutralization levels in serum at different time periods; (B) changes in antibody neutralization levels in skin mucosa at different time periods; (C) changes in antibody neutralization levels in intestinal mucosa at different time periods. Data are presented as mean ± SD.





Effect of pPG-612-CK6-G/L.casei 393 on Proliferation of Splenic Lymphocytes

According to the results in Figure 6, it can be seen that the oral administration of pPG-612-CK6-G/L.casei 393 leads to a significantly higher survival rate than pPG-612/L.casei. This indicates that the pPG-612-CK6-G/L.casei 393 can increase the activity of splenic lymphocytes in rainbow trout and promote the proliferation of splenic lymphocytes, which can improve the immunity of rainbow trout.




Figure 6 | Effect of oral administration of pPG-612-CK6-G/L.casei 393 on lymphocyte proliferation at day 60 after secondary immunisation. Data are presented as mean ± SD and P values were calculated using one-way ANOVA and LSD post hoc tests. ** represents p<0.01.





Immunoprotective Effect of pPG-612-CK6-G/L.casei 393 on Rainbow Trout

As shown in Figure 7, the rainbow trout that were treated with PBS began to die on day 3 after IHNV injection, while the deaths of rainbow trout treated with both oral pPG-612-CK6-G/L.casei 393 and L.casei were delayed. Based on the survival curves, it can be seen that the survival rate of the blank group was 10%, the oral pPG-612/L.casei group was 43.33%, and the oral pPG-612-CK6-G/L.casei 393 group was 66.67%. It can be seen that the pPG-612-CK6-G/L.casei 393 in this experiment has a good protective effect on rainbow trout.




Figure 7 | IHNV was injected on the 60th day after re-immunization, and the survival rate curve of oral pPG-612-CK6-G/L.casei 393 and the control group was observed within 14 days.






Discussion

There have been many studies on Lactobacillus because of its flexible expression of antigens which makes them more easily recognized by the host immune system inducing an immune response from the host. For these reasons many studies use lactic acid bacteria as a carrier for oral vaccines and to construct a lactic acid bacteria expression system (28). Pérez-Sáncheza’s found a significant increase in the expression of some cytokines in head kidney and intestine after immunization of rainbow trout with L.casei (29). Maqsood et al. found that the recombinant Lactobacillus plantarum system constructed with pPG612 as a vector for oral immunization of chickens was able to stimulate the body to produce an immune response with a significant protective effect (30). Duan et al. constructed a recombinant L. casei expression system to immunize rainbow trout with the VP2 protein of IPNV, and the results showed that recombinant L.casei induced local mucosal and systemic immune responses and reduced the ability of rainbow trout to become infected with IPNV (31). In the present study, the recombinant L.casei expression system constructed for immunization of rainbow trout was found to induce an immune response and produce specific antibodies in rainbow trout. The results of the attack assay showed that the survival rate of rainbow trout immunized by oral administration of L.casei was significantly higher than that of the control group, indicating that the constructed recombinant Lactobacillus system had a good protective effect on rainbow trout. The results of this study were similar to those reported in the literature, indicating that the recombinant lactic acid bacteria expression system constructed by truncating the G protein also had good protective effects.

The fish immune system includes immune organs, immune cells and immune active substances (7). The mucosal immune system is the first line of defense for fish immunity, and it is rich in mucosal-like lymphoid tissue that plays an important role in defending against pathogen invasion (32).Scleractinian fish possess a variety of immunoglobulins, such as IgM and IgT, of which IgM is mainly found in serum and IgT in mucosal tissues (33). Adachi et al. constructed recombinant L.casei with HPV E7 protein and found that mice immunized with these recombinant L.casei exhibited an effective mucosal immune response (34). It was found that oral administration of recombinant L.casei co-expressing the T-lymphocyte peptide 290 of the swine fever virus and the VP2 antigen of the porcine microvirus activated a mucosal response to produce IgA antibodies (35). Zhang et al. constructed secreted recombinant lactic acid bacteria from the outer membrane protein Omp W of Aeromonas vivax to immunize carp and found that IgM levels in the fish were higher after immunization with recombinant lactic acid bacteria than in the control group (36). Shirdast et al. introduced the Omp31 gene of Brucella abortus into lactococcal immunized mice and the results showed a significant increase in the levels of sIgA, IgA, IgM and IgG antibodies in the mice (37). In this study, we found that after oral immunization with pPG-612/L.casei, the levels of IgM and IgT in rainbow trout increased as the immunization time was delayed. The highest antibody levels were reached at d 15 after the secondary immunization, with significant differences compared to the control group. This indicates that the recombinant lactic acid bacteria in this study can increase the IgM levels of anti-IHNV in rainbow trout serum, as well as the levels of IgT in mucosal tissues. It has been shown that when viruses or bacteria infect rainbow trout, they stimulate alterations in the expression of host inflammatory factors (38). It was found that macrophages from rainbow trout can induce the expression of IL-1β and TNF-α by stimulation of LPS (39, 40). Lebre et al. found that aluminum adjuvant promotes cytokine secretion in mice after intraperitoneal injection of chitosan-aluminum salt adjuvant (41). In this study, it was found that oral administration of pPG-612-CK6-G/L.casei 393 increased the expression of cytokines related to interleukin, interferon and tumor necrosis factor in the host after reinfection with the virus. This suggests that the oral vaccine can stimulate the body to increase the expression of antiviral-related cytokines and thus resist viral infection.

Xu et al. found that after oral immunization with recombinant L.casei in mice, the number of empty cell spots decreased by 77.2%, and the ability to neutralize antibodies was stronger (42). Yu et al. constructed recombinant L.casei from the S protein of the transmissible gastroenteritis of swine virus (TGEV) and the S protein of the porcine epidemic diarrhea virus (PEDV) and showed that recombinant L.casei elevated antibody levels in mice and also promoted lymphocyte proliferation (43). Similarly, the results of the present study show that the ability of serum to neutralize antibodies and the ability of splenic lymphocytes to proliferate in vitro were enhanced after oral immunization of rainbow trout with recombinant lactobacilli. The results of this experiment were consistent with those reported in the literature, which indicated that the pPG-612-CK6-G/L.casei in this study had a good effect on host production of neutralizing antibodies.

In summary, this study successfully constructed a recombinant L.casei system expressing IHNV truncated G protein and rainbow trout chemokine CK6. The expression system has good immunogenicity and can promote the mucosal immune system of rainbow trout to respond and secrete corresponding antibodies, thus improving the immunity and survival rate of the organism. This study provided a new idea and method for the development of an IHNV vaccine.
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Background and Objectives

Hepatitis-hydropericardium syndrome (HHS) caused by Fowl adenoviruses serotype 4 (FAdV-4) leads to severe economic losses to the poultry industry. Although various vaccines are available, vaccines that effectively stimulate intestinal mucosal immunity are still deficient. In the present study, novel probiotics that surface-deliver Fiber2 protein, the major virulence determiner and efficient immunogen for FAdV-4, were explored to prevent this fecal–oral-transmitted virus, and the induced protective immunity was evaluated after oral immunization.



Methods

The probiotic Enterococcus faecalis strain MDXEF-1 and Lactococcus lactis NZ9000 were used as host strains to deliver surface-anchoring Fiber2 protein of FAdV-4. Then the constructed live recombinant bacteria were orally vaccinated thrice with chickens at intervals of 2 weeks. Following each immunization, immunoglobulin G (IgG) in sera, secretory immunoglobulin A (sIgA) in jejunum lavage, immune-related cytokines, and T-cell proliferation were detected. Following challenge with the highly virulent FAdV-4, the protective effects of the probiotics surface-delivering Fiber2 protein were evaluated by verifying inflammatory factors, viral load, liver function, and survival rate.



Results

The results demonstrated that probiotics surface-delivering Fiber2 protein stimulated humoral and intestinal mucosal immune responses in chickens, shown by high levels of sIgA and IgG antibodies, substantial rise in mRNA levels of cytokines, increased proliferative ability of T cells in peripheral blood, improved liver function, and reduced viral load in liver. Accordingly, adequate protection against homologous challenges and a significant increase in the overall survival rate were observed. Notably, chickens orally immunized with E. faecalis/DCpep-Fiber2-CWA were completely protected from the FAdV-4 challenge, which is better than L. lactis/DCpep-Fiber2-CWA.



Conclusion

The recombinant probiotics surface-expressing Fiber2 protein could evoke remarkable humoral and cellular immune responses, relieve injury, and functionally damage target organs. The current study indicates a promising method used for preventing FAdV-4 infection in chickens.
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Introduction

Hydropericardium syndrome (HHS), gizzard erosion, and inclusion body hepatitis (IBH) which were previously reported to be associated with fowl adenovirus (FAdV) infection have reemerged in recent years, which has already caused substantial economic losses to the poultry industry worldwide (1, 2). Since 2015, HHS has been commonly reported to be caused by novel fowl adenoviruses serotype 4 (FAdV-4) in China (3–7). The main pathological changes for the reemerged HHS are the accumulation of clear straw-colored fluid in the pericardial sac, synergistic hepatitis, and nephritis (8, 9). HHS is transmitted vertically and horizontally and is characterized by the sudden death of broiler chickens, with mortality rates ranging from 20% to 80% (10, 11). Currently, vaccination remains the most effective measure to prevent and control this infectious disease (12). Routine vaccines have been developed against FAdV-4 infection, including formalin-inactivated infected liver homogenates and inactivated or live attenuated vaccines (13). However, there are still many risks of active infection for applying live, attenuated, and even inactivated vaccines (14). Furthermore, vaccines that effectively stimulate intestinal mucosal immunity are not commercially available. Thus, there is a need for exploring novel vaccines. Mucosal immunity is the first line of defense against pathogenic microorganisms in the intestine, where most immunoglobulin-producing cells are concentrated (15, 16). In recent years, the development of intestinal mucosal vaccines has been increasingly explored. Generally, vaccination aims to generate immunological memory that responds faster upon reexposure to the pathogen before disease symptoms appear (17). Nevertheless, secretory IgA (sIgA) is not only an essential effector molecule for intestinal mucosal immune responses but also associated with immune memory.

Lactic acid bacteria (LAB) are becoming attractive for use as a food additive and vaccine development platform for its classification as generally recognized as safe (GRAS) (18–20). Increasing investigations have shown that probiotics that deliver antigens of zoonotic pathogens, for example, the circumsporozoite protein of Plasmodium falciparum delivered by L. lactis MG1363 (21) and the spike (S) protein receptor-binding domain (RBD) S1 subunit of SARS-CoV-2 delivered by Lactococcus lactis IL1403 (22), induced strong mucosal immune responses. Likewise, probiotics L. plantarum that display avian pathogen antigenic proteins, such as gp85 of subgroup J avian leukosis virus (ALV-J) (23), L. lactis that express ORF2 of avian hepatitis E virus (aHEV) (24), E. faecalis that express 3-1E, and L. plantarum that deliver MIC2 of Eimeria tenella (25, 26), have shown protective efficacies against poultry diseases. Meanwhile, our previous studies demonstrated that intestinal mucosal and humoral immune responses elicited by oral immunization with a probiotic vaccine expressing ΔHexon protein provided partial protection against FAdV-4 (27). FAdV-4 has a typical structure that consists of four structural proteins, namely, Hexon, Penton, Fiber1, and Fiber2 (28). Several latest studies have shown that the pathogenicity of China’s newly emerged highly pathogenic FAdV-4 is closely related to the Fiber2 gene (29–31). The Fiber2 protein-based subunit vaccine offered protection against the FAdV-4 challenge (32).

Given the high pathogenicity of FAdV-4 and the lack of intestinal mucosal immune activation stimulated by traditional vaccines, the development of probiotic vaccines delivering Fiber2 and its role in fighting against FAdV-4 infection are worth exploring. Dendritic cells (DCs) are known to be the primary antigen-presenting cells (APCs) and play an essential role in modulating innate and adaptive immunity (33). After contacting antigens, DCs take up antigens and deliver them to immune effector cells to generate an immune response (34). Previous findings demonstrated that lactic acid bacteria (LAB) delivering DC-targeting peptides (DCpep) enhanced antigen-specific sIgA production by activating the immune responses of DCs (35–37). Hence, in the present study, the fusion protein DCpe-Fiber2 was displayed on the surface of L. lactis NZ9000 and E. faecalis MDXEF-1 to enhance the Fiber2-specific intestinal mucosal and adaptive immune responses in chickens by targeting DCs, and also the antiviral effects provided by the two live recombinant bacteria were evaluated.



Materials and Methods


Bacteria, Virus, and Animals

Recombinant Fiber2 (rFiber2) protein was expressed in Escherichia coli (DE3) and purified with BeyoGold™ His-tag Purification Resin (Beyotime, Shanghai). Preparation of ant-rFiber2 polyclonal antibody was performed as described in the previous report (38). rFiber2 protein and ant-rFiber2 polyclonal antibody were characterized and then stored in our laboratory till use. Bacterial strains L. lactis NZ9000, E. faecalis MDXEF-1, and modified strains were cultured in M17 broth (Luqiao, Beijing, China) with 0.5% glucose (GM17) or GM17 plates at 30°C without shaking (25). Details of the used bacterial strains and plasmids are given in Table S1. A chicken hepatoma cell line (LMH) was cultured in a DMEM medium with 10% final fetal bovine serum (Biological Industries, Beit HaEmek, Israel) at 37°C and 5% CO2. FAdV-4 strain GS01 (FAdV-4/GS01), a highly virulent strain isolated from natural cases in a chicken farm in Gansu Province, was characterized, purified, and propagated in LMH cells. The specific pathogen-free (SPF) chickens and fertilized SPF chicken eggs were purchased from Harbin Veterinary Research Institute (Heilongjiang, China). Serial 10-fold dilutions of FAdV-4/GS01 were used to infect LMH cells by incubating at 37°C for 3 days to determine TCID50 (50% tissue culture infective dose). Then, the formula described by Reed and Muench (39) was applied to calculate it. All chickens were fed with complete formula feed and free access to drinking water in a 12-h light–dark circle environment. Animal experiments were performed according to Ethics Committee for Animal Sciences regulations at Northeast Agricultural University, Heilongjiang Province, China (NEAUEC20210332).



Preparation of Recombinant Probiotics

The gene encoding Fiber2 protein was synthesized according to codons optimized for lactic acid bacteria and subcloned into pUC57 by Sangon Biotech Co., Ltd. (Shanghai, China). Plasmid pUC57-Fiber2, pTX8048-CWA (surface-anchoring expression vector) (40), and pTX8048-DCpep-CWA plasmid (surface-anchoring expression vector, fusion with DCpep) (40) were digested with restriction enzymes BamH I and Kpn I (TaKaRa, Dalian, China) to release the target Fiber 2 fragment and linearized vector. After ligation using T4 ligase (TaKaRa, Dalian, China), the gene fragment Fiber2 was inserted into the corresponding sites in pTX8048-CWA or pTX8048-DCpep-CWA to produce plasmid pTX8048-Fiber2-CWA and pTX8048-DCpep-Fiber2-CWA (Figure 1). Plasmids pTX8048-CWA and pTX8048-DCpep-CWA were designed as control. The two plasmids, pTX8048-Fiber2-CWA and pTX8048-DCpep-Fiber2-CWA, were characterized by sequencing and then electrotransformed (2,000 V, 400 Ω, 25 μF) into host strains L. lactis NZ9000 and E. faecalis MDXEF-1, respectively. The recombinant bacteria were screened on the plate containing chloramphenicol with a final concentration of 10 μg/ml. After identification by restriction enzyme digestion, the positive recombinant bacteria were named L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, respectively.




Figure 1 | Plasmid schematic of pTX8048-Fiber2-CWA and pTX8048-DCpep-Fiber2-CWA. Both plasmids contain the nisin-inducible promoter and CWA (cell wall anchor) that was fused to the C-terminal of Fiber2 protein. Plasmids pTX8048-DCpep-Fiber2-CWA contained a fused dendritic cell targeting peptide (DCpep) at the N-terminal of Fiber2.





Detection of Target Proteins

Four recombinant DNA-positive bacteria were seeded on the plate, and the single colony was transferred to a liquid medium. When the value of OD600 reached 0.5, 5 ng/ml of nisin (Sigma-Aldrich, USA) was added into the medium for induction for 4 h. Bacterial proteins were prepared according to procedures previously developed in our laboratory (40). Ten percent of SDS-PAGE was applied to separate the bacterial proteins to confirm the expression of the Fiber2 protein in recombinant positive bacteria. The target protein was then electrophoretically transferred to nitrocellulose membranes. The membranes were incubated with rabbit anti-rFiber2 polyclonal antisera (1:2,000, prepared in our laboratory) for 2 h, and horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG antibody (1:2,500) (Sigma, USA) was used as a secondary antibody. After washing, the immunoreactive bands on the membrane were visualized using ECL Chemiluminescence Detection Kit (P0018S) (Beyotime, Shanghai, China) according to the manufacturer’s instructions. To further demonstrate that Fiber2 protein was displayed on the surface of recombinant probiotics, an indirect immunofluorescence assay (IFA) was carried out as described previously (27). In short, the probiotics were cultured and induced with nisin (5 ng/ml), and then the bacterial pellets were harvested by centrifugation. Following three washes with PBS (pH 7.2), the pellets were incubated with rabbit anti-rFiber2 polyclonal sera (1:200) and then with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:50) (Solarbio, Beijing, China). The fluorescence images were obtained with a Leica DM2000 fluorescence microscope (Leica, Germany).



Immunization and Challenge Experiment

Grouping, immunizations, and challenges were carried out according to the diagram shown in Figure 2. In short, 220 SPF chickens were randomly divided into negative control, L. lactis/pTX8048, E. faecalis/pTX8048, L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, and infection control groups for a total of eight groups. All chickens were orally gavaged with recombinant bacteria thrice 2 weeks apart, 3 days in a row (Table 1). Samples (sera, liver, and jejunal lavage fluid) collected from chickens (n = 5) in each group at each time point were stored at -80℃ before assays (Figure 2). All groups (except the negative control group) were challenged with 200 µl 105.52 TCID50 FAdV-4/GS01 (stored in our lab) (Table 1).




Figure 2 | Schematic diagram of immune, sampling, and challenge procedure. Oral immunization with recombinant probiotics L. lactis and E. faecalis at 7, 8, and 9, 21, 22, and 23, 35, 36, and 37 days of age. Infection experiments were carried out at 49 days of age. Sera and jejunal lavage fluid samples were collected at 7, 21, 35 (before vaccination), and 49 (before challenging). Sera from chickens in each group were collected on day 5 postinfection (dpi) to detect the liver function indicators. Liver samples were collected at 5 dpi to detect inflammatory factors and viral load. Euthanasia and autopsy were performed on 3 dpi to observe gross pathological lesions and histopathological changes.




Table 1 | Experimental design of immunizations and challenge.





Detection of IgG and sIgA

Sera and jejunal lavage fluid were prepared at weeks 1, 3, 5, and 7 (before immunizations), as shown in Figure 2, and used to detect levels of Fiber2-specific sIgA or IgG antibodies using enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates were coated overnight at 4°C with purified 10 μg of rFiber2 proteins (200 μl) as mentioned above. Next, the plates were washed three times with PBST (PBS containing 1% Tween-20) and then saturated with a 100-μl blocking solution that consists of PBS (pH7.2) and 2% BSA at 37°C for 2 h. The sera (1:100 dilution) and jejunal lavage fluid (1:50 dilution) were used as the primary antibody, and HRP-conjugated goat anti-chicken IgG or IgA (Abcam, Cambridge, UK) was used as the secondary antibody, respectively. The reaction was terminated by adding 50 μl of H2SO4 at a final concentration of 2 M to each well followed by color development by using tetramethylbenzidine (TMB) (Sigma-Aldrich, St. Louis, MO, USA) as the substrate. The absorbance was then measured at 450 nm.



Measurement of Cytokine Levels After Immunizations

At 2 weeks after the third immunization, the mRNA levels of cytokines in spleen tissues (n = 5) from each group, including chicken interleukin 2 (ChIL-2), ChIL-4, ChIL-6, ChIL-10, ChIL-17, chicken interferon-gamma (ChIFN-γ), and housekeeping gene β-actin, were quantified using real-time PCR, and primers used for real-time PCR are shown in Table S2. Total RNA was extracted by applying TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions and was then subjected to reverse transcription by using the PrimeScript RT Kit (RR037A) (TaKaRa, Dalian, China). The ΔΔ-Ct method was used to assess levels of gene expression by using SYBR Premix Ex Taq II Reagent Kit (TB Green® Premix Ex Taq™ II) (RR820A) (Takara, Dalian, China).



Measurement of T-Cell Proliferation After Immunizations

At 2 weeks after the final vaccination, the proliferative activity of peripheral blood lymphocytes (PBMCs) was assayed using the Cell Counting Kit-8 (CCK-8) method (41). PBMCs were obtained using a peripheral blood mononuclear cell isolate kit (P5250) from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). PBMCs prepared from chickens (n = 5) in each group were harvested and diluted to a final concentration of 1.0 × 106 cells/ml with RPMI 1640 (containing 10% fetal bovine serum). Then, 2.0 × 105 cells (200 µl) were transferred to a 96-well culture plate, and ConA (10 µg/ml) (Biotopped, Shanghai, China) and rFiber2 proteins (25 µg/ml) were added and incubated at 37°C for 48 h, respectively. Subsequently, 10 μl of CCK-8 solution (Bimake, Houston, TX, USA) was added and incubated for another 4 h, and the value of OD450 nm in each well was recorded. Each sample was tested in triplicate.



Detection of Hepatic Function

According to the manufacturer’s protocol, the serum activities of alanine transaminase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), albumin (ALB), and total protein (TP) were measured at 5 days postinfection (dpi) using commercialized kits purchased from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China).



Detection of Viral Load in the Liver

At 5 dpi, total DNA was directly extracted from liver samples (n = 5) in each group using TaKaRa MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0 (Takara, Beijing, China). FAdV DNA in liver samples was detected using SYBR Green reagent by real-time PCR as previously described (42). The primer pairs 52K-F/52K-R used are listed in Table S2. Furthermore, protein extraction of liver samples was performed using precooled RIPA lysis buffer containing protease inhibitors and PMSF (Solarbio, Beijing, China).



Detection of Inflammatory Factors Postinfection

The levels of inflammatory factors IL-1β, IL-6, IL-8, and TNF-α in the liver tissues of chickens (n = 3) from each group were detected using ELISA Kit from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China), according to the provided instructions at 5 dpi. The cytokine concentration was calculated based on the constructed standard curve.



Gross Pathological Changes and Histopathology

Body weights of chickens (n = 10) from each group were recorded at each time point, and body weight gain was calculated. From 3 to 14 dpi, all the chickens from each group were euthanized and autopsied in succession. Gross pathological lesions present on target organs were observed and recorded. The weight of organs, including hearts, livers, kidneys, and spleens, were weighed, and the percentage of organ weight to body weight was calculated. The tissue samples from each group, including livers, hearts, kidneys, and spleens, were fixed in 4% paraformaldehyde solution for 48 h, paraffin-embedded, and cut in slices (5 μm). The slides were then stained with hematoxylin and eosin (HE) staining solution.



Statistical Analysis

SPSS26 (SPSS/IBM, Chicago, IL, USA), Prism 9.0 (GraphPad Software, La Jolla, CA, USA), and Origin Pro 8 (OriginLab Corporation, Northampton, MA, USA) were used for one-way ANOVA and Duncan’s multiple-comparison analysis of the data. All data were expressed as mean± standard deviation. Differences were considered to be significant at p < 0.05 and highly significant at p < 0.01.




Results


Expression of Fiber2 Protein in Probiotics L. lactis and E. faecalis

Recombinant probiotics L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis MDXEF-1/pTX8048-Fiber2-CWA, and E. faecalis MDXEF-1/pTX8048-DCpep-Fiber2-CWA were screened and identified. The cell wall-anchored protein fusion with DC target peptide (DCpep) (73 kDa) or without fusion (71 kDa) in L. lactis NZ9000 and E. faecalis MDXEF-1 was detected by Western blot (Figure 3A). Indirect immunofluorescence experiments also proved that Fiber2 protein was successfully expressed on the surface of the four recombinant probiotics and showed a strong positive fluorescence (Figure 3B).




Figure 3 | Detection of Fiber2 protein expressed on the surface of probiotics. (A) Western blot detection of Fiber2 protein expression on the surface of probiotics L. lactis and E. faecalis induced with 5 ng/ml nisin using rabbit anti-Fiber2 polyclonal antisera as primary antibody. (B) Indirect immunofluorescence detection of Fiber2 protein displayed on the surface of bacteria using rabbit anti-Fiber2 polyclonal antisera as primary antibody and FITC-conjugated goat anti-rabbit IgG as the secondary antibody.





Fiber2-Expressing Probiotics Induced Humoral Immune Responses

As shown in Figure 4, the levels of serum IgG and jejunal lavage sIgA did not show a statistical difference among the seven groups before the primary immunization (p > 0.05). At 2 weeks after the primary, secondary, and third immunizations, the higher IgG and sIgA levels in the four groups with Fiber2-expressing probiotics gradually increased and were all higher than the L. lactis/pTX8048, E. faecalis/pTX8048, and negative control groups (p < 0.01). Fiber2-specific IgG and sIgA in the two DCpep-fusing groups, L. lactis/pTX8048-DCpep-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA, were significantly higher than in other groups (p < 0.01). Notably, Fiber2-expressing E. faecalis/pTX8048-DCpep-Fiber2-CWA showed the highest humoral immune responses among all the groups (p < 0.01). The results demonstrate that probiotics surface-anchoring the target protein and DCpep stimulated more robust humoral immune responses than those expressing a single antigen.




Figure 4 | The levels of IgG and sIgA evoked by live recombinant probiotics at each time point. Before the first immunization and at 2 weeks after each immunization, serum samples from chickens (n = 5) in each group were prepared. rFiber2 protein was used to coat the 96-well plate. One hundred-fold diluted experimental chicken sera or 50-fold diluted jejunal lavage fluid was applied as primary antibody to react with coated rFiber2 protein, respectively. The IgG antibody level in sera (A) and sIgA antibody level in jejunal lavage fluid (B) were analyzed. Data are expressed as mean ± SD. ns means p > 0.05, ***p < 0.001.





mRNA Levels of Cytokines in the Spleen After Immunization

Real-time PCR was applied to determine the mRNA levels of cytokines IL-2, IFN-γ, IL-4, IL-10, IL-6, and IL-17 in spleens from immunized chickens. As shown in Figure 5, at 2 weeks after the secondary and third immunizations, the four Fiber2-expressing probiotics groups except for L. lactis/pTX8048-Fiber2-CWA displayed significantly higher mRNA levels of IL-2, IFN-γ, IL-4, IL-10, IL-6, and IL-17 compared to the L. lactis/pTX8048, E. faecalis/pTX8048, and negative control groups (p < 0.001). Besides, significant differences were also observed among the four Fiber2-expressing probiotics groups, and the mRNA levels of those cytokines in the E. faecalis/pTX8048-Fiber2-CWA group and E. faecalis/pTX8048-DCpep-Fiber2-CWA groups were higher than those in the L. lactis/pTX8048-Fiber2-CWA and L. lactis/pTX8048-DCpep-Fiber2-CWA groups, respectively. The above results indicated that Fiber2-expressing E. faecalis stimulated higher levels of cytokines than Fiber2-expressing L. Lactis. As shown in the cluster heatmap (Figure 5G), IL-4 and IL-10 cluster in one branch; IFN-γ, IL-6, and IL-17 cluster in another branch; and IL-2 clusters under one branch alone.




Figure 5 | Immune-related cytokine mRNA levels in spleens. The relative mRNA levels of IL-2 (A), IL-4 (B), IL-6 (C), IFN-γ (D), IL-10 (E), and IL-17A (F) in spleens of chickens (n = 5) in each group were quantified by real-time PCR and normalized by mRNA levels of reference gene β-actin from the same sample. The values represent mean ± SD. **p < 0.01, ***p < 0.001. (G) Heat map depicting the cluster analysis of mean values of ChIL-2, ChIL-4, ChIL-6, ChIFN-γ, ChIL-10, and ChIL-17A in spleens after three immunizations.





Proliferation of Lymphocytes in Peripheral Blood

At 2 weeks after the third immunization, peripheral blood lymphocytes (PBLs) from chickens immunized with four Fiber2-expressing probiotics showed significant responses to rFiber2 protein compared with the L. lactis/pTX8048, E. faecalis/pTX8048, and PBS groups (p < 0.01). Among the four Fiber2-expressing probiotics, E. faecalis/pTX8048-DCpep-Fiber2-CWA displayed the highest capability to induce PBLs to proliferate under stimulation with rFiber2 (p < 0.01). Meanwhile, two Fiber2-expressing E. faecalis showed a higher capability to induce the proliferative activity of PBLs than the two Fiber2-expressing L. lactis under stimulation with ConA (p < 0.001, Figure 6).




Figure 6 | Detection of T lymphocyte proliferation. At 2 weeks after the third immunization, T lymphocytes were isolated from the peripheral blood of five chickens (n = 5) from each group. The proliferation of isolated T lymphocytes was assessed using a CCK-8 assay kit, and rFiber2 protein and ConA were selected as stimuli, respectively. Data are presented as mean ± SD. ***p < 0.001.





Levels of Inflammatory Factors in Liver After Challenge

The levels of inflammatory factors in livers were detected to assess the level of inflammation in the livers. The abovementioned inflammatory factors increased dramatically in the L. lactis/pTX8048, E. faecalis/pTX8048, and infection control groups at 5 dpi compared with the negative control group (Figure 7) (p < 0.05). On the contrary, the four Fiber2-expressing probiotics groups, especially E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA, increased less (p < 0.01 or p < 0.001), although significantly higher than the negative control group.




Figure 7 | Detection of inflammatory factors in livers of chickens at 5 days postinfection. The levels of inflammatory factors IL-1β (A), IL-6 (B), TNF-α (C), and IL-8 (D) in the livers of chickens (n = 3) from each group were determined by ELISA. Each sample was tested in triplicate. Different small letters denote significant differences among groups (p < 0.05).





Detection of Function Indexes

The liver function of experimental chickens in each group was evaluated based on widely used biochemical markers TP, ALB, AST, ALT, and LDH. As displayed in Figures 8A–E, significant differences were observed between the four Fiber2-expressing probiotics groups and the other four control groups, including infection control, vector control (L. lactis/pTX8048, E. faecalis/pTX8048), and negative control. Compared with the negative control group, the levels of ALB and TP in sera of chickens in the infection control and vector control groups (L. lactis/pTX8048, E. faecalis/pTX8048) decreased significantly (p < 0.01). In contrast, AST, ALT, and LDH in the four Fiber2-expressing probiotics groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA did not change significantly but displayed to be close to the negative control group (p < 0.001).




Figure 8 | Determination of alanine transaminase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), albumin (ALB), and total protein (TP) in sera. At 5 dpi, levels of liver function indexes including TP (A), ALB (B), ALT (C), AST (D), and LDH (E) in sera of chickens (n = 5) from each group were detected using the purchased kit (Nanjing Jiancheng Bioengineering Institute) referencing provided protocols. At 5 dpi, liver tissues were collected from chickens in each group, and total DNA was extracted using a DNA extraction kit (Takara, Beijing, China). A standard curve was established based on the pMD-18T-52K plasmid. Real-time PCR was used to detect numbers of FAdV DNA copies in livers (F). Each value represents mean ± SD. ***p < 0.001.





Virus Load in the Liver

At 5 dpi, the average numbers of FAdV copies in livers of chickens in the infection control group (1.3 × 107 copies/mg), L. lactis/pTX8048 group (8.6 × 106 copies/mg), and E. faecalis/pTX8048 group (8.2 × 106 copies/mg) were significantly higher than those of chickens immunized with the four Fiber2-expressing probiotics, L. lactis/pTX8048-Fiber2-CWA (1.4 × 105 copies/mg), L. lactis/pTX8048-DCpep-Fiber2-CWA (4.8 × 104 copies/mg), E. faecalis/pTX8048-Fiber2-CWA (9.0 × 103 copies/mg), and E. faecalis/pTX8048-DCpep-Fiber2-CWA (1.5 × 103 copies/mg) (p < 0.01) (Figure 8F). Similar results were also observed in the detection of viral proteins. The content of viral proteins in livers of chickens immunized with the four Fiber2-expressing recombinant lactic acid bacteria was lower than that in the infection control group (Figure S1).



Survival Rate, Body Weight Gain, and Organ Index

On the third day after challenge with FAdV-4/GS01, chickens in the infection control, L. lactis/pTX8048, and E. faecalis/pTX8048 groups showed clinical signs of depression and achieved 100% mortality at 6 dpi. Chickens in the four groups immunized with Fiber2-expressing probiotics were to some extent protected against FAdV challenge at a 100% lethal dose (Figure 9A), displaying the survival rates of 60%, 80%, 90%, and 100% in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, respectively. Notably, the time of death for the challenged chickens in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were to some extent delayed compared to the two vector control groups, indicating that the four recombinant live probiotics exhibited more protective efficacy against FAdV-4/GS01 challenge than L. lactis/pTX8048 and E. faecalis/pTX8048.




Figure 9 | Survival rate, body weight, and relative organ index of chickens. The survival rate (A) of chickens in each group was recorded within 2 weeks after the challenge with the highly virulent strain FAdV-4/GS01. Colored lines (A) represent groups immunized with live recombinant probiotics. The body weight gain of chickens (n = 10) in each group at each stage was shown by different colors, and the numbers at the top of the columns indicated each final average body weight in each group (B). The organ index of hearts, livers, spleens, and kidneys of chickens from each group was calculated (C). *p < 0.05, **p < 0.01.



Not only is the survival rate an essential criterion for evaluating protection against virus challenge, but also the body weight and relative organ weight are influential factors. Statistics found that the average body weight of chickens in the groups orally immunized with probiotics was higher than that in the infection control group (Figure 9B). On the contrary, the organ indexes of hearts, livers, spleens, and kidneys of chickens in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were significantly lower than those in the infection control group (Figure 9C) (p < 0.05).



Pathological Lesions

Three days after challenge, typical clinical symptoms including weakness, depression, anorexia, and decreased body weight gain were observed in the infection control group. Accordingly, gross pathological changes found in the infection control group revealed splenomegaly, hepatomegaly, hepatitis, splenitis, and myocarditis. On the contrary, the above symptoms and gross pathological changes in the four groups immunized with L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were relatively milder. The lesions in the target organ livers are shown in Figure 10. Compared with the negative control group, swelling and inflammation in livers of chickens in the L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA groups displayed significant reduction. Also, inflammatory lesions in the hearts and kidneys of chickens in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were significantly alleviated compared with the infection control group (Figure S1).




Figure 10 | Gross pathological changes in livers of chickens from each group. The livers of chickens in negative control group were normal (A). Pathological changes in infection control (B), L. lactis/pTX8048 (C), and E. faecalis/pTX8048 (D) groups were noticeable, showing swollen and friable, with multifocal areas of necrosis. Only slight pathological lesions were observed in groups L. lactis/pTX8048-Fiber2-CWA (E), L. lactis/pTX8048-DCpep-Fiber2-CWA (F), E. faecalis/pTX8048-Fiber2-CWA, (G) and E. faecalis/pTX8048-DCpep-Fiber2-CWA (H).



On 5 dpi, tissues of hearts, livers, spleens, and kidneys of chickens in each group were fixed in 10% formalin, and histopathological slides were prepared. As shown in Figure 11, the noticeable and severe histopathological lesions in tissues of chickens in the infection control group were observed, including myocardial fiber rupture in heart tissues (Figures 11B1–D1), vacuolar degeneration and necrosis in liver cells (Figures 11B2–D2), necrotic foci and lymphopenia in spleen tissues (Figures 11B3–D3), and glomerulonephritis, vasculitis, interstitial congestion, and cortical necrosis in renal tissues (Figures 11B4–D4). However, chickens from the four Fiber2-expressing probiotics-vaccinated groups, especially group E. faecalis/pTX8048-DCpep-Fiber2-CWA, displayed mild histopathological changes (Figures 11E–H).




Figure 11 | Microscopic histopathological changes in chickens heart, liver, kidney, and spleen tissues from each group. Tissues of hearts, livers, spleens and kidneys from experimental chickens were collected and used to prepare histopathological slides. There are no apparent lesions in the heart, liver, spleen, and kidney in negative control (A1–A4). On the contrary, in infection control, L. lactis/pTX8048 and E. faecalis/pTX8048 groups showed noticeable lesions. These lesions involve myocardial fiber rupture in cardiac tissue as indicated by arrows, hepatocyte necrosis and inflammatory cell infiltration in liver tissue (arrows), focal necrosis of splenocytes (arrows), tubular epithelial cell shedding, and interstitial congestion (arrows) in renal tissue (B–D). Compared with the control group, the other four challenged groups had relatively fewer lesions (E–H).






Discussion

Hepatitis-hydropericardium syndrome (HHS) is a typical gross pathological change which could be caused by Fowl adenoviruses serotype 4 (FAdV-4). HHS is characterized by a sudden onset and mortality rates ranging from 20% to 80%, which leads to substantial economic losses to the global poultry industry (43). Currently, vaccination is the primary strategy for preventing and controlling HHS. Immunization with inactivated liver homogenate (14, 44), attenuated vaccines (32), live vaccines (45), and recombinant antigen vaccines (46) protects against infection. Inactivated vaccines have a lower risk of virulence reversion than live vaccines. Other research on FAdV also emphasized the risk of incomplete inactivation or reduced efficacy (47, 48). As mentioned before, intramuscular injections of inactivated vaccines or attenuated vaccines failed to activate intestinal mucosal immunity. Recently, subunit vaccines have been reported to be similar to inactivated vaccines and have displayed the characteristics of stability and safety (46, 49). Theoretically, vaccination that evokes effective intestinal mucosal immune responses is a feasible way to prevent pathogens transmitted via an oral route (49). Therefore, novel vaccines that can activate intestinal mucosal immunity against FadV-4 infection are still attractive.

Our previous results showed that the oral administration of lactic acid bacteria expressing truncated Hexon proteins could offer protection against FAdV-4 to some extent (26). Recently, Fiber2 protein has been proved to offer better protection than Hexon protein in vaccines prepared using the baculovirus expression system (50) and E. coli expression system (51), although this is not a comparison between Fiber2 and intact Hexon protein. The increased virulence of hypervirulent FAdV-4 was reported to be independent of fiber-1 and penton (52). The study on infectious clones of FAdV-4 displayed that fiber 2 protein plays a greater role in FAdV-4 pathogenicity than Hexon protein (29). Moreover, it was reported that adenovirus was located in the intestinal epithelium at 12 h post-oral infection, and the virus was detected in blood at 24 h postinfection (53). Considering the above facts, we hypothesize that Fiber2-specific sIgA secreted on the surface of intestinal epithelium could bind to FAdV-4 at the local sites and hence intercept virus invasion upon initial infection. Therefore, in the current study, probiotics that surface-deliver Fiber2 protein were prepared, and the protective immunity against FAdV-4 infection was evaluated.

The ability to activate an effective immune response is an essential feature of a successful vaccine. The levels of IgG in serum and sIgA in jejunal lavage fluid are an indicator of humoral and intestinal mucosal immunity, respectively. In the present study, the levels of Fiber2-specific IgG in sera and sIgA in the intestinal mucosa were significantly increased, suggesting that the Fiber2 protein delivered in surface-anchoring by the four recombinant probiotics effectively induced humoral and intestinal mucosal immune responses in all immunized chickens and hence provided immune protection. The above results are consistent with the previous report that recombinant subunit vaccines based on Fiber2 protein provided more comprehensive protection against FAdV-4 infection than inactivated oil emulsion vaccines (54).

Moreover, the immune protective effects provided by recombinant probiotics L. lactis/pTX8048-DCpep-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA) were better than those by L. lactis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-Fiber2-CWA, respectively (Figure 4). A possible derivation for these results is that dendritic cells in the intestinal lamina propria were effectively activated by DCpep, which enhanced the antigenic uptake and the subsequent delivery to immune cells. The immune enhancer DCpep is unanimous to other previous reports (25, 55). In addition, recombinant live bacteria E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA induced more obvious immune responses and provided more protective effects than L. lactis/pTX8048-Fiber2-CWA and L. lactis/pTX8048-DCpep-Fiber2-CWA (p < 0.05), respectively. The possible explanation for this result is that recombinant bacteria E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA sustainably evoked Fiber2-specific immune responses. The supported findings for the above explanation are that E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA can express the Fiber2 protein on the surface of probiotic bacteria without nisin induction (Figure 2A). The potential reason for this is that E. faecalis MDXEF-1 produces nisin or similar ingredients (data not published), which act as an inducer to initiate transcription and translation of the target gene located downstream of the nisA promoter in the positive plasmids.

The previous reports demonstrated that cellular immunity played an important role in antiviral immunity, especially in preventing FAdV-4, a virus with immunosuppressive potential (56). ChIL-2 and ChIFN-γ are generally produced by Th1 cells and have multiple functions (57). The above two cytokines activate transcription factors that regulate the production of several defense molecules by natural killer cells, cytotoxic T cells, and macrophages (58–60). In addition, IFN-γ cooperates with other factors, such as ChIL-17, to activate macrophages to kill phagocytized pathogens and infected cells (61) and promote immunoglobulin production. ChIFN-γ also effectively induces, maintains, and links innate immunity to adaptive immune responses (62). In the present study, the proliferative responses of PBLs were more efficient in the groups immunized with Fiber2-expressing probiotics (Figure 6). Moreover, the mRNA levels of ChIL-2, ChIFN-γ, ChIL-4, ChIL-10, ChIL-6, and ChIL-17 in spleens of chickens immunized with the four Fiber2-expressing probiotics were significantly higher, which suggests that Th10-, Th2-, and Th17-type responses contribute to the strengthened immunity and resistance to virus infection (Figure 5). Previous studies also reported similar results showing that the expression of several inflammatory factors such as ChIFN-γ, ChIL-2, ChIL-4, ChIL-6, and ChIL-10 increased during FAdV-4 infection (63, 64). The above results could be supported by the following analysis that on 5 dpi, the number of FadV copies in the livers of chickens from the four groups immunized with L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-Dcpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-Dcpep-Fiber2-CWA, especially the two groups of Fiber2-expressing E. faecalis, was significantly lower than that in the two groups immunized with L. lactis/pTX8048 and E. faecalis/pTX8048 (Figure 8F). The necrotic foci in the spleens from the two Fiber2-expressing E. faecalis groups were significantly reduced after the challenge (Figure 10 A3-H3), which also supports our previous analysis. Collectively, all these results suggest that Fiber2-expressing probiotics L. lactis and E. faecalis could stimulate robust humoral and cellular immune responses which activate antiviral protection by moderately enhancing the expression of inflammatory factors.

The liver is generally accepted to be the primary target organ for FAdV-4. The liver injury caused by FAdV-4 could be ascribed to the increased permeability of the hepatocyte membrane, which leads to the release of the intracellular substances into the blood, therefore resulting in a dramatic increase in ALT and AST (65). In this study, AST, ALT, and LDH levels in sera in the probiotic-treated groups, including L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, were significantly lower than in the infection control group, which suggested that probiotics surface-expressing Fiber2 protein can alleviate the liver injury to some extent. The decreased levels of TP and ALB in sera indirectly reflected the diminished FAdV-4 synthesis in the target organ livers (66). Moreover, the slightly changed TP and ALB in the four groups immunized with Fiber2-expressing probiotics also indicated the protective effects against FAdV infection.

It has been reported that the critical inflammatory factors IL-1β, IL-6, IL-8, and TNF-α were significantly increased after FAdV infection (67). In the present study, as shown in Figure 7, a significant reduction of IL-1β, IL-6, IL-8, and TNF-α in the groups immunized with L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA was observed compared with the infection control group. Accordingly, the typical gross pathological and histopathological changes were observed in the infection control group, L. lactis/pTX8048, and E. faecalis/pTX8048, but not in the groups immunized with the four Fiber2-expressing probiotics. The above results indicated that the virus load in livers of chickens vaccinated with Fiber2-expressing L. lactis or E. faecalis was significantly reduced.

The survival rate is considered to be a central factor in measuring vaccine efficacy. The present results of survival rate showed that chickens immunized with E. faecalis/pTX8048-DCpep-Fiber2-CWA exhibited a 100% protection rate. At the same time, the protection rates for live bacteria L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, and E. faecalis/pTX8048-Fiber2-CWA were 60%, 80%, and 90%, respectively. The above results strongly indicated that the live recombinant probiotics that deliver surface-anchored Fiber2 protein showed excellent protective efficacy. In addition, in poultry farming, body weight gain and daily weight gain are both vital factors from an economic point of view. The body weights of chickens from the four Fiber2-expressing probiotics groups were all higher than those in the infection control group. The above results indicated that different Fiber2-delivering probiotics provided different immune protective effects and survival rates.



Conclusion

This study shows that our experiments validated the initial assumption and achieved the desired results showing that recombinant probiotics surface-expressing the Fiber2 protein could evoke remarkable humoral and cellular immune responses, relieve injury, and functionally damage target organs. This knowledge has provided a valuable reference for developing potential vaccines to protect against FAdV-4 infection.
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Supplementary Figure 1 | Western blot detection of viral proteins. Detection of viral protein in liver tissues from each group on the 5dpi. Fiber2 polyclonal antibody (1:2000) and HRP-labeled goat anti-rabbit secondary antibody (1:2000) were used for detection. β-actin was used as an internal reference for detection. The amount of viral protein in the four recombinant lactic acid bacteria immunization groups was lower than that in the control group.

Supplementary Figure 2 | Gross examination of heart, spleen, and kidney from chickens. The gross pathological changes in infection control, L. lactis/pTX8048, and E. faecalis/pTX8048Groups were obvious. Their heart and kidneys were significantly enlarged, and the spleen had congestion and enlargement simultaneously. The pathological lesions in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA were relatively mild.
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Although feline coronavirus (FCoV) infection is extremely common in cats, there are currently few effective treatments. A peptide derived from the heptad repeat 2 (HR2) domain of the coronavirus (CoV) spike protein has shown effective for inhibition of various human and animal CoVs in vitro, but further use of FCoV-HR2 in vivo has been limited by lack of practical delivery vectors and small animal infection model. To overcome these technical challenges, we first constructed a recombinant Bacillus subtilis (rBSCotB-HR2P) expressing spore coat protein B (CotB) fused to an HR2-derived peptide (HR2P) from a serotype II feline enteric CoV (FECV). Immunogenic capacity was evaluated in mice after intragastric or intranasal administration, showing that recombinant spores could trigger strong specific cellular and humoral immune responses. Furthermore, we developed a novel mouse model for FECV infection by transduction with its primary receptor (feline aminopeptidase N) using an E1/E3-deleted adenovirus type 5 vector. This model can be used to study the antiviral immune response and evaluate vaccines or drugs, and is an applicable choice to replace cats for the study of FECV. Oral administration of rBSCotB-HR2P in this mouse model effectively protected against FECV challenge and significantly reduced pathology in the digestive tract. Owing to its safety, low cost, and probiotic features, rBSCotB-HR2P is a promising oral vaccine candidate for use against FECV/FCoV infection in cats.
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Introduction

Feline coronavirus (FCoV) is an important gastrointestinal pathogen of domestic cats and is known to be prevalent in catteries and multiple-cat households. FCoV belongs to the genus Alphacoronavirus, which contains the closely related canine CoVs and porcine transmissible gastroenteritis virus (TGEV) (1–3). Feline enteric CoV (FECV) and related mutant feline infectious peritonitis virus (FIPV) coexist in the environment and are indistinguishable in antigen, serology, and morphology (4). Although the vast majority of FECVs are benign and cause only mild diarrhea, FIPV can lead to a lethal disease (5), with no effective vaccine having been developed to date (6–8). There are two serotypes of FCoV (9); some studies have shown that serotype II FCoV uses feline aminopeptidase N (fAPN) as a receptor for invading cells, whereas the receptors for type I FCoV remain unclear (9, 10). Although some encouraging progress has been made with potential anti-FCoV therapeutic agents such as GS-441524 and GC376, prevention, and treatment of FCoV infection still face considerable challenges (11).

The CoV S glycoprotein (composed of S1 and S2 subunits) is mainly responsible for binding to the cell surface receptor (12–15). S1 binds to the host receptor and causes a conformational change in S2, which exposes it to the target cell membrane, and the highly conserved heptad repeat regions (HR1 and HR2) interact to form a stable six-helix structure that plays an important role in viral fusion (16). Exogenous soluble HR2 peptides can bind to viral HR1, thereby efficiently blocking viral entry into the cell (17, 18). HRs of severe acute respiratory syndrome (SARS)-CoV, novel SARS-CoV-2, Middle East respiratory syndrome (MERS)-CoV, and porcine epidemic diarrhea virus (PEDV) can all inhibit viral invasion (17–20). As a typical class I enveloped virus, FCoV is expected to use a similar membrane fusion mechanism for viral entry, and the HR2 of FCoV has also been proven to be effective in inhibiting viral invasion (21, 22). Additionally, our previous study demonstrated that the HR2 of PEDV contains a possible neutralizing epitope with high immunogenicity, and polyclonal antiserum against this domain has a high neutralization activity (18). Thus, we consider HR2 a good candidate antigen to base further vaccine development on. However, the application of HR2, especially for animals, is very challenging due to its poor stability and short half-life (23, 24).

Since the main target of FCoV infection is the intestinal tract, an efficient vaccine must elicit a strong mucosal immune response to protect the body from infection (25, 26). Bacillus subtilis is a natural probiotic that can induce a strong mucosal immune response through various immune pathways, promoting the expression of cytokines and secretory immunoglobulin A (sIgA) (27). Additionally, B. subtilis can adhere to intestinal epithelial cells and accumulate in the digestive tract. As a natural adjuvant, it is widely used in vaccine preparations (27–29), and it can protect exogenous antigens from being degraded by the digestive tract before they pass through the gastrointestinal barrier (30). The B. subtilis spore surface display (BSSD) technique is considered one of the most promising methods for expressing heterologous proteins with high activity and stability (31, 32).

In this study, we designed and developed a novel FCoV vaccine candidate based on BSSD of recombinant HR2 peptide (HR2P) and evaluated its immunogenicity and protection in a new type II FCoV infection model by fAPN transduction in mice.



Materials and Methods


Cells, Virus, and Animals

CRFK (feline kidney) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (w/v) in a humidified 5% CO2 incubator at 37°C. The type II FECV 79-1683 strain (33) was a gift from Professor Rong Ye (Shanghai Medical College of Fudan University). The virus titer of FECV was determined by endpoint dilutions as 50% tissue culture infective dose (TCID50) on CRFK. Virus stocks were stored at −80°C until use. Six-week-old female BALB/c mice were purchased from the Zhejiang Academy of Medical Science (Hangzhou, China) and raised in a sterilized room with the temperature set at 25 to 27°C, with a 12 h daily light cycle, and fed sterilized food and water.



Design and Expression of HR2 Peptides in Escherichia coli

The cloning strategy for the HR2 region of the FECV S protein was designed based on the type II Felix isolate, predicted using the computer software LearnCoil-VMF (http://night-ingale.lcs.mit.edu/cgi-bin/vmf), with a peptide sequence as shown in Figure 1A. Gene fragments corresponding to the desired peptide were amplified through polymerase chain reaction (PCR) on a full-length FECV S construct, and the product was inserted into a pET32a vector (containing a His tag) after restriction endonuclease digestion with BamHI and XhoI. The prokaryotic expression vector pET32a-HR2P was constructed and transformed into BL21 Chemically Competent Cells (TransGen, China), and a single colony was inoculated into Luria–Bertani (LB) broth containing 50 mg/L ampicillin (Sigma, USA) and incubated at 37°C. Overnight cultures were transferred into 100 ml of fresh LB medium for large-scale protein production at 37°C. Expression of recombinant HR2P-His was induced with isopropyl-β-D-thiogalactoside (IPTG) (Sigma, USA) at a final concentration of 1 mM when Abs600 nm reached 0.5. After induction for 5 h at 37°C, cells were harvested by centrifugation at 10,000×g for 15 min at 4°C. The bacterial cells were disrupted by ultrasonication, and lysates were added to His Pur Ni-NTA columns (TransGen, Beijing, China) and filtered by gravity flow. Purified HR2P-His was separated on a 12% SDS-PAGE gel, transferred to a PVDF membrane and blocked with nonfat milk for 1 h at room temperature. After three washes with Tris-buffered saline Tween-20 (TBST), the membranes were incubated with mouse anti-His diluted with TBST in 5% bovine serum albumin (BSA) at 4°C overnight. Following three more washes with TBST, the membrane was incubated with a horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG for 1 h at 37°C. Blots were visualized using an ECL Western Blot detection kit (FUDE, China) as specified by the manufacturer. The protein concentration was measured using the enhanced BCA protein assay kit (Beyotime, China) according to the instructions of the manufacturer.




Figure 1 | The FECV spike HR2 peptide (HR2P) exhibits antiviral activity and elicits neutralizing antibodies. (A) Schematic of the S glycoprotein, showing heptad repeat 2 (HR2) located within the S2 subunit. Other domains shown include SS (signal sequence), TM (transmembrane domain), and CT (cytoplasmic tail). The HR2 sequence was predicted by the LearnCoil-VMF program. (B) Multiple sequence alignment of HR2 regions (1347-1403 aa based on the FECV strain 79-1683) from type I (FCoV-SB22, GenBank accession no. MH817484; FCoV/NTU/2R/2003, DQ160294; FCoV Black, EU186072) and type II (FCoV/NTU156/P/2007, GQ152141.1; FECV 79-1683, X80799.1; FIPV 79-1146, DQ010921.1) strains by using ClustalX1.8 and ESPript3.1 program. Residues highlighted in red are completely conserved. (C) Inhibition of FECV infection by HR2P in vitro. FECV (MOI = 0.01) was preincubated with soluble HR2P-His at various concentrations (0.125, 0.25, 0.5, 1, 2, 4, and 8 μM) for 1 h at 37°C, and then used to infect CRFK cells. Viral infection was determined at 24 hpi by IFA, using a polyclonal antibody against the viral N protein, followed by incubation with a FITC-conjugated secondary antibody. (D) Comparison of peptide (HR2P and EK1) inhibition of FECV infection. Figure represents mean ± standard error of triplicate wells; *P <.05; **P <.01 ; ***P <005. (E) Infection of FECV in CRFK cells was inhibited by HR2P-His at various concentrations (0.125, 0.25, 0.5, 1, 2, 4, and 8 μM) within 24 h. FECV RNA titers were measured by qRT-PCR targeting the 3′-UTR. *P <.05; **P <.01 ; ***P <005. (F) Neutralizing activity of polyclonal antiserum raised against HR2P. FECV (100 TCID50/well) was preincubated with different dilutions of antiserum and used to infect CRFK cells, and the reduction in viral titer was quantified. The figure represents mean values from three independent experiments, and the error bars indicate the standard deviation. The figure represents the mean ± standard error of triplicate wells; *P <.05; **P <.01 ; ***P <005.





Cytotoxicity Assay and Virus Inhibitory Effect of the Recombinant HR2 Peptide

To determine the cytotoxicity of HR2P, CRFK cells (3 ×104 cells/ml) were grown in 96-well plates for 24 h, then pre-incubated with dilutions (0.5, 1, 2, 4, 8, and 16 μM) of HR2P in triplicate at 37°C for 72 h and assessed with the Cell Counting Kit-8 (Beyotime, China). After addition of 10 μl of CCK-8 solution to each well, plates were incubated for 1–4 h at 37°C, and Abs450 nm was measured with a microplate reader. Cell viability was calculated as the relative absorbance at 450 nm of samples treated with HR2P relative to that of untreated cells.

CRFK cells were seeded at 80% confluency in 48-well plates and infected 24 h later with FECV [multiplicity of infection (MOI) = 0.01] mixed with HR2P at a range of concentrations (0.5, 1, 2, 4, 8, and 16 μM) for 2 h at 37°C. Negative control cultures were also treated with soluble HR2P diluted in maintenance media (MM) containing DMEM at the same concentrations. An indirect immunofluorescence assay (IFA) was used to detect infected cells at 24 h, and the inhibition rate was calculated by fluorescence area analysis. Inhibitory concentration 50% (IC50) values were calculated as previously described (18). To determine the virus content in cells infected with different concentrations of HR2P-FECV mixture, CRFK cells (4 × 105 cells/ml) were grown in 24-well plates for 24 h. Total RNA was extracted from supernatant medium and cell lysates of HR2P-FECV inoculated cells using trizol (TaKaRa, China). The FECV RNA titer was monitored by one-step quantitative reverse transcription PCR (RT-qPCR) targeting the 3’-UTR with the primers 5’-AAGCACGTGTAATGGGAGGT-3’ and 5’-CACTAGATCCAGACGTTAGC-3’ and the probe FAM-TCCGCTATGACGAGCCAACAATGGA. Standard curves were performed to allow absolute quantitation of FECV RNA copy numbers based on the levels of in vitro-transcribed RNA containing the targeting sequences. Results are expressed as the average of triplicates ± standard deviation, and all experiments were conducted in parallel with His fusion peptide and the His control in different treatment.



Preparation of Anti-HR2P Polyclonal Antibody and Virus Neutralization Experiment

Mice were injected intramuscularly (IM) with purified soluble HR2P (50 μg per mouse) and boosted with 100 μg per mouse at 14, 24, and 34 d post-inoculation. Serum was collected and HR2P was detected by ELISA 7 days after the final booster. Serial dilutions of 50 μl pre-immune serum, anti-HR2P antiserum were mixed with FECV (MOI = 0.01) in MM, and cultured at 37°C for 1 h to form virus–antibody complexes. The mixture was added to CRFK cells grown in 48-well culture plates with DMEM containing 10% FBS, and after 1 h of culture at 37°C, viruses were removed by three washes in PBS (phosphate buffered saline). At 48 h post-infection, the cells were fixed with 4% paraformaldehyde and positive cells were counted after IFA.



Surface Display of HR2 Peptide on B. subtilis Spores

The same FECV HR2 coding sequence described above was inserted into the B. subtilis genome through homologous recombination to produce a bacterial strain expressing HR2P on its surface (Figure 2). First, the genomic DNA of B. subtilis strain 168 (34) was extracted as a template to amplify the CotB gene (1,088 bp). The HR2 sequence was amplified using pET32a-HR2P as a template, and overlap extension PCR was used to join it with the CotB amplicon. CotB-HR2P was digested with HindIII and EcoRI (Takara, China) and inserted into a similarly digested pDG364 vector, subcloned and sequenced to confirm the lack of unwanted mutation (SunYa, China). The resulting pDG364-CotB-HR2P was linearized by single enzyme digestion (AvrII) (TaKaRa, China) and transformed into the amylase E gene of the competent B. subtilis genome by electroporation. Chromosomal DNA was extracted from rBSCotB-HR2P and amylase-inactivated strains and identified by PCR with different primer sets (CotB-F: 5’-CCCAAGCTTAGCAAGAGGAGAATGAAATATCATTCAAATAATGAAATATC-3’; CotB-R: 5’-ATAGACTATCACTGGAAACGTAAATTT-3’; HR2P-F: 5’-ATCACTGGAAACGTAAATTTATGAGCGATAAAATTATTCACCTGA-3’; HR2P-R: 5’-CCGGAATTCTCATGTGGTTTCAATACGATTTAACCA-3’; AmyE-F: CCAATGAGGTTAAGAGTATTCC-3’; AmyE-R: 5’-CGAGAAGCTATCACCGCCCAGC-3’). The recombinant B. subtilis was induced and cultured at 37°C for 72 h using Difco Sporulation Medium (DSM). Bacterial spores were purified by 4 mg/ml lysozyme and washed with 1 M NaCl, 1 M KCl, and 1 M benzyl sulfonyl fluoride solution. After being incubated at 68°C for 1 h, pure spores were obtained, resuspended in PBS, and stored at −80°C.




Figure 2 | Construction of recombinant B. subtilis with surface display of FECV HR2P. (A) Genetic engineering of a recombinant B. subtilis spore with CotB-HR2P on its surface (rBSCoTB-HR2P). (B) Starch hydrolysis test. B. subtilis 168 and rBSCoTB-HR2P were cultivated on a medium containing 1% starch and stained with iodine. (C) Images of WT and RBSCotB-HR2P spores obtained by scanning electron microscopy; scale bars: 2 μm (upper); 200 nm (lower). (D) Images of WT and rBSCotB-HR2P spores were obtained by transmission electron microscopy; scale bars: 200 nm. (E) PCR analysis of B. subtilis using different primer pairs: (1) CotB-F and HR2P-R; (2) amyE-F and amyE-R; (3) amyE-F and HR2P-R; and (4) CotB-F and amyE-R. (F) Western blot detection of the CotB-HR2P fusion protein from wild-type (WT) and rBSCotB-HR2P spores induced by DSM at different time points (12, 24, 48, and 72 h), probed with polyclonal mouse anti-His antibody. (G) Immunofluorescence of CotB-HR2P on the spore surface at 72 h after induction of wild-type (WT) and RBSCotB-HR2P. (H) Flow cytometry analysis of CotB-HR2P fusion protein expressed on the surfaces of WT and rBSCotB-HR2P spores.





Western Blot for Detection of HR2 Peptide Expression in B. subtilis Spores

Collected spores were incubated with SDS-DTT (0.5% SDS, dithiothreitol 0.1%, 0.1 M NaCl) at 37°C for 30 min, and run on 12% SDS-PAGE followed by Coomassie brilliant blue staining, and then transferred to polyvinylidene fluoride filters (Sigma, USA). Filters were sealed overnight at 4°C in 5% skim milk in PBST (containing 0.05% (v/v) Tween 20), and then probed with primary anti-His antibody (1:1,000 in PBST) and secondary antibody against HRP-conjugated goat anti-rabbit IgG (1:5,000 in PBST). The signal was detected by Pico ECL (China, FUDE).



Immunofluorescence and Flow Cytometry

For the detection of HR2P on the surface of spores, 1 ml of purified spore suspension harvested after 72 h of B. subtilis growth was added to a glass slide, and after drying, 5% BSA was added for 2 h. Anti-His antibody (1:1,000 in PBST) was added and incubated at 4°C overnight, followed by goat anti-rabbit IgG (Invitrogen; 1:500 in PBST) as secondary antibody. Spores were visualized after the addition of fluorescein isothiocyanate (FITC) on a fluorescence microscope (Leica, Germany) equipped with an Olympus camera (miniature DP72; Olympus, Japan).

For flow cytometry experiments, B. subtilis cultures were collected after 72 h of induction, centrifuged at 4,000×g, and the medium was discarded, and cell pellets were resuspended in PBS. After repeatedly washing with PBS, bacterial suspensions were incubated overnight with anti-His antibody at 4°C, washed 3 times in PBS, and incubated with goat anti-rabbit IgG (1:1,000 in PBST) and FITC. After three washings, spores were finally re-suspended in 1 ml of PBS, and at least 104 spores were detected using an FC500MPL flow cytometer (FACSVerse). Expression of the CotB-HR2P fusion protein was analyzed by FlowJo software (TreeStar).



Observation of Spore Structure

Purified wild-type (WT) and recombinant rBSCotB-HR2P spores were collected and immobilized overnight in 3% glutaraldehyde at 4°C, and then serially dehydrated in graded ethanol (50, 70, 90, and 100%). After subsequent critical point drying and sputter coating, the samples were processed and photographed on an SU-70 scanning electron microscope (Hitachi, Japan). Ultra-thin slices were mounted on 230-mesh copper mesh, stained with 1% uranyl acetate lead citrate, and the spores were observed and photographed on an H-9500 transmission electron microscope (Hitachi, Japan).



Ethics Statement

Animal use was approved by the Zhejiang University Experimental Animals Ethics Committee (IACUC approval no. ZJU20181049). All animals were handled following guidelines for the care and use of laboratory animals set by the same committee.



Immunogenicity Study of Recombinant B. subtilis

Groups of six five-week-old female mice were inoculated with 108 CFU rBSCotB-HR2P spores or B. subtilis spores by nasal drop or gavage. A positive control group received 100 μg of purified HR2P by IM injection and was boosted with the same dose at 14 days post-vaccination (dpv), whereas PBS was given by gavage to a negative control group. All six groups were immunized on days 1–3, 8–10, and 15–17 as described previously (35). Specific anti-HR2P antibodies were monitored in serum once a week after the first immunization, and the level of anti-HR2P sIgA in the intestine was detected after euthanasia in the fifth week. After isolating splenic lymphocytes from mice in the fifth week, they were stimulated with LPS (5 mg/ml; Sigma, Germany) or purified HR2P (15 mg/ml) as described previously (36). The cells were evaluated for proliferation using a CCK8 assay kit (Sangon Biotech, China) according to the instructions of the manufacturer.



Determination of Antibody Levels by ELISA

Anti-HR2P IgG and sIgA were determined by ELISA, using plates (Bethy) coated with 50 μl of purified HR2P dissolved in coating buffer (0.05 M carbonate-bicarbonate [pH 9.6]) at a concentration of 1,000 ng/ml. Plates were blocked with 5% skim milk in coating buffer for 18 h at room temperature, washed three times in PBST, and incubated at 37°C for 2 h in 1:400 serum or intestinal mucus in PBST. Subsequently, HRP-conjugated goat anti-mouse IgG (1:5,000; Abcam, UK), and goat anti-mouse IgA (1:5,000; Abcam) were used as suitable secondary antibodies. After 1 h of incubation, plates were washed again, and 100 μl of substrate TMB (3,3’,5,5’-tetramethylbenzidine; BD Biosciences) was added. The reaction was stopped after 5 min of incubation in the dark by adding 50 ml of 2 M H2SO4, and the plates were read three times at 450 nm in a microplate ELISA reader (Bio-Rad, Japan). Negative-control wells incubated with naïve sera were included in each plate. The results are expressed as the average of three OD450 values. Sera collected from mice at the third week post-inoculation were co-incubated with FECV for viral neutralization assays (1:4 to 1:128 dilutions) as described above.



Detection of Bacterial Colonization of the Small Intestine

Small intestinal segments were collected from mice sacrificed in the fifth week post-inoculation, rinsed 3 times with PBS, and the intestinal contents were collected. After centrifugation at 700×g for 5 min, the supernatants were inoculated onto LB agar plates containing 20 μg/ml chloramphenicol and cultured overnight at 37°C before counting the colonies. Chromosomal DNA was extracted from the colonies on the plates and identified by PCR with different primer sets (CotB-F: 5’-CCCAAGCTTAGCAAGAGGAGAATGAAATATCATTCAAATAATGAAATATC-3’; HR2P-R: 5’-CCGGAATTCTCATGTGGTTTCAATACGATTTAACCA-3’).



Generation of Recombinant Adenoviral Vectors Expressing fAPN (Ad5-fAPN)

Recombinant adenoviral vectors expressing fAPN (Ad5-fAPN) or green fluorescent protein (Ad5-GFP) with Flag tags were prepared and used to transduce 293 cells at an MOI of 0.01 for 4 h at 37°C as previously described (37, 38). At 48 h post-transduction, samples were collected for western blotting as described above. For confocal imaging, transduced cells were seeded in a 35-mm confocal dish in complete medium for 24 h of incubation at 37°C with 5% CO2. Viral growth curves were determined as described previously (39).



Development of a FECV Infection Model and Pathogenicity Study in Ad5-fAPN-Transduced Mice

Five-week-old female mice were transduced intraperitoneally with 2.5 × 108 TCID50 of Ad5-fAPN or Ad5-GFP (as control) in 1 ml of DMEM, with 6 mice in each group. Five days post-transduction, mice were infected intraperitoneally with FECV (105 TCID50) in a total volume of 1 ml of DMEM. Fecal and intestinal tissue samples were continuously collected from three mice in each group at different time points and were tested for FECV genomic copies by real-time qRT-PCR at 1, 3, 5, 7, 10, and 14 days post-infection (dpi). Serum samples were collected weekly and tested for anti-FECV IgG antibodies by ELISA. Samples of brain, liver, lung, spleen, and mesenteric membrane samples were collected and tested for FECV genomic copies at 5 dpi. Gross lesions in the intestine were examined at 5 dpi. Histological examination and immunohistochemistry were conducted in intestinal sections at 5 dpi. Intestine samples from infected and control animals were dissected, fixed in 4% paraformaldehyde for 12 h at 4°C, serially dehydrated in an ethanol gradient, embedded in paraffin, and sliced into 6-μm-thick sections. The sections were subjected to histological examination after hematoxylin and eosin (H&E) staining. Immunohistochemistry (IHC) was carried out using anti-Flag antibodies and anti-TGEV-N generated previously (40), since the N proteins of TGEV and FECV are highly similar and thus anti-TGEV-N cross-reacts with FECV.



FECV Challenge Study in Ad5-fAPN-Transduced Mice Immunized With Recombinant B. subtilis

Mice were immunized with rBSCotB-HR2P by gavage for three consecutive weeks as previously stated, then transduced intraperitoneally with 2.5 × 108 TCID50 of Ad5-fAPN or Ad5-GFP in 1 ml of DMEM. At 4 d post-transduction, mice were infected intraperitoneally with FECV (106 TCID50) in a total volume of 1 ml of DMEM. Fecal and intestinal tissue samples were continuously collected from three mice in each group at different time points and were tested for FECV genomic copies by real-time qRT-PCR at 1, 3, 5, 7, 10, and 14 dpi. Histological examination and immunohistochemistry were conducted in intestinal sections at 5 dpi.



Statistical Analysis

The data were expressed as the mean and standard deviation (mean ± SD) and analyzed by GraphPad Prism software to make graphs and perform statistical analyses, and differences among groups were analyzed by one-way ANOVA (*, P <0.05; **, P <0.01; ***, P <0.001; ****, P <0.0001).




Results


Peptides Derived From the FECV HR2 Exhibit Excellent Antiviral Activity In Vitro, and Stimulate Strongly Neutralizing Antibodies

The HR2 region of the FECV 79-1683 S protein (1347-1403 aa) is followed by the transmembrane region and the cytoplasmic tail (Figure 1A). We aligned the HR2 domain sequences from different representative FCoV strains, including type I (SB22, NTU/2R/2003, and Black) and type II (NTU156/P/2007, 79-1683, and 79-1146), confirming that the HR2 domain is highly conserved between different strains (Figure 1B). According to previous HR2-related studies on the other CoVs (17–19, 21, 22), it can be speculated that the FECV HR2 domain peptide we designed would be effective as an antiviral or vaccine antigen for many types of FCoV.

The HR2 domain with a 6x His-tag was cloned and expressed in a prokaryotic expression, vector pET32a-HR2P. After purification of the recombinant soluble product HR2P, we tested the cytotoxicity of the peptide in CRFK cells, with monolayers exposed to a maximum concentration of 8 μM of HR2P for 24 h. There was no statistically significant difference between the viability of the untreated cells (control) and the toxicity observed in cells exposed to HR2P, with greater than 95% survival in all cells as determined by CCK8 (data not shown).

Based on the cell viability results, we chose to test the in vitro antiviral effects of HR2P administration at 0.125, 0.25, 0.5, 1, 2, 4, and 8 μM. CRFK cells were infected with a preincubated mixture of FECV and HR2P at various concentrations. After 24 h, IFA revealed a significant reduction in viral N protein expression in infected, HR2P-treated cells that was dose-dependent (Figure 1C). The IC50 value for HR2P in this experiment was calculated to be 0.31 μM. A pan-CoV-fusion inhibitory peptide EK1 targeting the HR1 domain of the spike was used as the control (41). Compared to HR2P, EK1 was less effective against FECV, with an IC50 of 0.84 μM (Figure 1D). To quantitatively analyze the viral content in cells infected with different concentrations of the HR2P–FECV mixture, the viral RNA levels in the supernatant of the cell lysates at 24 hpi were assessed by qRT-PCR. Consistent with the IFA results, HR2P effectively inhibited FECV infection (Figure 1E).

Next, we wanted to test the ability of HR2P to elicit neutralizing antibodies in mice. After immunizing mice with soluble HR2P-His protein expressed in E. coli, we collected antiserum and tested whether it could block FECV infection in vitro. Whereas naïve mouse serum had no effect, serum from HR2P-immunized mice effectively dose-dependently inhibited FECV infection (Figure 1F). FECV infection was reduced by 50% between the 1:64 and 1:32 dilutions of serum tested, suggesting that HR2P was strongly immunogenic.



Construction and Identification of Recombinant B. subtilis Spores With Surface Display of HR2P

Having validated FECV HR2P function in antiviral and eliciting neutralizing activity, as BSSD is an ideal method for antigen delivery in mice, we next constructed a recombinant B. subtilis strain expressing HR2P on the surface of its spores (rBSCotB-HR2P). Briefly, a fusion gene consisting of CotB and HR2 coding sequences was inserted into B. subtilis via homologous double-crossover recombination, disrupting the amylase gene (amyE) (Figure 2A). Thus, rBSCotB-HR2P could not hydrolyze starch because of damage to the amylase gene, unlike the wildtype (Figure 2B). To investigate whether the insertion of an exogenous peptide affected the germination and morphology of the spores, we detected the spores by scanning electron microscopy and transmission electron microscopy. There was no change in the surface (Figure 2C) or internal structural morphology of B. subtilis spores (Figure 2D). To confirm the correct orientation of CotB-HR2P, PCR was conducted using multiple primer sets, with the expected size bands (1,815-, 2,371-, 2,042-, and 2,144-bp; lanes “rBS,” left to right) obtained after gel electrophoresis (Figure 2E). Bacterial spores of rBSCotB-HR2P were induced in DSM for 72 h, with wild-type B. subtilis spores produced as controls. Western blotting showed CotB-HR2P in the spores from 24 to 72 h of cultivation (Figure 2F). Immunofluorescence confirmed surface expression of the recombinant fusion protein, with strong fluorescence observed on rBSCotB-HR2P spores 72 h after induction, whereas the wildtype spores remained negative (Figure 2G). Flow cytometry analysis further confirmed that 75% of the recombinant spores expressed CotB-HR2P on their surface at 72 h post-induction (Figure 2H).



rBSCotB-HR2P Spores are Immunogenic in Mice After Oral or Nasal Administration

To test whether the recombinant B. subtilis spores produced an immune response, 5-week-old female mice were immunized with wildtype and rBSCotB-HR2P spores, respectively, by oral gavage or nasal drops (Figure 3A). Additionally, one group was injected with IM with purified HR2P to serve as a positive control, whereas the negative control group was given PBS. Both intranasal and intragastric inoculation of rBSCotB-HR2P spores induced high IgG levels in mice, peaking at week 3 and comparable to IgG levels produced by IM HR2P injection, and significantly higher than those in the negative group (P <.01) (Figure 3B). Significant levels of mucosal sIgA levels were detected in the intestinal content of rBSCotB-HR2P-inoculated mice at 5 weeks post-inoculation compared with the negative control (P <.01), and nasal drops seemed to induce higher sIgA levels (Figure 3C). Lymphocytes extracted from mouse spleens at 5 weeks post-inoculation were stimulated with concanavalin A (ConA) and purified HR2P to measure specific cell-mediated immune responses. The rBSCotB-HR2P-treated mice (both oral gavage and nasal drops) had higher levels of lymphocyte proliferation than in WT and PBS-treated mice after ConA stimulation (P <.01) (Figure 3D). Subsequently, the collected mouse serum was tested for FECV neutralizing antibodies (Figure 3E). Antiserum from rBSCotB-HR2P-inoculated mice suppressed 50% of FECV infection between 1:32 and 1:64 dilution, whereas wildtype B. subtilis-inoculated mice did not develop neutralizing antibodies. The mice inoculated with rBSCotB-HR2P appeared to produce slightly higher levels of neutralizing antibodies than the group given HR2P IM. All the data suggested that the engineered rBSCotB-HR2P had good immunogenicity.




Figure 3 | Recombinant (B) subtilis spores expressing the CotB-HR2P fusion protein induce specific humoral and cellular immune responses in mice. (A) Scheme of mouse experiment in which five-week-old female mice (n = 6 each group) were inoculated with either PBS (Ctrl), purified 50 μg HR2P-His peptide intramuscularly (IM), or 108 CFU of the following: wildtype B. subtilis spores intragastric (WT i.g.); WT intranasal (i.n.); recombinant B. subtilis spores displaying the CotB-HR2P fusion protein (rBSCotB-HR2P) i.g., or rBSCotB-HR2P i.n. Serum and intestinal content were collected at the indicated time points. (B) Anti-HR2P IgG levels in the sera of mice (n = 6 in each group) were measured weekly by ELISA. (C) Anti-HR2P sIgA levels in the intestinal contents of mice (n = 6 in each group) were measured at 5 weeks post-inoculation. (D) Proliferation of mouse splenic lymphocytes was measured by the CCK-8 assay at week 5. (E) Neutralization of anti-HR2P antibody in serum of mice inoculated with WT or rBSCotB-HR2P. CRFK cells were infected with FECV (100 TCID50/well) after preincubation with diluted antiserum, and the reduction in viral titer was quantified. The figure represents mean values from three independent experiments, and the error bars indicate the standard deviation. (F) Colonization of rBSCotB-HR2P in the small intestine of mice five weeks after inoculation. (G) PCR analysis of bacterial colony cultured from small intestinal contents using CotB-F and HR2P-R primers. *P <.05; ***P <.005. All data are presented as means ± the SEM. Three technical replicates from a single experiment were used.



To evaluate colonization of recombinant B. subtilis in the inoculated mice, small intestinal content was collected at week 5, diluted and cultured at 37°C for 17–24 h. The results of colony counts are shown in Figure 3F. The number of bacteria colonizing the gavage group was slightly higher than that of the nasally inoculated group, but recombinant B. subtilis could to colonize the intestinal tract of the mice for at least five weeks regardless of inoculation route. We extracted genomic DNA from colonies on the plate and amplified CotB-HR2P, producing bands of a corresponding size of 1,815 bp in Figure 3G (WT, recombinant B. subtilis, colonies 1–5, left to right).



Development of Mice Susceptible to Type II FECV Infection

To generate mice that express the type II FECV receptor fAPN and are thus susceptible to FECV infection, we first developed a replication-deficient adenovirus carrying fAPN (Ad5-fAPN), with an adenovirus expressing GFP (Ad5-GFP) used as the control (Figure 4A). The vector system was first tested for its ability to make the FECV-refractory 293 cell line susceptible to FECV infection. FECV-positive cells were identified by IFA only in cells transduced with Ad5-fAPN (Figure 4B). To confirm cell susceptibility was due to fAPN expression, a one-step growth curve was performed; FECV replicated to high RNA titers only in Ad5-fAPN transduced cells (Figure 4C).




Figure 4 | Generation of mice susceptible to FECV infection by transduction with fAPN. (A) Western blot of fAPN expression on Ad5-fAPN-transduced 293 cells. (B) Confocal image of FECV infection after Ad5-fAPN transduction. (C) Ad5-fAPN-transduced cells were infected with FECV at an MOI of 0.01 at 12, 24, 48, and 72 h post-transduction, and virus RNA titers were determined by qPCR. (D) Creation of mice susceptible to FECV infection. 2.5 × 106 TCID50 of Ad5-fAPN/Ad5-GFP was injected intraperitoneally (i.p.) in 5-week-old mice, and 4 d later, 105 TCID50 of FECV was i.p. injected. Feces and small intestinal tissue were collected at fixed time points to monitor FECV replication. (E) Viral RNA in the feces was determined by qPCR; n = 3 mice in each group at 1, 3, 5, 7, 10, and 14 dpi. (F) FECV RNA load in duodenum, jejunum, and ileum were determined at 1, 3, 5, 7, 10, 14, and 21 dpi by qPCR; n = 3 mice per group. (G) Anti-FECV IgG levels were determined by ELISA in sera from infected mice. Error bars in all samples indicate standard deviation, n = 3 mice per group at each time point. (H) FECV RNA load in the brain, liver, lung, mesenteric membrane, and spleen was determined at 5 dpi by qPCR; n = 3 mice per group. (I) Intestines were collected from mice at the indicated time points, fixed in zinc formalin, and embedded in paraffin. Sections were stained with hematoxylin/eosin and examined for microscopic lesions. (J) Double-labeling immunofluorescence cell staining analysis in the mouse intestinal tract. fAPN-Flag is labeled in green, FECV N protein is labeled in red, and nuclei are stained with DAPI (blue). *P<.05; **P<.01; ***P<.005



Next, an animal study was conducted to determine whether fAPN transduction could render mice susceptible to FECV infection (Figure 4D). As expected, in fAPN-transduced mice, the virus was shed in feces on the first day and peaked at 106 genome copies/mg on the seventh day after infection (Figure 4E), whereas mice transduced with the GFP control had no detectable viral RNA load throughout the study. Viral genomic RNA was detected in the intestinal tract of fAPN-transduced mice (Figure 4F): The duodenum showed a high viral RNA load (106 genome copies/mg) within 7 days after infection and gradually decreased after that, whereas the jejunum and ileum reached a maximum of 105 genome copies/mg and had almost undetectable levels by 14 dpi. The mice had no significant changes in body weight throughout the experiment (data not shown). FECV-infected, Ad5-fAPN-transduced mice also had specific IgG antibodies in their sera, which reached the highest levels at least three weeks post-infection (Figure 4G). Furthermore, no viral RNAs were detected in other organs such as the brain, liver, or lungs at 5 dpi, though a small amount of viral replication (103 to 104 genome copies/mg) was detected in the mesentery and spleen (Figure 4H).

In order to observe possible microscopic pathology associated with FECV infection in Ad5-fAPN-transduced mice, intestinal sections of infected mice were analyzed by histopathology. Active FECV infection caused intestinal granuloma, focal necrosis with inflammatory cell infiltration, hyperemia of the villi tips, and atrophy of the villi (Figure 4I). Consistent with the histological lesions, immunofluorescence revealed robust viral N antigen and fAPN co-expression in the small intestines of mice transduced with Ad5-fAPN (Figure 4J). When FECV isolate 79-1683 was administered orally to specific pathogen-free kittens, mild enteritis similar to that of the mouse model was induced, with the virus occurring mainly in the small intestine and mesenteric lymph nodes (33). Based on the above results, we demonstrated the Ad5-fAPN-transduced mice to be an excellent model for surrogates of the type II FECV infection in their natural host.



Oral Administration of rBSCotB-HR2P Spores Effectively Immunize Susceptible Mice Against FECV Infection

Our final step was the evaluation of the protective ability of the candidate FCoV vaccine in a novel mouse infection/challenge model. After three weeks of oral gavage with rBSCotB-HR2P spores, mice were transduced with Ad5-fAPN by intraperitoneal injection (to make mice susceptible to FECV), and 4 days later, injected with 105 TCID50 of FECV (Figure 5A). Viral shedding in feces was undetectable in immunized mice by 3 dpi, unlike naïve mice (Figure 5B). The virus was detected in the intestinal tissues of the groups at 1 dpi but became undetectable in the immunized group thereafter (Figure 5C). At 5 dpi, H&E staining showed that following FECV infection, non-immunized mice developed mild enteritis and some intestinal villi were necrotic and shed. However, there were no significant intestinal lesions in mice immunized with rBSCotB-HR2P (Figure 5D). IHC showed that the infection spread widely in the cells of the small intestine in non-immunized mice. In contrast, the number of FECV-positive cells was much lower in the small intestines of the mice treated with rBSCotB-HR2P (Figure 5E). Consistent with these findings, gross pathology was observed primarily in the intestine, with increased granulomatous lesions and abdominal bleeding in non-immunized mice (Figure 5F). The rBSCotB-HR2P treatment reduced intestinal lesion severity greatly, and body weight was not affected by immunization status (data not shown).




Figure 5 | Immunization with rBSCotB-HR2P protected mice against FECV infection. (A) Mice were inoculated with either rBSCotB-HR2P or PBS (Ctrl) by gavage on days 1–3, 8–10, and 15–17. In order to make the mice susceptible to FECV infection, each was injected intraperitoneally (i.p.) with 2.5 × 106 TCID50 Ad5-fAPN/Ad5-GFP, and 4 d later, each was i.p. challenged with 105 TCID50 of FECV. (B) Viral RNA in feces was quantified by qPCR; n = 3 mouse in each group at 1, 3, 5, 7, 10, and 14 dpi. (C) FECV RNA load in the duodenum, jejunum, and ileum was determined at 1, 3, 5, 7, 10, and 14 dpi by qPCR; n = 3 mice per group. (D) Representative hematoxylin/eosin-stained section of mouse intestine. (E) IHC staining of the intestine for FECV N protein, showing viral replication. (F) Representative gross pathologic lesions found in the small intestine (intestinal granulomatous lesions in the duodenum). ***P<005






Discussion

Multiple CoV peptides derived from the S protein HR region are targets of viral entry/fusion inhibitors. Exogenous HR2P can compete with those on the virion, blocking the six-helix bundle formation and thus inhibiting viral fusion with the target cell (17, 18). We confirmed that recombinant HR2P effectively inhibited FECV infection and stimulated strongly neutralizing antibodies (Figure 1). Therefore, HR2-derived peptide is not only a potential antiviral drug for direct application to FCoV-related diseases but may also serve as a primary immunogen in protective vaccines. Generally, IM inoculation elicits a good immune response, but many adverse reactions have been reported after injection of peptides, such as enfuvirtide, which is used in HIV treatment (42, 43). The potential adverse effects of HR2P injection in cats are unknown; thus, finding a suitable vector for the delivery of the antigen is needed to address the FCoV infection. Therefore, this study developed a novel FCoV vaccine based on rBSCotB-HR2P spores and evaluated its immunogenicity and protective ability against FECV in a novel mouse infection model. We clearly validated BSSD of the HR2P to be a safe, effective, and highly immunogenic option for vaccination of susceptible mice against FECV.

Since FCoV first invades the intestine, mucosal immunity is a key barrier that must be strengthened by any effective vaccine, and sIgA plays a major role in early infection (44). B. subtilis is well known for its generally-recognized-as-safe certification (45). It has been widely used in animal husbandry as a feed additive due to its probiotic effects and as a vaccine vector to target the gut (35, 46–49). B. subtilis spores have natural adjuvant activity, which can effectively increase T-cell reactions and promote IgA antibody production (27, 50). Spores can pass through the gastrointestinal barrier, germinating effectively in the gastrointestinal tract and growing and sporulating anaerobically. CotB encodes the spore capsid protein of B. subtilis (11), so the CotB-HR2P fusion is expressed only in large quantities when B. subtilis is in spore form. Of course, in the vegetative mass, there may be a small amount of CotB produced by leakage expression. We cannot rule out that HR2P expressed in the vegetative mass could also contribute to the observed immune response. Our results demonstrated that rBSCotB-HR2P spores activate a strong immune response in the intestinal mucosa in addition to a broad general immune response and colonize the intestinal tract of the mice effectively, which likely improves the immune response and reduces the dosage requirement (Figure 3).

Adenovirus vectors have prominent advantages in transgenic expression and can sensitize mice to systemic infection (39). The E1/E3-deleted replication-deficient adenovirus vectors are the most extensively used vehicles for the delivery of therapeutic genes (51, 52). Here, we transduced mice with recombinant non-replicating adenovirus expressing the type II FECV receptor fAPN to establish a mouse model for FECV. This method has been successfully applied to rapidly generate mouse models for the zoonotic CoV pathogens MERS-CoV, SARS-CoV, and SARS-CoV-2, also by transduction of the respective entry receptors (37, 53, 54).

The establishment of a mouse infection model is an important step to further studying the pathogenesis of FCoV. Currently, the use of cats for FCoV research has certain limitations. Firstly, the supply of laboratory cats is very scarce, particularly in China. Secondly, there is no standardized breed of cats, which may lead to bias in experimental results. Third, animal welfare concerns for cats are an important issue to be considered in laboratory animal research (55). The use of adenovirus vectors to express the type II FCoV receptor fAPN in otherwise refractory mice was efficient and quick, permitting FECV infection in the intestinal tract. This infection resulted in mild disease (Figures 4, 5) similar to the pathological phenotype of type II FECV 79-1683 infection in cats, including increased granulomatous lesions and abdominal bleeding (33). This mouse model can effectively replace experimental cats, and we expect it to play an important role in drug evaluation and antiviral therapy (11). However, a continuing limitation is the inability to study type I FCoVs due to their unknown receptors (9).

Using this FECV mouse model, we validated the immune effect of rBSCotB-HR2P in triggering both anti-HR2P IgG and sIgA. The results also showed that mice immunized orally with rBSCotB-HR2P provided protective immunity against FECVs (Figure 5). Taken together, we demonstrated that this BSSR technology-based rBSCotB-HR2P is a promising oral vaccine candidate for the prevention and treatment of FECV infection. Additionally, due to the unique characteristics of B. subtilis spores (resistant to harsh conditions that can smoothly pass through the gastrointestinal barrier), rBSCotB-HR2P may also serve as a probiotic feed additive in cat food to minimize the stress response of animals. Since the HR2 region is highly conserved among different FCoVs, we expect that rBSCotB-HR2P has great potential in controlling other FCoV-related diseases. Further investigation of this novel approach and the protective effects against pathogenic FIPV in cats is ongoing.
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A 56-day feeding trial was conducted to determine the effect of dietary supplementation with Bacillus sp. isolated from the intestines of red sea bream on the growth performance, immunity, and gut microbiome composition of red sea bream. Three diets (a control diet and two treatments) were formulated without Bacillus sp. PM8313 or β-glucan (control, CD), 1 × 108 CFU g−1 PM8313 (BSD), and 1 × 108 CFU g−1 PM8313 + 0.1% β-glucan (BGSD). At the end of the experiment, the weight, specific growth rate, feed conversion ratio, and protein efficiency ratio of the fish in the BSD and BGSD diet groups were significantly improved than those of the control group (P < 0.05). Additionally, amylase and trypsin activities were significantly higher (P < 0.05) in both groups compared to the control. Superoxide dismutase and lysozyme activity, which are serum non-specific immune responses, only increased in the BGSD group. The two treatment groups exhibited a marked difference in the intestinal microbiota composition compared to the control group. Furthermore, the treatment groups exhibited an upregulation of IL-6 and NF-κb, coupled with high survival rates when challenged with Edwardsiella tarda. Therefore, dietary supplementation with PM8313 improved the growth performance, digestive enzyme activity, non-specific immunity, and pathogen resistance of red sea bream, in addition to affecting the composition of its intestinal microflora.
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Introduction

Red seabream (Pagrus major) is one of the most prominent cultured finfish species in East-Asian countries such as China, Japan, and the Korean peninsula (1). The artificial breeding of this species for aquaculture production began in 1980 in Korea. In 2020, this species became the 4th most important aquaculture species in the Republic of Korea, with annual production yields reaching 5,800 tonnes, which constitutes approximately 6.6% of the total national finfish production (88,200 tons) (2). In Korea, sea bream culture has recently intensified due to the availability of fingerlings, the pleasant flavor and palatability of its meat, high market demand and economic turnover, and government research investment.

Nevertheless, the intensification of red sea bream aquaculture has also led to widespread concerns regarding infectious disease outbreaks in culture systems, which have resulted in substantial economic losses. Intensive culture demands a high supply of artificial feed, of which a certain portion remains uneaten, in addition to limited water exchange, high stocking density, and application of growth promoters, all of which have been linked to environmental degradation (3, 4). Poor aquatic environments weaken the immune system of fish, which makes them more vulnerable to pathogenic and opportunistic bacteria in culture farms. Particularly, Edwardsiella tarda, Vibrio alginolyticus, and Lactococcus garvieae (5) are among the most common pathogens in P. major, resulting in hemorrhage, exophthalmia, skin lesions and ulcers, erratic swimming, nervous dysfunction, and sudden death, all of which have led to massive economic losses. To control diseases, farmers apply synthetic antibiotics and chemotherapeutics in the feed and water, and these practices are often conducted in an unscientific manner.

In addition to eliminating pathogens, antibiotics also non-specifically eliminate beneficial aquatic bacteria in the environment, remain in the fish muscles, and promote antibiotic resistance, thereby posing a serious human health threat (6). In fact, antibiotic-resistant pathogens have previously been identified in both fish and humans (7). To overcome the aforementioned challenges, some countries have already banned antibiotics in aquaculture and scientists are actively searching for eco-friendly alternatives, among which probiotics are considered a promising candidate treatment (8).

The World Health Organization and Food and Agricultural Organization (9) defined probiotics as “a live microorganism administrated at an appropriate concentration that exerts beneficial effects on host health and immune parameters.” The action mechanisms of probiotics are commonly categorized as antagonistic (e.g., nisin and bacteriocin), sources of nutrients and digestive enzymes, adhesion and colonization of the gastrointestinal tract (GIT) for pathogen exclusion, and upregulation of immunity and immune-related gene transcription (10, 11). Autochthonous bacteria that inhabit the mucosal layer of the intestine of aquatic animals are an excellent basis for the development of aquaculture probiotics (Van 12). Moreover, host-associated intestinal probiotics are more likely to survive and colonize the harsh environment of the GIT, thereby promoting fish health by upregulating immune-related genes and controlling infectious diseases.

Due to the many benefits of probiotics, there are ongoing efforts to identify and characterize novel beneficial bacterial strains in fish intestines, as well as to assess the benefits of these probiotics through dietary supplementation. Previous studies have assessed the effects of dietary supplementation with different probiotics [e.g., heat-killed Lactobacillus plantarum (13) and Pediococcus pentosaceus (14), L. rhamnosus (15) and/or L. lactis (16), Bacillus subtilis (17), and B. subtilis C-3102 (18)] in P. major. These probiotics, some of which were commercial or derived from other sources, were found to improve growth, feed utilization, immunomodulation, antioxidant activity, serum biochemistry, and disease resistance. However, none of them was isolated from red sea bream. Therefore, to the best of our knowledge, our study is the first to assess the dietary administration of Bacillus sp. PM8313 isolated from the intestinal tract of P. major, as well as the probiotic effects of this treatment in red sea bream. Moreover, in vitro characterization of strain PM8313 demonstrated that this bacterium possesses probiotic potential, and higher utilization of β-glucan for its growth and survival compared to fructooligosaccharides, mannan oligosaccharide, and inulin. β-glucan is a widely recognized immune stimulant that also possesses prebiotic (low-density oligosaccharide) potential (19, 20) for the modulation of growth, immunity, and disease resistance in Salmo salar (21), Oreochromis niloticus (22), Cyprinus carpio (23), and many commercial fish species. Therefore, our study not only sought to assess the probiotic potential of strain PM8313, but also its ability to ferment β-glucan inside the intestinal environment to improve innate immunity, beneficial bacterial richness in the intestine, and disease resistance in P. major.

Specifically, the objectives of this study were to characterize the effectiveness of host-associated Bacillus sp. PM8313 both alone and paired with β-glucan to enhance P. major growth, innate immunity, and edwardsiellosis resistance. Moreover, digestive enzyme activities, immune gene transcription, and intestinal microbial community modulation were also quantified to assess the effectiveness of this newly isolated probiotic.



Materials and Methods

All animal procedures were performed in accordance with the National Research Council guidelines (Guide for the Care and Use of Laboratory Animals) and with approval from the Dong-eui University Laboratory Animal Ethics Committee.


Experimental Diet Preparation

Bacillus sp. PM8313 (KCTC14892BP), which was used as a dietary supplement in this study, was isolated from the intestine of wild red sea bream and identified by 16S rRNA sequencing analysis (Supplementary Figure 1). Three types of feed were used to investigate the effects of PM8313 supplementation. The composition of the control diet (CD) is shown in Table 1. After measuring the required amount of ingredients, 300 ml/kg of distilled water and fish oil were added and mixed thoroughly to prepare CD. A bacterial supplement diet (BSD) was formulated by adding PM8313 to that 300 ml of water to adjust a bacterial concentration at 3.34 × 108 CFU/ml and mixed with CD ingredients to ensure PM8313 at 1 × 108 CFU/g diet. In the bacterial and β-glucan supplementation diet (BGSD), 0.1% cellulose of CD was replaced by 0.1% β-glucan (24), and then followed the B SD preparation protocol. Without any heat production, feeds were prepared by a pelleting machine (Baokyong, South Korea), air-dried at room temperature, and stored at −4°C in a sealed polybag. Feed proximate composition analysis was performed in accordance with the AOAC (25).


Table 1 | Composition of the basal experimental diet for red sea bream (Pagrus major).





Fish Maintenance and Feeding Trial

Red sea bream was obtained from the Nam-Bu fish farm (Yeosu, Republic of Korea) and divided into 360 L semi-recirculating tanks to acclimatize for 1 week. After acclimatization, 180 healthy red seabreams were randomly assigned to three groups. The fish were fed twice a day at 9:00 and 16:00 until apparent satiation. Water quality was regularly monitored, and stable environmental parameters were maintained (temperature, 18.0°C ± 0.5°C; salinity, 32.3 ± 0.7 ppt; dissolved oxygen, 5.6 ± 0.3 mg/L; pH, 7.8 ± 0.2; water flow, 1.2 L/min).



Growth Performance, Feed Utilization, and Body Indices

After 8 weeks of the feeding trial, growth performance, feed utilization, and organosomatic indices were calculated as follows:

• Weight gain (WG; %) = 100 × (Final weight − Initial weight)/Initial weight

• Specific growth rate (SGR; %/day) = 100 × (ln final weight − ln initial weight)/days

• Feed conversion ratio (FCR) = Dry feed intake/Wet body WG

• Protein efficiency ratio (PER) = Wet body WG/Protein fed

• Condition factor (CF; %) = 100 × Body weight/(Total body length)3

• Viscerosomatic index (VSI; %) = 100 × Visceral weight/Body weight

• Hepatosomatic index (HSI; %) = 100 × Liver weight/Body weight



Analysis of Digestive Enzymes

Digestive enzyme activity on the anterior midgut of fish (n = 5) from each group was analyzed using amylase, trypsin, and lipase activity assay kits (BioVision, USA) according to the manufacturer’s instructions.



Nonspecific Immune Parameter Analysis

Superoxide dismutase (SOD), lysozyme, and myeloperoxidase (MPO) activities in serum were assessed using an SOD activity colorimetric assay kit (BioVision), a lysozyme detection kit (Sigma-Aldrich), and an MPO colorimetric assay kit (Sigma-Aldrich), respectively, according to the manufacturers’ instructions.



Serum Biochemical Parameter Analysis

The levels of serum biochemical parameters such as serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), total glucose, and total cholesterol were measured using Mindray commercial kits and a Mindray BS-390 automatic biochemistry analyzer (Mindray Bio-Medical Electronics, China) at the Core-Facility Center of Dong-eui University (Busan, South Korea).



Intestinal Microbiota Analysis

Total microbial DNA was isolated from the intestines of sea bream fed with the experimental diets for 8 weeks using the FavorPrepTM Tissue Genomic DNA Extraction Mini Kit (Favorgen Biotech Corp., Taiwan). The quality of the total DNA was assessed through gel electrophoresis and the V3-V4 region was amplified to construct a library. The prepared library was sequenced on an Illumina MiSeq system (300 bp paired-end reads).



Gene Expression Analysis

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed to investigate immune-related gene expression. A Hybrid-R RNA purification kit and Riboclear plus kit (GeneAll Biotechnology, South Korea) were used for RNA isolation and residual DNA removal from red sea bream intestines. Next, cDNA was synthesized from the isolated RNA using the PrimeScript 1st strand cDNA synthesis kit (Takara, Japan). Gene expression was examined using TB Green Premix Ex Taq (Takara, Japan) on a TP700/760 Thermal Cycler Dice Real Time System (Takara, Japan), and relative expression was calculated using the Thermal Cycler Dice software V5.0× with the 2-ΔΔCT method and β-actin as a reference gene. The gene-specific primers used for gene amplification are summarized in Table 2.


Table 2 | Gene-specific primers used to quantify relative gene expression.





Edwardsiella tarda Challenge Experiments

The pathogenic bacterium E. tarda (ATCC 15947) was purchased from the Korean Collection for Type Cultures (Seoul, South Korea). E. tarda was cultured in brain heart infusion (BHI) broth at 30°C and washed three times with phosphate-buffered saline. Five fish from each tank (n = 15 fish per group) were randomly collected and anesthetized using 2-phenoxyethanol. The fish were intraperitoneally injected with 100 μL (1 × 108 CFU/mL) of E. tarda. Fish mortality in each tank was monitored every 6 h up to 100% death in the control group, and swabs from tissue samples were collected and spread on a BHI agar plate to confirm edwardsiellosis.



Statistical Analysis

The statistical significance of the data was analyzed by one-way analysis of variance using SPSS (IBM, USA), followed by Duncan’s multiple range test.




Results


Growth Performance, Feed Utilization, and Body Indices

Dietary administration with BSD or BGSD significantly (P < 0.05) enhanced WG, SGR, FCR, and FCR compared with CD (Table 3). However, there were no significant differences in any of the evaluated parameters between the BSD and BGSD groups. Furthermore, the body indices (CF, VSI, and HSI; Table 3) and whole-body proximate composition (data not shown) of red sea bream did not vary significantly between the BSD or BGSD groups after 8 weeks of the feeding trial. These results demonstrated that oral administration of both PM8313 and PM8313 + β-glucan enhanced the growth and feed utilization of red sea bream.


Table 3 | Growth performance, feed utilization, and organosomatic indices of red sea bream supplemented with the experimental feed additives.





Analysis of Digestive Enzymes

The amylase and trypsin activities were significantly increased in the BSD (12.56 ± 0.14 and 8.63 ± 0.71, respectively) and BGSD (12.22 ± 0.41 and 9.47 ± 0.55, respectively) groups compared to the CD (11.03 ± 0.37 and 6.42 ± 0.68, respectively) group. Significant differences in lipase activity occurred only between the BSD (50.71 ± 2.16) and CD (46.66 ± 2.05) groups. There were no significant differences between the BSD and BGSD groups in any of the enzyme assays conducted herein (Figure 1).




Figure 1 | Comparison of the measured amylase (A), trypsin (B), and lipase (C) activities between the three groups. The data represent the mean ± standard deviation; different letters indicate statistically significant differences between groups (P < 0.05). Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.





Nonspecific Immune and Serum Biochemical Parameter Analysis

SOD activity was significantly increased in the BGSD group compared to the other two groups. Significant differences in serum lysozyme activity occurred only between the BGSD (0.82 ± 0.04) and CD (0.65 ± 0.10) groups. There was no significant difference in MPO activity between the groups (Figure 2). The investigated serum biochemical parameters (AST, ALT, total glucose, and total cholesterol) were not significantly affected by feed additives (Table 4).




Figure 2 | Serum non-specific immune parameters [(A), superoxide dismutase; (B), lysozyme activity; (C), Myeloperoxidase activity] of red sea bream fed with the experimental diets. The data represent the mean ± standard deviation; different letters indicate statistically significant differences between groups (P < 0.05). Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.




Table 4 | Biochemical parameters of red sea bream fed with the experimental diets.





Intestinal Microbiome Analysis

The studied feed additives significantly decreased the ACE, CHAO, and Jackknife alpha diversity estimators. The Shannon index was also significantly decreased in the BSD (2.66 ± 0.20) and BGSD (2.27 ± 0.37) groups compared to the CD (5.14 ± 0.06) group. Significant differences in the Simpson index occurred only between the CD (0.01 ± 0.01) and BGSD (0.26 ± 0.13) groups (Table 5). These results demonstrated that the intestinal bacterial community of red sea bream was altered by the feed additives.


Table 5 | Alpha diversity of the intestinal bacterial communities of red sea bream (Pagrus major).



Analysis of the beta-diversity at the genus level based on UniFrac metrics using principal coordinate analysis elucidated clear differences between the feed additive groups and CD group. The BSD and BGSD groups clustered relatively close, and there was no clear difference between the groups in some samples (Figure 3).




Figure 3 | Principal coordinate analysis based on the weighted UniFrac metrics (A, B) and unweighted pair group method with arithmetic mean tree (C) of bacterial operational taxonomic units between the different diets. Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.



Upon comparing the relative abundances from the phylum to genus levels, our findings indicated that the feed additives significantly affected the composition of the gut microbiota of red sea bream. The largest difference in the relative abundance between groups was observed in the Bacillus genus, and the BSD and BGSD groups had higher ratios than the CD group (Figure 4). BGSD containing β-glucan as a carbon source for Bacillus sp. PM8313 had a higher Bacillus abundance and a significantly higher LDA score than BSD (Figure 5). The composition ratio of several genera including Bacillus, Bosea, Bradyrhizobium, and Sphingomonas was higher in the group supplemented with additives compared to the CD group. In contrast, the ratio of Cellulophaga, Litoreibacter, Muricauda, and Maritimimonas decreased (Figure 6).




Figure 4 | Composition and relative abundance of intestinal bacterial communities of red sea bream with different diets at the phylum (A), order (B), and genus (C) level. Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.






Figure 5 | Linear discriminant analysis effect size (LEfSe) analysis of the differential abundance of taxa within red sea bream intestinal microbiota following random sampling from each group. (A) Linear discriminant analysis (LDA) score of the abundance of different taxa; (B) cladogram showing differentially abundant taxa among the three groups from phylum to genus. Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.






Figure 6 | Comparison of the relative abundance of decreased (A) or increased (B) OTUs compared to the control group. BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.





Gene Expression Analysis

The dietary additives significantly increased the expression of the immune-related genes IL-6 and NF-κB. However, no significant differences in IL-8, TNF-α, and HSP-70 expression were observed among the experimental groups (Figure 7).




Figure 7 | Profiles of immune-related gene expression in the intestine of red sea bream. The expression of these genes was measured in the CD, BSD, and BGSD groups by RT-qPCR after 8 weeks of feeding. The gene expression levels were quantified relative to β-actin transcription. The data are represented as the means ± standard deviation; different letters indicate significant differences between groups (P < 0.05). Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.





E. tarda Challenge

The cumulative survival of red sea bream challenged with E. tarda is shown in Figure 8. The first mortality occurred five days after intraperitoneal injection. The highest survival rate was observed in the BGSD group. After 10 days of challenge, all fish in the CD group died, and the survival rates of the BSD and BGSD groups were 33.33% and 80.00%, respectively.




Figure 8 | Cumulative survival rates of red sea bream (CD, BSD, and BGSD) challenged with Edwardsiella tarda injection (1 × 108 CFU/mL). Means (15 fish/group) were compared at identical times. Different letters indicate significant differences between groups (P < 0.05). Control diet, CD: without Bacillus sp. PM8313 or β-glucan, BSD: 1 × 108 CFU g−1 Bacillus sp. PM8313, and BGSD: BSD + 0.1% β-glucan.






Discussion

Bacteria isolated from the host’s gastrointestinal tract that positively affect the growth and health of the host are referred to as host-associated probiotics (HAPs) (12). Because they adapt to the host defense system and produce many beneficial substances such as digestive enzymes and bioactive compounds, they may be more suitable for probiotic development than bacteria isolated from other sources (12, 26–29). Numerous studies have demonstrated the ability of probiotics to enhance the growth performance and immune response of fish, as well as to modulate the gut microbiota. However, the development of HAPs began only recently in 2020, and therefore very few studies have evaluated their applicability as aquaculture probiotics. Thus, the present study sought to evaluate the effects of dietary supplementation of HAPs on the growth, immunity, and gut microbiota composition of red sea bream.

Positive changes in growth performance and feed utilization were observed in the group fed with strain PM8313, which was isolated from the intestines of healthy red sea bream, both alone or mixed with β-glucan. These results are consistent with previous studies in which probiotic supplementation significantly increased the growth performance of various aquaculture fish species (30–32). Dawood etal. (16) suggested that probiotic supplementation could affect feed palatability, resulting in significant improvement in feed intake and feed utilization parameters (PER, FCR, and protein gain) in fish, thus slightly increasing growth rates in fish. Probiotics may also stimulate the host’s digestive enzymes, thereby enhancing nutrient assimilation (33), or improve nutrient absorption and utilization by improving gut microbiome balance (34). However, no synergistic effects of PM8313 and β-glucan supplementation on growth performance were observed in this study. This may be due to the dosage and frequency of administration, and therefore additional studies are required to maximize the effectiveness of these feed additives.

In the present study, the results of digestive enzyme activity in the anterior midgut of fish further supported the hypothesis that probiotic supplementation may increase digestive enzyme activity, thereby improving growth performance. Supplementation with PM8313 significantly increased amylase, trypsin, and lipase activities. Bacillus species are known to secrete digestive enzymes such as amylase, protease, and lipase. The hydrolysis of enzymes secreted by bacteria has been shown to improve the bioavailability of dry matter, proteins, and lipids (35), which may lead to higher growth and nutrient utilization in the host, as shown in this study. The higher digestive enzyme activities observed in the probiotic-supplemented fish were mainly due to the stimulation by the probiotic itself or by exogenous enzymes that promoted the synthesis of endogenous digestive enzymes. In turn, this might have improved nutrient digestibility, resulting in better growth performance and feed efficiency in fish (16). Similarly, previous studies have reported that dietary supplementation with probiotics increases the activity of intestinal digestive enzymes in fish (8, 33, 36);

A growing body of evidence has indicated that probiotics can effectively improve the host’s innate and adaptive immune responses (17). The interaction between host intestinal epithelial cells and probiotics stimulates cellular and humoral immune functions to control the physical and immunological barrier properties of the gut (17, 37). Our study identified significant differences in non-specific immune responses, including SOD and lysozyme activity. SOD is an enzyme that catalyzes the conversion of highly reactive superoxides (i.e., potentially harmful oxygen molecules in cells) into oxygen and hydrogen peroxide to maintain immune homeostasis and prevent tissue damage (38). Lysozyme is found in fish mucus, serum, and tissues where leukocytes exist, and is an important lytic protein in the non-specific defense system that breaks down the cell wall of Gram-positive bacteria (39). PM8313 and β-glucan supplementation significantly increased SOD and lysozyme activity compared to the control group. Similarly, Zaineldin etal. (17) reported that fish fed with a diet supplemented with Bacillus exhibited an increase in non-specific immune responses including serum peroxidase and lysozyme.

After administration, probiotics interact with the intestinal microbial community and block the adhesion of pathogens in the intestinal wall. Probiotic cell wall components like flagella, lipopolysaccharides, and peptidoglycan as well as bacterial nucleic acid are commonly known as microbial-associated molecular patterns (MAMPs). These MAMPs bind with the pathogen pattern receptor (PPRs) of dendritic cells (DCs) or toll-like receptors (TRLs) of enterocytes (40). DCs stimulate phagocytic cells, and activate T and plasma cells to search, engulf and destroy pathogens. TRLs induce the transcription of pro-inflammatory cytokine and production of antibody and antimicrobial peptides from plasma cells and probiotics, respectively involved in the killing and eradication of foreign invaders (37, 41). Although the activation of immune-physiological pathways by PM8313 was not studied, however, obtained results demonstrate the probiotic potential of this bacteria in sea bream.

The gut microbiota of fish is altered by a variety of factors such as habitat, water quality, growth stage, and feeding activity (38, 42). These changes affect fish metabolism, which in turn affects nutrient absorption, metabolic pathways, and ultimately growth (36, 43, 44). Therefore, probiotic supplements can be an excellent strategy to increase fish growth and immunity by regulating the gut microbiota, thus increasing aquaculture yields (38). In this study, PM8313 supplementation induced clear changes in gut microbiota composition. The group fed with PM8313 exhibited a marked decrease in microbial diversity. However, lactic acid bacteria (LAB) such as Lactobacillus and Lactococcus and other microorganisms became established in the gut microflora of red sea bream. The majority of currently used probiotics are based on LAB strains, and the effects of these probiotics have been demonstrated in various fish species (45). LAB produce antimicrobial compounds such as nisin and pediocin and directly inhibit the growth of Gram-positive pathogenic bacteria (4). Moreover, there was a decrease in the abundance of the fish pathogenic bacteria Flavobacterium. Nevertheless, additional studies are needed to elucidate the mechanisms through which the gut microbiota affects the growth and immune response of red sea bream. Particularly, future studies should focus on the changes in the abundance of different (both increases and decreases) due to PM8313 supplementation.

Cytokines are protein mediators produced by immune cells that contribute to the host’s cell growth, differentiation, and defense mechanisms (46). Probiotics directly or indirectly interact with the host’s immune cells to regulate the transcription of genes that play important roles in the immune system, including cytokines (3). In this study, significant differences in IL-6 and NF-κB expression were observed between the intestinal tissues of the additive-supplemented group and the control group. IL-6 is a pleiotropic cytokine that plays an important role in immune homeostatic processes such as inflammation, antibody production by B cells, T cell cytotoxicity, and stem cell differentiation (47). IL-6 is known to stimulate macrophage proliferation and antimicrobial peptide expression in rainbow trout (Oncorhynchus mykiss), as well as the expression of transcription factors that regulate T cell differentiation and antibody production in orange spot grouper (Epinephelus coioides) (48, 49). NF-κB is a key regulator of innate and acquired immune and inflammatory responses and plays an important role in maintaining immune balance in fish (38). Our results demonstrated that PM8313 supplementation improves immunity by regulating the immune-related genes IL-6 and NF-κB in red sea bream, which enhanced the resistance of red sea bream against E. tarda infection.

Collectively, our findings demonstrated the potential of PM8313 as a HAP in aquaculture. Dietary supplementation with PM8313 was found to improve growth performance and digestive enzyme activities, in addition to increasing non-specific immune activity, regulating intestinal microbiota, and increasing resistance to pathogenic strains. This newly isolated HAP could thus be used as a feed additive in red sea bream aquaculture to increase yields and control disease outbreaks.
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Viral infections are a major cause of severe, fatal diseases worldwide. Recently, these infections have increased due to demanding contextual circumstances, such as environmental changes, increased migration of people and product distribution, rapid demographic changes, and outbreaks of novel viruses, including the COVID-19 outbreak. Internal variables that influence viral immunity have received attention along with these external causes to avert such novel viral outbreaks. The gastrointestinal microbiome (GIM), particularly the present probiotics, plays a vital role in the host immune system by mediating host protective immunity and acting as an immune regulator. Bacteriocins possess numerous health benefits and exhibit antagonistic activity against enteric pathogens and immunobiotics, thereby inhibiting viral infections. Moreover, disrupting the homeostasis of the GIM/host immune system negatively affects viral immunity. The interactions between bacteriocins and infectious viruses, particularly in COVID-19, through improved host immunity and physiology are complex and have not yet been studied, although several studies have proven that bacteriocins influence the outcomes of viral infections. However, the complex transmission to the affected sites and siRNA defense against nuclease digestion lead to challenging clinical trials. Additionally, bacteriocins are well known for their biofunctional properties and underlying mechanisms in the treatment of bacterial and fungal infections. However, few studies have shown the role of probiotics-derived bacteriocin against viral infections. Thus, based on the results of the previous studies, this review lays out a road map for future studies on bacteriocins for treating viral infections.

Keywords: antiviral immunity, bacteriocin, immune interaction, immunomodulatory, probiotics, viral infection


INTRODUCTION

Viral infections are the primary cause of numerous diseases and deaths (Villena et al., 2020). These infections affect several tissues and organs, such as the colon (e.g., rotavirus), upper respiratory tract and lungs (e.g., rhinovirus and influenza), liver (e.g., hepatitis B virus), leukocytes [e.g., human immunodeficiency virus (HIV)], spinal cord (e.g., poliovirus), and vascular endothelial cells (e.g., Ebola; Dreyer et al., 2019; Weeks and Chikindas, 2019; Foysal et al., 2020; Jenab et al., 2020; Villena et al., 2020). Some viruses are more vulnerable to extreme conditions because of a weakened immune system. Histological examinations of patients with viral infections revealed severe destruction of tissue structure, resulting in their death (Jayawardena et al., 2020).

Previous studies have investigated various sources of antimicrobial agents from natural plants. Numerous antiviral agents have been proposed and verified as therapeutic targets in viral drugs (Muhammad et al., 2018; Umair et al., 2020, 2022; Riaz Rajoka et al., 2021; Senan et al., 2021; Youssef et al., 2021; Rajoka et al., 2022). Several treatments act as effective tools in viral infections, such as gene therapy; administration of pro- and anti-inflammatory cytokines, pegylated interferon-α (IFN-α), and ribavirin; recombinant human tumor necrosis factor-alpha (TNF-α) antagonist treatment; and highly active antiretroviral therapy, which includes multiple antiretroviral agents; or a combination of these therapies (Lehtoranta et al., 2020; Lopez-Santamarina et al., 2020). However, viral genome mutations are lethal for viral replication and cause viral resistance to the adopted antiviral therapies. Therefore, it is necessary to provide other preventive or supplementary interventions.

The gastrointestinal tract (GIT) is a complex ecosystem hosting millions of resident microorganisms, known as the gut microbiota (GM; Libertucci and Young, 2019). The microbiome consists of microorganisms and their genetic material and plays an essential role in host physiology and metabolism by supplying genetic elements absent in the host genome (Hall et al., 2017). Additionally, a strong correlation exists between COVID-19 infection and the GM community (Chen et al., 2020). Further, it has been reported that patients with COVID-19 demonstrate a reduced number of Lactobacillus and Bifidobacterium due to intestinal microbial dysbiosis (Chen et al., 2020).

In particular, when probiotics, the “cultured” (living) microorganisms beneficial to the host, are ingested in adequate amounts (Quilodrán-Vega et al., 2020; El-Saadony et al., 2021) as a compliment or element inherent in food, they principally improve the GM composition (Minj et al., 2021), treat dysbiosis, and prevent viral diseases (Hill et al., 2014). Notably, bacteriocins are antimicrobial peptides produced by significant bacterial cell lines (Khalil et al., 2022; Le Morvan De Sequeira et al., 2022; Naseef et al., 2022). Additionally, these bacteriocins modulate the systemic immune and mucosal systems of humans and animals, protecting them from several viral infections (Alvarez-Vieites et al., 2020).

However, the interactions between viral diseases and the immunity induced by probiotics remain unknown, including the mechanism of the reported antiviral activity of probiotics. Moreover, proteolytic enzymes degrade bacteriocins, causing their instability in different body parts, such as the GIT, serum, liver, and kidneys, thus limiting their industrial applications (Weeks and Chikindas, 2019). Given these considerations, the present review provides a comprehensive overview of the role of the probiotics-based bacteriocin as an immune-modulating agent in combating viral infections, its stability in the GIT microbiota, and the bacteriocin mechanisms of immune modulation. Furthermore, the evolving zoonotic viruses and their animal reservoirs for viral progenitors will be described in this study, including the viral transmission route from animal to human, focusing on the most recent published studies.



PROBIOTICS AS IMMUNOBIOTICS

In general, eukaryotic hosts have a high bacterial load, predominantly habituating GIT (Bibi et al., 2021; Youssef et al., 2021; Rajoka et al., 2022). However, some of these microorganisms are currently susceptible to pathogenesis (Round and Mazmanian, 2009). Therapeutic antibiotics occasionally disrupt the intestinal microbiota, which subsequently initiate microbial pathogenesis (Foysal et al., 2020).

Probiotics are heat- and pH-stable, colorless, odorless, and tasteless, which indicate their suitability in food applications. Lactic acid bacteria (LAB) and bifidobacteria are the most commonly used probiotic bacteria. LAB essentially preserves the integrity of the human gut wall and maintains a healthy microbiome, including the inhibition of gut pathogen proliferation. Other genera, such as enterococci, and yeast, such as Saccharomyces, have been proposed and exploited as probiotic agents (Ou et al., 2019; Jaffar and Zailan, 2021; Lai et al., 2021; Liu et al., 2022).

Probiotics have the potential for lowering lactose and cholesterol levels, cancer prevention, and lowering the risk of secondary infections (Li et al., 2021). Another benefit of probiotics is their immunobiotic nature in modulating or enhancing the immune (mucosal) system. As viruses are in direct contact with the mucosal (respiratory, genital, or gastrointestinal) surfaces, they must overcome three lines of defense: (1) the mucus coat, (2) innate, and (3) adaptive immune responses. Therefore, probiotics interfere with the viruses directly or indirectly to improve their phagocytosis (Alvarez-Vieites et al., 2020). The direct response can be subcategorized into two stages (Figure 1): barrier activity toward viral particles before entering the epithelial cells and the modulation of the host antiviral immune response. Moreover, the barrier activity toward viruses includes (1) enhanced mucosal barrier activity, (2) direct probiotic-virus association, (3) secretion of antiviral inhibitory metabolites (bacteriocins), and (4) inhibition of viral attachment to host cells (Belguesmia et al., 2020). Additionally, the effects of probiotic modulation on the immune cells can be observed in lymphocytes, hematopoietic stem cells, T cells, macrophages, natural killer cells, and dendritic cells (DCs; Alvarez-Vieites et al., 2020; Belguesmia et al., 2020; Li et al., 2021). Figure 2 illustrates the innate and adaptive antiviral reaction mechanisms and immunomodulatory effects of probiotics to improve viral phagocytosis (Belguesmia et al., 2020).
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FIGURE 1. Immunomodulatory properties of probiotics for enhancing phagocytosis against the virus.
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FIGURE 2. Probiotics and innate and adaptive immune interaction against viral infections.


Probiotics indirectly interfere with the virus by (1) altering the condition of the cells, (2) enhancing or suppressing innate and adaptive immunity through the associated molecular signaling pathways, (3) protecting themselves against viral particles that compete for cell-surface adhesion, (4) reducing inflammatory processes by controlling innate immunity through Toll-like receptors and other signaling pathways, and (5) producing antiadhesive substances against the viruses. Thus, probiotics prevent its adhesion to the host cell receptor by binding to the receptor of the invading virus (Abdolalipour et al., 2020; Alvarez-Vieites et al., 2020; Villena et al., 2020).

Cell adhesion is a multistage process classified into specific and nonspecific adhesion. Nonspecific adhesion occurs when a probiotic enters the cell and is mainly governed by physicochemical characteristics, such as contacts or hydrogen bonds (Kumar, 2021; Wang et al., 2021b). Specific adhesion involves the interaction between probiotic adhesins and their epithelial receptors, which is an irreversible connection that is more potent than nonspecific adhesion (Cao et al., 2020; Hwang et al., 2022). The adhesion capacities of the selected strains were determined by examining their bacterial cell-surface features in a Caco-2 cell model, which is comparable in morphology to the intestinal epithelium. The composition of the microbiota profoundly impacts human health, and diet is a critical factor in determining its composition (Cao et al., 2020; Kumar, 2021; Wang et al., 2021b; Hwang et al., 2022).

A few strategies for modulating the host immune response, such as increasing essential nutrient intake and developing potential functional foods, are becoming popular to influence the activity of immune cells (Foysal et al., 2020). Dietary supplementation with probiotics enhances the states of the intestine, liver, and the immune system as well as the structure and functions of genetically modified substances. Probiotics considerably enhance the immune-associated metabolic pathways, such as amino sugar pathway, nucleotide sugar pathway, interleukin 17 (IL-17) signaling, and quorum sensing (Alvarez-Sieiro et al., 2016). In contrast, the absence of probiotics prevents glyoxylate and dicarboxylate metabolism. Bacterial communication via extracellular diffusible signaling molecules (quorum sensing) enables bacteria to coordinate their group activity and multicellular functioning. Bacteriocins also operate as signaling peptides, communicating with other bacteria through quorum sensing and bacterial cross-talk within microbial communities or with host immune cells (Foysal et al., 2020). The (N-acyl) homoserine lactone is used as a signal molecule in gram-negative bacteria, whereas peptides, including several bacteriocins, are frequently used as signaling molecules in gram-positive bacteria (Drider et al., 2016). In general, peptide-based quorum sensing in gram-positive bacteria mediates a two-component regulatory signal transduction system, comprising a membrane-bound histidine protein kinase (HPK) and an intracellular response regulator (RR) (Drider et al., 2016; Foysal et al., 2020). Thus, it has been postulated that few bacteriocins act as inhibitors at high concentrations and signaling molecules at low concentrations (Alvarez-Sieiro et al., 2016; Drider et al., 2016; Foysal et al., 2020).

HPK phosphorylates RR, which causes a response at the transcriptional level. The autoinducing peptide primarily serves as a signaling molecule; however, some autoinducing peptides also act as antimicrobials (Prazdnova et al., 2022). Bacteriocin nisin is the predominant example of this dual functioning. Nisin acts as a killer and signaling molecule and stimulates its production in a density-dependent manner (Belguesmia et al., 2020). Thus, probiotic consumption is the only nutritional practice capable of lowering the risk of viral infection and enhancing human immune responses (Belguesmia et al., 2020; Chen et al., 2020; Prazdnova et al., 2022). Following these considerations and experimental reports, it is crucial to discover new strategies for preventing or reducing viral infections to minimize virus-related mortality, morbidity, and economic losses.



BACTERIOCIN STABILITY AND MODE OF ACTION

Bacteriocins are multifunctional proteinaceous compounds synthesized from ribosomal RNA with antimicrobial potential against pathogens at definite concentrations (Belguesmia et al., 2020), demonstrating their biotechnological capability (Chikindas et al., 2018). Bacteriocins are classified into three groups according to their physicochemical and structural features: classes I, II, and III (Chikindas et al., 2018). Moreover, during the early stages of development, bacteriocins are only active against closely related bacteria. However, the mode of action of bacteriocins against viruses is not yet fully understood. According to the available reports, bacteriocins exhibit two mechanisms for combating viral infection (Wachsman et al., 2003).

The first mechanism involves preventing viral particle aggregation and blocking the sites of host cell receptors (Wachsman et al., 2003). Additionally, certain bacteriocins possess an antiviral activity that inhibits viral penetration into human cells. For instance, it was shown that duramycin, a class I bacteriocin, blocks the Zika virus coreceptor TIM1 and subsequently inhibits its entry (Tabata et al., 2016). In the second mechanism, several bacteriocins induce cytopathic effect and reduce viral release without interfering with viral entry (Tabata et al., 2016). The mechanisms of bacteriocins against viral infection are related to their interaction with the late steps of the viral cycle, which strongly influence the main reactions of the viral multiplication step (Tabata et al., 2016). Additionally, within these bacteriocins, those recognized as antiviral molecules can bind to the lipid membranes of enveloped viruses as they are hydrophobic. Thus, probiotics exhibit their inhibitory action by interfering with cellular and viral membrane fusion (Cavicchioli et al., 2018). Given these considerations, the inactivity of several bacteriocins against nonenveloped viruses is attributed to the structural differences compared with active bacteriocins, particularly to the lack of hydrophobicity (Badani et al., 2014; Cavicchioli et al., 2018).

Bacteria produce bacteriocins as a defense or contact signal (Chikindas et al., 2018). A previous report indicated that the leading interface site among the host immune system, microorganisms in the GIT, and GM bacterial colonization influences the development of the adaptive immune system (Round and Mazmanian, 2009). Bacteriocins also elicit an immune response, causing changes in the GIT population. Another study investigated the potential of bacteriocins in penetrating the gut–blood barrier (i.e., Caco-2), which is further dependent on the physicochemical and biochemical characteristics of the membrane (Dreyer et al., 2019).

Numerous bacteriocins have been demonstrated to be effective against viral infections (Dobson et al., 2012). However, the route of the bacteriocin administration impacts the proteolytic enzyme activity. For instance, bacteriocins, such as nisin F, were active against pathogens when injected into the peritoneal cavity of mice. However, nisin F acts as a growth stabilizer for GM (Van Staden et al., 2011). It also plays a role in GIT colonization, promoting bacteriocin-producing strains (Kommineni et al., 2015). Thus, inducing bacteriocin-producing strains in the GIT is a viable alternative for monitoring viral infections, drug resistance, enteric invasion, and pathogen dissemination in the GIT (Hegarty et al., 2016).

Additionally, several factors influence the bacteriocin sensitivity of the target bacterium, including the presence of membrane-disrupting neutralizing molecules and physicochemical properties of the environment (ionic strength, pH). However, using bacteriocin is not similar to regular antibodies (Weeks and Chikindas, 2019); the microbial immunity against bacteriocin is extremely rare compared with that against antibodies (De Freire Bastos et al., 2015). Furthermore, microbial strains that induce resistance possess different mechanisms of antibody resistance (Chatterjee et al., 2005). For instance, microbial species undergo major structural modifications, such as changing the phospholipid and fatty acid composition of the cell membrane, increasing the galactose and D-alanyl ester content of the cell wall, or forming a thicker cell wall to avert bacteriocin docking with lipid II, thus developing bacteriocin resistance (Crandall and Montville, 1998; Chatterjee et al., 2005). Additionally, other microbial species possess some structural modifications that involve forming a requirement for Mn2+, Mg2+, Ca2+, and Ba2+ in the cell wall or membrane (Crandall and Montville, 1998; Chatterjee et al., 2005).

Besides these structural changes, nonstructural modifications are also involved, which are capable of inducing bacteriocin resistance, trigger and induce mutation in the bacteriocin susceptibility-associated sensor (Collins et al., 2012), trigger the inactivation of the gene encoding bacterial RNA polymerase, produce nonproteolytic bacteriocins capable of inactivating enzyme-induced dehydroalanine-level reduction (Jarvis and Farr, 1971), and produce pH-related resistance alterations (Hasper et al., 2006). However, the molecular size, hydrophobicity, migration intensity, charge used to cross the epithelial cell membrane, and capacity to re-enter the tissue cells are the properties of bacteriocins that need further investigation. In this regard, several recently published studies on the immunomodulatory properties of bacteriocins have been noted (Jenab et al., 2020).



BACTERIOCIN AS A POTENTIAL IMMUNOBIOTIC AGENT FOR VIRAL INFECTIONS

Reactions to immunomodulatory therapies are an emerging strategy against viral infection. Researchers studied that enhancing the body’s immune system by employing probiotic-based bacteriocin helps in fighting against viral diseases (Table 1; Yan et al., 2020, 2022; Wang et al., 2021a; Liu et al., 2022; Zhang et al., 2022). Jayawardena and coworkers also reported that bacteriocin modulates the immune system and prevents viral infections, such as COVID-19 (Jayawardena et al., 2020).



TABLE 1. Antiviral/antimicrobial activity of different bacteriocin as potential immunomodulatory agent and their action mode against viral disease.
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The enterocins CRL35 and ST4V have also shown bacteriocin activities against herpes simplex virus 1 (HSV-1) and HSV-2 by influencing intracellular viral proliferation and interacting with the late steps of viral replication (Wachsman et al., 2003; Todorov et al., 2005). Additionally, subtilisin A and the pediocin-like bacteriocin ST5Ha showed anti-HSV activity with a selectivity index (CC50/EC50) of 173 (Quintana et al., 2014; Soltani et al., 2021). Further, Cavicchioli et al. (2018) reported that the bacteriocins from Enterococcus durans, Geo9, Ge12, and He17 inhibited the poliovirus (PV-1; Férir et al., 2013), revealing the dual antiviral action against HIV and HSV. They further revealed the transmission of antibiotic-derived prototype peptide containing the post-translationally transformed–special carbocyclic abionin residue. The same authors also identified labyrinthopeptin A1 (LabyA1) as a bacteriocin, emphasizing its ability to inhibit the viral cell-to-cell transfer between HIV-infected T cells and uninfected CD4 (+) T cells; moreover, it inhibits HIV capture by DC-SIGN+-cells, thereby inhibiting the transmission of the captured virus to uninfected CD4 (+) T cells (Férir et al., 2013; Table 2).



TABLE 2. Antiviral/antimicrobial activity of different probiotic based bacteriocin and their producer strains along with mode of actions.
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In contrast, Lange-Starke et al. (2014) reported the ineffective action of the bacteriocins produced by Lactococcus lactis subsp. lactis, such as nisin, against influenza A (H1N1), HSV-1, murine norovirus, feline herpesvirus KS285, and Newcastle disease virus Montana. Semipurified bacteriocins obtained from two LAB strains isolated from goat milk (i.e., GLc03 and GLc05 from L. lactis, and GEn09, GEn12, GEn14, and GEn17 from E. durans) were screened in terms of cytotoxicity in Vero cells (CC50) and based on their antiviral activities against PV-1 and HVS1 (Villena et al., 2020).

A previous study showed that bacteriocins elicit an innate immune response during viral infection and induce pathogen death via inflammasomes (Weeks and Chikindas, 2019). The inflammasome is a multiprotein complex formed inside the cell by the nucleotide-binding oligomerization domain-like receptors (NOD-like receptors), also known as nucleotide-binding leucine-rich repeat receptors (NLRs) and DNA sensors. These inflammasomes trigger a sequence of dangerous signals elicited by pathogens and cellular stress (McNab et al., 2015). Further, another study revealed that the anti-inflammatory cytokines are inhibited via inflammatory signaling pathways by bacteriocin through their interaction with mitogen-activated protein kinase and nuclear factor-kappa B (Yoon and Sun, 2011). Consequently, bacteriocins regulate inflammasome activation in organisms that previously experienced inflammation due to viral infections (Dicks et al., 2018; Abdolalipour et al., 2020; Alvarez-Vieites et al., 2020; Antushevich, 2020).

Furthermore, paracrine signaling occurs as a cell interacts with another nearby compartment or cell (unattached with gap junctions), resulting in the diffusion of the produced signaling molecule to a neighboring cell over a short distance. In contrast, autocrine signaling occurs when a cell communicates with the receptors on its own surface (Figure 3). During viral infection, IFN or IFN receptor (IFNR) (IFNAR) association occurs via autocrine or paracrine signaling (Silginer et al., 2017). For example, Lactobacillus spp. produces bacteriocins involved in IL-12-inducing potentially similar type I IFN production (Alvarez-Vieites et al., 2020; Antushevich, 2020), further demonstrating the immunostimulatory activity of bacteriocins and innate immune antagonistic activity against viral infections. Figure 4 presents the innate immune response to viruses induced by bacteriocins.
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FIGURE 3. Bacteriocin innate immune antagonism against viral infections.
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FIGURE 4. Bacteriocin-induced innate immune response against the virus.


The immune system recognizes pathogens in several ways, where inflammasomes induce the production of type I IFNs, IL-1, and IL-18 as the first line of defense against viruses (Dreyer et al., 2019; Antushevich, 2020). Type I IFNs stimulate an antiviral state in the infected host, and cytokines, such as IL, result in inflammation and modulate immune responses, exhibiting antiviral effects (Antushevich, 2020). Furthermore, these bacteriocins elicit an anti-inflammatory response in the innate immune system through dendritic cell signaling, resulting in the release of anti-inflammatory cytokines (i.e., IL-10) (Jenab et al., 2020). Bacteriocins from various studies were shown to increase the CD4 (+) levels and lymphocyte counts and monitor the TNF, IL-6, IL-8, and IL-10 expression levels (Chikindas et al., 2018; Dicks et al., 2018; Ou et al., 2019; Antushevich, 2020; Foysal et al., 2020; Jayawardena et al., 2020; Jenab et al., 2020).

Similarly, Fukuyama et al. (2020) investigated the immunomodulatory properties of bacteriocins and their ability to induce in vitro TLR-triggered inflammatory responses. The findings revealed that bacteriocins regulated inflammation and reduced the expression of IL-1α, IL-1β, monocyte chemotactic protein-1, IL-8, and chemokine ligand 3 (CXCL3). It further upregulated the expression of three negative TLR regulators, i.e., the Toll-interacting protein (Tollip), ubiquitin-editing enzyme A20 (TNF-α-induced protein 3, TNFAIP3), and single immunoglobulin IL-1 receptor-related protein (SIGIRR; Mages et al., 2008; Saleh and Trinchieri, 2011; Laiño et al., 2016; Fukuyama et al., 2020).

The potent antiviral activity was mediated by several encoded factors, including IL-2, IL-12, IFN-gamma, TNF-α, CD40 ligand (CD40L), membrane immunoglobulin (mIg), and (cytokine responsive gene 2) Crg-2 (Ramshaw et al., 1997), revealing the mechanism of bacteriocin in combating infection-induced inflammation induced by pathogens. Furthermore, another study reported the bacteriocin inhibitory effect on pathogen-adhesion and invasion of Caco-2 cells and the antiproliferative effects via apoptosis induction (Dicks et al., 2018). The authors also showed the reduced levels of TNF-α factor, IL-1β, IL-6, and IL-12 combined with increased levels of IL-10 in serum, further demonstrating the bacteriocin immunomodulatory potential (Jenab et al., 2020).

Another study showed an eight-fold increase in the number of immune cells of probiotic-treated mice, exhibiting significant alterations in the onsite expression of proinflammatory mediators compared with the control group (Chondrou et al., 2020). Similarly, Lactobacillus shelveticus produced LZ-R-5 bacteriocin with immunostimulatory activity against viral infection (Ayyash et al., 2020; You et al., 2020). To date, there have been no reported studies on probiotics-derived bacteriocins in preventing and treating COVID-19. However, the phase II experimental research has been used to estimate the effect of an immunomodulatory drug (i.e., the anti-asthma live cell formulation MRx4DP0004) in hospitalized patients with COVID-19. Although the appropriate formulation was not tested, the patients were administered two doses of live cells (4 × 109–4 × 1010) for 2 weeks, and the preliminary results were positive. Thus, various probiotics can help control COVID-19 infection and assist as adjuvants for prophylaxis (Dobson et al., 2012; Alvarez-Sieiro et al., 2016).

Additionally, several viruses, such as norovirus (Shinde et al., 2020), rotavirus (RV), or calicivirus (CV), picornaviridae, orthomyxoviridae, paramyxoviridae, reoviridae, and coronaviridae, affect humans (Kamaluddin et al., 2020; Lopez-Santamarina et al., 2021). They are characterized by uncoated RNA, making them exceedingly infectious and fecal transmissible even when the associated infections are easily moderated to last for a short period (Karst, 2016). Regarding the widespread RV vaccination development, norovirus (NV) is the principal cause of severe diarrhea among children and foodborne diseases in developing countries. Approximately 200 million cases were observed among children under the age of 5 years, leading to an estimated 50,000 child deaths per year predominantly in developing countries (Center for Disease Control and Prevention, 2022). Moreover, astroviruses are responsible for 2–9% of all cases of pediatric gastroenteritis globally (Fadhil et al., 2020).

These findings indicated that bacteriocins prevent virus replication more efficiently than viral adsorption; thus, bacteriocins act as novel antiviral agents for viral suppression (Cavicchioli et al., 2018). A large number of studies on the association between specific bacteriocins and antiviral activity showed that probiotics have biological benefits and antiviral properties that regulate and halt the pathogenic virus duplication. Additionally, they are only ascribed to their well-known antibacterial and immune modulation properties. The genesis of microorganisms is also proficient in conducting these activities; it stabilizes the indigenous protective reaction of the ecosystem to a possible territorial invasion, independent of the attack type (viral, bacterial, or fungal) (Cavicchioli et al., 2018).

Based on the available reports, bacteriocins exhibits two mechanisms against viral infection: (i) exhibits antiviral activity before the viral penetration into human cells; (ii) inhibits the viral entry and reduces the cytopathic impact and viral release yield by interacting with the late steps of the viral cycle. The first mechanism of the bacteriocin antiviral activity includes direct contact with viral cells (Al Kassaa et al., 2014), interaction with the epithelial cell surface to influence the electrolyte potential (OlayaGalán et al., 2016), and intracellular inhibition (Serkedjieva et al., 2000). Alternatively, the second mode of action includes the inhibition of the late-stage viral replication (Todorov et al., 2005), blockages on the host cell receptor, repressed intercellular transmission, and modulation of virus immune systems (Drider et al., 2016).

Małaczewska et al. (2019) detected immune modulation by stimulating IL, CD4 (+), and CD8 (+) T cells. Further, Yitbarek et al. (2018) reported that the immune system modulation protects the virus-infected cells. However, the molecular size, hydrophobicity, migration intensity, charge used to cross the epithelial cell membrane, and re-entry ability of tissue cells are the properties of bacteriocins that warrant further exploration (Małaczewska et al., 2019).

Probiotics may be inappropriate for patients unless the pathogenicity and influence of a particular coronavirus on GM has been identified. Besides, the foodborne transmission of COVID-19 is rather uncertain (Li et al., 2021). Therefore, further research should prove that food is a nonprobable agent of viral transmission. It is known that COVID-19 is more susceptible to a weakened immune system. Thus, probiotics as adjuvants or prophylactic and therapeutic agents for COVID-19 treatment should be carefully considered as researchers have reported that probiotics cause numerous septicemias associated with weakened immune systems in those individuals (Koyama et al., 2019).



CONCLUSIONS AND PROSPECTS

Probiotics are beneficial microorganisms administered to individuals to improve their healing. In particular, bifidobacteria and LAB probiotics exhibit sustainable therapeutic effects in treating vaginal and GIT viral infections. Moreover, probiotics effectively use cellular components, including peptidoglycans and DNA, and improve the efficacy of the bacterium by producing autoinducing peptides. These emerging probiotics with microbiota-modulation and anti-infection applications are classified into two categories: (i) a first treatment type (prophylaxis) where a low-dose drug is administered daily to maintain the presence of probiotics in the human microbiota; and (ii) a second treatment type where a relatively large dose of medication is administered to the infected individuals, coupled with immunologically sensitive host tissues to treat microbiota dysbiosis. However, the exact mechanism related to the ability of the probiotics to inhibit viral replication remains unknown. Therefore, it is crucial for the scientific and medical communities to focus on beneficial bacteria (probiotics) to combat viral infections.



AUTHOR CONTRIBUTIONS

All authors were equal contributors in writing this review article. All authors have read and approved the final manuscript.



FUNDING

This review was funded by Khalifa Center for Biotechnology and Genetic Engineering-UAEU (Grant #: 31R286) to SAQ; Abu Dhabi Award for Research Excellence-Department of Education and Knowledge (Grant #: 21S105) to KE-T; and National Key R&D Program of China (2021YFA0910800) and the Special Fund for Development of Strategic Emerging Industries in Shenzhen (JCYJ20190808145613154 and KQJSCX20180328100801771).



ACKNOWLEDGMENTS

Authors thank their respective institutions for their support. KE-T would also like to thank the library at Murdoch University, Australia, for the valuable online resources and comprehensive databases.



REFERENCES

 Abdolalipour, E., Mahooti, M., Salehzadeh, A., Torabi, A., Mohebbi, S. R., Gorji, A., et al. (2020). Evaluation of the antitumor immune responses of probiotic Bifidobacterium bifidum in human papillomavirus-induced tumor model. Microb. Pathog. 145:104207. doi: 10.1016/j.micpath.2020.104207 

 Al Kassaa, I., Hober, D., Hamze, M., Chihib, N. E., and Drider, D. (2014). Antiviral potential of lactic acid bacteria and their bacteriocins. Probiotic. Antimicrob. Proteins 6, 177–185. doi: 10.1007/s12602-014-9162-6 

 Alvarez-Sieiro, P., Montalbán-López, M., Mu, D., and Kuipers, O. P. (2016). Bacteriocins of lactic acid bacteria: extending the family. Appl. Microbiol. Biotechnol. 100, 2939–2951. doi: 10.1007/s00253-016-7343-9 

 Alvarez-Vieites, E., López-Santamarina, A., Miranda, J. M., Del Carmen Mondragon, A., Lamas, A., Cardelle-Cobas, A., et al. (2020). Influence of the intestinal microbiota on diabetes management. Curr. Pharm. Biotechnol. 21, 1603–1615. doi: 10.2174/1389201021666200514220950 

 Antushevich, H. (2020). Interplays between inflammasomes and viruses, bacteria (pathogenic and probiotic), yeasts and parasites. Immunol. Lett. 228, 1–14. doi: 10.1016/j.imlet.2020.09.004 

 Ayyash, M., Abu-Jdayil, B., Itsaranuwat, P., Galiwango, E., Tamiello-Rosa, C., Abdullah, H., et al. (2020). Characterization, bioactivities, and rheological properties of exopolysaccharide produced by novel probiotic Lactobacillus plantarum C70 isolated from camel milk. Int. J. Biol. Macromol. 144, 938–946. doi: 10.1016/j.ijbiomac.2019.09.171 

 Badani, H., Garry, R. F., and Wimley, W. C. (2014). Peptide entry inhibitors of enveloped viruses: the importance of interfacial hydrophobicity. Biochim. Biophys. Acta 1838, 2180–2197. doi: 10.1016/j.bbamem.2014.04.015

 Belguesmia, Y., Bendjeddou, K., Kempf, I., Boukherroub, R., and Drider, D. (2020). Heterologous biosynthesis of five new class II bacteriocins from Lactobacillus paracasei CNCM I-5369 with antagonistic activity against pathogenic Escherichia coli strains. Front. Microbiol. 11:1198. doi: 10.3389/fmicb.2020.01198

 Bibi, A., Xiong, Y., Rajoka, M. S. R., Mehwish, H. M., Radicetti, E., Umair, M., et al. (2021). Recent advances in the production of exopolysaccharide (EPS) from Lactobacillus spp. and its application in the food industry: A review. Sustainability 13:12429. doi: 10.3390/su132212429

 Boge, T., Rémigy, M., Vaudaine, S., Tanguy, J., Bourdet-Sicard, R., and van der Werf, S. (2009). A probiotic fermented dairy drink improves antibody response to influenza vaccination in the elderly in two randomized controlled trials. Vaccine 27, 5677–5684. doi: 10.1016/j.vaccine.2009.06.094 

 Botić, T., Klingberg, T. D., Weingartl, H., and Cencič, A. (2007). A novel eukaryotic cell culture model to study antiviral activity of potential probiotic bacteria. Int. J. Food Microbiol. 115, 227–234. doi: 10.1016/j.ijfoodmicro.2006.10.044 

 Brand, A. M., De Kwaadsteniet, M., and Dicks, L. M. T. (2010). The ability of nisin F to control Staphylococcus aureus infection in the peritoneal cavity, as studied in mice. Lett. Appl. Microbiol. 51, 645–649. doi: 10.1111/j.1472-765X.2010.02948.x 

 Cao, Y., Liu, H., Qin, N., Ren, X., Zhu, B., and Xia, X. (2020). Impact of food additives on the composition and function of gut microbiota: A review. Trends Food Sci. Technol. 99, 295–310. doi: 10.1016/j.tifs.2020.03.006 

 Cavicchioli, V. Q., Carvalho, O. V., Paiva, J. C., Todorov, S. D., Júnior, A. S., and Nero, L. A. (2018). Inhibition of herpes simplex virus 1 (HSV-1) and poliovirus (PV-1) by bacteriocins from Lactococcus lactis subsp. lactis and Enterococcus durans strains isolated from goat milk. Int. J. Antimicrob. Agents 51, 33–37. doi: 10.1016/j.ijantimicag.2017.04.020 

 Center for Disease Control and Prevention (2022). Data & statistics. https://www.cdc.gov/datastatistics/ (Accessed March 7, 2022).

 Chatterjee, C., Paul, M., Xie, L., and Van Der Donk, W. A. (2005). Biosynthesis and mode of action of lantibiotics. Chem. Rev. 105, 633–684. doi: 10.1021/cr030105v 

 Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020). Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395, 507–513. doi: 10.1016/S0140-6736(20)30211-7 

 Chikindas, M. L., Weeks, R., Drider, D., Chistyakov, V. A., and Dicks, L. M. (2018). Functions and emerging applications of bacteriocins. Curr. Opin. Biotechnol. 49, 23–28. doi: 10.1016/j.copbio.2017.07.011 

 Chondrou, P., Karapetsas, A., Kiousi, D. E., Vasileiadis, S., Ypsilantis, P., Botaitis, S., et al. (2020). Assessment of the immunomodulatory properties of the probiotic strain Lactobacillus paracasei K5 in vitro and in vivo. Microorganisms 8:709. doi: 10.3390/microorganisms8050709 

 Chong, H. X., Yusoff, N. A. A., Hor, Y. Y., Lew, L. C., Jaafar, M. H., Choi, S. B., et al. (2019). Lactobacillus plantarum DR7 improved upper respiratory tract infections via enhancing immune and inflammatory parameters: A randomized, double-blind, placebo-controlled study. J. Dairy Sci. 102, 4783–4797. doi: 10.3168/jds.2018-16103 

 Collins, B., Guinane, C. M., Cotter, P. D., Hill, C., and Ross, R. P. (2012). Assessing the contributions of the LiaS histidine kinase to the innate resistance of Listeria monocytogenes to nisin, cephalosporins, and disinfectants. Appl. Environ. Microbiol. 78, 2923–2929. doi: 10.1128/AEM.07402-11 

 Conti, C., Malacrino, C., and Mastromarino, P. (2009). Inhibition of herpes simplex virus type 2 by vaginal lactobacilli. J Physiol. Pharmacol. 60 (Suppl 6), 19–26.

 Crandall, A. D., and Montville, T. J. (1998). Nisin resistance in Listeria monocytogenes ATCC 700302 is a complex phenotype. Appl. Environ. Microbiol. 64, 231–237. doi: 10.1128/AEM.64.1.231-237.1998 

 De Freire Bastos, M. D. C., Coelho, M. L. V., and Da Silva Santos, O. C. (2015). Resistance to bacteriocins produced by gram-positive bacteria. Microbiology 161, 683–700. doi: 10.1099/mic.0.082289-0 

 De Vrese, M., Winkler, P., Rautenberg, P., Harder, T., Noah, C., Laue, C., et al. (2006). Probiotic bacteria reduced duration and severity but not the incidence of common cold episodes in a double blind, randomized, controlled trial. Vaccine 24, 6670–6674. doi: 10.1016/j.vaccine.2006.05.048 

 Dicks, L. M., Dreyer, L., Smith, C., and Van Staden, A. D. (2018). A review: the fate of bacteriocins in the human gastro-intestinal tract: do they cross the gut–blood barrier? Front. Microbiol. 9:2297. doi: 10.3389/fmicb.2018.02297

 Dobson, A., Cotter, P. D., Ross, R. P., and Hill, C. (2012). Bacteriocin production: a probiotic trait? Appl. Environ. Microbiol. 78, 1–6. doi: 10.1128/AEM.05576-11 

 Dreyer, L., Smith, C., Deane, S. M., Dicks, L. M. T., and Van Staden, A. D. (2019). Migration of bacteriocins across gastrointestinal epithelial and vascular endothelial cells, as determined using in vitro simulations. Sci. Rep. 9:11481. doi: 10.1038/s41598-019-47843-9

 Drider, D., Bendali, F., Naghmouchi, K., and Chikindas, M. L. (2016). Bacteriocins: not only antibacterial agents. Probiotics Antimicrob. Proteins 8, 177–182. doi: 10.1007/s12602-016-9223-0 

 El-Saadony, M. T., Saad, A. M., Taha, T. F., Najjar, A. A., Zabermawi, N. M., Nader, M. M., et al. (2021). Selenium nanoparticles from Lactobacillus paracasei HM1 capable of antagonizing animal pathogenic fungi as a new source from human breast milk. Saudi J. Biol. Sci. 28, 6782–6794. doi: 10.1016/j.sjbs.2021.07.059 

 Ermolenko, E. I., Desheva, Y. A., Kolobov, A. A., Kotyleva, M. P., Sychev, I. A., and Suvorov, A. N. (2019). Anti–influenza activity of Enterocin B in vitro and protective effect of bacteriocinogenic enterococcal probiotic strain on influenza infection in mouse model. Probiotics Antimicrob. Proteins 11, 705–712. doi: 10.1007/s12602-018-9457-0 

 Fadhil, H. Y., Al-Kareim, M. J. A., Aufi, I. M., and Alhamdani, F. G. (2020). Molecular detection of astrovirus using reverse transcriptase quantitative polymerase chain reaction technique. Iraqi J. Agric. Sci. 51, 191–200. doi: 10.36103/ijas.v51iSpecial.897

 Férir, G., Petrova, M. I., Andrei, G., Huskens, D., Hoorelbeke, B., Snoeck, R., et al. (2013). The lantibiotic peptide labyrinthopeptin A1 demonstrates broad anti-HIV and anti-HSV activity with potential for microbicidal applications. PLoS One 8:e64010. doi: 10.1371/journal.pone.0064010 

 Foysal, M. J., Fotedar, R., Siddik, M. A. B., and Tay, A. (2020). Lactobacillus acidophilus and L. plantarum improve health status, modulate gut microbiota and innate immune response of marron (Cheraxcainii). Sci. Rep. 10:5916. doi: 10.1038/s41598-020-62655-y

 Fukuyama, K., Islam, M. A., Takagi, M., Ikeda-Ohtsubo, W., Kurata, S., Aso, H., et al. (2020). Evaluation of the immunomodulatory ability of lactic acid bacteria isolated from feedlot cattle against mastitis using a bovine mammary epithelial cells in vitro assay. Pathogens 9:410. doi: 10.3390/pathogens9050410 

 Gharajalar, S. N., Mirzai, P., Nofouzi, K., and Madadi, M. S. (2020). Immune enhancing effects of Lactobacillus acidophilus on Newcastle disease vaccination in chickens. Comp. Immunol. Microbiol. Infect. Dis. 72:101520. doi: 10.1016/j.cimid.2020.101520 

 Haid, S., Blockus, S., Wiechert, S. M., Wetzke, M., Prochnow, H., Dijkman, R., et al. (2017). Labyrinthopeptin A1 and A2 efficiently inhibit cell entry of hRSV isolates. Eur. Respir. J. 50:PA4124. doi: 10.1183/1393003.congress-2017.PA4124

 Hall, A. B., Tolonen, A. C., and Xavier, R. J. (2017). Human genetic variation and the gut microbiome in disease. J Nat. Rev. Genet. 18, 690–699. doi: 10.1038/nrg.2017.63 

 Hasper, H. E., Kramer, N. E., Smith, J. L., Hillman, J. D., Zachariah, C., Kuipers, O. P., et al. (2006). An alternative bactericidal mechanism of action for lantibiotic peptides that target lipid II. Science 313, 1636–1637. doi: 10.1126/science.1129818 

 Hegarty, J. W., Guinane, C. M., Ross, R. P., Hill, C., and Cotter, P. D. (2016). Bacteriocin production: a relatively unharnessed probiotic trait? F1000Research. 5:2587. doi: 10.12688/f1000research.9615.1

 Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., et al. (2014). Expert consensus document: The international scientific association for probiotics and prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 11, 506–514. doi: 10.1038/nrgastro.2014.66 

 Hwang, E., Kim, H., Truong, A. D., Kim, S. J., and Song, K. D. (2022). Suppression of the toll-like receptors 3 mediated pro-inflammatory gene expressions by progenitor cell differentiation and proliferation factor in chicken DF-1 cells. J. Anim. Sci. Technol. 64, 123–134. doi: 10.5187/jast.2021.e130 

 Jaffar, M., and Zailan, A. N. (2021). Antimicrobial resistance (Amr)-forecast For 30 countries In Europe. Sci. Heritage. J. (GWS). 5, 44–48. doi: 10.26480/gws.02.2021.44.48

 Jarvis, B., and Farr, J. (1971). Partial purification, specificity and mechanism of action of the nisin-inactivating enzyme from Bacillus cereus. Biochim. Biophys. Acta Enzymol. 227, 232–240. doi: 10.1016/0005-2744(71)90056-8 

 Jayawardena, R., Sooriyaarachchi, P., Chourdakis, M., Jeewandara, C., and Ranasinghe, P. (2020). Enhancing immunity in viral infections, with special emphasis on COVID-19: A review. Diabetes Metab. Syndr. 14, 367–382. doi: 10.1016/j.dsx.2020.04.015

 Jenab, A., Roghanian, R., and Emtiazi, G. (2020). Bacterial natural compounds with anti-inflammatory and immunomodulatory properties. Drug Des. Devel. Ther. 14, 3787–3801. doi: 10.2147/FDDDT.S261283

 Kamaluddin, W. N. F. W. M., Rismayuddin, N. A. R., Ismail, A. F., Aidid, E. M., Othman, N., Mohamad, N. A. H., et al. (2020). Probiotic inhibits oral carcinogenesis: a systematic review and meta-analysis. Arch. Oral Biol. 118:104855. doi: 10.1016/j.archoralbio.2020.104855

 Karst, S. M. (2016). The influence of commensal bacteria on infection with enteric viruses. Nat. Rev. Microbiol. 14, 197–204. doi: 10.1038/nrmicro.2015.25 

 Khalil, M., Caponio, G. R., Diab, F., Shanmugam, H., Di Ciaula, A., Khalifeh, H., et al. (2022). Unraveling the beneficial effects of herbal Lebanese mixture “Za’atar”. History, studies, and properties of a potential healthy food ingredient. J. Funct. Foods 90:104993. doi: 10.1016/j.jff.2022.104993

 Kindrachuk, J., Jenssen, H., Elliott, M., Nijnik, A., Magrangeas-Janot, L., Pasupuleti, M., et al. (2013). Manipulation of innate immunity by a bacterial secreted peptide: lantibiotic nisin Z is selectively immunomodulatory. Innate Immun. 19, 315–327. doi: 10.1177/1753425912461456 

 Kommineni, S., Bretl, D. J., Lam, V., Chakraborty, R., Hayward, M., Simpson, P., et al. (2015). Bacteriocin production augments niche competition by enterococci in the mammalian gastrointestinal tract. Nature 526, 719–722. doi: 10.1038/nature15524 

 Koyama, S., Fujita, H., Shimosato, T., Kamijo, A., Ishiyama, Y., Yamamoto, E., et al. (2019). Septicemia from Lactobacillus rhamnosus GG, from a probiotic enriched yogurt, in a patient with autologous stem cell transplantation. Probiotics Antimicrob. Proteins 11, 295–298. doi: 10.1007/s12602-018-9399-6 

 Kumar, V. (2021). Going, toll-like receptors in skin inflammation and inflammatory diseases. EXCLI J. 20, 52–79. doi: 10.17179/excli2020-3114 

 Lai, W.-F., Huang, E., and Lui, K.-H. (2021). Alginate-based complex fibers with the Janus morphology for controlled release of co-delivered drugs. Asian J. Pharm. Sci. 16, 77–85. doi: 10.1016/j.ajps.2020.05.003 

 Laiño, J., Villena, J., Kanmani, P., and Kitazawa, H. (2016). Immunoregulatory effects triggered by lactic acid bacteria exopolysaccharides: new insights into molecular interactions with host cells. Microorganisms 4:27. doi: 10.3390/microorganisms4030027 

 Lange-Starke, A., Petereit, A., Truyen, U., Braun, P. G., Fehlhaber, K., and Albert, T. (2014). Antiviral potential of selected starter cultures, bacteriocins and D L-lactic acid. Food Environ. Virol. 6, 42–47. doi: 10.1007/s12560-013-9135-z 

 Le Morvan De Sequeira, C., Hengstberger, C., Enck, P., and Mack, I. (2022). Effect of probiotics on psychiatric symptoms and central nervous system functions in human health and disease: A systematic review and meta-analysis. Nutrients 14:621. doi: 10.3390/nu14030621 

 Lehtoranta, L., Latvala, S., and Lehtinen, M. J. (2020). Role of probiotics in stimulating the immune system in viral respiratory tract infections: A narrative review. Nutrients 12:3163. doi: 10.3390/nu12103163 

 Leyer, G. J., Li, S., Mubasher, M. E., Reifer, C., and Ouwehand, A. C. (2009). Probiotic effects on cold and influenza-like symptom incidence and duration in children. Pediatrics 124, e172–e179. doi: 10.1542/peds.2008-2666 

 Li, D., Zhao, M. Y., and Tan, T. H. M. (2021). What makes a foodborne virus: comparing coronaviruses with human noroviruses. Curr. Opin. Food Sci. 42, 1–7. doi: 10.1016/j.cofs.2020.04.011 

 Libertucci, J., and Young, V. B. (2019). The role of the microbiota in infectious diseases. Nat. Microbiol. 4, 35–45. doi: 10.1038/s41564-018-0278-4 

 Liu, G., Nie, R., Liu, Y., and Mehmood, A. (2022). Combined antimicrobial effect of bacteriocins with other hurdles of physicochemic and microbiome to prolong shelf life of food: A review. Sci. Total Environ. 15:154058. doi: 10.1016/j.scitotenv.2022.154058

 Lopez-Santamarina, A., Lamas, A., Del Carmen Mondragón, A., Cardelle-Cobas, A., Regal, P., Rodriguez-Avila, J. A., et al. (2021). Probiotic effects against virus infections: new weapons for an old war. Foods 10:130. doi: 10.3390/foods10010130 

 Lopez-Santamarina, A., Miranda, J. M., Mondragon, A. D. C., Lamas, A., Cardelle-Cobas, A., Franco, C. M., et al. (2020). Potential use of marine seaweeds as prebiotics: A review. Molecules 25:1004. doi: 10.3390/molecules25041004 

 Maeda, N., Nakamura, R., Hirose, Y., Murosaki, S., Yamamoto, Y., Kase, T., et al. (2009). Oral administration of heat-killed Lactobacillus plantarum L-137 enhances protection against influenza virus infection by stimulation of type I interferon production in mice. Int. Immunopharmacol. 9, 1122–1125. doi: 10.1016/j.intimp.2009.04.015 

 Mages, J., Dietrich, H., and Lang, R. (2008). A genome-wide analysis of LPS tolerance in macrophages. Immunobiology 212, 723–737. doi: 10.1016/j.imbio.2007.09.015 

 Mahooti, M., Abdolalipour, E., Salehzadeh, A., Mohebbi, S. R., Gorji, A., and Ghaemi, A. (2019). Immunomodulatory and prophylactic effects of Bifidobacterium bifidum probiotic strain on influenza infection in mice. World J. Microbiol. Biotechnol. 35:91. doi: 10.1007/s11274-019-2667-0

 Małaczewska, J., Kaczorek-Łukowska, E., Wójcik, R., Rękawek, W., and Siwicki, A. K. (2019). In vitro immunomodulatory effect of nisin on porcine leucocytes. J. Anim. Physiol. Anim. Nutr. 103, 882–893. doi: 10.1111/jpn.13085 

 Mastromarino, P., Cacciotti, F., Masci, A., and Mosca, L. (2011). Antiviral activity of Lactobacillus brevis towards herpes simplex virus type 2: role of cell wall associated components. Anaerobe 17, 334–336. doi: 10.1016/j.anaerobe.2011.04.022 

 McNab, F., Mayer-Barber, K., Sher, A., Wack, A., and O’garra, A. (2015). Type I interferons in infectious disease. Nat. Rev. Immunol. 15, 87–103. doi: 10.1038/nri3787 

 Min, W. H., Fang, X. B., Wu, T., Fang, L., Liu, C. L., and Wang, J. (2019). Characterization and antioxidant activity of an acidic exopolysaccharide from Lactobacillus plantarum JLAU103. J. Biosci. Bioeng. 127, 758–766. doi: 10.1016/j.jbiosc.2018.12.004 

 Minj, J., Chandra, P., Paul, C., and Sharma, R. K. (2021). Bio-functional properties of probiotic Lactobacillus: current applications and research perspectives. Crit. Rev. Food Sci. Nutr. 61, 2207–2224. doi: 10.1080/10408398.2020.1774496 

 Muhammad, U., Zhu, X., Lu, Z., Han, J., Sun, J., Tayyaba, S., et al. (2018). Effects of extraction variables on pharmacological activities of vine tea extract (Ampelopsis grossedentata). Int. J. Pharmacol. 14, 495–505. doi: 10.3923/ijp.2018.495.505

 Naseef, H. A., Mohammad, U., Al-Shami, N., Sahoury, Y., Abukhalil, A. D., Dreidi, M., et al. (2022). Bacterial and fungal co-infections among ICU COVID-19 hospitalized patients in a Palestinian hospital: a retrospective cross-sectional study. F1000Research. 11:30. doi: 10.1101/2021.09.12.21263463

 Nishihira, J., Nishimura, M., Moriya, T., Sakai, F., Kabuki, T., and Kawasaki, Y. (2018). “Lactobacillus gasseri potentiates immune response against influenza virus infection” in Immunity and Inflammation in Health and Disease. eds. S. Chatterjee and D. Bagchi (Cambridge, MA, USA: Academic Press), 249–255.

 O’Callaghan, J., Buttó, L. F., Macsharry, J., Nally, K., and O’Toole, P. W. (2012). Influence of adhesion and bacteriocin production by Lactobacillus salivarius on the intestinal epithelial cell transcriptional response. Appl. Environ. Microbiol. 78, 5196–5203. doi: 10.1128/AEM.00507-12 

 OlayaGalán, N. N., Ulloa Rubiano, J. C., Velez Reyes, F. A., Fernandez Duarte, K. P., Salas Cardenas, S. P., and Gutierrez Fernandez, M. F. (2016). In vitro antiviral activity of Lactobacillus casei and Bifidobacterium adolescentis against rotavirus infection monitored by NSP 4 protein production. J. Appl. Microbiol. 120, 1041–1051. doi: 10.1111/jam.13069

 Olivares, M., Díaz-Ropero, M. P., Sierra, S., Lara-Villoslada, F., Fonollá, J., Navas, M., et al. (2007). Oral intake of Lactobacillus fermentum CECT5716 enhances the effects of influenza vaccination. Nutrition 23, 254–260. doi: 10.1016/j.nut.2007.01.004 

 Ou, Y. C., Fu, H. C., Tseng, C. W., Wu, C. H., Tsai, C. C., and Lin, H. (2019). The influence of probiotics on genital high-risk human papilloma virus clearance and quality of cervical smear: a randomized placebo-controlled trial. BMC Womens Health 19:103. doi: 10.1186/s12905-019-0798-y

 Prazdnova, E. V., Gorovtsov, A. V., Vasilchenko, N. G., Kulikov, M. P., Statsenko, V. N., Bogdanova, A. A., et al. (2022). Quorum-sensing inhibition by Gram-positive bacteria. Microorganisms 10:350. doi: 10.3390/microorganisms10020350

 Quilodrán-Vega, S., Albarracin, L., Mansilla, F., Arce, L., Zhou, B., Islam, M. A., et al. (2020). Functional and genomic characterization of Ligilactobacillus salivarius TUCO-L2 isolated from Lama glama milk: a promising immunobiotic strain to combat infections. Front. Microbiol. 11:608752. doi: 10.3389/fmicb.2020.608752 

 Quintana, V. M., Torres, N. I., Wachsman, M. B., Sinko, P. J., Castilla, V., and Chikindas, M. (2014). Antiherpes simplex virus type 2 activity of the antimicrobial peptide subtilosin. J. Appl. Microbiol. 117, 1253–1259. doi: 10.1111/jam.12618 

 Qureshi, H., Saeed, S., Ahmed, S., and Rasool, S. A. (2006). Coliphage hsa as a model for antiviral studies/spectrum by some indigenous bacteriocin like inhibitory substances (BLIS). Pak. J. Pharm. Sci. 19, 182–185. 

 Rajoka, M. S. R., Mehwish, H. M., Kitazawa, H., Barba, F. J., Berthelot, L., Umair, M., et al. (2022). Techno-functional properties and immunomodulatory potential of exopolysaccharide from Lactiplantibacillus plantarum MM89 isolated from human breast milk. Food Chem. 377:131954. doi: 10.1016/j.foodchem.2021.131954 

 Ramshaw, I. A., Ramsay, A. J., Karupiah, G., Rolph, M. S., Mahalingam, S., and Ruby, J. C. (1997). Cytokines and immunity to viral infections. Immunol. Rev. 159, 119–135. doi: 10.1111/j.1600-065X.1997.tb01011.x 

 Rautava, S., Salminen, S., and Isolauri, E. (2008). Specific probiotics in reducing the risk of acute infections in infancy–a randomized, double-blind, placebo-controlled study. Br. J. Nutr. 101, 1722–1726. doi: 10.1017/S0007114508116282

 Riaz Rajoka, M. S., Thirumdas, R., Mehwish, H. M., Umair, M., Khurshid, M., Hayat, H. F., et al. (2021). Role of food antioxidants in modulating gut microbial communities: novel understandings in intestinal oxidative stress damage and their impact on host health. Antioxidants 10:1563. doi: 10.3390/antiox10101563 

 Round, J. L., and Mazmanian, S. K. (2009). The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev. Immunol. 9, 313–323. doi: 10.1038/nri2515 

 Sahl, H. G., Pag, U., Bonness, S., Wagner, S., Antcheva, N., and Tossi, A. (2005). Mammalian defensins: structures and mechanism of antibiotic activity. J. Leukoc. Biol. 77, 466–475. doi: 10.1189/jlb.0804452 

 Saleh, M., and Trinchieri, G. (2011). Innate immune mechanisms of colitis and colitis-associated colorectal cancer. Nat. Rev. Immunol. 11, 9–20. doi: 10.1038/nri2891 

 Senan, A. M., Yin, B., Zhang, Y., Nasiru, M. M., Lyu, Y. M., Umair, M., et al. (2021). Efficient and selective catalytic hydroxylation of unsaturated plant oils: a novel method for producing anti-pathogens. BMC Chem. 15:20. doi: 10.1186/s13065-021-00748-z

 Serkedjieva, J., Danova, S., and Ivanova, I. (2000). Antiinfluenza virus activity of a bacteriocin produced by Lactobacillus delbrueckii. Appl. Biochem. Biotechnol. 88, 285–298. doi: 10.1385/ABAB:88:1-3:285

 Shinde, T., Hansbro, P. M., Sohal, S. S., Dingle, P., Eri, R., and Stanley, R. (2020). Microbiota modulating nutritional approaches to countering the effects of viral respiratory infections including SARS-CoV-2 through promoting metabolic and immune fitness with probiotics and plant bioactives. Microorganisms 8:921. doi: 10.3390/microorganisms8060921 

 Silginer, M., Nagy, S., Happold, C., Schneider, H., Weller, M., and Roth, P. (2017). Autocrine activation of the IFN signaling pathway may promote immune escape in glioblastoma. Neuro-Oncol. 19, 1338–1349. doi: 10.1093/neuonc/nox051 

 Soltani, S., Hammami, R., Cotter, P. D., Rebuffat, S., Said, L. B., Gaudreau, H., et al. (2021). Bacteriocins as a new generation of antimicrobials: toxicity aspects and regulations. FEMS Microbiol. Rev. 45:fuaa039. doi: 10.1093/femsre/fuaa039

 Tabata, T., Petitt, M., Puerta-Guardo, H., Michlmayr, D., Wang, C., Fang-Hoover, J., et al. (2016). Zika virus targets different primary human placental cells, suggesting two routes for vertical transmission. Cell Host Microbe 20, 155–166. doi: 10.1016/j.chom.2016.07.002 

 Todorov, S. D., Wachsman, M. B., Knoetze, H., Meincken, M., and Dicks, L. M. (2005). An antibacterial and antiviral peptide produced by Enterococcus mundtii ST4V isolated from soya beans. Int. J. Antimicrob. Agents 25, 508–513. doi: 10.1016/j.ijantimicag.2005.02.005 

 Todorov, S. D., Wachsman, M., Tomé, E., Dousset, X., Destro, M. T., Dicks, L. M. T., et al. (2010). Characterization of an antiviral pediocin-like bacteriocin produced by Enterococcus faecium. Food Microbiol. 27, 869–879. doi: 10.1016/j.fm.2010.05.001 

 Umair, M., Jabbar, S., Sultana, T., Ayub, Z., Abdelgader, S. A., Xiaoyu, Z., et al. (2020). Chirality of the biomolecules enhanced its stereospecific action of dihydromyricetin enantiomers. Food Sci. Nutr. 8, 4843–4856. doi: 10.1002/fsn3.1766 

 Umair, M., Sultana, T., Xiaoyu, Z., Senan, A. M., Jabbar, S., Khan, L., et al. (2022). LC-ESI-QTOF/MS characterization of antimicrobial compounds with their action mode extracted from vine tea (Ampelopsis grossedentata) leaves. Food Sci. Nutr. 10, 422–435. doi: 10.1002/fsn3.2679 

 Van Staden, D. A., Brand, A. M., Endo, A., and Dicks, L. M. (2011). Nisin F, intraperitoneally injected, may have a stabilizing effect on the bacterial population in the gastro-intestinal tract, as determined in a preliminary study with mice as model. Lett. Appl. Microbiol. 53, 198–201. doi: 10.1111/j.1472-765X.2011.03091.x 

 Villena, J., Shimosato, T., Vizoso-Pinto, M. G., and Kitazawa, H. (2020). Nutrition, immunity and viral infections. Front. Nutr. 7:125. doi: 10.3389/fnut.2020.00125

 Wachsman, M. B., Castilla, V., de Ruiz Holgado, A. P., de Torres, R. A., Sesma, F., and Coto, C. E. (2003). Enterocin CRL35 inhibits late stages of HSV-1 and HSV-2 replication in vitro. Antivir. Res. 58, 17–24. doi: 10.1016/S0166-3542(02)00099-2 

 Wachsman, M. B., Farias, M. E., Takeda, E., Sesma, F., De Ruiz Holgado, A. P., De Torres, R. A., et al. (1999). Antiviral activity of enterocin CRL35 against herpesviruses. Int. J. Antimicrob. Agents 12, 293–299. doi: 10.1016/S0924-8579(99)00078-3 

 Wang, Z., Chai, W., Burwinkel, M., Twardziok, S., Wrede, P., Palissa, C., et al. (2013). Inhibitory influence of Enterococcus faecium on the propagation of swine influenza A virus in vitro. PLoS One 8:53043. doi: 10.1371/journal.pone.0053043

 Wang, Y., Jia, D., Wang, J. H., Li, H. H., Liu, J. L., Liu, A. H., et al. (2021b). Assessment of probiotic adhesion and inhibitory effect on Escherichia coli and Salmonella adhesion. Arch. Microbiol. 203, 6267–6274. doi: 10.1007/s00203-021-02593-z 

 Wang, F., Ning, S., Yu, B., and Wang, Y. (2021a). USP14: structure, function, and target inhibition. Front. Pharmacol. 12:801328. doi: 10.3389/fphar.2021.795205 

 Weeks, R., and Chikindas, M. L. (2019). “Biological control of food-challenging microorganisms” in Food Microbiology: Fundamentals and Frontiers. 5th Edn. eds. M. P. Doyle, F. Diez-Gonzalez, and C. Hill (Washington, DC: American Society for Microbiology), 733–754.

 Yan, J., Yao, Y., Yan, S., Gao, R., Lu, W., and He, W. (2020). Chiral protein supraparticles for tumor suppression and synergistic immunotherapy: an enabling strategy for bioactive supramolecular chirality construction. Nano Lett. 20, 5844–5852. doi: 10.1021/acs.nanolett.0c01757 

 Yan, J., Zheng, X., You, W., He, W., and Xu, G. K. (2022). A bionic-homodimerization strategy for optimizing modulators of protein–protein interactions: From statistical mechanics theory to potential clinical Translation. Adv. Sci. 9:2105179. doi: 10.1002/advs.202105179

 Yitbarek, A., Taha-Abdelaziz, K., Hodgins, D. C., Read, L., Nagy, É., Weese, J. S., et al. (2018). Gut microbiota-mediated protection against influenza virus subtype H9N2 in chickens is associated with modulation of the innate responses. Sci. Rep. 8, 1–12. doi: 10.1038/s41598-018-31613-0

 Yoon, S. S., and Sun, J. (2011). Probiotics, nuclear receptor signaling, and anti-inflammatory pathways. Gastroenterol. Res. Pract. 2011:971938. doi: 10.1155/2011/971938 

 You, X., Yang, L., Zhao, X., Ma, K., Chen, X., Zhang, C., et al. (2020). Isolation, purification, characterization and immunostimulatory activity of an exopolysaccharide produced by Lactobacillus pentosus LZ-R-17 isolated from Tibetan kefir. Int. J. Biol. Macromol. 158, 408–419. doi: 10.1016/j.ijbiomac.2020.05.027 

 Youssef, M., Ahmed, H. Y., Zongo, A., Korin, A., Zhan, F., Hady, E., et al. (2021). Probiotic supplements: their strategies in the therapeutic and prophylactic of human life-threatening diseases. Int. J. Mol. Sci. 22:11290. doi: 10.3390/ijms222011290 

 Zhang, Z., Ma, P., Ahmed, R., Wang, J., Akin, D., Soto, F., et al. (2022). Advanced point-of-care testing Technologies for Human Acute Respiratory Virus Detection. Adv. Mater. 34:2103646. doi: 10.1002/adma.202103646 

 Zhang, T., Wu, Q., and Zhang, Z. (2020). Probable pangolin origin of SARS-CoV-2 associated with the COVID-19 outbreak. Curr. Biol. 30, 1346–1351. doi: 10.1016/j.cub.2020.03.022 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Umair, Jabbar, Zhaoxin, Jianhao, Abid, Khan, Korma, Alghamdi, El-Saadony, Abd El-Hack, Cacciotti, AbuQamar, El-Tarabily and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



ORIGINAL RESEARCH

published: 11 August 2022

doi: 10.3389/fimmu.2022.973224

[image: image2]


Lacticaseibacillus rhamnosus alleviates intestinal inflammation and promotes microbiota-mediated protection against Salmonella fatal infections


Xianqi Peng 1†, Abdelaziz Ed-Dra 2†, Yan Song 1, Mohammed Elbediwi 1, Reshma B. Nambiar 1, Xiao Zhou 1 and Min Yue 1,2,3,4*


1 Department of Veterinary Medicine and Institute of Preventive Veterinary Sciences, College of Animal Science, Zhejiang University, Hangzhou, China, 2 Hainan Institute of Zhejiang University, Sanya, China, 3 Zhejiang Provincial Key Laboratory of Preventive Veterinary Medicine, Hangzhou, China, 4 State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, National Medical Center for Infectious Diseases, The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China




Edited by: 

Yigang Xu, Zhejiang A&F University, China

Reviewed by: 

Baowei Yang, Northwest A&F University, China

Changyong Cheng, Zhejiang A & F University, China

*Correspondence: 

Min Yue
 myue@zju.edu.cn


†These authors share first authorship


Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 19 June 2022

Accepted: 21 July 2022

Published: 11 August 2022

Citation:
Peng X, Ed-Dra A, Song Y, Elbediwi M, Nambiar RB, Zhou X and Yue M (2022) Lacticaseibacillus rhamnosus alleviates intestinal inflammation and promotes microbiota-mediated protection against Salmonella fatal infections. Front. Immunol. 13:973224. doi: 10.3389/fimmu.2022.973224



The fatal impairment of the intestinal mucosal barrier of chicks caused by Salmonella significantly resulting economic losses in the modern poultry industry. Probiotics are recognized for beneficially influencing host immune responses, promoting maintenance of intestinal epithelial integrity, antagonistic activity against pathogenic microorganisms and health-promoting properties. Some basic studies attest to probiotic capabilities and show that Lacticaseibacillus rhamnosus could protect intestinal mucosa from injury in animals infected with Salmonella Typhimurium. However, the mechanisms underlying its protective effects in chicks are still not fully understood. Here, we used the chick infection model combined with histological, immunological, and molecular approaches to address this question. The results indicated that L. rhamnosus significantly reduced the diarrhea rate and increased the daily weight gain and survival rate of chicks infected with S. Typhimurium. Furthermore, we found that L. rhamnosus markedly improved the immunity of gut mucosa by reducing apoptotic cells, hence effectively inhibiting intestinal inflammation. Notably, pre-treatment chicks with L. rhamnosus balanced the expression of interleukin-1β and interleukin-18, moderated endotoxin and D-lactic acid levels, and expanded tight junction protein levels (Zonula occluden-1 and Claudin-1), enhanced the function of the intestinal mucosal epithelial cells. Additionally, investigations using full-length 16S rRNA sequencing also demonstrated that L. rhamnosus greatly weakened the adhesion of Salmonella, the mainly manifestation is the improvement of the diversity of intestinal microbiota in infected chicks. Collectively, these results showed the application of L. rhamnosus against Salmonella fatal infection by enhancing barrier integrity and the stability of the gut microbiota and reducing inflammation in new hatch chicks, offering new antibiotic alternatives for farming animals.
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Introduction

Salmonella is a Gram-negative bacterium belonging to the Enterobacteriaceae family. It has been recognized as one of the most common pathogens causing gastroenteritis and systemic infections to chickens (1), resulting in a substantial economic loss to poultry industries (2–4). To date, at least 2,659 serovars have been described (5), where S. Gallinarum biovars Gallinarum and Pullorum have been considered the usual agents causing infections in chickens (4, 6–9). However, the implementation of successful programs has tackled the emergence of S. Gallinarum in poultry farms, especially in developed and some developing countries (10, 11). Nevertheless, recent surveillance studies have reported the involvement of non-host specific Salmonella serovars in many chicken infections, including serovars Typhimurium, Enteritidis, Thompson, and others (2, 12–14), which challenge efforts provided to ensure the safety of chicken herds.

Salmonella infections occur via fecal-oral transmission, where the pathogen overcomes multilayered intestinal barriers (from the intestinal lumen to the tissue: digestive juice, antibacterial substances secreted by symbiotic bacteria, water layer, glycocalyx, and mucus layer, etc.) to interact with the intestinal epithelium and penetrate deeper into the tissues of the host (13, 15–20). The intestinal epithelial barrier (IEB) is the body’s first line of defense against the invasion of harmful substances and pathogens in the external environment, composed of a mucus layer, a single cell layer of epithelial cells and an inherent layer rich in immune cells (15). A series of different cellular junctions, including tight junctions (TJs), adherence junctions (AJs), gap junctions and desmosomes, are essential to the proper functioning of the IEB (21). The AJC is a crucial node maintaining epithelial permeability by selectively limiting the paracellular diffusion (15, 22, 23). Previous studies have shown that Salmonella adheres to epithelial tissue and destroys cell junctions, leading to intestinal inflammation and diarrhea (24–26). Hence, maintaining the integrity of epithelial tissue may reduce the pathogenicity and severity of Salmonella infections.

There is an interaction between the IEB homeostasis and the intestinal microbiota; the intestinal permeability is affected by regulating the expression and assembly of TJs between intestinal flora and epithelial cells. Birds’ gut microbiota is changing from a migrant community to one that becomes increasingly complex as they grow. Proteobacteria is the predominant phylum in the new hatch chicks. With the growth, the dominant position is gradually replaced by Firmicutes and Tenericutes (>14 days). The structure of the microbial community of the older birds have become significantly more diverse and the intestinal homeostasis gradually formed (27).

Probiotics are live microorganisms that, when administered adequately, confer health benefits on the host (28). In fact, one of the essential cytoprotective effects of probiotics in the intestinal mucosa is enhancing epithelial barrier functions through the regulation of cellular junctions (29, 30). In this regard, Yu et al. demonstrated the ability of Fructobacillus fructosus C2 to protect the integrity of Caco-2 cells against the damage caused by enterotoxigenic E. coli (ETEC) and S. Typhimurium infections (31). Additionally, Hummel et al. found that some lactic acid bacteria like Lactobacillus acidophilus, Lactobacillus gasseri, Limosilactobacillus fermentum, and Lacticaseibacillus rhamnosus, these agents increased transepithelial resistance in T84 cells and modulated the expression of E-cadherin and β-catenin (adherence junction proteins) (23). Moreover, the probiotic mixture BEC showed the ability to increase the laying rate and prevent the decrease in expression and redistribution of the tight junction proteins occludin, zonula occluden-1 (ZO-1) and Mucin-2 in coccidia and Clostridium perfringens challenge in laying hens (32). Mennigen et al. (33) found that a murine model of colitis was able to decrease apoptosis by administering the probiotic mixture VSL#3, which is another important pathway to enhance epithelial barrier functions. Recently, Yang et al. (34) have demonstrated the efficacity of Bifidobacterium lactis JYBR-190 in protecting intestinal mucosal damage caused by Salmonella Pullorum in chicks. Importantly, it has been shown that some probiotics may participate in promoting immune response in chicks, where Hu et al. have proved the efficacity of Limosilactobacillus reuteri in suppressing the LPS-induced expression of pro-inflammatory genes (IL-1β and IL-8), and increasing the expression of anti-inflammatory genes (TGF-β and IL-10) in the duodenum in broilers (35).

L. rhamnosus is recognized as a safe probiotic and has been used in different fields for its benefits on both human and animal health (36). According to some newly published articles, L. rhamnosus MTCC-5897 possessed protective effects on intestinal epithelial barrier function in a colitis-induced murine model (37). Additionally, L. rhamnosus FBB81 enhanced intestinal epithelial barrier function in an in vitro model of hydrogen peroxide-induced inflammatory bowel disease (38). However, to our knowledge, the beneficial effect of L. rhamnosus on the intestinal barrier function of newly hatched chicks challenged with Salmonella Typhimurium has not yet been studied. Therefore, we aim in this study to evaluate the ability of L. rhamnosus P118 to restore the intestinal barrier disrupted by Salmonella Typhimurium infection in chicks, in which we will investigate the effect of probiotic L. rhamnosus P118 on the gut’s internal environment stability in the presence and absence of Salmonella infection.



Materials and methods


Bacterial isolates, culture media, and growth conditions

The potential probiotic strain used in this study was isolated and confirmed previously in our lab. Briefly, strains of lactic acid bacteria (LAB) were isolated from fermented yoghurt, confirmed by whole genome sequencing (WGS) and compared with the GenBank. A total of 292 LAB strains were isolated, the L. rhamnosus P118 strain (PRJNA848987) for this study was selected based on preliminary results obtained in vitro and in silico. To obtain the inoculum of the LAB, L. rhamnosus strain P118 was propagated twice in the DeMan, Rogosa, and Sharpe (MRS, Oxoid Ltd, Hants, UK) broth at 37°C for 16h under shaking. The concentration of bacterial suspension was measured by spectrophotometer and presented as equivalent to CFU/mL. Moreover, a spontaneous novobiocin-resistant S. Typhimurium SL1344 kept in our lab was grown overnight in the Luria-Bertani (LB) broth at 37 °C in an orbital shaking incubator at 180 rpm/min, sub-cultured twice, and then the CFU/mL was determined by spectrophotometer.



Chicks’ management and experimental design

A total of 160 chickens, 80 were used for clinical trials and 80 were used to observe survival and growth. At the same time, the same grouping method and feeding conditions were used. One hundred and sixty 1-day-old healthy female Babcock chicks (License No.: 2021-0005) were purchased from a standardized hatchery (ChunPai hatchery, CiXi, Zhejiang, China). Four groups of chicks were randomly divided (n=40 in each group), and each chick was given its own unique number. In each group, 20 chicks are used to count the weight, growth status and survival rate, and the other 20 chicks are used to monitor clinical symptoms, and obtain tissue samples and other biomaterials used in subsequent experiments. The treatment groups were as follows: (I) the negative control (no L. rhamnosus P118 pretreatment and no Salmonella infection, designed as C); (II) the L. rhamnosus P118-pretreated group (108 CFU L. rhamnosus P118, designed as P); (III) the Salmonella-infected group (108 CFU S. Typhimurium SL1344, designed as S); and (IV) the L. rhamnosus P118-pretreated and Salmonella-infected group (108 CFU L. rhamnosus P118 and 108 CFU S. Typhimurium SL1344, designed as P+S) (Figure 1A). For the duration of the experiment, all chicks received free access to water and a starter feed without antibiotics. Throughout this study, all experimental protocols were approved by the Ethics Review Committee of Experimental Animal Welfare of Zhejiang University (Ethical Approval ZJU20190093) and the safety procedures were followed.




Figure 1 | Study design and protective effect of LAB against Salmonella fatal infections. At the beginning of three days of age, chicks in groups P and P+S received 0.2 ml phosphate-buffered saline (PBS) containing 1 × 108 CFU of the L. rhamnosus P118. On the fourth morning, groups S and P+S received 1 × 108 CFU of the S. Typhimurium SL1344, via oral gavage. The chicks in the C group received 0.2 ml of sterile PBS (A), chick survival rate (B), chick growth status (C) and determination of bacterial load in tissues and organs infected with Salmonella on 5-day (D) and 7-day-post-infection (dpi) (E). a, b, c, d: indicated the same column with different letters differ significantly (P < 0.05).





Tissue collection and storage

At the five- and seven-day post-infection periods, six chicks from each group were selected randomly. Under respiratory anesthesia (Matrx VMR, Midmark, OH, USA), chicks were subjected to cardiac blood collection using vacuum blood collection vessels (BD Vacutainer ®, NJ, USA). Blood samples were incubated for one hour at room temperature before centrifugation at 2,000 g for 10  min to separate serum. Chickens were euthanized by cervical dislocation under anesthesia. One arm of cecum contents, duodenum, liver, spleen and fecal were collected for Salmonella enumeration. To prepare for the follow-up observation of intestinal ultrastructure, a segment (~1 cm) of cecum and duodenum were fixed in 2.5% glutaraldehyde solution (electron microscope fixing solution). Duodenum and jejunal mucosa were scraped using a glass slide (10 cm length), and segments were stored at −80°C for total RNA isolation. Meanwhile, a segment from another arm of the cecum was collected and separated into two parts. One part was fixed in 4% paraformaldehyde, while the other part was kept in liquid nitrogen for further research.



Enumeration of Salmonella

The tissue samples (duodenum, cecum, liver, spleen, and feces) were aseptically collected from the euthanized animals at 5- and 7-days post-infection (dpi). Samples were serially diluted in sterile saline (0.9% NaCl) and aliquots were transferred to xylose lysine deoxycholate (XLD) agar (Land Bridge Co., Ltd., Beijing, China) plates supplemented with 50μg/mL nalidixic acid (BBI life science, Shanghai, China), which were incubated under aerobic conditions at 37°C for 24 h. Logarithmically transformed (log10) Salmonella counts were expressed in colony-forming units per gram (CFU/g). For the samples that showed no growth in the agar plate, the backup samples from the same source were partially diluted and transferred to buffered peptone water (BPW) (Land Bridge Co., Ltd., Beijing, China) incubated at 37°C for 24 hours under shaking. Then, they were plated onto brilliant green agar (Land Bridge Co., Ltd., Beijing, China) plates to detect Salmonella.



Histopathology scoring

Tissue blocks from the duodenum, cecum and liver were fixed in the 4% paraformaldehyde buffer for 24 hours, rinsed with PBS repeatedly for 5 times, and then embedded in paraffin. Tissues were cut into serial sections (~5 μm thickness) and stained with hematoxylin and eosin (HE staining), the best overall quality section was used for histopathological analysis. According to Bandara et al. (39) and Memon et al. (40), two blinded investigators were scored histological inflammation and clinical appearance, including the degree of inflammation of liver and intestinal tissues, crypt damage, and the percentage of involvement of inflammatory area in each slide (Table 1, Figures 2A–C).


Table 1 | Gross and microscopic pathology scoring criteria.






Figure 2 | Pathological, changes of intestinal villus, clinical score and intestinal inflammation score in different groups. (A–C) Effects of different treatments on histopathology and (D) changes of villi height and (E) ratios of villi height to crypt depth in the duodenum, and (F) histological inflammation scores of each organization in newly hatched chicks. a, b, c: indicated the same item with different letters differ significantly (P < 0.05).





Transmission electron microscope (TEM) observation

We performed samples according to the Zhejiang University Bio-ultrastructure analysis Lab’s rules for animal sample preparation. In brief, the samples underwent double fixation, infiltration, embedding, ultrathin sectioning and staining, and were observed in H-7650 TEM (Hitachi, Ltd., Tokyo, Japan). Reagents used in the preparation process as glutaraldehyde, PBS, ethanol, acetone, lead citrate and methylene blue are all produced by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Osmic acid, Spurr resin embedding agent and uranyl acetate are produced by Structure Probe, Inc. West Chester, PA, USA.



Immunohistochemical analysis

Histomorphological status was examined by HE-stained sections as described previously. Then the paraffin sections are dewaxed to water, and the tissue sections are placed in EDTA buffer (pH=9.0) at 95°C for antigen repair and maintained in sub boiling state for 15 minutes. It is important to avoid excessive evaporation of the buffer and to dry the slices as little as possible during this process. After natural cooling, the slices were placed in PBS (pH=7.4) and shaken for 15 min for decolorization. Then they were put into the 3% hydrogen peroxide solution and incubated at room temperature in the dark for 25 min to block endogenous peroxidase. Afterwards, they were placed in PBS (pH=7.4), shaken and washed for 15min. Further, 3% BSA was added dropwise to cover the slices evenly, and the serum was blocked at room temperature for 30 min. Then the blocking solution was removed, the diluted primary antibody (1:50) drops were added (Servicebio® Co., Ltd., Wuhan, China) to the slices, and the slice flat was placed in the wet box for incubation at 4°C overnight. The next day, the slice was placed in PBS (pH=7.4), shaken and washed for 15 min. After the sections were dried, the tissues were covered with secondary antibodies (1:500, HRP labelled) corresponding to the primary antibody and incubated at room temperature for 50 min. Next, after washing and drying the slices, the freshly prepared diaminobenzidine (DAB) color developing solution was added, the control of color development time was done under the microscope (the positive is brown-yellow), and slices were washed with distilled water to stop the color development.

Then the hematoxylin was counterstained for 3 min, washed with distilled water, and treated with hematoxylin differentiation solution for 10 s. Washing with distilled water, the hematoxylin returned to blue. Finally, to dehydrate the slice and make it transparent, the slices were put into 75% alcohol for 5 min, 85% alcohol for 5 min, 100% ethanol I for 5 min, 100% ethanol II for 5 min, n-butanol for 5 min, xylene I for 5 min. The slices were taken out from xylene, dried slightly, and sealed. After completing the above steps, the microscopic examination, image acquisition and analysis were operated. In the visual field, hematoxylin-stained nuclei are blue, and the positive expression of DAB is brownish-yellow.

Finally, the apoptotic cells and some tight junction protein aggregates were quantitatively analyzed with the aid of a light microscope (Olympus, Tokyo, Japan), which was equipped with a digital camera and an image analysis program (Image-Pro ® Plus version 6 software, Media Cybernetics, MD, USA). The data were showed as the number of stained cells per 1,000 μm2 in the villus and crypt regions.



Serum parameters measurement

The endotoxin activity (ET) was measured according to the instruction of the kit (Xiamen Tachypleus amebocyte lysate Reagent Co., Ltd., Fujian, China), and the activity was expressed in EU/mL. The cytokine D-lactic acid in serum was determined according to the procedure of the commercial ELISA kit (Jiancheng Bioengineering Institute, Nanjing, China). The competition method was used to detect the content of D-lactic acid in the sample. The serum was added into the enzyme-labelled hole pre-coated with antibody, and the recognition antigen labelled by horseradish peroxidase (HRP) was added. When incubated at 37°C for 1 hour, they compete with solid-phase antibodies to form immune complexes. After washing with PBS, the bound HRP catalyzes TMB (tetramethylbenzidine) to turn blue, then terminates the reaction under the action of sulfuric acid to turn yellow. There is an absorption peak at the wavelength of 450 nm. The absorbance value is inversely related to the antigen concentration in the sample.

The contents of immune-related factors IL-1β and IL-18 in serum were determined according to the operation manual of the commercial ELISA Kit (Solarbio® Sci & Tech Co., Ltd., Beijing, China). In short, they use the enzyme-linked immunosorbent assay based on the double antibody sandwich method to coat the monoclonal antibodies against chicken IL-1β and IL-18 on the enzyme label plate and add the standard and sample, respectively. The IL-1βand IL-18 in the sample will fully bind to the coated antibody. After washing with PBS, add a biotinylated secondary antibody, and the secondary antibody will specifically bind to IL-1β and IL-18. After washing with PBS, TMB is added, and the combined HRP catalyzes TMB to turn blue. After adding sulfuric acid termination solution, it turns yellow. The absorbance of the reaction pore sample was measured at 450 nm. The contents of IL-1β and IL-18 in the sample were positively correlated with the OD value. The contents of IL-1β and IL-18 in serum can be obtained by drawing a standard curve and four-parameter fitting calculation.



RNA isolation and quantitative real-time PCR

Total RNA of cecum samples was extracted using RNA Easy Fast animal tissue total RNA Extraction Kit (TIANGEN® Biotech, Beijing, China) according to the manufacturer’s protocol. The concentration and purity of total RNA were quantified with a NANODrop® ND-1000 UV-VIS spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and agarose gel electrophoresis. The quantitative real-time PCR assay was performed with the Stratagene Mx3005P (with Mxpro 4.10 software) detection system (Agilent Technologies, Santa Clara, CA, USA) according to optimized PCR protocols using the SYBR qPCR Master Mix kit (Vazyme Biotechnology Co., Ltd., Nanjing, China). The primer pairs for amplifying genes encoding tight junction protein-related genes Claudin-1 and ZO-1, apoptosis-related gene Bax, and inflammasome-related gene IL-1β, and IL-18 are presented in Table 2. GAPDH was used as an internal reference. The qPCR conditions were an initial denaturation step at 95°C for 30 s, 40 cycles at 95°C for 5 s, and annealing and extension temperature at 55-60°C (Table 2) for 35 s. Each biological sample was run in triplicate. The method of 2−ΔΔCt (46) was used to calculate relative gene expression levels between different samples.


Table 2 | Primers used to analyze gene expression by quantitative RT-PCR.





Intestinal flora diversity


DNA extraction

Five samples of cecum contents per group were randomly selected to proceed to full-length 16S rRNA sequencing. Bacterial DNA from the ileal and cecal digest was extracted using an E.Z.N.A.® Bacterial DNA Kit (Omega Bio-tek, Inc. Norcross, GA, USA). The concentration and purity of DNA were measured using the NANODrop® ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and the DNA quality was determined by agarose gel electrophoresis.



Full-length 16S sequencing analysis

The sequencing library was obtained according to the 16S Amplification SMRTbell® Library Preparation workflow. The library was sequenced on the PacBio Sequel II platform (Magigene Biotechnology Co., Ltd. Guangzhou, China). PacBio data was processed by SMRT link (version 6.0) software, including data splitting, sequence error correction, and sequence format conversion. Finally, clean data was obtained. The sequences were clustered into operational taxonomic units (OTUs) based on a 97% similarity threshold with the UPARSE-ver10 (http://www.drive5.com/usearch/). During the clustering, UPARSE could remove the chimera sequence and singleton OTU at the same time. The taxonomic information for each representative sequence was annotated by mapping the silva-ver132 (https://www.arb-silva.de/) database. In order to study the phylogenetic relationship of different OTUs, the KRONA software (http://sourceforge.net/projects/krona/) was used to visualize the results of individual sample annotations. GraPhlAn (http://huttenhower.sph.harvard.edu/graphlan) was used to get a single sample OTU annotation circle graph to know the species composition and abundance information in the sample.

Alpha diversity was used to analyze the complexity of species diversity for each sample through 3 indices, including ace and Chao1. All these indices were calculated by QIIME V1.9.1. Three non-parametric analyses (analysis of similarity, ANOSIM); non-parametric multivariate analysis of variance, Adonis; a multiresponse permutation procedure, MRPP, were performed by R software based on the OTU table to display the extent of differences between groups. LDA Effect Size (LEfSe) analysis was used to find the biomarker of each group.




Data analysis

The data from the experiment were subjected to ANOVA after determining variance homogeneity by using the SPSS 16.0 software (IBM, New York, USA). The figures for data visualization were performed using GraphPad Prism 9.3 (GraphPad Software Inc., San Diego, CA). The analysis of other data was performed using Student’s t-test. The difference was considered to be statistically significant as P < 0.05, and the data were expressed as the means ± SEM.




Results


Survival rate and growth status of chicks

To explore the effect of L. rhamnosus P118 on reducing Salmonella infection in chicks, according to our experimental plan, we used 160 female chicks, of which 80 were used to observe survival and growth, with 20 in each group. Another 80 were used for clinical trials (Figure 1A). They were equally divided into four groups and received the same environment and care as noted. It can be seen that on the 15th day, the mortality of chicks in group S was close to 50.00%, higher than that observed in group P+S pretreated with probiotic P118 (15.00%) (P <0.05), while no death was observed in groups C and P (Figure 1B). As shown in Figure 1C, there was no statistical difference in daily gain between groups C and P (P >0.05). On the other hand, chicks infected with Salmonella grow slowly, especially after six days. There was no significant difference in body weight between the treatment groups at or before the age of 6 days. However, from the age of 7 days to the end of the experiment, the difference between the groups was significant (P <0.05) and gradually increased. Due to the early intervention of L. rhamnosus P118, even after the challenge, the adverse situation of Salmonella infection in the P+S group was reversed.



Colonization of tissues and feces by S. Typhimurium

To determine the effect of the oral Salmonella challenge, the loads of S. Typhimurium in the liver, spleen, duodenum, cecum and feces were determined. S. Typhimurium was not detected in the tissue samples from the C and P groups. In comparison with the S group, the number of S. Typhimurium colonized in the tissues and feces was significantly lower in the P+S group (P < 0.05) (Figures 1D, E). Moreover, we found that when compared with five dpi, the clinical symptoms and organ bacterial loads of chicks on day seven dpi were significantly (P <0.05) different between the groups (Figures 1D, E). Therefore, the pathological sections, serum biochemical indexes, determination of immune factors, immunohistochemical analysis, full-length 16S rRNA sequencing and other tests mentioned later are all based on the chicks’ samples on day seven dpi.



Histopathology and intestinal microstructure

In order to determine if liver and intestinal integrity were affected by S. Typhimurium infection, the morphology of samples was monitored. Only the S group showed large number of heterophils, indicating a mild inflammatory response at seven dpi. Hematoxylin-eosin-stained pathological sections showed that chicks in group S presented a disordered structure of hepatic cord, unclear structure of hepatic lobules, narrowing or even disappearance of hepatic sinuses, loose spacing of hepatocytes and a large number of pink eosinophilic particles (Figure 2A). S. Typhimurium caused severe damage to the villi morphological structure of the duodenum and cecum (Figure 2B, C). The integrity of the intestinal inner wall of the duodenum in group S was damaged, eosinophils were found in the inner wall cells, duodenal mucous gland cells disappeared, the morphology of intestinal villi was seriously degraded, some crypt structures were unclear, and the relative depth of the surviving crypts increased (Figure 2B). In group S, the cecal villi were also significantly shorter, some epithelium on the mucosal surface was missing, inflammatory cells in lamina propria were increased, and neutrophil infiltration was prominent. Still, the overall structure was visible (Figure 2C). It significantly reduced the height of the duodenal villi and increased the depth of recess (Figures 2D, E, Table S2). Moreover, S. Typhimurium strongly increased (P < 0.05) the appearance score, inflammation score, diarrhea score and crypt damage score. L. rhamnosus P118 pretreatment (P + S) significantly (P < 0.05) reversed the trend and decreased all the group’s scores compared with the S group. (Figure 2F, Table S1).

Based on this result, we attempted to visualize microvilli ultrastructure in high-resolution transmission electron microscopy (TEM) to examine the effects of L. rhamnosus P118 stimulation on intestinal microvillus development (Figure 3A). The results showed that the microvilli of the chicks treated with L. rhamnosus P118 had a significantly 1.3 times longer length (1208.4 ± 28.02 nm) (Table S2) and more perpendicular to the top surface of intestinal cells compared with the C group (Figures 3A, B). The density of microvilli was higher than P+S (P< 0.05) (Figure 3C, Table S2).




Figure 3 | The structural damage in intestinal microvilli and microvilli length and density changes. (A) The effects of different treatments on microvilli (MV) structure and tight junction (TJ) protein in the chicken intestinal tract were observed under a transmission electron microscope (TEM). (B, C) The length and density of microvilli were measured. a, b, c, d: indicated the same item with different letters differ significantly (P < 0.05).





Detection of proteins and genes related to intestinal barrier function

To determine that the morphological changes in the chicken intestinal tract are indeed affected by barrier function-related proteins, claudin-1 and ZO-1 were used for immunohistochemical staining of the duodenum. Figures 4A, B shown that these two proteins will be dyed brown yellow. The arrow in the figure refers to a part of the stained tight junction protein.




Figure 4 | Immunohistochemical staining sections of tight junction and the relative genes expression. Immunohistochemical staining was used to identify the presence of tight junction proteins (A) claudin-1 and (B) ZO-1 in intestinal tissues, and RT-qPCR was used to detect (C, D) the relative mRNA expression of tight junction protein genes. The arrow in the figure refers to a part of the stained tight junction protein. a, b, c, d: indicated the same item with different letters differ significantly (P < 0.05).



To investigate why S. Typhimurium and L. rhamnosus P118 changed the intestinal permeability, and the expression of TJ genes claudin-1 and ZO-1 were measured by qPCR. As shown in Figure 4C, there was a significant difference in claudin-1 and ZO-1 at the mRNA level among all four groups (P < 0.05). In comparison with the C group, Salmonella infection (group S) significantly (P <0.05) decreased the mRNA levels of ZO-1 and claudin-1(Figures 4C, D). The down-regulation of ZO-1 and claudin-1 due to Salmonella infection was eliminated in the P+S group. Moreover, in the group P, the ZO-1 expression was significantly (P <0.05) higher than that in group C (Figure 4D).



Detection of blood biochemical indexes of chicks

To assess the intestinal permeability among different treated groups, levels of mediators D-lactic acid and endotoxin (ET) in serum samples were determined. As shown in Figures 5A, B S. Typhimurium infection significantly (P <0.05) increased intestinal permeability compared with the C group. However, the D-lactic acid and ET in the serum of the chicks in the P+S group were significantly lower than those in the S group (P < 0.05). There was no significant difference between the P group and the P+S group in endotoxin (P > 0.05) (Table S3).




Figure 5 | Determination of intestinal barrier function factors and immune function factors in chicken serum. The contents of (A) D-lactic acid and (B) endotoxin in chicken blood were determined by ELISA, which can reflect the state of intestinal injury. The contents of (C) IL-1β and (D) IL-18 in chicken blood were measured by ELISA to evaluate the degree of inflammatory response. a, b, c, d: indicated the same item with different letters differ significantly (P < 0.05).





Detection of immunological factors from chick blood

To elucidate changes in the inflammatory responses induced by Salmonella infection, ELISA was used to measure the levels of cytokines IL-1β and IL-18 in serum samples (Figures 5C, D). Compared with the C group, Salmonella infection significantly increased the levels of cytokines in serum (P < 0.05). However, after probiotic pretreatment, the levels of IL-1β and IL-18 were significantly decreased in the P+S group compared with the S group (P < 0.05) (Figures 5C, D, Table S4).



Expression of apoptosis-related proteins

Apoptosis also affects intestinal barrier function. Apoptotic cells were found in the S group, and P+S group, as shown in Figure 6A, the cytoplasm of cells dyed brown-yellow is apoptotic cells containing Bax gene expression products. The more cells stained per unit area, the higher the frequency of apoptotic events. After Salmonella infection, the number of apoptotic cells in group S was significantly (P < 0.05) higher than that in the control group (Figure 6B).




Figure 6 | Immunohistochemical staining sections of apoptosis-related proteins and the relative gene expression. (A) Immunohistochemical staining was used to identify the existence of apoptosis in intestinal tissue, the arrow points to a brown-stained apoptotic protein aggregation region. (B) The average number of apoptotic cells was counted in each field. (C) RT-qPCR was used to detect the relative mRNA expression of gene Bax. a, b, c: indicated the significant differences among groups (P < 0.05).



To investigate whether Salmonella infection caused apoptosis in chicks, immunohistochemical staining and qPCR were also used to detect the levels of apoptosis-related proteins and mRNA. Compared with group S, the process of apoptosis was significantly (P <0.05) reduced after probiotic pretreatment. The change in the trend of the mRNA expression level of Bax is mutually confirmed with the above results, it was highly expressed in group S and significantly (P < 0.05) higher than in other treatment groups. Similarly, L. rhamnosus P118 pretreatment improved this trend (Figure 6C).



Changes in chicken intestinal flora

In terms of the genus of full-length 16s rRNA sequencing (Figure 7A), we highlight the marked increase in Lactobacillus spp. in the feces of chicks pretreated with L. rhamnosus P118 (32.15%) in group P compared with S (1.10%), P+S (10.10%), and C (6.79%) groups. Variations in the abundance of Salmonella across the groups were also observed: group P+S showed significantly decreased abundance (9.88%) compared with group S (19.85%), while the Salmonella spp. was not detected in group C and group P. Interestingly, in the Salmonella infection group, the proportion of Salmonella is only the second, and the dominant genus is still Enterococcus, and the sum of the two genera reaches 70.27% in top ten genera, which dramatically reduces the living space of other genera. Relatively, the proportion of various genera in the P+S group is balanced.




Figure 7 | Full-length 16S rRNA sequence analysis of cecal contents in chicks and the microflora data alpha- and beta-diversity analysis. (A) Comparison of the top ten distribution of bacterial communities in different treatment groups at the genus level. (B, C) Analysis of alpha diversity index of chicken intestinal flora under different treatment conditions. (D) Five-level cladogram of microbial communities in different treatment groups (threshold score > 2). The circle radiating from inside to outside represents the taxonomic level from phylum to genus (or species). Each small circle at different classification levels represents a classification at that level, and the diameter of the small circle is directly proportional to the relative abundance. The species with no significant difference are marked as yellow. The biomarker of the different species is the same as that of legend. (E) The top 16 differentially abundant bacteria at genus level in S vs P+S groups. If the former was not obtained, the classification at the genus level or the family/order level. Log scale was used in the abscissa. (F) The top 13 differentially abundant bacteria in S vs C groups at the genus level. If the former was not obtained, the classification at the genus level or the family/order level. Log scale was used in the abscissa. s_= species; g_ = genus; f_ = family; o_ = order; c_ = class; p_ = phylum. a, b, c, d: Means in a same item with different letters differ significantly (P < 0.05).



The corresponding alpha diversity analysis is shown in Figures 7B, C. Using the Chao 1 and ace indexes analysis, the abundance of microbes in the guts of chicks was further validated. The species diversity in chicks after Salmonella challenge (S group) was significantly (P < 0.05) decreased, while in the P+S group, it was increased obviously (P < 0.05) compared with the group C (ace indexes). Investigation of species and ace indexes showed that pretreatment with L. rhamnosus P118 significantly increased species richness and stabilized the proportion of balanced gut microbiota compared with controls (Figure 7A, C).

LEfSe analysis is shown in Figure 7D, which presents OTU at different taxonomic levels that are significantly different between group S and the other groups (Figure S1) (P < 0.05). On day seven dpi, when compared with the P+S, the S group showed an increase in the relative abundance of Erysipelatoclostridium and the cecum contents (Figure 7E, P<0.05) and a decrease in Lactobacillus spp. abundance in the cecum. At the same time, compared with the C group, at the genus level, it is the same as S vs P+S, but the relative abundance of Erysipelatoclostridium is still significant different (Figure 7F).




Discussion

The intestinal mucosal barrier is considered the frontline of defense against pathogen infection, regardless of its essential role in nutrient absorption. The beneficial properties of intestinal microbiota enhance the functions of the intestinal barrier. In fact, some previous studies have approved the role of gut microbiota, especially probiotics, in maintaining the stability and vital function of the intestinal barrier (47). However, newly hatched chicks have immature immune systems (48) and under-developed gut microbiota indicated by low diversities and densities (49, 50). These weaknesses make the newly hatched chicks more susceptible to infections, especially those caused by Salmonella, where this bacterium damages the intestinal mucosal barrier and then induces severe intestinal inflammations and diarrhea (26, 28, 51). In this regard, different studies have reported the implication of Salmonella in the high mortality rate of chicks (2, 3). Prophylactic and therapeutic strategies based on antibiotic treatment are limited due to their adverse effect on the increased spread of antimicrobial resistance. Hence, the recourse to sustainable and friendly alternatives is a major priority. In this case, probiotics have proved efficacy, safety, and sustainability in different fields (52, 53).

The administration of L. rhamnosus reduced the mortality rate of chicks from 50.00% to 15.00% and ameliorated the body weight of Salmonella-infected chicks. These findings are consistent with previously reported studies, in which different probiotics have demonstrated the ability to reduce the mortality rate and to improve body weight gain of chicks infected with Salmonella (54–56). Additionally, our findings showed the effectiveness of L. rhamnosus in reducing the number of Salmonella colonized Liver, spleen, duodenum, cecum, and feces. As known, during the infectious pathway, Salmonella damages the intestinal barrier, penetrates epithelial cells, and then translocated into vital organs via bloodstream circulation, leading to systemic infection with diarrhea and the continuous shedding of bacteria in feces. In fact, reducing damage to the intestinal barrier could be a key solution in stopping the Salmonella-infectious pathway and then reducing the number of bacteria in organs.

Intestinal morphology, especially the length of villi and the crypt depth, is a vital index affecting the chicken intestinal tract’s health and growth performance. Histopathological and intestinal microstructure observation showed that the administration of L. rhamnosus P118 mitigated the severe damage caused by S. Typhimurium infection in the villi morphological structure of the duodenum and cecum, in addition to the adverse effects such as height reduction of duodenal villi and the increase in the depth of the recess. Chicks treated with L. rhamnosus P118 had higher microvilli length and density than non-treated chicks (S group). Hence, maintaining the necessary form of villi and the crypt depth may promote the chick’s growth and body health. Similarly, a study performed by Ye et al. showed that the administration of probiotic supplements had significantly increased the villus heights and the ratio of villus height to crypt depth of chicks and then increased performances in body weight and average daily gain (57). Another study by Nii et al. showed that oral administration of Limosilactobacillus (formerly Lactobacillus) reuteri increased ileal villus height and crypt depth of broiler chicks (58). Moreover, Wang et al. showed that prophylactic feeding of Lacticaseibacillus casei DBN023 to S. pullorum infected chicks significantly increased their jejunum villar height, villar height-to-crypt-depth ratio, and reduced intestinal-crypt depth (59).

However, microvilli cannot maintain the morphology without tight junction proteins. Tight junction proteins can form continuous intercellular contact between the intestinal epithelium and are essential to intestinal barrier function. In this study, we showed that the expression of tight junction genes, including claudin-1 and ZO-1, was significantly higher in the treated group (P+S) than in the Salmonella-infected group (S). A study by Qin et al. found that Lactiplantibacillus plantarum alleviated Salmonella-induced dextran permeability and decreased ZO-1 proteins in Caco-2 cells (60). Bhat et al., and Mohd et al., found that L. rhamnosus and L. fermentum significantly improved the E. coli-disturbed tight junction proteins (Occludin, ZO-1, claudin-1) in Caco-2 cells (47, 61). Additionally, Deng et al. showed that L. casei expanded tight junction protein levels, including ZO-1 and Claudin-1 (62). Moreover, Nii et al. found that oral administration of L. reuteri increased the expression of Claudin-1, Claudin-5, ZO-2, and JAM2 in broiler chicks infected with S. Typhimurium (63). Hence, our findings evidenced that the administration of L. rhamnosus P118 protected the intestinal epithelial barrier from Salmonella Typhimurium infection by regulating the expression of tight junction relation genes. However, the mechanisms behind this regulation by L. rhamnosus are still not well understood. Furthermore, pretreatment of Salmonella-infected chicks with L. rhamnosus P118 reduced the proportion of Salmonella in the gut, which could be another potential mechanism by which probiotics protect the intestinal barrier integrity.

The infection of chicks by Salmonella induces inflammatory responses. Cytokines play an irreplaceable role in immune response and inflammation in chicks to Salmonella infection (64). In this study, we showed a high producing level of pro-inflammatory IL-1β and T helper (Th1) cytokine IL-18 in chicks infected with Salmonella, while this level was significantly reduced after the administration of L. rhamnosus P118. The reduction of IL-1β and IL-18 levels may be explained by the mitigation of intestinal damages caused by Salmonella after the administration of L. rhamnosus P118 and the reduction of inflammatory response. The results suggest a cytokine-mediated immune response mechanism against Salmonella infection in the intestinal epithelium of chicks. Similarly, a study conducted by Chen et al. showed that the administration of a mixture of lactic acid bacteria reduced the level of IL-1β, IL-6, and IFN-γ in Salmonella infected-chicks (65). These data agree with previous findings where the IL-1β and IL-18 genes were up-regulated in the spleen and cecum of new hatch chicks after oral inoculation with Salmonella (66). Furthermore, it has been previously reported that the mRNA expression of IL-1β, IFN-γ and IL-18 were significantly up-regulated in the cecal tonsil of Salmonella challenged hens (67). The data from the current study suggest that the intestinal epithelium was capable of initiating a cellular immune response and a Th1-cytokines reaction to Salmonella Typhimurium through activation of specific cytokine genes.

The diversity and balance of gut microbiota are essential for maintaining the beneficial functions of the intestinal mucosal barrier and the host’s health, which may improve the host’s immune system and then the host’s resistance to infection (68). At the same time, the microbial community’s disruptions translate into host susceptibility alterations, especially in enteric infections (69). It has been pointed out that the normal gut microbial of chicks are rich in probiotic bacteria, including Lacticaseibacillus and Bifidobacterium, which may be contribute to intestinal homeostasis, preventing the invasion of pathogenic bacteria in a proactive way (70). However, the high abundance of Bacteroides disrupted the gut microbiota balance, which further stimulates the inflammatory response and causes secondary infection with other pathogens (71). In this study, we showed that the administration of L. rhamnosus P118 decreased the proportion of Salmonella and balanced the diversity of gut microbiota disrupted by the S. Typhimurium infection. Indeed, maintaining the microbiota balance may improve the host immune system and then reduce the Salmonella infection. Similarly, a recent study by Khan and Chousalkar (72) showed that probiotic-based Bacillus improved the diversity and abundance of gut microbiota displayed by the Salmonella challenge in chickens. Notably, the mechanisms by which probiotics maintain the gut microbiota balance and reduce the load of pathogens are diverse, heterogeneous and may be strain-specific (73), which may be linked to the production of organic acids, activation of the host immune system, and the production of antimicrobial agents (74). Moreover, the competition for vital nutrients can be one of these mechanisms. Deriu et al. (75) demonstrated that the competition on the iron acquisition by the probiotic E. coli strain Nissle 1917 had reduced S. Typhimurium colonization in mouse models.

Nevertheless, some remaining points could be further studied. Since we have only quantified certain inflammation-related factors and investigated a reduction in intestinal cell apoptosis, the exact mechanisms by which L. rhamnosus P118 exerts its anti-inflammatory effects is an ongoing question. Our findings provide evidence that L. rhamnosus P118 significantly reduce intestinal cell apoptosis, but the potential mechanism also remains to be further study. Together, our data showed that the introduction of L. rhamnosus P118 could aid in the maintenance of the intestinal mucosal barrier and modulate the microbiota, the likely metabolites from L. rhamnosus P118 could be an exciting point in future studies.



Conclusions

In this study, the effects of S. Typhimurium infection on the epithelial integrity of new hatch chicks were evaluated by macroscopic pathological section analysis, determination of intestinal structure under the electron microscope, determination of immune-related factors, D-lactic acid and endotoxin in serum. In addition, this study also used full-length 16S rRNA sequencing to evaluate the intestinal microbial diversity and stability of chicks infected with S. Typhimurium. In summary, Salmonella disrupted the intestinal epithelial barrier in newly hatched chicks by bacterial translocation, stimulating the inflammatory response and reducing intestinal cell apoptosis and the richness of intestinal flora. After pretreatment with Lacticaseibacillus rhamnosus P118, newly hatched chicks can be protected from the destruction of intestinal epithelial barrier induced by Salmonella by enhancing the immune wall, stabilizing the expression of tight junction, reducing intestinal cell apoptosis, reducing Salmonella colonization and maintaining the diversity and stability of intestinal flora.
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Extraintestinal pathogenic Escherichia coli (ExPEC) is a well-known critical pathogenic zoonosis that causes extraintestinal infections in humans and animals by affecting their immune organs. Recently, research on the outer membrane protein of E. coli, tolerant colicin (TolC), a virulent protein in the formation of the ExPEC efflux pump, has been an attractive subject. However, the pathogenic mechanisms remain unclear. This study aimed to explore the role of TolC in the pathogenesis of the ExPEC strain PPECC42; a complementation strain (Cm-TolC) and an isogenic mutant (ΔTolC) were constructed. Loss of TolC drastically impaired the virulence of ExPEC in an experimental mouse model. ΔTolC showed a substantial decrease in the porcine aortic vascular endothelial cell (PAVEC) adherence, invasion, and pro-inflammatory response, in contrast to that of the wild type, with a reduced survival ratio in both the bacterial load and whole blood in mice. ΔTolC also showed decreased expression of necroptosis signals such as receptor-interacting protein kinase 1, phosphorylated mixed-lineage kinase domain-like protein, and mitochondrial proteins such as phosphoglycerate mutase family member 5. Our data suggest that TolC is closely associated with ExPEC pathogenesis. These results provide scientific grounds for exploring the potential of TolC as an effective drug target for controlling ExPEC infection, screening new inhibitors, and developing new drugs. This will allow for further prevention and control of ExPEC infection.
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Introduction

Extraintestinal pathogenic Escherichia coli (ExPEC) is an important pathogen responsible for a broad spectrum of infections and diseases in humans and animals (1–3). In general, ExPEC is not typically pathogenic when it colonizes the intestine. However, when ExPEC migrates to extraintestinal organs, it can induce life-threatening diseases such as septicemia, newborn meningitis, peritonitis, and urinary tract infections (4–8). ExPEC can effectively contaminate meat and enter the food chain (9). ExPEC infection is a major burden on the economy and the healthcare system, affecting both humans and animal husbandry. Therefore, establishing an effective and safe method for preventing ExPEC infections is of great importance.

ExPEC was recently discovered and has been frequently found in clinical samples in the pig industry (10). Isolates of ExPEC in large quantities originating from animals have been reported to have high antimicrobial resistance levels, and high virulence, thus indicating a high threat to public health (11–13). Johnson et al. (14) defined ExPEC strains as isolates of E. coli harboring a minimum of two or more virulent genes: pap A/pap C (P fimbriae), sfa/foc (S and FIC fimbriae), afa/dra (Dr-antigen-binding adhesins), kpsMTII (group 2 capsule synthesis), and iutA (aerobactin; iron acquisition system) (15, 16).

In addition to the TolC membrane protein, which is part of the efflux protein of the E. coli outer membrane (OEP), it plays a crucial role in the maintenance of both the structure and function of expulsion of many compounds (17, 18). TolC is essential not only for exporting large proteins but also for the efflux of small compounds. Several studies have previously shown that some TolC mutants are specifically resistant to colicin E1 (19) and are hypersensitive to detergents, antibiotics, and dyes (20, 21). Recently, there has been increasing interest in the correlation between TolC biofilm formation and efflux proteins (22, 23). Most studies on the efflux protein TolC have found that it plays an important role in biofilm formation in E. coli; whether TolC is associated with the regulation of ExPEC pathogenesis remains unknown. Therefore, this study aimed to characterize the role of TolC in the regulation of virulence of the ExPEC strain PPECC42 both in vitro and in vivo. This study will provide scientific evidence for exploring the potential of TolC as an effective antibacterial drug target for controlling ExPEC infections.



Materials and methods


Bacterial strains and culture

The wild-type (WT) ExPEC strain PPECC42 was isolated from diseased piglet lungs in 2006 in the Hunan Province of China (Accession No. NZ_CM003707.1 in GenBank). To construct a deleted TolC strain of ExPEC PPECC42, deletion of a 158-bp fragment was performed within the open reading frame (ORF) of TolC (24). Strains responsible for overexpressing TolC were constructed by electroporating the plasmid pHSG::tolC containing the full-length tolC gene of the ExPEC strain PPECC42 into an isogenic mutant (ΔTolC) (24). Clones on Luria–Bertani (LB) agar plates containing chloramphenicol within ΔTolC and a complementation strain (Cm-TolC) were selected and cultured on LB agar plates or in LB broth. When necessary, 25 μg/ml chloramphenicol was used. The cultures were incubated for 8 h at 37°C without shaking.



Cell culture

Isolation, identification, and culture of porcine aortic vascular endothelial cells (PAVECs) were performed as previously described, with minor modifications (25, 26). PAVECs were obtained in small sheets after treatment of the aortic lumen (30 min, 37°C) with 0.1% type I collagenase (Sigma, St. Louis, MO, USA) in an M-199 medium (Gibco, New York, NY, USA) containing a penicillin–streptomycin solution (Gibco). Suspension and resuspension were performed. Suspension was performed by centrifugation at 100×g for 15 min, and during resuspension, PAVECs were resuspended in 5 ml M-199 medium containing 10% fetal bovine serum (Gibco, Victoria, Australia) and further cultured in a T-25 tissue culture plate (Costar, New York, NY, USA). Counting and viability detection of PAVECs were performed by trypan blue exclusion.



In vivo infection studies

To further assess the role of TolC in virulence, we determined the survival rates of mice infected with WT, ΔTolC, or Cm-TolC. All animal experiments were performed in compliance with the Animal Welfare and Animal Experimental Ethical Inspection of the Wuhan Polytechnic University. Forty Kunming female mice (aged 5 weeks; n=10 per group) were randomly divided into four experimental groups. Mice in the infected groups were injected intraperitoneally with 200 μl of WT, ΔTolC, or Cm-TolC at 1×107 CFU in phosphate-buffered saline (PBS). Ten mice in the control group were inoculated with PBS only, and their post-infection mortality was monitored for up to 10 days.



Determination of viable bacteria in organs

Fifteen Kunming female mice (aged 5 weeks; n=5 per group) were initially infected by intraperitoneal injections of 200 μl of WT, ΔTolC, or Cm-TolC (1×107 CFU in approximately 200 μl PBS). Mice injected with the same volume of sterile PBS were used as the controls. Furthermore, blood samples were acquired from the tail veins 12 h post-infection, and all mice were sacrificed simultaneously. We then evaluated the bacterial colonization in the blood, heart, lung, liver, and spleen samples. Samples were plated on tryptic soy broth (TSB) agar plates to determine the existence of viable WT, ΔTolC, and Cm-TolC strains within the homogenized organs (0.15 g per organ). Blood samples (100 μl) were plated. Finally, we counted the colonies and expressed them as CFU/g for the organ samples and CFU/ml for the blood samples.



Histopathological analysis

The samples collected from the lungs and kidneys were fixed by immersion in 10% buffered formalin. After paraffin embedding, tissue sections (4-μm thickness) were stained with H&E and examined under a light microscope according to standard protocols.



Bacterial assays

Bacterial assays were performed as previously described with minor modifications (27). Heparinized whole blood was collected from Kunming mice. The WT, ΔTolC, and Cm-TolC strains were harvested in the early stationary phase, washed twice with PBS, and diluted to 1×105 CFU/ml. Subsequently, 50 μl of bacterial culture was mixed with 450 μl of fresh whole blood. The mixtures were then incubated for 1 h at 37°C with rotation. Aliquots of the samples were removed in 1-h intervals and plated to determine the number of viable bacteria. Using the formula [(CFU ml−1)t=1h]/[(CFU mL-1)t=0h] × 100, the results were expressed as the survival rate (%).



Cell invasion and adherence assays

Cell invasion and adherence assays were performed as previously described, with minor modifications (28). Bacteria were cultured in brain heart infusion (BHI) for 6 h at 37°C, centrifuged, washed twice with PBS, and resuspended at 108 CFU/ml in fresh Roswell Park Memorial Institute (RPMI) 1640 culture medium (Invitrogen, USA) without the use of antibiotics. Confluent monolayers of PAVECs grown in 24-well plates at 105 cells/well were infected with 0.1-ml aliquots at a multiplicity of infection (MOI) of 100. To allow the cells to attach and invade further, the plates were centrifuged at 800×g for 10 min and incubated in RPMI 1640 medium for 2 h at 37°C with 5% CO2. The monolayers were washed three times with PBS, 100 μg/well of gentamicin and 5 μg/well of penicillin G were added, and the plates were then incubated for 45 min at 37°C with 5% CO2. To confirm that 100% of the exocellular bacteria were killed after antibiotic treatment, the culture medium from each well was removed, and the monolayers were washed thrice with PBS. The cells were then disrupted in each well by pipetting with 1 ml of deionized water. The number of viable bacterial cells was determined by plating appropriate dilutions of the lysates onto TSB agar plates.

Total cell-associated bacteria were also quantified for the cellular invasion assay, which was free of antibiotic treatment. Moreover, the invading bacteria were subtracted from the total cell-associated bacteria to determine bacterial adherence. All assays were performed in triplicate and repeated three times. Finally, the results were presented as the invasion or adherence rate relative to that of the WT, which was set at 100%.



mRNA expression analysis by real-time PCR

Total RNA isolation, quantification, reverse transcription, and real-time PCR were performed as previously described (29). The primer pairs used for the amplification of target genes are presented in Table 1. The messenger RNA (mRNA) expression of target genes relative to the housekeeping gene (β-actin) was calculated using the 2−△△CT method (30).


Table 1 | Primer sequence used for real-time PCR.





Protein expression analysis by Western blot

PAVECs were seeded in six-well plates and incubated with WT, ΔTolC, or Cm-TolC for 4 h, followed by treatment with PBS. Cells were then lysed and subjected to Western blotting as previously described (31). Blots were incubated with primary antibodies against rabbit anti-receptor-interacting protein kinase 1 (RIP1) (#LS-B8214, LifeSpan), rabbit anti-total mixed-lineage kinase domain-like protein (t-MLKL) (#37705, Cell Signaling Technology), rabbit anti-phosphoglycerate mutase family member 5 (PGAM5) (#ab131552, Abcam), and mouse anti-β-actin (#A2228, Sigma Aldrich). The relative abundance of target proteins was expressed as the ratio of the target protein to β-actin.



Statistical analysis

Data were analyzed using GraphPad Prism 5 (GraphPad, San Diego, CA, USA). Statistical analyses were performed using an unpaired Student’s t-test, and p <0.05 was considered statistically significant (*p < 0.05, **p <0.01, ***p <0.001, and ****p < 0.0001).




Results


Survival curves

Over the course of infection, mice infected with the WT at approximately 1×107 CFU showed severe clinical signs such as rough coat, weight loss, eye abscess, and lethargy. Meanwhile, 10 mice infected with ΔTolC showed lethargy and slightly swollen eyes. In the WT group, only 40% of the mice survived until day 7 post-infection. However, mice in the ΔTolC group demonstrated an overall survival rate of 80% (Figure 1). These results indicated that deletion of the TolC gene significantly decreased the virulence of PPECC42 in mice (p<0.01).




Figure 1 | Survival curves for Kunming mice infected with the WT, ΔTolC, and Cm-TolC strains. Six-week-old Kunming mice were injected intraperitoneally with 1×107 CFU of bacteria, and their survival was monitored over a 7-day period. Data were analyzed using the log rank test. Statistically significant difference is indicated as *p < 0.05.





Histopathological of lungs and kidney

Histopathological analysis was performed to further explore pathological changes in the lungs and kidneys of the infected mice. The WT group showed hyperemia, hemorrhage, and alveolar space (Figure 2A). In contrast, minimal pathological changes were observed in the lung tissue of ΔTolC-infected mice. The kidneys of the mice in the WT group were showed inflammatory cells infiltration, glomerular enlargement, and vacuolization of renal epithelial cells (Figure 2B). However, these changes were not observed in the kidneys of ΔTolC-infected mice.




Figure 2 | Histopathology of lungs and kidney of Kunming mice in different treatment groups. (A) Pathological examination of lungs tissues of the infected mice. (B) Pathological examination of kidney tissues of the infected mice. Arrowheads show the pathological changes. Representative images are shown for each group. Bars, 22.4 μm.





Bacteria viable in organs

To further explore the nature of reduced virulence, bacterial counts of the strains in the organs (heart, liver, spleen, and lung) of infected mice were determined at 12 h post-infection with sublethal doses. Bacterial counts from each tissue of ΔTolC-infected mice were significantly lower than those of WT-infected mice (Figure 3). This indicated that the TolC gene plays an important role in the pathogenesis of PPECC42.




Figure 3 | Distribution of bacteria in different organs from mice infected intraperitoneally with the WT, ΔTolC, and Cm-TolC strains. Bacterial loads in the lung (A), live (B), spleen (C), and heart (D) are expressed as CFU per 0.15 g of tissue, and in the blood (E) as CFU per milliliter. Statistical analyses were performed by a repeated measures test with a two-tailed unpaired t-test. Statistically significant difference is indicated as **p ≤ 0.01.





Mouse whole-blood bacterial killing assay

To test the probability that PPECC42 TolC plays a role in the evasion of innate immune responses, we explored and examined the survival of the WT, ΔTolC, and Cm-TolC strains in whole blood collected from Kunming mice. After 1 h of incubation, the mean survival of ΔTolC were 33.01, 31.60, and 40.56. Those of the WT strain were 95.39, 98.61, and 99.07 (Figure 4). Moreover, survival of the Cm-TolC strain were restored relative to those of the mutant, but not to an extent where it reached the level of the WT strain (Figure 4). Moreover, the ΔTolC mutant in whole blood had a significantly slower survival rate than the WT (p<0.0001), further suggesting the effect of PPECC42 TolC on immune evasion.




Figure 4 | Effect of TolC on resistance to complement-mediated serum bactericidal activity. The resistance of WT, ΔTolC, and Cm-TolC to complement mediated serum bactericidal activity is shown. The results are expressed as the means of recovered bacteria per milliliter. Statistical analyses were performed using a two unpaired t-test. Statistically significant difference is indicated as ***p ≤ 0.001 and ****p < 0.0001.





Adhesion and invasion in PAVECs

The adhesion and invasion of pathogenic bacteria to the mucosal surface is regarded as an important step in the process of infection. ΔTolC mutant levels of adherence and invasion into the PAVECs were significantly lower than those of the parent strain (p<0.01 for adhesion and p<0.01 for invasion) (Figures 5A, B), which was indicative of the probability of TolC in regulating some factors that contribute to cell adhesion and invasion.




Figure 5 | Adherence (A) to and invasion (B) into PAVECs by WT, ΔTolC, and Cm-TolC strains. The results are expressed as the means of recovered bacteria per milliliter. Statistical analyses were performed using a two unpaired t-test. Statistically significant difference is indicated as **p ≤ 0.01 and ****p ≤ 0.0001.





Pro-inflammatory and necroptosis responses in PAVECs

After the PAVECs were incubated with the WT, ΔTolC, and Cm-TolC strains, the levels of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) were measured by quantitative real-time PCR (qRT-PCR). Deletion of TolC substantially decreased the pro-inflammatory ability of PPECC42 (Figure 6). These results indicated that TolC plays a crucial role in PPECC42-induced pro-inflammatory responses in vitro. Presently, in association with tissue injury and inflammation, necroptosis is regarded as a new form of cell death (32). To further identify the presence of necroptosis in intestinal PPECC42-infected PAVECs, we measured the mRNA and protein levels of important components of necroptosis, including RIP1, the death domain (FADD), MLKL, PGAM5, and HMGB1 (Figures 7A–E). Compared with PPECC42, ΔTolC reduced the mRNA levels of RIP1, FADD, MLKL, PGAM5, and HMGB1. Similarly, ΔTolC reduced the protein levels of RIP1, MLKL, and PGAM5 (Figures 7F–I). These results are shown in combination with the severity of the hepatic injury and inflammation.




Figure 6 | Induction of cytokine mRNA expression in PAVECs by stimulation with the WT, ΔTolC, and Cm-TolC strains. (A) mRNA expression of TNF-α. (B) mRNA expression of IL-1β. Cytokine mRNA levels were then determined by qRT-PCR. Statistical analyses were performed using a two unpaired t-test. Statistically significant difference is indicated as *p ≤ 0.05.






Figure 7 | Effect of TolC on protsein abundance of necroptsis-related signaling components in PAVECs. (A–E) mRNA abundance of necroptosis signaling components in PAVECs. (F–I) Protein expression of necroptosis signaling components in PAVECs. Statistical analyses were performed using a two unpaired t-test. Statistically significant difference is indicated as **p ≤ 0.01, ***p ≤ 0.001 and ****p < 0.0001.






Discussion

In this study, we investigated the role of TolC in the pathogenesis of the ExPEC through mouse and cell experiments. Our results suggest that TolC is closely associated with ExPEC pathogenesis in mice. To induce disease, ExPEC must survive in the bloodstream after transmission via the respiratory tract. Thus, we compared the survival rate of the mutant and WT strains in whole mouse blood. The results of the whole-blood experiment showed that the ExPEC survival rate of the ΔTolC group was significantly reduced after 1 h. However, Mu et al. (33) reported that the ΔTolC had similar survival rate to the wild-type strain in specific pathogen-free (SPF) chicken serum. The reason for this discrepancy might be due to the different dependence of serum resistance on TolC expression between mice and chicks. The results of our in vivo colonization experiments also showed that ΔTolC displayed a significant reduction in bacterial colonization in tissues, including the heart, liver, spleen, and lungs. Similar to our data, Li et al. (34) reported that loss of TolC alleviated the clinical signs of pericarditis and spleen and liver enlargement, and decreased the pathogenicity to the host cells in chicks. Compared with the WT and Cm-TolC groups, the adhesion and invasion ability of the ΔTolC group to PAVECs was dramatically reduced. In agreement with our results, Buckley et al. (21) reported that disruption of TolC abolished the ability of S. Typhimurium to adhere, invade, and survive in both cell types. In addition, Mu et al. (33) reported that disruption of TolC significantly decreased the pathogenicity of Avian pathogenic E. coli. This suggests that the absence of TolC may lead to fewer bacteria colonization in vivo and cause less tissue damage to the host post-infection.

The elimination of pathogens is due to the activation of inflammatory responses, which generally benefit the host (35, 36). However, excessive inflammation is harmful and can lead to shock and organ failure (37). In our study, compared to the WT group, the mRNA expression of genes related to inflammation, such as TNF-α and IL-1β, was significantly downregulated in PAVECs infected with ΔTolC ExPEC. TolC has been shown to function as part of a T1SS for the delivery of Francisella tularensis effectors that alter host innate immune responses during infection (38). Taken together, a TolC-related function is required for ExPEC to activate proinflammatory responses.

Necroptosis has emerged as a vital pathway of programmed cell death in inflammation, immunity, and tissue homeostasis. Throughout necroptosis, interactions of RIP1 takes place via the RIP homotypic interaction motif (39, 40). Phosphorylation arises when RIP3 binds to the substrate MLKL (39). Furthermore, the RIP1/RIP3 necrosome has been suggested as an activator of PGAM5, leading to cell necroptosis (41). The release of intracellular damage-associated HMGB1 protein is due to cell rupture and necrosis, further promoting ongoing inflammation and secondary tissue injury (42). TolC is located in the bacterial outer membrane and can directly interact with host proteins to mediate the suppression of apoptosis upon infection by F. tularensis (38). Nowadays, the studies about the effect of TolC on necroptosis are lacking. Our results showed that mRNA expressions of RIP1, MLKL, and PGAM5, associated with FADD and HMGB1, were significantly downregulated. Furthermore, extremely downregulated expression of the necroptosis proteins RIP1, MLKL, and PGAM5 was observed in the ΔTolC group. Our data showed that a TolC-induced increase in pro-inflammatory cytokines causes tissue damage accompanied by necroptosis.

Our study had several limitations. First, to analyze the signaling pathways responsible for TolC-induced pro-inflammatory responses, inhibitors of RIP1, MLKL, and PGAM5 should be used. Second, the recombinant protein TolC should be analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting to determine whether TolC influences pro-inflammatory factors and necroptosis. Further investigation of the TolC-associated regulatory networks would be of great interest to further elucidate the mechanism of action.

In conclusion, our study demonstrates for the first time that TolC is important for the virulence of the ExPEC strain PPECC42. This study provides a scientific basis for exploring the potential of TolC as an effective drug target for controlling ExPEC infection, screening new inhibitors, and developing new drugs to better prevent and control ExPEC infection.
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Dendritic cells (DCs) play a key role in the natural recognition of pathogens and subsequent activation of adaptive immune responses due to their potent antigen-presenting ability. Dendritic cell-targeting peptide (DCpep) is strongly targeted to DCs, which often express antigens, to enhance the efficacy of vaccines. Our previous study showed that recombinant Lactobacillus expressing human DCpep could significantly induce stronger immune responses than recombinant Lactobacillus without DCpep, but the mechanism remains unclear. In this study, the mechanism by which DCpep enhances the immune response against recombinant Lactobacillus was explored. Fluorescence-labeled human DCpep was synthesized to evaluate the binding ability of human DCpep to porcine monocyte-derived dendritic cells (Mo-DCs) and DCs of the small intestine. The effects of Mo-DC function induced by recombinant Lactobacillus expressing human DCpep fused with the porcine epidemic diarrhea virus (PEDV) core neutralizing epitope (COE) antigen were also investigated. The results showed that human DCpep bind to porcine DCs, but not to porcine small intestinal epithelial cells. Human DCpep can also improve the capture efficiency of recombinant Lactobacillus by Mo-DCs, promote the maturation of dendritic cells, secrete more cytokines, and enhance the ability of porcine DCs to activate T-cell proliferation. Taken together, these results promote advanced understanding of the mechanism by which DCpep enhances immune responses. We found that some DCpeps are conserved between humans and pigs, which provides a theoretical basis for the development of a DC-targeted vaccine.
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Introduction

Common porcine enteroviruses include porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus, porcine rotavirus, the newly discovered porcine delta corona virus, porcine kobuvirus, and the newly discovered swine acute diarrhea syndrome coronavirus. These enteroviruses can cause vomiting, diarrhea, and dehydration in infected piglets, resulting in many piglets dying and huge economic losses to the pig industry (1). The porcine intestinal mucosa is the main entry route for porcine enteroviruses to invade the organism. Therefore, the development of oral vaccines that can effectively induce mucosal immunity represents a crucial strategy for the prevention of enterovirus infection in piglets. (2).

The most common and important antigen-presenting cells involved in gastrointestinal immunity are dendritic cells (DCs) (3). The majority of DCs reside in the subepithelial dome (SED) region below the follicle-associated epithelium (FAE) and can take up antigens directly from M cells. Therefore, DCs act as the strongest antigen-presenting cells and when the virus enters the organism it is first recognized by DCs (4–6). Most DCs are in an immature state; immature DCs exhibit extremely strong antigen phagocytosis and differentiate into mature DCs upon uptake of antigens (including in vitro preparations) or stimulation by certain factors. If pattern recognition receptors (PRRs) detect pathogen-associated molecular patterns (PAMP) or damage-associated molecular patterns (DAMP), they activate DCs or develop maturation (7). Upon arrival at a draining lymph node, immature DCs can complete their development into mature DCs (7–9). DCs can modulate adaptive immunity (10). After maturation, they upregulate mechanisms of antigen presentation, including major histocompatibility complex (MHC)-II, costimulatory molecules and pro-inflammatory cytokines, which then migrate to the T-cell area of secondary lymphoid tissue where they stimulate antigen-specific T cells. (11, 12).

Targeting molecules that mediate antigen binding to DCs can improve the efficiency of DCs in recognizing and ingesting antigens, thus enhancing the immune response (13). Therefore, DC-targeted molecules are of great significance in the development of DC-targeted drugs and vaccines. At present, two principal strategies to explore DC-targeted molecules are: selection from known antibodies and ligands that interact with DC, such as CD154, CTLA4, heat shock protein (HSP), and DEC-205 (14–17), and the use of phage display technology to screen unknown DC-targeted molecules (18). A previous study described a vaccine strategy that utilized Lactobacillus acidophilus to deliver Bacillus anthracis protective antigen (PA) to human DCs via specific 12-mer DC peptides (DCpep) (19). The human-derived DCpep also recognized conserved regions of its ligand on birds, horses, dogs, and the cat family (13). Currently, a promising strategy is to utilize Lactobacillus to express DCpep conjugated with immunogenic antigens to elicit robust immune responses; however, the mechanism by which they promote immunity remains unclear (20–24).

In the present study, we used recombinant Lactobacillus pPG-COE-DCpep/L393 expressing DCpep and the core neutralizing epitope (COE), a protective antigen of PEDV, as experimental models to explore the mechanism by which human DCpep enhances the immune effect of antigens on the capture efficiency, differentiation, and presentation of DCs. Our study may promote research on DC-targeting strategies and provide a new theoretical mechanism for the development of DC-targeted vaccines.



Materials and methods


Bacterial strains

The recombinant Lactobacillus strains (pPG/L393, pPG-COE /L393, pPG-COE-DCpep/L393) used in this study were prepared and constructed as previously described (25). The recombinant lactobacilli were cultured in Man, Rogosa, and Sharpe broth (MRS; Hopebol, Qingdao, China) at 37 °C for 15 h without shaking. Subsequently, while the recombinant Lactobacillus and cells were co-cultured, each Lactobacillus was inoculated in fresh MRS and incubated at 37 °C for 7 h until the mid-log phase. Lactobacillus precipitates were obtained by centrifugation, washed with Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Grand Island, NY, USA), and added to monocyte-derived dendritic cells (Mo-DCs).



Synthesis of peptides

Human DC-binding peptides (FYPSYHSTPQRP) and a control peptide (EPIHPETTFTNN) were synthesized using 9-fluorenylmethyoxycarbonyl chemistry and purified using high-pressure liquid chromatography to 95% purity by GenScript (Nanjing, Jiangsu) (26). The C-terminal was labeled with fluorescein isothiocyanate (FITC).



Isolation and validation of Mo-DCs

Peripheral blood mononuclear cells (PBMC) were isolated from the blood of healthy pigs by Ficoll gradient centrifugation as previously described (27). PBMC (107/well) were cultured in complete RPMI 1640 medium with 10% fetal calf serum (Gibco, Grand Island, NY, USA) in six-well plates at 37 °C for 6 h. Non-adherent cells were removed by multiple washes in RPMI 1640 medium and frozen for autologous mixed lymphocyte reaction (MLR) experiments. Adherent monocytes were washed thrice in RPMI 1640 medium and cultured with 20 ng/mL recombinant porcine granulocyte-macrophage colony stimulating factor (GM-CSF) and interleukin-4 (IL-4) (R&D Systems, Wiesbaden, Germany) in complete RPMI for 6 d. Maturation of immature (im)Mo-DCs was stimulated by supplementation with 2 μg/mL lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Surface expression of the marker molecules CD172a and MHC-II (Abcam, Cambridge, UK) was analyzed by fluorescence microscopy (Bio-Rad, CA, USA) on 5th day. CD172a, MHC-II, and CD80/CD86 (Abcam, Cambridge, UK) expressed on the surface of immature (im) or mature (m)Mo-DCs were analyzed using flow cytometry.



Determination of binding ability of human DCpep to porcine DCs with fluorescence microscopy and flow cytometry


Fluorescence microscopy

To evaluate the binding of human DCpep to porcine DCs, Mo-DCs and intestinal epithelial cells (IPEC), after discarding the culture medium, were washed thrice with PBS and incubated with FITC-conjugated human DCpep or control peptide for 30 min at 4 °C. After washing thrice with PBS, the cells were observed under a ZOE fluorescence microscope (Bio-Rad, Hercules, CA, USA).

To verify that human DCpep binds to small intestinal-DCs of piglets, frozen sections of piglet small intestine Fc receptors were blocked in 10% goat serum in PBS for 30 min at 37 °C. Anti-pig CD172a-PE and FITC-conjugated peptides were added to the frozen sections for 30 min at 37 °C. The cell nuclei were then stained with 4,6-diamidino-2-phenylindole (DAPI) solution (Invitrogen, USA) for 5 min at 37 °C and washed thrice for 5 min with fresh changes of TBS-Tween. The slides were imaged using a ZOE fluorescence microscope (Bio-Rad, CA, USA).



Flow cytometry

FITC-human DCpep was incubated with 106 Mo-DCs for 30 min at 4 °C. After three final washes with PBS, the cells were subjected to flow cytometry (BD Biosciences, San Jose, CA, USA). The experiment was repeated thrice.




Determination of the capture ability of porcine DCs to recombinant Lactobacillus with scanning electron microscope and flow cytometry


Scanning electron microscope

Porcine Mo-DCs cultured for 6 d and recombinant Lactobacillus were incubated on coverslips for 10, 30, 60, and 120 min. The cells were washed thrice with PBS to remove excess recombinant Lactobacillus that did not adhere. Mo-DCs were then fixed with 2% glutaraldehyde at 4 °C and washed thrice with PBS. The samples were freeze-dried after dehydration and dealcoholization, and photographed and analyzed using an SU820 SEM (Hitachi, Tokyo, Japan).



Flow cytometry

Carboxyfluorescein succinimidyl ester (CFSE)-labeled (AbMole, Houston, USA) recombinant Lactobacillus was incubated with 106 Mo-DCs at 37 °C for 30, 60, and 120 min and washed thrice with PBS; the cells were then subjected to flow cytometry.




Analysis of marker genes and cytokine expression by Mo-DCs assessed by relative qRT-PCR

Mo-DCs (106/mL) incubated with recombinant Lactobacillus at 37 °C for 6, 12, and 24 h were determined by Quantitative real-time RT-PCR (qPCR) using a CFX96™ Real-Time PCR Detection System (Bio-Rad, USA). qPCR was used to quantify the messenger RNA (mRNA) of CD40, CD80, CD86, TLR-2, TLR-4, TLR-6, TLR-9, IL-4, IFN-γ, IL-12, IL-10, and IL-17 in the total RNA, isolated from non-stimulated Mo-DCs and Mo-DCs incubated with recombinant Lactobacillus using an RNA Extraction kit according to the manufacturer's instructions (Omega Bio-Tek, Norcross, GA, USA). Reverse-transcription of the total RNA was performed using the PrimeScript™ RT Reagent kit with gDNA Eraser (Takara, Dalian, China) according to the manufacturer’s instructions. Quantitative real-time PCR was performed using the SYBR™ Green PCR Master Mix (Roche, Shanghai, China). The specific primer sequences are listed in Table 1. Finally, the 2-ΔΔct method was used to calculate relative gene expression values compared with the β-actin gene control (28).


Table 1 | Details of the specific primer sequences used for qPCR experiments.





Evaluation of mixed leukocyte reaction in Mo-DCs

MLR was evaluated using an automated ELISA reader (Bio-Tech Instruments, USA) and a CCK-8 cell counting kit (Beyotime, China). PBMC as reaction cells were obtained from piglet peripheral blood by Ficoll gradient centrifugation, resuspended using RPMI 1640 basal culture medium, and washed thrice. ImMo-DCs were co-cultured with LPS or recombinant Lactobacillus, treated with mitomycin C (25 µg/mL) at 37 °C for 1h. The cells were counted and resuspended in complete RPMI 1640 medium, at which point the cells were obtained as stimulated cells. In a 96-well plate, lymphocytes were first added to each well, and Mo-DCs were added at ratios of 1:1, 1:10, and 1:100 for stimulated cells: reactor cells, respectively. Negative control wells were set for Mo-DCs and T cells, and blank control wells were set for RPMI 1640 culture solution. Three replicates per well were incubated at 37 °C in a 5% CO2 incubator for 72 h. Finally, CCK-8 was added to the 96-well plates and OD450 values were read on an ELISA reader. The stimulation index (SI) was calculated following the formula: SI = (OD sample well – OD blank well) / (OD negative well – OD blank well).



Detection of cytokines in Mo-DCs by ELISA

To detect the secretion of cytokines, the levels of IL-10, IL-12, IFN-γ, and IL-17 were detected in cultures of LPS (2 µg/mL) or recombinant Lactobacillus-stimulated Mo-DCs for 24 h using ELISA kits, according to the manufacturer’s instructions and calculated from the curves generated using cytokine standards.



Statistical analysis

Data are presented as the mean ± standard deviation (SD). Data were analyzed using two-way ANOVA with multiple comparison (LSD) tests in SPSS. Different letters (a vs. b, a vs. c, and b vs. c) indicate significant differences (p < 0.01) at the same time point.




Results


Cultured Mo-DCs have the typical morphology and molecular phenotype of DCs

To obtain Mo-DCs, adherent PBMCs were induced in culture medium containing cytokines for 5 d, followed by LPS stimulation for 1 d. Observation of cell morphology at different time periods under a microscope showed that on Day 1, the cells were round, small, and mostly singular, with smooth surfaces without projections; on Day 5, the cells were semi-suspended or suspended, with a round appearance with dendritic processes; and on Day 6, the cells stimulated by LPS were larger and irregularly shaped, occurred as single cells or clusters, and formed long pseudopodia, all of which are characteristic of DC morphology (Figure 1A). To further identify the typical molecular phenotype of Mo-DCs, the expression of surface marker molecules in DCs was detected using fluorescence microscopy and flow cytometry. As expected, both imMo-DCs and mMo-DCs expressed CD172a, MHC-II, CD80, and CD86, and the expression levels of CD80 and CD86 in mMo-DCs were significantly higher than those in imMo-DCs (Figures 1B, C). These results indicate that Mo-DCs can be obtained using the above method.




Figure 1 | Typical morphology and molecular phenotype of pig monocyte-derived dendritic cells (Mo-DCs). (A) Images showing the morphology of immature Mo-DCs (imMo-DCs) (Day 5) and mature Mo-DCs (mMo-DCs) (Day 6, imMo-DCs were treated with LPS for 24 h for maturation) using optical microscopy. Scale bars represent 100 μm. (B) ImMo-DCs and mMo-DCs stained with antibodies show the expression of MHC-II (green), CD172a (red), and nuclei stained with DAPI (blue). Scale bars represent 50 μm. (C) Representative images of flow cytometry gating for pig Mo-DCs. Surface marker abundance was expressed by % abundance for CD172a, MHC-II, CD80, and CD86 positive populations. Changes to the brightness, contrast, or color balance were applied to every pixel in the image by microscopy.





Human DCpep can target and bind to porcine DCs

To verify whether human DCpep could target porcine DCs, DCpep-FITC and NC-FITC were incubated with imMo-DCs and mMo-DCs. The binding of human DCpep to Mo-DCs was detected using fluorescence microscopy and flow cytometry. The results showed that DCpep-FITC can bind to imMo-DCs and mMo-DCs, but not to IPEC (Figures 2A, B). To detect the binding ability of human DCpep to DCs in tissue, frozen sections were prepared from the small intestine of healthy piglets. DCpep-FITC was incubated with the frozen sections, and DCs were labeled with anti-pig CD172a-PE (29). The results of fluorescence microscopy (Figure 2C) showed that human DCpep binds to DCs in the small intestine of piglets but not to other cells in the tissue. In summary, human DCpep binds to porcine DCs.




Figure 2 | The ability of FITC-labeled human DCpep to bind to pig Mo-DCs was analyzed using fluorescence microscopy and flow cytometry. Fluorescence (A) and flow cytometry (B) analyses of human DCpep binding to pig Mo-DCs. The human DCpep binding to DCs of the small intestine of healthy piglets was analyzed using fluorescence microscopy (C). The pig DCs expressing CD172a are shown in red. FITC-labeled peptides are shown in green. The nuclei stained with DAPI are shown in blue. Scale bars represent 100 μm. Changes to brightness, contrast, or color balance were applied to every pixel in the image by microscopy.





Human DCpep improves the efficiency of antigen capture of porcine DCs

To determine the effect of human DCpep on antigen recognition and capture efficiency of porcine DCs, recombinant Lactobacillus was incubated with Mo-DCs. The ability of Mo-DCs to recognize and phagocytize recombinant Lactobacillus was observed using scanning electron microscopy. Figure 3A shows that Mo-DCs recognize and phagocytize pPG-COE/L393 and pPG-COE-DCpep/L393; the efficiency of Mo-DCs to capture pPG-COE-DCpep/L393 was significantly higher than that of pPG-COE/L393. For a more accurate quantitative analysis, the amount of Mo-DCs that successfully captured recombinant Lactobacillus was detected by flow cytometry; the results showed that the number of Mo-DCs that captured pPG-COE-DCpep/L393 was significantly higher than that for pPG-COE/L393. At 120 min, almost all Mo-DCs captured pPG-COE-DCpep/L393 (Figure 3B). These results show that human DCpep can improve the efficiency of antigen recognition and capture of porcine DCs.




Figure 3 | The ability of Mo-DCs to recognize and capture recombinant Lactobacillus was evaluated using scanning electron microscopy and flow cytometry. (A) Scanning electron microscopy images showing the morphology of Mo-DCs capturing recombinant Lactobacillus at 10, 30, 60, 120 min. (B) Mo-DCs capturing recombinant Lactobacillus detected by flow cytometry. Mo-DC surface recombinant Lactobacillus abundance was expressed by % abundance for pPG/L393, pPG-COE/L393, and pPG-COE-DCpep/L393 positive populations.





Fusion of human DCpep with antigens increases the expression levels of markers of porcine DCs

We tested the marker expression of Mo-DCs stimulated by recombinant Lactobacillus expressing human DCpep or the control peptide using real-time RT-PCR. Upregulation of Mo-DC marker genes, such as CD40, CD80, and CD86, indicates DC maturation. The results of real-time RT-PCR (Figure 4) showed that CD40, CD80, and CD86 expression in pPG-COE-DCpep/L393-stimulated Mo-DCs was significantly higher than that in the pPG-COE/L393 group at 12 h (p <0.01). These results indicate that fusion of human DCpep with antigens can promote DC maturation.




Figure 4 | Marker expression of Mo-DCs (106 cells/ mL) stimulated by pPG/L393, pPG-COE/L393, pPG-COE-DCpep/L393, and LPS (2 µg/mL) assessed by relative qRT-PCR, recombinant Lactobacillus-incubated DCs at a ratio of 1:10 (DCs:recombinant Lactobacillus). Different letters (a vs. b, a vs. c, b vs. c) indicate significant differences (p < 0.01) at the same time point.





Fusion of human DCpep with antigens improves the antigen presentation efficiency of porcine DCs

Toll-like receptors (TLRs) that are expressed and cytokines that are released by DCs are important indicators of immune responses. The mRNA levels of TLRs and cytokines expressed by recombinant Lactobacillus-stimulated Mo-DCs were detected at 6 h using real-time RT-PCR. TLRs on the surface of DCs play a central role in receiving external stimulation signals and inducing an immune response. The results of real-time RT-PCR (Figure 5A) showed that TLR-2, TLR-6, and TLR-9 expression in Mo-DCs was higher in the pPG-COE-DCpep/L393 group than in the other groups compared to the pPG-COE/L393 group (p <0.01).




Figure 5 | Analysis of toll-like receptor (A) and cytokine (B) mRNA levels in Mo-DCs (106 cells/ mL) in response to pPG/L393, pPG-COE/L393, pPG-COE-DCpep/L393, and LPS (2 µg/mL) stimulation; recombinant Lactobacillus-incubated DCs at a ratio of 1:10 (DCs: recombinant Lactobacillus). Mo-DCs were stimulated by recombinant Lactobacillus and LPS for 6, 12, or 24 h. Unstimulated Mo-DCs were used as a control. Different letters (a vs. b, a vs. c, b vs. c) indicate significant differences (p < 0.01) at the same time point.



Cytokines released by DCs are involved in immune responses and have a critical effect on the differentiation of naïve T cells into Th1 and Th2 cells. The results of real-time RT-PCR (Figure 5B) showed that the mRNA levels of Th1-associated cytokines (IFN-γ and IL-12) and Th17-associated cytokines (IL-17) were significantly higher in the pPG-COE-DCpep/L393 groups than in the pPG-COE /L393 groups at 12 h. IFN-γ has antiviral activity and can upregulate the expression of MHC antigens. IL-12 plays an important role in the activities of natural killer cells and T lymphocytes. In addition, changes in the expression of anti-inflammatory cytokines (IL-10) in Mo-DCs with pPG-COE-DCpep/L393 gradually increased over time. Based on these results, we conclude that human DCpep can direct more antigens to porcine DCs.



Fusion of human DCpep with antigens promotes porcine DC-mediated T cell differentiation into Th1 cells

We further assessed whether the fusion of human DCpep with antigens affects the type of mediated immune response. We prepared a single-cell suspension of lymphocytes from piglets and performed cell proliferation tests. The results showed that pPG-COE-DCpep/L393 resulted in significantly higher levels of T cell proliferative responses than pPG-COE /L393 (P < 0.05) (Figure 6A). This result implies that the fusion of human DCpep with antigens enhanced the ability of porcine DCs to activate T-cell proliferation.




Figure 6 | Analysis of Mo-DCs treated with pPG/L393, pPG-COE/L393, pPG-COE-DCpep/L393, and LPS skew T cells toward different effector T cell profiles. (A) Mo-DCs treated with recombinant Lactobacillus and LPS stimulate the proliferation of T lymphocytes in mixed lymphocyte reaction (MLR). Responder cells were added at ratios of 1:1, 1:10, or 1:100 and co-cultured with the stimulated cells for 72 h. Proliferation is expressed as the Stimulation Index (SI) calculated using the formula: SI = (ODsample − ODstimulator cells only) / (ODresponder cells only − ODblank control). All experiments were performed at minimum in triplicate. Data are presented as mean ± SEM (n = 6 per group). (B) MoDCs were stimulated with recombinant Lactobacillus and LPS for 12 h, and then co-cultured with allogenic T cells at a ratio of 1:10. After 72 h, culture supernatants were collected and analyzed for cytokines by ELISA. Different letters (a vs. b, a vs. c, b vs. c) indicate significant differences (p < 0.01) at the same time point.



To further determine the type of T-cell differentiation mediated by Mo-DCs stimulated by recombinant Lactobacillus, we measured the levels of IFN-γ, IL-12, IL-10, and IL-17 using ELISA kits. Figure 6B shows that recombinant Lactobacillus pPG-COE-DCpep/L393 induced the secretion of a significant number of cytokines (IFN-γ, IL-12, IL-10, and IL-17) by DCs and T cells. In addition, the secretion of IFN-γ and IL-12 was higher than that of IL-10 and IL-17 by Mo-DCs induced by recombinant Lactobacillus. From the above results, it can be concluded that, with the participation of human DCpep, recombinant Lactobacillus stimulates Mo-DCs to mediate the differentiation of more T cells into Th1 cells.




Discussion

In recent years, DC-targeting strategies have become a research hotspot, reflecting the important role of DCs in inducing and regulating the immune response. Significant progress has been made in the development of human DC-targeted vaccines. This strategy can increase the number of antigens targeted by DCs. As a result, the vaccine dose can be appropriately reduced and a strong and rapid immune response can be induced simultaneously (30–32). Since oral vaccines for pigs have the advantage of not only reducing production costs, but also reducing animal stress, DC-targeting vaccines have become a desirable choice (33). Our laboratory has previously studied the effects of recombinant Lactobacillus expressing target antigens; human DCpep can induce stronger mucosal and humoral immune responses in pigs than recombinant Lactobacillus without DCpep (34, 35); however, the immune mechanism is not clear. Hence, we explored the mechanism by which human DCpep enhances the immune effects of antigens on porcine DCs.

Researchers found that human DCpep could be targeted to rhesus monkey and chimpanzee bone marrow derved dendritic cells, but not to T cells, B cells, or monocytes (26). Pigs, as mammals very similar to humans, are anatomically and genetically close to humans, and the mechanisms of dendritic cell-induced immune reactions should be similar in mechanism. (36). In recent years, some studies have attempted to apply human DCpep to porcine vaccines to enhance the immune response through oral administration of recombinant Lactobacillus expressing human DCpep (24, 37, 38). Our previous study showed that recombinant Lactobacillus expressing human DCpep induced significantly enhanced immune responses than recombinant Lactobacillus without DCpep (34). The present results revealed that human DCpep could targeted to porcine DC. This suggest porcine and human DCs are, to some degree, homologous and have the same ligands for human DCpep. It has been shown that the ligands of DCpep are involved in the endocytic pathway of cells, allowing more efficient transport of immunogenic substances into the cells without impairing DC function (19).

DC-targeting strategies for delivering protective antigens to DCs and stimulating stronger and longer lasting immune responses have received increasing attention (23, 39). DCs, as attractive targets for vaccine design, have many features, such as the ability to induce T cell activation and differentiation through the presentation of antigenic peptides by MHC molecules to initiate adaptive responses (40). In this study, we observed, using scanning electron microscopy, that recombinant Lactobacillus pPG-COE-DCpep/L393 effectively stimulated Mo-DCs to generate synapses and capture more recombinant Lactobacillus. As DCs mature, they upregulate mechanisms of antigen presentation, including MHC-II, costimulatory molecules, and pro-inflammatory cytokines, and subsequently migrate to the T-cell zone of secondary lymphoid tissue where they stimulate antigen-specific T cells. (41). The recombinant Lactobacillus and pPG-COE-DCpep/L393 may act by promoting Mo-DC maturation, because they significantly upregulate the expression of MHC-II, CD80, and CD86 on imMo-DCs.

A previous study showed that TLRs bridge the gap between non-specific and specific immunity and play an irreplaceable role in the activation of DCs using recombinant Lactobacillus. TLR-9 recognizes bacterial CpG-DNA and activates the immunostimulatory properties of B cells and APCs (21). In this study, we evaluated the expression of TLRs (TLR-2, TLR-4, TLR-6, and TLR-9) in Mo-DCs stimulated with recombinant Lactobacillus by real-time RT-PCR analysis; we found that recombinant Lactobacillus pPG-COE-DCpep/L393 increased the expression of TLR-2, TLR-6, and TLR-9 in Mo-DCs to stimulate the host mucosal immune system. However, there was no change in TLR-4 expression. This may be due to the fact that TLR2 forms a heterodimer with TLR1 or TLR6 and recognizes a wide variety of microbial ligands, while TLR4 is the main receptor that mediates the endotoxin/LPS response, so its expression is not affected by gram-positive bacteria (42).

The cytokine response induced by recombinant Lactobacillus-stimulated Mo-DCs is another critical process that results in antigen presentation to activate T cells. IFN-γ, a cytokine produced by natural killer cells and T lymphocytes, can enhance the phagocytic activity to efficiently kill pathogens. Reportedly, Th1 cells mainly secrete IFN-γ and TNF-β. IFN-γ activates macrophages and inhibits the proliferation of Th2 lymphocytes. It also stimulates B cells to produce receptors that enhance the microbial attachment to phagocytes (43). IL-12 is the most important cytokine in Th1 differentiation, promoting the survival and growth of Th1 cells and maintenance of sufficient numbers of memory/effector Th1 cells. In addition, IL-12 can suppress Th2 cell formation (44). IL-10 is a major Th2-type cytokine that promotes Th2 cell proliferation and inhibits Th1 cell proliferation, while supporting the activation of B cells and playing a role in humoral immunity (45). In this study, we evaluated the expression of cytokines (IL-12, IFN-γ, and IL-10) in Mo-DCs stimulated with recombinant Lactobacillus by real-time RT-PCR analysis and found that recombinant Lactobacillus expressing DCpep increased the expression of IL-12, IFN-γ, and IL-10 in Mo-DCs. The results showed that recombinant Lactobacillus pPG-COE-DCpep/L393 can significantly promote the maturation of Mo-DCs and secretion of cytokines. The results also suggest that recombinant Lactobacillus expressing DCpep triggers a stronger immune response in Th1 and Th2 type cells.

Several studies have shown that antigens conjugated with DC-targeting antibodies can more rapidly activate and promote the proliferation of CD4+T cells (46–48). In line with previous reports, our results showed that recombinant Lactobacillus pPG-COE-DCpep/L393 significantly induced Mo-DCs to stimulate T-cell proliferation at a DC/T ratio of 1:1. From these results, we observed that the greater the number of Mo-DCs, the stronger is the ability to activate T cell proliferation. Thus, there is a minor but significant difference between the recombinant Lactobacillus pPG-COE-DCpep/L393 stimulated Mo-DCs at a 1:1 DC/T ratio, but not at the other ratios. There are different subpopulations of Th cells, including Th1, Th2, Th17, and regulatory T cells, each activated by a specific set of cytokines and transcription factors, and characterized by the cytokines they secrete and the effector functions (49, 50). In this study, the levels of secreted IL-12 and IFN-γ by the recombinant Lactobacillus pPG-COE-DCpep/L393 stimulated Mo-DCs were higher than those of IL-10 and IL-17, suggesting that DCpep is beneficial to recombinant Lactobacillus to stimulate DCs to mediate the cellular immune response and the differentiation of T cells into Th1 type cells.

In conclusion, our results demonstrate that human-derived DCpep could not only be targeted to porcine DCs but also be combined with porcine monocytes and lymphocytes; these findings suggest that human-derived DCpep can significantly promote antigen presentation in porcine DCs and improve the efficiency of recombinant Lactobacillus to deliver antigens to porcine DC. Furthermore, human-derived DCpep can activate porcine DCs and play a key role in the cellular immune response. In summary, our study provides a robust theoretical basis for the development of porcine DC-targeted vaccines.
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The intestine is the largest digestive and immune organ in the human body, with an intact intestinal mucosal barrier. Bifidobacterium longum is the specific gut commensals colonized in the human gut for boosting intestinal immunity to defend against intestinal mucosal immune injury. In the LPS-induced intestinal injury model, the Bifidobacterium longum BL-10 was suggested to boost the intestinal immune. Detailly, compared with the LPS-induced mice, the BL10 group significantly reduced intestine (jejunum, ileum, and colon) tissue injury, pro-inflammatory cytokines (TNF-α, IFN-γ, IL-2, IL-6, IL-17, IL-22, and IL-12) levels and myeloperoxidase activities. Moreover, the B. longum BL-10 significantly increased the number of immunocytes (CD4+ T cells, IgA plasma cells) and the expression of tight junction protein (Claudin1 and Occludin). B. longum BL-10 regulated the body’s immune function by regulating the Th1/Th2 and Th17/Treg balance, which showed a greater impact on the Th1/Th2 balance. Moreover, the results also showed that B. longum BL-10 significantly down-regulated the intestinal protein expression of TLR4, p-IκB, and NF-κB p65. The B. longum BL-10 increased the relative abundance of the genera, including Lachnospiraceae_NK4A136_group and Clostridia_UCG-014, which were related to declining the levels of intestinal injury. Overall, these results indicated that the B. longum BL-10 had great functionality in reducing LPS-induced intestinal mucosal immune injury.
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Introduction

Bifidobacterium is the specific gut commensals colonized in the human gut, especially in the colon. Numerous studies have demonstrated that Bifidobacterium is crucial for maintaining the intestinal micro-ecological balance necessary for anti-tumor, immunological modulation, and the deconstruction and transformation of nutrition (1). It also interacts with human immunocytes and modulates specific pathways, involving innate and adaptive immune processes (2). Recent evidence proposed that newborns were born with a sterile gut and their physical immunity increased with age, positively correlated with the number of bifidobacteria (3). Thus, Bifidobacterium is critical in the maturation of the human immune system from gestation to childhood. This became crucial to understanding the processes by which certain strains might modify the gut microbiota and control immune responses directly or indirectly.

The intestine, directly exposed to disease-causing germs, viruses, and allergens (4), is a critical immunological organ of the body, and its structural and functional characteristics contribute to the formation of the most extensive mucosal immune system (5). Gut-associated lymphoid tissue (GALT) is an essential part of the intestinal mucosal immune system (6), and it is also the leading site of mucosal immunity, which consists mainly of mesenteric lymph nodes (MIN), lamina propria (LP), Peyer’s patch (PP), and intestinal epithelial lymphocytes (IEL) (7). In detail, the initial line of intestinal defense is based on intestinal epithelial cells secreting antimicrobial peptides (AMP) termed defensins (8). The second line of defense is the creation of immunoglobulin A (IgA) that may pass the epithelial barrier between the host and the microbiota (9), completely covering each bacterium and blocking bacterial translocation. The secretory immunoglobulin A (sIgA) is an essential antibody on the mucosal surface exerting immune clearance without inflammatory immune response (10). The sIgA prevents intestinal infection by conditionally harmful bacteria by binding to antigens and blocking adhesion and invasion (11). SJOGREN et al. demonstrated that Bifidobacterium bifidum increased sIgA secretion in intestinal mucosa by measuring sIgA levels in stool and saliva specimens from infants (12). The third line of defense consists mainly of immune cells associated with it, such as dendritic cells (DC), B lymphocytes, T lymphocytes, and innate lymphocytes (13). Previous studies revealed that Bifidobacterium might directly modulate the immune system by interacting with GALT.

Bifidobacterium has a protective effect on the intestinal mucosa in two ways (14), involving maintaining the balance of the intestinal microflora (14) and directly acting on the immune system to induce intestinal immunity. Yan et al. confirmed that Bifidobacterium bifidum YS108R fermented milk partially reversed the imbalance of gut microbiota in DSS-induced mice and prevented the increase of pathogenic bacteria (15). Further, Bifidobacterium can stimulate intestinal mucosal immune cells to secrete cytokines, with an important role in inducing proliferation and differentiation of immune cells and enhancing the immune response. The growth of T cells in the thymus was affected by Bifidobacterium via enhancing the maturation of regional dendritic cells and IL-12 expression in the gut, according to the research (16).

Bifidobacterium can suppress the expression of toll-like receptor 4 (TLR4), regulate T cell differentiation, and inhibit the NF-κB pathway activity by improving the intestinal immune response to pathogenic bacteria (17). Previous researches on the relationship between it and immune cells pointed to Bifidobacterium treatment mice stimulating DCs proliferation and immunological activation by increasing DCs numbers and anti-tumor CD8+ T cell proliferation (18). Moreover, Bifidobacterium can improve the mucosal immune system by indirectly controlling the gut microenvironment (19). For instance, DONG et al. demonstrated that Bifidobacterium could enhance intestinal immune function, as it promoted IL-12 secretion from intestinal dendritic cells, up-regulated IL-10 and IFN-γ secretion in plasma, increased the IFN-γ/IL-4 ratio in the intestinal mucosa, and promoted thymic T cells differentiation toT helper cells 1 (Th1) (16).

Bifidobacterium longum BL-10, a newly identified probiotic, was obtained from the feces of healthy breast-fed infants in the key lab of dairy science (KLDS). In a recent study, B. longum BL-10 possessing beneficial intestinal colonization properties was the most effective promoter of proliferation on normal colon epithelial CCD 841 CoN cells (20). In vitro experiment, we evaluated its effect on an LPS-induced cell injury model and showed that B. longum BL-10 could promote intestinal development by facilitating human fetal colon epithelial cell proliferation and accelerating the maturation of the internal barrier (20). However, the immunoregulatory properties of B. longum BL-10 remain unknown in vivo, as is its immunoregulatory mechanism. In this study, we selected the LPS-induced BALB/c mice model to explore the mechanism of B. longum BL-10 to regulate intestinal immunity. We also investigated the cytokines and immune cell regulatory responses of B. longum BL-10 treatment on pro-inflammatory cytokine levels (TNF-α, IL-4, IL-6, and IL-12) and key regulatory protein expressions. This study provides a theoretical basis for B. longum practical applications, aiming to develop probiotic preparations for enhancing immunity.



Materials and methods


Bacterial isolates and culture conditions

B. longrum BL-10 was a novel strain of bacteria from the intestines of healthy infants and Bifidobacterium animalis subsp. lactis BB-12 was purchased from Chr. Hansen Inc (Hoersholm, Denmark). All the experimental strains were stored at the Key Laboratory of Dairy Science (KLDS) of Northeast Agricultural University (NEAU, Harbin, China). For three generations, they were incubated in the MRS (de MAN, ROGOSA, and SHARPE) Broth with 0.05% L-cysteine (AOBOX, Beijing, China) at 37°C for 24 h in an anaerobic condition. After cryogenic centrifugation at 8000 rpm for 10 min, cell pellets were extracted and washed twice with physiological saline (0.9% NaCl). As to being administered intragastrically, the experimental strains were adjusted to 1.0×109 CFU/mL and stored at 4°C.



Animals and experimental design

40 BALB/c mice (SPF, female, six weeks old, 18–20 g) were obtained from the Beijing Vital River Laboratory Animal Technology Co. Ltd (Beijing, China). For experimental mice, they were acclimated to the laboratory environment at Northeast Agricultural University (Harbin, China) for at least one week. The environment maintained pathogen-free at constant temperature (20°C ± 2°C) and humidity (50% ± 5%) with 12 h/12 h light/dark cycle, access to water, and standard food. The experiment was authorized by the Animal Ethics Committee of NEAU (ethic approval code: NEAUEC20210475). Figure 1 depicts the detailed animal experiment. Briefly, all the mice were randomly divided into four groups (n=10), including the Control group, LPS group, BL10 group, and BB12 group. The mice in the control and LPS groups were intragastric with 0.2 mL saline daily, and the other two groups received 0.2mL bacteria suspension of B. longrum BL-10 and Bifidobacterium animalis subsp.lactis BB-12 (1.0×109 CFU/mL), respectively. After 14 days, laboratory mice except the control group were injected intraperitoneally at 5 mg/kg body weight and carried out euthanasia after 6 hours.




Figure 1 | Animal model experimental design.





Hematoxylin-eosin stain

The intestinal tissues were treated for histological observation as the method described previously (21). Briefly, the jejunum, ileum, and colon samples were collected, fixed by immersion in 4% formaldehyde, and embedded in paraffin. Subsequently, the paraffin slices were placed on slides and stained with hematoxylin and eosin (H&E). Histological examination was performed using Microscopy BX53 (OLUMPUS, Japan) at × 200 magnification. Each mouse’s disease activity index (DAI) and histological score (HS) were evaluated based on the standards (Supplementary Tables 1, 2) to assess the degree of intestinal injury.



Alcian blue-periodic acid sthiff stain

The AB-PAS stain revealed the presence of goblet cells and mucin in the colon and ileum. The staining solution was dripped over the samples’ paraffin sections, and the sections were subsequently washed in water. Afterward, the slices were rinsed with tap water and re-stained with hematoxylin. All samples were observed and photographed using the Microscopy BX53 (OLUMPUS, Japan) at × 200 magnification. The results of Chiu’s score were assessed in light of the factor (Supplementary Table 3).



Intestinal immunohistochemistry

The immunohistochemistry (IHC) method was performed as previously described by Liu (22). The paraffin-embedded ileac sections were sliced to a thickness of 4 μm and placed on a slide. After being deparaffinized in xylene and rehydrated through ethanol to water, the slides were washed in PBS-0.1% (v/v) Tween 20 and dried. Endogenous peroxidase activity was suppressed for 15 min with 3% hydrogen peroxide in distilled water diluted with PBST. Following antigen extraction, the standard goat serum working solution was used to inhibit the non-specific antibody binding sites for 1 hour. The sections were respectively incubated with one of the following primary antibodies: rabbit anti-CD4+ (1:200, Abcam, Cambridge, UK), rabbit anti-CD8 alpha (1:200, Abcam), and rabbit anti-CD209 mAb (1:200, ABclonal, Wuhan, China). The slices were incubated for 30 min at 25°C with goat anti-rabbit IgG (1:400) from Millipore (Billerica, MA, USA) and observed by fluorescence microscopy at × 200 magnification. The outcomes were measured according to the Frenchy’s method (23), detailly, the mean gray value (staining intensity) and positive area percentage (staining area) of positive cells were used as IHC measurement indexes with high positive (3+), positive (2+), low Positive (1+) and negative (0).



Intestinal Immunol fluorescence

The detection of IgA-producing plasma cells on the ileum was assayed by direct immunofluorescence (IF) with the method of de Moreno et al. (24). The tissue sections were blocked with normal goat serum working solution for 10 minutes and incubated with Goat Anti-Mouse IgA alpha chain (Biotin) (1:200, Abcam) for 1 hour at 25°C. Each sample was treated with donkey anti-goat IgG (H+L) (1:150, Abcam) and photographed under a fluorescence microscope. The result was expressed as the photograph’s mean gray value (integrated density/area).



Enzyme-linked immunosorbent assay

The 2% tissue samples homogenized in saline (w/v=1:49) were prepared to determine IFN-γ, TNF-α, TGF-β, IL-2, IL-4, IL-6, IL-10, and IL-22 levels. The serum samples were left to stand at room temperature for 30 min and isolated by centrifugation at 4°C (3500 r/min, 10 min) to measure MPO activity and D-lactate (D-Lac) activities. All the samples were detected using commercial ELISA kits (Conodi creatures, Fujian, China) by following the kit instructions.



Quantitative RT-PCR

The mRNA expression levels of the major tight junction (TJ) protein ZO-1, Claudin1, Occludin, and mucoprotein mucin (Muc) 2 were investigated by RT-qPCR. Total RNA was obtained from ileac tissues by the RNAiso Plus kit, and cDNA was generated by the Transcriptor First Strand cDNA Synthesis kit (Vazyme, Nanjing, China). The PCR reactions were performed by Stormstar SybrGreen qPCR Master Mix (Promega, Madison, USA) on the Go Taq® SYBR-Green qPCR Master Mix (Promega, Madison, USA). Especially, in this study, the β-actin was used as the internal reference gene (Supplementary Table 2.3).



Western blot

The total protein was extracted from the appropriate ileac tissue regarding the kit method and was determined via the BCA kit. The Western blot assay was referenced from Xie et al. (25). Briefly, 30 μg issue was placed on a 10% SDS-PAGE gel to separate the proteins in each well. Western blots were blocked in 5% bovine serum albumin (BSA) and produced in Tris-buffered saline containing PBS-0.1% (v/v) Tween 20 for 2 hours at room temperature (TBST). Subsequently, all the samples were treated overnight at 4°C with rabbit polyclonal antibodies: anti-T-bet, anti-GATA-3, and anti-β-actin. After incubation with secondary HRP-conjugated goat antirabbit IgG, the result was analyzed by Gel-Pro-Analyzer software and normalized to the β-actin and Histone H3.



16S rRNA gene of gut microbiota

The gut microbiota total DNA was extracted according to the instructions of the fecal DNA extraction kit, a mix of the samples was based on the amount of data produced and the size of the fragments. Then samples were sequenced in the third generation on the PacBio sequencing platform. The effective-CCS sequence was 30 clustered according to the similarity of 97.0% to obtain OTUs. Finally, the diversity, difference, relevance, and species classification of the gut microbiota were analyzed based on the composition of the OTU sequence.



Statistical analysis

The result was analyzed using SPSS 25.0 software (SPSS Inc., Chicago, IL, USA), and assessed via independent sample T-test (Independent t-test) and the One-way ANOVA (Tukey’s tests). The significance level was set at p < 0.05, and the graphs were generated with GraphPad Prism 9.3 software (GraphPad Inc., La Jolla, CA, USA).




Results


B. longum BL-10 treatment improves the pathological changes in mice

Bifidobacterium treatment had no palpable toxic side effects on mice as the bodyweight of mice gradually increased and the difference among all groups was significant after intraperitoneal injection. The disease activity index (DAI) score and MPO activity suggested intestinal injury levels were significantly (p<0.05) increased in the LPS group, while those were significantly (p<0.05) decreased in the BL10 group. Figure 2D was the result of H&E staining to reflect the tissue damage in the jejunum, ileum, and colon, which reflected the pathological changes to some extent. In the control group, the intestinal villi were neatly arranged, epithelial cells were intact, and the tissue structure was clear, without edema and inflammation. In contrast, the tissue in the LPS group had obvious edema, intestinal wall congestion, shortened intestinal villi, loss of glands, and infiltration of inflammatory cells. Treatment with Bifidobacterium recovered the intestinal injury compared to the LPS group, including improving the morphological structure of the intestine and reducing the inflammation level in mice, with B. longum BL-10 being the most significant. Meanwhile, the histological score of mice was investigated, and the significant increase was in accord with the H&E staining (Figure 2D).




Figure 2 | Effect of B longum BL-10 on LPS-induced intestinal immune injury. (A) Body weight; (B) DAI score; (C) MPO activity; (D) H&E staining (magnification × 200) and colon histological score. All data are expressed as mean ± SD (n=10). Values with a different superscript letter (****) were significantly different at p< 0.0001.





B. longum BL-10 treatment recovers the barrier function recover in mice

The AB-PAS staining was done to clearly identify the intestinal goblet cells and mucin production, and the intestinal Chiu’s score showed how badly the gut barrier had been damaged. In Figure 3A, there is a clear trend of increase (p<0.05) in Chiu’s score and a sharp decrease in mucin secretion of the LPS group compared with the control group. Further indicators of intestinal barrier function, including TJ protein (Claudin1, Occludin, and ZO-1) and mucin 2 (Muc 2), were substantially reduced (p<0.05) in the LPS group, hinting barrier function injury (Figure 3B). In contrast, the Bifidobacterium groups increased the expression of mRNA in each indicator, and B. longum BL-10 was preferable to increase expression levels of Claudin1 and Occludin (p<0.05). Overall, these results indicated that B. longum BL-10 effectively alleviated the reduced intestinal barrier function caused by LPS.




Figure 3 | Effect of B longum BL-10 on LPS-induced intestinal barrier protection. (A) AB-PAS staining (magnification × 200); (B) Tight junction protein mRNA expression. All data are expressed as mean ± SD (n=10). Values with a different superscript letter (*** and ****) were significantly different at p< 0.001 and p< 0.0001.





B. longum BL-10 treatment increases the IgA plasma cells score in the ileum

Activated B cells in the lamina propria develop into IgA plasma cells, which release sIgA to boost the antibody response. After intraperitoneal injection of LPS, IgA plasma cells were substantially reduced (p<0.05) in the LPS group, indicating that LPS inhibited the cell differentiation of B cells to IgA plasma cells (Figure 4A). The scores of IgA plasma cells in the Bifidobacterium groups were significantly increased (p<0.05) compared with the LPS group, and B. longum BL-10 preferably increased it. Moreover, as sIgA was an important secretory immunoglobulin secreted by IgA plasma cells, its level further reflected the intestinal mucosal immunity (Figure 4B). Compared with the LPS group, Bifidobacterium, including B. animalis subsp. lactis BB-12 and B. longum BL-10 markedly increased (p<0.05) the sIgA level, especially in the BL10 group. Our findings showed that B. longum BL-10 might enhance gut immunity by promoting IgA plasma cell proliferation and differentiation.




Figure 4 | Effect of B longum BL-10 on ileal IgA plasma cells. (A) IgA plasma cells; (B) sIgA level. All data are expressed as mean ± SD (n=3). Values with a different superscript letter (*, **, **** and ns) were significantly different at p<0.05, p<0.01, p<0.0001 and p>0.05.





B. longum BL-10 treatment increases immune cells score in the ileum

T cells divided into CD4+ and CD8+ T cells were the main immunocyte of the immune response and immune regulation. In this experiment, immunosuppression did not influence the CD8+ T cell population since B. longum BL-10 treatment had comparable CD8+ T cell counts to the control and LPS groups (Figure 5B), and there were no significant changes (p>0.05) in any of the groups. Nevertheless, compared with the Control group, the number of CD4+ T cells in the LPS group was significantly decreased (p<0.05). After intragastric injection of Bifidobacterium, the CD4+ T cells count increased significantly (p<0.05) in the BB12 and BL10 groups, with the BL10 group having the greatest potential to boost CD4+ T cells (Figure 5A). Moreover, the intensity of immunity of the intestinal mucosa can also be reflected in the number of DC cells. As shown in Figure 5C, compared with the Control group, the number of DC cells in the LPS group was slightly reduced. However, compared to the LPS group, the Bifidobacterium treatment groups significantly increased (p<0.05) the number of DC cells, with the best results for the BL10 group (p<0.05). These results showed that B. longum BL-10 improved intestinal immunity by increasing the number of immunocytes, including CD4+ T cells and DC cells.




Figure 5 | Effect of B longum BL-10 on ileal DCs, CD4+ and CD8+ T cells. (A) CD4+ T cells; (B) CD8+ T cells; (C) DC cells. All data are expressed as mean ± SD (n=3). Values with a different superscript letter (*, ** and ns) were significantly different at p<0.05, p<0.01 and p>0.05.





B. longum BL-10 treatment adjusts cytokines secretion in the ileum

The cytokines, transmitting biological information between cells, were used to indicate intestinal mucosal immunity (Figure 6). B. longum BL-10 treatment significantly reduced (p<0.05) the levels of TNF-α, IFN-γ, and IL-2, which belonged to Th1 type dominant cytokines. Th2 type dominant cytokines, including IL-4, IL-6, and IL-10, were also altered in the experimental groups, where the proinflammatory cytokine IL-6 was significantly increased (p<0.05) and anti-inflammatory cytokines (IL-4 and IL-10) were significantly reduced (p<0.05) in the LPS group. B. longum BL-10 treatment substantially reversed adverse circumstances, especially in increasing IL-4 levels. Moreover, treatment with B. longum BL-10 significantly altered the cytokine profile in the ileum, namely the cytokines IL-17, IL-22, and IL-23, which were associated with Th17 and Treg cells’ immunological responses, respectively. After giving a gavage of B. longum BL-10, the levels of IL-17, IL-22, and IL-23 were evidently reduced (p<0.05) compared to the LPS group. These results suggested that B. longum BL-10 affected cytokine secretion on the injury of intestinal mucosal immuno-barrier function.




Figure 6 | Effect of B longum BL-10 on ileal inflammatory factor. (A) TNF-α; (B) IFN-γ; (C) IL-2; (D) IL-4; (E) IL-6; (F) IL-10; (G) IL-17; (H) IL-22; (I) IL-23. All data are expressed as mean ± SD (n=3). Values with a different superscript letter (*, **, ***, **** and ns) were significantly different at p<0.05, p<0.01, p<0.001, p<0.0001 and p>0.05.





B. longum BL-10 treatment adjusts the key protein expression levels in the ileum

LPS activated intracellular NF-κB to produce large amounts of pro-inflammatory factors, triggering an inflammatory cascade in intestinal mucosal immunity. The protein expression levels of ileac TLR4, IκB, and NF-κB p65 in the LPS, KLDS BL-10, and BB12 groups were detected and the outcomes were shown in Figure 7. LPS resulted in a significant rise (p<0.05) of key proteins (TLR4, p-IκB, and NF-κB p65) in the NF-κB signaling pathway, while the IκB expression was significantly reduced (p<0.05) compared with the control group. Supplementation of B. longum BL-10 dramatically decreased (p<0.05) the expression of cytoplasmic TLR4, p-IκB in and nuclear NF-κB p65, and the cytoplasmic IκB and NF-κB p65 were significantly increased (p<0.05). Furthermore, the B. longum BL-10 had a more significant effect compared to the BB12 group. Moreover, the protein levels of specific transcription factors T-bet, GATA-3, RORγt, and Foxp3 derived from Th1 cells, Th2 cells, Th17 cells, and Treg cells were examined by Western blotting. The result showed that the levels of GATA-3 and Foxp3 in the Control and BL10 groups were significantly higher (p<0.05) than that of the LPS group, while the LPS group was significantly increased (p<0.05) the T-bet and RORγt levels compared with the control group. Additionally, the T-bet/GATA-3 ratio in the BL10 group was declined by upregulated transcriptional activity of Th2 cells and downregulated the transcriptional activity of Th1 cells. The outcomes also manifested that B. longum BL-10 downregulated the ratio of RORγt/Foxp3 to recover the balance of Th17 and Treg cells. To summarize, B. longum BL-10 could prevent the injury of intestinal mucosal immunity via regulating the balance of immunocytes and inhibiting inflammation.




Figure 7 | Effect of B. longum BL-10 on gut microbiota composition. (A) PCA; (B) Gut microbial changes at the phylum level; (C) Gut microbial changes at the genus level; (D) Prediction of the gut microbiota function; (E) Correlation analysis about gut microbial alteration. All data are expressed as mean ± SD (n=3). Values with a different superscript letter (*, **, ***, **** and ns) were significantly different at p<0.05, p<0.01, p<0.001, p<0.0001 and p>0.05.





B. longum BL-10 treatment recovers gut microbiota imbalance

PCA denoted the discrepancy in gut microbial composition between all the groups (Figure 8A), and the composition in the BL10 group was similar to the Control group. Three experimental groups were divided into different clusters by PC1 (53.2%) and PC2 (26.2%) influence factors, suggesting the differences in gut microbiota. Firmicutes, Bacteroidota, Proteobacteria, and Actinobacteriota were prime bacteria in the three groups (Figure 8B). Firmicutes (51.35%) and Bacteroidota (9.90%) declined but Proteobacteria (28.41%) increased in the LPS group versus the Control group (Firmicutes, Bacteroidota, and Proteobacteria were 72.09%, 16.26%, and 0.82%, respectively). The BL10 group increased Firmicutes (17.70%) and Bacteroidota (1.35%) and reduced Proteobacteria (22.32%), compared to the LPS group. As shown in Figure 8C, the histogram explained the relative abundance of microorganisms at the genus level. Compared with the Control group, Lachnospiraceae_NK4A136_group, Clostridia_UCG-014 and Muribaculaceae were reduced to 15.06%, 7.81%, and 6.22%, respectively, but Escherichia-Shigella was increased to 28.02%. B. longum BL-10 treatment recovered gut microbiota imbalance by reversing these changes in the gut. To infer the distinct gene functions between the LPS and BL10 groups, Figure 8D performed that carbohydrate metabolism Unclassified, cyanoamino acid metabolism, D-arginine and D-ornithine metabolism, transporters, and ABC transporters were higher in the BL10 group than these in the LPS group, but lipopolysaccharide biosynthesis was lower. Based on the correlation analysis (Figure 8E), the intestinal injury was positively correlated with Lachnospiraceae_NK4A136_group, Clostridia_UCG-014, and Muribaculaceae, but it was negatively correlated with Escherichia-Shigella.




Figure 8 | Effect of B longum BL-10 on NF-κB signaling pathway and immune key protein. (A) NF-κB signaling pathway; (B) Immune key protein. All data are expressed as mean ± SD (n=3). Values with a different superscript letter (*, **, ***, **** and ns) were significantly different at p<0.05, p<0.01, p<0.001, p<0.0001 and p>0.05.






Discussion

In the medical area, Bifidobacterium is frequently utilized as a micro-ecological agent to control micro-ecological illnesses and preserve micro-ecological equilibrium. Meanwhile, as a physiological probiotic, it has various functions including biological barrier, anti-tumor, immune enhancement, and improvement of the gastrointestinal tract. Recent evidence showed that Bifidobacterium could be in intensive communication with the epithelial cells of the intestinal mucosa, forming a spatial barrier that protects the cells from colonization by pathogenic bacteria (26). Therefore, in this research by establishing an LPS-induced model of impaired intestinal mucosal immunity in mice, we investigated the enhancement of intestinal mucosal immunity by B. longum and its immunomodulatory mechanism.

In terms of the basic structural morphology of the intestine, we used H&E staining to clearly view the histomorphology, and it was observed that LPS extremely influenced the morphological integrity and growth of intestinal mucosa, which was consistent with the previous study (27). In the LPS group, the intestinal epithelium appeared anomalous, with an abnormal inflammatory cell infiltration and edema pattern. On the contrary, the abnormal pattern that disappeared in the Bifidobacterium treatment group was no significant congestion of the intestinal epithelium and occasionally congested, which was consistent with Cui et al. (28). We also quantified intestinal damage by DAI and histological scores. According to the aforementioned findings, Bifidobacterium may significantly lessen intestinal damage brought on by LPS, in particular in the BL-10 group. A survey by Xiang et al. discovered that Bifidobacterium could reduce the LPS-induced increased intestinal permeability and damage to intestinal cells (29), which was identical to our findings.

The intestinal goblet cells on the surface of the mucosa can generate mucus, which represents the main barrier limiting the contact between the host and the commensal flora and preventing microbial translocation (30). Hence, genes associated with mucus production and TJ protein expression play a critical role in gut-associated infections (31). Simultaneously, Chiu’s score and AB-PAS staining indicated alterations in the intestine (32). Elevated intestinal mucosal permeability was manifested by elevated serum D-Lac levels (33), which was also expressed in our results. The serum D-Lac content was substantially increased after 6 hours of intraperitoneal LPS injection, while it was significantly decreased in the Bifidobacterium treatment groups, particularly in the BL10 group. In the result of Chiu’s score, the B. longum BL-10 decreased with the greatest difference compared to the LPS group. Moreover, the formation of functional TJ proteins, including Claudin1, Occludin, and ZO-1, is critical for the maintenance of gut permeability and intestinal barrier function (34). In Figure 2, there was a clear trend of an increase in all the TJ proteins mRNA expression of the BL10 group compared with the LPS group. The research of Xiang et al. also indicated that Bifidobacterium pretreatment up-regulated occludin and ZO-1 expression to reduce intestinal epithelial damage, thereby enhancing intestinal barrier function. The mucus layer, which comprises mucin and trefoil factor that obstructs the pathogen colonization in the gut, is an imperative line of defense for the intestinal barrier (29, 35). The goblet-cell-specific mucin Muc 2 expression can also alter epithelial protection (36). Figure 2 showed the Muc 2 of Bifidobacterium was significantly increased, which corresponded with Shashank et al. discovering higher Muc-2 mRNA expression to prevent mucosal damage (34). This study has shown that the B.longum BL-10 can prevent LPS damage to tight junction proteins, mucins, and goblet cells to protect the intestine’s immune function.

The immune system of the intestine consists mainly of CD4+ T cells, CD8+ T cells, DC cells, IgA plasma cells, etc., including the products they synthesize and secrete, such as cytokines (37). Bifidobacterium can modulate specific immune cells to enhance intestinal mucosal immunity (38). The findings indicated that LPS reduced the number of CD4+ T cells and CD8+ T cells in the intestine, with a more pronounced reduction in the number of CD4+ T cells. The analogical conclusions were obtained from the experiments of Zhu et al. (39). The number of CD4+ T cells was significantly increased in the B.longum BL-10 treatment group compared to the LPS group, and increased immune cells indicated enhanced immunity in mice. A previous study by Jiang et al. demonstrated that a decrease in the CD4+/CD8+ T cells ratio led to intestinal dysfunction (40). Our research indicated that B. longum BL-10 substantially raised the cell ratio, which demonstrated that it enhanced intestinal mucosal immunity. Additionally, in the number of IgA plasma cells study results, there was a clear trend of increase in the BL10 group compared with the BB12 group, and it is consistent with the discovery of Xie et al. (25). DCs are specialized antigen-presenting cells essential for the regulation of T cell-associated immune responses (41). As with other immune cells, the number of DC cells was significantly higher in the bifidobacteria intervention than in the LPS group. Therefore, B.longum BL-10 increased the number of immune cells in the intestine, including CD4+T cells, CD8+T cells, IgA plasma cells, and DC cells, to enhance intestinal mucosal immunity.

It is well known that Th1 and Th2 are the two subpopulations of activated CD4+ T cells’ differentiation (42). According to cytokine secretion and immune function differences, Th1 cells release the cytokines IL-2, IFN-γ, and TNF-α, which are mostly engaged in cell-mediated immunity, whereas Th2 cells secrete the cytokines IL-4, IL-6, and IL-10, which are primarily involved in humoral immunity (43). To maintain normal immune function, Th1 and Th2 should function in a dynamic balance in the body (44). Noritoshi et al. showed that B. longum improved the Th1/Th2 balance to enhance immunity in mice (45). The present experiment results showed that Th1-mediated cytokines were significantly adjusted compared with the LPS group after the interaction of B. longum BL10, especially in TNF-α and IFN-γ. In contrast, Th2-mediated cytokines including IL-4, IL-6, and IL-10 were increased, which is similar to Xie et al’s results (25). Moreover, in the reports on reducing allergic inflammation of β-lactoglobulin, B. longum increased Th1 cytokines and decreased Th2 cytokine production in mice. We deduced the results might be associated with the mice models and different immunoreactions. Th17 is a novel subpopulation of T-cell differentiation that has a reciprocal relationship with Th1, Th2, and Treg cells (46). Therefore, it has been suggested that there may be a Th1/Th2/Th17/Treg balance in the immune-inflammatory response (46). IL-6 and IL-17 are critical cytokines that induce differentiation of CD4+ T cells to Th17 cells, and IL-23 maintains stable Th17 differentiation and maturation in the late stages of differentiation (47). The results of the experiment showed an increased level of IL-17, IL-22, and IL-23 after treatment with B.longum BL-10 (48). These results indicated that B.longum BL-10 maintained the normal intestinal immune function by stimulating the secretion of cytokines and regulating the Th1/Th2 and Th17/Treg balance. T-bet, GATA-3, RORγt, and Foxp3 are key regulatory proteins for Thl, Th2, Thl7, and Treg cell differentiation respectively. The ratio of T-bet/GATA-3 and RORγt/Foxp3 is also used to reflect the Th1/Th2 and Th17/Treg balance (49). Western blot results showed that the T-bet/GATA-3 ratio of the B. longum BL-10 group was significantly lower than that of the LPS group. The ratio of RORγt/Foxp3 was also significantly reduced in the BL10 group compared to the LPS group. Our study clearly demonstrated that B. longum BL-10 regulated the body’s immune function by regulating the Th1/Th2 and Th17/Treg balance, which showed a greater impact on the Th1/Th2 balance.

An important factor in the damage caused to the intestinal mucosa by LPS is TLR4 activation (50). It has been shown that LPS damages intestinal epithelial cells directly in the intestinal mucosa and influences the expression of intestinal tight junction proteins via the TLR4-mediated signaling pathway (51). Thus, activating intracellular NF-κB produces large amounts of pro-inflammatory factors, triggers an inflammatory cascade in vivo (52), and contcontinuesexacerbate intestinal damage (53). In Figure 7, there was a significant trend of increase in the protein expression of TLR4 and NF-κB p65 in the LPS group, which was consistent with Li et al. (54). However, the expressions in the B.longum BL-10 group were significantly reduced, indicating reduced levels of inflammation in mice. This result was also verified by the conclusions of Li et al. (54). All of the analyses indicated that the B.longum BL-10 group was effective at inhibiting the activation of the NF-κB signaling pathway.

The dysbiosis in gut microbiota has been recently found to be associated with intestinal injury pathogenesis (55). The changes in the gut microbiota and increase of harmful metabolites (LPS) promote intestinal injury exacerbation (56). In this study, the relative abundance of Escherichia-Shigella was significantly increased in the LPS-induced intestinal injury mice, and pretreatment with B. longum BL-10 alleviated the liver injury in mice, as indicated by reducing the Escherichia-Shigella level. Moreover, B. longum BL-10 had preferable to increase Lachnospiraceae_NK4A136_group and Clostridia_UCG-014, suggesting probiotics mitigated intestinal injury by inhibiting pernicious bacteria. Therefore, the dysbiosis in gut microbiota was prospective related to the pathogenesis of LPS-induced intestinal injury, and B. longum BL-10 treatment relieved the gut dysbiosis and shifted it to a beneficial profile.



Conclusion

The results of the current study showed that B. longum BL-10 might reduce the gut microbial imbalances and immunological damage caused by LPS in mice. Evidently, pretreatment with B. longum BL-10 increased the relative proportions of the Clostridia UCG-014 and Lachnospiraceae NK4A136 group while decreasing the proportions of Escherichia-Shigella. As seen by lower levels of the intestinal pro-inflammatory cytokines TNF-, IFN-γ, and IL-2 and increased production of the anti-inflammatory cytokines IL-4 and IL-10, it also modulated the TLR4/NF-B signaling pathways to alleviate the intestinal mucosal immune damage. In the end, intestinal immunity was improved by decreasing intestinal mucosal damage, increasing the number of immune cells, and modifying the immunogenic cell ratio. Therefore, the current study offered a functionally thorough evaluation of B. longum BL-10 as a preventative for intestinal mucosal immune damage.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was reviewed and approved by the Animal Ethics Committee of NEAU (ethic approval code: NEAUEC20210475).



Author contributions

JD: Conceptualization, Methodology, Software, Writing- Reviewing and Editing. LP: Data curation, Writing- Original draft preparation. TC: Data curation, Writing- Original draft preparation. LS: Visualization, Investigation. DL: Visualization, Investigation. BL: Supervision. SW (Corresponding Author): Supervision. GH (Corresponding Author): Supervision. All authors contributed to the article and approved the submitted version.



Funding

Present research work was financially supported by the Natural Science Foundation of Heilongjiang Province (YQ2020C013), Young Elite Scientist Sponsorship Program by CAST (YESS20200271), the National Natural Science Foundation of China (32101919), Chinese nutrition society - Feihe physique nutrition and health research fund (CNS-Feihe2020A37) and the Open Project Program of China-Canada Joint Lab of Food Nutrition and Health, Beijing Technology and Business University (BTBU), Beijing 100048, China (KFKT-ZJ-2104).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.947755/full#supplementary-material



References

1. Chen, W. Lactic acid bacteria. In: Omics and functional evaluation. Singapore: Springer (2019).

2. Ruiz, L, Delgado, S, Ruas-Madiedo, P, Sánchez, B, and Margolles, A. Bifidobacteria and their molecular communication with the immune system. Front Microbiol (2017) 8:2345. doi: 10.3389/fmicb.2017.02345

3. Hill, CJ, Lynch, DB, Murphy, K, Ulaszewska, M, Jeffery, IB, O’Shea, CA, et al. Evolution of gut microbiota composition from birth to 24 weeks in the INFANTMET cohort. Microbiome (2017) 5:1–18. doi: 10.1186/s40168-016-0213-y

4. Eberl, G. Immunity by equilibrium. Nat Rev Immunol (2016) 16:524–32. doi: 10.1038/nri.2016.75

5. Buettner, M, and Lochner, M. Development and function of secondary and tertiary lymphoid organs in the small intestine and the colon. Front Immunol (2016) 7:342. doi: 10.3389/fimmu.2016.00342

6. Mörbe, UM, Jørgensen, PB, Fenton, TM, von Burg, N, Riis, LB, Spencer, J, et al. Human gut-associated lymphoid tissues (GALT); diversity, structure, and function. Mucosal Immunol (2021) 14:793–802. doi: 10.1038/s41385-021-00389-4

7. Nagashima, K, Sawa, S, Nitta, T, Tsutsumi, M, Okamura, T, Penninger, JM, et al. Identification of subepithelial mesenchymal cells that induce IgA and diversify gut microbiota. Nat Immunol (2017) 18:675–82. doi: 10.1038/ni.3732

8. Liévin-Le Moal, V, and Servin, AL. The front line of enteric host defense against unwelcome intrusion of harmful microorganisms: mucins, antimicrobial peptides, and microbiota. Clin Microbiol Rev (2006) 19:315–37. doi: 10.1128/CMR.19.2.315-337.2006

9. McCracken, VJ, and Lorenz, RG. The gastrointestinal ecosystem: A precarious alliance among epithelium, immunity, and microbiota: Microreview. Cell Microbiol (2001) 3:1–11. doi: 10.1046/j.1462-5822.2001.00090.x

10. Mantis, NJ, Rol, N, and Corthésy, B. Secretory IgA's complex roles in immunity and mucosal homeostasis in the gut. Mucosal Immunol (2011) 4:603–11. doi: 10.1038/mi.2011.41

11. Vaerman, J-P, Langendries, A, Pabst, R, and Rothkötter, H-J. Contribution of serum IgA to intestinal lymph IgA, and vice versa, in minipigs. Veterinary Immunol immunopathol (1997) 58:301–8. doi: 10.1016/S0165-2427(97)00041-X

12. Sjögren, YM, Tomicic, S, Lundberg, A, Böttcher, MF, Björkstén, B, Sverremark‐Ekström, E, et al. Influence of early gut microbiota on the maturation of childhood mucosal and systemic immune responses: gut microbiota and immune responses. Clin Exp Allergy (2009) 39:1842–51. doi: 10.1111/j.1365-2222.2009.03326.x

13. Burcelin, R. Gut microbiota and immune crosstalk in metabolic disease. Mol Metab (2016) 5:771–81. doi: 10.1016/j.molmet.2016.05.016

14. Kawahara, T, Makizaki, Y, Oikawa, Y, Tanaka, Y, Maeda, A, Shimakawa, M, et al. Oral administration of bifidobacterium bifidum G9-1 alleviates rotavirus gastroenteritis through regulation of intestinal homeostasis by inducing mucosal protective factors. PloS One (2017) 12:e0173979. doi: 10.1371/journal.pone.0173979

15. Yan, S, Yang, B, Ross, RP, Stanton, C, Zhang, H, Zhao, J, et al. Bifidobacterium longum subsp. longum YS108R fermented milk alleviates DSS induced colitis via anti-inflammation, mucosal barrier maintenance and gut microbiota modulation. J Funct Foods (2020) 73:104153. doi: 10.1016/j.jff.2020.104153

16. Dong, P, and Yang, Y. & Wang, w.-p. the role of intestinal bifidobacteria on immune system development in young rats. Early Hum Dev (2010) 86:51–8. doi: 10.1016/j.earlhumdev.2010.01.002

17. O'Mahony, C, Scully, P, O'Mahony, D, Murphy, S, O'Brien, F, Lyons, A, et al. Commensal-induced regulatory T cells mediate protection against pathogen-stimulated NF-κB activation. PloS Pathog (2008) 4:e1000112. doi: 10.1371/journal.ppat.1000112

18. Sivan, A, Corrales, L, Hubert, N, Williams, JB, Aquino-Michaels, K, Earley, ZM, et al. Commensal bifidobacterium promotes antitumor immunity and facilitates anti–PD-L1 efficacy. Science (2015) 350:1084–9. doi: 10.1126/science.aac4255

19. Boirivant, M, and Strober, W. The mechanism of action of probiotics. Curr Opin Gastroenterol (2007) 23:679–92. doi: 10.1097/MOG.0b013e3282f0cffc

20. Guan, J, Liu, F, Zhao, S, Evivie, SE, Shi, J, Li, N, et al. Effect of bifidobacterium longum subsp. longum on the proliferative and tight-junction activities of human fetal colon epithelial cells. J Funct Foods (2021) 86:104715. doi: 10.1016/j.jff.2021.104715

21. Muhammad, I, Sun, X, Wang, H, Li, W, Wang, X, Cheng, P, et al. Curcumin successfully inhibited the computationally identified CYP2A6 enzyme-mediated bioactivation of aflatoxin B1 in arbor acres broiler. Front Pharmacol (2017) 8:143. doi: 10.3389/fphar.2017.00143

22. Liu, L, Lu, Y, Kong, H, Li, L, Marshall, C, Xiao, M, et al. Aquaporin-4 deficiency exacerbates brain oxidative damage and memory deficits induced by long-term ovarian hormone deprivation and d-galactose injection. Int J Neuropsychopharmacol (2012) 15:55–68. doi: 10.1017/S1461145711000022

23. Varghese, F, Bukhari, AB, Malhotra, R, and De, A. IHC profiler: an open source plugin for the quantitative evaluation and automated scoring of immunohistochemistry images of human tissue samples. PloS One (2014) 9:e96801. doi: 10.1371/journal.pone.0096801

24. de Moreno de LeBlanc, A, Dogi, CA, Galdeano, CM, Carmuega, E, Weill, R, and Perdigón, G. Effect of the administration of a fermented milk containing lactobacillus casei DN-114001 on intestinal microbiota and gut associated immune cells of nursing mice and after weaning until immune maturity. BMC Immunol (2008) 9:1–12. doi: 10.1186/1471-2172-9-27

25. Xie, J, Yu, Q, Nie, S, Fan, S, Xiong, T, and Xie, M. Effects of lactobacillus plantarum NCU116 on intestine mucosal immunity in immunosuppressed mice. J Agric Food Chem (2015) 63:10914–20. doi: 10.1021/acs.jafc.5b04757

26. Bron, PA, Van Baarlen, P, and Kleerebezem, M. Emerging molecular insights into the interaction between probiotics and the host intestinal mucosa. Nat Rev Microbiol (2012) 10:66–78. doi: 10.1038/nrmicro2690

27. Xie, W, Song, L, Wang, X, Xu, Y, Liu, Z, Zhao, D, et al. A bovine lactoferricin-lactoferrampin-encoding lactobacillus reuteri CO21 regulates the intestinal mucosal immunity and enhances the protection of piglets against enterotoxigenic escherichia coli K88 challenge. Gut Microbes (2021) 13:1956281. doi: 10.1080/19490976.2021.1956281

28. Cui, Y, Wang, Q, Sun, R, Guo, L, Wang, M, Jia, J, et al. Astragalus membranaceus (Fisch.) bunge repairs intestinal mucosal injury induced by LPS in mice. BMC Complementary Altern Med (2018) 18:1–6. doi: 10.1186/s12906-018-2298-2

29. Ling, X, Linglong, P, Weixia, D, and Hong, W. Protective effects of bifidobacterium on intestinal barrier function in LPS-induced enterocyte barrier injury of caco-2 monolayers and in a rat NEC model. PloS One (2016) 11:e0161635. doi: 10.1371/journal.pone.0161635

30. McGuckin, MA, Lindén, SK, Sutton, P, and Florin, TH. Mucin dynamics and enteric pathogens. Nat Rev Microbiol (2011) 9:265–78. doi: 10.1038/nrmicro2538

31. Singh, S, Bhatia, R, Khare, P, Sharma, S, Rajarammohan, S, Bishnoi, M, et al. Anti-inflammatory bifidobacterium strains prevent dextran sodium sulfate induced colitis and associated gut microbial dysbiosis in mice. Sci Rep (2020) 10:1–14. doi: 10.1038/s41598-020-75702-5

32. Wang, F, Bao, YF, Si, JJ, Duan, Y, Weng, ZB, Shen, XC, et al. The beneficial effects of a polysaccharide from moringa oleifera leaf on gut microecology in mice. J Medicinal Food (2019) 22:907–18. doi: 10.1089/jmf.2018.4382

33. Zhu, R, Li, L, Li, M, Yu, Z, Wang, HH, Quan, YN, et al. Effects of dietary glycinin on the growth performance, immunity, hepatopancreas and intestinal health of juvenile rhynchocypris lagowskii dybowski. Aquaculture (2021) 544:737030. doi: 10.1016/j.aquaculture.2021.737030

34. Furuse, M, Hata, M, Furuse, K, Yoshida, Y, Haratake, A, Sugitani, Y, et al. Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson from claudin-1–deficient mice. J Cell Biol (2002) 156:1099–111. doi: 10.1083/jcb.200110122

35. Perez-Lopez, A, Behnsen, J, Nuccio, S-P, and Raffatellu, M. Mucosal immunity to pathogenic intestinal bacteria. Nat Rev Immunol (2016) 16:135–48. doi: 10.1038/nri.2015.17

36. Burger-van Paassen, N, Vincent, A, Puiman, PJ, van der Sluis, M, Bouma, J, Boehm, G, et al. The regulation of intestinal mucin MUC2 expression by short-chain fatty acids: implications for epithelial protection. Biochem J (2009) 420:211–9. doi: 10.1042/BJ20082222

37. Tsai, Y-T, Cheng, P-C, and Pan, T-M. The immunomodulatory effects of lactic acid bacteria for improving immune functions and benefits. Appl Microbiol Biotechnol (2012) 96:853–62. doi: 10.1007/s00253-012-4407-3

38. Schiavi, E, Gleinser, M, Molloy, E, Groeger, D, Frei, R, Ferstl, R, et al. The surface-associated exopolysaccharide of bifidobacterium longum 35624 plays an essential role in dampening host proinflammatory responses and repressing local TH17 responses. Appl Environ Microbiol (2016) 82:7185–96. doi: 10.1128/AEM.02238-16

39. Zhu, H, Liu, Y, Xie, X, Huang, J, and Hou, Y. Effect of l-arginine on intestinal mucosal immune barrier function in weaned pigs after escherichia coli LPS challenge. Innate Immun (2013) 19:242–52. doi: 10.1177/1753425912456223

40. Jiang, W, Wu, N, Wang, X, Chi, Y, Zhang, Y, Qiu, X, et al. Dysbiosis gut microbiota associated with inflammation and impaired mucosal immune function in intestine of humans with non-alcoholic fatty liver disease. Sci Rep (2015) 5:1–7. doi: 10.1038/srep08096

41. Liu, K, and Nussenzweig, MC. Origin and development of dendritic cells. Immunol Rev (2010) 234:45–54. doi: 10.1111/j.0105-2896.2009.00879.x

42. McGuirk, P, and Mills, KH. Pathogen-specific regulatory T cells provoke a shift in the Th1/Th2 paradigm in immunity to infectious diseases. Trends Immunol (2002) 23:450–5. doi: 10.1016/S1471-4906(02)02288-3

43. Kidd, P. Th1/Th2 balance: the hypothesis, its limitations, and implications for health and disease. Altern Med Rev (2003) 8:223–46. doi: 10.1.1.333.4347&rep=rep1&type=pdf


44. Borchers, AT, Keen, CL, and Gershwin, ME. The influence of yogurt/Lactobacillus on the innate and acquired immune response. Clin Rev Allergy Immunol (2002) 22:207–30. doi: 10.1007/s12016-002-0009-7

45. Takahashi, N, Kitazawa, H, Iwabuchi, N, Xiao, JZ, Miyaji, K, Iwatsuki, K, et al. Oral administration of an immunostimulatory DNA sequence from bifidobacterium longum improves Th1/Th2 balance in a murine model. Bioscience biotech Biochem (2006) 70:2013–7. doi: 10.1271/bbb.60260

46. Liu, H, and Rohowsky-Kochan, C. Regulation of IL-17 in human CCR6+ effector memory T cells. J Immunol (2008) 180:7948–57. doi: 10.4049/jimmunol.180.12.7948

47. Liu, L-l, Qin, Y, Cai, JF, Wang, HY, Tao, JL, Li, H, et al. Th17/Treg imbalance in adult patients with minimal change nephrotic syndrome. Clin Immunol (2011) 139:314–20. doi: 10.1016/j.clim.2011.02.018

48. Pandiyan, P, Conti, HR, Zheng, L, Peterson, AC, Mathern, DR, Hernández-Santos, N, et al. CD4+ CD25+ Foxp3+ regulatory T cells promote Th17 cells in vitro and enhance host resistance in mouse candida albicans Th17 cell infection model. Immunity (2011) 34:422–34. doi: 10.1016/j.immuni.2011.03.002

49. Bettelli, E, Carrier, Y, Gao, W, Korn, T, Strom, TB, Oukka, M, et al. Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature (2006) 441:235–8. doi: 10.1038/nature04753

50. Guo, S, Al-Sadi, R, Said, HM, and Ma, TY. Lipopolysaccharide causes an increase in intestinal tight junction permeability in vitro and in vivo by inducing enterocyte membrane expression and localization of TLR-4 and CD14. Am J Pathol (2013) 182:375–87. doi: 10.1016/j.ajpath.2012.10.014

51. Guo, S, Nighot, M, Al-Sadi, R, Alhmoud, T, Nighot, P, Ma, TY, et al. Lipopolysaccharide regulation of intestinal tight junction permeability is mediated by TLR4 signal transduction pathway activation of FAK and MyD88. J Immunol (2015) 195:4999–5010. doi: 10.4049/jimmunol.1402598

52. Cho, S, Kim, K, and Kim, H. Extracellular signal-regulated kinase induces phosphorylation of IκBα in helicobacter pylori-infected gastric epithelial AGS cells. Inflammopharmacology (2007) 15:26–30. doi: 10.1007/s10787-006-1547-z

53. Sharif, O, Bolshakov, VN, Raines, S, Newham, P, and Perkins, ND. Transcriptional profiling of the LPS induced NF-κB response in macrophages. BMC Immunol (2007) 8:1–17. doi: 10.1186/1471-2172-8-1

54. Li, B, and Tang, M. Research progress of nanoparticle toxicity signaling pathway. Life Sci (2020) 263:118542. doi: 10.1016/j.lfs.2020.118542

55. Meng, X, Li, S, Li, Y, Gan, R-Y, and Li, H-B. Gut microbiota’s relationship with liver disease and role in hepatoprotection by dietary natural products and probiotics. Nutrients (2018) 10:1457. doi: 10.3390/nu10101457

56. Shogbesan, O, Rettew, A, Shaikh, B, Abdulkareem, A, and Donato, A. Shigella sonnei bacteremia presenting with profound hepatic dysfunction. Case Rep Gastrointestinal Med (2017) 2017–2023. doi: 10.1155/2017/7293281



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Dong, Ping, Cao, Sun, Liu, Wang, Huo and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 October 2022

doi: 10.3389/fimmu.2022.1007737

[image: image2]


Lactobacillus johnsonii YH1136 plays a protective role against endogenous pathogenic bacteria induced intestinal dysfunction by reconstructing gut microbiota in mice exposed at high altitude


Zhiqiang Wan 1†, Xufei Zhang 2†, Xianhao Jia 2†, Yuhua Qin 3, Ning Sun 1, Jinge Xin 4, Yan Zeng 1, Bo Jing 1, Jing Fang 1, Kangcheng Pan 1, Dong Zeng 1, Yang Bai 4, Hesong Wang 5*, Hailin Ma 2* and Xueqin Ni 1*


1 Animal Microecology Institute, College of Veterinary, Sichuan Agricultural University, Chengdu, China, 2 Plateau Brain Science Research Center, Tibet University, Lhasa, China, 3 College of Basic Medical Sciences, Chengdu University of Traditional Chinese Medicine, Chengdu, China, 4 Guangdong Provincial Key Laboratory of Gastroenterology, Department of Gastroenterology, Institute of Gastroenterology of Guangdong Province, Nanfang Hospital, Southern Medical University, Guangzhou, China, 5 Guangzhou Beneco Biotechnology Co. Ltd., Guangzhou, China




Edited by: 

Wentao Yang, Jilin Agriculture University, China

Reviewed by: 

Muhammad Shoaib, Baku State University, Azerbaijan

Xiao-Xuan Zhang, Qingdao Agricultural University, China

*Correspondence: 

Xueqin Ni
 xueqinni@foxmail.com 

Hailin Ma
 David_ma79@163.com 

Hesong Wang
 sunasa1030@foxmail.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 30 July 2022

Accepted: 06 September 2022

Published: 10 October 2022

Citation:
Wan Z, Zhang X, Jia X, Qin Y, Sun N, Xin J, Zeng Y, Jing B, Fang J, Pan K, Zeng D, Bai Y, Wang H, Ma H and Ni X (2022) Lactobacillus johnsonii YH1136 plays a protective role against endogenous pathogenic bacteria induced intestinal dysfunction by reconstructing gut microbiota in mice exposed at high altitude. Front. Immunol. 13:1007737. doi: 10.3389/fimmu.2022.1007737




Background

Intestinal microbiota plays an important role in maintaining the microecological balance of the gastrointestinal tract in various animals. Disturbances in the intestinal microbiota may lead to the proliferation of potentially pathogenic bacteria that become the dominant species, leading to intestinal immune disorders, intestinal inflammation, and other intestinal diseases. Numerous studies have been confirmed that high-altitude exposure affects the normal function of the intestine and the composition of the intestinal microbiota. However, it is still necessary to reveal the changes in intestinal microbiota in high-altitude exposure environments, and clarify the relationship between the proliferation of potentially pathogenic bacteria and intestinal injury in this environment. In addition, explored probiotics that may have preventive effects against intestinal diseases.



Methods and results

C57BL/6 mice were randomly divided into three groups, a high-altitude group (HA), control group (C), and high-altitude probiotic group (HAP). The HA and HAP groups were subjected to hypoxia modeling for 14 days in a low-pressure oxygen chamber with daily gavage of 0.2 mL of normal saline (HA) and Lactobacillus johnsonii YH1136 bacterial fluid (HAP), while the control group was fed normally. L. johnsonii YH1136 was isolated from feces of a healthy Tibetan girl in Baingoin county, the Nagqu region of the Tibet Autonomous Region, at an altitude of 5000 meters. Our observations revealed that gavage of YH1136 was effective in improving the damage to the intestinal barrier caused by high-altitude exposure to hypoxic environments and helped to reduce the likelihood of pathogenic bacteria infection through the intestinal barrier. It also positively regulates the intestinal microbiota to the extent of Lactobacillus being the dominant microbiome and reducing the number of pathogenic bacteria. By analyzing the expression profile of ileal microRNAs and correlation analysis with intestinal microbiota, we found that Staphylococcus and Corynebacterium1 cooperated with miR-196a-1-3p and miR-3060-3p, respectively, to play a regulatory role in the process of high-altitude hypoxia-induced intestinal injury.



Conclusion

These findings revealed the beneficial effect of L. johnsonii YH1136 in preventing potential endogenous pathogenic bacteria-induced intestinal dysfunction in high-altitude environments. The mechanism may be related to the regulation of intestinal injury from the perspective of the gut microbiota as well as miRNAs.





Keywords: high-altitude exposure, probiotic, Lactobacillus johnsonii, intestinal microbiota, miRNA



Introduction

Probiotics can maintain the stability of intestinal microbiota in the body, which is of great significance to the health of humans and animals (1). In recent years, there has been an increasing understanding of the use of probiotics for the prevention and treatment of intestinal diseases caused by pathogenic bacteria or intestinal immune dysregulation; however, there is a lack of understanding that exists in high-altitude exposure environments. The features of high-altitude exposure are low air pressure and hypoxia, which profoundly affect the physiological function and status of organs and are considered serious problems (2, 3).Studies have shown that intestinal microbiota disorders are closely related to impaired intestinal function, and acute high-altitude exposure leads to intestinal microbiota disorders that affect intestinal barrier function, which in turn may cause bacterial translocation and, consequently, intestinal inflammation (4–6). These are also considered to be important potential factors in the progression of inflammatory bowel disease (IBD) (6–8), but the mechanisms by which high-altitude hypoxic environments affect intestinal function are not yet clear. Disturbances in the intestinal microbiota can lead to a predominance of pathogenic bacteria in the gut, resulting in intestinal infections. Pan et al. (9) reported that the gut microbiota in a hypoxic environment appeared different, characterized by an increased abundance of the genera Parabacteroides, Alistipes and Lactococcus and an increased ratio of Bacteroides to Prevotella. In addition, disruption of the gut microbiota increases susceptibility to infection (10), and the intestinal microbiota usually plays an important role in immune regulation in maintaining host immune homeostasis and maintaining intestinal health together with the intestinal barrier (11). Previous studies have revealed that a special living environment makes the gut microbiota of animals in high-altitude areas unique facilitating their adaptation to high-altitude environments (12, 13). This suggests that altitude-related intestinal issues can be investigated from the perspective of the intestinal microbiota. A novel approach to coping with intestinal injury induced by a high-altitude hypoxic environment may be the use of probiotics to modulate the composition of the intestinal microbiota.

However, few studies have examined the effects of probiotics in plateau environment. Based on previous studies, we hypothesized that sudden exposure to a plateau environment disrupts the intestinal microbial balance, where pathogenic bacteria that become dominant species may disrupt intestinal immunity leading to intestinal inflammation, and that probiotic supplementation may have a regulatory effect on this process. We intend to use L. johnsonii YH1136 in further studies. Lactobacillus spp. is a widely used probiotic. We isolated Lactobacillus johnsonii YH1136 (CCTCC M 20221116) from feces of a healthy Tibetan girl in Baingoin county, the Nagqu region of the Tibet Autonomous Region, at an altitude of 5000 meters. Based on our previous studies, Lactobacillus johnsonii shows promising results by improving intestinal microbiota in preventing and treating nonalcoholic fatty liver disease, modulating stress and memory impairment based on the gut-brain axis, and plays an important regulatory role in processes involved in renal and intestinal injury induced by high fluoride exposure (10, 14–19). Therefore, this study evaluated whether L.johnsonii YH1136 is effective in mitigating damage to intestinal integrity due to hypoxic environments in rats exposed to high altitudes. In addition to the intestinal microbiota, microRNAs (miRNAs) also play regulatory role during intestinal injury. It has been reported that miRNAs can regulate proteins involved in intestinal barrier integrity and permeability, and are considered biomarkers of some intestinal diseases (20–22). Therefore, we detected and analyzed the expression of miRNAs in the ileum and the composition characteristics of intestinal microbiota concurrently, in order to describe the changes in the intestinal environment after high-altitude hypoxic stress and explore the preventive mechanism of L. johnsonii YH1136.



Materials and methods


Animal and experiment design

A total of 36 C57BL/6 mice of the same age and similar growth conditions (8 weeks old, purchased from Chengdu Dashuo Institute of Biology, China) were randomly selected and, divided into three groups and given a week to adapt to their new environment. The three groups were the control (C), high altitude (HA), and high-altitude probiotic (HAP) groups. The air pressure level for group C was maintained at 94.5 kPa, while the HA and HAP groups were exposed to a low-pressure oxygen chamber simulating an altitude of 3500-4000m for 14 days, with the air pressure in the chamber set to 60-65 kPa. Mice in the HAP group were given 0.2mL L. johnsonii YH1136 by gavage every day, while mice in the C and HA groups were given 0.2mL physiological saline (pH 7.0) by gavage as a substitute. The temperature and humidity of the low-pressure oxygen chamber were identical to those outside the chamber. The chamber was opened for one hour per day to supply food (Chengdu Dashuo Institute of Biology, China) and water. All animal experiments were conducted in accordance with the guidelines for the feeding and use of experimental animals (approval no: SYXKchuan2019-187) approved by the Committee of Sichuan Agriculture University. All animals were raised in the animal room of the Animal Microecology Research Institute of Sichuan Agriculture University, with a 12-hour diurnal cycle. The experiment lasted 14 days.



Sample collection

On day 15, six mice from each group were randomly selected and subjected to cervical dislocation. The ileal segment of mice (approximately 0.5 cm) was collected, washed with cold diethylpyrocarbonate water, and stored in liquid nitrogen until further miRNA analysis. The serum was collected by centrifuging the blood of mice and storing it at -80°C. The ileum was collected from each group, fixed in 4% paraformaldehyde solution, and stored at 4°C for immunohistochemical analysis.



16S rRNA gene amplicon sequencing and analysis

PCR amplification of the bacterial 16S rRNA genes V3–V4 region was performed using the forward primer 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The PCR components contained 5μL of buffer (5×), 0.25μL of Fast Pfu DNA Polymerase (5U/μL), 2μL (2.5 mM) of dNTPs, 1μL (10 μM) of each forward and reverse primer, 1 μL of DNA template, and 14.75 μL of ddH2O. Thermal cycling consisted of initial denaturation at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, with a final extension of 5 min at 72°C. PCR amplicons were purified using Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2× 250 bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). Bioinformatics analysis was performed using QIIME2 2020.11 (https://docs.qiime2.org/2020.11/tutorials/) and the (V3.1.2)



Serum biochemical test and statistical analysis

A mouse-specific ELISA kit was used to detect the levels of serum diamine oxidase (DAO) and D-lactate. Statistical analysis of DAO and D-lactate levels was performed by one-way analysis of variance (ANOVA) using IBM SPSS Statistics version 27, to detect the normality and statistical significance of the data. The data was considered to confirm to a normal distribution if the significance value obtained from the Shapiro-Wilk test was > 0.05. One-way ANOVA was used for analysis, and least significant difference (LSD) and Dunnett T3 tests were used for multiple comparisons. Statistical significance was set at P <0.05.



Immunohistochemical and immunofluorescence analysis

The fixed tissues were flushed with water, dehydrated, made transparent, waxed, embedded, and sectioned to prepare paraffin sections. The sections were placed in citric acid antigen retrieval buffer (pH 6.0) in a microwave oven and incubated after boiling for antigen retrieval. The sections were thereafter placed in a 3% H2O2 solution and incubated for 25 min in the dark at room temperature, after which the sections were placed in Phosphate-buffered saline (PBS, pH 7.4) and shaken three times for 5 min each on a shaker. The tissue was thereafter uniformly covered and blocked with 3% bovine serum albumin (BSA) for 30 min at room temperature. The blocking solution was gently discarded, and rabbit polyclonal anti-occludin (1:200), rabbit polyclonal anti-claudin-1 (1:200), rabbit polyclonal anti-ZO-1 (1:200), rabbit polyclonal anti-IL-1β (1:200), rabbit polyclonal anti-TGF-β (1:200), and rabbit polyclonal anti-TNF-α (1:200) antibodies were sequentially added to the sections and incubated overnight at 4°C. The antibody solutions (occludin, Claudin-1 and ZO-1) were removed by washing with PBS, and Horseradish (HRP)-labeled goat antirabbit IgG (1:200) was added dropwise and incubated for 50 min at room temperature. Finally, the cells and nuclei were stained using the immunohistochemical DAB chromogen kit and hematoxylin, respectively. Sections for inflammatory factors (occludin, claudin, and ZO-1) were counterstained for nuclei with DAPI; an autofluorescence quencher was added, and an anti-fade mounting medium was used to block the slides. The prepared sections were placed under a fluorescence microscope for observation and to obtain images. All above reagents were purchased from Servicebio Technology Co., Ltd. (Wuhan, China).



Small RNA library preparation and sequencing

Total RNA was extracted from each group using a Total RNA Isolation Kit (Omega Inc., Norcross, Georgia, United States) according to the manufacturer’s instructions. The library was constructed and sequenced as follows. First, an Agilent 2100 Bioanalyzer was used to detect the RNA concentration and integrity. The TruSeq Small RNA Sample Prep Kit was used to construct a small RNA library. Next, the library was enriched by PCR amplification, and the sequencing adaptor and index parts were added. The library was thereafer purified by gel electrophoresis. An Agilent 2100 Bioanalyzer was used to test the quality of the library with an Agilent High Sensitivity Kit, where the qualified library should have a single peak. The the library was quantified using a Quant-iT PicoGreen dsDNA Assay Kit, and finally, an appropriate loading amount was selected and sequenced on an Illumina platform.



Analysis and identification of microRNA

The raw data was processed to remove the adaptor sequences and filter the unqualified data. We then merged identical sequences and recorded the richness of the remaining sequences. Based on the mouse reference genome, the processed data were annotated and compared to obtain relevant information on small RNA. Small RNA includes miRNAs, piwi-interacting RNA, and non-coding RNAs (ncRNAs). Subsequent analysis was performed mainly on the miRNAs. We downloaded the sequences of mouse precursors and matures miRNA form miRBase, and then compared unique reads with the downloaded sequences to annotate the sequencing results. According to the comparison results, we used mireap to analyze the sequences that have not yet been annotated, and predicted novo miRNAs.



Analysis of known miRNA expression

The read counts of the measured miRNAs were calculated according to the sequence number of mature miRNAs in mice. Because a miRNA may have multiple precursors that produce potentially identical mature miRNAs, we chose to name the abundance of the first occurrence of the same name miRNAs as the abundance of the miRNAs for subsequent analysis.



miRNA target prediction and functional analysis

miRNAs mainly bind to target sites through complementary pairing. We used the miRanda software to predict the target genes of the differentially expressed miRNAs. Using the 3- ‘UTR’ of mouse mRNA as the target sequence, the number of target genes and target sites of differentially expressed miRNAs were predicted. We then used the topGO software for enrichment analysis, where we used Gene Ontology (GO) terms to annotate the different miRNA target genes and calculate the number of miRNA target genes of each term in order to determine which of the different miRNA target genes were significantly enriched in the whole genomic context (P-value < 0.05 indicated significant enrichment). Thus, the main biological functions of differentially expressed miRNA target genes were determined.



The validation of differential expression of miRNA by RT-qPCR

We used the stem-loop RT-qPCR method (23) to verify the differential expression of miRNAs and randomly selected differentially expressed miRNAs from each of the two groups were balanced. Total RNA was extracted using a Total RNA Isolation Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. The purity and concentration of the RNA were assesed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and cDNA was generated by reverse transcription using the M-MLV 4 First-Strand cDNA Synthesis Kit (Biomed, Beijing, China). The expression of miRNAs from the cDNA was detected using SYBR Green real-time fluorescence quantitative PCR. Stem-loop RT-qPCR is a common method used for detecting miRNA expression. It is characterized by the use of special primers with a stem structure to reverse transcribe RNA in the reverse transcription stage. Specific primers were designed to combine the products for subsequent fluorescence quantitative detection experiments. The reaction volume was 10 µL, which including 5 µL SYBR Green Master Mix (Bio-Rad),1 µL forward primer, 1µL reverse primer, and 100ng cDNA. The remained was supplemented to 10 µL with RNase-free water. The reaction was conducted on a LightCycler ®96 System (Roche, Germany). The programs for real time qPCR reactions were as follows: pre-incubation at 95°C for 300 s, 40 cycles of 95°C denaturation for 10s and 60°C annealing for 30s. Final melting curve analysis was performed to determine the purity of the PCR products. The specific primers for RT-PCR is shown in Table S1 and the Primers for qPCR is shown in Table S2.



Correlation analysis between gut microbiota and miRNAs

We quantified changes in community networks underlying microbial associations among the three groups using Netshift analysis, identifying microbes that may have a driving role for some of them.

To identify the crucial microbial species for high-altitude exposure and probiotic treatment, indicator species analysis was applied to calculate the indicator value of an Amplicon Sequence Variant (ASV) positive specificity and fidelity with one or more group, which was performed with 104 permutations and identified as significant at P < 0.05. Then, Sparcc correlation was used to calculate microbial genera in each group or ASV in all group associations, and a highly significant correlation (ρ > 0.8 and P < 0.01) was considered significant. The greedy optimization of modularity algorithm was applied to select and visualize the community modules in the co-occurrence network. Further, Netshift analysis was applied to explore the changes in the microbial network in the gut community among normal mice, hypoxia-exposed mice, and YH1136-treated mice, from which the genus was found to the main driving force. After these analyses, the crucial microbial genera and key ASVs were integrated to identify the species that could have the greatest effects on the obvious prevention of inflammatory injury induced by long-term hypoxic exposure by gut probiotics. Finally, Spearman’s correlation was used to calculate the degree of association (ρ > 0.8 and P < 0.01) between the selected ASVs and the miRNAs that were significantly different between groups and to visualize their networks and heatmaps.




Results


Lactobacillus johnsonii YH1136 alleviates intestinal barrier damage and inflammation induced by high-altitude hypoxic stress

The results of serum enzyme-linked immunosorbent assay (ELISA) showed that the levels of D-lactate and DAO in the HA group were significantly higher than those in groups C and HAP, but there was no significant difference between groups HAP and C (Figures 1A, B). Immunohistochemical analysis (Figure 1C) of the three tight junction proteins in the HA group decreased (the number of brown positive cells decreased), and supplementation with L. johnsonii YH1136 partially alleviated this decreasing trend. DAPI staining showed the expression profiles of IL-1β, TNF-α, and TGF-β, which are inflammatory factors in cells (Figure 2). These results suggest that the hypoxic environment at high altitudes may lead to intestinal inflammation and improve intestinal mucosal permeability or damage the intestinal barrier in mice, and that intragastric administration of L. johnsonii YH1136 could alleviate these effects to a certain extent.




Figure 1 | Evaluation and analysis of intestinal permeability (A) Serum D-Lactic content. (B) Serum DAO content. Data are presented with the meas ± standard deviation (n=6). The marked * between the histograms indicates that the difference is significant. * means P<0.05, ** means P<0.01, *** means P<0.001. (C) Immunohistochemical analysis of the expression of mouse ileal tight junction proteins (Claudin-1, Occludin and ZO-1). The positive cells of the three proteins were stained brown. ns, not significant.






Figure 2 | Analysis of inflammation factors in ileum DAPI was used to stain the nucleus, and different fluorescent genes were connected through secondary antibodies to show the expression of the target gene. The target genes were showed in red.





Lactobacillus johnsonii YH1136 modulates gut microbiota disturbance induced by high-altitude hypoxic stress

Figures 3A, B show the composition analysis of the intestinal microbiota at the phylum and genus levels, respectively. The results of the phylum level analysis (Figure 3A) showed that Firmicutes were most abundant in the three groups. The abundance of Firmicutes was the highest in group C and lower in the remaining two groups. There was a significant increase in the abundance of Proteobacteria in the HA group compared to that in group C, whereas the abundance of Proteobacteria in the HAP group reverted to that of group C. In addition, Bacteroidetes showed distinct differences among the three groups: a substantial decrease in abundance in the HA group and an increase in abundance in the HAP group compared to that in group C. These results suggest that high-altitude exposure may be beneficial to the colonization of Proteobacteria and adverse to colonization by Bacteroides, which was reversed by L.johnsonii YH1136 supplementation. In the analysis of species composition at the genus level (Figure 3B), changes in Staphylococcus spp. and Lactobacillus spp. were of the greatest concern. In the high-altitude exposure environment, Lactobacillus spp. almost completely disappeared in group HA, replaced by Staphylococcus spp., which is a common opportunistic pathogen in mammals (24), and its abundance sharply increased from less than 5% in group C to > 60% in group HA. In the HAP group, Lactobacillus abundance was effectively reversed after supplementation with L.johnsonii YH1136.




Figure 3 | Effects of hypoxia environment and Lactobacillus johnsonii YH1136 supplementation on the composition, structure and diversity of mice ileal micriobiome (A) Phylum level species composition. (B) Genus level species composition. (C) Shannon diversity analysis. (D) Chao1 Index (E) PCoA (Bray_Curtis) analysis. (F) Indicator species analysis, the species sensitive to different treatments are divided into one plant different node colors represent different Phylum levels.



As shown in Figures 3C, D, the Shannon diversity and Chao1 index of groups HA and HAP were higher than those of the control group, and there was no significant difference between the other groups. Principal coordinate analysis (Figure 3E) showed that the distance between group HAP and group C was relatively close, indicating that the structure of intestinal microbiota in group HAP was the most similar to that in group C; the distance between groups HA and C was the farthest, indicating that the similarity of intestinal microbiota structure between group HA and group C was the worst. Indicator species analysis is usually used to explore species differences in intestinal microbiota between groups and the common and representative species of each group. Based on the results shown in Figure 3F, we observed that the important indicator species belonged to Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria under the different treatments. In addition, there were four, fifteen, and five special indicator species in C, HA and HAP groups belonging to Firmicutes, Actinobacteria and Proteobacteria, respectively.

LEfSe is an algorithm for the discovery of biomarkers that identify genomic features (genes, pathways, or taxa) that characterize the differences between two or more biological conditions (25). Compared with the HAP group (Figures 4A, B), the significant discriminative taxa in group HA were Psychrobacter, Moraxellaceae, Pseudomonadales, Gammaproteobacteria, Staphylococcus, Staphylococcaceae, and Bacillus; and in the HAP group, Lactobacillaceae, Lactobacillus, Lactobacillales, Erysipelottrichales, Erysipelotrichaceae, Erysipelotrichia, and Dubosiella. Compared with the HA group (Figures 4C, D), the significant discriminative taxa in group C were Lactobacillaceae, Lactobacillus, Lactobacillales, Bacteroidales, Muribaculaceae, Bacteroidia, Bacteroidetes, uncultured-Bacteroidalesbacterium, Erysipelotrichales, Erysipelotrichaceae, Erysipelotrichia, and Dubosiella.




Figure 4 | Lefse analysis of ileal microbiota in mice The linar discriminant analysis (LDA) score (A, C) and cladogram (B, D) were generated from LDA effect size. Taxa with LDA values larger than 4.5 are shown in figure.





Effects of high-altitude exposure and Lactobacillus johnsonii YH1136 supplementation on ileal miRNA expression

The sequencing of all groups yielded more than 15000000 raw reads on average, and the clean read ratio was > 80% in every sample (Table 1). We removesd the adapters and filtered the low-quality reads to obtain the clean reads. Clean reads with a sequence length of 18-36nt were counted, and the identical sequences in a single sample were merged to remove the repetitive reads, which are referred to as unique reads (Figure S1). There were 185830 unique reads shared by the three groups. Next, we counted the sequence abundance, and the results showed that the length of most unique reads ranged from 18 to 23nt (Figure S2). We compared unique reads with the reference genome to obtain the distribution of small RNA in the genome (Figure S3). The results showed that small RNAs were distributed in all chromosomes, mainly concentrated in the positive chain of the chromosome 1 reference genome and the negative chain of the chromosome 17 reference genome.


Table 1 | The ileum small RNA sequencing reads of mice.



By comparing precursor and mature miRNAs of mice in the miRBase database, we annotated the unique reads, and obtained a statistical table of miRNA annotation results (Table 2). We then used mireap to perform a new miRNA prediction analysis on sequences that were not annotated; the results are shown in Table 3. In this way, we identified 147, 149, and 127 miRNAs in the HA, C and HAP groups, respectively. We also annotated the classification and proportion of all small RNAs (Figure 5A), analyzed the characteristics of all known miRNAs (Figure 5B), and performed principal component analysis (PCA) on all samples (Figure 5C). Before differential expression analysis, the correlation between miRNA expression levels among the samples was tested to ensure the reliability and rationality of the test (Figure 5D). According to the miRNA expression data in each sample, the differential expression of miRNA was analyzed by DEseq (version 1.18.0), and the different conserved miRNAs were screened according to the multiple differences in expression (|log2foldchange| > 1) and the significance of expression differences (p-value < 0.05). A volcano map of differentially expressed miRNAs was drawn in the R statistical environment using the ggplot2 package (Figures 5F–H). A total of 44 differentially expressed miRNAs were identified among the three groups. Cluster analysis was used to determine the expression patterns of differentially expressed miRNAs under different experimental conditions (Figure 5E). miRNAs with high expression correlations among samples were classified into one category.


Table 2 | The ileum small RNA sequencing reads of mice.




Table 3 | Prediction of novel miRNAs.






Figure 5 | miRNA sequencing analysis (A) Unique reads of Small RNA classification statistics. (B) miRNA first base preference. (C) Principal component analysis of samples in each group. (D) Correlation analysis of miRNA expression levels among samples. (E) Cluster analysis of differentially expressed miRNAs. (F–H) The volcano plot of differentially expressed miRNAs.





Target gene prediction of differentially expressed miRNA and RT-qPCR verification

We used miRanda to predict the target genes of differentially expressed miRNA sequences with the 3 ‘UTR’ sequence of the mRNA of the species as the target sequence. TopGo was used for GO enrichment analysis to determine the main biological functions of the differentially expressed miRNA target genes. We used the Kyoto Encyclopedia of Gene and Genomes (KEGG) database to enrich and analyze the functions of the miRNA target genes and their related pathways. Figures 6 shows the top 20 GO terms (Figures 6A–C) and KEGG pathways (Figures 6D–F) with the lowest false discovery rate (FDR) value.




Figure 6 | GO and KEGG Pathway enrichment analysis of target genes of differentially expressed miRNAs According to the enrichment results of Go, and the degree of enrichment is measured by rich factor, FDR value and the number of miRNA target genes enriched on this Go term and pathway. The larger the rich factor, the greater the degree of enrichment. The general value range of FDR is 0-1. The closer it is to zero, the more significant the enrichment is. (A–C) The GO analysis. (D–F) The KEGG Pathway enrichment analysis. The horizontal axis is rich factor, which refers to the ratio of the number of differential miRNA target genes enriched into GO term or pathway to the number of differential miRNA target genes annotated, with a larger value indicating more significant enrichment. The vertical axis is GO term or pathway.



GO analysis showed that the differentially expressed miRNA target genes in the HA and HAP groups were mainly enriched in system development, signal transduction, and multicellular organism development, while the differentially expressed miRNA target genes in groups C and HA were mainly enriched in signal regulation, cellular communication regulation, and biomass regulation. The differentially expressed miRNAs target gene in the groups C and HAP weere mainly enriched in signaling receiver activity, cellular protein modification processes, and protein modification processes.

In addition, KEGG pathway analysis showed that the significantly enriched pathways of the target genes of differentially expressed miRNAs were the Wnt signaling pathway, miRNAs in cancer, parathyroid hormone synthesis, secretion and action, lysine degradation, phosphatidylinositol signaling system, inositol phosphate metabolism, lysine degradation, thyroid hormone signaling pathway, and the mTOR signaling pathway.

We used RT-qPCR to analyze miRNA expression and compared it with the sequencing results to determine the accuracy of the results. Four miRNAs with significant differential expression were randomly selected from HA vs. HAP and HA vs. C for quantitative fluorescence analysis. Primer design is presented in Tables S1, S2, and the results are shown in Figure 7, with U6 snRNA as the housekeeping gene. Fold change was calculated using the △△Ct method and was compared with the results of small RNA sequencing. The results showed that the fold-change trends of the DE miRNAs obtained by the two methods were consistent between groups, and the values were also relatively close, indicating that the sequencing results were reliable.




Figure 7 | Validation of differentilly expressed of miRNA. RT-qPCR validation experiment of randomly selected differentially expressed miRNAs. Four miRNAs including mmu-miR-3743a, mmu-miR-20a-3p, mmu-miR-122-5p and mmu-miR-3060-3p were selected from HAP group and HA group respectively, and four miRNAs including mmu-miR-3102-3p, mmu-miR-802-3p, mmu-miR-34b-5p and mmu-miR-5114 were selected from HA group and C group to complete the validation test of RT-qPCR.





The correlation analysis between miRNAs and gut microbiota

In the results of network properties, we noticed an evident decrease in the sub-network average path length, number of nodes, edges, and exclusive edges, as well as an obvious increase in the sub-network density of the microbial community of HA mice compared with the control mice (Figures 8A–E). Similarly, with the intake of L.johnsonii YH1136, the HAP group reduced the total number of sub-networks of nodes, edges, and exclusive edges; instead, the density and, average path length of the microbial community increased (Figures 8F–J).




Figure 8 | Netshift and co-occurrence network analysis (A-E) Changes of network properties between group C and group HA. (F-J) Changes of network properties between group HA and group HAP. (K) Common sub-networks analysis of group C and group HA. (L) Common sub-networks analysis of group HA and group HAP. (M) Each node in the co-occurrence network represented an ASV closely related species, which was grouped into the same module, and different colors were used to highlight the response pattern of the ASV module.



To explore the driving microbes associated with network changes, we focused on the importance of different microbial genera using the DelBet index and NESH scores. Therefore, nodes (genus) with a positive DelBet index and higher NESH scores in the network shift were observed. The “driver microbes” (top five) that altered the symbiotic network of Genus in the group HA compared to the group C (Table S3) are Globicatella, Staphylococcus, Agathobacter, Alloprevotella and Aminobacterium. Moreover, compared with group HA (Table S4), the “driving microbes” (top five) that changed the genus associtation network in the HAP group were Corynebacterium 1, Desulfovibrio, Bifidobacterium, Pseudochrobactrum, and Prevotella 9.

By integrating the results of the crucial microbial genus and key ASV (Table S5), Staphylococcus (ASV14, ASV16 and ASV20) and Corynebacterium 1 (ASV73, ASV60, ASV61 and ASV80) were identified as the driving microbes.

To identify the core modules of the microbial community, we identified five important communities in the co-occurrence network, including indicator species, which corresponded to the response patterns in the species community under hypoxic exposure and L. johnsonii YH1136 treatment (Figure 8M). We noticed that modules 1 and 2 communities need to be focused on, as most of the species in these module communities had an obvious response to altitude hypoxic environment, but this response disappeared after the supplementation with L. johnsonii YH1136. Therefore, the indicator species classified as HA responsive are the key species that we will focus on in further analysis.

As shown in Figure 9, we analyzed the association between differentially expressed miRNAs and intestinal microbiota using the Spearman correlation analysis, and performed a Netshift assay. The results of the Netshift analysis revealed that Staphylococcus, which had higher NESH scores in the plateau environment, was a notable gut microbiota driving-species. Additionally, it showed a strong negative correlation with Lactobacillus. In the correlation analysis between miRNAs and gut microbiota, miR-196a-1-3p in the HA group had a strong negative correlation with Staphylococcus, while miR-3060-3p in the HAP group had a strong positive correlation with Corynebacterium1. TargetScan and mirpath were used (26) to predict the target genes and signaling pathways of these two miRNAs (Table S6). The results showed that miR-196a-1-3p was enriched in ECM-receptor interaction and miR-3060-3p was enriched in the Hippo signaling pathway, which might be the regulatory pathways of high-altitude hypoxic environments and probiotics.




Figure 9 | Correlation analysis between miRNAs and intestinal microbiota (A, D) Correlations between miRNA in C group and intestinal microbiota. (B, E) Correlations between miRNA in HA groups and intestinal microbiota. (C, F) Correlations between miRNA in HAP groups and intestinal microbiota. (G) Correlation analysis of driving microbes (Staphylococcus and Corynebacterium 1). The colors range form blue to red corresponds to negative correlation and positive correlation, respectively. The ‘*’ means P value < 0.05, ‘**’ means P value < 0.01.






Discussion

High-altitude areas have lower air pressure and oxygen levels compared to low-altitude areas, which has an impact on the physiological functions of animals and humans, particularly on intestinal microbiota and function (2, 3, 27), inducing gastrointestinal diseases and intestinal microbiota disorders (6, 28, 29). In the past decades of research, changes in the gut microbiota have been increasingly associated with the development of a variety of gastro-intestinal diseases such as inflammatory diseases (8, 30–32). However, the changes in the intestinal microbiota and the regulatory mechanism of probiotics in high-saltitude exposure environment are still unclear. Through 16S high-throughput sequencing analysis, we can understand the changes in intestinal microbiota exposed to high altitude environments, which is helpful in clarifying the resilience of animals and humans to high-altitude exposure environments. In our study, under the simulated hypoxic environments, damage to the intestinal mucosal barrier occurred, with increased permeability and reduced tight junction protein structure. The results of DAPI staining showed that the ileum exhibited inflammatory symptoms in high-altitude exposure environments, and that supplementation with probiotic L.johnsonii YH1136 by gavage could alleviate these asymptoms. D-lactate, a metabolite of intestinal bacteria, and DAO produced by intestinal mucosal cells can enter the blood when the intestinal barrier is injured, so the detection of these two indicators in serum can reflect damage to the intestinal barrier (33, 34). In our experiment, probiotic supplementation helped reduce the increased serum D-lactate and DAO content caused by high-altitude modeling, indirectly demonstrating that probiotics played a protective role. This is similar to the results of Khanna et al. (29), on acute hypoxic exposure in rats, which also found varying degrees of intestinal mucosal damage in the form of increased mucosal permeability, and impaired intestinal villus structure. In another study, symbiotic supplementation alleviated intestinal barrier damage induced by hypobaric hypoxic exposure and reduced intestinal inflammation (35).

We found that the composition of the intestinal microbiota in the ileum of mice changed significantly, with Lactobacillaceae predominating in group C, whereas Staphylococcaceae predominated in the HA group. Meanwhile, the intestinal microbiota of the group HAP gavaged with L.johnsonii YH1136 showed a composition similar to that of group C. Staphylococcus aureus belongigns to the genus Staphylococcus is mostly the pathogenic bacteria, which has been found to be closely related to intestinal infection in lot of studies (36, 37), can cause inflammatory diseases of the intestine, and is a common potentially pathogenic bacterium of the intestine (38, 39). Lactobacillus salivarius (40), Lactobacillus fermentum (40), Lactobacillus rhamnosus (36), and Lactobacillus kiferi (41) have been confirmed in several studies to have direct or indirect antibacterial activity against Staphylococcus aureus. In our study, the abundance of Staphylococcus was significantly increased by simulated high-altitude, which suggesting that the number of pathogenic bacteria in Staphylococcus may also be significantly higher, in other words, a high-altitude hypoxic environment may cause higher numbers of pathogenic bacteria to become the dominant species. But this hypothesis remains to be determined by subsequent analysis. A series of 16S sequencing analysis results revealed that supplementation with L. johnsonii YH1136 reversed this trend, returning the gut microbiota at the ileum genus level to the normal Lactobacillus-dominated structure.

With the in-depth study of probiotics, there have been several reports on the prevention and treatment of intestinal structural and functional injury (42–44). Small RNA sequencing technology has been continuously developing, and miRNAs are increasingly used in the study of various molecular mechanisms (45, 46). miRNAs are small non-coding RNA, with a length is usually 19-25 nucleotides, which can regulate the post-transcriptional silencing of target genes (47). miRNAs can be involved in regulating a variety of cell activities, including cell differentiation, growth, development, and apoptosis (48). In addition, it has also been demonstrated that hypoxia can alter miRNA expression. Kulshreshtha et al. (49) demonstrated that a specific spectrum of miRNAs (including miR-23, miR-24, miR-26, miR-27, miR-103, miR-107, miR-181, miR-210, and miR-213) was induced in response to hypoxia, some of which were induced through a hypoxia-inducible-factor (HIF)-dependent mechanism. Bhandari et al. (50) observed hypoxia related to miRNA imbalance in cancer and verified its role in hypoxic regulation. Li et al. (51) showed that miR-21-5p has a protective effect by promoting bone matrix differentiation under hypoxic conditions. Probiotics have also been shown to regulate miRNA expression (52–54).

Muenchau et al. (55), analyzed the miRNA expression profile in human intestinal epithelial cells (IECs) in a hypoxic environment and found that miRNA-320a has a direct role in regulating IEC barrier function, suggesting proposing that a hypoxic environment in the intestinal lumen may not only mediate the regulation of tight junctions and adhesion protein expression through HIF, but also affect intestinal barrier function through miRNA-based regulation of cell-cell formation. In this study, by analyzing the sequencing results of miRNAs, we identified more than 12 600 miRNAs from all samples and 161 novo miRNAs in all groups. Subsequently, differentially expressed miRNAs in the three groups were identified. A total of 44 differentially expressed miRNAs (DEmiRNAs) were obtained, of which 13 were between HA and HAP groups, 8 were up-expressed and 5 were down-regulated. There were 22 up-regulated and 11 down-regulated DEmiRNAs between groups C and HA. There were 9 DE miRNAs between groups C and HAP, with four up-regulated and five down-regulated. These DEmiRNAs may play a role in the regulation of intestinal structure and function under hypoxia induced by L. johnsonii YH1136. Shi et al. (56). showed that hypoxia could inhibit the expression of miR-499-5p, and that overexpression of miR-499-5p could inhibit apoptosis induced by hypoxia/reoxygenation by targeting SOX6. In this study, the sequencing results showed that mmu-miR-499a-5p was significantly down-regulated in group HA compared to group C, which was consistent with the results of Shi et al. miR-499-5p was significantly up-regulated in the HAP group compared with the HA group, suggesting that L. johnsonii YH1136 may exert beneficial effects by reducing apoptosis through miR-499-5p-SOX6. MiR-122-5p was also significantly differential expressed between the HAP and HA groups, with higher expression in both groups (compared with other low expression miRNAs), which was significantly down regulated in the HAP group. Hou et al. (57) analyzed the miRNA expression profile of plasma exosomes and reported that some miRNAs, including miR-122-5p, were positively correlated with disease activity in intestinal Behçet’s syndrome.

miR-196a-1-3p and miR-3060-3p were considered important regulatory miRNAs through correlation analysis, and their target genes and potentially enriched pathways were further predicted. miR-196a-1-3p is enriched in ECM-receptor interactions, while the structural components of the ECM actively participate in intestinal inflammation (58). miR-3060-3p is enriched in the Hippo signaling pathway. A study by Yu et al. (59) showed that miR-590-5p could alleviate intestinal inflammation by targeting YAP, a component of the Hippo signaling pathway. This may explain the regulation of intestinal inflammation and injury by miR-3060-3p in response to high-altitude conditions. However, whether miR-3060-3p has similar effects requires further exploration and verification.

We further studied the role of L. johnsonii YH1136 supplementation in regulating miRNAs involved in the processes of intestinal injury caused by a hypoxic environment and used miRanda to predict target genes. Among them, we focused on the target genes of miRNAs differentially expresseed between groups HA and HAP. These target genes are mainly invloved in system development, signal transduction, and multicellular organism development. The Wnt signaling pathway was significantly enriched in all groups. Genetic studies have shown that the Wnt/β- catenin signaling pathway plays an important role in the proliferation of intestinal epithelial cells (60). Li et al. (61) found that the miR-155/HBP1 axis activates Wnt/β-catenin signaling pathway and induces intestinal fibrosis. In our microbiota-miRNA correlation analysis, Lactobacillus showed a strong positive or negative correlation with a variety of miRNAs. Therefore, we speculated that L. johnsonii YH1136 significantly affects the intestinal barrier by up or down regulating various miRNAs. MicroRNAs have been confirmed to remodel the composition of intestinal microbiota in several studies (62, 63), while probiotics can regulate the expression of certain miRNAs. This suggests that probiotics may not only directly affect the composition of the intestinal microbiota but may also remodel it by affecting specific miRNAs expression. In addition to the miR-196a-1-3p and miR-3060-3p, miR-485-5p, miR-7219-3p, and miR-103-2-5p were also of interest, and their target gene were predicted using the miRDB database. After screening, we found that a target gene of miR-485-5p, Pak1, the p21 activated kinase, is associated with multiple diseases (64, 65) and may play a regulatory role in intestinal inflammation induced by a high-altitude hypoxic environment. Overexpression studies of PAK1, which has been shown to have higher expression in inflammatory bowel disease, showed higher cell proliferation and reduced apoptosis when overexpressed (66). In addition, the target gene of miR-7219-3p, Adamdec1, which protects the intestine from chemical and bacterial insults that may contribute to the development of Crohn’s disease (67), was also confirmed to be downregulated by probiotics in one study (68). Likewise, Cyld, a target gene of miR-103-2-5p, plays an important regulatory role in intestinal inflammation (69). More in-depth studies are required to determine pathways that plays key regulatory roles in intestinal diseases. Rodríguez-Nogales et al. (54), pointed out that the probiotic Saccharomyces boulardii could play a protective role in DSS-induced colitis in mice by affecting the expression of miRNAs and the composition of the intestinal microbiota. This is similar to the protective effect of L. johnsonii YH1136 on the intestinal barrier in hypoxic environments.



Conclusion

High-altitude exposure can lead to disorders in the intestinal microbiota and promote intestinal barrier impairment in mice, triggering intestinal inflammation, and endogenous pathogenic bacteria induced intestinal dysfunction. Supplementation with L. johnsonii YH1136 via gavage could be effective in alleviating these symptoms by reshaping the intestinal microbiota, reducing the abundance of pathogenic bacteria and regulating the expression of target genes in conjunction with miRNAs in the ileum. Though a number of positive results of L. johnsonii YH1136 were found in the present experiment, more studies in mice exposed at different altitudes should be undertaken to fully support the protective effect of such a potential probiotic strain against high altitude exposure. The specific regulatory mechanisms of miRNAs in the process of high-altitude exposure leading to intestinal barrier damage should also be demonstrated.
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Primer Sequence (5'-3')
name

GCRVVP6  F:5'-CCATGGGTAAGACATTCGACGTCGGGACG-3'
R:5'-
TCTAGAATGGTGATGGTGATGATGCGTCAAGCTTGTCAACAC
GCTGCTCCC-3'

B-actin F: 5'-CTATGTTGGTGACGAGGCTCA-3'

R: 5'-CCCAGTTGGTGACAATACCG-3'
TLR3 F: 5'-TTGGTAGAGGCTAATGCG-3'

R: 5'-AATGGAGGACAACCGAGA-3'
TLRS F: 5'-AAGGGTGCTTGGAGATAA-3'

R: 5'-TTGAAAGTCCCAGATGAA-3'
MyD88 F: 5'-GGTGGTAATTTCCGATGA-3'

R: 5'-GTAGACAACAGGGATAAGG-3'
NF-xB F: 5'-AACTCAGTCAGGCTCCATTGC-3'

R: 5'-GACAGTGCTCTCCGTCTTTCC-3'
IFN2 F: 5'-ACAGTCAAGCAGGAGGAGGA-3'

R: 5'-TCACTGGCGCTGTCTGTATC-3'
Mx F: 5'-GACACGCTGTCCTCTGGTAT-3'

R: 5'-CAGTTTCTTTGTTTGGCTCTG-3'
IRF7 F: 5'-CCAAGAGCAGAGCCAGTT-3'

R: 5'-TAGGGCGTCCCAAAGTAG-3'
MHC Il F: 5'-AATGACGACGGCACTTACAA-3'

R: 5'-~ACTCCCAGCAGCCCCAGA-3'
IL-1B F: 5'-TGATGAGATGGACTGCCCTG-3'

R: 5'-TGTCCGTCTCTCAGCGTCAC-3'

Underlined were the restriction site.
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Primer sequences

5"-CGAGCTCATGGGTACCAGATCTTGTTAT-3'
5-GGGCCCCTACTCGAGICTAGAGGATCC-3
5-CATGCATGCGCTTCGCTCATTTATAGAG-3'
5-GGGCCCCTAAGCTCTTGTGTGCAGTATCTC-3
5-GAGGCTGCCGCAAAGGAAGCCGCCGCAAAAGATTATAAGGATGACGATGACAAGA-3'
5-CTTGGCTGCAGCCTCTTTGGCTGCGGCTTCAACGTCOGTGACACCTTCAAGTGGT-3'
5-CGAGCTCATGGGTACCCATAAACATAAATCTAGAGAGGCTGCCGCAAAGGAAG-3
5-GGGCCCTTTCTACATCATGCATGCCTTGGCTGCAGCCTCTTTGGCT 3
5-TCCTAGACTTCAACCTTACG-3'

5-GGTGACAAGTGAAGCACAGA-3'

Restriction enzyme recognition sites used for cloning are underfined. Linkers are shown in bold.
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Sample raw reads clean reads ratio

HA1_IL 16217114 14251887 87.88%
HA2_IL 16743594 15140637 90.43%
HA3_IL 15637053 13903562 88.91%
HA4_IL 16582976 15239407 91.90%
HA5_IL 20309287 18312484 90.17%
HA6_IL 18368184 16556088 90.13%
C1_IL 17392932 13983541 80.40%
C2_IL 18634960 15382544 82.55%
C3_IL 16611439 14628031 88.06%
C4_IL 19672768 16940003 86.11%
C5_IL 15927969 13826621 86.81%
C6_IL 16653855 13712574 82.34%
HAPI_IL 16678116 14762780 88.52%
HAP2_IL 17107698 15405765 90.05%
HAP3_IL 14754402 12585667 85.30%
HAP4_IL 17580305 15211040 86.52%
HAP5_IL 15159039 13051144 86.09%

HAP6_IL 15362615 13387490 87.14%
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E. coli strains FITC (AVG + SD) Comment

E. coli Nissle 1536 + 9417 Test strain
143 + 130 Negative control for E. coli Nissle*

E. coli O86:B7 634 + 5374 Positive control of o-Gal production
1283 £17 Negative control for E. coli O86:B7*

E. coli clean 218 + 839 Negative control for a-Gal production.
200 + 581 Negative control for E. coli clean*

E. coli BL21 128 + 47 Negative control for a-Gal production.
124 + 38 Negative control for E. coli BL21*

*FITC background value resulting from the secondary antibody alone.
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Group  Penguin Sex Restraint Vaccine sessions Restraint sessions
n° sessions
1°! Blood 1t P 3 4" 5 6" 2" Blood 3" Blood
samplings #1 + Monday Wednesday Monday Wednesday Monday Wednesday samplings #2 samplings #3 +
CT#1 «T-1mo» 21/12/20 23/12/20 PO  28/12/20 30/12/20 04/01/21 06/01/21 «Timo » CT#2 « T3mo »
PO PO PO PO PO
Vaccine 1" F 17/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021
group 12 F 17/12/2020 ok 2 doses ok ok ok ok 14/01/2021 31/03/2021
13 F 17/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021
14 M 16/12/2020° ok ok ok ok ok ok 14/01/2021 31/03/2021
16 M 16/12/2020° ok ok ok ok ok ok 14/01/2021 31/03/2021
16 M 16/12/2020°¢ ok ok ok ok ok ok 14/01/2021 31/03/2021
17 F 17/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021
18 M 17/12/2020 ok ok ok ok ok no 15/01/2021 31/03/2021
19 M 17/12/2020 ok ok ok ok ok ok 20/01/2021 31/03/2021°°
20 F 16/12/2020 ok ok ok 2 doses ok ok 14/01/2021 31/03/2021
Placebo 21 F 16/12/2020 ok ok ok ok ok ok 15/01/2021 31/03/2021
group 22 M 16/12/2020° ok ok ok ok ok ok 14/01/2021 31/03/2021
23 F 16/12/2020° ok ok ok ok ok ok 14/01/2021 31/03/2021
24 M 16/12/2020 ok ok ok ok + 1 dose ok ok 14/01/2021 31/03/2021
of vaccine
25 F 17/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021
26 M 16/12/2020° ok ok ok ok ok ok 14/01/2021 31/03/2021
27 F 17/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021
28 F 20/12/2020° ok ok ok ok ok ok 14/01/2021 31/03/2021
29 M 16/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021
30 M 17/12/2020 ok ok ok ok ok ok 14/01/2021 31/03/2021

“Two penguins from the vaccine group took two extra doses (penguins n°12 and n°20), while another one missed the last dose due to difficulties in animal handling (penguin n°18). These
three individuals were kept into the vaccine group for statistical analyses. Penguin n°24 from the placebo group accidentally swallowed a dose of vaccine and was excluded from statistical

analysis.

bDorsal recumbency was needed, as excited penguins refused to stay straight in the PVC tube when standing.
°Flash isoflurane anesthesia (facemask) was performed, as these penguins were too fat to be placed appropriately into the PVC tube.
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sample novo unique total

HA1_IL 9 12 26
HA2_IL 8 11 30
HA3_IL 6 10 16
HA4_IL 11 15 26
HAS5_IL 10 12 24
HAG6_IL 11 21 25
CLIL 9 15 26
C2_IL 8 11 16
C3_IL 6 12 22
C4_IL 10 20 38
C5_IL 10 11 20
Cé6_IL 11 16 27
HAP1_IL 8 10 17
HAP2_IL 8 11 13
HAP3_IL 10 13 19
HAP4_IL 11 15 30
HAP5_IL 6 8 20

HAP6_IL 9 13 28
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Sample miRNA precursor

HA1_IL 686 538
HA2_IL 693 540
HA3_IL 700 557
HA4_IL 703 549
HAS5_IL 775 601
HA6_IL 710 560
CLIL 706 553
C2_IL 681 535
C3_IL 705 554
C4_IL 745 593
C5_IL 683 552
Ce_IL 712 557
HAP1_IL 688 542
HAP2_IL 668 535
HAP3_IL 697 558
HAP4_IL 714 551
HAP5_IL 653 519

HAP6_IL 689 548
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Primer

C1
c2

MX1-F
MX1-R
IRF3-F
IRF3-R
IRF7-F
IRF7-R
IL-8-F

IL-8-R

Nucleic acid sequence

GCATGCCGTGTGTCTGACACGGGTCGTATGA
GGATCCGGATCATCGGGTCAGCAGCTGCATGTTGAAAATGTTC
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Groups Numbers of chicken

Negative control 40
L. lactis/pTX8048 30
E. faecalis/pTX8048 30
L. lactis/pTX8048- Fiber2-CWA 30
L. lactis/pTX8048-DCpep-Fiber2-CWA 30
E. faecalis/pTX8048- Fiber2-CWA 30
E. faecalis/pTX8048-DCpep-Fiber2-CWA 30
Infection Control 10

Immunizations at days of age
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E. faecalis MDXEF-1/pTX8048-Fiber2-CWA, 5.0 x 10° CFU

E. faecalis MDXEF-1/pTX8048-DCpep-Fiber2-CWA, 5.0 x 1.0 x 10°
CFU

PBS (pH 7.2)

At 49 days of age, 10 chickens were randomly selected from the negative control group to form the infection control group before challenge.
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Bacteriocin

Probiotic strains

Antiviral/antimicrobial activity

Mode of action

Reference

Lactobacills gasseri SBT2055
Lactobacills acidophius 19G
and HI NDV

Lactobacillus plantarum DR7

Enterocin CRL35
Lactobacilus helveticus LZ-R-5

L. plantarum C70

L. plantarum SP8

L. plentarum SP8
EPS103

Bacteriocin

Enterocin ST4V
Labyrinthopeptin A1 (LabyAT)

LabyA1 +raltegravir

LabyA1 +LabyA2
Cell-free supematants (GFS)

Bacteriocin B1
Bacteriocin

Non-protein cell wall component
Lactobacillus paracasei sub sp.
rhamnosus

L. plantarum

Lactobacills reuteri
Enterococcus faecium NCIMB
10415

L. gasseri CMULST

L. plantarum L-137
Lactobacills fermentum
CECTS716

Lactobacillus casei DN114-001

. gasseri PA 16/8,
Bifdobacterium longum SPO7/3,
and Bifidobacterium bifium MF
2015

Lactobacills hamnosus GG
L. acidophius NCFM
Enterocin AAR-71

Enterocin AAR-74

Enterocin ST5Ha

Enterocin STV

Enterocin CRL3S

Bacteriocin

L. gasseri
L. acidophilus

L. plantarum

Enterococcus faecium
L. helveticus

L. plantarum

L. plantarum

L. plantarum
L. plantarum JLAU103

Lactobacills delbruecki sub
sp. bulgaricus

E. faecium ST4V
Actinomadura namibiensis

A. namibiensis +antiretroviral
agents

A. namibiensis DSM6313
Lactobacilus curvatus 1

L. delbrueckii
Lactobacilus spp.

Lactobacillus brevis
L. paracasei sub sp.
rhamnosus

L. plantarum

L. reuteri

Enterococcus faecium
NCIMB 10415

L. gasseri CMULS7

L. plantarum L-137

L. fermentum CECT5716

L. casei DN114-001

L. gasseri PA 16/8, B.
longum SPO7/3, and B.
bifidum MF 20/5

L. thamnosus GG

L. acidophilus NCFM
Enterococcus faecalis
E. faecalis

E. faecium
Enterococcus mundti

E mundii

L. delbruecki subsp.
bulgaricus 1,043

AHIN1 and B influenza viruses
Anew castle virus disease

Upper respiratory tract viral
infections,

HSV-1 HSV-2

Associated with the immune
system

Have possible bioactivities in
food industries, including
anticancer, antidiabetic, and
antioxidant activities

Excellent biosorption abilty
toward methylene biue (MB)
Shows specific antioxidant activty
Shows scavenging abilties
against hydroxyl, ABTS, and
DPPH radicals

‘Shows anti-Virus activity. A/
chicken/Germany, Weybridge
(HiN), Rostock (H/N;)

HSV-1 HSV-2

Shows Anti-HIV-1 activity

Shows anti-HIV-1 activity anti-
HSV-2 actity

Associated with carcinoma-
derived lung cells

Associated with murine norovirus
(MNY)

Anti-Virus

Anti-HIV-1 and Anti-HSV-2

Anti-HSV-2
Vesioular stomatitis viruses

Vesicular stomatitis viruses
Vesioular stomatitis viruses
Influenza virus HIN1
HSV-2

Influenza virus HIN1
Influenza virus HIN1

Influenza virus HIN1

Common cold virus

Respiratory virus infections
Influenza-ike symptoms

Proliferation of coliphage HSA

Herpes viruses HSV-1 and HSV-
2

Inactive against herpes viruses.

Influenza viruses

Vaccine-specific antibody production
19G and HI NDV

Suppresses plasma proinfiammatory
cytokines (IFN-y, TNF-o)

Inhibits the late-stage replication
Immunostimulatory activity

Bioactivties

Biosynthesis of selenium
nanoparticles (SeNPs)
Bioactivities

Bioactivities

Inhibits replication, glycoproteins
neuraminidase

Inhibits the late-stage replication
Suppresses intercellular transmission
between HiV-infected T cells and
uninfected CD4 (+) T cells

Inhibits the transmission of HIV from
DG-SIGN+ cells to uninfected CD4
(#) T cells

Inhibits human respiratory syncytial
virus (HRSV)

Inhibits intracelular virus replication

Inhibits intracellular virus replication
Lactic acid and hydrogen peroxide
protein denaturing reactions
Reduces HSV-2 replication
Adheres to the particles

Adheres to the particles
Adheres to the particles
Adheres to the particles

Adheres (o the particles

Elicits a pro-inflammatory response
Improves the formation of antibodies
against HINT

Improves the formation of antibodies
against HIN1

Inhibits intracellular virus replication

s intracelular virus replication
s intracelular virus replication

Inhibits intracellular virus replication

Enterocins CRL35 and ST4V were
used on the multplication of virus
particles

A derivative of enterocin CRL3S,
lacking two cysteine residues
Inhibits intracellular virus replcation
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Chong et al., 2019
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1999
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Zhang et al., 2020
Min etal., 2019

Serkedjeva et l., 2000

Todorov et al., 2005
Férr et al., 2013

Al Kassaa et al., 2014

Haid et al., 2017
Lange-Starke et al., 2014

Serkedjieva et al., 2000
Conti et al., 2009

Mastromarino et al., 2011
Botié et al., 2007

Boti¢ et al., 2007
Boti¢ et al,, 2007
Wang et al,, 2013

Al Kassaa et al., 2014
Maeda et al., 2009
Olivares et al., 2007

Boge et al., 2009
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Role

Mode of action

Findings

References

Bacteriocin

peptides
Bacteriocin

Bacteriocin

Bacteriocin

Bifidobacterium bifidum

Lactobacilus delbruecki
subsp. bulgaricus

Nisin-bateriocin

Nisin-bateriocin

Bacteriocin

‘Shows immunomodulatory
properties

Shows immunomodulatory
properties

‘Shows immunomodulatory
properties

Stimulates non-speciic
immunity releases pro-
inflammatory cytokines
Enhances immune responses

Enhances immune responses

Enhances immune responses

Enhances immune responses

Enhances immune responses

Enhances immune responses

Hydrophobicity, positive charge, and
small size immune system

Changes in DCs, improves actities
of T and B lymphocytes,

monocytes, and macrophages, the
IFN, and interleukin development
TNF-aand IL-6

Reduces the PRR stimulation

Mouse-adapted influenza A (H1N1)
infection BALB/c model

Inhibits influenza AVchicken/
Germany replication of the
Weybridge (H7N7) and Rostock
(H7N1) strains

Nisin-fed mice in the virus-infected
model

Shows antigenic response of nisin in
vivo against viruses

Shows anti-influenza efficacy in
mouse model

GIT integrity, immune function is
critcal for preventing and controling
viruses

Interferes and stimulates immune
system

Enhances viral phagocytosis

Increases the rotavirus-specific IgM
and secretes cell and IgA responses
to toxins

Promotes the tumor necrosis factor-
alpha (TNF) and the B-cell nuclear
factor kappa-light-chain-enhancer
Improves humoral and celular
immunity and reduces IL-6 activity in
the lungs.

Shows effectiveness against influenza
tested strains in mice model

Nisin has more significant
immunomodulatory properties than
the tested human cationic (LL-37)
peptides

Increases IL-6 and IL-10

Shows effectiveness against anti-
influenza virus
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Item CON EF SCON SEF P-value
Egg production, % 86.56 + 4.10%° 90.15 + 6.80%° 80.43 + 11.26° 91.16 + 2.40° <0.05
Egg weight, g/hen 61.27 +2.21 60.78 + 2.27 61.44 + 0.76 61.09 +2.29 0.635
Egg mass, g/d/hen 53.04 + 3.28 54.80 + 4.61 49.39 + 6.65 55.67 + 1.59 0.055
Feed intake, g/d/hen 108.74 + 4.09 111.42 + 13.06 103.93 + 4.67 110.72 £ 2.51 0.156
Feed efficiency, g egg/g feed 2.05 £ 0.1 2.04 £0.19 2.13+£0.21 1.99 + 0.06 0.223

abp\feans with different superscripts within a column differ significantly (P < 0.05). Each mean represents five replicates, with 20 hens per replicate.
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Item CON EF SCON SEF P-value

Egg weight, g 58.14 + 0.74 60.65 + 2.01 59.39 + 1.09 59.60 + 2.08 0.271
Yolk weight, g 15.39 + 0.42 15.43 + 0.39 15.15 + 0.58 15.38 + 0.30 0.176
Albumen weight, g 34.58 +0.48 37.16 + 1.94 36.38 + 0.63 36.16 + 1.69 0.293
Eggshell weight, g 8.16 + 0.33 8.06 + 0.12 7.85+0.16 8.06 + 0.30 0.248
Yolk weight/egg weight 0.26 + 0.01 0.25 + 0.01 0.26 + 0.01 0.26 + 0.00 0.433
Albumen weight/egg weight 0.59 + 0.01 0.61 + 0.01 0.61 + 0.00 061+0.01 0.132
Eggshell weight/egg weight 0.14 + 0.00 0.13 + 0.00 0.13 +0.00 0.14 + 0.00 0.404
Yolk color 5.50 + 0.58° 4.75+£02% 5.29 + 0.34%° 4.46 + 0.52*° <0.05
Eggshell strength, kg/lem? 3.61+0.39 3.27 + 0.47 3.36 + 0.27 371+0.18 0.163
Shell thickness, mm 0.44 +0.02° 043+ 0.01° 0.40 + 0.02% 0.44 +0.01° <0.05
Haugh unit 78.80 + 8.95 82.06 + 1.31 84.39 +1.78 80.58 + 1.25 0.107

ab\eans with different superscripts within a column differ significantly (P < 0.05). Each mean represents five replicates, with 20 hens per replicate.
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The experiment comprised two phases, consisting of the pre-salmonella
challenged phase (from day 14 to day 21) and the post-salmonella
challenged phase (from day 21 to day 42).

CON group (basal diet)

EF group (basal diet +2.5 X 108 cfu/g E. faecium)

SCON group (basal diet + S. Enteritidis)

SEF group (basal diet + 2.5 X 108 cfu/g E. faecium + S. Enteritidis)
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Groups ACE CHAO Jackknife Shannon Simpson

CD 1722 + 83° 1670 + 70° 1803 + 99° 5.41 +0.06° 0.01 +0.01°
BSD 162 + 24° 157 + 212 169 + 23* 2,66 + 0.20* 0.12 +0.01%
BGSD 295 + 52° 284 + 50° 308 + 62° 2,27 +0.37* 0.26 +0.13°

Control diet, CD: without Bacillus sp. PM8313 or B-glucan, BSD: 1 x 108 CFU g~ Bacillus sp.

PM8313, and BGSD.

: BSD + 0.1% B-glucan.
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Serum biochemical parameters

Groups

AST (UL™) ALT (U L) Total glucose (mg dI”") Total cholesterol (mg dI”")
cD 39.33 + 1.53 12.33 £ 2.52 45.90 +2.70 133.83 + 11.45
BSD 40.33 +2.08 12.33 + 4.16 45.00 + 5.62 137.50 £ 7.78
BGSD 38.33 + 5.86 11.33 £ 2.08 46.80 +3.12 139.33 + 8.40

Values are mean = SD of three replicates. All values within the same column in the table are not significantly different (P > 0.05). Control diet, CD: without Bacillus sp. PM8313 or B-glucan,
BSD: 1 x 108 CFU g~ Bacillus sp. PM8313, and BGSD: BSD + 0.1% fB-glucan.
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Groups Growth performance, feed utilization and organosomatic parameters

WG (%) SGR (% day™) FCR PER CF (%) Vsl (%) HSI (%)
cD 120.84 + 3.48° 1.41 0.0 1.46 + 0.05° 1.43 + 0.05° 1.70 £ 0.06 2,07 +0.10 2.20 + 0.04
BSD 131.41 £ 4.15° 1.50 + 0.03° 1.23 + 0.04% 1.69 + 0.05° 1.7320.15 2,08 +0.11 219+ 0.07
BGSD 134.61 + 4.55° 1.52 +0.03° 1.33 £ 0.06% 1.57 +0.07° 1.77 £0.07 2.09 +0.13 2.16 + 0.07

Values are mean + SD of three replicates. Values with different superscript letters within the same column in the table are significantly different (P < .05). The lack of superscript letter
indicates no significant differences (P > 0.05). Control diiet, CD: without Bacillus sp. PM8313 or B-glucan, BSD: 1 x 108 CFU g~ Bacillus sp. PM8313, and BGSD: BSD + 0.1% B-glucan.
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Gene

Oligonucleotide Sequence (5" to 3)

Forward Reverse

B-actin CAAAGCCAACAGGGAGAAG TACGACCAGAGGCATACAG
IL-6 ACAACATCCCCTCACTTCC CCTCTTTCTCCACATACTTCAG
-8 AGGACAGGCCAAGAGGTTTG AGTGTGTTTGGGTGCCCTTA
NF-xB ACACTCTTCCTACAGCAGCG TCCTCCATAACCCAACCCAC
TNF-o. ATCAGCAGCAAAGCCAAG GTTGTCAACCAGTCGGAAG
HSP70 GGACATCAGCGACAACAAG CGGAAGAGGTCAGCATTGAG
GH ACCAGAACCAGAACCAGAAC CAGACAGAGAGAGAGAGAGAG
TLR TCATCATCAGCAACAACCAG TCAGGAGGCAAATAGGAGAG
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Ingredients Percentage (%)

Feed proximate composition

Percentage (%)

Fish meal 30.00
Wheat flour 28.88
Chicken by product 31.20
Fish oil 4.00
Squid liver powder 3.00
Lecithin 1.00
Mono calcium phosphate 0.20
Vitamin C 0.50
Vitamin premix® 0.50
Mineral premix® 0.50
Choline® 0.12
Cellulose 0.10

Moisture
Crude protein
Crude lipid
Crude ash

Supplement for BSD group
Bacillus sp. PM8313

Supplements for BGSD group
Bacillus sp. PM8313
B-glucan

5.02

44.02
13.78
12.61

1 x 10® CFU/g

1 x 10® CFU/g
0.10%

Vitamin premix (as mg kg—1 in diets): Ascorbic acid, 300; dI-Calcium pantothenate, 150; Choline bitate, 3000; Incsitol, 150; Menadion, 6; Niacin, 150; Pyridoxine. HCI, 15; Rivoflavin, 30;
Thiamine mononitrate, 15; dl-o-Tocopherol acetate, 201; Retinyl acetate, 6; Biotin, 1.5; Folic acid, 5.4; Cobalamin, 0.06.
“Mineral premix (as mg kg1 in diets): NaCl, 437.4; MgSO4-7H20, 1379.8; ZnSO4-7H20, 226.4; Fe-Citrate, 299; MnSO4, 0.016; FeSO4, 0.0378; CuSO4, 0.00033; Ca(I0)3, 0.0006;

MgO, 0.00135; NaSeO3, 0.00025.
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Gene

B-actin

CD40

CD80

CD86

TLR-2

TLR-4

TLR-6

TLR-9

INE-y

IL-12

IL-10

IL-17

Primer sequence (5° -3')

F-GGTGGGTATGGGTCAGAAAG
R-TCCATGTCGTCCCAGTTGGT

F-CGTGCGGGGACTAACAAGA
R-CCAACAGGACGGCAAACA

F-GAGTCCGAATATACTGGCAAAAGG
R-AGGTGCGGTTCTCATACTTGG
F-GTGTGGGATGGTGTCCTTTGT
R-TTTGTTCACTCGCCTTCCTGT
F-ACCATTCCCCAGCGTTTCT
R-GAGTCAGCAAGTCACCCTTTATGTT
F-ACCAGACTTTCTTGCAGTGGGTCA
R-AATGACGGCCTCGCTTATCTGACA
F-TCCCAGAATAGGATGCAGTGCCTT
R-ACTCCTTACATATGGGCAGGGCTT
F- ACCAGGGACAACCACCACTT

R- CAGGCAGAGAGGCAAATCC
F-CGAAAAGCTGATTAAAATTCCGGTA
R-TCTTAGGTTAGATCTTGGTGACAGA
F- TGGACCTCAGACCAGAGCAG

R- GCAGGAGTGACTGGCTCAGA

F- GGAAGACGTAATGCCGAAGG

R- GGCACTCTTCACCTCCTCCA

F-CGGCTGGAGAAAGTGATGGT
R-CAGAAATGGGGCTGGGTCT

Accession number

AF054837

AF248545

AF455811

NM_214222.1

NM_213761

NM_001113039

NM_213760

XM_005669564.3

NM_213948.1

V08317

NM_214041

AB102693
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Gene

FADD

HMGB1

IL-1B

MLKL

PGAM5

RIP1

TNF-o.

B-actin

Forward (5'- 3')

F: AAGTGTCTGACGCCAAG

R: CCTCCTGCTGTTCTTCC

F: GCCTATCCATTGGTGATGTTG
R: TCCTCCTCCTCCTCCTCAT

F: GCTAACTACGGTGACAACAATAATG
R: CTTCTCCACTGCCACGATGA
F: TCTCGCTGCTGCTTCA

R: CTCGCTTGTCTTCCTCTG

F: TCTTCATCTGCCACGCCAAT
R: GGTGATGCTGCCGTTGTTG

F: ACATCCTGTACGGCAACTCT
R: CGGGTCCAGGTGTTTATCC

F: CTCTTCTCCTTCCTCCTGGTC
R: ATGCGGCTGATGGTGTGA

F: TGCGGGACATCAAGGAGAAG
R: AGTTGAAGGTGGTCTCGTGG

Product length (bp)

101
260
186
105
104
175
118

311

Accession numbers

XM_013987237.1

NM_001004034.1

NM_214055.1

XM_013998184.1

XM_013992365.1

XM_005665538.2

X57321.1

AJ312193.1

FADD, death domain; HMGBL, high-mobility group box-1 protein; IL, interleukin; MLKL, mixed-lineage kinase domain-like protein; PGAMS, phosphoglycerate mutase family member 5;
RIP1, receptor-interacting protein kinase 1; TNF-o, tumor necrosis factor-o.
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A [O] Posttranslational_modification,_protein_turnover,_chaperones

COGO0326 Cation—-transporting ATPase
COG0326 Chaperone protein HtpG
COG0326 Heat shock protein 90 cognate
COG0326 Heat shock protein HSP 90-beta
COG0326 HSPS0-domain—-containing protein
COG0326 Molecular chaperone HtpG
COG0326 Uncharacterized protein

COG0443 Chaperone protein DnaK
COG0443 Heat shock protein 70

COG0443 Molecular chaperone DnaK
COGO0450 Peroxiredoxin

COG0459 60kDa chaperonin

COG0464 AAA family ATPase

COG0464 AAA family ATPase, CDC48 subfamily
COG0464 Cell division cycle protein 48
COG0464 Uncharacterized protein

i ~ COGO526 Uncharacterized protein

= - COG0545 Peptidylprolyl isomerase

— COGO0638 Proteasome subunit alpha type
COGO0760 Peptidylprolyl isomerase

C0OG1222 26S protease regulatory subunit 8
COG1222 Profilin

COG5272 Ubiquitin—40S ribosomal protein S27a

[E] Amino_acid_transport_and_metabolism

- COG1171 Threonine dehydratase

COGO0334 oxidoreductase activity

COG4992 Acetylornithine aminotransferase

COG1104 cysteine desulfurase

COG0436 aminotransferase

COGO0006 peptidase M24

COGO0031 cysteine biosynthetic process from serine

COGO0119 Catalyzes the condensation of the acetyl group

COG0260 Processing and regulating turnover of intracellular proteins
COGO0136 Catalyzes the NADPH-dependent formation of L-ASA

COG1115 amino acid carrier protein

. COG1362 M18 family aminopeptidase

|V] Defense_mechanisms

CJ D21
DJ D21
PJ D21

_mm——

-2 -1 0 1 2
LFQ intensity (z-score)

; ENOG410XPOP Ubiquitin carboxyl-terminal hydrolase
ENOG410XQRP Proteasome subunit beta

ENOG410XRR7 Calreticulin family-domain-containing protein
ENOG410Z0G4 Peptidylprolyl isomerase B

Group

CJ D21

o _ DJ D21
PJ D21

K02996 30S ribosomal protein S9 |Clostridium
K03283 Heat shock protein SSA1 |Debaryomyces
K09810 Macrolide ABC transporter ATP-binding protein |Streptomyces

K01803
K04487
KO07375
K00940
K20794
K01810
K01610
K02406
K03386
K04079
K00260
K09500

~ K05610

CJ D21 2

cJ_D21_3

DJ_D21_1

DJ D21 2

DJ D21 3

PJ_D21_1

PJ_D21_2

(38}
P
o
o
—_
o

CJ_D21_1

Triosephosphate isomerase |Prevotella

Mitochondrial cysteine desulfurase |Gonapodya

Tubulin beta chain (Fragment) |Armillaria

Nucleoside diphosphate kinase |Komagataella
Uncharacterized protein |Kwoniella
Glucose-6-phosphate isomerase |Verrucomicrobium
Phosphoenolpyruvate carboxykinase (ATP) |unclassified Lachnospiraceae genus
Flagellin |Selenomonas

Peroxiredoxin |Pichia

Heat shock protein HSP 90-beta |Batrachochytrium
Glutamate dehydrogenase |Brevibacillus

T-complex protein 1 theta subunit |Jimgerdemannia
Ubiquitin carboxyl-terminal hydrolase |Jimgerdemannia





OPS/images/fimmu.2022.947755/fimmu-13-947755-g001.jpg
BALB/c, Female
6 Weeks, 18-20 ¢

Control group Eat

T

at and dri '=“_‘JI= m 0.2 ml 0.9% NaCl

_ LPSgroup  Ealand drink ad libitum 0.2 ml 0.9% NaCl

CY group Eat and drink ad libimam 0.2 ml co-lermented yogurl

OY group Eal and drink ad libium

0 Day

0.2 ml ordinary yogurt






OPS/images/fmicb-12-813245/fmicb-12-813245-g007.jpg
Number of genes

eggNOG Function Classification

50 - eggNOG_description

. A:RNA_processing_and_modification
C:Energy_production_and_conversion
D:Cell_cycle_control,_cell_division, _chromosome_partitioning
- E:Amino_acid_transport_and_metabolism
F:Nucleotide_transport_and_metabolism
G:Carbohydrate_transport_and_metabolism

| H:Coenzyme_transport_and_metabolism

(]
o
1

|:Lipid_transport_and_metabolism

J:Translation,_ribosomal_structure_and_biogenesis

K:Transcription

. L:Replication, _recombination_and_repair

N
o
1

M:Cell_wall/membrane/envelope_biogenesis

N:Cell_motility

O:Posttranslational_modification, _protein_turnover,_chaperones
P:Inorganic_ion_transport_and_metabolism
Q:Secondary_metabolites_biosynthesis, transport_and_catabolism
S:Function_unknown

T:Signal_transduction_mechanisms

§

ACDEFGHIJKLMNOPQSTUVZ

U:Intracellular_trafficking, _secretion,_and_vesicular_transport

V:Defense_mechanisms

Z.Cytoskeleton
categories
[C] [C] [J] (O] (V] (S] (all)
*%k % kdk k% s *%k%
— — — —
e * Ak *k bk
40 - . I 1 I l . 1 I 1 % 1
— — - 3
+ B &
g’ i * & ¢ ®
T
©
3 30+
<
2
©
m 29"
o

Group B3 CJ_D21 EJ DJ_D21 E3 PJ_D21






OPS/images/fimmu.2022.947755/crossmark.jpg
©

2

i

|





OPS/images/fmicb-12-813245/fmicb-12-813245-t001.jpg
Item Treatment! P-value

C D P SEM

IgM (ug/mL) 2780.1% 205821  2234.47°  113.40  0.01
IgG (mg/mL) 5.84 6.23 6.68 0.25 0.44
IgA (ng/mL) 1533.56 1388.96 131810 4341  0.11
IL-1 (pg/mL) 37611  354.41 331.84 9.94 0.19
IL-2 (pg/mL) 43022  440.38 420.70 11.86  0.81

IL-4 (pg/mL) 38.91 39.98 40.92 0.66 0.49
TNF-a (pg/mL) 13355  130.81 116.58 3.07 0.04
SIgA (1g/9)

Duodenum 447782 297°¢ 360.16° 18.25 <0.01
Jejunum 431762  281.84¢ 368.322 18.49 <0.01
lleum 419612 27817°  364.682 19.56 <0.01

abpjeans in the same row with different superscripts are significantly different
(P <0.05).
G, Control group; D, Diarrhea group; P MSP group; respectively.
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Treatment! P-value

SCFA (1.g/g) c D P MSE
Acetic acid 312.69°  436.56° 641.572 42,57 <0.01
Propanoic acid 36.91° 60.92° 153.362 19.37 0.02
Butanoic acid 736.882 58.73P 182.97P 12.4 0.03
Isobutyric acid 3.88 3.89 7.29 0.98 0.24
Valeric acid 20.59 20.80 79.69 8.72 0.06
Isovaleric acid 1.76° 3.86° 47.982 55 0.02
Hexanoic acid 1798.442  142.91P 275.89° 267.41 0.01
Isohexanoic acid 1.762 0.00° 0.00P 0.31 0.02
Total acid 2312.912  97259P 15954720  81.05 0.04

abpjeans in the same row with different superscripts are significantly different
(P < 0.05).
C, Control group; D, Diarrhea group; P MSP group; respectively.
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double-stranded DNA

[M] Cell_wall/membrane/envelope_biogenesis

COG1004 UDP-glucose 6-dehydrogenase
ENOG411230Y Major outer membrane protein
COG1210 utp-glucose-1-phosphate uridylyltransferase
COG3203 Membrane
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COG1087
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COGO0513 purine NTP-dependent helicase activity

COG1204 helicase

COGO776 This protein is one of the two subunits of integration host factor
COGO0188 DNA gyrase negatively supercoils closed circular

Elongation factor Tu

ATP synthase subunit beta
ATP synthase subunit alpha
Succinate--CoA ligase [ADP-forming] subunit alpha, mitochondrial
Glycerol-3-phosphate dehydrogenase [NAD(+)]
Uncharacterized FAD-linked oxidoreductase Rv2280
Citrate synthase (Fragment)

Succinate CoA transferase

Isocitrate dehydrogenase [NADP]

Carbohydrate kinase

Aldo/keto reductase

Pyruvate synthase

F1 complex, OSCP/delta subunit of ATPase

NifU-like protein
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Pyruvate carboxylase
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[G] Carbohydrate_transport_and_metabolism
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COG0166 Glucose-6-phosphate isomerase
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COG1925 Phosphocarrier protein
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COG2273 Dockerin type | repeat-containing protein (Fragment)
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[J] Translation,_ribosomal_structure_and_biogenesis
COGO0017 Asparagine——tRNA ligase
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Gene

Claudin-1

Z0-1

Bax

IL-1B

IL-18

GAPDH

Primer sequence (5'-3")

F: CTGATTGCTTCCAACCAG

R: CAGGTCAAACAGAGGTACAAG

F: CTTCAGGTGTTTCTCTTCCTCCTC
R: CTGTGGTTTCATGGCTGGATC

F: GTGATGGCATGGGACATAGCTC
R: TGGCGTAGACCTTGCGGATAA

F: CTGGGCATCAAGGGCTACAA

R: CGGTAGAAGATGAAGCGGGT

F: TAACAGATCAGGAGGTGAAATCT
R: AAGGCCAAGAACATTCCTTGTT
F: TGGAGAAACCAGCCAAGTAT

R: GCATCAAAGGTGGAGGAAT

Size (bp)

140
131
90
131
299

145

Annealing temperature(°C)

59
59
59
60
60

55

Reterence

(41)

(a1)

“2)

(43)

(44)

(45)

GenBank No.

NM_001013611

XM_413773

XM_015290060

NM_204524

NM_204305.1
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Macroscopic

Appearance performance
None

Listlessness

Messy feathers

Difficult to stand

‘Weak breathing

Severity of diarrhea

None

Minimal (Semi solid shape)

Mild (Semi solid mixed with foam liquid)
Moderate (Liquid feces)

Marked (Bloody diarrhea)

Microscopic

Inflammatory infiltration or hemorrhage
None

Minimal (<5% of section)

Mild (5-10% of section)

Moderate (11-30% of section)

Marked (>30% of section)
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