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Editorial on the Research Topic
 Current Trends in Exploiting Molecular Signaling in Bacteria-Host Crosstalk



Despite antibiotics and immunization discovery, as well as tremendous progress made in medicine and environmental quality control, the global burden of infectious diseases still raises important new challenges for prevention, monitoring, diagnostic, and therapy. In case of bacterial infections, we are facing an unprecedented emergence and spread of antimicrobial resistance (AMR) globally, with medical and socio- economic disastrous consequences. Moreover, the coronavirus 2019 (COVID-19) pandemic has drastically changed the healthcare practices in terms of antibiotics and disinfectants use, eventually influencing, in a still unknown way, the dynamics of AMR. Many scientists are predicting that climate change will also influence the landscape of bacterial infections in many ways, such as the global warming will facilitate the more rapid growth and thus, the survival and spread of antibiotic-resistant bacteria and the exchange of resistance genes. This global context reiterates that multi-disciplinary and internationally concerted research is urgently needed to develop novel and efficient preventive and therapeutic strategies, for continuingly improving our preparedness and response to present and future threats from bacterial infections and AMR. Bacteria are able of intercellular communication and further, to sense and rapidly adapt to their environment through coordinated, multi-cellular responses. If their environment is the human body, pathogens' ability to sense, respond and manipulate host immune responses contributes greatly to their success to concur the host. The goal of this special issue was to present the current progress and perspectives regarding pathogen-host crosstalk, in the hope to provide a fruitful platform for feeding the pipeline for the future development of vaccines and anti-infective therapies.

By successfully fulfilling the declared goal of this Research Topic, the published papers present new, important and inspiring data concerning the effectors and mechanisms involved in the bacterial pathogens-host crosstalk during the infectious process as well as in the human microbiota dialogue with the human host organism. The presented results were obtained using state of the art methodology and infection models that could serve as inspiration for further research and offer new leads for the development of novel biomarkers and therapeutic strategies. Some valuable reviews on the above-mentioned subjects are adding to the original papers. According to their subject, the papers could be divided in three categories.

The first category presents novel effectors and pathogenic mechanisms involved in the interplay between different Gram-negative and Gram-positive bacteria and their animal or human host, during the infectious process and highlight their potential for the development of novel anti-infectious strategies. Liu et al. updated the major molecules involved in cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) (cGAMP) synthase (cGAS), along with the adaptor stimulator of interferon genes (STING) and the effects of the cGAS-STING pathway in various bacterial infections and bacterial immunity, which may pave the way for the development of new antibacterial drugs that specifically kill bacteria without harmful effects on the host. Luo et al. reviews the mechanisms by which Legionella pneumophila effectors interfere with host cells ubiquitination during the infectious process. Fu et al. focused on EspF, one of the virulence factors of Enterohemorrhagic Escherichia coli (EHEC) O157: H7, proving that it may mediate DNA damage, by regulating the subcellular localization and phosphorylation of SMC1. Using the Tenebrio molitor model, Kojour et al. unveil the role of the dimeric cytokine ligand Spätzle (Spz)5 in the innate defense against E. coli infection. Using a transcriptomic approach, Zhang et al. shed new insights in the mechanisms and effectors of Salmonella enteritidis infection in ducks, that could feed the pipeline for designing new therapeutic strategies. Chu et al. demonstrated that Salmonella Infantis inhibited the apoptosis of infected Caco-2 cells by intermittently phosphorylating Akt, allowing sufficient time for replication, thereby causing more severe inflammation. Liu et al. raises caution on using glucocorticoids in chronic lung disease, showing that they increase the expression of syndecan-1 (SDC1) and consequently, Pseudomonas aeruginosa binding to the airway epithelium. Ding et al. have shown that P. aeruginosa infection increases IL-17 production, augmenting inflammation in chronic obstructive pulmonary disease (COPD) patients and COPD mouse models and recommend IL-17A as a potential therapeutic strategy in controlling the outcomes of P. aeruginosa infection in COPD patients. Tang et al. reported for the first time a new mechanism by which Aeromonas hydrophila evades from host antibacterial defense by intervening CD80/86 signal, that could be targeted for the development of new therapeutic interventions. Gao et al. investigated the role of flagellin B from Vibrio anguillarum, an opportunistic pathogen of aquatic animals, on cell apoptosis, TLR5 expression, and production of IL-8 and TNF-α, in the perspective of future design of flagellin-based vaccines. Tan et al. offers the readers a fresh perspective regarding the correlation between the agr polymorphism and S. aureus pathogenic potential, while Smyth and Sun propose that Protein Kinase R (PKR), already well known as an important target in cancer, metabolic disorders, neurodegeneration, and antiviral defense, could be also be considered a promising lead for novel treatment strategies in bacterial infections. Park et al. have shown that most oral streptococci induce ROS production and subsequent apoptosis in human periodontal ligament cells, thus contributing to the progression of inflammatory conditions. Ermel et al. show that dysgeusia in COVID-19 is related to the salivary levels of innate immune response molecules such as the toll-like receptor-4, peptidoglycan recognition protein, and sACE2 and perturbation of oral biofilm.

The second batch of papers are moving the readers' focus to the human microbiota- host organisms crosstalk in health and disease. Ding et al. reviewed the role of microbiome and gut–brain axis in epilepsy, highlighting the possible pathogenic mechanisms and the novel therapies targeting the gut microbiota, Yuan et al. summarized the role of gut microbiota in acute central nervous system injuries, while Zheng and Wang offer the reader an update of molecular mechanisms by which gut microbiota-derived signals modulate liver injury and regeneration and the development of gut microbiota-based therapies. Zhang et al. have shown that the major cytotoxic T-cell trafficking chemokines (CTTCs) and chemokine-associated microbiota profiles are different in colorectal cancer (CRC) tumor vs. adjacent normal tissues, Yang et al. provide a detailed analysis of the oral microbiome in patients with oral squamous cell carcinoma and Prucsi et al. reviewed the involvement of oral microbiota in periodontal inflammation mediated by neutrophils. Using an in vivo mice model, Zheng et al.' study fills the knowledge gap regarding the dynamics and roles of respiratory microbiota in the different stages of asthma and their association with chronic asthma progression. By using a multi-omics approach, Gong et al. identified intestinal microbiota, fecal and serum metabolites and cytokines profiles which could predict for anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis clinical severity and relapse. All these papers could inspire other researchers for developing novel microbiota-derived biomarkers used for risk prediction, early diagnosis and monitoring of cancer and other chronic diseases.

The third category of papers refer to novel antibacterial strategies based on natural compounds and on probiotics, updating or demonstrating their intimate mechanisms of actions. He et al. proposes that melatonin could be an effective approach against various pathogenic bacterial infections, acting by decreasing formation of reactive oxygen and nitrogen species, promoting detoxification and protecting mitochondrial damage, while Yang et al., demonstrate the anti-QS activities of the phenolic compound paeonol in a Caenorhabditis elegans infection model. Probiotics are used to alleviate the deleterious effects of inflammatory reactions, but the intimate mechanisms of action are still to be unveiled. Using in vitro and in vivo mastitis models, Zheng et al. have demonstrated that Lactobacillus casei, besides its direct competition with E. coli, could reduce the inflammation associated with E. coli-induced mastitis by consolidating the tight junctions and decreasing the expression of the inflammatory cytokines. In the same infection model, Li et al. have shown that L. rhamnosus GR-1 prevents E. coli-induced apoptosis induced PINK1/Parkin-mediated mitophagy that eliminated damaged mitochondria and reduced ROS production and NLRP3 inflammasome activation. The efficiency of Lacticaseibacillus casei T21 was demonstrated in vitro, on colonic epithelial cells and in vivo, on a murine Clostridioides difficile infection model, by assessing many reliable parameters. This could represent a model study for demonstrating the therapeutic efficiency of probiotic formulations and unveil their possible mechanisms of action (Panpetch et al.). Liang et al. show that fecal microbiota transplantation (FMT) controls progression of experimental autoimmune hepatitis in mice by modulating the follicular regulatory T cells and restoring the gut dysbiosis. Moving to huma studies, Ren et al. demonstrated the long-term efficacy and safety of single-donor, low-intensity FMT in treating ulcerative colitis (UC). The patients with UC sustained remission had a higher abundance of Bifidobacterium breve, while a higher level of Bacteroides spp. was observed in the relapse group.

We are very grateful to all authors and reviewers for their valuable contributions and hope that the readers will find our Research Topic selection interesting and inspiring for their future work.
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Enterohemorrhagic Escherichia coli (EHEC) O157: H7 is an important foodborne pathogen that causes human diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome. EspF is one of the most important effector proteins injected by the Type III Secretion System. It can target mitochondria and nucleoli, stimulate host cells to produce ROS, and promote host cell apoptosis. However, the mechanism of the host-pathogen interaction leading to host oxidative stress and cell cytotoxic effects such as DNA damage remains to be elucidated. Here, we used Cell Counting Kit-8 (CCK-8) assays and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-OHdG) ELISA to study cell viability and DNA oxidative damage level after exposure to EspF. Western blot and immunofluorescence were also used to determine the level of the DNA damage target protein p-H2AX and cell morphology changes after EspF infection. Moreover, we verified the toxicity in intestinal epithelial cells mediated by EspF infection in vivo. In addition, we screened the host proteins that interact with EspF using CoIP-MS. We found that EspF may more depend on its C-terminus to interact with SMC1, and EspF could activate SMC1 phosphorylation and migrate it to the cytoplasm. In summary, this study revealed that EspF might mediate host cell DNA damage and found a new interaction between EspF and the DNA damage repair protein SMC1. Thus, EspF may mediate DNA damage by regulating the subcellular localization and phosphorylation of SMC1.

Keywords: EHEC (Enterohaemorrhagic E. coli), EspF, DNA damage, SMC1, protein interactions


INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is an important foodborne pathogen. It can cause bloody diarrhea, hemorrhagic colitis, and even life-threatening hemolytic uremic syndrome (Tarr et al., 2005). EHEC infection induces an increase in host reactive oxygen species levels and the activation of inflammatory signals, which both play an important role in mediating hemorrhagic colitis (Dahan et al., 2002; Pacheco and Sperandio, 2012). However, the mechanism of this host-pathogen interaction leading to host oxidative stress and DNA damage remains to be clarified.

EHEC O157: H7 adheres to the brush border of intestinal epithelial cells, and approximately 40 effector proteins are injected into host cells using the Type III Secretion System (Slater et al., 2018). EspF is one of the most important virulence factors for EHEC and enteropathogenic E. coli (EPEC) (Holmes et al., 2010). The N-terminus of EHEC-secreted effector protein EspF contains a secretory signal (residues 1–21) that helps EspF secretion to host cells. Both a mitochondrial targeting signal (MTS, residues 1–24) and a nucleolar targeting domain (NTD, residues 21–74) enable EspF to target the mitochondria and nucleolus of host cells. Moreover, an essential role for leucine at position 16 was shown for mitochondrial targeting (Nagai et al., 2005), and mutation of this residue to glutamic acid (L16E) has been a pivotal tool for determining which of EspF’s functions are dependent on mitochondrial targeting. The EspF C-terminus (residues 73–248) is composed of four highly homologous proline-rich repeats sequences, each of which contains an SNX9 protein binding site Src homology 3 (SH3) motif and a neuronal Wiskott-Aldrich syndrome protein (N-WASP) binding domain (Hua et al., 2018a).

Based on the structural characteristics of EHEC EspF, it can target mitochondria, destroy the mitochondrial membrane potential, induce the host to produce ROS (Wang et al., 2017), and mediate cell apoptosis (Zhao et al., 2013). In addition, EPEC EspF can also target the nucleolus to regulate ribosomal protein synthesis (Dean et al., 2010). As EPEC often leads to asymptomatic colonization, E. coli depletes host cell DNA mismatch repair (MMR) proteins in colonic cell lines and has been detected in colorectal cancer patients (Maddocks et al., 2009). EPEC EspF is critical for the depletion of MMR proteins, which can then lead to mutations in the Apc gene. The mechanism of EPEC modulation of the MMR protein is post-transcriptional and depends upon EspF mitochondrial targeting (Maddocks et al., 2013). In addition, EPEC EspF infection significantly increases spontaneous mutation frequency in host cells, which is a typical feature of colorectal tumors (De’Angelis et al., 2018).

In addition to the MMR pathway, Homologous Recombination (HR) and Non-Homologous End Joining are two important DNA double-strand break (DSB) repair pathways (Liu et al., 2017). Among them, HR repair requires a sister chromatid as a template to reduce errors in DNA and only functions in the S phase and G2 phase of the cell cycle (Stefanski et al., 2019). This repair pathway is mediated by serine/threonine kinase of ataxia telangiectasia-mutated (ATM). DSBs can activate ATM kinase and initiate downstream signaling pathways (Burma et al., 2001). SMC1 is an important target of ATM kinase (Yi et al., 2017). It can be phosphorylated by ATM and collaborates with the MRE11, Rad50, and NBS1 complex to regulate DNA replication fork formation and damage repair (Kitagawa and Kastan, 2005).

Although there is evidence that EspF can sequester host cell MMR proteins and cause host microsatellite instability (Maddocks et al., 2013), whether EHEC EspF causes DNA damage through other DNA damage repair proteins and the pathogenicity of EspF-host protein interaction is unclear. We, therefore, analyzed the ability of EspF to cause cell DNA damage and validated the DNA damage of intestinal epithelial cells in mice. Afterward, we demonstrated that EspF interacted with the DNA damage repair protein SMC1 by co-immunoprecipitation combined with mass spectrometry (CoIP-MS). Using CoIP and confocal microscopy, we further confirmed that EspF preferred to mediate the interaction with SMC1 through its C-terminus. EspF can also phosphorylate SMC1 and transfer it to the cytoplasm, affecting the cell’s ability to repair DNA damage in the nucleus. Our research provides new insights into the pathogenesis of EHEC O157:H7 infection.



MATERIALS AND METHODS


Cell Lines and Strains

293T, Caco2 cells, and HT-29 cells were kindly gifted by Professor Bao Zhang, School of Public Health, Southern Medical University, Guangzhou. We cultured 293T and Caco2 cells overnight in DMEM (GIBCO, Waltham, MA, United States) containing 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin at 5% CO2 and 37°C. HT-29 cells were cultured overnight in RPMI-1640 (GIBCO) medium containing 10% FBS and 1% penicillin and streptomycin at 5% CO2 and 37°C. The pEGFP-N1 plasmid, strain EHEC O157:H7 EDL933, ΔespF, and ΔespF/pespF were stored in our laboratory (Wang et al., 2017). DH5α-competent cells and LA high-fidelity enzyme were purchased from TaKaRa (Shiga, Japan). The restriction enzymes EcoRI and BamHI were purchased from Thermo Fisher (Waltham, MA, United States). The primers used in this study were synthesized by Sangon Biotech (Shanghai, China). Gene sequencing was performed by IGE Biotechnology (Guangzhou, China).



Construction of pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, and pEGFP-EspF-C-Flag Plasmids

We amplified the espF gene, its N-terminus (1 − 219 bp), and C-terminus (220 − 747 bp) using the LA high-fidelity enzyme in the genome of EDL933. Each constructed plasmid was labeled with Flag. Primers espF-F: CCGGAATTCGCCACCATGCTTA ATGGAATTAGTAACGCTG and espF-R: CGCGGATCCCC GCTACCGCCGCTTCCCTTGTCCTTATCGTCGTCATCCTTG TAATCCTTATCGTCGTCATCCTTGTAATCCTTATCGTCGTC ATCCTTGTAATCCCCTTTCTTCGATTGCTCATA amplified the espF gene; primers espF/N-F: CCGGAATTCGCCACCATG CTTAATGGAATTAGACAC and espF/N-R: CGCGGATCCCC ACCAGAGCCACCCTTATCGTCGTCATCCTTGTAATCGGGA GTAAATGAAGTCACCTG amplified the espF-N; and primers espF/C-F: CCGGAATTCGCCACCATGTCTCGTCCGGCACCG CGCGCCCCCACC and espF/C-R: CGCGGATCCCCACCTC CCC amplified the espF-C. The PCR products were digested with EcoRI/BamHI and T-linked to the pEGFP-N1 plasmid to generate pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, and pEGFP-EspF-C-Flag plasmids. Sequencing verified the integrity of the constructed plasmids.

We cultured 293T cells according to standard methods, and the cells were plated on 10 cm2 culture dishes (NEST, Hong Kong, China). In accordance with the manufacturer’s instructions, the cells were transfected with pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, and pEGFP-EspF-C-Flag plasmids using Lipofectamine 3000 (Thermo Fisher).



Immunofluorescence Assay

Caco2 cells were plated on a confocal dish (35 mm; NEST, Hong Kong) and transfected with pEGFP, pEGFP-EspF, pEGFP-EspF-N, or pEGFP-EspF-C vectors. After 48 h, the cells were gently washed with PBS three times and fixed in 4% paraformaldehyde for 15 min at room temperature, and then blocked with 0.1% Triton X-100 for 30 min. The fixed cells were stained with primary antibody overnight at 4°C (anti-p-H2AX/anti-CK18 [CST, Danvers, MA, United States]; anti-SMC1/anti-p-SMC1 [(Abcam, Cambridge, United Kingdom)], followed by incubation with a secondary antibody for 30 min. Then, the cells were stained with DAPI for 5 min. Cellular co-localization was observed with an FV1000 confocal microscope (Olympus, Tokyo, Japan).



Western Blot

The protein samples were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The electrophoresed proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany), then blocked with 5% bovine serum albumin (BSA, Gbcbio, China). Membranes were probed with anti-p-H2AX (CST, United States), anti-H2AX (CST, United States), anti-p-SMC1 (Abcam, United Kingdom), anti-SMC1 (CST, USA), or anti-βactin antibodies (Proteintech, China), followed by a goat anti-rabbit IgG secondary antibody (#SA00001-2, Proteintech, China) or goat anti-mouse IgG secondary antibody (#SA00001-1, Proteintech, China) for 1 h. The blots were visualized using an ECL chemiluminescence substrate kit (#WBKLS0100, Millipore, United States).



Bacterial Infection

The EHEC O157:H7 EDL933 strain was cultured in LB medium, ΔespF and ΔespF/pespF strains were cultured in LB medium containing kanamycin at 37°C for 12 h, and HT-29/Caco2 cells were seeded in 10-cm2 culture dishes. When the cells reached 95% confluence, the cells were infected with bacteria at a multiplicity of infection (MOI) of 100:1 and incubated at 37°C and 5% CO2. Then, the medium was aspirated, the cells were gently washed with PBS, and the proteins were collected for immunoblotting.



Determination of 8-OHdG

The strain EHEC O157:H7 EDL933 was cultured in LB medium, ΔespF and ΔespF/pespF strains were cultured in LB medium containing kanamycin at 37°C for 12 h, and HT-29/Caco2 cells were seeded in 10-cm2 culture dishes. When cells reached 95% confluence, the cells were infected with bacteria at an MOI of 100:1 and incubated at 37°C and 5% CO2. Celluar 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-OHdG) was determined using a commercial competitive ELISA kit (CUSABIO, Wuhan, China). The concentrations were normalized to a standard sample and expressed in ng/mL.



Measurement of Cell Viability

We used a Cell Counting Kit-8 (CCK-8) kit (Dojindo, Japan) to measure cell viability. A total of 1,000 cells in a volume of 100 μL per well were cultured in five replicate wells in a 96-well plate in a medium containing 10% FBS. HT-29/Caco2 cells were infected with strains as shown above. Then the cells were incubated in a medium containing gentamicin. The CCK-8 reagent (10 μL) was added to 90 μL DMEM to generate a working solution, of which 100 μL was added per well and incubated for 1.5 h. We performed this assay at 24 h, 48 h, and 72 h after infection.



Co-immunoprecipitation Assay

Following the instructions of the Pierce CoIP Kit (Thermo Fisher), we prepared 293T cells over-expressing pEGFP-EspF or pEGFP-EspF-N or pEGFP-EspF-C as mentioned above. We added 1 mg of cell lysates to 80 μl of the control agarose resin slurry to remove non-specifically bound proteins. Next, we placed 20 μl of AminoLink resin slurry into the spin column, added 15 μg of immunoglobulin G (IgG) antibody (ABclonal Technology, Woburn, MA, United States)/Flag antibody (Cell Signaling Technology, Danvers, MA, United States), and co-incubated the mixture for 1 h. The protein was added to the spin column and incubated at 4°C overnight. The resin was washed three times with IP lysis and then underwent 10% SDS-PAGE for immunoblotting. Anti-Flag (CST) and anti-SMC1 (CST) antibodies were added, and reactions were incubated overnight at 4°C. After three washes with TBST, the corresponding secondary antibody was added, the mixture was incubated at room temperature for 1 h, and the bands were visualized using an ECL chemical solution.



Silver Staining

After electrophoresis, SDS-PAGE gels were incubated in a fixing solution for 15 min in a shaker at room temperature. The gel was transferred to a sensitizer using gentle shaking. Then, we added the staining solution and left the mixture for 30 min on a shaker. After staining, the gel was washed with water three times (15 min each) and incubated in a developer solution until bands became visible. The gel was washed in water and then imaged. The different bands were cut out and sent to Huijun Biological Company (Guangzhou, China) for MS.



Survival Assay of Mice

A total of 30 adult female BALB/c mice (4–5 weeks old, 13.52 ± 0.59g) were randomly divided into three groups (EHEC, △espF, and Control group), with 10 mice in every group. The strains were cultured overnight in kanamycin at 37°C. The mice, respectively, received 0.2 mL of the bacterial suspension of different groups (approximately 5 × 1010 CFU/mL) by intragastric administration. After 12 h, the mice were infected again with the same amount of bacteria. The Control group received 0.2 mL LB broth. Prior to the gavage, the BALB/c mice were given sterile water containing streptomycin and were injected with mitomycin C (2.5 mg/kg) to enhance susceptibility to bacteria. The survival state of the mice was monitored every 12 h for 7 days. The survival rate and weight change of mice were calculated. After 7 days, the surviving mice were killed and their tissues were taken out. Subsequently, tissue immunohistochemical analysis was performed.



Statistical Analysis

All statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA). The data are expressed as the mean ± SD. Comparisons between groups were made by one-way analysis of variance (ANOVA) followed by Dunnett’s test for separate comparisons. P < 0.05 was considered statistically significant.



RESULTS


EspF Can Induce Extreme Multi-Nucleation and DNA Damage

The morphological changes of cells are often a manifestation of DNA damage. Mammalian-expression plasmids encoding full-length EspF, or the EspF-N and EspF-C terminus were fused to an N-terminus green fluorescent protein (GFP) with a flag tag (pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, and pEGFP-EspF-C-Flag) (Figure 1A). Caco2 cells were then transfected with these plasmids, and the medium was changed every two days to maintain cell viability. Cytokeratin 18 is a maker of the cell cytoskeleton. Cells expressing EGFP-EspF on day 2 post-transfection remained mono-nuclear. From day 2 to day 4 post-transfection, cells expressing EGFP-EspF exhibited a progressive increase in cell hypertrophy (maximal diameter) and multi-nucleation (defined as ≥ 15 nuclei). We then quantified the rate of the cell harboring four or more nuclei. Quantification results revealed that 59% ± 5.63% of EspF-expressing cells showed the phenomenon of cell multi-nucleation (Figure 1B), whereas non-transfected cells displayed near-zero levels of internalization. CK18 was rearranged in the cytoplasm and was accompanied by internalized nuclei. In addition, the CK18 protein co-localized with EspF in the cytoplasm. Meanwhile, in the EGFP and Control groups, cells still appeared to be mono-nuclear, and CK18 was distributed continuously along the cell membrane, with a complete structure and clear boundaries.
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FIGURE 1. EspF can increase H2AX phosphorylation and mediate cell multi-nucleation. (A) Diagram of pEGFP-EspF, pEGFP-EspF-N, and pEGFP-EspF-C plasmids used in this study. pEGFP-EspF, pEGFP-EspF-N, and pEGFP-EspF-C were tagged with Flag. aa: Amino acid. L16E: Mutation of Leucine at position 16 in mitochondrial targeting to Glutamic acid. NTD: Nucleolar Targeting Domain. PRR: Proline-rich repeats. (B) Immunofluorescent microscopy of CK18 protein. Caco2 cells transfected with plasmids for 48 h. The nucleus was labeled with DAPI in blue. CK18 was labeled with an anti-CK18 antibody in red. Green indicates fluorescence expressed by the fluorescent plasmid. Images were acquired on an FV1000 confocal laser scanning microscope using a 63 X oil objective. The white arrows represented cell internalization. The grayscale analysis of cells harboring four or more nuclei in cells transfection with EspF as indicated. (C) The levels and grayscale analysis of p-H2AX in Caco2 cells infected with strains as indicated. Relative protein levels were quantified using ImageJ software. Data are shown as the mean ± SD of three independent repeats. *P < 0.05, **P < 0.01, ***P < 0.001. (D) The fluorescence intensity and grayscale analysis of p-H2AX in Caco2 cells infected with strains for 6 h as indicated. Immunofluorescence was observed with an anti-p-H2AX antibody followed by a secondary antibody (red). Images were acquired on an FV1000 confocal laser scanning microscope using a 63 X oil objective.


p-H2AX is a maker protein for DNA double-strand damage. To determine whether EspF could cause DNA damage, we next evaluated the level of p-H2AX in Caco2 cells by infecting them with different strains. Compared with the ΔespF group, the levels of p-H2AX in the EHEC and ΔespF/pespF groups were significantly increased (Figure 1C). Then, we infected Caco2 cells with different strains and observed the distribution of p-H2AX via immunofluorescence. As shown in Figure 1D, in non-infected Caco2 cells (Control), the p-H2AX fluorescence was lower. In the EHEC group, strong p-H2AX fluorescence was observable in the nucleus. By contrast, the ΔespF group had weakened punctate fluorescence in the nucleus. The p-H2AX fluorescence was recovered by complementation with espF. We then used ImageJ software version 1.8.0 to quantify the fluorescence intensity of p-H2AX in these images. The signal intensity of p-H2AX in the EHEC groups was almost two times higher than that in the ΔespF group. These results indicated that EspF may cause DNA damage and morphological changes such as cell multi-nucleation and internalization, along with the rearrangement of the cytoskeleton.



EspF Causes DNA Oxidative Damage and Decreases Cell Viability

The most common cell oxidative damage is the formation of mutagenic DNA adducts, including 8-OHdG (Kasai, 1997). We used an 8-OHdG ELISA kit to determine the level of DNA adducts after infection of HT-29 and Caco2 cells, which reflected the level of DNA oxidative damage. In HT-29 cells, the average DNA oxidative damage levels of Control, EHEC, ΔespF, and ΔespF/pespF-infected cells were 28.6, 113.1, 77.0, and 99.1 ng/mL, respectively (Figure 2A). Compared with the EHEC group, the DNA oxidative damage level in the ΔespF group was significantly reduced (P < 0.01). In Caco2 cells, the average DNA oxidative damage levels of Control, EHEC, ΔespF, and ΔespF/pespF-infected cells were 49.5, 176.8, 92.5, and 144.8 ng/mL, respectively (Figure 2B). The DNA oxidative damage level of the EHEC group was almost two times higher than that of the ΔespF group (P < 0.05). No differences were observed between the ΔespF/pespF and ΔespF groups, which may be caused by the instability of espF gene complementation.
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FIGURE 2. EspF causes DNA oxidative damage and decreases cell viability. (A) The level of 8-OHdG in HT-29 cells after infection. HT-29 cells were infected with indicated strains, and DNA was extracted from cells for ELISA. Data are expressed as the mean ± SD from at least three independent experiments. *P < 0.05, **P < 0.01. (B) The level of 8-OHdG in Caco2 cells after infection. Caco2 cells were infected with indicated strains for 9 h, and DNA was extracted from cells for ELISA. Data are shown as the mean ± SD of at least three independent experiments. (C) Cell viability of HT-29 cells infected with indicated strains. HT-29 cells were infected with strains for 9 h, washed with PBS, and co-incubated in a medium containing gentamicin for 24 h, 48 h, and 72 h. Data are shown as the mean ± SD from at least three independent experiments. (D) Cell viability of Caco2 cells infected with strains. Caco2 cells were infected with strains for 9 h as indicated, washed with PBS, and then co-incubated in a medium containing gentamicin for 24 h, 48 h, and 72 h. Data are shown as the mean ± SD from at least three independent experiments.


CCK-8 assay can indirectly reflect the number of living cells. The effects of infection with different strains on cell viability were then measured with the CCK-8 assay. After HT-29 cells were infected with these strains, the cells were then treated with gentamicin (50 μg/ml) to remove adherent EHEC, followed by incubation for 24 h, 48 h, or 72 h. After infection with these strains, the cell viability was significantly lower than the Control group (P < 0.01). Compared with the EHEC group, the number of cells in ΔespF group increased by 2.0%, 11.6%, and 14.2% at 24 h, 48 h, and 72 h, respectively (Figure 2C), and the cell viability at 48 h and 72 h was statistically significant (P < 0.05). Similarly, in Caco2 cells, the cell viability of the EHEC group was 11.8%, 18.1%, and 19.5% lower than those of the ΔespF group at 24 h, 48 h, and 72 h (P < 0.05), respectively (Figure 2D). The ΔespF/pespF group was slightly lower than ΔespF, but the difference was not statistically significant.



Prediction and Analysis of Protein Interactions With EspF

After transfecting 293T cells with pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, and pEGFP-EspF-C-Flag plasmids for 48 h, we lysed cells and precipitated the proteins with Flag and IgG antibodies. These eluted proteins were resolved using 10% SDS-PAGE and visualized by silver staining. Protein expression of pEGFP-EspF-3Flag plasmid was at 60 kDa, that of pEGFP-EspF-N-Flag was at 35 kDa, and that of pEGFP-EspF-C-Flag was at 55 kDa, all of these band sizes were consistent with their anticipated sizes (Figure 3A). Three additional protein bands were specifically precipitated from pEGFP-EspF-transfected cells compared with the IgG group, two additional protein bands were specifically precipitated from pEGFP-EspF-N-transfected cells, and one additional protein band was observed from pEGFP-EspF-C-transfected cells. These additional protein bands in the Flag group and the same position as bands in the IgG group were then cut off and digested by mass spectrometry. The pull-down proteins in the Flag group minus the pull-down proteins in the IgG group were considered to be the putative specific EspF-interacting proteins.
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FIGURE 3. Identification of host proteins that interact with EspF. (A) Additional bands from the pEGFP-EspF, pEGFP-EspF-N, and pEGFP-EspF-C groups. The plasmids were transfected into 293T cells. Cell lysates from pEGFP-EspF-transfected cells, pEGFP-EspF-N-transfected cells, or pEGFP-EspF-C-transfected cells were immunoprecipitated with anti-Flag/IgG protein monoclonal antibodies. Immunoprecipitated proteins were isolated by 10% SDS-PAGE and visualized by silver staining. The additional bands were shown with red asterisks (*). (B) KEGG analysis of the distribution of interacting protein pathways. (C) GO annotation of EspF-interacting proteins in terms of biological processes, cellular components, and molecular functions. (D) COG function classification of interacting protein pathways.


A total of 309 cellular proteins were shown to interact with EspF, while the EspF-N terminus alone interacted with 231 proteins, and 123 proteins interacted with the EspF-C terminus alone (Supplementary Tables 1–3). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation of the host proteins interacting with EspF revealed that subclasses associated with metabolism, signal transduction, and the immune system were highly enriched (Figure 3B). Gene Ontology (GO) annotation analysis of interacting proteins revealed that subclasses associated with translation (23.1%) and redox process (15.4%) were enriched in Biological Processes (BPs). The most abundant subclasses in Cellular Components (CCs) included intermediate filaments (21.3%) and ribosomes (13.5%). Molecular Functions (MFs) mainly involved protein binding (22.4%) and ATP binding (18.6%) (Figure 3C). Clusters of Orthologous Groups (COG) analysis showed that the interacting proteins were mainly involved in translation, ribosomal structure, and post-translational modification (Figure 3D).

Among these proteins, Structural maintenance of chromosome protein 1A (SMC1) had a high interaction score with EspF. SMC1 is considered to be a chromosomal structural protein (Watrin and Peters, 2006). When cells are stimulated by DNA damage, SMC1 can be phosphorylated by ATM and plays a role in DNA damage repair in the ATM/NBS1 branch of the DSB repair pathway.



SMC1 Is a Novel EspF-Interacting Protein That May Interact via the EspF-C Terminus

Our MS results revealed that EspF could interact with SMC1. Confocal microscopy analysis and CoIP further validated this interaction between EspF and SMC1. We transfected pEGFP-EspF plasmids into Caco2 cells, and our IF results showed that SMC1 was mostly distributed in the nucleus in the Control group, but after transfection with EspF, SMC1 protein was partially transferred from the nucleus to the cytoplasm, and SMC1 and EspF co-localized in the cytoplasm (Figure 4A). We then quantified the fluorescence intensity of SMC1 protein in the nucleus, and the level of SMC1 in the cells expressing EspF was significantly lower than that in cells not expressing EspF, P < 0.01 (Figure 4B).
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FIGURE 4. EspF may interact with SMC1 via its C terminus. (A) EspF and SMC1 transiently co-localize in the cytoplasm. Caco2 cells were grown to 70% confluence in mock conditions and then transfected with pEGFP-N1 and pEGFP-EspF. After 48 h, cells were fixed, permeabilized, and immunostained with an anti-SMC1 antibody followed by a secondary antibody (red). Images were acquired on an FV1000 confocal laser scanning microscope using a 63X oil objective. The red boxes in panels A were enlarged in the bottom row. (B) EspF translocates SMC1 into the cytoplasm. Caco2 cells were transfected with pEGFP-EspF, then stained with an anti-SMC1 antibody. Grayscale analysis of fluorescence intensity of SMC1 in the nucleus as indicated. **P < 0.01. (C) The scatter plot of co-localization between EspF and SMC1. the Pearson’s correlation coefficient for the image above thresholds of EspF and SMC1 was 0.7034. (D) The plot profile of fluorescence intensity of red/green. (E) EspF may interact with SMC1 via its C terminus by CoIP. pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, or pEGFP-EspF-C-Flag were transfected into 293T cells for 48 h. Cell proteins were extracted and incubated with Flag/IgG agarose beads. Next, input and IP protein lysis were prepared for 10% SDS-PAGE gel. The indicated interacting proteins were immunoprecipitated with indicated antibodies (IB); normal mouse IgG was used as a negative control.


We next quantified the amount of co-localization between EspF and SMC1 in the cytoplasm. We used ImageJ to make a scatter plot of this co-localization (Figure 4C), and the Pearson’s correlation coefficient (R2) for the images above the thresholds for EspF and SMC1 was 0.7034. Moreover, the plot profile of co-localization showed that the red fluorescence intensity (SMC1) fluctuated with the green fluorescence intensity (EspF) (Figure 4D). These quantitative results clearly verified the interaction between EspF and SMC1.

We next used CoIP to confirm the interaction between EspF and SMC1 and the specific interaction domains required for this interaction. We transfected pEGFP-EspF-3Flag, pEGFP-EspF-N-Flag, and pEGFP-EspF-C-Flag into 293T cells and then obtained cell lysates. As shown in Figure 4E, we observed that the EspF and the EspF-C terminus co-precipitated with SMC1, whereas the N-terminus interacted very weakly with SMC1. Thus, SMC1 preferred to interact with the EspF-C terminus. The biological regulation of host SMC1 protein by EspF, however, still needs to be further studied.



EspF Can Activate SMC1 Phosphorylation and Change Its Subcellular Localization

To determine how EspF regulates the level of SMC1 in host cells, we measured SMC1 and its phosphorylation levels after transfecting pEGFP-EspF into Caco2 cells. After transfection with EspF, the level of SMC1 remained unchanged, but the phosphorylation of SMC1 was significantly higher compared with the EGFP group (P < 0.05) (Figure 5A). We confirmed this result by infecting HT-29 cells with the strains. The phosphorylation of SMC1 in cells infected with EHEC was higher than in those infected with ΔespF cells (P < 0.05) (Figure 5B).
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FIGURE 5. EspF activates the phosphorylation of SMC1 and redistributes it to the cytoplasm. (A) EspF increases the phosphorylation of SMC1 in Caco2 cells. pEGFP-N1 and pEGFP-EspF were transfected into Caco2 cells for 48 h. The expression levels and grayscale analysis of p-SMC1/SMC1 were as indicated. Relative protein levels were quantified using ImageJ software. Data are shown as the mean ± SD from three independent repeats. *P < 0.05, **P < 0.01. (B) EspF increases the phosphorylation of SMC1 in HT-29 cells. HT-29 cells were infected with indicated strains. The expression levels and grayscale analysis of p-SMC1/SMC1 were as indicated. Relative protein levels were quantified using ImageJ software. Data are shown as the mean ± SD from three independent repeats. *P < 0.05. (C) EspF alters the subcellular localization of p-SMC1. Immunofluorescence with anti-p-SMC1 antibody followed with a secondary antibody (red). Images were acquired on an FV1000 confocal laser scanning microscope using a 63X oil objective. (D) EspF alters the sub-cellular localization of SMC1. Immunofluorescence using an anti-SMC1 antibody followed by a secondary antibody (red). Images were acquired on an FV1000 confocal laser scanning microscope using a 63X oil objective.


We next observed the localization of phosphorylation of SMC1 in Caco2 cells by transfecting with pEGFP-EspF. As shown in Figure 5C, the level of p-SMC1 expression was low in the EGFP group. We used UV treatment as a positive control to induce DSBs. After exposure to 10 J/m2 of UV, p-SMC1 was distributed in a punctate manner in the nucleus. While the level of p-SMC1 in the EspF group was significantly increased, p-SMC1 was typically transferred to the cytoplasm and co-localized with EspF protein. The above results verified that EspF could activate SMC1 phosphorylation and transfer it to the cytoplasm.

Then, we infected Caco2 cells with the strains. SMC1 was expressed in the nucleus in the Control and ΔespF groups, while in EHEC-infected cells, SMC1 was redistributed more from the nucleus to the cytoplasm. Also, the phenotype of SMC1 in cells infected with ΔespF/pespF was consistent with EHEC, suggesting that EspF prevented SMC1 from properly playing its DNA damage repair role in the nucleus (Figure 5D).

These findings suggested that EspF could change the subcellular localization of SMC1 protein from the nucleus to the cytoplasm, thereby preventing p-SMC1 from playing its role in the nucleus in DNA damage repair.



EspF Induces DNA Damage in Intestinal Epithelial Cells in vivo

To test our in vitro findings in vivo, we constructed an animal model of EHEC O157:H7 hemorrhagic enteritis based on our previous method (Wang et al., 2017). We improved this protocol by using streptomycin in sterile drinking water before gavage (Figure 6A), making EHEC O157:H7 the dominant intestinal bacteria strain and increasing the susceptibility of the BALB/c mice (Bohnhoff and Miller, 1962).
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FIGURE 6. Pathogenicity of EHEC O157:H7 mutant strains in BALB/c mice. (A) Construction of an animal model of EHEC O157:H7 hemorrhagic enteritis. (B) The bodyweight of the mice at 7 days post-infection. (C) Survival curves of BALB/c mice gavage with indicated strains. (D) The intestinal appearance and colon coefficient in mice. (E) Immunohistochemistry for p-H2AX in different tissues. (F) Grayscale analysis of p-H2AX in different tissues. The average optical density value was quantified using ImageJ software. Data are shown as the mean ± SD from three independent repeats. *P < 0.05, **P < 0.01, ***P < 0.001.


After the gavage of the strains, the mice showed sparse hair, poor mobility, and hind limb hemiplegia. The weight of mice decreased continually over the seven days. The weight of mice in the EHEC groups decreased faster, while the weight loss of the ΔespF group increased rapidly after the fourth day of infection (Figure 6B). Mice in the EHEC group had a rapid onset of disease, and the mice died on the 2.5 d of infection. The onset of the mice in the ΔespF group was, however, delayed. The mortality of the mice in the EHEC and ΔespF groups were 80 and 60%, respectively (Figure 6C).

After dissecting the mice, we found that the colon of the Control group was a normal yellow, and there was no redness or swelling in the small intestine or colon. In the EHEC group, the colon had edema and became bloody, the stool was black and granular, and small bowel lesions were more obvious, presenting as hemorrhagic colitis. The appearance of the colon in the ΔespF group was similar to that in the Control group, the colon lesions were mild, and the small bowel wall only had partial edema (Figure 6D). We weighed the colon of the mice and calculated the organ coefficient based on body weight (Figure 6D). The results showed that the colon coefficients of the EHEC group were significantly higher than those of the ΔespF group and Control group (P < 0.05), indicating that EspF could cause thickening of the colonic mucosa in mice and mediate severe edema and inflammation. These results demonstrated that EspF enhanced lethality and induced intestinal lesions in BALB/c mice.

We next examined the kidney, liver, small intestine, and colon tissue for p-H2AX levels using immunohistochemistry. The results showed that the normal lobule of the liver could be seen in the Control group, and only a few brown particles were seen in the nucleus. Compared with the ΔespF group, the phosphorylation of H2AX in the EHEC group was significantly increased. The intestinal tissue damage of mice was also more obvious (Figure 6E). We quantified the results of this immunohistochemistry by gray value analysis. Except for the kidney, the phosphorylation of H2AX in the EHEC group was significantly higher than that in the ΔespF group (P < 0.05) (Figure 6F), suggesting that EspF may mediate different degrees of DNA damage in various tissues.



DISCUSSION

It has been reported that EspF can lead to an increase in spontaneous mutations in host cells (Maddocks et al., 2013). However, the molecular mechanism of EspF-mediated DNA damage and microsatellite instability remains still unclear.

Cell morphological changes are also one of the manifestations of DNA damage, such as cell multi-nucleation and cell hypertrophy (Horn and Triantafyllopoulou, 2018). Some cells escape from cell cycle arrest and enter abnormal mitosis. This process is characterized by significant changes in cell morphology (Tyrer et al., 2014). Affected cells swell due to inappropriate cytokinesis, changing actin stress fibers, and form micro-nuclei and multi-nuclei. Studies have shown that EPEC EspF mediates cell multi-nucleation and this extreme phenotype depends on the C-terminus region of EspF (Dean and Kenny, 2013). Cell fusion relies on N-WASP, the protein that binds to the EspF-C terminus. In addition, EspF collaborates with CK18 and 14-3-3ζ (Viswanathan et al., 2004), resulting in the alteration of the intermediate-filament network. We hypothesized that EHEC EspF could also cause cell multi-nucleation. We transfected pEGFP-N1 and pEGFP-EspF into Caco2 cells, and cells expressing EspF showed multi-nucleation, accompanied by the rearrangement of the CK18 cytoskeleton, while the cells in Control and EGFP groups still maintained a single nucleus and had an intact cytoskeleton. These results indicated that EHEC EspF could induce host cell multi-nucleation and cytoskeletal rearrangement, and provided a basis for understanding EspF-mediated DNA damage.

One of the earliest events that occur after DNA damage is the phosphorylation of Ser139 on histone H2AX (p-H2AX), which is a known marker of DNA damage (Hong et al., 2016). In this study, we infected Caco2 cells with the strains. Compared with the ΔespF group, the phosphorylation of H2AX was higher in the EHEC and ΔespF/pespF groups. Immunofluorescence further confirmed that the EHEC and ΔespF/pespF groups had stronger red fluorescence signals. Therefore, we verified that EspF may induce host cell DNA damage.

EspF can increase the level of ROS in the host. It is worth noting that excessive ROS can lead to host DNA damage and form the mutagenic DNA adducts of 8-OHdG (Kasai, 1997; Kryston et al., 2011; Hua et al., 2013). The levels of 8-OHdG in the EHEC groups were significantly higher than those in the ΔespF group. Due to the instability of espF gene complementation, no statistically significant difference was observed between the ΔespF/pespF and ΔespF groups. Caco2 cells are more prone to DNA oxidative damage, which may be related to the characteristics of cell differentiation, such as intestinal cell differentiation and cell polarity (Gagnon et al., 2013).

During the infection of intestinal epithelial cells, the surface properties of EPEC/EHEC induce exogenous apoptotic pathways (Abul-Milh et al., 2001), whereas TIIISS effectors such as EspF and Map trigger intrinsic apoptotic pathways (Wong et al., 2011). EspF disrupts the mitochondrial membrane potential, leading to the release of cytochrome c and the cleavage of caspases 3 and 9, which eventually mediates cell apoptosis (Nougayrède and Donnenberg, 2004). Our research also confirmed that EspF reduced cell viability. Through CCK-8 assays, the cell viability of EHEC-infected cells was shown to be significantly lower than that of the ΔespF group at 48 h and 72 h after infection (P < 0.05). These results indicated that EspF could cause DNA oxidative damage, induce host cell apoptosis, and reduce cell viability. However, we noticed that compared with the Control group, the ΔespF strain still caused a significant decrease in cell viability. As we know, EHEC hemolysin employs outer membrane vesicles to target the mitochondria and cause endothelial and epithelial apoptosis (Bielaszewska et al., 2013). In addition, the EPEC effector Map imports into mitochondria, causing mitochondrial dysfunction and Ca2+ efflux into the host cytoplasm, resulting in the release of epidermal growth factors that stimulate the apoptosis signaling pathway (Ramachandran et al., 2020). Thus, activation of cell apoptosis may be a result of multiple factors.

We speculated that EspF may interact with specific host proteins to mediate DNA damage. Therefore, we used CoIP-MS to identify the interactions between EspF and host proteins. Mass spectrometry identified the SNX9, SNX18, 14-3-3, and ANXA6 proteins which had previously been verified to interact with EspF, confirming the credibility of our mass spectrometry results. 309 host cell proteins interacting with EspF were revealed by CoIP-MS. Interacting proteins were mostly involved in metabolic pathways and ribosomal biological processes. We found that EspF interacted strongly with ribosomal RPL, RPS, and EIF family proteins. Previous proteomics studies have shown that the levels of many ribosomal proteins in intestinal cells decrease after EPEC infection (Hardwidge et al., 2004). In cells expressing EspF, pre-rRNA synthesis is blocked, and EspF-dependent EPEC infection reduces the expression level of the ribosomal protein RPL9 and changes the localization of RPS5 and U8 small nucleolar RNA (snoRNA) (Dean et al., 2010). Our results provided further support for the hypothesis that EspF might play its biological role by regulating ribosomal protein synthesis.

SMC1 had a higher score among our interacting proteins. It has also been shown to interact with EspF and be involved in multiple signal pathways via a bimolecular fluorescence complementation method (Hua et al., 2018b). It is shown that the SMC1 protein is specifically implicated in sister chromatid cohesion (Ball and Yokomori, 2008). The cohesin SMC1 is involved in ATM-dependent responses to DNA damage, and sister chromatid cohesive protein complexes play a key role in the HR-mediated repair of DSBs (Jessberger, 2009). DSBs can activate ATM kinase and initiate downstream signaling pathways. These downstream targets include the checkpoint kinase CHK1, CHK2, and SMC1, which regulate DNA replication forks and damage repair (Carrassa and Damia, 2017). We further verified the interaction between EspF and SMC1 by CoIP and immunofluorescence. Moreover, we demonstrated that the functional domain of interaction was most likely through the C-terminus of EspF. It is known that the binding of EspF to SNX9 and N-WASP proteins is based on the c-terminus SH3 and CRIB (Cdc42/rac interaction binding) motifs (Holmes et al., 2010). The EspF-C terminus, thus, may play a role as a scaffold, linking EspF with other proteins and exerting its biological functions.

We applied immunofluorescence and CoIP to further validate the interaction between EspF protein and SMC1 protein. Moreover, the interaction between SMC1 and the EspF-C terminus was stronger than that with the N terminus. In addition, the nuclear level of SMC1 in the cells expressing EspF was significantly lower than that in cells not expressing EspF, P<0.01, thus demonstrating the interaction between EspF and SMC1 can change the subcellular localization of SMC1.

We also examined the effect of sub-localization of SMC1 with strain infection. In HT29 cells, SMC1 concentrated in the nucleus in the Control and ΔespF groups, whereas EHEC and ΔespF/pespF infection lead SMC1 to migrate from the nucleus to the cytoplasm. Moreover, the phosphorylation of SMC1 was less expressed in EGFP groups, while it was punctated distributed in the nucleus in the UV treatment group. Transfection of EspF significantly activated the phosphorylation of SMC1 in the cytoplasm and co-localized with EspF. Therefore, we hypothesized that EspF might interact with SMC1 and transfer it to the cytoplasm, which decreased the SMC1 level in the nucleus, reducing the phosphorylation of SMC1 in the nucleus, and thus down-regulating the ability of DNA damage repair and inhibiting the HR pathway repair. However, the exact mechanism of EspF-SMC1 modulation of this deserves further study.

We also demonstrated that EspF may mediate DNA damage in intestinal epithelial cells in vivo. Mice have always been the ideal animal model for studying EHEC infections (Wadolkowski et al., 1990; Mohawk and O’Brien, 2011). In this study, we added streptomycin to the drinking water to increase mice’s susceptibility to pathogenic bacteria (Bohnhoff and Miller, 1962). Among these mice, the EHEC group had the highest mortality rate (80%), and the earliest disease onset. The appearance of the colon in the EHEC group showed hemorrhagic colitis such as edema and vacuoles, and the colon coefficient (0.912) was higher than the ΔespF group (0.663), P < 0.05. Immunohistochemistry for p-H2AX in different tissues showed that, except for the mice kidney, the phosphorylation of H2AX in EHEC groups was significantly increased than ΔespF group (P < 0.05). These results indicated that EspF can induce DNA damage in intestinal epithelial cells and mediate animal death.

This study did have some limitations. First, compared with EHEC, the expression of the complementation strains △espF/pespF was unstable. The espF gene was cloned into the pBAD33 plasmid to construct a complementary strain (Hua et al., 2015). Perhaps due to the pBAD expression system, the expression level of EspF was controlled by the regulation of L-arabinose, which caused the instability. Second, some of the host proteins that have been confirmed to interact with EspF were not identified in our MS results, such as N-WASP protein (Garber et al., 2018). This may be due to the size of N-WASP being about 55 kDa, it was not included in the bands we interrogated by MS. In addition, some weak interactions may not be detected. Further experiments to verify the interactions between EspF and host cell proteins would support these findings.

In summary, the results reported herein show that EspF induces cell multi-nucleation, exacerbates DNA oxidative damage, inhibits cell viability, and may lead to DNA damage and death in mice (Figure 7). In addition, the host proteins that interact with EspF are identified by CoIP-MS, and we verify that EspF interacts with a novel DNA damage repair protein SMC1. EspF can transfer p-SMC1 to the cytoplasm, making it unable to perform normal DNA damage repair in the nucleus and inhibiting the HR pathway. EspF, therefore, appears to cause DNA damage via interaction with the SMC1 protein, thus contributing to the pathogenicity of EHEC.


[image: image]

FIGURE 7. Model of EspF may induce host DNA damage. EspF induces cell multi-nucleation, exacerbates DNA oxidative damage, inhibits cell viability, interacts with SMC1, transfers p-SMC1 into the cytoplasm, then may lead to DNA damage.
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Diseases caused by pathogenic bacteria in animals (e.g., bacterial pneumonia, meningitis and sepsis) and plants (e.g., bacterial wilt, angular spot and canker) lead to high prevalence and mortality, and decomposition of plant leaves, respectively. Melatonin, an endogenous molecule, is highly pleiotropic, and accumulating evidence supports the notion that melatonin’s actions in bacterial infection deserve particular attention. Here, we summarize the antibacterial effects of melatonin in vitro, in animals as well as plants, and discuss the potential mechanisms. Melatonin exerts antibacterial activities not only on classic gram-negative and -positive bacteria, but also on members of other bacterial groups, such as Mycobacterium tuberculosis. Protective actions against bacterial infections can occur at different levels. Direct actions of melatonin may occur only at very high concentrations, which is at the borderline of practical applicability. However, various indirect functions comprise activation of hosts’ defense mechanisms or, in sepsis, attenuation of bacterially induced inflammation. In plants, its antibacterial functions involve the mitogen-activated protein kinase (MAPK) pathway; in animals, protection by melatonin against bacterially induced damage is associated with inhibition or activation of various signaling pathways, including key regulators such as NF-κB, STAT-1, Nrf2, NLRP3 inflammasome, MAPK and TLR-2/4. Moreover, melatonin can reduce formation of reactive oxygen and nitrogen species (ROS, RNS), promote detoxification and protect mitochondrial damage. Altogether, we propose that melatonin could be an effective approach against various pathogenic bacterial infections.
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Introduction

Bacteria include both pathogenic and beneficial species and are universally present in all ecosystems as colonizers of hosts (1). Bacteria can be beneficial in multiple ways, for example, Lactobacillus and Bifidobacterium species are used for yoghurt production (2, 3), Lactococcus species and others in cheese production (4, 5), methane producing bacteria for methane production (6), Corynebacteria for monosodium glutamate formation (7) and Acetobacter for vinegar generation (8). Bacteria, being a normal flora can also benefit hosts, such as, Lactobacillus species can inhibit inflammation by competing with pathogens or stimulating skin barrier recovery (9). Most, but not all bacteria present in the gut microbiome, which contains slightly more cells than a human body, can be also classified as being beneficial and relevant to health, as far as it possesses a favorable compostion (10). Pathogenic bacteria may cause mild, severe and even life-threatening diseases [e.g., septicemia (11), pneumonia (12) and meningitis (13)]. In terms of accessibility to treatments, the bacterial surface structures are of great importance. These are partially detectable by gram staining (14), according to which they are categorized as gram positive bacteria (GPB), gram negative bacteria (GNB), and others (15, 16). Examples of pathogenic GPB (PGPB) comprise Staphylococcus aureus (S. aureus) (17), Streptococcus pneumoniae (S. pneumoniae) (18) and Bacillus anthracis (B. anthracis) (19). Pathogenic GNB (PGNB) include Escherichia coli (E. coli) (20), Helicobacter pylori (H. pylori) (21), Pseudomonas aeruginosa (P. aeruginosa) (22), Acinetobacter baumannii (A. baumannii) (23), and Klebsiella pneumoniae (K. pneumoniae) (24). Another important pathogen, Mycobacterium tuberculosis (M. tuberculosis) (25) possesses a special waxy coating of its cell wall by mycolic acid, which largely prevents gram staining, although the cell wall structure resembles that of other GPBs and is, thus, devoid of an outer membrane (26). Also in genetic terms, Mycobacterium species are GPB-like, but the different surface has consequences to treatment.

Bacterial infections caused by pathogenic bacteria severely threaten public health worldwide (27, 28). Historically, the various antibiotics (e.g., penicillin, tetracycline and their derivatives as well as numerous other similarly acting compounds) usually represent the preferred armory for fighting bacterial infections (29). However, new problems (i.e., antibiotic resistance and residues) occur since the overuse and misuse of antibiotics (30–32); therefore, the development of new antibiotics that can effectively kill pathogenic bacteria and do not give rise to problematic metabolites is a matter of highest urgency. Given that very few compounds are currently under development or approval in the clinical setting, hence, repurposing compounds for novel application may become a productive alternate strategy for the combat against bacterial pathogens.

Melatonin, which shows a wide distribution within phylogenetically distant organisms from bacteria to humans (33), is synthesized from tryptophan and produced in pineal gland and in numerous other organs of vertebrates (e.g., gut, skin and bone marrow) (34–36). Melatonin is involved in many physiological processes, as summarized comprehensively (37, 38). In particular, this includes growth modulation and reproduction (39), immune regulation (40–43), anti-inflammation (44–47), antioxidative protection (48–51) and antioncogenic action (52, 53). Meanwhile, increasing evidence has accumulated for remarkable antibacterial actions of melatonin, including protection against damage by bacterial infections. For instance, melatonin has been reported to exert antibacterial effects in PGPB and PGNB in vitro, concerning P. aeruginosa, A. baumannii and S. aureus (54). Melatonin has also been shown to protect Arabidopsis and tobacco against Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) (55), suggesting that melatonin reduces biotic stress by bacterial infection in plants. Also in mammals, several reports have demonstrated substantial effects of melatonin in protecting against or alleviating bacterial infections. In mice infected with S. aureus and E. coli, symptoms were strongly attenuated by melatonin (56). More impressive evidence has been obtained in septic mice treated with cecal ligation and puncture, in which the decisive effects of melatonin were related to inhibition of NO-mediated inflammation in connection with mitochondrial protection (57–59). Efficacy of melatonin was also multiply demonstrated in human sepsis, including that of neonates, which again underlines the excellent tolerability of this agent (60–62). Despite the emerging role of melatonin in fighting against bacterial infections, the protection mechanisms are only evident in the above-mentioned murine studies, plus additional anti-inflammatory effects that have been recently summarized (46, 63). Concerning protection against bacterial infections in plants, promising data have been obtained on the effects of stress-related genes and phytohormones, but still require further elucidation. Of note, with regard to these numerous highly valuable and beneficial organisms, which also represent an immunological quasi-self, one should melatonin not expect to generally act as an anti-bacterial agent. Moreover, various bacteria tested in this regard have been shown to synthesize themselves melatonin, sometimes in relevant quantities (64, 65). Among intestinal bacteria, the formation of melatonin was first described in Escherichia coli (66). Bacteria are even regarded as the evolutionary source of melatonin in eukaryotes, in connection with the uptake of α-proteobacteria and cyanobacteria as ancestors of mitochondria and plastids, respectively (67, 68). This has an important consequence for the consideration of melatonin as a bacteria-controlling agent. As many bacteria synthesize this compound or live, at least, in close community with melatonin-producing microbes, one cannot expect anti-bacterial effects at low doses of melatonin to which these organisms are exposed anyway under physiological conditions. However, this does not hinder bacteriostatic actions at elevated concentrations and protection of hosts from damage by bacteria or by inflammatory responses induced by bacterial challenges.

In this review, we summarize the findings related to the antibacterial actions of melatonin in vitro and in vivo. Thereafter, we detailedly discuss the potential mechanisms whereby melatonin influences pathogenic bacteria as well as their deleterious effects on hosts. These concern: 1) in vitro: formation and detoxification of free radicals; regulation of bacterial replication by interference with the cell wall and exhaustion of intracellular substrates and micronutrients (e.g., iron); blockade of bacterial glucose and glutamate metabolism as related to bacterial cell division; 2) in plants: upregulation of genes related to phytohormone-dependent defense signaling as well as MAPK signaling; 3) in animals: involvement of multiple signaling pathways (e.g., NF-κB, STAT1 and Nrf2) related to anti-inflammatory and antioxidant control and mitochondrial protection. The review highlights the huge potential of melatonin in counteracting the growing threat of bacterial infections.



The Basic Physiology, Pathophysiology and Clinical Safety of Melatonin

Melatonin is a methoxyindole, mainly synthesized and secreted by the pineal gland at night under normal light and dark conditions, the main physiological functions of melatonin are related to hormonal properties (69). Melatonin transmits the information "darkness" and contributes to the synchronization of circadian oscillators (70), which is an important physiological sleep regulator in diurnal species including humans (71). In addition, melatonin is involved in numerous other physiological processes, such as regulation of blood pressure (72), glucose (73), and body temperature (74), suppression of oncogenesis (75), immune function (41), oxidative stress and inflammation (76). It is recognized that the "physiological" dose is the same as the peak plasma melatonin level at night, and the difference between the physiological and pharmacological effects of melatonin is not always clear, but is based on the consideration of the dosage rather than the duration of the hormone message (77). Indeed, the secretion of melatonin can be disturbed in the context of many pathophysiological conditions, which may increase the susceptibilities of the diseases (including infectious diseases) as well as increase the severity of symptoms or change the courses and outcomes of the diseases (78).

Of note, safety is important when melatonin is considered for clinical treatment. Clinically, 3mg, 6 mg and 10 mg melatonin showed satisfactory safety in patients (79–81). Moreover, there was no side effect of 1g/d melatonin for a month in humans (82). It has been shown that melatonin doses up to 800 mg/kg failed to cause any death in mice and it was impossible to obtain its LD50 (median lethal dose) in rats (83, 84). In study on Amyotrophic lateral sclerosis (ALS) patients, melatonin 300 mg/day was applied for 2 years and found to be safe (85). However, a trial of long-term controlled melatonin release for the treatment of sleep disorders in children with neurodevelopmental disabilities reported mild adverse effects, including seizures, cold/flu/infection, gastro-intestinal illness, agitation, anxiety and headache (86). In addition, the short- and intermediate-term administration of melatonin produced only minor adverse effects such as agitation, dizziness, headache, nausea and sleepiness in clinical studies on children; in clinical studies on adults, dizziness, paresthesias in the mouth, arms or legs, mild headaches, numbness and dyspnea aggravated; psychomotor impairment, sedation, disorientation, and amnesia in surgical patients; mild headache, increased sleepiness and skin rash in critically ill patients; daytime sleepiness in elderly (87, 88). Moreover, a recent systematic review showed that the most frequently reported melatonin adverse effects were daytime sleepiness (1.66%), dizziness (0.74%), headache (0.74%), other sleep-related adverse events (0.74%), and hypothermia (0.62%); but serious or clinical significance adverse events, including agitation, palpitations, nightmares, mood swings, fatigue, and skin irritation, were very few (89). Therefore, compared to other antibiotics, as a natural small molecule, melatonin is relatively safe with a low risk of side effects. However, the effect and safety of melatonin should be carefully monitored when melatonin is used clinically.



Bacteriostatic Actions of Melatonin In Vitro and Their Underlying Mechanisms

Historically, a great diversity of studies aimed to investigate whether melatonin does possess bacteriostatic actions. Initially, melatonin has only been shown to strongly reduce the lipid levels of the yeast Candida albicans (C. albicans) (90). Subsequently, one comparative study found that some pineal indoles that share a similar structure with melatonin possess antibacterial activities. For instance, 5-methoxytryptamine (5-MT), which is both a metabolite and precursor of melatonin (65), exhibits antibacterial actions against S. aureus and Bacillus subtilis (B. subtilis), and 6-methoxy-2-benzoxazolinone (6-MBOA) against Proteus vulgaris (P. vulgaris). However, no corresponding antibacterial effect was observed in the case of melatonin (91). Later, it has been reported that melatonin (31.25~125 mg/mL: 0.13-0.53 mM) is able to suppress the growth of PGPB (e.g., S. aureus) and PGNB (e.g., P. aeruginosa and A. baumannii) by reducing key intracellular substrates in vitro (54). Intriguingly, melatonin could also inhibit the growth of the atypical GPB M. tuberculosis, while the exact mechanism has not yet been identified (92). In this section, we present further evidence for antibacterial activities of melatonin against PGPBs and PGNBs in vitro, and we also discuss the potential mechanisms.

The antimicrobial resistance among GPBs (chiefly S. aureus, Enterococcus faecium, Enterococcus faecalis and Streptococcus pneumoniae) has become a serious threat to public health, spurring the development of new compounds against infections (93, 94). In an early study, melatonin had been shown to moderately inhibit the growth of S. aureus (95). This was later also reported for the methicillin-resistant S. aureus (MRSA), but this required concentrations in the millimolar range (54). However, another investigation showed that the antibacterial action against S. aureus and/or MRSA of flouroquinolones was substantially diminished by melatonin via reduction of oxidative stress in the bacterial cells (96). Additional bacteria had been also tested in some studies (54, 95, 96), but melatonin’s efficiency against other important PGPBs, such as Enterococcus faecium, Enterococcus faecalis and Streptococcus pneumoniae remains to be demonstrated.

PGNBs are also a major challenge in public health, such as P. aeruginosa (97) and A. baumannii (98). P. aeruginosa is one of the main opportunistic pathogenic bacteria in hospitals (99, 100), which often results in post-operative (101) or post-burn wound infections (102), bacteremia (103) and sepsis (104). Antimicrobial resistance also exists in P. aeruginosa, it has been discovered that melatonin has a direct suppressive role in carbapenem-resistant P. aeruginosa (54). CBR-4830 (a tricyclic indole analog which shows chemical similarity to melatonin), was supposed to suppress the growth of P. aeruginosa (105). A. baumannii, is a conditional pathogen (106), which often leads to pneumonia (107), meningitis (108) and bacteremia (109). It causes hospital infection frequently (110) and is often resistant to a variety of antimicrobial agents (111), bringing great difficulties to the clinical treatment. Fortunately, melatonin effectively inhibits the growth of A. baumannii (54), suggesting it may be suitable as adjunctive therapy in hospital infection. Similarly, we also found that melatonin could inhibit the growth of enterotoxigenic Escherichia coli (ETEC) and Pasteurella multocida serotype A strain CQ2 (PmCQ2) (unpublished data). Of note, melatonin was reported to moderately reduce surface hydrophobicity, a characteristic associated with the colonization of mammalian epithelia, inhibiting the adherence of E.coli; however, the reduction of surface hydrophobicity in E. coli remained at borderline and was only observed at high concentrations (0.2 mM) (112). In contrast, another study by the same group reported that melatonin instead increased cell surface hydrophobicity of Neisseria meningitidis (113). Thus, the influence of melatonin on surface hydrophobicity is obviously variable, which would require a convincing explanation, especially as the authors had tried to relate these effects to melatonin’s antioxidant properties (112).

M. tuberculosis, an atypical PGPB whose cell wall is coated by mycolic acid (26), is the main pathogen of tuberculosis (TB) in humans (25, 114) and various mammals (115, 116). In addition to dormancy and persistence, drug resistance is a major obstacle in the treatment of TB (117). Therefore, it is urgent to seek for sensitive anti-TB drugs or methods to enhance the sensibility of existing antimicrobial agents. In the earlier literatures, the protective function of melatonin against M. tuberculosis was evaluated with isoniazid in vitro, experiments that did not reveal significant growth inhibitions by either isoniazid (0.005 to 0.01 μg/mL) or melatonin (0.26 nM to 2.6 nM) alone, but by a combination of isoniazid (0.005 μg/mL) and melatonin (0.01 mg/mL) (61, 92). Furthermore, the bacteriostatic capacity of melatonin was also reported for M. tuberculosis (3×107 CFU/mL, 3×105 CFU/mL, 3×103 CFU/mL) treated with different concentrations of melatonin (0.05, 0.1, 0.2 and 0.4 mg/mL) in vitro (118). However, the extent of inhibition was not quantified in that study. Collectively, melatonin can affect pathogenic bacteria in some cases directly (e.g., inhibition of growth and adherence), which has been summarized in Table 1. It is likely concluded that the effectiveness of melatonin on pathogenic bacteria is obvioulsy variable, and may depend largely on its working concentrations. Current studies have centered on melatonin’s antibacterial activities on GNB, while the bacteriostatic capability of melatonin against other specific bacteria (especially antimicrobial resistant-GNB) is still poorly characterized.


Table 1 | The antibacterial action of melatonin in vitro on different bacteria.



As mentioned above, melatonin could exhibit bacteriostatic action against pathogenic bacteria; however, the potential mechanisms are not fully understood. Actually, there are two main hypotheses about bacteriostatic mechanisms of melatonin in vitro. It has been well documented that the growth of bacteria urgently requires metals, particularly free iron (121). Considering that melatonin has a high metal binding capacity, including iron, copper and zinc (122), thus, the addition of melatonin may reduce cytoplasmic availability of metal ions in bacteria to achieve the bacteriostatic effects (Figure 1A). Moreover, the membrane of bacteria is imbued with phospholipids (123, 124), and study has shown that melatonin can restrict the absorb of Linoleic acid (LA) used for facilitating cell proliferation (125). Therefore, melatonin may inhibit proliferation of bacteria by blocking the getting of bacterial growth factors (Figure 1B). These convincing findings indicate that melatonin inhibits the bacterial growth may through reducing intracellular substrates (54). Interestingly, a recent study declared that melatonin inhibits bacterial growth and proliferation by regulating the expression of genes associated with cell division (Figure 1C) and suppressing contents as well as activities of metabolism-related enzymes (Figure 1D) (119). These interesting results imply that melatonin could affect bacteria physiological condition by intrinsic molecular mechanisms; however, the experimental validation is still needed. Of note, our recent findings also demonstrated that melatonin exerts antibacterial activity against GNB (e.g., Klebsiella, Pasteurella multocida and Pseudomonas aeruginosa) through specifically inhibiting the activity of bacterial citrate synthase (Figure 1E), and the combination of colistin with melatonin enhances bacterial outer membrane permeability, oxidative damage and inhibits the effect of efflux pumps (Figure 1F) (126).




Figure 1 | The possible bacteriostatic mechanisms of melatonin in vitro. Melatonin inhibits the growth of bacteria through these avenues: reducing cytoplasmic availability of metal ion (A); interfering cell wall formation, for example, melatonin restricts the absorb of Linoleic acid (LA), which makes up the cell wall, thus limiting cell proliferation (B); melatonin can also regulate the expressions of genes associated with cell division (C) or suppress the content and activity of metabolism-related enzymes (D) to inhibit bacterial growth and proliferation; melatonin resists against Gram-negative bacteria through inhibiting bacterial citrate synthase and reducing the synthesis of citric acid (E), besides, when melatonin is combination with colistin, bacterial outer membrane permeability and oxidative damage are enhanced, and the effect of efflux pumps is inhibited (F), leading to increased bacteria damage. Note: minus in parentheses represents decrease; plus in parentheses represents increase; and the red line represents inhibition; the black arrow indicates activation.





Bacteriostatic Actions of Melatonin In Vivo and Their Underlying Mechanisms

Melatonin not only has antibacterial effect in vitro, but also plays a significant role in the clinical prevention and treatment of bacterial infections in vivo (61). The inhibitory effects of melatonin in vivo includes both on PGPB [e.g., S. aureus (56) and S. pneumoniae (127)] and PGNB [e.g., E.coli (128), H. Pylori (129) and K. pneumonia (130)]. For example, in many GNB-infected animal models (e.g., sepsis), melatonin has a favorable effect in improving survival rates, ameliorating tissue damage and reducing levels of pro-inflammation mediators (e.g., TNF-α and IFN-γ), and increasing levels of anti-inflammation mediators (e.g., IL-10) (131, 132). Notably, various signaling have been described to shape bacterial infection in vivo by melatonin, including NF-κB, Nrf2, NLRP3 and ROS pathways. In this section, firstly, we present the evidence from studies that have used melatonin to resist bacterial infections in vivo. Subsequently, we illustrate the possible mechanisms.

S. aureus always causes many serious infections in human (133, 134). Virtually, melatonin not only inhibits the growth of S. aureus in vitro, but also has significant defensive effects against S. aureus-induced infection in vivo. For example, melatonin reduces lipid peroxidation (LPO), catalase (CAT), neutrophil recruitment, and TNF-α, IFN-γ, IL-6, iNOS, COX-2 and C-reactive protein (CRP), while increases superoxide dismutase (SOD) and glutathione (GSH) in animals infected by S. aureus (5 × 106 CFU/mL) (56). The pathogenicity of S. pneumoniae is second only to S. aureus in pyogenic cocci (135), which triggers major lobe pneumonia (136), meningitis (137), bronchitis (138). Fortunately, it has found that melatonin has a certain inhibitory effect on the infection of S. pneumonia (95). These aforementioned findings indicate that melatonin can target GPB to alleviate infections in vivo. However, it has been shown that melatonin therapy fails to reduce neuronal injury in S. pneumoniae-infected rabbit model, the possible reason may due to the 12 h delay in the administration of melatonin after the infection (139).

Historically, E. coli has been regarded as an integral part of the normal intestinal flora (140), and was considered to be non-pathogenic bacteria (141). Nevertheless, as the research moves along, some special serotypes of E. coli [e.g., ETEC (142), enterohemorrhagic E. coli (EHEC) (143) and enteropathogenic E. coli (EPEC) (144)] are shown to be pathogenic to humans and animals (especially infants and young animals) (145), causing severe diarrhea (146) and sepsis (147). Some studies have found that melatonin has a bacteriostatic effect in the animals infected by E. coli, for instance, melatonin reduces LPO, CAT, neutrophil recruitment, and TNF-α, IFN-γ, IL-6, iNOS, COX-2 and CRP, while increases SOD and GSH in animals infected by E. coli (2.5 × 107 CFU/mL) (56, 148). H. Pylori is the only microbial species known to survive in the human stomach (149) to induce gastritis (150), gastrointestinal hemorrhage (151) and gastric lymphoma (152). It has been revealed that H. Pylori infection inhibits gastric mucosal melatonin synthesizing enzymes [e.g., arylalkylamine-N-acetyltransferase (AANAT) and N-acetylserotonin O-methyltransferase (ASMT)] expression (153). Interestingly, melatonin facilitates H. pylori eradication in patients with gastroduodenal ulcer by omeprazole treatment (154–156), indicating melatonin can be used as an adjuvant clinical drug against H. Pylori infection. Furthermore, K. pneumonia is also a member of PGNB, isolated from the sputum of patients with pneumonia (157), mainly leads to pneumonia (158), septicemia (159) or bacteremia (160), meningitis (161) and peritonitis (162). An experimental study showed that the supply of 100 mg/kg of melatonin can reduce pro-inflammatory cytokines, inhibit microglial activation, and counteract neurocognitive damage in K. pneumoniae-infected rats (130). Likewise, we also found that melatonin can inhibit macrophage-mediated excessive inflammatory responses in Pasteurella multocida (PmCQ2)-infected mice (unpublished data). Of note, like GPB S. pneumoniae, the effect of melatonin on inactivated Pasteurella multocida (P52 strain) vaccine-mediated immune responses is time-dependent evidenced by exogenous melatonin administration at 4 h post vaccination augments immune responses in rats in comparison to 16 h post vaccination (163, 164).

Notably, melatonin has been demonstrated to increase survival rates and improve organ function in several sepsis models (165, 166). The oxidative imbalance is one of the characteristics of sepsis (167), and mitochondria play key roles in regulating sepsis-related redox dysregulation (168). Mechanistically, melatonin can alleviate sepsis symptoms by preventing mitochondria dysfunction via ROS/RNS scavenging (169) and many other pathways (e.g., intra-mitochondrial SIRT3 and MAPK/ERK pathway) (170–176). Inflammation is essential for the host to resist infection by pathogenic bacteria, however, excessive inflammation is another characteristic of the initial stage of sepsis, leading to organ dysfunction and eventually death (177, 178).

Melatonin as a signal molecule of stress can be induced by the pathogenic (but not the beneficial) bacteria invasion and the increased melatonin level in hosts can improve the protective effects or tolerance to the bacteria (179). In addition to inhibiting pathogenic bacteria, melatonin has a beneficial effect on intestinal flora (180, 181). For example, melatonin reprogramming of gut microbiota improves lipid dysmetabolism to prevent obesity in mice (182–185). Moreover, melatonin contributes to reshape gut microbiota to alleviate neuroinflammation and metabolic disorder in DSS-induced depression rats (186). Furthermore, melatonin ameliorates ochratoxin A-induced liver inflammation, oxidative stress and mitophagy involving in intestinal microbiota in mice (187). Altogether, as summarize in Table 2, melatonin may function as a novel compound to resist pathogenic bacterial infections in vivo. However, the defensive effects of melatonin against pathogenic bacteria are likely dose- and/or time-dependent.


Table 2 | The antibacterial action of melatonin in vivo infected with different bacteria.



Notably, the mechanisms whereby melatonin exerts bacteriostatic action in vivo are tightly associated with the immune responses, for example, during polymicrobial infection, melatonin treatment could promote the development of the neutrophil extracellular trap (NET), whereas inhibits the phagocytic activities of neutrophils (188). Indeed, mounting evidences suggest that melatonin always exerts its physiological effects via its receptors (e.g., MT1 and MT2). It has been discovered that melatonin is able to improve the survival rate of polymicrobial sepsis of mice through MT1 and MT2 receptor (Figure 2A) (189). Melatonin also alleviates acute lung injury induced by LPS via inhibiting the activation of NLRP3 inflammasome (Figure 2B) (190). Melatonin could dose-dependently reduce pro-inflammatory cytokine TNF-α, IL-6 and IL-8, increase anti-inflammatory cytokine IL-10 and improve survival, which are associated with p38MAPK and NF-κB signaling pathway (173, 191–195) (Figure 2C). Moreover, melatonin could block LPS (which is from P. intermedia)-induced activation of NF-κB signaling (Figure 2D) and STAT1 pathway (Figure 2E), thereby inhibiting the production of inflammatory mediators (e.g., NO and IL-6) (196, 197). Likewise, it has found that melatonin can reduce pro-inflammatory mediators [e.g., IL-1β, IL-6, NO and granulocyte-monocyte colony-stimulating factor (GM-CSF)], while increase anti-inflammatory cytokine (e.g., IL-10) by activating Nrf2 pathway (Figure 2F) (198). Actually, melatonin treatment can also alleviate H. pylori-induced gastritis through regulating TGF-β1 and Foxp3 expression via the suppression of TLR2 and activation of TLR4 (Figure 2G) (129), although the molecular target of melatonin in the TLR signaling warrants further investigation.




Figure 2 | The bacteriostatic mechanisms of melatonin in animals. Melatonin receptors (e.g., MT1 and MT2) play a great role in mediating the functions of melatonin. Melatonin reduces polymicrobial sepsis through MT1 and MT2, thus improving the survival rate of mice (A); notably, the mechanisms whereby melatonin exerts bacteriostatic action in vivo are tightly associated with the immune responses, for instance, melatonin inhibits NLRP3 inflammasome to alleviate acute lung injury (B); melatonin reduces pro-inflammatory cytokines, increases anti-inflammatory cytokines and improves survival through p38MAPK signaling pathway (C); melatonin blocks LPS-induced activation of NF-κB (D) and STAT1 (E), thus inhibiting the production of inflammatory factors to modulate inflammation. Likewise, suppression of inflammation also occurs when melatonin activates Nrf2, evidenced by reduced pro-inflammatory mediators (e.g., IL-1β, IL-6, NO and GM-CSF) and increased anti-inflammatory cytokine (e.g., IL-10) (F); melatonin treatment can target TLR to alleviate H. pylori-induced gastritis by promoting TLR4 and inhibiting TLR2 to regulate TGF-β1 and Foxp3 expression (G); of note, melatonin could be a therapeutic alternative agent to fight bacterial infections due to its antioxidant function. For example, melatonin signaling via MT2 promotes NCF-1 recruitment from lipid rafts to non-lipid rafts to block the ROS-mediated JNK pathway, preventing autophagic intestinal cell death (H); moreover, MT2 signaling inhibits the ROS-mediated phosphorylation of PKCδ and ERK to reduce region-specific hypermethylation in the Muc2 promoter, combating V. vulnificus infection (I). Note: plus in parentheses represents increase; and the red line represents inhibition; the black arrow indicates activation.



Moreover, it should be noted that melatonin could be a therapeutic alternative agent to fight bacterial infections due to its antioxidant function. Intriguingly, melatonin inhibits apoptotic cell dealth in colonic epithelial cells induced by Vibrio vulnificus VvhA via MT2 (199). Mechanistically, melatonin signaling via MT2 stimulates NCF-1 recruitment into non-lipid rafts from lipid rafts to block the ROS-mediated JNK pathway, preventing rVvhA-induced apoptosis and autophagic intestinal cell death (Figure 2H). Similarly, melatonin treatment maintains the expression level of Muc2 in the intestine of V. vulnificus-infected mouse. Mechanistically, melatonin inhibits the ROS-mediated phosphorylation of PKCδ and ERK responsible for region-specific hypermethylation in the Muc2 promoter via MT2 receptor, restoring the level of Muc2 production in intestinal epithelial cells to resist V. vulnificus infection (Figure 2I) (200).

Collectively, melatonin could exert its bacteriostatic action in vivo by various potential mechanisms, including NF-κB, STAT1, Nrf2, TLR2/4, and ROS signaling (Figure 2). These aforementioned findings may provide promising strategies for controlling many diseases of public health importance. It should not be neglected that melatonin has a significant antibacterial effect in vitro; thus, whether the powerful effect of melatonin in vivo is also directly inhibiting bacterial growth remains further exploration.



Bacteriostatic Actions of Melatonin in Plants and Their Underlying Mechanisms

In addition to the significant bacteriostatic functions of melatonin in vitro and in animals, melatonin also exerts similar function against pathogenic bacterial infections in plants (201, 202). It has found that melatonin treatment inhibits the growth, motility and capsule formation of the bacterium Xanthomonas oryzae pv. oryzae (Xoo) (119), which leads to bacterial blight in rice (203, 204). Melatonin increases the resistance to Verticillium dahlia in cotton by regulating lignin and gossypol biosynthesis (205), although the molecular mechanisms are still not available. Authentically, it has been demonstrated that Serotonin N-acetyltransferase (SNAT)-deficient Arabidopsis shows lower melatonin levels and exhibits susceptibility to pathogen infection (206). Conformably, melatonin can trigger defense responses against Pst DC3000 infection in Arabidopsis and/or tobacco (55, 207, 208). Mechanistically, melatonin-induced rise of NO that favors in the expression of salicylic acid (SA)-related genes (e.g., AtEDS1, AtPAD4, AtPR1, AtPR2 and AtPR5), conferring improved disease resistance against Pst DC3000 infection in Arabidopsis (Figure 3); however, the beneficial effects of melatonin could be jeopardized by using a NO scavenger (cPTIO) and/or lost in NO-deficient mutants of Arabidopsis (209). Furthermore, it has been discovered that melatonin can active MPK3 and MPK6 signaling (members of MAPKs), which are independent of G-protein and Ca2+ signaling, and the inhibition of MPK3 and/or MPK6 induces reduced expression of defense and pathogen resistance-related genes (e.g. PR1, PR2, and PR5) (55). Indeed, melatonin activates MPK3 and MPK6 via four MKKs (i.e., MKK4/5/7/9) (210), and MAPKKK 3 and OXI 1 (oxidative signal-inducible 1) kinases are responsible for triggering melatonin-induced defense signaling pathways (211). Therefore, melatonin could mediate pathogen resistance in Arabidopsis and tobacco by activating MAPKs signaling via MKK4/5/7/9-MPK3/6 cascades through the activation of MAPKKK 3 and OXI 1 (Figure 3). In conclusion, melatonin plays a critical bacteriostatic role in Pst DC3000-infected Arabidopsis by MAPKs pathway. Moreover, melatonin could improve cell wall strengthening and callose-depositing factors (cellulose, xylose, and galactose) by increasing cell wall invertase (CWI) activity in Arabidopsis infected with Pst. DC3000 (Figure 3) (207). However, whether melatonin could function as a signaling molecule in modulating defense responses of other plants infected by various pathogenic bacteria are still poorly defined.




Figure 3 | The bacteriostatic mechanisms of melatonin in plants. Antibacterial mechanisms against plant pathogenic bacteria are characterized by up-regulation of defense genes such as plant defensin1.2 (PDF1.2), plant resistance 1/2/5 (PR1/2/5), and 1-aminocyclopropane-1-carboxylate synthase 6 (ACS6) through several signal transduction pathways, including augmentation of NO levels in plants, which collaborates with melatonin in up-regulating SA. Moreover, melatonin can stimulate mitogen-activated protein kinases (MAPKs) cascades, which in turn up-regulate SA biosynthesis gene isochorismate synthase 1 (ICS1). Additionally, high cell wall invertase (CWI) activity within melatonin-treated Arabidopsis leads to improved cell wall strengthening and callose-depositing factors (cellulose, xylose, and galactose).





Concluding Remarks

Melatonin has multifarious functions, like circadian rhythm regulation (212, 213); anti-inflammatory/anti-tumor effects (214, 215); and, with particular relevance to this article, anti-bacterial function. Here, we summarize melatonin can directly influence bacteria in vitro (e.g., inhibition of growth) by reducing intracellular substrates. Considering that intestinal bacteria, Enterobacter aerogenes, responds to the melatonin by an increase in swarming activity, which is expressed rhythmically (216); thus, it is meaningful to further investigate the potential effects of melatonin in synchronizing bacterial rhythms in vitro. Notably, melatonin resists pathogenic bacterial infections in vivo by various pathways, such as NF-κB, TLR2/4, and ROS. Other pathways seem to get involved as well, but further experimental validation is needed. Furthermore, intestinal microbiota play a crucial role in the progress of different diseases, including bacterial infections in vivo (183, 217); therefore, it is necessary to further investigate the intestinal microbiota-mediated defensive roles of melatonin in attenuating bacterial infections in vivo. Melatonin serves as a signaling molecule to resist bacterial infections in Arabidopsis mainly through MAPK pathway, whether other specific pathways connecting to the bacteriostatic actions of melatonin in other plants or even other specific bacteria also remain an open question.

In addition to its significant antibacterial effect, it is thought that melatonin plays crucial roles in the fighting viral infections (61). Melatonin was found to effective against Ebola hemorrhagic shock syndrome by inhibiting Rho/ROCK signaling (218). Melatonin was also shown to protect mice infected with the Venezuelan equine encephalitis virus (VEEV) by reducing viral loads, brain apoptosis and oxidative stress (219, 220). Additionally, melatonin also was reported to exert protective and therapeutic effects against hemorrhagic disease virus (221), respiratory syncytial virus (RSV) (222), aleutian disease virus (223) and influenza virus (224). Recently, melatonin was proposed to be a potential candidate drug as an adjuvant treatment for patients with COVID-19 based on its antioxidant, anti-inflammatory and immunomodulatory properties (81, 225–227).

Overall, this review highlights melatonin as a novel and feasible preventive and therapy to tackle the increasing threat by bacterial infections. Based on the various physiological/pharmacological functions of melatonin and its significant anti-pathogenic effects, melatonin can be possibly used as clinical agent against pathogens and even viruses in the future.
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Escherichia coli is a common mastitis-causing pathogen that can disrupt the blood-milk barrier of mammals. Although Lactobacillus casei Zhang (LCZ) can alleviate mice mastitis, whether it has a prophylactic effect on E. coli-induced mastitis through intramammary infusion, as well as its underlying mechanism, remains unclear. In this study, E. coli-induced injury models of bovine mammary epithelial cells (BMECs) and mice in lactation were used to fill this research gap. In vitro tests of BMECs revealed that LCZ significantly inhibited the E. coli adhesion (p < 0.01); reduced the cell desmosome damage; increased the expression of the tight junction proteins claudin-1, claudin-4, occludin, and zonula occludens-1 (ZO-1; p < 0.01); and decreased the expression of the inflammatory cytokines tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 (p < 0.01), thereby increasing trans-epithelial electric resistance (p < 0.01) and attenuating the lactate dehydrogenase release induced by E. coli (p < 0.01). In vivo tests indicated that LCZ significantly reduced the injury and histological score of mice mammary tissues in E. coli-induced mastitis (p < 0.01) by significantly promoting the expression of the tight junction proteins claudin-3, occludin, and ZO-1 (p < 0.01), which ameliorated blood-milk barrier disruption, and decreasing the expression of the inflammatory cytokines (TNF-α, IL-1β, and IL-6) in mice mammary tissue (p < 0.01). Our study suggested that LCZ counteracted the disrupted blood-milk barrier and moderated the inflammatory response in E. coli-induced injury models, indicating that LCZ can ameliorate the injury of mammary tissue in mastitis.
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INTRODUCTION

Bovine mastitis is a common disease that results in enormous economic losses for dairy farms worldwide (Sathiyabarathi et al., 2016; Angelopoulou et al., 2018). Escherichia coli (E. coli) is one of the most common mastitis-causing pathogens and often causes acute mastitis with a severe inflammatory response that disturbs the blood-milk barrier. The abuse of antimicrobials in food animals has attracted public attention, and concerns relating to antimicrobial residues and anti-microbial resistance in bacteria have increased because of the increased use of antimicrobials (Lhermie et al., 2016; Muziasari et al., 2016). There is thus an urgent need to find new potential non-antimicrobials to prevent mastitis.

Lactobacillus is an important probiotic that contributes to the immunity and health of animals. Their probiotic properties play an important role in regulating gut microbiota (Igor et al., 2019), relieving intestinal diseases (Sanders et al., 2019), and enhancing body immunity (Garcia-Castilla et al., 2019) in addition to other functions (da Costa et al., 2016; Li et al., 2017). Lactobacillus is known to protect hosts against intramammary infection in both humans and cows by oral or intramammary administration (Jiménez et al., 2008; Arroyo et al., 2010; Fernández et al., 2016), but the mechanism of this protective effect remains unclear. Intramammary infusion of drugs is the most common and effective way for treating bovine mastitis in practice, and intramammary infusion of some Lactobacillus strains can effectively alleviate clinical symptoms of bovine mastitis (Ignacio et al., 2015; Pellegrino et al., 2017; Kitching et al., 2019). The clinical symptoms of mastitis in mice can be effectively alleviated through oral administration of Lactobacillus casei Zhang (LCZ; Ma et al., 2018). However, whether intramammary infusion of LCZ has a prophylactic effect on mastitis, as well as its underlying mechanism, remains unclear. Here, we studied the prophylactic effect of LCZ on E. coli-induced injury models and its mechanism using bovine mammary epithelial cells (BMECs) and mice in lactation.



MATERIALS AND METHODS


Bacterial Strains

Lactobacillus casei Zhang (provided by Inner Mongolia Agricultural University, Key Laboratory of Dairy Biotechnology and Engineering, Inner Mongolia, China) was grown in de Man, Rogosa, and Sharpe (MRS) broth (Solarbio, Beijing, China) at 37°C under microaerophilic conditions. The isolate of E. coli ATCC 25922 (provided by China General Microbiological Culture Collection Center, Beijing, China) was incubated in tryptone soya broth (Solarbio, Beijing, China) at 37°C. In all treatments, E. coli and LCZ were plated on tryptone soya agar (TSA, Solarbio, Beijing, China) and MRS agar (Solarbio, Beijing, China), respectively, to count colony-forming unit (CFU).



Cell Culture

Bovine mammary epithelial cells (provided by Yangzhou University, College of Animal Science and Technology Feed Engineering Technology Research Center, Yangzhou, China) were cultivated in Dulbecco’s modified eagle medium (DMEM)-F12 medium (ThermoFisher, Waltham, MA, United States) containing 10% fetal bovine serum (FBS; ThermoFisher), 1% penicillin and streptomycin (Beyotime, Shanghai, China), 15 ng/ml epidermal growth factor (PeproTech, Cranbury, NJ, United States), 1% non-essential amino acids (ThermoFisher), and 1% insulin-transferrin-selenium (ITS, ThermoFisher) at 37°C in 5% CO2 and 95% relative humidity. Briefly, BMECs (5 × 105) were seeded onto six-well cell culture plates in the aforementioned medium for 48 h and were then cultured in DMEM-F12 medium with 5% FBS, 1% penicillin and streptomycin, and 1% ITS for 72 h to ensure that a polarized and differentiated state was achieved. Before treatments, the medium was changed into DMEM-F12 alone, and both E. coli and LCZ were diluted by DMEM-F12. Cells were randomly treated under four conditions, and the dose of two bacteria was decided according to pretest: (1) Control group (DMEM alone); (2) 1 × 103 CFU E. coli treatment for 5 h (E. coli group); (3) 1 × 105 CFU LCZ pretreatment for 3 h, followed by 1 × 103 CFU E. coli treatment for 5 h (LCZ + E. coli group); and (4) 1 × 105 CFU LCZ treatment for 3 h (LCZ group). 5 h after LCZ treatment, cells were washed with phosphate buffer saline (PBS, ThermoFisher) and then incubated with E. coli. All cell experiments were repeated three times, and each experiment was performed in triplicate.



Cell Death Assay

Cell death was measured using the lactate dehydrogenase (LDH) method through a CytoTox 96 cytotoxicity assay (Solarbio, Beijing, China) based on the manufacturer’s manual. In detail, the cell culture supernatant was used to detect the amount of LDH release.



Adhesion Assay

The BMECs were washed with PBS for three times, and 1 ml triton-X-100 (0.5% v/v, Solarbio, Beijing, China) was added to each well after incubation with LCZ or E. coli. The cells were scraped off, and the lysate was transferred to a centrifugal tube after 10 min of stabilization at room temperature. E. coli and LCZ were plated on TSA and MRS agar, respectively, to count CFU.



Trans-Epithelial Electric Resistance

Bovine mammary epithelial cells were seeded on transwell inserts (membrane area: 0.33 cm2, pore size: 0.4 μm, Corning, NY, United States), cultivated for 120 h as described previously, and measured TEER daily. When cells reached a polarized and differentiated state which means that TEER reached 400 Ω cm2, different treatments were applied. TEER was measured for three times per well using a Millicell Electrical Resistance System-2 (Millipore, MA, United States) and expressed as Ω cm2 after subtracting the filter resistance value. The results of TEER were defined as the TEER change (TEER of monolayer cells after treatments – TEER of monolayer cells before treatments).



Animals

CD-1 mice (8–10 days in lactation; 50 ± 5 g; obtained from SPF Biotechnology Co., Ltd., Beijing, China) were reared at 25°C and fed with enough food and water. Twenty mice were randomly allocated to the four treatments, and the dose of two bacteria was decided according to pretest: (1) Control group (PBS alone); (2) 1 × 103 CFU E. coli treatment for 12 h (E. coli group); (3) 1 × 105 CFU LCZ pre-infusion for 24 h, followed by 1 × 103 CFU E. coli treatment for 12 h (LCZ + E. coli group); and (4) 1 × 105 CFU LCZ treatment for 24 h (LCZ group). Five mice were used as replicates in each group. Mice were anesthetized with Zoletil 50 (Virbac, Barneveld, France), and all treatments were conducted through intramammary infusion via the teat canal of the fourth teat. E. coli was injected 24 h after LCZ pretreatment. After treatments, the mice were killed to collect mammary tissues. All animal feeding and experimental protocols in this study were approved by the animal ethics committee of the National Institutes of Health Guide for the Care and Use of Laboratory Animals (GB14925-2010, China).



Histopathology

The general condition of each mammary tissue of the mice was assessed by clinical scoring. The clinical score ranked from 1 to 5, with higher scores corresponding to greater degrees of tissue damage. Specifically, 1 indicated no damage, 2 indicated slight redness, 3 indicated redness and slight bleeding, 4 indicated redness and bleeding, and 5 indicated redness and obvious bleeding.

The mammary tissues were fixed in 4% cell tissue fixative (Solarbio) immediately after the mice were killed. To evaluate histological changes, hematoxylin-eosin was used to stain tissue samples, and a microscope was used to observe the tissues. The semi-quantitative scoring was performed using a histological score based on the following criteria. The histological score ranged from 1 to 5, and higher scores corresponded to greater degrees of tissue damage. Specifically, 1 indicated the absence of histological features (i.e., necrosis, neutrophils, and lymphocytes), 2 indicated minimal histological features (i.e., individual neutrophils), 3 indicated mild histological features (i.e., a small amount of neutrophils), 4 indicated moderate histological characteristics (i.e., many neutrophils and slight damage to glandular structure), and 5 indicated severe histological characteristics (i.e., a large number of neutrophils and severe damage to glandular structure). Both clinical scoring and histological scoring were made by experienced veterinary pathologists who were blinded to the treatments.



Immunofluorescence

Two mammary tissue blocks (0.3 cm3) were immediately sampled after the mice were killed and then stored in liquid nitrogen for tissue immunofluorescence to localized tight junction proteins. Briefly, cryosections of mammary tissues were fixed with 4% paraformaldehyde and then were incubated with 5% bovine serum albumin (BSA; ThermoFisher) at 25°C. After incubation using primary antibodies (zonula occludins-1 (ZO-1), claudin-3, and occludin, 1:2,000 dilution, Abcam, Cambridge, United Kingdom) at 4°C for 12 h, tissues were washed with PBS, and secondary antibodies (1:1,000 dilution, CoWin Biosciences, Beijing, China) were added and incubated at 25°C for 1 h. Blanks were treated in the same way except that the tissues were not incubated with primary antibodies. After washing with PBS and staining with 4′,6-diamidino-2-phenylindole (DAPI), a fluorescence microscope was used to obtain images.



Transmission Electron Microscope Analysis

Two mammary gland tissue blocks (10 mm3) collected from each mouse were immediately stored in centrifuge tubes and filled with electron microscope fixative (Servicebio, Wuhan, China) for transmission electron microscopy (TEM; Gang et al., 2019). Cell samples were harvested and fixed with electron microscope fixative for TEM. Both tissue and cell samples were dehydrated with ethanol at 25°C for 15 min per step. Cells were then placed into epoxy resin acetone mixtures (Solarbio) for 2 h and then into pure resin (Solarbio) overnight at 37°C. Next, an ultramicrotome (Leica EM, Wetzlar, Germany) was used to cut ultra-thin sections, which were stained by uranyl acetate and lead citrate (1%, Solarbio) and detected using TEM (Hitachi H-7650, Tokyo, Japan).



Western Blot Analysis

Both BMECs and mammary tissues were collected after treatment, and protein content was determined using a BCA assay kit (Beyotime). Each sample was separated by 12% sodium dodecyl sulfate-polyacrylamide gels, transferred onto polyvinylidene fluoride membranes (Bio-Rad, CA, Hercules, United States), and blocked by 5% BSA for 12 h at 4°C. The membranes were cultured with primary antibodies (zonula occludins-1 (ZO-1), claudin-1, claudin-4, and occludin for BMECs, 1:500 dilution, Bioss Antibodies, Beijing, China; ZO-1, claudin-3, and occludin for mice mammary tissue, 1:2,000 dilution, Abcam, Cambridge, United Kingdom) at 25°C for 3 h. After washing with Tris-buffered saline with tween (NobleRyder, Beijing, China), the membranes were incubated with secondary antibodies (1:1,000 dilution, CoWin Biosciences) at 25°C for 1 h. Protein bands were visualized by a Beyo Enhanced Chemiluminescence reagent kit (Solarbio). MultiImager (Bio-Rad Gel Doc XR) and ImageJ software (National Institutes of Health, Bethesda, MD, United States) were used to detect protein expression.



Enzyme-Linked Immunosorbent Assay

Tumor necrosis factor (TNF)-α, IL-6, and IL-1β expression in both BMECs and mammary tissues of mice were detected using bovine (DG Biotech, Beijing, China) and mouse ELISA kits (ThermoFisher), respectively. In detail, the cell medium was moved to a sterile centrifuge tube and centrifuged at 4°C for 10 min at 1000 × g for further test. Each tissue sample was added with 2 ml of RIPA tissue lysate (Solarbio), the cracked samples were centrifuged at 10,000–14,000 g for 4 min, and the supernatant was removed for further test.



Statistical Analysis

All data were analyzed in SAS 9.2 (SAS Institute Inc., NYC, United States) and expressed as mean ± standard error of the mean (SEM). Graphs were produced with Origin 8.0 (Origin Lab, Northampton, MA, United States). Variance was analyzed using one-way ANOVA in SAS 9.2, followed by multiple comparisons using the Tukey method. The threshold for statistical significance was p < 0.01.




RESULTS


In vitro Pre-incubation With LCZ Reduces E. coli-Induced Damage of BMECs

Escherichia coli caused a significantly higher LDH release compared with the other groups (p < 0.01); there were no significant differences between the Control, LCZ + E. coli, and LCZ groups (Figure 1). TEER change in BMECs treated with E. coli was negative and significantly different from the other groups (p < 0.01). Specifically, although TEER change was significantly higher in the LCZ + E. coli group than in the Control group (p < 0.01), it was significantly less negative compared with the E. coli group (p < 0.01; Figure 2). The desmosome structure in the E. coli group was severely damaged and blurred as illustrated by TEM, whereas LCZ pretreatment noticeably alleviated desmosome structure damage. Moreover, the desmosome structure in the LCZ group was clearly visible, and no clear difference was detected compared with the Control group (Figure 3).
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FIGURE 1. Effect of Lactobacillus casei Zhang (LCZ) on changes in cell viability (n = 9). Cell viability was determined by the LDH method. Means with different superscripts differ significantly (p < 0.01).
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FIGURE 2. Effect of LCZ on changes in TEER (n = 9). TEER was obtained using a Millicell Electrical Resistance System-2. TEER change = TEER of monolayer cells after treatment – TEER of monolayer cells before treatment. Means with different superscripts differ significantly (p < 0.01).
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FIGURE 3. Effect of LCZ on changes in blood-milk barrier structure (n = 9). Desmosome structure was detected using transmission electron microscopy (TEM). Scale bars: 1 μm. Means with different superscripts differ significantly (p < 0.01).


LCZ pretreatment significantly inhibited the E. coli adhesion rate to monolayer BMECs (p < 0.01), and the adhesion ability of LCZ to monolayer BMECs was significantly lower compared with E. coli (p < 0.01; Figure 4). The expression of claudin-1, claudin-4, occludin, and ZO-1 in BMECs was significantly decreased in the E. coli group compared with the other groups (p = 0.02; Figure 5), and LCZ pretreatment significantly increased the expression of these four proteins (p = 0.02). Moreover, ZO-1 expression in the LCZ group was significantly increased (p = 0.02); there were no significant differences in the expression of the other three proteins between the LCZ group and the Control group. The effect of LCZ on the expression of inflammatory cytokines in BMECs is shown in Figure 6. The expression of TNF-α, IL-6, and IL-β was significantly higher in the E. coli group than in the other groups (p < 0.01); LCZ pretreatment inhibited the expression of these cytokines (p < 0.01).

[image: Figure 4]

FIGURE 4. Effect of LCZ on the adhesion rate of E. coli to bovine mammary epithelial cells (BMECs; n = 9). Means with different superscripts differ significantly (p < 0.01).
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FIGURE 5. Effect of LCZ on the tight junction protein expression of BMECs (n = 9). Quantification of proteins was normalized to β-actin. Means with different superscripts differ significantly (p < 0.01).
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FIGURE 6. Effect of LCZ on the inflammatory cytokine transcription of BMECs (n = 9). TNF-α, IL-1β, and IL-6 transcriptions were measured by ELISA. Means with different superscripts differ significantly (p < 0.01).




In vivo Pre-infusion With LCZ Reduces E. coli-Induced Injury in Mice Mammary Tissue

No redness or swelling was detected in the mammary tissues in the Control, LCZ + E. coli, and LCZ groups, and there was no significant difference in the injury score among these groups (Figure 7). However, visible redness and bleeding were observed in the E. coli group, and LCZ pretreatment significantly reduced the injury score (p < 0.01). No visible pathological damage was observed in the mammary acinar structure of the mice in the Control and LCZ groups; by contrast, E. coli caused remarkable pathological injury and led to the presence of a large number of neutrophils in the alveolar lumen (Figure 8). LCZ pretreatment significantly alleviated mammary acinar structure damage and the number of neutrophils compared with the E. coli group; furthermore, a significant decrease in the histological score was observed (p < 0.01). The tight junction structure in the E. coli group was severely damaged and blurred under TEM (Figure 9) but was visibly alleviated in the LCZ + E. coli group. The tight junction structure in the LCZ group was apparent, and there were no obvious differences between the LCZ group and the Control group.
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FIGURE 7. Effect of LCZ on the histopathological impairment of mice mammary tissue. Injury score of mice mammary tissue from the Control (A), E. coli (B), LCZ + E. coli (C), and LCZ (D) groups. The injury score ranged from 1 to 5, where 1 indicates no damage, 2 indicates slight redness, 3 indicates redness and slight bleeding, 4 indicates redness and bleeding, and 5 indicates redness and obvious bleeding. Data shown are means ± standard error of the mean (SEM) (n = 10). Means with different superscripts differ significantly (p < 0.01).
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FIGURE 8. Effect of LCZ on the histopathological impairment of mice mammary tissue. Histological score of hematoxylin-eosin-stained pathological sections from the Control (A), E. coli (B), LCZ + E. coli (C), and LCZ (D) groups. Hematoxylin-eosin staining of formalin-fixed mammary gland. Scale bars: 100 μm. The histological score ranged from 1 to 5, where 1 indicates the absence of histological features (e.g., necrosis, neutrophils, and lymphocytes), 2 indicates minimal histological features (i.e., individual neutrophils), 3 indicates mild histological features (i.e., a small amount of neutrophils), 4 indicates moderate histological characteristics (i.e., many neutrophils and slight damage to glandular structure), and 5 indicates severe histological characteristics (i.e., a large number of neutrophils and severe damage to glandular structure). Data shown are means ± SEM (n = 10). Means with different superscripts differ significantly (p < 0.01).
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FIGURE 9. Effect of LCZ on the tight junction structure of mice mammary tissue. The structure of the tight junction was observed by TEM.


The tight junction proteins claudin-3, occludin, and ZO-1 in mice mammary tissue were clearly localized on the interstitial side, as well as in the intercellular regions of the neighboring alveolar epithelial cells before E. coli infusion (Control group); nevertheless, the localization of these three proteins was disturbed by E. coli. In addition, LCZ pretreatment greatly promoted the positive reactions of these proteins in the alveolar lumen compared with the E. coli group. These three proteins were all localized on the interstitial side, and no differences were noted between the LCZ and Control groups (Figures 10–12). Tight junction protein expression in mice mammary tissues was significantly decreased in the E. coli group relative to the other groups (p < 0.01; Figure 13). LCZ pretreatment significantly increased the expression of these proteins compared with the E. coli group (p < 0.01), and no significant differences were noted between the LCZ and Control groups. The effect of LCZ on inflammatory cytokine expression in mice mammary tissue is shown in Figure 14. TNF-α, IL-6, and IL-1β expressions were significantly increased by E. coli (p < 0.01), whereas LCZ pretreatment significantly decreased the expression of these cytokines (p < 0.01). IL-1β expression was significantly higher in the LCZ group than in the Control group (p < 0.01), and no significant differences were detected in IL-6 and TNF-α expressions.
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FIGURE 10. Effect of LCZ on the location of claudin-3 in mice mammary tissue. Blue shows nuclei (DAPI), and red shows claudin-3. Scale bars: 100 μm.
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FIGURE 11. Effect of LCZ on the location of occludin. Blue shows nuclei (DAPI), and red shows occludin. Scale bars: 100 μm.
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FIGURE 12. Effect of LCZ on the location of ZO-1 in mice mammary tissue. Blue shows nuclei (DAPI), and green shows ZO-1. Scale bars: 100 μm.
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FIGURE 13. Effect of LCZ on the expression of claudin-3, occludin, and ZO-1 in mice mammary tissue. Quantification of proteins was normalized to β-actin. Data shown are means ± SEM (n = 10). Means with different superscripts differ significantly (p < 0.01).
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FIGURE 14. Effect of LCZ on the inflammatory cytokine transcription of mice mammary tissue (n = 10). Levels of TNF-α, IL-1β, and IL-6 were measured by ELISA. Means with different superscripts differ significantly (p < 0.01).





DISCUSSION

Lactobacillus casei Zhang has a promising prophylactic effect against several inflammatory diseases (Wang et al., 2013, 2016; Zhang et al., 2017), and recent research has shown that LCZ can have a prophylactic effect against mastitis in mice when administered orally (Ma et al., 2018). Here, both in vitro and in vivo tests were conducted to characterize the prophylactic effect of LCZ on E. coli-stimulated BMECs and mice mammary injury; its potential mechanism was also studied. In dairy farming, the treatment of mastitis is mainly carried out through milk duct infusion; therefore, in this study, intramammary infusion instead of oral infusion was chosen during in vivo test. This study revealed that LCZ pretreatment could dramatically counteract BMEC injury induced by E. coli, a finding that is consistent with previous studies (Chen et al., 2017; Dinić et al., 2017; Wang et al., 2018a). The prophylactic effect of LCZ on E. coli-induced mastitis in mice by intramammary infusion was also explored in this study. The result showed that pre-infusion of LCZ could reduce the number of neutrophils and relieve damage to mammary tissue, which was also consistent with the results of in vitro test, which shows that LCZ pretreatment decreases the release of LDH of BMECs. Recent studies have shown that intramammary infusion of Lactococcus does not cause inflammatory reactions; after intramammary infusion of Lactococcus, immune proteins acute phase proteins haptoglobin and milk amyloid A were significantly expressed in the mammary glands of healthy Holstein cows (Pyorala, 2003; Eckersall et al., 2006; Crispie et al., 2008), and no major bovine mastitis pathogen was detected (Pellegrino et al., 2017). Therefore, findings of this study indicate that LCZ can prevent bovine mastitis, which might be related to its ability to promote the production of lactic acid, antibacterial peptides, and other beneficial substances (Lebeer et al., 2018).

Several studies have indicated that pro-inflammatory cytokines play an important regulatory role in the disorder of tight junctions induced by inflammation (Schulzke et al., 2009; Zhang et al., 2018). The integrity of the blood-milk barrier could protect mammary epithelial cells from infection by pathogens and thus prevent an inflammatory reaction. TNF-α and IL-1β disrupt tight junctions, and IL-6 is associated with host defense against inflammatory disease (Rochfort et al., 2014; Cheng et al., 2018). In this study, the expression of TNF-α, IL-6, and IL-1β caused by E. coli decrease significantly when pretreated with LCZ, which is consistent with the results of Wu et al. (2016) showing that Lactobacillus pretreatment effectively reduce the upregulation of TNF-α, IL-1β, and IL-8 mRNA expressions induced by E. coli. This may because that LCZ pretreatment may promote an early alert state of the immune system which could improve the alertness of the host defensive system, thus stopping a subsequent strong infection rapidly (Kingma et al., 2011). Furthermore, the previous studies have shown that the inflammatory response can decrease acinar tight junction protein expression (Hartwig et al., 2003; Oguro et al., 2011) and affect barrier function. In vitro test showed that LCZ could significantly inhibit inflammatory cytokine expression by inhibiting E. coli infection; we thus also measured inflammatory cytokine expression in mice mammary tissue and got the same result. Therefore, this study indicates that the prophylactic effect of LCZ may be achieved by increase the alert state increasing a little bit the levels of immune regulators, which allows to decrease the expression of inflammatory cytokines in both BMECs and mice mammary tissue caused by E. coli. Besides, in exploring the underlying mechanism of the prophylactic effect of LCZ against E. coli-treated cells and blood-milk barrier damage, this study found that LCZ pretreatment could significantly reduce the adhesion rate of E. coli to BMECs. These results are consistent with recent studies showing that Lactobacillus could significantly inhibit the adhesion of E. coli to Caco-2 (Behbahani et al., 2019) and HT-29 cells (Dhanani and Bagchi, 2013). Therefore, the prophylactic effect of LCZ on BMECs could be mediated by the inhibition of E. coli adhesion, so that the expression of cytokines was decreased lower, which lead to E. coli infection decrease.

Mammary epithelial cells form the blood-milk barrier through special connecting structures, such as tight junctions. Several mammary pathogenic bacteria, including E. coli, cause mastitis. The blood-milk barrier is leaky in bovine mastitis, which permits molecules to cross the barrier and occur in milk (Nguyen and Neville, 1998; Lehmann et al., 2013). Specifically, E. coli can damage tight junction structure, thereby increasing the permeability of the epithelial barrier and causing pathogens in the acinus to enter mammary tissue (Bruewer et al., 2006; Shen and Turner, 2006). TEER reflects the integrity of the monolayer cells, the ion conductance of the pathway adjacent to monolayer epithelial cells, and the pore size of tight junctions (Flavia et al., 2006). This study showed that LCZ pretreatment could significantly mitigate the reduction in TEER caused by E. coli. This result corroborated the findings of several previous studies showing that Lactobacillus could significantly promote the TEER of Caco-2 and NCM460 cells (Horibe et al., 1997; Liu et al., 2010; Qiu et al., 2017). Accordingly, this study proposes that LCZ enhances the densification of monolayer BMECs. The same conclusion was obtained based on TEM observations of the desmosome structure between cells. Furthermore, tight junction proteins are known to maintain the structural integrity of tight junctions, which is necessary for the normal function of the blood-milk barrier (Shen et al., 2006; Guo et al., 2019). This study indicates that LCZ pretreatment could significantly increase tight junction protein expression in BMECs, which is consistent with the TEER results. These results are also consistent with those of Karczewski et al. (2010) and Wang et al. (2018b) showing that Lactobacillus plantarum could effectively promote occludin and ZO-1 expression in human intestinal cells as well as claudin-1 in IPEC-J2 cells. Moreover, Johnson et al. (2008) found that Lactobacillus rhamnosus could effectively promote claudin-1 and ZO-1 expression in T84 epithelial cells. The results of the Western blot, immunofluorescence, and the TEM in vivo test also showed that pre-infusion of LCZ could enhance the tight junction structure and upregulate tight junction protein expression in the mammary alveolar lumen in mice. This result is consistent with our in vitro test as well as previous studies, including Mennigen et al. (2009), Karczewski et al. (2010), and Patel et al. (2012), indicating that Lactobacillus can significantly promote the tightness of the intestinal epithelial barrier in both mice and humans by increasing tight junction protein expression. Consequently, this study found that LCZ could promote the integrity of the epithelial barrier via increasing tight junction protein expression in both BMECs and mice mammary tissues, and lead to lower expression of inflammatory cytokines, thereby alleviating damage to mammary tissue.



CONCLUSION

This study shows that LCZ has prophylactic effect on E. coli-induced injury of mammary gland. It could counteract the blood-milk barrier disruption and decrease the inflammatory response, which mechanism included the promotion of tight junction protein expression and the inhibition of E. coli infection in both BMECs and mice mammary tissue. This study provides a new perspective on the protective effect of LCZ as well as an effective prophylactic agent for preserving blood-milk barrier function during E. coli-induced mastitis.
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The global antimicrobial resistance crisis poses a significant threat to humankind in the coming decades. Challenges associated with the development of novel antibiotics underscore the urgent need to develop alternative treatment strategies to combat bacterial infections. Host-directed therapy is a promising new therapeutic strategy that aims to boost the host immune response to bacteria rather than target the pathogen itself, thereby circumventing the development of antibiotic resistance. However, host-directed therapy depends on the identification of druggable host targets or proteins with key functions in antibacterial defense. Protein Kinase R (PKR) is a well-characterized human kinase with established roles in cancer, metabolic disorders, neurodegeneration, and antiviral defense. However, its role in antibacterial defense has been surprisingly underappreciated. Although the canonical role of PKR is to inhibit protein translation during viral infection, this kinase senses and responds to multiple types of cellular stress by regulating cell-signaling pathways involved in inflammation, cell death, and autophagy – mechanisms that are all critical for a protective host response against bacterial pathogens. Indeed, there is accumulating evidence to demonstrate that PKR contributes significantly to the immune response to a variety of bacterial pathogens. Importantly, there are existing pharmacological modulators of PKR that are well-tolerated in animals, indicating that PKR is a feasible target for host-directed therapy. In this review, we provide an overview of immune cell functions regulated by PKR and summarize the current knowledge on the role and functions of PKR in bacterial infections. We also review the non-canonical activators of PKR and speculate on the potential mechanisms that trigger activation of PKR during bacterial infection. Finally, we provide an overview of existing pharmacological modulators of PKR that could be explored as novel treatment strategies for bacterial infections.
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Introduction

Interferon-induced, double-stranded RNA-activated protein kinase, also known as protein kinase R (PKR), is a ubiquitously and constitutively expressed serine-threonine kinase that is specifically found in vertebrate cells (1). PKR is encoded in humans by the EIF2AK2 gene located on chromosome 2 and is 551 amino acids in length (2, 3). This kinase senses and responds to multiple types of cellular stress by regulating cell-signaling pathways involved in inflammation, cell death, and autophagy. As such, dysregulation of PKR expression or activation has been linked to multiple human diseases, including neurodegeneration, cancer, metabolic disorders, and viral infections [reviewed in-depth previously: (4–6)]. In particular, the most well-characterized function of PKR is to sense viral double-stranded RNA (dsRNA) for its canonical role in antiviral defense (7).

The best characterized transcriptional inducers of PKR are type I interferons (IFN). Type I IFN are produced in response to pathogen-associated molecular patterns (PAMPs) and signal through the IFNα/IFNβ receptor (IFNAR) to induce transcription of numerous genes that assist in antiviral defense [reviewed in-depth previously (8)]. These genes are referred to as interferon-stimulated genes (ISGs) and include EIF2AK2. Indeed, the PKR promoter contains an interferon-stimulated response element (ISRE), thus prompting transcription of the EIF2AK2 gene in response to type I IFN signaling (9). The PKR promoter also contains a kinase conserved sequence upstream of the ISRE, which possesses binding sites for the transcription factors Sp1 and Sp3 (9, 10). Sp1 and Sp3 cooperatively activate basal PKR expression in the absence of IFN stimulation (10). The canonical activator of PKR is viral dsRNA (7); however, PKR can also be activated in response to a variety of stress signals, including serum starvation and endoplasmic reticulum (ER) stress (11). This activation of PKR in the absence of viral dsRNA is mediated by PKR protein activator (PACT). PACT is phosphorylated under cellular stress and physically interacts with PKR to trigger its activation (11). The more well-characterized roles of PKR include regulation of protein translation and apoptosis in response to viral infection, controlling cell proliferation and differentiation, and supressing tumour growth [reviewed in-depth previously: (4, 12)].

Structurally, PKR has a C-terminal kinase domain and an N-terminal dsRNA binding domain (dsRBD). The dsRBD consists of two dsRNA binding motifs (dsRBM1 and dsRBM2), both of which are required for the high-affinity interaction with viral dsRNA (13). Recognition and binding of dsRNA by the dsRBMs triggers homodimerization of PKR and its subsequent autophosphorylation (14, 15). PKR is autophosphorylated at multiple serine and threonine residues, including Thr446 and Thr451, which are consistently phosphorylated during PKR activation (14, 16). Once activated, PKR phosphorylates serine 51 (Ser51) on the alpha subunit of eukaryotic initiation factor-2 (EIF2α). PKR belongs to a family of four EIF2α kinases, all of which share the same substrate. The other three EIF2α kinases are heme-regulated inhibitor, PKR-like endoplasmic reticulum kinase (PERK), and general control non-depressible 2 (GCN2), which are activated by heme depletion (17), ER stress (18), and amino acid starvation (19), respectively.

Phosphorylation of EIF2α by PKR or any of the other three EIF2α kinases results in inhibition of protein translation. Mammalian EIF2 is critical for initiating polypeptide chain synthesis since it promotes the delivery of initiator methionyl transfer RNA (Met-tRNAi) to the 40S ribosome. EIF2α binds Met-tRNAi in a GTP-dependent manner, forming a ternary complex that interacts with the 40S subunit. Following Met-tRNAi delivery, EIF5 promotes GTP hydrolysis of EIF2-GTP, triggering the release of EIF2-GDP from the 48S initiation complex. EIF2-GDP must be regenerated to EIF2-GTP by the GTP exchange factor EIF2B, since EIF2-GDP is inactive. When Ser51 on EIF2α is phosphorylated, the affinity of EIF2 for EIF2B is increased up to 100-fold (20). Consequently, phosphorylated EIF2α competes with EIF2-GDP for binding of EIF2B. This competitive inhibition prevents the regeneration of active EIF2-GTP and as such, initiation of translation is substantially reduced (21). Functionally, this mechanism prevents the translation of both cellular and viral messenger RNA (mRNA), thereby inhibiting viral replication.

Although the canonical role of PKR is to inhibit protein translation during viral infection [reviewed in-depth previously: (12, 22–24)], PKR is in fact a versatile kinase that controls signal transduction pathways to mediate transcription and cellular processes. Given that PKR regulates critical immune cell functions in inflammation, cell death, and autophagy – processes that are critical for host immunity against bacterial infections – it is logical to expect that the role of PKR extends beyond that of antiviral defense. Surprisingly, the role of PKR in antibacterial defense is understudied and underappreciated relative to its role in antiviral defense. However, there is accumulating evidence demonstrating that PKR contributes significantly to the immune response to a variety of bacterial infections. This review provides an overview of immune cell functions regulated by PKR and includes an exhaustive summary of the current knowledge on the role and function of PKR in pathogenic bacterial infections. Specifically, we organized the sections by grouping bacteria under Gram-positive, Gram-negative, or mycobacteria, and included every report that we could find which linked PKR to pathogenic bacteria that cause human disease. We also review the non-canonical activators of PKR and speculate on the potential mechanisms that trigger PKR activation during bacterial infection. Finally, we provide an overview of existing pharmacological modulators of PKR that could be explored for treatment of bacterial infections.



PKR in Immune Cell Function


Inflammation

PKR regulates inflammation by activating multiple downstream effectors. One mechanism utilized by PKR to regulate inflammation is by activating mitogen-activated protein kinases (MAPK) such as p38 and c-Jun N-terminal kinase (JNK) (25–27) (Figure 1). p38 and JNK trigger activating transcription factor-2 (ATF2) and c-Jun to induce the expression of proinflammatory cytokines such as interleukin (IL)-1β and tumour necrosis factor-alpha (TNFα) (28, 29) (Figure 1). JNK is activated by MAPK kinase (MKK)4 or MKK7, whereas p38 is activated by MKK3 or MKK6. Depletion of PKR by stable knockdown impaired the phosphorylation of JNK and p38 in response to dsRNA or a mutant strain of vaccinia virus (25). Another group observed that PKR expression was required for full activation of JNK and p38 in response to polyinosinic:polycytidylic acid [poly(I:C)], lipopolysaccharide (LPS), IL-1β, and TNFα (26). In that same study, deletion of PKR in mouse embryonic fibroblasts (MEFs) was observed to inhibit MKK4 and MKK3/6 phosphorylation in response to the same stimuli. Interestingly, PKR deletion did not impact p38 or JNK activation in response to stressors that impact cellular components on a global scale, such as ultraviolet radiation, osmotic shock, and heat shock. The PKR-dependent stress stimuli were limited to pro-inflammatory ligands that bind distinct receptors, i.e. PKR as a receptor for dsRNA, CD14 and toll-like receptor (TLR)-4 for LPS, and the respective cytokine receptors for IL-1β and TNFα. Thus, it is suggested that PKR mediates activation of p38 and JNK in response to “receptor-mediated” pro-inflammatory stress stimuli, but not in response to “globally acting” stressors (26). Results from a different study support the observation that PKR activates p38 by acting upstream of MKK6 (27).




Figure 1 | Signaling pathways regulated by PKR to control immune cell functions. PKR regulates downstream effectors such as IPS-1, IKK, and MKK to activate IRF3, NF-κB, and the MAP kinases JNK and p38, respectively. IRF3 induces transcription of IFNβ, whereas NF-κB induces transcription of pro-inflammatory cytokines such as TNFα, IL-1β, and IL-6. Active JNK and p38 trigger c-Jun and ATF2 activation, respectively, which also induce transcription of pro-inflammatory cytokines. PKR also plays a role in induction of pyroptosis via activation of the NLRP1, AIM2, NLRP3, and NLRC4 inflammasomes. Phosphorylation of EIF2α by PKR leads to increased translation of ATF4, which then increases expression of CHOP. ATF4 and CHOP trigger activation of autophagy by inducing transcription of essential autophagy genes. In addition, CHOP promotes apoptosis during periods of prolonged cellular stress. PKR can also induce apoptosis independently of EIF2α phosphorylation via activation of the FADD/caspase-8/caspase-3 pathway. Created with BioRender.com.



PKR can also regulate inflammation through its effects on NF-κB (Figure 1). PKR indirectly activates NF-κB by activating IκB kinase (IKK) (30). Active IKK targets IκB, a negative regulator of NF-κB, for proteasomal degradation, thereby triggering its dissociation from NF-κB. NF-κB is then free to translocate to the nucleus, where it induces transcription of genes encoding pro-inflammatory cytokines such as IL-1, IL-6, and TNFα (30, 31) (Figure 1). PKR triggers NF-κB activation in response to poly(I:C) and viral infection (30, 32, 33). While PKR physically associates with IKK (31), it remains unclear whether PKR is a structural or catalytic component in the activation of IKK (4, 12). Furthermore, although there are numerous reports of PKR activating NF-κB, there exists some contradictory evidence. Indeed, two independent studies have reported that PKR deficiency results in normal or only slightly decreased NF-κB activity in response to TNFα (34, 35). These findings suggest that PKR may play an important role in activating NF-κB in response to certain stimuli (e.g. dsRNA), but not others (e.g. TNFα treatment).

A third pathway by which PKR mediates inflammation is inducing type I IFN (Figure 1). The canonical function of type I IFN is antiviral defense as they can directly limit intracellular viral replication and induce antiviral responses from T cells, natural killer cells, and B cells [reviewed in-depth previously: (36)]. However, there is increasing evidence to show that type I IFN also play a role in regulating inflammation, since they can alter the production of both pro- and anti-inflammatory mediators. For example, IFNβ treatment has been observed to increase MCP-1 and IP-10 production via STAT1 activation, which are crucial chemoattractants that recruit immune cells to the site of infection (37). On the other hand, IFNβ treatment also increases the production of the anti-inflammatory cytokine IL-10 and inhibits the secretion of pro-inflammatory cytokines such as IL-6 and TNFα via STAT3 activation in LPS-stimulated cells (37). In addition, type I IFN have been shown to regulate inflammation by controlling inflammasome activation (38). Interestingly, IFNβ was shown to enhance AIM2-dependent IL-1β secretion in response to Francisella tularenis or Listeria monocytogenes infection (39, 40) and mediates caspase-11-dependent pyroptosis during Escherichia coli and Salmonella Typhimurium infection (41, 42). These findings provide evidence that type I IFN regulate inflammation in the context of bacterial infections.

PKR activates IFNβ promoter stimulator-1 (IPS-1) signaling, which induces interferon regulatory factor 3 (IRF3) and subsequent transcription of IFNβ (43) (Figure 1). Numerous studies have found that PKR deficiency impairs IFNβ production upon stimulation with poly(I:C) or viral infection (44). Curiously, Schultz and colleagues observed that IFNβ transcription was highly induced in PKR-deficient cells following encephalomyocarditis virus (EMCV) infection, but little or no IFNβ protein was produced (45). This suggested that PKR impacts the post-transcriptional regulation of IFNβ production. Indeed, further investigation revealed that IFNβ transcripts produced in EMCV-infected PKR-deficient cells completely lack a poly(A)tail (45). This indicates that PKR is required for the integrity of IFNβ mRNA and its translation into functional protein. As such, PKR has reported roles in increasing both transcription and translation of IFNβ. Since type I IFN modulates inflammation, the ability of PKR to induce type I IFN is another mechanism that allows the kinase to regulate the inflammatory response.

Collectively, PKR plays a central role in regulating inflammation through numerous downstream effectors, including MAPK p38 and JNK, NF-κB, and type I IFN (Figure 1). Although acute inflammation assists with microbial clearance, chronic inflammation can result in tissue damage and deleterious effects to the host. In addition, many of the signaling pathways that regulate inflammation also have key roles in the control of cell death, a major cellular response that has consequences for bacterial infections. Inflammation must therefore be tightly regulated to achieve an optimal outcome for the host during bacterial infection.



Cell Death

As mentioned in the previous section, inflammation and cell death share common signaling pathways and are tightly intertwined. It is thus unsurprising that PKR has reported roles in regulating cell death pathways such as apoptosis and pyroptosis. PKR was first shown to induce apoptosis in 1994, when expression of the kinase in HeLa cells triggered rapid apoptosis, an effect that was not observed in cells expressing a mutant form of PKR (46). Later studies using MEFs from PKR knockout mice or NIH3T3 cells expressing a catalytically inactive PKR mutant reinforced the finding that PKR plays a pro-apoptotic role during cellular stress (47, 48). The ability to induce apoptosis of virus-infected cells is now a well-known function of PKR (4, 49). Indeed, PKR regulates apoptosis in response to numerous viruses, including poxviruses, influenza, and EMCV (50–52). Importantly, PKR can induce apoptosis in the absence of viral infection, such as in response to LPS, TNFα, serum starvation, or ER stress (47, 48, 53, 54), suggesting a role for this kinase in non-viral contexts. PKR-dependent apoptosis in the absence of viral infection is reported to rely on PACT, which triggers PKR activation in response to numerous stressors such as serum withdrawal and ER stress (11, 55).

PKR regulates apoptosis through EIF2α-dependent mechanisms (32, 47) (Figure 1). Phosphorylation of EIF2α results in repression of global protein translation but preferential translation of activating transcription factor-4 (ATF4) mRNA (56). ATF4 increases expression of C/EBP homologous protein (CHOP), a transcription factor that promotes apoptosis during periods of prolonged cellular stress. CHOP induces apoptosis by increasing expression of the pro-apoptotic protein Bim and decreasing expression of the anti-apoptotic protein Bcl-2 (57, 58). PKR can also induce apoptosis independently of EIF2α phosphorylation. One such mechanism is through activation of the FADD/caspase-8/caspase-3 pathway (59–61) (Figure 1). In addition, NF-κB, ATF-3, and p53 are downstream effectors of PKR that are speculated to contribute to PKR-mediated apoptosis (4, 12), although the exact mechanisms remain unclear.

In addition to apoptosis, PKR is reported to regulate inflammasome activation and pyroptosis (Figure 1). Lu and colleagues observed that activation of PKR was triggered by multiple inflammasome activators, and deletion of PKR inhibited high mobility group protein B1 (HMGB1) release, IL-1β secretion, and caspase-1 activation in response to inflammasome-inducing stimuli (62). Importantly, deletion of PKR also prevented cell death of macrophages treated with inflammasome activators. In the same study, PKR was shown to physically associate with NLRP1, NLRP3, NLRC4, and AIM2 inflammasomes. A non-phosphorylatable PKR mutant failed to bind NLRP3 and was unable to activate the inflammasome, indicating that phosphorylated PKR physically interacts with inflammasomes to induce their activation (62).

However, the role of PKR in pyroptosis remains controversial, as a study by Yim et al. reported that PKR represses inflammasome activation (63). Nigericin-treated peritoneal macrophages from PKR knockout or kinase-dead PKR mice resulted in elevated levels of IL-1β and IL-18, and enhanced caspase-1 activity. Ablation of PKR expression or kinase activity also promoted the expression or assembly of inflammasome components such as NLRP3 and pro-IL-1β. Since EIF2α phosphorylation impairs protein translation, the authors speculated that PKR represses translation of inflammasome constituents by its kinase activity on EIF2α. Indeed, pre-treatment of peritoneal macrophages with the small molecule ISRIB, which counteracts the effect of EIF2α phosphorylation, increased the expression of pro-IL-1β. Yim and colleagues attribute the discrepancy between their findings and those from Lu et al. to a difference in the mouse models used (63). Notably, Lu et al. used mice from a mixed 129Sv/BALB/c background, which have attenuated inflammasome activity due to diminished caspase-11 expression (64). To complicate matters further, He et al. showed that PKR is dispensable for inflammasome activity (65). However, the in vitro differentiation of mouse macrophages from this study is considered to be the source of the discrepancy compared to findings from the Yim et al. study, where primary macrophages were used without further manipulation in vitro (63). Altogether, these conflicting reports show that the animal and cellular model is a key determinant in whether PKR mediates inflammasome activation and pyroptotic cell death.

Nevertheless, the role of PKR in cell death has major implications for bacterial infections because the mode of cell death in bacteria-infected cells influences the outcome of infection. For example, apoptotic cell death is generally considered as a pro-host response during Mycobacterium tuberculosis infection, since it enhances cross-priming of T cells and limits inflammation (66). In contrast, pyroptotic cell death is considered as an anti-host response during M. tuberculosis infection, since it results in bacterial dissemination and host tissue damage (67, 68). As such, the ability of PKR to regulate cell death pathways such as apoptosis and pyroptosis is pertinent for host immunity against bacterial pathogens.



Autophagy

PKR has been shown to induce autophagy, which may be a mechanism to balance its role in activating cell death and inflammation. Autophagy is a homeostatic process that generates nutrients by degrading cytoplasmic constituents, and this pathway is speculated to be protective against cell death (69). Although the canonical targets of autophagic degradation are organelles and proteins, it is now known that the autophagy pathway can selectively target pathogens for degradation in a process termed xenophagy (70, 71). Indeed, the autophagy pathway has been shown to degrade intracellular bacteria, viruses, and parasites (70–73). In the context of bacterial infections, selective autophagy allows for progressive elimination of bacteria (73), decreased bacterial burden (71), and improved control of inflammation (74). As such, autophagy is a critical pathway in antibacterial defense.

There is increasing evidence for PKR’s role in autophagy. An initial study by Tallóczy and colleagues found that EIF2α phosphorylation by the yeast EIF2α kinase GCN2 was essential for starvation-induced autophagy of yeast cells (75). Expression of PKR in GCN2-disrupted yeast rescued autophagy in these cells, indicating a role for PKR in induction of autophagy. A follow-up study by the same group showed that PKR can induce autophagy during viral infection (76). Infection of PKR knockout MEFs with a Herpes Simplex Virus-1 (HSV-1) mutant lacking the PKR-inhibiting virulence factor ICP34.5 significantly inhibited colocalization of virions with autophagosomes and resulted in increased viral titres compared to wild-type cells (76). More recently, Ogolla and colleagues reported that PKR induces autophagy in RAW264.7 macrophages during infection with the parasite Toxoplasma gondii (77). Indeed, PKR expression was required for LC3 accumulation around the parasite and lysosomal fusion with vacuole-containing T. gondii in macrophages, which are crucial events during selective autophagy. The autophagy-inducing role of PKR during T. gondii appears to be critical for controlling infection, as PKR knockout mice exhibited higher parasite loads compared to wild-type mice (77).

The mechanism of PKR-dependent induction of autophagy is likely through phosphorylation of EIF2α (Figure 1). Indeed, Tallóczy and colleagues observed that MEFs expressing a non-phosphorylatable EIF2α mutant displayed diminished xenophagic degradation of HSV-1 proteins to the same extent as PKR knockout MEFs, and the viral titres were equivalent between the two cell-lines (76). This indicates that PKR-induced autophagic degradation of HSV-1 is mediated through phosphorylation of EIF2α. Phosphorylation of EIF2α increases the expression of transcription factors ATF4 and CHOP, which then induce transcription of essential autophagy genes such as Map1lc3b, Atg12, Atg3, Atg7, and Becn1 (78). It is also possible that PKR induces autophagy through its downstream effects on MAPK p38 and JNK. Although the specific mechanisms by which p38 and JNK activate autophagy during bacterial infection have not yet been elucidated, these MAPK are reported to induce autophagy during starvation through indirect effects on Beclin-1, a crucial protein in the autophagy pathway. Specifically, p38 activates MK2 and MK3, which results in the phosphorylation of Beclin-1 (79). In contrast, JNK phosphorylates a negative regulator of Beclin-1, Bcl-2 (80), to trigger its dissociation from Beclin-1 (81). Given the critical role of autophagy against intracellular bacterial pathogens, the ability of PKR to trigger autophagy is likely a key cellular response to certain bacterial pathogens.




PKR in Gram-Positive Bacterial Infections


Staphylococcus aureus

Staphylococcus aureus is a Gram-positive, facultative intracellular bacterium that is commonly found in the upper respiratory tract and skin flora of humans. Although S. aureus is typically a commensal bacterium, it can become an opportunistic pathogen and cause a range of illnesses with varying severity, including cellulitis, osteomyelitis, pneumonia, and meningitis. S. aureus was initially characterized as an extracellular bacterium. However, it is now understood that S. aureus is phagocytosed by neutrophils and macrophages, where it manipulates the phagosome maturation pathway to avoid lysosomal degradation (82, 83). S. aureus secretes a pore-forming toxin known as α-toxin, which assists S. aureus in escaping from macrophage phagosomes (82) and leads to activation of the autophagy pathway (84). PKR was first suspected to play a role during S. aureus infection when Kloft and colleagues observed that autophagy is activated in α-toxin-treated HaCaT cells and that phosphorylation of EIF2α was required for the accumulation of autophagosomes (85). Further examination revealed that both PKR and GCN2 are phosphorylated in response to α-toxin, whereas PERK is not. These findings suggest that PKR- and/or GCN2-mediated phosphorylation of EIF2α activates autophagy during S. aureus infection (85). However, further investigation is required to determine which of these EIF2α kinases is responsible for this effect. Interestingly, PKR might also play a proapoptotic role during S. aureus infection, although the current evidence is limited. Treatment of cardiac cells with RNA extracted from S. aureus was shown to trigger PKR activation and induce apoptosis, whereas cells treated with a PKR inhibitor were resistant to apoptosis (86) (Table 1). S. aureus RNA induced cleavage of capase-8, caspase-3, and caspase-9, an effect that was prevented following treatment with a PKR inhibitor (86). As such, PKR may activate caspase-8- and caspase-9-mediated apoptosis during S. aureus infection. Although the findings from the aforementioned studies suggest a role for PKR in the antibacterial response to S. aureus, neither of these studies examined the overall effect of PKR expression on the control of bacterial replication. Furthermore, these studies did not use live S. aureus infection, but instead examined the effect of bacterial RNA or α-toxin. As such, future investigation is required to determine whether PKR plays a role during infection with the live bacterium.


Table 1 | Role of PKR in different bacterial infections.





Bacillus anthracis

Bacillus anthracis is a Gram-positive, extracellular bacterium that is the causative agent of anthrax. B. anthracis secretes a major virulence factor known as lethal toxin, which enters host cells and cleaves MAPK kinases to impair MAPK signaling pathways (99). In doing so, lethal toxin disrupts crucial processes such as proliferation, survival, and inflammation in host cells. Anthrax lethal toxin has been shown to trigger phosphorylation of PKR in murine peritoneal macrophages (62), which suggests that PKR would be activated by B. anthracis infection. The role of PKR during B. anthracis infection remains unclear; however, there is evidence to suggest that PKR regulates cell death during infection with this bacterium. Indeed, Hsu and colleagues observed that deletion of PKR in bone marrow-derived macrophages (BMDMs) infected with live B. anthracis had markedly reduced apoptosis levels compared to wild-type macrophages (87) (Table 1). Further examination into the mechanism revealed that PKR is required for TLR4-dependent apoptosis of B. anthracis-infected macrophages (87). Hett and colleagues provided further evidence that PKR regulates TLR4-dependent apoptosis in response to B. anthracis, since pharmacological inhibition of PKR protected LPS-sensitized macrophages from apoptosis in response to lethal toxin (88). Interestingly, Lu and colleagues observed that PKR was required for inflammasome activation in lethal toxin-treated mouse peritoneal macrophages, as indicated by impaired caspase-1 activation, IL-1β cleavage, and HMGB1 release in PKR-deficient cells (62) (Table 1). Furthermore, PKR deficiency protected macrophages from lethal toxin-induced cytotoxicity. Consistent with the findings from Lu et al., Hett and colleagues reported that PKR is required for pyroptosis in response to lethal toxin challenge (88). Indeed, PKR knockdown protected J774 macrophages from cell death following treatment with lethal toxin, and was accompanied by reduced caspase-1 activity and IL-18 secretion (Table 1). Interestingly, lethal toxin was not observed to induce PKR phosphorylation, and treatment with pharmacological inhibitors of PKR did not protect macrophages from lethal toxin-induced cell death. These findings indicate that the catalytic activity of PKR is not required for PKR-dependent pyroptosis in response to lethal toxin. As such, the authors speculate that PKR mediates activation of pyroptosis through physical interactions with inflammasomes (88). Since PKR regulates inflammasome activation in response to anthrax lethal toxin, it is possible that PKR would have the same activity in response to infection with live B. anthracis. However, findings from studies focusing on one virulence factor in vitro at the expense of studying whole organism infections with the live bacterium must be interpreted with caution. For example, Kang and colleagues reported that B. anthracis spores and lethal toxin induce IL-1β via functionally distinct pathways, demonstrating that different components of the same bacterium can mediate different signaling pathways (100). In fact, spore-induced IL-1β was observed to limit B. anthracis infection, whereas lethal toxin-induced IL-1β enabled B. anthracis to escape host defenses (100). Furthermore, although PKR expression was reported by Hsu et al. to be required for TLR4-dependent macrophage apoptosis in response to live B. anthracis infection, Moayeri and colleagues reported later that same year that lethal toxin-mediated lethality in mice was independent of TLR4 function (101). Altogether, these studies emphasize the need for in vivo studies with the live bacterium, since experiments focusing on single components/virulence factors of a bacterium in vitro can produce different results. In addition, the overall effect of PKR expression on bacterial burden during live B. anthracis infection has not been investigated.



Listeria monocytogenes

Listeria monocytogenes is a Gram-positive, facultative intracellular bacterium that causes listeriosis, which can manifest as sepsis, meningitis, pneumonia, urinary tract infections, and gastroenteritis (102). This bacterium has been shown to induce phosphorylation of EIF2α in the murine macrophage cell-line RAW264.7, which indicates that PKR or another EIF2α kinase is activated during Listeria infection (103). Expression of a non-phosphorylatable mutant of EIF2α in MEFs resulted in increased bacterial invasion, suggesting an important role for EIF2α kinases in the antibacterial response to Listeria (103). Indeed, our group observed that L. monocytogenes infection triggers increased levels of total and phosphorylated PKR protein in the human macrophage cell-line THP-1 (98). Since L. monocytogenes is established to invade the cytosol and initiate a type I IFN response, and type I IFN signaling induces PKR transcription, Valderrama and colleagues examined the effect of L. monocytogenes infection on EIF2AK2 (PKR) mRNA levels (89). As expected, L. monocytogenes infection resulted in increased PKR transcription levels in murine bone marrow-derived dendritic cells (BMDCs) and BMDMs. Interestingly, an LLO knockout strain of L. monocytogenes, which lacks the LLO virulence factor required for phagosome escape, was able to induce transcription of PKR, although not to the same extent as wild-type L. monocytogenes (89). This indicates that cytosolic localization of L. monocytogenes is not required to induce transcription of PKR. Further investigation revealed that murine myeloid cells treated with a PKR inhibitor have reduced expression of CHOP following L. monocytogenes infection (89) (Table 1). CHOP expression is increased following EIF2α phosphorylation and induces a number of effects such as proinflammatory cytokine secretion and inflammasome activation (104–107). As such, the authors speculate that PKR-dependent activation of CHOP triggers an inflammatory response to L. monocytogenes infection. However, this inflammatory role of PKR during Listeria infection may be harmful to the host, since CHOP knockout mice had decreased splenic cell death, decreased bacterial proliferation, and better survival compared to wild-type mice (89). Nevertheless, the direct effects of PKR modulation on L. monocytogenes survival and host outcome have yet to be studied.




PKR in Gram-Negative Bacterial Infections


Salmonella enterica

Salmonella enterica serovar Typhimurium is a Gram-negative, facultative intracellular bacterium that causes gastroenteritis in humans. Salmonella Typhimurium can infect both humans and animals, and infection is commonly acquired by consuming contaminated food products. S. Typhimurium infection has been observed to increase mRNA levels of EIF2AK2 in MEFs (108), and we and others have reported that S. Typhimurium increases total and phosphorylated PKR protein levels in macrophages (87, 98). These findings suggest that PKR plays a role in the antibacterial response to Salmonella. Indeed, PKR has been shown to regulate host cell death during Salmonella infection. For example, Hsu et al. reported that PKR knockout BMDMs are resistant to apoptosis induced by S. Typhimurium infection in comparison to wild-type macrophages (87) (Table 1). Macrophages expressing a non-phosphorylatable mutant of EIF2α were also less susceptible to Salmonella-induced apoptosis, although a residual apoptotic response in these macrophages suggested the existence of another PKR-dependent pro-apoptotic pathway. The authors examined the levels of Salmonella-induced apoptosis in IRF3 knockout macrophages, and these macrophages were also resistant to Salmonella-induced apoptosis (87). As such, PKR may regulate two pro-apoptotic pathways during Salmonella infection, one involving EIF2α and the other involving IRF3. Interestingly, the apoptotic response to Salmonella was considerably reduced in BMDMs from TLR4-deficient mice, indicating that PKR is required for TLR4-dependent apoptosis during Salmonella infection (87). PKR is also reported to play a role in pyroptosis activation during Salmonella infection. Lu and colleagues observed that PKR deficiency in S. Typhimurium-infected murine peritoneal macrophages significantly inhibited caspase-1 activation, IL-1β cleavage, and HMGB1 secretion, as well as Salmonella-induced cell death (62) (Table 1). PKR was shown to physically associate with inflammasomes in response to a variety of pyroptosis-inducing stimuli, and PKR expression was required for inflammasome activation. However, the specific mechanism of inflammasome activation by PKR remains unknown. Taken together, the findings from Hsu et al. and Lu et al. indicate that PKR is an important mediator of both apoptosis and pyroptosis in Salmonella-infected macrophages. However, the overall effect of PKR on bacterial survival remains to be elucidated.

Lastly, findings from Yeung and colleagues loosely suggest a role for PKR in the proper functioning of Salmonella-infected macrophages (109). The outcome of Salmonella infection is largely influenced by how the bacteria initially interact with macrophages, however the human macrophage factors required for Salmonella uptake are incompletely understood. A genome-scale CRISPR knockout library screening of THP-1 macrophages to identify loss-of-function mutations conferring resistance to Salmonella uptake identified NHLRC2, a gene involved in actin dynamics (109). NHLRC2 mutant macrophages were hyperinflammatory, unable to interact and phagocytose S. Typhimurium, and exhibited atypical morphology. Interestingly, PKR was shown to physically associate with NHLRC2, and NHLRC2 knockout macrophages had reduced PKR expression (109). Since PKR expression appears to be linked to NHLRC2 expression, and these two proteins physically interact, perhaps PKR contributes to NHLRC2-dependent uptake of Salmonella and the proper functioning of infected macrophages.



Escherichia coli

Escherichia coli is a Gram-negative bacterium that can either be harmless or pathogenic depending on the particular strain. Some strains of E. coli are part of the normal intestinal microbiota, whereas other strains can cause diarrhea, urinary tract infections, or other illnesses. There have been a few studies examining the effect of PKR deletion during E. coli infection both in vitro and in the mouse model. Lu et al. reported that PKR expression and phosphorylation is triggered in murine peritoneal macrophages following E. coli infection in vitro (62). It was observed that E. coli-induced pyroptosis was severely impaired in infected PKR knockout macrophages, as indicated by decreased cell death and impaired IL-1β production (Table 1). Furthermore, transfection with E. coli RNA in BMDCs significantly activated capase-1 and stimulated IL-1β cleavage in wild-type cells but not PKR knockout cells (62) (Table 1). Lu and colleagues also performed in vivo experiments and observed that serum IL-1β, IL-18, and HMGB1 levels were significantly reduced in E. coli-infected PKR knockout mice compared to control mice. Notably, PKR knockout mice had significantly lower titers of E. coli in the spleen and peritoneal cavity compared to control mice (62) (Table 1). Altogether, the findings from this study suggest that PKR plays a role in inflammasome activation during E. coli infection, and PKR expression appears to be conducive for E. coli persistence. However, it is difficult to interpret the results from these in vivo studies since non-virulent E. coli was used, as reflected by >109 CFU challenge doses (62). In contrast, a recent study from the same group using virulent E. coli showed that genetic deficiency or pharmacological inhibition of PKR did not affect bacterial loads in E. coli-infected mice (90) (Table 1). The discrepancy in findings between these two studies was suggested by the authors to be due to differences in the route of E. coli infection (90). In the first report, Lu et al. performed intraperitoneal infection, whereas the second study used intravenous infection (62, 90). Overall, more careful in vivo studies using virulent E. coli (typically reflected by dose challenges of 107 CFU or lower) must be performed before conclusions can be drawn.

A role for PKR in inflammasome activation was also reported by Poon and colleagues (91). This group observed that PKR knockout mice had diminished peripheral inflammatory responses following subcutaneous E. coli challenge. Indeed, PKR deficiency resulted in decreased IL-1β mRNA expression in the livers of infected mice (91) (Table 1). However, PKR deletion had no effect on the bacterial burden of E. coli-infected mice. Interestingly, while the core components of sickness (anorexia and motor impairments) were comparable between E.coli-infected wild-type and PKR knockout mice, the behavioural components of sickness – including reduced burrowing, exploratory activity deficits, and social withdrawal – were only observed in PKR knockout mice (91).

Finally, PKR might also regulate apoptotic cell death during E. coli infection. E. coli RNA was shown to activate PKR and induce apoptosis of cardiac cells, an effect that was blocked following pharmacological PKR inhibition (86) (Table 1). Altogether, the findings from the studies discussed above suggest that PKR regulates cell death pathways such as pyroptosis and apoptosis during E. coli infection. However, the effect of PKR expression on bacterial burden remains unclear, as there are discrepancies between the current findings.



Yersinia pseudotuberculosis

Yersinia pseudotuberculosis is a Gram-negative, extracellular bacterium that causes Far East scarlet-like fever in humans. PKR is suggested to play a role in regulating inflammation and macrophage apoptosis during Y. pseudotuberculosis infection. Shrethsa and colleagues observed that EIF2α is phosphorylated in Y. pseudotuberculosis-infected RAW264.7 macrophages, and that phosphorylated EIF2α opposed bacterial invasion (103). Furthermore, phosphorylation of EIF2α was required for Yersinia-induced NF-κB activation and TNFα expression in MEFs. These findings indicated that PKR or another EIF2α kinase is involved in antibacterial defense against Y. pseudotuberculosis. Indeed, expression of the Yersinia virulence factor YopJ, which is known to inhibit EIF2α signaling in response to various stress stimuli, was also shown to inhibit PKR signalling in MEFs (103). This finding suggests that PKR is the kinase responsible for phosphorylating EIF2α during Y. pseudotuberculosis infection. PKR might also play a role in Yersinia-induced apoptosis, since deletion of PKR in infected BMDMs substantially impaired macrophage apoptosis when compared to wild-type macrophages (87) (Table 1). The apoptotic response to Y. pseudotuberculosis was considerably reduced in BMDMs from TLR4-deficient mice, suggesting that PKR is required for TLR4-dependent apoptosis during Yersinia infection (103). The effect of PKR activity on the survival of Y. pseudotuberculosis has yet to be determined.



Chlamydia trachomatis

Chlamydia trachomatis is a Gram-negative, obligate intracellular bacterium that is the causative agent of chlamydia. There is growing evidence to suggest that PKR is involved in the immune response to C. trachomatis. Shrestha and colleagues first reported that expression of a non-phosphorylatable mutant of EIF2α increased C. trachomatis invasion in MEFs, indicating that PKR or another EIF2α kinase assists in antibacterial defense against Chlamydia (103). They later reported that PKR knockout MEFs had increased C. trachomatis invasion levels compared to wild-type cells, with invasion levels similar to the levels observed in cells expressing the non-phosphorylatable EIF2α mutant (92) (Table 1). These findings indicate that PKR plays a role in the antibacterial response to C. trachomatis. Indeed, a later study revealed that C. trachomatis infection triggers phosphorylation of PKR in human monocyte-derived dendritic cells and murine BMDMs, and this activation of PKR is required for C. trachomatis-induced IFNβ production (93) (Table 1). This suggests that PKR plays a role in regulating inflammation during Chlamydia infection, but whether this PKR-dependent induction of IFNβ is ultimately conducive or detrimental to bacterial survival was not explored. However, findings from Qiu et al. indicate that the type I IFN-inducing role of PKR is conducive for C. trachomatis infection (110). IFNAR knockout mice were more resistant to Chlamydia infection compared to wild-type mice, as indicated by a smaller decrease in body weight, lower bacterial burden, and milder lung pathology in infected mice. The increased resistance to C. trachomatis infection in the knockout mice was attributed to higher numbers of bactericidal macrophages in the lung resulting from decreased macrophage apoptosis. Notably, these knockout mice had lower expression of PKR. Since PKR plays a proapoptotic role during viral infection, the authors speculate that type I IFN indirectly promote C. trachomatis infection by activating PKR, thus resulting in macrophage apoptosis and increased bacterial persistence (110). Additional experimentation is required to assess whether PKR plays a proapoptotic role during C. trachomatis infection. Altogether, PKR is activated by Chlamydia infection, where it then induces IFNβ production and limits bacterial invasion. Further investigation is necessary to determine whether PKR activity in response to Chlamydia infection is ultimately beneficial or harmful to the host.



Legionella pneumophilia

Legionella pneumophilia is a Gram-negative, facultative intracellular bacterium that is the causative agent of Legionnaires’ disease. To examine the role of PKR during L. pneumophilia infection, Mallama and colleagues generated PKR knockdown cells using the human U937 macrophage-like cell-line (94). PKR deficiency impaired IL-6 secretion in response to L. pneumophilia infection (Table 1), a critical cytokine in antibacterial defense against this bacterium. As such, Mallama et al. concluded that PKR expression is required for an optimal cytokine response to L. pneumophilia infection (94). However, PKR deficiency did not affect the intracellular burden of L. pneumophilia in macrophages (Table 1). As such, although PKR appears to regulate inflammation during L. pneumophilia infection, the kinase may be dispensable for bacterial control.




PKR in Mycobacterial Infections


Mycobacterium tuberculosis Complex

Mycobacterium is a genus comprising over 190 species of bacteria. Mycobacteria possess an atypical outer membrane structure and organization comprised of mycolic acids, arabinogalactan, and numerous unique glycolipids (111). This unique cell wall contributes to the robustness of mycobacterial species and their natural tolerance to many antibiotics (112). As such, mycobacteria do not stain Gram-positive or Gram-negative, which contributes to their phylogenetic ambiguity. Instead, mycobacterial species are classified as acid-fast bacteria due to their ability to resist acid or ethanol-based decolorization procedures during staining. The most notorious species of mycobacteria relevant for human disease is Mycobacterium tuberculosis, a facultative intracellular bacterium that causes tuberculosis (TB) disease. Mycobacteria can be broadly classified into three major groups: the Mycobacterium tuberculosis complex, which comprises mycobacteria that cause TB disease (e.g. M. tuberculosis and Mycobacterium bovis); Mycobacterium leprae, which causes leprosy; and non-tuberculosis mycobacteria, which includes all other mycobacteria that do not cause TB or leprosy. There is growing evidence that PKR plays a role in the immune response to mycobacteria. For example, one study revealed that PKR phosphorylation is triggered in human monocytes infected with bacillus Calmette-Guérin (BCG), a live attenuated form of M. bovis used for TB vaccination (95). Pharmacological inhibition of PKR decreased mRNA and protein levels of crucial anti-BCG cytokines in infected monocytes, including TNFα, IL-6, and IL-10 (Table 1). PKR inhibition also prevented the binding of NF-κB to DNA and impaired downstream activation of the MAPK ERK1/2 in treated monocytes. As such, the authors speculate that PKR induces anti-BCG cytokine production via downstream activation of ERK1/2 and NF-κB (95). Other studies have shown that EIF2AK2 mRNA increases during infection with BCG and M. tuberculosis (113, 114). The findings that PKR expression and activation is triggered by mycobacterial infections suggest that PKR plays a role in the immune response to mycobacteria. However, the effect of PKR on mycobacterial burden was not examined in these studies.

Since PKR plays a pro-apoptotic role during viral infection, Wu and colleagues examined the effect of PKR deletion on macrophage apoptosis and bacterial burden during M. tuberculosis infection (115). While they initially reported that PKR deficiency in mice enhances macrophage apoptosis and decreases M. tuberculosis burden in the lungs (115), there was a discrepancy between the genetic backgrounds of the mutant and control mice used in the study (116). A follow-up study led by Mundhra and colleagues using mutant and control mice from the same genetic background revealed that PKR deficiency had no effect on apoptosis or M. tuberculosis burden (96, 116) (Table 1). Therefore, PKR was concluded to be dispensable during M. tuberculosis infection. In contrast, Ranjbar and colleagues demonstrated that PKR expression and activation is triggered during M. tuberculosis infection in THP-1 monocytes, and PKR deletion in M. tuberculosis-infected macrophages increased the bacterial burden (97) (Table 1). Although Ranjbar and colleagues observed an effect of PKR modulation on M. tuberculosis burden, the specific mechanism regulated by PKR to restrict M. tuberculosis growth was not investigated. As such, our group sought to examine the effect of PKR modulation on the intracellular survival of M. tuberculosis and characterize the specific mechanism(s) involved. Consistent with the findings from Ranjbar and colleagues, we showed that PKR expression and activation is triggered in M. tuberculosis-infected THP-1 and primary human macrophages, and deletion of PKR increases intracellular M. tuberculosis survival compared to control macrophages (98) (Table 1). Strikingly, we also observed that genetic overexpression of PKR decreases the intracellular survival of M. tuberculosis by nearly 80% compared to control macrophages (Table 1). Immunological profiling of infected macrophages overexpressing PKR showed increased production of IP-10 and reduced production of IL-6, two cytokines that are reported to activate and inhibit IFNγ-dependent autophagy, respectively (117, 118). Indeed, we determined that the ability of PKR overexpression to limit intracellular M. tuberculosis survival is due to the induction of selective autophagy (98) (Table 1). Although our group did not elucidate the events downstream of PKR activation that led to induction of autophagy, the mechanism is likely through the phosphorylation of EIF2α and downstream induction of ATF4. However, MAPK p38 and JNK have been shown to be important for induction of autophagy during M. tuberculosis infection, and IL-6 inhibits MAPK phosphorylation to block autophagy in M. tuberculosis-infected macrophages (118). Importantly, PKR activates p38 and JNK (25–27), and macrophages overexpressing PKR had reduced production of IL-6 (98). As such, it is possible that autophagy induction by PKR is dependent on a mechanism involving MAPK, whether by a direct effect of PKR on MAPK activation or an indirect effect from decreased IL-6 production. We did not observe an effect of PKR modulation on apoptosis or overall cell death of M. tuberculosis-infected macrophages (98), consistent with the findings from Mundhra and colleagues (96). Taken together, the results from these studies indicate that PKR plays a critical role in the antibacterial response to mycobacteria. The ability of PKR to limit the intracellular survival of M. tuberculosis in macrophages appears to be through selective autophagy induction, rather than by regulating apoptosis.

It is worth noting that the overall effect of PKR during M. tuberculosis infection may be context dependent. Although our findings and the results from Ranjbar et al. indicate that PKR limits M. tuberculosis survival in vitro (97, 98), a recent report using sst1-susceptible mice suggests that PKR contributes to macrophage necrosis in TB granulomas (119). sst1-susceptible mice develop necrotic inflammatory lung lesions similar to human TB granulomas, whereas their congenic B6 counterparts do not (120). PKR phosphorylation was increased in TNFα-treated macrophages extracted from sst1-susceptible mice compared to macrophages extracted from B6 mice (119). PKR-mediated phosphorylation of EIF2α led to hyperinduction of ATF3 and integrated stress response (ISR)-target genes in these macrophages. Importantly, pharmacological inhibition of the ISR prevented the development of necrosis in lung granulomas of M. tuberculosis-infected sst1-susceptible mice and reduced the bacterial burden (119). This finding suggests that PKR contributes to necrosis of granulomas and subsequent lung pathology during TB disease. Further investigation of the effects of PKR modulation in vivo is required to assess whether PKR activity is ultimately beneficial or harmful to the host during M. tuberculosis infection.



Non-Tuberculosis Mycobacteria

Non-tuberculosis mycobacteria (NTM) are mycobacteria that do not cause TB or leprosy. However, these mycobacteria can still cause illness in humans and animals, such as pulmonary disease resembling TB, lymphadenitis, and skin disease (121). NTM are mostly environmental bacteria and can be found in water and soil. Although most studies on PKR during mycobacterial infection used M. tuberculosis or BCG, there is limited evidence to indicate that PKR also plays a role during NTM infections. For instance, Madhvi et al. recently reported that EIF2AK2 mRNA increases during infection with the non-pathogenic Mycobacterium smegmatis (114). In addition, there is evidence to loosely suggest that PKR plays a role in the immune response to Mycobacterium ulcerans, the causative agent of the tropical disease Buruli ulcer. M. ulcerans secretes an exotoxin virulence factor known as mycolactone, which triggers apoptosis of host cells (122). Cells that are exposed to mycolactone can persist for several days through the induction of autophagy before succumbing to apoptosis. However, chronic exposure to mycolactone causes cell death (123). Ogbechi and colleagues observed that MEFs with a deletion of both PERK and GCN2 (Perk-/-Gcn2-/-) succumbed to apoptosis faster than wild-type cells, which was attributed to an inability of these cells to induce autophagy (123). Furthermore, mycolactone treatment increased protein levels of ATF4 and CHOP and triggered phosphorylation of PKR, PERK, GCN2, and EIF2α. Taken together, these findings suggest that mycolactone triggers phosphorylation of EIF2α kinases to activate the EIF2α-ATF4-CHOP pathway, which results in induction of autophagy during short-term exposure to the exotoxin, and induction of apoptosis during chronic exposure. Although the effect of PKR deletion on mycolactone-induced autophagy and apoptosis was not examined, residual Atf4 expression was observed in Perk-/-Gcn2-/- MEFs (123). This suggests that PKR contributes to the phosphorylation of EIF2α and downstream induction of Atf4 expression in response to mycolactone treatment. As such, it is possible that PKR plays a role in regulating autophagy and apoptosis during infection with M. ulcerans, although further experimentation using the live bacterium is required.




Non-Canonical Activators of PKR


Bacterial RNA

Although viral dsRNA is the canonical activator of PKR, recent studies have shown that PKR can also be activated by bacterial RNA. PKR was first suspected to be activated by bacteria when it was observed that purified PKR from E. coli cells is in a phosphorylated state and must be dephosphorylated to make the kinase responsive to RNA (124, 125). This suggested that endogenous bacterial products could trigger PKR activation. In 2012, Bleiblo and colleagues identified bacterial RNA as a ligand recognized by PKR (86). It was observed that total RNA extracted from E. coli and S. aureus potently activated PKR in cardiac cells in a dose-dependent manner, whereas human RNA did not. In vitro PKR binding assays showed that the bacterial RNA directly bound the purified PKR, suggesting that bacterial RNA possesses structural features that can directly activate PKR (86) (Figure 2). A later study from the same group demonstrated that removal of the base-paired secondary structures of the bacterial RNA by RNase digestion hinders the activation of PKR, indicating that the double-stranded structures of bacterial RNA are required to fully activate PKR (126). More recently, Hull and colleagues investigated the specific features of bacterial RNA that can activate PKR (127, 128). The Bacillus subtilis trp 5’-UTR was identified as an activator of PKR. The trp 5’UTR has multiple structural RNA elements representative of many bacterial mRNAs, including a terminator, 5’-stem-loop, and Shine-Dalgarno hairpin. These elements were shown to potently activate PKR. In a follow-up study by Hull and colleagues, three more functional bacterial RNAs were tested for their ability to activate PKR: the Vc2 riboswitch from Vibrio cholerae, the glmS riboswitch-ribozyme from B. anthracis, and the twister ribozyme from Clostridia bolteae (128). Most constructs derived from these RNAs were able to activate PKR, provided they were long enough to form sufficient RNA structure. These findings demonstrate that PKR can be activated by numerous RNA elements from a wide range of bacteria, including both Gram-positive and Gram-negative bacteria.




Figure 2 | Potential mechanisms of PKR activation during bacterial infections. TLR2 and TLR4 on the host cell surface recognize bacterial lipids, proteins, and lipoproteins, or lipopolysaccharide (LPS), respectively. Endosomal TLR9 recognizes CpG motifs found in bacterial RNA, DNA, and peptidoglycan, whereas endosomal TLR3 is activated by bacterial dsRNA. TLR2, TLR4, TLR9, and TLR3 trigger PKR phosphorylation by unknown mechanisms. Furthermore, TLR3 and TLR4 activate TBK1 by their adaptor proteins (TRIF for TLR3 and TRAM and TRIF for TLR4) which goes on to induce phosphorylation and dimerization of IRF3. IRF3 translocates to the nucleus and induces transcription of IFNβ. IFNβ signals through IFNAR to trigger assembly and nuclear translocation of ISGF3, which regulates the PKR promoter to induce transcription of PKR. TLR2 signaling also triggers association of ISGF3 with the PKR promoter. As such, TLR3, TLR4, and TLR2 may induce PKR transcription by downstream activation of ISGF3. Cytosolic bacterial DNA is recognized by cGAS, which associates with G3BP1. G3BP1 co-localizes with PKR and may directly phosphorylate the kinase. Recognition of bacterial DNA triggers cGAS to synthesize the secondary messenger cyclic GMP-AMP. GMP-AMP triggers activation and dimerization of STING, which in turn activates the TBK1-IRF3-IFNβ-ISGF3 axis to induce PKR transcription. In addition, certain bacteria induce ER stress, which triggers phosphorylation of PACT, a cellular activator of PKR. Phosphorylation of PACT enhances its association with PKR and leads to PKR activation. Finally, cytosolic bacterial RNA can directly bind PKR and trigger its activation. Created with BioRender.com.





DNA

The finding that PKR is required for AIM2 inflammasome activation in response to DNA transfection suggested that PKR can be activated by double-stranded DNA (dsDNA) (62), but PKR does not bind dsDNA or DNA/RNA hybrid strands (129). Nevertheless, DNA may activate PKR indirectly. Indeed, one study showed that transfection of HeLa cells with exogenous DNA led to phosphorylation of both PKR and EIF2α (130). This effect was dependent on recognition of dsDNA by the cytosolic DNA sensor cGAS. It was also observed that PKR and G3BP1, an RNA/DNA and RNA/RNA helicase, co-localize with cGAS following DNA transfection and are both required for cGAS sensing of intracellular vaccinia virus DNA. Interestingly, G3BP1 was required for PKR phosphorylation. As such, the authors of this study suggest that after interacting with DNA-bound cGAS, G3BP1 activates PKR (130) (Figure 2). It is note-worthy that the cGAS/STING/TBK-1 axis stimulated by cytosolic dsDNA leads to activation of IRF3, which induces transcription of IFNβ (131). IFNβ triggers assembly and nuclear translocation of the transcription factor interferon-stimulated gene factor 3 (ISGF3), which regulates the PKR promoter at the ISRE (132). Therefore, it is also possible that the DNA-sensing pathway indirectly induces PKR transcription by triggering IFNβ production and downstream ISGF3 activation (Figure 2). Altogether, we speculate that the cytosolic DNA sensing pathway is a potential mechanism that triggers PKR expression and phosphorylation during bacterial infection.



Toll-Like Receptor Signalling

Pathogens that are unable to perforate the phagosome, such as BCG and LLO-deficient L. monocytogenes, can trigger PKR phosphorylation and mRNA expression (89, 95). This suggests that PKR can be activated/induced in the absence of cytosolic nucleic acids. Indeed, there is accumulating evidence to support that PKR is activated by TLR signaling. PKR is reported to be activated in response  to  TLR4 and TLR2, which are cell surface TLRs that mainly recognize microbial membrane components such as lipids, lipoproteins, and proteins. In 2001, Horng and colleagues observed that PKR is phosphorylated following treatment with LPS, a TLR4 agonist (133). Since then, there have been numerous reports of PKR activation occurring in a TLR4-dependent manner (87, 93, 134–138). TLR4 signaling has also been shown to increase EIF2AK2 mRNA and protein levels (135). As such, we speculate that bacteria can trigger downstream PKR phosphorylation and expression by activating TLR4 signaling (Figure 2). Indeed, a link between TLR4 signaling and PKR activity has been reported during infection with bacteria such as S. Typhimurium, Y. pseudotuberculosis, B. anthracis, and C. trachomatis (87, 93). Importantly, both heat-treated and gamma-irradiated attenuated C. trachomatis can activate PKR to the same extent as live bacteria, indicating that intracellular bacterial replication or secretion of heat-labile bacterial products are not responsible for PKR activation (93). In contrast, inhibition of TLR4 prevented PKR activation (93). Altogether, these findings provide evidence that heat stable LPS is the likely bacterial product responsible for PKR activation during C. trachomatis infection. Indeed, heat-treating LPS did not impair its ability to activate PKR (93). Interestingly, PKR appears to be activated by different adaptor proteins depending on the specific TLR4 agonist (93, 133). C. trachomatis infection is unable to activate PKR in the presence of a MyD88 inhibitor but is unaffected by a TRIF inhibitor, whereas LPS is unable to activate PKR in the presence of a TRIF inhibitor but is unaffected by a MyD88 inhibitor (93). TLR2 signaling can also trigger PKR phosphorylation (Figure 2). Pam3CSK4, a TLR2 agonist, triggers PKR phosphorylation (134) in addition to increasing PKR mRNA and protein levels (135). Furthermore, PKR is activated in a TLR2-dependent manner following parasitic infection with Leishmania amazonensis (139).

PKR phosphorylation can also be triggered downstream of TLR3 and TLR9, which are endosomal TLRs that mainly recognize nucleic acids (Figure 2). Indeed, a kinase-inactive PKR mutant inhibited poly(I:C)-induced TLR3-mediated activation of NF-κB, suggesting that PKR is a downstream component of TLR3 signaling (140). A later study confirmed that PKR is activated by TLR3 signaling, since poly(I:C)-induced phosphorylation of PKR in human neuroblastoma cells was impaired in TLR3-deficient cells (141). There is limited evidence to suggest that PKR is activated in response to TLR9 signaling. PKR was shown to be phosphorylated by CpG motifs present in bacterial DNA, dsRNA, and peptidoglycans (133). CpG engages the TLR9 receptor, indicating that PKR is activated downstream of TLR9 (Figure 2). As such, TLR9 signaling could be yet another mechanism through which PKR indirectly senses bacterial DNA without a requirement for phagosome perforation. Overall, PKR appears to be a downstream component shared by at least four TLRs.

The specific mechanism of PKR activation downstream of TLR signaling remains unclear. However, Perkins and colleagues observed that TLR4 and TLR3 agonists trigger the phosphorylation of both PKR and IRF3 (138). IRF3 induces transcription of IFNβ, which triggers assembly and nuclear translocation of ISGF3. As mentioned in the previous section, ISGF3 regulates the PKR promoter (132); therefore, it is possible that TLR4 and TLR3 signaling induces PKR by triggering IFNβ production and downstream ISGF3 activation (Figure 2). Furthermore, chromatin immunoprecipitation assays revealed that L. amazonensis infection, which activates PKR through TLR2 signaling, triggered binding of ISGF3 elements to the PKR promoter, an event that did not occur in TLR2 knockout macrophages (139). Therefore, ISGF3 may be a common link between TLR2-, TLR4-, and TLR3-dependent induction of PKR (Figure 2).



ER Stress

There are numerous reports that PKR is activated in response to ER stress (142–144). Indeed, PKR has been shown to play a significant role in sustained ER stress-induced apoptosis (54). ER stress leads to downstream PKR activation by triggering the phosphorylation of PACT (54), a cellular activator of PKR that activates the kinase in the absence of dsRNA (55). Phosphorylation of PACT increases its association with PKR and leads to PKR activation. Certain bacteria, including Pseudomonas aeruginosa, Helicobacter pylori, and Coxiella burnetti, are reported to trigger ER stress in infected host cells (145–148). Although the phosphorylation state of PKR was not examined in these studies, PERK and EIF2α were shown to be phosphorylated in response to infection with these bacteria. It is possible that PKR is also activated in response to these bacteria and contributes to the phosphorylation of EIF2α. Indeed, one of the groups suggested that future work should assess whether PKR plays a role in the ER stress response during C. burnetti infection (146). As such, we speculate that infection with certain bacterial pathogens induces ER stress, which leads to PKR activation via PACT (Figure 2).




Pharmacological Modulation of PKR


PKR Activators

Due to the emergence of antibiotic-resistant bacteria such as M. tuberculosis and S. aureus, the development of alternative therapies for certain bacterial infections is urgently required. Host-directed therapy (HDT) is a promising option, since this strategy aims to boost the host immune response to a particular bacterium rather than target the bacterium itself, thus circumventing the development of antibiotic resistance. Since there is growing evidence that PKR plays a role in the host immune response to bacterial pathogens, pharmacological modulation of PKR could be a promising strategy for HDT against various bacterial infections.

There are multiple pharmacological activators of PKR in various stages of development (Table 2). Bozepinib is a small antitumor agent that both upregulates and activates PKR (149). Bozepinib has shown promise in pre-clinical studies since it induces apoptosis in breast and colon cancer cells (149, 150). Although the specific effects of bozepinib have not been assessed in vivo, it has been observed that bozepinib treatment does not cause acute toxicity in mice (150). The mechanism through which bozepinib induces and activates PKR remains unknown. Nitazoxanide (NTZ) is another drug that triggers PKR phosphorylation (151, 152). NTZ is an FDA-approved broad-spectrum antiparasitic drug. The typical use of NTZ is the treatment of cryptosporidiosis infection, however clinical trials have demonstrated efficacy and safety of NTZ in treating viral infections such as influenza and hepatitis C (188, 189). NTZ has been shown to deplete intracellular calcium stores, thereby raising levels of cytosolic calcium. This calcium mobilisation disrupts ER/Golgi glycoprotein trafficking and induces ER stress, thus triggering PKR phosphorylation (152). Several in vivo studies conducted in animal models have investigated the effects of NTZ in disease contexts such as viral infections, protozoan infections, cancer, Parkinson’s disease, neuroinflammation, and bacterial infections (Table 2) (153–166). Indeed, in vivo studies have shown that NTZ is effective in treating bacterial pathogens such as C. difficile, E. coli, M. leprae, and M. tuberculosis (153–156, 159). Interestingly, NTZ is reported to exert significant bactericidal activity directly against both replicating and non-replicating M. tuberculosis (190), and was recently evaluated for treatment of TB in a phase II clinical trial (191). In addition, Ranjbar and colleagues recently reported that NTZ treatment enhanced M. tuberculosis-induced EIF2AK2 mRNA expression in THP-1 cells, and NTZ treatment reduced M. tuberculosis burden in THP-1 and human peripheral blood mononuclear cells (97) (Table 1). As such, NTZ is a PKR activator that holds promise for being repurposed as a host-directed antibacterial drug. The synthetic compound BEPP [1H-benzimidazole1-ethanol,2,3-dihydro-2-imino-a-(phenoxymethyl)-3-(phenylmethyl)-,monohydrochloride] is another PKR activator that increases PKR and EIF2α phosphorylation in a dose-dependent manner in MEFs (167). Interestingly, BEPP was shown to induce PKR-dependent apoptosis and effectively inhibited vaccinia virus replication in MEFs (167). However, the effects of BEPP have not been studied in vivo, and the mechanism of action of BEPP on PKR activity is unknown. Lastly, 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-5,7-dihydroxy-4H-chromen-4-one (DHBDC) is a dual activator of PKR and PERK (168). DHBDC was shown to induce the phosphorylation of EIF2α, which was blocked by siRNAs targeting PKR and PERK. The mechanism by which DHBDC activates PKR remains unknown, and the effects of this compound have not been assessed in vivo. Both BEPP and DHBDC are commercially available for research use.


Table 2 | Pharmacological modulators of PKR.





PKR Inhibitors

There are currently two pharmacological inhibitors of PKR being investigated in pre-clinical studies: imidazole-oxindole C16 and 2-aminopurine (2-AP) (Table 2). Both C16 and 2-AP compete for ATP at the ATP binding site of PKR, thus inhibiting PKR autophosphorylation and kinase activity (169, 185). The most widely-used PKR inhibitor is C16, also known as PKRi or Imoxin (169). C16 has been shown to inhibit PKR phosphorylation in vitro and in the mouse model (169–171). The effects of this compound have been examined in numerous in vitro studies (5). Furthermore, several in vivo studies using mice and rats have examined the effect of C16 in disease contexts such as inflammation, neurodegeneration, obesity, hypertension, cancer, and diabetes (170–184) (Table 2). Importantly, numerous groups have shown that C16 is protective of LPS-induced pathogenesis in mice, including acute lung injury, bone destruction, skeletal muscle atrophy, and acute kidney injury (177–181). Since LPS is a major cell wall component of Gram-negative bacteria, these findings suggest that C16 could protect against excessive inflammation and tissue damage during bacterial infections. However, it is also possible that the anti-inflammatory effect of C16 treatment could exacerbate disease progression in the context of live bacterial infections due to the dampening of the immune response. 2-AP is a less potent and less specific PKR inhibitor (185). In mouse models, 2-AP has been shown to prevent sepsis induced by cecal ligation puncture or endotoxin challenge (186, 187). Furthermore, 2-AP treatment reduces adipose tissue inflammation and improves insulin sensitivity in insulin-resistant obese mice (170). Since 2-AP has anti-inflammatory effects, this drug holds promise in treating bacterial infections where excessive inflammation is conducive for the pathogen. Both C16 and 2-AP are commercially available for research use.



Potential Challenges

There are numerous reports demonstrating that PKR plays an important role during bacterial infections (Table 1), which suggests that pharmacological modulation of PKR could be a promising strategy for host-directed therapy. However, the vast majority of these studies were conducted in vitro. Out of the 14 studies listed in Table 1, only 4 studies were conducted in vivo (62, 90, 91, 96). Notably, these studies only examined the bacterial burden in organs of infected mice and did not assess the overall survival of the animals. Indeed, while there exist numerous pharmacological activators and inhibitors of PKR, only NTZ has been tested in vivo in the context of bacterial infections (Table 2). As such, extensive in vivo experimentation must be conducted before promoting the use of pharmacological PKR modulation as a therapeutic intervention against bacterial pathogens. It will be critical to demonstrate that pharmacological modulation of PKR has the ability to improve host survival during bacterial infection in animal models. Furthermore, in vivo studies must be conducted to identify any limitations of using pharmacological modulators of PKR.

One potential challenge of inhibiting PKR is that interventions that dampen the inflammatory response can sometimes enhance the susceptibility of the host to lethal bacterial infection. For example, C3H/HeJ mice, which have a defective LPS response, are highly susceptible to E. coli and S. Typhimurium infection (192). Since PKR expression is demonstrated to be important for inflammasome activation and induction of pro-inflammatory cytokines in response to bacterial infections (Table 1), it is possible that pharmacological inhibition of PKR would ultimately be disadvantageous for the host. Another concern is the fact that PKR activity affects many different signaling pathways. This means that inhibiting or activating PKR-dependent pathways involved in the immune response to bacterial pathogens may also disrupt other PKR-dependent pathways that are essential for other functions. Indeed, dysregulation of PKR has been linked to numerous diseases, including neurodegeneration, cancer, and metabolic disorders (4–6). Furthermore, PKR regulates different immune functions depending on the context of the bacterial infection (Table 1), which suggests that the kinase can play either a pro- or anti-host role during bacterial infection contingent on the specific bacterium involved. As such, it is possible that clinicians would be unable to administer pharmacological PKR modulators to patients until the specific pathogen was identified, thus delaying the initiation of host-directed therapy until it is potentially too late. Altogether, these potential challenges highlight the necessity of evaluating the effects of PKR modulators in vivo.




Concluding Remarks

There is growing evidence demonstrating that PKR plays key roles during infection with various bacterial pathogens (Table 1). Indeed, current literature clearly demonstrates a role for PKR in regulating selective autophagy, cell death, and inflammation during bacterial infections. In response to both Gram-positive and Gram-negative bacterial infections, PKR expression has been shown to be important for inflammasome activation, pyroptosis, and apoptosis. In contrast, PKR is not observed to regulate cell death pathways during mycobacterial infection, but is instead reported to induce selective autophagy. PKR has also been shown to regulate cytokine production in response to mycobacteria, Gram-positive, and Gram-negative bacteria. We speculate that the varying functions of PKR during bacterial infections is due to the specific bacterium involved, since bacterial pathogens have methods of manipulating host immune responses to their advantage. For instance, PKR expression is required for macrophage apoptosis during B. anthracis infection (87), but PKR modulation does not impact apoptosis during M. tuberculosis infection (98, 116). This is likely explained by the fact that a major virulence mechanism of B. anthracis is to induce rapid cell death of host cells (193, 194), whereas M. tuberculosis inhibits macrophage apoptosis to allow it to persist undetected within the phagocyte (195). Most studies thus far have focused on the role of PKR in cell death during bacterial infection. Although it is important to investigate the function of PKR during cell death, we contend that this should not be the sole focus, since PKR has recently been shown to induce selective autophagy during bacterial and parasitic infection (77, 98). As such, it will be important for future studies to investigate the function of PKR in selective autophagy of intracellular bacteria such as L. monocytogenes and S. enterica, since autophagy is reported to play a role in antibacterial defense against these pathogens (196–198).

Although PKR has critical functions in bacterial defense, whether the kinase is ultimately protective or detrimental to the host remains to be clarified. For instance, deletion of PKR led to decreased bacterial burden in organs of E. coli-infected mice (62) but resulted in increased bacterial burden in M. tuberculosis-infected macrophages (97, 98). Whether PKR plays a pro- or anti-host role during bacterial infection is likely dependent on the specific bacterium involved, and whether the bacterium establishes acute versus chronic infection. For example, S. enterica causes acute infection, and a strong inflammatory response in the early stage of infection is generally considered to assist with bacterial clearance (199, 200). In contrast, M. tuberculosis establishes chronic infection, therefore excessive and prolonged inflammation during infection with this bacterium can be harmful to the host (201). As such, we speculate that the function of PKR in inflammasome activation would be beneficial to the host during S. enterica infection, but harmful to the host during M. tuberculosis infection. Similarly, PKR is established to induce IFNβ production, which can be a pro- or anti-host function depending on the bacterial context. Indeed, IFNβ production is detrimental to the host during L. monocytogenes infection due to its role in inducing macrophage apoptosis (202), but protective for the host during L. pneumophilia infection since it promotes itaconic acid production (203).

Unfortunately, most of the existing studies of PKR in the context of bacterial infections examined either the effect of PKR on a particular host signaling pathway, or the effect of PKR expression on bacterial burden, but rarely were both examined within the same study (Table 1). Furthermore, only a limited number of studies have examined the effect of PKR modulation on bacterial burden, with only a select few that included in vivo experiments (Table 1). In vivo studies will be critical in determining whether PKR is ultimately protective or detrimental to the host during infection with a given bacterium. Importantly, in vivo experimentation of PKR is feasible given that pharmacological approaches have been vetted in other disease models (Table 2) and both genetic overexpression and deletion of PKR is well-tolerated in mice (204, 205). Both inhibition and activation of PKR by pharmacological compounds (Table 2) should be actively pursued given that modulation in either direction could be specifically harnessed for treatment of specific bacterial diseases. As such, future studies should examine the effects of pharmacological modulation of PKR on bacterial burden, morbidity, and mortality of bacteria-infected mice to assess the suitability and feasibility of targeting PKR as a novel treatment strategy. At the same time, it will also be important to determine the specific mechanism regulated by PKR during bacterial infection, since it will link the specific functional pathway to whether PKR is ultimately protective or detrimental to the host.

There also exists a knowledge gap on the specific downstream effectors mediated by PKR in response to various bacteria. For example, although our group observed that PKR induces autophagic degradation of M. tuberculosis, the downstream pathway activated by PKR in this context was not elucidated (98). PKR is reported to mediate the activation of numerous downstream effectors, including MAPK, ATF2, NF-κB, IPS-1, IRF3, ATF4, and CHOP (Figure 1). As such, there are many potential mechanisms controlled by PKR to regulate cellular processes such as autophagy, inflammation, and cell death in response to bacterial infections. Future studies should elucidate the specific downstream components regulated by PKR during the immune response to bacterial pathogens.

The upstream signaling events that trigger PKR activation during bacterial infection also need to be determined. Although the canonical activator of PKR is viral dsRNA, the ability of certain phagosome-restricted bacteria to activate PKR suggests the existence of alternative activating mechanisms (89, 95). In this review, we discussed non-canonical activators of PKR – including TLR signaling, ER stress, and bacterial nucleic acids – and speculated on potential mechanisms that trigger PKR activation during bacterial infection (Figure 2). However, although exogenous treatment of cells with TLR agonists, bacterial RNA, or chemical inducers of ER stress can activate PKR, there is a lack of evidence to show that live bacteria trigger PKR activation through these specific mechanisms. Future studies examining PKR activity during bacterial infection should strive to characterize the mechanism responsible for activating PKR in this context.

In summary, PKR undoubtedly plays key roles during bacterial infections, as multiple studies have shown that PKR regulates critical immune cell functions such as inflammation, apoptosis, pyroptosis, and autophagy. Increasing our knowledge on the role of PKR during bacterial infections is important since it could lead to the development of host-directed therapies for antibiotic-resistant bacteria. Regardless of whether PKR activity is ultimately beneficial or detrimental to the host, modulating its expression or activity holds promise as a novel treatment strategy for bacterial infections.



Summary

	PKR regulates cell death in both Gram-positive and Gram-negative bacterial infections by inducing apoptosis and activating the inflammasome to trigger pyroptosis.

	PKR regulates the production of multiple cytokines with key roles in antibacterial defense, including Type I IFNs, IL-1β, IL-6, IL-10, IL-18, and TNFα.

	PKR induces selective autophagy during M. tuberculosis infection.

	Conflicting reports exist on whether PKR is protective or detrimental to the host. This is likely due to (i) different bacterial pathogens involved, (ii) the specific infection model used for each study, and (iii) the specific mechanistic pathway at play (i.e. cell death vs. autophagy).

	The mechanisms of PKR activation during bacterial infection remain to be elucidated, but may involve bacterial nucleic acids, TLR signaling, or ER stress.

	Pharmacological modulation of PKR holds promise as an alternative treatment strategy for bacterial infections, but extensive in vivo studies must be conducted to assess the effects of PKR modulation on host survival and identify potential off-target effects.
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The Toll/interleukin-1 receptor (TIR) domain is a structural unit responsible for the assembly of signal protein complexes in Toll-like receptor (TLR) and interleukin-1 receptor signaling pathways. TIR domain homologs are found in a considerable number of bacteria and enhance bacterial infection and survival in host organisms. However, whether TIR domain homologs exist in Aeromonas hydrophila, a ubiquitous waterborne bacterium in aquatic environments, remains poorly understood. In this study, a TIR domain protein (TcpAh) was identified from A. hydrophila JBN2301. TIR domain of TcpAh is highly homologous to the counterpart domains in TLRs and myeloid differentiation factor 88 (MyD88). The zebrafish infected with mutant A. hydrophila with tcpAh deletion had a remarkably lower mortality than those infected with the wild-type strain. This result suggests that TcpAh is a crucial virulence factor for A. hydrophila infection. TcpAh exhibited a strong ability to associate with MyD88, tumor necrosis factor receptor-associated factor 3 (TRAF3) and TRAF-associated NF-κB activator-binding kinase 1 (TBK1) in TIR–TIR, TIR–Death domain (DD), and other alternative interactions. This finding suggests that TcpAh extensively interferes with MyD88 and TIR domain-containing adapter inducing interferon (IFN)-β (TRIF) signaling pathways downstream of TLRs. Consequently, CD80/86 expression was suppressed by TcpAh via attenuating TLR-stimulated NF-κB activation, which ultimately led to the impairment of the major costimulatory signal essential for the initiation of adaptive humoral immunity against A. hydrophila infection. We believe that this study is the first to show a previously unrecognized mechanism underlying A. hydrophila evades from host antibacterial defense by intervening CD80/86 signal, which bridges innate and adaptive immunity. The mechanism will benefit the development of therapeutic interventions for A. hydrophila infection and septicemia by targeting TcpAh homologs.
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INTRODUCTION

Toll-like receptors (TLRs) and interleukin-1 receptors (IL-1Rs) play crucial roles in an array of host immune responses (Tobias et al., 2000; Dunne and O’Neill, 2003). Signal transduction through these receptors leads to the activation of various transcription factors, such as NF-κB and activator protein 1 (AP-1) (Dunne and O’Neill, 2003). These two families of receptors share a conserved intracellular region with approximately 200 amino acids, known as the Toll/interleukin-1 receptor (TIR) domain (Slack et al., 2000; Akira and Takeda, 2004). This domain is also shared by the downstream signaling proteins, such as myeloid differentiation factor 88 (MyD88), TIR domain-containing adaptor protein (TIRAP), TIR domain-containing adapter inducing interferon (IFN)-β (TRIF) and TRIF-related adaptor molecule (TRAM), as a unit responsible for the signal-dependent assembly of protein complexes that enable the amplification and spatial propagation of a signal (O’Neill and Bowie, 2007). Site-directed mutagenesis and deletion analysis showed that the TIR domain is essential for TLR and IL-1R activities (Poltorak et al., 1998; Underhill et al., 1999). The TIR domain consists of three functional boxes of conserved residues set in a core sequence that ranges from 135 to 160 amino acids (Xu et al., 2000). Box 1 and 2 motifs participate in the association of proteins involved in signaling, whereas box 3 is involved in directing the localization of receptors (Slack et al., 2000; Xu et al., 2000). Two interfaces are responsible for mediating TIR domain interactions, which include receptor/adaptor oligomerization and the association between receptors and adaptors (Dunne et al., 2003). Crystal structure analysis showed that the TIR domains from human TLR1/2 contain a central five-stranded parallel β-sheet that is surrounded by five helices on both sides (Xu et al., 2000; Dunne et al., 2003). Conserved residues are located in the hydrophobic core and large insertions or deletions are present in several loop regions of different TIR domains. The BB loop, contains three highly conserved residues, protrudes from a large conserved surface patch, which is believed to mediate heterodimeric interactions with TIR domain-containing adaptor proteins (Xu et al., 2000; Dunne et al., 2003; Jin and Lee, 2008).

Among the numerous TIR domain-containing adaptors, MyD88 is the common adaptor recruited by all TLRs except TLR3 (Janssens and Beyaert, 2002). TIRAP is a unique adapter in TLR2 and TLR4 signaling and is associated with MyD88 for NF-κB activation (Horng et al., 2002). TRIF and TRAM activate IFN regulatory factor (IRF)-3, IRF-7, and NF-κB-dependent signaling pathways (Yamamoto et al., 2002; Oshiumi et al., 2003). TRIF functions downstream TLR3 and TLR4 signaling pathways, whereas TRAM is restricted to the TLR4 pathway (Yamamoto et al., 2003a,b). Some negative regulators, including single immunoglobulin IL-1 receptor related protein (SIGIRR), MyD88s, interleukin-1 receptor-associated kinase (IRAK)-M, Triad3A, and sterile alpha and TIR motif-containing protein (SARM), which block MyD88- or TRIF-dependent signaling pathways, co-evolve in host organisms to avoid excess inflammatory reactions (Kobayashi et al., 2002; Burns et al., 2003; O’Neill, 2003; Wald et al., 2003; Akira and Takeda, 2004; Carty et al., 2006; Fearns et al., 2006). The TIR domain in SIGIRR resembles MyD88 but lacks two amino acids needed for downstream signaling (O’Neill, 2003). In addition, the TIR–TIR interaction between SIGIRR and TLR4 prevents the recruitment of IRAK and tumor necrosis factor receptor-associated factor (TRAF) 6 to MyD88 (Wald et al., 2003). MyD88s is an alternatively spliced variant of MyD88 that lacks the intermediary domain; thus, it is unable to bind to IRAK4 and promote IRAK1 phosphorylation (Burns et al., 2003). IRAK-M prevents the dissociation of IRAK1–IRAK4 complex from MyD88 to prevent the formation of IRAK1–TRAF6 complex (Kobayashi et al., 2002). Triad3A interacts with the TIR domains of TLRs, TRIF, TIRAP and receptor-interacting protein 1 (RIP1); SARM blocks gene induction downstream of TRIF (Carty et al., 2006; Fearns et al., 2006). Interestingly, some of these negative regulatory strategies are imitated by bacterial TIR domain proteins to impair host TLR- and IL-1R-mediated signaling pathways and create a permissive environment facilitating bacterial infection and survival (Newman et al., 2006; Rosadini and Kagan, 2015). This observation implicates the complex evolutionary correlation between host and microbe.

Toll/interleukin-1 receptor domain proteins have been found in a considerable number of bacteria, such as Salmonella enterica, Brucella melitensis, Escherichia coli CFT073, Yersinia pestis, Paracoccus denitrificans, Staphylococcus aureus and Pseudomonas aeruginosa (Newman et al., 2006; Low et al., 2007; Cirl et al., 2008; Rana et al., 2011; Askarian et al., 2014; Imbert et al., 2017). These proteins include TlpA in S. enterica, TcpB in B. melitensis, TcpC in E. coli CFT073, YpTdp in Y. pestis, PdTLP in P. denitrificans, TirS in S. aureus and PumA in P. aeruginosa. These proteins enhance bacterial colonization and survival in host organisms. However, whether the TIR domain proteins exist in Aeromonas hydrophila remains poorly understood. A. hydrophila is one of the most ubiquitous waterborne bacteria in freshwater and brackish water environments. A. hydrophila shows wide host tropism, is frequently encountered in fish and other aquatic organisms, and is accountable for various infections, including severe aeromonad septicemia (Harikrishnan et al., 2003; Vivas et al., 2004). Therefore, understanding the associated mechanisms underlying A. hydrophila infection and pathogenesis has long been an attractive research topic waiting to be explored. In the present study, we identified a previously uncharacterized TIR domain protein (TcpAh) from A. hydrophila JBN2301 strain. TcpAh can strongly inhibit TLR signaling pathways by a wider association with MyD88, TRAF3 and TBK1 than previously known. TcpAh can also inhibit adaptive humoral immunity by downregulating CD80/86 costimulatory signal, which is essential for initiating CD4+ T cell activation and downstream B cell proliferation and antibody production (Greenfield et al., 1998; Pasare and Medzhitov, 2004; Crotty, 2011). We believe that this study is the first to report the existence of TIR domain protein-mediated mechanisms underlying A. hydrophila infection and adds a new member to the bacterial TIR domain protein family.



MATERIALS AND METHODS


Bacterial Strain and Culture

Aeromonas hydrophila JBN2301 strain (accession number CP013178.1) was kindly provided by Prof. Yang of Wuhan Polytechnic University, Hubei province of China. This A. hydrophila strain was routinely grown in Tryptic Soy Agar (TSA) plates or Tryptic Soy Broth (TSB) at 28°C. Antibiotics were added to the bacterial cultures, when appropriate, at the following concentrations: 100 μg/ml tetracycline (Tc), 100 μg/ml ampicillin (Amp) and 30 μg/ml Chloramphenicol (Cm). Escherichia coli was grown in Luria-Bertani (LB) medium and antibiotics were added when necessary at the following concentrations: 50 μg/ml kanamycin (Km) and 100 ug/ml ampicillin. To measure the growth curve, A. hydrophila strain cultures were diluted 1:500 in TSB and grown at 28°C for 12 h at 200 rpm after overnight cultivation. Samples were taken hourly and measured at OD600. The bacterial experiments were performed followed by standard biosecurity and institutional safety procedures.



Experimental Fish and Embryo

Wild-type AB zebrafish (Danio rerio) of both sexes and with body weights of 0.5–1.0 g was raised in our laboratory in recirculating water at 26–28°C under standard conditions. The fish were fed with commercial pellets at a daily ration of 0.7% of their body weight and held for at least two weeks prior to use in experiments for the evaluation of their overall health. Only healthy fish, as determined by their normal appearance and level of activity, were used in the study. Zebrafish embryos were prepared according to previous protocols (Ma et al., 2018). The animal experiments were performed in accordance with legal regulations and approved by the Committee on Animal Care and Use and the Committee on the Ethic of Animal Experiments of Zhejiang University.



Bioinformatics Analysis

Genome location of the tcpAh gene was retrieved from the Genome Data Viewer in the National Center for Biotechnology Information (NCBI) database. Primers for gene cloning were predicted by the Primer-BLAST program. Multiple alignment of TIR domains were performed using Jalview/ClustalW and secondary structures were predicted by Jalview/Jpred. The 3D structures of TIR domains were predicted using Phyre server and figures were generated by PyMol.



Plasmid Constructions

The full coding sequence of tcpAh was inserted into pET28a (Invitrogen) between the EcoRI and XhoI sites to construct the prokaryotic expression vector pET28a-tcpAh. For the construction of plasmids pET28a-CP-tcpAh, the MTS sequence (GCAGCCGTTCTTCTCCCTGTTCTTCTTGCCGCACCC) (Rojas et al., 1998) were synthesized and ligated to the carboxyl-terminal of tcpAh and then inserted into the pET28a vector by EcoRI and XhoI sites. For the construction of eukaryotic expression plasmids, the sequence encoding the full length of tcpAh was subcloned into pRFP-C1 (constructed in this study) and pcDNA6-Myc/His (Sigma-Aldrich), to obtain pRFP-C1-tcpAh and pcDNA6-tcpAh vectors for expressing recombinant TcpAh proteins with RFP- and Myc-tag, respectively. The encoding sequences of zebrafish MyD88, MyD88-TIR, MyD88-DD and TRIF were subcloned into pcDNA3.1-EGFP/HA/His (Invitrogen). The encoding sequences of zebrafish TRIF, TRAF3, and TBK1 were subcloned into pEGFP-C1 or pCMV-tag2b-Flag (Invitrogen). For luciferase reporter assays, the cd80/86 promoter-luciferase reporter was constructed in our laboratory. The zebrafish IFNφ1 promoter-luciferase reporter (IFNφ1-Luc) was previously constructed in our laboratory and the zebrafish IFNφ2 promoter-luciferase reporter (IFNφ2-Luc) was kind gift of Li laboratory (Lu et al., 2016; Ma et al., 2018). The human NF-κB, IRF3, and IFN-β luciferase reporters and pRL-TK renilla luciferase reporter vectors were purchased from Clontech and Promega, respectively (Ma et al., 2018). The primers used for construction are listed in Supplementary Table 2. All constructs were sequenced to verify the correct sequences and orientations. Plasmids for transfection and microinjection were prepared free of endotoxin using an EZNA plasmid mini kit (Omega Bio-Tek).



Preparation of Recombinant Proteins

For eukaryotic expression of indicated proteins, the plasmid DNAs were transfected into HEK293T cells. For prokaryotic expression of soluble TcpAh or CP-TcpAh recombinant protein, the pET28a-tcpAh or pET28a-CP-tcpAh vectors were transformed into the BL21 (DE3) E. coli strain (Novagen). The freshly transformed cells were grown in LB Broth (supplemented with 50 μg/mL of kanamycin) until an OD600 of 0.8 was reached at 37°C. IPTG (0.2 mM) was added to induce protein expression for 16 h at 20°C. After ultrasonication, the supernatants were collected for purification. The recombinant TcpAh-His or CP-TcpAh-His proteins were purified by nickel–nitrilotriacetic acid agarose affinity chromatography (Qiagen), following the manufacturer’s manual, and then detected by 12% SDS–PAGE.



Preparation of Polyclonal Antibody

Four-week-old male ICR mice (∼15 g) were immunized with the recombinant TcpAh protein (20 μg) each time in CFA (Sigma- Aldrich) initially and then in IFA (Sigma-Aldrich) for four times thereafter at biweekly intervals, as previously described (Shao et al., 2018). Seven days after the final immunization, serum samples were collected. Antibody against TcpAh were affinity purified by using Protein A agarose columns (Thermo Fisher Scientific), and their titers were examined by Enzyme-Linked Immunosorbent Assay (ELISA). The validity and specificity of the antibody were determined by Western blot analysis. The Abs against zebrafish MHC class II (MHC-II), mIgM, CD80/86, including rabbit anti-MHC-II, mouse anti-mIgM, rabbit anti-CD80/86, were produced in our previous studies (Shao et al., 2018).



Construction of A. hydrophila ΔtcpAh Mutant

To generate ΔtcpAh mutant, the upstream and downstream flanking sequences to tcpAh were amplified by PCR using two pairs of primers P1/P2 and P3/P4 as shown in Supplementary Table 2. In addition, a Tcr gene cassette was amplified from the plasmid pBBR1MSC-3 (MiaoLing Plasmid Sharing Platform) using primers P5/P6 (Supplementary Table 2). The resulting 1148-, 1184- and 1267-bp DNA fragments were ligated together through overlap PCR and subcloned into pRE112 (MiaoLing Plasmid Sharing Platform) suicide vector at KpnI restriction enzyme site using a Clone Express® II One Step Cloning Kit (Vazyme) to obtain a pRE112-ΔtcpAhTcr plasmid. Then, the pRE112-ΔtcpAhTcr was transformed into E. coli SM10 λpir (MiaoLing Plasmid Sharing Platform) for mobilization into wild-type A. hydrophila via conjugation. The resultant ΔtcpAh mutant strain was selected by tetracycline and sucrose resistance after allelic exchange between the chromosomal gene and the mutagenized plasmid copy by twice crossover event, and was verified by PCR and DNA sequencing and subjected to further analysis by Western blot analysis (Xie et al., 2018).



Challenge Assay

Wild-type A. hydrophila JBN2301 and ΔtcpAh mutant were collected from the logarithmic growth phase, and zebrafish were inoculated i.p. with the wild-type and mutant A. hydrophila at concentration of 5 × 106 CFU/fish (for 96 h challenge assay) or 2 × 104 CFU/fish (for 21 days challenge assay). In these cases, mock PBS was administered as negative control. Infection and mortality in each group was monitored for 96 h at one interval 12 h, or during the 21 days period at one interval 2 days. Kaplan–Meier survival curve was obtained using GraphPad Prism software version 8.0. Statistical differences between wild-type versus ΔtcpAh A. hydrophila infected groups were analyzed using log-rank test. Bacterial load was detected in gill, spleen, and kidney tissues of zebrafish in each group. For this, the tissues were collected and washed with sterilized PBS, homogenized, and centrifuged at 5,000 g at 4°C for 10 min. Bacterial load was calculated and expressed into colony forming unit (CFU) by counting the colonies appearing on the TSA plates as described (Saraceni et al., 2016).



In vivo Luciferase Reporter Assays

In vivo luciferase reporter assays were performed to examine MyD88-dependent TLR2- or TLR9-signaling activation and TRIF-dependent TLR3-signaling activation in zebrafish embryos through overexpression objective genes. For this, the one-cell-stage embryos were microinjected (2 nL) with 100 pg NF-κB-Luc or zebrafish IFNφ1/φ2-Luc reporter vectors, and 10 pg renilla luciferase reporter vectors with increasing amounts (0, 50, 100 pg) of pcDNA6-tcpAh vector. Empty control vector was added so that a total of 360 pg vector DNA was microinjected into each embryo. At 12 h post microinjection (hpm), embryos were stimulated with Pam3CSK4 (200 pg/embry; Invivogen), CpG-ODN (400 pg/embryo; Generay Biotechnology Company), TNF-α (10 pg/embryo; eBiosience), and poly (I:C) (200 pg/embryo; Invivogen) for 12 h, respectively. Plasmid DNAs were mixed in a microinjection buffer (0.5% phenol red, 240 mM KCl, and 40 mM HEPES, pH 7.4). Luciferase activity in total embryo lysates was detected with a Dual Luciferase Reporter Assay (Promega) at 24 hpm.



In vitro Luciferase Reporter Assays

In vitro luciferase reporter assays were performed to examine MyD88-mediated activation of NF-κB or cd80/86 promoter and TRIF-mediated activation of IRF3 or IFN-β signaling in HEK293T cells. HEK293T cells were seeded in 12-well plates at a density of 5 × 105 cells/ml for 24 h and co-transfected with various indicated plasmids, luciferase reporter plasmid, and control reporter plasmid. pRL-TK vector was used as an internal control to normalize the expression level of the transfected plasmid. At 24 h post transfection, cells were stimulated with indicated stimulants for 12 h. Then cells were washed with PBS, lysed with Passive Lysis Buffer (Promega), and assayed for luciferase activities in a luminometer by the Dual-Luciferase Reporter Assay System (Promega). The luciferase reading of each sample was first normalized against that in the pRL-TK level, and the relative light unit was presented as the ratio of firefly luciferase to renilla luciferase. The results were obtained from three independent experiments (Ji et al., 2019).



Co-immunoprecipitation (Co-IP) and Western Blot Analysis

HEK293T cells were cultured in dishes with a diameter of 100 mm at 37°C in 5% CO2 overnight. Cells were transiently transfected with 24 μL of PEI transfection reagent (Promega) containing a total of 6 μg plasmid DNAs, including pcDNA6-tcpAh plus pcDNA3.1-MyD88 or pcDNA3.1-MyD88-TIR or pcDNA3.1-MyD88-DD (at a ratio of 1:1); pcDNA6-tcpAh plus pCMV-TRIF or pCMV-TRAF3 or pCMV-TBK1 (at a ratio of 1:1) in different combinations, with the empty vector as control. After 48 h, the cells were washed with PBS and lysed for 30 min at 4°C in an ice-cold buffer containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and the cocktail protease inhibitor (Roche). Cell lysates were centrifuged at 4°C, 13,000 g for 10 min and the supernatants were incubated with mouse anti-Myc or anti-Flag tag mAb (Abmart; M20002M, M20008L) at 4°C overnight, followed by incubation with 50 μL protein A-agarose beads (Roche) for 3 h. Then, the beads were washed four times with lysis buffer. The precipitants were denatured in loading buffer for analysis by Western blot using 12% SDS–PAGE and transferred onto 0.22 μm polyvinylidene difluoride membranes (Bio-Rad). The blots were probed with mouse/rabbit anti-Myc (Abmart; M20002L, Sangon biotech; D110006-0200) or GFP (Abmart; M20004L, HuaBio; ET1607-31) or Flag (Abmart; M20008L, Sangon biotech; D110005-0200) tag Abs at 1:5,000 and HRP-conjugated goat anti-mouse/rabbit IgG (Abmart; M21001S, M21002S) at 1:8,000, and then incubated with ECL reagents (Millipore) according to the manufacturer’s instructions. The emitted light was detected using a cooled CCD camera (LAS–1000; Fuji film) (Ma et al., 2018).



Fluorescence Localization Imaging

HEK293T cells were seeded into multiwell plates (Corning) and cultured in DMEM (HyClone Laboratories) supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in 5% CO2 to allow growth into 70–90% confluence. These cells were co-transfected with RFP tagged TcpAh plasmid DNA (500 ng) and a series of GFP tagged objective plasmid DNA (500 ng) using PEI in accordance with the manufacturer’s instructions (Wan et al., 2016). At 24 h post transfection, the cells were washed with PBS and fixed in 4% paraformaldehyde for 10 min and stained with 100 ng/ml DAPI (Sigma) at room temperature for 10 min. For localization imaging in stimulated HEK293T cells, the cells were co-transfected with RFP tagged TcpAh plasmid DNA (500 ng) and a series of GFP tagged objective plasmid DNA (500 ng) together with TLR2 or TLR3 plasmids (50 ng) using PEI in accordance with the manufacturer’s instructions. At 24 h post transfection, cells were stimulated with Pam3CSK4 or Poly(I:C) for 12 h, and then harvested as above described. Fluorescence images were obtained using a laser scanning confocal microscope (Zeiss LSM 710).



Flow Cytometric (FCM) Analysis

Cells under examination were blocked with 1% goat serum for 1 h at 4°C and then incubated with the defined primary Abs for 1 h at 4°C. Non-specific rabbit or mouse IgG was served as the negative control. After washing twice with D-Hank’s buffer, the cells were incubated with secondary Abs (PE conjugated goat anti-mouse or FITC conjugated goat anti-rabbit) for 1 h at 4°C, and the fluorescence signals were determined using the flow cytometer (BD FACSCalibur). At least 10,000 cells were collected from the myelomonocyte or lymphocyte gate for analysis. Cell Quest software (BD Biosciences) and ModFit LT software were used for FCM analysis and T cell proliferation assays, respectively (Wan et al., 2016; Shao et al., 2018).



In vitro Assay for TcpAh on Lymphocyte Proliferation and Activation

Zebrafish were i.p. injected with sterile PBS, wild-type A. hydrophila (2 × 104 CFU/fish), ΔtcpAh mutant, or ΔtcpAh mutant supplemented with CP-TcpAh recombinant protein for 5 days before sacrificed. Leukocytes were sorted from spleen, head kidney, and peripheral blood through Ficoll-Hypaque density-gradient centrifugation as described (Wan et al., 2016). Leukocytes obtained from fish with infection of wild-type A. hydrophila, ΔtcpAh mutant, or ΔtcpAh mutant plus CP-TcpAh were subjected to MHC-II+ antigen-presenting cells (APCs) isolation. For this, the cells were blocked with 1% goat serum for 1 h at 4°C and incubated with rabbit anti-MHC-II Ab for 2 h at 4°C. After the incubation, the cells were gently washed thrice with D-Hank’s buffer, incubated with anti-rabbit IgG magnetic beads (Thermo Scientific) for 15 min at 4°C, and then applied to a magnetic separator to separate the MHC-II+ cells. The MHC-II+ cells were cultured in L-15 medium containing 10% FBS (Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin at 28°C overnight to detach the magnetic beads. In parallel, leukocytes from fish with stimulation of inactivated A. hydrophila were stained with 10 μM CFSE (Beyotime), and terminated by adding 10% FBS. Then, the MHC-II+ APCs were cocultured with the CFSE-labeled leukocytes for 72 h. The proliferation and activation of lymphocytes were examined via FCM, and the expression of CD154 and LCK was detected using real-time PCR (Shao et al., 2018).



Real-Time PCR for Gene Expression Analysis

Total RNAs from leukocytes were isolated using TRIzol reagent (Invitrogen) and transcribed into first-strand cDNA with oligo(dT)18 (Takara Bio). Real-time PCR was performed using a Master cycler ep real plex instrument (Eppendorf) with a SYBR Premix Ex Taq kit (Takara Bio), following the manufacturer’s instructions. Briefly, the reaction mixtures in a total volume of 10 μl were incubated for 2 min at 95°C, followed by 40 cycles of 15 s at 95°C, 15 s at 60°C, and 20 s at 68°C. The relative gene expression of cd80/86 or other genes was calculated using the 2–Δ  cycle threshold and 2–Δ Δ  cycle threshold methods with β-actin for normalization. In all cases, each PCR trial was performed with triplicate samples and repeated at least three times (Shao et al., 2018). The forward and reverse primers used were shown as in Supplementary Table 2 in Supplementary Material.



Effect of TcpAh on B Cell Activation and IgM Production

For the B cell activation assay, zebrafish were i.p. injected with A. hydrophila, ΔtcpAh mutant or ΔtcpAh mutant supplemented with CP-TcpAh recombinant protein. After 5-day stimulation with indicated stains, leukocytes from the spleen, kidney, and peripheral blood were collected, and the proliferation and activation of B cells were examined as the increase of mIgM+ cells through FCM with mouse anti-mIgM Ab. For the IgM production assay, fish were i.p. immunized with A. hydrophila, ΔtcpAh mutant or ΔtcpAh mutant plus CP-TcpAh. Serum samples were collected at 14 days after the immunization, and the level of IgM against heat-inactivated A. hydrophila was detected by ELISA (Wan et al., 2016; Xu et al., 2016). Briefly, the heat-inactivated A. hydrophila was used to coat 96-well ELISA plate overnight at 4°C. Then, the coated plate was treated with 2% BSA for 1 h at 37°C and washed with PBST (PBS with 0.05% Tween-20). Thereafter, the plate was loaded with serially diluted serum samples at 37°C. After incubation for 2 h, the plate was washed thrice with PBST and incubated with mouse anti-IgM Ab for 1 h at 37°C. Afterward, the plate was washed, and the HRP-conjugated goat anti-mouse-IgG Ab was added. Color was developed using tetramethylbenzidine and stopped with 2 mol/L H2SO4, and then measured at 450 nm on a Synergy H1 Hybrid Reader (BioTek Instruments). Ab titer is defined as the highest dilution of serum at which the A450 ratio (A450 of post-immunization sera/A450 of pre-immunization sera) is greater than 2.1 (Xu et al., 2016).



Statistical Analysis

Results were shown as mean ± SD from at least three independent experiments. Statistical evaluation of differences between means of experimental groups was performed using ANOVA and Student’s t-tests. Survival curve differences in the A. hydrophila challenge assay were assessed using log-rank test. Statistical significance was considered when p < 0.05 or p < 0.01 or p < 0.001. The sample number for each group of fish exceeded 10 and each group of zebrafish embryo exceeded 50.



RESULTS


Molecular Identification of TcpAh From A. hydrophila

A TIR domain protein (TcpAh)-encoding gene was retrieved from the genome database of A. hydrophila JBN2301 strain maintained by the National Center for Biotechnology Information (NCBI) through Basic Local Alignment Search Tool (BLAST) using a homologous sequence of B. melitensis TcpB as a query. This gene was named as tcpAh (accession number CP013178.1) because it originates from A. hydrophila. The tcpAh gene consists of 579 bp and located downstream a putative molecular chaperone Tir gene and upstream an unannotated sequence with 7.55 kb in length (Figure 1A). The tcpAh gene was predicted to encode TcpAh protein with 192 amino acids and molecular weight of 22 kDa. TcpAh contains a conserved TIR domain (38–184 aa) with 147 amino acids. The TIR domain of TcpAh is characterized by three functional boxes, namely, box 1 (F/Y) D–HS), box 2 (DW–VN) and box 3 (RG–NL), which also exist in other TIR domains from various bacterial Tcp proteins, as well as TLRs and adapters, such as MyD88 and TIRAP. Among the three boxes of TcpAh, box 1 shows the most similarity to those in other TIR domains. Box 1 contains several important residues, such as Phe/Tyr and Asp, which contribute to homodimer formation and are completely conserved in most TIR domains. By contrast, TcpAh lacks a well-defined box 2 region and some characteristic residues, such as the conserved Pro and Gly, which are critical for signaling in eukaryotic TIR domains. The box 3 region is also poorly conservative and lacks even the most highly conserved amino acid residues of the canonical TIR sequence (Figure 1B). Despite divergence in box 2 and box 3 regions, the secondary structure of TcpAh exhibits additional structure homologies in the BB and DD loops, which are functionally important for TIR domains (Figures 1B,C). In addition, tertiary architecture analysis showed that TcpAh shares considerable similarity with other TIR domains, particularly that of TLR5 (Figure 1C). The phylogenetic tree shows that TcpAh is clustered with other bacterial TIR domain proteins with high bootstrap probability, particularly with the YpTdp protein, which is a TIR domain protein in Y. pestis that inhibits NF-κB by interacting with MyD88 (Figure 1D). Notably, animal SARM is more closely related to bacterial TIR domain proteins than to other TIR domain proteins in animals, thus, an evolutionary correlation exists between SARM and bacterial TIR-domain proteins (Figure 1D). Importantly, TcpAh homologs were predicted in nine additional A. hydrophila strains with known genome sequences (Supplementary Table 1); and a number of highly conserved phage-signature sequences that encode site-specific integrases, coat and flagellar proteins were predicted in the regions flanking tcpAh homologous genes. These observations implied the possible phage-origin of the tcpAh homologs.
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FIGURE 1. Bioinformatic characterization of TcpAh-encoding gene and protein in A. hydrophila JBN2301 strain. (A) Localization of TcpAh-encoding gene in JBN2301 genome. The encoding sequence of TcpAh is indicated in red arrow and att means attachment site. (B) Sequence alignment of TIR domains using Jalview/ClustalW and ClustalX programs. Conserved functional motifs and amino acid residues are shaded in different colors. Secondary structures were predicted by Jalview/Jpred program. Gray boxes, gray arrows, and black lines denote alpha helices, beta-sheet areas, and connecting loops, respectively. (C) Prediction of the 3D structures of TIR domains using Phyre server and PyMol program. The TcpAh TIR domain (38–184 aa) was modeled with 100% confidence by the single highest scoring template as the TIR domain of TLR5 (PDB c3j0aA). Box 1 (purple), box 2 and BB loop (black), and box 3 and DD loop (hot pink) are indicated within the TIR domains. (D) Phylogenetic trees of the amino acid sequences of TcpAh and its homologs in other species constructed by neighbor-joining method using MEGA 7.0. The tree was drawn to scale, and branch lengths are in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method. The GenBank accession numbers of the sequences are as follows: H. sapiens MyD88, AAC50954.1; D. rerio MyD88, AAQ91324.1; H. sapiens TLR1, NP_891549.1; D. rerio TLR1, AAI63271.1; H. sapiens TLR2, AAY85648.1; D. rerio TLR2, NP_997977.1; H. sapiens TLR3, NP_003256.1; D. rerio TLR3, AAI07956.1; H. sapiens TLR4, NP_003257.1; D. rerio TLR4, NP_001315534.1; H. sapiens TLR5, NP_003259.2; D. rerio TLR5, NP_001124067.2; H. sapiens TRIF, AAH09860.2; D. rerio TRIF, NP_001038224.1; H. sapiens TRIAP, NP_001034750.1; D. rerio TRIAP, XP_002667158.2; H. sapiens SARM, NP_055892.2; D. rerio SARM, NP_001124068.1; Y. pestis YpTdp, WP_198249346.1; A. hydrophila TcpAh, WP_043158960; P. aeruginosa PumA, WP_012075302.1; S. aureus TirS, WP_000114516.1; E. coli CFT073 TcpC, WP_000282336.1; S. enterica TlpA, WP_079786625.1; P. denitrificans PdTLP, QAR27511.1; B. melitensis TcpB, EPZ76643.1.




TcpAh Is Required for A. hydrophila Infection

A mutant A. hydrophila strain with tcpAh gene deletion (ΔtcpAh) was constructed by allelic replacement in wild-type (WT) JBN2301 strain to analyze the potential virulent activity of TcpAh in A. hydrophila infection. For this procedure, the up- and downstream flanking fragments of tcpAh in JBN2301 genomic DNA and a tetracycline resistance (Tcr) gene cassette in pBBR1MCS-3 DNA were amplified by polymerase chain reaction (PCR) using the primers shown in Supplementary Table 2. The fusion of the three fragments was amplified by overlap PCR and then ligated into suicide plasmid (pRE112) at the KpnI sites. The resulting plasmid (pRE112-ΔtcpAhTcr) was transformed into E. coli SM10 λpir for mobilization into JBN2301 via conjugation. The resultant ΔtcpAh mutant strain was selected by tetracycline and sucrose resistance after allelic exchange between the chromosomal gene and the mutagenized plasmid copy by twice crossover event (Figure 2A) and was verified by PCR and DNA sequencing (Figure 2B). The virulent activity of TcpAh was examined by a challenge assay in a well-established zebrafish infection model. Zebrafish were infected by intraperitoneal inoculation with wild-type A. hydrophila JBN2301 and ΔtcpAh mutant strains (5 × 106 CFU/fish) and observed for 96 h. The results showed that the wild-type strain caused a remarkable lethality (52%) within 24 h and displayed 100% lethality 72 hours after infection. However, the ΔtcpAh mutant strain caused a remarkably lower lethality during the same time period after inoculation, and the final lethality remained at 56%, which is lesser by 44% than that of the wild-type strain (Figure 2E). Although indiscriminate clinical signs, such as depression, gill hyperemia, and accumulated ascites, were observed in the two infection groups, the delay of clinical-symptom appearance and the extended survival time in the mutant infection group suggested that the mutation of tcpAh substantially weakened the virulence of A. hydrophila. For further clarification, a bacterial load assay was performed in the different tissues of zebrafish infected with wild-type and ΔtcpAh-mutant A. hydrophila. The result showed that ΔtcpAh mutant infected zebrafish showed a decreased bacterial load in gill, spleen, and kidney tissues compared with that in wild-type strain infected fish (Figures 2F–H). The differences in survival rate and bacterial load between zebrafish infected with wild-type and ΔtcpAh-mutant A. hydrophila were not likely due to the defect in the growth of the mutant strain and abnormal protein expression in wild-type strain, because a similar growth rate was observed between the two strains and a highly expressed TcpAh protein level was detected in wild-type A. hydrophila (Figures 2D,C). The results indicate that TcpAh is a crucial virulence-related factor required for A. hydrophila infection.
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FIGURE 2. Examination of the requirement of TcpAh for A. hydrophila infection. (A) Strategy for the deletion of the tcpAh gene in A. hydrophila JBN2301 strain by homologous recombination. The black block indicates the tcpAh gene; red and blue blocks indicate the left and right homologous sequences of the tcpAh gene, respectively; and the yellow block indicates the Tcr gene. (B) PCR and sequencing identification of the mutant strain with tcpAh gene deletion (ΔtcpAh). The lanes with red number indicate the mutant strain; partial sequencing result is showed. (C) Western blot analysis of TcpAh protein in wild-type and mutant A. hydrophila JBN2301 strains in liquid cultures and NS means non-specific band. The total proteins of wild-type and ΔtcpAh A. hydrophila JBN2301 strains were separated by SDS-PAGE and stained with Coomassie brilliant blue R250 as a loading control. The TcpAh protein was detected by using a polyclonal rabbit anti-TcpAh antibody with an expected molecular weight of 22 kDa. (D) Growth curve of wild-type and ΔtcpAh A. hydrophila JBN2301 strains. (E) Zebrafish survival curve. Zebrafish were infected with wild-type A. hydrophila JBN2301 and ΔtcpAh mutant. Statistical differences between wild-type versus ΔtcpAh A. hydrophila infected groups were analyzed by log-rank test. n = 25. ***p < 0.001. Group of fish injected with mock PBS was used as a negative control. (F–H) Examination of bacterial load in the (F) gill, (G) spleen, and (H) kidney tissues of zebrafish infected with wild-type and ΔtcpAh mutant A. hydrophila JBN2301 strains. Non-parametric two-tailed Mann–Whitney test was carried out with (F) ∗∗p < 0.01, (G)***p < 0.001, and (H) **p < 0.01.




TcpAh Inhibits MyD88 Signaling Pathway

Given that the TIR domains of TcpAh and zebrafish TLRs and adaptor proteins have structural homology, we propose that the potential regulatory function of TcpAh in zebrafish TLR signaling pathways is exerted through TIR–TIR homotypic interaction. An in vivo functional examination was performed using zebrafish embryo as a model to test this hypothesis. Zebrafish embryo was chosen because of its constitutive expression of various TLR signaling components during early development (2–24 hpf). For this procedure, one-cell-stage embryos were microinjected with NF-κB reporter vector in combination with different amounts of TcpAh-encoding plasmid and the stimulants Pam3CSK4, CpG-ODN and TNF-α for 12 h. As expected, the administration of TcpAh-encoding plasmid remarkably inhibited Pam3CSK4- and CpG-ODN-induced NF-κB activation in a dose-dependent manner (Figures 3A,B). By contrast, minimal alteration in NF-κB activity was detected in embryos exposed to TNF-α, whose signaling pathway is independent of TLRs and MyD88 (Figure 3C). These results indicated that TcpAh has a strong inhibitory effect on TLR signaling pathways, such as Pam3CSK4-induced TLR2 and CpG-ODN-induced TLR9 signaling pathways in this case, partially by association with MyD88 adaptor protein. Accordingly, TcpAh overexpression in HEK293T cells remarkably suppressed MyD88-induced NF-κB activation in a dose-dependent manner (Figure 3D). Furthermore, the expression of IL-1β and TNFα (two typical proinflammatory cytokines regulated by NF-κB signaling) in leukocytes was also dramatically impaired in wild-type A. hydrophila-infected zebrafish groups in comparison with those of ΔtcpAh mutant-infected groups (Figures 3E,F).
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FIGURE 3. Examination of the inhibitory role of TcpAh in MyD88 signaling pathway. (A–C) Activation of the NF-κB-binding promoters detected in zebrafish embryos microinjected with NF-κB luciferase reporter (NF-κB-Luc; 100 pg/embryo), renilla luciferase reporter (10 pg/embryo), and increasing amounts (0, 50, and 100 pg/embryo) of TcpAh expression vectors with stimulation of (A) Pam3CSK4 (200 pg/embryo), (B) CpG-ODN (400 pg/embryo), and (C) TNFα (10 pg/embryo) for 12 h. Data are the average luciferase activity ± SD (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). (D) Activation of the NF-κB-binding promoter detected in HEK293T cells transfected with NF-κB luciferase reporter (NF-κB-Luc; 150 ng/mL), renilla luciferase reporter (15 ng/mL), MyD88 expression vector (50 ng/mL), and increasing amounts (0, 100, and 500 ng/mL) of TcpAh expression vectors. Data are the average luciferase activity ± SD (**p < 0.01; ***p < 0.001). (E,F) Real-time PCR analysis for the expression of zebrafish IL-1β (E) and TNFα (F) in leukocytes, which were sorted from peripheral blood, spleen, and kidney tissues at indicated time after i.p. stimulation with PBS, wild-type A. hydrophila and ΔtcpAh mutant. Data are representative of three independent experiments as mean ± SD (**p < 0.01). Standard loading was indicated by β-actin expression.


Next, the association of TcpAh with MyD88 was examined by the intracellular co-localization of RFP-TcpAh and EGFP-MyD88 proteins in resting HEK293T cells or TLR-stimulated HEK293T cells and evidenced by the co-immunoprecipitation (Co-IP) between EGFP-MyD88 and Myc-TcpAh proteins (Figures 4A,B; Supplementary Figure 1A). To examine which domains in MyD88 were potentially involved in the interaction with TcpAh, EGFP-tagged MyD88 DD (11–101 aa) or TIR domain (148–284 aa) expression vectors were generated and co-transfected with RFP-tagged TcpAh in HEK293T cells (Figure 4C). The results showed that the two MyD88 mutants displayed strong co-localization with TcpAh; hence, DD and TIR domain contributed to the TcpAh–MyD88 interaction (Figure 4D). This notion was confirmed by Co-IP assay (Figure 4E). Previous studies have shown that bacterial TIR domain proteins, such as TcpB and TcpC, are associated with MyD88 through TIR–TIR interaction. Our present study showed that TcpAh can also associate with MyD88 by TIR–DD interaction in addition to TIR–TIR interaction.
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FIGURE 4. Interaction between TcpAh and MyD88 by TIR–TIR and TIR–DD interactions. (A) Co-localization analysis of TcpAh and zebrafish MyD88 proteins in HEK293T cells by confocal microscopy (Zeiss LSM 710; original magnification, 630×). The nucleus was stained with DAPI. Scale bars correspond to 10 μm. (B) Co-IP analysis between TcpAh and zebrafish MyD88 proteins from HEK293T cells expressing Myc-TcpAh with GFP or GFP-MyD88. (C) Schematic diagram of wild-type and domain-truncated zebrafish MyD88 forms. (D) Co-localization analysis between TcpAh and truncated MyD88 proteins in HEK293T cells by confocal microscopy (Zeiss LSM 710; original magnification, 630×). The nucleus was stained with DAPI. Scale bars correspond to 10 μm. (E) Co-IP assay between TcpAh and MyD88-TIR domain (148–284 aa) or MyD88-DD domain (11–101 aa) as shown in (B), except MyD88-TIR or MyD88-DD was used instead of full-length wild-type MyD88.




TcpAh Inhibits TRIF Signaling Pathway

Endocytosed TLRs, such as TLR3 and TLR4, trigger type-I IFN response in a TRIF-dependent manner. Recently, a TcpC protein from E. coli CFT073 was found to negatively regulate TRIF-dependent TLR signaling (Yadav et al., 2010). Zebrafish embryos were co-injected with an IFNφ1/φ2 (two typical type I interferon molecules in zebrafish) reporter vector and different amounts of TcpAh-encoding plasmid in combination with TLR3 agonist (PolyI:C) for 12 h to examine the potential role of TcpAh in TLR/TRIF-signaling axis. Results showed that TcpAh remarkably inhibited IFNφ1/φ2-reporter response to PolyI:C stimulation (Figures 5A,B). Similar results were also observed in HEK293T cells co-transfected with IRF3 or IFN-β reporter vector and zebrafish TRIF expression vector, and a mounting amount of TcpAh-Myc-encoding plasmid (Figures 5C,D). Furthermore, the expression of IFNφ1 and IFNφ2 in leukocytes was also dramatically impaired in wild-type A. hydrophila-infected zebrafish groups in comparison with those of ΔtcpAh mutant-infected groups (Figures 5E,F). These observations showed the ability of TcpAh to impair TRIF-mediated IFN signaling.
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FIGURE 5. Examination of the inhibitory role of TcpAh in TRIF signaling pathway. (A,B) Activation of zebrafish IFNφ1/IFNφ2 promoters detected in zebrafish embryos microinjected with IFNφ1 or IFNφ2 luciferase reporter (IFNφ1 or IFNφ2-Luc; 100 pg/embryo), renilla luciferase reporter (10 pg/embryo), and increasing amounts (0, 50, and 100 pg/embryo) of TcpAh expression vectors under stimulation with PolyI:C (200 pg/embryo) for 12 h. Data are the average luciferase activity ± SD (**p < 0.01; ***p < 0.001). (C,D) Activation of human IRF3 and IFN-β promoters in HEK293T cells transfected with human IRF3 or IFN-β luciferase reporter (IRF3-Luc or IFN-β-Luc; 200 ng/mL), renilla luciferase reporter (15 ng/mL), zebrafish TRIF expression vector (50 ng/mL), and increasing amounts (0, 100, and 500 ng/mL) of TcpAh expression vectors. Data are the average luciferase activity ± SD (**p < 0.01; ***p < 0.001). (E,F) Real-time PCR analysis for the expression of zebrafish IFNφ1 (E) and IFNφ2 (F) in leukocytes, which were sorted from peripheral blood, spleen, and kidney tissues at indicated time after i.p. stimulation with PBS, wild-type A. hydrophila and ΔtcpAh mutant. Data are representative of three independent experiments as mean ± SD (**p < 0.01). Standard loading was indicated by β-actin expression.


Given that TRIF is another TIR domain-containing protein that is potentially targeted by TcpAh; thus, an intracellular co-localization assay was performed to clarify this issue. Unexpectedly, minimal co-localization signal was detected between RFP-TcpAh and EGFP-TRIF by fluorescence imaging in resting HEK293T cells or TLR-stimulated HEK293T cells (Figure 6A; Supplementary Figure 1B), and no any interaction between Myc-TcpAh and Flag-TRIF was detected by Co-IP assay (Figure 6B). These results suggested that the ability of TcpAh to inhibit TRIF-mediated IFN signaling pathway was not by directly targeting TRIF itself, and was probably by association with TRAF3 and TBK1 downstream of the TRIF-mediated pathway. Expectedly, RFP-TcpAh was clearly co-localized with EGFP-TRAF3 or EGFP-TBK1 in resting HEK293T cells or TLR-stimulated HEK293T cells (Figure 6C; Supplementary Figure 1B). The associations of TcpAh with TRAF3 and TBK1 were further confirmed by Co-IP (Figure 6D). These data indicated that TcpAh inhibits the TRIF-signaling pathway through association with TRAF3 and TBK1. Next, we determined how TcpAh inhibits the TRIF-mediated IFN signaling pathway via association with TRAF3 and TBK1 through an IRF3 reporter assay. TRIF, TRAF3, TBK1, and TcpAh expression plasmids were co-transfected with IRF3 reporter vector into HEK293T cells in different combinations. The results showed that the co-transfection of TRIF and TRAF3, as well as the co-transfection of TBK1 and TRAF3, remarkably induced IRF3 promoter activity, and these reactions were remarkably inhibited in cells with TcpAh overexpression (Figures 7A,B). The outcomes suggested that TcpAh attenuated the TRIF-mediated signaling pathway by impairing TRIF–TRAF3 and TRAF3–TBK1 interactions. In support of this hypothesis, Co-IP assay clearly showed that the TRIF–TRAF3 and TRAF3–TBK1 interactions were both impaired by the intervention of TcpAh, and the TRIF–TRAF3 interaction was impaired much more seriously (Figures 7C–E). Altogether, TcpAh restrains TRIF-mediated signaling pathway by competitively interaction with TRAF3 and TBK1.
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FIGURE 6. Examination of the associations of TcpAh with TRAF3 and TBK1. (A) Co-localization analysis of TcpAh and zebrafish TRIF protein in HEK293T cells by confocal microscopy (Zeiss LSM 710; original magnification, 630×). The nucleus was stained with DAPI. Scale bars correspond to 10 μm. (B) Co-IP analysis between TcpAh and zebrafish TRIF proteins from HEK293T cells expressing Myc-TcpAh with Flag-TRIF. (C) Co-localization analysis of TcpAh and zebrafish TRAF3 or TBK1 proteins in HEK293T cells by confocal microscopy (Zeiss LSM 710; original magnification, 630×). The nucleus was stained with DAPI. Scale bars correspond to 10 μm. (D) Co-IP analysis between TcpAh and zebrafish TRAF3 or TBK1 proteins from HEK293T cells expressing Myc-TcpAh with Flag-TRAF3 or Flag-TBK1.
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FIGURE 7. Examination of the functional role of TcpAh in preventing TRIF–TRAF3 and TRAF3–TBK1 interactions. (A,B) Activation of human IRF3 promoter in HEK293T cells transfected with human IRF3 luciferase reporter (HsIRF3-Luc; 200 ng/mL), renilla luciferase reporter (15 ng/mL), and (A) zebrafish TRAF3 expression vector (50 ng/mL) alone or in combination with zebrafish TRIF expression vector (50 ng/mL) with or without TcpAh expression vector (500 ng/mL) or (B) zebrafish TBK1 expression vector (50 ng/mL) alone or in combination with a zebrafish TRAF3 expression vector (50 ng/mL) with or without TcpAh expression vector (500 ng/mL). Data are the average luciferase activity ± SD (*p < 0.05; **p < 0.01; ns, not significant). (C–E) Co-IP analysis showing the inhibition of TRIF–TRAF3 and TRAF3–TBK1 interactions by TcpAh in HEK293T cells transfected with plasmids in indicated combinations.




Inhibition of TcpAh in Host Defense Against Infection

As A. hydrophila TcpAh down-modulates TLR signaling activation, we next sought to investigate whether TcpAh could interfere with zebrafish adaptive immunity. CD80/86 reporter assay clearly revealed that TcpAh suppressed the promotor activity of cd80/86 gene by TLR2 or TLR9 or TLR3 signaling in HEK293T cells (Figures 8A–C). In addition, real-time PCR and flow cytometry analysis showed that zebrafish infected with ΔtcpAh-mutant A. hydrophila induced higher CD80/86 expression than those infected with wild-type strain at mRNA and protein levels (Figures 8D,E). This outcome suggested that TcpAh plays an inhibitory role in the expression of CD80/86 that is crucial for initiating adaptive immunity. We generated a cell-penetrating form of TcpAh (CP-TcpAh) with an appendant peptide for cell penetration at C-terminus to clarify this notion (Supplementary Figure 2A). This CP-TcpAh protein strongly inhibited NF-κB activity in HEK239T cells in a dose-dependent manner (Supplementary Figure 2B). The enhancement of CD80/86 expression induced by ΔtcpAh mutant in zebrafish was remarkably attenuated by the addition of CP-TcpAh protein (Figures 8D,E). Functionally, the ΔtcpAh mutant induced stronger T cell activation than wild-type A. hydrophila in vitro as determined by the higher cellular proliferation and transcriptional expression of LCK and CD154 in T cells upon ΔtcpAh mutant stimulation (Figures 8F,H). In this case, the enhanced T cell activation in response to ΔtcpAh mutant infection can be impaired by the restoration of CP-TcpAh (Figures 8F,H). The results implied that TcpAh inhibits the initiation of T cell activation by repressing CD80/86 expression on antigen-presenting cells, which potentially leads to the suppression of adaptive immunity against A. hydrophila infection. Thus, Ag-stimulated B cell activation and antibody (IgM) production were examined in vivo. Flow cytometric analysis showed that the percentage of B cells in ΔtcpAh mutant-administered groups (27.53% ± 0.85%) was dramatically upregulated (p < 0.01) in comparison with those of wild-type strain-infected groups (16.43% ± 0.91%) and mock PBS-treated control groups (8.46% ± 0.73%). The increased percentage of B cells in ΔtcpAh mutant-induced groups was remarkably decreased by administering CP-TcpAh protein (Figure 8G). Similar results were also detected in IgM production in various groups (Figure 8I). Furthermore, lethality declined in ΔtcpAh-mutant A. hydrophila-challenged zebrafish compared with that of the wild-type A. hydrophila-infected fish as shown by the survival rate increased from 20.0% to 64.0% (p < 0.01, log-rank test). The attenuated lethality of ΔtcpAh-mutant A. hydrophila was restored by the administration of CP-TcpAh protein in zebrafish and accompanied by the survival rate decreased from 64.0% to 32.0% (Figure 8J). The results suggested the inhibitory role of TcpAh in fish adaptive immune defense against infection and therefore uncovered a previously unrecognized strategy of A. hydrophila for immune evasion.
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FIGURE 8. Examination of the inhibitory role of TcpAh in zebrafish adaptive humoral immunity against infection by repressing CD80/86 expression. (A–C) Activation of zebrafish CD80/86 promoter in HEK293T cells transfected with CD80/86 luciferase reporter (CD80/86-Luc; 200 ng/mL), renilla luciferase reporter (15 ng/mL) and expression vectors for zebrafish TLR2 or TLR9 or TLR3 (20 ng/mL) in combination with MyD88 or TRIF (20 ng/mL) with or without TcpAh expression vector (250 ng/mL). After 24 h, the HEK293T cells were stimulated with PAM3 or CpG-ODN or Poly(I:C) for 12 h. Data are the average luciferase activity ± SD (**p < 0.01; ***p < 0.001). (D) Real-time PCR analysis for the expression of zebrafish cd80/86 in leukocytes, which were sorted from peripheral blood, spleen, and kidney tissues 2 days after i.p. stimulation with PBS, wild-type A. hydrophila, ΔtcpAh mutant, or ΔtcpAh mutant complemented with CP-TcpAh protein. Data are representative of three independent experiments as mean ± SD (*p < 0.05; **p < 0.01). (E) Flow cytometric analysis of CD80/86 expression level on MHC-II+ antigen-presenting cells (APCs) of each in vivo treatment group. Data are representative of three independent experiments as mean ± SD (*p < 0.05; **p < 0.01). (F) Proliferation of lymphocytes determined by CFSE dilution through flow cytometry under the indicated experimental treatment. (G) Proliferation of IgM+ B cells determined by flow cytometry under the indicated experimental treatment. Data are representative of three independent experiments as mean ± SD (*p < 0.05; **p < 0.01). (H) Real-time PCR analysis of the expression levels of zebrafish LCK and CD154 of each in vitro treatment group. Data are representative of three independent experiments as mean ± SD (*p < 0.05; **p < 0.01). (I) Examination of the inhibitory role of TcpAh in IgM production in response to A. hydrophila infection in each treatment group by ELISA. Data are representative of three independent experiments as mean ± SD (n = 20; *p < 0.05; **p < 0.01). (J) Examination of the inhibitory role of TcpAh in zebrafish defense against A. hydrophila infection. Zebrafish were infected with A. hydrophila ΔtcpAh or with wild-type A. hydrophila or with A. hydrophila ΔtcpAh complement with CP-TcpAh. Differences were analyzed using log-rank test (*p < 0.05; **p < 0.01). Group of fish injected with mock PBS was used as a negative control.




DISCUSSION

Aeromonas hydrophila is a group of Gram-negative bacteria that is widely distributed in aquatic environments (Lin et al., 2017). They are the causative agent of motile aeromonad septicemia (MAS) for a broad spectrum of host organisms, including mammals, amphibians, reptiles, and fish (Vivas et al., 2004). A. hydrophila causes disease outbreaks with high mortality in fish in aquaculture farms and severe economic losses to the aquaculture industry worldwide (Vivas et al., 2004; Jiang et al., 2017). Importantly, interest in the pathogenesis of Aeromonas now extends beyond the economic consequences to the fish farming industry, as members of this genus are increasingly implicated in intestinal and extraintestinal infections in humans (Thornley et al., 1997; Daskalov, 2006). A. hydrophila produces multiple virulence factors, including surface polysaccharides (such as capsule polysaccharide, lipopolysaccharide, and glucan), S-layers, iron-binding components, exotoxins, extracellular hydrolase, secretion complexes, fimbriae and other non-filamentous adhesins and flagella, which make the pathogenicity of this genus more complex (Alperi and Figueras, 2010; Tomas, 2012).

Although A. hydrophila possesses a variety of finely tuned pathogenic strategies that interfere with host defense against infection, TIR domain protein-mediated pathogenesis has not been reported in this species. In this study, we identified a TIR domain protein, namely TcpAh, from A. hydrophila JBN2301 strain, which is homologous to the TIR domains of TLRs. TcpAh ensures the efficient blockade of zebrafish immunity by interacting with MyD88, TRAF3, and TBK1, which are the three key components of TLR-mediated signaling pathways. Challenge assay showed that tcpAh deletion mutation substantially attenuated the virulence of A. hydrophila JBN2301 strain in zebrafish. Thus, TcpAh is a crucial virulence factor required for A. hydrophila infection. Importantly, nine additional highly virulent A. hydrophila strains were also predicted to contain such a TcpAh homolog. This finding suggests that TcpAh homologs ubiquitously exist in different A. hydrophila species. We believe that this study is the first to report the existence of a TIR domain protein-mediated pathogenic factor in A. hydrophila. Hence, this study uncovered a previously unrecognized virulence factor in this genus. TIR domain homologs have been found in many bacteria; these homologs include TlpA in S. enterica, TcpB in B. melitensis, TcpC in E. coli, YpTdp in Y. pestis, TirS in S. aureus, and PumA in P. aeruginosa (Newman et al., 2006; Cirl et al., 2008; Rana et al., 2011; Askarian et al., 2014; Imbert et al., 2017). Mechanistically, most of these TIR domain proteins function as inhibitors of host innate immunity by association with MyD88 or TIRAP through TIR–TIR interaction even though their molecular mode of action remains elusive (Rana et al., 2013). For example, B. melitensis TcpB, described as a molecular mimicry of TIRAP, can bind with MyD88 and TIRAP via TIR–TIR interaction to promote the ubiquitin-mediated degradation of TIRAP during bacterial infection (Cirl et al., 2008; Radhakrishnan et al., 2009). Our study showed that TcpAh can also interact with MyD88 through TIR–TIR interaction. More importantly, TIR–DD interaction, as an alternative binding manner, was utilized by TcpAh to associate with MyD88; thus, TcpAh may have a stronger binding activity to MyD88 than other TIR domain proteins by possessing additional TIR–DD interaction. This unconventional interaction also exists between TcpB and MyD88 (Chaudhary et al., 2012). Hence, the interaction between bacterial TIR-domain proteins and their targets are not always restricted to TIR–TIR interaction. Remarkably, we found that TcpAh can also associate with TRAF3 and TBK1, which are two critical components downstream of TRIF-dependent TLR signaling pathway. We believe that this study is the first to show that TRAF3 and TBK1 are the cellular targets of a bacterial TIR domain protein. This finding indicated that TcpAh has a broad spectrum of target proteins in innate immune signaling pathways in addition to its interaction with MyD88 to interfere with MyD88-dependent TLR signaling. The multiple associations of TcpAh with MyD88, TRAF3, and TBK1 endow this TIR domain protein a powerful pathogenic activity in the inhibition of host immunity against A. hydrophila infection at extensive levels, including MyD88- and TRIF-dependent immune responses. However, the precise mechanisms underlying the associations among TcpAh, MyD88, TRAF3 and TBK1 independent of the canonical TIR–TIR interaction remain to be further clarified. Additionally, the current interpretation of the intervention of bacterial TIR domain proteins to host immune defense largely focused on innate immunity; whether bacterial TIR domain proteins have an influence on host adaptive immunity remains poorly understood. In the present study, we found that TcpAh plays an inhibitory role in adaptive humoral immunity against A. hydrophila infection in zebrafish as determined by an enhanced activation of T and B cells and an increased production of IgM Abs in fish upon ΔtcpAh mutant infection. This enhancement can be impaired by administering a recombinant TcpAh protein tagged with a cell penetration peptide (CP-TcpAh). In addition, TcpAh remarkably suppressed CD80/86 activation by attenuating NF-κB signaling as examined by an in vitro reporter assay. Infection with ΔtcpAh mutant A. hydrophila dramatically upregulated CD80/86 expression in fish, and this outcome was attenuated by supplementing CP-TcpAh protein. These observations suggested that TcpAh plays an inhibitory role in adaptive humoral immunity through the attenuation of CD80/86 costimulatory signal, which is an important connection between innate and adaptive immunities and a crucial initiator of the activation of adaptive immunity.

In conclusion, our study identified a TIR domain protein (TcpAh) from A. hydrophila, which can be considered a new member of the bacterial TIR domain protein family. TcpAh acts as a strong virulence effector by extensively targeting MyD88, TRAF3, and TBK1 downstream of TLR signaling pathways, which leads to the inhibition of CD80/86 costimulatory signal essential for the activation of adaptive immunity. Thus, our findings uncovered a previously unrecognized mechanism underlying A. hydrophila evades from host immune defense, which will benefit the development of therapeutic interventions for A. hydrophila infection. Particularly, TcpAh can become a promising target for drug therapy because of its great potential use in A. hydrophila-elicited diseases, such as motile aeromonad septicemia in fish and other species.
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With the prevalence of multidrug-resistant bacteria and clinical -acquired pathogenic infections, the development of quorum-sensing (QS) interfering agents is one of the most potential strategies to combat bacterial infections and antibiotic resistance. Chinese herbal medicines constitute a valuable bank of resources for the identification of QS inhibitors. Accordingly, in this research, some compounds were tested for QS inhibition using indicator strains. Paeonol is a phenolic compound, which can effectively reduce the production of violacein without affecting its growth in Chromobacterium violaceum ATCC 12472, indicating its excellent anti-QS activity. This study assessed the anti-biofilm activity of paeonol against Gram-negative pathogens and investigated the effect of paeonol on QS-regulated virulence factors in Pseudomonas aeruginosa. A Caenorhabditis elegans infection model was used to explore the anti-infection ability of paeonol in vivo. Paeonol exhibited an effective anti-biofilm activity against Gram-negative bacteria. The ability of paeonol to interfere with the AHL-mediated quorum sensing systems of P. aeruginosa was determined, found that it could attenuate biofilm formation, and synthesis of pyocyanin, protease, elastase, motility, and AHL signaling molecule in a concentration- and time-dependent manner. Moreover, paeonol could significantly downregulate the transcription level of the QS-related genes of P. aeruginosa including lasI/R, rhlI/R, pqs/mvfR, as well as mediated its virulence factors, lasA, lasB, rhlA, rhlC, phzA, phzM, phzH, and phzS. In vivo studies revealed that paeonol could reduce the pathogenicity of P. aeruginosa and enhance the survival rate of C. elegans, showing a moderate protective effect on C. elegans. Collectively, these findings suggest that paeonol attenuates bacterial virulence and infection of P. aeruginosa and that further research elucidating the anti-QS mechanism of this compound in vivo is warranted.
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INTRODUCTION

Quorum sensing (QS) is a type of density-dependent cell-to-cell communication mechanism used by bacteria to detect community density. QS coordinates its clustering behavior by producing and sensing signaling molecules called autoinducers (AIS) and their receptors (Swift et al., 1996; Davies et al., 1998). Three different types of AIs have been discovered: N-acyl L-homoserine lactone (AHLs) exploited by Gram-negative species, small peptide signals exploited by Gram-positive species and autoinducer-2 for inter-species communication (Ng and Bassler, 2009). Once the bacterial population density reaches a critical threshold, the QS system activates the expression of virulence-associated genes to control a vast set of relevant phenotypes including biofilm-formation, motility, exopolysaccharide production, virulence factors, motility, and bioluminescence (Bassler et al., 1993; Miller and Bassler, 2001).

The excessive and indiscriminate use of antibiotics has eventually led to the emergence of multidrug-resistant bacteria that are difficult to control using conventional antibiotics, as most evident in the ESKAPE-pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.; Tacconelli et al., 2002; Boucher et al., 2009; MacPherson et al., 2009). Biofilm is a barrier system, which can protect the bacteria from the immune reaction of the host, prevent the entry of disinfectants and antibiotics, make the bacteria develop multi-drug resistance, and lead to clinical infection which is difficult to cure (Dunne, 2002). About 80% of all microbial-induced infections are biofilm-based. Quorum sensing has known to play a crucial role in biofilm formation of many pathogenic bacteria, serving as biofilm quorum-sensing molecules (Fuqua and Greenberg, 2002). Pseudomonas aeruginosa (P. aeruginosa) is a pervasive Gram-negative organism and an opportunistic pathogen in humans capable of causing multiple diseases including chronic panbronchiolitis, cystic fibrosis (CF), and chronic urinary tract infections (Lyczak et al., 2002; Hassett et al., 2009). The QS networks in P. aeruginosa comprise four distinct interwoven circuits, namely las, rhl, pqs, and iqs, with the las system positively at the upstream position regulating both the rhl and pqs systems, which also cross-regulate in a complex manner (Schuster and Greenberg, 2006; Welsh et al., 2015; Huang et al., 2019). The QS system is essential for the production of different signaling molecules including P. aeruginosa autoinducer 1 [N-(3-oxododecanoyl-homoserine lactones) or 3-oxo-C12-HSL], Pseudomonas autoinducer 2 (N-butyryl-homoserine lactones or C4-HSL), and PQS (2-heptyl-3-hydroxy-4-quinolone), each of which acts as an autoinducer of a specific sensing and responding system (Williams and Camara, 2009; Ismail et al., 2016). Once these signals reach a threshold, the collective behavior changes by activating the sensor or modulating the protein (Ilangovan et al., 2013). The QS system in P. aeruginosa regulates biofilm formation, motility, and the expression of virulence-associated factors such as pyocyanin, proteolytic enzymes, extracellular proteases, and rhamnolipids (Parsek and Greenberg, 2000). Therefore, P. aeruginosa has become the typical model organism for assessment of antibacterial, anti-QS and anti-biofilm activity.

Given the essential role of QS in bacterial pathogenicity and virulence, it is considered a novel and potential therapeutic strategy for coping with bacterial infections and antibiotic resistance (Packiavathy et al., 2014; Hernando-Amado et al., 2019). Natural products obtained from plants, microorganisms, and marine organisms have shown promise in inhibiting QS signaling and biofilm formation rather than targeting bacterial growth (Valdez et al., 2005; Khan et al., 2009; Glamoclija et al., 2015). Chromobacterium violaceum is a QS biosensor strain that produces the pigment, violacein, in response to QS-related gene expression, and is, thus, widely used to research QS activities (Singh et al., 2009). Paeonol is one of the main compounds present in traditional Chinese medicine, including Moutan cortex, Cynanchum paniculatum, and Paeonia lactiflora Pal. Paeonol is known to exert multiple pharmacological effects, immunomodulation, and liver and kidney protection, antitumor, antipyretic, analgesic, anti-inflammatory, and antibacterial and has been widely used as a nutrient supplement (Zhang et al., 2019; Tsai et al., 2020).

However, to the best of our knowledge, there are no studies showing the anti-biofilm and anti-QS activity of paeonol. Thus, in this study, we preliminary evaluated the effect of paeonol on bacterial biofilm formation. Further, we investigated the mechanism of paeonol in vitro against P. aeruginosa-based anti-QS by detecting the virulence phenotypes, biofilm-formation, and related gene expression. The protective effect of paeonol on the pathogenicity of P. aeruginosa was determined in vivo using a nematode model.



MATERIALS AND METHODS


Bacterial Strains, Chemicals, and Culture Conditions

Pseudomonas aeruginosa (PAO1, ATCC 27853, and ATCC 9027), P. aeruginosa clinically isolated stains (PAO3401, isolated from Chinchilla and identified in the laboratory), C. violaceum (ATCC 12472 and CV026), A. baumannii 17978, Escherichia coli (ATCC 25922 and OP50), Salmonella typhimurium 14028 and MRSA TCH1516 that were stored in our laboratory were used in this study. The cryopreserved P. aeruginosa (PAO1, ATCC 27853, ATCC 9027, and PAO3401), A. baumannii 17978, E. coli (ATCC 25922 and OP50), S. typhimurium 14028 and MRSA TCH1516 were cultured overnight in Luria-Bertani (LB) broth in a rotator shaker with agitation at 180 rpm at 37°C. C. violaceum (ATCC 12472 and CV026) were cultured overnight at 30°C aerobically in LB broth in a rotator shaker with agitation 180 rpm. The test compounds were dissolved in dimethyl sulfoxide (DMSO), including protocatechuic aldehyde, aniseed aldehyde, paeonol, carvacrol, polydatin, saikosaponin A, atractylenolide, gallate, calycosin-7-glucoside, veratric acid, myristic acid, ellagic acid, glycyrrhiza acid, aurantiamarin, baicalin, rutin, puerarin, and sophocarpidine (Yuanye Bio-Technology Co., Shanghai, China). DMSO and fresh LB broth were used as controls. The chemicals and reagents used in this study was analytical grade. For each experiment, the bacteria were cultured overnight and re-inoculated at 1:1,000 dilution (approximately 5 × 105 CFU/mL) in fresh LB broth. Cell growth was determined based on the optical density that was measured at a wavelength of 600 nm using microplate reader (Thermo Fisher Scientific, Waltham, MA, United States). Then, C. elegans N2 cultures and E. coli OP50 were maintained on nematode growth medium (NGM) as a food source at 20°C. IPEC-J2 cells were cultured in DMEM medium (Gibco, Grand Island, New York, United States) supplemented with 10% fetal bovine serum (Gibco, Oshima, New York, United States) and 1% penicillin/chain (Solarbio, Beijing, China) at 37°C with 5% CO2 in the incubator.



Preliminary Screening of AI-1 Quorum Sensing Inhibitors

A quantitative assay for violacein was carried out as previously described with few modifications (Blosser and Gray, 2000). Briefly, 200 μL of C. violaceum ATCC 12472 (approximately 5 × 105 CFU/mL) was incubated individually with different concentrations of chemical compounds at 30°C for 18 h and OD600 was measured by microplate reader. After incubation, the violacein from 200 μL of the bacterial culture was extracted using 100 μL of 10% SDS and 400 μL of n-butanol. After centrifugation at 8,900×g for 5 min, 200 μL the organic layer was taken in a 96-well plate. The absorbance was determined at 595 nm to quantify the violacein in the supernatant.

Chromobacterium violaceum ATCC 12472 was cultured in LB medium at 30°C with shaking at 180 rpm, diluted in a 1:100 ratio with LB solid medium, and poured into Petri dishes (McLean et al., 2004). Then, 20 μL of the test compounds at a concentration of 20 mg/mL were added to the wells of the plates and incubated at 30°C for 24 h. Due to a loss of violacein pigmentation, the anti-QS activity was evaluated by the production of a colorless and opaque but turbid halo around the well, and was measured from the outer edge of the disk to the edge of the anti-QS inhibition zone.



Minimum Inhibitory Concentration Assay and Growth Curves

Various concentrations of paeonol were examined against the selected bacteria strains and their inhibitory activity was determined using a modified broth microdilution method as stated in the Clinical and Laboratory Standards Institute (2012). Twofold dilutions of paeonol were prepared using LB broth in a 96-well plate with final concentrations ranging from 16 to 2,048 μg/mL. A suspension of bacteria strains at a final test concentration of about 5 × 105 CFU/mL was added to each well and incubated at 37°C for 24 h. The MIC was defined as the minimum concentration of paeonol that inhibited the growth of the selected microorganisms (Clinical and Laboratory Standards Institute, 2012).

A growth-curve analysis was performed for the PAO1 strain to determine the impact of the sub-inhibitory concentrations of paeonol on growth (Jorgensen, 1993). Overnight grown cultures of PAO1 were prepared using LB broth and supplemented with paeonol (0, 128, 256, and 512 μg/mL). LB medium and the same concentration of DMSO were used as negative controls. The conical flask was cultured in a rotator shaker while being agitated at 180 rpm and 37°C. The optical density was determined at 600 nm every hour for up to 36 h.



Anti-biofilm Activity Assay of Paeonol


Anti-biofilm Formation Quantitative Assay

For observing the inhibitory effect of paeonol on bacterial biofilm, we incubated the bacterial suspension of C. violaceum 12472, P. aeruginosa (PAO1, ATCC 27853, ATCC 9027, and PAO3401), A. baumannii 17978, E. coli 25922, S. typhimurium 14028, and MRSA TCH1516. The biofilm-forming ability of selected bacteria was determined using the crystal violet method (Lee et al., 2011). Briefly, 200 μL of the bacteria culture (approximately 5 × 105 CFU/mL) was taken in a 96-well plate and incubated with different concentrations of paeonol at 37°C for 24 and 36 h. After incubation, the biofilm was washed with sterile phosphate-buffered saline (PBS) for three times and fixed with 200 μL of methanol (99%) for 15 min. The supernatant was discarded, and the biofilm was stained with 200 μL of 0.1% crystal violet and dissolved in 33% acetic acid for 15 min. The absorbance was measured at 595 nm to quantify biofilm formation.



Microscopy Analysis of Paeonol Against P. aeruginosa

The method of biofilm formation was conducted as described previously (Murphy et al., 2014). Briefly, biofilms were cultured for 36 h on a glass coverslip using 24 well plates with paeonol (0–512 μg/mL) treated and untreated cultures of PAO1. The total biofilm biomass was determined by washing the glass coverslip with PBS three times, drying at 60°C, staining with 0.1% crystal violet, and then observing under the light microscope. Scanning electron microscopy (SEM) was further applied to visualize biofilm architecture. The coverslips were washed for non-adhered bacteria three with PBS and fixed overnight at 4°C in 2.5% (v/v) glutaraldehyde, then processed for SEM using standard protocol.



Flagellar Motility Assay of Paeonol Against P. aeruginosa

Bacterial motility was assayed on agar plates after treatment with different concentrations of paeonol (0, 128, 256, and 512 μg/mL). P. aeruginosa (PAO1, ATCC 27853, ATCC 9027, and PAO3401) were cultured in LB broth overnight at 37°C at constant shaking at 180 rpm. Next, 1 μL of P. aeruginosa cells was added to the center of the swarming solid medium (1.0% peptone, 0.5% sodium chloride, 0.5% glucose, and 0.5% agar) and swimming soft medium (1.0% peptone, 0.5% sodium chloride, and 0.3% agar). The plates were inoculated at 37°C for 24 h, and the flagellar motility was determined by measuring the diameter (cm) of the traveled cells on the surface of the agar plate (Rashid and Kornberg, 2000).



Analysis Virulence Phenotypes of P. aeruginosa


Pyocyanin Quantitative Assay

Pyocyanin production was determined using different concentrations of paeonol in PB medium (2% tryptone, 1% K2SO4, and 0.14% MgCl2) by the chloroform-HCl extraction method (Chong et al., 2011). A volume of 2 mL of the PAO1 culture (approximately 5 × 105 CFU/mL) was incubated with different concentrations of paeonol (0–512 μg/mL) at 37°C for 48 h in a 24-well plate. After centrifugation at 10,000×g for 10 min, the supernatant of the PAO1 culture was extracted with 0.75 mL of chloroform and 0.2 M HCl (0.25 mL) was added to the chloroform layer. After centrifugation, the HCl was removed and pyocyanin was quantified at 520 nm.



Proteolytic Activity Assay

A protease quantitative analysis was performed according to a previously published method (Hentzer et al., 2002) with minor modifications. Briefly, 2 mL of PAO1 culture (approximately 5 × 105 CFU/mL) was incubated with different concentrations of paeonol (0–512 μg/mL) at 37°C for 24 h. After centrifugation, the filter-sterilized supernatant (150 μL each) of PAO1 treated with paeonol was added with 250 μL of 2% azocasein (w/v)-Tris/HCl solution (pH 7.8). Next, the azocasein-treated solutions were incubated at 4°C for 4 h and the reaction was terminated by the addition of trichloroacetic acid (10%, 1.2 mL) for 15 min. After centrifugation at 10,000×g for 10 min, the supernatant was added to 1 M NaOH (1.4 mL). Protease activity was determined by measuring the absorbance at a wavelength of 440 nm.



Elastase Activity Assay

The elastasse qualitative analysis was monitored according to previously reported methods (Adonizio et al., 2008). Briefly, 2 mL of PAO1 cultures (approximately 5 × 105 CFU/mL) were incubated with different concentrations of paeonol (0–512 μg/mL) at 37°C for 24 h. The cultures were centrifuged for 10 min at 10,000 rpm and filter-purified by a 0.22 μm nylon filter, 100 μL supernatant were added to 400 μl of ECR buffer (100 mM Tris, 1 mM CaCl2, pH 7.2) containing 20 mg ECR. Then, the mixture was incubated at 37°C for 16 h with shaking (200 rpm). The insoluble ECR was removed by centrifugation, and the absorbance of the supernatant at 495 nm was measured to evaluate elastase activity.



Rhamnolipids Quantitative Assay

Rhamnolipids of P. aeruginosa were cultured in PPGAS medium (20 mM KCl, 20 mM NH4Cl, 0.5% glucose, 1.6 mM MgSO4, 120 mM Tris–HCl, and 1.0% peptone) according to a previously published method (Grosso-Becerra et al., 2016). Briefly, 2 mL of the PAO1 cells (approximately 5 × 105 CFU/mL) were allowed to grow in the presence and absence of paeonol at 37°C for 24 h. After centrifugation, the supernatants were extracted twice with ethyl acetate; the organic layers were combined and evaporated to dryness overnight at 50°C. The solid product was dissolved in 500 μL of sterile distilled water. Next, 100 μL of the sample was added to 0.19% orcinol in 53% concentrated sulfuric acid (900 μL) and incubated in a water bath at 80°C for 30 min. After cooling to room temperature (18–25°C), the absorbance of the samples was measured spectrophotometrically at 421 nm.



AHL Synthesis Activity Assay of Paeonol Against P. aeruginosa

The levels of AHL in the PAO1 supernatants were measured after treatment with paeonol by assessing the violacein production by CV026. About 2 mL of the PAO1 culture (approximately 5 × 105 CFU/mL) was incubated with different concentrations of paeonol (0–512 μg/mL) at 37°C for 24 h. After centrifugation, the supernatants were extracted twice with ethyl acetate. The organic layers were combined and evaporated to dryness overnight at 40°C. The yellow precipitate was resuspended in 200 μL of DMSO, and 20 μL was added into the wells of the fresh agar plates containing CV026. The plates were inoculated at 30°C for 24 h. The production of AHL was monitored by measuring the zone of clearance around each well (Ravn et al., 2001).



Expression of QS Genes on P. aeruginosa

Fluorescence real-time PCR was used to detect the expression of the QS genes of PAO1 in the presence of paeonol (0, 128, 256, and 512 μg/mL). Table 1 shows the primers that were used to amplify lasI, lasR, rhlI, rhlR, pqsA, pqsR, lasA, lasB, rhlA, rhlC, phzm, phzM, phzH, phzS, and pvdQ (reference gene). Total RNA was then extracted using TRIzol Reagent (Songon Biotech, Shanghai, China) according to the manufacturer’s instructions. Next, the samples were reverse-transcribed to single-stranded cDNA in a 20-μL volume of the reaction mixture using Maxima H Minus First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, United States). Then, real-time PCR was performed in a 10-μL reaction volume, containing 5 μL of PerfectStartTM Green qPCR SuperMix (TransGen Biotech, Beijing, China), 2 μL of the template cDNA, 1 μL of primers (Shenzhen Huada Gene Research Institute, Shenzhen, China), and 2 μL of DNase/RNase-free water (Tiangen Biotech, Beijing, China). The pvdQ gene was chosen as a reference gene and used to normalize the quantitative PCR data and calculate the relative differences in mRNA expression using the 2–△△CT method.


TABLE 1. PCR primers of Pseudomonas aeruginosa for analysis of gene expression.
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Anti-infection Activity of Paeonol on C. elegans

The C. elegans population was synchronized according to a method reported previously (Tan et al., 1999b), with some modifications. Briefly, 200 μL of the broth culture of P. aeruginosa was spread evenly on NGM agar plates containing paeonol (0, 128, and 256 μg/mL) and cultured for 18 h at 37°C to create a bacterial lawn. Plates coated with E. coli OP50 were used as negative controls. Then, 40 synchronized nematodes (L4 stage) of the wild type C. elegans N2 strain were selected and suspended onto the plates and counted every 24 h using a stereomicroscope. In the experiment, the nematodes were considered dead when immobilized. The number of surviving nematodes was tabulated and a survival curve was constructed.



Cell Proliferation Assay

The CCK-8 assay was performed to determine the number of viable cells according to the manufacturer’s protocol. IPEC-J2 cells in logarithmic growth were seeded in 96-well plates (1 × 105 per well) and cultured in DMEM medium supplemented with 10% FBS for 12 h, and then treated with a series of concentrations of paeonol (0, 16, 32, 64,128, 256, 512, and 1,024 μg/ml) for 24 h. Then, 10 μl CCK-8 solution was added to each well of the plates. After incubation at 37°C for another 3 h, the absorbance at 450 nm was detected to determine the number of viable cells.



Statistical Analysis

All data were processed using SPSS 22.0 (IBM Corporation, Armonk, NY, United States) and are presented as mean ± SD. Graphs were constructed using GraphPad Prism 8.0.1 (GraphPad Software, La Jolla, CA, United States). ANOVA was used to determine significance, and p < 0.05 was considered statistically significant.



RESULTS


Screening of AI-1 QS Inhibitors

Screening assays, based on QS-mediated violacein production and viability, were performed in broth and agar plates to identify non-bactericidal QS inhibitors (QSIs). Three concentrations of the compound were selected for violacein quantitative assay such that they did not affect the growth of C. violaceum. Table 2 shows the effect of test compounds on violacein production in C. violaceum 12472, our results indicated that protocatechualdehyde, anisic aldehyde, carvacrol, paeonol, polydatin, saikosaponin A, atractylenolide gallate, veratric acid, and myristic acid inhibited violacein production, and aurantiamarin, baicalin, and rutin promoted violacein production. The other compounds were found to be less effective. A turbid halo around the well on the purple pigmented agar plates was observed for protocatechualdehyde, anisic aldehyde, carvacrol, and paeonol (Table 3 and Figure 1), which indicated a significant inhibition in violacein production without any growth inhibition. Paeonol was selected for further study owing to its excellent anti-QS activity.


TABLE 2. Inhibition of Chromobacterium violaceum (CV12472) pigments by different compounds.
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TABLE 3. Anti-QS activity of compounds against C. violaceum 12472.
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FIGURE 1. Effects of compounds on the inhibition the violacein production on LB plates. (A) paeonol, (B) anisic aldehyde, (C) polydatin, (D) protocatechualdehyde, (E) gallate, (F) rutin, (G) carvacrol, and (H) DMSO.




In vitro Antimicrobial Activity of Paeonol

The antimicrobial activity of paeonol was evaluated by the MIC microdilution method. Gram negative strains are as follows: C. violaceum12472, E. coli 25922, S. typhimurium 14028, A. baumannii 17978, and P. aeruginosa PAO1. The MICs of paeonol against these strains were 512, 2,048, 1,024, 512, and 2,048 μg/mL, respectively. Paeonol exhibited an effective anti-bacteria activity against Gram-negative. But no obvious antibacterial effect on MRSA TCH1516. The sub-MIC concentration was selected to evaluate the anti-biofilm and anti-QS activity. Paeonol showed no growth-inhibition activity on P. aeruginosa when used at concentrations of 128–512 μg/mL, as determined using the growth curves (Figure 2).
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FIGURE 2. Effects of paeonol on the growth of Pseudomonas aeruginosa (PAO1) at different concentrations. All data were expressed as means ± SD (n = 3).




Anti-biofilm Activity of Paeonol


Effect of Paeonol on Biofilm Formation

The results of the inhibitory effects of paeonol on biofilm formation on selected microorganisms are demonstrated in Table 4. Our results indicated that paeonol could decrease the biofilm-forming of Gram-negative bacteria in vitro, and the ability in the suppression of biofilm formation was as follows: C. violaceum 12472 > P. aeruginosa PAO1 > S. typhimurium 14028 > A. baumannii 17978 > E. coli 25922. The sub-MIC concentrations of paeonol were found to have a significant inhibitory effect on the biofilm formation at 36 h. The rates of inhibition also obtained using high concentration of paeonol were 73.75, 74.70, 29.22, 43.32, and 27.18% at 36 h, respectively, compared with the control group. Compared to the effects of selected concentrations on biofilm formation of four P. aeruginosa strains, 32.73–74.70, 31.04–67.94, 25.33–30.85, and 57.31–72.52% reduction in biofilm-forming were measured treated with paeonol against PAO1, ATCC 27853, ATCC 9027, and PAO3401, respectively. This study showed that paeonol inhibited the biofilm formation, thus reducing the resistance of bacterials to clinical antibiotics. There was no significant inhibitory effect on biofilm formation against E. coli 25922 and MRSA TCH1516. Based on the violacein inhibition and anti-biofilm of the pathogenic bacteria, paeonol was found to be an interesting ingredient against P. aeruginosa PAO1.


TABLE 4. Effect of sub-MICs of paeonol on inhibition of biofilm formation in bacterial microorganisms.

[image: Table 4]


Effect of Paeonol on Biofilm Development of P. aeruginosa

The above anti-biofilm activity was further tested by light microscope and SEM. In the control experiment, the P. aeruginosa cells were not treated with the paeonol and a thick biofilm was found. However, compared with the control group, the concentrations of 128,256 and 512 μg/mL paeonol on the glass surface showed a significant reduction in microbial attachment (Figure 3A). The biofilm of P. aeruginosa showed a compact surface covered with intact rod-shaped cells. The bacterial cells treated with 128 and 256 μg/mL paeonol also showed normal morphology with clear and complete inner and outer membranes and thin and uniform periplasmic space. But the biofilm is significantly destroyed, which eliminates the basis for pathogenicity (Figure 3B). Based on these results, we concluded that paeonol could effectively inhibit the biofilm formation of P. aeruginosa PA01 without interfering its growth in the concentration range of 128–512 μg/mL.
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FIGURE 3. Effects of paeonol on biofilm formation of P. aeruginosa (PAO1) at different concentrations. (A) Light microscopic images and (B) SEM images.




Effect of Paeonol on Flagellar Motility Against P. aeruginosa

Swarming and swimming motility of P. aeruginosa was inhibited by paeonol at concentrations from 128 to 512 μg/mL. An increase in paeonol concentration led to a significant inhibitory effect on P. aeruginosa flagellar motility (Figure 4). 55.20, 52.88, 36.39, and 28.77% decrease in swarming motility was determined in the presence of 512 μg/mL paeonol against PAO1, ATCC 27853, ATCC 9027, and PAO3401, respectively. Treatment with paeonol (512 μg/ml) caused significant reduction of swimming motility (51.19, 68.52, 60.71, and 57.69%, respectively) against PAO1, ATCC 27853, ATCC 9027, and PAO3401 (Figures 4A–F). In this study, a dose-dependent decrease was observed in pyocyanin pigment on swarming and swimming motility plates of P. aeruginosa ATCC 27853. Interestingly, the outcome of biofilm reduction interrelated definitely with swarming and swimming inhibition, as motility plays a critical role in biofilm adhesion and development.
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FIGURE 4. Effect of sub-MICs of paeonol on inhibition of motility in P. aeruginosa. P. aeruginosa was spotted on a plate supplemented with different concentration paeonol for 24 h by analyzing the swarming motility and swimming motility of PAO1 (A), ATCC 27853 (B), ATCC 9027 (C), and PAO3401 (D), the swarming and swimming diameter statistics (E,F). All data were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the control group.




Effect of Paeonol on the Virulence Phenotypes of P. aeruginosa


Pyocyanin

The inhibitory effect of paeonol on the production of pyocyanin by P. aeruginosa was investigated. Pyocyanin production was significantly decreased by paeonol treatment in a concentration- and time-dependent manner. Paeonol at a concentration of 512 μg/mL was found to have the strongest inhibitory effect on pyocyanin; the rate of inhibition of pyocyanin at 18, 24, and 36 h were 37.19, 52.20, and 43.80%, respectively (Figure 5). Paeonol exhibited relatively weak inhibitory effects on the production of pyocyanin at a concentration of 128 μg/mL.
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FIGURE 5. Effect of sub-MICs of paeonol on inhibition of pyocyanin production in P. aeruginosa (PAO1). All data were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the control group.




Protease

The inhibitory ability of paeonol for QS-dependent protease activity was assessed. The extent of protease activity decreased with increasing concentrations of paeonol (128, 256, and 512 μg/mL). Compared with the control group, the rate of inhibition of the proteolytic enzymes with paeonol (512 μg/mL) was determined to be 33.43, 29.80, and 23.85% at 12, 18, and 24 h, respectively, and the inhibitory effect of paeonol was found to decrease over time (Figure 6).
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FIGURE 6. Effect of sub-MICs of paeonol on inhibition of protease activity in P. aeruginosa (PAO1). All data were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the control group.




Elastase

In the elastase activity assay, paeonol significantly inhibited the elastase production of PAO1 on all tested concentrations and the inhibitory effect of paeonol decreased over time. When the concentration of paeonol was 128–512 μg/mL, the elastase activity decreased by 22.59, 55.05, and 68.02% at 18 h, and by 16.48, 26.79, and 59.16% at 24 h, respectively. The results indicated a significantly inhibiting effect of paeonol on elastase activity of P. aeruginosa in a concentration- and time-dependent manner (Figure 7).
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FIGURE 7. Effect of sub-MICs of paeonol on inhibition of elastase activity in P. aeruginosa (PAO1). Elastase activity in P. aeruginosa (PAO1) cultured in LB and LB supplemented with different concentration paeonol for 18 h and 24 h were measured by elastin congo red. All data were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the control group.




Rhamnolipids

Results from the quantitative analysis indicated that paeonol significantly inhibited rhamnolipid production by PAO1 at all tested concentrations in a concentration-dependent manner. In the presence of 128, 256, and 512 μg/mL paeonol, the levels of rhamnolipids decreased by 37.41, 60.50, and 66.27% at 24 h. At a paeonol concentration of 512 μg/mL, the inhibitory rates of rhamnolipids at 12, 18, and 24 h were 28.20, 52.25, and 66.27%, respectively, suggesting that the paeonol treatment resulted in the strongest inhibitory effect on rhamnolipids at 24 h (Figure 8).
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FIGURE 8. Effect of sub-MICs of paeonol on inhibition of rhamnolipids production in P. aeruginosa (PAO1). All data were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the control group.




Effect of Paeonol on AHL Synthesis Activity Against P. aeruginosa

N-acyl L-homoserine lactone-induced violacein from C. violaceum 026 was extracted from PAO1 culture that was treated with different concentrations of paeonol. The purple shades of signal molecules at different drug concentrations and various time periods were compared, AHL-mediated production and activity of purple pigment in CV026 were lower in the presence of paeonol, and an obvious inhibition in pigment production was observed upon treatment with paeonol at 18 and 24 h (Figures 9A,B). Quorum sensing signal increased over time was observed, thus, paeonol could effectively inhibit the formation of PAO1 signal molecules in a concentration- and time-dependent manner (Figure 9C). These results indicated paeonol interfered with QS mediated virulence expression of P. aeruginosa by reducing the synthesis of AHLs.
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FIGURE 9. Effect of sub-MICs of paeonol on inhibition of AHL synthesis activity in P. aeruginosa (PAO1). Assessment of AHL synthesis activity in P. aeruginosa (PAO1) cultured in LB and LB supplemented with different concentration paeonol for 18 h (A) and 24 h (B) the AHL synthesis diameter statistics (C). All data were expressed as means ± SD (n = 3). **p < 0.01 versus the control group.




Effect of Paeonol on the Expression of P. aeruginosa QS-Regulated Genes

Fluorescence real-time PCR was used to determine the expression of QS-regulated genes in P. aeruginosa to elucidate the QS-regulating effect of paeonol at the transcriptional level. Our findings indicated that QS-related genes were downregulated. The rates of inhibition in the presence of paeonol (512 μg/mL) at 18 h were as follows: lasI 56.60%, lasR 49.61%, rhlI 35.91%, rhlR 38.97%, pqsA 42.95%, and pqsR 52.65%, lasA 57.83%, lasB 52.52%, rhlA 44.82%, rhlC 43.57%, phzA 37.01%, phzM 33.60%, phzH 41.30%, and phzS 25.86% (Figures 10A,B). These results indicated that the paeonol-treated group had the strongest inhibitory effect on QS-related gene expression at 18 h, and that the inhibitory effect of paeonol reduced over time. With the increase of the concentration of paeonol, the inhibition of QS target genes (lasI, lasR, rhlI, rhlR, pqsA, and pqsR) and their mediated virulence factors (lasA, lasB, rhlA, rhlC, phzA, phzM, phzH, and phzS) of las, rhl, and pqs system was enhanced, while 128 μg/mL paeonol resulted in the most significant reduction in pqs system at 18 h. The inhibitory effect of paeonol on PAO1 was in concentration- and time-dependent manner, and it may attenuate virulence by interfering with the QS pathway of P. aeruginosa.
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FIGURE 10. Transcriptional levels of the QS-related (A) and virulence genes (B) in P. aeruginosa with different concentrations paeonol for compared with untreated control at 18 and 24 h were detected by q-PCR. All data were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the control group.




Effect of Paeonol on the Survival of P. aeruginosa Infected C. elegans

Pseudomonas aeruginosa accumulates and produces virulence factors in the gut of C. elegans to kill nematodes. The protective effect of paeonol on P. aeruginosa infection model of C. elegans was further studied. In comparison, C. elegans infected by P. aeruginosa after treatment with paeonol could significantly improve their survival. In the absence of paeonol, the mortality of C. elegans reached 100% after 7 days of PAO1 pathogenicity. The survival rate of C. elegans infected with PAO1 were increased about 23.02 and 32.48% when treated by paeonol at the concentrations of 128 and 256 μg/mL. In particular, after 6 days of incubation with paeonol at a concentration of 256 μg/mL, the rate of survival of C. elegans N2 was the highest and was found to increase by 38.14% (Figure 11A). Paeonol did not affect the growth of C. elegans at the experimental concentrations.


[image: image]

FIGURE 11. The effect of paeonol on the survival of C. elegans infected with P. aeruginosa (A). Effect of different concentrations (0–1,024 μg/mL) of paeonol on IPEC-J2 cell viability activity (B). All data were expressed as means ± SD (n = 3). **p < 0.01 versus the control group.




Paeonol Affect the Viability of IPEC-J2 Cells

For assessing the cytotoxicity of paeonol on IPEC-J2 cells, CCK-8 assay was performed to determine their appearance following treatment with different doses (0, 16, 32, 64, 128, 256, 512, and 1,024 μg/ml) of paeonol for 24 h. Paeonol inhibited the proliferation of cells dose-dependently. The results showed that at the highest concentrations of paeonol (1,024 μg/mL), IPEC-J2 cells viability was 63.08% compared with control. At the lowest concentrations tested (0–256 μg/mL), IPEC-J2 cell viability was unaltered by paeonol (Figure 11B).



DISCUSSION

Many bacteria sense and communicate with each other through quorum sensing, a gene regulatory mechanism that depends on cell density (Waters and Bassler, 2005). Several naturally occurring compounds have been screened for their anti-QS and anti-biofilm activities in C. violaceum (Paczkowski et al., 2017; Zhong et al., 2020). Some potential compounds with anti-QS activity were identified in the preliminary screening, including protocatechualdehyde, anisic aldehyde, carvacrol, and paeonol. Paeonol showed no inhibition in the growth of C. violaceum at concentrations of 12.5–50 μg/mL, and production of the AHL-dependent pigment was reduced by nearly 38% at 50 μg/mL, which indicated that paeonol interfered with the QS pathway. Snoussi et al. (2018) have reported that the essential oils and phenolics of Carum copticum inhibit violacein production. Similar results also have been reported for the phenolic compounds from plants (Mostafa et al., 2020). There are three QS systems in bacteria: the LuxR/I-type systems, typically used by Gram-negative species, in which the signaling molecule is an N-acyl L-homoserine lactone (AI-1); the small oligopeptides (AIP) systems, typically used by Gram-positive species; and the LuxS/furanone metabolites (AI-2) interspecies signaling systems (Galloway et al., 2011; Hawver et al., 2016). Paeonol had shown antibacterial activity against Gram-negative bacteria and interesting disruptive properties against biofilm formation in pathogenic bacterial strains: C. violaceum, P. aeruginosa, and A. baumannii. AHL-mediated quorum sensing is known to play an important role in the formation, development and maturation of biofilms. Therefore, paeonol may penetrate bacterial biofilm interferes with cell signaling and inhibits the QS of most biofilm-related cells. Paeonol reduced the AHL dependent production of violacein and biofilm formation revealed that it interfered with QS systems of Gram-negative pathogens containing various AHL molecules, exhibiting broad-spectrum anti-QS activity. Lv et al. (2020) reported that paeonol could treat S. typhimurium infection through the type III secretion system. It was found that paeonol had anti-biofilm-forming activity in S. typhimurium, which could be a potential target for anti-infected. Jiao et al. (2016) confirmed that the PDMS surface of paeonol coating showed excellent antibacterial and anticancer activity against Gram-negative and Gram-positive bacteria. The results showed that paeonol could be used as a potential coating material against bacterial biofilm in the industrial environment and on the surface of medical instruments.

Pseudomonas aeruginosa is a prevalent hospital-acquired opportunistic pathogen that causes cystic fibrosis. Its pathogenic mechanism is associated with the production of QS-regulated virulence factors and biofilm formation (Sadikot et al., 2005; Ciofu et al., 2015; Azam and Khan, 2019). Compared with that in the untreated PAO1 group, paeonol treatment (128–512 μg/mL) in the experimental group did not result in a direct bactericidal effect, but significantly inhibited the biofilm formation, virulence phenotypes and motility in a concentration- and time-dependent manner. Previous studies have confirmed that phenolic compounds from plants, such as eugenol, tea polyphenols, and thymol, can inhibit the production of virulence-associated factors and biofilm formation in P. aeruginosa (Yin et al., 2015; Walsh et al., 2019; Antunes et al., 2021). Scanning electron microscopy results further demonstrated that paeonol decreased biofilm formation against P. aeruginosa, possibly interfered with the subsequent steps of surface adhesion or biofilm formation (Pederson et al., 2018; Liu et al., 2019). Additionally, the motility of P. aeruginosa is a complex process that is co-regulated by the las and rhl systems to promote the formation and spread of biofilms (Glessner et al., 1999). In vitro studies demonstrated that different concentration of paeonol influenced not only motility of P. aeruginosa but also the capability to form biofilm. The results of biofilm formation and flagellar motility demonstrated that paeonol had differences in terms of activity with respect to different strains of P. aeruginosa. Our findings indicated that paeonol significantly inhibited the motility of P. aeruginosa, suggesting that its inhibitory effect was likely by interfering with QS or by directly acting on the flagella and Type IV pili (Anyan et al., 2014).

Pyocyanin production is controlled by two QS pathways (rhl and pqs) in P. aeruginosa and can interfere with various cellular functions such as chelated iron absorption and respiration (Diggle et al., 2003; Chang et al., 2014). Similarly, paeonol inhibited pyocyanin production in a dose-dependent manner, and the highest inhibition rate was found to be 52.20% at a concentration of 512 μg/mL. Similar inhibitory effects were observed on its QS-regulated gene rhlI/R and pqsA/R. Protease and elastase are regulated by lasA and lasB genes, respectively, for the growth and invasion of P. aeruginosa, and play an important role in different stages of bacterial colonization and pathogenicity (Husain et al., 2017). With an increase in incubation time, the rate of inhibition of lasA protease using 512 μg/mL of paeonol was 23.85–33.43%, whereas that of lasB protease was 59.16–68.02%. Rhamnolipids that are synthesized by rhamnolipid synthases rhlA and rhlB promote the formation and diffusion of biofilms and also kill the polymorphonuclear white blood cells in patients with CF (Bazire and Dufour, 2014). With an increase in culture time, the rate of inhibition of rhamnose achieved using 512 μg/mL of paeonol ranged from 28.20 to 66.27%.

Results from the AHL activity assay showed that the anti-QS activity of paeonol against P. aeruginosa may likely result from the binding between AHL and the receptor protein (Smith and Iglewski, 2003; Kaufmann et al., 2006). The QS mechanism on expression at the gene level was further explored, the outcome revealed that paeonol had an obvious inhibitory effect on the QS-related genes, lasI/R, rhlI/R, pqs/mvfR, and their mediated virulence factors, lasA, lasB, rhlA, rhlC, phzA, phzM, phzH, and phzS. Thus, Paeonol could inhibit the major lactones (C4-HSL, 3-oxo-C12-HSLs, and PQS) that regulated the expression of virulence factors produced by P. aeruginosa. These data corroborated with the previous literature where, virulence phenotypes, QS-related genes and biofilm formation of P. aeruginosa was descreaced to varying levels by plant-derived compounds and phenolic compounds (Rudrappa and Bais, 2008; Vandeputte et al., 2010; Mok et al., 2020; Rather et al., 2021). The reason may be attributed to the fact that P. aeruginosa has a complex QS regulating network, including three main QS circuits, and las, the master regulator that induces the expression of both rhl and pqs (Deziel et al., 2004). The results indicated that paeonol may play a role in multiple targets through QS interference.

Previous research had shown that QS inhibitors block the virulence and biofilm formation of P. aeruginosa, protecting C. elegans and human lung epithelial cells (O’Loughlin et al., 2013). Therefore, C. elegans was used to assess the protective effects of paeonol in vivo against P. aeruginosa because of the susceptibility to different virulent phenotypes of this bacterium (Tan et al., 1999a; Martin et al., 2017). P. aeruginosa accumulates and produces virulence factors, such as pyocyanin, in the intestines of nematodes, which is lethal. Although our research showed that 512 μg/mL paeonol had the most anti-quorum sensing activity on PAO1 in vitro, the QS inhibitory concentration is too high when it reaches the clinical treatment level in vivo. Therefore, 128–256 μg/ml of paeonol was selected to evaluate the protection of C. elegans infected with PAO1. Paeonol exhibited a significant protective effect at a dose of 256 μg/mL, and the survival rate of the nematodes increased by 38.14% on day 6, shown its anti-infected ability. These results demonstrated paeonol (128–256 μg/mL) could attenuate some virulence factors of P. aeruginosa and reduce the pathogenicity of P. aeruginosa to improve the survival rate of infected nematodes. In cytotoxicity study, paeonol inhibited IPEC-J2 viability in a dependent manner but had no cytotoxicity in the range of 0–256 μg/mL. Previous studies demonstrated that intragastric LD50 value of paeonol in mice is 3,430 mg/kg, which indicated that the toxicity of paeonol is relatively low (Harada and Yamashita, 1969). But the recommended dose of paeonol for the treatment of clinical P. aeruginosa infection is 128–256 μg/mL based on the result of viability of IPEC-J2 cells. The anti-virulence mechanism of paeonol against P. aeruginosa should be conducted and evaluated if higher doses are more effective in vivo by animal experiments in future studies. Its clinical application requires considerable safety and efficacy data.



CONCLUSION

In the present study, protocatechualdehyde, anisic aldehyde, carvacrol, and paeonol displayed excellent anti-QS activity. The preliminary screening compounds results provide a platform for exploring QS inhibitors. Taken together, paeonol downregulated the virulence phenotypes by regulating the expression of QS related genes in P. aeruginosa. Paeonol attenuated the virulence of P. aeruginosa and increased the survival of C. elegans in vivo. In addition, paeonol exhibited significant anti-biofilm activity against Gram-negative species including C. violaceum, P. aeruginosa, and A. baumannii, further demonstrating the potential clinical importance. Hence, paeonol is a promising QSI to be developed a novel and extremely effective anti-virulence and anti-infective drugs. Further research is necessary to elucidate the clinical utility of paeonol against other multi-drug resistance bacteria.
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Salmonella enteritidis (SE) is a pathogen that can readily infect ovarian tissues and colonize the granulosa cell layer such that it can be transmitted via eggs from infected poultry to humans in whom it can cause food poisoning. Ducks are an important egg-laying species that are susceptible to SE infection, yet the host–pathogen interactions between SE and ducks have not been thoroughly studied to date. Herein, we performed dual RNA-sequencing analyses of these two organisms in a time-resolved infection model of duck granulosa cells (dGCs) by SE. In total, 10,510 genes were significantly differentially expressed in host dGCs, and 265 genes were differentially expressed in SE over the course of infection. These differentially expressed genes (DEGs) of dGCs were enriched in the cytokine–cytokine receptor interaction pathway via KEGG analyses, and the DEGs in SE were enriched in the two-component system, bacterial secretion system, and metabolism of pathogen factors pathways as determined. A subsequent weighted gene co-expression network analysis revealed that the cytokine–cytokine receptor interaction pathway is mostly enriched at 6 h post-infection (hpi). Moreover, a number of pathogenic factors identified in the pathogen–host interaction database (PHI-base) are upregulated in SE, including genes encoding the pathogenicity island/component, type III secretion, and regulators of systemic infection. Furthermore, an intracellular network associated with the regulation of SE infection in ducks was constructed, and 16 cytokine response-related dGCs DEGs (including IL15, CD40, and CCR7) and 17 pathogenesis-related factors (including sseL, ompR, and fliC) were identified, respectively. Overall, these results not only offer new insights into the mechanisms underlying host–pathogen interactions between SE and ducks, but they may also aid in the selection of potential targets for antimicrobial drug development.
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INTRODUCTION

Salmonellosis is an important foodborne illness that primarily occurs as a consequence of consuming eggs contaminated with Salmonella enteritidis (SE) (Gantois et al., 2009; Pijnacker et al., 2019) with more than 75% of SE outbreaks being linked to eggs or products derived therefrom (Braden, 2006). For example, an egg-linked international outbreak of SE infection has been occurring in the European Union for many years, posing a significant risk to consumer health and socioeconomic outcomes (Pijnacker et al., 2019). Although efforts to control SE outbreaks by vaccination and related interventional strategies to date have been made, these approaches have not completely prevented SE prevalence amid poultry flocks. Therefore, better strategies need to be further explored to control SE infection.

During SE infection, both the SE and the host mobilize all available resources to win the life-and-death struggle (Aprianto et al., 2016). One the one hand, SE encodes a number of pathogenic factors, such as PAMPs, including components of the bacterial cell wall–peptidoglycans, lipopolysaccharide, flagellin, and secretion system effectors to attack host innate immune (LaRock et al., 2015). Moreover, SE manipulates the cellular mechanisms of host organisms via pathogen–host interactions (PHIs) in order to take advantage of the capabilities of host cells, leading to infections; subsequently, transovarial transmission to offspring results in the spread of SE through the production of contaminated eggs and fecal matter (Gantois et al., 2009; Jennings et al., 2017). On the other hand, the host response to infection depends on innate immunity in which intrinsic mechanisms are responsible for recognizing and responding to SE challenge. The NFKBIA, IL1B, IL8, and CCL4 genes were consistently induced after endotoxin treatment in chicken (Ciraci et al., 2010). Besides this, the AVD, EXFABP, IRG1, AH221, TRAP6, SAA, and all immunoglobulin genes also played important roles in the course of SE infection in chickens (Matulova et al., 2012). These findings only revealed the mechanism of Salmonella in the process of infection from host or pathogen. However, pathogen infection is a complex process involving the interaction between pathogen and host. Understanding of the host–SE interactions may reveal the underlying mechanism of SE infection, which will lay the theoretical foundation for better strategies to control the SE pathogen.

Ducks, especially Shaoxing and Pekin ducks, are an economically important poultry species, which are susceptible to SE infection (Yan et al., 2008; Cha et al., 2013; Zhang et al., 2019a). Notably, SE has recently grown to be the most common Salmonella serotype to be isolated from laying ducks throughout the world, and its prevalence in countries such as China and the United Kingdom have led to major economic losses while threatening human health and contaminating water (Martelli et al., 2016; Yang et al., 2019; Wang et al., 2020). SE is known to readily infect ovarian tissues and to colonize the granulosa cell layer in poultry (Thiagarajan et al., 1994). However, the PHIs between SE and duck granulosa cells (dGCs) have not been effectively defined. As such, we herein generated a time-resolved model of the SE infection of dGCs to simultaneously assess dynamic changes in gene expression in both duck and SE cells via a dual RNA-seq approach, enabling us to characterize the interactions between these two species and to identify key duck immune genes and SE virulence genes related to these responses.



MATERIALS AND METHODS


Ethics Statement

The Institutional Animal Care and Use Committee of Yangzhou University (Jiangsu, China) approved all animal studies conducted herein, which were consistent with experimental animal use guidelines and regulations. All ducks were housed in a standard facility that met the requirements outlined in the Laboratory Animal Requirements of Environment and Housing Facilities (GB 14925-2001) publication, and all protocols were consistent with the Jiangsu Administration Rules for Laboratory Animal Use.



Experimental Model Animals and Bacterial Strains

Healthy Shaoxing ducks (Anas platyrhynchos, Chinese native breed, 26 weeks old) that were free of Salmonella were obtained from the National Waterfowl Conservation Farm (Taizhou, China). SE (No. MY1, phage type 4) was isolated from ducks and maintained by the Key Laboratory of Animal Disease and Human Health of Sichuan Province (Deng et al., 2008). The National Center for Medical Culture Collection (Beijing, China) established the phage type and serotype of SE isolates.



dGCs Isolation and SE Infection

Duck granulosa cells were isolated and cultured as in prior studies (Gilbert et al., 1977; Zhang et al., 2019b). Briefly, 10–15 adult prehierarchical follicles were collected from egg-laying ducks under sterile conditions. Yolks and vitelline membranes were removed by rinsing these follicles with Ca2+- and Mg2+-free PBS, after which tissues were minced into 1–2 mm3 pieces and digested with type II collagenase (1 mg/mL; Sigma, St. Louis, MO, United States) for 5 min at 37°C. Samples were then passed through a 200-μm nylon filter, centrifuged twice for 5 min at 67 × g, washed with M199 media to remove the remaining collagenase and cell debris, followed by resuspension in 3 mL of 50% Percoll, centrifugation at 421 × g for 15 min, and cell layer isolation. The dGCs were then suspended in M199 media (5% fetal calf serum, 2 mmol/L L-glutamine, 5 μg/mL transferrin, 10 μg/mL insulin, 1.75 mM HEPES [4-(2-hydroxyerhyl) piperazine-1-erhanesulfonic acid]) and counted with 0.1% trypan blue being added to assess viability. Only samples with >90% cell survival were used for subsequent experiments. Cells were allowed to adhere in tissue culture flasks for 24 h prior to experimental utilization, after which purity was initially determined by indirect immunofluorescence assay (IFA) to detect follicle granulosa cell-specific receptor, follicle-stimulating hormone receptor (FSHR) expression using anti-FSHR antibodies (1:500, Proteintech, Rosemont, IL, United States, L594-22665).



Invasion Assays

Invasion assays were conducted as in prior reports (Jouve et al., 1997; Lane and Mobley, 2007). Briefly, bacteria were cultured in LB broth to an OD600 of 2.0 (at mid logarithmic phase) at 37°C. dGCs were added to 96-well plates (1 × 105/well) for 24 h, after which they were washed thrice with PBS (pH 7.2) prior to the addition to each well of 100 μL of SE in Dulbecco’s modified Eagle medium (DMEM) at a multiplicity of infection (MOI) of 10 with DMEM being added to control wells. Plates were then cultured 37°C for 1 h, after which PBS supplemented with 50 μg/mL gentamicin was added to kill any non-invasive bacteria. Cells were then incubated for an additional 1 h period and then lysed by 0.5% Triton X-100 (Solarbio, Beijing, China) for 30 min before vigorous pipetting. Samples were removed, diluted, and plated on LB agar to determine the number of colony forming units (CFU) per monolayer. Samples were assessed in triplicate.

Salmonella enteritidis infection was confirmed via an IFA approach as detailed previously (Zhang et al., 2019c). Briefly, medium was removed, and cells were washed three times with 0.01 M PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked for 1 h with 10% FBS in PBS. After a 2-h incubation with an anti-Salmonella antibody (1:2000, Abcam, Cambridge, MA, United States, ab69253), cells were washed thrice with PBS, stained with DAPI (0.2 mg/mL) for 15 min at 37°C, and imaged via fluorescence microscopy (Leica, Wetzlar, Germany).



RNA-Sequencing

TRIzol (Invitrogen, Carlsbad, CA, United States) was used based on provided directions to extract RNA from 0, 3, 6, and 9 hpi groups (n = 3, respectively) with 1% agarose gel electrophoresis being used to assess RNA quality and contamination. A NanoPhotometer spectrophotometer (IMPLEN, Westlake Village, CA, United States) was also used to assess RNA purity, and a Qubit RNA Assay Kit and a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, United States) were used to measure RNA concentrations. An RNA Nano 6000 Assay Kit and a Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States) were then used to assess RNA integrity. Next, a strand-specific library was constructed followed by the previous method (Parkhomchuk et al., 2009; Borodina et al., 2011). Briefly, oligo (dT) beads were used to enrich for eukaryotic RNA in each sample first, then prokaryotic mRNA was enriched via the removal of rRNA with a Ribo-Zero Magnetic Kit (Epicentre) and Quick-RNATM Fungal/Bacterial Microprep (Zymo Research). After enrichment, fragmentation buffer was used to fragment mRNA into short segments, after which first-strand DNA synthesis was conducted using random hexamer primers. Second-strand cDNA synthesis was then performed with DNA polymerase I, RNase H, dNTPs, and an appropriate buffer. A QiaQuick PCR extraction kit was then used for cDNA isolation, followed by end repair, polyadenylation, and Illumina sequencing adapter ligation. Ligation product size selection was then performed via agarose gel electrophoresis, followed by PCR amplification and sequencing runs of paired-end 150 bp with an Illumina HiSeq 2500 instrument at Major BioTech Co., Ltd. (Shanghai, China).

Raw reads were trimmed and subjected to quality control using Sickle1 and SeqPrep2 with default settings. After cleaning, data were mapped to the duck [NCBI: IASCAAS_PekingDuck_PBH1.5 (GCF_003850225.1)] and SE (NC_011294.1) reference genomes using TopHat2 and Bowtie2, respectively (Trapnell et al., 2010; Langmead and Salzberg, 2012). The “MarkDuplicate” tools of Picard3 were used removed the reads that mapped to both organisms. Relationships among samples were assessed with the gmodels R package4.



Differentially Expressed Gene (DEG) Analyses

The gene abundances were quantified by software RSEM, and the gene expression level was normalized by using the fragments per kilobase of transcript per million mapped reads method (Li and Dewey, 2011). Differentially expressed genes (DEGs) among samples were identified with the edgeR package (Robinson et al., 2010). DEGs were defined as those genes with a | log2FC| ≥ 2 and a false discovery rate (FDR) < 0.05. After identification, Blast2GO (Conesa and Götz, 2008) was utilized for the GO annotation of these genes (Conesa et al., 2005), and the KEGG program was utilized for KEGG pathway enrichment analyses (Kanehisa and Goto, 2000). The weighted gene co-expression network analysis (WGCNA) R package was used to conduct a WGCNA of gene expression patterns across samples (Langfelder and Horvath, 2008). Following pair-wise correlation matrix calculation, an adjacency matrix was calculated by raising the correlation matrix based on a power value (β) that had been selected based upon scale-free topology criteria (scale-free topology criteria R2 ≥ 0.85). Topological overlap was then assessed. A cluster tree branch gene co-expression module was constructed based upon average linkage hierarchical clustering. Module eigengenes were statistically classified (dynamicTreeCut algorithm, parameters deepSplit = 2, minModulesize = 30) (Langfelder et al., 2008), after which very similar modules were merged, leading to the identification of key host genes associated with responses to SE infection at different time points. Clusterprofiler and DAVID were used for KEGG and GO enrichment analysis, respectively (Huang et al., 2009; Yu et al., 2012).



Interaction Network Construction and Prediction of the Regulation of Pathogenicity-Associated Genes

Genes involved in PHIs were identified by using BLASTp to compare potentially relevant genes against the PHI-base version 4.8 database (September 2019) (Urban et al., 2020). Network-based inferences necessitating a gene expression profile is centralized and standardized using the min-max normalization method (Zhu et al., 2019). Gene expression pattern analysis is used to cluster genes of similar expression patterns for multiple samples. To examine the expression pattern of DEGs, the expression data of each sample (in the order of treatment) were normalized to 0, log2 (v1/v0), log2 (v2/v0), and then clustered by Short Time-series Expression Miner software (STEM) (Ernst and Bar-Joseph, 2006). Host dGCs DEGs (euk-DEGs) and prokaryotic SE-associated DEGs (pro-DEGs) were then selected to predict associations between key virulence genes and host genes via an expression correlation analysis. Interaction networks of euk-DEGs and corresponding pro-DEGs were constructed using Cytoscape (Shannon et al., 2003). To improve network visibility, the edges (connections) were filtered to show only those with a degree cutoff = 2, a node score cutoff = 0.2, k-core = 2, and max depth = 100. The two significant networks were then calculated with the MCODE plug-in (Bader and Hogue, 2003).



qPCR-Based Result Validation

In order to validate RNA-seq results via qPCR, 12 duck genes (IL15, CCR7, IL18R1, CD40, IL23R, IL20RA, TNFRSF8, TNFRSF13B, TNFRSF4, CSF3R, IL2RG, TNFRSF18) and 17 SE virulence-associated genes (sseL, sseE, invE, ssaM, ssaN, ssaP, spiC, slyA, spaR, aroA, sipB, prgH, hilD, ompR, fruR, fliC, sipA) were selected for analysis with GAPDH and gyrA being used for the respective normalization of duck and SE transcript expression levels. Primers were designed with the Primer 5 software (Premier, Canada) based upon sequencing data (Table 1), and were synthesized by Sangon Biotech (Shanghai, China). TRIzol (Takara, Dalian, China) was used based on provided directions to extract RNA from prepared samples. All qPCR reactions were conducted with an ABI 7500 instrument (Applied Biosystems, Foster City, CA, United States) with individual reactions being composed of 10 μL 2 × SYBR Premix Ex Taq II (Takara), 0.4 μL of each primer (10 μM), 0.4 μL 50 × ROX Reference Dye II (Takara), 2 μL cDNA, and ddH2O to a final volume of 20 μL. Thermocycler settings were 95°C for 30 s, 40 cycles of 95°C for 5 s, 60°C for 34 s. The thermal program for RT-qPCR was 98°C for 30 s, followed by 40 cycles of 98°C for 10 s and 60°C for 30 s. All samples were conducted with three technical replications. The 2–ΔΔCT method (Kenneth and Thomas, 2002) was used to assess relative gene expression levels.


TABLE 1. Primers of genes used in RT-qPCR.
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Statistical Analyses

Data are means ± standard deviation (SD), and experiments were repeated at least three times. Data were analyzed with SPSS 26.0 (Chicago, IL, United States) via one-way ANOVAs with Dunnett’s test, with p < 0.05 as the significance threshold.



Data Access

RNA-seq data from the present study have been deposited in the Short Read Archive of the National Center for Biotechnology Information (NCBI) under the bio-project number PRJNA721551.




RESULTS


Evaluation of dGC Invasion by SE

After isolation, dGCs exhibited a rounded or ovoid shape and were fully adherent to tissue culture flasks within 24 h of culture at which point they were spread out in a pebble-like manner. These cells reached 100% confluence within 3–5 days, at which time granular material was evident in the cytoplasm. DAPI was used to stain dGCs nuclei, and the cytoplasm of the FSHRs was stimulated to emit red fluorescence for detection by IFA (Figure 1A). After treatment with bacterial suspensions and gentamicin-containing growth media, changes in cell morphology and numbers of invasive SE were assessed at different time points post-infection. At 3 hpi, cells appeared swollen and rounded or irregular in shape with some evidence of vacuolation. At 6 hpi, infected cells were increasingly non-adherent with some blue or black particles, cellular deformation, and clumping in strip-like aggregates. At 9 hpi, some cells had broken down and dissolved with increases in the presence of dark blue particles within dGCs. The media also appeared increasingly flocculated at this time point due to cell exfoliation. IFA staining of the SE in these samples revealed that the degree of bacterial invasion increased significantly over time such that relatively few bacteria were detectable at 3 hpi, whereas these bacterial numbers had expanded significantly by 6 hpi and had invaded most cells by 9 hpi (Figure 1B). The intracellular CFU counts of SE at each time point are listed in Supplementary Table 1.


[image: image]

FIGURE 1. Isolation of dGCs and challenge with SE. (A) Isolation and identification of dGCs. Diagram of a dGC (400×), DAPI staining of cell nucleus, and fluorescent image of FSHR. (B) The changes of morphology and indirect immunofluorescent staining and DAPI staining of dGCs infected at an MOI of 10 at different times post-infection. The row represents 0, 3, 6, and 9 hpi, respectively.




Profiling of Gene Expression Patterns Associated With HPIs

To examine dGCs and SE gene expression profiles over the course of this infection process, we conducted a dual RNA-seq time-course analysis of both dGCs and SE cells at 0, 3, 6, and 9 hpi (Supplementary Table 2). This RNA-seq approach yielded high-quality yields with an appropriately balanced base distribution and a reasonable N% (>10%) consistent with these data being of sufficient quality to permit downstream analyses (Supplementary Table 3). Average base error rate distributions in these sequencing reads were <0.1% and were, thus, considered acceptable. Principal component analysis clustering was then conducted to confirm sample distribution and biological reproducibility (Figures 2A,B). The gmodels R package was used to evaluate the relationships among samples (Supplementary Figure 1). On average, this analysis yielded 78.6 million reads per library with 76.2% of these reads aligning to the duck reference genome and 23.8% aligning to the SE P125109 reference genome (Supplementary Table 4 and Figure 2C). The edgeR package (Robinson et al., 2010) was used to assess gene expression profiles and to identify significant DEGs that met the defined criteria (FDR < 0.05 and | log2FC| > 1) at different time points in both dGCs and SE cells (Figure 2D). For further details regarding DEGs and virulence-associated genes between the 0, 3, 6, and 9 hpi time points and associated biological functions, see Supplementary Tables 5, 6.
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FIGURE 2. Dual RNA-seq generates high-quality data sets suitable for probing host–pathogen transcriptomes. Principal component analysis was performed separately for dGCs and SE libraries. Biological duplicates clustered closely to each other in host (A) and pathogen (B) libraries (see sample duplicates). Variability within samples was mainly dependent on the infection time points but not sequencing batch of the samples; 78.6 million reads per library: 76.2% of the reads aligned to the duck reference genome and 23.8% to the SE P125109 reference genomes (C), the DEG statistics at different specific stage of dGCs (a) and SE (b) interaction (D).




Enrichment Analysis of Pathways and GO Terms for DEGs in SE and dGCs

GO analyses of identified DEGs in dGCs and SE were conducted (Supplementary Tables 7, 8), revealing these genes to be associated with GO terms mainly enriched in host immune function, including immune system process (GO: 0002376), regulation of cytokine production (GO: 0001817), positive regulation of biological process (GO: 0001819), and regulation of cellular metabolic process (GO: 0031323). Bacterial DEGs were additionally associated with bacterial virulence–related protein secretion, such as the metabolic process (GO: 0008152), peptide biosynthetic process (GO: 0043043), and regulation of gene expression (GO: 0010468) GO terms (Supplementary Figure 2). In addition, the top 20 enriched KEGG pathways associated with genes that were differentially expressed during different stages of the SE infection process were assessed (Figure 3). These pathways included the cytokine–cytokine receptor interaction, Toll-like receptor signaling, JAK-STAT signaling, ECM-receptor interaction, and p53 signaling pathways, which play key roles in immune, signal transduction, and transcription-related processes. Statistical analyses suggest that the cytokine–cytokine receptor interaction pathway in dGCs was significantly altered during SE infection as were the two-component system and bacterial secretion system pathways in SE (Table 2). For further details regarding the DEGs associated with the cytokine–cytokine receptor interaction, two-component system, and bacterial secretion system pathways in this experimental system, see Table 3.
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FIGURE 3. Top 20 enriched KEGG pathways for difference expression genes between the different stages of the SE infection. All DEGs in specific stage infection were analyzed by KEGG enrichment. Fold change > 2 and FDR < 0.01 was set as the cutoff values: 0 vs. 3 hpi (A), 3 vs. 6 hpi (B), 6 vs. 9 hpi (C) of dGCs in different contrasts, respectively. 3 vs. 6 hpi (D), 6 vs. 9 hpi (E), 3 vs. 9 hpi (F) of SE in different contrasts, respectively.



TABLE 2. Top 2 significantly changed pathways in different group contrasts and specific modules.
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TABLE 3. The significantly changed pathways and enrichment different expression genes of host and bacteria during SE infection.
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Identification of Key Genes Associated With dGC Responses to Infection and SE Pathogenicity

A WGCNA analysis was conducted to assess relationships between particular genes during a given stage of the infection process, grouping similarly expressed genes into modules via average linkage clustering (based on the weighted correlation coefficients of genes, genes are classified according to their expression patterns, and genes with similar patterns are grouped into one module). Herein, a power value of β = 9 (scale-free R2 = 0.85) was utilized for oft-thresholding to ensure a scale-free network (Figure 4A), leading to the identification of 12 modules (Figure 4B). Module connectivity was assessed based upon Pearson’s correlation coefficient values (cor.geneModuleMembership > 0.8) with clinical trait relationships similarly being measured based upon absolute Pearson’s correlation coefficient values (cor.geneTraitSignificance > 0.4). As the identification of modules significantly associated with clinical features was considered to be of biological importance, module–feature relationships were assessed at different pathological stages, revealing that the most closely associated modules at the 0, 3, 6, and 9 hpi time points were the blue, dark red, black, and light cyan modules, respectively (Figures 4C,D and Supplementary Table 9). These four modules were, thus, selected as modules of interest with clinical features worthy of examination in subsequent analyses. Genes in these significant modules at the 0, 3, 6, and 9 hpi time points were associated with metabolic pathways, the MAPK and JAK-STAT signaling pathways, the cytokine–cytokine receptor interaction pathway, and the cell cycle and p53 signaling pathways, respectively (Table 2 and Supplementary Figure 3). The key genes in the cytokine–cytokine receptor interaction pathway within the black modules are additionally listed in Table 4. To further understand SE pathogen-related factor expression over the course of the infection process, identified genes were subjected to a BLAST analysis and annotation of high-abundance genes (expression > 10) using the PHI database with identified pathogenicity-associated factors being listed in Table 4.
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FIGURE 4. Identification and visualization of stage-specific modules based on WGCNA. (A) Analysis of the scale-free fit index for soft-thresholding powers (β) and the mean connectivity for soft-thresholding powers. (B) Clustering dendrogram of genes showing module membership in colors. (C) Heat map of correlations between module and specific infection stage. The colors ranging from green through white to red indicate low through intermediate to high correlations, respectively. MM, the first principal component of the standardized expression profiles of a given module (absolute correlation greater than 0.4 and p-value less than 0.01) are indicated significant. (D) Distribution of average gene significance in the modules associated with the stage-specific modules.



TABLE 4. The key genes and pathologic factors based on pattern expression of specific module and PHI database.
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Co-expression Analysis of DEGs in SE and dGCs

Fuzzy c-means clustering (Bezdek, 1992) and expression correlation analyses were next used to evaluate the expression matrices of DEGs from dGCs and SE cells (Supplementary Figures 4,5). This led to the identification of 16 host genes associated with the cytokine–cytokine receptor interaction pathway that exhibited high fold-change expression patterns during the infection process as well as 17 pathogenicity-associated factors that were primarily associated with functions including regulators of systemic infection, pathogenicity island/component, and type III secretion system components (<0.05, Px,y > 0.6) (Figure 5). In Figure 5, host and pathogen DEGs are, respectively, represented by circles and inverted triangles. The expression levels of most host cytokines were positively correlated with the expression of bacterial virulence factors, particularly the type III secretion-related proteins; bacterial virulence factors ompR, fliC, and ssaU were the negative regulators to the expression of host response genes; and sseL, ttrB, and ompR interact throughout the higher cooperative diversity in the regulatory network.
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FIGURE 5. The interaction relationships among the host DEGs of cytokine–cytokine receptor interaction pathways and the pathogenic expression genes of SE. Sixteen host genes interaction with 17 pathogenicity-associated factors during infection (A), Degree cutoff = 2, node score cutoff = 0.2, k-core = 2, and max. depth = 100 as the criteria two significant modules were selected by using plug-in MCODE, Score = 4.8 (B), Score = 2.4 (C), p-value < 0.05, Px,y > 0.6. Red and green color represent bacteria and host, respectively, red solid lines represent positive relationship, and black dashed lines represent negative relationship.




qPCR-Based Validation of Hub Genes and Pathogenicity-Associated Factors

Last, a qPCR approach was used to validate the DEGs identified in the above RNA-seq analysis. In total, 12 hub genes (IL15, CCR7, IL18R1, CD40, IL23R, IL20RA, TNFRSF8, TNFRSF13B, TNFRSF4, CSF3R, IL2RG, and TNFRSF18) and 17 pathogenicity-associated factors (sseL, sseE, invE, ssaM, ssaN, ssaP, spiC, slyA, spaR, aroA, sipB, prgH, hilD, ompR, fruR, fliC, and sipA) were selected for validation. Subsequent qPCR results appeared similar to the outcomes of the dual RNA-seq analysis, thus confirming the validity of these RNA-Seq results (Figure 6).
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FIGURE 6. Linear regression fitted for Log2 fold change of selected genes determined via qPCR and RNA-seq. The selected genes in each comparison were used for linear regression analysis. Log2FC in RNA-seq equals 2– ΔΔCt in qPCR for each comparison. (A) The results of dGCs. (B) The results of SE.





DISCUSSION

Salmonella enteritidis is a zoonotic pathogen that can readily colonized the granulosa cell layer of ovarian tissues (Gantois et al., 2009). Clarifying HPIs will help reveal the mechanism for regulating the virulence of pathogenic bacteria. In this study, the 10,510 DEGs in host dGCs and 265 in SE were identified during SE infection, and 16 cytokine response-related dGCs DEGs (including IL15, CD40, and CCR7) and 17 pathogenesis-related factors (including sseL, ompR, and fliC) were identified. These results were similar to those of chicken granulosa cells or duck ovary tissues challenged by SE (Tsai et al., 2010; Babu et al., 2016; Zhang et al., 2019a). Other genes, including IAP1, CD28, TGFβ2-4, Gal11-13, TRAIL, PSAP, CASP1, AVD, EXFABP, IRG1, and AH221, et al., played an important role of anti-SE immune regulation in cecum and spleen (Calenge and Beaumont, 2012; Matulova et al., 2012, 2013). Together, these data suggest that the immune response of host immune genes were different in different tissues and organs during SE infection. Salmonella, as a pathogen of vertical transmission through the ovary, should establish an ovary-specific immune response during the infection process.

Furthermore, the cytokine–cytokine receptor interaction pathway, two-component system, and bacterial secretion system were enriched to involve HPIs. Results of the present study were not in agreement with the findings of Huang et al. (2016) and Wang et al. (2019), who demonstrate that the IgA production signaling pathway and TLR4-FOS/JUN pathway contributed to the protection of chicken from Salmonella invasion, respectively. The reason for these different pathways might be due to sequencing methods. In the present study, the dual transcriptomic analyses were performed to unveil HPIs. Westermann and Vogel (2018) prove that dual RNA sequencing is an effective strategy to reveal the pathogenic mechanisms and the host immune response although the RNA sequencing could only reflect the immune response of the pathogen or host. In this sense, the cytokine–cytokine receptor interaction pathway, two-component system, and bacterial secretion system are more likely to be involved in the immune response during Salmonella infection.

Evaluating host–SE interactions not only helps uncover the pathogenesis of SE infections, but also has the potential to develop to antimicrobial drug targeting. For example, sMtb-RECON was established by a combination model of bacteria Mycobacterium tuberculosis (Mtb) and human macrophage-like cell line THP-1 metabolic processes used as the elucidation of metabolic drug responses in a manner that has the potential to reduce antibiotic abuse (Rienksma et al., 2019). In another study, a dual RNA-sequencing time-course approach was used to monitor transcriptomic responses in both Salmonella typhimurium and infected HeLa cells, revealing a link between the S. typhimurium PinT virulence gene and the induction of immune signaling responses in HeLa cells via JAK-STAT signaling pathways (Westermann et al., 2016). In the present study, we find that BPSS1504 was involved in SE infection, which served as a Type VI secretion system (T6SS) component capable of influencing hemolysin-coregulated protein Hcp1 secretion and T6SS apparatus integrity (Hopf et al., 2014). The interaction between BPSS1504 and T6SS might be a potential target to develop an antimicrobial drug for SE clearance.



CONCLUSION

In conclusion, the 10,510 euk-DEGs and 265 pro-DEGs were screened during duck SE challenge using dual RNA-seq, which enriched in the host cytokine–cytokine receptor interaction pathway and bacterial two-component/secretion system throughout the process, respectively. Also, a number of PHIs between cytokine–cytokine receptors and virulence-associated genes were found in this process based on WGCNA. Furthermore, the intracellular network associated with the regulation of SE infection in ducks was constructed, and 16 cytokine response–related dGC DEGs (including IL15, CD40, and CCR7, et al.) and 17 pathogenesis-related factors (including sseL, ompR, and fliC, et al.) were identified. Also, the interaction between BPSS1504 and T6SS might be involved in immune regulation during SE infection. These data offer novel insights into the complex HPIs that occur upon SE infection of ducks, and unveil novel potential targets for SE infection diagnosis and antimicrobial drug development.
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Background: The dysbiosis of respiratory microbiota plays an important role in asthma development. However, there is limited information on the changes in the respiratory microbiota and how these affect the host during the progression from acute allergic inflammation to airway remodeling in asthma.

Objective: An ovalbumin (OVA)-induced mouse model of chronic asthma was established to explore the dynamic changes in the respiratory microbiota in the different stages of asthma and their association with chronic asthma progression.

Methods: Hematoxylin and eosin (H&E), periodic acid-schiff (PAS), and Masson staining were performed to observe the pathological changes in the lung tissues of asthmatic mice. The respiratory microbiota was analyzed using 16S rRNA gene sequencing followed by taxonomical analysis. The cytokine levels in bronchoalveolar lavage fluid (BALF) specimens were measured. The matrix metallopeptidase 9 (MMP-9) and vascular endothelial growth factor (VEGF-A) expression levels in lung tissues were measured to detect airway remodeling in OVA-challenged mice.

Results: Acute allergic inflammation was the major manifestation at weeks 1 and 2 after OVA atomization stimulation, whereas at week 6 after the stimulation, airway remodeling was the most prominent observation. In the acute inflammatory stage, Pseudomonas was more abundant, whereas Staphylococcus and Cupriavidus were more abundant at the airway remodeling stage. The microbial compositions of the upper and lower respiratory tracts were similar. However, the dominant respiratory microbiota in the acute inflammatory and airway remodeling phases were different. Metagenomic functional prediction showed that the pathways significantly upregulated in the acute inflammatory phase and airway remodeling phase were different. The cytokine levels in BALF and the expression patterns of proteins associated with airway remodeling in the lung tissue were consistent with the metagenomic function results.

Conclusion: The dynamic changes in respiratory microbiota are closely associated with the progression of chronic asthma. Metagenomic functional prediction indicated the changes associated with acute allergic inflammation and airway remodeling.

Keywords: asthma, respiratory microbiota, airway inflammation, airway remodeling, metagenomic functional prediction


INTRODUCTION

Bronchial asthma is one of the most common chronic respiratory diseases globally. At present, it affects more than 300 million individuals worldwide, and its incidence continues to increase (Huang et al., 2019). According to estimates, the global medical cost of asthma is as high as US $100 billion per year (Rothenberg, 2016). While asthma affects all age groups, it is frequently diagnosed in children. The major symptoms of asthma include coughing, wheezing, shortness of breath, and chest tightness, which are associated with variable expiratory airflow impairment due to bronchoconstriction, increased mucus production, and airway remodeling.

Asthma occurrence and development are related to several factors, including genetic predisposition, immunity, and environmental factors, among others. Although the pathogenesis of asthma is yet to be fully understood, allergic airway inflammation is considered one of the leading causes of allergic asthma (Xiao et al., 2021). Lymphocytes, particularly helper T lymphocytes, are known to play an important role in airway inflammation in asthma (Tumes et al., 2017). To date, most studies have shown that an imbalance in the Th1/Th2 and CD4 + CD25 + Treg/Th17 cell counts is closely related with the occurrence and development of asthma. An increase in the levels of Th2 cytokines (IL-4, IL-5, and IL-13, among others) and Th17 cytokines (IL-17 and IL-6, among others) was observed in both patients with asthma and animal models of asthma (Gandhi et al., 2020). Furthermore, Treg cytokines (IL-10 and TGF-β, among others) were reduced in patients with asthma and animal models of asthma (Boonpiyathad et al., 2019). As the inflammatory response persists in asthma, it eventually leads to airway remodeling. The primary characteristics of airway remodeling are subepithelial collagen deposition, hyperplasia and hypertrophy of airway smooth muscles, angiogenesis under the mucosa, and hyperplasia of mucus glands, which eventually lead to the thickening of the airway wall and narrowing of the functional cavity (Fehrenbach et al., 2017).

In recent years, with the development of high-throughput sequencing technology, the relationship between changes in the human microbiota and asthma has attracted increasing attention. The “hygiene hypothesis” was the first theory to suggest a link between microbes and allergy (Strachan, 1989). Th2 cell-mediated airway inflammation in ovalbumin (OVA)-stimulated germ-free mice was considerably stronger than that in mice colonized with symbiotic microorganisms. The alterations in the immune response driven by microbes indicate that microbial exposure affects the risk of asthma. Dysbiosis and the subsequent dysregulation of microbiota-related immunological processes affect the onset of the disease, its clinical characteristics, and treatment responses (Barcik et al., 2020). For a long time, the lower respiratory tract (LRT) was considered to be sterile; hence, studies on the link between microbes and asthma have mostly focused on the gut microbiota. However, in recent years, several studies have shown that the respiratory microbiome is also closely associated with the occurrence and development of asthma (Budden et al., 2019). The predominant respiratory microbial phyla are Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria. Proteobacteria, the most common respiratory microbes in patients with asthma, can promote neutrophil aggregation and are closely associated with airway hyperresponsiveness (AHR) and airway inflammation (Huang et al., 2011, 2015). Previous studies have shown that at the genus level, the abundance of Haemophilus, Neisseria, and Fusobacterium increased significantly in the respiratory tract of patients with asthma (Durack et al., 2017). A 16S rRNA gene sequencing study on the nasal microbiota of children aged less than 5 years showed that the increased abundance of Streptococcus, Haemophilus, and Moraxella was an important risk factor for predicting wheezing in preschoolers that persisted till a school-going age (Teo et al., 2018). In vitro, the epithelial damage and inflammatory cytokine expression (IL-33 and IL-8) induced by Moraxella catarrhalis were considerably greater than that induced by dominant nasal bacterial isolates (McCauley et al., 2019). Bifidobacterium polysaccharides can inhibit Th17-related inflammation in the lungs (Schiavi et al., 2016). Haemophilus influenzae is the most common pathogen detected in patients with asthma (Wood et al., 2010). The P38 MAPK pathway was found to be activated when macrophages isolated from bronchoalveolar lavage fluid (BALF) specimens collected from patients with asthma were cultured with Haemophilus parainfluenza in vitro (Goleva et al., 2013). In addition, some lung microbes also produce metabolites (such as short-chain fatty acids) and play a specific biological role (Remot et al., 2017; Segal et al., 2017).

However, only a limited number of studies have investigated the association between the dynamic changes in respiratory microbiota and the chronic progression of asthma or whether the changes in respiratory microbiota may trigger asthma progression. In this study, an OVA-induced mouse model of chronic asthma was established to investigate the differences in respiratory microbiota at different stages of asthma development and their association with the chronic progression of asthma using metagenomic functional prediction; we believe the findings will help identify new strategies for the prevention and treatment of asthma in the future.



MATERIALS AND METHODS


Reagents

Ovalbumin was purchased from Sigma Chemical Co. (OVA; grade V; St. Louis, MO, United States). Imject Alum was obtained from Thermo Fisher Scientific (Rockford, IL, United States). Mouse IL-4, IL-6, IL-10, and IL-17A ELISA kits were purchased from R&D Systems (Minneapolis, MN, United States). Mouse total IgE and OVA-specific IgE ELISA kits were purchased from BioLegend (San Diego, CA, United States). Antibodies against matrix metallopeptidase 9 (MMP-9) and vascular endothelial growth factor (VEGF-A) were obtained from Abcam Co. (Cambridge, MA, United States).



Animal Experiments

Female BALB/c mice (n = 30) aged 4–6 weeks and weighing 17–20 g were obtained from Shanghai Sippr-BK Laboratory Animal Co. Ltd. (Shanghai, China). All mice were maintained in a specific-pathogen-free environment under controlled conditions with a 12 h light/dark cycle at an appropriate temperature and humidity. All animal experiments were conducted in accordance with the institutional guidelines for animal research. The experimental protocol was approved by the Center for Laboratory Animals, Shanghai Children’s Hospital, Shanghai Jiao Tong University, Shanghai, China (approval no. 2017Y003).

The mouse model of OVA-induced chronic asthma was established as described previously with minor modifications (Temelkovski et al., 1998). Briefly, the 30 mice were divided into two groups: the control group and OVA group. The mice in the OVA group were sensitized by intraperitoneally injecting with 200 μL of a solution composed of 20 μg OVA dissolved in 100 μL sterile saline and 100 μL Imject Alum [containing 4 mg aluminum hydroxide (net weight)] on days 0, 7, and 14. For the OVA challenge, the mice were exposed to an OVA aerosol [2.5% (wt/vol) OVA solution in sterile saline administered using a PARI PRONEB Ultra compressor (Pari Proneb, Midlothian, WA, United States)] for 30 min on days 21–24 and 28–31, followed by exposure two times per week for an additional 4 weeks. Mice in the control group (n = 6) were injected intraperitoneally with saline and an Imject Alum emulsion and then exposed to an aerosol of sterile saline without OVA according to the same schedule. Six mice in the OVA group were sacrificed in the first (OVA1W), second (OVA2W), fourth (OVA4W), and sixth weeks (OVA6W), and the mice in the control group were sacrificed at the end of the experiment. The mice were sacrificed within 24 h of the final nebulization. After the mice were euthanized, BALF, nasal lavage fluid (NLF), and the left lower lung tissues were collected and preserved. The sensitization-challenge protocols used in this study are summarized in Figure 1.
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FIGURE 1. Sensitization-challenge protocols for mice with OVA-induced asthma.




Histological Analysis and Immunofluorescence Staining of Lung Tissue

We first ligated the left lower lung and removed it after complete bronchoalveolar lavage washing. The lungs were harvested, infused with 4% paraformaldehyde, and maintained for 24 h. Sections (4 μm-thick) were embedded in paraffin and then subjected to hematoxylin and eosin (H&E), periodic acid-schiff (PAS), and Masson’s trichrome staining to evaluate airway inflammation, mucus production, and collagen deposition in the lung tissues. Pathological changes were observed using a light microscope at 200× magnification. To grade the extent of lung inflammation, goblet cell hyperplasia and collagen fiber deposition semiquatitative scoring system was used as previously described (Kujur et al., 2015; Kubo et al., 2019). Pathological scoring was performed by three different individuals blinded to the experimental methods.

Immunofluorescent staining was performed to measure MMP-9 and VEGF-A expression in the lung tissue specimens. The paraffin-embedded sections were cut and mounted. The sections were deparaffinized and rehydrated using a standard protocol. Next, the tissue sections were treated with a citric acid antigenic repair solution for antigenic repair and washed with PBS three times after cooling. The sections were permeabilized by treatment with 0.5% Triton X-100 for 30 min at room temperature. Then, the sections were incubated with 3% BSA for 30 min at room temperature, followed by immunostaining with primary antibodies (anti-MMP-9 antibody, 1:250; anti-VEGF-A antibody, 1:200) overnight at 4°C. IgG isotype controls were used for each group of tissue samples at the same concentration. The slides were washed with PBS and labeled with fluorescent tagged goat anti-rabbit secondary antibody (1:1,000) for 1 h in the dark at room temperature. The slides were then treated with DAPI (1:200), a fluorescent nuclear stain for improved protein localization. The slides were washed three times with PBS, rinsed with PBS, mounted, sealed, and evaluated within 2 h of staining under an epifluorescence microscope. Representative fluorescent images of each slide were acquired at 200× for morphometric and comparative analysis.



Collection of BALF and NLF

After the mice were sedated with low doses of 10% chloral hydrate, and euthanized by cervical dislocation, their lungs were washed four times by endotracheal intubation to the LRT with cold sterile saline (0.5 mL in each round) to collect BALF specimens. Then, a sterile leather hose was re-inserted to rinse the nasal cavity with normal saline (0.5 mL in each round) for 3–4 times and to collect the NLF. The BALF and NLF were filtered once using a 0.22 μm filter. The filtered BALF was centrifuged at 1,000 × g for 15 min, and the supernatants were collected for cytokine detection. The membrane of the filter was used for subsequent DNA extraction. All specimens were temporarily stored at –80°C.



Cytokine and IgE Measurement

The BALF specimens were collected as described above. The levels of IL-4, IL-6, IL-10, IL-17A, total IgE, and OVA-specific IgE in BALF were measured using ELISA kits according to the manufacturer’s instructions.



16S rRNA Gene Sequencing and Bioinformatics Analysis

To explore the association between the dynamic changes in respiratory microbiota and the progression of chronic asthma, 16S rRNA gene sequencing was performed using NLF and BALF specimens from control, OVA1W, OVA2W, and OVA6W asthmatic mice.

Total genomic DNA was extracted using the OMEGA Soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions and stored at –80°C before further analysis. PCR amplification of the V3–V4 region of bacterial 16S rRNA genes was performed using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Sample-specific barcodes were incorporated into the primers for multiplex sequencing. The PCR mixture contained 5 μL of reaction buffer (5×), 0.25 μL of Fast Pfu DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 μM) each of the forward and reverse primers, 1 μL of the DNA template, and 14.75 μL of ddH2O. The thermal cycling conditions were as follows: initial denaturation for 2 min at 98°C, 25 cycles of denaturation for 15 s at 98°C, annealing for 30 s at 55°C, extension for 30 s at 72°C, and a final extension step of 5 min at 72°C. The PCR amplicons were purified using Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and measured using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After the individual quantification step, the amplicons were pooled in equal quantities, and paired-end sequencing (2 × 300 bp) was performed using Illumina MiSeq (Illumina, San Diego, CA, United States) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

Microbiome bioinformatics analysis was performed using QIIME 2 2020.11 (Hall and Beiko, 2018) with minor modifications (recommended in the official tutorials). Briefly, raw sequence data were demultiplexed using the demux plugin, followed by primer cutting with the cutadapt plugin. The sequences were subjected to quality filtering, denoising, and merging, and the chimera were removed using the DADA2 plugin (Callahan et al., 2016). Non-singleton amplicon sequence variants were aligned using MAFFT and used to construct a phylogeny with FastTree (Price et al., 2009). We used the q2-diversity plugin for computing different α diversity metrics using Shannon’s diversity index and β diversity metrics using weighted UniFrac distance matrices. Principal coordinates analysis (PCoA) with weighted UniFrac distance matrices was used to study the community composition. Taxonomy was assigned using a Naive Bayes classifier pre-trained on the Greengenes 13_8_99% OTUs 16S rRNA gene full-length sequences and the q2-feature-classifier plugin (Bokulich et al., 2018). Linear discriminant analysis effect size (LEfSe; Segata et al., 2011) was used to detect differentially abundant taxa across groups using the default parameters. The PICRUSt software package (Langille et al., 2013) was used for metagenomic functional prediction analysis. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al., 2004) were used to identify the metagenomic contents. LEfSe and PICRUSt analysis were performed using the resource available at http://huttenhower.sph.harvard.edu/galaxy/. The STAMP software (Parks et al., 2014) was used to analyze the predicted metagenome and identify pathways associated with asthma.



Statistical Analysis

The expression levels of IgE, inflammatory factors, and airway remodeling-related proteins were compared by analysis of variance using SPSS 24.0 and GraphPad Prism 8.0. In case of statistical significance, the two groups were compared using a least significant difference t-test. The Kruskal–Wallis test was used to estimate intergroup differences for α diversity metrics, β diversity metrics, and LEfSe analysis. The Wilcoxon test was used for comparison between subclasses. The predicted metagenome was analyzed using White’s non-parametric t-test for comparison between two groups. Statistical tests used in the study were two-sided, and a P value ≤0.05 was considered to indicate statistical significance.




RESULTS


While the Increase in Airway Inflammation Is Not Obvious, Airway Remodeling Increases Gradually in Mice With OVA-Induced Chronic Asthma

As indicated by the H&E, compared to the control mice, OVA-challenged mice showed obvious inflammatory cell infiltration around the small airways, bronchial wall thickening, and constricted, even occluded, lumen. As the time period of the OVA challenge increased, there were no significant increases in the signs of allergic inflammation (Figure 2 and Supplementary Figure 1A). PAS staining showed that the number of mucus-secreting goblet cells increased gradually from OVA2W to OVA6W mice (Figure 2 and Supplementary Figure 1B). We observed that collagen fiber deposition around the small airways increased gradually and significantly in the OVA-challenged mice (starting with OVA2W mice) compared to that in control mice, as indicated by Masson’s trichome staining (Figure 2 and Supplementary Figure 1C). This indicated the increase in the degree of pulmonary fibrosis and the gradual progression of airway remodeling.
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FIGURE 2. Changes in the pulmonary pathology of mice with OVA-induced chronic asthma. Representative hematoxylin and eosin (H&E)-stained lung sections showing inflammatory cell infiltration around the small airways, bronchial wall thickening, and constriction (200×; the black arrows indicate the aggregation of inflammatory cells, and the black vertical line indicates the airway wall thickness). PAS staining indicating the mucus-producing goblet cells around the small airways (200×; similar to the purple area indicated by the black arrow). Masson’s trichome staining indicating collagen fiber deposition around small airways (200×; similar to the blue area indicated by the black arrow).




Diversity of the Respiratory Microbiota in Mice With OVA-Induced Chronic Asthma

The shape of the alpha rarefaction curve indicated that the sequencing depth in this study was sufficient (Figures 3A,B). The α diversity indicates the richness, diversity, and evenness of the species in a locally homogeneous habitat. The upper respiratory tract (URT) microbiota (NLF samples) of the OVA-induced mice had a significantly higher α diversity (P < 0.05) than that of the control mice, as determined using the Shannon index (Figure 3C). However, there were no significant differences between the Shannon indices of LRT microbiota (BALF samples) from the control and OVA-induced asthmatic mice (P > 0.05) (Figure 3D).
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FIGURE 3. Diversity of the respiratory microbiota in mice with OVA-induced chronic asthma. (A) The alpha rarefaction curve in NLF microbiota; (B) The alpha rarefaction curve in BALF microbiota; (C) α diversity analysis (using Shannon index) of the NLF microbiota; (D) α diversity analysis (using Shannon index) of the BALF microbiota; (E) PCoA plot showing the β diversity of NLF microbiota (P = 0.001); (F) PCoA plot showing the β diversity of BALF microbiota (P = 0.003). PCoA of all samples using weighted UniFrac distance. PCoA, principal coordinates analysis. (n = 5 in each group).


The β diversity among the different groups was evaluated using the weighted UniFrac distance. The scatter plot based on the PCoA scores showed the clear separation of the community composition between the control and OVA-induced groups. PCoA revealed significant differences in the diversity of the respiratory microbiota of the OVA-induced and control mice (Figures 3E,F).



Modifications in the Composition of the Respiratory Microbiota in Mice With OVA-Induced Chronic Asthma

To understand the differences between the respiratory microbiota in normal mice and OVA-induced asthmatic mice, we analyzed the microbial composition at the phylum and genus levels. We found that Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes formed the four dominant phyla in all groups. At the phylum level, Actinobacteria were predominant in normal mice, whereas Proteobacteria, Firmicutes, and Bacteroidetes were the top three phyla in asthmatic mice (in both URT and LRT samples). There were no significant differences in the three dominant phyla in asthmatic mice at different time periods (Figures 4A,B).
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FIGURE 4. Microbial composition in the URT and LRT at the phylum and genus levels. (A) The composition of URT microbiota (NLF samples) at the phylum level. (B) The composition of LRT microbiota (BALF samples) at the phylum level. (C) The composition of URT microbiota (NLF samples) at the genus level. (D) The composition of the LRT microbiota (BALF samples) at the genus level (n = 5 in each group; only the top 10 legends with high abundance are shown).


At the genus level, the top three genera in the respiratory microbiota were Micrococcaceae, Cupriavidus, and Pseudomonas. Micrococcaceae had the highest abundance in control mice, whereas Cupriavidus and Pseudomonas were more abundant in asthmatic mice (Figures 4C,D).

Interestingly, the predominant respiratory tract microbiota in the OVA-induced mice varied at different time points. To identify the differences in the bacterial community composition in different groups, we analyzed the different abundances of bacterial communities using LEfSe (Figure 5). The analysis of microbial composition at the genus level using LEfSe revealed that among URT microbiota, Micrococcaceae from Actinobacteria were most abundant in the control group, Pseudomonas from Proteobacteria in the OVA1W and OVA2W groups, and both Cupriavidus from Proteobacteria and Staphylococcus from Firmicutes in the OVA6W group. Among LRT microbiota, Micrococcaceae were most abundant in the control group, Pseudomonas in the OVA1W and OVA2W groups, and Cupriavidus in the OVA6W group. The results showed that the composition of the URT and LRT microbiota was similar; however, the composition of respiratory microbiota differed significantly at different stages of asthma.
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FIGURE 5. Different abundances of bacterial communities in the respiratory samples, as indicated in LEfSe analysis. The differences are indicated by the color of over-represented taxa: red indicating control mice, green indicating OVA1W mice, blue indicating OVA2W mice and purple indicating OVA6W mice. (A) Different abundances of bacterial communities in the URT (NLF samples) with LDA scores > 2.6. (B) Different abundances of bacterial communities in the LRT (BALF samples) with LDA scores > 2.5. The circles represent phylogenetic levels from phylum (innermost circle) to genera (outermost circle). n = 5 in each group; adjusted P values ≤ 0.05.




Metagenomic Functional Prediction of the Respiratory Microbiota of Mice With OVA-Induced Chronic Asthma

To understand whether the dynamic changes in the respiratory microbiota contribute to the progression of OVA-induced chronic asthma, we performed bacterial metagenomic function prediction analyses using the PICRUSt program. We explored the differences in bacterial metagenomic functional prediction among different groups at KEGG Level 3.

The following trends were observed in the URT samples. The pathways “MAPK signaling pathway-yeast” and “NOD-like receptor signaling pathway” (both associated with immune inflammation), “antigen processing and presentation,” and “two-component system” (associated with allergy) were significantly upregulated in the OVA1W and OVA2W group than in the control group (Figures 6A,B). Compared to the control group, “secretion system,” “replication, recombination and repair proteins,” and “cell division” were upregulated in the OVA6W group (Figure 6C). Comparison of the OVA1W and OVA2W groups with the OVA6W group (Figures 6D,E) showed that the immune inflammation-related pathways, such as “MAPK signaling pathway-yeast” and “RIG-I-like receptor signaling pathway,” were significantly upregulated in the OVA1W and OVA2W groups, whereas “replication, recombination and repair proteins” was upregulated in the OVA6W group.
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FIGURE 6. Metagenomic functional prediction of the respiratory microbiota using PICRUSt. Bacterial metagenomic functional categories were derived from level 3 KEGG pathways. Gene functions with a significant difference (corrected P value < 0.05) and parts of the pathways associated with asthma are shown. (A) Control group vs OVA1W group in URT samples. (B) Control group vs OVA2W group in URT samples. (C) Control group vs OVA6W group in URT samples. (D) OVA1W group vs OVA6W group in URT samples. (E) OVA2W group vs OVA6W group in URT samples. (F) Control group vs OVA1W group in LRT samples. (G) Control group vs OVA2W group in LRT samples. (H) Control group vs OVA6W group in LRT samples. (I) OVA1W group vs OVA6W group in LRT samples. (J) OVA2W group vs OVA6W group in LRT samples.


The results predicted for the URT and LRT samples from the OVA and control groups at different time points were similar (Figures 6F–H). In the LRT samples, relative to the OVA6W group, “RIG-I-like receptor signaling pathway” was upregulated in the OVA1W group and “MAPK signaling pathway-yeast” was upregulated in the OVA2W group, whereas the pathway “cell division,” which is involved in recombination and repair, was upregulated in the OVA6W group (Figures 6I, J).



Levels of IgE and Inflammatory Cytokines in BALF of Mice With OVA-Induced Chronic Asthma

Metagenomic functional prediction revealed that the pathways associated with immune inflammation were significantly upregulated in the OVA1W and OVA2W groups; the total IgE, OVA-specific IgE, IL-4, IL-17A, IL-6, and IL-10 levels in BALF were measured using ELISA to confirm the results (Figure 7). Compared to the control group, the OVA group had significantly high levels of total IgE (Figure 7A) and OVA-specific IgE (Figure 7B) in BALF (P < 0.01), with the highest level recorded in the OVA2W group. After the OVA challenge, the trends observed in the changes in IL-4 (Figure 7C) and IgE levels were similar; however, there was no significant difference between the values obtained in the OVA1W and OVA2W groups. Among OVA-challenged mice, the IL-6 (Figure 7D) levels increased gradually from that in OVA2W mice and peaked in OVA6W mice (P < 0.01); however, there was no difference between the OVA1W and control groups. With the exception of the OVA1W group, the other OVA groups showed a significant increase in IL-17A (Figure 7E) levels compared to the control group (P < 0.01), with the highest value obtained in the OVA2W group; however, there was no significant difference among the OVA2W, OVA4W, and OVA6W groups. The IL-10 (Figure 7F) level was significantly reduced in OVA-challenged mice compared to that in the control group (P < 0.01); the OVA1W mice were an exception.
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FIGURE 7. Levels of IgE and inflammatory cytokines in BALF samples. BALF was collected from control mice and OVA-challenged asthmatic mice to measure the levels of total IgE (A), OVA-specific IgE (B), IL-4 (C), IL-6 (D), IL-17A (E), and IL-10 (F) using ELISA. Data are expressed as mean ± SD, tested using one-way ANOVA. n = 5, *P ≤ 0.05 vs the control group, **P ≤ 0.01 vs the control group; #P ≤ 0.05 vs group OVA2W, ##P ≤ 0.01 vs group OVA2W. ns: no difference.




Expression of MMP-9 and VEGF-A Proteins in Lung Tissues of Mice With OVA-Induced Chronic Asthma

Metagenomic functional prediction showed that the “replication, recombination and repair proteins” pathway was more frequently upregulated in the OVA6W group, and the expression levels of MMP-9 and VEGF-A in the lung tissues were measured using immunofluorescence to confirm this result. MMP-9 and VEGF-A are among the various mediators activated in airway remodeling. Compared to wild-type mice, MMP-9-deficient mice exhibited low levels of peribronchial fibrosis and lower total lung collagen content (Lim et al., 2006). VEGF-A transgenic mice exhibited an asthma-like phenotype with inflammation, vascular remodeling, mucus metaplasia, and AHR (Lee et al., 2004). Compared to the control mice, mice with OVA-induced asthma showed a significantly higher expression of MMP-9 protein around the small airways (P < 0.05). However, the expression of MMP-9 protein decreased gradually in these mice (Figures 8A,B). Compared to that in control mice, the expression of VEGF-A protein increased significantly in the lung tissues of OVA-challenged mice (P < 0.05), and the expression increased with time (Figures 8C,D).
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FIGURE 8. Expression of MMP-9 and VEGF-A proteins in lung tissues. (A) Immunofluorescent staining of MMP-9 (200×, red: MMP-9; blue: DAPI). (B) Mean fluorescence intensity of MMP-9. Each bar represents the mean ± SD (n = 6, *P ≤ 0.05 vs the control group; **P ≤ 0.01 vs the control group). (C) Immunofluorescent staining of VEGF-A (200×, red: VEGF-A; blue: DAPI). (D) Mean fluorescence intensity of VEGF-A. Each bar represents the mean ± SD (n = 6, *P ≤ 0.05 vs the control group; **P ≤ 0.01 vs the control group; ns: no difference).





DISCUSSION

In the present study, we explored the dynamic changes in the respiratory microbiota and their association with the progression of chronic asthma in a mouse model of OVA-induced chronic asthma. In previous studies on the respiratory microbiome, many differences were reported between patients with asthma and healthy people and between patients with different clinical types of asthma (Huang et al., 2011, 2015; Fazlollahi et al., 2018). However, there are no reports on the dynamic changes in the respiratory microbiota in patients with asthma or in animal models during disease progression. We first observed the dynamic changes in the lung pathology of the OVA-induced mice. At the early stage of asthma, the OVA-induced mice exhibited signs of inflammatory cell aggregation around the small airways. From the second week of nebulizing stimulation, small airway wall thickening and stenosis were increased gradually in the OVA-induced mice, following which the number of mucus-secreting goblet cells and collagen fibers increased; however, airway inflammation did not increase significantly. Airway remodeling was the major observation during the sixth week after atomization, whereas airway inflammation was the primary pathological change observed at the early stage of atomization stimulation in mice with OVA-induced chronic asthma. Since the lung pathology changes dynamically in OVA-induced mice, does the composition of the respiratory microbiota also change accordingly? We performed 16S rRNA gene sequencing to study the dynamic changes in the URT and LRT microbiota for the first time.

The microbial diversity analysis revealed that the α diversity, which represents the diversity of microbial groups in the model, increased drastically in the URT, whereas it remained unchanged in the LRT. However, the findings of most studies on the α diversity of respiratory microbiota are inconsistent (Goleva et al., 2013; Budden et al., 2019). β diversity analysis indicated the effect of OVA on the microbial diversities in different groups of mice. The results revealed the significant differences between the respiratory microbiota of OVA-induced mice at the acute airway inflammation and airway remodeling stages and that of control mice.

The β diversity indicated the differences in the respiratory microbiota of OVA-induced mice at different time points and that of normal mice; based on this finding, we studied the microbiota composition. The URT and LRT microbiota were similar at the phylum level, with Proteobacteria being the most abundant phylum and having a significantly higher abundance in OVA-induced mice than in normal mice at the acute inflammation and airway remodeling stages. Previous studies have shown that Proteobacteria have the highest abundance in both URT and LRT microbiota in patients with asthma (Huang et al., 2015; Li et al., 2017). Although the URT and LRT microbiota were shown to be highly consistent, Wypych et al. (2019) reported that URT samples do not accurately reflect the interactions that occur in the LRT, as the microbes present in the LRT depend on the balance between microbes that enter through the URT and those eliminated by host immunity. However, in our study, URT microbiota composition indicates the LRT microbiota composition at the phylum level to some extent. Proteobacteria were the predominant phylum in both URT and LRT specimens of OVA-induced asthmatic mice.

Since the phylum-level microbiota of OVA-induced mice was similar at different time periods, we analyzed the respiratory microbiota composition at the genus level. Among the URT microbiota, Pseudomonas was most abundant at the acute inflammatory stage, and Staphylococcus and Cupriavidus were most abundant at the airway remodeling stage. Pseudomonas was shown to be associated with the occurrence of asthma in several studies (Jung et al., 2016; Dimakou et al., 2018). Ferri et al. (2020) showed that the presence of Pseudomonas in sputum is an important risk factor for the persistence and frequent exacerbation of asthma. The abundance of Staphylococcus in the URT was shown to be significantly high in patients with asthma (Durack et al., 2018). Boutin et al. (2017) showed that the abundance of Staphylococcus was significantly higher in patients with pulmonary cystic fibrosis than in patients with asthma. This suggested that Staphylococcus may be more closely related to pulmonary fibrosis. Cupriavidus acts as an opportunistic pathogen in soil, and its association with asthma has been shown in previous studies. Zhao et al. (2020) showed that the abundance of Cupriavidus increased significantly in the URT of patients with asthma that were exposed to high concentrations of PM2.5 particulates. In the acute inflammatory phase, the bacteria with high abundance in the LRT and URT were similar, and only Cupriavidus was more abundant at the airway remodeling stage in the LRT. In general, we observed a high degree of similarity in the URT and LRT microbiota of OVA-induced mice. Pseudomonas was abundant at the acute inflammatory stage, whereas Staphylococcus and Cupriavidus were abundant at the airway remodeling stage. These results indicate that the predominant microbiota of the respiratory tract was different at different stages of asthma. Pseudomonas may play an important role in airway allergic inflammation, while Staphylococcus and Cupriavidus are closely related to the progress of airway remodeling.

To determine how the differences in microbiota composition influence the occurrence and development of airway inflammation and remodeling, we performed metagenomic function prediction. In both URT and LRT samples, the pathways associated with immune inflammation, including “MAPK signaling pathway-yeast,” “NOD-like receptor signaling pathway,” and “RIG-I-like receptor signaling pathway” were significantly upregulated during the acute inflammatory phase. The “antigen processing and presentation” and “two-component system” pathways associated with allergies were also upregulated at this stage. MAPK signaling was shown to be involved in airway inflammation and hyper-responsiveness in asthma (Bao et al., 2017; Sun X. et al., 2020; Sun Y. et al., 2020). The members of the NOD-like receptor family promote inflammatory cell recruitment and regulate immune responses in different tissues, such as lung tissues (Donovan et al., 2020). RIG-I was first shown to be associated with the innate immune response, and RIG-I-like receptor-induced signaling was shown to promote NF-κB and MAPK activation (Heine, 2011; Quicke et al., 2017; Lefkopoulos et al., 2020). The two-component system is a common and important signal transmission system in bacteria and is also a regulatory system for gene expression. It targets genes that encode proteins with bacteria-specific functions, including the hrp gene, which is an allergic response gene (Li et al., 2014; Piqué et al., 2015). At the airway remodeling stage, “secretion system” and “replication, recombination and repair proteins” were primarily upregulated, along with pathways related to recombination and repair, such as “cell division.” Previous metagenomic function prediction studies have only suggested significant differences in cellular processes, metabolism, genetic information processing, and human disease pathways between patients with asthma and healthy individuals (Millares et al., 2017). However, the metagenomic function prediction analysis of respiratory microflora at KEGG level 3 in animal models of asthma has not been reported. At a more in-depth level, our study confirmed the differences in metagenomic function prediction due to the differences in respiratory microbiota composition.

To confirm the predictions for respiratory microbiota, we measured the levels of total IgE, OVA-specific IgE, IL-4, IL-17A, IL-6, and IL-10 in BALF and the levels of airway remodeling-associated proteins in the lung tissues. The levels of total IgE, OVA-specific IgE, and IL-4 in BALF which represent levels of eosinophilic inflammation increased significantly during acute allergic inflammation. The levels of IL-6 and IL-17A in BALF and VEGF-A in lung tissues increased gradually. Previous studies have shown that IL-6 and IL-17A are associated with airway remodeling in asthma (Camargo et al., 2020; Hudey et al., 2020). The level of MMP-9 also increased significantly compared to that in normal mice, and the minor reduction in the MMP-9 level observed in the late stage could be attributed to the increased MMP-9 utilization during airway remodeling. The expression levels of these cytokines and proteins at different stages of asthma development were consistent with the metagenomic function prediction of respiratory microbiota.

This study had certain limitations. First, our findings are based on a small sample size study. Therefore, validity of the results will have to be confirmed in a larger sample size. Second, sample collection from the control mice and OVA-induced mice was not conducted at the same time points, and we were unable to eliminate the influence of age-related changes in the respiratory microbiota of the mice. Furthermore, the study duration was considerably short. Additionally, the atomization stimulation process was conducted in adult mice, and the mice had not entered senescence; hence, the bacterial and immune status in the mice did not change considerably. Thevaranjan et al. (2017) showed that senescent mice exhibited increased inflammation and changes in microbiota composition.

In conclusion, we established a mouse model of asthma from the onset of acute inflammation to the induction of airway remodeling, and observed the dynamic changes in respiratory microbiota for the first time. The dominant microbiota in the acute inflammatory and airway remodeling phases were different. The pathways associated with immune inflammation were significantly upregulated during the acute inflammatory phase. In contrast, different pathways, including “replication, recombination and repair proteins,” were upregulated at the airway remodeling stage. The cytokine levels in BALF and the concentration of airway remodeling-associated proteins in the lung tissues were consistent with the bacterial metagenomic function prediction. Although the precise relationship between airway inflammation and airway remodeling in patients with asthma is is not clear, these are important pathological mechanisms in the development of asthma (Banno et al., 2020). Our findings showed that in the progression of chronic asthma, the dominant microbiota at different stages are different, which may affect the pathophysiological processes in the host. These findings could form the basis for novel methods of asthma prevention and treatment.



DATA AVAILABILITY STATEMENT

The raw sequences of 20 female mice have been submitted to NCBI Project under accession number PRJNA730096 with NCBI Sequence Read Archive under accession number SRP320140.



ETHICS STATEMENT

The animal study was reviewed and approved by Shanghai Children’s Hospital, Shanghai Jiao Tong University, Shanghai, China.



AUTHOR CONTRIBUTIONS

LH and SG conceived and designed the study, critically revised the manuscript, and were responsible for funding. JZ, QW, YZ, and MW completed animal experiments, acquired and interpreted the data, and drafted and critically revised the manuscript. All authors read and approved the final manuscript.



FUNDING

This study was financially supported by two grants from the National Natural Science Foundation of China (Nos. 81774365 and 81973902).



ACKNOWLEDGMENTS

We are grateful to Xiao-yong Fan (TB Center, Shanghai Emerging and Reemerging Infectious Disease Institute, Shanghai) for his help with the experimental techniques. We are also grateful to TianTian Liu (School of Life Sciences and Biotechnology, Shanghai Jiao Tong University) for her help with the statistical analyses.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.723152/full#supplementary-material

Supplementary Figure 1 | The pathological score in the mice with OVA-induced chronic asthma. (A) Inflammation scores are based on H&E staining; (B) The PAS scores indicating the mucus-producing goblet cells around the small airways; (C) Masson staining score indicating collagen fiber deposition around small airways. Data are expressed as mean ± SD. n=5, ∗P ≤ 0.05 vs the control group, ∗∗P ≤ 0.01 vs the control group; #P ≤ 0.05 between the two groups, ##P ≤ 0.01 between the two groups, ns: no difference.

Supplementary Figure 2 | The leukocyte cell type counts in BALF samples. The BALF was centrifuged and the precipitated cells were counted after staining by Wright-Giemsa. Data are expressed as mean ± SD. n=5, ∗P ≤ 0.05 vs the control group, ∗∗P ≤ 0.01 vs the control group; #P ≤ 0.05 between the two groups, ##P ≤ 0.01 between the two groups, ns: no difference.



REFERENCES

Banno, A., Reddy, A. T., Lakshmi, S. P., and Reddy, R. C. (2020). Bidirectional interaction of airway epithelial remodeling and inflammation in asthma. Clin. Sci. 134, 1063–1079. doi: 10.1042/cs20191309

Bao, A., Yang, H., Ji, J., Chen, Y., Bao, W., Li, F., et al. (2017). Involvements of p38 MAPK and oxidative stress in the ozone-induced enhancement of AHR and pulmonary inflammation in an allergic asthma model. Respir. Res. 18:216. doi: 10.1186/s12931-017-0697-4

Barcik, W., Boutin, R. C. T., Sokolowska, M., and Finlay, B. B. (2020). The Role of Lung and Gut Microbiota in the Pathology of Asthma. Immunity 52, 241–255. doi: 10.1016/j.immuni.2020.01.007

Bokulich, N. A., Dillon, M. R., Bolyen, E., Kaehler, B. D., Huttley, G. A., and Caporaso, J. G. (2018). q2-sample-classifier: machine-learning tools for microbiome classification and regression. J. Open Res. Softw. 3:934. doi: 10.21105/joss.00934

Boonpiyathad, T., Satitsuksanoa, P., Akdis, M., and Akdis, C. A. (2019). Il-10 producing T and B cells in allergy. Semin. Immunol. 44:101326. doi: 10.1016/j.smim.2019.101326

Boutin, S., Depner, M., Stahl, M., Graeber, S. Y., Dittrich, S. A., Legatzki, A., et al. (2017). Comparison of Oropharyngeal Microbiota from Children with Asthma and Cystic Fibrosis. Mediators Inflamm. 2017:5047403. doi: 10.1155/2017/5047403

Budden, K. F., Shukla, S. D., Rehman, S. F., Bowerman, K. L., Keely, S., Hugenholtz, P., et al. (2019). Functional effects of the microbiota in chronic respiratory disease. Lancet Respir. Med. 7, 907–920. doi: 10.1016/s2213-2600(18)30510-1

Callahan, B. J., Mcmurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Camargo, L. D. N., Dos Santos, T. M., De Andrade, F. C. P., Fukuzaki, S., Dos Santos Lopes, F., De Arruda Martins, M., et al. (2020). Bronchial Vascular Remodeling Is Attenuated by Anti-IL-17 in Asthmatic Responses Exacerbated by LPS. Front. Pharmacol. 11:1269. doi: 10.3389/fphar.2020.01269

Dimakou, K., Gousiou, A., Toumbis, M., Kaponi, M., Chrysikos, S., Thanos, L., et al. (2018). Investigation of bronchiectasis in severe uncontrolled asthma. Clin. Respir. J. 12, 1212–1218. doi: 10.1111/crj.12653

Donovan, C., Liu, G., Shen, S., Marshall, J. E., Kim, R. Y., Alemao, C. A., et al. (2020). The role of the microbiome and the NLRP3 inflammasome in the gut and lung. J. Leukoc. Biol. 108, 925–935. doi: 10.1002/jlb.3mr0720-472rr

Durack, J., Huang, Y. J., Nariya, S., Christian, L. S., Ansel, K. M., Beigelman, A., et al. (2018). Bacterial biogeography of adult airways in atopic asthma. Microbiome 6:104. doi: 10.1186/s40168-018-0487-3

Durack, J., Lynch, S. V., Nariya, S., Bhakta, N. R., Beigelman, A., Castro, M., et al. (2017). Features of the bronchial bacterial microbiome associated with atopy, asthma, and responsiveness to inhaled corticosteroid treatment. J. Allergy Clin. Immunol. 140, 63–75. doi: 10.1016/j.jaci.2016.08.055

Fazlollahi, M., Lee, T. D., Andrade, J., Oguntuyo, K., Chun, Y., Grishina, G., et al. (2018). The nasal microbiome in asthma. J. Allergy Clin. Immunol. 142, 834–843.e2. doi: 10.1016/j.jaci.2018.02.020

Fehrenbach, H., Wagner, C., and Wegmann, M. (2017). Airway remodeling in asthma: what really matters. Cell Tissue Res. 367, 551–569. doi: 10.1007/s00441-016-2566-8

Ferri, S., Crimi, C., Campisi, R., Cacopardo, G., Paoletti, G., Puggioni, F., et al. (2020). Impact of asthma on bronchiectasis severity and risk of exacerbations. J. Asthma [Epub Online ahead of print]. doi: 10.1080/02770903.2020.1857395

Gandhi, G. R., Leão, G. C. S., Calisto, V., Vasconcelos, A. B. S., Almeida, M. L. D., Quintans, J. S. S., et al. (2020). Modulation of interleukin expression by medicinal plants and their secondary metabolites: a systematic review on anti-asthmatic and immunopharmacological mechanisms. Phytomedicine 70:153229. doi: 10.1016/j.phymed.2020.153229

Goleva, E., Jackson, L. P., Harris, J. K., Robertson, C. E., Sutherland, E. R., Hall, C. F., et al. (2013). The effects of airway microbiome on corticosteroid responsiveness in asthma. Am. J. Respir. Crit. Care Med. 188, 1193–1201. doi: 10.1164/rccm.201304-0775OC

Hall, M., and Beiko, R. G. (2018). 16S rRNA Gene Analysis with QIIME2. Methods Mol. Biol. 1849, 113–129. doi: 10.1007/978-1-4939-8728-3_8

Heine, H. (2011). TLRs, NLRs and RLRs: innate sensors and their impact on allergic diseases–a current view. Immunol. Lett. 139, 14–24. doi: 10.1016/j.imlet.2011.04.010

Huang, K., Yang, T., Xu, J., Yang, L., Zhao, J., Zhang, X., et al. (2019). Prevalence, risk factors, and management of asthma in China: a national cross-sectional study. Lancet 394, 407–418. doi: 10.1016/s0140-6736(19)31147-x

Huang, Y. J., Nariya, S., Harris, J. M., Lynch, S. V., Choy, D. F., Arron, J. R., et al. (2015). The airway microbiome in patients with severe asthma: associations with disease features and severity. J. Allergy Clin. Immunol. 136, 874–884. doi: 10.1016/j.jaci.2015.05.044

Huang, Y. J., Nelson, C. E., Brodie, E. L., Desantis, T. Z., Baek, M. S., Liu, J., et al. (2011). Airway microbiota and bronchial hyperresponsiveness in patients with suboptimally controlled asthma. J. Allergy Clin. Immunol. 127, 372–381.e3. doi: 10.1016/j.jaci.2010.10.048

Hudey, S. N., Ledford, D. K., and Cardet, J. C. (2020). Mechanisms of non-type 2 asthma. Curr. Opin. Immunol. 66, 123–128. doi: 10.1016/j.coi.2020.10.002

Jung, J. W., Choi, J. C., Shin, J. W., Kim, J. Y., Park, I. W., Choi, B. W., et al. (2016). Lung Microbiome Analysis in Steroid-Na’́ive Asthma Patients by Using Whole Sputum. Tuberc. Respir. Dis. 79, 165–178. doi: 10.4046/trd.2016.79.3.165

Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y., and Hattori, M. (2004). The KEGG resource for deciphering the genome. Nucleic Acids Res. 32, D277–D280. doi: 10.1093/nar/gkh063

Kubo, F., Ariestanti, D. M., Oki, S., Fukuzawa, T., Demizu, R., Sato, T., et al. (2019). Loss of the adhesion G-protein coupled receptor ADGRF5 in mice induces airway inflammation and the expression of CCL2 in lung endothelial cells. Respir. Res. 20:11. doi: 10.1186/s12931-019-0973-6

Kujur, W., Gurram, R. K., Haleem, N., Maurya, S. K., and Agrewala, J. N. (2015). Caerulomycin A inhibits Th2 cell activity: a possible role in the management of asthma. Sci. Rep. 5:15396. doi: 10.1038/srep15396

Langille, M. G., Zaneveld, J., Caporaso, J. G., Mcdonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

Lee, C. G., Link, H., Baluk, P., Homer, R. J., Chapoval, S., Bhandari, V., et al. (2004). Vascular endothelial growth factor (VEGF) induces remodeling and enhances TH2-mediated sensitization and inflammation in the lung. Nat. Med. 10, 1095–1103. doi: 10.1038/nm1105

Lefkopoulos, S., Polyzou, A., Derecka, M., Bergo, V., Clapes, T., Cauchy, P., et al. (2020). Repetitive Elements Trigger RIG-I-like Receptor Signaling that Regulates the Emergence of Hematopoietic Stem and Progenitor Cells. Immunity 53, 934–951.e9. doi: 10.1016/j.immuni.2020.10.007

Li, N., Qiu, R., Yang, Z., Li, J., Chung, K. F., Zhong, N., et al. (2017). Sputum microbiota in severe asthma patients: relationship to eosinophilic inflammation. Respir. Med. 131, 192–198. doi: 10.1016/j.rmed.2017.08.016

Li, R. F., Lu, G. T., Li, L., Su, H. Z., Feng, G. F., Chen, Y., et al. (2014). Identification of a putative cognate sensor kinase for the two-component response regulator HrpG, a key regulator controlling the expression of the hrp genes in Xanthomonas campestris pv. campestris. Environ. Microbiol. 16, 2053–2071. doi: 10.1111/1462-2920.12207

Lim, D. H., Cho, J. Y., Miller, M., Mcelwain, K., Mcelwain, S., and Broide, D. H. (2006). Reduced peribronchial fibrosis in allergen-challenged MMP-9-deficient mice. Am. J. Physiol. Lung. Cell. Mol. Physiol. 291, L265–L271. doi: 10.1152/ajplung.00305.2005

McCauley, K., Durack, J., Valladares, R., Fadrosh, D. W., Lin, D. L., Calatroni, A., et al. (2019). Distinct nasal airway bacterial microbiotas differentially relate to exacerbation in pediatric patients with asthma. J. Allergy Clin. Immunol. 144, 1187–1197. doi: 10.1016/j.jaci.2019.05.035

Millares, L., Bermudo, G., Pérez-Brocal, V., Domingo, C., Garcia-Nuñez, M., Pomares, X., et al. (2017). The respiratory microbiome in bronchial mucosa and secretions from severe IgE-mediated asthma patients. BMC Microbiol. 17:20. doi: 10.1186/s12866-017-0933-6

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494

Piqué, N., Miñana-Galbis, D., Merino, S., and Tomás, J. M. (2015). Virulence Factors of Erwinia amylovora: a Review. Int. J. Mol. Sci. 16, 12836–12854. doi: 10.3390/ijms160612836

Price, M. N., Dehal, P. S., and Arkin, A. P. (2009). FastTree: computing large minimum evolution trees with profiles instead of a distance matrix. Mol. Biol. Evol. 26, 1641–1650. doi: 10.1093/molbev/msp077

Quicke, K. M., Diamond, M. S., and Suthar, M. S. (2017). Negative regulators of the RIG-I-like receptor signaling pathway. Eur. J. Immunol. 47, 615–628. doi: 10.1002/eji.201646484

Remot, A., Descamps, D., Noordine, M. L., Boukadiri, A., Mathieu, E., Robert, V., et al. (2017). Bacteria isolated from lung modulate asthma susceptibility in mice. ISME J. 11, 1061–1074. doi: 10.1038/ismej.2016.181

Rothenberg, M. E. (2016). Humanized Anti-IL-5 Antibody Therapy. Cell 165:509. doi: 10.1016/j.cell.2016.04.020

Schiavi, E., Gleinser, M., Molloy, E., Groeger, D., Frei, R., Ferstl, R., et al. (2016). 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. 82, 7185–7196. doi: 10.1128/aem.02238-16

Segal, L. N., Clemente, J. C., Wu, B. G., Wikoff, W. R., Gao, Z., Li, Y., et al. (2017). Randomised, double-blind, placebo-controlled trial with azithromycin selects for anti-inflammatory microbial metabolites in the emphysematous lung. Thorax 72, 13–22. doi: 10.1136/thoraxjnl-2016-208599

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60

Strachan, D. P. (1989). Hay fever, hygiene, and household size. BMJ 299, 1259–1260. doi: 10.1136/bmj.299.6710.1259

Sun, X., Hou, T., Cheung, E., Iu, T. N., Tam, V. W., Chu, I. M., et al. (2020). Anti-inflammatory mechanisms of the novel cytokine interleukin-38 in allergic asthma. Cell. Mol. Immunol. 17, 631–646. doi: 10.1038/s41423-019-0300-7

Sun, Y., Shi, Z., Liu, B., Li, X., Li, G., Yang, F., et al. (2020). YKL-40 mediates airway remodeling in asthma via activating FAK and MAPK signaling pathway. Cell Cycle 19, 1378–1390. doi: 10.1080/15384101.2020.1750811

Temelkovski, J., Hogan, S. P., Shepherd, D. P., Foster, P. S., and Kumar, R. K. (1998). An improved murine model of asthma: selective airway inflammation, epithelial lesions and increased methacholine responsiveness following chronic exposure to aerosolised allergen. Thorax 53, 849–856. doi: 10.1136/thx.53.10.849

Teo, S. M., Tang, H. H. F., Mok, D., Judd, L. M., Watts, S. C., Pham, K., et al. (2018). Airway Microbiota Dynamics Uncover a Critical Window for Interplay of Pathogenic Bacteria and Allergy in Childhood Respiratory Disease. Cell Host Microbe 24, 341–352.e5. doi: 10.1016/j.chom.2018.08.005

Thevaranjan, N., Puchta, A., Schulz, C., Naidoo, A., Szamosi, J. C., Verschoor, C. P., et al. (2017). Age-Associated Microbial Dysbiosis Promotes Intestinal Permeability, Systemic Inflammation, and Macrophage Dysfunction. Cell Host Microbe 21, 455–466.e4. doi: 10.1016/j.chom.2017.03.002

Tumes, D. J., Papadopoulos, M., Endo, Y., Onodera, A., Hirahara, K., and Nakayama, T. (2017). Epigenetic regulation of T-helper cell differentiation, memory, and plasticity in allergic asthma. Immunol. Rev. 278, 8–19. doi: 10.1111/imr.12560

Wood, L. G., Simpson, J. L., Hansbro, P. M., and Gibson, P. G. (2010). Potentially pathogenic bacteria cultured from the sputum of stable asthmatics are associated with increased 8-isoprostane and airway neutrophilia. Free Radic. Res. 44, 146–154. doi: 10.3109/10715760903362576

Wypych, T. P., Wickramasinghe, L. C., and Marsland, B. J. (2019). The influence of the microbiome on respiratory health. Nat. Immunol. 20, 1279–1290. doi: 10.1038/s41590-019-0451-9

Xiao, Q., He, J., Lei, A., Xu, H., Zhang, L., Zhou, P., et al. (2021). PPARγ enhances ILC2 function during allergic airway inflammation via transcription regulation of ST2. Mucosal Immunol. 14, 468–478. doi: 10.1038/s41385-020-00339-6

Zhao, H., Liu, J., Zhu, J., Yang, F., Wu, H., Ba, Y., et al. (2020). Bacterial composition and community structure of the oropharynx of adults with asthma are associated with environmental factors. Microb. Pathog. 149:104505. doi: 10.1016/j.micpath.2020.104505


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 © 2021 Zheng, Wu, Zou, Wang, He and Guo. 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: 01 September 2021

doi: 10.3389/fimmu.2021.715559

[image: image2]


Cytotoxic T-Cell Trafficking Chemokine Profiles Correlate With Defined Mucosal Microbial Communities in Colorectal Cancer


Jiali Zhang 1,2, Ji Tao 1, Ruo-Nan Gao 1, Zhi-Yuan Wei 1, Yu-Shan He 1, Chun-Yan Ren 1, Qi-Chun Li 1, Yan-Shan Liu 1, Ke-Wei Wang 1,3, Gong Yang 2,4, Chengjia Qian 5* and Jian-Huan Chen 1*


1 Laboratory of Genomic and Precision Medicine, Wuxi School of Medicine, Jiangnan University, Wuxi, China, 2 Central Laboratory, The Fifth People’s Hospital of Shanghai Fudan University, Shanghai, China, 3 Department of Hospital Infection, Affiliated Hospital of Jiangnan University, Wuxi, China, 4 Cancer Institute, Fudan University Shanghai Cancer Center, Shanghai, China, 5 Department of General Surgery, Affiliated Hospital of Jiangnan University, Wuxi, China




Edited by: 

Monica Cartelle Gestal, Louisiana State University Health Shreveport, United States

Reviewed by: 

Sandra J. Van Vliet, Vrije Universiteit Amsterdam, Netherlands

Graciela Alicia Cremaschi, Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina

*Correspondence: 

Jian-Huan Chen
 cjh_bio@hotmail.com 

Chengjia Qian
 qianchengjia85@hotmail.com

Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 27 May 2021

Accepted: 29 July 2021

Published: 01 September 2021

Citation:
Zhang J, Tao J, Gao R-N, Wei Z-Y, He Y-S, Ren C-Y, Li Q-C, Liu Y-S, Wang K-W, Yang G, Qian C and Chen J-H (2021) Cytotoxic T-Cell Trafficking Chemokine Profiles Correlate With Defined Mucosal Microbial Communities in Colorectal Cancer. Front. Immunol. 12:715559. doi: 10.3389/fimmu.2021.715559



The involvement of gut microbiota in T-cell trafficking into tumor tissue of colorectal cancer (CRC) remains to be further elucidated. The current study aimed to evaluate the expression of major cytotoxic T-cell trafficking chemokines (CTTCs) and chemokine-associated microbiota profiles in both tumor and adjacent normal tissues during CRC progression. We analyzed the expression of chemokine C-X-C motif ligands 9, 10, and 11 (CXCL9, CXCL10, and CXCL11), and C-C motif ligand 5 (CCL5), characterized gut mucosa-associated microbiota (MAM), and investigated their correlations in CRC patients. Our results showed that the expression of CXCL9, CXCL10, and CXCL11 was significantly higher in tumor than in adjacent normal tissues in 136 CRC patients. Notably, the high expression of CXCL9 in tumor tissues was associated with enhanced CD8+ T-cell infiltration and improved survival. Moreover, the MAM in tumor tissues showed reduction of microbial diversity and increase of oral bacteria. Microbial network analysis identified differences in microbial composition and structure between tumor and adjacent normal tissues. In addition, stronger associations between oral bacteria and other gut microbes were observed. Furthermore, the correlation analysis between the defined MAM and individual CTTCs showed that the CTTCs’ correlated operational taxonomic units (OTUs) in tumor and adjacent normal tissues rarely overlap with each other. Notably, all the enriched OTUs were positively correlated with the CTTCs in either tumor or adjacent normal tissues. Our findings demonstrated stronger interactions between oral bacteria and gut microbes, and a shifted correlation pattern between MAM and major CTTCs in tumor tissues, underlining possible mechanisms of gut microbiota–host interaction in CRC.
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Introduction

Colorectal cancer (CRC) accounts for the third most commonly diagnosed cancer and the second leading cause of cancer-related death worldwide (1). High infiltration with cytotoxic T cells (CTCs) correlates with improved relapse-free and overall survival (OS) in patients with CRC (2–4). Therefore, recent therapeutic strategies for cancer such as immunotherapies focus on CTC trafficking to the tumor site (5–8). Different from the remarkable treatment responses of adoptive immunotherapy in patients affected by advanced melanoma and hematologic malignancy, the effect of immunotherapy against CRCs has been more moderate (9). One of the major challenges is to effectively traffic CTCs to the tumor microenvironment (10, 11).

The expression of chemokine receptors in CTCs, as well as the expression of their ligands in tumor tissues, is essential for localizing CTCs to tumor tissue (5, 12, 13). It has been reported that CTCs with higher CXCR3 expression can be recruited to the tumor site by ligands, including CXCL9, CXCL10, and CXCL11, which are known as IFNγ-inducible chemokines (12, 13). Additionally, studies have identified CCL5 and its receptor (C-C motif) receptor 5 (CCR5) as another critical component of T-cell chemotaxis that is closely associated with CTC infiltration and better survival (12). Therefore, expression of specific chemokines in tumors could be potentially correlated with the presence of CTCs, which might serve as useful targets for anti-cancer therapies.

The gut mucosa is a dynamic interface between host cells and microbiota (14). Progress of colorectal neoplasia has been linked to interactions between tumor microenvironment and mucosal microbiota barrier, whose process can be reversed by interfering the microbiota (15–17). In mouse models, mixture of microbes enhances anti-cancer immunity through inducing interferon-γ-producing CTCs in the tumor tissues (18), pointing to plausible evidence for the use of gut microbiota as a therapeutic target. Additionally, it has recently been demonstrated that bacteria isolated from CRC tissues could upregulate expression of most types of CTTCs in CRC cell lines in vitro (19). However, it remains to be elucidated the change of microbiome profiles during the transition from normal mucosae to malignant lesions, and the correlation between CTTCs and defined microbial communities in the CRC tumor microenvironment. Although enrichment of Fusobacterium and its regulation of tumor microenvironment have been demonstrated in CRC (20, 21), increasing evidence suggests that microbiota work as a community with nonnegligible contribution from various microbes (22–24), which remains to be clarified. Herein, we investigated the microbial transition in the tumor mucosae and adjacent normal mucosae, and the association between bacterial colonization and CTTCs in CRC patients.



Materials and Methods


Patient Recruitment and Sample Collection

A total of 136 CRC patients scheduled for a primary resection of their tumor at the Affiliated Hospital of Jiangnan University between 2016 and 2019 were recruited in the study. The participants did not receive chemo-radiotherapy before the resection and were not treated with antibiotics in the month prior to surgery but were administered antibiotics intravenously within a few hours of the resection. After surgery, there were 136 pairs of fresh tissues from colorectal tumor or as far away from the tumor as possible (adjacent tissue) collected. Biopsies were snap-frozen in a cryovial immediately with liquid nitrogen and then stored at −80°C until DNA extraction. Histopathological and clinical features were scored according to the International Union Against Cancer (UICC)–TNM staging system. This study was approved by the Ethics Committee of Jiangnan University and was conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from all of the participants after explanation of the nature of the study.



DNA Extraction and 16S rRNA Gene Sequencing

Paired mucosae samples from tumor and adjacent normal tissues were subjected to DNA extraction. Mucosal DNA was extracted using the AllPrep DNA/RNA extraction kit. Total DNA was purified from tumor and paired normal adjacent tissue samples. MAM was analyzed based on 16S rRNA gene sequencing. 16S rRNA gene amplicon sequencing was carried out employing the 16S rRNA gene Sequencing Library Preparation protocol developed by Illumina (San Diego, California, USA). Briefly, 200 ng of mucosal DNA was amplified from each sample using the primers 515F (5′ GTGCCAGCMGCCGCGGTAA 3′) with Titanium Adaptor B and 806R (5′ GGACTACHVGGGTWTCTAAT 3′) with Titanium Adaptor A and a sample-specific barcode sequence targeting the V4 hypervariable region of the 16S rRNA gene using FastStart Taq DNA Polymerase (Roche, USA).



RNA Isolation, mRNA Expression, and Quantitative PCR

Total RNA was isolated from CRC tumor tissues and paired normal adjacent tissue using Trizol (Invitrogen, USA). The obtained RNA was used to synthesize cDNA by Superscript III Reverse Transcriptase (Promega, USA). Real-time PCR reaction mixes were prepared using SYBR Green (TaKaRa, Japan) and run on the LightCycler® 480 II Real-time PCR System (Roche, USA) with the following conditions: 95°C for 5 min, 95°C for 5 s, and 60°C for 30 s, for 40 cycles. The relative expression level of CTTC mRNA was calculated using the 2−ΔCt (dCt) method. The ΔCt value was calculated by subtracting the Ct value of the housekeeping gene [glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] from that of the target genes. The primers used were as follows: CXCL9, forward primer (5′ AAGC AGCCAAGTCGGTTAGT 3′) and reverse primer (5′ CAGCAGTGTGAGCAGTGATTC 3′); CXCL10, forward primer (5′ AGCAGAGGAACCTCCAGTCT 3′) and reverse primer (5′ AGGTACTCCTTGAATGCCACT 3′); CXCL11, forward primer (5′ GAGTGTGAAGGGCATGGCTA 3′) and reverse primer (5′ CCTTGAACA 3′); CCL5, forward primer (5′ CAGTCGTCCACAGGTCAAGG 3′) and reverse primer (5′ CTTGTTCAGCCGGGAGTCAT 3′); GAPDH, forward primer (5′ TGACTTCAACAGCGACACCCA 3′) and reverse primer (5′ CACCCTGTTGCTGTAGCCAAA 3′). Experiments were repeated in triplicate.



Immunohistochemistry and Immunofluorescence Staining and Image Analysis

Specimens used for immunohistochemistry and immuno-fluorescence staining were obtained immediately after surgical resection and fixed in 10% neutral formalin, paraffin-embedded, and used for histological assays as previously described (25). Immunohistochemistry of paraffin sections was carried out using a two-step protocol. Briefly, 5-μm paraffin sections were first deparaffinized and hydrated, and endogenous peroxidase activity was blocked by incubating the slides in 0.3% H2O2. Antigen retrieval was performed by microwave treatment in citrate buffer, pH 6.0. Sections were blocked with normal sera from the same species from which the secondary antibodies were derived. After overnight incubation at 4°C with antibodies against human CD8 (1:300 dilution, Abcam, ab101500), CXCR3 (1:300 dilution, ABclonal, A2939), or control antibodies (Rabbit monoclonal IgG, Abcam, ab172730), we applied Envision System HRP-labeled polymer anti-rabbit (for CD8 and CXCR3) (Dako Cytomation) for 30 min and diaminobenzidine (5 min) and hematoxylin counterstain (1 min). Slides were scanned by an automated scanning microscope (Pannoramic Digital Slide Scanners, 3DHISTECH). The 3DHISTECH software (CaseViewer) was used to count the number of positive signals in each tissue core. We calculated the average density (cells/mm2) of each tumor-infiltrating CD8+ T-cell subset or CXCR3+ subset.

For multiple-color immunofluorescence staining, formalin-fixed, paraffin-embedded sections were deparaffinized and rehydrated. Antigen retrieval was performed by microwave treatment in citrate buffer, pH 6.0, and blockage of non-specific antibody binding was carried out with 5% BSA. Sections were then incubated with anti-human CXCR3 and CD3 overnight at 4°C, followed by specimen-paired immunofluorescence secondary antibodies. Negative controls were generated by replacing primary antibodies with isotype-matched antibodies. Slides were analyzed on a fluorescent imaging microscope.



Bioinformatics Analysis

The Quantitative Insights into Microbial Ecology version 2 (QIIME2) software (subversion 2019.1) was used for quality filtering of DNA sequences, demultiplexing, taxonomic assignment, and calculating α- and β-diversity. For details, selected sequences were clustered into OTUs with USEARCH (version 11, http://drive5.com/uparse/), with a threshold sequence identity of 99%. The reads were aligned to the Greengenes Core Set reference alignment using PyNAST. The Greengenes taxonomies were used to generate summaries of the taxonomic distributions of OTUs across different levels (phylum, order, family, genus, and species). A phylogenetic tree was built with FastTree and used for estimates of α-diversity (Rarefaction curves, Chao1, Shannon diversity) and β-diversity (using unweighted UniFrac). Metagenomic content of the microbiota samples was predicted from the 16S rRNA profiles, and KEGG pathway functions were categorized at Levels 1–3 using the phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) tool (26).



Statistical Methods

All data were summarized as means ± SEM and analyzed with SPSS software (Version 22). Comparisons between CTTC groups were performed by Student’s t-test. Correlations between continuous variables were determined by Pearson correlation analysis. Survival was estimated by the Kaplan–Meier method and compared by the log-rank test. Multivariate analysis of prognostic factors for OS was performed using the Cox proportional hazards model. The χ2 test was used to test for relationships between categorical variables. Values of p < 0.05 (two-tailed) were considered significant.

For microbiota, differential abundance analyses were performed using paired Wilcoxon signed-rank test to identify significant changed features between tumor and adjacent normal mucosae. Using the R implementation of Random Forests 10-fold cross-validations with 100 iterations, we selected a minimum set of bacterial taxa that maximally discriminated against each Dukes stage, different patients’ survival state, and lymph node metastasis state; the variable importance of a microbial taxon was determined by 100 iterations of the algorithm with 3,000 trees and the default mtry of p1/2, where p is the number of input phylotypes.




Results


Expression of CTTCs in CRC Tissues and Their Association With Disease Progression

CTTC mRNA expression in tumor and adjacent normal tissues from 136 CRC patients was analyzed using quantitative PCR. The expression of CXCL9, CXCL10, and CXCL11 except for CCL5 was significantly higher in the tumor compared with the adjacent normal tissues (Figures 1A–D; p = 0.0707, p = 0.0001, p < 0.0001, and p = 0.4207). Correlation analysis showed that several chemokines were significantly associated with one another in adjacent normal tissues but not tumor tissues, indicating that different chemokines might be regulated simultaneously in adjacent normal tissues during tumor progression (Figure 1E).




Figure 1 | CXCL9, CXCL10, CXCL11, and CCL5 were selectively regulated in tumor and adjacent normal tissues and decreased with progressive stages in CRC patients. Quantitative real-time polymerase chain reaction (qPCR) results of gene expression are shown for CXCL9, CXCL10, CXCL11, and CCL5 in tumor and adjacent normal tissues (n = 136) (A–D). T, Tumor; N, Adjacent normal. Results are expressed as means ± SEM. (E) Correlation between the relative expression level of CTTCs in tumor and adjacent normal tissues. Pearson correlation coefficients calculated from the relative expression of CTTCs are shown. **p < 0.001. (F, G) Representative dot plots of at least three individuals from more than three independent experiments; the continuous and dashed horizontal bars in (F, G) represent median values.



In CRC, the expression level of CTTCs in tissues can significantly impact the distribution of CTCs and then the patients’ clinical outcome (2–4). Therefore, we further examined the expression level of CTTCs from patients at different stages of CRC. In tumor, the expression level of chemokine CXCL9 and CXCL11 was significantly decreased in advanced stage CRC patients (stages IV, n = 11; p = 0.02 and p = 0.045; Figure 1F) compared to those in early stages (stages I, II and III, n = 18). Moreover, the expression level of chemokine CXCL11 and CCL5 in the adjacent normal tissues was significantly lower in advanced stage CRC (stages IV, n = 11; p = 0.027 and p = 0.0001; Figure 1G) than those in early stages (stages I, II, and III, n = 18). In addition, no significant difference was observed in the expression level of CXCL10 in the tumor or adjacent normal tissues between patients in advanced stage and those in early stages (p = 0.127 for tumor and p = 0.167 for adjacent normal; Figures 1F, G). Collectively, the results indicated that the three CTTCs (CXCL9, CXCL11, and CCL5) were selectively regulated in tumor or adjacent normal tissues and decreased with progressive stages in CRC patients.



Association Between CTTC Expression and Local CD8+ T-Cell Infiltration

The CRC patients were then categorized into two groups according to the expression level of CTTCs (CXCL9, CXCL10, CXCL11, and CCL5) in tumor. To evaluate the potential role of these chemokines in the localization of immune cells, immunofluorescence staining was applied to examine the in situ infiltration of CXCR3+ and CD3+ cells in CRC patients. CXCR3+ cells were enriched in tumor tissues from CXCL9high patients, which also was the hotspot for CXCR3+ CD3+ cells (Figure 2A). Additionally, the infiltration density of CD8+ T cells in tumor and adjacent normal tissues was assessed and compared between patients with high and low CTTC expression (Figures 2B–D). We found that the density of CTCs was significantly higher in tumors in the CXCL9high group than that in the CXCL9low group (Figure 2C). In adjacent normal tissues, the density of CTCs was higher in the CCL5high group than in the CCL5low group (Figure 2D). Taken together, the results showed that the CXCL9high group in tumor or CCL5high group in adjacent normal tissues exhibited relatively higher CTC infiltration than the matched chemokine low group, implicating altered anti-tumor immune activity.




Figure 2 | Association between the cytotoxic T-cell trafficking chemokine expression and local CD8+ T-cell infiltration. (A) Immunofluorescence microscopy of CRC tissue sections from CRC patients with high or low CXCL9 expression levels, and stained with anti-CD3 (green) and anti-CXCR3 (red) monoclonal antibodies. (B) CD8 (brown) immunostaining of tumor tissues from CRC patients. Representative images of low (upper panel) or high (lower panel) CD8 score are shown. (C, D) Comparison of the mean ( ± SEM) of CD8+ cell densities in high (blue bars) and low (red bars) expression levels of individual chemokines within the tumor (left) or adjacent normal tissues (right) from CRC patients (n = 29).





Prognostic Significance of CTTCs in CRC Patients

To address whether CTTC expression was associated with CRC progression, we analyzed the correlation between relevant clinical features and the expression level of these chemokines in tumor or adjacent normal tissues from 136 patients. Using the median value (50–50 division), the expression level of CXCL9, CXCL10, CXCL11, and CCL5 in tumor or adjacent normal tissues allowed the stratification of patients into groups. We first determined if any significant associations existed between clinical characteristics and these chemokines. The results showed that in tumor, the expression of CXCL9 negatively correlated with tumor stage, nodal and distant metastases, and Dukes’ stage (p = 0.01, p = 0.005, p = 0.005; Table 1), but not with the other three chemokines (data not shown).


Table 1 | Association of CXCL9 mRNA expression levels in tumor with clinicopathologic characteristics.



Kaplan–Meier survival curves further showed positive correlations between CXCL9 expression level and OS (p = 0.048) and disease-free survival (DFS) (p = 0.032) in tumor tissues, but not with the other three chemokines in tumor or adjacent normal tissues (Figures 3A, B and Table 2). Multivariate Cox proportional hazards analysis was then performed, with variables associated with survival in univariate analysis adopted as covariates. In multivariate analysis shown in Table 2, the CXCL9 expression level in tumor could not emerge as an independent prognostic factor of both OS (HR, 0.205; 95% CI, 0.043–0.988; p = 0.062) and DFS (HR, 0.443; 95% CI, 0.265–0.742; p = 0.065). These results suggested that chemokine CXCL9 was significantly associated with CRC progression, but might not serve as a powerful predictor of CRC survival alone.


Table 2 | Univariate and multivariate analyses of factors associated with survival and recurrence.






Figure 3 | Prognostic significance of CXCL9, CXCL10, CXCL11, and CCL5 in CRC patients. Cumulative OS times were calculated by the Kaplan–Meier method and analyzed by the log-rank test. The patients were divided into two groups according to the median value of CXCL9, CXCL10, CXCL11, and CCL5 in tumor (A) or adjacent normal tissues (B).





Difference of MAM Between Tumor and Adjacent Normal Mucosae

As gut MAM could serve as stimulation that impacted the chemokine expression, we next continued to identify MAM in tumors and paired adjacent normal mucosae from the CRC patients. To investigate how MAM changed in tumors compared with adjacent normal tissues, we compared paired tumor and adjacent normal tissues from 101 patients in our CRC cohort (Table 3). Wilcoxon signed-rank tests showed that alpha-diversity indices, including the Shannon and Simpson indices and Pielou’s evenness, were significantly decreased in tumors (p < 0.0001, p = 0.0041 and p = 0.0014, respectively, Figures 4A–C), while richness indices, such as ACE, Chao, and phylogenetic diversity (PD) whole tree, were also decreased in tumors (p < 0.0001, p < 0.0001, and p < 0.0001, Figures 4D–F) compared with paired adjacent normal tissues. As for beta-diversity, principal coordinate analysis (PCoA) could not separate the microbiomes from tumor and adjacent normal mucosae into different clusters, which could be due to significant inter-individual variation (data not shown).


Table 3 | Characteristics of Patients.






Figure 4 | The diversity and richness of the MAM in tumor and adjacent normal mucosae. The diversity indices, such as Shannon (A), Simpson (B), and Heip evenness (C), and the richness indices, such as ACE (D), Choa (E), and PD whole tree (F), are used to evaluate the overall structure of the mucosae microbiota in the CRC patients. p-values are derived from two-sided Wilcoxon signed rank tests. The colors indicate increase (blue) or reduction (red) of the diversity indices in tumor compared with adjacent normal tissues.



In our CRC cohort, abundance changes of operational taxonomic units (OTUs) were found at multiple taxonomic levels between the tumor and paired adjacent normal mucosae (Figures 5A, B; Supplementary Figure S2 and Additional Files 1–6). At the phylum level, significant changes were found between the tumor and paired adjacent normal mucosae [false discovery rate (FDR) q ≤ 0.1], with enrichment of Fusobacteria and Synergistetes, and decrease of Cyanobacteria, Actinobacteria, Gemmatimonadetes, Acidobacteria, TM7, Chlorobi, Verrucomicrobia, Chloroflexi, OD1, Armatimonadetes, OP3, [Thermi], Nitrospirae, WPS-2, Elusimicrobia, BRC1, GOUTA4, Deferribacteres, Fibrobacteres, GN02, Planctomycetes, SR1, WS4, and AC1 in the tumor mucosae (Figures 5A, B and Additional File 6). In general, 225 gut microbiota OTUs (grouped at 99% sequence identity) were differentially abundant between tumor and adjacent normal mucosae (FDR q ≤ 0.1; Additional File 1). Most of the differentially abundant OTUs (19/225) were less abundant in the tumor than in the adjacent normal mucosae. Of note, taxa that were detected in over 90% of the patients and were enriched in tumors included Fusobacterium, Bacteroides, Stenotrophomonas, Lactobacillus, and Parvimonas genera (Supplementary Figures S2A–D). The widely distributed tumor microbiomes showed decreased abundances of taxa within the order Streptophyta and Bacteroidales, also the family S24-7 and Rikenellaceae, as well as species, namely, Parabacteroides distasonis, Bacteroides uniformis, Akkermansia muciniphila, and Clostridium ramosum, and species in Turicibacter genus (Figures S2E–J and Additional File 1).




Figure 5 | Phyla involved in tumor-associated signature with CRC. (A, B) Relative abundance of significantly different phyla between tumor and adjacent normal tissues. The two-sided Wilcoxon signed rank test was used to evaluate the importance of comparisons. Tumor (red bars), Adjacent normal (blue bars).





Large Centralities of Oral Bacteria in CRC MAM Network

The structure change of the mucosae microbiota is the result of dynamic interactions between community members. The SparCC algorithm was employed to construct microbial interaction networks. Here, we observed both co-occurrence and co-excluding interactions of significantly different OTUs between the tumor and adjacent normal mucosae (Figures 6A, B and Supplementary Figures S3A, B). As shown in Figure 6A, the microbial network interactions in tumors mainly occurred among genera belonging to phyla Firmicutes and Proteobacteria. Notably, co-occurrence interactions among oral bacteria Fusobacterium, Peptostreptococcus, Parvimonas, Gemellaceae, and Campylobacter, and between Fusobacterium and Clostridium were observed in both tumor and adjacent normal network. In addition, co-occurrence interactions between oral bacteria Fusobacterium and Lachnoanaerobaculum, between Fusobacterium and Bulleidia, and between Lachnoanaerobaculum and Selenomonas were exclusively observed in tumors. The mucosae microbiota in adjacent normal tissues was also dominated by Firmicutes and Proteobacteria and consisted mainly of the six phyla observed in the tumor group (Figure 6B). However, the richer interaction network incorporated more commensal bacteria, with interactions among the family S24-7, Streptophyta, and Acinetobacter presented in adjacent normal tissues.




Figure 6 | Correlation network of differential MAM in tumor (A) and adjacent normal mucosae (B). The correlation coefficients were calculated with the Sparse Correlations for Compositional data algorithm (SparCC). A subset of significant correlations with strengths of at least 0.45 in the mucosae commensals at the genera level were selected for visualization using Cytoscape version 3.6. The size of the nodes corresponds to weighted node connectivity (WNC) scores. Red and green lines represent positive and negative correlations, respectively.



Weighted node connectivity (WNC) scores were calculated to determine hub microbes with significant roles in CRC microbial ecological network. To prioritize differentially abundant taxa, we next focused on OTUs with large WNC scores, which indicated large centralities and importance in the CRC MAM interaction network. These taxa with large centralities included genera Peptostreptococcus, Fusobacterium, Parvimonas, Bulleidia, Rhodoplanes, Candidatus Solibacter, Dialister, Lachnoanaerobaculum, and Selenomonas in tumors (Figure 6A). Species-level identification of these OTUs included Clostridium aldenense, Lachnoanaerobaculum orale, Bacteroides fragilis, Ruminococcus bromii, Bacteroides uniformis, and Parabacteroides distasonis (Supplementary Figure S3A). Their centralities suggested that they can form a backbone of niche-specific relationships and might exhibit significant influence on the tumor microbial ecology.



Altered MAM Functions in Tumors

To determine the potential functional impact of taxonomic changes in CRC MAM, microbial functions associated with CRC in MAM were then predicted by using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt). Results from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways showed 18 differentially altered functions at the L2 level between tumor and adjacent normal mucosae with a threshold of Benjamini-Hochberg p-values <0.05 (Supplementary Figure S4). Functions enriched in adjacent normal tissues compared to tumors at the L3 level such as pathogenic Escherichia coli infection, Fc gamma R-mediated phagocytosis, and p53 signaling pathway (Supplementary Figure S5). In contrast, 18 pathways at the L3 level were enriched in tumors compared to adjacent normal tissues, such as MAPK signaling pathway, Fc epsilon RI signaling pathway, Carbohydrate digestion and absorption, Lipopolysaccharide biosynthesis, Nucleotide metabolism, D-Alanine metabolism, Epithelial cell signaling in Helicobacter pylori infection, Bacterial toxins, Amino acid metabolism, and Antigen processing and presentation.



Distinctive CTTC Expression Profiles Were Associated With MAM

To assess the correlations between the relative abundance of defined MAM and the expression of individual CTTCs in CRC, correlation was analyzed between the expression of CTTCs and the abundance of differently enriched OTUs in tumor compared to adjacent normal mucosal tissues. CTTCs including CXCL9, CXCL10, CXCL11, and CCL5, which were differentially expressed between tumor and adjacent normal tissues (Figures 1A–D), were significantly correlated with the abundance of several OTUs (Figures 7A–H and Additional File 7). In particular, abundance of several OTUs, mainly including Acinetobacter lwoffii, species in Wautersiella genus, and Desulfobacteraceae family, was significantly correlated with expression of at least two kinds of CTTCs in tumor tissues. It has been reported that Methylobacteriaceae was associated with all prognostically favorable T-cell markers and most corresponding recruiting chemokines (19). In line with this, Methylobacterium adhaesivum was associated with the high expression of CXCL10 in tumor tissues. Moreover, Streptomyces mirabilis, Psychrobacter marincola, Acinetobacter johnsonii, Psychrobacter sanguinis, and species in Photobacterium and Acinetobacter genus and SHA-31 family were significantly correlated with expression of at least two kinds of CTTCs in adjacent normal tissues. Although for each of the CTTCs, their correlated OTUs in tumor and adjacent normal tissues rarely overlap with each other, we still found several OTUs that were correlated with CTTCs in both tumor and adjacent tissues such as Desulfosporosinus meridiei, Rothia mucilaginosa, and Haemophilus parasuis, and species in B-42 and Catonella genus, Neisseriaceae and ML1228J-1 family, and Spirobacillales and GN03 order (Figures 7A–H). Notably, taxa that have been reported to be associated with CRC progression (22), such as species in Fusobacterium and Parvimonas genus, were only positively correlated with the CTTCs in tumor (Figures 7A–D). Notably, taxa that have been reported to be associated with CRC progression (22), such as species in Fusobacterium and Parvimonas genus, were only positively correlated with the CTTCs in tumors (Figures 7A–D).




Figure 7 | Networks of OTUs associated with CTTCs in tumor and adjacent normal tissues. Each node represents an OTU. Nodes (OTUs) are shown if the abundance of the OTU is significantly correlated with the expression of CXCL9, CXCL10, CXCL11, or CCL5 in either tumors (A–D) or adjacent normal mucosae (E–H) (p < 0.05). The color and size of nodes denote the P value and correlation coefficients (r) of correlation between OTUs and CTTCs.



We then analyzed how the MAM was altered during CRC progression. Changes in the microbial communities were identified by comparing the patients at low Dukes’ stages (stages I–II) with those at high Dukes’ stages (stages III–IV) and linear discriminant analysis (LDA) effect size (LEfSe) to compare the taxonomic abundance. In addition, we added the chemokine levels into the risk index to generate the ROC curves (Supplementary Figures S6A–D). Our results showed that the changes in abundances of specific taxa in tumor or adjacent normal mucosae can be used as a classifier that distinguishes between low/high Dukes’ stage at a fixed specificity of 81.1% and 81.4% (Addition File 7). Besides, the addition of CTTC levels into the risk index would slightly improve the specificity at 83.0% and 88.3%.




Discussion

In the present study, we aimed to explore the chemotactic factors associated with CRC prognosis and to profile MAM of CRC patients and to investigate the relationship between mucosae microbiota and chemokines involved in CTC recruitment during CRC progression. Based on existing reported clinical data and evidence, we explored major chemokines (including CCL5, CXCL9, CXCL10, and CXCL11) associated with recruitment of CTCs into CRC tissues (5, 12, 27–29).

In our current cohort, significant positive correlations between expression of CXCL9, CXCL10, and CXCL11 were detected in adjacent normal tissues, suggesting that these chemokines, targeting the same chemokine receptor, may be concomitantly induced and regulated, pointing to their co-expression in normal tissues. Notably, such co-expression was dramatically weakened in tumors, indicating dysregulation of the CTTCs in the tumor microenvironment. Particularly, we found that in tumors, the expression of CXCL9 negatively correlated with tumor stage, nodal and distant metastases, and Dukes’ stage, and predictive of favorable clinical outcome. Due to the limitation of follow-up time, we could only evaluate the impact on identified chemokines on patients’ 3-year survival instead of 5-year survival in our cohort. Therefore, more follow-up work needs to be completed in the future in order to assess the prognostic value of these CTTCs on the long-term survival and DFS of patients. Previous reports showed that the positive prognostic significance of these chemokines could rely on their capacity to attract the T-cell populations with receptors into tumor tissues (5, 12, 13). In consistent with previous findings, our data also showed that tumors with high CXCL9 expression level or adjacent normal tissues with high CCL5 expression level were infiltrated with a higher number of CTCs. It should be noted that a higher-level infiltration of CD8+ T cells does not directly confirm a higher immune activity before further functional validation. Nevertheless, patients with better prognosis outcome might benefit from higher levels of CTTCs within CRC tissues, and more CTC infiltration could possibly be linked to tumor suppression. Recently, Yu et al. observed an increased exhaustion phenotype of intratumoral CD8+ T cells that were hyper stimulated by several bacterial species to promote chronic inflammation and consequently tumor development (30), indicating that certain bacterial species could be useful microenvironmental stimuli and dynamically regulate CD8+ T-cell function. These findings, taken together, underscore the possibility of CD8+ T cells’ functional recovery by gut bacteria intervention, as well as the importance of potential mechanisms on how the microbiome may alter anti-tumor response by CD8+ T cells via the chemokine–chemokine receptor axis.

Our CRC patients showed heterogeneous CTTC expression and its dysregulation in tumors compared to adjacent normal tissues. Such changes might reflect distinct genetic backgrounds and/or exposure to different microorganisms in the tumor microenvironment. Recent studies reported that stimulation by gut commensal bacteria induced upregulation or de novo expression of multiple chemokines in tumor cell lines (18, 19). However, specific microbes in MAM correlated to high chemokine expression, and immune cell infiltration in human CRC samples was not evaluated by far. In the current study, the gut MAM in tumor and adjacent normal tissues showed distinct taxonomic composition, with decreased diversity and richness in tumor tissues. Our findings in CRC are thus in line with a previous hypothesis that altered microbial diversity can be recognized as a feature of disease status, including inflammatory diseases and cancer (31–33).

In addition to confirmation of previously reported association between microbes and CRC, our MAM analysis also revealed novel taxonomic changes in the disease. At the phylum level, Fusobacteria was substantially enriched in tumor MAM in our CRC patients, in consistent with previous reports (34–37). Notably, Synergistetes could be a novel phylum significantly enriched in tumors, although its abundance was much lower compared with that of Fusobacteria in the CRC patients. Synergistetes has not previously been reported as a tumor-enriched phylum in gut microbiome studies with European and American CRC cohorts (22, 22, 35), suggesting that this phylum might be a characteristic in our local Chinese CRC cohort. At the genus level, Fusobacterium has been reported as the most abundant genus, which resides in the oral cavity as commensals, but can be an opportunistic pathogen for colon carcinogenesis via alterations in signaling pathways or impairment of antitumor immune functions (20). In addition, it has been demonstrated that Fusobacterium nucleatum plays a role in the development and progression of colon cancer (20, 38–40), and it has also been detected in patient samples with nodal and distant metastasis (41–44). In our current study, we also confirmed a significantly increased abundance of Fusobacterium in tumor compared with adjacent normal tissues and in advanced stage CRC patients compared with early-stage CRC patients, suggesting it as an important and dominant candidate pathogen in both occurrence and development of CRC. Moreover, B. fragilis was shown in our data to be detected in 95% of CRC tumor tissues, and it could possibly stimulate an inflammatory status that can promote carcinogenesis via induction of proinflammatory toxins as reported (45).

It is noteworthy that our findings demonstrate substantial alteration of MAM microbial functions in CRC patients. Pathways related to genetic information processing and bacterial toxin biosynthesis were also found at higher abundance in tumor, which was in line with the increase of bacteria that could synthesize proinflammatory toxins, such as B. fragilis. In contrast, microbial pathways associated with metabolism were downregulated in tumor. Such findings, in line with a previous report in other cohorts (22), indicate that during CRC progression, altered microbiome could be involved in shifted host immune response and metabolism, which were key components of carcinogenesis and the maintenance of local microenvironment of CRC.

Previous reports showed that CTTCs might predict favorable outcome in CRC patients (3, 4). However, our data showed that CTTCs could not serve as a powerful predictor of patient survival. Moreover, our results revealed that a set of defined microbes positively associated with the expression of CTTCs in CRC patients, suggesting that intervention of gut microbiota might be useful in targeting the balance of the tumor microenvironment of CRC. Notably, a group of defined microbes in tumor and adjacent normal mucosae were associated with expression of CTTC genes, possibly indicating their capacity to promote recruitment of CTC populations. Most of the correlations between OTUs and CTTCs in tumor and adjacent normal tissues were not found in the other tissue types, in line with the dysregulation of CTTCs in tumors. Interestingly, Methylobacteriaceae was positively correlated with CXCL10 in both tumor and adjacent normal mucosa in our CRC patients, and it has been reported to be associated with prognostically favorable T-cell markers and most corresponding recruiting chemokines (19). The results suggested that in view of the complex tumor microenvironment, both cancer-promoting and cancer-suppressing factors could co-exist in MAM. Considering that species in Fusobacterium genus was one of the mucosal bacteria that promoted tumor development, this could partially explain why the chemokine CXCL9 could not serve as a powerful independent predictor of our CRC patient survival. Importantly, among the microbes positively associated with CTTCs such as CXCL9, there were a set of gram-negative bacteria. The enriched gram-negative bacteria in tumors could possibly stimulate an inflammatory state, induce the increase of CTTCs in the tumor microenvironment, and affect the progression and prognosis of CRC patients. Such findings might improve our understanding of the microbiota dynamics along CRC progression and provide new insight into the development of treatment strategies with immune therapy. Further studies are thus warranted to clarify the species-level or strain-level impact of MAM microbes on chemokine secretion in tumor tissues and T-cell infiltration.

In conclusion, the current study reveals the significant correlation between cytotoxic trafficking chemokines and gut MAM in CRC patients and improved prognosis. This knowledge might eventually pave the way towards development of innovative treatments by modifying gut microbiota to promote cytotoxic T-cell infiltration for the favorable prognostic significance.



Data Availability Statement

Our data has been successfully deposited to NCBI. The accession number is: PRJNA669258.



Ethics Statement

The studies involving human participants were reviewed and approved by Medical Ethics Committee of Jiangnan University. The ethics committee waived the requirement of written informed consent for participation.



Author Contributions

JZ and J-HC designed the study, analyzed the data, and wrote the paper. CQ and R-NG developed the clinical sample cohorts, and JT, C-YR, R-NG, and Q-CL managed collection of clinical samples and information, DNA extraction, and quantification. JZ analyzed the NGS data. JZ and K-WW performed the statistical analysis. GY, Y-SL, and J-HC, in addition to all other co-authors, reviewed the manuscript, provided feedback, and approved the manuscript in its final form. All authors contributed to the article and approved the submitted version.



Funding

This study was supported in part by grants from the National Natural Science Foundation of China (No. 31671311), the Chinese Postdoctoral Science Foundation (No. 2019M651713), Jiangsu Planned Projects for Postdoctoral Research Funds (No. 2018K239C), the Youth Foundation of Jiangsu Natural Science Foundation (No. BK20180617), Guangdong Basic and Applied Basic Research Foundation (No. 2019A1515012062), the Fundamental Research Funds for the Central Universities (JUSRP51712B and JUSRP1901XNC), the Program for High-Level Entrepreneurial and Innovative Talents Introduction of Jiangsu Province, Guangdong High-level Personnel of Special Support Program, Yangfan Plan of Talents Recruitment Grant, the Taihu Lake Talent Plan, Research Program of Public Health Research Center, Jiangnan University (JUPH201827), Youth Research Program of Wuxi Health Commission (Q202011) and Wuxi Institute of Translational Medicine.



Acknowledgments

We are grateful to the participants that have made this research possible.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.715559/full#supplementary-material

Supplementary Figure 1 | Differential enrichment of representative species between tumor and adjacent normal mucosae microbiomes. Representative dot plots of each tumor tissue with corresponding paired adjacent normal tissue indicating the relative abundances of representative microbes that are presented in over 90% of the patients and are differentially abundant between tumor and adjacent tissues (A–N). The continuous and dashed horizontal bars denotes median abundance. Results are expressed as means ± SEM.

Supplementary Figure 2 | Multiple taxonomic levels involved in tumor associated-signature with CRC. (A–J) Relative abundance of significantly different taxa between tumor and adjacent normal tissues. The two-sided Wilcoxon signed rank test is used to evaluate the importance of comparisons. Tumor (Red Bars), Adjacent normal (Blue Bars).

Supplementary Figure 3 | Correlation network of differential MAM in tumor (A), adjacent normal mucosae (B). The correlation coefficients are calculated with the Sparse Correlations for Compositional data algorithm (SparCC). A subset of significant correlations with strengths of at least 0.4 in the mucosae commensals at the OTU level are selected for visualization. The size of the nodes corresponds to weighted node connectivity (WNC) scores. Cytoscape version 3.6.1 is used for network construction. Red and green lines
represent positive and negative correlations, respectively.

Supplementary Figure 4 | Representative KEGG pathways (A) and level 2 COG (B) of MAM that are enriched in tumor or adjacent normal mucosae. PiCRUSt-based CRC MAM functions are analyzed in tumor and adjacent normal tissues. The microbial functions between the two groups are compared based on two-sided Welch’s t-test. The Benjamini-Hochberg method was used for multiple testing correction based on the false discovery rate (FDR) by STAMP.

Supplementary Figure 5 | Summary cladogram of differentially abundant KEGG (level3) modules imputed in MAM. Node sizes represent the tumor to adjacent normal relative abundance ratios. Clades and nodes are annotated in a clockwise manner. Functional categories at level 1and 2 are distinguished by respective node shapes and lower-case letters. Node colors represent enriched functions in tumor (red) and those in adjacent normal tissues (blue). The letters on annotation, I and D stands for increased and decreased function in tumors, respectively.

Supplementary Figure 6 | ROC curves analysis to evaluate the discriminatory potential of mucosal microbial community combined with CCTC levels in Ducks’ stage identification. (A) Microbial community at the tumor mucosal classify Low- Ducks’ stage (stages 1–2) from high- Ducks’ stage (stages 3–4). (B) Microbial community combined with CCTC at the tumor mucosal classify Low- Ducks’ stage (stages 1–2) from high- Ducks’ stage (stages 3–4). (C) Microbial community at the adjacent normal mucosal classify low-Ducks’ stage (stages 1–2) from high-Ducks’ stage (stages 3–4). (D) Microbial community combined with CCTC at the adjacent normal mucosal classify low-Ducks’ stage (stages 1–2) from high-Ducks’ stage (stages 3–4).
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Escherichia coli is one of the most important pathogens that cause clinical mastitis in dairy cattle worldwide and lead to severe economic losses. Antibiotics are often used to treat this inflammatory disease; however, antimicrobial resistance and environmental pollution cannot be ignored. Probiotic is the best alternative; however, its mechanisms of action to prevent mastitis remain unclear. Moreover, the role of probiotics in regulating mitophagy, a selective autophagy that maintains mitochondrial quality, needs to be explored. E. coli infection induced NOD-like receptor family member pyrin domain-containing protein 3 (NLRP3) inflammasome assembly, Caspase-1 activation, and apoptosis in MAC-T cells. Infection also resulted in mitochondrial damage and subsequent increase in reactive oxygen species (ROS) production. Moreover, inhibition of ROS release by scavenger N-acetyl-L-cysteine (NAC) abrogated the importance of ROS in NLRP3 assembly and apoptosis in MAC-T cells. Pretreatment with Lactobacillus rhamnosus GR-1 (LGR-1), a probiotic, alleviated E. coli-induced NLRP3 inflammasome activation and apoptosis via ROS inhibition. Besides, E. coli infection inhibited mitophagy while LGR-1 pretreatment augmented PINK1/Parkin–mediated mitophagy activation, which further blocked ROS generation. To explore the effect of LGR-1 in vivo, a mouse mastitis model was established. The results showed that LGR-1 pretreatment had preventive and protective effects on E. coli induced mastitis, and could reduce cytokines levels such as IL-1β and TNF-α. In accordance with the results in vitro, E. coli can inhibit mitophagy and activate NLRP3 inflammasome and apoptosis, while LGR-1 can weaken the effect of E. coli. Taken together, our data indicated that LGR-1 pretreatment induced PINK1/Parkin-mediated mitophagy that eliminated damaged mitochondria and reduced ROS production and NLRP3 inflammasome activation, which subsequently decreased E. coli-induced apoptosis. To conclude, our study suggests that therapeutic strategies aiming at the upregulation of mitophagy under E. coli-induced mastitis may preserve mitochondrial function and provide theoretical support for the application of probiotics in bovine mastitis.
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Introduction

Mastitis, mainly caused by a microbial infection, is the inflammation of the breast parenchyma associated with lactation (1). In dairy cattle, mastitis, which causes swelling and pain in the udder and systemic inflammatory injuries, seriously affects animal health and reduces milk yield and quality, leading to considerable economic losses worldwide (2). Clinical bovine mastitis caused by Escherichia coli (E. coli) leads to endotoxin shock and death in extreme cases (3, 4). Although many countries have improved farm management practices and reduced the incidence, mastitis caused by E. coli has proven difficult to solve (5). So far, antibiotics have been used to treat mastitis. However, this approach often leads to environmental pollution, bacterial resistance, and antibiotic residues, which affect human health, increase veterinary care costs, and result in premature slaughter (6, 7). Therefore, it is necessary to find a target and a new drug or any other alternative to prevent and treat mastitis in dairy cattle.

Probiotics have gained special attention as an alternative to antibiotics. They are defined as “live microorganisms which when administered in adequate amounts confer a health benefit on the host” (8). Microbes recognized as intestinal probiotics include Lactobacillus, Bifidobacterium, Streptococcus, and few E. coli strains (9). Many studies have demonstrated Lactobacillus and Bifidobacterium’s antioxidant activities that help defend against pathogen infection (10–12). Lactobacillus rhamnosus GG inhibited autophagy induced by Salmonella enterica serovar Infantis though promoting EGFR-mediated Akt activation (13). Several studies have analyzed probiotics for the treatment of gastrointestinal infections; however, few studies are more interested in the application of probiotics in breast. A study indicated that intestinal microbiota dysbiosis may be one of the causes of mastitis, and probiotics can improve the symptoms of mastitis (14). Meanwhile, our previous study showed that Lactobacillus rhamnosus GR-1 (LGR-1) reduced excessive NOD-like receptor family member pyrin domain-containing protein 3 (NLRP3) inflammasome activation induced by E. coli, thereby reducing interleukin-1 beta (IL-1β) secretion (15). However, the mechanism employed by LGR-1 to attenuate the NLRP3 signaling pathway activation in E. coli-induced bovine mastitis needs to be elucidated.

During a microbial infection, the host immune system gets activated. Increasing evidence has shown autophagy’s role in regulating this immune response and inflammation to resist microbial infection (16, 17). The deletion of autophagic protein Beclin-1 in macrophages isolated from the mouse lead to the activation of NLRP3 inflammasome and the increased secretion of IL-1β and interleukin-18 (IL-18) (18). Autophagy activation inhibited the secretion of IL-1β and enhanced the degradation of inflammasome (19). These findings indicated that autophagy negatively regulates inflammasome activation. Mitophagy, the selective autophagy of mitochondria, reduces the production of free radicals, adjusts the dynamic balance of mitochondria, and maintains cell survival (20). Although the correlation between mitophagy and NLRP3 inflammasome activation is unclear, mitochondria-derived reactive oxygen species (ROS) are known to participate in NLRP3 inflammasome activation (21). When mitophagy function is impaired, the damaged mitochondria-induced the excessive accumulation of ROS (mtROS) causes NLRP3 inflammasome activation and leads to an inflammatory cascade (22). NLRP3 inflammasome has been proved to play a key role in the host defense against microbial infections (23, 24). Studies have shown that NLRP3 can identify Salmonella typhimurium infections in macrophages and promote Caspase-1-dependent cell death and IL-1β production (25). Researchers also observed NLRP3 inflammasome activation induced by E. coli (15), C. rodentium (26) and Staphylococcus aureus (27) infection in macrophages. These studies indicated that the activation of NLRP3 inflammasome was very closely related to the interaction between host and bacteria. In our previous study, LGR-1 attenuate E. coli-induced NLRP3 inflammasomes activation, however, mechanism is not yet known. Moreover, during infection, E. coli decreases mitochondrial transmembrane potential, increase depolarization rate (28), and reactive oxygen species (ROS) levels (29) and subsequently results in cell apoptosis. However, the role of mitochondrial damage and mitophagy in E. coli-induced bovine mastitis is not known. The protective role of mitophagy pathway during LGR-1 action needs to be explored.

Therefore, we hypothesize that LGR-1 probiotic inhibits E. coli-induced cell apoptosis NLRP3 inflammasome assembly and by blocking ROS production and mediating mitophagy activation. In the present study, we examine the correlation between probiotics and mitophagy and its role in defense against the pathogen, specifically during coliform mastitis.



Results


LGR-1 Alleviates Mitophagy Inhibition in E. coli-Infected MAC-T Cells

Autophagy is a host defense system that plays a vital role in resisting bacterial infections. First, we explored the correlation between E. coli infection and autophagy. After 8 h, E. coli infection reduced LC3II, ATG5, and Beclin1 expression levels and LC3II to LC3I ratio compared with the control, while LGR-1 pretreatment alleviated this reduction (Figure 1A). In contrast, E. coli infection increased p62 expression, a common autophagy substrate, indicating autophagic flux blockage, while LGR-1 pretreatment attenuated this increase (Figure 1A). Confocal laser scanning confirmed the inhibition of autophagy in MAC-T cells (Figure 1B). Besides, E. coli infection significantly decreased LC3 puncta while LGR-1 pretreatment increased LC3 puncta (Figure 1B). These results suggest that E. coli inhibits autophagy, and LGR-1 alleviates this inhibition. Interestingly, E. coli significantly reduced PINK1 and Parkin protein levels, and LGR-1 pretreatment prevented this reduction (Figure 1A). Furthermore, immunofluorescence revealed colocalized Parkin and MitoTracker in LGR-1 pretreated MAC-T cells, indicating the formation of mitophagosomes (Figure 1C). Consistent with the immunofluorescence results, TEM showed mitophagosomes in LGR-1 pretreated MAC-T cells (Figure 1D). TEM results also showed that E. coli can cause mitochondria swell, mitochondrial cristae disappear and vacuolization (Figure 1D). Collectively, our findings indicate PINK1/Parkin–mediated mitophagy was inhibited in MAC-T cells infected with E. coli.




Figure 1 | LGR-1 alleviates Escherichia coli-induced inhibition of mitophagy in MAC-T cells. (A) Western blot analysis of PINK1, Parkin, Beclin-1, ATG5, p62, and LC3. The lower right panel shows the protein quantification using ImageJ software (version 1.50). (B) Representative immunofluorescence images of LC3 (green). DAPI (Blue) stains the nucleus. Scale bar, 10 µm. (C) Representative images and quantification of immunofluorescence double-labelling Parkin (Green) and mitochondrial marker (MitoTracker, red). DAPI (Blue) stains the nucleus. Scale bar, 10 µm. (D) Representative TEM images of mitochondria and autophagosomes. Red M, mitochondria; Green arrows, autophagosome; Yellow arrows, E coli. Scale bar, 0.5 µm. Confluent MAC-T cell were pretreated with LGR-1 (105 CFU/mL, MOI = 1) for 3 h, washed three times with PBS, and exposed to E coli (107 CFU/mL, MOI = 66). Cells were analyzed 8 h after E coli infection. Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.



In order to further verify the relationship between LGR-1, E. coli and mitophagy, we used promoter and inhibitor for positive and negative verification respectively. MAC-T cells were incubated with 3-MA before exposure to LGR-1 and Rapa for 12 h before exposure to E. coli. Immunoblot analysis of PINK1, Parkin, p62, LC3, ATG5, and Beclin-1 showed that mitophagy was inhibited by 3-MA and activated by Rapa. The increased levels of PINK1, Parkin and LC3II proteins, proved that Rapa promoted mitophagy. The decreased levels of PINK1, Parkin and LC3II proteins, proved that 3-MA inhibited mitophagy. E. coli decreased PINK1, Parkin, p62, LC3, ATG5, and Beclin-1 expression levels and increased p62 expression level even with Rapa pretreatment (Figure 2A). On the contrary, LGR-1 increased PINK1, Parkin, p62, LC3, ATG5, and Beclin-1 expression levels and decreased p62 expression level even with 3-MA pretreatment (Figure 2B). Similarly, E. coli significantly reduced the number of LC3 puncta (Figure 2D). Furthermore, the colocalization of Parkin and MitoTracker was reduced (Figure 2E) after E. coli infection in cells pretreated with Rapa compared with Rapa control. MitoTracker staining showed mitochondria with a clear outline and a network structure in Rapa-pretreated MAC-T cells compared with the E. coli group (Figure 2E). TEM also showed mitophagosomes and normal mitochondria in Rapa-pretreated MAC-T cells before exposure to E. coli (Figure 2C). These findings suggest that the promotion of mitophagy in MAC-T cells reduced the mitochondrial damage by E. coli and LGR-1 may play a certain protective role by reducing the inhibition of E. coli on mitophagy.




Figure 2 | LGR-1 reduces the inhibitory effect of Escherichia coli on mitophagy in MAC-T cells. (A, B) Western blot analysis of PINK1, Parkin, Beclin-1, ATG5, p62, and LC3. The lower right panel shows the protein quantification using ImageJ software (version 1.50). (C) Representative TEM images of mitochondria and autophagosomes. Red M, mitochondrial; Green arrows, autophagosome; Yellow arrows, E coli. Scale bar, 0.5 µm and 1 µm. (D) Representative immunofluorescence images of LC3 (Green). DAPI (Blue) stains the nucleus. Scale bar, 10 µm. (E) Representative images and quantification of immunofluorescence double-labelling Parkin (green) and mitochondrial marker (MitoTracker, Red). DAPI (Blue, nucleus). Scale bar, 10 µm. MAC-T cells were pretreated with 3-methyladenine (3-MA, 5 mM) for 12 h and then treated with LGR-1 (MOI = 1) for 3 h or pretreated with rapamycin (Rapa, 2 μM) for 12 h and then treated with E coli (MOI = 66) for 8 (h) Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.





LGR-1 Activates Mitophagy to Suppress E. coli-Induced NLRP3 Inflammasome Activation and Apoptosis

Further, we investigated the regulatory role of mitophagy on NLRP3 inflammasome and apoptosis. Immunoblot analysis showed an increase in NLRP3, ASC, and Caspase-1 p10, indicating NLRP3 inflammasome activation in cells infected with E. coli, and LGR-1 reduced this increase (Figure 3A). Chromatin deep staining and nuclear fragmentation, the apoptosis-related events, were observed after E. coli infection (Figures 1B, C). E. coli infection increased BAX and Caspase-3 p17 expression levels and BAX to Bcl-2 ratio and decreased Bcl-2 expression level; LGR-1 pretreatment reversed these phenomena (Figure 3B). These data suggest that LGR-1 can reduce the NLRP3 inflammasome activation and apoptosis induced by E. coli.




Figure 3 | LGR-1 alleviates Escherichia coli-induced NLRP3 inflammasome activation and apoptosis in MAC-T cells. (A, B) Western blot analysis of ASC, NLRP3, Caspase-1, BAX, Bcl-2, and Caspase-3. The lower right panel shows the protein quantification using ImageJ software (version 1.50) Confluent MAC-T cell were pretreated with LGR-1 (105 CFU/mL, MOI = 1) for 3 h, washed three times with PBS, and exposed to E coli (107 CFU/mL, MOI = 66). Cells were analyzed 8 h after E coli infection. Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.



Autophagy negatively regulates NLRP3 inflammasome activation and apoptosis. In order to try to clarify the effect of E. coli/LGR-1 on mitophagy in MAC-T cells without considering other factors, and try to simulate the protective mechanism of LGR-1, Rapa and 3-MA were introduced. LGR-1 pretreatment prior to E. coli infection improved cell state by promoting mitophagy. Rapa displayed a potent inhibitory effect on NLRP3 and Caspase-1 activation in E. coli challenged cells (Figure 4A). In E. coli-infected MAC-T cells, Caspase-3 p17 and BAX expression levels and BAX to Bcl-2 ratio decreased and Bcl-2 expression level decreased by Rapa pretreatment (Figure 4A). Similarly, the state of the nucleus in Rapa-pretreated cells was better than in the cells infected with E. coli after Rapa pretreatment (Figure 4B). In the presence of the autophagy inhibitor 3-MA, NLRP3 inflammasome and apoptosis were activated, and LGR-1 pretreatment alleviated this situation (Figure 4C). These data indicate that activated mitophagy suppresses E. coli-induced NLRP3 inflammasome activation and apoptosis.




Figure 4 | LGR-1 alleviates Escherichia coli-induced inhibition of mitophagy to suppress NLRP3 inflammasome activation and apoptosis in MAC-T cells. (A, C) Western blot analysis of ASC, NLRP3, Caspase-1, BAX, Bcl-2, and Caspase-3. The right panel shows the protein quantification by ImageJ software (version 1.50). (B) Cell apoptosis was detected by staining the nucleus with DAPI (Blue). Scale bar, 10 µm. MAC-T cells were pretreated with LGR-1 (MOI = 1) for 3 h and then treated with 3-methyladenine (3-MA, 5 mM) for 12 h or pretreated with rapamycin (Rapa, 2 μM) for 12 h and then treated with E coli (MOI = 66) for 8 (h) Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.





LGR-1 Alleviates E. coli-Induced ROS Production and Mitochondrial Damage in MAC-T Cells

Furthermore, we analyzed the mitochondria in the MAC-T cells. TOM20 staining showed evenly distributed linear or short, rod-shaped, straight or curved mitochondria with clear outlines, forming a network structure throughout the cytoplasm (Figure 5A). Mitochondria were fragmented in the cells infected with E. coli, and LGR-1 pretreatment returned mitochondria to normal. TEM also showed severe mitochondrial damage, manifested as mitochondrial swelling, loss of cristae, and vacuolization, in cells infected with E. coli; LGR-1 alleviated the damage (Figure 1D). We further measured the T-AOC and ROS and SOD levels in the cells. E. coli decreased T-AOC and SOD level and increased ROS levels, and LGR-1 pretreatment alleviated these trends (Figure 5B). Collectively, our findings indicate that E. coli activates NLRP3 inflammasome and apoptosis by causing mitochondrial damage and oxidative stress and LGR-1 alleviates these effects.




Figure 5 | LGR-1 alleviates Escherichia coli-induced ROS production, mitochondrial damage in MAC-T cells. (A) Representative immunofluorescence images of TOM20 (Green). DAPI (Blue, nucleus). Scale bar, 10 µm. (B) T-AOC and SOD and ROS levels. Confluent MAC-T cell were pretreated with LGR-1 (105 CFU/mL, MOI = 1) for 3 h, washed three times with PBS, and exposed to E coli (107 CFU/mL, MOI = 66). Cells were analyzed 8 h after E coli infection. Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.





LGR-1 Eliminates E. coli-Induced ROS to Suppress NLRP3 Inflammasome Activation and Apoptosis

E. coli induced mitochondrial damage led to the accumulation of ROS, which stimulate NLRP3 and apoptosis. MAC-T cells infected by E. coli showed high ROS levels (Figure 5B). Meanwhile, the ROS levels in E. coli-infected cells pretreated with the ROS scavenger-NAC were similar to those in the control cells (Figure 6C). Furthermore, LGR-1 pretreatment prevented ROS production in response to E. coli infection (Figure 5B), showing the effective ROS scavenging activity of LGR-1. The ROS scavenging effect of LGR-1 was further demonstrated in H2O2-induced MAC-T cells (Figure 8D). We tested the activation of NLRP3 inflammasome and apoptosis after adding NAC. Accompanying the decrease in ROS, NLRP3, Caspase-1 p10, and Caspase-3 p17 levels (Figure 6A) due to E. coli infection was mitigated by NAC, which indicated that E. coli-induced NLRP3 inflammasome and apoptosis activation required ROS production. Therefore, after NAC treatment, the ability of E. coli to induce ROS production is weakened, and ROS levels return to normal levels. The increase in NLRP3, ASC, Caspase-1 p10, BAX, and Caspase-3 p17 levels and BAX to Bcl-2 ratio and the decrease in Bcl-2 level in H2O2-treated cell suggest that H2O2 activates NLRP3 inflammasome and apoptosis by producing ROS (Figure 6B). Meanwhile, LGR-1 showed an effect similar to NAC; LGR-1 alleviated H2O2-induced NLRP3 inflammasome activation and apoptosis (Figure 6B). Flow cytometry showed less Annexin V-positive MAC-T cells after LGR-1 pretreatment compared with H2O2 (Figure 8C). Meanwhile, LGR-1 pretreatment decreased the ROS levels in cells compared with H2O2-induced cells (Figure 8D). Based on these data, we speculate that LGR-1 eliminates ROS to relieve E. coli-induced NLRP3 inflammasome activation and apoptosis.




Figure 6 | Escherichia coli-induced NLRP3 inflammasome activation and apoptosis requires ROS production in MAC-T cells. (A, B) Western blot analysis of ASC, NLRP3, Caspase-1, BAX, Bcl-2, and Caspase-3. The right panel shows the protein quantification using ImageJ software (version 1.50). (C) Flow cytometry analysis of ROS. M1 represents the proportion of cells stained with DCFH-DA. MAC-T cells were pretreated with N-acetyl-L-cysteine (NAC, 5 mM) for 2 h and then exposed to E coli (MOI = 66) for 8 h or pretreated with LGR-1 for 3 h and then exposed to hydrogen peroxide (H2O2, 0.5 mM) for 0.5 (h) Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.





LGR-1 Inhibits NLRP3 Inflammasome Activity to Reduce E. coli-Induced Apoptosis

LGR-1 attenuated NLRP3 inflammasome activation and apoptosis induced by E. coli; therefore, we explored the relationship between NLRP3 inflammasomes and apoptosis. Immunoblot analysis showed an increase in the pro-apoptotic protein (BAX and Caspase3) and decrease in the anti-apoptotic protein (Bcl-2) with E. coli exposure (Figures 3B, 4A, 6A and 7A). MCC950, an NLRP3 inflammasome inhibitor, was used to pretreat MAC-T cells before exposure to E. coli to inhibit NLRP3 inflammasome activation and explore the correlation between NLRP3 inflammasome and E. coli-induced apoptosis. MCC950 abolished E. coli-induced apoptosis, which was demonstrated by the decrease in BAX, BAX/Bcl-2 ratio and Caspase-3 p17 level and an increased in Bcl-2 level in immunoblot analysis (Figure 7A). Flow cytometry also showed less Annexin V-positive MAC-T cells after MCC950 pretreatment (Figure 7B). Collectively, our findings indicate that LGR-1 inhibits NLRP3 inflammasome activity to protect MAC-T cells from E. coli-induced apoptosis.




Figure 7 | Inhibition of NLRP3 inflammasome activation reduces Escherichia coli-induced apoptosis in MAC-T cells. (A) Western blot analysis of BAX, Bcl-2, and Caspase-3. The right panel shows the protein quantification using ImageJ software (version 1.50). (B) Flow cytometry analysis of the percentage of apoptotic cells. MAC-T cells were pretreated with MCC950 (100 nM) for 0.5 h and then exposed to E coli (MOI = 66) for 8 (h) Data presented are mean ± SEM; n = 3. ***p < 0.001.





Silencing PINK1 Blocks the Inhibitory Effect of LGR-1 on ROS, NLRP3 Inflammasome, and Apoptosis

To verify whether LGR-1 eliminates ROS production through mitophagy mediated by PINK1/Parkin to inhibit the activation of NLRP3 inflammasome and apoptosis, we applied siRNA interference technology to knock down the PINK1 protein expression in MAC-T cells. Immunoblot analysis confirmed that siRNA effectively suppressed PINK1 expression (Figure 8A). We further added H2O2 as a positive control to increase ROS production and activate NLRP3 inflammasome and apoptosis. LGR-1 could not reduce H2O2-induced NLRP3, ASC, and Caspase-1 p10 levels after PINK1 was knocked down (Figure 8B). Besides, LGR-1 could not alleviate H2O2-apoptosis, manifested by the increase in BAX, BAX/Bcl-2 ratio, and cleaved-Caspase-3, and the decrease in Bcl-2 (Figure 8B). Knocking down PINK1 inhibited the ROS scavenging effect of LGR-1 (Figure 8C). Flow cytometry showed more Annexin V-positive MAC-T cells after silencing PINK1 compared with the H2O2-induced cells pretreated with LGR-1 (Figure 8D). These results indicate that LGR-1 exerts a beneficial effect through PINK/Parkin-mediated mitophagy.




Figure 8 | Silencing PINK1 blocks the inhibitory effect of LGR-1 on Escherichia coli-induced ROS release, NLRP3 inflammasome activation, and apoptosis in MAC-T cells. (A) Western blot analysis of PINK1 in MAC-T cells after PINK1silencing (si-PINK1). The right panel shows the protein quantification using ImageJ software (version 1.50). (B) Western blot analysis ASC, NLRP3, Caspase-1, BAX, Bcl-2, and Caspase-3 in MAC-T cells after PINK1silencing (si-PINK1). The right panel shows the protein quantification using ImageJ software (version 1.50). (C) Flow cytometry analysis of ROS. M1 represents the proportion of cells stained with DCFH-DA. (D) Flow cytometry analysis of the percentage of apoptotic cells. The si-PINK1-MAC-T cells pretreated with LGR-1 for 3 h and then exposed to hydrogen peroxide (H2O2, ROS inducer; 0.5 mM) for 0.5 (h) Data presented are mean ± SEM; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.





LGR-1 Alleviates E. coli-Induced Mitophagy Inhibition, NLRP3 Inflammasome Activation, and Apoptosis in Mice Mammary Gland

In order to verify whether LGR-1 has obvious protective effect in vivo, we successfully established a mouse mastitis model. First, we observed the morphological and histological changes of mammary gland tissue by H&E staining. There was no significant change in the mammary glands of the CONT group and LGR-1 group. In ECOL group, the wall of mammary acinus was obviously thickened, the stroma was congested, and the acinus was filled with inflammatory cells (Figure 9A). And LGR-1 could significantly improve the histopathological changes caused by E. coli. Further detection of cytokines expression showed that E. coli could significantly increase IL-1 β and TNF- α, whereas LGR-1 can inhibit the production of these inflammatory factors in the breast (Figure 9B). Then, in order to detect whether LGR-1 can affect mitophagy, NLRP3 inflammasome and apoptosis, we detected the changes of related proteins by Western blotting. In line with the results of in vitro, E. coli can inhibit mitophagy related protein (PINK1, Parkin, ATG5, Beclin-1 and LC3II/LC3I), increase the expression of NLRP3 inflammasome (NLRP3, ASC and Caspase1 p10), and cause apoptosis, while LGR-1 can reduce these effects of E. coli (Figures 9C–E). Finally, TUNEL staining was performed to further explore the effect on apoptosis. The results showed that E. coli induced the accumulation of TUNEL-positive cells in the epithelial cells of breast tissue, while LGR-1 could significantly reduce the proportion of TUNEL-positive cells (Figure 9F).




Figure 9 | LGR-1 alleviates E coli-induced mitophagy inhibition, NLRP3 inflammasome activation, and apoptosis in mice mammary gland. (A) Mammary gland tissue sections were stained with H & (E) The black arrow was the normal tissues. The red arrow was the infiltration of inflammatory cells. The blue arrow was the hyperplastic of alveolar wall. The scoring criteria are varying from 0 points to 4 points in no injury, mild injury, moderate injury, severe injury, and extreme injury, respectively. Scale bar, 100 µm. (B) The mRNA levels of IL-1β and TNF-α in mammary tissue homogenate. (C, D, E) Western blot analysis of PINK1, Parkin, Beclin-1, ATG5, p62, LC3, ASC, NLRP3, Caspase-1, BAX, Bcl-2, and cleaved Caspase-3. The right and lower panel shows the protein quantification using ImageJ software (version 1.50). (F) Apoptosis was accessed by TUNEL staining of mammary and quantification of TUNEL-positive cells. DAPI (Blue, nucleus). Scale bar, 100 µm. LGR-1 was given by gavage (2.5 × 108 CFU/200 μL saline, 7 consecutive days, once a day), and then E coli (1 × 106 CFU/30 μL saline) was injected into mammary duct to establish a mouse mastitis model (24 hours later, the mice were euthanized and mammary tissue was collected). Data presented are mean ± SEM; n = 8. *p < 0.05, ***p < 0.001.






Discussion

E. coli is the main causative agent of clinical mastitis in dairy cattle, which is difficult to cure and results in huge economic losses. During bacterial infection, many pathogen-associated molecular patterns (30), such as type III secretion system and lipopolysaccharides, get expressed on the cell wall, which activate inflammasomes, including NLRP3 inflammasome. The NLRP3 inflammasome has been known to play a role in many inflammatory diseases (31, 32), and its excessive activation induces intestinal and breast inflammation and tissue damage (3, 33). Consistent with the previous studies (34), our study confirms that E. coli can activate NLRP3 inflammasome in mammary epithelial cells also (Figure 1). Besides, mitophagy, a host defense mechanism, prevents excessive activation of NLRP3 inflammasome (18, 21, 35). Therefore, a balance between these two is vital to prevent microbial response and maintain immunity and health. However, the mechanism via which mitophagy regulates the NLRP3 inflammasome in breast diseases, especially during mastitis, remains unknown. Our study for the first time showed that mitophagy mediated by PINK1/Parkin was inhibited in E. coli-induced mastitis (Figure 10).




Figure 10 | Lactobacillus rhamnosus GR-1 prevents Escherichia coli-induced cell apoptosis through PINK1/Parkin-mediated mitophagy by inhibiting ROS production and NLRP3 inflammasome activation. E. coli secretes virulence factors via the type III secretion system and causes mitochondrial dysfunction. The damaged mitochondrion produces excessive reactive oxidative species (ROS), which induces NLRP3 inflammasome activation and subsequently causes apoptosis. LGR-1 has anti-ROS function and inhibits ROS production. LGR-1 pretreatment induces mitophagy that eliminates ROS and inhibits NLRP3 inflammasome activation. The solid arrows indicate demonstrated effects, the dashed arrow indicates the potential effects, and the red lines indicate negative effects.



Probiotics, as an alternative to antibiotics, have attracted scientific interest in mastitis treatment. Lactobacillus rhamnosus induced STAT3 and JNK activation through granulocyte colony-stimulating factor and consequently inhibited tumor necrosis factor production in lipopolysaccharide-or E. coli-activated macrophages (36). Similarly, Lactobacillus johnsonii L531 inhibited Salmonella Infantis-induced activation of NLRP3 inflammasome (33). Meanwhile, our previous study showed that LGR-1 attenuated NLRP3 inflammasome activation induced by E. coli. These studies collectively indicate the beneficial effects of probiotics; however, the specific mechanism of LGR-1 in inhibiting NLRP3 inflammation activation to prevent mastitis remains unclear. We found that LGR-1 inhibited pathogen infection by triggering mitophagy to inhibit ROS production, NLRP3 inflammasome activation and apoptosis in breast epithelial cells (Figure 10), which provides an understanding of the mechanism via which probiotics demonstrate antimicrobial effects and maintain breast health. A study showed that blocking NLRP3 activation provided protection against lethal influenza A virus (IAV) (37). Consistent with that study, we found that LGR-1 diminished E. coli-induced NLRP3 assembly and pro-Caspase-1 cleavage. Thus, the study confirms the selective inhibition of NLRP3 inflammasome by LGR-1 to rescue cellular damage caused by pathogens.

Recently, many studies have proven the key role of mitochondria in innate immune response (38, 39). However, mitochondrial damage can lead to the accumulation of ROS, which can activate NLRP3 inflammasome and apoptosis (18, 40). In MAC-T cells, E. coli infection led to massive ROS release and severe mitochondrial damage (Figures 1, 2 and 5). E. coli induced chromatic agglutination and karyopyknosis, increased BAX and cleaved-Caspase-3 expression levels, and decreased Bcl-2 expression level, indicating apoptosis (Figure 3). In view of this, we speculate that ROS is necessary for E. coli to induce NLRP3 inflammasome activation and apoptosis. Therefore, we explored the importance of ROS for E. coli-induced NLRP3 inflammasome activation and apoptosis by treating cells with NAC (a ROS scavenger). The results showed that NAC prevented E. coli-induced the activation of NLRP3 inflammasome and apoptosis in MAC-T cells (Figure 6A). The observation indicated that the activation of E. coli-induced NLRP3 requires ROS release. Parallelly, LGR-1 can attenuate ROS activation and apoptosis induced by E. coli (Figures 3 and 5). Thus, we speculate that lgr-1 has the ability to clear ROS. To verify the role of LGR-1 in reducing ROS production, H2O2, a ROS stimulant, was introduced to the cell culture. As shown in Figure 6B, LGR-1 alleviated the increase of NLRP3 protein and pro-apoptotic protein, and the decrease of anti-apoptotic protein induced by H2O2, suggesting the anti-ROS, anti-inflammatory, and antiapoptotic effects of LGR-1.

Furthermore, mitochondrial damage was associated with NLRP3 inflammasome activation and apoptosis induced by E. coli. Widespread mitochondrial damage was detected when autophagy was inhibited. Therefore, eliminating the damaged mitochondria by autophagy is necessary to prevent excessive activation of NLRP3 inflammasome (18, 21, 35). Mitophagy, a selective autophagy in mitochondria, is a crucial process for regulating NLRP3 inflammasome activation by removing damaged mitochondria. PINK1/Parkin pathway has been reported to regulate mitophagy. In normal conditions, PINK1 is imported into mitochondria, anchored in inner mitochondrial membrane, and degraded by mitochondrial proteases. However, when mitochondria are damaged, PINK1 does not get imported into inner mitochondrial membrane, but aggregates on outer mitochondrial membrane (41), recruits and activates Parkin, binds with LC3 on the autophagosome, and promotes damaged mitochondria degradation (39). In a variety of inflammatory diseases, moderate regulation of mitophagy is important for maintaining mitochondrial homeostasis. In autophagy/mitophagy-deficient macrophages, NLRP3 activators increased the accumulation of damaged mitochondria, accompanied by ROS production. Consistent with this, E. coli reduced PINK1, Parkin, LC3II, ATG5, and Beclin-1 expression levels and Mito-Tracker/Parkin colocalization and increased p62 expression level, ROS production (Figures 1, 2, and 5), NLRP3 inflammasome activation, and apoptosis (Figures 3 and 4) in MAC-T cell. These findings together suggest that E. coli can inhibits mitophagy. However, LGR-1 can reverse the inhibitory effect of E. coli on mitophagy. In order to verify the regulatory effects of E. coli and LGR-1 on mitophagy, mitophagy promoter and inhibitor were introduced for verification. As shown in Figure 4, the results were consistent with the above speculation. Hence, LGR-1 alleviated the inhibitory effect of E. coli on mitophagy and weakened NLRP3 inflammasome activation and apoptosis in MAC-T cells.

Studies have proven the protective role of mitophagy mediated by PINK1/Parkin in apoptosis (42, 43). And study has found that increasing the expression of SESN2 to promote mitophagy can protect the host from sepsis (44). However, the specific pathway of mitophagy that regulates apoptosis is not yet reported in in mastitis induced by E. coli. This study elucidates the protective role of mitophagy mediated by PINK1/Parkin under E. coli-induced mastitis in MAC-T cells using 3-MA and Rapa (Figures 2 and 4). Besides, pretreatment of cells with NAC (ROS scavenger) and MCC950 (NLRP3 inhibitor) showed that apoptosis was inhibited through decreased ROS production and NLRP3 inflammasome activation in MAC-T cells (Figures 6 and 7). Then, in order to verify the importance of the PINK1/Parkin pathway in the protection of LGR-1, the PINK1 protein was knocked down. When the PINK1 protein is knocked down, LGR-1 cannot attenuate the accumulation of ROS, the NLRP3 inflammasome activation and apoptosis, thus cannot exert its protective effect. (Figure 8). Our findings collectively indicate that PINK1/Parkin-mediated mitophagy is one of the self-limiting pathways via which LGR-1 protects cells from excessive inflammation and apoptosis.

All of the above are our application of breast epithelial cells as an in vitro infection model to explore the protective effect of LGR-1 in mastitis. However, whether LGR-1 still has a protective effect in vivo is still unknown. Therefore, we established a mouse model of mastitis to explore the effects of LGR-1 in vivo. These results indicated that LGR-1 alleviated the inhibitory effect of E. coli on mitophagy and reduced the apoptosis and the increase of inflammatory factors induced by E. coli in mouse mastitis (Figure 9). Consequently, these data indicate that LGR-1 pretreatment has a preventive and protective effect in E. coli-induced mastitis (Figure 9). It has been reported that probiotics such as clostridium tyrobutyricum can significantly reduce the symptoms of mastitis induced by Staphylococcus aureus, which may be related to changes in gut microbiota and short-chain fatty acids in the intestine (14). We also used the same way of intragastric administration of probiotics, which may also change the state of gut microbiota in mice, and increase the content of probiotics such as lactic acid bacteria and short-chain fatty acids, so as to prevent mastitis. However, the application and effect of LGR-1 as a probiotic in bovine need to be further explored.

In summary, E. coli inhibited mitophagy and enhanced NLRP3 inflammasome activation and apoptosis, both in vivo and vitro. LGR-1 pretreatment induced PINK1/Parkin-mediated mitophagy, cleared the damaged mitochondria, and reduced ROS production, NLRP3 inflammasome activation and apoptosis under E. coli infection. These findings deepen understanding of probiotics’ immune protection and contribute to its application in bovine mastitis prevention and treatment. However, the protective mechanisms in bovine and the probiotic administration route need to be investigated. To conclude, our study suggests that therapeutic strategies aiming at the upregulation of mitophagy under E. coli-induced mastitis may preserve mitochondrial function in bovine mastitis.



Materials and Methods


Animals

Thirty-two females (8-10 week old) specific-pathogen-free pregnant Crl: CD1 (ICR) mice were purchased from Charles River (Beijing, China). Mice were reared in a sterile environment with 12h light and dark cycle. and ad libitum access to food and water.



Ethics Statement

This study is approved by the Animal Ethics Committee of China Agricultural University, and all animal care and experimental procedures are under the supervision of this committee.



Establishment of Mouse Mastitis Model

In order to verify the protective effect of LGR-1 on E. coli induced mastitis, we established a mouse mastitis model. This mouse mastitis model was induced by E. coli as previously described (14). In short, offspring were removed 4h before intramammary inoculation. The mice were anesthetized with Zoletil 50 (55mgkg, WK001, Virbac, France) and placed in supine position under the stereoscope. Disinfect the fourth pair of mammary glands and expose the mammary duct by cutting the tip of the nipple. E. coli dissolved in 30 µL physiologic saline was slowly intraductal injected through a 100-µL syringe with a 30-gauge blunt needle. Four groups (n = 8 per group) of mice were allocated: (1) a negative control group (CONT group); (2) E. coli group (ECOL group); (3) E. coli + LGR-1 group (ECOL + LGR-1 group); (4) LGR-1 group (LGR-1 group). Before E. coli infection, mice in the ECOL + LGR-1 and LGR-1 group were inoculated with LGR-1 (2.5 × 108 CFU/200 μL saline) by oral gavage for 7 consecutive days, once a day; mice in the CONT and ECOL groups were administered an equal volume of sterile physiologic saline at 10:00 AM daily. At 10:00 AM on Day 8, ECOL and ECOL + LGR-1 group mice were intraductal injected E. coli (1 × 106 CFU/30 μL saline), whereas mice in the CONT and LGR-1 group received equal volume of sterile physiologic saline. After 24 hours of E. coli infection, all mice were euthanized and the mammary glands tissue were collected and frozen at -80 °C until use.



Bacterial Strains and Growth Conditions

Lactobacillus rhamnosus GR-1 (LGR-1, ATCC 55826; American Type Culture Collection, Manassas, VA, United States) was grown in De Man, Rogosa, and Sharpe (MRS) broth (Oxoid, Hampshire, United Kingdom) under microaerophilic conditions at 37°C for 24 h. After overnight incubation, LGR-1 was diluted (1:1000) in fresh MRS broth and grown for approximately 12 h until mid-log phase (OD600 = 0.6).

Escherichia coli strain (serotype O111:K58, CVCC1450, the China Institute of Veterinary Drug Center, Beijing, China) was grown in Luria–Bertani (LB) broth (Oxoid, Hampshire, United Kingdom). After overnight incubation, E. coli was diluted (1:1000) in fresh LB at 37°C for 8h and 200rpm until mid-log phase (OD600 = 0.6).



Cell Culture and Infection

MAC-T cells (a kind gift from Dr. Ying Yu in China Agricultural University) were seeded in 6- or 12-well plates (3×105 and 3×104 cells per well, respectively) and cultured in DMEM/Ham’s F-12 (1:1) (GE Healthcare Life Sciences HyClone Laboratories, Utah, USA) supplemented with 10% FBS (ThermoFish Scientific, Rockford, USA) and penicillin (100 Units/mL)/streptomycin (100 μg/mL) at 37°C in a 5% CO2 incubator for 24 h. MAC-T cells were pretreated with LGR-1 (105 CFU/mL; multiplicity of infection, MOI = 1) for 3 h. Then cells were washed three times with PBS and exposed to E. coli (107 CFU/mL, MOI = 66). After 8 h, MAC-T cells were collected for further analysis.



Drug Treatments

MAC-T cells were treated as follows to verify the role of autophagy in LGR-1 defense against E. coli infection: MAC-T cells were (1) pretreated with 3-methyladenine (3-MA, 5 mM, S2767, autophagy inhibitor from Selleck Chemicals, Houston, USA) for 12 h washed three times with PBS, and treated with LGR-1 (MOI = 1) for 3 h, or (2) pretreated with rapamycin (Rapa, 2 μM, S1039, autophagy activator from Selleck Chemicals, Houston, USA) for 12 h, washed three times with PBS, and challenge with E. coli (MOI = 66) for 8 h.

MAC-T cells were treated as follows to verify whether ROS is the target of LGR-1 in the defense against E. coli infection: MAC-T cells were (1) pretreated with N-acetyl-L-cysteine (NAC, 5 mM, S0077, ROS scavenger from Beyotime Biotechnology, Shanghai, China) for 2 h, washed three times with PBS, and exposed to E. coli (MOI = 66) for 8 h or (2) pretreated with LGR-1 for 3 h, washed three times with PBS, and exposed to hydrogen peroxide (H2O2, ROS inducer; 0.5 mM) for 0.5 h.

MAC-T cells were treated as follows to verify the correlation between NLRP3 inflammasome activation and cell apoptosis during E. coli infection: MAC-T cells were pretreated with MCC950 (100 nM, HY-12815A, NLRP3 inhibitor from MedChemExpress, New Jersey, USA) for 0.5 h, washed three times with PBS, and exposed to E. coli (MOI = 66) for 8 h.

In this study, MAC-T cells in all control groups were not treated, only washed with PBS synchronously. Both untreated and treated cells were collected for protein analysis.



Histopathologic Scoring

The mammary tissues were fixed with 4% paraformaldehyde for at least 24h. The paraffin embedded tissues were sliced into 3 μm thick slices and stained with hematoxylin and eosin (H&E) staining to observe the pathological changes. The level of mammary inflammation was scored as described previously (45).



RNA Interference

To verify the importance of PINK1/Parkin mediated-mitophagy pathway in the protection of LGR-1, we performed gene silencing to knocked down PINK. MAC-T cells were seeded in 24 well plates. When the cells grew to 60%-80% confluence, PINK1-siRNA (si-PINK1, sense 5’-GGAGCGGUCACUGACAGAATT-3’; antisense 5’-UUCUGUCAGUGACCGCUCCTT-3’, GenePharma, Suzhou, China) diluted with Lipofectamine™ RNAiMAX (13778075, a transfection reagent from ThermoFish Scientific, Rockford, USA) was transfected into the cells. At 5h after transfection, media were removed, supplemented with DMEM and incubated at 37°C for 48 h.



Transmission Electron Microscopy

At 8 h after E. coli challenged, MAC-T cells were harvested and fixed in 3% glutaraldehyde (pH = 7.4) for 48 h. Samples were treated following the standard TEM procedure (15, 46).



Immunofluorescence

MAC-T cells were cultivated on cell climbing sheets for staining and treated as described above (47). For labeling the mitochondria, Mito-Tracker Red CMXRos (CMXRos, C1035, Beyotime Biotechnology, Shanghai, China) was added to living MAC-T cells at 37°C for 30 min. The treated MAC-T cells were fixed with 4% paraformaldehyde for 10 min, then incubated with 1% Triton-X-100 (T8787, Sigma-Aldrich, St. Louis, USA) for 15 min at room temperature to permeate the cell membrane, and blocked with 2% bovine serum albumin for 1.5 h at room temperature. The cells were incubated with anti-Parkin (1:200, 14060-1-AP, Proteintech Group Inc, Rosemont, IL 60018, USA) or anti-TOM 20 (1:300, 11802-1-AP, Proteintech Group Inc), at 4°C overnight. Then cells were incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (Beyotime Biotechnology, Shanghai, China) at room temperature for 1 h. DAPI (C0060, Solarbio Science&Technology Co., Ltd, Beijng, China) was used to stain cell nuclei. The cells were observed and images captured under a confocal laser scanning microscope (Nikon A1); MitoTracker Red CMXRos was detected at 555 nm, and secondary antibodies at their corresponding wavelengths (488 nm/555 nm).



Detection of Total Anti-Oxidation Capacity and Superoxide Dismutase Level

The T-AOC (S0121, Beyotime Biotechnology, Shanghai, China) and SOD (S0101S, Beyotime Biotechnology, Shanghai, China) level were determined using the commercial kits, following the manufacturers’ instructions.



Measurement of Intracellular ROS

Intracellular ROS levels were measured by the 2,7-dichlorofluorescein diacetate (DCFH-DA, S0033S, cell-permeable fluorescent probe from Beyotime Biotechnology, Shanghai, China). Fluorescence was directly assessed by a fluorescence plate reader (BioTek Synergy H1). All the values were normalized using control. Flow cytometry was performed using a FACS Calibur system (BD Biosciences), and data were analyzed using FlowJO software (version 10.0.7).



Quantitative Real-Time PCR

Total RNA was extracted from mice mammary tissue by using RNAiso Plus (9108, TaKaRa, Japan), and RNA transcription was performed adopting the PrimeScriptTM RT Reagent Kit (RR047A, TaKaRa, Japan). Quantitative real-time RT-PCR was performed through using a SYBR Green PCR Master Mix (LS2062, Promega, USA). The mRNA expression of IL-1β and TNF-α was normalized to the mRNA expression of β-actin. The primer sequences are demonstrated in Table S1 and the gene expression levels were analyzed with the 2−ΔΔCT.



Western Blotting

MAC-T cells were lysed in RIPA buffer containing a protease/phosphatase inhibitor cocktail on ice for 30 min.). Protein (equal amounts, 20 µg) were loaded on 10% or 12% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes (Roche). After blocking with 5% skim milk at 37°C for 1 h and the membranes were incubated with the following primary antibodies at 4°C overnight: anti-LC3 I/II (1:1000, #4108) and anti-cleaved-Caspase-3 (1:1000, #9664) from Cell Signaling Technology (Danvers, USA); anti-ATG5 (1:750, 10181-2-AP), anti-Beclin-1 (1:1000, 11036-1-AP), anti-p62/SQSTM1 (1:1000, 18420-1-AP), anti-ASC (1:1000, 10500-1-AP), anti-BAX (1:1000, 50599-2-Ig), anti-Bcl-2 (1:1000, 12789-1-AP), anti-Caspase-3 (1:1000), anti-PINK1 (1:1000, 23274-1-AP), anti-Parkin (1:1000, 14060-1-AP), anti-GAPDH (1:5000, 60004-1-AP) and anti-β-Actin (1:5000, 60008-1-AP) from Proteintech Group Inc (Rosemont, IL 60018, USA); anti-NLRP3 (1:500, AF2155) from Beyotime Biotechnology (Shanghai, China) and anti-Caspase-1 (1:1000, ab179515) from Abcam (Cambridge, UK). The immunoreactive bands were visualized with an ECL detection system (Tanon 6200 chemiluminescence imaging workstation, Tanon Science & Technology Co., Ltd. Shanghai, China). The protein bands were quantified by densitometry using ImageJ software (version 1.50).



Flow Cytometry Assessment of Apoptosis

Cell apoptosis was measured by the Annexin V-PE/7-AAD apoptosis detection kit (A213-01, Vazyme Biotech, Nanjing, China). MAC-T cells were harvested, and softly re-suspended in 1× binding buffer (100 μL). Then Annexin V-PE (5 μL) and 7-ADD (5 μL) were added to each group and incubated in the dark for 15 min. Approximately 10,000 or 20,000 cells from each group were used to analyze on a FACS Calibur system (BD Biosciences) and evaluated with the FlowJo software (version 10.0.7).



TUNEL Assay

The paraffin embedded tissues were sliced into 3 μm thick slices, dewaxed and dehydrated, and then TUNEL staining (A112, Vazyme, Nanjing, China) was performed according to the manufacturer’s instructions. Briefly, the slices were washed with PBS and reacted with TdT enzyme/buffer at 37°C for 1 h, followed by DAPI (C0060, Solarbio Science&Technology Co., Ltd, Beijng, China) staining at room temperature for 5 min. Then the slices were observed and images were captured at x400 magnification using a confocal laser scanning microscope (Nikon A1).



Data Analysis

Using Prism 7 (GraphPad) to perform statistical analysis. Qualitative data were expressed as means ± standard error of the mean (SEM; n = 3 or 6). One-way analysis of variance (ANOVA) was applied to analyze statistically significant differences at p < 0.05, followed by Tukey’s test.
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The gut–brain axis refers to the bidirectional communication between the gut and brain, and regulates intestinal homeostasis and the central nervous system via neural networks and neuroendocrine, immune, and inflammatory pathways. The development of sequencing technology has evidenced the key regulatory role of the gut microbiota in several neurological disorders, including Parkinson’s disease, Alzheimer’s disease, and multiple sclerosis. Epilepsy is a complex disease with multiple risk factors that affect more than 50 million people worldwide; nearly 30% of patients with epilepsy cannot be controlled with drugs. Interestingly, patients with inflammatory bowel disease are more susceptible to epilepsy, and a ketogenic diet is an effective treatment for patients with intractable epilepsy. Based on these clinical facts, the role of the microbiome and the gut–brain axis in epilepsy cannot be ignored. In this review, we discuss the relationship between the gut microbiota and epilepsy, summarize the possible pathogenic mechanisms of epilepsy from the perspective of the microbiota gut–brain axis, and discuss novel therapies targeting the gut microbiota. A better understanding of the role of the microbiota in the gut–brain axis, especially the intestinal one, would help investigate the mechanism, diagnosis, prognosis evaluation, and treatment of intractable epilepsy.
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1 Introduction

Epilepsy is a chronic neurological disorder that affects >70 million people worldwide (1) with a considerable social and economic burden. Characterized by relapses and unprovoked spontaneous seizures (2), its mechanisms are complicated, and 60% of cases are idiopathic (3). In clinical practice, a diagnosis of epilepsy is challenging. If patients have infrequent seizures, the electrical markers for diagnosis may not be present, and epileptiform discharges may occasionally occur in patients who do not have seizures. The most common antiepileptic treatments are pharmaceutical, including low-cost medications and new drugs. However, in >30% of patients with epilepsy, seizures cannot be controlled with drug therapy, a phenomenon known as refractory epilepsy (4). The ad hoc Task Force of the International League Against Epilepsy (ILAE) defined drug resistance as “failure of adequate trials of two tolerated, appropriately chosen and used antiepileptic drug schedules (whether as monotherapies or in combination) to achieve sustained seizure freedom” (5). Despite alternative treatments such as dietary control, nerve stimulation, and surgery, still some patients do not improve. Although the effectiveness of seizure focus resection is high, not all patients benefit from it, some exhibit obvious adverse effects, and surgery alone may not be sufficient, due to the complex etiology of epilepsy (6, 7). Therefore, there is a need to develop more effective protocols for the diagnosis and treatment of epilepsy.

Epileptic patients often have gastrointestinal symptoms, while patients with inflammatory bowel disease have a higher susceptibility to epilepsy (8). Ketogenic diet (KD) has been used for a long time as a non-pharmacological therapy in drug-resistant epileptic patients not suitable for surgery—especially in children—with good curative effects (9). These clinical phenomena support a relationship between the gut and epilepsy. Recent advances in sequencing technology have allowed studies on the composition and function of microbiota in neurology. In recent years, some studies have suggested statistical differences in fecal microbial composition between epileptic patients and healthy people, as well as between epileptic patients before and after KD treatment, and in animal models (10–21). The intestinal microbiota may shape brain function through a variety of pathways and systems, including the central nervous system (CNS), the hypothalamic–pituitary–adrenal (HPA) axis, immune and inflammatory systems, and neuromodulators, and could therefore also be involved in epilepsy (Figure 1). Remodeling intestinal microbiota through individualized diet, probiotics, antibiotics, and even fecal microbiota transplantation (FMT) may become the future standard treatment of refractory epilepsy. Herein, we review the latest knowledge on the correlation between the gut microbiota (GM) and epilepsy.




Figure 1 | The microbiota–gut–brain axis in epilepsy. Bad gut microbiota could upregulate the production of epilepsy-promoting metabolites, the secretion of inflammatory factors, and so on, which lead to abnormal GABA/glutamate ratio and then induce the epilepsy. Chronic stress may be a trigger for this process. Healthy gut microbiota could produce good metabolites, such as SCFAs and serotonin, which could inhibit the occurrence of epilepsy. HPA axis, enteric nervous system, and vagus nervous system are also involved in the interaction between gut microbiota and epilepsy. ACTH, Adrenocorticotropic hormone; AED, Antiepileptic drug; CRF, Corticotrophin-releasing factor; HPA, Hypothalamic–pituitary–adrenal; GABA, γ-aminobutyric acid; KD, Ketogenic diet; MAMP, Microbe-associated molecular pattern; SCFA, Short-chain fatty acid; PRR, Pattern recognition receptor.





2 Classic Animal Models of Epilepsy

Epilepsy is a complex syndrome with a complicated etiology (structural, genetic, infectious, metabolic, immune, and unknown) and diverse clinical manifestations (1, 22). Due to its complexity, in 2017, the ILAE developed a three-level classification, including seizure types, epilepsy types, and epilepsy syndromes (22). Epilepsy can be divided into four categories: focal epilepsy, generalized epilepsy, combined generalized and focal epilepsy, and unknown epilepsy (22). According to its responsiveness to antiepileptic drugs, epilepsy can be divided into drug-sensitive and refractory epilepsy. Together, the complex etiology, clinical signs, and classification of epilepsy determines the lack of a specific animal model reflecting all of its characteristics. Classical animal models of epilepsy include the following categories. The maximal electroshock model and pentylenetetrazol (PTZ) models are classical ones that simulate acute epilepsy (23). The kindling model simulates the characteristics of progressive development and long-term recurrence through repeated electrical and chemical stimulation of the thalamus, amygdala, hippocampus, and other regions, while continuous stimulation could induce status epilepticus. The WAG/Rij rat model is used for the study of hereditary absence epilepsy (24). In addition, animal models of epilepsy with a special etiology can be prepared by microbial infection, trauma, ischemia, and hypoxia. Chemical kindling models induced by li-pilocarpine (25) or kainic acid (26, 27), amygdala electrical kindling models (28), and genetic models have been used to construct animal models of refractory epilepsy (29). These models are important for exploring the pathogenesis of intractable epilepsy and screening and identifying new antiepileptic drugs.



3 The Close Relationship Between Intestinal Microbiota and Epilepsy

The microbiota, a wide variety of microorganisms populating the gut, including 50 bacterial phyla, is 10 times more abundant than the somatic and germ line cells of the human body (30). Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrobia, and Cyanobacteria are the seven dominant bacterial phyla in the human gastrointestinal tract, among which Bacteroidetes and Firmicutes constitute >90% (31–33). Although the overall distribution of GM in healthy people remains constant, temporal and spatial differences still exist. GM influences human health by regulating the metabolism and the host immune response. It has been reported that the species of GM in individuals with neuropsychiatric and neurodegenerative disorders differ from those in healthy people, but there are few reports on the correlation between epilepsy and GM (34). With the wide spread of 16S/18S rDNA sequencing, recent studies have reported that individuals with refractory epilepsy show altered GM composition (34). We elaborate on the relationship between the GM and epilepsy in humans and murine and discuss the dietary intervention for epilepsy via modulation of GM.


3.1 Human Microbiota and Epilepsy

Only a few population-based studies revealed GM differences between the epilepsy group and healthy controls (HC) in a relatively limited sample size (Table 1) (10–15). Xie et al. compared the GM of 14 patients with refractory epilepsy and 30 HCs and found a higher GM diversity in HCs (15). At the phylum level, Bacteroidetes was the main GM in the HC group, followed by Firmicutes, while Firmicutes predominated in patients (15). At the genus level, the GM was also significantly different between these two groups (15). Peng et al. demonstrated differences in GM diversity and composition between the drug-resistant (DR), drug-sensitive (DS), and HC groups, and that epilepsy frequency and GM were correlated (12). The alpha-diversity of the DR group was higher than that of the DS and HC groups, and similar between the HC and DS groups (12). Alpha-diversity in patients with ≤4 seizures per year was similar to that of HC, while patients with >4 seizures had significantly higher alpha-diversity (12). At the phylum level, DS and HC had similar GM composition, with Bacteroidetes as the largest phylum and Firmicutes as the second (12), while in the DR group, Firmicutes was the largest group, followed by Bacteroidetes (12). At the genus level, differences between the DS and DR groups still existed (12). Bifidobacteria and Lactobacillus were lower in patients with >4 seizures per year than in patients with ≤4 seizures per year (12). Bacterial function analysis showed that glucose- and lipid-associated metabolic pathways were all downregulated in the epileptic group and ABC (ATP-binding cassette) transporter-associated metabolic pathways elevated in the DR group compared to the DS group (12). Gong et al. investigated GM structure and composition in an exploratory cohort (epilepsy patients, n = 55; HC, n = 46) and validated the GM as a biomarker for epilepsy in a validation cohort (epilepsy patients, n = 13; HCs, n = 10) (10). A much lower GM alpha-diversity was observed in patients than in HCs (10). Actinobacteria and Verrucomicrobia increased and Proteobacteria decreased at the phylum level, while at the genus level, Prevotella_9, Blautia, and Bifidobacterium increased in patients with epilepsy (10). They further constructed a random forest model based on the GM and verified its value as a biomarker to discriminate epilepsy from HCs or drug-resistant epilepsy (DRE) vs. drug-sensitive epilepsy (DSE) (10). Safak et al. performed a contrast analysis of the fecal microbiome between idiopathic focal epilepsy (n = 30) and the HC group (n = 10), finding that Proteobacteria and Fusobacteria, which could cause autoimmune diseases, were significantly higher in the idiopathic focal epilepsy group than in the HC group, and Bacteroidetes and Actinobacteria, which have a positive effect on the immune system, were significantly lower (11). This study indicated the possible roles of autoimmune mechanisms and inflammation in the etiology of epilepsy. However, they did not perform a GM diversity analysis. Lee et al. conducted a study on the GM of eight children with intractable epilepsy and 32 HCs (13). Microbiota richness was lower in the epilepsy group than in the HC group (13). Actinobacteria was higher in the epilepsy group than in HCs, whereas Bacteroidetes was lower (13). They identified 17 and 18 species of bacteria strongly related to epilepsy and the HC group, respectively (13). Enterococcus faecium, Bifidobacterium longum, and Eggerthella lenta were the strongest potential biomarkers in the intractable epilepsy group (13). They also suggested the ABC transporter as a functional biomarker of intractable epilepsy, consistent with the results of Peng et al. (12, 13). Forty-four adult epilepsy patients were classified into the DRE (n =23) and DSE groups (n = 21) in a 2021 study (14). Alpha- and beta-diversity analyses showed no significant differences between patients in these two groups, but GM composition differences were related to patients’ response to epileptic drugs, magnetic resonance imaging (MRI), and electroencephalogram (EEG) (14). Bacteroides finegoldii and Ruminococcus_g2 were more abundant, and negativicutes decreased in the DRE group; B. finegoldii was more abundant in patients with normal MRI, and Bifidobacterium was more abundant in patients with normal EEG (14). Taken together, these six clinical studies evaluated GM diversity, composition, and function in patients with epilepsy, but with partially inconsistent results. All these studies indicated GM dysbiosis in patients with epilepsy, showing the potential value of GM for epilepsy diagnosis and treatment, especially in refractory epilepsy, but there are still some contradictions. Most studies indicated a higher alpha-diversity in the HC group than in the epilepsy group (10, 13–15); however, a study suggested the opposite result (12). GM changes in patients with epilepsy are not completely consistent. However, given the many variables that could affect the gut microbiome, such as differences in study design, age, diet, and living environment, efforts are needed to conduct larger sample analyses based on reasonably controlled variables.


Table 1 | Summary of previous studies on the intestinal microbiota in patients with epilepsy (drug-resistant/drug-sensitive).





3.2 Murine Microbiota and Epilepsy

The susceptibility to PTZ-induced epilepsy was increased in rats with 2,4,6-trinitro-benzene-sulfonic acid (TNBS)-induced colitis (41). In a mouse model of PTZ-induced seizures, intestinal inflammation increases convulsive activity and decreases the effectiveness of antiepileptic drugs. Further, alleviation of intestinal inflammation has a specific antiepileptic effect (8). In addition, a reversible inflammatory response characterized by microglial activation and an increase in tumor necrosis factor alpha (TNFα) was observed in the hippocampus of TNBS-treated rats, suggesting that gut inflammation may increase CNS excitability by inducing CNS inflammation (41); however, the underlying mechanism is still unknown. Medel-Matus et al. revealed that chronic stress can facilitate seizure development by perturbing the GM (42). GM transplantation from stress donors to sham-stressed subjects increased seizure kindling rate and duration after kindling of the basolateral amygdala, while the proconvulsant effects of chronic stress were prevented by GM transplantation from sham stress donors (42). In WAG/Rij rats, a genetic model of absence epilepsy, GM was altered with a lower Bacteroidetes/Firmicutes ratio at the age of 1 month and before the onset of epilepsy, and a further reduced Bacteroidetes/Firmicutes ratio with a large number of absence seizures was observed at 4 months (16). Short-chain fatty acids (SCFAs) are messengers between the gut and brain, and butyrate has an anti-epileptic effect in rats (43). SCFAs were reduced in WAG/Rij rats (16). Furthermore, FMT altered the number of absence seizures in rats with concomitant GM remodeling (16). This model suggests that the GM is involved in the initiation and maintenance of hereditary absence seizures. In conclusion, both human and murine studies have shown that the GM is closely related to the occurrence of multiple types of epilepsy.



3.3 Dietary Intervention for Epilepsy via Modulation of GM

Diet is a major factor in shaping GM composition (44, 45). Zmora et al. concluded in their review that nutrients in food could shape the GM in a variety of ways: (1) directly interact and regulate microorganisms, (2) indirectly by influencing host metabolism, and (3) by passively introducing microbiota (46). Researchers analyzed fecal microbiota by applying next-generation sequencing technology and classified enterotypes into Bacteroides, Prevotella, and Enterobacteriaceae, which could be correlated with dietary habits (47). Long-term intake of animal protein and fat was beneficial to the growth of the Bacteroides enterotype, while carbohydrate-enriched diet enriched Prevotella (48). A classic Western diet (rich in fats or proteins) results in the reduction of beneficial butyrate-producing bacteria, Bifidobacteria, and Eubacterium. Most of the carbon and energy of the GM originate from dietary fiber (49, 50). Dietary protein is an essential source of nitrogen for GM growth, but high-protein diets are related to high levels of harmful metabolites in feces, cancer, and inflammatory bowel disease (50, 51). GM composition can be adjusted by altering the proportion of dietary fiber, protein, and fat (52). Therefore, a healthy diet and lifestyle are both important in GM formation.

KD indeed has a role in reducing the frequency of seizures, especially in refractory epilepsy; however, the underlying mechanisms need to be further elucidated. The existing mechanisms mainly involve neurotransmitters, brain energy metabolism, oxidative stress, and ion channels (53, 54). KD can induce GABA synthesis by upregulating glutamic acid and inhibiting GABA degradation by altering GABA transaminase activity (55, 56). Aspartate is a known glutamate decarboxylase inhibitor whose reduction can theoretically promote GABA synthesis. Aspartate levels were reduced in astrocytes exposed to ketone bodies, and similar declines were found in the forebrain and cerebellum of mice fed with KD (57). Ketosis increases the conversion of glutamate to glutamine in astrocytes (57). Glutamine then enters the neurons, eventually converting to GABA and increasing the inhibition of neurons. Barañano et al. reported that KD could prevent neuronal overexcitation via changes in brain pH, directly inhibit channels, and contribute to the conversion of the stimulatory glutamate to the inhibitory GABA (58) which could be secreted by certain Lactobacillus and Bifidobacterium strains (59). KD also promotes the production of fatty acids, particularly PUFAs, which may activate peroxisome proliferator-activated receptors that regulate anti-inflammatory, antioxidant, and mitochondrial genes, leading to enhanced energy reserves, synaptic function stabilization, and hyperexcitability restriction (60).

KD induces GM alteration and it is therefore involved in this treatment of epilepsy. At present, only four clinical studies suggest that KD may play a protective role in epilepsy patients by adjusting the GM (Table 2) (15, 17–19). Xie et al. performed successive KD therapy for ≥1 week in 14 infants with refractory epilepsy, after which the clinical occurrence of epilepsy was largely alleviated. Proteobacteria and Cronobacter decreased, and Prevotella and Bifidobacterium significantly increased after KD treatment (15). Zhang et al. further explored the changes in GM after KD in children (n = 20) and linked these changes to the differential efficacy of KD treatment (17). A lower alpha-diversity of the GM was observed after 6 months of KD (17). The abundance ratio of Bacteroidetes significantly increased, while that of Firmicutes and Actinobacteria significantly decreased during KD intervention (17). Bacteroides can regulate the secretion of 6–17 interleukins in dendritic cells, which are connected with seizures and can break down dietary fiber into SFCAs, which are beneficial for patients with epilepsy (64). Several gut bacteria (Clostridiales, Ruminococcaceae, Rikenellaceae, Lachnospiraceae, and Alistipes) were enriched in the non-responsive group, which makes them potential biomarkers and therapeutic targets in patients with non-reactive epilepsy (17). Lindefeldt et al. offered 12 children with therapy-resistant epilepsy 3-month KD and observed differences in bacterial taxa and functional structures (18). Compared with baseline, fecal microbial profiles showed an approximately identical alpha-diversity after KD therapy and a relatively decreased abundance of Bifidobacteria, E. rectale, and Dialister and increased abundance of E. coli (18). Functional analysis revealed a decline in seven pathways associated with carbohydrate metabolism after KD (18). Gong et al. treated 12 drug-resistant epileptic children during 6 months with KD and observed changes in GM composition and metabolites (19). The abundance of eight epilepsy-associated genera of GM significantly changed with decreases in Bifidobacterium, Akkermansia muciniphila, Enterococcaceae, and Actinomyces and increases in Subdoligranulum, Dialister, and Alloprevotella, which were more prevalent in patients with an inadequate response to KD than in those with an adequate response (19). In these four studies, the epileptic symptoms were alleviated to different degrees after KD treatment, and GM composition and function changed to some extent after KD treatment.


Table 2 | Summary of previous study on intestinal microbiota in epileptic patients with KD treatment.



Olson et al. studied two mouse models of refractory epilepsy and found that KD could increase the GABA/glutamate ratio in the colonic lumen, serum, and hippocampus by modulating key bacterial species, resulting in seizure reduction (20). This is the first study to verify the role of GM in the antiseizure effects of KD treatment in a mouse model. The protective effect of KD was abrogated in GF or Abx-treated SPF mice, while recolonization with KD-associated bacteria restored the epilepsy protection of KD treatment to normal levels (20). This phenomenon suggests the essential role of the GM in the epileptic protective mechanism mediated by KD. Further, this study revealed the possible underlying cellular and molecular pathways by which specific GM interact with each other to modulate peripheral metabolites and then impact the levels of hippocampal neurotransmitters (20). In a recent animal study, the abundance of Firmicutes was increased, and Acetatifactor, Anaerotaenia, Escherichia, Flintibacter, Oscillibacter, and Erysipelatoclostridium were higher in the KD group than in the ND group. The GM with increased abundance was related to the production of SCFAs and GABA (21). Although KD has specific value in the treatment of epilepsy and neurodegenerative diseases, it increases the risk of glucose and lipid metabolism disorders. The glucose intolerance and lipid accumulation induced by KD are closely related to the source and proportion of fat in the diet, which could be associated with alterations in GM composition (65).

There are still some questions on the mechanism whereby KD could protect epileptic patients from seizures. For example, how does modulation of bacterial species affect changes in membrane potential of hippocampal neurons? Is modulation of GABA/glutamate levels the main pathway? How can changes in bacterial species modulate GABA/glutamate levels? These questions should be the subject of future research.




4 Mechanism of the Correlation of Microbiota–Gut–Brain Axis and Epilepsy


4.1 Immune and Inflammation Pathways

The pathogenesis of epilepsy is linked to neuroimmunity and neuroinflammation (66). Accumulating evidence has demonstrated that immune and inflammatory pathways in the brain–gut axis may be involved in the pathogenesis of epilepsy. Microglia and astrocytes are the main inflammatory cells in the CNS, and their inflammatory state promotes the occurrence of epilepsy (67, 68).


4.1.1 Gut Immunity

The lymphoid tissue of the intestinal mucosa contains 70%–80% of all immune cells in the body (69). The GM affects immune cells; for example, germ-free (GF) mice show immune abnormalities with a decreased population of T and B cells and a reduced cytokine production (70). Further, the GM appears as one of the most important factors for the maturation of microglial cells, as well as the astrocyte activation (71), which is age- and sex-dependent (72). The GM regulates innate immunity, adaptive immunity, and inflammatory mechanisms to modulate the development of epilepsy.



4.1.2 Gut Barrier and Blood–Brain Barrier

The intestinal mucosal barrier and blood–brain barrier (BBB) work together to prevent GM and its secretions from entering the brain. “Leaky gut” syndrome is characterized by increased intestinal permeability, which allows bacteria, toxic metabolites, and small molecules to translocate into the bloodstream (73). Under gut inflammation, bacteria can directly release factors into the systemic circulation, which activates peripheral immune cells, alters BBB integrity and thus transport rates, and can even induce “leaky brain” (74). Stress can increase intestinal mucosal permeability, and lipopolysaccharides and other cytokines in the lumen enter the blood circulation stimulating toll-like receptors, producing inflammatory cytokines that could increase BBB permeability and damage the brain (75, 76).



4.1.3 Neuroimmunity

Astrocytes are the most abundant glial cells in the brain and have a variety of functions, including regulating the integrity of the BBB, the recycling of neurotransmitters, and participating in immune responses (77). Microglial cells are the resident macrophages of the CNS, mediating the innate immune response (78). Microglia with a larger, less ramified, amoeboid morphology can promote inflammation, neuronal activity regulation, phagocytic neuron clearance, and chronic seizures (79). Microglia and astrocytes are involved in the pathogenesis of epilepsy by releasing excess cytokines (67), and interact with each other: microglia can modulate astrocytes’ phenotype and function (80), while mouse microglia can regulate astrocytes’ behavior through, for example, VEGF-B, which promotes the pathogenic response and inflammatory response of astrocytes, and TGF-α, which promotes the opposite (81). Gut microbes metabolize dietary tryptophan into aryl hydrocarbon receptor agonists and interact with its receptor to control microglial activation and TGF-α and VEGF-B expression, thereby modulating astrocyte pathogenic activity (81, 82). Inflammatory cytokines and chemokines released by astrocytes enhance microglial activities, including migration, phagocytosis of apoptotic cells, and synaptic pruning (83). The interaction between astrocytes and microglia leads to increased pro-inflammatory cytokine production and BBB permeability, which results in the infiltration of peripheral blood immune cells and cytokines into the CNS, and subsequent chronic neuroinflammation (84). GF and antibiotic-treated (Abx-treated) animals have also altered microglial morphology and defects in maturation, activation, and differentiation, resulting in an inadequate immune response to a variety of pathogens, which could be repaired after GM recolonization, which suggests that intestinal microbial diversity is critical for microglial and CNS function (85). In addition to glial cells residing in the CNS, peripheral immune cells, such as T cells and monocytes invading the brain tissue, are also involved in epilepsy’s morbidity. Monocytes can differentiate into macrophages and invade the brain, where they differentiate into “microglia-like cells” and contribute to epilepsy (86). As the organ with the largest population of immune cells, the gut is likely to play a role in this process, but the exact mechanism requires further investigation.

The GM can induce epilepsy through the innate immune pathway. BBB permeability increases throughout the life of GF mice related to the decreased expression of occludin and claudin-5 proteins in the endothelium (87). GM dysbiosis decreases claudin production and increases the permeability of the intestinal lining, leading to the escape of microorganisms, metabolites, and toxins from the intestinal lumen (88). GM dysbiosis also reduces SCFAs, which increases BBB permeability and promotes neuroinflammation (89). If these two barriers are broken, the immune cells and factors released by the microbiota enter the brain and induce seizures. Peptidoglycan (PGN) is a component of the bacterial cell wall that mainly exists in the human intestinal tract (90). PGN, as a driver of chronic encephalitis, has also been detected in brain microglia (90). Chronic inflammation, such as sclerosis-related temporal lobe epilepsy, is also a cause of epilepsy (91). Therefore, we conclude that PGN may translocate from the gut to the CNS by promoting gut leakage and brain leakage, leading to chronic inflammation and contributing to the occurrence of epilepsy.

The GM also contributes to epilepsy generation by inducing adaptive immunity. The GM can induce immune cells to produce cytokines that enter the brain through the intestinal mucosa and BBB and activate brain immune cells to participate in the immune response. T helper cell 17 (Th 17) cells are a proinflammatory CD4+ T cell subtype and key components of adaptive immunity (92). IL-17 is a cytokine produced by Th 17 cells, which can be modulated by specific GM phyla, such as Bacteroidetes (92, 93). As recently shown, both in the CSF and in the peripheral blood of patients with epilepsy, IL-17 levels were higher than in controls, and highly correlated with the frequency and severity of seizures (94–97). Therefore, the GM can influence the occurrence of epilepsy by mediating IL-17. GM metabolites, such as SCFAs, can affect the synthesis and secretion of immunoglobulins by regulating B lymphocyte differentiation (98, 99). The absence of commensal microbiota downregulates IgA and IgG1, and upregulates IgE, which leads to increased susceptibility to diseases (100, 101).

Therefore, GM can induce an immune response through the gut–brain axis, which leads to epileptogenesis. However, only a few studies have directly focused on the relationship between the gut, immune responses, and epilepsy, and many issues remain to be explored.




4.2 Nervous System

One of the most important pathways for transmitting information between the brain and the gut is via autonomic nerve fibers (102). Oral inoculation of Campylobacter jejuni to a mouse model leads to increased c-fos expression in the sensory ganglia and primary sensory relay nucleus of the vagus nerve in the brainstem, suggesting that gut stimulation can modulate brain activity via the autonomic nervous system (103). Vagus nerve stimulation (VNS) has become a normal therapy for epilepsy since being first reported in 1988 (104). Ressler et al. reported that electrical stimulation of vagal afferent fibers could modify brain concentrations of serotonin, GABA, and glutamate, thus explaining its use in epilepsy (105). VN goes through all intestinal layers, except the epithelial one, so it cannot directly interact with the GM (106). Enteroendocrine cells (EECs) can detect signals released from the luminal microbiota through different receptors. Previously, gut endocrine cells and the cranial nerve were thought to communicate only through hormones (107); however, Kaelberer et al. found that EECs named neuropod cells could synapse with vagal neurons to transduce gut luminal signals to connect the intestinal lumen to the brainstem using glutamate as a neurotransmitter (107). The discovery of neuropod cells provides a strong theoretical support for the treatment of neurological diseases by regulating the GM.



4.3 Enteroendocrine Signaling and Microbial Metabolites: Neurotransmitters and Short-Chain Fatty Acids


4.3.1 Enteroendocrine Signaling and Neurotransmitters

Neurotransmitter imbalance is closely related to epilepsy. Neurotransmitter imbalance exists in epileptic foci, such as GABA with hypoactivity and glutamate with hyperactivity, dopamine and norepinephrine (NE) with hyperactivity, and serotonin with hypoactivity (108). In the gastrointestinal tract, neurotransmitters can be secreted directly by the GM or produced by gastrointestinal cells under the stimulation of GM metabolites. Different GM can produce different neurotransmitters (Enterococcus spp., Streptococcus spp., and Escherichia spp. produce serotonin; Lactobacillus spp. and Bifidobacterium spp. produce GABA, Escherichia spp. and Bacillus spp. produce NE and dopamine). The various neurotransmitters produced by the GM can pass through the intestinal mucosa but rarely through the BBB, with the exception of GABA (109). In hippocampal injury, or epileptic status, GABA produced by GM can lead to an imbalance between the GABA and glutamate systems, causing seizures. Sun et al. showed that the relative abundance of the genera Coprococcus, Ruminococcus, and Turicibacter was positively correlated with glutamate and glutamine levels (110). The GM can affect the glutamine–glutamate–GABA cycle, produce neurotransmitters, and mediate the expression of GABA and NMDA receptors in specific brain regions (hippocampus, amygdala, and locus coeruleus) (111). A. mucinophilia and Parabacteroides colonization could alter the level of amino acids in the serum and gut lumen to modulate the levels of seizure-associated neurotransmitters, such as GABA and glutamate, in the hippocampus, thus providing protective anti-seizure effects in mice (20, 112). Enterochromaffin cells (ECs) produce approximately 90% of 5-hydroxytryptamine (5-HT) (113). In GF mice, certain intestinal microbiota, such as spore-forming clostridia taxa, can promote 5-HT biosynthesis in the gut by upregulating colonic tryptophan hydroxylase 1, a rate-limiting enzyme for 5-HT production (114, 115). Previous studies have shown that patients with temporal lobe epilepsy have a 5-HT deficiency. A drug combination that increases 5-HT, such as selective serotonin reuptake inhibitors, may improve seizure control in patients with epilepsy (116). The 5-HT decrease induced by reserpine appears to increase susceptibility to minimal electroshock seizures in rats (117). However, changes in intestinal 5-HT levels could not directly affect the brain, as 5-HT cannot cross the BBB (118). Chemotherapeutic drugs often cause nausea and vomiting, caused by the release of large amounts of 5-HT in the intestine and the subsequent activation of vagal afferents (119). 5-HT released by ECs may have a potential impact on brain–gut axis signal transduction by regulating intestinal vagal afferent activity (120) and inflammatory responses (121). Alterations in 5-HT signaling are associated with irritable bowel syndrome (122). Therefore, we speculate that a change in 5-HT levels in the intestine may be related to epilepsy, but there is no evidence to support this. N-acetyl aspartic acid (NAA) levels are reduced in patients with epilepsy, and in the epileptic suckling pig model, Austin et al. found that low NAA levels were associated with fecal Ruminococcus, and this process may be mediated by serum cortisol (123). NE has a double effect on epilepsy onset depending on its amount, NE at low doses has pro-epileptic effects, while high doses could inhibit epilepsy (124). Dopamine, serotonin, and acetylcholine are closely correlated with epilepsy and could indirectly affect brain function through the enteric nervous system, the vagus nervous system, and by regulating the expression of peripheral receptors (125).



4.3.2 SCFAs

SCFAs, including acetate, propionate, and butyrate, can be produced by some gut bacteria (mainly Bacteroides and Firmicutes) through the fermentation of insoluble dietary fibers (126). SCFAs play an essential role in microglial maturation, the gut–brain nervous system, BBB permeability, and stress responses through direct or indirect pathways, all closely related to epilepsy (127). As mentioned earlier, SCFAs were reduced in WAG/Rij rats, and butyrate had an anti-absence seizure effect (16). The protective effects and mechanisms of different SCFAs in epilepsy were further studied in a PTZ-induced epileptic mouse model (8, 128, 129). Sodium butyrate may exhibit antiepileptic effects in PTZ-induced epileptic mice by alleviating intestinal inflammation and oxidative stress (8). Butyrate also ameliorates mitochondrial dysfunction and protects brain tissue from oxidative stress and neuronal apoptosis through the Keap/Nrf2/HO-1 pathway, thereby increasing seizure threshold and reducing seizure intensity (129). Propionate treatment may alleviate seizure intensity and prolong the incubation period of seizures by reducing mitochondrial damage, hippocampal apoptosis, and neurological deficits (128). These studies show that SCFAs are reduced in epilepsy models and their protective effect on epilepsy through different mechanisms.




4.4 The HPA Axis

Stress can promote the induction of epilepsy, and epileptic patients have higher glucocorticoid levels (130). The HPA axis is central to stress responses, including the secretion of corticotrophin-releasing factor, adrenocorticotropic hormone, and subsequent release of glucocorticoids (e.g., cortisol, corticosterone, deoxycorticosterone, and corticotrophin) and catecholamine downstream pathways (131). The HPA axis is regulated either by the negative feedback of glucocorticoids or by input from numerous different brain regions, including the prefrontal cortex, hippocampus, amygdala, and the bed nucleus of the stria terminalis (132). Different hormones may have different effects; for example, most deoxycorticosterones are anticonvulsants, whereas corticotropin-releasing hormone and corticosterone could induce seizure activity (133, 134). Despite the correlation between the HPA axis and GM, the specific mechanism has not been elucidated (135). Chronic stress could upregulate glucocorticoids, which could enhance glutamatergic signaling and induce seizures (136). GM can affect the function of the hypothalamus by changing circulating cytokine levels or other pathways, thereby regulating the HPA axis (137). Stress responses in both SPF and GF mice suggest that the GM modulates stress-dependent pituitary and adrenal activation and alters the expression of genes regulating the corticotropin-releasing hormone pathway in the colon (138). We hypothesized that chronic stress may affect the HPA axis through the GM and promote epilepsy; however, the specific relationship among the HPA axis, GM, and epilepsy still needs to be further investigated.




5 Brain–Gut Axis as Potential Diagnostic and Therapeutic Target for Epilepsy


5.1 The GM Perspective in Differential Diagnosis of Epilepsy

The GM differences between healthy people and patients with different types of epilepsy make it a potential biomarker for differential diagnosis, prognosis, and treatment monitoring in epilepsy. Fecal microbiota may not accurately reflect GM situation because of possible pollution, and although colonoscopy is more accurate than fecal GM, its invasiveness limits its clinical application. In addition, the GM is affected by age, diet, living environment, and other factors, the sample size in these studies was small, and there were some contradictory results. Therefore, the GM needs to be further studied in larger patient samples and under strictly controlled variables.



5.2 The Value of the Brain–Gut Axis in the Treatment of Epilepsy

Modulation of the GM may be a potential therapeutic approach for intractable epilepsy. On the one hand, regulation of GM could reduce the occurrence of seizures by adjusting the mechanisms related to epilepsy. On the other hand, drugs can be converted into metabolites by GM through direct or indirect ways to exert therapeutic efficacy or cause toxic side effects (139). For DRE patients, adjusting the composition of the gut microbiome may promote drug metabolism and absorption and increase their responsiveness to antiepileptic drugs. In this section, we will review the effects of dietary intervention, antibiotics, probiotics, prebiotics, synbiotics, antiepileptic drugs, and fecal transplantation on epilepsy (Figure 2).




Figure 2 | Potential therapies for epilepsy based on gut microbiota. Ketogenic diet, antiepileptic drugs, probiotics, prebiotics, synbiotics, antibiotics, and fecal microbiota transplantation are potential treatments for epilepsy based on the microbiota–gut–brain axis.




5.2.1 Dietary Intervention

Diet, especially KD, could regulate the occurrence of epilepsy by shaping GM as discussed in detail in Section 3. KD is a high-fat, low-carbohydrate, and adequate protein diet used since 1921 in patients with refractory epilepsy (140). KD also has positive effects on other neurological diseases, such as multiple sclerosis, Parkinson’s disease, Alzheimer’s disease, and migraine (141–143). The classic ratio of fat to protein and carbohydrates in KD is 4:1 (18), which triggers a metabolic pattern shift from glucose metabolism toward the metabolism of fatty acids (53). The classic KD could relieve epilepsy by multiple pathways, including modulation of neurotransmitters, brain energy metabolism, oxidative stress, ion channels, and GM (53, 54, 144).

In addition to the classical form, several modified KD diets have arisen, including the modified Atkins diet, medium-chain triglyceride diet, low-glycemic index treatment, and modified Mediterranean ketogenic diet (MMKD), with various composition ratios of fat, protein, and carbohydrates (145). In medium-chain triglyceride diet, medium-chain triglycerides are used instead of long-chain triglycerides (145). MMKD is characterized by olive oil as a source of monounsaturated fatty acids (146). Olive oil contains antioxidant molecules such as monounsaturated fatty acids and polyphenols, which have beneficial effects on inflammation, cardiovascular disease, and oxidative status of the body (147). MMKD can regulate the GM of patients with mild cognitive impairment, especially fungal flora (146). A 12-month KD based on olive oil could alleviate symptoms in 83.1% of patients with refractory epilepsy, comparable to the effect of a traditional KD treatment (147). However, there is no comparative study between MMKD and traditional KD on the efficacy and side effects on refractory epilepsy. At present, most KDs are individualized modified KDs balanced between ketogenic effect and palatability.

In KD, saturated fat has always been the prominent fat used (148); however, animal and human studies have demonstrated the anti-epileptic effects of polyunsaturated fatty acids (PUFAs), especially omega-3(n-3) PUFAs (149). Dietary n-3 PUFAs are found in flaxseed, nuts, marine fish, and marine mammals. N-6 PUFAs are mainly derived from animal products and vegetable oils and constitute the majority of PUFAs in the modern Western diet (149). Docosahexaenoic acid (DHA, 22:6n-3), the primary n-3 PUFA in the brain, participates in the regulation of neural function through a variety of pathways, such as interaction with ion channels and neurotransmitter release (150, 151). A case–control study indicated a lower serum omega 3/omega 6 ratio in children with epilepsy than in healthy children (152). Both in vitro and in vivo studies demonstrated that a diet rich in n-3 fatty acids is beneficial for epilepsy control, but the results of clinical studies are somewhat contradictory (149). A meta-analysis of seven clinical trial studies in 2021 indicated that omega-3 supplementation significantly reduced seizure frequency and was more effective in adults than in children (153). Therefore, adjustment of dietary n-3/n-6 levels could be associated with seizure control. A recent study indicated that a high [fat]:[carbohydrate + protein] ratio is not indispensable for the treatment of epilepsy (154). A new combined diet with low [fat]:[proteins + carbohydrates] ratio, including medium-chain triglycerides, PUFAs, low glycemic index carbohydrates, and a high branched-chain amino acids/aromatic amino acids ratio also reduces excitatory drive and protects against seizures in rodent models (154). Although only tested on animals, it is a promising diet with fewer side effects.

Dietary intervention is an effective and perspective way to control epilepsy, and further research on the bacterial–gut–brain axis would contribute to develop the more effective dietotherapy.



5.2.2 Probiotics/Prebiotics/Synbiotics

Probiotics are living microorganisms that, at the appropriate dose, are beneficial to the host health (155). Most common probiotics include Bifidobacterium and Lactobacillus (156). In 2020, the International Scientific Association for Probiotics and Prebiotics defined prebiotics as a “substrate selectively utilized by host microorganisms conferring a health benefit” (157). Synbiotics has been defined as “a mixture comprising live microorganisms and substrate(s) selectively utilized by host microorganisms that confers a health benefit on the host” consisting of two subsets: synergistic synbiotic (the prebiotic is selectively utilized by the co-administered live microorganisms) and complementary synbiotic (each component works independently) (157). In a prospective study, the frequency of seizures was reduced by ≥50% in 28.9% of DRE patients treated with a probiotic mixture for 4 months, and 76.9% of these improved patients maintained a lower seizure frequency 4 months after discontinuation (158). This study indicated that adjuvant probiotics reduced the frequency of seizures and could be used as a complementary treatment to antiepileptic therapy (158). In the PTZ-induced chemical kindling mouse model, the probiotic supplementation group did not show full kindling, and GABA increased in mouse brain tissue, which indicated that probiotic supplementation could substantially reduce seizure severity (159).When treating PTZ-induced seizures in mice with KD, synbiotics or Lactobacillus fermentum MSK 408 could reduce the side effects of KD without disturbing its antiepileptic effects (21, 160). Both KD and MSK 408 increase GABA metabolism by regulating the GM (160). Several SCFAs, such as propionate and butyrate, have antiepileptic effects. After a month of intervention with the classic KD, the total SCFAs were significantly reduced, especially acetate, propionate, and butyrate, which may be due to a reduction in the intake of fermentable carbohydrates or a reduction in fermenting bacteria by KD (161). Synbiotics can lead to GM enrichment associated with SCFAs (21). MSK 408 could influence SCFAs and restore serum lipid profile and tight junction protein mRNA expression in the gut and brain independently by modulating the GM (160).

These studies are preliminary observations of supplementary probiotics in the treatment of DRE, and further theoretical validation and mechanism exploration in larger placebo-controlled trials and more rigorous animal experiments should be conducted. Probiotics have the potential to be a complementary treatment for refractory epilepsy and can be used in combination with KD therapy to reduce side effects.



5.2.3 Antibiotics

Antibiotics can have either good or negative effects on the treatment of inflammatory bowel disease, irritable bowel syndrome, hepatic encephalopathy, and other diseases (162). Despite the little evidence on the link between the use of antibiotics and seizures, a retrospective study of six refractory epileptic patients treated with antibiotics showed that certain antibiotics could reduce the frequency of seizures in the short term (163). They hypothesized that antibiotics might induce seizure freedom or decrease seizure frequency by interfering with the intestinal flora and the gut–brain axis (163). However, certain antibiotics can also induce epilepsy; for example, lactam antibiotics, including penicillin, cephalosporins, and carbapenems, are most likely to cause seizures (164). Unsubstituted penicillin, like fourth-generation cephalosporins, imipenem, and ciprofloxacin in combination with renal dysfunction, brain lesions, and epilepsy could lead to an increased risk of symptomatic seizures. Therefore, serum levels and EEG should be closely monitored when using antibiotics in these patients (165). Antibiotic application exerts short- or long-term effects on GM composition in both humans and animals (162). Although some antibiotics can disrupt the balance of intestinal microorganisms and cause diseases, others increase the abundance of beneficial microorganisms and play a positive role in the GM (162). Different antibiotics lead to different patterns of GM alteration; for example, macrolides induce the reduction of Actinobacteria (mainly Bifidobacteria) (166, 167), oral vancomycin reduces Firmicutes and increases Proteobacteria (168), whereas penicillin only has a weak effect on the human microbiota (168). The extent of amoxicillin-induced epilepsy is not parallel to GM changes, which is contradictory to the hypothesis that GM acts as a bridge in antibiotic-induced epilepsy. However, the influence of antibiotics on GM is also related to the initial GM composition (169) and habits of the host (170). In the future, multi-center cooperation is needed to further clarify the specific effects and mechanisms of various antibiotics on epilepsy.



5.2.4 Antiepileptic Drugs and GM

The GM contains a rich variety of drug-metabolizing enzymes that influence their pharmacology, resulting in interpersonal differences in drug efficacy and toxicity (171). For example, clonazepam is an anticonvulsant and anti-anxiety drug reduced and metabolized by the GM, resulting in drug toxicity (172). Non-antibiotic drugs alter the GM to some extent. In a large study involving the effects of 1,197 non-antibiotic drugs on 40 GM, 24% of the drugs with human targets inhibited the growth of ≥1 strain in vitro (173). Antiepileptic drugs, such as carbamazepine, valproic acid, and lamotrigine affect GM composition (174, 175). Valproic acid treatment during pregnancy in mice resulted in altered fecal microbiota (176, 177), with increased Firmicutes and decreased Bacteroidetes (178), which may be associated with ASD-like behavior in offspring (176, 177). Lamotrigine might decrease the growth of E. coli by inhibiting bacterial ribosome biogenesis (179). Further research on the relationship between antiepileptic drugs and gut microorganisms will help to develop new antiepileptic drugs based on the principle of GM regulation. Adjusting GM composition could alter the metabolic process of antiepileptic drugs to improve their efficacy and reduce side effects.



5.2.5 FMT

FMT has been proven to be an extremely effective treatment for recurrent or refractory Clostridium difficile infections (176, 177, 180, 181). Moreover, FMT has been extensively studied as a potential treatment for GM-related diseases. Its effectiveness has been demonstrated in a range of diseases, such as ulcerative colitis (182), hepatic encephalopathy (183), irritable bowel syndrome (184), obesity (185), and even neurological disorders (186, 187). Recent studies have revealed a correlation between epilepsy and GM; thus, the value of FMT administration in patients with epilepsy has been further investigated. FMT has been shown to prevent the recurrence of epilepsy after discontinuation of antiepileptic drugs in patients with Crohn’s disease and a long history of epilepsy (188). In a rat model of epilepsy with basolateral amygdala kindling following chronic stress, GM transplantation from chronically stressed rats to sham-stressed rats accelerated the kindling epileptogenesis process, whereas transplantation from sham-stressed group to stressed rats reduced the pro-epileptic effects of stress (42). Olson et al. observed an increased seizure threshold in a GF temporal lobe epilepsy mouse model after transplantation with microbiota from KD-treated mice or long-term administration of microbiota associated with KD treatment (20). However, there are still some challenges to the FMT process. Currently, FMT is performed by placing small amounts of liquefied or filtered feces directly into the colon or through a feeding tube, enema, or capsule (189). Therefore, FMT may result in the transmission of bacteria, viruses, or diseases that cannot be detected by screening (189, 190). Furthermore, FMT may disrupt the baseline microbiota diversity, resulting in the breakdown of colonization resistance to a broad spectrum of harmful microorganisms (190). Therefore, more long-term follow-up studies are needed to determine the efficacy and safety of FMT in patients with epilepsy before large-scale clinical application.





6 Gut–Brain Psychology and Epilepsy

In addition to epilepsy, current research have linked the brain–gut axis to the development of many other neuropsychiatric disorders, such as neurodegenerative diseases and mental disorders (191, 192). Psychiatric diseases are often comorbid with epilepsy (193, 194). Patients with epilepsy have an increased risk of mental illness, which increases their disability and mortality rates (193, 194). Depression is the most common comorbidity in patients with epilepsy (195). Patients with epilepsy have a twofold increased risk of depression compared to the standard population (196). Mental disorders, such as depression, anxiety, dipolar disorder, and schizophrenia, could be rooted in abnormal GM (192, 197). Though gut–brain axis in psychology has been rapidly developed over the decades (192), the conception of “gut–brain psychology” was firstly proposed by Jin et al. in 2018: the discipline of studying the relationship between the gut–brain and mind (192). Neuroinflammation, HPA axis hyperactivity, and altered neurotransmitters (such as 5-HT) are common mechanisms for epilepsy and comorbid depression, and involved in the gut–brain axis (117, 198, 199). KD, a well-known treatment for epilepsy, has been shown to play a role in psychiatric disorders (200). Other than KD, antibiotics, FMT, probiotics, and prebiotics also have potential in regulating both mood and epilepsy (158, 163, 188, 192). Therefore, in the process of studying the relationship between epilepsy and brain–gut axis, the gut–brain psychology should be considered. In the future, it may be possible to treat neuropsychiatric diseases and improve brain and mental health by manipulating the microbiome and the gut–brain axis.



Conclusion

Advances in sequencing techniques have deepened our understanding of GM, and an increasing number of studies have indicated the indispensable role that the brain–gut axis plays in epilepsy. The autonomic nervous system, enteric nervous system, neuroendocrine system, and neuroimmune system all contribute to communication between the brain and the gut. KD has been long used in the clinical practice as an effective treatment for intractable epilepsy. The involvement of the brain–gut axis further clarifies the potential mechanism behind this treatment method. In addition, controlling GM by probiotics, prebiotics, synbiotics, antibiotics, or FMT could reduce the frequency of seizures and improve the threshold of epilepsy. Gut–brain psychology should be considered in the study of gut–brain axis in epilepsy. At present, research on the relationship between the brain–gut axis and epilepsy is still at the preliminary stage. Future research will help identify new diagnostic and therapeutic targets for refractory epilepsy in relation with the gut–brain axis.
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Numerous bacterial species participate in the shift of the oral microbiome from beneficial to dysbiotic. The biggest challenge lying ahead of microbiologists, immunologists and dentists is the fact that the bacterial species act differently, although usually synergistically, on the host immune cells, including neutrophils, and on the surrounding tissues, making the investigation of single factors challenging. As biofilm is a complex community, the members interact with each other, which can be a key issue in future studies designed to develop effective treatments. To understand how a patient gets to the stage of the late-onset (previously termed chronic) periodontitis or develops other, in some cases life-threatening, diseases, it is crucial to identify the microbial composition of the biofilm and the mechanisms behind its pathogenicity. The members of the red complex (Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia) have long been associated as the cause of periodontitis and stayed in the focus of research. However, novel techniques, such as 16S clonal analysis, demonstrated that the oral microbiome diversity is greater than ever expected and it opened a new era in periodontal research. This review aims to summarize the current knowledge concerning bacterial participation beyond P. gingivalis and the red complex in periodontal inflammation mediated by neutrophils and to spread awareness about the associated diseases and pathological conditions.
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BIOFILM IMPACT ON NEUTROPHILS IN THE DEVELOPMENT OF THE PERIODONTAL DISEASE

The innate immune system is the first line of defense against pathogenic invasion. The response begins with the recruitment of immune cells. In the oral cavity, the most abundant contributors are neutrophils. The mechanism of the immune system involves the promotion of inflammation, recruitment of other immune cell types and use of neutrophil-specific defense mechanisms (Figure 1). The coordinated attack against pathogens involves the formation of Neutrophil extracellular traps (NETs), a web-like structure destined to capture and eliminate, the internalization (a.k.a. phagocytosis) and the release of the diverse granule content (Scott and Krauss, 2012; Vladimer et al., 2013; Li et al., 2020). In response to the biofilm microbiome, e.g., Fusobacterium nucleatum a significant change in neutrophil gene expression is observed (Wright et al., 2011).
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FIGURE 1. Neutrophil defense mechanisms (A) and associated diseases (B). (A) Neutrophils can employ numerous strategies in order to eliminate pathogens, including the formation of neutrophil extracellular traps, destined to capture and eliminate, internalization (phagocytosis) and the release of a high variety of granule contents (e.g., receptors, proteases and enzymes). The utilization of secretory vesicles provides an easy to mobilize source of receptors crucial for pathogen recognition (TLRs) and cell fate determination (apoptosis regulators). (B) Periodontal pathogens have been associated with multiple other diseases which resulted in increased attention. Affected organs and systems (non-exhaustive): brain (Alzheimer’s disease), mouth (periodontitis, oral squamous cell carcinoma, peri-implantitis), esophagus (esophageal cancer), vascular system (aortitis, atherosclerosis), pancreas (pancreatic cancer), colon (colorectal cancer), uterus (preterm birth), genitals (bacterial vaginosis), joints (rheumatoid arthritis).


Within the oral biofilm, pathogens have developed countless sophisticated strategies to bypass elimination and turn an inflamed environment in their favor, such as manipulation of neutrophil survival, prolonged inflammatory responses or subversion of anti-microbial properties (White et al., 2014; Olsen and Yilmaz, 2016). Throughout the shift of the microbial composition of the oral cavity, also known as the development of periodontitis, some pathogens act as bridging species between early and late contributors. During the progression of the infection, a strong manipulation of the neutrophil function by the biofilm pathogens can be identified (Table 1). Research-wise, it is highly challenging to reveal the interaction between multi-species biofilms and neutrophils. The first step is to identify pathogen-specific effects.


TABLE 1. Identified prevalent pathogens associated with periodontitis (non-exhaustive).
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PATHOGEN-SPECIFIC EFFECTS ON NEUTROPHIL FUNCTIONS


Fusobacterium nucleatum

Fusobacterium nucleatum is recognized as a master species in the development of periodontitis, with many strain-specific functions. In order to enhance the multiplication of late colonizers, it is crucial to create favorable conditions with priority to decrease neutrophil efficiency. This is carried out by decreasing superoxide generation and apoptosis induction, limiting the number of counter-attacking immune cells (Kurgan et al., 2017). The production and release of reactive oxygen species (ROS) is part of the pathogen elimination strategies and can be induced by the phagocytosis of the invaders (El-Benna et al., 2016; Zeng et al., 2019). In contrast to well-characterized pathogens, the amount of F. nucleatum differs within the timeline of disease progression in accordance with its bridging-specie nature (Tomšič et al., 2021). Moreover, it has been proved that F. nucleatum exaggerates NET formation in comparison to other bacterial species, such as P. gingivalis, in strong connection with NOD-like receptors (Alyami et al., 2019). Triggering NETosis, instead of phagocytosis, as a neutrophil defense mechanism is probably associated with the huge size of the pathogen (Urban et al., 2006). Another antimicrobial mechanism strongly exploited by F. nucleatum is the release of Human Neutrophil Peptide-1 (HNP-1) (Musrati et al., 2016). Increased concentrations of HNP-1 peptide trigger epithelial cell death and bacterial attachment to keratinocytes (Gursoy et al., 2013). Exposure of F. nucleatum to defensins, a class of antimicrobial peptides released for instance by neutrophils, can result in decreased bacterial membrane permeability and elevated dental plaque biofilm formation. These strategies are destined to aid the resistance against the membrane disruption and lysis caused by the above-mentioned proteins. As a consequence, the proliferation level is secured (Keskin et al., 2014; Xu and Lu, 2020). Importantly, secreted serine protease fusolisin degrades extracellular matrix proteins as well as cleaves the most abundant immunoglobulin at the mucosal surface (IgA), contributing to the inactivation of the host defense and disease progression (Bachrach et al., 2004; Doron et al., 2014). To add insult to injury, observed tissue environment modulation can give rise to other pathological conditions, such as colorectal cancer (Luo et al., 2019).



Prevotella intermedia and Tannerella forsythia

Pathogens can also have an indirect effect on the function of neutrophils. In the case of Prevotella intermedia and Tannerella forsythia, it has been proved that they can adhere to and internalize into human dental follicle stem cells (hDFSCs). This infection modulates the environment and diminishes the expression of cytokines, however, it does not change hDFSC differentiation capacity. Consequently, a reduced release of IL-8 can contribute to limited chemotaxis of polymorphonuclear leukocytes (PMNs). Moreover, in the presence of infected hDFSCs neutrophil phagocytic activity and NET formation are also decreased, which gives pathogens enough time for gingival colonization (Hieke et al., 2016). Importantly, a challenge with T. forsythia induces a strong immune response as indicated by the number of immune cells accumulated at the lesion of administration in a murine model. These in vivo experiments showed, that unlike in the presence of P. gingivalis, the neutrophil migration is not inhibited (Gosling et al., 2005). However, some comorbidity, such as glycogen storage diseases (GSDs), can in few cases further enhance gingival tissue destruction. A case report of a GSD patient manifesting with the subversion of the neutrophil chemotaxis and neutropenia described an evident T. forsythia-mediated intraoral bone loss (Ma et al., 2018).

Interestingly, Ksiazek et al. discovered that T. forsythia expresses a serpin (protease inhibitor) called miropin that can contribute to its survival and ability to avoid protease activity of neutrophils (Ksiazek et al., 2015). Strikingly, another newly discovered metalloproteinase called mirolysin together with the previously characterized, secreted metalloproteinase called karilysin, represent important virulence factors of T. forsythia. Both proteinases show a synergistic inhibitory effect on many pathways in the host immune system. Significantly, T. forsythia with a mutation in the expression of these enzymes presented with a strongly diminished survival rate (Jusko et al., 2012, 2015). Apart from proteinases, an outer surface layer (S-layer) is a T. forsythia-associated virulence factor that can contribute to serum resistance and has a significant role in coaggregation with other oral pathogens, such as P. gingivalis. The S-layer significantly reduces the deposition of C3b on the bacterial surface, which would act as a tag for phagocytosis (Shimotahira et al., 2013). Strikingly, a bacterial glycan found linked to the S-layer can modulate dendritic cells and suppress T helper 17 response (Settem et al., 2013). As an anaerobic bacteria, T. forsythia lacks a complex enzymatic system against oxidative stress. However, the genome of this pathogen encodes an oxidative stress response sensor protein (OxyR) homolog, that acts as a positive regulator for antioxidant gene expression. This can contribute to the resistance of the bacterial community to oxidative stress in the aerobic oral cavity and protect against oxidative burst in leukocytes, which is essential in the dental plaque biofilm formation (Honma et al., 2009; Moriguchi et al., 2017).

The main component of NETs is DNA (Brinkmann et al., 2004). Among other species (P. gingivalis, F. nucleatum and Aggregatibacter actinomycetemcomitans), P. intermedia has the highest nuclease activity, enabling it to block the capture and subsequent phagocytosis by neutrophils. Two genes have been identified as responsible for this feature, nucA and nucD, encoding enzymes that require cations for their activity (Doke et al., 2017). Still, this strategy itself cannot be considered unique, as numerous pathogens associated with periodontal disease are able to express such enzymes, including members of the red and the orange complexes (Palmer et al., 2012). Bacteria species are grouped based on chronological coexistence during diseases progression. Members of the red complex (Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia) are late colonizers and the multiplication of them relies on, and is tightly connected to the conquest of the members of the orange complex (e.g., Fusobacterium nucleatum, Prevotella intermedia) (Mohanty et al., 2019).



Aggregatibacter actinomycetemcomitans

Secreted extracellular adenosine triphosphate (eATP) is a distinctive virulence factor characterized in A. actinomycetemcomitans. eATP is predominantly an intracellular signaling molecule involved in the recruitment of immune cells (Ding et al., 2016). However, in periodontitis, eATP secreted by A. actinomycetemcomitans induces an upregulation of cytokine expression, resulting in the massive recruitment of inflammatory cells via mainly the p38 mitogen-activated protein kinase (MAPK) and MAPK-activated protein kinase 2 (MK2) pathways (Herbert et al., 2017). Therefore, would be of great importance to investigate the effects of eATP on p38 or MK2 kinases not only in macrophages, but also in neutrophils Interestingly, macrophages challenge with A. actinomycetemcomitans induced autophagic influx, restricting the expression of the proinflammatory cytokine IL-1β and ROS production, which ensure protection for this pathogen (Lee et al., 2020). Of importance, bacterial metabolites, such as short-chain fatty acids (SCFAs), are widely spread among different species and connected to a great number of immunological disorders (Ferreira et al., 2014). During bacterial infection, A. actinomycetemcomitans-associated SCFAs can also alter neutrophil effector mechanisms by downregulating cytokine production and phagocytic activity (Corrêa et al., 2017).

Leukotoxins are virulence factors expressed e.g., by some Staphylococcus spps. or by Mannheimia haemolytica, altering both the innate and the adaptive immune system (Futagawa-Saito et al., 2004; Aulik et al., 2010). Strikingly, leukotoxin A (LtxA) secreted by A. actinomycetemcomitans triggers a dysregulation in neutrophils, resulting in the release of citrullinated proteins (Konig et al., 2016). The hypercitrullination of host proteins, on one hand leads to diminished functions, such as in the case of histone proteins embedded in NETs can be responsible for decreased anti-microbial activity (Li et al., 2010). On the other hand, the development of rheumatoid arthritis (RA) is the consequence of an elevated level of citrullinated proteins, that leads to the hyperactivity of the immune system resulting in the destruction of the host tissue (Kuhn et al., 2006). The link between RA and periodontitis has long been under the scope of scientific research due to the numerous shared immune-pathological similarities, including overall disease progression, cytokine profile and risk factors (Koziel et al., 2014; de Molon et al., 2019). As these two diseases can present with similar symptoms, some approaches can be applied in both cases to control disease manifestations, i.e., the melanocortin agonism can be a potential way to overcome excessive oral inflammation (Madeira et al., 2016). Melanocortin proteins upon receptor biding elevate the resolution of inflammation by reducing the amount of released pro-inflammatory cytokines and induce efferocytosis, the clearance of neutrophils by macrophages (Montero-Melendez et al., 2011). Besides the induction of citrullinating enzymes in neutrophils, LtxA has a strong toxic effect on leukocytes and induces NET formation in a dose-dependent manner. Additionally, the activity of neutrophil elastase (NE), a principal proteinase in bacterial defense, is exploited. Normally, NE is localized in the cytoplasm, however, upon LtxA exposure, neutrophil lysis is triggered, followed by the release of high amounts of elastase. As a consequence, human gingival epithelial cells and fibroblasts detach and die (Madeira et al., 2016; Hiyoshi et al., 2019).

Of note, A. actinomycetemcomitans activates many more neutrophil defense mechanisms, such as ROS production, the release of proteases and the already mentioned NET formation that can be considered a successful defense strategy in the absence of bacterial nuclease activity (Mikolai et al., 2021). Although, the coin has two sides, the overactivation of the above-mentioned mechanisms results in the destruction of the host tissues. Among other virulence factors, this pathogen produces a toxin called the Cytolethal Distending Toxin (CDT), which causes cell cycle arrest in vitro and in vivo as well as blocks proliferation of the target cells. These disease-promoting effects of CTD are noted towards the periodontal epithelial cells in the rat model (Ohara et al., 2011). Unfortunately, amoxicillin, azithromycin, and metronidazole show an attenuated efficiency against A. actinomycetemcomitans, while phagocytosis of the pathogen is only effective at a lower MOI (Multiplicity of Infection) (Ardila and Bedoya-García, 2020). Fortunately, when neutrophils are highly outnumbered by bacterial cells, internalized azithromycin significantly increases the phagocytic elimination efficiency of PMNs (Lai et al., 2015).



Peptoanaerobacter stomatis and Filifactor alocis

Peptoanaerobacter stomatis is a newly characterized member of the destructive oral microbiome. In contrast to well-characterized periodontal pathogens, this one is Gram-positive (Sizova et al., 2015). Infection with this pathogen promotes migration of not just neutrophils, but also monocytes, which additionally strongly fuel inflammation, along with the vigorously induced granule content exocytosis (Vashishta et al., 2019). Furthermore, a significant induction of NET formation is observed upon neutrophil challenge with this pathogen (Armstrong et al., 2018). Moreover, P. stomatis is relatively resistant to phagocytosis, while ROS production is significantly increased. These types of defense mechanisms are a double-edged sword, because they simultaneously induce the degradation of the host gingival tissue and periodontitis progression (Flores et al., 2017).

Another Gram-positive member of the community is Filifactor alocis that shows an extraordinary resilience to oxidative stress as mentioned in Table 1. This provides a substantial colonization advantage over the host defense system and competing pathogens. Similar to other victorious pathogens, F. alocis manipulates the neutrophil immune responses. The analysis of global changes in the transcriptome of neutrophils challenged with F. alocis reveals strong effects on the PMNs. A delayed apoptosis is accompanied by a prolonged inflammatory response and activated migration through the MAPK cascade and the TNF-α signaling pathways (Miralda et al., 2020). Strikingly, F. alocis fails to induce NET formation, but doesn’t influence the P. stomatis-mediated NETosis. In contrast, an earlier challenge of neutrophils with F. alocis decreases NET formation triggered by PMA (Armstrong et al., 2018).



BEYOND PERIODONTITIS

Recently, periodontal pathogens have started being linked to other, often life-threatening diseases, such as atherosclerosis, cardiovascular diseases or rheumatoid arthritis, as mentioned above (Baetta and Corsini, 2010; Steyers and Miller, 2014). Campylobacter rectus in addition to inhibit neutrophil elastase by ecotin, has been associated with hypertension (Pietropaoli et al., 2019; Thomas et al., 2020). P. gingivalis is the most abundant pathogen of all the detected species (Mougeot et al., 2017). Notwithstanding the fact that inflammation is an essential part of the defense of the immune system, in the case of chronic inflammation, the effect is the opposite. In the oral cavity, a dysbiotic and proinflammatory environment can accelerate the development of gum disease or can even lead to oral cancer. Accordingly, P. gingivalis, F. nucleatum, and Treponema denticola are the most frequently identified enriched species in patients with oral squamous cell carcinoma (OSCC) (Fitzsimonds et al., 2020). As indicated in Table 1, T. denticola can alter neutrophil migration as well as trigger a strong inflammatory response, mediated by the elevated expression of Oncostatin M (Jones et al., 2020). The identification of P. gingivalis and the secreted virulence factor (protease gingipain) in the brains of patients has been an important milestone in the research of Alzheimer’s disease. In vivo models demonstrated the pathogen’s ability to translocate from the oral cavity to the brain (Ilievski et al., 2018). By applying this knowledge, neurodegeneration can be reduced using specific gingipain inhibitors, which may be a promising treatment (Dominy et al., 2019). Of note, in rare cases, F. nucleatum was isolated from immunocompromised patients with pyogenic liver abscesses. However, this might be a slight contribution based on negligible case numbers (Collins and Diamond, 2021).



SUMMARY AND FUTURE REMARKS

The scope of this article included anaerobic bacterial species. However, it has to be mentioned that also aerobic species (Streptococcus and Staphylococcus) avoid killing by neutrophils and can be found among other microorganisms leading to periodontal disease (Daniluk et al., 2006). As mentioned and summarized in Table 1, such pathogens start to be linked to other severe disorders and accelerated disease progressions. As a result of emerging detection methods, both the list of pathogens and the linked diseases will grow constantly, providing not just a better understanding, but also powerful diagnostic tools based on biomarkers in the long term (Han et al., 2021). Although it is almost impossible to list all the pathways and virulence factors, Table 1 presents the variety of bacterial adaptation mechanisms. The most abundant virulence factors are the proteases, but they are usually specific for the individual bacterial species. Therefore. such peculiarities hinder the development of new therapeutic approaches.

The shift of the oral microbiome and the emerging inflammation are the results of complex bacterial interactions and biofilm formation. Through the mentioned examples, it is demonstrated that pathogens develop an arsenal of functions to generate a favorable environment and to avoid killing by the most abundant immune cell type found in the oral cavity, the neutrophil. There are still many pathways to be discovered in the future and it cannot be ignored that this is not just a localized problem. Figure 1 illustrates that pathogens can use body fluids as highways to reach other parts of the body and promote inflammation. This might be the key information in some of the adverse pregnancy outcomes, where the placental microbiome shows an incredible resemblance to its assumed origin, the mouth (Fischer et al., 2019).

Interestingly, an investigation of ancient and traditional medications is still as beneficial as at the dawn of modern medicine. Daehwangmokdantang (DHMDT) is a polyherbal mixture known in ancient Korea. Another potential medicament can be an extract from a shrub called border forsythia (in Latin: Forsythia x intermedia) known in ancient China. Active lignans from its leaves or flowers have a similar anti-inflammatory effect through the MAPK/ERK pathway (Michalak et al., 2018). Therefore, the review of the underlying molecular mechanisms can bring us closer to efficient treatments (Máthé, 2020). The nuclear factor-κB (NF-κB) is the major transcription factor during inflammation that controls the expression of many pro-inflammatory factors, such as nitrite oxide (NO), prostaglandin (PG)E2, TNF-α and IL-1β (Li and Verma, 2002). Bacterial lipopolysaccharide (LPS) induces the translocation of NF-κB from the cytoplasm to the nucleus. In the presence of DHMDT, the process is inhibited and the expression of the mentioned pro-inflammatory substances is significantly reduced (Lee et al., 2017).

Statins are a class of widely used lipid-lowering medications that also have antimicrobial properties. A novel study by the group of dr Piotr Mydel (Kamińska et al., 2019), aiming to analyze statin effects on a dysbiotic oral microbiome in vitro, included different pathogens, such as P. gingivalis, F. nucleatum, Actinomyces naeslundii, T. forsythia, and Streptococcus gordonii. Results indicate high effectiveness against P. gingivalis without killing the commensal microbiota, which is a side effect of broad-spectrum antibiotics.

In summary, the future of periodontal medicine undoubtedly lies in a personalized approach as the microbial composition shows a huge variation between patients. An essential step along the way is the identification of contributing pathogens, their distinct biomarkers and the development of specific diagnostic tools (Van der Weijden et al., 2021).
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Emerging concerns following the severe acute respiratory syndrome coronavirus-2 (SARS-CoV2) pandemic are the long-term effects of coronavirus disease (COVID)-19. Dysgeusia in COVID-19 is supported by the abundant expression of the entry receptor, angiotensin-converting enzyme-2 (ACE2), in the oral mucosa. The invading virus perturbs the commensal biofilm and regulates the host responses that permit or suppress viral infection. We correlated the microbial recognition receptors and soluble ACE2 (sACE2) with the SARS-CoV2 measures in the saliva of COVID-19 patients. Data indicate that the toll-like receptor-4, peptidoglycan recognition protein, and sACE2 are elevated in COVID-19 saliva and correlate moderately with the viral load.
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INTRODUCTION

The coronavirus disease (COVID-19) pandemic caused by the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV2) has taken a toll on global health and economy, infecting 197 million people and causing over four million deaths worldwide as of July 30, 2021. While most individuals with symptomatic illness recover completely by 4 weeks, a significant proportion of individuals experience long-term symptoms (Centre for disease control and prevention, 2021). Fatigue, headaches, difficulties in concentrating/mental fog, change/loss of taste, change/loss of smell, sleep disorders, and dyspnea constitute the most frequent symptoms in long COVID-19 (Estiri et al., 2021). The SARS-CoV2 virus encodes four major structural proteins, including the spike protein, the membrane protein, the envelope protein, and the nucleocapsid protein. The spike protein of the viral envelope binds the angiotensin-converting enzyme 2 (ACE2) on the surface of target cells for host cell entry. Following ACE2 binding, the spike protein is cleaved by the host protease, transmembrane protease serine 2 (TMPRSS-2), facilitating the intracellular release of viral RNA. A second host protease, the tumor necrosis factor α-converting enzyme (TACE), cleaves the ACE2 protein at the transmembrane helix and releases the ectodomain as a soluble protein (sACE2) (Heurich et al., 2014).

Complex symbiotic relationships between members of the commensal microflora, which is site specific, contribute to the maintenance of human health (Li et al., 2019). The host microbiome could either be neutral or hinder or facilitate viral infection (Wilks et al., 2013). Perturbations in microbiome following viral invasion have been shown to trigger host innate immune responses by signaling via pattern recognition receptors such as toll-like receptors (TLR)—for example, while inflammation and cytokine secretion induced by the influenza virus promotes pneumococcal infection, co-infection with Echinacea purpurea suppresses influenza A infection by inhibiting TLR-4 and NF-κB activation (Wilks et al., 2013). In COVID-19, a review of clinical case series suggests that bacterial co-infection or superinfection correlates positively with disease severity and poor outcomes (Feldman and Anderson, 2021). Pertinently, emerging evidence suggests that, in addition to ACE2, the SARS-CoV2 could use TLR-2 or TLR-4 for host cell entry (Gadanec et al., 2021). Furthermore, the observations of TLR upregulation by the damage-associated molecular patterns in COVID-19 clinical samples as well as the proposed models of direct binding of SARS-CoV2 spike protein with TLRs1, 4, and 6 suggest specific roles for these TLRs in facilitating viral entry and/or pathology (Sohn et al., 2020; Gadanec et al., 2021). Among the TLRs, TLR-4 has been shown to exhibit the strongest protein–protein interaction with the spike protein of COV-2 (Choudhury and Mukherjee, 2020). Furthermore, it has been suggested that the CoV2/TLR-4 binding induced an increased expression of interferon-stimulated gene expression, and the resultant upregulation of ACE-2 represents a mechanistic link between TLR-4 and CoV2 cellular entry (Gadotti et al., 2020).

Much like the nasopharynx, the oral mucosa is also a portal for entry of airborne virus, including SARS-CoV2. The oral epithelial cells have been shown to express abundantly the SARS-CoV2 receptor, ACE2, and the associated metalloproteases TMPRSS-2 and TACE (Hirayama et al., 2017; Srinivasan et al., 2020). Additionally, the expression of TLR-2 and TLR-4 in the oral epithelium could contribute to SARS-CoV2 entry (Gadanec et al., 2021). The virus has been consistently detected in saliva, and some studies have suggested that the SARS-CoV2 load is higher in saliva than that in the nasopharyngeal swabs. Since the SARS-CoV2 and host interactions within the oral cavity could contribute to the symptoms and the pathology of COVID-19, we hypothesized that the pattern recognition receptors that recognize the oral flora will be upregulated in SARS-CoV2-infected individuals.

Whole saliva is a mixture of secretions (from salivary glands, passive diffusion from blood, and from cells lining the oral mucosa) and cellular components that include corpuscles, exfoliated epithelial cells, and the oral microbiome. Hence, salivary proteome and transcriptome are recognized as excellent resources for investigating the markers for oral and systemic diseases (Lee et al., 2011). Previously, we and others have reported that the salivary TLR-2 and TLR-4 are upregulated in inflammatory diseases of the oral cavity. Here we assessed the expression of TLR-2, TLR-4, and peptidoglycan recognition protein (PGRP)-4 and evaluated the association of changes in these markers as it related to SARS-COV-2 infection in the saliva of hospitalized patients with COVID-19.



METHODS


Study Cohort and Samples

The study cohort included 30 symptomatic, non-ventilated patients with COVID-19 diagnosed by RT-PCR SARS-CoV2 testing from nasopharyngeal swabs and admitted to the IU Health hospital system between September 2020 and December 2020. Unstimulated whole saliva (UWS) was collected within 48 h of admission to the hospital with the help of the Indiana Biobank and in accordance with the institutional review board (IRB protocol # 1105005445). The UWS was collected using the ORA-100 ORAcollect RNA kit following the instructions of the manufacturer (DNA Genotex, ON, Canada). The control UWS included archived saliva bank samples from the salivary research laboratory at Indiana University School of Dentistry that predated the COVID-19 pandemic. All UWS samples were processed at the Infectious Disease Laboratory of the Indiana University School of Medicine. SARS-CoV2 was detected qualitatively by RT-PCR amplifying the RdRp and N genes on the Abbott m2000 Real Time System (Abbott Laboratories, Chicago, IL, United States). Quantitative viral load testing was performed by RT-qPCR targeting the N-gene utilizing the N1 primers from the 2019-nCoV CDC kit against a six-point standard.

The sACE2 activity in each UWS was determined using the CoviDropTM SARS-CoV-2 Spike-ACE2 binding activity/inhibition assay kit (Epigentek, Farmingdale, NY, United States). The binding activity was calculated according to the equation binding activity = (sample OD− blank OD)/(slope × sample volume, μl) × 1,000, where OD is optical density, blank is the negative control, and slope is calculated from the linear regression of ACE2 standards of known concentration.

The saliva RNA was reverse-transcribed using the iScript cDNA synthesis kit (Biorad, Austin, TX, United States), and an equal quantity of cDNA was amplified for TLR-2, TLR-4, PGPR-4, IFN-γ, and β-actin as a house-keeping gene using the SYBR green/ROX qPCR master mix (SA Biosciences, Frederick, MD, United States) on ABI PRISMTM 7000 Sequence Detection Systems (Thermo Fisher Scientific, United States). The primers used are as follows: βactin-F: 5′-GCCAACCGCGAGAAGATGA-3′, βactin-R: 5′-CATCACGATG CCAGTGGTA-3′; TLR-2F: 5′-ACCTGTGTGACTCTCCATCC-3′, TLR 2R: 5′-GCAGCATCA TTGTTCTCTC-3′; TLR-4F: 5′-TTCCTCTCCTGCGTGAGAC -3′, TLR-4R: 5′-TTCATAGGGTTCAGGGACAG-3′; IFN-γ: 5′-AGTGCCAGCAGAAATATCCTCC-3′, IFNγR: 5′-GAACG AGGTGAGCCAAATATCC-3′, and peptidoglycan recognition protein (PGRP)-4F: 5′-TTTTGCCCTCCTCCCCTGCCA-3′, PGRP-4R: 5′-ATGAGGTTTGGAGGCCCTTGG-A-3′. The relative expression (Ct value) of the TLR-2, TLR-4, PGRP-4, and IFN-γ gene was normalized with βactin by subtracting the latter from the former. Because the level of gene expression is inversely proportional to the Ct and the amount of the product doubles with each cycle of the RT-PCR, fold change in the gene expression was calculated by the 2–Δct method.



Statistics

Differences in sACE2 binding activity and in the measures of the transcripts amplified between the COVID-19 and control samples were determined by Student’s t-test and Mann–Whitney U-test. The value of p < 0.05 was considered significant. A correlation between the measures of SARS-CoV2 and the sACE2 or the transcripts in saliva was determined by Spearman correlation.




RESULTS


Clinical Data of the COVID-19 Cohort

Among the 30 COVID-19-positive individuals recruited for this study, unstimulated whole saliva samples from 25 individuals were assessed, as five samples were discarded due to contamination and insufficient collection. The highest incidence of COVID-19 was observed in the seventh decade (36%) of life and a female to male ratio of 1.5:1 in our cohort (see Figure 1A). Shortness of breath was the most common symptom (72%), and 20% of individuals experienced loss of taste.
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FIGURE 1. Demographic data of the COVID-19 cohort and sACE2 in saliva. (A) The age and sex distribution as well as the presenting symptoms of the COVID-19 cohort included in the study are provided. (B,C) The sACE-2 is lower in COVID-19 saliva. (B) Unstimulated whole saliva samples collected from hospitalized COVID-19 patients were assessed for sACE2 by ELISA as described in the “Methods” section; *p < 0.05. (C) Spearman correlation (rs) for the relationship between the sACE-2 and the SARS-CoV2 ct value.




SARS-CoV2 and Its Receptor in COVID-19 Saliva

The Ct values for SARS-CoV2 in the UWS samples ranged from 13.60 to 30.47 based on the CN value reported by the Abbott SARS-CoV-2 Real Time Assay. The viral load was calculated in nine samples and ranged from 1.6 to 678 copies/ml. We quantitated the salivary sACE2 binding to the plate-bound spike protein as a measure of sACE2 concentration (Figure 1A). The sACE-2 was significantly lower in the UWS of COVID-19 patients than that in the control cohort (Figure 1B). Interestingly, the sACE2 exhibited a strong correlation to the viral load (rs = −0.5 with the SARS-CoV2 Ct value) (Figure 1C). Significantly, in the nine samples with viral load available, there was a strong positive correlation with sACE2, rs = 0.9. Although the sample numbers are few, these observations support reports of potential oral mucosal infection by SARS-CoV2 (Figure 1C).



Pattern Recognition Receptors in COVID-19 Saliva

Molecular docking studies have demonstrated significant binding of the native spike protein of SARS−CoV−2 to TLR1, TLR4, and TLR6, with TLR4 exhibiting the strongest interaction (Choudhury and Mukherjee, 2020). Previously, inflammation by a respiratory virus such as the influenza virus has been shown to enhance host receptors that either facilitate or suppress bacterial co-infection and modulate the disease (Keynan et al., 2011). Several studies have investigated the transcriptome of cell-free and supernatant saliva for biomarkers of oral and systemic diseases (Lee et al., 2011). Here we investigated the salivary transcripts of microbial pattern recognition receptors that recognize the normal oral flora in COVID-19 patients. The fold change or relative expression of TLR-2, TLR-4, and PGRP-4 was significantly higher in COVID-19 saliva as compared to that in the control saliva (Figures 2A–C).
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FIGURE 2. The transcripts for pattern recognition receptors are higher in COVID-19 saliva. Unstimulated whole saliva (UWS) collected from hospitalized COVID-19 patients and archived UWS were assessed for the indicated gene. (A) Gel electrophoresis images of the genes of representative samples. (B) Mean gene expression normalized to beta actin. (C) The table shows the t-value, z-value, and p-value for each transcript assessed. (D) The table shows the Spearman correlation (rho) value for the pairs of parameters indicated. *p < 0.05.


Dysregulated immune responses and elevated cytokines, in particular, the higher levels of IFN-γ, were related to a poorer prognosis in COVID-19 (Gadotti et al., 2020). Since our cohort included hospitalized COVID-19 individuals, we measured IFN-γ in saliva samples. The fold change in IFN-γ was higher in COVID-19 saliva than that of control saliva, although the difference did not reach a significant level. While the Δct of PGRP-4 exhibited a strong correlation (rs = 0.65) with the viral load, that of TLR-4 exhibited a moderate correlation (rs = 0.44) with the ct value of CoV2 in COVID-19 saliva (Figure 2D). No definitive correlation was observed between the CoV2 measures and TLR-2 or IFN-γ transcripts (Figure 2D).




DISCUSSION

Saliva is an excellent biospecimen not only for the detection of SARS-CoV2 but also for the identification of biomarkers of disease severity in COVID-19 (Silva et al., 2021). Here we observed that the CoV2 load is directly correlated with the concentration of sACE2 and that the innate immune and inflammatory markers are upregulated in the saliva of hospitalized COVID-19 patients.

Membrane-bound ACE2 is the port of entry for SARS-CoV2 into the target cells. Several human tissues express ACE2, and the density of expression contributes to the diverse clinical symptoms of COVID-19 (Heurich et al., 2014; Gadanec et al., 2021). A positive feedback loop between the SARS-CoV2-bound ACE2 endocytosis, ACE2 ectodomain shedding, and the associated inflammation-induced ACE2 expression in bystander cells leads to sustained tissue injury in COVID-19. Elevated plasma sACE2 activity that remained high for over 3 months has been reported in symptomatic COVID-19 patients (Patel et al., 2021). We and others have shown that Ace-2 is expressed in the lining mucosa of the oral cavity, including the dorsum of the tongue. The high expression of ACE2 has also been reported in the glandular and ductal epithelial cells of the salivary glands (Pascolo et al., 2020). These observations suggest the active infection of oral mucosa by SARS-CoV2 and support the clinical symptoms of xerostomia and dysgeusia in COVID-19.

Our observation of reduced sACE2 in COVID-19 patients is seemingly paradoxical since SARS-CoV-2 infection of oral epithelial cells should increase TACE-mediated cleavage of the extracellular domain of ACE2. Since we investigated the saliva of hospitalized COVD-19 patients and there is considerable evidence that the SARS-CoV2 load is higher, if not equivalent, to that in the nasopharyngeal swabs, the reduced sACE2 could be attributed to quenching by the virus. Pertinently, the sACE2 has been shown to bind the spike protein of CoV2, and recombinant sACE2 has been suggested as a potential therapeutic for COVID-19 (Monteil et al., 2020).

Together with the nasopharynx, the oral mucosa is the site of first encounter for SARS-CoV2. The oral epithelial cells at the host/viral interface respond to the exposure by chemokine secretion, upregulating TLR-mediated signaling, increasing inflammatory cytokines, and accelerating exfoliation. Transcripts from cellular sediments and cell-free clarified saliva have been assessed for biomarkers for oral and systemic diseases (Lee et al., 2011). Previously, we have shown that the TLR-4 transcript is elevated in chronic oral mucosa inflammatory conditions (Swaminathan et al., 2013). Our observations of higher TLR-4 transcript in the saliva of COVID-19 patients is in alignment with its potential role as a receptor for SARS-CoV2. In this context, it is intriguing to note that TLR-4 signaling and elevated IFN-γ in taste bud epithelial cells have been associated with dysgeusia (Wang et al., 2007).

A recent preprint has reported that the microbiome is distinctly different in COVID-19 saliva samples with a disproportionate increase in select bacterial species (Veillonella, Prevotella, and Capnocytophaga) that are recognized by the peptidoglycan recognition protein including PGRP4 (Iebba et al., 2020). In this context, it is pertinent to note that the transcript for PGRP-4 was higher in the COVID-19 saliva than that in the control samples.



CONCLUSION

The CDC and the COVID-19-Associated Hospitalization Surveillance Network (COVID-NET) report that a significant proportion of individuals experience a variety of post-COVID conditions, including long-term smell and taste dysfunctions (Centre for disease control and prevention, 2021). Pathologically, this could be attributed to either a persistent viral load (albeit at a low titer) or progressive cellular/functional alterations. The oral epithelial expressions of ACE2 and TLR-4 support their function as potential reservoirs of CoV-2. Interestingly, the specialized sensory taste bud epithelial cells in the dorsum of the tongue express TLR-4, and inflammation has been shown to activate IFN-γ signaling in these cells. Our data demonstrate an association of an increase in specific microbe recognition receptors and increasing SARS-CoV-2 viral load relative to the control saliva. The limitation of this study is the small sample size and the lack of a control group of individuals who are hospitalized for reasons other than COVID-19. However, this study does demonstrate that these measurements can be performed from saliva in a prospective manner and warrant a further study of the interaction between SARS-CoV-2 and the inflammasome of the oral cavity.
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Oral microbiota dysbiosis is associated with the occurrence and progression of oral cancer. To investigate the association between the microbiota and risk of oral squamous cell carcinoma (OSCC), we identified the microbial composition of paired tumor (TT)/normal paracancerous tissues (NPT) and saliva (TS) samples in OSCC patients through 16S rRNA gene sequencing. A total of 22 phyla, 321 genera, and 869 species were identified in the oral samples. Paired comparisons revealed significant differences between TT, NPT, and TS groups, with the genus Filifactor significantly enriched in TT. The phylum Actinobacteria; genus Veillonella; and species Granulicatella adiacens, Streptococcus sanguinis, and Veillonella rogosae were significantly enriched in NPT, while the phylum Bacteroidetes; genera Capnocytophaga, Haemophilus, and Prevotella; and seven species, including Capnocytophaga sp., Haemophilus sp., and Neisseria sp., were significantly enriched in TS. In TTs, the abundance of Prevotella intermedia was profoundly higher in the gingiva, while Capnocytophaga gingivalis and Rothia mucilaginosa were enriched in the lining mucosa and tongue. Increasing in abundance from the early tumor stage to the late stage, Solobacterium moorei in TT and Campylobacter sp. strain HMT 044 in TS were positively correlated with OSCC development, suggesting that bacteria were selected by different microenvironments. The correlation between 11 microbial species and 17 pathway abundances was revealed, indicating the potential function of low-abundance bacteria. Overall, our analysis revealed that multiple oral bacterial taxa are associated with a subsequent risk of OSCC and may be used as biomarkers for risk prediction and intervention in oral cancers.

Keywords: oral microbiota, 16S rRNA, Rothia mucilaginosa, Prevotella intermedia, oral squamous cell carcinoma


INTRODUCTION

Annually, more than 447,000 new diagnoses of and nearly 228,000 deaths due to oral cancer are reported worldwide, over 90% of which can be attributed to squamous cell carcinoma (SCC) (Bray et al., 2018). SCC is defined as an epithelial malignancy with poor prognosis that originates from the buccal mucosa, tongue, mouth floor, gingiva, and oropharynx, with a 5-year relative survival rate of less than 65% (Siegel et al., 2020). Environmental triggers, such as tobacco, alcohol consumption, and betel quid chewing, along with human papillomavirus infection, specifically identified in the oropharynx, are major risk factors for oral cancer. In addition, poor oral hygiene and periodontal disease, which affect bacterial ecology, have been epidemiologically and independently linked to oral cancer (Healy and Moran, 2019).

Specific bacteria have been implicated in cancer development. A typical example of a bacterial carcinogen is Helicobacter pylori, which is known to promote gastric cancer (Amieva and Peek, 2016). In the human oral cavity, more than 700 different bacterial species have been identified, and dysbiosis of these species results in significant and distant effects in patients with gastrointestinal, hepatobiliary, pancreatic, and colorectal tumors (Mascitti et al., 2019). It has been suggested that the oral microbiota plays an important role in carcinogenesis by stimulating chronic inflammation, producing carcinogenic substances, or inhibiting cell apoptosis (Karpinski, 2019).

Oral bacteria are most likely linked to oral squamous cell carcinoma (OSCC) (Whitmore and Lamont, 2014). Four common inhabitants of the oral cavity, Porphyromonas gingivalis, Fusobacterium nucleatum, Treponema denticola, and Streptococcus anginosus, have been identified as potential etiologic agents of OSCC (Zhang W.L. et al., 2019). Bacterial culture demonstrated that significantly higher levels of Veillonella, Porphyromonas, and Fusobacterium are harbored by tumor surface of OSCC than healthy mucosa (Nagy et al., 1998). Mager et al. (2005) revealed that the levels of three species (Capnocytophaga gingivalis, Prevotella melaninogenica, and Streptococcus mitis) were elevated in the saliva of patients with OSCC. S. anginosus, a pathogen that occurs frequently in OSCC tissue specimens, was detected in the dental plaque but not in the saliva of patients (Sasaki et al., 2005). By comparing OSCC tissues and adjacent non-tumor mucosa, Pushalkar et al. (2012) revealed that Streptococcus sp. (S. salivarius, S. gordonii, and S. parasanguinis), Gemella sp. (G. haemolysans and G. morbillorum), Johnsonella ignava, and Peptostreptococcus stomatis were prevalent in tumor sites, whereas Granulicatella adiacens was prevalent in non-tumor sites.

With the advent of 16S rRNA high-throughput sequencing, there is growing interest in the possible relationships between changes in the oral microbiota and the risk of oral cancer (Guerrero-Preston et al., 2016). Lee et al. (2017) found that five genera (Bacillus, Enterococcus, Parvimonas, Peptostreptococcus, and Slackia) exhibited significant differences in saliva between epithelial precursor lesions and OSCC patients, and the genera Cloacibacillus, Gemmiger, Oscillospira, and Roseburia were 20 times more abundant in OSCC patients than in healthy controls. Yang et al. compared oral mouthwash samples from OSCC patients and healthy controls and found that the abundances of Fusobacterium periodonticum and Streptococcus constellatus were positively correlated with the development of OSCC, whereas S. mitis, Haemophilus parainfluenzae, and Porphyromonas pasteri were negatively correlated (Yang et al., 2018). Zhao et al. (2017) and Zhang L. et al. (2019) compared the epithelial samples collected from tumor sites and normal tissues of patients with OSCC using swabs. Zhang L. et al. (2019) found that 10 species (including F. nucleatum and Prevotella intermedia) and genes involved in bacterial chemotaxis, flagellar assembly, and lipopolysaccharide (LPS) biosynthesis were significantly increased in the tumor sites. Zhao et al. (2017) observed that a group of periodontitis-correlated taxa, including Fusobacterium and Dialister, was significantly enriched in tumor sites. By comparing fresh OSCC biopsies and epithelial samples of healthy controls collected by swab, Al-Hebshi et al. (2017) reported that some specific species in tumor tissues (TTs), such as F. nucleatum and Pseudomonas aeruginosa, were related to OSCC. Chang et al. (2019) revealed that P. gingivalis and F. nucleatum were present at higher levels in cancer tissue than in normal tissues of patients with OSCC and were correlated with subgingival plaques. By comparing OSCC tissue, saliva, and mouthwash samples from the same subjects, Zhang Z. et al. (2019) revealed that the genera Acinetobacter and Campylobacter were enriched in OSCC tissues, while Streptococcus and Prevotella were enriched in saliva and mouthwash.

According to a growing number of studies, over 30 genera and a panel of bacterial species have been associated with OSCC (Sami et al., 2020). However, we could see variations in OSCC-associated bacteria among the above-mentioned studies, which might be caused by different bacterial detection techniques and sample types. Traditional methods used in OSCC bacterial studies, such as bacterial culture (Nagy et al., 1998), DNA–DNA hybridization (Mager et al., 2005), PCR (Sasaki et al., 2005), immunohistochemical staining (Katz et al., 2011), and denaturing gradient gel electrophoresis (DGGE) (Pushalkar et al., 2012), usually focus on certain species, while high-throughput sequencing has higher sensitivity. The oral ecosystem has several significantly different niches, including saliva, oral mucosa, and teeth surfaces, each having a unique microbiota (Zhang et al., 2018). A recent study reported that the structure and function of the bacteriome on the surface of oral cancer is significantly different from that within the tumor, suggesting that different types of sample collection (swab, tissue, or saliva) and controls (adjacent mucosa or healthy people) might yield inconsistent conclusions (Gopinath et al., 2021).

To date, comparisons among paired tumor/paracancerous tissues and saliva samples from the same OSCC patients have not been performed. In the current pilot study, we aimed to investigate the association between microbiota and the risk of developing OSCC, as well as to establish the connection between the changes in the microbiota in TT, normal paracancerous tissue (NPT), and saliva (TS). Twenty-three patients with OSCC from Northern China were recruited, and the overall microbiota composition and abundance of specific bacterial taxa in TT, NPT, and TS were identified through 16S rRNA gene sequencing. Furthermore, phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt2) (Langille et al., 2013) was used to infer the underlying pathways associated with oral cancer. Our study will add new information on OSCC-associated oral microbiota from both saliva and cancer tissue, and provide a target for the diagnosis and treatment of OSCC.



MATERIALS AND METHODS


Subject Enrollment and Sample Collection

The subjects were recruited from 2018 to 2020 with the approval of the Chinese Clinical Trial Registry (ChiCTR2000032543). All participants were not administered any antibiotics 3 months before the study. Written informed consent was obtained from all participants before sample collection. In total, 23 patients with OSCC who had not undergone any treatment, including chemotherapy and/or radiotherapy were enrolled. TNM staging and data on age, sex, alcohol intake, cigarette smoking, oral hygiene, and periodontal status were assessed. Saliva samples were successfully collected from 19 out of the 23 OSCC patients before breakfast without stimulation. Furthermore, TT samples were dissected from the deep site of the tumor during surgery, and the diameter of each sample was larger than 3.0 mm. Concurrently, paired NPT samples harvested at least 2.0 cm away from the tumor edge were also obtained under aseptic conditions. Finally, saliva and tissue samples were aseptically transferred into a screw-cap vial and stored at −80°C immediately after collection.

To characterize the differences in the microbiota composition in different tissue and saliva samples, 65 samples were classified into three groups as follows: TT, NPT, and TS.



Genomic DNA Extraction, PCR, and 16S rRNA Gene Sequencing

Total genomic DNA was extracted using the TIANamp Swab DNA Kit (TIANGEN, Beijing, China) after TS samples were vortexed with glass beads and TT/NPT samples were liquid nitrogen-ground. To eliminate any contamination caused by blood stains on the surface of the sterile tissues, surface decontamination of the samples was achieved by washing with PBS. Amplification of the 16S rRNA gene V3–4 region was performed with primers 338F and 806R (Huse et al., 2007) using TransStart Fastpfu DNA Polymerase (TransGen, Beijing, China). Cycling conditions were as follows: denaturation at 95°C for 2 min; 20 cycles of 45 s at 95°C, 30 s at 55°C, and 30 s at 72°C; and extension at 72°C for 5 min. PCR amplification was performed for each sample in triplicate, and the samples were purified using the AxyPrep DNA Gel Extraction kit (Axygen Scientific Inc., Union City, CA, United States) and assessed via spectrophotometry (QuantiFluor-ST, Promega). Equivalent pooled 16S rRNA PCR amplicons were sequenced on an Illumina MiSeq instrument with 2 × 300 bp paired-end sequencing.



Bioinformatics and Statistical Analysis

Raw paired FASTQ files were imported into QIIME 2 (Bolyen et al., 2019), and the DADA2 plugin was used for further sequence quality control and chimera removal with default parameters. The merged high-quality sequences were used to produce amplicon sequence variants (ASVs) with 100% sequence identity. The taxonomic affiliation assignments were based on the Ribosomal Database Project (Cole et al., 2009) using default parameters (80% threshold). The representative sequence of each ASV was used as a query sequence to define species through BlastN against the Human Oral Microbiome Database (HOMD) RefSeq V15.22 (Escapa et al., 2018) and the online NCBI database with more than 99% identity and the highest total score.

Differences among the groups were assessed using analysis of similarities (ANOSIM). Microbiome functions were predicted using PICRUSt2 (Langille et al., 2013). Significant differences in taxa (species/ASVs, genus, and phylum) and microbiome functional profiles between TT, NPT, and TS groups were first determined by paired Wilcoxon signed-rank tests (Wilcoxon, 1946), and then the Benjamini–Hochberg false discovery rate (FDR) (Benjamini and Hochberg, 1995) was applied to adjust p-values for multiple tests in R. Significantly different features (FDR < 0.05) were further validated using linear discriminant analysis effect size (LEfSe) (Segata et al., 2011), and only features with an LDA score >2.0 were retained. The differences in taxa and microbiome functional profiles among different tumor sites and clinical stages were analyzed using LEfSe, and p values were adjusted using Benjamini–Hochberg FDR for multiple tests. The coefficient relationship between significantly changed taxa in different tumor sites or clinical stages and the corresponding microbial pathways of these groups were calculated using the Spearman correlation algorithm. The correlation parameters were set as coefficient >0.68 or <−0.68 and FDR < 0.05.



RESULTS


Bacterial Populations of Different Oral Sites in Oral Squamous Cell Carcinoma

We collected 65 samples from 23 patients, including 23 TT, 23 NPT, and 19 saliva samples from the patients (Table 1). A total of 4,414,145 (23,645–174,760) high-quality 16S rRNA genes were obtained via high-throughput DNA sequencing. To normalize the data and avoid statistical bias, 23,645 16S rRNA genes from each sample were chosen to produce ASVs. A total of 4,164 ASVs were obtained. Good’s coverage was over 99.9% for each sample, suggesting that the sequencing depth was sufficient for microbiota investigation.


TABLE 1. Clinical characteristics of SCC subjects participating in the study.
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In patients with OSCC, the evenness (Simpsoneven index) of the TS group was significantly different from that of the TT and NPT groups (Figures 1A–C and Supplementary Table 1). Principal coordinates analysis showed that the TS groups were significantly separated from the other groups (PANOSIM < 0.01, Figure 1D).
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FIGURE 1. Comparison of alpha and beta diversity in TT, NPT, and TS groups. (A) ACE index, (B) Simpsoneven, (C) Simpson diversity, and (D) Principal Coordinate Analysis (PCoA) based on weighted UniFrac distance metrics.


A total of 22 phyla, 321 genera, and 869 species were identified in the oral samples, with the major taxa displayed in Figure 2. Firmicutes (27.93%), Proteobacteria (20.38%), Fusobacteria (19.67%), Bacteroidetes (17.73%), Campilobacterota (4.69%), Actinobacteria (4.17%), Spirochaetes (3.24%), and Candidatus Saccharibacteria (1.07%) were the eight major phyla identified in all samples (>1%). A total of 21 major genera (proportion >1%), such as Fusobacterium (15.99%), Neisseria (7.9%), Streptococcus (6.92%), Porphyromonas (5.66%), and Haemophilus (4.78%) were identified in the oral samples (Supplementary Table 2). Among these taxa, 12 phyla (>99.71% of all the samples), 115 genera (>97.98%), and 420 species (>97.49%) were consistently found in all samples.
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FIGURE 2. The proportion of major phyla (A), genera (B), and species (C) in the TT, NPT, and TS of OSCC patients. The relative abundance of taxa labeled in light gray was indicated by the left ordinate, and that labeled in light blue was indicated by the right ordinate.




Bacterial Diversity Analysis of Tumor Tissue and Normal Paracancerous Tissue of Oral Squamous Cell Carcinoma Patients

The microbiota composition between TT (2,473 ASVs) and NPT (2,625 ASVs) from the same patients showed diversity (PANOSIM = 0.103, Figure 1D). The phylum Actinobacteria was significantly enriched in NPT, and the phylum Campilobacterota was significantly enriched in TT (Figure 3). The genera Veillonella and Granulicatella were highly enriched (proportion difference >0.5%) in NPT, and the genera Campylobacter, Gemella, Filifactor, and Catonella were highly enriched in TT (Figure 2). The species Rothia mucilaginosa, G. adiacens, Streptococcus sanguinis, and Veillonella rogosae were highly enriched (proportion difference >0.5%) in NPT, and Aggregatibacter segnis, Campylobacter showae, and G. morbillorum were highly enriched in TT (Figure 3).
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FIGURE 3. Comparative taxonomic profile of TT and NPT groups. (A) The cladogram showed differently enriched taxa. (B) LDA scores computed for differentially abundant taxa between TT and NPT groups (Log10 LDA scores >2). The phyla, genera, and species with significant richness differences (FDR < 0.05) between the two groups are shown.


Changes in the composition of the bacterial community altered the microbial functional profile. Through PICRUSt2 analysis, we found that only two pathways (Bifidobacterium shunt and heterolactic fermentation) were significantly enriched in TT compared with NPT (FDR < 0.05, proportions ratio >2) (Supplementary Table 3).



Discrepancy Between the Tumor Tissue and Saliva Samples

The microbiota composition between the TT and TS of the same patient showed significant diversity (PANOSIM < 0.01, Figure 1D). The phyla Bacteroidetes and Proteobacteria were significantly enriched in TS samples (Figure 4). Four genera were highly enriched (proportion difference >0.5%) in TS samples, and the genera Filifactor and Peptostreptococcus were highly enriched in TT (Figure 4). Nine species were highly enriched (proportion difference >0.5%) in TS samples, including Streptococcus oralis and Neisseria macacae, and three species were enriched in TT (Figure 4), including Neisseria flavescens, Fusobacterium naviforme, and S. stomatis.
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FIGURE 4. Comparative taxonomic profile of TT and TS groups. (A) The cladogram showed differently enriched taxa. (B) LDA scores computed for differentially abundant taxa between TT and TS groups (Log10 LDA scores >2). The phyla, genera, and species with significant richness differences (FDR < 0.05) between the two groups are shown.


Thirty-seven and one pathways were separately enriched in TT and TS, respectively (FDR < 0.05, proportion ratio >2, Supplementary Table 4). Compared with TS, the function of aromatic compound degradation was highly enriched in TT, such as gallate degradation I (proportion ratio = 179).



Discrepancy Between the Normal Paracancerous Tissue and Saliva Samples

A comparison between NPT and TS samples also revealed significantly different taxa. Two phyla (Actinobacteria and Synergistetes), 6 genera, and 5 species were significantly enriched in NPT, while the phylum Bacteroidetes, 5 genera, and 13 species were significantly enriched in TS (Figure 5), including the three species highly enriched in TT relative to NPT.
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FIGURE 5. Comparative taxonomic profile of NPT and TS groups. (A) The cladogram showed differently enriched taxa. (B) LDA scores computed for differentially abundant taxa between TT and TS groups (Log10 LDA scores >2). The phyla, genera, and species with significant richness differences (FDR < 0.05) between the two groups are shown.


Twenty-eight and two pathways were separately enriched in NPT and TS (FDR < 0.05, proportion ratio >2, Supplementary Table 5). Compared with TS, the function of amine and polyamine degradation was highly enriched in NPT, such as the superpathway of phenylethylamine degradation (proportion ratio = 343).



Microbiota Diversity Analysis of Tissues at Different Tumor Sites

All TT samples were collected from different sites involved in three types of oral mucosa, including the masticatory mucosa (gingiva), lining mucosa (bucca and mouth floor), and specialized mucosa (tongue). Four genera and 13 species were observed to be separately enriched in each of the three types of tumor mucosa (Figure 6A). C. gingivalis, R, mucilaginosa, and P. intermedia were significantly enriched in the lining mucosa, tongue, and gingiva, respectively. Although no significant differences were found in pathways among the three tumor sites, the correlation analysis of the pathway and species showed that the abundance changes of the three species were strongly related (R > 0.68) with seven different pathways (Figure 6C and Supplementary Table 6).
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FIGURE 6. Comparative taxonomic profile and association with pathways of different tumor sites of OSCC. (A) LDA scores computed for differentially abundant taxa of TT among the tumor sites (Log10 LDA scores >2). (B) LDA scores computed for differentially abundant taxa of NPT among the tumor sites (Log10 LDA scores >2). (C) Correlation coefficient among different taxa and minipaths of TT samples among the different tumor sites. (D) Correlation coefficient among different taxa and minipaths of NPT samples among the different tumor sites. I, biosynthesis; II, degradation/utilization/assimilation; III, generation of precursor metabolites and energy.


In addition, NPT samples from the three sites were more diverse, with two phyla (Actinobacteria and Synergistetes) and 10 genera and 16 species separately enriched in each of the three sites (Figure 6B). Most of these taxa were different from those observed in TT samples, indicating a different microenvironment between TTs and NPTs. The correlation analysis of the pathway and species showed that the abundance changes of the three species were strongly related (R > 0.68) with four different pathways (Figure 6D and Supplementary Table 7).



Microbiota Diversity Analysis of Oral Cancer Stage

We further analyzed the relationship between oral microbiota and the clinical stage (I–IV) of oral cancer. In the early tumor stage (I/II), both TT and NPT had higher abundances of Treponema sp. and Leptotrichia sp., while Prevotella sp. and Capnocytophaga sp. were enriched in TS (Figures 7A–C). In the late tumor stage (III/IV), Solobacterium moorei and Slackia exigua were separately enriched in TT and NPT, while Campylobacter sp. HMT 044 was enriched in TS (Figures 7A–C). The correlation analysis showed that only six pathways were positively associated with five significantly changed species in different clinical stages (Figures 7D,E and Supplementary Table 8); for example, S. moorei was positively related to peptidoglycan biosynthesis V.
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FIGURE 7. LDA scores computed for differentially abundant taxa among different clinical stages of TT (A), NPT (B), and TS (C) samples, and correlation coefficient among different species and minipaths in different clinical stages of TT (D), NPT (E), and TS (F) samples. I, biosynthesis; II, degradation/utilization/assimilation; III, generation of precursor metabolites and energy.




DISCUSSION

Oral cancer is a highly complex, multifactorial disease associated with the dysbiosis of the oral microbiota. A comprehensive study of the oral microbiota is essential for understanding the pathogenesis of oral cancer. Previous studies have shown higher alpha diversity in saliva (Takahashi et al., 2019) and tissue biopsy samples (Zhang L. et al., 2019) of patients with oral cancer than that in healthy controls, and a recent study reported that TT has significantly lower richness and diversity than TS in patients with oral cancer (Zhang Z. et al., 2019). Here, we explored the oral microbiota composition of paired tumor/paracancerous tissues and saliva samples from patients with OSCC. Beta diversity analysis revealed a significant difference among TT, NPT, and TS samples, indicating that oral microbiota dysbiosis might be involved in the progression of OSCC (Figure 1).

Upon microbiota composition assessment between paired TT and NPT samples, in contrast with previous studies that reported increased Firmicutes abundance in TT compared to NPT (48 vs. 40%, respectively; p = 0.004) (Mukherjee et al., 2017), we did not find a significant change in the abundance of Firmicutes. The abundance of Actinobacteria was markedly decreased in TT (1.78% in TT vs. 8.48% in NPT, FDR < 0.01), coinciding with a previous report that the abundance of Actinobacteria decreased significantly with cancer progression (Yang et al., 2018), whereas the abundance of Campilobacterota was significantly increased in NPT (2.98% in NPT vs. 7.56% in TT, FDR < 0.05). At the species level, R. mucilaginosa, F. periodonticum, and S. oralis were among the most abundant taxa in the NPT, which is consistent with previous findings (Hooper et al., 2007; Moritani et al., 2015; Zhao et al., 2017). Furthermore, we identified A. segnis, C. showae, and G. morbillorum as significantly overrepresented species in both TT and TS (Figures 2, 3, 5). A. segnis is part of the oral microbiota, particularly in dental plaque (Norskov-Lauritsen and Kilian, 2006), and the aggregative nature of the pathogen in genus Aggregatibacter is crucial to its involvement in human disease (Norskov-Lauritsen et al., 2019). C. showae, a commensal species of the human oral cavity, has been associated with periodontitis (Lugonja et al., 2016), Crohn’s disease (Zhang et al., 2009), and colorectal cancer (Warren et al., 2013). G. morbillorum has been found to be relevant to the progression of periodontitis (Ai et al., 2017) and is highly associated with tumor site in patients with OSCC (Pushalkar et al., 2012). Therefore, these relatively abundant species may act as triggers for tumor initiation and progression.

Because the transient fluidity of surface TS differs from the stable environment of deep TT, the existing enriched oral microbiota could be distinguished in a site-specific manner. Interestingly, the comparison between TT and TS samples from the same patient revealed distinct microbial patterns associated with OSCC. We noted that the abundance of Proteobacteria (15.49% in TT vs. 26.40% in TS, FDR < 0.01) and Bacteroidetes (17.05% in TT vs. 24.95% in TS, FDR < 0.01) was remarkably higher in TS samples (Figure 4). Consistent with previous findings (Li et al., 2020), Peptostreptococcus and Filifactor were enriched in TT samples. At the species level, we confirmed that F. naviforme, P. stomatis, and N. flavescens were significantly enriched in TT. F. naviforme is known to be associated with the development and progression of OSCC (Fujiwara et al., 2020). Two reports have indicated that the abundance of P. stomatis is significantly higher in TT than in NPT (Pushalkar et al., 2012; Zhang L. et al., 2019). Additionally, nine species were observed in relatively higher proportions in TS samples, including Neisseria cinerea and N. macacae. As a high producer of the carcinogen acetaldehyde, a high abundance of Neisseria species in the saliva of patients with OSCC might play an important role in alcohol-related carcinogenesis (Muto et al., 2000). These findings indicate that unique pathogenic bacteria prefer inhabiting the inside/surrounding tumor sites, where the environment is different from the oral cavity.

The microbiota of different tumor sites in OSCC patients showed a homogenous population at a certain phylogenetic distance. Regarding the relative abundance of taxa, Zhang Z. et al. (2019) recently reported a greater abundance of Prevotella, Acinetobacter, Pseudomonas, and Fusobacterium in the tongue, oropharynx, gingiva, and bucca of patients with oral cancer. Here, our results revealed that in TTs, Lautropia and Rothia were enriched in the tongue, while Peptococcus and Tannerella were separately enriched in the gingiva and lining mucosa (Figure 6A). In NPTs, Rothia was enriched in the tongue, and Lautropia and Peptococcus were enriched in the gingiva (Figure 6B). The level of P. intermedia in the gingiva was significantly higher than that in the tongue and lining mucosa. As a periodontitis-related pathogen, P. intermedia is associated with an increased OSCC risk (Hsiao et al., 2018) and can release nuclease-degrading neutrophil extracellular traps (Doke et al., 2017). Increased abundance of R. mucilaginosa has been observed in oral leukoplakias from the tongue (Amer et al., 2017), and R. mucilaginosa can produce acetaldehyde comparable to that produced by Neisseria mucosa (Amer et al., 2020). C. gingivalis is thought to play an essential role in carcinogenesis (Karpinski, 2019) and may be a diagnostic indicator of OSCC (Mager et al., 2005). These findings indicate that the specific distribution of cancer-associated microbiota at different sites may be associated with the subsequent risk of OSCC.

The microbiota composition shown in the present study revealed differentially enriched species in TT, NPT, and TS samples of different OSCC stages (Figure 7). From the early stage to the late stage, the relative abundance of S. moorei in TT was significantly increased, and it is known to produce hydrogen sulfide and be associated with oral halitosis (Haraszthy et al., 2008). In addition, it is positively related to the pathway conferring pathogen beta-lactam resistance (Supplementary Table 8). We found that the relative abundances of Veillonella dispar, Catonella morbi, and Leptotrichia sp. HMT 392 in both TT and TS microbiota were negatively correlated with the progression of OSCC, and that of Campylobacter sp. HMT 044 was positively correlated. These differentially enriched species may be used as new biomarkers to predict OSCC progression.

At very low colonization levels, P. gingivalis can induce changes in oral commensal microbiota leading to periodontitis (Hajishengallis et al., 2011), which supports the “keystone pathogen” hypothesis (Hajishengallis et al., 2012). Therefore, we postulated that some low-abundance oral bacteria might also contribute to OSCC, although no significant changes were observed in the present study. To evaluate the possible functional changes caused by these low-abundance bacteria, we analyzed the functional relationship between species and pathways and found a correlation between 11 microbial species and 17 pathway abundances (Supplementary Tables 6–8). Since oral bacteria can interact through multiple pathways (Lamont et al., 2018), we postulated that significantly changed pathways, such as heterolactic fermentation, etc. (Supplementary Tables 3–5), might affect the growth of certain bacteria and lead to oral microbiota dysbiosis, thus finally inducing OSCC.



CONCLUSION

In conclusion, the comparison analysis revealed that microbiota colonizing TT, NPT, and TS samples showed significant differences. The genus Filifactor and Peptostreptococcus showed the highest abundance in TT and the lowest abundance in TS samples, whereas Neisseria showed the opposite trend. At the species level, the abundance of P. stomatis decreased in the order of TT, NPT, and TS, while that of S. oralis, N. macacae, and Capnocytophaga sp. HMT 332 increased in the same order. In addition, microbial communities showed variations in different tumor sites and clinical stages. The abundance of P. intermedia was profoundly higher in gingival tumor sites, whereas C. gingivalis and R. mucilaginosa were enriched in the lining mucosa and tongue. S. moorei in TT and Campylobacter sp. strain HMT 044 in TS were positively correlated with the progression of OSCC. All these newly identified bacteria in the tissue surface or tumor microenvironment might be used as biomarkers to predict OSCC.
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Initiation and progression of oral infectious diseases are associated with streptococcal species. Bacterial infection induces inflammatory responses together with reactive oxygen species (ROS), often causing cell death and tissue damage in the host. In the present study, we investigated the effects of oral streptococci on cytotoxicity and ROS production in human periodontal ligament (PDL) cells. Streptococcus gordonii showed cell cytotoxicity in a dose- and time-dependent manner. The cytotoxicity might be due to apoptosis since S. gordonii increased annexin V-positive cells, and the cytotoxicity was reduced by an apoptosis inhibitor, Z-VAD-FMK. Other oral streptococci such as Streptococcus mitis, Streptococcus sanguinis, and Streptococcus sobrinus also induced apoptosis, whereas Streptococcus mutans did not. All streptococci tested except S. mutans triggered ROS production in human PDL cells. Interestingly, however, streptococci-induced apoptosis appears to be ROS-independent, as the cell death induced by S. gordonii was not recovered by the ROS inhibitor, resveratrol or n-acetylcysteine. Instead, hydrogen peroxide (H2O2) appears to be important for the cytotoxic effects of streptococci since most oral streptococci except S. mutans generated H2O2, and the cytotoxicity was dramatically reduced by catalase. Furthermore, streptococcal lipoproteins are involved in cytotoxicity, as we observed that cytotoxicity induced by the lipoprotein-deficient S. gordonii mutant was less potent than that by the wild-type and was attenuated by anti-TLR2-neutralizing antibody. Indeed, lipoproteins purified from S. gordonii alone were sufficient to induce cytotoxicity. Notably, S. gordonii lipoproteins did not induce H2O2 or ROS but cooperatively induced cell death when co-treated with H2O2. Taken together, these results suggest that most oral streptococci except S. mutans efficiently induce damage to human PDL cells by inducing apoptotic cell death with bacterial H2O2 and lipoproteins, which might contribute to the progression of oral infectious diseases such as apical periodontitis.
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INTRODUCTION

Streptococci are commensal Gram-positive aerobic bacteria found in human body such as skin, oral cavity, and intestine (Abranches et al., 2018). At the same time, they can act as opportunistic pathogens causing infectious diseases such as apical periodontitis, pneumonia, sepsis, and skin infections (Parks et al., 2015). Among them, oral streptococci including S. gordonii, S. mutans, S. mitis, and S. sanguinis are commonly found in the human oral cavity (Abranches et al., 2018). They have been demonstrated to cause systemic diseases such as bacteremia, sepsis, and infective endocarditis (Park et al., 2020). Oral streptococci, as early colonizers of the oral cavity, have been isolated from infected root canals of patients with apical periodontitis (Chavez de Paz et al., 2005) and are known to cause inflammation and tissue destruction in periapical lesions (Kutlu et al., 2003). Metagenomic analysis showed that Streptococcus is a predominant genus in patients with gingivitis (Park et al., 2015). Oral streptococci have been shown to induce macrophage cell death through hydrogen peroxide (H2O2) production (Okahashi et al., 2013). We previously reported that S. gordonii efficiently produces nitric oxide and proinflammatory cytokines in macrophages and induces bone destruction by stimulating osteoclastogenesis while inhibiting osteoblastogenesis (Kim et al., 2017b, 2018; Park et al., 2019).

Bacterial infections in the oral cavity induce inflammatory responses that often cause destruction of tissues such as the periodontal ligament (PDL), pulp, and alveolar bone (Cekici et al., 2014). The PDL, a type of connective tissue between teeth and alveolar bone, includes fibroblasts (the most predominant cells), epithelial cells, and osteoblasts (Jonsson et al., 2011). It is well known that PDL cells interact with bacteria in the periodontal pocket and periapical lesions and are associated with inflammatory responses (Cekici et al., 2014). For example, periodontopathic bacteria such as Porphyromonas gingivalis have been reported to induce inflammatory cytokines including IL-1β, IL-8, and TNF-α in PDL cells (Yamamoto et al., 2006). We also previously reported increase in IL-8 expression in PDL cells treated with S. gordonii (Kim et al., 2017a) or Aggregatibacter actinomycetemcomitans lipopolysaccharide (LPS) (Im et al., 2015). In addition, PDL cells treated with P. gingivalis LPS exhibit increased production of reactive oxygen species (ROS) (Golz et al., 2014). Furthermore, it has been reported that the upregulation of receptor activator of NF-kappa B ligand (RANKL) by A. actinomycetemcomitans LPS in PDL cells contributes to the pathogenesis of periodontitis (Tiranathanagul et al., 2004). Therefore, effector molecules produced during the interactions between pathogenic bacteria and PDL cells seem to be important for the development of periodontitis.

ROS are induced by reduction of molecular oxygen in the mitochondria under normal physiological conditions (Circu and Aw, 2010). ROS include free radicals such as superoxide anion and hydroxyl radical and non-radicals such as H2O2 and singlet oxygen (Li et al., 2016). ROS contribute to cell proliferation, differentiation, and inflammation through regulation of intracellular signaling (Circu and Aw, 2010). Moderate ROS production induces inflammatory responses for host defense (Wang et al., 2014). In contrast, excessive ROS production by the inflammatory lesion can damage nucleic acids, proteins, and lipids and eventually lead to tissue injury via cellular damage and apoptosis (Circu and Aw, 2010; Mittal et al., 2014). ROS-independent apoptosis has been also reported (Seong and Lee, 2018). It has been suggested that hyper-production of ROS is associated with pathologies in various diseases including cancer, atherosclerosis, and diabetes (Brieger et al., 2012; Kehrer and Klotz, 2015). Periodontitis often induces excessive ROS in periodontal tissues (Akalin et al., 2007), but the underlying molecular mechanism is not clear. Therefore, in this study, we investigated the effects of various oral streptococci on cytotoxicity and ROS production in PDL cells.



MATERIALS AND METHODS


Reagents and Chemicals

S. gordonii CH1 and S. mitis SF100 were used as previously described (Seo et al., 2010; Kim et al., 2017a). S. mutans KCTC3065 and S. sanguinis KCTC3284 were obtained from the Korean Collection for Type Cultures (Jeongeup, Korea). S. sobrinus NIDR 6715-7 was provided by Prof. Bong-Kyu Choi (Seoul National University, Seoul, Korea). Lipoprotein-deficient (Δlgt) and lipoteichoic acid (LTA)-deficient (ΔltaS) S. gordonii and lipoproteins were prepared from S. gordonii CH1 as previously described (Kim et al., 2017b). Todd–Hewitt broth, brain heart infusion (BHI), and yeast extract were purchased from BD Biosciences (San Diego, CA, United States). Minimum Essential Medium, alpha modification (α-MEM), Dulbecco’s Modified Eagle’s Medium (DMEM), and phosphate-buffered saline (PBS) were obtained from WelGENE (Daegu, Korea). Penicillin/streptomycin was purchased from HyClone (Logan, UT, United States). Fetal bovine serum (FBS), trypsin–EDTA, and trypan blue were purchased from Gibco-BRL (Carlsbad, CA, United States). 2',7'-Dichlorofluorescin diacetate (DCF-DA), resveratrol, n-acetylcysteine (NAC), and catalase were purchased from Sigma-Aldrich (St. Louis, MO, United States). Z-VAD-FMK was purchased from InvivoGen (San Diego, CA, United States). Dead cell apoptosis kit was purchased from Invitrogen (Carlsbad, CA, United States).



Bacteria Culture

Wild-type S. gordonii CH1, lipoprotein-deficient (Δlgt) S. gordonii, LTA-deficient (ΔltaS) S. gordonii in Todd-Hewitt broth with 5% yeast extract (THY), and S. mutans, S. mitis, S. sobrinus, and S. sanguinis in BHI were grown at 37°C under static condition. The bacteria were diluted 1:100 in fresh medium, cultured to mid-log phase, and then washed with PBS. The cells were grown in α-MEM containing 10% FBS and 1% penicillin/streptomycin at 37°C in a 5% CO2 incubator.



Isolation and Culture of PDL Cells

All experiments using healthy human PDL cells were approved by the Institutional Review Board at Seoul National University. The wisdom teeth were obtained from young adults (two males and one female, average 23years old) at the Dental Hospital of Seoul National University, Korea. PDL tissue was removed from the root surface of teeth and chopped into the small pieces. The tissue was digested with 0.25% trypsin and 1mM EDTA in PBS for 1h at 37°C and vortexed every 10min. To obtain the single cells, the digested tissue suspension was passed through a 70-μm cell strainer (BD Falcon, Franklin Lakes, NJ, United States). The cells were collected by centrifugation and cultured in DMEM containing 10% heat-inactivated FBS, 100U/ml penicillin, and 100μg/ml streptomycin at 37°C in a 5% CO2 humidified incubator. The PDL cells were treated with streptococci at various multiplicities of infection (MOI) for 1, 3, or 6h in the complete culture media without antibiotics. Primary human PDL cells at passages four to nine were used in this study.



Cell Viability Test

Human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes and stimulated with S. gordonii at MOI 1:10, 100, or 1,000 for 1, 3, or 6h. In separate experiments, the cells were pre-treated with Z-VAD-FMK or resveratrol for 1h and then stimulated with S. gordonii for 3h. The cells were washed with PBS, detached using trypsin–EDTA, and stained with trypan blue. Live (unstained) and dead (stained) cells were enumerated under light microscopy. The cells were counted within 5min after the mixing with trypan blue.



Cell Apoptosis Assay

Cell death staining was conducted according to the manufacturer’s instructions (Invitrogen). Briefly, human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes and stimulated with S. gordonii at MOI of 1,000 for 30, 60, or 180min. Then, the cells were treated with EDTA for 5min, detached with a scraper, and harvested. After washing twice with PBS, the cells were stained with FITC-annexin V and propidium iodide (PI) in the dark for 15min. The staining of cells was analyzed by flow cytometer (BD Biosciences) using Flow Jo software (Tree Star, San Carlos, CA).



Intracellular ROS Detection

Intracellular ROS were detected using DCF-DA as described previously (Song et al., 2021). Briefly, human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes. The cells were detached with trypsin–EDTA, washed with PBS, and treated with 10μM of DCF-DA for 30min at 37°C. DCF-DA-treated cells were washed twice with PBS, followed by stimulation with S. gordonii at MOI of 1:10, 100, or 1,000 for 3h. After washing, the ROS levels were analyzed using a flow cytometer (BD Biosciences).



H2O2 Measurement

Human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes and treated with oral streptococci for 1h. The supernatants were harvested by centrifugation at 10,000×g for 5min. Level of H2O2 in the supernatant was assayed according to the manufacturer’s instructions (EZ-hydrogen peroxide/peroxidase assay kit, DoGenBio, Seoul, Korea). H2O2 was quantified by measuring the absorbance at 560nm using a microplate reader (Molecular Devices, San Jose, CA, United States).



Statistical Analysis

All experiments were performed three to five times. All data are expressed as mean±standard deviation (SD) of triplicate samples. Statistical significance was examined with a nonparametric Mann–Whitney test. An asterisk (*) indicates a significant difference, defined as p<0.05.




RESULTS


S. gordonii Exhibits Cytotoxicity to Human Periodontal Ligament Cells

We examined the effect of S. gordonii on the viability of human PDL cells. The cells treated with live S. gordonii exhibited morphological changes typical of dying cells and were detached from the culture dish (Figure 1A). Cytotoxicity was dose- and time-dependent (Figure 1B). In addition, S. gordonii efficiently induced cell death in primary PDL cells taken from different donors (Supplementary Figure 1). These results suggest that S. gordonii induces damage in human PDL cells to result in cell death.
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FIGURE 1. S. gordonii induces cytotoxicity of periodontal ligament (PDL) cells. S. gordonii was cultured to mid-log phase in THY media at 37°C. PDL cells were treated with S. gordonii at multiplicities of infection (MOI) 1:10, 1:100, or 1:1,000 for 1, 3, or 6h. Trypan blue assay was used to determine the number of viable PDL cells. The cells were photographed (A) and counted (B). One of three similar results is shown. *p<0.05.




S. gordonii Induces Apoptotic Cell Death Through ROS-Independent Pathways

Next, annexin V/PI staining was performed to determine whether cell death induced by S. gordonii was due to apoptosis or necrosis. As shown in Figure 2A, S. gordonii increased annexin V-positive cells (apoptotic cells) and annexin V/PI double-positive cells (both late apoptotic and necrotic cells) but decreased annexin V/PI double-negative cells (viable cells) in a time-dependent manner. However, when the cells were pre-treated with Z-VAD-FMK, an apoptosis inhibitor, S. gordonii did not inhibit cell viability (Figure 2B). These results indicate that S. gordonii-induced PDL cell death is mediated through apoptosis. On the other hand, excessive ROS production can lead to cell apoptosis (Circu and Aw, 2010) Thus, we hypothesized that S. gordonii induces ROS-mediated apoptosis in PDL cells. When the cells were treated with S. gordonii, ROS production of PDL cells was increased in a dose-dependent manner (Figure 3A). However, ROS inhibitor resveratrol or n-acetylcysteine did not affect cytotoxicity of PDL cells by S. gordonii (Figures 3B,C). These results suggest that S. gordonii induces ROS generation but is not related to PDL cell death.
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FIGURE 2. Cytotoxicity by S. gordonii is mediated through apoptosis in PDL cells. S. gordonii was cultured to mid-log phase in THY media at 37°C. (A) PDL cells were treated with S. gordonii at MOI 1:1,000 for 30, 60, or 180min. The cells were stained with annexin V and PI and then analyzed using flow cytometry. Numbers indicate the percentage of cells in each panel. (B) PDL cells were pre-treated with Z-VAD-FMK (0, 5, or 50μM) for 1h, followed by treatment with S. gordonii at MOI 1:100 for 3h. Trypan blue assay was used to determine the number of viable PDL cells. The cells were counted. One of three similar results is shown. *p<0.05.
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FIGURE 3. S. gordonii induces reactive oxygen species (ROS) production regardless of its cytotoxic effects in PDL cells. (A) PDL cells were treated with 10μM of DCF-DA for 30min at 37°C. After washing with PBS, the DCF-DA-labeled cells were treated with S. gordonii at MOI 1:10, 1:100, or 1:1,000 for 3h. Fluorescent intensity was analyzed by flow cytometry. (B) PDL cells were pre-treated with 100μM of resveratrol for 1h, followed by treatment with S. gordonii at MOI 1:100 or 1:1,000 for 3h. (C) PDL cells were pre-treated with 10mM NAC for 1h, followed by treatment with S. gordonii at MOI 1:100 for 3h. Trypan blue assay was used to determine the number of viable cells. One of three similar results is shown. *p<0.05.




Other Streptococcal Species Except S. mutans Also Induce Apoptosis and ROS Production of Human PDL Cells

To examine whether other streptococci can also induce apoptosis, human PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus for 3h. Interestingly, S. gordonii, S. mitis, S. sanguinis, and S. sobrinus induced PDL cell cytotoxicity (Figure 4A) and annexin V-positive cell population (Figure 4B). However, such effects were not observed in PDL cells treated with S. mutans under the same conditions (Figures 4A,B). Concordant with their cytotoxic effect on human PDL cells, S. gordonii, S. mitis, S. sanguinis, and S. sobrinus but not S. mutans induced ROS production (Figure 4C). These results suggest that most streptococcal species, except S. mutans, induce apoptotic cell death and ROS generation in human PDL cells.
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FIGURE 4. Various streptococcal species differ in induction of apoptosis and ROS in human PDL cells. (A) PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus at MOI 1:10, 1:100, or 1:1,000 for 3h. Trypan blue assay was used to determine the number of viable cells. (B) PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus at MOI 1:1,000 for 1h. The cells were strained with annexin V and PI and then analyzed using flow cytometry. (C) PDL cells were treated with 10μM of DCF-DA for 30min at 37°C. The DCF-DA-treated cells were washed with PBS and then treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus at MOI 1:1,000 for 3h in a CO2 incubator. Fluorescent intensity was analyzed by flow cytometry. One of three similar results is shown. *p<0.05.




Streptococci-Induced PDL Cell Cytotoxicity Is Mediated Through H2O2 Production

Oral streptococci have been reported to induce cell death of macrophages via production of H2O2 (Okahashi et al., 2013). Thus, we examined whether the reduction of PDL cell viability was due to the cytotoxicity of streptococci-produced H2O2. As shown in Figure 5A, S. gordonii induced H2O2, which was completely inhibited by catalase treatment. When human PDL cells were treated with S. gordonii in the presence of catalase, S. gordonii-induced PDL cytotoxicity was reversed substantially (Figure 5B). Likewise, S. mitis, S. sanguinis, and S. sobrinus also produced H2O2, but S. mutans did not (Figure 5C). The reduction of cell viability by H2O2-producing streptococci was recovered by catalase treatment (Figures 5D–F), suggesting that oral streptococci induce the death of human PDL cells via H2O2 production. In addition, when human PDL cells were co-treated with S. gordonii and catalase, ROS was still produced in human PDL cells (Figure 5G). These results suggest that S. gordonii-produced H2O2 does not significantly affect the generation of ROS in PDL cells.
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FIGURE 5. Streptococci-induced cytotoxicity of PDL cells is mediated through production of H2O2. (A) PDL cells were treated with S. gordonii at MOI 1:1,000 in the presence or absence of catalase (100μg/ml) for 1h. The level of H2O2 in the supernatant was determined using a hydrogen peroxide assay kit. (B) PDL cells were treated with S. gordonii at MOI 1:1,000 in the presence or absence of catalase (100 or 1,000μg/ml) for 3h. Trypan blue assay was used to determine the number of viable cells. (C) PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, or S. sobrinus at MOI 1:1,000 for 1h. The level of H2O2 in the supernatant was determined using a hydrogen peroxide assay kit. (D–F) PDL cells were treated with S. mitis, S. sanguinis, or S. sobrinus in the presence or absence of catalase for 3h. Trypan blue assay was used to determine the number of viable cells. (G) PDL cells were treated with 10μM of DCF-DA for 30min at 37°C. DCF-DA-treated cells were washed with PBS and then treated with S. gordonii at MOI 1:1,000 or H2O2 in the presence or absence of catalase for 3h. Fluorescent intensity was analyzed by flow cytometry. One of three similar results is shown. *p < 0.05.




Streptococcus gordonii Lipoproteins Are Partially Involved in the Cytotoxicity of Human PDL Cells

Lipoproteins are a major virulence factor of Gram-positive bacteria (Kim et al., 2018), and over-activation of toll-like receptor 2 (TLR2) by sensing bacterial lipoproteins often results in cytotoxicity (Aliprantis et al., 2000). Indeed, bacterial lipoproteins have been shown to induce cell death via TLR2 in THP-1 cells (Aliprantis et al., 1999). Thus, we examined whether bacterial lipoproteins also contribute to streptococci-induced PDL cell cytotoxicity with Δlgt. As shown in Figure 6A, Δlgt S. gordonii showed decreased cytotoxicity in PDL cells compared to wild-type S. gordonii. In contrast, ΔltaS S. gordonii-treated cells showed even higher cytotoxicity than wild-type S. gordonii. In addition, treatment with lipoproteins purified from S. gordonii also decreased the viability of PDL cells. When cells were co-treated with Δlgt S. gordonii and lipoproteins purified from S. gordonii, the extent of cytotoxicity was comparable to that induced by wild-type S. gordonii (Figure 6B). Moreover, when PDL cells were pre-treated with anti-human TLR2 neutralizing antibody, S. gordonii-decreased cell viability was recovered substantially (Figure 6C). However, such recovery was not seen in the presence of isotype control antibody. These results suggest that TLR2 is a critical factor for inhibition of cell viability by S. gordonii. On the other hand, S. gordonii lipoproteins are unable to induce H2O2 (Figure 6D) or ROS (Figure 6E) generation, indicating that lipoprotein-induced cytotoxicity is independent of H2O2 or ROS. In addition, S. gordonii lipoproteins and H2O2 cooperatively induced PDL cell cytotoxicity (Figure 6F). Collectively, these results suggest that S. gordonii lipoproteins contribute to the cytotoxicity of PDL cells in cooperation with H2O2.
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FIGURE 6. S. gordonii lipoproteins contribute to the cytotoxicity of PDL cells in cooperation with H2O2. (A) PDL cells were treated with S. gordonii wild-type, its ΔltaS, and Δlgt at MOI 1:100 for 3 h. (B) PDL cells were treated with S. gordonii wild-type or its Δlgt at MOI 1:100 in the presence or absence of S. gordonii lipoproteins (3 or 10 μg/ml) for 3 h. (C) PDL cells were pre-treated with anti-TLR2 antibody (0, 1, 2, or 5 μg/ml) for 1 h, followed by treatment with S. gordonii at MOI 1:1000 for 3 h. Trypan blue assay was used to determine the number of viable cells. (D) PDL cells were treated with S. gordonii at MOI 1:1000 or S. gordonii lipoproteins (10 μg/ml) for 1 h. The level of H2O2 in the supernatant was determined using a hydrogen peroxide assay kit. (E) PDL cells were treated with 10 µM of DCF-DA for 30 min at 37°C. The DCF-DA-treated cells were washed with PBS and then treated with S. gordonii lipoproteins (10 or 100 μg/ml) for 3 h in a CO2 incubator. Fluorescent intensity was analyzed by flow cytometry. (F) PDL cells were treated with S. gordonii lipoproteins (10μg/ml) in the presence or absence of H2O2 for 3h. Trypan blue assay was used to determine the number of viable cells. One of three similar results is shown. *p < 0.05.





DISCUSSION

Apical periodontitis is characterized by inflammation and tissue injury in the lesion (Nair, 2004). Since PDL cells play critical roles in the support of teeth in the alveolar bone (Jonsson et al., 2011), damage to PDL cells might contribute to the pathogenesis of apical periodontitis. S. gordonii is a medically important bacterium that enters the bloodstream through oral cavity and causes systemic diseases (Park et al., 2020). In this study, we demonstrated that most oral streptococcal species including S. gordonii could damage PDL cells by inducing apoptotic cell death. Mechanism studies suggest that streptococcal H2O2 generation is crucial for PDL cytotoxicity, while cell death was independent of ROS production. In addition, streptococcal lipoproteins also contribute to cytotoxic effects on PDL cells. Considering that streptococcal species are found predominantly in the initial stage of periodontal damage (Park et al., 2015) and refractory apical periodontitis (Chavez de Paz et al., 2005), the current results demonstrate that S. gordonii plays an important role in the early stage of inflammation by inducing cytotoxicity in PDL cells.

We found that S. gordonii induces apoptotic cell death of human PDL cells, as demonstrated by pre-treatment with apoptosis inhibitor attenuating S. gordonii-induced apoptosis. In fact, bacteria-induced host cell damage via apoptosis is not uncommon in apical periodontitis. For example, Enterococcus faecalis, which is associated with refractory apical periodontitis (Wang et al., 2012a), has been shown to induce apoptosis and pyroptosis in human osteoblastic MG63 cells (Ran et al., 2019), suggesting that E. faecalis infection in periapical lesions contributes to delay in periapical repair. In addition, diabetic rats treated with oral administration of A. actinomycetemcomitans exhibit increased numbers of apoptotic cells in the PDL adjacent to the bone and lining on the bone surface. However, when A. actinomycetemcomitans-inoculated diabetic rats receive the apoptosis inhibitor ZDEVD-FMK, bone destruction is decreased via increased osteoblast numbers in PDL (Pacios et al., 2013). Since PDL cells play a critical role in tooth attachment to the surrounding alveolar bone (Jonsson et al., 2011), apoptosis of PDL cells is likely to contribute to tooth loss via apical periodontitis.

We observed that H2O2 production by various streptococci is critical for cell death of human PDL cells. In this study, when the cells were co-treated with catalase and H2O2-producing streptococci, the reduction of cell viability by streptococci was recovered almost completely. As in the present study, oral streptococci have been shown to induce macrophage cell death through H2O2 generation (Okahashi et al., 2013), and streptococci-induced H2O2 is independent of inflammatory responses. It is well known that exogenous H2O2 induces apoptosis of various host cells including rat primary neuronal cell culture and human pulmonary artery smooth muscle cells (Whittemore et al., 1995; Park, 2016). Rai et al. reported that H2O2 produced by Streptococcus pneumoniae contributes to acute pneumonia via DNA damage and apoptosis of lung cells (Rai et al., 2015). Therefore, the cytotoxicity of H2O2 by oral streptococci can contribute to the pathogenicity in infectious diseases via tissue damage. In addition, because streptococcus pyruvate oxidase (spxB) is critical for the induction of H2O2 by oral streptococci (Zhu et al., 2014), further studies using spxB mutant S. gordonii are needed to clearly understand the role of H2O2 produced by S. gordonii on cell death.

In our study, S. gordonii, like many other bacteria previously reported, increased ROS production in PDL cells. For example, under physiological conditions, commensal gut microbiota induce ROS in intestinal epithelial cells (Jones et al., 2012). E. faecalis increases ROS production in gastric carcinoma cell line MKN74 (Strickertsson et al., 2013). P. gingivalis and A. actinomycetemcomitans induce ROS in gingival epithelial cells and macrophages, respectively (Wang et al., 2014; Okinaga et al., 2015). However, under excessive stress, host cells produce high amounts of ROS, often leading to cell death (He et al., 2017). ROS induction by Streptococcus oralis and Staphylococcus aureus has been shown to cause host cell death (Okahashi et al., 2013; Deplanche et al., 2019). We found that S. gordonii-induced ROS production is not associated with apoptosis of PDL cells. Thus, further studies are needed to determine the ROS requirements for apoptosis by bacterium. On the other hand, Marconi et al. reported the protective effect of ascorbic acid in primary culture of human periodontal ligament stem cells (PDLSCs) exposed to P. gingivalis LPS through down-regulation of inflammatory pathway and ROS induction (Marconi et al., 2021). It would be necessary to study streptococci-induced cytotoxicity in other cell types including PDLSCs and human dental pulp stem cells.

In the present study, we demonstrated that all streptococci do not affect the viability of PDL cells to similar extents. S. gordonii, S. mitis, S. sanguinis, and S. sobrinus but not S. mutans induced apoptosis of PDL cells. In general, it is well known that S. mutans induces dental caries (Forssten et al., 2010). Since S. mutans is an early colonizer that converts sucrose into sticky glucan and causes other bacteria to adhere to it (Ren et al., 2016), its action seems to be largely limited to hard tissues such as teeth. Instead, accompanying bacteria that arrive after S. mutans can more efficiently enter the pulp and consequently cause inflammation by inducing cell cytotoxicity. Nevertheless, S. mutans LTA has been shown to induce apoptosis in human dental pulp cells (Wang et al., 2001). Since LTA can be released by Gram-positive bacteria (Ginsburg, 2002), bacterial components derived from streptococcal species including S. mutans can contribute to host cell damage or inflammatory responses, although the bacteria do not directly contribute. On the other hand, cell tropism in differential responses to bacteria might be another reason for the variation in results. For example, S. gordonii does not induce apoptosis in gingival keratinocytes (Li et al., 2013) even though it induced apoptotic cell death in human PDL cells in the current study. Although further studies are required to clarify our observations, most oral streptococci might contribute to apical periodontitis through death of PDL cells.

We demonstrated that lipoproteins are involved at least partially in PDL cell cytotoxicity by S. gordonii via TLR2 activation, although lipoproteins have weak cytotoxic effects compared to H2O2. The strong TLR2 signaling caused by high doses of lipoproteins might be cytotoxic to a level similar to that of H2O2. TLR2 activation seems to be a positive modulator of apoptosis. Aliprantis et al. reported that a synthetic lipopeptide, Pam3CSK4, mimicking bacterial lipoproteins induces apoptosis of THP-1 cells through activation of TLR2/MyD88-NF-κB and a Fas-associated death domain protein/caspase 8 pathway (Aliprantis et al., 1999, 2000). Additionally, Propionibacterium acnes has been shown to induce the apoptosis of nucleus pulposus cells isolated from human intervertebral discs by the TLR2/c-Jun N-terminal kinase pathway (Lin et al., 2018). Indeed, lipoproteins of streptococci are important inflammatory components, based on the previous studies in which we found that lipoprotein-deficient S. gordonii weakly stimulates the induction of inflammatory mediators compared with the wild-type strain, and purified lipoproteins are sufficient to induce inflammatory responses in macrophages and PDL cells (Kim et al., 2017a, 2018). Therefore, streptococcal lipoproteins together with H2O2 appear to be major factors underlying damage to human PDL cells caused by streptococcal species. Furthermore, macrophages infected by E. faecalis produce 4-hydroxynonenal (4-HNE; Wang et al., 2012b) likely via lipid oxidation. 4-HNE, on the other hand, is known to induce apoptotic cell death (Dalleau et al., 2013). Therefore, it is seemingly necessary to determine whether indirect effects via macrophages can affect oral streptococci-induced apoptosis.

In conclusion, we demonstrate that S. gordonii induces apoptosis via H2O2 production in PDL cells. S. gordonii lipoproteins are involved in the death of human PDL cells. S. gordonii is an opportunistic bacterium, commonly found in apical lesions of patients with apical periodontitis. Therefore, apoptotic cell death of PDL cells due to tissue damage caused by S. gordonii could influence the development of apical periodontitis.
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Glucocorticoids are commonly used for the treatment of asthma and chronic obstructive pulmonary disease (COPD). Inhaled corticosteroids are associated with a significantly increased risk of pneumonia. Syndecan-1 (SDC1) located in the cell membrane of airway epithelial cell is the crucial molecule mediating infections by P. aeruginosa (PA). In the present study, we found that SDC1 expression was upregulated and the adhesion of PA to human bronchial epithelial (HBE) cells increased to 125 and 138%, respectively, after stimulation by dexamethasone or budesonide. The HBE cells knocking down SDC1 showed lower affinity to PA compared with control. CCAAT-enhancer-binding protein β (C/EBP β) and its phosphorylated form participated in the regulation of glucocorticoid to SDC1 for interfering C/EBP β or inhibiting phosphorylation of C/EBP β by LiCl and BIO, which are inhibitors of glycogen synthase kinase 3β (GSK-3β), and could prevent glucocorticoids from upregulating SDC1 expression. One should be cautious in administering glucocorticoids in chronic lung disease because of their property of increasing the expression of SDC1 and PA binding to the airway epithelium.
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INTRODUCTION

Administration of glucocorticoids (GCs) provides substantial clinical benefit to patients with asthma and chronic obstructive pulmonary disease (COPD). However, more and more clinical studies indicate that inhaled corticosteroids (ICS) were associated with a significantly increased risk of pneumonia (Singh et al., 2009). The risk was particularly elevated with high doses and shorter durations (Drummond et al., 2008). Another study comprised a large cohort of over 160,000 patients with COPD followed for a mean of 5 years with the conclusion that the risk of serious pneumonia was sustained with long-term use but declined after discontinuation. Both inhaled budesonide (BUDE) and fluticasone increased the risk of pneumonia with a more significant risk with fluticasone (Suissa et al., 2013). Administration of GCs is a predisposing factor of lung infection, but the exact mechanism is unclear. Stolberg and their colleagues carried out one animal study to target this question. Their research showed that ICS significantly increased the uptake of apoptotic cells by alveolar macrophages, which could inhibit pulmonary pneumococcal clearance (Stolberg et al., 2015). Although their identification offers a possible explanation for the molecular basis of this epidemiological association, the issue is far from settled.

Heparan sulfate proteoglycans (HSPGs) are glycoproteins, with the common characteristic of containing one or more covalently attached heparan sulfate (HS) chains, a type of glycosaminoglycan (GAG). There are three groups according to their location: membrane HSPGs, such as syndecans and glypicans, the secreted extracellular matrix HSPGs (agrin, perlecan, and type XVIII collagen), and the secretory vesicle proteoglycan, serglycin (Sarrazin et al., 2011). Park et al. (2001) reported 7-day-old syndecan-1–/– (SDC1–/–) mice markedly resisted infection by intranasally inoculated Pseudomonas aeruginosa (PA). This result gives a strong proof to indicate that SDC1 is the crucial molecule mediating infection by PA, a clinically important Gram-negative bacterium in pneumonia and possibly in other infections in which the bacteria first encounter the host’s epithelia—a cell type whose predominant HSPG is SDC1. Peggy Benad-Mehner reported that dexamethasone (DEX) time- and dose-dependently increased SDC1 expression up to fourfold in breast cancer cell lines (Benad-Mehner et al., 2014). All these above studies provide adequate justification to develop the hypothesis that administration of GCs may influence the expression of SDC1 and its interaction with PA in airway epithelial cells.

In order to verify our hypothesis, we investigated the influence of DEX and BUDE to SDC1 expression in vitro and to the ability of binding PA to human airway epithelia cell line as well. The related molecular mechanism was further investigated. From the available data, we are unaware of any published reports involving the underlying molecular control of transcriptional interactions between GCs and SDC1. However, it was reported that CCAAT-enhancer-binding protein β (C/EBP β) was a key transcriptive factor regulating SDC1 expression (Larabee et al., 2011). C/EBP β mediated the effect of fluticasone propionate in host defense gene expression in BEAS-2B cells (Kimura et al., 2001; Zhang et al., 2007). Therefore, we explored whether GCs regulated SDC1 through transcription factor C/EBP β and its phosphorylation. Previous studies have proved that GSK-3β could interact with and phosphorylate C/EBP β (Lee et al., 2010). The phosphorylated C/EBP β by GSK-3β transactivated the subsequent gene expression (Tang et al., 2005). The rise in cellular cAMP augmented the activity of GSK-3β (Larabee et al., 2008). Thus, whether or not GCs could influence the cellular cAMP level in human bronchial epithelial (HBE) cells was also discussed in this study.



MATERIALS AND METHODS


Airway Epithelial Cell Culture

The transformed 16-HBE cell line was kindly provided by Dr. Lin Shi of the central lab of Zhongshan Hospital, Fudan University and cultured at 37°C in RPMI (Hyclone) containing fetal calf serum 10% and antibiotics. To assess the effects of GCs, 90% confluent cells were exposed to DEX (Sigma-Aldrich) in various concentrations (10–5 M to 10–7 M). The concentration of BUDE (Sigma-Aldrich) was ranged from 2.3 × 10–6 M to 2.3 × 10–9 M (1 μg/ml to 1 ng/ml). To antagonize the effects of GCs, mifepristone (RU-486, Sigma-Aldrich) was used at a concentration of 10–5 M. 6MB-cAMP (Biolog Life Science Institute, Cat. No. M003) was used at a concentration of 10–3 M.



Bacterial Strains

Pseudomonas aeruginosa strain O1 (PAO1) was obtained from the ATCC (ATCC 15692). GFP-labeled P. aeruginosa (GFP-PA) was kindly provided by Prof. Yuan-Lin Song, Zhongshan Hospital, Fudan University. Individual strain was routinely grown with shaking overnight in Luria-Bertani broth (LB broth) at 37°C, washed, and diluted to the appropriate concentration in Hanks’ balanced salt solution. Bacterial concentrations were determined by densitometry and confirmed by serial dilution followed by viable plate counts on appropriate agar media.



Bacterial Binding Assay

Pseudomonas aeruginosa strain O1 or GFP-PA cells grown overnight in LB broth to stationary phase were diluted in 50 μl of serum-free RPMI and added to cells at a multiplicity of infection (MOI) of 20. After 1 h of infection at 37°C, adhesion assays were performed as described previously (Bucior et al., 2010). Briefly, cells were washed in PBS to remove non-adherent bacteria and were lysed in 1 ml of Ca2 +- and Mg2 +-free PBS with 0.25% Triton X-100 (Sigma-Aldrich) for 30 min. After lysis, cells were removed from the 96-well plates by gentle scraping. Bacteria were enumerated by plating serial dilutions of cell lysates on LB plates and counting the CFU.



RNA Isolation and Real-Time PCR

RNA was isolated using RNAiso Plus (Takara Bio Inc., Dalian) according to the manufacturer’s protocol. Five hundred nanograms of RNA was reverse transcribed using PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara Bio Inc., Dalian) and subsequently used for SYBR green-based real-time PCR using a standard protocol (Takara Bio Inc., Dalian). Primers (Sangon, Shanghai, China) used for gene expression: GAPDH (glyceraldehyde 3-phosphate-dehydrogenase) (NCBI GenBank: NM_002046): AGAAGGCTGGGGCTCATTG/AGGGGCCATCCACAGTCT TC; SDC1 (NCBI GenBank:NM_001006946): CTCTGGCT CTGGCTGTGC/GGTCTGCTGTGACAAGGTGA; C/EBP β (NCBI GenBank:NM_001285879.1): ACAGCGACGAGTA CAAGATCC/TGCTTGAACAAGTTCCGCAG.

PCR conditions were 95°C for 10 s followed by 40 cycles with 95°C for 5 s and 60°C for 34 s. The results were calculated applying the Δ ΔCT method and were presented in percentage increase relative to control.



Protein Analysis

Cells were lysed with RIPA buffer (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, and 1% sodium deoxycholate) containing Complete Protease Inhibitor (Cell Signaling Technology) and PhosphoSTOP (Roche) for phosphoprotein detection. Protein concentration was determined by using the BCA Protein Assay Kit (Thermo Fisher Scientific), and equal amounts of proteins were separated by electrophoresis in 6% SDS-polyacrylamide gel for SDC1 and 12% gel for other proteins and resolved by electrophoresis (Mini Protean II apparatus; Bio-Rad) at 100 V in a buffer containing 2.5 mM Tris base (pH 8.3), 192 mM glycine, and 0.1% SDS. After electrophoresis, the proteins were transferred to a PVDF membrane (Millipore) with a 300-mA current for 90 min. Membranes were blocked by TBST with 5% milk for 1 h in room temperature. After blocking, the membranes were incubated in a 1:1,000 dilution of the primary antibody at 4°C overnight. The membranes were washed and then incubated in a 1:5,000 dilution of secondary horseradish peroxidase-conjugated goat (anti-rabbit/mouse) IgG (Santa Cruz) in blocking solution. Membranes were again washed and processed for detection of target protein by incubation in an appropriate substrate solution containing a luminol compound (SuperSignal Substrate; Thermo Fisher Scientific) for chemiluminescent signal development.

The following primary and secondary antibodies for western blot were used for detection of SDC1 (AbD Serotec), glucocorticoid-receptor (GR; Cell Signal Technology), C/EBP β (Abcom), Phospho-C/EBP β (Cell Signal Technology), and Glycogen synthase kinase 3β (GSK-3β; Cell Signal Technology).



Cell Surface Syndecan-1 Was Detected by Immunofluorescence

Cells were seeded into 12-well Culture Slide at 3 × 104 cells per well and fixed in 100% cold methanol on ice for 10 min followed by 4% paraformaldehyde at room temperature for 2 min. Cells were blocked with 2.5% goat serum and 2% BSA in TBS for 1 h at room temperature, then incubated with 1:400 primary antibodies for SDC1 (AbD Serotec) in 2% BSA in TBST overnight at 4°C. Secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG or Alexa Fluor 568 or 594 goat anti-mouse IgG, 1:500, Thermo Fisher Scientific) were applied in 2% BSA in TBST for 1 h at room temperature. Cell nucleus was stained with DAPI for 5 min. Slides were cover-slipped using Fluoromount-G (eBioscience) and images were captured with inverted microscope (Leica Microsystems).



Confocal Microscope Images for Adhesion of Pseudomonas aeruginosa to Human Bronchial Epithelial

Human bronchial epithelial cells were seeded into 12-well Culture Slide at 3 × 104 cells per well. GFP-PA grown overnight in LB broth to stationary phase were diluted in 50 μl of serum-free RPMI and added to cells at a MOI of 20:1. After 1 h of infection at 37°C, cells were washed in PBS to remove non-adherent bacteria and then fixed in 100% cold methanol on ice for 10 min followed by 4% paraformaldehyde at room temperature for 2 min. The following steps are the same as the immunofluorescence detection. Images were captured with confocal microscope (Zeiss LSM 800).



siRNA Transfection

siRNA targeting SDC1 or C/EBP β was transfected into HBE cells with the transfection reagent TianFect (Tiangen) using the manufacturer’s protocol. Briefly, 1.2 × 105 cells were plated into each well of a 24-well plate. Twelve hours after plating the cells, the transfection mixture containing 6 μl of TianFect and 100 nmol siRNA was prepared in 50 μl of Opti-MEM (Thermo Fisher Scientific). After 10 min of incubation, the transfection mixture was added to the cells, bringing the volume to 400 μl. After a 6-h exposure, the medium was removed and replaced with fresh RPMI containing 10% FBS. The sequence of the siRNAs against SDC1 was ggagacagcatcagggtta. The siRNAs against C/EBP β (Cat. stB0005928C-1-5, Ribobio, Guangzhou, China) contains a pool of three to four target-specific siRNAs. As a negative control, cells were transfected with a scrambled sequence not targeting any known gene.



Lentivirus Packaging and Stable Transfection Cell Line Generation

Lentiviral constructs were designed by the HANYINBT (Shanghai). The HBE cells were stably transfected with hU6-MCS-CMV-ZsGreen 1-PGK-Puro negative control vectors and lentivirus (SH-SDC1) for knocking down SDC1. Target cells (1 × 105) were transfected at a lentivirus/medium ratio of 1:50 in the presence of 5 μg/ml polybrene. Puromycin (2 μg/ml) was used to screen the stable transfected HBE cells (SH-HBE). Real-time qPCR and immunofluorescence were used to assess the efficiency of knocking down SDC1 expression in HBE.



Cellular cAMP Measuring

Cellular cAMP was measured as the manufacturer’s protocol (Neweast Bioscience, Cat. No. 80203). Briefly, 3 × 104 cells in 100 μl of RPMI with 10% FBS were plated into each well of a 96-well plate. When the confluence reaches about 90%, HBE cells were treated with DEX (10–5 M) or BUDE (2.3 × 10–6 M, 1 μg/ml) for 1 h in the presence or absence of RU-486 (10–5 M) simultaneously. Cellular cAMP was measured by ELISA method.



Co-immunoprecipitation

Co-immunoprecipitation was performed with a nuclear extraction kit (Active Motif). The nuclear extracts containing 200 μg of proteins were incubated overnight at 4°C with 2 μg of anti-GR antibody (Cell Signal Technology) in 500 μl of NP-40 lysis buffer. Protein A/G beads (60 μl, Thermo Scientific) were added to the mixture and incubated for an additional hour with rocking. The immunocomplexes were then washed six times with NP-40 lysis buffer. The immunoprecipitated proteins were dissolved in 60 μl of 2× Laemmli buffer and boiled for 5 min before analysis by western blotting.



Statistical Analysis

Data are expressed as means ± SD (standard deviation). Statistical significance was estimated by Student’s t-test using SPSS (19.0 version). Differences were considered to be significant at p < 0.05.



RESULTS


Expression of Syndecan-1 Gene Was Influenced by Glucocorticoids

As shown by Figures 1A,B, SDC1 expression was dose dependently induced 4 h later by GCs administration in vitro. Both DEX and BUDE increased SDC1 expression with a large concentration span from 10–5 M to 10–7 M of DEX and 2.3 × 10–6 M to 2.3 × 10–9 M (1 μg/ml to 1 ng/ml) of BUDE. The expression even soared more than 23-fold compared to those without stimulation of BUDE. Immunofluorescence staining (Figure 1C) and western blot (Figure 1D) verified the results from real-time quantitative PCR. SDC1 was mainly located at the HBE cell surface. SDC1 expression was observed in control HBE cells with a significant increase after 24 h stimulation by DEX (10–5 M) or BUDE (2.3 × 10–6, 1 μg/ml) (Figure 1C). The DEX- or BUDE-dependent induction of SDC1 was inhibited by the GR antagonist RU-486 (10–5 M, incubation for 24 h) (Figure 1E). From Figure 1, we could see that SDC1 expression was increased by glucocorticoid treatment, which was GR dependent.
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FIGURE 1. Glucocorticoid enhanced the expression of SDC1. DEX or BUDE increased SDC1 expression by qPCR (A,B), by immunofluorescence staining (C), and by western blot (D). SDC1 is displayed in green (Alexa Fluor 488) and the nucleus is shown in blue (DAPI) in (C). The receptor antagonist RU-486 inhibited SDC1 expression triggered by DEX or BUDE by western blot (E). Student’s t-test was used to analyze the different groups. Six replications and three independent experiments. Magnification: 400× (C).




Upregulated Syndecan-1 Increased Adhesion of Pseudomonas aeruginosa to Human Bronchial Epithelial

The binding experiments were carried out to show the relationship between the SDC1 expression level and the adhesion of PA to HBE. As shown by Figure 2A, the adhesion of PA to HBE increased to 125 and 138%, respectively, after stimulation by DEX (10–5 M) or BUDE (2.3 × 10–6, 1 μg/ml) assessed by bacterial binding assay in vitro (CFU counting). RU-486 (10–5 M) could reverse this function of GCs partially. The confocal microscope was used to show the affinity of PA to HBE cells. From Figure 2B, DEX or BUDE increased the fluorescence intensity significantly (red for SDC1). At the same time, the adhesion of PA was upregulated by DEX or BUDE compared with normal control group. RU486, the inhibitor of GR, reversed these functions.
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FIGURE 2. Glucocorticoids enhanced the adhesion of PA to HBE. DEX or BUDE increased the adhesion of PA to HBE assessed by CFU counting (A) and by confocal microscopy experiment (B). RU486 inhibited the effects of glucocorticoids. SDC1 was stained by red (Alexa Fluor 568). PA was labeled by GFP (green). The nucleus was stained by DAPI (blue). Student’s t-test was used to analyze the different groups. Six replications and three independent experiments. Magnification: 400× (B).




Knocking Down of Syndecan-1 Decreased the Pseudomonas aeruginosa Adhesion to Human Bronchial Epithelial

In order to study whether the adhesion level of PA to HBE is associated with the expression of SDC1, the HBE cells knocking down SDC1 were established by lentivirus (SH-HBE). When we established the lentiviral-mediated knockdown of SDC1 in HBE cells, three sequences were used to select the most effective one (data not shown). From Figure 3A, the expression of SDC1 stained by red fluorescence was downregulated in the cells transfected by SDC1-SH vectors compared with that of NC-GFP and Blank groups. In Figure 3B, quantitative real-time PCR results showed that the SDC1 was downregulated to 23% in SH-HBE compared with that in NC-HBE. The adhesion of PA was decreased to 73% (Figure 3C) in the SH-HBE in which SDC1 was downregulated to 23% (Figure 3B). These results showed that the adhesion of PA to HBE was positively correlated with the expression level of SDC1.
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FIGURE 3. The adhesion of PA was reduced in the SDC1 knockdown HBE. (A) SDC1 was successfully downregulated by lentivirus vector carrying SH-RNA (SDC1-SH) assessed by immunofluence method. SDC1 was stained by red (Alexa Fluor 568). Both NC vector and SDC1-SH vector were labeled by GFP (green). The nucleus was stained by DAPI (blue). The qPCR was used to verify the knocking down of SDC1 (B). The adhesion of PA to the knocking down SDC1 HBE cells assessed by CFU counting was decreased compared with that to control HBE cells (C). Student’s t-test was used to analyze the different groups. Eight replications and three independent experiments. Magnification: 400× (A).




Syndecan-1 Expression by Glucocorticoids Associated With CCAAT-Enhancer-Binding Protein β

It was reported that C/EBP β was a key transcriptive factor regulating SDC1 expression. In this section, we discussed whether C/EBP β influenced the SDC1 expression. Figures 4A,B show the time course of SDC1 and C/EBP β expression stimulated by DEX or BUDE. The expression patterns of SDC1 and C/EBP β were very consistent. C/EBP β expression was earlier than SDC1 for it increased statistically significantly at half an hour (BUDE, 2.3 × 10–6, 1 μg/ml) or 1 h (DEX, 10–5 M) after the stimulation of GCs while SDC1 did not.
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FIGURE 4. Syndecan-1 expression by GCs associated with C/EBP β. (A,B) The time course of SDC1 and C/EBP β expression after stimulation of DEX (10–5 M) or BUDE (2.3 × 10–6 M, 1 μg/ml) by qPCR. “*” indicates p < 0.05, “§” indicates p < 0.01. (C) C/EBP β protein and its phosphorylation increased with exposure of GCs and RU-486 (10–5 M) reversed these processes analyzed by western blot. C/EBP β was downregulated by C/EBP β siRNA in HBE cells with incubation of DEX or BUDE assessed by qPCR (D) and western blot (E). Silencing C/EBP β decreased SDC1 expression assessed by qPCR (F) and reversed augmented adhesion of PA stimulated by GCs assessed by CFU counting (G) and confocal microscopy (H). SDC1 was displayed in red (Alexa Fluor 594) and the nucleus in blue (DAPI). Magnification: 400× (H). Student’s t-test was used to analyze the different groups. Four replications for qPCR, eight replications for CFU counting and three independent experiments.


CCAAT-Enhancer-Binding Protein β protein expression and its phosphorylation increased after GC stimulation (Figure 4C) and this process was GR dependent for RU486 (10–5 M)-inhibited C/EBP β expression and its phosphorylation.

We designed three siRNAs for interfering C/EBP β and the most efficient one could decrease C/EBP β to 23 or 47% with the exposure of DEX (10–5 M) or BUDE (2.3 × 10–6, 1 μg/ml) by qPCR (Figure 4D) or western blot (Figure 4E). Figure 4F shows that the increase of SDC1 with GC exposure was inhibited by C/EBP β siRNA analyzed by qPCR. When the C/EBP β was downregulated by siRNA, the increased adhesion of PA stimulated by GCs decreased compared with that in the group of NC-siRNA for C/EBP β assessed by CFU counting (Figure 4G) and confocal microscopy (Figure 4H).



CCAAT-Enhancer-Binding Protein β Phosphorylation Was Dependent on Glycogen Synthase Kinase 3β

Glycogen synthase kinase 3β (GSK-3β) is a serine-threonine kinase in the classic Wnt cell signal. GSK-3β was demonstrated to participate into the C/EBP β phosphorylation in a previous study (Lee et al., 2010). The phosphorylated C/EBP β by GSK-3β acquired DNA-binding function and transactivated the subsequent gene expression (Tang et al., 2005). We hypothesized that GSK-3β may be involved in the phosphorylation of C/EBP β at Thr-235 in GC-exposed HBE. To examine this possibility, the ability of GCs to induce C/EBP β phosphorylation was examined in HBE exposed to GSK-3 inhibitors. In Figure 5A, GC exposures lead to increased levels of GSK-3β, and RU486 reduced GSK-3β expression with GCs. In Figure 5B, the GC-induced phosphorylation of C/EBP β at Thr-235 was reduced by two different GSK-3 inhibitors, LiCl and BIO. These data suggest that GSK-3β was critical for the phosphorylation of C/EBP β at Thr-235 during GC stimulation (Figure 5C). The RT-qPCR results indicated that SDC1 was decreased in HBE cells with GSK-3 inhibitors, LiCl and BIO, which further suggests that inhibiting phosphorylation of C/EBP β by controlling of kinase activity of GSK-3β downregulated expression of SDC1, the critical binding protein of PA. Consequently, it is reasonable to speculate that the inhibition of SDC1 expression during the stimulation of GCs by GSK-3β inhibitors can reduce the adhesion of PA to respiratory epithelial cells.


[image: image]

FIGURE 5. CCAAT-enhancer-binding protein β phosphorylation was dependent on GSK-3β. (A) DEX (10–5 M) or BUDE (2.3 × 10–6 M, 1 μg/ml) exposure increased expression of GSK-3β assessed by western blot, and the addition of RU-486 reduced levels of GSK-3β in GCs-exposed HBE. (B) GSK-3 inhibitors (20 mM LiCl or 5 μM BIO) reduced the GCs-induced phosphorylation of C/EBP β. (C) GSK-3 inhibitors reduced the expression of SDC1 with or without GC incubation assessed by real-time qPCR. Student’s t-test was used to analyze the different groups. Four replications for qPCR and three independent experiments.


Glucocorticoids upregulates SDC1 expression mainly by genomic signaling. However, RU486 did not reverse the function of BUDE or DEX completely (Figure 1E), which may imply the non-genomic effects of glucocorticoids. It was reported that the rise in cellular cAMP augmented the activity of GSK-3β by reducing the phosphorylation at Ser-9 (Larabee et al., 2008). Thus, we planned to detect whether or not GCs could increase the cellular cAMP in HBE cells. As shown in Figure 6A, BUDE (2.3 × 10–6 M, 1 μg/ml) incubation for 1 h increased cellular cAMP, which was not RU486 dependent. The cells treated by DEX (10–5 M) trended to increase but did not reach statistical significance. SDC1 expression triggered by 6MB-cAMP increased, but not as significant as GC incubation, which indicated that the genomic effect of GCs was the major factor triggering SDC1 expression. When the HBE cell was treated with a membrane-permeable analog of cAMP (6MB-cAMP), SDC1 expression increased to 129% compared with control (Figure 6B). GSK-3β inhibitors reversed the rising function of 6MB-cAMP to SDC1 in HBE partly. GSK-3β was important for maintaining SDC1 expression at a physiological level in HBE for that the GSK-3β inhibitor (LiCl or BIO) alone downregulated SDC1 expression (Figure 6B). GSK-3β inhibitor exposure reversing the function of 6MB-cAMP to SDC1 further verified that cAMP could activate GSK-3β and stimulate subsequent target gene expression. The above results show that although cAMP did not play a major role in the regulation of SDC1 expression, it still contributed to the process to a certain extent, which affected the affinity of PA to epithelial cells.
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FIGURE 6. The non-genomic effect of GCs on SDC1 expression. (A) BUDE (2.3 × 10–6 M, 1 μg/ml) incubation increased cellular cAMP. RU-486 (10–5 M) did not reverse the effect of BUDE. Cellular cAMP was measured by ELISA method. (B) 6MB-cAMP triggered SDC1 expression up compared with control analyzed by qPCR. Student’s t-test was used to analyze the different groups. Four replications for qPCR and ELISA and three independent experiments.




Glucocorticoid Combined With CCAAT-Enhancer-Binding Protein β Regulated Expression of Syndecan-1

The co-immunoprecipitation experiment was performed to examine whether GR interacted with C/EBP β during its transactivation of SDC1. HBE cells were exposed to DEX (10–5 M) or BUDE (2.3 × 10–6 M, 1 μg/ml) for 4 or 24 h. In the immunoprecipitates of GR, C/EBP β was detectable in GC-treated cells but not in vehicle-treated cells (Figure 7). This result indicates the interaction of the GR and C/EBP β for GCs action.
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FIGURE 7. Glucocorticoid receptor combined with C/EBP β regulated expression of SDC1. HBE cells were exposed to Dex (10–5 M) or BUDE (2.3 × 10–6 M, 1 μg/ml) for 4 h or 24 h. In the immunoprecipitates of GR, C/EBP β was detectable in GC-treated cells but not in control cells.




DISCUSSION

The adhesion of PA to HBE increased significantly after GC stimulation assessed by bacterial binding assay and confocal microscopy images. C/EBP β and its phosphorylated form participated in the regulation of glucocorticoid to SDC1 for interfering C/EBP β or inhibiting phosphorylation of C/EBP β by LiCl and BIO, which are inhibitors of GSK-3β, and prevented glucocorticoids from upregulating SDC1 expression. Our study may give a clue to explain why using glucocorticoids are associated with a significantly increased risk of pneumonia. To our knowledge, the present study is the first one to target this issue from a bacterial binding aspect.

Epithelial cells are lined on the mucosal surfaces of respiratory tracts and serve as the primary barrier against the entry of most infectious agents. PA is a ubiquitous opportunistic pathogen of humans and it chronically colonizes the lungs of patients with cystic fibrosis (CF) or other chronic lung diseases, leading to severe pulmonary damage and death.

Syndecan-1 is mainly expressed in placenta and bronchial epithelial cells (Su et al., 2004). SDC1 was reported to mediate PA binding to the airway epithelium through a flagella- and pili-dependent (Bucior et al., 2012) and –independent manner (Plotkowski et al., 2001; Imberty et al., 2004; Chemani et al., 2009; Bucior et al., 2010). SDC1 is preferentially expressed on the basolateral surface of polarized epithelium (Bishop et al., 2007). Chronic inflammation leads to epithelial injury and the exposure of the basolateral surface to the bacteria. Our results proved that GC administration increased the expression of SDC1 significantly. The upregulated SDC1 lead increased PA adhesion to HBE. Knockdown of SDC1 in HBE showed low affinity to PA, which highlights that SDC1 plays a critical role during PA adhesion. SDC1 is also known to mediate binding of various bacterial and viral pathogens besides PA (Freissler et al., 2000; Surviladze et al., 2012). Freissler et al. (2000) showed that overexpression of SDC1 and SDC4 leads to a three- and sevenfold increase in Neisseria gonorrhoeae invasion, respectively. Streptococcus bovis, Streptococcus agalactiae, Streptococcus pyogenes, Staphylococcus aureus, and Staphylococcus epidermidis showed increased adhesion to transfected ARH-77 cells with high expression of SDC1 (Henry-Stanley et al., 2005). Accordingly, it can be speculated that its increase has specific importance in pneumonia after giving GCs.

Glucocorticoid treatment causes robust changes in gene expression. We are unaware of any published reports involving the underlying molecular control of transcriptional interactions between GCs and SDC1. Our results showed that the upregulation of SDC1 was GR dependent for RU486, the inhibitor of GR, and reversed SDC1 increase by GCs.

Glucocorticoid modulates transcription of a few target genes in a unique way that requires the receptor to dimerize with itself or other transcription factors. It was reported that C/EBP β was a key transcriptive factor regulating SDC1 expression (Larabee et al., 2011). Therefore, we explored the mechanism whether GCs regulate SDC1 through the transcription factor C/EBP β. From our results, we found that GCs upregulated the expression of C/EBP β in a time-dependent way. The increase of C/EBP β was earlier than SDC1. Knockdown of C/EBP β by siRNA significantly blocked the expression of SDC1 triggered by GCs. Phosphorylation of C/EBP β at Thr-235 by GSK-3β was also involved in the SDC1 expression in GC-exposed HBE. These results support the notion that C/EBP β and its phosphorylation level promote the transcription of SDC1 regulated by GCs. Our data are consistent with the literature showing that C/EBP β mediates the effect of fluticasone propionate in host defense gene expression in BEAS-2B cells (Kimura et al., 2001; Zhang et al., 2007). GSK-3β is a serine-threonine kinase in the classic Wnt cell signal. Previous studies have proved that GSK-3β can interact with and phosphorylate C/EBP β, supporting the present results (Lee et al., 2010). The phosphorylated C/EBP β by GSK-3β acquired DNA-binding function and transactivated the subsequent gene expression (Tang et al., 2005). Immunoprecipitate results showed that GR combined with C/EBP β regulated expression of SDC1 (Figure 7). Taken together, these results suggest a model where GCs trigger expression of GSK-3β and C/EBP β, leading the phosphorylation of C/EBP β on Thr-235 by GSK-3β and enhancing the ability of C/EBP β to combine GR and activate SDC1 transcription (Figure 8).
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FIGURE 8. Proposed model depicting a signaling mechanism of GCs to activate SDC1 expression in HBE. Once GCs are delivered to the cytoplasm, GCs bind to GR and enter the nucleus to active the expression of C/EBP β and GSK-3β. GCs also increase the generation of cellular cAMP, which augments the activity of GSK-3β by reducing the phosphorylation. The increased GSK-3β enhances phosphorylation of C/EBP β. The activated C/EBP β binds to GR and induces SDC1 expression.


Our results verified that GCs increased cellular cAMP slightly and SDC1 expression increase was triggered by cAMP mimics (6MB-cAMP). cAMP regulated the expression of SDC1 by GSK-3β in that GSK-3β inhibitors’ exposure reversed the function of 6MB-cAMP to SDC1, which further verified that cAMP could activate GSK-3β and stimulate subsequent target gene expression. Kaur et al. (2008) reported that cAMP-elevating agents and a cAMP mimetic could enhance simple GRE-dependent transcription via the classical cAMP–PKA pathway. Further studies are needed to demonstrate whether or not the cAMP–PKA pathway is associated with cAMP activating GSK-3β.

It is important to point out that only one human airway epithelial cell line and one strain of PA were used in this study. Though fluticasone propionate upregulated C/EBP β expression in BEAS-2B cells (Kimura et al., 2001), just as we found in this study, it is appropriate to extrapolate our data cautiously in other experiment conditions. Secondly, the data were derived from the in vitro experiments, and the in vivo environment is much more complex. Additional experiments with pertinent animal models will be needed to confirm this speculation.



CONCLUSION

In summary, our work established a new aspect for better understanding the predilection to infections by PA with the treatment of GCs in chronic lung disease. Administrating GCs increased the interaction between PA and the host airway epithelium by upregulating the expression of SDC1. The strategies based on inhibiting SDC1 upregulation when giving GCs may provide new therapeutic approaches to correct the risk of pneumonia that occurs in administrating GCs in chronic lung disease.
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Salmonella Infantis has emerged as a major clinical pathogen causing gastroenteritis worldwide in recent years. As an intracellular pathogen, Salmonella has evolved to manipulate and benefit from the cell death signaling pathway. In this study, we discovered that S. Infantis inhibited apoptosis of infected Caco-2 cells by phosphorylating Akt. Notably, Akt phosphorylation was observed in a discontinuous manner: immediately 0.5 h after the invasion, then before peak cytosolic replication. Single-cell analysis revealed that the second phase was only induced by cytosolic hyper-replicating bacteria at 3–4 hpi. Next, Akt-mediated apoptosis inhibition was found to be initiated by Salmonella SopB. Furthermore, Akt phosphorylation increased mitochondrial localization of Bcl-2 to prevent Bax oligomerization on the mitochondrial membrane, maintaining the mitochondrial network homeostasis to resist apoptosis. In addition, S. Infantis induced pyroptosis, as evidenced by increased caspase-1 (p10) and GSDMS-N levels. In contrast, cells infected with the ΔSopB strain displayed faster but less severe pyroptosis and had less bacterial load. The results indicated that S. Infantis SopB–mediated Akt phosphorylation delayed pyroptosis, but aggravated its severity. The wild-type strain also caused more severe diarrhea and intestinal inflammatory damage than the ΔSopB strain in mice. These findings revealed that S. Infantis delayed the cells’ death by intermittent activation of Akt, allowing sufficient time for replication, thereby causing more severe inflammation.




Keywords: Salmonella Infantis, Akt, SopB, apoptosis, pyroptosis, inflammation, host-pathogen interactions



Introduction

For decades, non-typhoidal salmonella (NTS) has been one of the most common foodborne zoonosis pathogens worldwide that cause host gastroenteritis. There are more than 2,600 known Salmonella enterica serovars, with Salmonella enterica serovar Infantis (S. Infantis) the third most prevalent serovar of human NTS infections in Europe (1, 2). It is mainly transmitted through contaminated food, such as broiler chicken and pork (3–5). Worryingly, S. Infantis infection has been frequently reported in many countries recently, indicating that S. Infantis is an emerging pathogen causing gastroenteritis worldwide (6, 7).

Salmonella is a Gram-negative facultative intracellular pathogen that possesses two functionally distinct T3SSs (T3SS1 and T3SS2) encoded in Salmonella pathogenicity islands 1 and 2 (SPI1 and SPI2), respectively (8). In epithelial cells, approximately 10–30% of Salmonella can escape from the Salmonella-containing vacuole (SCV) to the cytoplasm after internalization and replicate there (9). Cytosolic Salmonella proliferates faster than SCV bacteria, a phenomenon known as hyper-replication (defined as >20 bacteria/cell) (10, 11). Hyper-replicating Salmonella proliferates geometrically within several hours in host cells, causing cell death and extrusion and releasing invasive bacteria into the gastrointestinal tract (11).

Salmonella appears to have evolved to benefit from host cell signaling pathways involved in regulating cell proliferation and death (12–14). Apoptosis is a highly conserved and gene-regulated physiological programmed cell death mechanism. An increasing body of evidence indicated that the pathogenic mechanism of bacteria involves the regulation of apoptosis. The manipulation of apoptosis by Salmonella depends on the type of host cell and the stage of infection. Multiple apoptotic pathways are found to be rapidly activated during Salmonella infection of macrophages (15–17). In contrast, the apoptosis of infected epithelial cells is inhibited by Salmonella (18–20). It is beneficial for Salmonella to prolong the lifespan of infected cells, enabling bacteria to gain sufficient time for intracellular replication. Salmonella then induces the assembly of inflammasomes when the intracellular bacterial load increases (11, 13). Caspase-1 is subsequently activated, which converts gasdermin D (GSDMD) and the precursors of IL-1β and IL-18 to their active forms. The N-terminal fragment of GSDMD accumulates on the cell membrane, forming a polymeric pore and inducing pyroptosis, which results in the release of the intracellular bacteria and inflammatory cytokines, all of which contribute to inflammation (21–23). During an enteric infection, the induction of inflammation may be conducive to the spread of Salmonella in the gastrointestinal tract through the induction of rapid inflammatory pyroptosis. Salmonella can effectively escape from infected host cells, infect adjacent normal cells, and eliminate host immunocytes, leading to a weakened immune response (24).

In the battle between the host and Salmonella, two pivotal biological processes that occur are apoptosis and pyroptosis. For Salmonella, the regulation of cell death is also dependent on the serotype. Interestingly, Salmonella Typhi can replicate in macrophages without inducing cytotoxicity, while Salmonella Typhimurium causes severe cytotoxicity in macrophages (25). Most studies have focused on the interaction between S. Typhimurium and macrophages or other phagocytes, and little is known about the role of programmed cell death in controlling the pathogenesis of S. Infantis in epithelial cells. Furthermore, intestinal epithelial cells represent the first point of contact for Salmonella with the host after invasion (20, 26). In addition, there are significant differences in SPI-1 expression between S. Infantis and S. Typhimurium (27). In this study, we revealed that cytosolic S. Infantis phosphorylated Akt in a discontinuous manner through SopB to delay apoptosis and pyroptosis in infected Caco-2 cells. S. Infantis gained sufficient time to proliferate by prolonging the lifespan of infected cells, eventually causing pyroptosis, which was accompanied by the release of inflammatory factors and bacteria. This created favorable conditions for the spread and infection of S. Infantis.



Materials and Methods


Reagents and Antibodies

The reagents and antibodies used in the study are shown in Table 1.


Table 1 | Reagents and antibodies.





Bacterial Strains

The S. Infantis wild-type strain CAU1508 was isolated from the intestinal contents of diarrhea piglets. S. Infantis with the pFPV-mCherry plasmid has been previously described (12). The SopB mutant strain was derived from the parental S. Infantis wild-type strain CAU1508 and constructed using the λ-Red homologous recombination system.



Host Cell Infection and Enumeration of Intracellular Bacteria

Caco-2 cells were purchased from Kunming Cell Bank of Chinese Academy of Sciences. The Caco-2 cells were cultured in DMEM/High Glucose media supplemented with 10% FBS and 1% penicillin streptomycin at 37°C in a 5% CO2 incubator. Cells were seeded in six-well (1×106 cells per well) or 24-well culture plates (1×105 cells per well) and infected when the cell density reached 60% (this is to ensure that bacteria can infect as many cells as possible). Salmonella was grown in LB medium overnight with shaking at 200 rpm and 37°C, then subcultured in 10 ml fresh LB medium (1:40) with shaking under the same conditions for 4 h. Following that, the bacteria were centrifuged at 4,000 g for 15 min at room temperature and resuspended in PBS. The entire infection was according to the experimental procedure of the gentamicin protection assay. The monolayers were infected at an MOI of ~50 for 15 min and washed three times with PBS supplemented with gentamicin (100 μg/ml) to remove extracellular bacteria. Cells were then incubated in fresh growth medium containing gentamicin (100 mg/ml) for 2 h, followed by growth medium supplemented with gentamicin (10 μg/ml) until the infection was complete. After 15 min of Salmonella invasion, the time was 0 hpi (hours post-infection), and the infection lasted for 8 h in total. For groups that required treatment with MK2206 (1 μM) and SC79 (25 μM), both drugs were added 2 h before infection, and their concentrations remained unchanged in the medium until the end of the experiment. For the positive control of apoptosis, cells treated with CCCP (Carbonyl cyanide 3-chlorophenylhydrazone, an apoptosis inducer, 50 μM) for 1 h before other experiments were carried out (immunoblotting or immunofluorescence).



Cell Viability Assay

Cell viability was determined using the Cell Counting Kit-8. Cells were seeded in 96-well culture plates. At the end of each treatment, the medium was removed and replaced with 100 μl medium containing 10 μl fresh CCK-8 solution, then incubated at 37°C for 2 h. Following that, absorbance was measured at 450 nm. Experiments were performed six times on each group to ensure the authenticity of the results.



Enumeration of Intracellular Bacteria

In order to quantify viable intracellular bacteria, monolayers in six-well plates were washed three times with PBS containing gentamicin (100 mg/ml) for 5 min each time before being lysed in 1 ml of 0.3% (v/v) Triton X-100. Serial dilutions were plated on LB agar plates. For quantification of intracellular cytosolic bacteria, cells were co-incubated with media containing chloroquine (700 μM) for 1 h before being solubilized in 1 ml of 1% (v/v) Triton X-100, then plated on LB agar plates.



Apoptosis Assay

After Salmonella infection, Caco-2 cells were collected, washed twice with PBS, suspended in 100 μl 1× binding buffer, and stained with the Annexin V-PE/7-AAD Apoptosis Detection Kit. Next, 5 μl each of Annexin V-PE and 7-ADD were added to each sample and incubated in the dark for 15 min. Flow cytometry analysis was performed using a BD FACSVerse™ Flow Cytometer.



Calcein-AM/PI Assay

Cells were seeded into 24-well plates. After 8 h of Salmonella infection, media was removed and the cells were washed with PBS. Following that, 2 ml of 1× assay buffer supplemented with Calcein-AM (2 μM) and PI (4.5 μM) was added to the cells and incubated at 37°C for 15 min. The samples were then examined with a fluorescence microscope under a 490 ± 10 nm excitation filter.



Western Blotting

Total protein of Caco-2 cells was extracted using RIPA buffer (Solarbio, Beijing, China) containing a protease/phosphatase inhibitor cocktail (Cell Signaling Technology, USA) on ice for 30 min. Protein concentration was quantified using the BCA Protein Assay kit (23227, ThermoFisher Scientific). SDS-PAGE was used to separate protein samples, which were then transferred to polyvinylidene fluoride membranes. After incubation with 5% skim milk, the membranes were incubated with primary antibodies. Further details about the primary antibodies are described in the Table 2. Next, the membranes were incubated with secondary antibodies, then coated with ECL immunoblotting substrate. Images were captured using a Tanon 6200 chemiluminescence imaging workstation.


Table 2 | The dilution ratio of primary antibodies.





Immunofluorescence

Cells were fixed with 4% paraformaldehyde and permeabilized with 1% (v/v) Triton X-100. Following that, the samples were blocked with 2% bovine serum albumin at room temperature. The samples were then incubated with anti-LAMP1 (1:100); anti-Cleaved-caspase-3 (1:100); anti-Cytochrome c (1:50); anti-Phospho-Akt (Thr308) (1:800); anti-Tom-20 (1:200) at 4°C overnight. The Mito-Tracker Red CMXRos was used to label mitochondria. Next, the samples were incubated with secondary antibodies at room temperature. Either DAPI or Hoechst 33342 was used to stain the DNA. Images were taken using a Nikon A1 confocal laser scanning microscope.



Mitochondrial Network Morphology Assay

Mitochondria were labeled with Tom-20 and imaged using confocal microscopy. The Mitochondrial Network Analysis (MiNA) toolset, which consists of a relatively simple pair of macros using existing ImageJ plug-ins, was used to analyze the mitochondrial networks.



Animal Infection Experiment

All animal work was performed in accordance with the Guidelines for Laboratory Animal Use and Care of the Chinese Center for Disease Control and Prevention and the Rules for Medical Laboratory Animals (1998) of the Chinese Ministry of Health. A total of 36 six-week-old male C57BL/6 mice were obtained from Charles River Laboratory Animal Technology Co., Ltd (Beijing, China). Mice were provided food and water ad libitum throughout the entire experiment. All mice were administered a single dose of streptomycin (15 mg per mouse) via gastric gavage before being infected via gavage 24 h later (2 × 106 Salmonella in 200 μl of PBS). Control mice were orally fed an equal volume of PBS. The mice were then euthanized, and their ileum tissues were harvested 3 days after infection. Mice feces were homogenized in 1 ml of PBS, and serial dilutions were plated on LB agar plates to quantify bacterial burdens.



Assessment of Diarrhea Degree

The severity of diarrhea was evaluated using the fecal score and the dry/wet weight of fecal pellets. The fecal scoring criteria were as follows: 1 (normal stool); 2 (slightly wet, soft stool and formed stool); 3 (wet and unformed stool with mucus); 4 (watery stool). In order to determine the fecal dry/wet weight ratio, mice were separately placed in a clean cage, without food or water. Next, 0.5 g of feces was collected and weighed. Following that, the feces were placed in a 60°C oven for 24 h until the weight change was less than 1% before being weighed. The dry/wet weight ratio was then calculated.



Histopathologic Section

In order to evaluate ileal pathology, the mid-segments of the ileum were excised, rinsed with saline, then fixed with 4% paraformaldehyde for 48 h. Paraffin-embedded tissue samples were sectioned (3 μm) and stained with hematoxylin and eosin. A neutral resin was used for sealing. Tissue sections were observed and imaged using an Olympus CX23 microscope equipped with an imaging system.



Real-Time Quantitative PCR

For gene expression analysis, total RNA was extracted from ileal tissues using the Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA transcription was performed using the PrimeScriptTM RT Reagent Kit according to the manufacturer’s instructions (RR047A, TaKaRa, Japan). Quantitative real-time RT-PCR was performed using the SYBR Green PCR Master Mix (LS2062, Promega, USA). The cycle threshold (CT) values of target genes were normalized to the CT value of hypoxanthine gene hypoxanthine phosphoribosyl-transferase. The results were presented as fold-change using the 2−ΔΔCT method. Primer sequences for PCR are listed in Table 3.


Table 3 | Real-time PCR primers.





Statistical Analysis

All statistical analysis was performed using GraphPad Prism 7 with a one-way ANOVA or a t-test with Bonferroni correction. Data were presented as means ± SEM. P < 0.05 was considered statistically significant.




Results


S. Infantis Can Hyper-Replicate in Caco-2 Cells

The curves showed that the bacterial load began to rapidly increase at 4 hpi and peaked at 8 hpi (Figure 1A). We discovered two bacterial subpopulations in the cell by adding chloroquine (used to selectively kill vacuolar bacteria): one in the SCV and the other free in the cytoplasm. The bacterial load was mainly contributed by cytosolic bacteria (Figure 1A). Next, we used mCherry-S. Infantis to infect the cells and LAMP-1 to label SCV for confirmation. Confocal microscopy images revealed that cytosolic S. Infantis was the absolute dominant subpopulation (Figure 1B).




Figure 1 | Infected cells containing hyper-replicating cytosolic S. Infantis did not undergo apoptosis. (A) Detection of intracellular bacterial load using the gentamicin protection assay, without (total intracellular bacteria, red curve) or with (cytosolic bacteria, blue curve) chloroquine. Data were obtained from three independent replicates of each sample at 0, 2, 4, 6, 8, 10, and 12 hpi. (B) Detection of the distribution and proportion of two subpopulations in Caco-2 cells by immunofluorescence staining. SI, S. Infantis. Red: Salmonella. Green: Lamp-1. Blue: DAPI. Scale bar, 10 µm. (C) Cell viability assay of Caco-2 cells infected with S. Infantis within 12 h. CN, control. (D) Western blot analysis of Caspase-9, Cleaved-caspase-3, and Cleaved-PARP protein expression levels within 12 h after bacterial infection. A total of 10 time points were set for sampling: 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8 hpi. CN, control. ns, no significant difference. (E) Immunofluorescence staining analysis of Cleaved-caspase-3 in Caco-2 cells. Samples were treated at 1, 4, and 8 hpi, respectively. CN, control; SI, S. Infantis. Red: S. Infantis. Green: Cleaved-caspase-3. Blue: DAPI. Scale bar, 10 µm. CCCP was the apoptosis-positive control group. Data were presented as the mean ± SEM from three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.





S. Infantis Infection Does Not Induce Apoptosis of Caco-2 Cells

The cell survival rate significantly decreased at 6 hpi and remained almost unchanged after 8 hpi (Figure 1C). Therefore, we focused on the 0–8 hpi period, which encompasses the peak of cytosolic replication and the low phase of cell viability. The results showed that Caspase-9, Cleaved-caspase-3, and Cleaved-PARP were not activated during S. Infantis infection (Figure 1D). Morphological analysis of apoptosis revealed that S. Infantis infection did not result in apoptotic characteristics of the nucleus (Figures 1B, E). These findings indicated that cytosolic S. Infantis hyper-replicated in Caco-2 cells without inducing apoptosis.



Cytosolic S. Infantis Inhibits Apoptosis by Intermittently Phosphorylating Akt

Akt regulates cell survival and suppresses apoptosis via phosphorylation at Thr308 and Ser473 sites (27–29). Several studies have found that Akt is constantly phosphorylated after S. Typhimurium invades epithelial cells (18, 20). In this study, we hypothesized that continuous Akt phosphorylation contributes to the inhibition of apoptosis. As seen in Figure 2A, phosphorylation of Akt occurred in a discontinuous manner during S. Infantis infection. The first phase occurred at 0.5 hpi and rapidly decreased to near the background level. The second phase was observed at 3–4 hpi, with the expression of p-Akt higher than in the first phase. The levels of Cleaved-caspase-3 and Cleaved-PARP significantly increased after Akt phosphorylation was inhibited by MK2206, an Akt inhibitor that inhibits Akt phosphorylation at Thr 308 and Ser 473 (Figures 2B, C).




Figure 2 | Cytosolic hyper-replicating S. Infantis inhibited apoptosis by intermittently phosphorylating Akt. (A) Western blot analysis of p-Akt (Ser473) and p-Akt (Thr308) protein expression levels at 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8 hpi, respectively. CN, control. (B) Immunoblotting verified the inhibitory effect of MK2206 on p-Akt (Ser473) and p-Akt (Thr308) protein expression levels at 0.5, 3, and 4 hpi. (C) Western blot analysis of Cleaved-caspase-3 and Cleaved-PARP protein expression levels at 0.5, 3, and 4 hpi after after p-Akt was suppressed by MK2206. (D–F) Immunofluorescence staining analysis p-Akt (Thr308) distribution. CN, control; SI, S. Infantis. (D) Distribution of p-Akt (Thr308) in all infected cells at 0.5 hpi. (E) Expression of p-Akt (Thr308) in infected cells containing cytosolic hyper-replicating S. Infantis at 4 and 8 hpi. (F) Expression of p-Akt (Thr308) in infected cells without cytosolic hyper-replicating S. Infantis at 4 and 8 hpi. At least 100 cells were counted for each group. Red: S. Infantis. Green: p-Akt (Thr308). Blue: Hoechst 333342. Data were presented as the mean ± SEM from three independent experiments (n = 3).



Next, we explored which parts of the bacteria induced Akt phosphorylation. At 0.5 hpi, Akt phosphorylation was observed in all infected cells (Figure 2D). Images at 4 hpi revealed high levels of p-Akt in cells containing cytosolic hyper-replicating S. Infantis (bacteria number >20), which were not observed at 8 hpi (Figure 2E). In infected cells without cytosolic bacteria, phosphorylation of p-Akt was not detected at 4 and 8 hpi (Figure 2F). These results demonstrated that S. Infantis-induced Akt phosphorylation occurred in two distinct phases. The first phase is widely induced after the invasion and rapidly depleted within 30 min, whereas the second phase is only induced by cytosolic bacteria at 3–4 hpi. Both phases of Akt phosphorylation inhibited apoptosis of the infected cells.



Inhibition of Apoptosis by Akt Intermittent Phosphorylation Is Mediated by Cytosolic S. Infantis SopB

Notably, the SPI1 effector SopB, which contributes to invasion and SCV maturation, has 4-phosphatase activity, which can induce Akt activation during S. Typhimurium infection (18, 20). As expected, the p-Akt level was almost completely diminished in cells infected with the ΔSopB mutant (Figures 3A, C). Interestingly, LY294002 (Ly, a pan Akt inhibitor) completely inhibited Akt phosphorylation, but there was a certain expression of p-Akt after Wortmannin (Wor, a PI3K/Akt inhibitor) treatment (Figure 3B). Furthermore, infection with the SopB mutant induced apoptosis, as demonstrated by nuclear chromatin condensation and increase of Cleaved-caspase-3 and Cleaved-PARP levels (Figures 3C, D). The SC79 (an Akt phosphorylation activator) was used to activate Akt (Figure 3E), with findings confirming that SopB-mediated Akt intermittent phosphorylation inhibited apoptosis of infected cells (Figures 3F, G). Importantly, wild-type (WT) S. Infantis had enough time for intracellular replication, resulting in increased bacterial load by inhibiting apoptosis (Figure 3H).




Figure 3 | Inhibition of apoptosis by intermittent Akt phosphorylation was mediated by Cytosolic S. Infantis SopB. (A) Western blot analysis of p-Akt (Ser473) and p-Akt (Thr308) protein expression levels after WT S. Infantis or SopB mutant infection at 0.5, 3, and 4 hpi. CN, control. (B) Immunoblotting verified the repressive effects of Ly294002 (Ly) and Wortmannin (Wor) on p-Akt (Thr308) protein expression levels after infection with WT S. Infantis. CN, control. (C) Immunofluorescence staining of p-Akt (Thr308) after infection with WT S. Infantis or the SopB mutant at 4 hpi. Red: S. Infantis. Green: p-Akt (Thr308). Blue: Hoechst 333342. (D) Western blot analysis of Cleaved-caspase-3 and Cleaved-PARP protein expression levels within 8 h after SopB mutant infection. CN, control. (E) Immunoblotting verified the activation of SC79 on p-Akt (Thr308) protein expression level after SopB mutant infection at 4 hpi. CN, control. (F, G) Apoptosis was evaluated after infection with WT S. Infantis or the SopB mutant at 4 hpi. In the process of bacterial infection, the phosphorylation level of Akt was regulated by the addition of MK2206 or SC79. (F) The protein levels of Cleaved-caspase-3 and Cleaved-PARP were analyzed using Western blotting. (G) The proportion of apoptotic cells was detected using flow cytometry. (H) Detection of intracellular bacterial load using the gentamicin protection assay without (total intracellular bacteria, black curve) or with (total intracellular bacteria, gray curve) MK2206. ns, no significant difference. Data were presented as the mean ± SEM from three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.





SopB Mediated Akt Phosphorylation Inhibits Apoptosis by Maintaining Mitochondrial Dynamic Network Homeostasis

The mitochondrion is the primary control organelle responsible for endogenous apoptosis. In normal cells, individual mitochondria connect to form tubules and shape dynamic networks through continuous division and fusion (30). Therefore, we evaluated the morphology of the infected cells’ mitochondrial network. At 4 hpi, the mitochondria of WT S. Infantis–infected cells still maintained an abundant network structure, but infection with the SopB mutant disrupted the mitochondrial network (Figure 4A). The mitochondrial cavity also appeared to be expanding, as evidenced by the ring-shaped structure (yellow arrows) (Figure 4A). Morphological analysis of the mitochondrial network revealed that infection with the WT strain had no discernible effect on the dynamics of the mitochondrial network (Figure 4B).




Figure 4 | SopB-mediated Akt phosphorylation inhibited apoptosis by maintaining mitochondrial dynamic network homeostasis. In (A–D), all cell samples were collected and processed at 4 hpi after infection with S. Infantis. Immunofluorescence analysis of mitochondrial network after infection with WT S. Infantis or the SopB mutant. Red: Salmonella; Green: Tom20 (mitochondria); Blue: Hoechst 333342. (B) Mitochondrial network analysis using the MiNA toolset of Image (J) (C) Co-localization of cytochrome c and mitochondria was detected using immunofluorescence. In the bacterial infection process, the phosphorylation level of Akt was regulated by the addition of MK2206 or SC79. CSA was used to inhibit the opening of the mitochondrial permeability transition pore (MPTP) Red: Mitochondria; Green: Cytochrome c; Blue: Hoechst 333342 (Nucleus and bacteria). (D) Detection of Cytochrome c, Bcl-2, and Bax protein levels in mitochondrial and cytoplasmic protein after infection with WT S. Infantis or the SopB mutant. In the bacterial infection process, the phosphorylation level of Akt was regulated by the addition of MK2206 or SC79. (E) Western blot analysis of p-Caspase-9 (Ser136) and p-Bad (Ser196) protein expression levels within 8 h after infection with S. Infantis. Data were presented as the mean ± SEM from three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. CN, control. ns, no significant difference.



The key events of mitochondria-mediated apoptosis are the opening of mitochondrial permeability transition pore (MPTP) and the release of cytochrome c (31, 32). In the WT group, cytochrome c and mitochondria remained co-localized, while mk2206 treatment resulted in cytochrome c translocation from the mitochondria to the cytoplasm (Figures 4C, D). Infection with the SopB mutant resulted in massive cytochrome c release into cytoplasm, which was reversed by the addition of SC79, partially restoring the mitochondrial network (Figures 4C, D). Interestingly, co-localization of cytochrome c and mitochondria was also restored by the addition of CSA (a MPTP blocker) (Figure 4C). The mitochondrial membrane permeability may be affected by p-Akt induced by SopB, and the Bcl-2 family regulates the permeability of the mitochondrial outer membrane by inhibiting Bax translocation from the cytosol to the mitochondria (33, 34). We extracted mitochondrial protein and detected the distribution of Bcl-2 and Bax. As shown in Figure 4D, WT S. Infantis infection significantly increased the distribution of Bcl-2 in the mitochondria, while the addition of mk2206 decreased Bcl-2 and increased the distribution of Bax in the mitochondria. Infection with the SopB mutant also resulted in the decrease of Bcl-2 and the increase of Bax in mitochondria, which could be reversed by adding SC79. In addition, WT S. Infantis infection could phosphorylate Bad and Caspase-9 (Figure 4E), which enhanced the inhibition of apoptosis. In summary, S. Infantis-mediated Akt phosphorylation by SopB maintained mitochondrial dynamic network homeostasis, hence suppressing the apoptosis in infected cells.



SopB-Mediated Akt Phosphorylation Delays Pyroptosis by Inhibiting Caspase-1

Flow cytometry results showed that the proportion of 7-ADD+/Annexin-V PE+ cells significantly increased during 6–8 hpi, and the cells entered later stage of apoptosis without the early phase (Figure 5A). This indicated that there was a change in the membrane permeability of infected cells. In order to validate this conjecture, we performed double staining with Calcein-AM and PI during infection with S. Infantis. Images revealed that a subset of cells in the S. Infantis infection group had been damaged, as evidenced by PI-positive staining (Figure 5B). The scanning electron microscope images revealed that plasmalemma was destroyed and bacteria had been drilled out along the pores (Figure 5C), suggesting the occurrence of pyroptosis.




Figure 5 |  SopB-mediated Akt phosphorylation delayed pyroptosis. (A) The proportion of apoptotic cells within 8 h after infection with WT S. Infantis was detected using flow cytometry. (B) Calcein-AM/PI was used to evaluate cell membrane permeability after 8 h of infection with WT S. Infantis. Green: Calcein-AM; Red: PI. (C) Observation of the apical surface of Caco-2 cell monolayer ultrastructure using scanning electron microscopy. WT (I) (6 hpi) and WT (II) (8 hpi) showed that the WT S. Infantis–infected cell was bacteria-laden, which were extruded from the monolayer. (D) Detection of intracellular bacterial load using the gentamicin protection assay at 0, 2, 4, 6, 8, 10, and 12 hpi after infection (Black curve: WT S. Infantis; Gray curve: SopB mutant). (E–J) Western blot analysis of Caspase-1 and GSDMD-N protein levels after infection with WT S. Infantis or the SopB mutant within 8 h. (E) Infection with WT S. Infantis; (F) infection with the SopB mutant; (G) comparison of WT S. Infantis and the SopB mutant; (H) infection with WT S. Infantis in the presence of SC79; (I) infection with WT S. Infantis in the presence of MK2206; (J) infection with the SopB mutant infection in the presence of SC79. Data were presented as the mean ± SEM from three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. CN, control; SI, S. Infantis. ns, no significant difference.



Next, the protein markers of pyroptosis, caspase-1 (p10), and GSDMD-N were examined. Infection with WT S. Infantis significantly activated pyroptosis (Figure 5E). Surprisingly, the ΔSopB strain induced caspase-1 (p10) and GSDMD-N activation 2 h earlier than WT S. Infantis (Figure 5F). However, the SopB mutant induced lower levels of caspase-1 (p10) and GSDMD-N compared to the WT strain, indicating a weaker degree of pyroptosis induced by the SopB mutant (Figure 5G). A recent study reported that p-Akt suppressed inflammasome activation in Salmonella-infected macrophages (35). Pyroptosis can be regulated by S. Infantis through p-Akt. MK2206 significantly reduced the levels of caspase-1 (p10) and GSDMD-N induced by WT S. Infantis, while SC79 treatment caused the WT strain to display a similar regulation as the ΔSopB strain (Figures 5H, I). Furthermore, SC79 treatment resulted in a significant decrease in caspase-1 (p10) and GSDMD-N levels during infection with the ΔSopB strain (Figure 5J), indicating that Akt phosphorylation both delayed pyroptosis and aggravated the severity of pyroptosis of infected Caco-2 cells. Intracellular bacterial load detection revealed that the number of bacteria in cells infected with the WT strain was much higher than in cells infected with the ΔSopB strain (Figure 5D). This may explain the two phenotypes of S. Infantis causing varying degrees of pyroptosis: the WT strain has a greater bacterial load and stimulates the inflammasome more strongly.



WT S. Infantis Causes More Severe Intestinal Inflammatory Damage Than the ΔSopB Strain

In order to verify our findings in vivo, we infected the C57BL/6 mouse model with Salmonella. The severity of diarrhea was determined by fecal score and the dry/wet weight of fecal pellets. The results revealed that WT S. Infantis caused more severe diarrhea than the ΔSopB strain (Figures 6A, B). In addition, the fecal bacterial load in the WT group was also significantly higher than the ΔSopB group (Figure 6C). Since Salmonella infection can cause severe ileal injury, the pathological changes in the ileum were examined. Infection with WT S. Infantis resulted in more severe ileal damage than infection with the ΔSopB strain (Figures 6D, E). Consistent with the in vitro results, p-Akt (Ser473 and Thr308) was found to be highly expressed in the WT group (Figure 6F). As shown in Figure 6G, infection with WT S. Infantis significantly increased the mRNA level of inflammatory factors, while the mRNA level of inflammatory factors induced by the ΔSopB strain was lower compared to WT S. Infantis. In combination with the detection of caspase-1 level (Figure 6H), we discovered that the infection with WT strain led to more severe intestinal inflammatory injury. Furthermore, immunoblotting and the TUNEL fluorescence assay showed that the ΔSopB strain caused more severe apoptosis of intestinal cells than the WT stain (Figures 6I, J). Intestinal cells infected with the ΔSopB strain may shed rapidly from the epithelium through apoptosis and be eliminated from the body, reducing the gut Salmonella load and inflammatory response.




Figure 6 | WT S. Infantis caused more severe intestinal inflammatory damage to the C57BL/6 mice gut than the ΔSopB mutant. (A) The fecal score curve of mice in three groups after Salmonella infection. The fecal status of mice was scored daily. (B) Results of the dry/wet weight ratio of feces. The starting day of the experiment was considered as day 0 (24 h after streptomycin gavage). Three representative feces images of each group are shown on the right side of the curve. (C) Quantification of fecal bacterial burdens on day 3. Three representative plots of bacterial colonies images in each group are below the curve. (D) Ileum representative photomicrographs of sections stained with H&E. (E, F) Western blot analysis of Claudin-1, Occludin, p-Akt (Ser473), and p-Akt (Thr308) protein levels of three groups. (G) Expression of IL-1β, IL-18, IL-6, IL-22, TNF-α, and IFN-γ mRNA in ileal tissues. (H, I) Western blot analysis of Caspase-1, Cleaved-caspase-3, and Cleaved-PARP protein levels of three groups. (J) The representative images of TUNEL fluorescence staining in ileum tissue pathological sections. Blue: DAPI; Green: TUNEL positive cells. Data were presented as mean ± SEM. (n = 6). Data were presented as the mean ± SEM from three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. CN, control. ns, no significant difference.



In conclusion, S. Infantis delayed the death of infected Caco-2 cells through intermittent activation of Akt mediated by SopB, allowing intracellular cytosolic bacteria sufficient time for replication and resulting in more severe intestinal inflammation.




Discussion

Many pathogenic bacteria that are closely related to public health reproduce intracellularly, enhancing their virulence. Invasion and colonization in epithelial cells are crucial processes in Salmonella pathogenesis (36). The replication of cytosolic Salmonella is key to the early establishment of the infection (10, 11). In this study, we elucidated the mechanism by which cytosolic S. Infantis delayed the death of infected epithelial cells via intermittent Akt phosphorylation mediated by SopB.

Salmonella utilizes SopB to activate Akt, suggesting that it plays an important role in regulating host cell survival (18, 19). However, the distribution of SopB-dependent Akt phosphorylation in epithelial cells remained unclear. A single-cell approach was used to evaluate the relationship between SopB and Akt phosphorylation. Because SopB was transported to cells to play a role in mediating both actin-dependent and myosin II-dependent bacterial invasion, we attributed the induction of the first wave of Akt phosphorylation to its residual activity. The second wave of Akt phosphorylation activity only occurred at 3–4 hpi, with Akt phosphorylation only strongly induced in infected cells containing hyper-replicating cytosolic bacteria. Notably, there was no Akt phosphorylation at any other time in all infected cells. We hypothesized that the second wave of Akt activation was due to the residual SPI-1 activity of bacteria escaping from the SCV. This was similar to Akt phosphorylation by S. Typhimurium: the first stage was widely induced during invasion, and the second stage was induced only in the infected cells containing cytosolic Salmonella (20). However, there were some differences between the two types of Salmonella: the first phase of Akt phosphorylation induced by S. Typhimurium was largely depleted by 3 hpi, whereas the first phase of Akt phosphorylation induced by S. Infantis induced was almost depleted at 1 hpi. The second stage of Akt activation induced by S. Infantis induction was occurred at 3–4 hpi, while S. Typhimurium-induced Akt activation was later at 6 hpi (20). Previous studies have shown that S. Infantis was less invasive and induced considerably weaker enteritis than S. Typhimurium (37). These differences were attributed to the low expression of SPI-1 in S. Infantis than that in S. Typhimurium (37).

SopB delayed the inevitable and rapid apoptosis of intestinal epithelial cells. For Salmonella, the most obvious advantage gained by inhibiting apoptosis is time, which allows Salmonella to establish an intracellular stronghold to rapidly proliferate, as well as regulate its and the host’s gene expression to prepare for the spread of infection in the gut. The mitochondrion is the primary organelle for endogenous apoptosis (30). In this study, we discovered that cytosolic S. Infantis phosphorylated Akt through SopB to (i) reposition Bcl-2 to regulate the permeability of the mitochondrial outer membrane by inhibiting Bax translocation from cytosol to the mitochondria; (ii) maintain mitochondrial dynamic network homeostasis; (iii) phosphorylate Bad and Caspase-9 to inhibit apoptosis of infected cells, thereby maintaining the mitochondrial membrane and network homeostasis to suppress the apoptosis of infected cells.

Importantly, we discovered that SopB-mediated Akt phosphorylation delayed the pyroptosis of infected cells. Recently, it has been reported that SopB inhibited the activation of NLRC4 inflammasome in BMDMs through an Akt signal-dependent process (35). Another study found that SopB promoted YAP phosphorylation through Akt in B cells, thereby inhibiting the assembly of the inflammasome (38). The activation of the inflammasome is a crucial step in inducing of pyroptosis. Our findings demonstrated that SopB-mediated Akt phosphorylation also delayed the activation of caspase-1 and pyroptosis in Caco-2 cells. Compared to apoptosis, pyroptosis occurs faster and is accompanied by the release of pro-inflammatory factors, such as IL-1β and IL-18 (21–23). Inflammatory factors increase the number of inflammatory cells and aggravate the inflammatory response, which is a vital defense mechanism for the host to combat pathogenic microorganism infection (39). Although the inflammatory response accelerates the elimination of pathogens, it also alters the intestinal environment by disrupting gut microbiota and causing a burst of intestinal electron acceptors (40, 41). An alteration in the intestinal ecosystem provides variables for pathogens to gain a growth advantage to spread infection. In this study, S. Infantis rapidly induced the pyroptosis within 2 h after Akt phosphorylation diminished. The WT S. Infantis caused more severe intestinal inflammation in vivo than the SopB mutant (Figure 6). We hypothesized that SopB contributes to the rapid proliferation of bacteria in the intestinal infection phase of S. Infantis, which leads to inflammatory response, intestinal damage, and other intestinal environmental variables, as well as provides favorable conditions for the subsequent establishment of long-term colonization infection in the gut.

In conclusion, this study demonstrated that the S. Infantis SPI-1 effector SopB acts as a pro-survival factor in epithelial cells by inhibiting apoptosis and delaying pyroptosis. S. Infantis gained sufficient time to proliferate through the regulation of host cell death, which resulted in inflammation and suitable conditions for the spread and colonization of pathogens in the gut. As it is interesting that bacterial pathogens can manipulate host cell death mechanisms to enhance pathogen survival and spread infection, further studies focusing on how S. Infantis regulates different types of host cell death to cause enteritis will be performed. This study also provides a solid theoretical basis as well as potential drug targets for the treatment of salmonellosis.
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Aims: To assess the long-term efficacy and safety of single-donor, low-intensity fecal microbiota transplantation (FMT) in treating ulcerative colitis (UC), and to identify the outcome-specific gut bacteria.

Design: Thirty-one patients with active UC (Mayo scores ≥ 3) were recruited, and all received FMT twice, at the start of the study and 2∼3 months later, respectively, with a single donor and a long-term follow-up. The fecal microbiome profile was accessed via 16S rRNA sequencing before and after FMT.

Results: After the first FMT, 22.58% (7/31) of patients achieved clinical remission and endoscopy remission, with the clinical response rate of 67.74% (21/31), which increased to 55% (11/20) and 80% (16/20), respectively, after the second FMT. No serious adverse events occurred in all patients. During 4 years of follow-up, the mean remission period of patients was 26.5 ± 19.98 m; the relapse rate in the 12 remission patients was 33.33% within 1 year, and 58.3% within 4 years. At baseline, UC patients showed an enrichment in some proinflammatory microorganisms compared to the donor, such as Bacteroides fragilis, Clostridium difficile, and Ruminococcus gnavus, and showed reduced amounts of short-chain fatty acid (SCFA) producing bacteria especially Faecalibacterium prausnitzii. FMT induced taxonomic compositional changes in the recipient gut microbiota, resulting in a donor-like state. Given this specific donor, UC recipients with different outcomes showed distinct gut microbial features before and after FMT. In prior to FMT, relapse was characterized by higher abundances of Bacteroides fragilis and Lachnospiraceae incertae sedis, together with lower abundances of Bacteroides massiliensis, Roseburia, and Ruminococcus; Prevotella copri was more abundant in the non-responders (NR); and the patients with sustained remission (SR) had a higher abundance of Bifidobacterium breve. After FMT, the NR patients had a lower level of Bifidobacterium compared to those with relapse (Rel) and SR, while a higher level of Bacteroides spp. was observed in the Rel group.

Conclusion: Low-intensity single donor FMT could induce long remission in active UC. The gut microbiota composition in UC patients at baseline may be predictive of therapeutic response to FMT.

Keywords: ulcerative colitis, low-intensity FMT, long-term efficacy, gut bacteria, 16s rRNA


INTRODUCTION

Ulcerative colitis (UC) is a chronic idiopathic inflammatory bowel disorder, which is difficult to cure and easy to relapse. It has become a global disease with a high prevalence in western countries, and the growing incidence in newly industrialized countries (Ng et al., 2018). The exact pathogenesis of UC is thought to be a multi-factor disease, which is a result of the interaction between host susceptibility genes, environment, diet, immunity, intestinal barrier, and gut microbiota (Ramos and Papadakis, 2019). A large body of evidence has revealed the intestinal microbiome playing a critical role in the pathogenesis of UC, and has shown major shifts of intestinal flora in UC patients, such as reduced bacterial diversity, higher abundance of Proteobacteria and lower abundance of Firmicutes (Sokol and Seksik, 2010; Lane et al., 2017; Franzosa et al., 2019). However, the perturbation of specific microbes involved in UC pathogenesis have not been identified.

Several clinical trials have been performed to treat UC by manipulating the intestinal microbiota through probiotics, prebiotics, synbiotics, and antibiotics (Ghouri et al., 2014; Asto et al., 2019; Xi et al., 2021). However, evidence supporting significant therapeutic effects for UC remains limited. Fecal microbiota transplantation (FMT) is a powerful way to manipulate gut microbiota, which has been proven to be an effective treatment for Clostridium difficile infection (CDI). So far, only five randomized controlled trials (RCTs) studies were published regarding FMT treatment for UC (Supplementary Table 1), including four for adult patients and one for pediatric patients, and three of which reported higher remission rates [24%(Moayyedi et al., 2015), 27%(Paramsothy et al., 2017), and 32%(Costello et al., 2019)] in patients received high-intensity FMT compared to placebo (5, 8, and 9%, respectively). The pediatric RCT study also showed a higher composite clinical outcome of FMT group versus placebo group (91.7% vs. 50% at 6 weeks) (Pai and Popov, 2017; Pai et al., 2021). One RCT study reported a negative result in treating UC, with remission rates 30.4% vs. 20.0% compared to the control (p = 0.51) (Rossen et al., 2015). The uniform protocols of FMT administration have not been achieved, and there is a paucity of data on the long-term durability and safety of FMT in patients with active UC especially those with moderate to severe disease. In addition, most previous studies including RCTs performed FMT with high intensities, which increases the practical barriers. In this study, we assessed the long-term efficacy and safety of single-donor, low-frequency FMT in the treatment of UC, and analyzed the intestinal microbiota characteristics associated with different therapeutic outcomes.



MATERIALS AND METHODS


Trial Design

This was a single-center, historical control trial of FMT for the treatment of active UC. Patients received the initial (F0) and second (F1) treatments with time interval of 2 months. The follow-up clinical and endoscopy examinations were performed at F1 and 4 months after F0, which were marked as F2.



Enrollment

Eligible patients fulfilled the following criteria: established UC according to clinical symptoms, colonoscopy, and pathology; Mayo scores ≥ 3; Mayo endoscopic scores ≥ 2; initial onset cases without any treatment, or, subjects refractory or intolerant to the existing treatments including 5-ASA, glucocorticoids, immunosuppressants and biologics; a 1-week washout period before treatment if the patients were exposed to antibiotics, probiotics or other medicines that could influence intestinal flora; and the ability to provide informed consent. Patients were excluded if they underwent long-term prokinetic treatment to control diarrheal symptom, had a history of colectomy or other intestinal surgery, had a concomitant C. difficile infection or infection with another enteric pathogen, had severe congenital or acquired immunodeficiency disease, had a progressive severe disease except for UC that required hospitalization, or were pregnant or lactating.



The Cohort

The enrolled patients completed general questionnaires for demographic information including age, gender, weight, body mass index, and Inflammatory Bowel Disease Questionnaire score (IBDQ, a validated disease-specific quality of life measure; scores range from 0 to 224 with a higher score indicating better quality of life) (Guyatt et al., 1989). Clinical syndromes were recorded, including body temperature, daily defecation frequency, hematochezia, stool consistency, abdominal pain, abdominal distension, etc. Lab test included hemoglobin (Hb), number of leukocytes, erythrocyte sedimentation rate (ESR), c-reactive protein (CRP), platelet count, etc., were examined. Endoscopic performance, baseline Mayo scores, clinical Mayo scores and endoscopic Mayo scores were documented.



Donor

We screened self-perceived healthy volunteers heavily to acquire eligible donors via a preliminary screening questionnaire, laboratory examinations. These donor candidates reported their medical history and lifestyle habits via questionnaires to exclude any exposure to infectious agents or risky behaviors (e.g., sexual preference). They underwent serology screening tests for HIV, hepatitis A, B, C, and E, syphilis, Epstein–Barr virus, cytomegalovirus, rotavirus. Stool culturing was performed for enteric pathogens including Escherichia coli O157, Salmonella spp., Shigella spp., Campylobacter spp., Staphylococcus aureus, Yersinia, Vibrio parahaemolyticus, Vibrio cholerae, Candida albicans, Clostridium difficile toxin A/B, as well as ova and parasites. In addition, physical examination, electrocardiogram, chest X-ray, urea breath test, as well as blood tests were also performed to exclude gastrointestinal, or non-gastrointestinal disorders. All eligible donors had negative results for these tests and examinations. Among the donor candidates we selected, one 12-years old boy showed outstanding therapeutic outcomes in treating UC patients in our previous report (Ren et al., 2015). In order to further define beneficial donor-specific and microbial content-specific effects, we only used the material from this “super-donor” candidate for FMT in this study. The donor has signed informed consent for each donation.



Fecal Microbiota Transplantation Interventions and Follow-Up

The donor did not use antibiotics, probiotics or other agents that could influence intestinal flora and had no travel history during the feces donation time, and he was requested to repeat screening every 3 months. Donor feces were collected on the day of treatment into a sterile medical container in a special bathroom and stored on ice, then sent to the laboratory within 1 h. Then, a total of 350 to 400 ml filtered stool suspension was obtained from a mixture of 100 g specimen stool and 500 ml sterile saline solution and immediately transferred to the endoscopy center on ice for later use. FMT was administrated via colonoscopy or colonoscopy combined with gastroscopy. Patients were pretreated with 2L bowel lavage solution (polyethylene glycol electrolyte disperses) on the morning of the treatment. Patients underwent a routine colonoscopy examination, during which biopsy specimens were obtained. An endoscopic spray tube (model:AF-2416PB, Olympus, Japan) was inserted into the ileum through the biopsy channel of the colonoscope, and then approximately 300 ml of stool suspension was infused with a syringe into the tube as the colonoscope was slowly retracted. If a combined gastroscopic approach was applied, the tube was placed in the duodenal descending portion to deliver the stool suspension (approximately 80∼100 ml). After delivery, patients stayed in bed for at least 45 to 60 min.



Measures and Outcomes

The clinical syndromes, lab indexes, IBDQ, Mayo scores (MS) and endoscopic Mayo scores (EMS) were recorded at F0, F1, and F2. Adverse effects were recorded after each FMT and during the follow-up period.

The primary end points of the study included clinical remission [defined as a total Mayo score ≤ 2, with no individual sub-score >1 (Rutgeerts et al., 2005; D’Haens et al., 2007; Carbonnel et al., 2016)], clinical response [defined as a decrease in the Mayo score of at least 3 points and at least 30%, with an accompanying decrease in the sub-score for rectal bleeding of at least 1 point or an absolute rectal-bleeding sub-score of 0 or 1 (Rutgeerts et al., 2005; D’Haens et al., 2007; Carbonnel et al., 2016)], and endoscopy remission [defined as an absolute sub-score for endoscopy of 0 or 1 (Rutgeerts et al., 2005; D’Haens et al., 2007; Paul et al., 2013)] at the end of the follow-up period. Patients were followed for up to 2∼5 years after inclusion and long-term clinical remission (or sustained remission) was defined as clinical remission without the need of rescue therapy at or more than 2 years. All the remission and response here were steroid-free.

The secondary end points included adverse events, changes in IBDQ score, CRP, ESR, Hb, weight, BMI, as well as relapse rate during long-term follow-up. The relapse rate was defined as the proportion of relapsed patients in patients with remission during long-term follow-up.



Specimen Collection and Microbiota Profiling

Fecal samples were collected from patients at three time points and from the corresponding donor on the day of treatment. Samples were divided into sterile tubes, stored in a −20°C freezer immediately after production and subsequently transferred to −80°C within 24 h. DNA was isolated using QIAamp® DNA Stool Mini Kit (Qiagen, Valencia, CA, United States) from fecal samples, and then its concentration was measured by Nanodrop2000 instrument (Thermo Scientific, United States) and molecular size was estimated by agarose gel electrophoresis. 16S rRNA genes of V3-V4 regions were amplified and raw sequencing data were processed with the Illumina MiSeq platform as described previously (Ren et al., 2018).

USEARCH pipeline was applied to denoise the raw sequences, remove chimeras, and produce operational taxonomic units (OTUs) (Edgar, 2010). Sequences were assembled using –fastq_mergepairs command with default parameters, and quality trimmed using –fastq_filter command with a –fastq_maxee set at 1.0. The assembled sequences were clustered into zero-radius OTUs by using unoise3 (Edgar, 2013) algorithm with the minimum abundance cut-off (–minsize) set at 8. Taxonomic assignments to the OTUs were performed using SINTAX with Ribosomal Database Project (RDP) 16S training set as the reference database (Cole et al., 2014).



Statistical Analysis

The clinical data were analyzed by GraphPad Prism v7.0 (GraphPad Software Inc., CA, United States) or SPSS v23.0 software (SPSS, Chicago, IL, United States). Categorical data were analyzed using Pearson’s χ2 or Fisher’s exact test. Continuous data were analyzed using t tests with significance defined as p < 0.05.

Statistical analysis of the microbiota profiles was performed by using Calypso (v 8.6.4) (Zakrzewski et al., 2017). Taxa that have less than 3,000 read counts or 2% relative abundance across all samples were excluded from analysis. In order to account for the non-normal distribution of taxonomic counts data, the sequences of OTUs were normalized via Cumulative-sum scaling (CSS) followed by log2 transformation. Alpha diversity was quantified at the OTU level using the Shannon’ and Chao1 indexes indices, testing for significant differences with analysis of variance (ANOVA) followed by Tukey post hoc test. For beta diversity, we performed principal coordinates analysis (PCoA) using Bray-Curtis dissimilarity at the OTU level, and determined significant differences among groups using permutational multivariate analysis of variance (PERMANOVA). Three or more group-wise comparisons were performed by Kruskal–Wallis testing on the relative abundance of fecal bacteria. Further pairwise Mann-Whitney test was carried out between all groups to assess relevant signatures.



RESULTS


Patients

An overview of the recruitment process is shown in Figure 1. From November 2014 to May 2017, 33 patients diagnosed with active UC were recruited. Two patients were excluded in the subsequent analysis due to glucocorticoids administration after the first FMT. Eleven patients did not receive the last examination after the second FMT. The baseline characteristics of the enrolled patients are presented in Table 1. The 31 enrolled patients included 19 males and 12 females, with an average age of 36 ± 12.39 years (range 14 to 62 years) and an average disease course of 4.44 ± 4.52 years (range 2 months to 20 years). Among all of the UC patients according to the Montreal classification (Saidani et al., 2019), 77.4% (24 cases) had extensive UC (E3, pancolitis), 16.1% (5 cases) had left sided UC (E2, distal UC), and 6.5% (2 cases) had ulcerative proctitis (E1) (Satsangi et al., 2006). Three treatment-naïve patients with new-onset UC, and the rest had a medication history including the use of mesalamine, glucocorticoids, immunosuppressants (azathioprine) or tumor necrosis factor antagonists (infliximab). Each patient received FMT treatment twice with an interval of 2–3 months. The medications of the UC patients before and after FMT are presented in Supplementary Tables 2, 3.
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FIGURE 1. Flow of patients in the trial.



TABLE 1. Baseline characteristics of enrolled UC patients.
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Responses

Overall, the Mayo scores and endoscopic Mayo scores significantly decreased in UC patients compared to the baseline (p < 0.05) (Figures 2A,B). After the first FMT (FMT-1), the clinical remission rate and endoscopic remission rate were 22.58% (7/31), and the clinical response rate was 67.74% (21/31). After the second FMT (FMT-2), only 20 patients received the last examination after the second FMT, and the clinical remission rate and endoscopic remission rate rose to 60% (12/20), and the clinical response rate increased to 80% (16/20).
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FIGURE 2. Clinical indexes of patients. (A) Mayo score, (B) Endoscopic Mayo score, and (C) IBDQ score were measured to evaluate the FMT therapeutic outcomes. F0, before FMT; F1, 2∼3 months after the first FMT, or before the second FMT; F2, 2∼3 months after the second FMT. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Paired t-test with GraphPad Prism 7.00).


The efficacy of FMT was diverse in patients with different symptom severity showed. After two FMT treatments, the clinical remission rate and response rate of moderate UC were much higher than mild and severe UC. It is worth mentioning that all the moderate UC patients were responded to FMT treatment (Table 2). Of all the patients, 11 were administrated in the route of colonoscopy combined with gastroscopy, and 20 were delivered only through colonoscopy. After two FMT treatments, the clinical remission rates and clinical response rates were 27.3% (3/11) vs. 45% (9/20), and 63.6% (7/11) vs. 70% (14/20) (Table 2). The intestinal mucosa lesions and histopathological images of patients improved to different extents after two FMT treatments (Supplementary Figure 1). The clinical responses of E3 (pancolitis), E2 (distal UC), and E1 (ulcerative proctitis) patients were 83.3% (20/24), 80% (4/5), and 50% (1/2), respectively (Table 2). There was an interesting phenomenon that the lesions in the rectum and/or sigmoid colon persisted in some E3 patients.


TABLE 2. Clinical efficacy after two FMT treatments under different conditions.

[image: Table 2]Fecal microbiota transplantation treatment significantly decreased the defecation frequency, improved hematochezia, and increased the body weight and BMI of the UC patients after FMT-1 (Table 3). ESR, CRP and platelets decreased significantly after FMT-1 and FMT-2 (p < 0.05); there was no significant difference in Hb before and after FMT, though it had an increasing trend (Table 3). The total IBDQ score increased significantly after FMT (p < 0.0001) (Figure 2C).


TABLE 3. Clinical variables before and after FMT.

[image: Table 3]During a 4-year follow-up, the mean remission duration was 26.5 ± 19.98 m (3 m∼48 m). Among 12 patients with remission after FMT, 4 patients (33.33%) relapsed within one year, and 6 patients (50%) relapsed within two years. Notably, four participants remained in remission for four years without receiving medication even mesalamine.



Adverse Events

A portion of patients experienced mild adverse events shortly after FMT. Low fever was the most common side effect (27.4%, 17/62), followed by abdominal pain (9.7%, 6/62) and transient abdominal distension (9.7%, 6/62) (Table 4). Most adverse events were transient and disappeared spontaneously within hours.


TABLE 4. Safety assessment of 31 patients with 62 FMTs.
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Bacterial Analysis

Seventy-three fecal samples were collected, 11 of which were from the single donor (Donor 3), 31 from the UC patients at F0, 20 from the corresponding recipients at F1, and 11 were from the corresponding recipients at F2. The bacterial alpha diversity (measured by Simpson’s index and Shannon index) of UC patients was significantly lower compared to the donor at baseline (F0), but increased to the donor level after FMT treatment (Figures 3A,B). The results of principal component analysis (PCoA) analysis suggested that the microbial community composition and structure of UC patients were shifted toward a donor-like state after the first FMT, and this transformation was enhanced after the second FMT (Figure 3C).
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FIGURE 3. The fecal microbiota alpha diversity increased in the UC patients after FMT. (A) Shannon index and (B) Chao1 index of the fecal microbiota in UC patients prior and after FMT treatments. ANOVA is performed to evaluate alpha diversity among the different groups. (C) PCoA analysis of the fecal microbiota in donor and UC patients prior and after FMT. Statistical significance of distances among the four groups was assessed using PERMANOVA. D, donor; F0, before FMT; F1, 2∼3 months after the first FMT, or before the second FMT; F2, 2∼3 months after the second FMT.


Among the top 100 most abundant OTUs in the fecal samples of UC patients at the baseline, the relative abundances 55 OTUs were significantly different from that of the donor (Mann Whitney U test p < 0.05; Supplementary Table 4). Among the UC-enriched taxa, we observed some potential pathogens that reported to induce/exacerbate inflammation in IBD, such as Bacteroides fragilis (Rabizadeh et al., 2007), Clostridium difficile (Negron et al., 2016), and Ruminococcus gnavus (Hall et al., 2017). In contrast, multiple short-chain fatty acid (SCFA) producing Firmicutes taxa were significantly depleted in UC such as Eubacterium hallii, Faecalibacterium prausnitzii, and Roseburia spp. (Louis and Flint, 2017). The composition of the gut bacterial community significantly changed in the patients after FMT treatment (Figure 4; Supplementary Table 5). Among the FMT-increased OTUs, six belong to Faecalibacterium prausnitzii, five to genus Bifidobacterium, and four to Bacteroides plebeius. Moreover, some potential pathogenic microorganisms such as Clostridium difficile and Ruminococcus gnavus were substantially decreased after FMT (Supplementary Table 5).


[image: image]

FIGURE 4. The fecal microbiota composition of UC patients shifted by FMT. OTUs that were statistically different in abundance between F0 and F1, and between F0 and F2 (Wilcoxon rank-sum test p < 0.01). Heatmap is color-coded based on row z-scores. D, donor; F0, before FMT; F1, 2∼3 months after the first FMT, or before the second FMT; F2, 2∼3 months after the second FMT.


To further analyze the associations of the fecal microbiota with different therapeutic outcomes, we performed Spearman correlations between the relative abundance of fecal bacteria and some clinical variables including Mayo score, IBDQ, stool frequency, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), white blood count (WBC), and neutrophil (Supplementary Table 6). The relative abundance of g__Bifidobacterium_OTU1617 was inversely correlated with the Mayo score, stool frequency, ESR, and neutrophil, indicating its pleiotropic effect in improving the UC symptoms. In contrast, s__Nocardia_coeliaca_OTU2421 was found to be positively correlated with the Mayo score, stool frequency, and neutrophil, implicating a its pathogenic potential for UC.

Based on the therapeutic outcomes, we classified the UC patients into the SR (SR, sustained remission patients without relapse in 4 years), Res (Res, responders to FMT without relapse in 4 years), Rel (remission or response patients relapsed within 4 years), and NR (NR, patients with no response) groups. In prior to FMT (F0), NR and Rel patients showed a lower microbial alpha diversity (measured in Shannon’s index) than Res and SR patients, albeit significance was not achieved (Supplementary Figures 2A,C). In addition, the Rel patients were characterized by higher abundances of Bacteroides fragilis and Lachnospiraceae incertae sedis, together with lower abundances of Bacteroides massiliensis, Roseburia, and Ruminococcus; Prevotella copri was more abundant in the NR patients; and the SR patients had a higher abundance of Bifidobacterium breve (Figure 5A).
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FIGURE 5. Bacterial taxa associated with different FMT outcomes. OTUs were compared among the patient with different therapeutic outcomes (A) before and (B) after FMT. Significance was determined by Kruskal-Wallis test (p < 0.05) and confirmed by pairwise Mann-Whitney U test (*p < 0.05 and **p < 0.01) NR, no response; Rel, relapse; Res, responders; SR, sustained remission.


After FMT, the alpha diversity reached similar levels across the groups with different therapeutic response (Supplementary Figures 2B,D). NR patients had a lower level of Bifidobacterium compared to other response groups (Figure 5B). A higher level of multiple Bacteroides spp. (including OTU232, OTU397, OTU1349 and OTU2371) was observed in the Rel patient group, while the SR patients had a lower level of Bacteroides finegoldii, and a higher level of some Blautia (OTU1900). In addition, a reduced level of taxon (OTU1641) belonging to Clostridiales order was observed in the Res patients.



DISCUSSION

Differences in FMT procedures might cause different therapeutic effects in various studies. Most previous studies including RCTs performed FMT with high intensities (pooled donors and frequent treatments over a short duration). FMT with a single donor and long interval between administrations could be considered as a low intensity regimen. Although UC patients benefit from FMT, concerns about the efficacy, safety, and durability of low-intensity FMT for UC treatment remains to be addressed. In this study, we performed FMT using stool suspensions from a single donor with time interval of 2 months for all UC patients, and achieved a remission rate of 22.58% (7/31) after the first FMT and 60% (12/20) after the second FMT. All the clinical indicators including Mayo scores, Endoscopic mayo scores, hematochezia scores, stool frequency, IBDQ were improved after the two FMT treatments. Thus, our results suggested that a low-intensity single donor FMT can lead to positive therapeutic results.

The long-term outcomes and health consequences of FMT remain to be established, with most studies reporting mixed results and without showing a sustained benefit of FMT (Brandt et al., 2012; Kump et al., 2013; Vermeire et al., 2016). Analysis with 109 UC patients received FMT from two clinical trials (NCT01790061, NCT02560727), 21.1% (23/109) and 25.7% (28/109) of patients maintained clinical response at 6 months after single FMT, and step multiple FMTs, respectively (Ding et al., 2019). In another study (Sood et al., 2019a), that the primary outcome of maintenance of clinical remission at 48 weeks was achieved in 27/31 [87.1%] patients who received FMT via colonoscopy every 8 weeks. In the present study, the longest remission time was 6 years which continued till this article was completed, and in 8 of the 12 patients (66.7%) in clinical remission, the results remained in remission at 1-year follow up, 50% (6/12) at 2-year follow up and 41.7% (5/12) at 4-year follow up, without continued fecal infusion. Nevertheless, UC patients also have recurrence issues after FMT treatment or other therapies, and some studies reported maintenance FMT administration could sustain clinical efficacy either by capsule or colonoscopy (Sood et al., 2019a; Steube et al., 2019). Long-term maintenance treatment is necessary for some patients.

In one retrospective study regarding the long-term safety of FMT to treat UC, new-onset urticaria, arthritis, depression, and so on, were found in the long-term follow-up, while abdominal discomfort, flatulence, low-grade fever were the most common short-term adverse events (Sood et al., 2019b). Besides, one study reported a serious adverse event of myasthenia gravis in 1 month after FMT treatment (Ding et al., 2019). In our study, all the patients treated with FMT were observed for 4 years, with a maximum of 6.5 years. During the follow-up period, short-term adverse effects were consistent with previous studies by and large, but no long-term adverse reactions caused by FMT were found. Nevertheless, a remarkable adverse event was that one 14-year-old girl underwent furuncle in her legs after the first FMT treatment, though the furuncles scabbed in 1 week without any treatment. The risk of infectious disease transmission for FMT needs to be investigated with more cases collected. On June 13, 2019, the US FDA issued a safety alert regarding two immunocompromised adults who acquired Extended Spectrum Beta-Lactamase (ESBL)-producing E. coli infections following FMT, resulting in one death. Hence, the donor screening protocols for FMT should be further improved by excluding use of stool that tests positive for multi-drug resistant organisms.

Diverse administration routes of FMT have been observed to have similar efficacy in the studies of FMT for the treatment of CDI (Postigo and Kim, 2012; Furuya-Kanamori et al., 2017). We used a combination of colonoscopy and endoscopy as the route of FMT for 11 patients with a clinical response rate 63.6%, and the next 20 patients underwent only a colonoscopy approach, who also experienced good efficacy with a clinical response rate 70%. In the studies of FMT treatment for UC, colonoscopy approach, enema and nasogastric tube are the most common methods of administration. In the five RCT studies, four obtained positive results by conducting under lower GI tract administration (Moayyedi et al., 2015; Paramsothy et al., 2017; Costello et al., 2019), and one obtained negative results by using upper gastrointestinal tract route (Rossen et al., 2015). It is speculated that the upper gastrointestinal administration might be one of the reasons leading to the treatment failure, and FMT via colonoscopy route may be a better choice for UC.

Previous studies mainly focused on mild to moderate UC, including the above-mentioned RCT studies. A few cohort studies have reported the efficacy of FMT on moderate to severe UC (Angelberger et al., 2013; Kump et al., 2013; Ding et al., 2019), and showed only marginally clinical responses. In our study, patients with moderate UC had the highest responses to FMT, followed by, in turn, severe and mild UC. It is worth noting that the FMT treatment was more effective in patients with extensive UC, followed by distal UC. And patients with proctitis had poor responses to FMT, while some patients with extensive and distal UC responded to FMT but were more likely to leave behind lesions in rectum and/or left-sided colon. These findings suggest that lesions confined to distal colon, especially proctitis, had less responsive to FMT and may require more long-term treatment (persistent therapy). It was recently suggested that CD patients with a low microbial load presented a better response to FMT (Sarrabayrouse et al., 2020). Moreover, oral decontamination with antibiotics such as colistin or aminoglycosides has been proposed to enhance the efficacy of FMT (Huttner et al., 2019; Saidani et al., 2019). Thus, an initial low microbial load or reducing the microbial load in UC patients may promote the colonization of donor microbiota thereby enhancing the efficacy of FMT. In fact, the bacterial load various at different location of the GI tract, with a higher bacteria load in the distal colon (∼1010CFU/ml) than the ileum (∼106CFU/ml), which give rise to different degrees of colonization resistance. Therefore, an intensive FMT regime may be required to efficiently modulate the microbiome for UC patients with the distal colitis.

The gut microbiota profile analysis demonstrated similar results as reported in previous studies of FMT (Costello et al., 2019; Paramsothy et al., 2019). For instance, a lower gut microbiota diversity was observed in the UC patients compared with the healthy donor, which was increased after FMT treatments. The composition of the gut bacterial community was shifted by FMT to a donor-like state and was enhanced after the second administration. These results suggest that repeated FMT treatments enhance the colonization of donor-derived microbiota in UC patients leading to improvement in clinical symptoms. In particular, Faecalibacterium prausnitzii, Bacteroides plebeius, and Bifidobacterium spp. were significantly increased in UC patients receiving FMT, agreeing with some previous studies (Lopez-Siles et al., 2017; Nishino et al., 2018; Lloyd-Price et al., 2019). Interestingly, an increased level of some Bifidobacterium spp. was closely correlated with a reduction in Mayo score, stool frequency, ESR, and neutrophil, indicating a pleiotropic of Bifidobacterium for UC symptoms improvement (Jakubczyk et al., 2020).

As one of the main butyrate producers in the gut, Faecalibacterium prausnitzii is able to induce secretion of anti-inflammatory cytokines, thereby producing energy to the colonocytes and enhancing the intestinal barrier (Sokol et al., 2008; Louis and Flint, 2009; Ferreira-Halder et al., 2017; Lopez-Siles et al., 2017). Hence, the relative abundances of Faecalibacterium prausnitzii increased in UC patients after FMT treatments, suggesting a potential contribution in suppressing inflammation. In addition, we found that a high abundance of Blautia in UC patients at baseline was associated with sustained remission, and an enrichment of Roseburia was particularly associated with therapeutic responses. These results were consistent with previous studies (Paramsothy et al., 2019; Lloyd-Price et al., 2019).

Data about the correlation between Bacteroidetes spp. abundance and UC activity was controversial. In fact, different Bacteroides spp. may have different influences on the disease development in UC patients. For example, Bacteroides plebeius showed a significant therapeutic effect in UC patients from our study, whereas their nearest recognized species Bacteroides vulgatus (Kitahara et al., 2005) was considered as a pathobiont in human gut (Kootte et al., 2017)with a potential of driving injury in the small intestine (Ramanan et al., 2014). From our data, a combination of reduced Bacteroides massiliensis and enriched Bacteroides fragilis seemed to augur a relapse in UC after FMT. Bacteroides fragilis was shown to play a protective role from intestinal inflammation via Toll-like receptor 2 signaling, inducing production of polysaccharide A (PSA) and anti-inflammatory cytokine IL-10 (Mazmanian et al., 2008; Honda and Littman, 2016; Lee et al., 2018). Nevertheless, strains of enterotoxigenic Bacteroides fragilis have functions of tissue invasion and induce severe intestinal inflammation in humans and animals (Zamani et al., 2017). Moreover, a lower level of Bacteroides finegoldii after FMT characterized the patients with sustained remission. In contrast, Paramsothy et al. (2019) found that an increased abundance of Bacteroides finegoldii in donor stool may be associated with observed remission in UC patients receiving FMT. Thus, close species may have significantly distinct characteristics and the same species may contain various strains with different functions. Moreover, our data indicated that Blautia spp. and Ruminococcus bromii were predictors of achieving the sustained remission, which is in line with the findings in Paramsothy et al. (2017, 2019).

Preveotella copri was found to be more abundant in the non-responders at baseline. In a previous study (Paramsothy et al., 2019), P. copri was also found in higher abundance in UC patients who experienced therapeutic failure after FMT. The relative abundance of P. copri presents more stable in the population with IBD than non-IBD populations (Lloyd-Price et al., 2019). It was postulated that Prevotella has an antagonistic relationship with Bacteroides (Ley, 2016). Thus, the response of FMT might be partially impeded by P. copri resisting the colonization of the donor bacteria such as Bacteroides. Moreover, P. copri was suggested to play an immune-modulatory role in human rheumatoid arthritis (RA). About 32% of patients with RA were found to have serum immunoglobulin A (IgA) antibodies specific for P. copri (Larsen, 2017), which was almost absent in healthy subjects. Secretory IgA is the dominant immunoglobulin at the mucosal surface, and it plays a critical role in interacting with the microbiota and maintaining intestinal homeostasis. It was suggested that IgA coating identifies colitogenic bacteria in IBD patients and is associated with treatment outcomes (Palm et al., 2014; Shapiro et al., 2021). Therefore, P. copri-specific IgA may be related to poor response to FMT for UC patients, which deserves further investigation.

This is a series study with only 31 cases at baseline, which were further reduced at the points of F1 (n = 20). Therefore, this small cohort size and samples limited the strength of our conclusions. In addition, there was a loss of endoscopic examination in the long-term follow-up.

Collectively, our study demonstrated that low-intensity single donor FMT treatment is effective and safe for mild to severe UC, and a repeated FMT provides a beneficial efficacy for disease improvement, with a considerable long-term efficacy and safety. The abundances of Faecalibacterium prausnitzii, Bacteroides plebeius and Bifidobacterium spp. increased significantly after FMT treatments in UC patients. The gut microbial composition of UC with different FMT therapeutic outcomes was distinguishable at baseline. In particular, a higher level of Bacteroides fragilis together with lower levels of Bacteroides massiliensis and Roseburia genus might be indicators of relapse given this particular donor. Moreover, an enrichment of Blautia spp. and Ruminococcus bromii together with a reduced Bacteroides finegoldii were associated with long-term remission. Further investigations to identify specific species/strains associated with clinical remission may shed a light for precise treatment, and a donor-recipient matching approach based on the gut microbiota compositions may increase the remission rate in long term.



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 author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Chinese PLA General Hospital Ethics Committee. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

YY responsible for the study concept and design. RR analysis and interpretation of the clinical data and drafted the manuscript. XG analysis and interpretation of the microbiome data and critical revision of the manuscript. YS, JL, LP, GS, ZW, BY, and JZ performance of the FMT and revision of the manuscript. All authors had access to the study data and have reviewed and approved the final manuscript.



FUNDING

This work was supported by the National High-tech Research and Development Projects (863, No. 2015AA020702), the National Natural Science Foundation of China (No. 81900474), Science and Technology Commission of the Central Military Commission (Grant No. 17-163-12-ZT-002-048-01), Shenzhen Key Laboratory Foundation (No. ZDSYS20200811143757022), and the Military Translational Medicine Fund of Chinese PLA General Hospital (No. ZH19001).



ACKNOWLEDGMENTS

We would like to acknowledge the staff of the colonoscopy unit at the Chinese PLA General Hospital and all the patients involved in the study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.742255/full#supplementary-material

Supplementary Figure 1 | Improvement of intestinal mucosa lesions and histopathological images of PUC2 after two FMT treatments. F0, before FMT; F1, 2 months after the first FMT; F2, 5 months after the first FMT. PUC2, 40y, male, disease course: 15 years, extensive UC (E3), glucocorticoids (60 mg) for 2 weeks combined with mesalamine (4 g) more than 4 weeks did not respond well.

Supplementary Figure 2 | Comparisons of alpha diversity among UC patients with different FMT outcomes. Shannon index and Chao1 index are compared among UC patients (A,B) at baseline as well as (C,D) post-FMT with one-way ANOVA. NR, no response; Rel, relapse; Res, responders; SR, sustained remission.



REFERENCES

Angelberger, S., Reinisch, W., Makristathis, A., Lichtenberger, C., Dejaco, C., Papay, P., et al. (2013). Temporal bacterial community dynamics vary among ulcerative colitis patients after fecal microbiota transplantation. Am. J. Gastroenterol. 108, 1620–1630. doi: 10.1038/ajg.2013.257

Asto, E., Mendez, I., Audivert, S., Farran-Codina, A., and Espadaler, J. (2019). The Efficacy of Probiotics, Prebiotic Inulin-Type Fructans, and Synbiotics in Human Ulcerative Colitis: a Systematic Review and Meta-Analysis. Nutrients 11:293. doi: 10.3390/nu11020293

Brandt, L. J., Aroniadis, O. C., Mellow, M., Kanatzar, A., Kelly, C., Park, T., et al. (2012). Long-term follow-up of colonoscopic fecal microbiota transplant for recurrent Clostridium difficile infection. Am. J. Gastroenterol. 107, 1079–1087. doi: 10.1038/ajg.2012.60

Carbonnel, F., Colombel, J. F., Filippi, J., Katsanos, K. H., Peyrin-Biroulet, L., Allez, M., et al. (2016). Methotrexate Is Not Superior to Placebo for Inducing Steroid-Free Remission, but Induces Steroid-Free Clinical Remission in a Larger Proportion of Patients With Ulcerative Colitis. Gastroenterology 150, 380–8.e4. doi: 10.1053/j.gastro.2015.10.050

Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., et al. (2014). Ribosomal Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Res. 42, D633–D642. doi: 10.1093/nar/gkt1244

Costello, S. P., Hughes, P. A., Waters, O., Bryant, R. V., Vincent, A. D., Blatchford, P., et al. (2019). Effect of Fecal Microbiota Transplantation on 8-Week Remission in Patients With Ulcerative Colitis: a Randomized Clinical Trial. JAMA 321, 156–164. doi: 10.1001/jama.2018.20046

D’Haens, G., Sandborn, W. J., Feagan, B. G., Geboes, K., Hanauer, S. B., Irvine, E. J., et al. (2007). A review of activity indices and efficacy end points for clinical trials of medical therapy in adults with ulcerative colitis. Gastroenterology 132, 763–786. doi: 10.1053/j.gastro.2006.12.038

Ding, X., Li, Q., Li, P., Zhang, T., Cui, B., Ji, G., et al. (2019). Long-Term Safety and Efficacy of Fecal Microbiota Transplant in Active Ulcerative Colitis. Drug Saf. 42, 869–880. doi: 10.1007/s40264-019-00809-2

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat Methods 10, 996–998. doi: 10.1038/nmeth.2604

Ferreira-Halder, C. V., Faria, A. V. S., and Andrade, S. S. (2017). Action and function of Faecalibacterium prausnitzii in health and disease. Best Pract. Res. Clin. Gastroenterol. 31, 643–648. doi: 10.1016/j.bpg.2017.09.011

Franzosa, E. A., Sirota-Madi, A., Avila-Pacheco, J., Fornelos, N., Haiser, H. J., Reinker, S., et al. (2019). Gut microbiome structure and metabolic activity in inflammatory bowel disease. Nat. Microbiol. 4, 293–305. doi: 10.1038/s41564-018-0306-4

Furuya-Kanamori, L., Doi, S. A., Paterson, D. L., Helms, S. K., Yakob, L., McKenzie, S. J., et al. (2017). Upper Versus Lower Gastrointestinal Delivery for Transplantation of Fecal Microbiota in Recurrent or Refractory Clostridium difficile Infection: a Collaborative Analysis of Individual Patient Data From 14 Studies. J. Clin. Gastroenterol. 51, 145–150. doi: 10.1097/MCG.0000000000000511

Ghouri, Y. A., Richards, D. M., Rahimi, E. F., Krill, J. T., Jelinek, K. A., and DuPont, A. W. (2014). Systematic review of randomized controlled trials of probiotics, prebiotics, and synbiotics in inflammatory bowel disease. Clin. Exp. Gastroenterol. 7, 473–487. doi: 10.2147/CEG.S27530

Guyatt, G., Mitchell, A., Irvine, E. J., Singer, J., Williams, N., Goodacre, R., et al. (1989). A new measure of health status for clinical trials in inflammatory bowel disease. Gastroenterology 96, 804–810.

Hall, A. B., Yassour, M., Sauk, J., Garner, A., Jiang, X., Arthur, T., et al. (2017). A novel Ruminococcus gnavus clade enriched in inflammatory bowel disease patients. Genome Med. 9, 103. doi: 10.1186/s13073-017-0490-5

Honda, K., and Littman, D. R. (2016). The microbiota in adaptive immune homeostasis and disease. Nature 535, 75–84. doi: 10.1038/nature18848

Huttner, B. D., Galperine, T., Kapel, N., and Harbarth, S. (2019). ‘A five-day course of oral antibiotics followed by faecal transplantation to eradicate carriage of multidrug-resistant Enterobacteriaceae’ - Author’s reply. Clin. Microbiol. Infect. 25, 914–915. doi: 10.1016/j.cmi.2019.02.001

Jakubczyk, D., Leszczynska, K., and Gorska, S. (2020). The Effectiveness of Probiotics in the Treatment of Inflammatory Bowel Disease (IBD)-A Critical Review. Nutrients 12:1973. doi: 10.3390/nu12071973

Kitahara, M., Sakamoto, M., Ike, M., Sakata, S., and Benno, Y. (2005). Bacteroides plebeius sp. nov. and Bacteroides coprocola sp. nov., isolated from human faeces. Int. J. Syst. Evol. Microbiol. 55, 2143–2147. doi: 10.1099/ijs.0.63788-0

Kootte, R. S., Levin, E., Salojarvi, J., Smits, L. P., Hartstra, A. V., Udayappan, S. D., et al. (2017). Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition. Cell Metab. 26, 611–9.e6. doi: 10.1016/j.cmet.2017.09.008

Kump, P. K., Grochenig, H. P., Lackner, S., Trajanoski, S., Reicht, G., Hoffmann, K. M., et al. (2013). Alteration of intestinal dysbiosis by fecal microbiota transplantation does not induce remission in patients with chronic active ulcerative colitis. Inflamm. Bowel. Dis. 19, 2155–2165. doi: 10.1097/MIB.0b013e31829ea325

Lane, E. R., Zisman, T. L., and Suskind, D. L. (2017). The microbiota in inflammatory bowel disease: current and therapeutic insights. J. Inflamm. Res. 10, 63–73. doi: 10.2147/JIR.S116088

Larsen, J. M. (2017). The immune response to Prevotella bacteria in chronic inflammatory disease. Immunology 151, 363–374. doi: 10.1111/imm.12760

Lee, Y. K., Mehrabian, P., Boyajian, S., Wu, W. L., Selicha, J., Vonderfecht, S., et al. (2018). The Protective Role of Bacteroides fragilis in a Murine Model of Colitis-Associated Colorectal Cancer. Msphere 3, e00587–18. doi: 10.1128/mSphere.00587-18

Ley, R. E. (2016). Gut microbiota in 2015: Prevotella in the gut: choose carefully. Nat. Rev. Gastroenterol. Hepatol. 13, 69–70. doi: 10.1038/nrgastro.2016.4

Lloyd-Price, J., Arze, C., Ananthakrishnan, A. N., Schirmer, M., Avila-Pacheco, J., Poon, T. W., et al. (2019). Multi-omics of the gut microbial ecosystem in inflammatory bowel diseases. Nature 569, 655–662. doi: 10.1038/s41586-019-1237-9

Lopez-Siles, M., Duncan, S. H., Garcia-Gil, L. J., and Martinez-Medina, M. (2017). Faecalibacterium prausnitzii: from microbiology to diagnostics and prognostics. ISME J. 11, 841–852. doi: 10.1038/ismej.2016.176

Louis, P., and Flint, H. J. (2009). Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine. FEMS Microbiol. Lett. 294, 1–8. doi: 10.1111/j.1574-6968.2009.01514.x

Louis, P., and Flint, H. J. (2017). Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 19, 29–41. doi: 10.1111/1462-2920.13589

Mazmanian, S. K., Round, J. L., and Kasper, D. L. (2008). A microbial symbiosis factor prevents intestinal inflammatory disease. Nature 453, 620–625. doi: 10.1038/nature07008

Moayyedi, P., Surette, M. G., Kim, P. T., Libertucci, J., Wolfe, M., Onischi, C., et al. (2015). Fecal Microbiota Transplantation Induces Remission in Patients With Active Ulcerative Colitis in a Randomized Controlled Trial. Gastroenterology 149, 102–109.e6. doi: 10.1053/j.gastro.2015.04.001

Negron, M. E., Rezaie, A., Barkema, H. W., Rioux, K., De Buck, J., Checkley, S., et al. (2016). Ulcerative Colitis Patients With Clostridium difficile are at Increased Risk of Death, Colectomy, and Postoperative Complications: a Population-Based Inception Cohort Study. Am. J. Gastroenterol. 111, 691–704. doi: 10.1038/ajg.2016.106

Ng, S. C., Shi, H. Y., Hamidi, N., Underwood, F. E., Tang, W., Benchimol, E. I., et al. (2018). Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: a systematic review of population-based studies. Lancet 390, 2769–2778. doi: 10.1016/S0140-6736(17)32448-0

Nishino, K., Nishida, A., Inoue, R., Kawada, Y., Ohno, M., Sakai, S., et al. (2018). Analysis of endoscopic brush samples identified mucosa-associated dysbiosis in inflammatory bowel disease. J. Gastroenterol. 53, 95–106. doi: 10.1007/s00535-017-1384-4

Pai, N., and Popov, J. (2017). Protocol for a randomised, placebo-controlled pilot study for assessing feasibility and efficacy of faecal microbiota transplantation in a paediatric ulcerative colitis population: pediFETCh trial. BMJ Open 7:e016698. doi: 10.1136/bmjopen-2017-016698

Pai, N., Popov, J., Hill, L., Hartung, E., Grzywacz, K., Moayyedi, P., et al. (2021). Results of the First Pilot Randomized Controlled Trial of Fecal Microbiota Transplant In Pediatric Ulcerative Colitis: lessons, Limitations, and Future Prospects. Gastroenterology 161, 388–393.e3. doi: 10.1053/j.gastro.2021.04.067

Palm, N. W., de Zoete, M. R., Cullen, T. W., Barry, N. A., Stefanowski, J., Hao, L., et al. (2014). Immunoglobulin A coating identifies colitogenic bacteria in inflammatory bowel disease. Cell 158, 1000–1010. doi: 10.1016/j.cell.2014.08.006

Paramsothy, S., Kamm, M. A., Kaakoush, N. O., Walsh, A. J., van den Bogaerde, J., Samuel, D., et al. (2017). Multidonor intensive faecal microbiota transplantation for active ulcerative colitis: a randomised placebo-controlled trial. Lancet 389, 1218–1228. doi: 10.1016/S0140-6736(17)30182-4

Paramsothy, S., Nielsen, S., Kamm, M. A., Deshpande, N. P., Faith, J. J., Clemente, J. C., et al. (2019). Specific Bacteria and Metabolites Associated With Response to Fecal Microbiota Transplantation in Patients With Ulcerative Colitis. Gastroenterology 156, 1440–1454.e2. doi: 10.1053/j.gastro.2018.12.001

Paul, S., Del Tedesco, E., Marotte, H., Rinaudo-Gaujous, M., Moreau, A., Phelip, J. M., et al. (2013). Therapeutic drug monitoring of infliximab and mucosal healing in inflammatory bowel disease: a prospective study. Inflamm. Bowel Dis. 19, 2568–2576. doi: 10.1097/MIB.0b013e3182a77b41

Postigo, R., and Kim, J. H. (2012). Colonoscopic versus nasogastric fecal transplantation for the treatment of Clostridium difficile infection: a review and pooled analysis. Infection 40, 643–648. doi: 10.1007/s15010-012-0307-9

Rabizadeh, S., Rhee, K. J., Wu, S., Huso, D., Gan, C. M., Golub, J. E., et al. (2007). Enterotoxigenic bacteroides fragilis: a potential instigator of colitis. Inflamm. Bowel Dis. 13, 1475–1483. doi: 10.1002/ibd.20265

Ramanan, D., Tang, M. S., Bowcutt, R., Loke, P., and Cadwell, K. (2014). Bacterial sensor Nod2 prevents inflammation of the small intestine by restricting the expansion of the commensal Bacteroides vulgatus. Immunity 41, 311–324. doi: 10.1016/j.immuni.2014.06.015

Ramos, G. P., and Papadakis, K. A. (2019). Mechanisms of Disease: inflammatory Bowel Diseases. Mayo. Clin. Proc. 94, 155–165. doi: 10.1016/j.mayocp.2018.09.013

Ren, R., Sun, G., Yang, Y., Peng, L., Zhang, X., Wang, S., et al. (2015). [A pilot study of treating ulcerative colitis with fecal microbiota transplantation]. Zhonghua Nei. Ke. Za. Zhi. 54, 411–415.

Ren, R., Wang, Z., Sun, H., Gao, X., Sun, G., Peng, L., et al. (2018). The gastric mucosal-associated microbiome in patients with gastric polyposis. Sci. Rep. 8:13817. doi: 10.1038/s41598-018-31738-2

Rossen, N. G., Fuentes, S., van der Spek, M. J., Tijssen, J. G., Hartman, J. H., Duflou, A., et al. (2015). Findings From a Randomized Controlled Trial of Fecal Transplantation for Patients With Ulcerative Colitis. Gastroenterology 149, 110–118.e4. doi: 10.1053/j.gastro.2015.03.045

Rutgeerts, P., Sandborn, W. J., Feagan, B. G., Reinisch, W., Olson, A., Johanns, J., et al. (2005). Infliximab for induction and maintenance therapy for ulcerative colitis. N. Engl. J. Med. 353, 2462–2476. doi: 10.1056/NEJMoa050516

Saidani, N., Lagier, J. C., Cassir, N., Million, M., Baron, S., Dubourg, G., et al. (2019). Faecal microbiota transplantation shortens the colonisation period and allows re-entry of patients carrying carbapenamase-producing bacteria into medical care facilities. Int. J. Antimicrob. Agents 53, 355–361. doi: 10.1016/j.ijantimicag.2018.11.014

Sarrabayrouse, G., Landolfi, S., Pozuelo, M., Willamil, J., Varela, E., Clark, A., et al. (2020). Mucosal microbial load in Crohn’s disease: a potential predictor of response to faecal microbiota transplantation. Ebiomedicine. 51:102611. doi: 10.1016/j.ebiom.2019.102611

Satsangi, J., Silverberg, M. S., Vermeire, S., and Colombel, J. F. (2006). The Montreal classification of inflammatory bowel disease: controversies, consensus, and implications. Gut 55, 749–753. doi: 10.1136/gut.2005.082909

Shapiro, J. M., de Zoete, M. R., Palm, N. W., Laenen, Y., Bright, R., Mallette, M., et al. (2021). Immunoglobulin A targets a unique subset of the microbiota in inflammatory bowel disease. Cell Host Microbe 29, 83–93.e3. doi: 10.1016/j.chom.2020.12.003

Sokol, H., and Seksik, P. (2010). The intestinal microbiota in inflammatory bowel diseases: time to connect with the host. Curr. Opin. Gastroenterol. 26, 327–331. doi: 10.1097/MOG.0b013e328339536b

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humaran, L. G., Gratadoux, J. J., et al. (2008). Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients. Proc. Natl. Acad. Sci. U. S. A. 105, 16731–16736. doi: 10.1073/pnas.0804812105

Sood, A., Mahajan, R., Singh, A., Midha, V., Mehta, V., Narang, V., et al. (2019a). Role of Faecal Microbiota Transplantation for Maintenance of Remission in Patients With Ulcerative Colitis: a Pilot Study. J. Crohns Colitis. 13, 1311–1317. doi: 10.1093/ecco-jcc/jjz060

Sood, A., Singh, A., Mahajan, R., Midha, V., Mehta, V., Gupta, Y. K., et al. (2019b). Acceptability, tolerability, and safety of fecal microbiota transplantation in patients with active ulcerative colitis (AT&S Study). J. Gastroenterol Hepatol. 35, 418–424. doi: 10.1111/jgh.14829

Steube, A., Vital, M., Grunert, P., Pieper, D. H., and Stallmach, A. (2019). Long-term Multidonor Faecal Microbiota Transfer by Oral Capsules for Active Ulcerative Colitis. J. Crohns Colitis. 13, 1480–1481. doi: 10.1093/ecco-jcc/jjz073

Vermeire, S., Joossens, M., Verbeke, K., Wang, J., Machiels, K., Sabino, J., et al. (2016). Donor species richness determines faecal microbiota transplantation success in inflammatory bowel disease. J. Crohns Colitis 10, 387–394. doi: 10.1093/ecco-jcc/jjv203

Xi, W., Li, Z., Ren, R., Sai, X. Y., Peng, L., and Yang, Y. (2021). Effect of antibiotic therapy in patients with ulcerative colitis: a meta-analysis of randomized controlled trials. Scand. J. Gastroenterol. 56, 162–170. doi: 10.1080/00365521.2020.1858958

Zakrzewski, M., Proietti, C., Ellis, J. J., Hasan, S., Brion, M. J., Berger, B., et al. (2017). Calypso: a user-friendly web-server for mining and visualizing microbiome-environment interactions. Bioinformatics 33, 782–783. doi: 10.1093/bioinformatics/btw725

Zamani, S., Hesam Shariati, S., Zali, M. R., Asadzadeh Aghdaei, H., Sarabi Asiabar, A., Bokaie, S., et al. (2017). Detection of enterotoxigenic Bacteroides fragilis in patients with ulcerative colitis. Gut Pathog. 9:53. doi: 10.1186/s13099-017-0202-0


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 © 2021 Ren, Gao, Shi, Li, Peng, Sun, Wang, Yan, Zhi and Yang. 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: 29 November 2021

doi: 10.3389/fimmu.2021.774233

[image: image2]


The Role of Flagellin B in Vibrio anguillarum-Induced Intestinal Immunity and Functional Domain Identification


Quanxin Gao 2†, Shaokui Yi 2†, Yang Li 2†, Jinping Luo 2, Qianqian Xing 2, Xia Yang 2, Ming Zhao 1, Minghua Min 1, Qian Wang 2, Yabing Wang 1, Lingbo Ma 1 and Shiming Peng 1*


1 Key Laboratory of Marine and Estuarine Fisheries, Ministry of Agriculture, East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Shanghai, China, 2 Zhejiang Provincial Key Laboratory of Aquatic Resources, Conservation and Development, Key Laboratory of Aquatic Animal Genetic Breeding and Nutrition, Chinese Academy of Fishery Sciences, College of Life Science, Huzhou University, Huzhou, China




Edited by: 

Alina Maria Holban, University of Bucharest, Romania

Reviewed by: 

Lihua Song, Beijing University of Chemical Technology, China

C Gopi Mohan, Amrita Vishwa Vidyapeetham University, India

*Correspondence: 

Shiming Peng
 pengsm2008@163.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: 11 September 2021

Accepted: 11 November 2021

Published: 29 November 2021

Citation:
Gao Q, Yi S, Li Y, Luo J, Xing Q, Yang X, Zhao M, Min M, Wang Q, Wang Y, Ma L and Peng S (2021) The Role of Flagellin B in Vibrio anguillarum-Induced Intestinal Immunity and Functional Domain Identification. Front. Immunol. 12:774233. doi: 10.3389/fimmu.2021.774233



Vibrio anguillarum, an opportunistic pathogen of aquatic animals, moves using a filament comprised of polymerised flagellin proteins. Flagellins are essential virulence factors for V. anguillarum infection. Herein, we investigated the effects of flagellins (flaA, flaB, flaC, flaD and flaE) on cell apoptosis, TLR5 expression, and production of IL-8 and TNF-α. FlaB exhibited the strongest immunostimulation effects. To explore the functions of flaB in infection, we constructed a flaB deletion mutant using a two-step recombination method, and in vitro experiments showed a significant decrease in the expression of TLR5 and inflammatory cytokines compared with wild-type cells. However in the in vivo study, expression of inflammatory cytokines and intestinal mucosal structure showed no significant differences between groups. Additionally, flaB induced a significant increase in TLR5 expression based on microscopy analysis of fluorescently labelled TLR5, indicating interactions between the two proteins, which was confirmed by native PAGE and yeast two-hybrid assay. Molecular simulation of interactions between flaB and TLR5 was performed to identify the residues involved in binding, revealing two binding sites. Then, based on molecular dynamics simulations, we carried out thirteen site-directed mutations occurring at the amino acid sites of Q57, N83, N87, R91, D94, E122, D152, N312, R313, N320, L97, H316, I324 in binding regions of flaB protein by TLR5, respectively. Surface plasmon resonance (SPR) was employed to compare the affinities of flaB mutants for TLR5, and D152, D94, I324, N87, R313, N320 and H316 were found to mediate interactions between flaB and TLR5. Our comprehensive and systematic analysis of V. anguillarum flagellins establishes the groundwork for future design of flagellin-based vaccines.




Keywords: Vibrio anguillarum, flagellin, flaB, TLR5, structure-activity relationship, protein-protein interaction



Introduction

Vibrio anguillarum, one of the most common bacteria in the marine environment, is widely distributed in coastal and estuarine seawater (1). V. anguillarum is a representative opportunistic bacterial pathogen that causes disease in marine fish. It causes vibriosis in both wild and farmed fish and other aquatic animals, resulting in huge losses to aquaculture (2). Therefore, V. anguillarum is considered a significant threat to commercial production in marine aquaculture. At least 50 species of fish can be infected with V. anguillarum, including pacific salmon, Atlantic salmon, rainbow trout, turbot, perch, sea carp, striped bass, codfish and Japanese flounder (3, 4). In view of the wide host range and economic losses caused by this devastating pathogen, elucidating its infection mechanism is vital for the development of control methods.

During the initial stages of pathogenesis, V. anguillarum uses flagellum-mediated motility to infect and colonise the surface and gut of fish hosts. Flagella are involved in both motility and virulence (5). Flagellin, the main protein of bacterial flagella, is the only known agonist of toll-like receptor 5 (TLR5), and it stimulates intestinal inflammation by activating the TLR5 signalling pathway (6, 7). Normally, this activation triggers an immunological cascade that stimulates both innate and adaptive immune responses, contributing to a reduction in bacterial multiplication in the gut. Therefore, flagellin-TLR5 interaction plays an important role in infection of pathogenic bacteria (8). However, interactions between flagellin and TLR5 in different bacteria and hosts are complex and can differ significantly, making it challenging to assess their relative contributions to pathology. Surprisingly, flagellin from a minority of bacteria cannot induce the activation of TLR5, which is critical for the survival of these bacteria at mucosal sites in hosts, and raises the intriguing possibility that flagellin receptors provided the selective force to drive the evolution of these unique subclasses of bacterial flagellins (9, 10).

To better understand bacterial flagellins, their domains, which are critical for immune activation, have been intensively investigated. Flagellin proteins contain four structural domains, D0, D1, D2 and D3, arranged in a boomerang-like structure (11). The N- and C-terminal regions that form the D0-D1 domains are highly conserved among flagellins of different bacterial species, whereas amino acid sequences of D2 and D3 show greater variability in sequence and structure (12). The D0 and D1 domains form the inner core of the filament, while the variable D2 and D3 domains form the surface. The conserved D1 domain necessary for filament assembly can be recognised by TLR5 and induces the production and release of pro- and anti-inflammatory cytokines (13). Structural and functional studies have identified many residues in the D1 domain as the interaction site with TLR5 (14), and the D0 domain also contributes to TRL5 activation (15).

Several studies have shown that V. anguillarum flaB and its D1 domain can activate TLR receptor pathways, and significantly upregulate tumour necrosis factor α (TNF-α) and proinflammatory cytokines (16–18). Despite increased knowledge of the structural and functional roles of flagellins in V. anguillarum, the molecular interactions between TLR5 and flagellins remain unclear. In this study, we examined the interaction characteristics between flagellins from V. anguillarum and TLR5 from silvery pomfret (Pampus argenteus), an economically important fish in China that is regarded a delicacy by Chinese consumers due to its favourable meat properties. Unfortunately, infectious diseases occur frequently when rearing silvery pomfret, and V. anguillarum is one of the main pathogens, causing huge economic losses. We speculate that flagellin-induced TLR5 activation plays an important role in the host response to infection with V. anguillarum. Thus, we constructed a flaB deletion strain and investigated the virulence of the δflaB mutant via in vivo and in vitro assays. The mechanism of interaction between TLR5 and flaB through were also investigated, and molecular dynamics simulation and surface plasmon resonance (SPR) experiments were carried to identify the functional domains of flaB at the amino acid sequence level.



Materials and Methods


Bacterial Strains and Growth Conditions

V. anguillarum cells were isolated from diseased farmed fish, cultured in LB broth at 28°C, and stored in 30% glycerol at -80°C.



Expression and Purification of Flagellins

Full-length flagellin A−E genes from V. anguillarum (flaA−E) were obtained by PCR using primers listed in Table 1. PCR products were purified from a 1.5% agarose gels and cloned into the pET28 expression vector using GeneArt Seamless Cloning and Assembly Enzyme Mix (Invitrogen). Competent E. coli (DE3) cells were separately transformed with pET28-flaA−E constructs, and transformants were cultured in LB medium (50 μg/mL kanamycin) at 37°C, then in SOC medium (50 μg/mL kanamycin) at 37°C for another 2−3 h to OD600 0.5−0.6. IPTG was added to a final concentration of 0.5 mM to induce expression of flagellins, and bacteria were collected and resuspended in phosphate-buffered saline (PBS) with 1% Triton X-100.


Table 1 | Sequences of primers used for cloning and expression of flagellins and TLR5.



Bacteria were lysed by sonication (200−300 W) and bacterial lysates were centrifuged at 12,000 rpm for 10 min at 4°C Supernatants and precipitates were separated and analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Recombinant proteins in soluble supernatants were purified from inclusion bodies under denaturing conditions using Ni-NTA Agarose (Qiagen). Protein concentration was determined using a BCA protein assay kit according to the manufacturer’s instructions (Beyotime).



Isolation, Culture and Stimulation of Primary Fish Intestinal Epithelial Cells (FIECs)

Fish intestinal epithelial cells (FIECs) were isolated from silvery pomfret as an in vitro model, and prepared and cultured according to our previous studies (19). FIECs were allowed to attach to and grow in 24-well tissue culture plates (Costar) for 48 h. Before stimulation assays, all flagellins were resuspended in DMEM medium at a concentration of 1 μg/mL. FIECs were incubated with flaA−flaE in 5% CO2 at 28°C After incubation for 30, 60, 120 and 150 min, the culture medium and cells were collected for ELISA, real-time PCR analysis, and assessment of apoptotic and necrotic cells (20).



Assessment of Apoptotic and Necrotic Cells

Apoptosis and necrosis of FIECs were assessed using an Annexin V-FITC apoptosis detection kit (BD, USA). After stimulation with flagellins, cells were stained with Anexin V-fluorescein isothiocyanate (Annexin V-FITC) and propidium iodide (PI) for analysis by flow cytometry (FCM). Annexin V-FITC and PI fluorescence levels were measured at 530 nm and 585 nm emission wavelengths, respectively. The positioning of quadrants on Annexin V/PI dot plots was used to distinguish between living cells (Annexin V-/PI-), early apoptotic cells (Annexin V+/PI-), late apoptotic cells (Annexin V+/PI+) and necrotic cells (Annexin V-/PI+). Therefore, the total apoptotic proportions among cells with fluorescent Annexin were V+/PI- and V+/PI+.



ELISA

Protein concentration was assayed by ELISA using a Protein Assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). ELISA results were quantified using an iMark Microplate Reader (Bio-Rad) at 450 nm. Absorbance was measured and protein concentration was calculated according to the relevant standard curve constructed from proteins in ELISA kits (20).



Construction of the flaB Deletion Mutant Strain

Construction of the flaB deletion mutant strain was performed as described in our previous study (21). Briefly, the upstream homologous arm fragment (593 bp) and the downstream homologous arm fragment (545 bp) of flaB were amplified, and the fusion fragment (1138 bp) was obtained by overlapping PCR using the two fragments as templates. The purified PCR product was cloned into the suicide vector Plp12 and transformed into E. coli DH5α, yielding a positive clone of 1388 bp, which was verified by PCR and DNA sequencing. The recombinant Plp12-flaB plasmid was extracted and transformed into wild-type V. anguillarum by electro transformation. After two cycles of homologous recombination, the flaB deletion mutant strain was constructed and verified by PCR and DNA sequencing (1413 bp).



Bacterial Infection

In vivo and in vitro experiments were conducted to study infection by the δflaB mutant. In the in vitro experiment, FIECs were isolated and cultured. Before stimulation of bacteria, δflaB mutant and wild-type strains were collected and resuspended in antibiotic-free DMEM medium at a density of 1×108 CFU/mL. FIECs were coincubated with DMEM medium, δflaB mutant, and wild-type strains in 5% CO2 at 28°C for 2 h, respectively. After incubation, the culture medium and cells were collected for ELISA and real-time PCR analysis.

In the in vivo experiment, 450 silver pomfret juveniles (body weight 12−16 g) bred by artificial fertilisation were assessed. The δflaB mutant and wild-type strains were first cultured in LB medium for ~24 h at 28°C, centrifuged at 8000×g for 10 min, and resuspended at 1×1010 CFU/mL in sterile saline. Bacterial diets were prepared by gently spraying the bacterial suspension on the basal diet followed by mixing thoroughly to obtain a final cell density of 1×108 CFU/mL. The bacterial feeding experiment was carried out in nine cement pools (length 6 m, width 4 m, height 1.5 m). Each pool was randomly stocked with 50 fish, and three tanks of fish were assigned to each treatment (Figure 1). Three fishes were sampled at 0, 12, 24 and 48 h after bacterial feeding. All fish were anaesthetised, and intestinal samples were collected for ELISA and real-time PCR analysis. At the end of the experiment, the same part of midgut of each animal was fixed in 2.5% glutaraldehyde solution (4°C) for transmission electron microscopy (TEM) analysis.




Figure 1 | In vivo experiments and sampling. (A) Feeding device for silvery pomfret. (B, C) Experimental fish and sampling of intestine.





Real-Time PCR Analysis

The methods for RNA extraction, cDNA synthesis and real-time PCR were performed according to our previous study (22).



TEM Analysis

The method used for TEM examination was described in a previous study (23). Briefly, samples were fixed in 2.5% glutaraldehyde solution, then in 1% osmium tetroxide (OsO4) for 1 h, dehydrated in a graded series of ethyl alcohol, and embedded in resin. Ultrathin sections were placed on copper grids, stained with uranyl acetate, and observed under a TECNAI 10 TEM instrument (Philips).



Native PAGE Analysis

The method used to obtain the extracellular region of the TLR5 protein (erTLR5) was the same as that used for expression and purification of flagellins, and primers are listed in Table 1. Purified flaB and erTLR5 proteins were incubated at 18°C for 30 min and complex formation was analysed. Native PAGE was performed using polyacrylamide gels separated at room temperature at a voltage of 200 V. After electrophoresis, gels were stained with Coomassie Brilliant Blue.



Fluorescence Observation

Green fluorescent protein (GFP)-tagged TLR5 was used to assess the effect of flaB on expression of TLR5. TLR5 forward primer TCTCGAGCTCAAGCTTCGAATTCGCCACCATGACGTCGCTGGTTCTTCACTT (EcoRI) and reverse primer GGTACCGTCGACTGCAGAATTCGTTTTCTTCAAGTTTGAGAAAGTG (EcoRI) were employed for construction of erTLR5-PEGFP-N2 using GeneArt Seamless Cloning and Assembly Enzyme Mix (Invitrogen). Zebrafish embryo fibroblast cells (ZF4) were grown in DMED supplemented with 10% foetal bovine serum (FBS) and cultured in 6-well tissue culture plates (Costar) for about 24−48 h. The cell density reached 60−80% confluency prior to transfection. The erTLR5-pEGFP-N2 plasmid encoding GFP-erTLR5 was transfected into ZF4 cells using Lipo2000 (Thermo Fisher) according to the manufacturer’s instructions. The flaB protein was then added to 6-well plates and incubated at 28°C for 2 h. After incubation, laser scanning confocal microscopy (LSCM) was employed to observe the location and immunofluorescence expression of GFP-erTLR5.



Yeast Two-Hybrid Analysis

The primers listed in Table 2 were used to amplify the sequences of flaB (1128 bp) and TLR5 (1770 bp). The purified flaB and TLR5 sequences were ligated into pGADT7 and pGBKT7 vectors, respectively, and recombinant pGADT7-flaB and pGBKT7-erTLR5 vectors were simultaneously transformed into yeast strain AH109. Transformants were grown on synthetic dropout medium lacking amino acids leucine and tryptophan (SD/–Leu/–Trp), synthetic dropout medium lacking adenine and amino acids histidine, leucine and tryptophan (SD/–Ade/–His/–Leu/–Trp) and SD/–Ade/–His/–Leu/–Trp/X-α-Gal (40 μg/mL X-α-Gal) on agar plates at 30°C for 3−5 days to assess growth.


Table 2 | Sequences of primers used for yeast two-hybrid analysis.





Modelling of flaB Interaction With TLR5 Using PROCHECK and Rosetta

The 3J0A and 3K8W proteins served as templates for homology modelling of TLR5 and flaB proteins, respectively, using Modeller v9.19. The two models were then subjected to molecular mechanics optimisation, and PROCHECK was used to evaluate the optimised protein models. Analysis of the Ramachandran plot showed that 99.1% and 99.3% of non-glycine residues of TLR5 and flaB were in the ‘most favoured or allowed’ regions. Finally, we used Rosetta to carry out flaB-TLR5 docking.



In Vitro Mutagenesis

The amino acid sites selected for mutation are shown in Table 3. KOD FX DNA polymerase (Toyobo) was applied to construct the mutated genes from the wild-type pET28-flaB template via thermal cycling at 95°C for 3 min followed by 25 cycles at 95°C for 15 s, 62°C for 15 s, 68°C for 1 min, and a final extension at 72°C for 5 min. FastDigest DpnI (Thermo Fisher) was added to the PCR product and incubated in a 37°C water bath for 2 h. The mixture was purified using a PCR Clean-Up Kit and transformed into DMT competent cells. Transformants were selected for sequencing using T7 promoter and T7 terminator primers.


Table 3 | Sequences of primers used for site-directed mutagenesis of flaB.





Surface Plasmon Resonance (SPR) Analysis

Prokaryotic expression and purification of mutant flaB was performed as described above. The TLR5 gene was inserted into the pGEX-6p-1 vector, and after its transformation into BL21(DE3) strain and induction by IPTG, recombinant protein was expressed in BL21 cells and purified using glutathione S-transferase (GST) affinity chromatography. The GST-His*10-TEV-TLR5 fusion protein was digested by tobacco etch virus (TEV) protease to remove the GST tag, and purified TLR5 protein was obtained.

Analysis of ligand binding kinetics was performed on a BIAcore S200 SPR instrument (GE Healthcare, USA) according to methods reported previously (24). In brief, TLR5 protein was immobilised onto the SA sensor chip surface. FlaB mutant proteins were injected into wells at a flow rate of 30 μL/min in PBS-P running buffer. After 5 min of dissociation, TLR5 and bound analytes were removed by a 60 s wash with 10 mmol/mL glycine-HCl at a flow rate of 30 mL/min. After subtraction of appropriate controls, data were analysed by fitting to a 1:1 Langmuir binding model using the BIAcore S200 evaluation software.




Results


In Vitro Analysis of Flagellins in Infection

To gain insight into the functions of flagellins, we expressed and purified the flaA−E and investigated their effects on cell apoptosis and necrosis. All five flagellins were shown to be capable of inducing apoptosis and necrosis in FICEs in a time-dependent manner through the observation of cells at 0, 30, 60, 120 and 150 min (Figure 2). After the final incubation at 28°C for 150 min, the flaB markedly increased early (Annexin V+/P-) and late (Annexin V+/PI+) apoptosis rates to 10.3 and 81.8, respectively. Among the flagellins, flaB was ranked most effective at inducing cell apoptosis (92.1%), followed by flaA and flaE (59.2% and 45.1%, respectively). Cell apoptosis induced by flaC and flaD showed the same trend, albeit with lower rates of 29.7% and 27.7%, respectively. Overall, here was a notable difference in the sensitivity of FICEs to different flagellins, and flaB was the most capable of inducing apoptosis.




Figure 2 | In vitro dynamic monitoring of FIECs infected with flagellins by flow cytometry. The flaA (A), flaB (B), flaC (C), flaD (D) and flaE (E) genes were separately added into FIECs. At definite time intervals of 30, 60, 120 and 150 min, cells were collected, stained with Annexin V-fluorescein and PI, and analysed by flow cytometry. LL, living cells; LR, early apoptotic cells; UR, late apoptotic cells; UL, necrotic cells.



Following cell apoptosis analysis, expression of TLR5, IL-8 and TNF-α was measured. As shown in Figure 3, all five flagellins increased the expression of TLR5 significantly and in a time-dependent manner. After incubation for 120 min, flaB -induced TLR5 expression was more significant than that of other flagellins (p <0.05). Similar to TLR5 gene expression, secretion levels of IL-8 and TNF-α proteins from FICEs were increased significantly after infection with flagellins (p <0.05). Significantly higher production of IL-8 was observed in the flaB treatment group than the other flagellin groups. Unlike other groups, IL-8 expression in the flaE treatment group increased significantly at 30 min, peaked at 60 min, and decreased significantly at 120 min (p <0.05). Except for flaD, TNF-α expression varied in a time-dependent manner after treatment with flagellins; flaB and flaE had the strongest stimulatory effects on the expression of TNF-α (p <0.05), and there was no significant difference between these two groups.




Figure 3 | TLR5, IL-8 and TNF-α expression in cultured FIECs after addition of flagellins. Cells were exposed to flaA, flaB, flaC, flaD and flaE for 30, 60 and 120 min. After incubation, cells were harvested for quantitative real-time PCR to determine TLR5 expression levels. Supernatants were collected and TNF-α and IL-8 concentrations in the supernatant were measured by ELISA. Results are means ± standard errors of the means for three independent experiments. Different lowercase letters indicate significant differences between different time points within the same treatment.





In Vivo Analysis of Infection

Among the five flagellins, flaB was the most capable of inducing TLR5-meditated inflammatory responses, hence we knocked out the flaB gene in V. anguillarum and tested the infection ability of the mutant to explore the function and mechanism of flaB. A time course of TLR5 expression was performed by real-time PCR in FICEs after treatment with the flaB mutant. As shown in Figure 4, significantly lower expression of TLR5 was observed in the mutant group in comparison with the wild-type group at all time points. However, in the in vivo experiment, only at 48 h of exposure to bacteria were TLR5 mRNA expression levels in the mutant group lower than in the wild-type group; at other time points levels were comparable in the two groups.




Figure 4 | Analysis of TLR5, IL-8 and TNF-α expression in response to V. anguillarum and its mutant challenge. Time-lag experiments were performed to explore in vitro (A–C) and in vivo (D–F) infection with bacteria. The production of IL-8 and TNF-α proteins was measured by ELISA, and mRNA expression levels of TLR5 were measured by real-time PCR. Different lowercase letters indicate significant differences between different time points within the same treatment. * indicate significant differences between the two groups at the same time point.



Following analysis of TLR5 expression, production of IL-8 and TNF-α was evaluated (Figure 4). The results showed that expression of IL-8 at 60 min and TNF-α at 30 min was significantly lower in the mutant group than in the wild-type group in in vitro experiments. However, in in vivo experiments there was no significant difference in IL-8 and TNF-α protein abundance between the two groups. The reason for the inconsistent in vivo and in vitro results might be because the fish gut microbiome is a complex ecosystem that can mediate interaction of the fish host with V. anguillarum. Therefore, we conducted TEM examination of intestinal mucosal samples. As shown in Figure 5, the intestinal mucosa in the control group remained intact, the epithelium was normal, and the columnar epithelium in the mucosa had an ordered arrangement. However, in wild-type and mutant V. anguillarum treatment groups, microvilli on the surface of epithelial cells of the intestine were sparse or distributed irregularly, the mucosal folds were flattened, and the mucosa layer was thin. Overall, there was little difference between the two treatment groups in terms of changes in the intestinal mucosal structure.




Figure 5 | Electron microscopic structure of the intestine epithelium of silver pomfret juveniles fed with δflaB mutant and wild-type strains. (A) Controls. (B) Wild-type treatment. (C) δflaB mutant treatment. MF, mucosal folds. Arrows indicate the epithelium layer.





Native PAGE and Size Exclusion Chromatography Analyses

To confirm that flaB -mediated TLR5 activation occurs through direct interaction between flaB and erTLR5, the formation of the flaB -erTLR5 complex was monitored by native PAGE. As shown in Figures 6A, B, flaB and erTLR5 proteins were expressed and purified, and further validated by western blotting (Figures 6C, D). In the native PAGE analysis, flaB altered erTLR5 mobility, and the mobility shift was complete at a molar ratio of 1:1 (Figure 6E). These results imply a relatively strong interaction between flaB and erTLR5.




Figure 6 | Native PAGE analysis of the direct interaction between flaB and erTLR5. FlaB (A) and erTLR5 (B) production was assessed by SDS-PAGE. FlaB (C) and erTLR5 (D) proteins were further validated by western blotting. Lane M, markers; lane 1, empty plasmid control; lane 2, no IPTG control; lane 3, inclusion bodies; lane 4, supernatant; lane 5, purified protein. (E) Native PAGE (upper panel) and size exclusion chromatography (lower panel) reveal the formation of a 1:1 erTLR5-flaB heterodimer.





Fluorescence Observations

In order to observe the flaB -induced expression of TLR5 protein directly, GFP was used to label erTLR5. As shown in Figure 7A, GFP was expressed in the cytoplasm in the empty plasmid transfection group. In the erTLR5-pEGFP-N2 transfection group, GFP fluorescence was observed on the cell surface of ZF4 cells (Figure 7B), indicating that TLR5 protein was efficiently transported to the plasma membrane. Because TLR5 is a Type I membrane protein, GFP-erTLR5 proteins can be transported to the cell membrane, consistent with our observations. Furthermore, our results showed that treatment with flaB induced the expression of GFP-erTLR5 protein (Figure 7C), which further demonstrated an interaction between flaB and TLR5.




Figure 7 | Observation and analysis of enhanced GFP-erTLR5 expression induced by flaB in ZF4 cells using LSCM. (A) Transfection of empty plasmid (pEGFP-N2). (B) Transfection of erTLR5-pEGFP-N2. (C) FlaB treatment. Left, staining with DAPI; middle, GFP-erTLR5; right, merge of the two images.





Yeast Two-Hybrid Analysis

Yeast two-hybrid screening methods are an effective means for the detection of protein-protein interactions. Therefore, yeast two-hybrid analysis was conducted to determine if the TLR5 protein interacts directly with flaB. As shown in Figure 8, yeast transfected with pGADT7-flaB and pGBKT7-erTLR5 vectors could be grown on SD/–Leu/–Trp plates, indicating the successful co-transformation of the AH109 yeast strain. Additionally, growth on SD/–Ade/–His/–Leu/–Trp and SD/–Ade/–His/–Leu/–Trp/X-α-Gal medium plates (blue clones) indicated a direct interaction between flaB and erTLR5 (Figure 8).




Figure 8 | Yeast-two-hybrid screening for interaction between flaB and erTLR5. First column, SD-Leu-Trp medium; second column, SD/–Ade/–His/–Leu/–Trp medium; third column, SD/–Ade/–His/–Leu/–Trp/X-α-Gal medium. Fist line, positive control; second line, negative control; third line, self-activated control; fourth line, experimental group.





The Binding Interface of the flaB -TLR5 Complex

We docked flaB and TLR5 proteins, and took the highest I_sc (interface score) as representative of binding between TLR5 and flaB. I_sc can be used to describe the strength of the interaction between two proteins, and I_sc generally ranges from -2 to -10. Our results showed that the I_sc of the final docking result was -9.561, which confirmed that the TLR5- flaB complex was compatible in terms of shape and energy.

As shown in Figure 9, we analysed hydrogen bonds between the binding sites of TLR5 and flaB. The binding area includes two main regions (Interface A and Interface B) located in the middle part and N-terminus of the TLR5 protein structure, respectively. The amino acid residues involved in binding between flaB and TLR5 are shown in Table 3. Most of the amino acids that interact with each other can do so via hydrogen bonds, indicating that hydrogen bonds play important roles in TLR5 recognition of flaB. In addition, we speculate that hydrophobic amino acids on the interface may further enhance the interactions between flaB and TLR5.




Figure 9 | The binding model of flaB and TLR5 protein docking. (A) TLR5 is shown in cyan ribbon representation and flaB is shown in grey ribbon representation. Amino acid residues involved in the interaction between TLR5 and flaB are shown in purple and blue ribbons, respectively. The green dotted line represents hydrogen bonding between the two proteins. (B) The TLR5 surface (grey). Amino acid residues of flaB are colored blue, and amino acids of TLR5 that interact with flaB are colored yellow. (C) Amino acids involved in protein interactions.



In order to better understand the flaB -TLR5 interaction, the binding interfaces and interacting amino acids in Interface A and Interface B are shown in Figure 9. The amino acids from flaB and TLR5 interact via numerous hydrogen bonds and hydrophobic interactions (Figure 9C), resulting in a strong affinity between the two proteins. According to the results of protein docking, it can be inferred that the mechanism of flaB - induced activation of TLR5 may involve flaB binding to TLR5, which leads to TLR dimerisation and conformational changes, resulting in signal transduction.



Site-Directed Mutagenesis and Expression and Purification of flaB Mutant Proteins and TLR5

To identify the predicted functional domains in flaB, we performed site-directed mutagenesis and SPR experiments. Firstly, we performed site-directed mutagenesis of amino acids predicted to be involved in TLR5- flaB interactions. The TLR5 and flaB mutant proteins were successfully expressed and purified using a prokaryotic expression system. Distinct bands with molecular masses of ~39.5 kDa (Figure 10A) and ~64.4 kDa (Figure 10B) were observed, consistent with the predicted molecular masses of flaB and TLR5.




Figure 10 | SDS-PAGE analysis of TLR5 and flaB mutant proteins. Lane M: protein molecular standard (kDa). (A) FlaB mutant proteins. (B) TLR5 protein. Lane M, protein molecular standards (kDa).



Our enhanced SPR assay was then applied to assess the impact of the various flaB profiles (F1−F14 mutants) upon binding to TLR5. As shown in Figure 11 and Table 4, Kd values of F1, F2, F4 and F12 decreased, while Kd values of the other flaB mutants increased, compared with wild-type controls. Kd values of F7, F5, F14, F3, F9, F11 and F13 increased by 21.8-, 14.1-, 8.3-, 7.9-, 4.4-, 3.9- and 2.2-fold respectively compared with controls, indicating that amino acids D152, D94, I324, N87, R313, N320 and H316 play key roles in the spatial interaction between flaB and TLR5.




Figure 11 | Influence of flaB gene site mutation upon binding to TLR5. Multiple concentrations of the indicated flaB mutant and wild-type proteins were passed over TLR5 immobilised on the surface of the SA sensor chip. The binding response is shown as response units (RU) and was assessed at a flow rate of 30 µL/min at 25°C.




Table 4 | Calculated dissociation constant (Kd) values flaB mutants binding to TLR5 protein inferred by SPR.






Discussion

V. anguillarum is one of the most serious pathogenic bacteria affecting global aquaculture of various fish species. Due to its high morbidity and mortality rates, a substantial amount of research has been carried out to elucidate the virulence mechanisms of this pathogen, and to develop rapid detection techniques and effective disease-prevention strategies (25). It is well known that the flagella of pathogens are important for both bacterial motility and virulence. Furthermore, flagella are novel and effective adjuvants for vaccines (12, 26). However, to our knowledge, few studies have focused on the flagella of V. anguillarum. In the present study, constructs of flagellin gene deletion mutants revealed the roles of flagellin proteins in V. anguillarum infection. Additionally, interactions between flagellin proteins and TLR5 were comprehensively explored at the protein structure level.

Importantly, flagellins are usually species-specific (27), and there are significant differences in the immune properties of flagellins from different bacterial sources (28). Even from the same bacteria, the immunogenicities of different flagellins can differ markedly (29). Flagellins do not contribute equally to the virulence of pathogenic bacteria. Thus, in order to obtain a clearer picture of the roles of flagellins in V. anguillarum, their immune characteristics should be thoroughly investigated. In the present study, in vitro experiments showed that flaB induced the strongest immune response among the flagellins. Studies by Gonzalez-Stegmaier et al. (2019 and 2021) reported similar findings (16, 30). However, these previous studies did not delve further into the immune function mechanisms of flaB, hence further research is required to deepen our understanding in this area.

Knocking out flagellin genes can reduce bacterial pathogenicity, but it may also promote infection (31). Although flagellins contribute to intestinal inflammation by activating TLR5, the absence of flagellins in pathogenic bacteria can assist their ability to escape from the animal tract by avoiding triggering the proinflammatory response during invasion, thus favouring the development of systemic infection (32). Our in vitro experiments showed that deletion of flaB significantly decreased V. anguillarum-induced expression of TLR5, IL-8 and TNF-α. It has been reported that mutants of some flagellins have little or no effect, and only by deletion of the most influential components can bacterial infectivity be reduced (29). Based on our current experimental data and other studies, we can conclude that flaB is an important virulence factor. However, in vivo experiments showed that the flaB mutant displayed similar immune characteristics to the wild-type strain. We speculate that the inconsistency between in vivo and in vitro results might be due to the complexity of fish gut microbes. A large number of diverse microorganisms live in the gut of fish and other animals, and these microorganisms can work together with the host to fight against the invasion of pathogenic bacteria to maintain the stability of the living environment (33). Thus, commensal microbes may help the fish host alleviate immune stimulation caused by flaB during infection with V. anguillarum.

FlaB-induced TLR5 expression was visualised directly using fluorescent labelling, which confirmed that flaB induced TLR5 activation. Additionally, for the first time, we confirmed the interaction effects between flaB and TLR5 using native PAGE and yeast two-hybrid analysis. It is almost certain that flaB binds directly to TLR5 expressed on cultured cells, which consequently induces cytokine expression. Many studies have proved that TLR5 recognises flagellins via the extracellular domain, which leads to the expression of a variety of genes. However, due to variation in the sequences and domains of flagellins, flagellins from diverse bacterial species use different TLR5 recognition mechanisms (34). For activation, the receptor must undergo a ligand-induced conformational change (27). In the present study, we aimed to identify the specific ligand-binding sites on the surface of ligand-receptor complexes. Through a detailed examination of our refined docking model and its experimental validation using point mutants, we identified flaB residues at two different interfaces that are important for flagellin recognition, and are therefore candidates for participation in an extended TLR5 interaction site.

Successful vaccine preparations have to properly activate immune cells to induce a long-term memory protective immunity. Together with antigens of pathogen, adjuvants strongly contribute to the effectiveness of a vaccine. A number of studies have clearly demonstrated that that flagellin is a strong candidate for an engineered vaccine scaffold as it is known to provide adjuvant activity through its TLR5 and inflammasome activation (35, 36). So far, flagellin has been developed as an important versatile adjuvant applicable to wide spectrum of vaccines and immunotherapies adjuvant with great success (37, 38). It is generally known that V. anguillarum is a highly pathogenic bacterium of aquatic species worldwide, hence its flagellins could be actively explored as vaccine adjuvants and carriers. Compared to other flagellins, flaB has the strongest immunostimulatory activity, thus flaB is recommended for adjuvanted vaccines in order to strengthen the efficacy of the vaccine. The flaB adjuvants might allow more effective flagellin-based vaccines to enter clinical trials.

It is widely accepted that as an adjuvant, flagellin can help induce more potent antigen-specific immune response. However, if the functional domains of flagellins are disrupted during vaccine adjuvant production, their immunity effects may be lowered or lost (39). Therefore, structure-guided fusion-protein design using flagellin as vaccine adjuvant has been one of the research hotspots in the world scope (36). That makes it possible to avoid destroying the functional area of flagellin in the process of vaccine preparation, so as to ensure the efficacy of the vaccine (40). Therefore, the study of functional structure of flaB has important practical significance. In this study, according to the results of molecular simulations, SPR assays were further performed to determine the binding affinity between TLR5 and flaB mutant proteins generated by site-directed mutagenesis, and we identified several key amino acid residues that mediate binding of flaB to TLR5, which might be important for exploitation and utilization of flagellins from V. anguillarum (41). In order to effectively prevent and control V. anguillarum, development of effective vaccines is paramount, and our current research on the functional domains of flagellins will contribute toward the development of innovative vaccines against V. anguillarum.

In summary, we present the first comprehensive and in-depth study of flagellins in V. anguillarum. We performed flow cytometry, PCR and ELISA to compare the immunostimulatory effects of different flagellins in V. anguillarum, and flaB displayed the strongest ability to induce apoptosis and inflammatory responses. To further dissect the functions of flaB in infection, we constructed a flaB deletion mutant using a two-step recombination technique and found that this mutant exhibited dramatically decreased virulence in FICEs in in vitro experiments. Through native PAGE, yeast two-hybrid and fluorescence analyses, we further confirmed the physical interaction between flaB and TLR5. Finally, we analysed the functional domains and key amino acids, and revealed the roles of these amino acids in interactions between flaB and TLR5 using site-directed mutagenesis and SPR analyses. Our results help to reveal the properties of bacterial flagellins, and provide a basis for development of vaccines.
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Intestinal microbiota (IM) dysbiosis contributes to the development of autoimmune hepatitis (AIH). This study aimed to investigate the potential effect of fecal microbiota transplantation (FMT) in a murine model of experimental AIH (EAH), a condition more similar to that of AIH patients. Changes in the enteric microbiome were determined in AIH patients and EAH mice. Moreover, we established an experimental model of secondary EAH mice harboring dysbiosis (ABx) to analyze the effects of therapeutic FMT administration on follicular regulatory T (TFR) and helper T (TFH) cell imbalances and IM composition in vivo. Alterations of the IM composition and bacterial translocation occurred in AIH patients compared to nonalcoholic fatty liver disease patients and healthy controls (HCs). Therapeutic FMT significantly attenuated liver injury and bacterial translocation and improved the imbalance between splenic TFR cells and TFH cells in ABx EAH mice. Furthermore, therapeutic FMT also partially reversed the increasing trend in serum liver enzymes (ALT and AST) of CXCR5−/−EAH mice on the 28th day. Finally, therapeutic FMT could effectively restore antibiotic-induced IM dysbiosis in EAH mice. Taken together, our findings demonstrated that FMT was capable of controlling hepatitis progression in EAH mice, and the associated mechanism might be involved in the regulation of the TFR/TFH immune imbalance and the restoration of IM composition.




Keywords: fecal microbiota transplantation, TFR cells, TFH cells, AIH, EAH



Introduction

Autoimmune hepatitis (AIH) is a chronic, progressive, and immunologically mediated inflammatory liver disease (1, 2). At present, the pathophysiology of AIH is not fully unknown. Several hypotheses have been proposed that genetic susceptibility with environment factors led to the breakdown of the hepatic immune homeostasis (3), which in collaboration induce follicular helper T (TFH) cell immune-mediated necroinflammation and tissue destruction of the liver (4, 5). Our previous study also confirmed that TFH cell has been detected in the peripheral circulation, and the excessive activation of TFH cells are associated with hypergammaglobulinemia, which accelerated the immunopathological process of AIH (6). In addition, our own previous work demonstrated that follicular regulatory T (TFR) cell could inhibit the secretion of autoantibody by indirectly inhibiting the activation of TFH cells via the coreceptor CTLA-4. Further research found that dysregulation between TFR and TFH cells might cause excessive production of autoantibodies and destruction of the immune homeostasis, leading to the immunopathological process in AIH, suggesting that reversing the disorder between TFR and TFH cell will provide new perspectives for the treatment of AIH (6). However, recent research found that the defensive mechanism maintaining the hepatic immune homeostasis mainly depended on the intestinal microbiota (IM) and their metabolic byproducts constituting a reservoir of foreign antigens (7–10). This intimate relationship existing between the gut and liver was called “gut–liver axis”, which played a critical role in the pathogenesis initiation and progression of many types of liver diseases (11–13). There was evidence that alterations in the composition of the intestinal microbiome (dysbiosis) were found in AIH, including a reduction in microbial diversity and a reduced number of anaerobes such as Bifidobacterium and Lactobacillus (7). Furthermore, germ-free mice are resistant to concanavalin A (ConA)-induced liver injury (14), further confirming the necessity of IM in the initiation of AIH. Therefore, remodeling the homeostasis between the host and intestinal microorganisms and reversing the disorder between TFR and TFH cell will provide new perspectives for the treatment of AIH.

Corticosteroids and immunosuppressants are the main therapeutic methods for alleviating symptoms and prolonging life in AIH patients (15). Although the efficacy of these therapy are satisfactory in most patients, 10%–20% of cases with AIH still progress to end-stage liver disease and require liver transplantation (16). Furthermore, side effects of the drug—such as moon face, central obesity, and osteoporosis—might severely interrupt patients’ quality of life (17). Therefore, the development of new safe and effective therapies is an urgent need for patients with AIH.

Fecal microbiota transplantation (FMT) is a treatment method in which the functional bacteria from a healthy donor feces is transferred into another patient’s gastrointestinal tract through different routes of administration, so as to reconstitute of a healthy microbial ecosystem in the gut (18, 19). The initial purpose of FMT is used to treat intestinal-associated diseases, such as refractory and recurrent Clostridium difficile infections (CDI) (20). Lately, therapeutic application of FMT can improve insulin sensitivity in patients suffering from metabolic syndrome (21). Furthermore, recent studies have suggested that FMT can increase intestinal microbial diversity and modulate intestinal immune response towards control of intestinal inflammation in patients with inflammatory bowel disease, such as ulcerative colitis (UC) (22). Specifically, a recent study showed supplement sodium butyrate, a metabolite of intestinal flora, attenuated liver injury and prevented migration of intestinal pathobionts into the liver in a mouse model of AIH (10). Moreover, FMT can increase the concentration of intestinal butyrate (23). Taken together, these studies indicate that FMT may be a promising method for managing AIH. However, whether FMT can control hepatitis progression of AIH or not requires further research.

Here, the present ongoing study aims to evaluate whether FMT regulate TFR/TFH cell disorders and affect colonization of intestinal flora, so as to clarify the beneficial mechanism of action of FMT in AIH.



Materials and Methods


Participants

A total of 32 newly diagnosed patients with AIH were enrolled into this study at the Department of Inpatient Clinic of the Department of Gastroenterology, the First People’s Hospital of Changzhou. According to the international criteria for the definitive diagnosis of AIH type I (3), all patients were diagnosed in an active disease state, as defined by an alanine aminotransferase (ALT) value or aspartate aminotransferase (AST) value >50 U/ml. Individuals were excluded if she/he had a history of another autoimmune disease, recent infection, or received immune suppressive or glucocorticoid therapies within the past 6 months. For comparison, another 20 age-, gender-, and ethnicity-matched nonalcoholic fatty liver disease (NAFLD) patients without other disease and 20 age-, gender-, and ethnicity-matched healthy controls (HCs) without any disease were recruited from the Department of Medical Examination Center of the First People’s Hospital of Changzhou during the same period. An informed consent was written from individual participants, and the experimental protocol was approved by the Ethical Committee of the First People’s Hospital of Changzhou.



Clinical Index Assay

The clinical data of each subject were collected from the hospital records. These data included age, sex, and laboratory tests. Individual subjects were subjected to routine laboratory tests for full blood cell counts, and the concentrations of total bilirubin (TBIL), albumin (ALB), IgG, IgM, IgA, and antinuclear and smooth muscle antibody (ANA/SMA) by a biochemistry automatic analyzer (Roche Diagnostics, Branchburg, USA) and scattered turbidimetry on a Siemens special protein analysis instrument (Siemens Healthcare Diagnostics Products, GmbH, Germany).



Animals

Specific pathogen-free (SPF)-class female C57BL/6 mice (6–8 weeks of age, 18–22 g) and CXCR5-deficient (CXCR5−/−) mice (6 weeks of age, 16–20 g) were obtained from Nanjing Experimental Animal Center (Jiangsu, China). All animal experiments had been approved by the Laboratory Animal Ethics Committee of the First People’s Hospital of Changzhou, and the Guide for the Care and Use of Laboratory Animals were observed.



Induction of Experimental Autoimmune Hepatitis (EAH)

According to the previously mature method of establishing autoimmune hepatitis (EAH) mouse model (5, 6), owning to AIH occurring more frequently in women, SPF class female C57BL/6 mice were selected and induced into EAH model mice, a condition more similar to that of AIH patients. Liver antigens were always prepared freshly as described previously from C57BL/6 female mice after perfusion of livers with phosphate-buffered saline (PBS). Livers were homogenized on ice, and the nuclei and remaining intact cells were centrifuged at 150g for 10 min. Subsequently, the supernatants were centrifuged for 1 h at 100,000g, and the remaining supernatants were used for immunization (called S100). Induction of experimental EAH was achieved by intraperitoneal injection of the mice with freshly prepared S-100 antigen at a dose of 0.5–2 mg/ml in 0.5 ml PBS that had been emulsified in an equal volume of complete Freund’s adjuvant (CFA) on day 0. A booster dose was given on day 7 as well (5, 6, 20). Disease severity was assessed histologically on day 28 when the peak of disease activity was observed. Disease severity was graded on a scale of 0–3 by a researcher who was blinded to the sample identity, as follows: grade 0, none; grade 1, mild–scattered foci of lobular-infiltrating lymphocytes; grade 2, moderate–numerous foci of lobular-infiltrating lymphocytes; and grade 3, severe–extensive pan-lobular-infiltrating lymphocytes.



Mouse Model of Intestinal Dysbiosis Induced by Ceftriaxone Sodium

In order to counteract physiological colonization resistance, secondary mice harboring IM dysbiosis were generated as described previously (24). In brief, secondary EAH mice harboring dysbiosis (ABx) were administered 0.2 ml of ceftriaxone sodium (400 mg/ml) orally twice a day at an interval of 6 h for 7 days.



Fecal Microbiota Transplantation

In brief, 50 g of fresh murine fecal samples was collected from 10 age- and sex-matched SPF-class C57BL/6 mice, pooled, dissolved in 250 ml sterile PBS, and the supernatant used as murine donor suspension under anaerobic conditions. Anesthetized EAH mice were treated with 0.3 ml of murine donor suspension via anus. Mock control mice were treated with 0.3 ml of PBS via anus.



Histological Evaluation

Liver tissues from sacrificed animals were fixed with 4% (v/v) PFA, dehydrated through a graded series of sucrose, frozen in an optimal cutting temperature (OCT) compound (Tissue TCK, Miles Elkhart, IN, USA), and stored at −80°C. Five-micrometer cryostat sections were stained with hematoxylin and eosin (HE) to reveal and estimate the degree of inflammatory cell infiltration. Liver histology of EAH mice was scored using light microscopy and a modified Scheuer scoring scale, assigning scores for lobular inflammation (0, none; 1, mild-scattered foci of lobular-infiltrating lymphocytes; 2, moderate–numerous foci of lobular-infiltrating lymphocytes; and 3, severe–extensive pan-lobular-infiltrating lymphocytes).



Flow Cytometric Analysis

Spleen mononuclear cells (SMNCs) were isolated from EAH mice by density-gradient centrifugation using Ficoll–Paque Plus (Amersham Biosciences, Little Chalfont, UK). To detect TFR/TFH cell subsets, SMNCs (1 × 106/tube) were stained with BV510-anti-CD4 (0.2 mg/ml), PerCP-Cy5.5-anti-CXCR5 (0.1 mg/ml), and FITC–anti-GITR (0.1 mg/ml) in the dark at 4°C for 30 min. After being washed with PBS, the frequency of CD4+CXCR5+GITR+TFR and CD4+CXCR5+GITR-TFH in EAH mice were determined by flow cytometry analysis (LSR II Instrument BD Biosciences). The cells were gated on living lymphocytes and then gated on CD4+CXCR5+ T cells, and at least 20,000 events were analyzed by FlowJo software (v5.7.2).



Enzyme-Linked Immunosorbent Assay

The concentrations of serum lipopolysaccharide (LPS) in AIH patients and the concentrations of serum endotoxin (ET) and diamine oxidase (DAO) in EAH mice were determined by ELISA. The levels of cytokines in the supernatant of normalized hepatic tissue weight (mice) were measured by ELISA using commercially available interleukin-10 (IL-10), transforming growth factor beta 1 (TGF-β1), and IL-22 ELISA kits (Boster, Wuhan, China) according to the manufacturer’s instructions.



Real-Time PCR

Total RNA was acquired from the hepatic tissue at each time point from EAH mice. The expressions of transcriptional repressor Foxp3 and IL-21 were then measured through real-time quantitative RT-PCR. Total RNA was extracted from the hepatic tissue using the acid guanidinium thiocyanate-phenol-chloroform method. Total RNA of 2 μg was reverse transcribed with hexamer and M-MuLV reverse transcriptase (New England Biolabs, Ipswich, MA) according to the manufacturer’s instructions (R&D Systems). cDNA corresponding to 25 ng of total RNA was subjected to quantitative PCR (qPCR) using primer sets and TaqMan probes corresponding to murine Foxp3 and IL-21 with qPCR Mastermix. All estimated messenger RNA (mRNA) values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels. The sequences of the primers and TaqMan probes were as follows:

FOXP3, forward: 5′-ATGGAGTCTGCAAGTGGCCT-′3; reverse: 5′-TCTGCTTGGCAGTGCTTGAG-′3

Probe sequences, 5′-ACTCTTCTGGTCCTCGAAGACCTTCTCA-′3

IL-21, forward: 5′-AAGATTCCTGAGGATCCGAGAAG-′3; reverse: 5′-GCATTCGTGAGCGTCTATAGTGTC-′3

Probe sequences, 5′-TTCCCGAGGACTGAGGAGACGCC-′3

GAPDH, forward: 5′-GCTCTGGCTCCTAGCACCAT-′3; reverse: 5′-GATCCACACAGAGTACTTGCGC-′3

Probe sequences, 5′-AGATCAAGATCATTGCTCC-′3

Cycling conditions were 95°C for15 s, 95°C for 15 s, and 95°C for 15 s.



Real-Time PCR of Intestinal Microbiome

Total DNA in fecal pellets of EAH mice was isolated using the QIAamp fast DNA stool mini kit (Qiagen) following the manufacturer’s protocol (R&D Systems). Moreover, the target bacteria 16S rRNA were amplified by using specific primers and a thermocycler PCR system (GeneAmp 9700, ABI, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR) primers were used for amplification:

Bifidobacterium, forward: 5′-TCTGGCTCAGGATGAACGC-′3; reverse: 5′-CACCGTTACACCGGGAATTC-′3

Lactobacillus, forward: 5′-TGGAAACAGRTGCTAATACCG-′3; reverse: 5′-GTCCATTGTGGAAGATTCCC-′3

Clostridium leptum, forward: 5′-GCACAAGCAGTGGAGT-′3; reverse: 5′-CTTCCTCCGTTTTGTCAA-′3

Escherichia coli, forward: 5′-CGGACTTTCTGCGTGCTAAGA-′3; reverse: 5′-CAATTGGATTTTTGACTTCTG-′3

Cycling conditions were 95°C for 15 s; 60°C for 1 h, 60°C for 30 s, and 95°C for 40 s.



Statistical Analysis

The difference between two independent groups was analyzed by the Kruskal–Wallis nonparametric test or Fisher’s exact test using the SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). A two-sided p < 0.05 was considered statistically significant.




Results


Intestinal Microbiota Dysbiosis in AIH Patients

To assess whether or not the intestinal flora has changed, 32 AIH patients, 20 NAFLD patients, and 20 healthy subjects were recruited. As summarized in Table 1, there were no significant differences in the distribution of age and gender among the different groups of patients. As expected, the levels of serum liver enzymes (ALT, AST, γ-GT, and ALP) and serum immunoglobulin (IgG, IgM, and IgA) were significantly higher in AIH patients than those in NAFLD and HC patients. Moreover, 23 of 32 patients had cirrhosis. Furthermore, the majority of patients with new onset AIH were seropositive for anti-ANAs and anti-SMA antibodies. These results indicate that AIH patient displayed active disease and hypergammaglobulinemia.


Table 1 | The demographic and clinical characteristics of subjects.



Next, the major enteric bacteria in the fecal samples were quantitatively analyzed using the real-time PCR method. The quantity of Bifidobacteria, Lactobacillus, Bacteroides, and C. leptum in AIH patients were significantly lower than those in the NAFLD patients and HCs, while the quantity of Escherichia coli in the AIH patients were significantly higher than those in the NAFLD patients and HCs (Figure 1A). We further assessed the presence of bacterial translocation and found that the levels of serum LPS in AIH patients were significantly higher than those in the NAFLD patients and HCs (Figure 1B). These results indicate that IM dysbiosis occurred in AIH and NAFLD patients but not in healthy control group.




Figure 1 | Changes in the enteric microbiome and serum LPS levels of AIH patients compared to NAFLD patients and controls. (A) The levels of fecal Bifidobacteria, Lactobacillus, Bacteroides, Escherichia coli, and Clostridium leptum l g copies/g wet feces (copies per gram of wet feces); (B) the levels of serum LPS. The data are presented as the mean ± SD. *p < 0.05.





Impaired Liver Function and Imbalance of TFR/TFH Cell Were More Serious in EAH Mice Harboring IM Dysbiosis

Next, we employed S100/FCA-induced EAH model treated with broad-spectrum antibiotics (ABx) to investigate the effects of IM dysbiosis on liver functions and TFR/TFH balance. Successful alterations of the IM composition was confirmed as described previously (24). Compared with the control group and the EAH group, ABx EAH mice had obvious liver injury evidenced by liver edema with a rising liver index and elevated serum levels of ALT, AST, and TBIL and decreased serum levels of albumin (Figures 2A–E). Splenocytes were collected from mice at each time point, and flow cytometry was performed to analyze the percentages of CD4+CXCR5+GITR+TFR and CD4+CXCR5+GITR-TFH cells (Figure 2F). We observed that CD4+CXCR5+GITR+TFR cells in the ABx EAH group significantly decreased on the days of post-EAH induction. On the other hand, CD4+CXCR5+GITR-TFH cells in the ABx EAH gradually increased from 7th to 14th days of post-EAH induction compared to the control group and the EAH group (Figure 2G). These results indicated that treatment with broad-spectrum antibiotics might not only induce IM dysbiosis but also aggravate liver inflammation and TFR/TFH cell disorder in EAH mice.




Figure 2 | Flow cytometry of TFR/TFH cells in SMNC. Fifteen mice (five from the EAH group, five from the ABxEAH group, and five from the control group) were killed at each time point (1, 7, and 14 days). (A) Representative histological picture of liver lesions in animals after standard induction of ABx-EAH, EAH, and controls on the 14th day (magnification, 200×); (B–E) the levels of serum ALT, AST, TBIL, and ANA in mice after standard induction of ABx EAH and EAH mice with S100 and control mice with PBS; (F) flow cytometry analysis of TFR and TFH cells from the spleen on the 14th day; (G) percentages of TFR and TFH cells at each time point from ABx EAH, EAH, and control mice were analyzed by FACS. The horizontal lines indicate the mean values of the different groups. *p < 0.05.





Therapeutic FMT Attenuated Liver Injury, Hypergammaglobulinemia, and Bacterial Translocation in EAH Mice Harboring IM Dysbiosis

To evaluate if FMT might exert beneficial effects in a chronic autoimmune-related liver inflammation similar to that observed in human AIH patients, ABx EAHs were subjected to murine fecal microbiota transplantation (mFMT) for 28 consecutive days starting at day 10 antibiotic treatment. Three days before mFMT transplantation, the antibiotic cocktail was replaced by autoclaved tap water (Figure 3A). During the course of the treatment, the elevated serum liver enzymes (ALT and AST) of FMT-treated ABx EAH and EAH group significantly decreased on the 7th, 14th, and 28th day compared with those in the control group (Figures 3B, C). The histological score was also similar among FMT-treated and untreated group (Figure 3D). In addition, the elevated serum IgG of FMT-treated ABx EAH and EAH group significantly decreased on the 28th day compared with those in the control group (*p < 0.05). Next, we further evaluated the effect of FMT on bacterial translocation and found that the serum ET and DAO of FMT-treated ABx EAH and EAH group significantly decreased on the 28th day compared with those in the control group (Figures 3E, F). Thus, our results showed that therapeutic FMT might attenuate liver injury and bacterial translocation in settings that more closely resemble human AIH pathology.




Figure 3 | FMT attenuated liver injury and bacterial translocation. (A) Experimental setup. Secondary EAH mice harboring dysbiosis (ABx) mice were generated by broad-spectrum antibiotic treatment for 7 days. Three days before FMT, the antibiotic cocktail was replaced by sterile tap water to guarantee antibiotic washout. ABx EAH mice were then subjected to FMT on 28 consecutive days; (B, C) serum ALT/AST levels; (D) histological score of liver lesions; (E) serum ET levels; (F) serum DAO levels. The horizontal lines indicate the mean values of the different groups. *p < 0.05.





Therapeutic FMT Regulated TFR/TFH Cell Imbalances in EAH Mice Harboring IM Dysbiosis

To evaluate the effect of FMT on the expression of TFR/TFH cell, we further examined the impact of therapeutic FMT administration on the frequency of CD4+CXCR5+GITR+TFR and CD4+CXCR5+GITR-TFH cells in the spleen tissue of ABx EAH and EAH group. We observed that CD4+CXCR5+GITR+TFR cells and TFR/TFH ratio in the FMT-treated ABx EAH and EAH group significantly increased, while TFH cells were significantly decreased on the 28th day compared with those in the control group (Figures 4A, B). Furthermore, our data also showed that the liver levels of IL-10, TGF-β, and FoxP3-mRNA on the 28th day of FMT administration were statistically higher in the ABx EAH and EAH group than in the control group. Conversely, the liver levels of IL-21 and IL-21 mRNA obviously decreased on the 28th day of FMT administration compared with those in the control group (Figures 4C–G). Taken together, these data indicated that therapeutic FMT might regulate TFR/TFH cell imbalances in settings that more closely resemble human AIH pathology.




Figure 4 | FMT-regulated TFR/TFH cell imbalances. Fifteen mice (five from the EAH group, five from the ABxEAH group, and five from the control group) were killed at each time point (1, 7, 14, and 28 days) after therapeutic FMT. (A, B) Percentages of TFR and TFH cells in SMNCs on the 28th day were analyzed. (C, D) The mRNA levels of FoxP3 and IL-21 on the 28th day were analyzed. (E–G) Liver IL-10, TGF-β, and IL-21 levels on the 28th day were analyzed. The horizontal lines indicate the mean values of the different groups. *p < 0.05.





Therapeutic FMT Attenuated Liver Injury in CXCR5−/−EAH Mice

To explore whether the role of FMT in controlling hepatitis progression was achieved by regulating TFR/TFH cell balance, we employed CXCR5-deficient mice, which failed to develop discrete primary follicles. We observed that the levels of serum liver enzymes (ALT and AST) were significantly higher in PBS-treated CXCR5−/−EAH group than those in the PBS-treated control group on the 28th day. Furthermore, our data also showed that the levels of serum liver enzymes (ALT and AST) did not significantly decrease until the 28th day in the FMT-treated CXCR5−/−EAH group but decreased significantly on the 7th day in the FMT-treated EAH group (Figures 5A, B). These data indicated that the FMT might control hepatitis progression by regulating TFR and TFH cell imbalances, but it is not entirely dependent on this pathway.




Figure 5 | FMT attenuated liver injury in CXCR5−/−EAH mice. (A, B) Serum ALT/AST levels progressively downregulated from 1 to 28 days in EAH and CXCR5−/−EAH mice after therapeutic FMT. The horizontal lines indicate the mean values of the different groups. *p < 0.05 vs. control+PBS/CXCR5−/−EAH+PBS/CXCR5−/−EAH+FMT; #p < 0.05 vs. control+PBS/CXCR5−/−EAH+FMT.





Therapeutic FMT Restored Antibiotic-Induced IM Dysbiosis in EAH Mice

To assess whether the reduction in liver damage in FMT-treated mice was associated with changes in the IM composition, fecal samples of untreated and FMT-treated mice were analyzed by the real-time PCR method. Compared with the control group, the quantitative amounts of Bifidobacterium and Lactobacillus were significantly increased, and Escherichia coli was significantly reduced on the 28th day in the FMT-treated group (Figures 6A–C). Furthermore, the quantitative amounts of C. leptum of the FMT-treated group did not differ from that of EAH group (Figure 6D). Taken together, these data indicated that the beneficial effects of FMT might originate from the functional reshuffling of the entire IM composition alterations towards anti-inflammatory activities.




Figure 6 | FMT restored antibiotic-induced IM dysbiosis. Fecal samples on the 28th day of untreated and FMT-treated EAH mice are analyzed by the real-time PCR method. (A) Amounts of fecal Bifidobacteria; (B) amounts of fecal Lactobacillus; (C) amounts of fecal Escherichia coli; (D) amounts of fecal Clostridium leptum. The horizontal lines indicate the mean values of the different groups. *p < 0.05.






Discussion

IM dysbiosis has been associated with the pathogenesis of many autoimmune diseases, such as and diabetes mellitus type 1 (T1DM), systemic lupus erythematosus (SLE), and inflammatory bowel disease (IBD) (25, 26). Besides, various studies have also provided evidence that the liver–gut axis play an important role in the pathogenesis of chronic hepatitis, such as NAFLD and primary biliary cirrhosis (PBC) (11–13, 27). In this study, our findings revealed that the IM was disordered in AIH patients undergoing an active state. These patients had fewer Bifidobacteria, Lactobacillus, and Bacteroides in their intestines, suggesting that these IMs might have a preventive role in the pathogenesis of AIH. These findings were consistent with some of the results of previous studies (7), but part of the difference were that these patients had fewer Escherichia coli in their intestines, indicating that Escherichia coli might have a negative effect in the pathogenesis of AIH. Conflicting results might be due to the uncontrolled effects of factors, such as environment and eating habits. Moreover, these inconsistencies are partly due to the methodological issues that include variations in sample size and use of different techniques for the determination of the IM composition. In addition, recent studies have reported that C. leptum were a risk factor for the development of various autoimmune diseases, such as pulmonary immunosuppression (28) and inflammatory bowel disease (29). However, the role of C. leptum in AIH is still unclear. Hence, we further found lower levels of C. leptum in the intestines of AIH patients, indicating that their absence might be related to the pathogenesis of AIH. More importantly, consistent with previous studies (7), our data showed a high expression level of serum LPS, which are a hallmark of bacterial translocation (30), suggesting that bacteria-derived LPS translocated into the bloodstream may contribute to the progression of liver damage and fibrosis (31). Taken together, these findings support the concept that AIH might be associated with IM dysbiosis and translocation of gut-derived microbial products into the systemic circulation.

Our previous study that established an experimental EAH model in mice with S100/FCA revealed obvious liver injury evidenced by liver edema with a rising liver index and elevated serum levels of ALT, AST, and TBIL similar to that observed in human AIH (5, 6). Furthermore, our study showed that TFR and TFH cells, which were important for the maintenance of immune tolerance (32), were dysregulated in EAH mice, which was consistent with our previous studies that imbalance of TFR-to-TFH ratios promoted the pathogenesis of EAH (6). More notably, IM dysbiosis by broad-spectrum antibiotic treatment resulted in more severe liver injury and TFR/TFH imbalance in EAH mice, which further confirmed previous findings that IM disorders might play an important role in the pathogenesis of AIH (7). Therefore, the reconstruction of IM balance through administration of FMT may be a potential treatment for AIH.

In this study, we found that the onset of AIH may be also related to IM alterations. In addition, the “gut–liver axis” was widely described in various chronic liver diseases, including AIH (10). Therefore, these studies supported this concept that FMT might be a promising treatment for AIH. Here, we found that histological score of liver lesions were altered in EAH mice, and serum levels of AST and ALT in EAH mice with and without antibiotics were restored upon therapeutic FMT. Moreover, the serum ET and DAO, which are hallmarks of bacterial translocation (30, 33), were also similarly improved in EAH mice upon therapeutic FMT. Taken together, our results suggested a potential role of FMT in the amelioration of hepatic inflammatory indexes and protection of gut barrier integrity in the development of AIH.

Given that TFR/TFH cell disorder might promote the progress of AIH (6), we found that ABx EAH mice treated with broad-spectrum antibiotics exacerbated the TFR/TFH imbalance. This possible underlying mechanism of microbiota change to TFR/TFH balance is attributed to the fact that elevated LPS, a metabolite of intestinal flora, activates Toll-like receptor 4 (TLR4)/MyD88 signaling pathway, which leads to the inhibition of TFR cells and the activation of TFH cells (25). We further set out to evaluate the effect of FMT on TFR/TFH cell balance in EAH mice. Our data demonstrated dynamically elevated TFR cells and decreased TFH cells in EAH mice with and without antibiotics, indicating that the restore of IM dysbiosis induced by FMT positively promoted immune tolerance through induction of TFR cell and suppression of TFH cell. Subsequently, we employed CXCR5-deficient mice to assess whether the role of FMT in controlling hepatitis progression was achieved by regulating TFR/TFH cell balance and found that FMT was able to improve liver inflammation in CXCR5-deficient EAH mice but later than EAH mice. Collectively, our findings indicated that FMT might control hepatitis progression by regulating TFR/TFH cell balance, but it was not entirely dependent on this pathway.

Next, we found changes in the levels of Bifidobacterium, Lactobacillus, Escherichia coli, and Clostridium leptum in EAH mice, which more closely resembles the clinical features observed in AIH patients (5, 6). These findings provide strong evidence supporting the correlation between IM dysbiosis and AIH (7). However, their dysbiosis in EAH mice were partially restored upon therapeutic FMT, indicating that FMT might be beneficial to reconstruct the composition of the intestinal flora in EAH mice.

Taken together, the presented data described the IM dysbiosis in AIH patients. In addition, our study also showed that FMT might control hepatitis progression by reversing TFR/TFH cell disorders and restoring the antibiotic-induced IM dysbiosis in EAH mice. These data revealed important information that FMT might be an effective method for the treatment of AIH. However, we recognized the limitations of our study, such as a relative small sample size, variable of water content in individual stools, and the lack of mechanism research of FMT regulating TFR/TFH cell balance in the pathogenesis of AIH. Hence, we are interested in further exploring the aggregate mechanism of FMT regulating TFR/TFH cell balance in the pathogenesis of AIH with a bigger population.
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Lacticaseibacillus casei Strain T21 Attenuates Clostridioides difficile Infection in a Murine Model Through Reduction of Inflammation and Gut Dysbiosis With Decreased Toxin Lethality and Enhanced Mucin Production
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Clostridioides difficile is a major cause of diarrhea in patients with antibiotic administration. Lacticaseibacillus casei T21, isolated from a human gastric biopsy, was tested in a murine C. difficile infection (CDI) model and colonic epithelial cells (Caco-2 and HT-29). Daily administration of L. casei T21 [1 × 108 colony forming units (CFU)/dose] for 4 days starting at 1 day before C. difficile challenge attenuated CDI as demonstrated by a reduction in mortality rate, weight loss, diarrhea, gut leakage, gut dysbiosis, intestinal pathology changes, and levels of pro-inflammatory cytokines [interleukin (IL)-1β, tumor necrosis factor (TNF)-α, macrophage inflammatory protein 2 (MIP-2), and keratinocyte chemoattractant (KC)] in the intestinal tissue and serum. Conditioned media from L. casei T21 exerted biological activities that fight against C. difficile as demonstrated in colonic epithelial cells by the following: (i) suppression of gene expression and production of IL-8, an important chemokine involved in C. difficile pathogenesis, (ii) reduction in the expression of SLC11A1 (solute carrier family 11 member 1) and HuR (human antigen R), important genes for the lethality of C. difficile toxin B, (iii) augmentation of intestinal integrity, and (iv) up-regulation of MUC2, a mucosal protective gene. These results supported the therapeutic potential of L. casei T21 for CDI and the need for further study on the intervention capabilities of CDI.
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INTRODUCTION

Clostridioides difficile, an anaerobic Gram-positive spore-forming bacillus (Kachrimanidou and Malisiovas, 2011), is one of the important causative organisms of diarrhea in hospitalized patients who receive antibiotics (Kelly et al., 1994b; Bartlett, 2002; Aslam et al., 2005). Clinical symptoms of C. difficile infection (CDI) vary from mild diarrhea (usually self-limited) to pseudomembranous colitis with severe sepsis (Mylonakis et al., 2001) and/or toxic megacolon (Kuehne et al., 2011). The pathogenesis of CDI is associated with antibiotic-induced gut dysbiosis that facilitates C. difficile colonization and toxin production (Mooyottu et al., 2017). Two protein exotoxins referred to as toxin A (TcdA) and toxin B (TcdB) are the major virulence factors contributing to CDI (Lyerly et al., 1988; Voth and Ballard, 2005; Kuehne et al., 2011). Binding of TcdA and TcdB to specific receptors on the surface of intestinal epithelial cells stimulates the secretion of several pro-inflammatory cytokines and chemokines (Hodges and Gill, 2010). Both toxins cause the loss of intestinal epithelial barrier function (gut leakage) by glucosylating Rho GTPases, which causes actin cytoskeleton rearrangement, tight junction disruption, and enterocyte cell death (Pothoulakis, 2000; Aktories and Barbieri, 2005; Jank and Aktories, 2008; Kuehne et al., 2011; Chen et al., 2015). In addition, binary toxin (C. difficile transferase, CDT) is observed in some C. difficile strains that cause severe CDI. This toxin is an ADP-ribosyltransferase that causes depolymerization of F-actin and rearrangement of the actin cytoskeleton (Gerding et al., 2014; Aktories et al., 2018).

The pathogenic effects of TcdA and TcdB have been studied extensively. Epithelial cells demonstrate a decrease in transepithelial electrical resistance (TEER) and an increase in paracellular permeability after toxin activation, indicating that C. difficile toxins disrupt gut tight junctions (Hecht et al., 1988; Nusrat et al., 2001; Zemljic et al., 2010). Toxin-activated intestinal epithelial chemotactic mediators, such as interleukin (IL)-8, cause an accumulation of neutrophils and lymphocytes (inflammatory colitis) and other clinical signs of infectious diarrhea (such as white blood cell in feces) (Viswanathan et al., 2009; Sun et al., 2010). CDI not only causes local intestinal inflammation but also induces systemic inflammation from gut leakage-induced bacteremia. Disruption of gut tight junctions also allows for the transfer of intestinal contents, including TcdA and TcdB from C. difficile, into the circulation, resulting in the activation of various immune cells in the bloodstream (Viswanathan et al., 2009; Sun et al., 2010). Subsequently, the activated immune cells systemically secrete several pro-inflammatory cytokines, which lead to systemic inflammatory responses and sepsis. In addition to bacterial factors, host factors also contribute to the severity of CDI. Notably, a previous report identified solute carrier family 11 member 1 gene (SLC11A1), which enhances TcdB lethality by the increased Rho GTPase glucosylation, and the suppression of SLC11A1 resulted in reduced toxin sensitivity. In addition, the up-regulation of SLC11A1 requires the RNA-binding protein HuR or human antigen R (encoded in HuR) to stabilize the mRNA (Feng and Cohen, 2013).

Probiotics are live microorganisms that, when administered in adequate amounts, confer a health benefit on the host (FAO and WHO, 2001; Hill et al., 2014). Probiotics have been a popular approach for the prevention and improvement of treatment efficacy of human diseases. Several meta-analyses suggest that probiotics, mainly Lactobacillus, are effective for preventing C. difficile-associated diarrhea (Ritchie and Romanuk, 2012; Goldenberg et al., 2017; Shen et al., 2017). It has been suggested that probiotic administration counteracts gut dysbiosis caused by antibiotics or infections (Reid et al., 2011), resulting in the restoration of gut microbiota diversity, which plays a crucial role in the prevention of CDI (Kachrimanidou and Tsintarakis, 2020). Specific strains of Lactobacillus spp. effectively inhibit the pathogenicity of C. difficile both in vitro (Banerjee et al., 2009; Trejo et al., 2010; Spinler et al., 2017) and in vivo (Leelahavanichkul et al., 2016) and secrete several anti-inflammatory substances that attenuate enterocyte injury from several insults (Boonma et al., 2014; Panpetch et al., 2016, 2018).

Despite a variety of probiotics, we speculated that indigenous probiotic strains derived from a specific population might be more suitable for a specific ethnic group. Accordingly, Lacticaseibacillus casei (formerly Lactobacillus casei) strain T21 isolated from a human gastric biopsy might be suitable for use as a probiotic for populations in Southeast Asia. An investigation of the effect of L. casei T21 on C. difficile infection in a mouse model and in colonic epithelial cells was conducted.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

L. casei strain T21 was obtained from the stock culture of the Department of Microbiology, Faculty of Medicine, Chulalongkorn University. Bacterial stock culture was maintained in deMan Rogosa Sharpe (MRS) broth (Oxoid, Hampshire, United Kingdom) containing 20% (vol/vol) glycerol at –80°C. L. casei T21 was cultured on MRS agar under anaerobic conditions using gas generation sachets (Anaero Pack-Anaero, Mitsubishi Gas Chemical, Japan) at 37°C for 48 h. C. difficile ATCC BAA1870 (ATCC, Manassas, VA, United States) was cultured anaerobically on Brucella agar (Becton Dickinson, France) supplemented with 5% (vol/vol) sheep blood at 37°C for 48 h.



C. difficile Infection Mouse Model and L. casei T21 Intervention

The experimental protocol in accordance with the US National Institutes of Health standards (NIH publication no. 85–23, revised 1985) was approved by the Institutional Animal Care and Use Committee of the Faculty of Medicine, Chulalongkorn University (SST006/2560). Male 8-week-old C57BL/6 mice were purchased from the Nomura Siam International Co., Ltd. (Lumphini, Pathumwan, Bangkok, Thailand). CDI mouse model as previously developed (Chen et al., 2008) and recently published (Panpetch et al., 2019) was performed with modifications. Briefly, 500 μL of the antibiotic cocktail (Sigma-Aldrich, St. Louis, MO, United States) containing gentamicin (3.5 mg/kg), colistin (4.2 mg/kg), metronidazole (21.5 mg/kg), and vancomycin (4.5 mg/kg) was administered by oral gavage twice a day from day –6 to day –4 before C. difficile infection (D-6–D-4) (Figure 1A). Mice were free from antibiotic administration for 2 days and received an intraperitoneal injection of a single dose of clindamycin (10 mg/kg) at 1 day before infection (D-1). After the treatment with antibiotics (ATB), mice were gavaged with either 0.5 ml of normal saline solution (NSS) in the ATB-administered uninfected group (ATB uninfected group; n = 12) or 1 × 1010 colony forming units (CFU) of C. difficile vegetative cells in 0.5 ml of NSS once daily for 2 days (D0 and D1) in the C. difficile group (n = 24). Mice were observed and monitored daily for weight, stool consistency, and survival until D7. Blood was collected through tail vein nicking for enumeration of bacteria at D2, D4, and D7. According to our pilot study, C. difficile-infected mice developed severe symptoms for 3 days, some succumbed to infection, and the survivors gradually recovered from CDI. At D3, mice from each group (n = 8) were then tested for gut leakage and sacrificed with cardiac puncture under isoflurane anesthesia for determining CDI severity by using serum pro-inflammatory cytokines as markers. The stool consistency was semi-quantitatively evaluated using the following scoring; 0, normal; 1, soft or loose; and 2, diarrhea, as previously published (Kim et al., 2012).
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FIGURE 1. Murine model of C. difficile infection. Mice in the antibiotic-administered uninfected group (ATB uninfected group; n = 12) and C. difficile-infected group (C. difficile group; n = 24) were used in the experiment as in the schematic presentation (A). The severity of C. difficile infection in mice is manifested by weight loss (n = number of mice/group or survivors) (B); stool consistency index (n = number of mice/group or survivors) (C); survival rate (D); bacteremia (n = number of mice/group or survivors) (E); gut leakage by serum FITC-dextran assay monitored at day 3 (n = 8) (F); and levels of serum pro-inflammatory cytokines IL-1β (G), TNF-α (H), KC (I), and MIP-2 (J) at day 3 (n = 8). *p < 0.05; #p < 0.001. FITC, fluorescein isothiocyanate; IL, interleukin; TNF, tumor necrosis factor; KC, keratinocyte chemoattractant; MIP-2, macrophage inflammatory protein 2.


For Lacticaseibacillus treatment in the CDI mouse model, mice were randomly divided into three groups: ATB uninfected group (n = 18), C. difficile-infected mice treated with NSS (NSS group; n = 24), and C. difficile-infected mice treated with L. casei T21 (T21 group; n = 20), which received 1 × 108 CFU of L. casei T21 in 0.5 ml of NSS once daily for 4 days from D-1 (started at 6 h after clindamycin injection), D0 and D1 (together with C. difficile), and D2 (Figure 2A). Mice were observed and monitored daily until D7 as described above. Feces were collected for microbiome analysis at D-6 for baseline and D-1 (before clindamycin injection and gavage with L. casei T21) as time of post-ATB administration. At D3, some mice from each group (n = 8) were tested for gut leakage and sacrificed for determining the parameters of CDI severity. Blood samples and cecal and ascending colonic tissues were collected for the assessment of cytokine levels, which represented systemic and local inflammation, respectively. Cecal and ascending colonic tissues were also used for histopathologic evaluation, while luminal content including feces in the cecum and colon were used for quantitation of C. difficile and microbiome analysis. All mice were sacrificed on D7 at the end of experiment.
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FIGURE 2. Lacticaseibacillus casei T21 effectively attenuated C. difficile-induced severity in mice. Mice were randomly assigned to three groups: ATB uninfected group (n = 18), NSS group (n = 24), and T21 group (n = 20) as described in the text and used in the experiment (A). The reduction of severity was demonstrated by survival rate (B); body weight (n = number of mice/group or survivors) (C); stool consistency index (n = number of mice/group or survivors) (D); gut leakage by serum FITC-dextran assay monitored at day 3 (n = 8) (E); and levels of serum pro-inflammatory cytokines IL-1β (F), TNF-α (G), MIP-2 (H), and KC (I) at day 3 (n = 8). *p < 0.05; **p < 0.001; #p < 0.05.




Mouse Sample Analysis

The pro-inflammatory cytokines as previously described (Leffler and Lamont, 2015), including IL-1β, tumor necrosis factor (TNF)-α, macrophage inflammatory protein 2 (MIP-2), and keratinocyte chemoattractant (KC), in serum and homogenized tissue of the cecum and colon were measured by an enzyme-linked immunosorbent assay (ELISA) (PeproTech, NJ, United States). For determining tissue pro-inflammatory cytokines, tissue samples (approximately 100 mg) were weighed and homogenized using an Ultra-Turrax homogenizer (IKA, Staufen, Germany) in 500 μL of phosphate-buffered saline (PBS, pH 7.4) containing protease inhibitor and centrifuged at 12,000 × g for 15 min at 4°C to separate the supernatant for analysis.

For quantitation of C. difficile in luminal content including feces, quantitative real-time polymerase chain reaction (qPCR) was performed as previously published (Panpetch et al., 2019). Briefly, genomic DNA of C. difficile was extracted from cecum and colon contents using the High Pure PCR Template Preparation Kit (Roche, NJ, United States), quantified by NanoDrop™ 1000 Spectrophotometer (Thermo Fisher Scientific, Inc., United States), and amplified with tcdB (C. difficile toxin B) primers (forward, 5′-GGAAAAGAGAATGGTTTTATTAA-3′ and reverse, 5′-ATC TTTAGTTATAACTTTGACATCTTT-3′) as previously described (Lemee et al., 2004) in the QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific, Inc., United States) using the QuantiNova® SYBR® Green PCR Kit (QIAGEN, Hilden, Germany). The standard curve was created by using 10-fold serially diluted plasmids containing 1–109 copies of tcdB. The number of C. difficile was calculated using the standard curve and shown as bacterial copy number.

Histopathological analysis was performed by fixing the sample in 10% buffered formalin, embedding in paraffin, sectioning, and staining with hematoxylin and eosin (H&E) before grading (score 0–4) as previously published (Reeves et al., 2011; Erikstrup et al., 2015) based upon epithelial damage, edema, and cellular infiltration by two pathologists in a blinded manner.



Microbiome Analysis

Gut microbiota composition was determined as previously reported (Panpetch et al., 2020). Feces collected at D-6 as baseline, D-1 as time of post-ATB administration, and luminal content including feces at D3 as time of sacrifice were used for microbiome analysis. Briefly, fecal samples or luminal content (0.25 g/mouse; three mice/group) were extracted for total DNA with the DNeasy PowerSoil Kit (Qiagen GmbH, Hilden, Germany). The quality and concentration of the extracted DNA were monitored by agarose gel electrophoresis and NanoDrop spectrophotometry. Libraries of the V4 hypervariable region of 16S rRNA gene were amplified by PCR using primers 515F (forward; 5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (reverse; 5′-GGACTACHVGGGTWTCTAAT-3′), modified with the Illumina adapter and Golay barcode sequences as previously described (Caporaso et al., 2012). PCR was run in triplicate, and the products from the triplicate reactions were pooled and visualized on agarose gel. Amplicons of approximately 381 base pairs were purified by PureDireX PCR Clean-Up & Gel Extraction Kit (BIO-HELIX Co., Ltd., Keelung City, Taiwan) and quantified using PicoGreen fluorescence with the Qubit dsDNA HS assay kit (Invitrogen, Eugene, OR, United States). The amplicon pool was sequenced with the Illumina MiSeq300 platform (Illumina, San Diego, CA, United States) (Caporaso et al., 2012). Sequences were analyzed with Mothur version 1.3 (Schloss et al., 2009). Briefly, quality filtering and trimming were performed to remove low-quality bases and short reads from the raw sequences. Quality-filtered sequences were then aligned to each other and binned into operational taxonomic units (OTUs) with a minimum of 97% similarity. Each representative OTU sequence was compared to the SILVA rDNA sequence database (version 1.32) and assigned a taxonomical annotation. Alpha diversity (total OTUs, Chao1 index, and Shannon diversity) and beta diversity (non-metric multidimensional scaling) were calculated using Mothur (Schloss et al., 2009). The 16S rDNA sequences in this study were deposited in an NCBI open access Sequence Read Archive database with accession number SRP336496.



Gut Leakage Measurement and Enumeration of Bacteria in the Blood

Intestinal epithelial permeability defect (gut leakage) was determined using a single oral administration of 12.5 mg fluorescein isothiocyanate–dextran (FITC-dextran; molecular weight 4.4 kDa) (Sigma-Aldrich, St. Louis, MO, United States), a non-intestinal-absorbable marker, before the determination in serum at 3 h later as previously described (Leelahavanichkul et al., 2016; Panpetch et al., 2018). Serum FITC-dextran was measured by the fluorospectrometry (Thermo Fisher Scientific, Wilmington, DE, United States) with the excitation and emission wavelengths at 485 and 523 nm, respectively, against a standard curve of serially diluted FITC-dextran. For the enumeration of live bacteria, blood (25 μL) was collected through tail vein nicking and spread directly onto blood agar (Oxoid, Hampshire, United Kingdom) and incubated at 37°C for 24 h before counting bacterial colonies.



The Immunomodulatory Effect of L. casei T21 on C. difficile-Stimulated Colonic Epithelial Cells

The conditioned medium of L. casei T21 was tested for immunomodulation of IL-8 production in colonic epithelial cell lines as previously described (Panpetch et al., 2016, 2018). In brief, Lacticaseibacillus-conditioned medium (LCM) was prepared by growing L. casei T21 with an OD600 of 0.1 in MRS broth anaerobically for 48 h. The supernatant was collected and subjected to filtration with a 0.22-μm membrane (Minisart, Sartorius Stedim Biotech GmbH, Goettingen, Germany), concentrated by speed vacuum drying, resuspended in cell culture medium with equal volume, and stored at –20°C until use. In parallel, human colonic epithelial cell lines Caco-2 (ATCC HTB-37) and HT-29 (ATCC HTB-38) were maintained (5 × 104 cells/well) in supplemented Dulbecco’s Modified Eagle Medium (DMEM) and McCoy’s 5A modified medium, respectively. Colonic epithelial cells were then incubated with viable cells of C. difficile ATCC BAA1870 at multiplicity of infection (MOI) 1:300 either alone or with 5% (vol/vol) LCM for 24 h in 5% CO2 at 37°C. Subsequently, the supernatant was collected by centrifugation (125 × g, 4°C for 7 min), and the levels of IL-8 were measured by using a Human CXCL8/IL-8 ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.

In addition, colonic epithelial cells at 2 and 4 h from the incubation time were collected for performing quantitative reverse transcription-polymerase chain reaction (qRT-PCR) as previously described (Panpetch et al., 2018). In short, the total RNA of treated colonic epithelial cells was extracted by TRIzol reagent (Invitrogen, United States), prepared for complementary DNA (cDNA) from total RNA (50 ng) by SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen), and subjected to qPCR measurement in a QuantStudio™ Design & Analysis Software v1.4.3 (Thermo Fisher Scientific) with the following primers: IL-8 (forward 5′-ACACTGCGCCAACACAGAAATTA-3′, reverse 5′-ACACTGCGCCAACACAGAAATTA-3′) and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward 5′-GCACCGTCAAGGCTGAGAAC-3′, reverse 5′-ATGGTGGTGAAGACGCCAGT-3′) (Imaoka et al., 2008; Panpetch et al., 2016). The expression of IL-8 relative to GAPDH was calculated according to the 2−ΔΔCp method (Pfaffl, 2001).



The Effect of L. casei T21 on the Expression of SLC11A1, HuR, and MUC2 in C. difficile-Stimulated Colonic Epithelial Cells

The conditioned medium of L. casei T21 was tested for its effect on the expression of C. difficile-activated host genes SLC11A1, HuR, and MUC2 by using qRT-PCR as described above with the following primers: SLC11A1 (forward 5′-CTGGACGAATCCCACTCTGG-3′, reverse 5′-CGCGCCACCACATACTCAT-3′), HuR (forward 5′-GCTTGGGCTATGGCTTTGTGAACT-3′, reverse 5′-CGCTG ATGTACAAGTTGGCGTCTT-3′) (Feng and Cohen, 2013), and mucin2 (MUC2) (forward 5′-CCTGCCGACACCTGCTGCAA-3′, reverse 5′-ACACCAGTAGAAGGGACAGCACCT-3′) (Xue et al., 2014). In parallel, the pH of cell culture medium was measured at multiple time points using a pH meter (Orion 4-star, Benchtop pH/Conductivity, Thermo Fisher Scientific).



The Effect of L. casei T21 on Transepithelial Electrical Resistance of Caco-2 Cells

TEER was performed according to a previous report (Gao et al., 2017). In short, Caco-2 cells (ATCC HTB-37) at 5 × 104 cells per well were seeded onto the upper compartment of a 24-well Boyden chamber transwell using high-glucose DMEM supplemented with 20% fetal bovine serum (FBS), 1% HEPES, 1% sodium pyruvate, and 1.3% penicillin/streptomycin under 5% CO2 at 37°C for 15 days with daily medium replacement to establish the confluent monolayer. The cells were then treated with 5% (vol/vol) LCM of L. casei T21 or medium alone together with viable C. difficile cells (5 × 106 CFU/well) with MOI at 1:100 for 24 h. Next, TEER was measured by an EMOM2 Epithelial Volt/Ohm Meter with a chopstick electrode (World Precision Instruments, Inc., Sarasota, United States) that was placed at a 90° angle with one tip in supernatant at the basolateral chamber and another tip at the apical chamber. The TEER value in control media without cells was used as a baseline subtracted from all measurements. The value of TEER was reported as ohm (Ω) × cm2.



Statistical Analysis

Mean ± standard error of mean (SEM) was used for data presentation. The difference between groups was examined for statistical significance by one-way analysis of variance (ANOVA) followed by Tukey’s analysis or unpaired t tests for comparisons of multiple groups or two groups, respectively. Survival analysis was performed by log-rank test. All statistical analyses were performed with GraphPad Prism version 9.0 software (La Jolla, CA, United States). A p-value of < 0.05 was considered statistically significant.




RESULTS


Disease Progression and Severity of Murine C. difficile Infection Model

In the CDI murine model (Figure 1A), C. difficile-infected mice began to develop CDI symptoms such as weight loss and soft stool on day 1 after the first oral gavage with C. difficile on day 0. After the second oral gavage on day 1, CDI symptoms became worse on day 2, and mice were moribund on day 3 with maximum weight loss (Figure 1B) and significant diarrhea (loose stools) as compared with the ATB uninfected group (Figure 1C). By day 3, 41.67% (10/24) of mice succumbed to infection (58.33% survival rate) (Figure 1D). Eight mice were sacrificed on day 3, and the remaining six mice gradually gained weight while still having diarrhea and surviving until the end of the experiment (Figures 1B,C). Additionally, C. difficile damaged intestinal integrity as demonstrated by the increased serum FITC-dextran levels (Figure 1E), causing gut leakage-induced bacteremia (Figure 1F) that enhanced the production of systemic inflammatory cytokines (serum IL-1β, TNF-α, KC, and MIP-2 levels as markers) (Figures 1G–J). In contrast, mice in the ATB uninfected group demonstrated loose stools for a few days (days 1–3) without weight loss, death, gut leakage, bacteremia, or systemic inflammation (Figures 1B–J).



L. casei Strain T21 Reduced Mortality, Clinical Symptoms, and Disease Severity of C. difficile-Infected Mice

For the treatment of L. casei T21 in the murine model of CDI, C. difficile-infected mice in the T21 group received 1 × 108 CFU of L. casei T21 once daily for 4 days (D-1–D-2), whereas infected mice in the NSS group received NSS (Figure 2A). All mice in the T21 and the ATB uninfected group survived, while only 54.17% (13/24) of the NSS group survived by day 3 (Figure 2B). Compared to the NSS group, the T21 group had significantly lesser weight loss (except at days 4 and 5) (Figure 2C) and diarrhea (Figure 2D), which were monitored for 7 days. The average weight at each day (except at days 4 and 5) between the T21 group and the ATB uninfected group showed no significant difference (Figure 2C). However, mice in the T21 group still had soft stool with a stool consistency index significantly different from the ATB uninfected group (Figure 2D). Treatment with T21 also reduced gut leakage and systemic inflammation. The T21 group had significantly decreased levels of FITC-dextran (Figure 2E) and pro-inflammatory cytokines IL-1β, TNF-α, MIP-2, and KC in sera (Figures 2F–I). Likewise, L. casei T21 also attenuated intestinal injury in the cecum and colon as evaluated by histopathology (Figures 3A,B) and reduced the levels of pro-inflammatory cytokines in the intestinal tissue (Figures 3C–F). Notably, C. difficile-infected mice without T21 treatment (NSS group) demonstrated several characteristics of severe intestinal injury, including loss of villi, villous edema, numerous neutrophil infiltration (Figure 3A), and neutrophils in feces (data not shown). In addition, T21 treatment reduced the abundance of C. difficile in the intestinal content. The analysis of luminal content including feces by q-PCR of the tcdB gene demonstrated that the T21 group had significantly decreased copies compared to the NSS group (Figure 3G). Moreover, the absence of the tcdB gene in the ATB uninfected mice (Figure 3G) revealed the reliability of the experiment.
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FIGURE 3. Lacticaseibacillus casei T21 attenuated C. difficile-induced cecal and colonic tissue damage. Three groups of mice (n = 8 for each group) as described in Figure 2 were sacrificed at day 3 and examined for histopathology and local inflammation. Representative image of hematoxylin and eosin (H&E) staining sections (A), histological scores (B), and levels of intestinal pro-inflammatory cytokines (C–F) are shown. The copy number of tcdB, which represents C. difficile abundance in each group of mice, is demonstrated (G). *p < 0.01; **p < 0.001; #p < 0.01.




L. casei T21 Slightly Attenuated Gut Dysbiosis in C. difficile-Infected Mice

Gut dysbiosis of the model was evaluated by a fecal microbiome analysis of mice in the ATB uninfected, NSS, and T21 groups at multiple time points. Alpha diversity measures used in this study included total OTUs (the simplest measure of richness), Chao1 (a measure of richness that gives more weight to rare taxon), and Shannon (a measure of richness and evenness). Antibiotic cocktail treatment significantly reduced the diversity of fecal bacteria as the values of the total OTUs (Figure 4A) and Chao1 index (Figure 4B) were significantly lower in all groups of mice at post-ATB compared to baseline. After clindamycin injection, antibiotic-induced dysbiosis worsened at day 3 of the experiment as determined by total OTUs (Figure 4A), but not by Chao1 index (Figure 4B). C. difficile infection did not lead to a significant decrease of bacterial diversity as demonstrated by total OTUs (Figure 4A) and Chao1 index (Figure 4B). Surprisingly, T21 treatment did not increase the diversity of fecal bacteria as the values of total OTUs (Figure 4A) and Chao1 index (Figure 4B) of the NSS and T21 groups were not significantly different. The T21 group did show an increased Chao1 index, although the value was not significantly different from that of the NSS group. The values of Chao1 index were also not significantly different in the T21 and ATB uninfected groups (Figure 4B). Notably, the bacterial diversity in all groups of mice at day 3, post-ATB, and baseline was not significantly different as determined by the Shannon index (Figure 4C). To examine the beta diversity, non-metric multidimensional scaling (NMDS) based on Thetayc dissimilarity was performed. The NMDS (Figure 4D) demonstrated similar results in all groups at baseline (D-6) (blue-colored symbols at the upper left quadrant) and at post-ATB (D-1) (red-colored symbols at the lower right quadrant). In contrast, there were some differences at D3 from the experiments between groups of mice with or without L. casei T21 (green-colored symbols of the NSS and T21 groups), suggesting a possible impact of L. casei T21 on gut microbiota. The ATB uninfected and T21 groups showed similar results.
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FIGURE 4. Diversity of gut microbiota in each group of mice at multiple time points. Fecal microbiome data of the ATB uninfected, NSS, and T21 groups (n = 3/group) at baseline, post-ATB, and at sacrifice were calculated for microbial diversity and presented as total operational taxonomic units (OTUs) (A), Chao1 index (B), Shannon index (C), and the non-metric multidimensional scaling (NMDS) based on Thetayc dissimilarity (D). Independent triplicate experiments were performed. *p < 0.05 vs. D-6, #p < 0.05.


To characterize the microbiome composition in each group of mice, the relative taxa abundances at each time point were compared. The gut microbiome of mice at baseline was predominated by Bacteriodetes, followed by Firmicutes and Proteobacteria, as shown by the average relative abundances of microbiota at the phylum level in each group of mice (Figure 5A) and the relative abundances of Bacteroidetes (Figure 5D), Firmicutes (Figure 5E), and Proteobacteria (Figure 5F) at each time point. In contrast, antibiotic cocktail treatment induced a significant decrease in the relative abundance of Bacteriodetes and Firmicutes and a significant increase in the abundance of Proteobacteria and Verrucomicrobia at D-1 (Figures 5A,D–G). Antibiotic pre-conditioning of the model thus caused fecal dysbiosis as indicated by a decrease in Firmicutes and Bacteroidetes together with an increase in Proteobacteria and Verrucomicrobia. By day 3, microbiota composition at the phylum level almost turned to the baseline without T21 treatment. The relative abundance of Bacteroidetes (Figure 5D), Firmicutes (Figure 5E), and Verrucomicrobia (Figure 5G) in the ATB uninfected group and the NSS group was not significantly different from the baseline, whereas the abundance of Proteobacteria was still significantly different from the baseline (Figure 5F). L. casei T21 treatment led to an increase in the relative abundance of Firmicutes in the T21 group with a significant difference compared to post-ATB, but not from the NSS group (Figure 5E). In addition, T21 treatment resulted in a significant decrease in the relative abundance of Verrucomicrobia in the T21 group compared to the NSS group and post-ATB, and the abundance of Verrucomicrobia in the T21 group was not significantly different from the baseline (Figure 5G). Although the relative abundance of Proteobacteria in the T21 group significantly decreased compared to post-ATB, this change also occurred in the NSS group (Figure 5F).
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FIGURE 5. Lacticaseibacillus casei T21 slightly attenuated gut dysbiosis in C. difficile-infected mice. Gut dysbiosis of the C. difficile infection (CDI) model was evaluated by fecal microbiome analysis of mice in the ATB uninfected, NSS, and T21 groups at multiple time points. The average relative abundances of microbiota at the phylum level (A), class level (B), and genus level (C) are demonstrated. The average relative abundances of individual taxon are shown: Bacteroidetes (D), Firmicutes (E), Proteobacteria (F), Verrucomicrobia (G), Clostridia (H), Enterobacteriaceae (I), Lachnospiraceae (J), and Ruminococaceae (K). Notably, data of all mice at day –6 (D-6) and day –1 (D-1) of the experiments are combined into baseline and post-antibiotic administration (post-ATB), respectively, due to the non-different procedures in these mice. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; #p < 0.01; ##p < 0.01.


The analysis of microbiome at the lower taxon levels (class, order, family, genus, and species) was performed. The average relative abundances of microbiota at baseline, post-ATB, and among groups of mice at sacrifice (day 3) are shown at the class level (Figure 5B) and the genus level (Figure 5C). There were significant changes in class Clostridia (Figure 5H) and family Enterobacteriaceae (Figure 5I) in the T21 group at sacrifice (D3) as compared with mice at post-ATB. Although the NSS group had changes in the relative abundance of these taxa as compared with mice at post-ATB, the differences were not statistically significant. Microorganisms of interest in class Clostridia (phylum Firmicutes) were the families Lachnospiraceae and Ruminococcaceae (Figure 5C) that have been reported to protect C. difficile colonization (Reeves et al., 2012; Lee et al., 2017). The relative abundances of the family Lachnospiraceae (Figure 5J) were not significantly different among the ATB uninfected, the NSS, and the T21 groups, while there was a slight increase in the abundance of the family Ruminococcaceae in the T21 group compared to the NSS group, although the difference was not statistically significant (Figure 5K). The relative abundances of other taxa (at the class and genus levels) were also not significantly different among these groups of mice at sacrifice (data not shown). Data on the relative abundances of microbiota from individual mouse are shown at the levels of phylum (Supplementary Figure 1), class (Supplementary Figure 2), and genus (Supplementary Figure 3) in Supplementary Material.



L. casei T21 Suppressed IL-8 Production, Modulated Host Gene Expression, and Increased Transepithelial Electrical Resistance of C. difficile-Activated Colonic Epithelial Cells

Probiotic bacteria, such as Lactobacillus spp., have been reported to produce biologically active compounds that can suppress inflammation (Thomas et al., 2012, 2016; Panpetch et al., 2016, 2018). To strengthen the beneficial effects of L. casei T21 in the murine model of CDI, the LCM of T21 was tested for its ability to attenuate inflammation and modulate the expression of important host genes involved in the pathogenesis of CDI in colonic epithelial cell lines. The LCM of T21 suppressed the production of IL-8 (Figures 6A,B) and down-regulated the expression of IL-8 (Figures 6C,D) in C. difficile-stimulated Caco-2 and HT-29 colonic epithelial cells, respectively. In C. difficile-stimulated Caco-2 cells, the LCM of T21 down-regulated the expression of associated genes of toxin lethality SLC11A1 (Figure 6E) and HuR (Figure 6F) while up-regulated a mucosal protective gene MUC2 (Figure 6G). Similar benefits exerted by the LCM of T21 were also demonstrated in HT-29 cells (Figures 6H–J). Additionally, the LCM of T21 strengthened mucosal integrity as shown by TEER values in C. difficile-stimulated differentiated Caco-2 cells (Figure 6K). However, TEER could not be determined in the HT-29 cell line due to limitation in the generation of polarized monolayers (Le Bivic et al., 1988). Since the enhanced mucin production by enterocytes is also influenced by the acidity in gut content (Velcich and Augenlicht, 1993; Shekels et al., 1996), lactic acid produced from L. casei T21 might stimulate the up-regulation of MUC2 expression. To determine whether the up-regulated MUC2 could be attributable to the acidity, the pH of the cell culture medium (McCoy’s 5A modified medium) was measured at multiple time points. The LCM of T21 did not significantly reduce the pH of the cell culture medium at 2 and 4 h after incubation with HT-29 cells as compared to controls (Figure 6L). A simple acidification of the cell culture medium with lactic acid also did not upregulate MUC2 expression (data not shown). This suggested that mucin production was induced by other substances produced by L. casei T21.


[image: image]

FIGURE 6. The Lacticaseibacillus casei-conditioned medium (LCM) of L. casei T21 attenuated C. difficile-induced IL-8 production, host gene expression, and increased transepithelial electrical resistance of C. difficile-stimulated colonic epithelial cells. The results are shown as IL-8 production in Caco-2 and HT-29 cells, respectively (A,B); IL-8 gene expression (relative to GAPDH) in Caco-2 and HT-29 cells, respectively (C,D); the expression of SLC11A1, HuR, and MUC-2 in Caco-2 cells, respectively (E–G); the expression of SLC11A1, HuR, and MUC-2 in HT-29 cells, respectively (H–J); the transepithelial electrical resistance (TEER) values of Caco-2 cells (K); and the pH of cell culture medium (McCoy’s 5A modified medium for HT-29 cells) (L). The results were from three independent experiments each in triplicate and expressed as the mean ± SEM. *p < 0.05.





DISCUSSION

In this study, the effect of L. casei T21 treatment on CDI was investigated in a murine model of C. difficile infection with antibiotic pre-conditioning before C. difficile oral gavage. The clinical features of CDI are primarily mediated by TcdA and TcdB, which are the major virulence factors of C. difficile (Voth and Ballard, 2005; Sun et al., 2010). Clinical symptoms including less weight loss and diarrhea in L. casei T21-treated mice are correlated with mild intestinal pathology characterized by decreased epithelial damage, edema, and neutrophil infiltration. Due to the importance of intestinal neutrophil accumulation in C. difficile pathogenesis, the anti-inflammatory properties of probiotics is of utmost importance for the alleviation of CDI symptoms. Neutrophil infiltration, which leads to the congestion and edema of colonic mucosa and epithelial cell damage (Kelly et al., 1994a; Castagliuolo et al., 1998), results from the stimulation by pro-inflammatory cytokines secreted from C. difficile toxin-induced intestinal epithelial cells and immune cells (Kim et al., 2002; Savidge et al., 2003; Sun et al., 2010). Interestingly, L. casei T21 administration markedly reduced the levels of IL-1β, TNF-α, MIP-2, and KC (mouse homolog of IL-8) in the colon and cecum of mice as well as in sera. The anti-inflammatory properties of L. casei T21was also supported by in vitro results that found the conditioned medium of L. casei T21 suppressed gene expression and production of IL-8 in C. difficile-stimulated colonic epithelial cells Caco-2 and HT-29. Our findings were consistent with other reports showing that the administration of specific strains of probiotics ameliorates intestinal pathology with the reduction in the levels of pro-inflammatory cytokines in tissue and/or sera in animal models of CDI (Koon et al., 2016; Roychowdhury et al., 2018; Wei et al., 2018; Xu et al., 2018). The production of anti-inflammatory substances from lactobacilli is well known (Thomas et al., 2012, 2016; Boonma et al., 2014; Panpetch et al., 2016, 2018), although the nature of the substances varies depending on the strain of probiotic bacteria.

Our microbiome results regarding antibiotic-induced dysbiosis is in agreement with findings from previous reports (Mooyottu et al., 2017; Xu et al., 2018; Li et al., 2019) that showed antibiotic treatment induced a decrease in the dominant bacterial phyla Firmicutes and Bacteroidetes and an increase in phylum Proteobacteria. Although the influence of L. casei T21 on gut dysbiosis attenuation was subtle, with an increase in members of phylum Firmicutes (class Clostridia) and a decrease in family Enterobacteriaceae (phylum Proteobacteria), the abundance of C. difficile in cecum and colon luminal content was decreased as determined by quantitative analysis of C. difficile toxin B gene (tcdB). Members of class Clostridia, which have been reported to protect C. difficile colonization, include the family Lachnospiraceae (Reeves et al., 2012; Lee et al., 2017) and the family Ruminococcaceae (Lee et al., 2017; Li et al., 2019). However, our results showed only a slight increase in Ruminococcaceae in mice treated with L. casei T21. We speculate that members of class Clostridia either alone or in combination might mediate colonization resistance against C. difficile.

Since C. difficile toxins are mainly responsible for the pathogenesis of CDI, an interference in toxin effect might be another mechanism to be considered for C. difficile attenuation (Kolling et al., 2012; Panpetch et al., 2019; Yong et al., 2019). C. difficile toxins inactivate Rho GTPases resulting in gut leakage, intestinal inflammation, and cell death (Chen et al., 2015). The interference with the expression of toxin lethality-associated genes SLC11A1 and HuR may lead to the reduction of gut leakage, inflammation, and mortality in C. difficile-infected mice treated with L. casei T21. While L. casei T21 reduced the toxin effect by down-regulation of the expression of SLC11A1 and HuR, which enhances TcdB action, other probiotics interfere with the activity of C. difficile toxins by other mechanisms. For example, Saccharomyces boulardii interferes the binding between the toxins and intestinal brush borders (Castagliuolo et al., 1999), L. delbrueckii directly inhibits the cytotoxicity (Banerjee et al., 2009), and Streptococcus thermophilus reduced toxin production through potent lactic acid generation (Kolling et al., 2012).

L. casei T21 was found to up-regulate the expression of MUC2, which codes for mucin, an intestinal mucosal protective factor, referred to as “mucin barrier” (Dharmani et al., 2009; Paone and Cani, 2020), which can promote gut integrity. Similarly, Lactobacillus plantarum induces the expression of MUC2 and MUC3 that inhibit Escherichia coli adherence to intestinal epithelium cells (Mack et al., 1999). The mucin-binding protein in several strains of lactobacilli also implies an association between lactobacilli and intestinal mucin (Cornick et al., 2015). Although the enterocyte stimulation by lactic acid might theoretically enhance mucin production (Shekels et al., 1996), the direct incubation of lactic acid-containing cell culture medium with HT-29 cell line did not result in the up-regulation of MUC2 expression. Other substances produced by L. casei T21 are possibly associated with MUC2 gene up-regulation. More studies on this topic are required. Our findings revealed that L. casei T21 had a protective effect against C. difficile infection and suggested a great potential of L. casei T21 as a probiotic for humans, especially in Southeast Asian populations.



CONCLUSION

Our study demonstrated that L. casei strain T21 attenuated C. difficile infection in mice through anti-inflammation, attenuation of gut leakage and dysbiosis, interference with toxin lethality by down-regulation of the toxin enhancer gene, and augmentation of mucin production by up-regulation of mucin-producing gene.
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Diverse liver diseases undergo a similar pathophysiological process in which liver regeneration follows a liver injury. Given the important role of the gut-liver axis in health and diseases, the role of gut microbiota-derived signals in liver injury and regeneration has attracted much attention. It has been observed that the composition of gut microbiota dynamically changes in the process of liver regeneration after partial hepatectomy, and gut microbiota modulation by antibiotics or probiotics affects both liver injury and regeneration. Mechanically, through the portal vein, the liver is constantly exposed to gut microbial components and metabolites, which have immense effects on the immunity and metabolism of the host. Emerging data demonstrate that gut-derived lipopolysaccharide, gut microbiota-associated bile acids, and other bacterial metabolites, such as short-chain fatty acids and tryptophan metabolites, may play multifaceted roles in liver injury and regeneration. In this perspective, we provide an overview of the possible molecular mechanisms by which gut microbiota-derived signals modulate liver injury and regeneration, highlighting the potential roles of gut microbiota in the development of gut microbiota-based therapies to alleviate liver injury and promote liver regeneration.
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Introduction

The liver has an outstanding regenerative capacity (1). Liver regeneration is a well-orchestrated biological process that depends on a large series of signals. Following different types of damage, the remnant liver initiates different types of reprogramming events, which activate different progenitor cells to replace injured cells (2). The regenerating liver undergoes numerous adaptive responses in gene expression, growth factor production, and morphological structure, which have been extensively described (1, 3). The essential gene expressions required for liver regeneration cover cytokine, growth factor, and metabolic, which interact with each other and fine-tune regenerative responses to maintain hepatic homeostasis according to body demands (4). The classical mechanisms of liver regeneration focus on signaling pathways within the liver. However, recent studies have evidenced that commensal gut microbiota plays local and systematic roles in tissue repair and regeneration (5). Therefore, it is extremely important to describe the interaction between gut microbiota and liver in the regulation of liver injury and regeneration.

Through the portal vein, the liver is constantly exposed to bacterial components and gut microbial metabolites. Lipopolysaccharide (LPS) is a cell wall component of gram-negative bacteria, and a mild release of LPS from the gut can stimulate liver regeneration and tissue repair (6–8). Besides, gut microbial metabolites, such as bile acids, short-chain fatty acids (SCFAs), and tryptophan metabolites, affect host metabolism and immune system (9, 10), which may indirectly influence liver injury and regeneration. Herein, the review aims to elucidate the potential molecular mechanisms that gut microbiota interacts with the liver from the perspective of injury and regeneration, which may provide valuable clues to develop gut microbiota-based therapies for liver diseases.



Gut Microbiota and Liver Diseases

Gut microbiota dysbiosis has been found in liver diseases with distinct etiologies, including acute liver injury, viral hepatitis, non-alcoholic fatty liver disease (NAFLD), alcohol-related liver disease, autoimmune hepatitis (AIH), primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC) (11, 12). (Table 1) Diverse liver diseases undergo a similar pathophysiological process, in which the damaged liver needs repair and gut microbiota may play an important role.


Table 1 | Gut dysbiosis in liver diseases.



In pre-cirrhotic liver disease, the gut microbiota has changed. The ratio of Bifidobacteria/Enterobacteriaceae is gradually reduced in healthy individuals, hepatitis B virus carriers, patients with chronic hepatitis B, and patients with decompensated cirrhosis (13), suggesting that the alteration of gut microbiota is associated with disease progression in hepatitis B patients. In NASH patients, the relative abundance of Bacteroides significantly increases and Prevotella decreases, whereas the relative abundance of Ruminococcus is higher in F ≥ 2 fibrosis patients (14). A recent study finds that high-alcohol-producing Klebsiella pneumoniae is associated with almost 60% of NAFLD, and high-alcohol-producing Klebsiella pneumoniae supplement by oral gavage induces NAFLD in mice (15), suggesting that endogenous alcohol production by gut microbiota drives NAFLD in some cases. In addition, a gut microbiota-based metagenomic signature can be used to distinguish mild and moderate NAFLD from advanced fibrosis (23). For AIH, increased abundance of Veillonella dispar is linked to disease severity, and the combination of Veillonella, Lactobacillus, Oscillospira, and Clostridiales discriminates AIH from controls (16). The relative abundance of Veillonella is also enriched in PSC compared with healthy controls and ulcerative colitis patients without liver diseases (17). Microbial diversity is significantly reduced in PBC patients, and Faecalibacterium is further decreased in gp210-positive than gp210-negative PBC patients (18). These correlations between pre-cirrhotic liver diseases and gut microbiota indicate that the primary injury of liver diseases shape, and are shaped by, changes in gut microbiota composition.

Gut dysbiosis is more obvious in liver cirrhosis, the pathological end-stage of chronic liver disease, and can cause complications. The enrichment of potentially pathogenic bacteria Enterobacteriaceae and Streptococcaceae and the reduction of beneficial bacteria Lachnospiraceae in patients with liver cirrhosis have a positive and negative correlation with the Child-Turcotte-Pugh score, which is used to assess the severity of cirrhosis based on five clinical parameters, respectively (19). Quantitative metagenomics reveals that a combination of 15 optimal microbiota-targeted gene markers (NLF009_gene_80134, H16_gene_75905, et al.) discriminates liver cirrhosis patients from healthy individuals with a training AUC value of 0.918 and a validating AUC value of 0.836 (24). Decompensated liver cirrhosis could be accompanied by a severe central nervous system, namely hepatic encephalopathy (HE). There is no difference in stool microbiota between HE and no-HE patients, but mucosal microbiota obtained by sigmoidoscopy is different with increased abundance of Enterococcus, Veillonella, Megasphaera, and Burkholderia and decreased abundance of Roseburia in HE patients (20). The further development of decompensated liver cirrhosis towards acute-on-chronic liver failure (ACLF). The cirrhosis dysbiosis ratio (Lachnospiraceae + Ruminococcaceae + Veillonellaceae + Clostridiales Cluster XIV/Enterobacteriaceae + Bacteroidaceae) is lower in patients who progress to ACLF and associated with an elevated risk of extra-hepatic failure and death (21). Besides, most hepatocellular carcinoma (HCC) develops in the setting of advanced liver cirrhosis. Dysbiosis of gut microbiota is associated with increased inflammation, impaired intestinal barrier, and immune system disorders, which are involved in HCC development (22). The complexity and role of gut microbiota in end-stage chronic liver disease suggest that gut microbiota modulation may be a way to deal with difficulties in liver injury and regeneration.

Consequently, these studies suggest that gut microbiota may have a significant impact on the pathophysiology of liver diseases, in which abnormal ductular responses, excessive fibrosis, and impaired innate immunity can inhibit normal regeneration and lead to liver failure or tumors. How to restore the regenerative ability of the failed liver is an essential problem to be solved in clinical scenarios. A comprehensive understanding of the underlying mechanisms may enable appropriate targets of gut microbiota-based therapies to reduce the factors that inhibit liver regeneration or directly stimulate liver regeneration.



Gut Microbiota Dynamically Changes During Liver Regeneration

The relationship between gut microbiota and liver regeneration has been studied in the animal partial hepatectomy models (Figure 1). Dynamic changes of gut microbiota are observed in mice from 0 hours to 9 days after partial hepatectomy (25). Partial hepatectomy leads to a distinct change in the composition of gut microbiota, early at 1 hour after partial hepatectomy, with steadily increased Bacteroidetes and decreased Firmicutes, which account for the most abundant phyla. At the family level, increased S24-7 and Rikenellaceae make up the most abundant taxa within Bacteroidetes phylum, while decreased Clostridiaceae, Lachnospiraceae and Ruminococcaceae are the most abundant representatives in Firmicutes phylum. Moreover, alteration of S24-7, Lachnospiraceae, and Ruminococcaceae is closely associated with hepatic metabolism and proliferation. The shifts of bacterial populations persist for 9 days in mice after partial hepatectomy, which almost covers all of the priming phase, proliferative phase, and termination phase of regenerating liver (25).




Figure 1 | The composition of gut microbiota is fluctuant in the course of liver regeneration. After partial hepatectomy, the relative abundance of Firmicutes decreases while Bacteroidetes and Proteobacteria increase, which probably continues until the middle of the proliferation phase of liver regeneration. As proliferation and termination of liver regeneration progress, the final composition of gut microbiota remains controversial and needs further study.



In the other study, fluctuating alterations of gut microbiota are observed in rats after partial hepatectomy (26). In this study, the abundance of Bacteroidetes rapidly decreases at 12 hours after partial hepatectomy, but steadily increases to the initial level at 48 hours, and then decreases to a low level again at 72 hours and lasts to the endpoint. Compared with Bacteroidetes, the alteration of Firmicutes shows a different trend. The ratio of Firmicutes to Bacteroidetes (F/B) is fluctuant throughout the process of liver regeneration. Notably, the abundance of Proteobacteria has a remarkable elevation at 48 hours after partial hepatectomy, but it almost decreases to the initial level before the endpoint. At the family level, Lachnospiraceae and Ruminococcaceae increase in 12-24 hours and 3-14 days after partial hepatectomy, but they are decreased in 30-48 hours. Furthermore, cluster analysis indicates that the composition of gut microbiota is different along with the process of liver regeneration (26).

Although the changing trends of gut microbiota are not identical in the only two published studies, which may be the consequence of different experimental designs, increased Bacteroidetes and decreased Firmicutes are recognized in the priming phase and the partial proliferative phase of liver regeneration. As the proliferation and termination of liver regeneration progress, whether the composition of gut microbiota is finally restored or attains a new state remains unclear and needs further study. These data indicate that gut microbiota has a potential influence on the regenerating liver or vice versa.



Gut Microbiota Manipulations Affect Liver Injury and Regeneration

Gut microbiota is depleted in germ-free model and can be modulated by antibiotics, probiotics, prebiotics, such as dietary fibers (27), fecal microbiota transplant (FMT), and colon resection. All of these gut microbiota manipulations influence liver injury and regeneration (Figure 2).




Figure 2 | Gut microbiota manipulations affect liver injury and regeneration. Gut microbiota depletion by several approaches, including germ-free, antibiotics, and colon resection, suppresses liver regeneration to varying degrees, while fecal microbiota transplant (FMT) can normalize liver regeneration in the antibiotic-treated model, and probiotics/prebiotics can promote liver regeneration. In addition, both probiotics and oral antibiotics alleviate drug-induced acute liver injury, which is aggravated in germ-free rodents.



Gut bacterial depletion using oral non-absorbable antibiotics depresses liver regeneration in rats after partial hepatectomy, and liver regeneration is also impaired in germ-free mice with partial hepatectomy (7, 8). Likewise, liver regeneration is suppressed in rats with simultaneous liver and colon partial resection (28). These studies indicate that gut microbiota is required for normal liver regeneration. Interestingly, gut microbiota participates in liver injury as well as liver regeneration. Oral antibiotics prevent liver injury induced by hepatotoxic agents, such as CCl4, acetaminophen, D-Gal, and alcohol (29), whereas a complete absence of gut microbiota as in germ-free rodents can exacerbate the acute liver injury (30), suggesting that gut microbiota also contributes to the pathophysiology of drug-induced liver injury.

Moreover, FMT normalizes impaired liver regeneration in rats with gut decontamination by antibiotics (26), which further manifests that normal gut microbiota plays a driving role in liver regeneration. Probiotics improve the outcome of partial hepatectomy, not only in animal experiments but also in some clinical trials (31–33). Probiotic supplement improves mitosis in the liver of rats with simultaneous 70% partial hepatectomy and colon anastomosis probably by preventing bacteria translocation (31). In hepatocellular carcinoma (HCC) patients receiving hepatic resection, preoperative and postoperative probiotics improve liver function and reduce complications (32). In another pilot study with 19 patients subjected to right hepatectomy, symbiotics can improve liver function after liver resection in the uncomplicated subgroup (33). Likewise, emerging evidence demonstrates that probiotics alleviate drug-induced liver injury in animal experiments. Lactobacillus rhamnosus improves liver function and ameliorates alcohol-induced liver injury in mice (34, 35). Bifidobacterium adolescentis, Bacillus cereus, and Lactobacillus helveticus pretreatments can modify the gut microbiota and alleviate liver injury in D-Gal-treated rats (36–38). Akkermansia muciniphila protects mice from immune-mediated liver injury (39).

Dynamic changes of gut microbiota during liver regeneration and the benefits of FMT and probiotics on liver injury and regeneration indicate that the crosstalk between the liver and gut microbiota is important for liver regeneration, which is probably mediated by gut microbiota-derived components and metabolites.



Gut-Derived LPS Have Multiple Effects on Liver Injury and Regeneration

Gut-derived LPS, produced by enteric gram-negative bacteria, are continually presented to the liver (6), and low-grade portal venous LPS can be cleared by the liver (40). Under normal conditions, gut-derived LPS can be phagocytized and detoxified by Kupffer cells in the liver reticuloendothelial system (RES) (41). When the liver suffers from an extended injury, homeostasis between the formation and removal of gut-derived LPS is broken, which may be due to the following reasons. First, sensitivity to gut-derived LPS is increased after the initial liver damage. Second, RES injury leads to hampered detoxification and clearance of gut-derived LPS. Third, gut barrier dysfunction allows more translocation of LPS. Last, bacteria overgrowth and delay of gastrointestinal motility increase production and spillover of gut-derived LPS.


Gut-Derived LPS Aggravate the Liver Injury

Gut-derived LPS as a cofactor plays a universal role in acute liver injury, which has been demonstrated in acute liver injury models induced by different hepatotoxic agents, including CCl4, acetaminophen, alcohol, and D-Gal (29). Under primary liver damage, gut-derived LPS can activate Kupffer cells to release pro-inflammatory mediators, such as TNF-α, interleukins (IL-1 and IL-10), lysosomal enzymes (protease and phosphatase), and superoxide, which aggravate inflammatory responses and necrosis (29). Induction of LPS tolerance protects rats from CCl4-induced liver necrosis, and LPS-binding protein also has a protective effect on acute liver injury (29).

In addition to acute liver injury, gut-derived LPS plays a critical role in chronic liver injury. Elevated plasma endotoxin is observed in patients with alcoholic liver disease (ALD) and experimental models of alcoholic liver injury, which can be attenuated by oral antibiotics (42, 43). However, LPS alone fails to mimic ethanol-induced steatosis, but together with ethanol, which is metabolized to acetaldehyde by gut bacteria and intestinal mucosa, leads to hepatocyte steatosis (42). Besides, fibrogenesis usually occurs in the advanced ALD and other chronic liver diseases, such as nonalcoholic fatty liver disease (NAFLD) and chronic hepatitis B (CHB), which can develop into cirrhosis (44). Chronic liver diseases are accompanied by dysbiosis of gut microbiota, which contributes to intestinal dysmotility, inflammation, and mucosal leakage, leading to continuous and excessive liver exposure to gut-derived LPS (45). Toll-like receptor-4 (TLR4) mutation and gut sterilization prevent hepatic fibrosis in mice, revealing that gut-derived LPS contribute to hepatic fibrosis (46). On one hand, when the liver is exposed to increased gut-derived LPS, TLR4 activation of hepatic stellate cells upregulates the production of chemokine (CCL2) and induces chemotaxis of Kupffer cells (47). On the other hand, LPS binding to TLR4 on hepatic stellate cells downregulates transforming growth factor β (TGF-β) pseudoreceptor BAMBI through Myd88- NF-κB-dependent signals, which sensitizes hepatic stellate cells to TGF-β released by Kupffer cells, promoting transdifferentiation of quiescent hepatic stellate cells to activated scar-forming myofibroblasts (46), and myofibroblasts generate extracellular matrix (ECM) materials, including collagen, laminin, and fibronectin. Excessive deposition of ECM will cause aberrant scar formation and fibrosis, which diminishes liver regeneration (48).

In addition, chronic liver diseases are driven by vicious cycles of liver injury, inflammation, repair, and regeneration, which make an opportunity for hepatocellular carcinoma (HCC) development (49). Previous TLR4-deficient, gut-sterilized, germ-free, and LPS-treated animal experiments have evidenced that gut-derived LPS contribute to hepatocarcinogenesis (50, 51). Mechanistically, the LPS-TLR4 pathway contributes to liver tumor promotion by increasing proliferation and preventing apoptosis of non-bone marrow-derived resident liver cells, and in the early phases of HCC, TLR4-dependent secretion of hepatomitogen epiregulin by hepatic stellate cells mediates HCC promotion (51).

The broad roles of gut-derived LPS in liver injury are well established and accepted, but applicating this knowledge to develop an effective treatment remains challenging, which needs further study.



Gut-Derived LPS Promote Liver Regeneration

Gut-derived LPS also plays an important role in liver regeneration. Restriction of gut-derived LPS by gut bacterial depletion, endotoxin neutralization, and induction of endotoxin tolerance significantly impairs liver regeneration in rats, which is reversed by exogenous LPS supplements (7). In addition, impaired liver regeneration is also observed in germ-free mice receiving partial hepatectomy and in rats simultaneously receiving partial hepatectomy and colon bowel resection (8, 28).

When the liver is subjected to an experimental physical or a chemical injury, gut-derived LPS will pass through the compromised liver and spill into the general circulation, leading to low-grade systemic endotoxemia, which elicits hepatotrophic factors production, such as insulin, glucagon, epidermal growth factor (EGF), vasopressin and triiodothyronine (T3) (6, 52). In addition, gut-derived LPS activates Kupffer cells by binding to TLR-4 for activation of NF-κB and subsequently stimulates the production of TNF-α, which in return activates Kupffer cells to secrete interleukin-6 (IL-6) (53). IL-6 trans-signaling through the soluble IL-6/IL-6R complex induces hepatic stellate cells to produce hepatocyte growth factor (HGF) (54). HGF cooperates with other extrahepatic factors, such as T3, insulin, and EGF, allowing the remnant hepatocytes to overcome cell-cycle checkpoint control to proliferate, which is essential for the priming phase of liver regeneration after partial hepatectomy (53, 54). Finally, when the liver regenerates sufficiently and the phagocytosis function of the Kupffer cell is restored, gut-derived LPS in the portal blood can be detoxified again (6).

Therefore, gut-derived LPS are important for liver regeneration as well as liver injury, liver fibrosis, and liver tumors, which may depend on the degree and duration of exposure (Figure 3). However, it is difficult to determine the beneficial level of gut-derived LPS for the liver in different scenarios to avoid the deleterious effects of excessive TLR-4 activation. One promising strategy is modulating gut microbiota by probiotics, prebiotics, and perhaps appropriate antibiotics, such as rifaximin, to control gut-derived LPS.




Figure 3 | Role of gut-derived LPS in liver injury and regeneration. 1) When the liver suffers from an acute injury, primary damage reduces the activity of the reticuloendothelial system (RES) and increases liver sensitivity to LPS. LPS binding to Toll-like receptor 4 (TLR4) on Kupffer cells triggers the production of tumor necrosis factor-α (TNF-α), which leads to hepatocyte necrosis and aggravates the primary damage. 2) In addition, gut-derived LPS also contributes to chronic liver injury. Dysbiosis of gut microbiota leads to elevated LPS and impaired gut barrier function. Continuous LPS exposure sensitizes hepatic stellate cells to transforming growth factor-β (TGF-β) and promotes the transdifferentiation of hepatic stellate cells into myofibroblasts, resulting in the generation of extracellular matrix (ECM) materials. Excessive deposition of ECM interferes with normal regeneration, leading to liver cirrhosis and hepatocellular carcinoma (HCC) promotion. Besides, LPS accelerates the development of premalignant hepatocytes and stimulates hepatic stellate cells to secret epiregulin, which facilitates HCC promotion. 3) Moreover, after partial hepatectomy, gut-derived LPS activate Kupffer cells to secrete TNF-α, which in return stimulates Kupffer cells to produce interleukin-6 (IL-6). IL-6/IL-6 receptor complex induces the production of hepatocyte growth factor (HGF) by hepatic stellate cells. In addition, gut-derived LPS that escape Kupffer cells spilling into the general circulation elicit systemic hepatotrophic factors production. HGF, TNF-α, and other hepatotrophic factors allow remnant hepatocytes to overcome cell-cycle checkpoint and support liver regeneration.






Gut Microbiota-Associated Bile Acid Metabolism Is Involved in Liver Injury and Regeneration

Bile acids (BAs), produced from cholesterol, are assembled as primary conjugated BAs in the liver and actively transported into the biliary system. A small fraction of BAs circulates from cholangiocytes to the liver through the cholangio-hepatic shunt, while most of them are stored in the gallbladder and released into the duodenum after food intake. Approximately 95% of BAs are reabsorbed via the apical sodium-dependent bile acid transporter (ASBT) in the terminal small intestine and return to the liver through the portal vein. Conjugated primary BAs can also be deconjugated by the gut microbiota and escape reabsorption, further dehydroxylated by microbial bioconversion to secondary BAs. A part of secondary BAs is passively absorbed by colonic cells. Spillover of BAs into systemic circulation can be cleared via urinary excretion. Bile acids that are lost in urinary and fecal excretion are replenished by hepatic synthesis (55, 56).

In normal conditions, BAs almost recycle within the enterohepatic circulation, which has important physiological roles in nutrient absorption and biliary secretion of lipids and toxic metabolites, and only traces of BAs escape to the systemic circulation. After partial hepatectomy, BAs that are reabsorbed from the intestine suddenly become too high for the remnant liver, which leads to an abrupt and massive spillover of BAs to the systemic circulation (57, 58). Bile acids overload beyond a certain threshold is deleterious (59). However, BAs are also necessary for normal liver regeneration. Depletion of BAs by cholestyramine (a BA-sequestering resin) leads to suppression of liver regeneration (60). In rats after partial hepatectomy and mice with CCl4-induced injury, elevated BAs accelerate liver regeneration, while low levels of BAs impair liver regeneration (60, 61). The similar phenomenon is observed in clinical scenarios, following a major hepatectomy, patients without external biliary drainage have better liver regeneration than those with external biliary drainage (62). Gut microbiota-dependent BA metabolism is likely to participate in liver injury and regeneration by modifying the quality (conjugated vs deconjugated and primary vs secondary BAs) and quantity of the BA pool (Figure 4).




Figure 4 | Role of gut microbiota-associated bile acids metabolism in liver injury and regeneration. After a liver injury or partial hepatectomy, bile acids (BAs) absorbed from the intestine suddenly become too high for the remnant liver, leading to secondary liver injury. Excessive BAs binding to hepatic farnesoid X receptor (FXR) inhibits transcription of cytochrome P450 family 7 subfamily A member 1 (CYP7A1), which reduces the production of primary BAs. In addition, activated FXR can promote the secretion of primary BAs into bile canaliculus and upregulate expression of Foxm1b, thus relieving BAs overload and facilitating liver regeneration. Meanwhile, in the small intestine, BAs activate intestinal FXR to secret fibroblast growth factor (FGF) 15/19, which binds to fibroblast growth factor receptor 4 (FGFR4). FGFR4/agonist also induces expression of Foxm1b and improves proliferation. Gut microbiota is responsible for secondary BAs production in the large intestine. Secondary BAs binding to intestinal transforming growth factor 5 (TGR5) elicits secretion of glucagon-like peptide 1 (GLP1), which activates the insulin signaling pathway. Absorbed secondary BAs binding to hepatic TGR5 has an anti-inflammatory effect by suppressing the release of TNF-α from the Kupffer cell. TGR5 activation also promotes BAs secretion by secreting   and Cl- from cholangiocyte and increasing transformation of hydrophilic BAs from hydrophobic BAs, which reduce BAs load and BAs toxicity-induced liver injury, promoting liver regeneration. Moreover, primary BAs stimulate and secondary BAs suppress the expression of chemokine (C-X-C motif) ligand 16 (CXCL16) by liver sinusoidal endothelial cells (LSECs). CXCL16 is a chemokine that recruits natural killer T (NKT) cells, which suppress liver tumors.




Gut Microbiota-Mediated Deconjugation of BAs Participates in Liver Injury and Regeneration

After partial hepatectomy, to protect the remnant liver and biliary tree from excess BAs, the basolateral uptake and BAs production are decreased and the basolateral efflux and biliary excretion are increased. Deconjugation (removal of the glycine or taurine) by gut microbiota with bile salt hydrolase (BSH) prevents reabsorption of BAs in the small intestine (63). BSH is enriched in the human gut microbiota and mediates bile tolerance (64). Conjugated BAs are transported by sodium taurocholate cotransporting polypeptide (NTCP) and organic anion-transporting polypeptide (OATP) isoform, which are the major uptake transports of BAs in the liver. The mRNA levels of NTCP, OATP1, and OATP2 are decreased with the most prominent decrease of NTCP, while the protein level of NTCP is markedly decreased during the initial phase of liver regeneration (65). Downregulated NTCP relieves basolateral over uptake of BAs in the liver, but OATP expressing hepatocytes could ensure ongoing basolateral uptake of BAs after partial hepatectomy. However, one study demonstrates that the mRNA and protein levels of NTCP are unchanged after partial hepatectomy (66).

Despite the conflicting effects of partial hepatectomy on NTCP expression, high levels of BAs in the remnant liver are generally accepted. BAs overload inhibits the synthesis of BAs by negative feedback regulation through the nuclear receptor farnesoid X receptor (FXR), which is highly expressed in the liver and ileum (63). Chenodeoxycholic acid (CDCA) is the most potent efficacious ligand of FXR, followed by lithocholic acid (LCA), deoxycholic acid (DCA), and cholic acid (CA) (67). LCA and DCA are secondary BAs transformed from primary BAs by microbial 7α-dehydroxylation, which is a characteristic of Clostridium and Eubacaterium (68, 69). In the liver, FXR activation induces expression of small heterodimer partner 1 (SHP-1), which can inhibit expression of CYP7A1, the rate-limiting enzyme of BAs synthesis, by reducing the activity of liver receptor homolog 1 (LRH-1) (70). Therefore, BAs overload leads to decreased BAs production by repressing the transcription of the rate-limiting enzyme in BAs synthesis. In addition, increased basolateral efflux and biliary excretion of BAs reduce BAs concentrations in hepatocytes, which protects the liver from BA-induced liver injury. Conjugated BAs are primarily secreted into bile via the canalicular bile salt export pump (BSEP) (55). The expression of BSEP is increased from days 1 to 3 after partial hepatectomy, which depends on the activation of FXR (60). Thus, the remnant liver copes with the BAs overload via FXR to maintain normal BAs levels, including both repressions of synthesis and induction of export.

Besides, hepatic FXR plays a critical role in the expression of Foxm1b, a key regulator of the hepatic cell cycle, promoting liver regeneration after either partial hepatectomy or CCl4-induced liver injury (71). Moreover, compared with liver-specific FXR knock-out (KO) mice, conventional FXR KO mice show significantly decreased liver regeneration response at 36 h and 72 h after partial hepatectomy, suggesting that FXR activation in other tissues also contribute to liver regeneration (71).

Intestinal FXR may participate in the promotion of liver regeneration through secreting fibroblast growth factor (FGF) 15 in mice or FGF19 in humans. Trans-enterocytic BAs flux from the intestinal lumen to the basolateral side drives FXR-dependent FGF15 synthesis in the ileum (72). FGF15 reaches the liver and regulates BA homeostasis by an FGFR4-dependent activation of c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) pathways, leading to transcriptional inhibition of CYP7A1 in hepatocytes (72). Therefore, BAs-mediated intestinal FXR-dependent FGF15 production appears as a necessary gut-derived signal for liver protection after partial hepatectomy by maintaining BAs homeostasis. Besides, FGF15 may directly contribute to liver regeneration by stimulating the proliferation of hepatocytes and cholangiocytes (73). Mechanistically, the FGF15-FGFR4-STAT3 signaling pathway, which is required for Foxm1 transcription and cell cycle progression, controls hepatocyte proliferation in the regenerating liver (74). Furthermore, it should be noted that FXR is expressed in the kidney at high levels and in the thymus, spleen, ovary, testes, heart, and eyes at lower levels (63). Increased systemic BAs after partial hepatectomy may also act on these tissues and organs in an FXR-dependent manner and indirectly affect liver regeneration, which needs further exploration.

Taken together, gut microbiota-mediated deconjugation improves the reabsorption of BAs and the abundance of colonic primary conjugated BAs, which may induce protective as well as proliferative cascades in the damaged liver by initiating FXR-dependent responses.



Gut Microbiota-Dependent Production of Secondary BAs Facilitates Liver Regeneration

Gut microbiota dehydrogenates primary BAs to secondary BAs mainly in the colon. Secondary BAs are the most efficient agonists of Taketa G-protein-coupled receptor 5 (TGR5) (75). TGR5 is ubiquitously expressed in many tissues, including the liver, gallbladder, intestine, brown and white adipose tissue, skeletal muscle, and so on (63). In the liver, TGR5 is highly expressed in cholangiocytes, Kupffer cells, and endothelial cells but weakly or not expressed in hepatocytes (76). Therefore, TGR5-dependent protective effects against BAs overload are likely due to other mechanisms rather than regulation of BAs synthesis. TGR5 regulates BA size and composition by reducing hydrophobicity and increasing secretion. A shift towards a more hydrophobic BAs pool is associated with inhibition of liver regeneration (77). TGR5-KO mice have a more hydrophobic BAs composition and hydrophobic BAs accumulation in the liver leads to toxic injury, which is alleviated by a BA resin enriched diet (58). In addition, TGR5 promotes cystic fibrosis transmembrane conductance regulator (CFTR)-dependent Cl- secretion and BAs uptake into biliary epithelia and reduces biliary bile acid concentrations (78). TGR5-dependent increased output of biliary   and Cl- after partial hepatectomy also enhances bile secretion, which prevents the remnant liver from BAs-induced toxicity (58). Furthermore, the production and release of the cytokine after partial hepatectomy are crucial for normal liver regeneration. It has been demonstrated that the immunosuppressive effect of secondary BAs on macrophage is mediated by TGR5 (79), which inhibits LPS-induced expression of cytokines and reduces liver injury (80), by suppressing NF-κB transcription activity and its target gene expression (81). Therefore, gut microbiota-controlled activation of TGR5 may contribute to liver regeneration by regulating hepatic inflammatory response and limiting hepatocyte necrosis after partial hepatectomy. Moreover, TGR5 in skeletal muscle and brown adipose tissue promotes energy expenditure through iodothyronine deiodinase 2 enzyme (DIO2), which converts inactive thyroxine into active thyroid hormone (63). TGR5 in colonic L cells mediates synthesis and secretion of intestinal glucagon-like peptide-1 (GLP-1), which could stimulate insulin secretion (82). Thyroid hormone and insulin cooperated with other growth factors allow the hepatocyte to overcome cell-cycle checkpoint control, initiating and regulating liver regeneration (53).

Gut microbiota-dependent conversion of primary BAs to secondary BAs is also involved in the development of liver cancer (83). Primary BAs stimulate, whereas secondary BAs suppress, the expression of chemokine (C-X-C motif) ligand 16 (CXCL16) by liver sinusoidal endothelial cells, which induces accumulation of hepatic CXCR6+ natural killer T (NKT) cells and production of interferon-γ, inhibiting both primary and metastatic liver tumors.

In general, gut microbiota-dependent production of secondary BAs may reduce the inflammatory response and promote liver regeneration by TGR5-dependent regulation of the BA pool and production of T3 and GLP-1. Elucidating ways to fine-tune gut microbiota-BAs-host interaction is a promising strategy to assist normal liver regeneration.




Gut Microbial Metabolites Short-Chain Fatty Acids and Indoles May Assist Liver Regeneration in a Similar Way


Short Chain Fatty Acids May Assist Liver Regeneration

Short-chain fatty acids (SCFAs) produced by gut microbial fermentation have multiple physiological functions (84). The most abundant SCFAs in the gut are acetate, propionate, and butyrate (85, 86). Bacteroidetes produce acetate and propionate, and Firmicutes are the primary butyrate producers (87–90).

The intestinal tract is the major site of SCFAs production and the biological concentration gradient falls from the gut to the peripheral tissues. Butyrate is largely metabolized in the intestinal epithelium, and the rest is degraded in the liver (91, 92). Most propionate is degraded in the liver, and a substantial portion of acetate passes into the systemic circulation (92, 93). SCFAs function as extracellular agonists for G-protein-coupled receptor (GPR) 41 and GPR43 (94). Butyrate, but not acetate or propionate, also activates the GPR109A (95). GPR41, GPR43, and GPR109A are expressed by intestinal epithelial cells and immune cells (84). Stimulation of GPRs by SCFAs activates ERK1/2, c-JNK, and p38/mitogen-activated protein kinases (MAPKs) (96). In addition, butyrate broadly affects transcription by activating histone acetyltransferases (HATs) and suppressing nuclear class I histone (HDACs) (84). Butyrate can also act as an extracellular agonist activating peroxisome proliferator-activated receptor γ (PPAR-γ), which plays anti-inflammatory effects (97, 98).

SCFAs are important substrates for the integrity of the epithelial barrier, which limits pro-inflammatory load to the liver. Butyrate enhances gut barrier function by increasing the expression of claudin-1 and zonula occludens-1 (ZO-1), decreasing LPS translocation and inhibiting downstream inflammatory responses (99, 100). Therefore, SCFAs may indirectly affect liver injury and regeneration through maintaining gut barrier function.

In addition, SCFAs play potential roles in metabolism homeostasis during liver regeneration. Acetate, propionate, and butyrate regulate hepatic glucose and lipid homeostasis in a PPAR-γ dependent manner (101). Acetate and propionate inhibit adipocyte lipolysis via GPR43, which reduces free fatty acid (FFA) flux to the liver and ameliorates the deterioration of glucose homeostasis caused by fatty liver (102, 103). Propionate and butyrate have metabolic benefits through activating gluconeogenesis gene expression (104). Moreover, SCFAs stimulate gut hormone production of GLP-1 and peptide YY (PYY), improving the metabolic phenotype (105). Butyrate inhibits NF-κB activation in lamina propria macrophages and reduces the responsiveness of lamina propria macrophages to commensal bacteria (106, 107). Butyrate alleviates ischemia-reperfusion liver injury by preventing NF-κB activation and reducing inflammatory factors production (108). Propionate and butyrate have potential roles in the production and function of regulatory T cells via inhibiting histone deacetylase (HDAc) (109, 110).

These studies highlight the interaction between gut microbiota-derived SCFAs and the immune and metabolic homeostasis of the host, which may play an important role in liver injury and regeneration (Figure 5).




Figure 5 | Role of other microbial metabolites in liver injury and regeneration. Gut microbiota is responsible for the production of short-chain fatty acids (SCFAs) and indoles from cellulose and tryptophan in food-intake, respectively. SCFAs can activate host G-protein-coupled receptor (GPR) 41/43, and indoles can activate aryl hydrocarbon receptor (AHR)/pregnane X receptor (PXR), contributing to gut barrier protection, metabolism homeostasis, and immune regulation, which may facilitate liver regeneration by alleviating liver injury.





Indoles May Assist Liver Regeneration

Tryptophan is one of the essential amino acids and must be supplied by dietary uptake. The majority of tryptophan is absorbed in the small intestine, and a significant fraction may also reach the colon. Intestinal tryptophan metabolism follows three major pathways: (1) the kynurenine pathway in epithelial and immune cells through indoleamine 2,3-dioxygenase 1 (IDO1); (2) the serotonin pathway in enterochromaffin cells through tryptophan hydroxylase 1 (TpH1); and (3) direct transformation by commensal bacteria into indole and indole derivatives (111). Numerous bacterial species can metabolize tryptophan, which has been described in a previous review (112). Indole is the most abundant metabolite of gut microbial tryptophan, which is followed by indol-3-acetic acid (IAA) and indole-3-propionic acid (IPA), in adults (112). Indole and many indole derivatives, such as IAA, IPA, indole-3-aldehyde (IAld), tryptamine (TA), 3-methylindole (skatole), and indoxyl-3-sulfate (I3S), are endogenous ligands of aryl hydrocarbon receptor (AhR) (113). AhR is initially well-known for its major role in the metabolism and elimination of environmental toxicants, but it also serves as a key transcription factor controlling many critical cellular functions and organ homeostasis (114).

Given the production site, the role of gut microbial tryptophan metabolism is preponderant in intestinal AhR activity. Activation of AhR in the gut improves intestinal barrier function by decreasing gut permeability and mucosal inflammation (83). Indole upregulates the expression of genes involved in the maintenance of epithelial-cell tight-junction resistance (115, 116). Indoleacrylic acid (IA) improves intestinal epithelial barrier function by promoting goblet cell differentiation and mucus production, which is possibly mediated by AhR activation (117). Moreover, in the context of indole, IPA also regulates intestinal barrier function by acting as a ligand for the pregnane X receptor (PXR) (118). These studies suggest that tryptophan metabolites enhance the intestinal epithelial barrier function by AhR and PXR signaling pathways, which decreases translocation of gut-derived LPS and then could participate in liver injury and regeneration. Similar to SCFAs, indole is also able to modulate the secretion of GLP-1 from colonic L cells and influence host metabolism in an AhR-dependent manner (119, 120). GLP-1 has an important role in glucose homeostasis and liver function, which is probably involved in liver regeneration.

In addition, AhR is expressed by many immune cells and plays an important role in the regulation of immune response in health and disease (113). Gut microbiota-derived IAA and TA reduce inflammatory responses in macrophages and hepatocytes (121), suggesting that gut microbial tryptophan metabolites could regulate immune responses in the liver as well, which indicates their potential roles in liver injury and regeneration. However, the exact effects of gut microbial tryptophan metabolites on liver regeneration still need further research (Figure 5).




Conclusion

Mechanisms of liver regeneration are complex. The crosstalk between gut microbiota and liver allows that gut-derived signals are orchestrated in liver injury and regeneration. Gut-derived LPS and gut microbiota-associated bile acid metabolism appear to have multiple effects on liver injury and regeneration, while SCFAs and tryptophan metabolites produced by gut microbiota have potential benefits in liver regeneration. A comprehensive understanding of these roles of gut-derived signals in liver injury and regeneration will enable the further development of rational specific therapies to either directly improve liver regeneration or prevent complications that appear in the process of liver regeneration. The role of gut-derived signals in animal models of liver regeneration has been briefly described in this review, but lessons learned from animal models still need to be confirmed in more clinical settings, such as chronic liver injury with abnormal liver architecture and advanced liver fibrosis, in which normal regeneration of compromised liver is expected. However, gut-derived signals have the promise to motivate translational and interventional studies of liver injury and regeneration.
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The dimeric cytokine ligand Spätzle (Spz) is responsible for Toll pathway activation and antimicrobial peptide (AMP) production upon pathogen challenge in Tenebrio molitor. Here, we indicated that TmSpz5 has a functional role in response to bacterial infections. We showed that the highest expression of TmSpz5 is induced by Candida albicans. However, TmSpz5 knockdown reduced larval survival against Escherichia coli and Staphylococcus aureus. To evaluate the molecular mechanism underlying the observed survival differences, the role of TmSpz5 in AMP production was examined by RNA interference and microbial injection. T. molitor AMPs that are active against Gram-negative and -positive bacteria, including Tmtenecins, Tmattacins, Tmcoleoptericins, Tmtaumatin-like-proteins, and Tmcecropin-2, were significantly downregulated by TmSpz-5 RNAi in the Malpighian tubules (MTs) following a challenge with E. coli and S. aureus. However, upon infection with C. albicans the mRNA levels of most AMPs in the dsTmSpz5-injected group were similar to those in the control groups. Likewise, the expression of the transcription factors NF-κB, TmDorX2, and TmRelish were noticeably suppressed in the MTs of TmSpz5-silenced larvae. Moreover, E. coli-infected TmSpz5 knockdown larvae showed decreased antimicrobial activity in the MTs and hindgut compared with the control group. These results demonstrate that TmSpz5 has a defined role in T. molitor innate immunity by regulating AMP expression in MTs in response to E. coli.
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Introduction

Insects have been the largest and most diverse class over millions of years of evolution and have adapted to survive in a vast range of ecological territories (1–3). Owing to their exposure to various pathogen sources including bacteria, fungi, parasites, and viruses, they have evolved several multifunctional defense mechanisms, making them an exceptional model for immunity studies (4, 5). Unlike mammals, insects do not have an adaptive immunity (2). However, they do possess a functional innate immune system, involving both humoral and cellular immune responses (6). Cellular immunity, mediated by hemocytes (insect blood cells), involves nodulation (7), encapsulation (8), and phagocytosis (9). Humoral immune response, on the other hand, is mainly mediated by fat bodies (the equivalent of the mammalian liver) and soluble plasma proteins. The production of antimicrobial peptides (AMPs) is the main determinant of humoral immunity (6). Following invader recognition, AMP production is stimulated by the activation of two major signaling pathways, the immune deficiency (Imd) and Toll pathways (6, 10).

The Toll signaling pathway was initially identified as a dorso-ventral axis establishment regulator during embryonic development in Drosophila melanogaster (11). Since then, extensive molecular and mapping studies have provided insight into the roles of the Toll pathway and its components in the Drosophila immune system. The key activator of the Toll transmembrane-associated receptor is the endogenous cytokine-like polypeptide Spätzle (Spz) (12). Invader detection by peptidoglycan recognition proteins (PGRPs) or β-1,3-glucan recognition protein (βGRP)/Gram-negative-binding proteins (GNBPs) in Drosophila leads to a proteolytic cascade that eventually results in Spätzle cleavage and activation. Spätzle can then bind to the Toll receptor and activate downstream signaling pathways, leading to AMP production (10, 13, 14). In addition to its role in D. melanogaster, Spätzle has been shown to have significant roles in different species and taxa, including mosquitoes (15–17), Manduca sexta (18), Bombyx mori (19), shrimp (20), and Tenebrio molitor (21).

Comprehensive biochemical studies of innate immunity claim for a relatively large insect model to enable the collection of sufficient hemolymph samples. Thus, in the last two decades, T. molitor has become a common model for biochemical and molecular studies on innate immunity pathways and their components (22).

Toll signaling in T. molitor is activated when PGRP-SA and GNBP1 recognize meso-diaminopimelic acid (DAP)-type peptidoglycan (PGN) of Gram-negative bacteria and some Bacillus species, and the lysine-type peptidoglycan of Gram-positive bacteria (21, 23–26). However, in Drosophila, the PGRP-SA/GNBP1 complex solely recognizes Gram-positive bacterial and fungal infections, whereas Gram-negative bacteria can be sensed by the alternative receptors PGRP-LC and PGRP-LE and triggers the Imd signaling pathway (6, 27–31). Following recognition, a proteolytic cascade activation, including modular serine protease (MSP), Spz-processing enzyme (SPE)-activating enzyme (SAE), and SPE, leads to the cleavage of Spätzle zymogen, and eventually, mature Spätzle recruitments to the Toll receptor (32, 33). Upon Spz–Toll association in T. molitor, an intracellular cascade is activated, resulting in the engagement of myeloid differentiation factor 88 (MyD88), tube, pelle, pellino, and tumor necrosis factor receptor associated factor (TRAF). This ultimately leads to the binding of cactin to cactus, a dorsal-related immunity factor (Dif) and dorsal inhibitor (34, 35). These transcription factors translocate to the nucleus (36, 37), where they bind to NF-κB-response elements and induce AMP genes transcription (38–43). We have identified nine Spätzle genes (TmSpz-like, -1b, -3, -4, -5, -6, -7, -7a, and -7b) in T. molitor. However, the functional importance of these isoforms is poorly understood. To date, only two T. molitor Spätzle genes (TmSpz4 and TmSpz6) have been functionally characterized (44, 45). In this study, we focused on the immunological significance of TmSpz5 against microbial infection (Supplementary Table 1).



Materials and Methods


Insect Rearing

T. molitor larvae were reared under dark conditions at 26 ± 1°C and 60 ± 5% relative humidity in an environmental chamber established in the laboratory. Larvae were fed an artificial diet consisting of 1.1 g sorbic acid, 1.1 ml propionic acid, 20 g bean powder, 10 g brewer’s yeast powder, and 200 g wheat bran in 4,400 ml distilled water. The feed was autoclaved at 121°C for 15 min and fed to healthy 10th–12th instar larvae for all experiments.



Microorganism Preparation

The Gram-negative bacterium Escherichia coli (strain K12), Gram-positive bacterium Staphylococcus aureus (strain RN4220), and fungus Candida albicans (strain AUMC 13529) were used as pathogenic invaders. E. coli and S. aureus were cultured in Luria–Bertani (LB) broth, and C. albicans was cultured in Sabouraud’s dextrose broth overnight at 37°C. The microorganisms were harvested and washed twice in phosphate-buffered saline (PBS; pH 7.0) and then centrifuged at 3,500 × g for 15 min. Subsequently, the samples were suspended in PBS, and concentrations were measured at 600 nm (OD600) by spectrophotometry (Eppendorf, Hamburg, Germany). E. coli and S. aureus were diluted to 1 × 106 cells/µl, and C. albicans was diluted to 5 × 104 cells/µl for immune challenge studies.



Computational Sequence Analysis of TmSpz5

The TmSpz5 gene sequence (accession number: MW916536) was obtained from the T. molitor RNAseq analysis (unpublished) and NCBI Expressed Sequence Tag (EST) database. The Tribolium castaneum Spz5 amino acid sequence (accession number: XP_008193940.1) was used as the query for identification by local-tblastn searches. The full-length open reading frame (ORF) and deduced amino acid sequences of TmSpz5 were analyzed using BLASTp (NCBI; https://blast.ncbi.nlm.nih.gov/Blast.cgi). The domain architectures of the protein sequences were retrieved using InterProScan (https://www.ebi.ac.uk/interpro/search/sequence-search). Signal peptides were predicted using the SignalP 5.0 server (http://www.cbs.dtu.dk/services/SignalP/).

A multiple-sequence alignment of the TmSpz5 amino acid sequence with representative Spätzle amino acid sequences from other insects (retrieved from GenBank) was generated using ClustalX 2.1 (46). Estimation of the percent identity and phylogenetic analyses were performed using ClustalX 2.1 (pim as the output file) and MEGA version 7.0 (47), respectively. Evolutionary relationships were inferred using the neighbor-joining method (48), and the bootstrap consensus tree was inferred from 1,000 replicates. Several protein sequences were used to generate the phylogenetic tree, including those of TcSpz5, Tribolium castaneum spätzle 5 isoform X1 (XP_008193940.1); TcSpz5, Tribolium castaneum spätzle 5 isoform X2 (XP_015836109.1); AtSpz5like, Aethina tumida spätzle 5-like (XP_019879590.1); SoSpz5like, Sitophilus oryzae spätzle 5-like (XP_030767938.1); MsSpz5, M. sexta spätzli 5 (XP_037299529.1); BmSpz5, B. mori spätzli 5 (XP_004924790.1); AaSpz5like, Anopheles albimanus spätzle 5-like (XP_035790066.1); DmeSpz5, D. melanogaster spätzle5 (NP_647753.1); DmaSpz5, Drosophila mauritiana spätzle 5 (XP_033160799.1); ArSpz5, Athalia rosae spätzli 5 (XP_012261687.1); PgSpz5, Pseudomyrmex gracilis spätzle 5 isoform X3 (XP_020284715.1); and PvSpz4, Penaeus vannamei spätzle 4 (ANJ04742.1).



Analysis of TmSpz5 Expression and Induction

The protocols for the developmental stage- and tissue-specific analyses have been reported previously (44, 45, 49). Briefly, total RNA was isolated from different developmental stages (eggs, young larvae (instars 10–12), late larvae (instars 14-15), pre-pupae, 1- to 7-day-old pupae, and 1- to 5-day-old adults) and tissues [integument, gut, fat bodies, Malpighian tubule (MT), hemocytes of last instar larvae and 5-day-old adults, and ovary and testis of 5-day-old adults] of T. molitor.

To analyze the induction of TmSpz5, suspensions containing 1 × 106 cells/µl of E. coli and S. aureus and 5 × 104 cells/μl of C. albicans were injected into T. molitor larvae at instars 10–12 (n = 20). PBS-injected T. molitor larvae were used as the control group. Samples were collected at 3, 6, 9, 12, and 24 h post-microbial challenge.

Total RNA was isolated using the Clear-S Total RNA Extraction Kit (Invirustech Co., Gwangju, South Korea) according to the manufacturer’s instructions. Then, 2 μg of total RNA was used as the template to synthesize cDNA using the Oligo (dT)12–18 primers under the following reaction conditions: 72°C for 5 min, 42°C for 1 h, and 94°C for 5 min. The MyGenie96 Thermal Block (Bioneer, Daejeon, Korea) and AccuPower® RT PreMix (Bioneer) were used according to the manufacturer’s instructions. cDNA was stored at -20°C until further use.

Relative quantitative PCR (qRT-PCR) was performed using AccuPower® 2X GreenStar qPCR Master Mix (Bioneer) with synthesized cDNAs and specific primers (TmSpz5_qPCR_Fw and TmSpz5_qPCR_Rv), as depicted in Table 1, with an initial denaturation of 95°C for 20 s, followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. T. molitor ribosomal protein L27a (TmL27a) was used as an internal control, and the results were analyzed using the 2-ΔΔCt method (50). The results are presented as means ± standard error (SE) of three biological replicates.


Table 1 | Sequences of the primers used in this study.





RNA Interference

To synthesize the double-stranded RNA (dsRNA) of the TmSpz5 gene, primers containing the T7 promoter sequence at their 5′ ends were designed using SnapDragon-Long dsRNA Design (Table 1). PCR was performed using AccuPower® Pfu PCR PreMix with the TmSpz5_Fw and TmSpz5_Rv primers (Table 1) and according to the developmental expression pattern of TmSpz5, cDNA synthesized from pre-pupae (whole bodies) as a template under the following cycling conditions: an initial denaturation step at 94°C for 2 min followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 30 s, with a final extension step at 72°C for 5 min. PCR products were purified using the AccuPrep PCR Purification Kit (Bioneer), and dsRNA was synthesized using the AmpliScribe T7-Flash Transcription Kit (Epicentre Biotechnologies, Madison, WI, USA) according to the manufacturer’s instructions. After synthesis, the dsRNA was purified by precipitation with 5 M ammonium acetate and 80% ethanol, followed by quantification using an Epoch spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). The dsRNA for enhanced green fluorescent protein (dsEGFP) was synthesized for use as a control and was stored at -20°C until use.



Effect of TmSpz5 Gene Silencing on Larval Mortality Against Microbial Challenge

To study the importance of TmSpz5 in the T. molitor immune response, dsTmSpz5 (1 µg/µl) was first injected into early-instar larvae (instars 10–12; n = 30) using disposable needles mounted onto a micro-applicator (Picospritzer III Micro Dispense System; Parker Hannifin, Hollis, NH, USA). An equal amount of dsEGFP was injected in the larvae at the same stage as the negative control. The efficiency of TmSpz5 knockdown was evaluated by qRT-PCR, and over 86% knockdown was achieved at 4 days postinjection. The TmSpz5-silenced and dsEGFP-injected larval groups were challenged with E. coli (106 cells/µl), S. aureus (106 cells/µl), or C. albicans (5 × 104 cells/µl) in triplicate experiments. The challenged larvae were maintained for 10 days, and the number of surviving larvae was recorded. The survival rates of TmSpz5-silenced larvae were compared with those of the control larvae. Relevant analysis was performed using Kaplan–Meier plots (51).



Effect of dsTmSpz5 on AMP Expression in Response to Microbial Challenge

To evaluate the functional properties of TmSpz5 in the regulation of AMP gene expression in response to pathogens, RNAi was used for TmSpz5 gene silencing, followed by the injection of larvae with E. coli, S. aureus, or C. albicans. dsEGFP and PBS were used as the negative and injection controls, respectively. At 24 h postinjection, the hemocytes, fat body, gut, and MTs were dissected, total RNA was extracted from each tissue, and cDNA was synthesized as described above. Next, qRT-PCR was performed with specific primers (Table 1) to analyze the temporal expression patterns of 14 AMP genes: TmTenecin-1, -2, -3, and -4 (TmTene1, 2, 3, and 4), TmAttacin-1a, -1b, and -2 (TmAtt1a, 1b and 2), TmDefensin (TmDef), TmDefensin-like (TmDef-like), TmColeoptericin-A and -B (TmColeA and B), TmCecropin-2 (TmCec-2), and TmThaumatin like protein-1 and -2 (TmTLP1 and 2).



Effects of dsTmSpz5 on NF-κB Gene Expression

To study the effects of dsTmSpz5 on the expression of NF-κB genes, including TmDorsal isoform X2 (TmDorX2) and TmRelish (TmRel), TmSpz5 was silenced in early-instar larvae and E. coli, S. aureus, and C. albicans were injected at 4 days post-double-strand treatment. At 24 h after pathogen injection, the MTs, hemocytes, gut, and fat bodies were dissected. Total RNA extraction and cDNA synthesis were performed as described above.



Effects of TmSpz5 RNAi on Antimicrobial Activity Against E. coli

The AMPs and NF-κB gene expression patterns led us to perform colony-forming unit (CFU) assay to assess the in vitro AMP activity against Gram-negative bacteria. Therefore, TmSpz5 dsRNA-treated young instar larvae of T. molitor were injected with E. coli (106 cells). At 48 h post–pathogen injection, the hemolymph, midgut, hindgut, and Malpighian tubules were isolated in 100 μl 1× PBS. PBS and dsEGFP were injected as uninfected and dsRNA control groups, respectively. Tissue samples were homogenized and centrifuged at 15,000 rpm at 4°C for 10 min, and then the supernatants were boiled at 100°C for 10 min and centrifuged again at 15,000 rpm at 4°C for 10 min. Consequently, the protein content of extracted peptides has been measured by an Epoch machine and 50 ng of tissue samples was assayed with 106 cells of E. coli in 1× PBS at 37°C for 2 h (52). Eventually, 2,000-fold serial dilutions were performed, and 100 μl of the resulting mixture was plated onto LB agar, followed by incubation at 37°C for 16 h. The colony numbers of assayed plates were then counted.



Data Analysis

Statistical analyses were performed using SAS 9.4 (SAS Institute, Inc., Cary, NC, USA), and cumulative survival was analyzed by Tukey’s multiple-comparison test, with a significance level of p < 0.05. Fold change in expression of the AMP genes compared to the levels of the internal control (TmL27a) and external control (PBS) was calculated using the 2-ΔΔCt method.




Results


In Silico Analysis of TmSpz5

To acquire the full-length cDNA sequence of TmSpz5, a local blast search of the T. molitor RNAseq database was performed using the T. castaneum Spätzle5 protein sequence as the query. The TmSpz5 full-length ORF consisted of 1,062 bp, encoding a polypeptide of 353 amino acid residues (Figure 1). As determined using InterProScan, the TmSpz5 amino acid sequence contained a cystine-knot domain at the C-terminus (which binds to the Toll receptor), one cleavage site predicted to be processed by SPE, and a predicted signal peptide at the N-terminus (Figure 1). Additionally, the conserved domains in TmSpz5 were compared at the amino acid level using ClustalX 2.1 and multiple-sequence alignment. TmSpz5 sequences were conserved at the protein level among insect species (Figure 2A). A phylogenetic analysis illustrated that TmSpätzle5 in the order Coleoptera formed a group with other isoforms of Spätzle5 from T. castaneum (Figure 2B).




Figure 1 | Nucleotide and deduced amino acid sequences of T. molitor Spätzle5 (TmSpz5). The TmSpz5 full-length open reading frame (ORF) consisted of 1,062 bp, encoding a polypeptide of 353 amino acid residues. The cystine-knot domain is shown in a yellow box, and the signal peptide region and cleavage site are indicated by red and blue arrows, respectively. The stop codon is shown with an asterisk.






Figure 2 | Multiple-sequence alignment (A) and phylogenetic analysis (B) of T. molitor Spätzle5 (TmSpz5). A domain analysis was performed using ClustalX2, and the phylogenetic tree was constructed using MEGA7 with the maximum likelihood method and 1,000 bootstrap replicates (where numbers at nodes indicate bootstrap support). The representative Spätzle 5 protein sequences showed high homology at the conserved domains marked in blue boxes, and the red arrows indicate conserved cystine-knot domain scores between groups. A neighbor-joining (NJ) tree was constructed based on the protein sequences of TcSpz5, Tribolium castaneum spätzle 5 isoform X1 (XP_008193940.1); TcSpz5, Tribolium castaneum spätzle 5 isoform X2 (XP_015836109.1); AtSpz5like, A. tumida spätzle 5-like (XP_019879590.1); SoSpz5like, S. oryzae spätzle 5-like (XP_030767938.1); MsSpz5, M. sexta spätzle 5 (XP_037299529.1); BmSpz5, B. mori spätzle 5 (XP_004924790.1); AaSpz5like, A. albimanus spätzle 5-like (XP_035790066.1); DmeSpz5, D. melanogaster spaetzle5 (NP_647753.1); DmaSpz5, D. mauritiana spätzle 5 (XP_033160799.1); ArSpz5, A. rosae spätzle 5 (XP_012261687.1); PgSpz5, P. gracilis spätzle 5 isoform X3 (XP_020284715.1); and PvSpz4, P. vannamei spätzle 4 (ANJ04742.1) which was used as the outgroup. Colored lines indicate different insect orders; red: Coleopteran, green: Lepidopteran, blue: Dipteran, purple: Hymenopteran. PvSpz4, illustrated black, belongs to the Crustacean class.





Temporal and Spatial Expression of TmSpz5

TmSpz5 mRNA expression patterns were evaluated by qRT-PCR at different developmental stages and in various tissues in larvae and adults. TmSpz5 was observed at essentially all developmental stages (Figure 3A). However, the highest expression levels were seen in embryos and pupae. The mRNA levels decreased at the larval stage, and in late larvae, it shows the lowest expression. We observed fluctuations in the expression pattern during pupal stages with a plateau phase in late pupae. Overall, increased TmSpz5 mRNA levels were observed during molting and each ecdysis, with a gradual fall across each individual stage.




Figure 3 | Developmental stage- and tissue-specific expression patterns of TmSpz5 measured by qRT-PCR. (A) Relative TmSpz5 mRNA levels in eggs (EG), young larvae (YL), late-instar larvae (LL), pre-pupae (PP), 1- to 7-day-old pupae (P1–P7), and 1- to 5-day-old adults (A1–A5) are illustrated. Expression levels were the highest in the eggs and the pupae. The mRNA levels decreased in the larval stage and were lowest in the late larval stage. Increases in TmSpz5 transcript levels were detected during molting and in each ecdysis with a gradual decrease across each individual stage. TmSpz5 tissue expression patterns in late instar larvae (B) and adults (C) were also examined. Total RNA was extracted from different tissues, including the integument (IT), Malpighian tubule (MT), gut (GT), hemocytes (HC), and fat bodies (FB) of late instar larvae and the integument (IT), Malpighian tubule (MT), gut (GT), hemocytes (HC), fat bodies (FB), ovary (OV), and testis (TE) of 5-day-old adults. Total RNA was isolated from 20 mealworms and T. molitor 60S ribosomal protein 27a (TmL27a) primers were used as internal control (N = 3). One-way ANOVA and Tukey’s multiple-range test at a 95% confidence level were used for comparisons. Bars with the same letter are not significantly different by Tukey’s multiple-range test (p < 0.05).



With respect to tissue expression patterns (Figures 3B, C), TmSpz5 expression levels were highest in MTs, followed by (in decreasing order) the hemocytes, fat bodies, integument, and gut in larvae. Contrarily, in adults, the mRNA expression of TmSpz5 was low in MTs and highest in the gut.



Patterns of TmSpz5 Induction

TmSpz5 expression in immune-challenged T. molitor larvae was examined after E. coli, S. aureus, and C. albicans injections (Figure 4), using PBS injection as the control. Four tissues, including the fat bodies (Figure 4A), hemocytes (Figure 4B), gut (Figure 4C), and MTs (Figure 4D), were collected at 3, 6, 9, 12, and 24 h post-pathogen injection for total RNA extraction. TmSpz5 expression was considerably upregulated in response to bacterial and fungal infections. TmSpz5 expression varied in tissue- and time-dependent manners. The highest expression levels were seen in the gut at 12 and 24 h and in the fat bodies at 9 and 24 h after infection (in that order), in response to all three pathogens. Of note, in the fat bodies, the expression of TmSpz5 was lowest at 12 h, possibly due to fluctuations in mRNA expression after infection as also reported earlier (35, 44, 49, 53). In MTs, there was also a noticeable upregulation in response to C. albicans and E. coli at 3 h post injection and in response to S. aureus at 9 h postinjection. C. albicans also induced TmSpz5 expression in the hemocytes at 12 h postinjection.




Figure 4 | Temporal expression patterns of TmSpz5 in immune-challenged T. molitor larvae. Levels of TmSpz5 mRNA in the fat bodies (A), hemocytes (B), gut (C), and Malpighian tubules (D) were examined by qRT-PCR 3, 6, 9, 12, and 24 h after infection with E. coli (106 cells/µl), S. aureus (106 cells/µl), and C. albicans (5 × 104 cells/µl). TmSpz5 expression was highly induced in the presence of C. albicans and S. aureus in various tissues. PBS was used as an injection control, and T. molitor 60S ribosomal protein 27a (TmL27a) primers were used as internal control (n = 3). Asterisks indicate significant differences between infected and PBS-injected larval groups by Student’s t-test (p < 0.05). Vertical bars indicate means ± SD (n = 20).





Effect of TmSpz5 RNAi on T. molitor Survival

Considering our observation that TmSpz5 expression is induced by different pathogens, we further examined the survival rate of TmSpz5-silenced larvae using the RNAi technique. TmSpz5 mRNA levels were decreased by 86% 4 days after dsTmSpz5 injection (Figure 5A), confirming the efficiency of the RNAi.




Figure 5  | Effect of TmSpz5 gene silencing on the survival of T. molitor larvae. The silencing efficiency of dsTmSpz5 was measured by qRT-PCR at 4 days postinjection (A). TmSpz5-silenced larvae were injected with E. coli (B), S. aureus (C), and C. albicans (D), and survival rates were studied over 10 days post-pathogen injection (n = 10 per group). Larval survival rates at 10 days post-microbial injection were 33% after E. coli injection, 58% after S. aureus injection, and 90% after C. albicans injection compared with the levels in the dsEGFP-injected control group. The data are reported as averages of three biologically independent replicates. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-injected groups. The survival analysis was performed using Kaplan–Meier plots (log-rank chi-squared test; *p < 0.05).



Subsequent to confirmation of RNAi efficiency, pathogens of interest were injected. Survival rates of TmSpz5-silenced larvae were then evaluated over 10 days following microbial infection. dsEGFP was used as the control group for dsTmSpz5. PBS-injected larvae showed no statistically significant differences in survival between the dsTmSpz5 and dsEGFP groups (data not shown). dsTmSpz5 larvae showed considerable reductions in survival in response to E. coli and S. aureus (survival rates of approximately 33% and 58%, respectively) (Figures 5B, C). Interestingly, C. albicans-injected larvae showed similar survival rates to those of the PBS group (Figure 5D).



Effect of TmSpz5 Gene Silencing on Antimicrobial Peptide Production

The survival analysis indicated that TmSpz5 gene silencing accelerated the vulnerability of larvae challenged with E. coli and S. aureus, but not C. albicans. We further evaluated the induction of AMPs following challenge with E. coli, S. aureus, and C. albicans in TmSpz5-silenced T. molitor larvae. In particular, we knocked down TmSpz5 and evaluated the levels of 14 AMP genes 24 h after the microbial challenge.

According to the results of the survival analysis, we expected TmSpz5 silencing to lead to AMP downregulation in response to E. coli and S. aureus. Our data illustrated that following confirmation of the TmSpz5 knockdown efficiency (Supplementary Figure 1), 10 out of 14 AMP genes were significantly downregulated in the MTs of TmSpz5-silenced larvae after E. coli and S. aureus injections but not after fungal infection. In particular, the E. coli challenge resulted in reductions in the levels of TmTene1, TmTene2, TmTene3, TmTene4, TmColeA, TmColeB, TmAtt1a, TmAtt1b, TmAtt2, TmTLP1, and TmTLP2 and the S. aureus challenge resulted in substantial reductions in the levels of TmTene2, TmTene4, TmColeA, TmColeB, TmAtt1a, TmAtt1b, TmAtt2, TmTLP1, and TmTLP2 (Figure 6). In the gut, silencing of TmSpz5 suppressed the E. coli-induced upregulation of TmColeA, TmAtt1a, and TmAtt1b as well as the S. aureus-induced regulation of TmTene2, TmTene4, TmColeB, TmAtt1a, and TmAtt1b (Figures 7B, D, H–K). In the hemocytes, TmTene1, TmDef, and TmAtt2 were downregulated in response to E. coli and TmDef and TmAtt2 were downregulated in response to S. aureus (Figures 8A, E, L). Moreover, in response to C.albicans, mRNA levels of TmTen3 and TmCec2 were downregulated (Figures 8C, G). In the fat bodies, only the levels of TmTene4, TmDef, and TmTLP1 were reduced in response to E. coli infection (Figures 9D, E, M). Surprisingly, dsTmSpz5 elevated the mRNA levels of some AMPs in response to pathogens in all dissected tissues, particularly the levels of the Cecropin, Attacin, and Tencin families in the gut, fat bodies, and hemocytes (Figures 7A, C, E–G, 8B, D, F, and 9A–C, F–L, N). Finally, mRNA levels of almost all AMPs did not differ between the dsTmSpz5 group and the control group in response to C. albicans.




Figure 6 | Induction of 14 AMP genes in the Malpighian tubules of TmSpz5-silenced T. molitor larvae infected with E. coli (Ec), S. aureus (Sa), and C. albicans (Ca) using PBS as control. At 24 h after microbial injection, AMP genes, including TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were examined by qPCR using dsEGFP as a knockdown control and T. molitor ribosomal protein (TmL27a) as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups determined by Student’s t-test (p < 0.05).






Figure 7 | Effect of TmSpz5 gene silencing on antimicrobial peptide (AMP) gene expression levels in the T. molitor gut. Four days after TmSpz5 RNAi treatment, pathogens including E. coli (Ec), S. aureus (Sa), and C. albicans (Ca) and PBS as control were injected. Levels of the AMP genes, including TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were evaluated by qRT-PCR at 24 h post-microbial injection. dsEGFP was injected as a negative control, and TmL27a expression was evaluated as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups when compared using Student’s t-test (p < 0.05).






Figure 8 | The mRNA expression levels of 14 antimicrobial peptide (AMP) genes after TmSpz5 gene silencing in the hemocytes of T. molitor. Four days after TmSpz5 dsRNA treatment, E. coli (Ec), S. aureus (Sa), and C. albicans (Ca) and PBS as a control were injected. At 24 h after injecting the microbes, the expression levels of TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were evaluated by qRT-PCR. dsEGFP was injected as a negative control, and TmL27a expression was measured as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups when compared using Student’s t-test (p < 0.05).






Figure 9 | Antimicrobial peptide expression patterns in the fat bodies of dsTmSpz5-treated T. molitor larvae in response to microbial challenge. At 24 h post-infection by E. coli (Ec), S. aureus (Sa), and C. albicans (Ca), the mRNA levels of TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were evaluated by qRT-PCR. PBS was administered to the non-infected control group. dsEGFP was injected as a negative control, and TmL27a expression was measured as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups determined using Student’s t-test (p < 0.05).



Following the same protocol used to evaluate the expression of AMP genes following knockdown, the NF-κB pathway genes TmDorX2 and TmRelish were examined (Figure 10). dsTmSpz5 considerably depleted TmDorX2 expression levels in MTs following E. coli and S. aureus infection (Figure 10A). A less substantial reduction in TmRelish expression was observed in MTs (Figure 10B). Moreover, following the microbial challenge, TmDorX2 was upregulated in the fat bodies and gut and TmRelish was upregulated in the fat bodies.




Figure 10 | Effect of Tmspz5 gene silencing on NF-κB gene expression patterns. dsTmspz5-treated T. molitor larvae were infected with E. coli, S. aureus and C. albicans and 24 h post-pathogen injection, mRNA levels of NF-κB genes, including TmDorX2 (A) and TmRel (B), were measured by RT-qPCR. EGFP dsRNA was assessed as a negative control and T. molitor ribosomal protein (TmL27a) was used as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups determined using Student’s t-test (p < 0.05).





Loss of Antimicrobial Activity in dsTmSpz5-Treated Larvae

The AMP assay result clearly demonstrated that E. coli and S. aureus infection in dsTmSpz5-treated larvae induced AMP expression significantly in Malpighian tubules and partially in the gut. Thus, we examined whether this suppression would affect bacterial growth in the hemolymph, MTs, midgut, and hindgut by CFU assay. Following dsEGFP and dsTmSpz5 injection, larvae were exposed to E. coli, and the aforementioned tissues were dissected 48 h postinfection and cultured with E. coli on LB agar plates. Elevated antimicrobial activity was observed in all dissected tissues in E. coli-injected larvae compared with the PBS-injected group (Figures 11A, C, E, G). Moreover, it was found that E. coli growth was hindered in the dsEGFP-injected gut, compared to the dsTmSpz5-injected larvae in the MTs, hindgut, and midgut (in decreasing order) (Figures 11D, F, H). In contrast, in the hemolymph, no significant difference in proliferation inhibition was observed between the dsEGFP- and dsTmSpz5-injected larvae (Figure 11B). These results imply that the effect of TmSpz5 knockdown on AMP gene depletion in MTs causes suppressed antimicrobial activity against Gram-negative bacteria. Additionally, while antimicrobial activity in hemolymph remained indifferent, downregulation of AMP genes in MTs subsequent to TmSpz5 knockdown exhibits reduced antimicrobial activity in the hindgut.




Figure 11 | Antimicrobial activity against E. coli in TmSpz5-silenced larvae hemolymph, Malpighian tubules, midgut, and hindgut by CFU assay. (A, C, E, G) Antimicrobial activity evoked by E. coli (Ec) (106 cells/μl) elicitation. PBS-injected T. molitor was used as a negative control (Cont). E. coli-injected T. molitor hemolymph and Malpighian tubules had higher antimicrobial activity compared with control group (A, C). (B, D, F, H) E. coli (106 cells/μl) was injected into dsTmSpz5-treated T. molitor larvae. dsEGFP-treated larvae were used as a negative control. The result shows that the antimicrobial activity was decreased by treatment of dsSpz5 compared with the dsEGFP-treated group majorly in Malpighian tubules (D), hindgut (H), and midgut (F) in a depleting manner. E. coli proliferation remained indifferent in the dsTmSpz5-treated group compared with dsEGFP-treated larvae in hemolymph (B). Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-injected groups.






Discussion

Drosophila is one of the most potent genetic model systems for characterization of the Toll and Imd signaling pathways (24, 54, 55). Nevertheless, the focus on this model limits our understanding of the biochemical mechanisms of the Toll proteolytic cascade. For instance, the activation protocol (i.e., developmental factors or infection) influences pathway activity, making it difficult to comprehensively characterize the underlying mechanisms (12, 31).

T. molitor Toll signaling activation by Gram-positive bacteria or fungi, its compartments, and its relevant AMPs have been well elucidated (24). Surprisingly, similar to Lys-type PGN, TmPGRP-SA can recognize polymeric DAP-type PGN of Gram-negative bacteria, subsequently leading to activation of a three-step proteolytic cascade and the production of mature Spätzle (53, 56).

During Drosophila developmental stages, expression of the Spätzle gene is regulated by hormonal alteration. Radio-immunoassays have illustrated that ecdysone activity is high during prepupal and pupal stages (57). Likewise, cross talk between the steroid hormone 20-hydroxyecdysone (20E) and immune-regulatory genes in Drosophila has been reported (57, 58). Additionally, Drosophila MTs do not undergo histological alterations during pupal metamorphosis and therefore play an important role in innate immunity during this process (59, 60). Our developmental stage- and tissue-specific gene expression data revealed that TmSpz5 levels are high during the embryonic stage as well as at each ecdysis, consequently increasing susceptibility to possible attacks, showing that TmSpz5 contributes to both insect dorso-ventral axis formation during development and immune responses, respectively (11). The fact that TmSpz5 expression is the highest in larval MTs and in the adult gut supports its important role in epithelial defense organs.

Toll signaling is activated upon the recognition of Gram-positive bacteria and fungi by the cleavage of the cytokine-like polypeptide Spätzle (2, 6, 27). We detected a high and early expression of TmSpz5 following C. albicans and S. aureus challenge in descending order in all dissected tissues. The observed TmSpz5 expression in response to E. coli infection in MTs provides evidence for cross talk between the Toll and Imd signaling pathways. The unexpected results of the survival analysis demonstrated the importance of TmSpz5 in T. molitor immunity against E. coli and S. aureus, but not C. albicans. Consistently, TmSpz5 silencing leads to T. molitor vulnerability toward E. coli and S. aureus by decreasing AMP production in the presence of pathogens. Our results were predominantly consistent with those of previous studies on AMP production after treatment with dsTmSpz5. In Drosophila, attacin, diptericin, cecropin, and drosocin are active against Gram-negative bacteria, and metchnikowin and defensin act against Gram-positive bacteria (59, 61–65). In this study, TmCecropin-2 was also induced by Gram-positive bacteria and fungi. Surprisingly, the elevated mRNA levels of some AMPs in various tissues may suggest that there are alternative mechanisms to regulate gene expression. As it has been demonstrated previously, different T. molitor Späzle RNAi treatments (TmSpz4, TmSpz6, TmSpzlike) resulted in an increased expression of AMPs following microbial challenges (44, 45, 49). Additionally, the monomeric DAP-type peptidoglycan of Gram-negative bacteria activates TmIMD protein which triggers the expression of nine AMP genes (66). Likely, results of this study propose a possibility that the effect of TmSpz5 RNAi leads to the overexpression of other Späzle genes with a similar function. Overexpression of some AMP genes, mostly in hemolymph and fat bodies, maintains homeostasis. Moreover, other signaling pathways such as Imd can trigger an elevated expression of AMPs (35). Since the Imd signaling pathway has not been fully clarified, further studies regarding possible synergistic effects on induction of different AMPs are required to have a crystal understanding of Toll and Imd pathway association with regulation of AMP genes. Furthermore, the lack of change in mRNA levels of most AMPs in the dsTmSpz5 group in response to C. albicans appeared to be inconsistent with the induction data.

NF-κB family members in Drosophila, activated by the Toll and Imd pathways, regulate the expression of AMP genes (27). The Toll signaling pathway mediates activation of the transcription factors Dorsal and Dif and is predominantly actuated by the detection of Gram-positive bacteria and fungi (6, 40, 67, 68). In contrast, Gram-negative bacteria activate the Imd pathway, which triggers the NF-κB transcription factor Relish (6, 43, 69). In agreement with the AMP expression results, TmDorX2 was significantly suppressed in the MTs of TmSpz5-silenced larvae following challenges with E. coli and S. aureus, indicating that TmSpz5 is involved in regulating the expression of TmDorX2.

With respect to antimicrobial activity, AMPs extracted from all tissues except the hemolymph effectively inhibited E. coli growth. The effective inhibition of bacterial proliferation in the MTs and hindgut were consistent with the AMP mRNA expression and NF-κB results, suggesting that TmSpz5 acts as an immune component in the MTs and subsequently the hindgut. Further investigations are needed to verify these results.

Drosophila fat bodies are considered as the insect equivalent of the mammalian liver and are the main AMP-producing tissues, allowing an effective response to infection (6). Epithelial cells in the gut, MTs, genital tract, and trachea play important roles in systemic immunity by mediating the local response to invaders (70, 71). These epithelial tissues constitute the first line of defense toward possible invaders, and if pathogens invade these barriers, cellular and humoral immunity is induced (60, 71). Insect MTs form by hindgut–midgut joint invagination, and thus its secretions and hemolymph waste products are constantly transported to the hindgut (72). Thereupon, Drosophila MTs have osmoregulatory activity function as detoxification compartments in the hemolymph, acting as major innate immune organs (73). They are able to recognize pathogens and induce the production of high levels of AMPs (59, 60). They do not endure metamorphosis caused by ecdysone induction and are conveyed from larvae to adults. PGRP-LC expression is elevated by MT ecdysone production and has a marked effect on boosting host immunity (60). Additionally, PGRP-LE and PGRP-SC1 are immune elements predominantly functioning in the posterior midgut and anterior hindgut (74).

Our results show that MTs are critical immune organs in T. molitor, as has been observed in Drosophila. The radical shrinkage of the expression of almost all AMP genes and TmDorX2 in the MTs of TmSpz5-silenced larvae following E. coli infection suggests that DAP-type PGN is recognized by PRRs and the relevant proteolytic cascade leads to the activation of mature TmSpz5. Consequently, activated TmSpz5 binds to the Toll receptor and positively regulates the expression of the NF-κB response elements and AMP genes. In contrast to the lack of change in AMP expression in the gut of TmSpz5 knockdown larvae, the CFU results not only demonstrate the pivotal role of TmSpz5 in antibacterial activity of MT AMPs but also show that these AMPs act as hindgut disinfectants (Figure 12).




Figure 12 | A schematic summary of TmSpz5 positive regulation in antimicrobial peptide production in Malpighian tubules (MTs) of bacterial infected larvae. 10 AMP-encoding genes including TmTen-1, TmTen-2, TmTen-4, TmColA, TmColB, TmAtt-1a, TmAtt-1b, TmAtt-2, TmTLP-1, and TmTLP-2 are positively regulated by TmSpz5 upon bacterial infections in MTs and produced peptides along with rest of tubules content, eventually flow to hindgut.



Our molecular analyses deepen our current knowledge of T. molitor immunity. Notably, the role of MTs in the innate immunity of T. molitor against the Gram-negative bacteria, E. coli, supports the results of previous studies, showing that polymeric DAP-type PG can be sensed by PGRP-SA, and Toll pathway activation leads to TmSpz5 cleavage and AMP production. A comprehensive understanding of these proteolytic cascades could provide a basis for the development of diagnostic kits and novel clinical trials for innate immune system-related diseases.
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Ubiquitination is a commonly used post-translational modification (PTM) in eukaryotic cells, which regulates a wide variety of cellular processes, such as differentiation, apoptosis, cell cycle, and immunity. Because of its essential role in immunity, the ubiquitin network is a common target of infectious agents, which have evolved various effective strategies to hijack and co-opt ubiquitin signaling for their benefit. The intracellular pathogen Legionella pneumophila represents one such example; it utilizes a large cohort of virulence factors called effectors to modulate diverse cellular processes, resulting in the formation a compartment called the Legionella-containing vacuole (LCV) that supports its replication. Many of these effectors function to re-orchestrate ubiquitin signaling with distinct biochemical activities. In this review, we highlight recent progress in the mechanism of action of L. pneumophila effectors involved in ubiquitination and discuss their roles in bacterial virulence and host cell biology.
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INTRODUCTION

Ubiquitin (Ub) is a small, 76-amino acid protein that highly conserved in all eukaryotes (Liu et al., 2013; Shaid et al., 2013). The attachment of ubiquitin to client proteins forms a covalent modification known as ubiquitination, resulting in changes in the stability, cellular localization and/or activity of the substrates. Classical ubiquitination is a three-reaction cascade catalyzed by three types of enzymes (Figure 1). The first reaction is carried out by the ubiquitin-activating enzyme (E1), which catalyzes acyl adenylation on the carboxyl terminus of Ub by hydrolyzing an ATP molecule. The labile intermediate AMP-Ub then reacts with E1, resulting in linkage of the Ub moiety to its active cysteine residue by a thioester bond and the release of AMP (Hershko and Ciechanover, 1998). The Ub on E1 is then delivered to the active cysteine residue of ubiquitin-conjugating enzyme (E2) (Olsen and Lima, 2013). Charged E2s carrying a Ub moiety work together with ubiquitin ligation enzymes (E3) to transfer the modifier onto a substrate (Buetow and Huang, 2016). Whereas E2s often dictate the chain type of ubiquitination (Stewart et al., 2016), E3s normally determine substrate specificity (Buetow and Huang, 2016). There are three major classes of E3 enzymes that utilize distinct mechanisms to transfer Ub from E2 or E3 itself to the substrate (Buetow and Huang, 2016). In most cases, Ub is attached to substrates by an isopeptide bond formed between its carboxyl terminus and the ε-amino group of Lys residues in target protein or in the preceding Ub moiety (Hershko and Ciechanover, 1998).
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FIGURE 1. Canonical eukaryotic ubiquitination by the three-enzyme cascade. Canonical ubiquitination is initiated by E1-mediated acyl adenylation on the carboxyl terminus of Ub by hydrolyzing an ATP molecule, followed by a linkage of Ub to the active cysteine residue of E1 and the release of AMP. The Ub on E1 is then delivered to the active cysteine residue of E2, which works together with E3 to transfer Ub to lysine residue of substrates. E3 ligases are categorized into three different classes: RING (Really Interesting New Gene) type, HECT (Homologous to the E6-AP Carboxyl Terminus) type, and the RBR (RING-between-RING) type. While the RING domain-containing E3 ligases transfer ubiquitin from the thioester-conjugated E2 directly to the isopeptide bond of lysine residues in the substrates, HECT- or RBR-containing E3 enzymes receives ubiquitin on a cysteine residue from E2, which is then delivered to substrate proteins.


Ubiquitination can be reversed by deubiquitinases (Dubs), which are a large family of enzymes that cleave the isopeptide bond between Ub and its substrate or between Ub moieties, leading to the release of free Ub and the return of the substrate protein to its original state (Sowa et al., 2009). Together with E3 ligases, Dubs regulate a wide variety of cellular processes, such as apoptosis, cell cycle and division, mutation repair, transcription, differentiation, development, inflammation and immune responses (Hershko and Ciechanover, 1998). Under certain disease and development conditions, ubiquitin signaling is regulated by posttranslational modifications on one or more of the enzymes or Ub itself, which allow the cell to fine-tune specific signal transduction cascades regulated by ubiquitination (Song and Luo, 2019). Furthermore, a recent exciting discovery demonstrates that the lipid A moiety of bacterial lipopolysaccharide (LPS) is ubiquitinated by the E3 ubiquitin ligase RNF213, an event critical for the elimination of invading pathogenic Salmonella Typhimurium (Otten et al., 2021). The identification of non-proteinaceous substrates has greatly expanded the scope of the biological processes regulated by this posttranslational modification.

Because of the involvement of ubiquitination in diverse cellular processes, particularly in immunity, it is fulfilling to realize that many pathogens elaborate various pathogenic factors to co-opt ubiquitin signaling to facilitate their survival and replication in their hosts. Virulence factors involved in interference of the host ubiquitin network have been identified in a wide spectrum of pathogens (Zhou and Zhu, 2015; Vozandychova et al., 2021). Among these, the opportunistic pathogen Legionella pneumophila is emerging as a unique model in this regard because of the sheer number of bacterial proteins involved and the richness in their mechanisms of action (Qiu and Luo, 2017b).

L. pneumophila is a Gram-negative bacterium ubiquitously found in fresh water environments where it exists as a parasite for protists. Inhalation of bacteria-contaminated aerosol by susceptible individuals can lead to the development of a severe form of pneumonia called Legionnaires’ disease (Newton et al., 2010). L. pneumophila employs similar strategies to survive and replicate in amoebae and human macrophages, in both cases, it utilizes the Dot/Icm type IV secretion system to transport more than 330 effector proteins into host cells to construct the Legionella-containing vacuole (LCV) supportive for bacterial growth (Swanson and Isberg, 1995; Finsel and Hilbi, 2015; Ensminger, 2016). The LCV highly resembles the endoplasmic reticulum (ER) in term of protein composition and other cell biological features (Swanson and Isberg, 1995; Kagan and Roy, 2002). These Dot/Icm effectors interfere with a wide range of host processes with diverse biochemical activities (Qiu and Luo, 2017b). Among them, close to 20 effectors have been found to co-opt the host ubiquitin network by diverse biochemical mechanisms (Table 1; Qiu and Luo, 2017a). Here, we will highlight recent progress in the study of Legionella proteins that hijack host ubiquitination and their roles in bacterial pathogenesis and in the study of host cell biology.


TABLE 1. L. pneumophila Dot/Icm effectors involved in ubiquitination pathway.
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CANONICAL E3 LIGASES

The U-box type of E3s usually contain a conserved U-box sequence of 70 amino acids at their carboxyl termini (Miyamoto and Saito, 2018). LubX (Lpg2830) and GobX (Lpg2455) are L. pneumophila effectors that belong to this E3 family. Interestingly, LubX contains two U-box motifs with distinctly different functions: only U-box1 confers E3 activity (Quaile et al., 2015) and the proteins targeted by this enzyme appear structurally diverse. First, it attacks SidH (Lpg2829), a large Dot/Icm substrate (Luo and Isberg, 2004) encoded by a gene next to lubX by ubiquitination and subsequent degradation by the proteasome (Kubori et al., 2010). Because LubX functions to regulate the activity of another effector, it was designated as a metaeffector (Kubori et al., 2010). Interestingly, metaeffectors seem to be used in the regulation of a large cohort of Legionella effectors (Urbanus et al., 2016; Joseph and Shames, 2021; McCloskey et al., 2021). Second, LubX mediates ubiquitination of the Cdc2-like kinase 1 (CLK1) in host cells, leading to its degradation, but the biological significance of this degradation remains unknown (Kubori et al., 2008).

The effector GobX is the second U-box E3 ligase encoded by L. pneumophila, this enzyme is S-palmitoylated in host cells, thus allowing it to specifically target to the Golgi apparatus (Lin et al., 2015). Although its substrate has not yet been identified, such localization suggests that GobX functions to modulate cellular activity associated with this organelle (Lin et al., 2015). Recently, Lin et al. (2018) reported the amino terminal portion of RavN (Lpg1111) contains a U-box-like motif that has E3 activity. These authors also found that HipA (Lpg2370), MavM (Lpg2577), and MavJ (Lpg2498) have E3 ligase activity despite the fact that they share very limited homology to eukaryotic E3s. Unfortunately, the substrates of these E3s are currently unknown, so is their biological significance in L. pneumophila infection.

The SCF complex is a multi-subunit ubiquitin ligase consisting of RING-Box1 (RBXI), cullin 1 (CUL1), S-phase kinase-associated protein 1 (SPK1) and an F-box motif containing protein (FBP) (Nguyen and Busino, 2020). Whereas the first three proteins serve as structural scaffold for the complex to interact with other proteins, particularly an appropriate E2 enzyme, FBP contributes to substrate specificity of the SCF complex by modules involved in protein-protein interaction such as leucine-rich repeats and WD repeats (Nguyen and Busino, 2020). The L. pneumophila strain Philadelphia 1 encodes at least 5 FBP-like effectors to engage ubiquitination (Ensminger and Isberg, 2010; Skaar et al., 2013). Among these, LegU1 (Lpg0171) and AnkB (Lpg2144) contain bona fide F-box motifs and have been demonstrated to form active SCF complexes by interacting with SKP1. LicA (Lpg1408) harbors an F-box motif and this protein interacts with SKP1 but does not detectably bind CUL1 (Ensminger and Isberg, 2010). The E3 ligase complex formed by LegU1 catalyzes ubiquitination of the HLAB-associated transcript-3 (BAT3) (Ensminger and Isberg, 2010), a protein involved in the regulation of a wide range of cellular processes, including apoptosis in higher eukaryotes (Sasaki et al., 2007; Corduan et al., 2009). By a yeast two-hybrid screen, Lomma et al. (2010) identified ParvB as a substrate for AnkB and found that the bacterial F-box protein functions to reduce ParvB ubiquitination induced by endogenous enzymes. Yet whether ParvB is a specific substrate ubiquitylated by AnkB needs further study. AnkB is required for optimal intracellular growth of L. pneumophila strains AA100 and Paris in human monocyte derived macrophages (hMDMs) and for lung colonization in A/J mice (Price et al., 2009; Lomma et al., 2010). However, AnkB is dispensable for intracellular replication of strain Paris in Acanthamoeba castellanii (Lomma et al., 2010), while it is required for proficient replication of strain AA100 in A. polyphaga (Al-Khodor et al., 2008). These discrepancies may be due to differential effector redundancy in different strains of L. pneumophila or/and different protozoa infection models used. Finally, although both PpgA (Lpg2224) and Lpg2525 are predicted to harbor an F-box by bioinformatic analysis, neither has been shown to interact with SKP1 (Ensminger and Isberg, 2010). Whether these proteins have E3 ligase activity remained to be determined.



SidC AND SdcA

One prominent feature of the LCV is that this organelle dynamically recruits and retains an array of proteins of either host or L. pneumophila origin. In some cases, the anchoring of bacterial proteins on the LCV is mediated by their binding to phosphatidylinositol-4-phosphate (PI4P), an important signaling lipid whose enrichment on the bacterial phagosome is achieved in part by sequential action of three independent effectors that coordinate to biosynthesize PI4P from phosphatidylinositol (Hsu et al., 2012; Dong et al., 2016; Li et al., 2021). SidC (Lpg2511) and its ortholog SdcA anchor on the LCV by binding to PI4P via a lipid-interacting domain localized in the carboxyl portion of these proteins (Weber et al., 2006; Ragaz et al., 2008; Luo et al., 2015). These two highly similar effectors function to facilitate the recruitment of ER-derived vesicles and ubiquitylated proteins to the LCV, which is executed by an activity conferred by their amino terminal domain (Ragaz et al., 2008), a region later found to possess E3 ligase activity (Hsu et al., 2014). The biochemical basis of ubiquitination catalyzed by SidC and SdcA is unique, which requires a Cys-His-Asp catalytic triad (Hsu et al., 2014), which often is associated with proteases (Buller and Townsend, 2013). Although these two proteins are of 72% identical in their primary sequences, SidC prefers the E2 UbcH7 for its activity and predominantly catalyzes the formation of K11- and K33-linked polyubiquitin chains. In contrast, SdcA displays the highest activity when working together with the E2 UbcH5 (Hsu et al., 2014). The E3 ligase activity of SidC and SdcA is essential for their role in the recruitment of ER components to the LCV (Hsu et al., 2014; Luo et al., 2015). Intriguingly, structural analysis reveals that the four α-helix bundles of the PI4P-binding motif blocks the catalytic site for the E3 activity embedded in the SNL (SidC N-terminal ubiquitin ligase) domain (Luo et al., 2015). In biochemical reactions, truncation mutants lacking the PI4P-binding domain exhibits more robust E3 ligase activity than the full-length protein. Consistently, inclusion of PI(4)P in reactions with full-length SidC enhances its E3 ligase activity (Luo et al., 2015). Thus, SidC and SdcA become more active in the presence of PI(4)P, which may allow them to selectively ubiquitinate their substrates on the surface of the LCV. Interestingly, Lpg2452 (SdcB) also possess a domain structurally resembling the catalytic center of SidC important for its E3 ligase activity, thus had been included as a member of the SidC family (Lin et al., 2018).

The small GTPase Rab1 is monoubiquitinated in macrophages infected with wild-type L. pneumophila but not the ΔsidCsdcA mutant, suggesting that Rab1 is a substrate of these E3 enzymes (Horenkamp et al., 2014). However, ubiquitination of Rab1 by SidC or SdcA was not detected in cells co-expressing these proteins by transfection or in biochemical reactions with recombinant proteins (Horenkamp et al., 2014; Hsu et al., 2014). How infection of wild-type L. pneumophila induces Rab1 ubiquitination remains to be investigated. Recently, Jeng et al. (2019) identified the GTPase Rab10 as a substrate of SidC and SdcA. Consistent with the non-degradative K11- and K33-types of polyubiquitin chains induced by SidC and SdcA, Rab10 is not degraded by SidC or SdcA. Instead, ubiquitination leads to its recruitment to the LCV (Jeng et al., 2019). How ubiquitination of Rab10 and its recruitment to the bacterial phagosome benefit the bacterium is unknown.



DUBS

Ubiquitination can be reversed by enzymes of the deubiquitinase superfamily. Members of this large family of proteases function to cleave Ub from ubiquitinated substrates by hydrolyzing the isopeptide bond between Ub moieties and between Ub and the substrate (Harrigan et al., 2018). The specificity of Dubs toward their substrates is dictated by multiple factors, including their topography, the polyubiquitin chain types, and the way the enzyme makes contact with Ub moieties (Ronau et al., 2016). L. pneumophila codes for multiple Dubs that participate in various aspects of its interactions with host cells (Kitao et al., 2020a). Among these, LupA (Lpg1148) is the first described Dub in this pathogen, it harbors a Cys-His-Asp catalytic triad associated with typical bacterial CE clan Dubs (Urbanus et al., 2016). LupA is able to suppress the yeast toxicity of LegC3 (Lpg1701), another Dot/Icm substrate that appears to modulate membrane fusion in host cells (Urbanus et al., 2016). LegC3 undergoes ubiquitination in host cells probably by a yet unidentified host E3 ligase and LupA can remove such modification in a process that requires an intact Cys-His-Asp catalytic triad (Urbanus et al., 2016). How the Dub activity of LupA suppresses the yeast toxicity of LegC3 is not fully understood. One possibility is that ubiquitination activates the enzymatic activity of LegC3, which causes yeast toxicity and the removal of the Ub by LupA thus will put the toxicity under check.

LotA (Lpg2248) harbors two ovarian tumor (OTU)-like domains each possessing its own catalytic cysteine residue (Cys13 and Cys303, respectively). Whereas the domain using Cys13 mainly cleaves Lys6-linked polyubiquitin chains, the other prefers Lys48/Lys63-linked polyubiquitin (Kubori et al., 2018). Although its target is unknown, LotA contributes to the removal of ubiquitinated proteins from the surface of the LCV and is required for proficient intracellular growth of L. pneumophila (Kubori et al., 2018). LotB (Lpg1621) is another OTU-like Dub that specifically removes Lys63-linked ubiquitin chains (Ma et al., 2020; Schubert et al., 2020; Shin et al., 2020a). Structural analysis reveals that except for the ubiquitin binding site S1, LotB harbors an additional site S1’, which confers its specificity in cleavage of the Lys63-linked chains (Shin et al., 2020a). The SNARE protein Sec22b involved in membrane fusion is a substrate of LotB; this protein is ubiquitinated in cells infected with L. pneumophila and LotB appears to function to counteract such modification (Shin et al., 2020a). The removal of ubiquitin from Sec22b abolishes the interaction between Sec22b on the LCV and the t-SNARE syntaxin 3, resulting in the dissociation of the latter from the bacterial phagosome (Kitao et al., 2020b). Interestingly, ubiquitination and recruitment of Rab10 to the LCV by SidC and SdcA are regulated by a third OUT-like Dub Lem27 (Lpg2529) (also known as LotC) coded for by L. pneumophila (Schubert et al., 2020; Shin et al., 2020a). Lem27 appears to modulate Rab10 ubiquitination by counteracting the activity of SidC and SdcA (Liu et al., 2020). Ceg7 (Lpg0227) has also been shown to possess Dub activity and belongs to the OUT-like family (Hermanns et al., 2020; Schubert et al., 2020). This enzyme broadly targets K6-, K11-, K48-, and K63-linked polyubiquitin chains in biochemical assays but the biological significance of this activity is unclear (Schubert et al., 2020). A recent structural study revealed that an extended helical lobe (EHL) domain commonly shared in LotA, LotB and Lem27 is responsible for their Ub binding, defining the Lot-OTUs as a unique class of Dubs (Takekawa et al., 2021).

RavD (Lpg0160) is an effector that is associated with the LCV by binding to phosphatidylinositol-3-phosphate (PI3P) (Pike et al., 2019). Although no impact on bacterial intracellular growth, deletion of ravD led to a significant increase of late endosome/lysosome markers such as LAMP-1 on the LCV (Pike et al., 2019). A more recent study revealed that RavD is a Dub that specifically cleaves linear ubiquitin chains (Wan et al., 2019b), a unique ubiquitin chain important for signaling in innate and adaptive immunity, and inflammatory signaling (Rittinger and Ikeda, 2017). The removal of the linear ubiquitin chains on the LCV by RavD benefits L. pneumophila by suppressing host immune responses (Wan et al., 2019b). The activity of RavD suggests L. pneumophila may more extensively interact with higher order hosts, including mammals, because the ubiquitin ligase complex LUBAC responsible for the formation of linear ubiquitin chain is not present in protozoan (Spit et al., 2019).



PHOSPHORIBOSYL UBIQUITINATION AND ITS REGULATION

The SidE family contains SdeA, SdeB, SdeC, and SidE, which are four large proteins. Among these, SidE, SdeA, and SdeC are almost identical at the primary sequence level, only with a few conserved substitutions throughout the proteins of about 1,500 residues. SdeB (1926 aa) is considerably larger than the other three members of the family, it contains an extra region of about 400 aa in its carboxyl end (Luo and Isberg, 2004). Members of the SidE family (SidEs) are functionally redundant in L. pneumophila virulence (Bardill et al., 2005). Careful biochemical analysis reveals that these effectors represent a novel Ub ligase that catalyzes ubiquitination by a mechanism that is chemically distinct from the canonical three-enzyme cascade. First, Ub activation in reaction catalyzed by SidEs is energized by nicotinamide adenine dinucleotide (NAD), which is hydrolyzed by a mono-ADP-ribosyltransferase activity (mART) to modify Arg42 of Ub to produce ADP-ribosylated Ub (ADPR-Ub) (Qiu et al., 2016; Figure 2A). Whereas the biochemical basis of this catalysis is similar to classical mART often found in bacterial toxins (Mikolcevic et al., 2021), ADPR-Ub produced by this reaction is utilized by a phosphodiesterase (PDE) activity also embedded in each of SidE family member, which cleaves the phosphoanhydride bond between the two phosphate atoms, resulting in the transfer of phosphoribosyl Ub (PR-Ub) to serine residues on substrate proteins and the release of AMP (Bhogaraju et al., 2016; Kotewicz et al., 2017; Figure 2A).
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FIGURE 2. Ubiquitination by the SidE family and its regulation. (A) Phosphoribosyl ubiquitination and de-ubiquitination. Phosphoribosyl ubiquitination induced by SidEs is initiated by ADP-ribosylation of Ub at Arg42 by its mART activity, leading to the release of nicotinamide and the production of ADPR-Ub. The phosphodiester bond in ADPR-Ub is subsequently the cleaved by the phosphodiesterase (PDE) domain of SidEs, which is accompanied by the transfer of phosphoribosyl Ub to serine residues of substrate proteins and the release of AMP. (B) Glutamylation and de-glutamylation of members of the SidE family. In host cells, SidJ binds to CaM via an IQ motif in its carboxyl end. The complex functions as a glutamylase to attack the first glutamate residue of the ExE motif in the mART domain of SidEs by polyglutamylation, leading to abolishment of the activity of the mART, and thus the inactivation of Ub ligase activity of the SidEs. Despite its high-level similarity to SidJ, SdjA selectively inhibits SdeB and SdeC by glutamylation. In addition to the glutamylase activity, SdjA also exhibits a deglutamylase activity toward glutamylated SdeA.


Members of the SidE family appear to attack a large cohort of structurally diverse host proteins, including a number of Rab small GTPases and numerous ER resident proteins such as Rtn4 and FAM134C (Bhogaraju et al., 2016; Qiu et al., 2016; Kotewicz et al., 2017; Wan et al., 2019a; Shin et al., 2020b). Although many of these substrates are similarly attacked by each of these ligases (Bhogaraju et al., 2016; Qiu et al., 2016; Kotewicz et al., 2017; Wan et al., 2019a; Shin et al., 2020b), it is not clear whether any of these proteins specifically modifies one or more host proteins. Structural analysis suggests that a binding cleft in the PDE domain is responsible for substrate recognition which engages a sequence motif in which the target serine is in the vicinity of hydrophobic residues and is flanked by proline residues (Kalayil et al., 2018).

During L. pneumophila infection, ubiquitination of Rtn4 by SidEs drastically promotes structural transformation of ER tubules, probably by inducing Rtn4 oligomerization, thus providing a scaffold for the formation of tubule matrix-like structures (Kotewicz et al., 2017). For small GTPases such as Rab33b, modification induced by SidEs leads to slight inhibition of its GTPase activity (Qiu et al., 2016). The modification and subsequent recruitment of other ER proteins such as FAM134C to the LCV may prevent the delivery of the bacterial phagosome to the autophagic pathway (Wan et al., 2019a; Shin et al., 2020b). Phosphoribosyl ubiquitination of Rab33b by SidEs recruits this GTPases to the LCV, where its associates with another small GTPase Rab6A, which interacts with the ER via direct interaction with SNAREs. Thus, one role of the SidE family is to promote the fusion between the LCV and the ER (Kawabata et al., 2021).

Members of SidEs family also have classical Dub activity, each conferred by a domain formed by the first 200 residues of the proteins (Sheedlo et al., 2015). The cleavage of isopeptide bond by these Dub domains is catalyzed by a Cys-His-Asp triad commonly found in the CE clan proteases (Sheedlo et al., 2015). This Dub module cleaves Lys11, Lys48, and Lys63-linked polyubiquitin chains, with a distinct preference for Lys63 linkages (Sheedlo et al., 2015). The Dub activity of SidEs function to reduce the association of ubiquitinated proteins on the LCV, which may antagonize the recruitment of host autophagy machinery to the phagosome. In addition, the low chain type specificity of these Dub domains probably function to replenish the Ub pool proximal to the LCV to provide the reaction precursor for phosphoribosyl ubiquitination.

Similar to canonical ubiquitination, modification by SidEs is reversible. The phospho-ribose linkage between Ub and the substrate cannot be cleaved by canonical Dubs. By testing a number of Legionella proteins predicted to harbor a PDE domain potentially involved in cleaving phosphodiester bond, two independent studies identified DupA (Lpg2154) and DupB (Lpg2509) as enzymes that function to remove PR-Ub from substrates (Akturk et al., 2018; Wan et al., 2019a; Figure 2A). Intriguingly, the Dup family can hydrolyze ADPR-Ub to produce PR-Ub and AMP (Akturk et al., 2018; Wan et al., 2019a; Figure 2A).

Structural studies reveal that the distance between the mART domain of SidEs and the PDE domain is approximately 70 Å (Akturk et al., 2018; Dong et al., 2018; Kalayil et al., 2018), suggesting the need of a mechanism to channel the reaction intermediate ADPR-Ub produced by the mART domain to the second reaction center. Because ADPR-Ub is highly toxic to eukaryotic cells by interfering with canonical ubiquitination (Bhogaraju et al., 2016), hydrolysis of this reaction intermediate by DupA and DupB may prevent poisoning of the host cell by ADPR-Ub that accidentally escapes from the mART catalytic pocket. Whether and how PR-Ub, which is also toxic to eukaryotic cells (Bhogaraju et al., 2016), is further reduced to phosphoribose and free Ub is unknown.

In addition to DupA and DupB, which mainly function to reverse ubiquitination induced by SidEs, the activity of this family of Ub ligases is further regulated by SidJ, one protein of a two-member family (Liu and Luo, 2007). SidJ had been reported to disperse SidEs from the LCV (Jeong et al., 2015) and can suppress the toxicity of SidEs to eukaryotic cells (Havey and Roy, 2015; Jeong et al., 2015). Of note is that the regulation of cellular distribution of SidEs by SidJ was not detected in an independent study (Qiu et al., 2017). Four structural and biochemical studies independently reveal that SidJ is a glutamylase that attacks the first glutamate residue of the ExE motif in the mART domain of SidEs by polyglutamylation (Bhogaraju et al., 2019; Black et al., 2019; Gan et al., 2019b; Sulpizio et al., 2019). This modification abolishes the activity of the mART, thus the Ub ligase activity of the SidEs. Mechanistically, the glutamylation by SidJ is catalyzed by a two-step reaction in which the enzyme first activates the target glutamate residue by acyl-adenylation using a pseudokinase domain (Sreelatha et al., 2018), followed by the replacement of the AMP moiety with glutamate (Bhogaraju et al., 2019; Black et al., 2019; Gan et al., 2019b; Sulpizio et al., 2019), Interestingly, SidJ is activated by the eukaryote-specific calcium-binding protein calmodulin (CaM) which recognizes an IQ motif in its carboxyl end (Bhogaraju et al., 2019; Black et al., 2019; Gan et al., 2019b; Sulpizio et al., 2019). The requirement of CaM restricts the activity of SidJ in the cytosol of the infected cell, thus preventing premature inactivation of SidEs. Despite its high-level similarity to SidJ, SdjA, the other member of the SidJ family, cannot rescue the yeast growth defect caused by SdeA (Qiu et al., 2017; Gan et al., 2019b). Furthermore, SidJ and SdjA are not functionally redundant for the intracellular growth defect of the ΔsidJ mutant cannot be complemented by SdjA (Liu and Luo, 2007). A recent study found that SdjA selectively inhibits some members of the SidE family by glutamylation (Osinski et al., 2021; Figure 2B). Interestingly, another study shows that in addition to the glutamylase activity against SdeB and SdeC, SdjA exhibits a deglutamylase activity toward SdeA that has been modified by SidJ/CaM (Song et al., 2021; Figure 2B). Thus, SdjA functions to fine-tune the activity of SidJ and SdeA during L. pneumophila infection (Song et al., 2021). Yet, the mechanism by which SdjA catalyzes the cleavage of the isopeptide bond between glutamate residues in glutamylated SdeA needs further investigation.

The SidE effector family has long known to be important for optimal virulence of L. pneumophila (Song et al., 2021), and targeting the unique ubiquitin ligase activity with compounds is an anti-virulence strategy to control L. pneumophila infection. Several stable NAD+ analogs capable of inhibiting the activity of SdeC at IC50 of 28–39 μM have been developed (Madern et al., 2020). It remains unclear whether these compounds can block intracellular replication of the pathogen.



REVERSIBLE UBIQUITINATION BY TRANSGLUTAMINASES MavC AND MvcA

The second non-canonical ubiquitination mechanism by L. pneumophila is exemplified by MavC (Lpg2147) that catalyzes a crosslink reaction between Ub and the E2 enzyme UBE2N (Gan et al., 2019a). MavC is a transglutaminase that induces the formation of a γ-glutamyl-ε-Lys isopeptide between Gln40 of Ub and Lys92 of UBE2N (Gan et al., 2019a). This reaction appears to preferably occur intramolecularly in charged UBE2N that carries a Ub moiety covalently linked to its active site Cys87 (Puvar et al., 2020). The reaction catalyzed by MavC is initiated by the formation of a thioester linkage between its active site Cys74 and the side chain amide of Gln40 of Ub, which is followed by a transglutamination reaction that leads to the installation of an isopeptide bond between Lys92 of UBE2N and Gln40 of Ub (Guan et al., 2020; Puvar et al., 2020; Figure 3). Because of its structural homology to bacterial deamidases Cif and CHBP that attack Ub and NEDD8 at Gln40 (Cui et al., 2010), MavC was identified in an earlier study as a Ub deamidase (Valleau et al., 2018). All described transglutaminases exhibit a protein deamidation activity in reactions lacking the crosslink target (Lorand and Graham, 2003). Consistent with this notion, MavC deamidates Ub at Gln40 in reactions containing only the enzyme and Ub (Valleau et al., 2018; Gan et al., 2019a). Importantly, the Ub deamidation activity is only detectable in biochemical reactions with large amounts of proteins but not in cells infected with wild-type L. pneumophila (Valleau et al., 2018; Gan et al., 2019a). Structurally, the main domain of MavC resembles the structures of Cif effectors (Valleau et al., 2018), the insertion domain is involved in engaging its substrate UBE2N (Guan et al., 2020).
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FIGURE 3. Reversible atypical ubiquitination by MavC and MvcA. Ubiquitination catalyzed by MavC is initiated by the formation of a thioester linkage between the active residue Cys74 and Gln40 of Ub, concomitant with the release of ammonium. The acylated MavC then reacts with the amine donor from a lysine (Lys92) in UBE2N to form an intermolecular isopeptide bond, resulting in ubiquitination of UBE2N. MvcA, a structural ortholog of MavC, functions as a deubiquitinase to cleave the isopeptide bond between Ub and UBE2N catalyzed by MavC, leading to the release of UBE2N and deamidated Ub.


MvcA (Lpg2148) is an ortholog of MavC, these two proteins share 50% identity and 65% similarity in their sequences and the structures of these two proteins are superimposable (Cui et al., 2010). Both MavC and MvcA deamidates Ub at Gln40, and this activity had been suggested to interfere with Ub signaling at different phases of L. pneumophila infection (Cui et al., 2010). Despite this high-level similarity, MvcA cannot catalyze protein crosslink between Ub and UBE2N or several other E2 enzymes (Gan et al., 2020). Further biochemical experiments reveal that MvcA functions as deubiquitinase that cleaves the isopeptide bond between Ub and UBE2N in the crosslink product formed by MavC (Gan et al., 2020; Mu et al., 2020; Figure 3). MavC and MvcA utilize the same biochemical mechanism to catalyze two reactions that have an opposite effect toward the activity of UBE2N (Gan et al., 2020; Mu et al., 2020). It has been proposed that the outcome of the reaction is determined by the binding affinity of the enzyme to Ub, UBE2N and the product UBE2N-Ub (Guan et al., 2020). The surface charge of the Tail domain of MvcA is repulsive to Ub, which together with the lower binding affinity for UBE2N favor the dissociation of Ub from MvcA, thus resulting in the cleavage of the isopeptide bond (Guan et al., 2020).

A main function of UBE2N is to catalyze the formation of K63-type polyubiquitin chains, which are involved in the regulation of diverse cellular activities, including immunity by inducing the activation of the NFκB pathway (Hodge et al., 2016). MavC-induced ubiquitination UBE2N inserts the Ub moiety in the catalytic pocket of the E2 enzyme (Gan et al., 2020; Mu et al., 2020), which blocks the entry of activated Ub to its Cys87 active site. Although MavC can effectively induce crosslink between free Ub and UBE2N, charged UBE2N carrying a Ub moiety on its catalytic site Cys87 via a thioester bond appears to be the prefer substrate (Puvar et al., 2020). This modification effectively inhibits NFκB activation by cues that initiate the signaling upstream of UBE2N (Valleau et al., 2018; Gan et al., 2019a). Like many Dot/Icm effectors, MavC expresses at high levels in bacteria grown to the post-exponential phase (Gan et al., 2019a), which facilitates the initial attack of the host defense upon contact. As the infection proceeds to later phases, the activity of UBE2N is restored by MvcA to accommodate the need of NFκB activation for maintaining critical cellular functions such as cell survival (Losick and Isberg, 2006). Consistent with this notion, the expression of MvcA does not become detectable several hours after bacterial uptake (Gan et al., 2020). Interestingly, Lpg2149 which is encoded by a gene in the mavC and mvcA locus, blocks the activity of both MavC and MvcA by direct binding (Mu et al., 2020). The biological significance of Lpg2149 largely remains mysterious, but its presence further highlights the importance of fine-tuning the activity of UBE2N during L. pneumophila infection.



CONCLUSION AND PERSPECTIVES

The study of L. pneumophila effectors involved in ubiquitination has greatly expanded our appreciation of the exploitation of Ub signaling by a pathogen. It has also extended our understanding of the chemical basis of ubiquitination. A recent study shows that Ub signaling plays important roles beyond the remodeling of phagosomal membranes (Ong et al., 2021). Several host proteins involved in ubiquitination, particularly the E2 enzyme UBE2E1, and the E3 Ub ligase, CUL7, are important not only for L. pneumophila intracellular replication but also for Dot/Icm-mediated protein translocation (Ong et al., 2021). Clearly, the involvement of the Ub system in L. pneumophila pathogenesis is deeper and more extensive than we have appreciated. It will be of great interest to determine whether and how these host enzymes impact the functionality of the bacterial protein translocation machinery and its substrates. An equally important question is whether these enzymes are targeted by L. pneumophila effectors involved in Ub signaling.

With a few exceptions, the cellular targets of most of the E3 ligases or Dubs remain unknown. Clearly, the identification of their substrates is essential in our understanding of these effectors in the intracellular life cycle of L. pneumophila. Because the affinity between E3 ligases and their substrates often is too low to be harnessed for substrate identification (Nagy and Dikic, 2010), new technologies such as orthogonal Ub transfer (OUT) (Zhao et al., 2012), effective proximity labeling by the bacterial biotin ligase BirA (Branon et al., 2018) and substrate trapping by fusion proteins (O’Connor et al., 2015), will surely be useful in this endeavor. It is anticipated that more exciting discoveries will be made in years to come in our investigation of Ub signaling in L. pneumophila virulence.
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Acute central nervous system (CNS) injuries, including stroke, traumatic brain injury (TBI), and spinal cord injury (SCI), are the common causes of death or lifelong disabilities. Research into the role of the gut microbiota in modulating CNS function has been rapidly increasing in the past few decades, particularly in animal models. Growing preclinical and clinical evidence suggests that gut microbiota is involved in the modulation of multiple cellular and molecular mechanisms fundamental to the progression of acute CNS injury-induced pathophysiological processes. The altered composition of gut microbiota after acute CNS injury damages the equilibrium of the bidirectional gut-brain axis, aggravating secondary brain injury, cognitive impairments, and motor dysfunctions, which leads to poor prognosis by triggering pro-inflammatory responses in both peripheral circulation and CNS. This review summarizes the studies concerning gut microbiota and acute CNS injuries. Experimental models identify a bidirectional communication between the gut and CNS in post-injury gut dysbiosis, intestinal lymphatic tissue-mediated neuroinflammation, and bacterial-metabolite-associated neurotransmission. Additionally, fecal microbiota transplantation, probiotics, and prebiotics manipulating the gut microbiota can be used as effective therapeutic agents to alleviate secondary brain injury and facilitate functional outcomes. The role of gut microbiota in acute CNS injury would be an exciting frontier in clinical and experimental medicine.
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Introduction

Acute injuries to the central nervous system (CNS), such as stroke, traumatic brain injury (TBI), spinal cord injury (SCI), are critical global health problems that result in lifelong disabilities or death, leading to catastrophic changes to the injured individuals, alongside their family and even the entire community (1, 2). The processes secondary to acute CNS injuries involve a sequence of complex pathophysiological mechanisms, including excitotoxicity, electrolyte imbalance, oxidative stress, inflammation, apoptosis, pyroptosis, ferroptosis, autophagy, and cerebral edema (3). These cellular and molecular damages exacerbate neuronal cell death. Although some preclinical researchers have made many efforts to develop efficacious treatment strategies, patients with severe acute CNS injuries still have a poor prognosis. Given the prevalence of acute CNS injury-induced disabilities or death, exploring a novel and effective therapeutic regimen is imperative. In addition, a growing body of studies has shown that gut microbiota plays a pivotal role in health and disease in the host, particularly in the CNS (4–7).

Gut microbiota refers to the assemblage of bacteria, archaea, viruses, and eukaryotic microbes that colonize in the digestive tract (8). The gut microbiota contains trillions of microorganisms, over 1000 different species of known bacteria, and approximately 100 ~ 150-fold more genes than the human genome (9). At the phylum level, the gut microbiota primarily consists of Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia (10). Thereinto, Firmicutes, and Bacteroidetes comprise about 90% of all the bacteria (11). Additionally, the composition of gut microbiota among individuals was influenced by diet, age, gender, environment, and genes (12). Although the microbiome is spatially restricted to the gut, it has been shown to regulate the functions of distant organs (13). Notably, advances in the sequencing of gut microbiota have revealed the close correlation between the complex ecosystem and CNS (14). Previous studies focused on exploring the bidirectional communication pathways between gut microbiota and CNS, termed the “microbiota-gut-brain” axis (MGBA) (15). The bidirectional communication pathways between the CNS and gut microbiota involve immunological, endocrine, metabolic, and neural pathways (16, 17). Recent findings have implicated that MGBA partakes in the pathogenesis of many neurological disorders such as neurodegenerative diseases(e.g., Alzheimer’s disease and Parkinson’s disease), neurodevelopmental and neuropsychiatric diseases (e.g., anxiety, depression, autism, and schizophrenia), autoimmune disease (e.g., multiple sclerosis), and acute CNS injuries (e.g., stroke, TBI and SCI) (7, 15, 18–20). In this review, we provide an update on the link between gut microbiota and acute CNS injuries.



Microbiota-Gut-Brain Axis


Top-Down Signaling: Brain-to-Gut

In top-down signaling, the pathways involve the autonomic nervous system, enteric nervous system, the hypothalamic-pituitary-adrenal (HPA) axis, and immunological pathway (Figure 1). The autonomic nervous system regulates intestinal homeostasis, and the neurotransmitters, released by the activated sympathetic and parasympathetic nerve fibers, modulate gut motility, gut barrier permeability, fluid maintenance, bile secretion, resident immune cell activation, and gut microbiota makeup (21). The enteric nervous system is also responsible for gut functions, such as gut motility and fluid maintenance, a neuronal connection between the microbiota and the host. Moreover, the HPA axis is one of the vital nonneuronal transmission pathways within the MGBA, releasing cortisol to influence gut homeostasis in response to various stimuli. With the discovery of meningeal lymphatic vessels, the brain is no longer an immune-privileged site. Functional meningeal lymphatic vessels lined mainly in the dorsal part of the skull are responsible for the clearance of cerebrospinal fluid and drainage of immune cells and the periphery, communicating with the host organs (22).




Figure 1 | The bidirectional communication pathways between the gut microbiota and brain. The gut microbiota could bi-directionally communicate with the brain through multiple pathways, including neuronal and non-neuronal. The brain regulates the gut microbiota via neuronal pathways (e.g., autonomic nervous system and enteric nervous system), hypothalamic-pituitary-adrenal axis, etc. Neuronal pathways release neurotransmitters to modulate gut motility, gut barrier permeability, fluid maintenance, resident immune cell activation, and gut microbiota composition. HPA also releases cortisol to regulate gut homeostasis. Additionally, gut microbiota affects the development and pathophysiology of the brain by immunological, endocrine, metabolic, and neural pathways. Microbiomes and their metabolites could modulate the brain and behavior by affecting intestinal epithelial cells to alter gut barrier function, enteroendocrine cells to secret hormones, as well as dendritic cells and macrophage, to regulate immune and microglia activation. Gut microbiota can modulate the CD4+ T cells differentiation through epithelial cells or DC cells-mediated signals. ① Ectopic colonizing microbes, such as Klebsiella, can invade intestinal epithelium and stimulate DC cells to secrete proinflammatory cytokines, including IL-6 and TNF, which drive the polarization of Th1cells. ② SFB promotes Th17 polarization via epithelial cell-mediated CD11c+ DC cells activation. Epithelial cells release serum amyloid A to activate CD11c+ DC cells, leading to the TGF-β, IL-12, and IL-23 secretion. ③ Resident microbes, such as Bacteroides, modulate Treg cells generation by TGF-β and IL-10, which are secreted by CD103+ DC cells. CD103+ DC cells also can release IL-17 to promote γδT cell polarization. ④ Microbiota-associated Th2 cell polarization is correlated with parasite colonization such as Heligmosomoides, mediated by tuft cells secreting IL-25 to DC cells. Then activated DC cells release IL-4 and TGF-β to drive Th2 polarization. DC, dendritic cell; IL, interleukin; TNF, tumor necrosis factor; Th, T helper; TGF-β, transforming growth factor-β; SFB, segmented filamentous bacteria; SCFA, short-chain fatty acid; Treg, regulatory T cell.





Bottom-Up Signaling: Gut-to-Brain

Two different mechanisms involved in the bottom-up signaling are neuronal and nonneuronal pathways (Figure 1). The vagus nerve, composed of both afferent and efferent fibers (80% vs. 20%), plays a pivotal role in bidirectionally transmitting vital information between the gut and brain. The afferent fibers stimulated by microbial metabolites and enteroendocrine neuropeptides convey hypothalamic neurons that promote pituitary secretions. In addition, the interaction between the gut and brain primarily relies on the nonneuronal pathway. Singh et al. reported that the gut microbiota-mediated neuroprotection was absent in lymphocyte-deficient mice after an experimental stroke of permanent distal middle cerebral artery occlusion (MCAO), indicating that the gut communicate with the brain by immunological pathway (23). In a transient MCAO model, intestinal CD45+ and CD11c+ cells significantly migrated from the gut to the brain and meninges at 3 days post-stroke (24). A study of a thoracic level 9 contusion SCI also showed that commercial probiotics (VSL#3) feeding triggered a protective immune response in gut-associated lymphatic tissues (GALTs) and conferred neuroprotection with the improvement of locomotor recovery after SCI (25). TBI-induced leaky gut released lipopolysaccharide (LPS), a toxic bacterial component, into the circulation that exacerbated neuroinflammation by activating microglia (26).

The MGBA is critical to the development of the human central nervous system. A prospective longitudinal study conducted by Carlson et al. investigated the correlation between gut microbial composition and cognitive ability in 89 infants. It revealed that 2-year-old cognitive function assessed with the Early Learning Composite of Mullen Scale was significantly correlated with the gut microbiota composition at one year (27). Infants with a relatively high abundance of Bacteroides showed higher performance, while those with a relatively high quantity of Faecalibacterium had a lower performance. In another clinical study of 39 infants, the α-diversity of gut microbiota was associated with functional connectivity between the amygdala and thalamus, between the anterior cingulate cortex and anterior insula, and between the supplementary motor area and the inferior parietal lobule (28). Additionally, the functional connectivity was also related to 2-year-old cognitive outcomes. These studies have demonstrated that the gut microbiota significantly affects neurodevelopment in the early stage through the MGBA.

Microbial components and metabolites such as lipopolysaccharide (LPS), long-chain fatty acids (LCFAs), short-chain fatty acids (SCFAs), trimethylamine-N-oxide (TAMO), tryptophan, and polysaccharide A (PSA) are considered to induce neuroinflammation and modulate the function of CNS either directly or by activating migration of peripheral immune cells to the brain. Although this regulation of immune cells by the microbiota occurs in the gut, peripheral immune cells could also migrate to the brain meninges and modulate the brain function (29).




Gut Microbiota and Immunomodulation


Gut Microbiota

Previous studies have shown that the gut microbiota-host interaction contributes to the maturation and modulation of the host immune system. Through constant contact with the gut microbiota, immune cells and epithelial cells located in the gut have achieved a homeostatic state and promote tolerogenic responses to the host commensal microbes. Under physiological conditions, all types of immune cells such as T lymphocytes, B lymphocytes, macrophages, dendritic cells (DCs), etc., counterbalance each other to preserve the host homeostasis. T helper (Th) cells and regulatory T (Treg) cells are a requisite component of the host immune system, especially in the gut-associated immune responses. Compared with germ-free (GF) mice, conventional specific-pathogen-free (SPF) mice had a more significant proportion of CD4+ T cells (30). Th1 cells were polarized by DCs-secreted pro-inflammatory cytokines such as interleukin(IL)-6 and IL-12 stimulated by Klebsiella (31). Parasites, such as Heligmosomoides, could activate Th2 cells through DCs-derived transforming growth factor-β(TGF-β) and IL-4 (32). Besides, segmented filamentous bacteria drive Th17 polarization via activation of CD11c+ DCs (33). The activated Th17 cells secrete high-affinity IL-17 and promote IgA transportation, memory CD4+ T cell differentiation, and mucin production (33). Bacteroides fragilis stimulate regulatory CD4+ T cells to make themselves colonize the intestinal epithelium and induce immunosuppression, mediated by CD103+ DCs (34). γδ T cells, another innate immune cell population in the gut epithelium, are vital for gut homeostasis regulation and pathological reaction. CD103+ DCs activated by gut microbiota also communicate with IL-17+ γδ T cells via cell-to-cell contact or different cytokines (35). γδ T cells protect the host from intestinal barrier damage and pathogenic bacterial invasion and exert pro-inflammatory or anti-inflammatory effects depending on the milieu (36). Additionally, the development of intestinal mucosa B cells is regulated by commensal microbes, which promote antibody production and control the expression of a differentiation-related gene through enhancement of fatty acid synthesis, glycolysis, and oxidative phosphorylation (37). Commensal microbiota-induced secretion of IL-1β by mucosal macrophages is closely correlated with the development of steady-state Th17 cells (38)(Figure 1).



Microbial Components and Metabolites

Gut microbiota-derived small molecules are inextricably linked with the crosstalk between gut microbiota and host. Moreover, there is now a considerable body of experimental evidence that some metabolites of the intestinal microbiota can participate in the modulation of inflammatory cytokine production and immune cell differentiation. SCFAs produced by gut microbiota such as Faecalibacterium prausnitzii, Roseburia intestinalis, and Anaerostipes butyraticus regulate the activation and differentiation of immune cells (e.g., neutrophils, macrophages, DCs, and T cells), mediated by inhibiting histone deacetylases (HDACs) as well as activating G-protein-coupled receptors (GPCRs) (e.g., GPR41, GPR43, and GPR109A) and olfactory receptor-78 (Olfr-78) (39–41). TMAO is another gut microbiota metabolite oxidized from trimethylamine (TMA) generated by hepatic flavin-containing monooxygenases (FMOs) from dietary nutrients such as choline and L-carnitine. TAMO regulates pro-inflammatory responses via activating the NOD-like receptor family, pyrin domain-containing protein 3 (NLRP3) inflammasome, mitogen-activated protein kinase (MAPK), and nuclear factor-κB (NF-κB) signaling pathway (42). Additionally, tryptophan has also been demonstrated to be involved in the functional modulation of intestinal intraepithelial lymphocytes and innate lymphocytes via activating the aryl hydrocarbon receptor (AHR) (43). PSA, produced by Bacteroides fragilis, activates toll-like receptor 2(TLR2) expressed on DCs and Treg cells, triggering anti-inflammatory cytokine IL-10 (43). PSA also regulates the differentiation of naive CD4+ T cells into Th1 cells, skewing Th1/Th2 ratio towards Th1 cells (44). Interestingly, a study found that CD39 expression is required for Treg cells to migrate to the CNS, depending on PSA-driven effects on the Treg cells (45).




Gut Microbiota and Acute CNS Injuries


Stroke

Stroke is the second leading cause of death worldwide. Morbidity and mortality of stroke grow in many countries, contributing to financial burden and loss of life quality, and thus diminishing national happiness index. Approximately 15 million people around the world are victims of a stroke every year (46). There are two types of strokes: ischemic stroke and hemorrhagic stroke. Recent evidence shows that shifts in the gut microbial composition occur rapidly after stroke in clinical and experimental studies. Therefore, alteration of the gut microbiota directly regulates the reactions secondary to brain injury through central and peripheral immunity and indirectly determines the brain’s sequel to these types of catastrophic events.


Ischemic Stroke

Reportedly, ischemic stroke accounts for ~80% of all strokes (47), and the gut microbiota plays an essential role in the pathogenesis and prognosis of ischemic stroke. Multiple studies have shown that ischemic stroke significantly changes the gut microbiota composition (21, 23, 48–66). These studies have been summarized in Table 1. Although dysbiosis of the gut microbiota has been proved in previous studies, controversy still exists on the specific microbiota difference. Compelling evidence has been identified that confounding factors such as age, diet, behavior, antibiotic use, prolonged stress, environment, and genetics compose the gut microbiota, which may be influenced by the contradictory results of the above studies. Thus, more studies are needed to clarify the role of gut microbiota dysbiosis in the pathogenesis and prognosis of ischemic stroke. Recently, a preclinical study also suggested that the alteration in the gut microbiota was associated with hemorrhagic transformation (HT) (71). The relative abundance of Proteobacteria and Actinobacteria was significantly increased in HT rats after experimental stroke, indicating that the gut microbiota is involved in the progression of ischemic stroke.


Table 1 | A summary of preclinical and human studies on the gut microbiota and ischemic stroke.



Mechanistically, the gut microbiota-mediated neuro-protection greatly depended on the microglia and lymphocyte responses, significantly increasing Th cells, polarized Treg cells, and Th17 cell counts in the intestinal Peyer’s patches (23). Pro-inflammatory Th1, Th17, and γδT cells often increase inflammatory damage, while Treg cells suppress post-stroke inflammation by secreting the anti‐inflammatory cytokine IL‐10. Alteration of gut microbiota following a stroke in the bacterial population triggers pro-inflammatory T cells responses, migrates intestinal immune cells to the meninges involved in secondary brain injury, and worsens stroke outcome. In GF MCAO animal models, mice transplanted with post-stroke fecal content presented increased infarct volume and functional deficits by inducing pro-inflammatory T cell polarization. Moreover, restoration of gut microbiota homeostasis with fecal microbiota transplantation (FMT) reduced infarct volume, improved stroke outcome and promoted the migration of intestinal Treg cells to the ischemic area in the brain (54). Also, intestinal dysbiosis following ischemic stroke was found to regulate immune homeostasis in the small intestine with increased Treg cells and decreased IL-17+ γδT cells, mediated by DCs. The neuroprotective effect of IL-10 was identified as a regulator of Treg cell-mediated IL-17+ γδT cell suppression (55).

Microbial-derived metabolites also correlate with the progression and prognosis of ischemic stroke. Ischemic stroke patients had significant gut microbiota dysbiosis with an increased abundance of SCFAs-producing bacteria such as Odoribacter, Akkermansia, which closely correlated with the stroke outcome (76). However, Zeng et al. reported that people with a high risk of stroke had lower levels of butyrate-producing bacteria (e.g., Lachnospiraceae and Ruminococcaceae) and fecal butyrate (50). Tan et al. also reported a lack of SCFAs-producing bacteria and a low fecal SCFAs level in acute ischemic stroke patients (67). Moreover, the reduced fecal SCFAs were correlated with an increased risk of 3-month unfavorable outcomes (67). The differences in the results of these clinical studies may be due to the small cohorts of the studies. These findings need to be further validated by higher-quality clinical studies with large cohorts. In experimental stroke, reduced plasma SCFAs level correlated with a worse stroke outcome in mice, and SCFAs supplementation improved behavioral recovery with modified poststroke cortical connectivity and synaptic plasticity by recruiting T lymphocytes on modulation of microglial activation, as reflected by the increase in Treg cells (57). Oral gavage of SCFAs-producing bacteria such as Bifidobacterium longum, Clostridium symbiosum, Faecalibacterium prausnitzii, and Lactobacillus fermentum alleviated post-stroke neurological deficits and inflammation by increasing populations of Treg cells and reducing the percentage of IL-17+ γδT cells (58). Pretreatment with Clostridium butyricum improved neurological deficits and decreased hippocampal apoptosis by increasing butyrate and reducing brain oxidative stress in experimental stroke (77). Furthermore, Zhou et al. reported that butyrate alleviated neuronal apoptosis following stroke via GPR41/Gβγ/PI3K/Akt pathway (78). SCFAs could also improve outcomes by protecting gut epithelial cells against stroke-induced gut leakiness by enhancing tight junction proteins (79). Furthermore, sodium butyrate reduced infarct volume and improved neurological function Recently, Huang et al. found that the significant decrease of SCFAs in cecal contents, especially butyrate and valeric acid, was closely related hemorrhagic transformation after ischemic stroke (71).

It has been demonstrated that there is a significant association between TMAO level and various diseases, including stroke (80). Although several clinical studies have identified a correlation between TMAO level and stroke, the results remain controversial. Most studies show that the plasma TMAO concentrations in stroke patients are significantly higher than those in control patients, and its high level is positively related to the severity of the stroke (51, 68). A large-scale case-control study with 953 sex- and age-matched pairs performed by Sun et al. suggested that the plasma TMAO concentrations in patients with first acute ischemic stroke were significantly elevated (70). Furthermore, further analysis revealed that the multivariable-adjusted odds ratios for ischemic stroke per 1 μmol/L increase of plasma TMAO level were 1.05. Tan et al. reported that TMAO concentrations decreased with time after stroke, and elevated TMAO levels at an early stage predicted poor stroke outcomes (81). A meta-analysis also showed that compared with non-stroke controls, TMAO increased the stroke risks by 68% and accreted 2.201 umol/L on the average level of TMAO in stroke patients (82). Zhu et al.’s study also suggested gut microbiota can impact stroke severity via the gut microbial CutC-mediated TMAO pathway, which exacerbated cerebral infarct size and functional deficits (74).

The activation of the kynurenine pathway for tryptophan degradation correlates with stroke-induced inflammatory responses and unfavorable outcomes53. Tryptophan catabolites regulate intestinal immune cell function by activating AHR. Pharmacological and genetic inhibition of neural cell-specific AHR activation improved stroke outcomes in the MCAO mice model (83). Furthermore, tryptophan catabolism positively correlated with the severity of stroke outcome and might be associated with stroke-induced inflammatory response (51). Besides, xenobiotic/aromatic compound metabolism was a predictive marker of the size of the ischemic lesion (56).

Multiple studies have demonstrated that antibiotic-induced dysbiosis promotes the proliferation and differentiation of T cells in the gut to either improve or worsen outcomes in experimental stroke. Mice pretreated with ampicillin or vancomycin significantly improved the outcome of stroke, whose neuroprotection is related to a shift with increased Proteobacteria and Firmicutes and reduction of Bacteroidetes caused by antibiotics (56). Particularly, Bacteroidetes S24.7 was closely associated with infarct size. However, Winek et al. reported stroke mice pretreated with quintuple broad-spectrum antibiotics presented with the damaged gut epithelium and worsened outcome (59). This controversial result still needs further study to clarify. FMT is a novel and potent treatment strategy in patients with gut microbiota dysbiosis obtained from fecal microbiota in healthy individuals. FMT exerts a neuroprotective effect by altering gut microbial metabolites production and reducing pro-inflammatory gut bacteria, alleviating inflammatory response and oxidative stress in the brain. Restoring gut microbiota homeostasis with FMT from healthy donors reduced lesion size by increasing Treg cells (54). MCAO mice receiving FMT from anti-inflammatory donors reduced the infarct volume by 54% (55). Additionally, FMT from young microbiota was also beneficial to stroke recovery (53). Oral gavage of SCFAs-producing bacteria or SCFAs supplementation also alleviated neurological deficits and improved poststroke recovery by reducing IL-17+ γδT cells in the ischemic brain (57, 58). Recently, Zhang et al. found that atorvastatin significantly alleviated the defects in sensorimotor behaviors and reduced microglia-mediated neuroinflammation by increasing the abundance of Firmicutes and Lactobacillus, decreasing the abundance of Bacteroidetes abundance, increasing fecal butyrate level, promoting intestinal barrier function, as well as regulating intestinal immune function (reduced monocyte chemotactic protein 1(MCP-1), tumor necrosis factor-α(TNF-α) and increased IL-10) in the mice with permanent MCAO (72). Calorie restriction also can promote ischemic stroke rehabilitation via enriching the abundance of Bifidobacterium (73). Tanhuo decoction also promoted poststroke recovery by decreasing the biosynthesis of TMA, the precursor of TMAO, and increasing the expression of trimethylamine-corrinoid protein Co-methyltransferase (mttB), which catabolizes TMA to methane (69). Additionally, Lactulose supplementation was shown to significantly improve the functional outcome of stroke, which is possibly mediated by repairing intestinal barrier injury and improving gut microbiota dysbiosis following stroke (75).



Hemorrhagic Stroke

Hemorrhagic stroke includes intracranial and subarachnoid hemorrhage. Intracranial hemorrhage accounts for 80% of hemorrhagic stroke and 10-15% of all strokes, which is primarily caused by hypertension-induced small vessel rupture, while subarachnoid bleeding is mainly due to intracranial aneurysms rupture (84). Hemorrhagic stroke is characterized by high mortality and morbidity, which burdens society and families. However, there are, to date, few studies focused on the exploration of the correlation between hemorrhagic stroke and gut microbiota. A few studies reported that gut microbiota dysbiosis contributes to hypertension and intracranial aneurysms. However, the direct relationship between gut microbiota and hemorrhagic stroke has not been studied. Both clinical and animal studies are warranted in the future.



Gut Microbiota and Intracranial Aneurysms

A case-control metagenome-wide association study showed that the structural heterogeneity of intestinal microbiota in patients with intracranial aneurysm (IA) was significantly decreased compared to healthy controls, which had an increased abundance of Bacteroides, Parabacteroides, Ruminococcus, and Blautia in IA patients and an enrichment of Faecalibacterium, Eubacterium, Collinsella, and Lactobacillus (85). Recently, another multicenter, prospective case-control study reported that the abundance of the genus Campylobacter and Campylobacter ureolyticus was significantly higher in patients with ruptured IA than that in patients with unruptured IA, which may be associated with the rupture of IA (86). Further analysis suggested that gut microbiota promoted the pathogenesis of IA by regulating plasma amino acids (e.g., taurine, hypotaurine, L-histidine, and L-citrulline) and fatty acid levels (85). Compared to mice transplanted with healthy control feces, the incidence of IA in mice transplanted with the feces of IA patients was significantly increased (85). Mechanistically, supplementation with taurine or H.hathewayi reduces the formation and rupture of IA by blunting cerebrovascular inflammatory processes, reducing extracellular matrix remodeling, and maintaining the structural integrity of cerebral blood vessels. Similarly, Fumiaki Shikata et al. also reported that the gut microbiota contributes to the development of IA by modulating inflammation in the experimental IA model (87). Gut microbiota depletion by an oral antibiotic cocktail of ampicillin, metronidazole, neomycin, and vancomycin (AMNV) significantly reduced the incidence of IA via decreasing macrophage infiltration and the expression of pro-inflammatory cytokines such as IL-1β and IL-6 in vascular wells (87). These results suggest that gut microbiota is closely correlated with the development of IA. Additionally, human studies are needed to determine the exact contribution of the gut microbiota to the pathophysiology of IA and aneurysmal subarachnoid hemorrhage in humans.




Traumatic Brain Injury (TBI)

Traumatic brain injury (TBI) is one of the most common neurological diseases, with an estimated incidence of approximately 50 million people worldwide annually, leading to thousands of deaths and disabilities (88). TBI induces various secondary progressive brain damage contributing to varied functional outcomes. TBI also influences the gut barrier integrity, gut function, and gut microbiota composition (89). In turn, gut microbiota alterations may regulate a pro-inflammatory response following TBI and aggravate secondary brain injury. However, the information on TBI-induced gut microbiota dysbiosis is scarce for now. The relevant studies are summarized in Table 2.


Table 2 | A summary of preclinical and human studies on the gut microbiota and traumatic brain injury.



Recently, an observational study investigated the characteristics of gut microbiota in 101 TBI patients and found that organisms from rectal swabs obtained on days 0, 3, and 7 after admission belonged to the Proteobacteria phylum, with Enterobacteriaceae forming the largest group (90). Hou et al. also analyzed the gut microbiota composition in a small cohort (10 healthy control volunteers vs. 24 TBI patients) and reported that the abundance of Enterococcus, Parabacteroides, Akkermansia, and Lachnoclostridium were significantly increased, while the abundance of Bifidobacterium and Faecalibacterium were decreased in TBI patients (91).

In the controlled cortical impact (CCI) mouse model, the gut microbiota significantly decreased in Lactobacillus gasseri, Ruminococcus flavefaciens, and Eubacterium ventriosum and increased dramatically in Eubacterium sulci and Marvinbryantia formatexigens at 24h post-CCI (92). In an experimental weight-drop injury model, the severity of TBI is correlated with the alteration in Bacteroidetes, Porphyromonadaceae, Firmicutes, and α-Proteobacteria (21). Nicholson et al. found a reduced Firmicutes/Bacteroidetes ratio in gut microbiota composition occurring at 2h post-injury was significantly related to MRI-determined lesion volume and behavioral function defects (99). In the lateral fluid percussion injury mice model, You et al. also observed the alterations of gut microbiota and bile acid profile (97). Further analysis found that specific bacterial taxa such as Staphylococcus and Lachnospiraceae could be associated with the bile acid metabolic changes, resulting in intestinal inflammation. Interestingly, Angoa-Pérez et al. found that repetitive, mild TBI did not cause alterations in the gut microbiota composition (94). Although differences in gut microbiota composition have been observed after TBI in animal models, the exact regulatory mechanism remains elusive. A study considered that vagal afferent alterations, TBI-induced increase of cholecystokinin level, might be responsible for gut dysfunction through activation of the vago-vagal NTS-inhibitory pathway (100). Additionally, in another experimental TBI, the gut upregulated the expression of glycoproteins to recruit immune cells and activate inflammatory signals, resulting in altered mucosal integrity (101). The leaky gut allowed toxic bacterial components such as LPS to enter the circulation that mediates neuroinflammation by activating microglia following TBI (26). Furthermore, the permeability of the blood-brain barrier (BBB) can increase up to 4 times more than normal within 6h following TBI. The increased BBB permeability aggravates the gut dysbiosis-induced neuroinflammation by LPS exposure, γδT cell activation, and activated microglia differentiation into the M1 phenotype. A recent preclinical study performed by Celorrio et al. suggested that antibiotic-induced gut microbial dysbiosis established before TBI significantly worsened neuronal loss, reduced cortical infiltration of Ly6Chigh monocytes and T lymphocyte, increased microglial pro-inflammatory markers, and impaired neurogenesis after TBI (98).

CCI mice pretreated with AMNV 2 weeks before CCI presented increased neuronal density in the hippocampus at 72h post-injury, while mice treated with AMNV right after CCI showed reduced lesion volume and attenuated associative learning deficit at 22 days (89). TBI mice treated by Clostridium butyricum also improved neurological deficits, attenuates brain edema, ameliorated neurodegeneration, and alleviated BBB impairment via elevating intestinal Glucagon-like peptide 1(GLP-1) secretion (93). SCFAs supplementation also improved spatial learning following CCI-induced TBI, mediated by activating the neurotrophic tyrosine kinase receptor type 1 (TrkA) pathway (95, 102). Probiotic supplementation also significantly remedied the gut microbiota dysbiosis and decreased the intestinal permeability following experimental TBI by reducing the intestinal mucosa damage, alleviating brain injury (103). In human studies, probiotic treatment could relieve systemic inflammatory response, decrease nosocomial infection rate, and improve the recovery of patients with TBI (104, 105). Interestingly, vagal stimulation reduced gut barrier permeability after TBI, mediated by the suppression of TNF-α release (106). Recently, it has been demonstrated that FMT can restore gut microbiota dysbiosis following TBI and ameliorate neurological deficits, mediated by the TMA-TMAO-MsrA signaling pathway (96).



Spinal Cord Injury (SCI)

Traumatic spinal cord injury (SCI) is another acute CNS injury that affects millions worldwide every year (107). The studies involving SCI and the bidirectional effect on the gut microbiota have been carried out in recent years, which are summarized in Table 3. This section reviews the study published on the changes in the gut microbiota that occur following SCI.


Table 3 | A summary of preclinical and human studies on the gut microbiota and spinal cord injury.



In a Chinese cohort study, Zhang et al. observed an increase in Proteobacteria and Verrucomicrobia and reduced Bacteroidaceae and Bacteroides in patients with chronic traumatic complete SCI (109). Lin et al. also analyzed 46 Chinese subjects (23 SCI patients vs. 23 healthy controls) and reported that the abundances of Parabacteroides, Alistipes, Phascolarctobacterium, Christensenella, Barnesiella, Holdemania, Eggerthella, Intestinimonas, Gordonibacter, Bilophila, Flavonifractor, and Coprobacillus were higher in the patients with SCI than those in the health individuals (110). Another clinical study with 54 Turkish participants (41 SCI patients vs. 13 healthy controls) identified that butyrate-producing microbes of the Firmicutes phylum are significantly reduced in SCI patients than healthy controls (108). Recently, Bazzocchi et al. investigated a large Italian SCI population acute phase after injury and age- and gender-matched healthy Italians (112). Their study revealed that the abundance of SCI patients’ gut microbiota increased in potentially pathogenic, pro-inflammatory, and mucus-degrading bacteria and decreased in SCFAs producers. Moreover, gut microbiome dysbiosis is closely associated with the severity of the lesion after SCI. A case-control study carried by Yu et al. (45 SCI patients vs. 24 healthy individuals) showed that the abundance of Actinobacteria and Synergistetes in patients with complete thoracic SCI (CTSCI) was significantly higher than that in healthy individuals. At the same time, the Bacteroidetes, Cyanobacteria, and Proteobacteria were significantly decreased in patients with incomplete thoracic SCI (ITSCI) as compared to the healthy (113). Furthermore, they compared the gut microbiota composition between patients with CTSCI and ITSCI and found a significantly increased abundance of Coriobacteriaceae, Synergistetes, Eubacterium, and Cloacibacillus was observed in patients with CTSCI, while patients with ITSCI were abundant with Lactobacillaceae, Lachnospiraceae, Eubacterium, Clostridium, and Sutterella.

Similarly, a thoracic level 9 (T9) contusion SCI-induced gut microbiota dysbiosis in the experimental SCI mice was also characterized by an expansion of Bacteroidetes and a reduction of Firmicutes (115). However, a preclinical work in a T9 contusion SCI mouse model by Kigerl et al. reported that SCI mice presented a decrease in Bacteroidales and an increase in Clostridiales (25). In an SCI rat model, gut microbiota composition was significantly changed with an increased abundance of Lactobacillus intestinalis, Clostridium disporicum, and Bifidobacterium choerinum and a reduced level of Clostridium saccharogumia (114). The difference in the results may be caused by experimental deviation. Additionally, the above analyses of SCI-induced gut microbiota dysbiosis were assessed by 16S rRNA amplicon sequencing, which cannot profile microbiota function or identify viruses (123). Du et al. studied gut microbiota dysbiosis after experimental SCI at T4 or T10 using genome- and gene-resolved metagenomic analysis (122). The results suggested that the abundance of beneficial commensals (Lactobacillus johnsonii and CAG-1031 spp.) significantly decreased, while potentially pathogenic bacteria (Weissella cibaria, Lactococcus lactis_A, Bacteroides thetaiotaomicron) increased after SCI. Functionally, tryptophan, vitamin B6, and folate biosynthesis, encoded by microbial genes, were reduced in the feces after SCI. Interestingly, the study performed by Du et al. reported that phages of beneficial commensal hosts (CAG-1031, Lactobacillus, and Turicibacter) decreased. In contrast, phages of pathogenic hosts (Weissella, Lactococcus, and class Clostridia) increased after SCI (122). In a Yucatan minipig model with a contusion-compression SCI at T2 or T10, Doelman et al. presented a dynamic view of the microbiome changes following SCI and identified acute stage, 0-14 post-SCI, as a special time-frame that many of the bacterial fluctuations occur before returning to “baseline” levels (120).

SCI promotes intestinal leakiness and bacterial translocation associated with activation of immune cells in GALTs, by increasing the population of B cells, CD8+ T cells, DCs, and macrophages and decreasing CD4+ T cell counts (25). γδT cell-deficient mice improved functional recovery after SCI (124). Moreover, changes in gut microbiota composition following SCI could predict locomotor impairment (125). Additionally, gut microbiota dysbiosis can aggravate SCI by activating the TLR4/Myeloid differentiation factor 88 signaling pathway (121).

SCI mice fed with commercial probiotics (VSL#3) reduced neuropathology, improved locomotor recovery, and promoted an anti-inflammatory response by increasing the number of Treg cells in GALTs (25). Additionally, SCI mice daily treated with melatonin improved gut barrier integrity and functional recovery by reducing the abundance of Clostridiales and enhancing the quantity of Lactobacillales and Lactobacillus, which were related to a more favorable cytokine profile (116). Lactic acid supplementation was also proved to improve functional recovery following SCI (25). FMT prevented both SCI-induced dysbiosis, locomotor function, and the development of anxiety-like behavior (117). FMT could increase the amount of fecal SCFAs and downregulate IL-1β/NF-κB signaling in the spinal cord and NF-κB signaling in the gut following SCI (118). A recent study also reported that minocycline treatment attenuated SCI-induced anxiety-like behavior and systemic inflammatory response via altering the Firmicutes/Bacteroidetes ratio (119). Engineered liposomes targeting the MGBA may also be a potential treatment (126).




Conclusion and Perspective

Gut microbiota is closely involved in the development and progression of acute CNS disease through multiple mechanisms, including immunological, endocrine, metabolic, and neural pathways. FMT and probiotics significantly improve brain injury by restoring the acute CNS injury-induced gut microbiota dysbiosis. Gut microbiota may be a potential target to assist in the treatment of acute CNS injury. However, several aspects are still needed to ponder despite a growing number of studies concerning the gut microbiota. Firstly, human gut microbiota composition is different from rodents. Although Firmicutes and Bacteroidetes are the most abundant microbiota both in mice and humans, more than 80% of the bacteria found in the mice intestine are not colonized in the human intestines based on genus level (127). Secondly, immunological features are also different between rodents and humans. A previous study suggests that the intestinal properties of humans are similar to those of mice. However, differences in intestinal immunity between mice and humans have already been found that γδT cells are found significantly less frequently in the intraepithelial compartment of humans than in mice (128). Thirdly, the effects of enteroviruses, fungi, and bacteriophages cannot be ignored. Bacteriophages have high host specificity that shapes the gut microbiota composition and regulates the host immune response by altering bacterial pathogen-associated molecular patterns and maintaining the host mucosal barrier (129). Although the effects of enteroviruses on health and disease are still unclear, phage-virus-fungi-bacterial-host interaction in the gut should also be considered. Moreover, their role in human acute brain injury or animal models has not been studied so far. Fourthly, developmental disturbances in GF mice should be considered. GF mice have hypoplastic immune structures and differ from SPF mice in the intestinal immune cell populations, such as IgA-producing plasma cells and lamina propria CD4+ T cells (130). Additionally, GF mice contain fewer serum immunoglobulins, particularly IgG (131). In the absence of gut microbiota, CNS is also altered with a “leaky” BBB and an abnormal microglia morphology and function (132, 133). Finally, criteria for identifying qualified, healthy donors in the FMT treatment have not yet been fully established. The safety and efficiency of FMT need to be extensively investigated.
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Objective

We aimed to investigate the associations between the intestinal microbiota, metabolites, cytokines, and clinical severity in anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis and to further determine the predictive value of the intestinal microbiota or metabolites in clinical prognosis.



Methods

In this prospective observational cohort study of 58 NMDAR encephalitis patients and 49 healthy controls, fecal microbiota, metabolites, and cytokines were quantified and characterized by16S rRNA gene sequencing, liquid chromatography–mass spectrometry, and the Luminex assay, respectively.



Results

There were marked variations in the gut microbiota composition and metabolites in critically ill patients. We identified 8 metabolite modules (mainly characterized by fatty acid, glycerophosphoethanolamines, and glycerophosphocholines) that were distinctly classified as negatively or positively associated with bacterial co-abundance groups (CAGs). These CAGs were mainly composed of Bacteroides, Eubacterium_hallii_group, Anaerostipes, Ruminococcus, Butyricicoccus, and Faecalibacterium, which were substantially altered in patients. In addition, these fecal and serum metabolic modules were further correlated with the serum cytokines. Additionally, the combination of clinical features, microbial marker (Granulicatella), and a panel of metabolic markers could further enhance the performance of prognosis discrimination significantly, which yielded an area under the receiver operating characteristic curve of (AUC) of 0.94 (95%CI = 0.7–0.9). Patients with low bacterial diversity are more likely to develop relapse than those with higher bacterial diversity (log-rank p = 0.04, HR = 2.7, 95%CI = 1.0–7.0).



Interpretation

The associations between the multi-omics data suggested that certain bacteria might affect the pathogenesis of NMDAR encephalitis by modulating the metabolic pathways of the host and affecting the production of pro-inflammatory cytokines. Furthermore, the disturbance of fecal bacteria may predict the long-term outcome and relapse in NMDAR encephalitis.
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1 Introduction

Anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis is the most prevalent and severe autoimmune encephalitis type, with significant economic burden (1, 2). Nearly 75% of patients may require care in the intensive care unit, and 20%–25% of cases may have poor prognosis or further relapse (3, 4). However, there are no biomarkers to inform therapy or predict outcomes. Despite some clinical signs (including orofacial dyskinesia and central hypoventilation) (3), higher antibody titers in the cerebrospinal fluid (5), increased cytokines (CXCL13, TNF-α, IL-6, or IL-10) (6, 7), or abnormal MRI (8, 9) suggesting potential associations with poor clinical outcomes, these associations were weak and need longitudinal assessments. Thus, biomarkers are still urgently needed for the prediction of disease prognosis and evaluation of disease severity in NMDAR encephalitis.

The microbiota could modulate the host immune response and affect the secretion of cytokines and antibodies (10–13). It has been reported that dysbiotic microbiota is involved in the pathogenesis of various antibody-mediated diseases such as multiple sclerosis, neuromyelitis optica, Guillain–Barré syndrome, and systemic lupus erythematosus (14–17). One leading hypothesis is that molecular mimicry leads to cross-reactivity (18, 19) and, in turn, to autoimmune attack. In our prior study, an increase of pro-inflammatory fecal bacteria was also observed in NMDAR encephalitis patients with several relapses (20). In addition, via fecal transplantation, one study reported that transplantation of the “NMDAR encephalitis microbiota” into specific pathogen-free (SPF) mice can induce abnormal behaviors and T helper 17 (Th17) response (21). Taken together, these studies have provided initial proof that microbial dysbiosis or imbalance may potentially contribute to the onset of this disorder.

Metabolomics is a new method for elucidating the pathomechanisms and biomarkers and for assessing the environmental impact of a disease. Metabolome (serum and fecal) also represent end products from microbial metabolism, and they are functionally more important when compared to specific bacterial species (22, 23). Therefore, exploring links between the microbiota and metabolic and immune function may reveal new insights into disease etiology and pathophysiology. However, as far as we know, no data are currently available for investigating the molecular mediators of the effects of the microbiota on NMDAR encephalitis. Furthermore, research on whether altered microbiota and metabolites are associated with or could predict the risk of susceptibility to severe status and worse outcomes in NMDAR encephalitis has not been determined yet.

Herein, for the first time, we present a comprehensive comparison of the intestinal microbiota and systemic metabolomes from a large and prospective cohort of 107 individuals. We first established the features of the gut microbiota and the host metabolite profiles that are correlated with disease severity. We then integrated extensive multilevel omics findings to elucidate the gut microbial ecosystem, and its significance, in NMDAR encephalitis. In addition, the predictive value of the intestinal microbiota or metabolites in the clinical prognosis of NMDAR encephalitis was revealed.



2 Methods


2.1 Study Design and Human Participants

Figure 1 depicts the overall design of the study. Briefly, fecal specimens from a prospective cohort of 58 treatment-naive NMDAR encephalitis patients and 49 household healthy controls (HCs) were evaluated using high-throughput 16S ribosomal DNA (rDNA) gene sequencing and untargeted metabolomics. Serum samples were collected from a subset of these same NMDAR encephalitis patients (n = 39) and HC individuals (n = 31) for untargeted metabolic and cytokine study. All patients were followed for at least 6 months, after which the fecal and serum samples of 30 patients were collected at the remission phase.




Figure 1 | Workflow integrating anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis gut microbiome, fecal and serum metabolomes, and cytokines. Fifty-eight patients with a definite diagnosis of NMDAR encephalitis were divided into different severity groups: severe (n = 22) and moderate (n = 36); there were 49 healthy controls. We next constructed a co-abundance network with 294 operational taxonomic units (OTUs) and clustered them into 19 co-abundance groups (CAGs). Subsequently, we identified the important CAGs that were strikingly prevalent in patients with more severe status. We then identified the serum and fecal metabolome and cytokine features between NMDAR encephalitis patients and healthy controls. Serum and fecal metabolites were summarized as co-abundance metabolic modules. Next, we identified the relationships between the markedly altered gut microbiome composition, host metabolic profiles, and the major dysregulated cytokines. Finally, fecal and serum samples from 30 patients after 6 months of follow-up were collected to investigate longitudinal deviations in dysbiosis and establish associations between disease outcome markers and dysbiosis.



All participants in this study were enrolled between December 2019 and March 2021 from West China Hospital of Sichuan University, in which treatment-naive patients with unknown triggers at initial onset (n = 58) had been diagnosed based on the definitions of NMDAR encephalitis from a recent consensus statement (1). The detailed diagnostic criteria of NMDAR encephalitis patients are summarized in eMethods in the Electronic Supplementary Material (ESM). We included spouse (n = 30), sibling (n = 14), or parents (n = 5) as controls free from neurological disorders living within the same community and sharing a similar diet for at least 5 years (to minimize the potential effects of confounding by factors, including diet, housing conditions, and lifestyle) (24, 25).

The exclusion criteria for HCs and patients were: 1) patients with identified trigger for disease (tumor or herpes simplex virus encephalitis); 2) participants who received treatment with any immunotherapies (steroids, immunoglobulin, cyclophosphamide, rituximab, or plasma exchange); 3) participants who received antibiotics or probiotics, or prebiotics within 1 month before sampling; 4) participants who experienced marked bloating, abdominal pain, diarrhea, or infections of the respiratory tract in the previous month; 5) alcohol or any other substance (apart from tobacco) dependence or abuse within 3 months before enrollment; 6) participants with chronic diseases such as hypertension and diabetes; 7) history of other autoimmune diseases (systemic lupus erythematosus, rheumatoid arthritis, type 1 diabetes, etc.); 8) history of bowel surgery; 9) lactation or pregnancy; and 10) any history of neuropsychiatric disorders, such as depression, schizophrenia, anxiety, or multiple sclerosis.

This study was conducted in accordance with the Declaration of Helsinki and was granted permission by the Institutional Review Boards of the Ethics Committee of West China Hospital of Sichuan University. Prior to their enrolment, all participants provided informed consent (registration no. ChiCTR2100042215; Chinese Clinical Trial Registry, http://www.chictr.org). The patient cohort included in this study was independent from our previous cohorts (20).



2.2 Clinical Evaluations and Follow-Up Assessment

Participants were subjected to various clinical evaluations, such as medical history, physical and neurological examinations, laboratory assessments, and neuropsychological tests. All clinical information [demographic, medical, follow-up, and body mass index (BMI) data] was collected according to standard procedures (see details in eMethods in ESM). Assessment of dietary intake was done using a locally validated Food Frequency Questionnaire (FFQ) including 136 food items and analyzed by a competent nutritionist, as previously reported (20, 26).

The modified Rankin scale (mRS) score was employed to assess disease severity and outcome grading of NMDAR encephalitis. The initial severity status was classified according to mRS scores of moderate (0–3) and severe (4–5). The respective definitions of long-term favorable or poor functional outcomes were as follows: mRS score of ≤2 and mRS score of >2 at 6 months after admission (27–29). Patients were routinely followed up every 2 months for up to at least 6 months. The primary outcome was the long-term outcome. The secondary end point was clinical relapse, which was defined as a new symptomatic onset or worsening after an initial stabilization or improvement for ≥2 months (1).



2.3 Specimen Collection and Quality Control

Determination of the sample sizes was based on previous studies (20). The participants were given a written protocol for stool collection (to avoid contamination of the sample) and transportation. Briefly, disposable sterile potty and tubes were distributed to participants in advance. Firstly, participants discharged their feces into the sterile potty, washed their hands, wore disposable gloves, took the middle part of the feces, instantly put them on ice, and transported the sample to the laboratory, where it was stored it at −80°C within 1–2 h after sample collection.

Serum samples were collected from patients who consented to participate in the study. For each participant, one 6-ml overnight fasting peripheral blood sample was obtained in the morning of the day after admission. Blood was centrifuged at room temperature for 10 min at 3,000 × g, then the serum was collected, and 1–2 ml aliquots were transferred into pre-labeled cryovials. Within 1 h of collection, the samples were kept at −20°C for 24 h for freezing and then stored at −80°C for further analyses.



2.4 DNA Extraction, Amplification, and Sequencing

Fecal samples stored at −80°C were used in this assay, which was performed at Majorbio BioPharm Technology Co., Ltd. (Shanghai, China). Extraction of microbial DNA from fecal samples was conducted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) as described by the manufacturer. The final DNA concentrations were determined with a NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA), while DNA quality was evaluated with 1% agarose gel electrophoresis. Specific primers (806 R: 5′-GGACTACHVGGGTWTCTAAT-3′; 338 F: 5′-ACTCCTACGGGAGGCAGCAG-3′) were used to amplify the V3–V4 hypervariable regions of the bacterial 16S rRNA gene via a thermocycler PCR system (GeneAmp 9700; ABI, Foster City, CA, USA). The PCR conditions were as follows: 3 min of denaturation at 95°C, 27 cycles at 95°C for 30 s, annealing at 55°C for 30 s, elongation for 45 s at 72°C, and a final extension for 10 min at 72°C. The PCR assays were conducted in triplicate in a 20-μl mixture of 4 μl 5× FastPfu Buffer, 2.5 mmol/L dNTPs (2 μl), 0.8 μl of each primer (5 μmol/L), FastPfu polymerase (0.4 μl), and template DNA (10 ng). Extraction of the PCR products was done on 2% agarose gel, purified using a AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluor™-ST (Promega, Madison, WI, USA) as described by the respective manufacturers. Amplicons (purified) were pooled in equimolar, followed by paired-end sequencing (2 × 300) on an Illumina MiSeq system (Illumina, San Diego, CA, USA).



2.5 Processing of Sequencing Data

This procedure was conducted at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw fastq files were demultiplexed, filtered by Trimmomatic for quality, followed by merging by FLASH as described previously (30, 31). Details related to the processing of sequencing data can be found in eMethods in ESM.



2.6 Untargeted Metabolomics Analyses

Fecal samples (50 mg) and serum samples (100 μl) were spiked with 40 μl of a methanol/water (4:1, v/v) solution (Merck, Darmstadt, Germany) and extracted as described by the manufacturer (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China). The extracted samples were evaluated by liquid chromatography–mass spectrometry (LC-MS) (Shimadzu, Tokyo, Japan). Aliquots from all extracted samples were pooled to form a quality control (QC) sample, which was analyzed as done for the analytical samples (eMethods in ESM).



2.7 Inflammatory Biomarker Assays

The concentrations of serum cytokines (CCL4, IFN-α, IFN-γ, IL-1β, IL-7, IFN-β, IL-1ra, IL-10, IL-4, IL-6, IL-8, IL-12 p40, IL-18, IL-17, and TNF-α) were analyzed employing xMAPtechnology (LXSAHM-20, R&D Systems Inc., Minneapolis, MN, USA; HGAMMAG-301K-03, Merck Millipore, Burlington, MA, USA). Detailed method can be found in eMethods in ESM.



2.8 Statistical Analysis

Data are shown as the mean ± SEM. Differences in the clinical features between groups were evaluated using t-tests, chi-square, and Mann–Whitney U test in SPSS version 20.0. Differences among groups were analyzed by one-way ANOVA with Tukey’s test or false discovery rate (FDR) correction. The cutoff for significance was p ≤ 0.05. Differential abundance of the microbial taxa and LC-MS-based metabolites were determined by negative binomial distribution and the Wald test (1.0 was the threshold for log fold change). Microbial taxa whose sequences were <1,000 and present in <20% of the whole cohort were filtered. Microbial and metabolite characteristics with FDR-adjusted p < 0.01 were considered significant. Effect sizes were assessed by comparisons of the fold changes. Identification of co-abundant metabolite clusters was done using “WGCNA21” in R, along with official tutorials (https://horvath.genetics.ucla.edu). Associations between specific metabolites, microbial, predicted pathways, and clinical variables in the NMDAR encephalitis patient subgroup were determined by correlation network analysis with a >1 threshold for the correlation coefficient (based on Spearman’s rank correlation) and FDR-adjusted p < 0.05 (using the Benjamini–Hochberg procedure). Finally, potential microbiota-dependent predictors of outcomes were assessed by age, gender, and the NEOS score, which is known to be a predictor of the 1-year functional status of NMDAR encephalitis patients (28, 32). We analyzed time to relapse with the Cox proportional hazards model, including the alpha diversity index as a factor, and provided the results as hazard ratios (HRs) with 95% confidence intervals (CIs).




3 Results


3.1 Demographic and Clinical Features of the Recruited Subjects

Fifty-eight patients with NMDAR encephalitis (mean age = 34.4 years, SEM = 1.8), among whom 36 patients had mRS scores of 2–3 (mean age = 35.3 years, SEM = 2.2), 22 patients had mRS scores of 4–5 (mean age = 33.1 years, SEM = 3.0), and 49 were HCs (mean age = 32.0 years, SEM = 1.5), were enrolled. The detailed demographics of the participants are shown in Table 1. The differences in age, female-to-male ratios, BMI, and nutritional factors among all of the groups were not significant. In addition, no obvious effect of sex and age on the gut microbiome structures was observed in this cohort (analysis of similarities: p > 0.05; Supplementary Figure S1).


Table 1 | Extrinsic host factor profile including diet, stool consistency, and lifestyle in anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis patients and control individuals.





3.2 Fecal Microbiota Are Significantly Different in the Severe Disease Group

We sequenced fecal 16S rRNA genes in V3–V4 regions to evaluate variations in the gut microbiome in NMDAR encephalitis subgroups. Differences in the diversity of the gut microbiota between patients in the moderate status and HC groups were not significant. However, the severe group exhibited significantly lower values of the Chao1 (310 ± 78 vs. 345 ± 89, p = 0.04; Figure 2A) and Shannon (2.6 ± 0.8 vs. 3.1 ± 0.6, p = 0.006; Figure 2B) indices than those of HCs. Then, a score plot of the principal coordinate analysis (PCoA) based on unweighted UniFrac distances was built to evaluate the gut microbiota structure. The microbial structure and composition markedly varied between patients with different severity grades and HCs (R = 0.12, p = 0.002; Figure 2C).




Figure 2 | The fecal microbiota from anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis patients with more severe status are distinct from those of healthy controls. (A, B) Comparison of the Chao 1 (A) and Shannon (B) indices between the different disease severity groups and healthy controls. A significantly decreased intestinal microbiota diversity in NMDAR encephalitis patients with more severe disease status was found. The mean values and standard deviations are presented as bars. *p < 0.05, **p < 0.01. P-values are from the Kruskal–Wallis test. (C) The overall bacterial signatures between the three groups were markedly different (unweighted Unifrac, PERMANOVA: p = 0.003). (D) Abundances of the 19 co-abundance groups (CAGs) in various NMDAR encephalitis severity subgroups. Abundances were transmuted into Z scores by subtracting the average abundances and dividing the standard deviations for all samples. Z scores were negative (shown in green) when row abundance was below the mean. CAGs at p < 0.05 (by Wilcoxon rank-sum test) are shown in blue. (E) Operational taxonomic unit (OTU)-level diagram for the enrichment of OTUs in various groups based on the markedly altered CAGs. Node size denotes the mean abundance of each OTU. Bacteria denoted on nodes were of the lowest classification status that could be identified by the RDP classifier. Lines between nodes denote associations, with line width showing association magnitudes, red denotes positive association, and blue denotes negative associations. Lines corresponding to associations with magnitudes >0.4 were drawn.



Since bacteria form functional groups in the gut, we constructed a co-abundance network, whereby 294 operational taxonomic units (OTUs) were shared by ≥20% of samples based on SparCC correlation coefficients, and clustered the OTUs into 19 CAGs. Among them, CAG6 and CAG12 decreased and CAG11 increased markedly in patients in the group with more severe disease relative to patients with moderate status and to HCs (Wilcoxon rank-sum test: p < 0.05; Figure 2D). Among the OTUs in these CAGs depleted in the severe group, 80% belonged to Bacteroides, Eubacterium_hallii_group, Anaerostipes, Megamonas, Ruminococcus, Butyricicoccus, and Faecalibacterium, the members of which may alleviate inflammation. On the other hand, CAG11 comprised Enterococcus, Oscillospirales, Fusicatenibacter, and Sellimonas, which are opportunistic pathogens or pathogens (33) (Figure 2E).

We then determined the log of [abundance in microbes increased in NMDAR encephalitis] over [abundance of microbes decreased in NMDAR encephalitis] for all samples, defined as the microbial dysbiosis index (MD-index) (34). The MD-index, which was disease phenotype-based, revealed strong positive correlations with disease severity (mRS score, p < 0.0001; Figure 3A) and negative associations with species richness (p < 0.0001; Figure 3B), implying that a severe disease status exhibits a markedly reduced species diversity, with a preference for extreme dysbiosis. Moreover, this index captured the overall beta diversity, resulting in a clear gradient by which samples grouped across all sample types (Figure 3C).




Figure 3 | Microbial dysbiosis index (MD-index) characterizing anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis severity. (A) Scatter plot of arcsine square root transmuted abundance for all summed abundances for the taxa decreased (bottom) or increased (top) in patients with NMDAR encephalitis versus the modified Rankin scale (mRS) score as a disease severity measure. (B) Scatter density plot for species richness vs. the MD-index for each sample. In samples with a high MD-index, a strong reduction in the species richness was observed. (C) Principal coordinate plot for unweighted UniFrac distance, colored using the MD-index. It can be noticed that the three principal coordinates stratified the samples by MD-index, which exhibited negative correlations with species richness. Sqrt, square root.





3.3 Metabonomics of the Fecal and Serum Specimens From NMDAR Encephalitis Patients Are Distinct From Those of Controls

All 107 participants were enrolled in the fecal metabonomic study, and a subset of 70 participants (39 patients with NMDAR encephalitis and 31 HCs) from this study was included in the serum metabonomic study. Identification of the differentially enriched metabolites that were significant was based on a variable importance in projection (VIP) threshold >1 and p < 0.05. Overall, 298 known fecal metabolites, 158 elevated and 140 suppressed, were identified in patients relative to HCs, which were visualized in a volcano plot (see Supplementary Figure S2A). The top priority metabolites identified were l-carnitine, samin, lysophosphatidic acid (lysoPA, a-25:0/0:0), and phenylalanyl-lysine, among others (see Supplementary Figure S2B). For the serum samples, 378 known metabolites, 58 elevated and 320 suppressed, separated patients with NMDAR encephalitis from normal controls (Supplementary Figure S2C). The top serum metabolites included 2-deoxy-d-gluconate, theophylline, and guanosine (Supplementary Figure S2D).

The partial least squares discriminant analysis (PLS-DA) plot showed the global fecal metabolic changes in NMDAR encephalitis patients and HCs (Figure 4A). A separation between patients with different disease severity status and HCs was also obtained with the PLS-DA method (Figure 4B). The serum data recapitulated the distinction, classifying the patients into different severity grading and HC groups (Figures 4C, D). However, the Q2 values (Figure 4B) for all the comparisons were low or negative, which means that the statistical model may not be reliable. Thus, in this study, NMDAR encephalitis patients did not show significantly different metabolite profiles relative to HCs. In addition, the metabolite levels did not shift with disease severity.




Figure 4 | Partial least squares discriminant analysis (PLS-DA) of the fecal and serum metabolomes in anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis cases versus healthy controls. Fecal (A) and serum (C) metabolomics PLS-DA score plot of NMDAR encephalitis cases (blue) vs. controls (green). Each dot denotes an individual subject. Permutation test for the PLS-DA model: 999 permutations led to intercepts of R2 = 0.833, Q2 = 0.03 (fecal) and R2 = 0.774, Q2 = 0.017 (serum), implying an acceptable model minus overfitting. Fecal (B) and serum (D) metabolomics PLS-DA score plot of NMDAR encephalitis cases with severe status (blue) and moderate status (green) versus controls (yellow). Each dot represents an individual subject. PLS-DA model permutation test: 999 permutations led to intercepts of R2 = 0.279, Q2 = −0.118 and R2 = 0.175, Q2 = −0.252, implying an acceptable model minus overfitting.



Sub-pathways shared by metabolites provide meaningful groups and are vital for elucidation of disease mechanisms. In multivariate models controlling for three potential confounders, namely, age, sex, and BMI, we identified 277 differential fecal metabolites across 51 sub-pathways and 12 super-pathways. Similarly, for serum, we identified 221 differential metabolites across 47 sub-pathways and 9 super-pathways. Figures 5A, B illustrate the fecal and serum metabolites with the highest variations in abundance between the disease cases and HCs, respectively.




Figure 5 | Significance plot for the adjusted selected differential metabolites in anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis cases vs. healthy controls by sub- and super-pathway level. (A, C) Each significantly selected fecal (A) and serum (C) metabolites sub-pathway is represented. The −log10(Padj) for each metabolite is displayed by respective sub- and super-pathway (Padj, adjusted p-value). Unadjusted Wilcoxon rank-sum test p-values were adjusted for multiple comparisons using Benjamini–Hochberg (BH) correction to yield adjusted p-values. The dashed line represents the adjusted p-value. Asterisks represent compounds that were not verified against a standard, but whose identity the analytical platform was confident in. (B, D) Significantly enriched sub-pathways from metabolites selected using partial least squares discriminant analysis (PLS-DA) models are illustrated in dot plots. Each significantly selected fecal (B) and serum (D) sub-pathway is denoted by a circle described by three parameters. Circle size shows how many of the metabolites were selected in the sub-pathway (see legend in gray to the right of the plot for relative sizes). Circle shades from light pink to red denote selected sub-pathway significance levels based on −log10(p-value) (see legend to the right of the plot for relative color gradient). Sub-pathways were markedly enriched if p < 0.05, which was comparable to −log10(p-value) > 1.3. Circle position along the rich factor axis shows the abundance of the selected metabolites from the sub-pathway against all sub-pathway metabolites.



Fecal metabolomics pathway enrichment assessments revealed significantly overrepresented sub-pathways among the differentially abundant metabolites. PLS-DA revealed 17 sub-pathways, including, among the most significant, beta-alanine metabolism, phenylpropanoid biosynthesis, choline metabolism in cancer, aminobenzoate degradation, bile secretion, pentose and glucuronate interconversions, and tryptophan metabolism, as represented by the dot plot (Figure 5C). For serum pathway enrichment analysis, PLS-DA identified 13 sub-pathways that were significantly different between disease cases and HCs, including choline metabolism in cancer, d-glutamine and d-glutamate metabolism, purine metabolism, glycerophospholipid metabolism, ABC transporters, and arginine and proline metabolism (Figure 5D).

The enrichment analysis suggested that the choline metabolism in cancer pathway and the bile secretion pathway were altered significantly in both serum and fecal samples in patients with NMDAR encephalitis, indicating that these two metabolic pathways are important in NMDAR encephalitis.



3.4 The Differential Genera Showed a Correlation with Dysregulated Cytokines in NMDAR Encephalitis

In various immune-associated disorders, cytokines are key drivers of inflammation and tissue damage (35). Commensal microbiome modulates cytokine-mediated immune reactions (36, 37). To establish the relationship between cytokines and the gut microbiota in NMDAR encephalitis patients, we evaluated the serum levels of inflammatory cytokines in NMDAR encephalitis patients relative to HCs (Figures 6A–I). Nine cytokines exhibited significantly higher levels in the patient group than in HCs, including IFN-β, IFN-γ, IL-3, IL-6, IL-1, IL-7, IL-18, IL-33, and TNF-α. These cytokines were elevated in patients with severe status and were suppressed in HCs, while a small increase in patients with moderate status further verified that cytokines are associated with disease severity grading (data not shown).




Figure 6 | Correlation between dysregulated cytokines and differential genera in anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis. (A–I) Analysis of 12 immune cytokines in patients with NMDAR encephalitis and in healthy controls (HCs). Participants’ sera were run on Luminex. Differences are determined by a t-test. (J) Correlation analyses of cytokines and differentially enriched genera between any two groups. Abundance rates of differentially enriched species (top 30) in HCs and NMDAR encephalitis were evaluated for association with differential immune factors using Spearman’s correlation analysis. Correlations are shown by color gradients from green (negatively correlated) to purple (positively correlated). Correlation coefficients and p-values (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001) are shown.



To identify the immune disorder-associated bacteria in NMDAR encephalitis patients, correlation analyses of the various genera and different cytokines between any two groups were performed. Figure 6J shows that Bifidobacterium, Enterococcus, Clostridium_innocuum_group, and Roseburia, which were the significantly increased genera in the severe disease status group relative to HCs, were positively correlated with the levels of cytokines, which revealed these bacterial genera to be the core bacteria involved in the stimulation of these immune factors. In contrast, Butyricicoccus, Eubacterium_hallii_group, Lachnospiraceae_NC2004_group, Faecalibacterium, Lachnospiraceae_NK4A136_group, and Prevotella, which were significantly reduced in severe NMDAR encephalitis patients, showed a strong negative association with immune factors, implying that these genera could reduce the inflammatory cytokine levels in NMDAR encephalitis patients. However, there was a relatively small marked positive association between the different genera and immune factors in HCs and moderate groups.



3.5 Association Between Metabolites, Cytokines, and Gut Microbiota in NMDAR Encephalitis

At an FDR of 5%, five gut microbiota CAGs were markedly associated with 8 serum metabolic modules, while 7 gut microbiota CAGs were markedly associated with 8 fecal metabolic modules. These metabolic modules were also respectively associated with serum cytokines.

The correlation between CAGs, fecal metabolic module, and cytokines can be seen in Figure 7A. The light cyan metabolic module (characterized by prenol lipids, steroids, and steroid derivatives) enriched in NMDAR encephalitis, was positively correlated with CAG11 (more abundant in the severe disease group) and negatively correlated with CAG12 (enriched in HCs). CAG11 also showed a negative association with the cyan module enriched in HCs (characterized by glycerophospholipids and fatty acyls; p-value for interaction, <0.05).




Figure 7 | Interrelationships between the gut microbiota composition, host metabolic profiles, and cytokine phenotypes. Correlation network between the gut microbiota of significant co-abundance groups (CAGs), fecal (A) and serum (B) metabolites, and cytokines. Red lines denote positive correlations (FDR < 0.05), while blue lines denote negative correlations (FDR < 0.05). In the gut microbiota column, green stratum denotes CAGs highly enriched in the control group. Stratum in brown denotes microbiota increased in the more severe group. In the metabolomics column, orange and red strata denote anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis-negative metabotypes, while blue and green strata denote NMDAR encephalitis-positive metabotypes.



The correlation between CAGs, serum metabolic module, and cytokines can be seen in Figure 7B. CAG6, enriched in the NMDAR encephalitis patients, was positively correlated with the serum metabolic modules that were “NMDAR encephalitis-positive associated”, such as the gray module (enriched in organic acids and derivatives and fatty acids; p-value for interaction, <0.05). On the other hand, CAG14, CAG17, and CAG15, enriched in the HC group, were negatively associated with metabolic modules that were enriched in the disease group, including the brown, dark orange module (characterized by glycerophosphocholines and glycerophosphoethanolamine-related metabolites; p-value for interaction, <0.05), sky blue module (characterized by lipid-like molecules, organic acids and derivatives, and amino acids; p-value for interaction, <0.05), and the gray module (characterized by organic acids and derivatives; p-value for interaction, <0.05). Particularly, CAG14, mainly consisting of Lachnospiraceae and Prevotella, was closely associated with 7 serum modules, implying that it might have vital functions in the maintenance of normal physiology by interacting with various serum metabolites.

Based on the marked associations between distinctive metabolic characteristics in fecal and serum samples and the disorderly gut microbiota in NMDAR encephalitis, it is possible that gut microbiota dysbiosis initiated the disordered microbial functions, leading to the deficiency of anti-inflammation protective metabolites and dysregulation of cytokines, thereby increasing vulnerability to NMDAR encephalitis.



3.6 Fecal Microbiota and Metabolites Are Predictive of Clinical Outcomes in NMDAR Encephalitis Patients

Outcomes were evaluated in all 58 patients: 21 (36.2%) patients had an unfavorable outcome at 6 months, including 1 (1.7%) who died within 3 months after admission. Then, we determined whether the key characteristics of the fecal microbiome (bacterial diversity and community composition) or metabolites (fecal and serum) are predictive of the clinical outcomes of NMDAR encephalitis patients. The mRS score, which was the main outcome, was measured at 6 months post-admission. The secondary outcome was clinical relapse.

Firstly, we evaluated whether the community composition of fecal bacteria can predict NMDAR encephalitis outcomes. By using a random forest to assess poor outcome-associated taxa, we identified 10 OUTs most strongly predictive of higher mRS scores at 6 months after admission. The value of the area under the receiver operating characteristic curve (AUC) was 0.84 (the sensitivity and specificity were 72% and 86%, respectively) (Figure 8A). Then, we evaluated whether these taxa can predict long-term functional outcomes. Figure 8B shows that OTU512 (Granulicatella) was highly predictive of favorable disease outcomes. The association between the other OTUs detected and disease outcomes was not significant (p > 0.05). Logistic multivariate regression analysis indicated that a high abundance of OTU512 was correlated with a reduced risk of developing worse outcomes, independent of age, sex, disturbance of consciousness, and the NEOS score [odds ratio (OR) = 0.11, 95%CI = 0.02–0.5, multivariate p = 0.007]. The combination of clinical features (NEOS score), microbial marker (OUT-512), and a panel of metabolic markers in serum (kynurenine and choline) and feces (lysoPA and l-carnitine) could further enhance the performance of this discrimination significantly, which yielded an AUC of 0.94 (95%CI = 0.7–0.9) (Figure 8A).




Figure 8 | Fecal microbiota and outcomes in anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis patients. The community composition of fecal bacteria was significantly predictive of functional outcomes at 6 months. (A) Diagnostic outcomes are presented via receiver operating characteristic (ROC) curves for the outcomes at 6 months of NMDAR encephalitis patients. (B) Detailed explanatory variables that are based on random forest models for comparison of favorable and worse outcomes. Bar lengths in the histogram denote the mean decrease accuracy, showing the significance of operational taxonomic units (OTUs) for classification. Random forest identified the fecal-associated OTU512 (Granulicatella) as the strongest predictor of favorable outcome. (C) Cox proportional hazards model of the association of relapse. Patients were grouped into two: α-diversity < median and α-diversity > median, for which at least 6-month Kaplan–Meier survival plot is shown. Fifty-eight NMDAR encephalitis patients were grouped based on Shannon index median (log-rank p = 0.037, HR = 2.74, 95%CI = 1.06–7.05). Numbers below the curve represent the at-risk patients per group. Yellow line, below the median; blue line, above the median. Analyses were done using quantitative values, and grouping by quantiles was used for graphical presentation only. Patients with unfavorable outcomes did not improve microbiota abnormalities compared to patients with favorable outcomes. (D) Patients with paired baseline and long-term (6 ± 1 months) fecal samples are represented (n = 30). The measured parameters were genera OTU512. (E, F) Patients without relapse had an overall improvement of the Shannon and Chao indices over time compared to patients with one or several relapses. Wilcoxon signed-rank test for comparisons of paired baseline and long-term change.



We next investigated whether the diversity of fecal bacteria predicts NMDAR encephalitis outcomes. Bacterial diversity (as evaluated by the Shannon diversity index) was not a significant predictor of worse outcomes in NMDAR encephalitis (p = 0.9). Then, survival analysis showed the relationship between further relapse and microbial diversity (Figure 8C). In the low-bacterial-diversity (α-diversity < median, n = 29) group, the risk of patients developing relapse was significantly higher than that in the high-diversity (α-diversity > median, n = 29) group (log-rank p = 0.04, HR = 2.7, 95%CI = 1.0–7.0).

Subsequently, after at least 6 months of follow-up, we collected fecal sample from 30 NMDAR encephalitis patients of the same cohort (21 patients with favorable outcomes and 9 patients with poor outcomes in the recovery phase). We explored the longitudinal changes in dysbiosis and further validated the relationship between disease outcome markers and dysbiosis. The results showed that patients with worse outcomes had a significantly lower OTU512 than patients with favorable outcomes (Figure 8D). Moreover, patients with higher microbial diversity did not have relapse during the follow-up (Figures 8E, F).

We thus concluded that, in NMDAR encephalitis patients, poor clinical outcomes and relapse are both predicted by metabolites, community composition, and microbial diversity.




4 Discussion

This is the first multi-omics-based study to comprehensively evaluate the associations of the gut microbiome with fecal and serum metabolites and inflammatory cytokines from a large and prospective cohort including 107 individuals. This is also the first study to simultaneously show that differences in the fecal microbiota are a predictor of clinical outcomes in NMDAR encephalitis patients. The core findings of this study were as follows: i) both the gut microbiota and circulation metabolites markedly changed in patients with more severe disease than in patients with moderate status and HCs, which indicates that dysbiosis could increase the risk of susceptibility to severe disease; ii) two key features of the fecal microbiome at admission—enrichment of OTU512 and higher bacterial diversity—predicted favorable long-term outcomes and reduced further relapse in patients with NMDAR encephalitis; iii) the strong correlations between the distinguishing metabolic features, disordered gut microbiota, and cytokines in NMDAR encephalitis suggested that the fecal microbiome might play vital roles in the maintenance of normal physiological conditions by interacting with several metabolites and pro-inflammatory factors.

The results of the microbial features obtained in this investigation were largely consistent with those previously reported by Herken et al. (38), Xu et al. (39), and Chen et al. (21), namely, an increase in Oscillospirales and Enterococcus and a decrease in various organic acid-producing bacteria such as Lachnospiraceae, Ruminococcus, Faecalibacterium, Anaerostipes, and Prevotella. We further confirmed that these taxa were altered significantly in patients with more severe disease compared with those of moderate status and the HCs. Notably, we also found some taxa depleted in NMDAR encephalitis that were not observed in previous studies, including Eubacterium_hallii_group, Megamonas, and Butyricicoccus. In contrast, Herken et al. described that both patients and controls had a normal gut microbiome (38). In the study of Chen et al. (21), Bacteroides were shown to be higher in NMDAR patients, yielding opposite results in comparison with our study. Previous reviews suggested that Bacteroides plays an important role in polysaccharide metabolism and host immune regulation (40, 41). This lack of reproducibility among studies probably resulted from several factors including population heterogeneity, sequencing methods and depths (raw reads per sample ranging ~40K in the previous V4 region of bacterial 16S rRNA gene sequencing studies compared to ~110K in this study), small sample size, different disease stages, a less rigorous inclusion criteria (included 3 ovarian teratoma patients with an identified trigger), and inadequate control of important confounding factors, particularly immunotherapy, antibiotic treatment, and diet.

Furthermore, ecologically, gut bacteria exist as functional groups referred to as “guilds” (42). In response to changes in physiological and environmental resources, key members of co-abundance groups could thrive or decline together (43). Thus, relative to the conventional taxon-based analysis, CAG-based analysis provides a more ecologically relevant method for facilitating the identification of functionally vital gut microbiota in NMDAR encephalitis. In our study, the abundance of CAG11 significantly increased in patients with severe status. This CAG contained several pathogens or opportunistic pathogenic bacteria, such as Enterococcus, Oscillospirales, Fusicatenibacter, and Sellimonas. Thus, these bacteria may initiate innate immune responses through lipopolysaccharide production and elicit successive inflammatory responses that are a result of local cytokine generation.

Our study also provided the important information that a reduced fecal bacterial diversity, including the Shannon and Chao1 indices, predicts further relapse and correlates positively with disease status (mRS score). The mRS score is an important informative parameter for disease severity in numerous neurological diseases (44). A low alpha diversity is a dysbiosis marker and denotes “worse” health (45–47). By using random forest analysis, the combination of microbial taxa, metabolic makers, and the NEOS score at admission can even distinguish patients with adequate outcomes from those with worse outcomes, with an AUC of 0.94. This result was validated by the longitudinal microbiota analysis. Thus, combination with fecal microbiome could also be useful in the early identification of patients with poor prognostic outcomes and inform whether early second-line immunotherapy or other novel salvage treatments can be administered to NMDAR encephalitis patients.

Metabolomes reflect the cumulative effects of endogenous physiological processes and exogenous factors (48). The human gut microbiome comprehensively interacts with the host via substrate co-metabolism and metabolic exchange. PLS-DA, highly used for the identification of metabolites that markedly separate controls from cases, identified l-carnitine and lysoPA as differential fecal metabolites in NMDAR encephalitis patients versus controls. l-Carnitine is an amino acid derivative that participates in the transport of long-chain fatty acids into the mitochondria. It improves mitochondrial functions and exerts beneficial effects in neurological disorders (49). An upregulated lysoPA correlated with the occurrence of several inflammatory conditions, such as asthma (50), cancer (51), and autoimmune hepatitis (52). We identified phosphatidylserine (PS), phosphatidylethanolamine (PE), and lysoPA as differential serum metabolites in NMDAR encephalitis patients versus controls. According to most previous studies, these glycerolipids (glycerophosphocholines and glycerophosphoethanolamines) are the major pro-inflammatory glycerolipid derivatives that are absorbed into the bloodstream (53, 54). Phosphocholines, which are low-density lipoprotein (LDL, “bad”) cholesterol components, interact with C-reactive proteins in a pro-inflammatory and pro-atherosclerotic manner (55–57).

The pathway enrichment analysis in our study suggested that the choline metabolism pathway and the bile secretion pathway were significantly altered in both serum and fecal samples in patients with NMDAR encephalitis. Several studies have shown that choline metabolism plays pathophysiological roles in central nervous system (CNS) diseases. For instance, choline metabolism has a potentially prognostic role in cognitive impairment after stoke (58). Choline is the precursor of neurotransmitter acetylcholine and also acts as an agonist for the receptors that could regulate CNS immune responses, and their dysregulation is associated with the pathogenesis of several neurological diseases (59).

The main strengths of this study were as follows: i) the gut microbiota in cohabiting spouses exhibit high similarities relative to non-cohabiting age-matched male–female pairs; thus, recruiting paired spousal and sibling controls could largely minimize potential confounding. ii) Although some studies have highlighted the inconsistent sex and age influences on the gut microbiome, no obvious effects of sex and age on the gut microbiome structures were observed in this cohort based on beta diversity (Supplementary Figure S2). iii) The paired fecal and serum samples of the same cohort may provide more insights that deviations in gut microbial communities are associated with disease severity via mediation of fecal and serum metabolites. iv) The relatively large sample size and prospective follow-up data, along with longitudinal microbiome analysis, enabled us to better understand the specific bacteria that may contribute to susceptibility, worse prognosis, and relapse.

We also acknowledge various limitations of this study. Firstly, participants were recruited from Western China; thus, the reported results might not be applicable to Western populations or other populations with specific genetic backgrounds and diets. Secondly, in our study, drugs including immunotherapies and antibiotic were not used on all patients, but other drug use was inevitable since most NMDAR encephalitis require anti-seizure (diazepams, phenobarbital, or midazolam) or anti-antipsychotic drugs at initial onset during emergency care. Hence, although we have obtained the samples from patients as soon as possible, so that the impacts of the above drugs have been reduced to a very low level, the potential impacts of the above drugs on the gut microbiota and metabolites cannot be completely excluded. In addition, similar to other human studies, even though our results were significant when controlled for crucial confounders, we did not control for all potential clinical exposures. For example, dietary data were obtained using food questionnaires, and inaccuracies of self-reported data can weaken the power in dietary analyses. Furthermore, NMDAR encephalitis patients at disease onset had higher constipation or diarrhea rate in comparison with healthy controls (38% vs. 2%) since autonomic dysfunction is a common symptom in patients with NMDAR encephalitis. A previous study also reported that the incidences of constipation account for nearly one-third of NMDAR encephalitis patients. However, differences between stool frequencies would make it difficult to explain the causal relationship between stool characteristics and microbiota alterations. Finally, the LC-MS platform has certain limitations, e.g., metabolites need to be ionized in order to be detected, and it tends to be highly susceptible to variability. Thus, the combination of MS and NMR methods could be used for complementary sets of metabolites, thereby allowing for a comprehensive assessment of the metabolome. In conclusion, despite our findings highlighting the clinical relevance of the gut microbiome and metabolite changes in NMDAR encephalitis, various knowledge gaps remain. Fecal microbiota may not provide or reflect the whole bowel microbial environment; thus, mechanistic experimental models, and independent validation cohort, and human interventional studies targeting precise metabolic/microbial features should be performed to unravel how they contribute to various physiological roles and pathological outcomes.
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Pseudomonas aeruginosa airway infection increases risks of exacerbations and mortality in chronic obstructive pulmonary disease (COPD). We aimed to elucidate the role of IL-17 in the pathogenesis. We examined the expression and influences of IL-23/IL-17A in patients with stable COPD (n = 33) or acute COPD exacerbations with P. aeruginosa infection (n = 34). A mouse model of COPD (C57BL/6) was used to investigate the role of IL-17A in host inflammatory responses against P. aeruginosa infection through the application of IL-17A–neutralizing antibody or recombinant IL-17A. We found that P. aeruginosa infection increased IL-23/17A signaling in lungs of both COPD patients and COPD mouse models. When COPD mouse models were treated with neutralizing antibody targeting IL-17A, P. aeruginosa induced a significantly less polymorphonuclear leukocyte infiltration and less bacterial burden in their lungs compared to those of untreated counterparts. The lung function was also improved by neutralizing antibody. Furthermore, IL-17A-signaling blockade significantly reduced the expression of pro-inflammatory cytokine IL-1β, IL-18, TNF-α, CXCL1, CXCL15 and MMP-9, and increased the expression of anti-inflammatory cytokine IL-10 and IL-1Ra. The application of mouse recombinant IL-17A exacerbated P. aeruginosa-mediated inflammatory responses and pulmonary dysfunction in COPD mouse models. A cytokine protein array revealed that the expression of retinol binding protein 4 (RBP4) was down-regulated by IL-17A, and exogenous RBP4-recombinant protein resulted in a decrease in the severity of P. aeruginosa-induced airway dysfunction. Concurrent application of IL-17A-neutralizing antibody and ciprofloxacin attenuated airway inflammation and ventilation after inoculation of P. aeruginosa in COPD mouse models. Our results revealed that IL-17 plays a detrimental role in the pathogenesis of P. aeruginosa airway infection during acute exacerbations of COPD. Targeting IL-17A is a potential therapeutic strategy in controlling the outcomes of P. aeruginosa infection in COPD patients.
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Introduction

Pseudomonas aeruginosa is a common cause of bacterial infection in Chronic Obstructive Lung Disease (COPD), which can be isolated from sputum samples of 4%-15% of adult COPD patients (1, 2). COPD patients in whom P. aeruginosa can be cultured from the airways had a markedly increased risk of exacerbations and mortality (3), which are more likely to be seen in patients who have received recent antibiotic therapy, and those who require mechanical ventilation (4). In most cases, the carriage of a strain lasts for a short time, however a subset of patients can be persistently colonized with P. aeruginosa for several years (5). The main factors contributing to the pathogenicity of P. aeruginosa are the type III secretion-linked cytotoxicity and production of quorum-sensing regulated virulence factors, such as pyocyanin, alkaline proteases, and elastase (6). Several conserved microbial structures have been implicated in activating the host immune responses through the cell surface and endosomal Toll-like receptors (TLRs), such as TLR4 and TLR5 (7, 8).

However, the immune responses to P. aeruginosa infection are not always protective, and an excessive host inflammatory response can cause lung injury (9). For example, neutrophils are crucial for the clearance of bacterial pathogens, but persistent neutrophil recruitment and excessive release of proteases from neutrophils, such as neutrophil elastase (NE) and matrix metalloproteinase-9 (MMP-9), leads to excessive extracellular matrix (ECM) degradation and tissue damage (10). Neutrophils degranulation also releases excessive oxidants, including hydrogen peroxide and hydroxyl radicals that attack host tissues (11). The ability of P. aeruginosa to activate the NLRC4 inflammasome-mediated production of IL-1β and IL-18 is responsible for a substantial amount of the pathology associated with acute pneumonia, and inhibition of IL-1β, caspase-1, IL-1R, and IL-18R limits pathological consequences of infection and improves bacterial clearance (12, 13). Therefore, rapid resolution of P. aeruginosa infection-induced inflammation is important for reducing the lung injuries, which involves the balance of pro- and anti-inflammatory immune responses including the expression of cytokines and chemokines. The IL-17 family of cytokines is one of such group that can influence the balance of immune responses.

The IL-17 cytokine family consists of six related proteins, IL-17A-F (14). IL-17A is the prototypical member of this family, and signals through a multimeric receptor consisting of IL-17RA and IL-17RC, along with IL-17F that sharing 50% homology to IL-17A. Other family members signal through receptor complex, sharing the common chain with IL-17RA (15). Although Th17 cells are a major source of IL-17 cytokines which are induced by IL-23, they can also be produced by innate immune cells, including dendritic cells (DCs), macrophages, γδT cells, and type 3 innate lymphoid cells (16). The role of IL-17 family cytokines in COPD has emerged rapidly in the last decade. Both stable COPD and acute exacerbations of COPD (AECOPD) have been associated with elevated levels of IL-17A or IL-17A-producing cells in clinical studies (17). IL-17 receptor signaling was shown to be critical for the development of lung inflammation and emphysema in a study using murine models of cigarette smoke-induced COPD, suggesting a critical role for IL-17 in chronic lung injury associated with chronic airway inflammation (18).

In infectious diseases, IL-17 has been shown to play both protective and pathogenic roles. Proper IL-17 signaling enhances the immunity that protects the host from bacterial, fungal and viral invasion (19–21). It is reported that IL-17 rather than antibody is a key element in host defense against chronic pulmonary infection with P. aeruginosa (22). In contrast, aberrant IL-17 signaling can lead to excess pulmonary inflammation which can lead to immunopathology and inflammation-induced tissue destruction, such as acute respiratory distress syndrome (ARDS) (23). IL-17A also plays a detrimental role in the pathogenesis of other bacterial mucosal disorders such as P. aeruginosa keratitis (24). Therefore, IL-17 are not only involved in the host defense against infection but also in the tissue damage caused by inflammation.

Given the two sides of IL-17 in mucosal immunity, we are interested in understanding the expression of IL-17 signaling and its role in AECOPD with P. aeruginosa infection. In this study, we found blockade of IL-17 signaling significantly attenuated the severity of P. aeruginosa airway infection by suppressing infection-induced cytokines, suggesting IL-17A may be used as a target of adjunctive therapy, in combination with antibiotics, to treat AECOPD patients with P. aeruginosa infection.



Materials and Methods


Paticipants and Clinical Variables

Patients with AECOPD with P. aerugionosa infection were recruited between August 2020 to July 2021 from two centers of Shanghai General Hospital (Shanghai, China). One center was at north Hongkou Campus in the urban area, and the other center was at south Songjiang Campus in the suburban area. Chest HRCT scans and spirometries were performed in suspected patients with chronic coughing, expectoration, and trachypnea, and diagnosis of COPD was confirmed according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines (25). AECOPD is defined as an acute, sustained (> 48 hours) worsening of respiratory symptoms, such as cough, sputum production, and/or dyspnea, which is beyond normal day-to-day variations, and leads to a change in medication. All these enrolled AECOPD patients presented with purulent sputum at the time of admission into hospital. Culture and subsequent detection of microbial isolates were performed in sputum samples or bronchoalveolar lavage fluid (BALF), and P. aeruginosa was positive in the samples of all recruited patients. The density of P. aeruginosa in sputum sample was more than 107 CFU/mL, and in BALF sample was more than 104 CFU/mL. These patients didn’t have history of P. aeruginosa isolation in previous cultures of lower respiratory tract samples. Patients with malignancy, bronchiectasis, significant immuno-deficiencies, or co-colonized with other detected pathogens (eg. Staphylococcus aureus, Haemophilus influenza and Tuberculous mycobacteria) were excluded. Controls were from a collection of stable COPD patients who had no pathogen found in either sputum or BALF samples. Written informed consent was obtained from all subjects, and this study was proved by the Ethics Committee of Shanghai General Hospital, and performed in accordance with relevant guidelines and regulations.

Characteristics of participants were collected as follows: anthropometric data (age, gender, body mass index and smoking history); spirometry results [percentages of predicted values of forced expiratory volume in one second (FEV1.0), forced vital capacity (FVC), the ratio of FEV1.0/FVC, peak exiratory flow (PEF), maximal mid-expiratory flow (MMEF), and forced oscillation test (FOT)]; blood indicators (neutrophil absolute counts, neutrophils%); neutrophil counts and cytokines concentrations (IL-17A, IL-23) in BALF.



Animals and Establishment of COPD Model

Specific pathogen-free male C57BL/6 mice (8-12 weeks of age, 18-22 g) were obtained from Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China), and were housed under specific pathogen-free conditions with standard mouse chow (#7001, Harlan Teklad). Animals were exposed to ozone produced from an ozoniser (Model 500 Sander Ozoniser, Germany), mixed with air, for 3 h at a concentration 2.5 parts per million (ppm) in a sealed perspex container, twice a week for 6 weeks. Ozone concentration was continuously monitored with an ozone probe (ATi Technologies, Ashton-U-Lyne, UK). Lung function were measured 24 hours after the last exposure to confirm the COPD model (26, 27). Mice exposed to air were used as controls. All animal procedures were performed in compliance with guide for the care and use of laboratory animals (28) and were approved by the institutional animal care and use committee of Shanghai Jiao Tong University.



Intratracheal Inoculation With Agar-Entrapped P. aeruginosa

After exposure to ozone or air, mice were inoculated with agar-entrapped P. aeruginosa as previously described (29). Briefly, a virulent laboratory strain PAO1 was embedded in the agarose beads at a final concentration of 2.0 × 106 CFU/mL phosphate buffer solution (PBS). Mice were anesthetized with an i.p. injection of pentobarbital sodium (50 mg/kg) before surgical procedures. The trachea was cannulated, and 50 μL of PAO1-laden agarose beads solution was introduced into the lung. Mice were monitored, and allowed to recover until euthanized by CO2 asphyxiation. Mortality rate related to the procedure was 1%.



Administration of Neutralizing Antibody, Recombinant Proteins and Ciprofloxacin

To apply neutralizing antibody or recombinant proteins, mice were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg, 0.1 ml; R&D Systems, Minneapolis, MN, USA), recombinant mouse (rm)-IL-17A (1.6 mg/kg, 0.1 ml; R&D Systems, Minneapolis, MN, USA) or recombinant mouse retinol binding protein 4 (RBP4, 5 μg/kg, 0.1 ml; Abcam, Cambridge, MA, USA) 4 h before the inoculation with P. aeruginosa intrabronchially. To explore the clinical use of anti–IL-17 treatment, anti–IL-17 antibody (2 mg/kg, 0.1 ml) was administered intraperitoneally starting 16 h after P. aeruginosa inoculation and continuing every 4 h after initial treatment. Meanwhile, ciprofloxacin (5 mg/kg, Sangon Biotech, Shanghai, China) was administered orally at the same starting point with anti–IL-17 antibody, and continuing every 12 hours after the initial dose.



Spirometry for COPD Mouse Models Using the Forced Manoeuvres System

Twenty-four hours after the last challenge, mice were anesthetized with an anesthetic solution containing tiletamine hydrochloride and zolazepam hydrochloride (25 mg/kg, Virbac S. A., France) and xylazine hydrochloride (10 mg/kg, Chang Sha Best Biological Technology Institute Co., Ltd, Hunan, China) via intraperitoneal injection. Mice were tracheostomized, cannulated endotracheally, and ventilated with a pneumotachograph connected to a transducer (EMMS, Hants, UK) at 250 breaths/min and tidal volume of 250 ml. To mimic clinical spirometry, the lungs of mice were inflated to a set tracheal pressure, and then exposed to a large negative pressure reservoir, forcing the mouse to exhale as quickly as possible. Variables, including the FVC, FEV50, MMEF, FEF50 and FEF75, were calculated.



Lung Histology and Immunofluorescence

The right low lobes were embedded in paraffin, cut into slices (5 μm), and stained with hematoxylin and eosin. Infiltrate scores were assigned to the infected tissues for the assessment of peribronchial infiltrate severity in a blinded fashion (30). For immunohistochemistry, 6 μm thick sections were cut, mounted to poly-L-lysine–coated glass slides, and blocked with PBS containing 2% BSA for 1 h at room temperature. Sections were then incubated with primary anti-mouse IL-17RA antibody (1:50; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-mouse Ly-6G antibody (1: 100; Cell Signaling Technology, Beverly, MA, USA), followed by the secondary antibodies, including FITC-conjugated anti-rabbit IgG and Cy3-conjugated anti-mouse IgG (1:500; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The sections were finally counterstained with 4′,6-diamidino-2-phenylindole to visualize the nuclei. Controls were similarly treated with corresponding IgG from the same animal as the primary antibody.



Quantification of P. aeruginosa Burden, and Myeloperoxidase Concentration

The remaining right lobes were excised aseptically and homogenized in 0.5 mL of normal saline. Minced lung tissues were quantitatively cultured by serial dilution on LB agar plates overnight at 37°C. The homogenates were further lysed for myeloperoxidase (MPO) measurement. MPO activities were determined using a MPO Activity Assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Semiquantitative and Quantitative PCR

Lungs were lysed in TRIzol and total RNA was extracted. For semiquantitative PCR, cDNA was amplified with DreamTaq Green DNA polymerase (Takara Bio., Dalian, Liaoning, China). PCR products were subjected to electrophoresis on 2% agarose gels containing ethidium bromide. For quantitative PCR (q-PCR), cDNA was amplified using a StepOnePlus™ Real-Time PCR Systems with SYBR Green PCR Master Mix (Applied Biosystems, University Park, IL, USA). Data were analyzed by using the 2-ΔΔCt method with β-actin as the internal control. The primers used in this study are listed in Table S1.



Western Blot, ELISA and Cytokine Array

Proteins from lung tissues were extracted using a Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Institute of Biotechnology, Haimen, Jiangsu, China) and protein concentrations were evaluated using a BCA protein assay. For Western blot analysis, A total of 24 μg aliquots of protein samples mixed with a loading buffer were separated by 10% SDS−PAGE and transferred onto polyvinylidene fluoride membranes. The membranes were blocked with 5% milk and subsequently incubated with primary and secondary Abs. The protein bands were illuminated using the enhanced chemiluminescence method (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK), and quantified by densitometry analyses using ImageJ software version 1.8.0. The primary Abs used included anti-IL-23 (Boster Biological Technology, Wuhan, Hubei, China), anti-IL-23R (Proteintech Group, IL, USA), anti-IL-17A (Proteintech Group, IL, USA), anti-IL-17RA (Servicebio Biological Technology, Wuhan, Hubei, China), anti-RBP4 (R&D Systems, Minneapolis, MN, USA), and anti-β-actin (BioTNT, Shanghai, China). ELISA and Cytokine array (Proteome Profiler Array Mouse XL Cytokine Array Kit; R&D Systems, Minneapolis, MN, USA) were performed following manufacturer’s protocols.



Statistical Analysis

SAS version 8.1 statistical software (SAS Institute, Inc., Cary, NC, USA) was used for data analysis. Normally distributed quantitative variables were analyzed using t-tests, and non-normally distributed variables were analyzed using Mann–Whitney U test. Qualitative variables were analyzed using the chi-squared test. P values < 0.05 were considered statistically significant.




Results


BALF IL-23/IL-17A Levels Were Elevated in P. aeruginosa-Infected COPD Patients

A total of 67 COPD patients were enrolled in the study, including 33 patients with stable COPD (con-COPD group) and 34 patients with P. aeruginosa-infected AECOPD (PA-COPD group). The demographic and clinical characteristics of the participants are presented in Table 1. There was no significant difference of age, gender, body mass index, pack-years of smoking and baseline lung function between the two groups. Many AECOPD patients received antibiotics before collecting the samples. To avoid the impact of antibiotics on our results, we included some control stable COPD patients who also received antibiotics for infection of other tissues, such as urinary tract and mucous membrane. No significant difference in antibiotic treatment was observed between con-COPD group and PA-COPD group in this study. Compared with con-COPD patients, PA-COPD patients had higher absolute and percent numbers of neutrophils in BALF, but not in blood (Figures 1A, B). Spirometry results showed that PA-COPD patients had significantly more severe airflow obstruction and small airway dysfunction during exacerbations than con-COPD patients (Figures 1C-E). Significantly higher IL-23 and IL-17A levels were observed in the BALF of PA-COPD patients (Figure 1F), and there was a notable positive correlation between levels of the two cytokines (r = 0.8347, P < 0.0001; Figure 1G). Further regression analysis revealed that IL-23 might be an important factor contributing to elevation of IL-17A (R2 = 0.6967, regression coefficient =1.5330; Figure 1H). IL-17A levels also showed a significantly positive correlation with the levels of absolute neutrophil numbers in BALF (r = 0.7889, P < 0.0001; Figure 1I), and a negative correlation with the spirometry results (FEV1.0% predicted, r = -0.5477, P < 0.0001, Figure 1J; FEV1.0/FVC%, r = -0.3800, P = 0.0015, Figure 1K; MMEF, r = -0.1977, P = 0.0390, Figure 1L).


Table 1 | Baseline characteristics of COPD patients with or without P. aeruginosa infection.






Figure 1 | Neutrophils, lung function and BALF IL-23/IL-17A levels between patients with stable COPD (con-COPD, n = 33) and patients with P. aeruginosa-infected COPD (PA-COPD, n = 34). PA-COPD patients had higher absolute and percent numbers of neutrophils in BALF, but not in blood (A, B). Forced expiratory volums (C), expiratory flows (D) and forced oscillation tests (E) were compared between con-COPD and PA-COPD patients. IL-23 and IL-17A levels were significantly elevated in patients with PA-COPD (F). Data were presented as mean ± SD. *P < 0.05, **P < 0.01, ns, non-significant. Correlation analysis showed that there was a notably positive correlation between the two cytokines (G), and further regression analysis revealed that IL-23 might be an important factor contributing to elevation of IL-17A (H). There was also a significantly positive correlation between IL-17A levels and absolute neutrophil numbers in BALF (I). The spirometry results, including FEV1.0% predicted (J), FEV1.0/FVC% (K) and MMEF (L) were negatively correlated with the levels of IL-17A. BALF, bronchoalveolar lavage fluid; COPD, chronic obstructive pulmonary disease; IL, interleukin; FEV1.0, forced expiratory volume in one second; FVC, forced vital capacity; MMEF, maximal mid-expiratory flow.





IL-23/IL-17 Axis Signaling Was Increased by P. aeruginosa Infection in COPD Mouse Models

Having identified the increased expression of IL-23/IL-17 in BALF of P. aeruginosa-infected AECOPD patients, we investigated the expression of IL-23/IL-17 signaling axis in airways of COPD mouse models in response to P. aeruginosa infection. The COPD models were established using ozone exposure, which presented with chronic airway inflammation, mucus hypersecretion, airway remodeling and emphysema. IL-17A and IL-23 levels were higher in BALF of COPD models compared to air-control mice (Figure S1). Then COPD mouse models were transbronchially inoculated with sterile agar beads (con-COPD group) or agar-entrapped P. aeruginosa (PA-COPD group). We found more mucus production was observed in PA-COPD group one day post inoculation (Figure 2A). At both mRNA and protein levels, IL-23 and its receptor IL-23R, IL-17A and its receptor IL-17RA were significantly increased in PA-COPD lungs compared to con-COPD lungs (Figures 2B, C). Immunofluorescence showed that in PA-COPD lungs, more IL-17RA-positive neutrophils were seen around airway (Figure 2D). In addition, we found there was negative correlation between lung function and number of IL-17RA-positive neutrophils in the lungs (r = -0.6928, P = 0.0263, Figure 2E). The air-control mice presented with similar response when challenged with P. aeruginosa. However, the magnitude was less than that in COPD mice (Figure S1). These data suggested that genes of IL-23/IL-17-signaling pathway were over-activated by P. aeruginosa infection in COPD, which might play a detrimental role in the pathogenesis of airway inflammation.




Figure 2 | P. aeruginosa infection increased IL-23/IL-17 axis signaling in the lungs of COPD mouse models. C57BL/6 mice were exposed to ozone twice a week for 6 weeks to establish COPD models, and then were intrabronchially inoculated with sterile agar beads (con-COPD) or 1.0 × 105 CFU agar-entrapped P. aeruginosa (PA-COPD). Lungs were excised at one day post inoculation, and were sectioned and stained with masson trichrome to measure tissue fibrosis (A, upper row), and PAS to quantify glycogen [(A), bottom row]. Blue areas around airways were identified as collagen deposition (indicated by black arrows), and purple areas within tracheal cavity were identified as mucus production and goblet cell hyperpasia (indicated by blue arrows). Internal scale bar = 100 μm. Quantitative real-time PCR, semiquantitative RT-PCR, and western-blot analysis of IL-23 and its receptor (B), and IL-17A and its receptor (C) were performed using lung tissues. β-actin serves as the loading control. Data were presented as mean ± SD (n = 5 per group). **P < 0.01. The lungs were processed for immunofluorescent analysis (D), and the sections were stained with anti-IL-17RA (red) and anti-Ly6G (green), and DAPI (blue) for nuclei. Internal scale bar = 100 μm. Two independent experiments were performed. Correlation analysis showed that there was a significantly negative correlation between the numbers of Ly6G+IL-17RA+ cells and the spirometry results (E). COPD, chronic obstructive pulmonary disease; CFU, colony-forming units; IL, interleukin; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration.





IL-17A-Signaling Aggravates Airway Dysfunction in P. aeruginosa-Infected COPD Mouse Models

To determine the role of IL-17A in the airway dysfunction induced by P. aeruginosa infection in COPD mouse models, we investigated the effects of IL-17A activity in PA-COPD mice by application of IL-17A–neutralizing antibody and exogenous mouse rm-IL-17A, respectively. Both IL-17A–neutralizing antibody and rm-IL-17A protein were administered 4 h prior to P. aeruginosa inoculation. Blockade of IL-17A resulted in reduced severity of P. aeruginosa airway inflammation, compared with those injected with control IgG (Figure 3A). The MPO activity and bacterial load assigned to anti-IL-17A mice were significantly lower than those of control IgG group (Figures 3B, C). We next administrated rm-IL-17A prior to P. aeruginosa inoculation. In contrast to blockade of IL-17A, the presence of exogenous IL-17A markedly increased the susceptibility of COPD mouse lungs to P. aeruginosa infection, with higher infiltrate scores (Figure 3D), MPO activity (Figure 3E) and bacterial burden (Figure 3F) compared with the BSA control group. Immunofluorescence analysis revealed that in contrast to IL-17A blockade, which decreased the number of infiltrated Ly-6G+IL-17RA+ cells, exogenous rm-IL-17A greatly increased the number of infiltrated Ly-6G+IL-17RA+ cells around the airways (Figure 3G). Both FVC and FEV50 were exacerbated by exogenous rm-IL-17A, however only FEV50 was improved by the blockade of IL-17A. On the contrary, the small airway parameters MMEF and FEF75 were improved by the IL-17A blockade, however only MMEF were exacerbated by rm-IL-17A (Figure 3H). Taken together, the results of the two complementary approaches indicated that IL-17A aggravated airway dysfunction induced by P. aeruginosa infection in COPD mouse models. As for air-control mice, their Ly-6G+IL-17RA+ cells were also significantly induced by IL-17A in response to P. aeruginosa infection, but their MPO level, bacterial burden, infiltrate scores, and lung function could not be improved by IL-17A blockade (Figure S2).




Figure 3 | IL-17A-signaling promoted lung injury in P. aeruginosa-infected COPD mouse models. COPD mouse models were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg) or recombinant-IL-17A (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa. Mouse IgG and BSA serve as controls, respectively. Lungs were excised, sectioned and stained with hematoxylin and eosin (internal scale bar = 100 μm) at one day post inoculation (A, D). The numbers within each lung microphotograph are the infiltrate scores assigned. MPO unit determination (B, E), bacterial plate counting (C,  F) were performed. The lung sections were immunofluorescently stained with anti-IL-17RA (red) and anti-Ly6G (green), and DAPI (blue) for nuclei (G). Internal scale bar = 100 μm. The results of spirometry tests, including FVC, FEV50, MMEF, FEF50, and FEF75 were compared among different groups (H). Data are presented as mean ± SD (n = 5). *P < 0.05, **P < 0.01, ns, non-significant. COPD, chronic obstructive pulmonary disease; MPO, myeloperoxidase; CFU, colony-forming units; BSA, bovine serum albumin; IL, interleukin; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration; MMEF, maximal mid-expiratory flow; FEF50, forced expiratory flow at 50% FVC; FEF75, forced expiratory flow at 75% FVC.





IL-17A Altered Immune Responses to P. aeruginosa Infection in COPD Mouse Models

We next assessed the effects of IL-17A on the expression of several innate immune responsive genes in COPD mouse models using IL-17A–neutralizing antibody and rm–IL-17A 4 h pior to P. aeruginosa inoculation. We performed real-time PCR for those genes which were shown to be associated with the pathogenesis of P. aeruginosa infection. At one day post inoculation, IL-17A–neutralizing antibody dampened, whereas rm–IL-17A protein augmented the expression of proinflammatory genes of IL-1β, IL-18, TNF-α, CXCL1, CXCL15 and MMP-9 in response to P. aeruginosa infection in COPD mouse lungs. Furthermore, the expression of the anti-inflammatory gene IL-10 and IL-1Ra was augmented by IL-17A–neutralizing antibody, and dampened by rm–IL-17A protein (Figure 4). The protein levels of these genes were consistent with their mRNA levels (Figure 5). For air-control mice, only the mRNA and protein expression of IL-1β, IL-18, TNF-α, and MMP-9 were significantly affected by both IL-17A–neutralizing antibody and rm–IL-17A (Figures S3, S4).




Figure 4 | IL-17A affected transcription of inflammatory genes in responses to P. aeruginosa infection in COPD mouse models. Mice were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg) or recombinant-IL-17A (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa. Mouse IgG and BSA served as controls, respectively. COPD mouse models inoculated with sterile agar beads served as blank control (con-COPD). Lungs were excised at 24 h post inoculation and analyzed by real-time PCR. Data are presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01, ns, non-significant. COPD, chronic obstructive pulmonary disease; BSA, bovine serum albumin; IL, interleukin; CXCL, C-X-C motif chemokine ligand; MMP, matrix metalloproteinase.






Figure 5 | IL-17A affected protein expression of inflammatory genes in response to P. aeruginosa infection in COPD mouse models. Mice were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg) or recombinant-IL-17A (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa. Mouse IgG and BSA served as treatment controls, respectively. COPD mouse models inoculated with sterile agar beads served as blank control (con-COPD). Lungs were excised at 24 h post inoculation and analyzed by real-time PCR. Data are presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01, ns, non-significant. COPD, chronic obstructive pulmonary disease; BSA, bovine serum albumin; IL, interleukin; CXCL, C-X-C motif chemokine ligand; MMP, matrix metalloproteinase.



We used the XL mouse cytokine array to assess the effects of IL-17A on the expression of cytokines, chemokines, and growth factors. Among 111 proteins in the array, RBP4 protein levels were abundant in con-COPD lungs and became low in PA-COPD lungs. IL-17A–neutralizing antibody increased, whereas rm–IL-17A protein further decreased, the expression of RBP4 at one day post inoculation (Figure 6A). Quantitative RT-PCR (qRT-PCR) was performed to confirm the results of cytokine array. We found that RBP4 transcripts were significantly down-regulated in the PA-COPD lungs in comparison to con-COPD lungs; in anti–IL-17A–treated lungs, there was a significant induction of RBP4 transcription, whereas in rm–IL-17A–treated lungs, there was a significant reduction of RBP4 transcription (Figure 6B).




Figure 6 | The interaction between IL-17A and RBP4 in the lungs of COPD mouse models in response to P. aeruginosa infection. COPD mouse models were intraperitoneally injected with IL-17A–neutralizing antibody (2mg/kg) or recombinant–IL-17A protein (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa (PA-COPD). Mouse IgG and BSA served as controls, respectively. COPD mouse models inoculated with sterile agar beads served as blank control (con-COPD). Lungs were excised at one day post inoculation. The effect of IL-17A on cytokine expression were determined using protein array analysis. Selected images for RBP4 was shown (A). Realtime-PCR analysis of RBP4 were performed in lung homogenates. β-actin served as the loading control (B). Data are presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01, ns = non-significant. Then COPD mouse models were intraperitoneally injected with recombinant RBP4 (5 μg/kg), recombinant–IL-17A protein (1.6 mg/kg) or IL-17A– and RBP4-recombinant protein simultaneously 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa. Mouse BSA served as control. Mouse lungs were excised, sectioned and stained with hematoxylin and eosin (internal scale bar = 100 μm) at one day post inoculation (C). The numbers within each lung microphotograph are the infiltrate scores assigned. Lungs were subjected to MPO unit determination (D) and real-time PCR analysis on the transcription of IL-17A (E). The spirometry results, including FVC (F), FEV50 (G), MMEF (H), FEF50 (I), and FEF75 (J) were performed and compared between groups. Data were presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01. COPD, chronic obstructive pulmonary disease; BSA, bovine serum albumin; IL, interleukin; RBP4, retinol binding protein 4; MPO, myeloperoxidase; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration; MMEF, maximal mid-expiratory flow; FEF50, forced expiratory flow at 50% FVC; FEF75, forced expiratory flow at 75% FVC.





RBP4 Regulates IL-17A Expression, and Protect COPD Mouse Models From PA-Induced Airway Dysfunction

Having identified the regulation of RBP4 by IL-17A in PA-COPD lungs, we next investigated the role of RBP4 in the P. aeruginosa-induced airway dysfunction in COPD mouse models. We found RBP4 recombinant protein, which was administered 4 h prior to P. aeruginosa inoculation, decreased the severity of airway inflammation in PA-COPD mice, including lower infiltrate scores, and reduced MPO activity, when compared with those PA-COPD mice injected with control BSA (Figures 6C, D). Importantly, the RBP4 protein significantly decreased the levels of IL-17A transcripts in the lung tissues of PA-COPD mice (Figure 6E). When we subconjunctivally injected IL-17A– and RBP4-recombinant protein simultaneously in COPD mouse models 4 h prior to inoculation, the RBP4 protein dampened the severity of rm–IL-17A–induced airway inflammation at one day post inoculation, including a decreased infiltrate score and MPO activity compared with rm–IL-17A–only-treated PA-COPD mice as the control (Figures 6C, D). Although the exogenous RBP4 treatment didn’t significantly improve the lung function of PA-COPD mice, it alleviated the further decline of FVC and FEV50 caused by rm–IL-17A (Figures 6F, G). Among the small airway parameters, the decline of FEF50 was also alleviated by RBP4 (Figures 6H–J). Therefore, the downregulation of RBP4 by IL-17A is partially responsible for the airway dysfunction in P. aeruginosa-infected COPD mouse models. RBP4 treatment in PA-infected air-control mice had the similar situation (Figure S5).



Adjunctive Therapy of IL-17A–Neutralizing Antibody to Antibiotics Improved the Outcome of P. aeruginosa-Infected COPD Mouse Models

To explore the potential clinical application of anti–IL-17A treatment as an adjunctive therapy in AECOPD patients with P. aeruginosa infection, we orally applied ciprofloxacin concurrently with intraperitoneally administered IL-17A–neutralizing antibody in COPD mouse models starting at 16 h post P. aeruginosa inoculation. The addition of anti–IL-17A antibody significantly reduced the severity of lung injury compared with control IgG on day 3 post treatment initiation (Figure 7A). Both the infiltrate scores and MPO levels in anti–IL-17A group was significantly decreased compared with ciprofloxacin control group (Figures 7B, C). There was no significant difference in the bacterial clearance between two groups (Figure 7D). The levels of IL-23 and IL-17 were significantly decreased by combination therapy (Figures 7E, F), while the RBP4 level (Figure 7G) and lung function parameters (FVC, FEV50, FEF50) were significantly increased (Figures 7H–L). Hence, anti–IL-17 treatment is a potential adjunct therapy to antibiotics for treating P. aeruginosa infection in COPD. The combination treatment didn’t show advantage over ciprofloxacin alone in PA-infected air-control mice (Figure S6).




Figure 7 | Adjunctive therapy of IL-17A–neutralizing antibody to antibiotic improved the outcome of P. aeruginosa infection in COPD mouse models. COPD mouse models were intrabronchially inoculated with 1.0 × 105 CFU agar-entrapped P. aeruginosa. Oral ciprofloxacin (5 mg/kg, every 12 h) was applied concurrently with intraperitoneally administered IL-17A–neutralizing antibody (2 mg/kg, every 4 h) or IgG starting at 16 h post inoculation. Mouse lungs were excised, sectioned and stained with hematoxylin and eosin (internal scale bar = 100 μm) after treatment (A), and the infiltrate scores (B) and MPO activity (C) were determined on each day. Bacterial plate counting (D), protein levels of IL-17A (E), IL-23 (F), and RBP4 (G), and spirometry tests, including FVC (H), FEV50 (I), MMEF (J), FEF50 (K), and FEF75 (L), were performed and compared between groups treated with and without IL-17A block. Data are representative of three independent experiments, and are presented as mean ± SD (n = 3 per group). *P < 0.05. COPD, chronic obstructive pulmonary disease; Cip, ciprofloxacin; CFU, colony-forming units; MPO, myeloperoxidase; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration; MMEF, maximal mid-expiratory flow; FEF50, forced expiratory flow at 50% FVC; FEF75, forced expiratory flow at 75% FVC.






Discussion

In this study, we found IL-17 signal pathway was upregulated in COPD patients and COPD mouse models in response to P. aeruginosa infection, which was associated with deterioration of lung function. The blockade of IL-17A decreased, whereas rm–IL-17A exacerbated the infection-induced airway inflammation and lung dysfunction in COPD mouse models. We also found that IL-17A suppressed RBP4 expression in P. aeruginosa–infected mouse models, and exogenous administration of RBP4 downregulated IL-17A expression, and partially attenuated P. aeruginosa-induced airway dysfunction. Finally, concurrent application of IL-17A–neutralizing antibody and ciprofloxacin improved P. aeruginosa infection–associated inflammation and lung function in mouse models. Taken together, these results suggest that IL-17 signaling plays a pathological role in AECOPD caused by P. aeruginosa infection, which includes the induction of proinflammatory cytokine/chemokine and decrease in lung function. These pathological changes are partly related to the suppression of RBP4 expression.

Although IL-17A is a key factor controlling extracellular bacterial and fungal infection under normal condition, its role in AECOPD seems to be complicated (17). Previous studies reported that IL-17A was not involved in the clearance of nontypeable Haemophilus influenzae (NTHi) (31), and its response to Streptococcus Pneumoniae (32) was defective during COPD exacerbations. Those studies suggested the protective role of IL-17A against bacteria infection was limited in AECOPD. In this study, we found in the mouse models of COPD, despite decreased neutrophil recruitment after treatment with IL-17A–neutralizing antibody, no increased bacterial burden was observed in the lungs, suggesting IL-17A was not critical in the clearance of P. aeruginosa during AECOPD. Instead, we found IL-17A induced severe inflammation in the airways and caused lung function decline in mouse models. Our data supported the impaired balance between the role of antibacterial and hyperinflammatory activities for IL-17A in AECOPD, which could result in the bacterial colonisation and persistent neutrophilic inflammation in the airways.

IL-23 is an important mediator of tissue inflammation, which induces the differentiation of naive CD4+ T cells into highly pathogenic helper T cells (Th17) that produce IL-17A, IL-17F, IL-6, and TNF-α, but not IFN-γ and IL-4 (33). In addition, IL-23 produced by residential dendritic cells is likely to be an initial step in the inflammatory cascade that drives the infiltration of innate defense cells such as neutrophils, NK cells, and innate lymphoid cells, most of which are capable of secreting IL-17A (34). Our results showed that IL-17A and IL-23 concentrations were significantly increased in BALF of AECOPD patients with P. aeruginosa infection, and there was a notable positive correlation between the two cytokines. The mouse models also showed increased expressions of IL-23/17 axis–signaling molecules by P. aeruginosa infection, including IL-23, IL-23R, IL-17A, and IL-17RA. Notably, the infiltrated neutrophils, which were IL-17RA positive, were increased around airways. These data indicated the involvement of IL-23/IL-17 axis in the neutrophilic airway inflammation by P. aeruginosa infection in AECOPD.

To investigate the mechanism by which IL-17A drives airway inflammatory response to P. aeruginosa infection in COPD, we assessed the effects of IL-17A on the expression of genes known to be involved in the airway immune defense against microbial infection. We found that IL-17A–neutralizing antibody dampened, whereas rm–IL-17A protein augmented the expression of proinflammatory genes of IL-1β, IL-18, TNF-α, CXCL1, CXCL15 and MMP-9 in the lung tissues one day after P. aeruginosa inoculation. In contrast, the expression of the anti-inflammatory gene IL-10 and IL-1Ra was augmented by IL-17A–neutralizing antibody, and dampened by rm–IL-17A. IL-1β and IL-18 are members of the IL-1 family, and both induces T cells to produce IL-17 and promote autoimmune responses to specific antigens (35). CXCL1 and CXCL15 are potent neutrophil chemoattractants, which can be released by airway epithelial cells in the response of IL-17 signaling against P. aeruginosa (36, 37), whereas IL-10 and IL-1Ra are anti-inflammatory cytokines that counteracts LPS in recruiting neutrophils (38, 39). TNF-α is known to trigger cell activation, migration, or proliferation against pathogens, and is involved in the pathogenesis of inflammatory and autoimmune diseases. TNF-α can induce the release of cytokines IL-6, IL-1β, and IL-8, which can be enhanced by IL-17 (40). MMP-9 is produced by a variety of cells including epithelial cells, fibroblasts, dendritic cells, macrophages, and granulocyteshas in response to P. aeruginosa infection, and has the capacity to degrade both elastin and partially hydrolyzed collagen resulting in lung structure injury (41). Our data supported that IL-17 signaling can increase the expression of proinflammatory cytokines and decrease the expression of anti-inflammatory cytokines in P. aeruginosa-infected COPD mouse models, which suggested that IL-17 signaling blockade is a potential approach to resolute infection-associated inflammation in AECOPD.

As we are interested in exploring the mechanisms underlying IL-17A’s influence on P. aeruginosa infection in AECOPD, a cytokine protein array was used, which showed that the protein levels of RBP4 were most dramatically down-regulated in the lungs of COPD mouse models in response to P. aeruginosa infection. Furthermore, IL-17A neutralizing promoted, and exogenous IL-17A suppressed, the transcription and expression of RBP4 in the lung tissues. In the functional study, exogenous RBP4 attenuated the severity of IL-17A-induced neutrophilic airway inflammation. RBP4 is synthesized in the liver and adipose tissue, and is the circulating transporter for vitamin A. Previous reports indicated that RBP4 levels in patients with AECOPD were significantly lower than those in stable COPD and healthy subjects (42, 43). Serum RBP4 levels were associated with nutritional status, which is related to respiratory impairment and systemic inflammation in patients with AECOPD (44). Malnutrition increases the incidence of complications and mortality, and can be identified as a risk factor associated with short-term mortality of elderly AECOPD patients. Our data showed that IL-17A signaling could influence the production of RBP4, which to our knowledge is the first report to link RBP4 expression to IL-17 signaling in AECOPD that caused by P. aeruginosa infection. It’s notable that the exogenous RBP4 could downregulate IL-17A transcription, suggesting a negative feedback response of RBP4 expression to IL-17A signaling. Our data supported that AECOPD patients with P. aeruginosa infection might benefit from vitamin A supplementation during IL-17-induced inflammatory injury. The link between IL-17 and RBP4 in P. aeruginosa-infected AECOPD still needs further investigation.

At last, we tested therapeutic potential of IL-17 neutralization on controlling infection-induced airway inflammation in combination with the treatment of oral antibiotics in P. aeruginosa-infected AECOPD. Although ciprofloxacin is one of the most active drugs against P. aeruginosa among the quinolones (45), inflammation may remain due to the virulence factors, such as LPS, released by the dissolved pathogen (46). Our data showed that the combination treatment of ciprofloxacin and IL-17A–neutralizing antibody reduced airway inflammation associated with P. aeruginosa infection as assessed by infiltrate scores and MPO examination. Notably, IL-17A neutralizing could benefit the improvement of lung function in COPD mice after P. aeruginisa infection. These data suggested the value of applying concurrent therapy of IL-17A–neutralizing antibody and antibiotics in the treatment of P. aeruginisa-infected AECOPD.

Our study focused on IL-17-medated cytokine alternation and its impact on lung function and histopathology in AECOPD with P. aeruginosa infection. Limitation of this study included lack of molecular mechanisms on celluar immunity and cross-regulation between IL-17A and RBP4 during AECOPD. Further investigations are needed to support these results of our study.

In conclusion, our study indicated that IL-17 signaling pathway aggravated P. aeruginosa-induced airway dysfunction in AECOPD, which is partly related to the downregulation of RBP4 expression. These data supported the therapeutic value of targeting IL-17A in the treatment of P. aeruginosa infection in AECOPD.
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Supplementary Figure 1 | IL-23/IL-17 axis signaling between the lungs of COPD mouse models and air-control mice in response to P. aeruginosa infection. C57BL/6 mice were exposed to ozone twice a week for 6 weeks to establish COPD models, and then were intrabronchially inoculated with sterile agar beads (con-COPD) or 1.0 × 105 CFU agar-entrapped P. aeruginosa (PA-COPD). Mice exposed to air were used as controls and also inoculated with sterile agar beads (con-air) or 1.0 × 105 CFU agar-entrapped P. aeruginosa (PA-air). Mice were euthanized at one day post inoculation. Quantitative real-time PCR and ELISA analysis of IL-23 (A, B), and IL-17A (C, D) were performed using lung tissues or BALF. Data were presented as mean ± SD (n = 5 per group). *P < 0.01, **P < 0.01. The lungs were processed for immunofluorescent analysis (E), and correlation analysis showed that there was a significantly negative correlation between the numbers of Ly6G+IL-17RA+ cells and spirometry results in the study population(F). COPD, chronic obstructive pulmonary disease; CFU, colony-forming units; IL, interleukin; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration.

Supplementary Figure 2 | The effect of IL-17A-signaling on lung injury in P. aeruginosa-infected air-control mice. C57BL/6 control mice that exposed to air were intrabronchially inoculated with sterile agar beads (con-air) or 1.0 × 105 CFU agar-entrapped P. aeruginosa (PA-air). Mice were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg) or recombinant-IL-17A (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa. Mouse IgG and BSA serve as treatment controls, respectively. Lungs were excised, sectioned and stained with hematoxylin and eosin at one day post inoculation. MPO unit determination (A), bacterial plate counting (B) and infiltrate scoring (C) were performed. The lung sections were analysed immunofluorescently for the expression of Ly6G+IL-17RA+ cells (D). The results of spirometry tests, including FVC (E), FEV50 (F), MMEF (G), FEF50 (H), and FEF75 (I) were compared among different groups. Data are presented as mean ± SD (n = 5). *P < 0.05, **P < 0.01. COPD, chronic obstructive pulmonary disease; MPO, myeloperoxidase; CFU, colony-forming units; BSA, bovine serum albumin; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration; MMEF, maximal mid-expiratory flow; FEF50, forced expiratory flow at 50% FVC; FEF75, forced expiratory flow at 75% FVC.

Supplementary Figure 3 | The effect of IL-17A on inflammatory gene transcription in response to P. aeruginosa infection by air-control mice. C57BL/6 control mice that exposed to air were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg) or recombinant-IL-17A (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa (PA-air). Mouse IgG and BSA served as treatment controls, respectively. Mice inoculated with sterile agar beads served as blank control (con-air). Lungs were excised at 24 h post inoculation and analyzed by real-time PCR. Data are presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01. COPD, chronic obstructive pulmonary disease; BSA, bovine serum albumin; IL, interleukin; CXCL, C-X-C motif chemokine ligand; MMP, matrix metalloproteinase.

Supplementary Figure 4 | The effect of IL-17A on inflammatory factor expression in response to P. aeruginosa infection by air-control mice. C57BL/6 control mice that exposed to air were intraperitoneally injected with IL-17A–neutralizing antibody (2 mg/kg) or recombinant-IL-17A (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa (PA-air). Mouse IgG and BSA served as treatment controls, respectively. Mice inoculated with sterile agar beads served as blank control (con-air). Lungs were excised at 24 h post inoculation and analyzed by real-time PCR. Data are presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01. COPD, chronic obstructive pulmonary disease; BSA, bovine serum albumin; IL, interleukin; CXCL, C-X-C motif chemokine ligand; MMP, matrix metalloproteinase.

Supplementary Figure 5 | The interaction between IL-17A and RBP4 in the lungs of air-control mice in response to P. aeruginosa infection. C57BL/6 control mice that exposed to air were intraperitoneally injected with IL-17A–neutralizing antibody (2mg/kg) or recombinant–IL-17A protein (1.6 mg/kg) 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa (PA-air). Mouse IgG and BSA served as treatment controls, respectively. Mice inoculated with sterile agar beads served as blank control (con-air). Realtime-PCR and ELISA analysis of RBP4 were performed in lung homogenates (A, B). Data are presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01. Then air-control mice were intraperitoneally injected with recombinant RBP4 (5 μg/kg), recombinant–IL-17A protein (1.6 mg/kg) or IL-17A– and RBP4-recombinant protein simultaneously 4 h before the inoculation with 1.0 × 105 CFU P. aeruginosa. Mouse BSA served as control. Lungs were excised and subjected to MPO unit determination (C). The spirometry results, including FVC (D), FEV50 (E), MMEF (F), FEF50 (G), and FEF75 (H) were performed and compared between groups. Data were presented as mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01. COPD, chronic obstructive pulmonary disease; BSA, bovine serum albumin; IL, interleukin; RBP4, retinol binding protein 4; MPO, myeloperoxidase; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration; MMEF, maximal mid-expiratory flow; FEF50, forced expiratory flow at 50% FVC; FEF75, forced expiratory flow at 75% FVC.

Supplementary Figure 6 | Combination therapy of IL-17A–neutralizing antibody and antibiotic in P. aeruginosa-infected air-control mice. C57BL/6 control mice that exposed to air were intrabronchially inoculated with 1.0 × 105 CFU agar-entrapped P. aeruginosa. Oral ciprofloxacin (5 mg/kg, every 12 h) was applied concurrently with intraperitoneally administered IL-17A–neutralizing antibody (2 mg/kg, every 4 h) or IgG starting at 16 h post inoculation. Mouse lungs were excised, sectioned and stained with hematoxylin and eosin after treatment. The infiltrate scores (A), MPO activity (B), bacterial plate counting (C), Ly6G+IL-17RA+ cell numbers (D), protein expression of IL-17 (E) and IL-23 (F), and RBP4 (G), and spirometry tests, including FVC (H), FEV50 (I), MMEF (J), FEF50 (K), and FEF75 (L), were performed and compared between groups treated with and without IL-17A block. Data are representative of three independent experiments, and are presented as mean ± SD (n = 3 per group). *P < 0.05, **P < 0.01. COPD, chronic obstructive pulmonary disease; Cip, ciprofloxacin; CFU, colony-forming units; MPO, myeloperoxidase; FVC, forced vital capacity; FEV50, volume expired in the first 50 ms of fast expiration; MMEF, maximal mid-expiratory flow; FEF50, forced expiratory flow at 50% FVC; FEF75, forced expiratory flow at 75% FVC.
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Cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) (cGAMP) synthase (cGAS), along with the adaptor stimulator of interferon genes (STING), are crucial components of the innate immune system, and their study has become a research hotspot in recent years. Many biochemical and structural studies that have collectively elucidated the mechanism of activation of the cGAS-STING pathway with atomic resolution have provided insights into the roles of the cGAS-STING pathway in innate immunity and clues to the origin and evolution of the modern cGAS-STING signaling pathway. The cGAS-STING pathway has been identified to protect the host against viral infection. After detecting viral dsDNA, cGAS synthesizes a second messenger to activate STING, eliciting antiviral immune responses by promoting the expression of interferons (IFNs) and hundreds of IFN-stimulated genes (ISGs). Recently, the cGAS-STING pathway has also been found to be involved in response to bacterial infections, including bacterial pneumonia, melioidosis, tuberculosis, and sepsis. However, compared with its functions in viral infection, the cGAS-STING signaling pathway in bacterial infection is more complex and diverse since the protective and detrimental effects of type I IFN (IFN-I) on the host depend on the bacterial species and infection mode. Besides, STING activation can also affect infection prognosis through other mechanisms in different bacterial infections, independent of the IFN-I response. Interestingly, the core protein components of the mammalian cGAS-STING signaling pathway have been found in the bacterial defense system, suggesting that this widespread signaling pathway may have originated in bacteria. Here, we review recent findings related to the structures of major molecules involved in the cGAS-STING pathway and the effects of the cGAS-STING pathway in various bacterial infections and bacterial immunity, which may pave the way for the development of new antibacterial drugs that specifically kill bacteria without harmful effects on the host.
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Introduction

Bacterial infections caused by opportunistic pathogens or invading pathogenic bacteria are the major infectious diseases worldwide, causing many diseases, including pneumonia, periodontitis, tuberculosis, conjunctivitis, gastroenteritis, and sepsis (1–5). Although antibiotics have enabled great success in preventing and treating bacterial infections, overconsumption and misuse have unfortunately increased the prevalence of muti-drug-resistant (MDR) microbes (6, 7). A study that collected the total medical expenditure of inpatients in China from 2013 to 2015 reported an additional medical expenditure of US$15,557.25 per inpatient with a healthcare-associated infection (HAI) caused by antimicrobial resistance (AMR) infection compared with that without an HAI (8). The mortality rate of AMR infections increases every year, and it is estimated to kill 10 million people per annum by 2050 (9). Thus, the resurgence of bacterial infections has made them a pressing public health concern once again. In this context, researchers are striving to develop new strategies to treat bacterial infections and avoid drug resistance, among which immunotherapy is an important research direction due to its breakthroughs and advantages in the treatment of cancer and autoimmune diseases (7, 10).

Through a complex network of biological processes, the immune system protects the body from diseases by recognizing and eliminating invading pathogens to sustain the organism’s homeostasis. The mammalian innate immune system has evolved various pattern recognition receptors (PRRs) to detect pathogens and damage-associated molecular patterns (PAMPs and DAMPs) to trigger the host’s defense rapidly (11). DNA sensors recognize pathogen DNA or misplaced host DNA to initiate innate immune responses and shape adaptive immunity (12–14). cGAS has been identified as the main DNA sensor that can generate the second messenger 2’3’-cGAMP upon detection of cytosolic DNA. Then, STING binds with 2’3’-cGAMP, and the complex is transferred from the endoplasmic reticulum (ER) to the Golgi complex, leading to the activation of TANK-binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3) for IFN-I and inflammatory cytokine production (15) (Figure 1).




Figure 1 | The cGAS-STING pathway. Cytosolic DNA from bacteria, damaged mitochondria, or nuclei is sensed by cGAS, leading to the formation of cGAS-DNA liquid droplets, in which ATP and GTP are catalyzed to 2’3’-cGAMP. It binds STING and initiates the traffic of STING from ER to Golgi and post-Golgi compartments. During the translocation process, STING recruits TBK1 and IRF3. TBK1 phosphorylates STING in its CTT, then phosphorylates IRF3, which then translocates into the nucleus, inducing the expression of IFN-I and many other inflammatory cytokines.



Over evolutionary time, cGAS has adopted multiple detection strategies to recognize various pathogens sensitively. First, cGAS is located in the cytoplasm, plasma membrane, and nucleus, allowing it to rapidly recognize DNA in different infectious contexts and initiate a downstream immune transcription cascade (16–19). Second, the sensitivity of cGAS to DNA can be increased by various factors during infection. For example, DNA that is prearranged by mitochondrial transcription factor A (TFAM) or modified by reactive oxygen species (ROS) can facilitate the detection of DNA by cGAS (20, 21). Third, inflammatory cytokines or cGAMP released from infected cells act as alarm signals, giving rise to the activation of the cGAS-STING pathway in bystander cells (22).

This strong surveillance pathway has attracted intense attention in the field of innate immunity and is widely believed to be effective in preventing viruses from entry, replication, or budding during infection (23–26). Additionally, the cGAS-STING pathway has also been involved in bacterial infections, but it does not always defend against bacteria, sometimes promoting their replication and survival (27–29). Moreover, unlike the case in viruses, bacterial lipopolysaccharide (LPS) and cyclic di-nucleotides (CDNs, including c-di-AMP, c-di-GMP, 2’2’-cGAMP, and 3’3’-cGAMP) can activate the cGAS-STING pathway, in addition to bacterial DNA (30–35). Both extracellular CDNs (eCDNs) and intracellular CDNs (iCDNs) can activate STING independently of cGAS to initiate the host immune response (Figure 1), while recent studies have found that cGAS facilitates sensing of eCDNs to activate innate immunity (36). After eCDNs pass through the lipid bilayer of cells via a folate-organic phosphate antiporter or clathrin-dependent endocytosis (37), they directly bind cGAS, induce dimerization, and promote the interaction between cGAS and STING. In this process, cGAS acts as a scaffold protein to nucleate perinuclear signalosomes containing eCDNs/cGAS/STING, thus activating STING in a 2’-3’-cGAMP-independent manner (36). LPS, another important PAMP, has recently been reported to induce the cytosolic release of mitochondrial DNA (mtDNA), which subsequently activates the cGAS-STING pathway (35). Interestingly, the cGAS-STING pathway, which mediates the development and prognosis of bacterial infection in mammalian cells in various ways, has been found to originate as a bacterial immune system that confers immunological protection against viral infection (38). Therefore, a better understanding of the role of the cGAS-STING pathway in bacterial infection and bacterial immunity will be of great value in many areas of research, such as the development of small molecule drugs targeting the bacterial cGAS-STING pathway without adverse effects on the host.

In this review, we summarize current knowledge on structural insights into the cGAS-STING signaling pathway and further review the activation mechanism and specific functions of the cGAS-STING pathway during the infection of intracellular gram-positive bacteria, including Listeria monocytogenes and Staphylococcus aureus; extracellular gram-positive bacteria including Streptococcus pyogenes and Streptococcus pneumoniae; intracellular gram-negative bacteria including Brucella abortus, Burkholderia pseudomallei, and Francisella tularensis; and extracellular gram-negative bacteria, such as Pseudomonas aeruginosa; and Mycobacterium tuberculosis, with a special focus on LPS due to its controversial role in the activation of the cGAS-STING pathway. Next, we present recent advances in understanding how the bacterial cGAS-STING pathway protects bacteria against phage infection and discuss the similarities and differences of the cGAS-STING pathway in bacteria and humans. The cGAS-STING pathway, which protects both bacteria and humans, has become a shining star in innate immunity. New ideas for treating bacterial infections may be discovered by reviewing the structure, signal transduction process, and role of the cGAS-STING pathway in bacterial infection and bacterial immunity.



Structural Mechanism of the Activation of the cGAS-STING Pathway

In 2013, Chen’s team discovered the existence of cGAS in mammalian cells and its ability to synthesize cGAMP as the second messenger to activate STING directly (39, 40). The cGAS-STING pathway has since been identified to be extensively involved in various physiological and pathological processes (41). Due to its important role in immunity, many studies have analyzed the structure of key proteins and molecules in this pathway. Early structural studies of inactive human cGAS (hcGAS), mouse cGAS, and other mammalian homologs did not provide structural information of DNA recognition by activated hcGAS (42–46). Recently, researchers have identified the structural mechanism of dsDNA sensing by hcGAS in an active conformation (47) and cGAS inhibition by nucleosomes (48, 49), deepening our understanding of cGAS activation and providing guidance for the design of drugs that target cGAS. Since STING was discovered in 2008, a large number of studies have carefully analyzed the structure of STING, generating an elegant model of STING activation in which upon cGAMP binding, STING rotates inwardly toward the ligand-binding pocket, closes its ligand-binding pocket, and releases its CTT to recruit TBK1 and IRF3 (50–52). Here, we review recent high-impact structural work on cGAS and STING to increase our understanding of this signaling pathway at atomic resolution and promote the development of novel therapeutics for cGAS-STING-related diseases.



cGAS

cGAS belongs to the structurally conserved cGAS/DncV-like nucleotidyltransferase (CD-NTase) superfamily, consisting of an N-terminal domain and a C-terminal catalytic domain. The catalytic domain comprises the NTase core and Mab21 domains and adopts a bilobed structure that comprises a central catalytic domain and two different positively charged surfaces (41, 53). A long helix ‘spine’ at the N-terminus of the catalytic domain bridges the N-terminal lobe, which possesses the NTase fold with a two-leaved, highly twisted β-sheet, and the C-terminal lobe, which contains a tight helix bundle (Figure 2A) (54, 55). The catalytic site is located at the edge of the deep groove between the two lobes of cGAS. Once the positively charged surface of cGAS interacts with dsDNA in a sequence-independent manner, a significant structural switch occurs such that the catalytic pocket of cGAS is rearranged to initiate the cyclization of guanosine triphosphate (GTP) and adenosine triphosphate (ATP).




Figure 2 | Crystal structure of cGAS, STING, and TBK1. (A) The hcGAS model is shown as ribbon representation with annotated structures including ‘spine’ in blue and ‘Zn thumb’ in yellow. (B) Schematic and overview of the 2:2 hcGAS:dsDNA complex structure. Zoom-in cutaways of the locations of K187 and L195 substitutions in hcGAS that are responsible for its long dsDNA preference. (C) Representation of the structure of full-length human STING in the apo state. (D) Structure of STING bound to cGAMP. (E), Ribbon representations of the structure of mouse TBK1 in complex with the human STING CTT in a side view (left) and a bottom view (right).



A unique protrusion called the ‘Zn thumb’ connects the two lobes and promotes the interaction of cGAS and the sugar-phosphate backbone of the DNA] duplex (Figure 2A) (45). Binding to dsDNA brings the two lobes of cGAS close to each other and activates cGAS (44, 46, 56). Four cGAS molecules assemble into a 2:2 mouse cGAS-dsDNA complex after binding dsDNA through extensive electrostatic interactions and hydrogen bonds. In these complexes, two dsDNA molecules are cross-linked with a cGAS dimer, and the two cGAS dimers bind to the dsDNA asymmetrically to avoid steric clashes of the two dsDNA duplexes (45). Similar to the mouse model of the cGAS-dsDNA complex, cGAS can oligomerize to a functionally active 2:2 cGAS-dsDNA state (41). Although oligomerization is beneficial for regulating enzymatic function, it is unclear whether it is necessary for cGAS activation.

HcGAS can discriminate the length of DNA and prefers long dsDNA, causing its cGAMP production level to be significantly lower than that of other mammals. Both the human-specific substitutions K187N and L195R (47) (Figure 2B) and the ladder-like networks formed between cGAS dimers and dsDNA (20) may explain the preference of human cGAS for long dsDNA, leading to a reduced immune response by reshaping the balance between the sensitivity and tolerance of dsDNA. In cGAS-DNA liquid droplets, a linear dinucleotide 5’-pppG(2’-5’)pA is first formed and then flips over to promote the generation of the second 3’-5’ phosphodiester bond, resulting in the formation of 2’3’-cGAMP (39, 57). Moreover, in addition to a positively charged surface, another cGAS-dsDNA interface (labeled site-C) was found to enhance the enzymatic activity of cGAS. These studies will provide insights facilitating the design of drugs targeting the active site of cGAS.



STING

As an adaptor protein, STING is the core component in the signaling cascade of the innate immune response (58, 59). The small protein (~40 kDa) is anchored to the ER membrane by an N-terminal portion containing four transmembrane helices (TM1-4). The C-terminal domain (CTD) of STING consists of a ligand-binding domain (LBD) that is responsible for binding 2’3’-cGAMP and CDNs, and a C-terminal tail (CTT) that is capable of binding TBK1, both of which face the cytosol (60, 61). Recently, cryo-electron microscopy analyses have revealed that STING in apo states exists as a dimer in which a domain-swapped architecture is adopted through organizing the eight transmembrane helices and two CTDs (52). In the dimeric TM domain, one layer is the central layer formed by TM2 and TM4, and the other layer is the outer layer composed of TM1 and TM3. The LBD domain contains five β strands and four α helices, of which α-helix 1 is linked to TM4 by the connector helix (residues 141-149) and connector loop (residues 150-156) (52). Two STING CTDs dimerize mainly via hydrophobic interactions, generating a V-shaped binding pocket (Figure 2C).

Upon cGAMP binding, a four-stranded β-sheet lid-like structure forms over the ligand-binding pocket of STING to hold cGAMP tightly; this is described as the ‘closed’ conformation (Figure 2D). Interestingly, the crystal structure of STING bound to c-di-GMP is in an ‘open’ conformation, similar to the structure of apo STING (59, 62, 63). Moreover, a linked amidobenzimidazole compound can bind to and activate STING in an ‘open’ structure (64). However, the binding affinity of human STING to c-di-GMP is weaker than that of STING to cGAMP (65). Therefore, it is likely that closure of the ligand-binding domain is not required for STING activation but is beneficial for increasing binding affinity (50). Another conformational change induced by cGAMP is that the LBD of STING rotates 180° relative to the TM domain, causing the two connector LBDα1 elements, which form a right-handed crossover in the apo state, to become parallel to each other (52).

Moreover, cGAMP initiates intracellular transport of STING by interrupting the interaction between STING and ER-resident protein stromal interaction molecule 1. Then, STING travels anterogradely from the ER to the Golgi apparatus depending on SEC24C, a component of the canonical coat protein complex II (COPII), via the ER-Golgi intermediate compartments (ERGICs) upon STING oligomer formation (66). STING dimers are not the only functionally active units in STING; tetramers and higher-order oligomers are also observed to form through the rotation of the LBD and the conformational change of the connector loop (41). The polymerization of STING also contributes to its activation (67–69), but the size and minimum activation length of functional STING polymers are unclear.



The STING CTT and TBK1

The STING CTT plays a vital role in activating STING-TBK1-IRF3 by mediating the recruitment and activation of TBK1 and IRF3. TBK1 exits as an elongated dimer containing the scaffold and dimerization domain (SDD), a ubiquitin-like domain (ULD), and the kinase domain (KD) (Figure 2E) (51, 70). The N-terminal lobe of the KD interacts with the SDD of the dimer partner. The TBK1-binding motif (TBM) within the STING CTT interacts with TBK1 at many sites, including a groove between the KD of one monomer and the SDD of another monomer in the same TBK1 dimer; a deep hydrophobic pocket in the middle of the groove; Phe585, Tyr55, and Arg405 in the SDD; and Lys 30 in the KD (51). Although the TBK1 dimer binds flexibly to C-terminal TBMs from the STING dimer, it has little or no contact with the LBD of STING. Recently, some residues in the TBM were identified to constitute a highly conserved PLPLRT/SD motif, which is responsible for TBK1 recruitment (70). However, even if a large amount of TBK1 already binds to these preformed STING dimers on the ER, phosphorylation in trans will be blocked by steric hindrance. TBK1 can only be activated if parallel-stacking of STING homodimers is disrupted by the conformational change induced by cGAMP to interfere with CTT sequestration, which is essential for controlling basal STING activation (71). The TBK1 dimer binds two peptides from STING, and each peptide simultaneously binds two TBK1 monomers to form a 2:2 complex. In the STING-TBK1 complex, the autophosphorylation of TBK1 is mediated by the proximity in trans induced by adjacent STING molecules. High-order oligomerization of STING and TBK1 promotes the TNK1-induced phosphorylation of the serine residue in the pLxlS motif of STING, which not only enhances the binding of STING with TBK1 (51) but also provides a docking site for STING to bind IRF3. The recruited IRF3 is phosphorylated by adjacent TBK1 binding to the CTT of STING and then dimerizes and enters the nucleus to initiate the production of inflammatory cytokines, including IFN-I (Figure 1), proving that STING may scaffold the interaction between TBK1 and IRF3. Nuclear factor (NF)-κB signaling is also downstream of STING activation (72). However, it is unclear which of the two signaling pathways is activated or comes first. Moreover, although the important role of CTT in STING signal propagation has been confirmed, the detailed structure of CTT is still unknown.



cGAS-STING Signaling Pathway in Bacterial Infection

The immune system is required for protecting the body by controlling bacterial infections but can also lead to pathology. On the one hand, IFN-I induced by the cGAS-STING pathway can fight against bacterial infections and inhibit the overactivation of the immune response (73, 74). On the other hand, it had been identified to increase susceptibility to several bacteria, such as Listeria monocytogenes (75, 76). Furthermore, in the face of bacterial infection, the activation of STING not only initiates the IFN-I response but also interacts with bacteria by regulating metabolism or other downstream pathways (27, 77). Recently, c-di-AMP produced by live gram-positive bacteria, whether intracellular bacteria such as Staphylococcus aureus and Listeria monocytogenes or extracellular bacteria such as Streptococcus pyogenes, has been reported to induce a previously unappreciated cell-autonomous response by STING to elicit an augmented IFN-I response in host defense against infection caused by live bacteria (78). The mRNA of live gram-negative bacteria, rather than c-di-AMP, induces innate responses via STING-independent signaling pathways (79). Therefore, the activation mechanisms and effects of the cGAS-STING pathway differ between invading bacteria and infected tissues or cells. The interaction between the cGAS-STING pathway and gram-positive or gram-negative bacteria will be discussed in detail below (Table 1 and Figure 3).


Table 1 | The activation of the cGAS-STING pathway in various bacterial infections.






Figure 3 | The cGAS-STING pathway in bacterial infection. The cGAS-STING pathway is widely involved in various bacterial infections. However, the signaling transduction process and outcome upon the activation of the cGAS-STING pathway are different. STING is activated by 2’3’-cGAMP produced by cGAS or bacterial CDNs to induce an IFN-I response that may be protective or detrimental for the host. STING can also influence the infection outcome by mediating other important biological or physiological processes like blood coagulation or metabolism independent of IFN-I response.





Intracellular Gram-Positive Bacteria


Staphylococcus aureus

Staphylococcus aureus is the etiological pathogen of many diseases, ranging from superficial skin infections to life-threatening infections such as pneumonia (80, 81). The c-di-AMP released from S. aureus biofilms activates STING to upregulate the expression of IFN-I in macrophages. The STING-dependent IFN-I response promotes macrophage polarization to an anti-inflammatory phenotype, resulting in impaired S. aureus clearance and exacerbated infectious outcomes (82). Moreover, the cGAS-STING pathway can be activated in response to live but not dead S. aureus by sensing S. aureus DNA. During the early stage of S. aureus infection, the Toll-like receptor (TLR) and cGAS-STING pathways are both activated by live S. aureus but exhibit opposite roles in the host immune response to S. aureus. TLR signaling restricts infection, while the cGAS-STING pathway enhances bacterial growth (83, 84). The transcription and expression of IFN-I are well-known to be induced by phosphorylation of IRF3. However, IRF3 phosphorylation in dendritic cells acts independently of activating the cGAS-STING pathway to drive IFN-I expression in response to inactivated S. aureus treated by ultraviolet irradiation (85).

Meanwhile, the production of many cytokines induced by live or inactivated S. aureus is different (85, 86), suggesting that the viability of S. aureus may influence the host immune response to its infection. Previous studies reported that the cGAS-STING pathway was involved in initiating necroptosis in macrophages in an IFN-I-dependent manner (87, 88). However, in the context of S. aureus pneumonia, STING was reported to facilitate the restriction of S. aureus infection and protect the architecture and function of the lung by suppressing macrophage necroptosis (89). According to these studies, IFN-I induced by the cGAS-STING pathway seems to be related to immune evasion of S. aureus, while the activation of STING may also contribute to controlling pulmonary S. aureus infection. Therefore, the protective effect of STING against S. aureus pneumonia needs to be confirmed first. Next, how STING suppresses necroptosis in the presence of increased IFN-I needs to be further studied.



Listeria monocytogenes

Listeria monocytogenes can cause listeriosis, which usually manifests as self-limited gastroenteritis, although a few cases may develop into sepsis, meningitis, and monocytosis, mainly in newborns, the elderly, and immunocompromised individuals (90, 91). The IFN-I response has been reported to stimulate excessive immune activation as an important component of listeriosis pathology (76, 92, 93). During L. monocytogenes infection, STING is activated by bacterial DNA-activated cGAS or another DNA sensor, IFI16, or by binding c-di-AMP secreted by L. monocytogenes via multidrug efflux pumps (MDRs), in both cases leading to the production of IFN-I (73, 94). Therefore, L. monocytogenes trigger IFN responses via the cGAS-STING pathway, making it a novel therapeutic target for listeriosis. Recently, the endogenous anaphylatoxins C5a and C3a have been found to suppress the expression of STING and phosphorylated TBK1 and IFN-β during L. monocytogenes infection, consequently attenuating the detrimental effect of IFN-β production, for example, inhibiting L. monocytogenes-mediated-apoptosis of immune cells (73). However, the STING-dependent immune response was suggested to defend against L. monocytogenes by reducing the influx of inflammatory monocytes and systemic bacterial loads during enterocolitis (95). This result indicated that in addition to the IFN-I response, STING activation in enterocolitis could also exert immunomodulatory effects through other mechanisms that need further investigation. L. monocytogenes has evolved to manipulate STING strategically for its benefit instead of evading it. For example, its DNA is sorted into extracellular vesicles (EVs) in a process that depends on STING, TBK1, and multivesicular body protein (MVB12b) and is then delivered to bystander cells to further activate the cGAS-STING pathway. Both EVs that dampened the immunological activity of T cells and increased IFN-I production in bystander cells promote the establishment of infection in a STING-dependent manner (96). Other intracellular bacteria, including Francisella tularensis and Legionella pneumophila, also adopt this strategy to impair antibacterial defense. According to these studies, the cGAS-STING pathway dominantly enhances host susceptibility to L. monocytogenes by upregulating IFN-I production but may play an antibacterial role in some diseases in an IFN-independent manner. However, the underlying mechanism of STING resistance to L. monocytogenes infection remains unclear.




Extracellular Gram-Positive Bacteria


Streptococcus pneumoniae

Streptococcus pneumoniae can colonize the upper respiratory tract asymptomatically or cause diseases such as bacterial pneumonia and meningitis (97, 98). It enters mature phagolysosomes and releases nucleic acids and c-di-AMP into the host cytosol via a secretion system or following partial lysis. S. pneumoniae c-di-AMP initiates host innate immune responses by activating STING directly and increasing the expression of IFN-β (99). IFN-β production is also induced by pneumolysin (Ply), a pore-forming protein and a major virulence factor of S. pneumoniae. It can initiate oxidative damage to mitochondria in macrophages, leading to the cytosolic translocation of mtDNA and triggering IFN-β expression in a cGAS-STING dependent manner (97). Although cGAS has been reported to sense pneumococcal DNA and then stimulate STING, resulting in the activation of IFN-I response in mouse macrophages, how pneumococcal DNA enters the cytoplasm of host cells has not been clarified. Notably, IFN-I induced by S. pneumoniae has been identified to be protective to the host by suppressing inflammation-related damage and lethality (74). Moreover, STING can regulate coagulation by increasing cytosolic calcium and then triggering the release of a key initiator of blood coagulation independent of TBK1 or IRF3 activation, thus limiting the severity of sepsis caused by S. pneumoniae (77). These results reveal that the cGAS-STING signaling pathway plays an immunoprotective role in S. pneumoniae infection by generating IFN-I and regulating coagulation. Conversely, Ruiz-Moreno et al. reported that although the cGAS-STING pathway sensed S. pneumoniae invasion and induced an IFN-I response, it was dispensable for defense against S. pneumoniae infection (100). Hence, the exact role of the cGAS-STING pathway in anti-pneumococcal defense needs to be further studied.



Streptococcus pyogenes

Streptococcus pyogenes can cause a range of symptoms, from mild illness to life-threatening infections such as necrotizing fasciitis (101). A previous study suggested that the activation of the STING pathway and the subsequent increase in IFN-I production were probably initiated by cGAS upon sensing cytosolic nuclear acids in S. pyogenes-infected macrophages and dendritic cells (102). However, Movert et al. reported that S. pyogenes activated the STING pathway independent of cytosolic dsDNA because neither bacterial nor host DNA could be detected in the cytosol of S. pyogenes infected macrophages (103). In addition, S. pyogenes promoted the production of anti-inflammatory IL-10 to curb the inflammatory response through the activation of the STING signaling pathway mediated by the streptococcal M protein, a surface-anchored virulence factor (103). Thus, IFN-I signaling was exploited by S. pyogenes to avoid life-threatening inflammation. Although the activation of STING has been suggested to be independent of cGAMP generated by cGAS during S. pyogenes infection (103), whether it is activated by c-di-AMP synthesized by S. pyogenes remains unknown.




Intracellular Gram-Negative Bacteria


Brucella abortus

Brucella abortus replicates and survives in macrophages and dendritic cells by forming Brucella-containing vacuoles (BCVs) (104). B. abortus c-di-GMP binds to STING, triggers the TBK1-IRF3 signaling cascade, and initiates the IFN-I response independently of cGAS. Subsequently, IFN-I signaling upregulates the expression of guanylate-binding proteins (GBPs), which can promote B. abortus DNA translocation from the BCV to the cytosol to activate AIM2 and increase IL-1β secretion (105). However, whether cGAS senses B. abortus genomic DNA and further amplifies the IFN-I signaling pathway and whether cGAS and AIM2 can cooperate to protect the host from B. abortus infection remain unclear. Moreover, STING controls B. abortus replication by regulating the metabolic reprogramming of macrophages. STING increases the levels of succinate to stabilize hypoxia-inducible factor-1 alpha (HIF-1α), resulting in the production of proinflammatory cytokines to limit B. abortus infection (27). However, the STING and IFN-I signaling pathway was reported to be required for an increase in unfolded protein response (UPR) expression, which facilitates B. abortus replication (28). According to these studies, STING is critical in host protective immunity by triggering the IFN-I pathway and mediating cellular metabolism. Thus, we speculate that when STING responds to B. abortus infection, the response that defends against B. abortus may be stronger than that promoting bacterial replication. The specific mechanism of these antagonistic effects needs to be further elucidated. In addition, B. abortus can decrease the expression of STING in the early stage of infection by upregulating miR-24-2 via a type IV secretion system, providing an environment in which Brucella can replicate in host cells free from the threat of the cytosolic surveillance pathway (106). In the future, appropriate utilization of miRNAs targeting STING may prevent excessive inflammation induced by B. abortus infection.



Burkholderia

Burkholderia pseudomallei affects immune function via manipulating the caspase system, causing melioidosis with high morbidity and mortality (107, 108). Unlike many other intracellular bacteria, B. pseudomallei induces host cell fusion, an important aspect of melioidosis pathogenesis (109, 110). Cell fusion leads to the formation of multinucleated giant cells (MNGCs), which facilitate intracellular dissemination of B. pseudomallei without exposure to extracellular host defenses or antimicrobials (111, 112). cGAS responds to B. pseudomallei infection by colocalizing with micronuclei formed during aberrant and abortive mitotic events (110). Upon activation of the cGAS-STING pathway, autophagic cell death is induced to limit aberrant cell division and cellular transformation. Intriguingly, transcriptional changes rather than IFN-I production are induced by the cGAS-STING pathway (110). Burkholderia thailandensis, a close relative of B. pseudomallei (113), also invades the cytosol, induces cell-cell fusion allowing intracellular diffusion, and forms MNGCs to promote bacterial replication. Downstream signaling molecules rather than upstream molecules, such as cGAS/STING for IFN-I, are critical to restrict MNGC formation and bacterial actin motility during B. thailandensis infection (114). These results indicate that the IFN-I production induced by the cGAS-STING pathway may be irrelevant to the antibacterial response.



Francisella novicida

During Francisella novicida infection, cGAS and interferon-γ inducible protein 16 (IFI16) synergistically sense cytosolic Francisella DNA to fully activate the STING-dependent IFN-I response, which plays a detrimental role by inducing apoptotic cell death (115, 116). In addition, IFN-I signaling is required to activate the AIM2 inflammasome by promoting bacteriolysis and bacterial DNA release (117). In turn, the AIM2 inflammasome negatively regulates the IFN-I response by mediating the interferon regulatory module, thus restraining the cGAS-driven IFN-I response (118). However, IFN-I signaling overrides the protective AIM2 inflammasome responses and plays a dominant role in exacerbating F. novicida infection (117). Since the relative expression levels of cGAS, IFI16, and AIM2-like receptors vary in different cell types, the specific reaction and interaction mechanisms in specific cells need to be further studied. Furthermore, F. novicida can suppress antibacterial defense by forming EVs in a STING-dependent manner to promote infection, similar to L. monocytogenes.




Extracellular Gram-Negative Bacteria


Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic bacterium that can easily cause infection in immunocompromised people (119). The cGAS-STING pathway has been reported to have a protective effect in P. aeruginosa infection by promoting host resistance against P. aeruginosa infection and negatively modulating host inflammatory responses (120, 121). After penetrating P. aeruginosa into host cells, its genomic DNA can be sensed by cGAS, which mediates the IFN-I response by activating STING. Although the secretion of IFN-I increased, the level of proinflammatory cytokines decreased due to the inhibition of p38, JNK, ERK, and NF-κB activity by STING. In addition, STING can enhance NO synthase expression to eliminate invaded P. aeruginosa (121). Overall, cGAS-STING restrains P. aeruginosa infection by inducing the expression of IFN or NO synthase and protects host cells by suppressing excessive production of inflammatory cytokines. Recently, an X-ray-inactivated whole-cell vaccine was found to resist P. aeruginosa infection by stimulating the cGAS-STING pathway in dendritic cells (DCs) to foster its maturation which boosts T cells (122). Notably, the vaccine also protected against an MDR strain (122). Although the specific mechanism by which bacterial DNA enters the cytoplasm and whether host DNA is involved in the activation of cGAS during P. aeruginosa infection remains unclear, the critical role of the cGAS-STING pathway in the recognition and restriction of P. aeruginosa has been proven. In summary, immunotherapy targeting the cGAS-STING signaling pathway to treat AMR infections is a reliable line of research.




Others


Mycobacterium tuberculosis

Mycobacterium tuberculosis, neither gram-positive nor gram-negative bacteria, is the etiological agent of tuberculosis, which has been a major threat to human health since its discovery more than a century ago (1). M. tuberculosis survives primarily within macrophages, with the ESX-1 secretion system as the virulence factor. Numerous previous studies have suggested that the passive leakage of mycobacterial DNA into the cytosol with the help of ESX-1 can activate the cGAS-STING pathway to induce antibacterial defenses (123–127). What’s more, a recently revised model indicated that ESX-1 was involved in the mobilization of the cytosolic release of mitochondrial and nuclear host DNA by permeabilizing host membranes via genetically separable mechanisms (128). But the underlying mechanism in which ESX-1 affects the membrane integrity of the phagosome, nucleus, and mitochondria remains unclear. In addition, Mycobacterial c-di-AMP activates STING directly independent of ESX-1 (30, 129).

During the parallel evolution between host cells and M. tuberculosis, M. tuberculosis has developed many strategies to evade the surveillance of the cGAS-STING pathway to establish infection (130–133). For example, M. tuberculosis coding protein Rv0753c (MmsA) can not only decrease STING levels and subsequent IRF3 activation by binding and colocalizing with STING, but also facilitate STING autophagic degradation by binding with p62, resulting in the inhibition of STING-TBK1-IRF3 pathway (130); M. tuberculosis phosphodiesterase (PDE) can inhibit STING activation by cleaving both c-di-AMP and cGAMP to blunt the antibacterial response (133); M. tuberculosis isolates associated with severe tuberculosis can evade cGAS-STING surveillance system by accumulating mutations in the ESX components or generating sigA recognition boxes, and at the same time, IL-1β secretion caused by these isolates is significantly decreased (131). Furthermore, both CDNs-adjuvanted protein subunit vaccine and inhibitors of M. tuberculosis PDE can protect the host from infection by M. tuberculosis through eliciting a stronger anti-inflammatory response (132, 134). Thus, vaccine design and therapeutic development should consider genetic diversity and the continuous evolution of M. tuberculosis isolates in the future.



LPS

LPS, localized in the outer layer of the membrane of gram-negative bacteria, has been widely recognized to cause various infections by activating TLR4. Extracellular LPS-induced activation of the TLR4-dependent cGAS-STING-NLRP3 axis is responsible for acute lung injury (ALI). LPS was reported to promote the cytosolic release of mtDNA, which activated cGAS to induce inflammation and oxidative stress in BMDMs. cGAS inhibition could mitigate inflammation by blocking the activation of STING and the NLRP3 inflammasome in LPS-treated BMDMs (135). In contrast, Cao reported that cGAS was dispensable for the LPS-induced inflammatory response in BMDMs because LPS and IFN-γ elicited a robust increase in inflammatory cytokines in both cGAS-null and wild-type cells (136). Both studies found that inflammatory cytokine secretion was significantly decreased in cGAS-silenced or cGAS-knockout BMDMs, while higher mRNA levels of these inflammatory cytokines were observed in cGAS-null cells than in cells not treated with LPS, which indicated that other critical factors participate in promoting the inflammatory response in LPS-stimulated BMDMs. The difference in roles of cGAS in the inflammatory response of BMDMs might also be explained by the different treatment modalities used, one stimulated by LPS only and the other stimulated by LPS in combination with IFN-γ. As for STING, it is activated by cGAMP produced by cGAS to aggravate inflammation and oxidative stress in LPS-induced ALI (135).

Meanwhile, its expression in BMDMs is upregulated by the transcription factor c-Myc, the expression of which is enhanced by LPS (135). However, LPS was reported to induce the perinuclear translocation of STING mediated by TLR4 to activate the phosphorylation and nuclear translocation of IRF3 in mice or neonatal rat cardiomyocytes (NRCMs) without affecting the protein expression of STING (137). Therefore, STING activation may not necessarily be accompanied by increased protein expression in some cell types. STING plays a vital role in LPS-induced cardiac dysfunction, inflammation, apoptosis, and pyroptosis by triggering the activation of the NLRP3 inflammasome in an IRF3-dependent manner (137). Above all, targeting the cGAS-STING pathway is an efficient strategy to inhibit LPS-induced acute lung injury and cardiac dysfunction.

Intriguingly, STING expression was repressed by LPS in human cells through a metabolism-dependent pathway (138). During the metabolic reprogramming of human cells after LPS stimulation, a cell-permeable derivative of itaconate (4-octyl-itaconate, 4-OI) accumulated and then activated the transcription factor Nrf2 (nuclear factor (erythroid-derived 2)-like 2), which decreased STING expression and negatively regulated the STING-dependent IFN-I response. However, inhibition of STING by Nrf2 following LPS treatment was observed in neither BMDMs nor RAW264.7 cells. Additionally, the phosphorylation and expression of STING were enhanced in LPS-treated mouse cells within 12 h, and the peak was reached at 6 h, whereas LPS inhibited the expression of STING in human cells from 24 to 72 h (138), and this inhibition strengthened with time. These results suggest that the effect of LPS on STING may be cell-dependent and time-dependent. Additionally, it is necessary to study further whether LPS can inhibit the expression of STING in mouse cells after prolonged treatment, whether the effect of LPS on STING is consistent in human and mouse macrophages, and what role STING plays in the crosstalk between metabolism and innate immunity; these findings will benefit the identification of a potential treatment target in STING-dependent inflammatory diseases.

LPS from extracellular bacteria can also gain access to the cytosol of host cells through endocytosis mediated by outer membrane vesicles (OMVs) in a TLR4-independent manner (139). Internalized LPS activates the noncanonical caspase-11 inflammasome, which cleaves Gasdermin D (GSDMD), leading to the generation of GSDMD N-terminal fragments (GSDMD-NT) and subsequent pyroptosis in bacterial sepsis (140, 141). Recently, activation of caspase-11 and formation of GSDMD-NT by cytosolic LPS were reported to initiate a decrease in mitochondrial membrane potential (MMP) and the release of mtDNA into the cytosol in lung microvascular endothelial cells (LMVECs). The DNA-sensing cGAS-STING pathway is activated by cytosolic mtDNA, leading to the impairment of endothelial regeneration after inflammatory lung injury (35). It is worth noting that internalized LPS induces a decrease in MMP, while extracellular LPS causes an increase in MMP (35, 142). Although this difference may be due to differences in cell type, the finding that intracellular LPS transfection activated cGAS-STING through the caspase-11-GSDMD pathway independent of TLR4 activation reveals that LPS can induce mitochondrial injury through different intracellular and extracellular pathways, which requires further investigation (Table 2).


Table 2 | The cGAS-STING pathway response to LPS.






cGAS-STING Signaling Pathway in Bacterial Immunity Against Viral Infection

With a deeper understanding of the diversity and complexity of bacterial immune systems, researchers have speculated that these defense systems mirror those of animals. The bacterial CRISPR-Cas system, for example, is similar to the human adaptive immune system, which can form immune memories to fight specific pathogens upon re-infection (38). The cGAS-STING pathway is a crucial signaling cascade in innate immunity that regulates inflammatory diseases, autoimmune diseases, senescence, and cancer (15). Currently, most of the work regarding the relationship between the cGAS-STING signaling pathway and bacteria focuses on the controversial role of the cGAS-STING pathway during bacterial infection. Strikingly, several recent studies have reported that cGAS-like and STING-like proteins that protect bacteria against viral infection are found in bacteria, raising the possibility that the cGAS-STING pathway originates from the bacterial immune system (110, 143, 144). Next, we will review the structure and function of the cGAS-STING pathway in bacterial immunity (Figure 4).




Figure 4 | The cGAS-STING pathway in bacterial infection and bacterial immunity. (A) cGAS senses cytosolic dsDNA, catalyzes 2’3’-cGAMP that binds and activates STING anchored on ER, leading to IFN-I production. (B) The activity of the bacterial cGAS-like enzyme is inhibited by some metabolites or other unknown molecules in normal conditions. In response to phage infection, the inhibition of bacterial cGAS-like enzyme is relieved. Surprisingly, in addition to 3’3’-cGAMP, c-di-AMP, c-di-GMP, 2’3’-cGAMP can be generated by AbCdnD. The SAVED domain of Cap4 recognizes 2’3’-cGAMP, then its endonuclease domain cleaves viral DNA to defend against phage infection. Bacterial STING-TIR fusion protein activated by its ligands like c-di-GMP induces bacterial growth arrest by degrading NAD+. Upon activated by 3’3’-cGAMP, phospholipase degrades bacterial membrane to control phage infection.





cGAS-Like Enzymes and CDNs

A bacterial four-gene operon system that contains cGAS-like and downstream effector-encoding genes and two additional genes, known as the CDN-based anti-phage signaling system (CBASS), initiates a second messenger-dependent antiviral response that is similar to that in mammalian cells (145, 146). Bacterial CD-NTases can use all four ribonucleotides to synthesize many types of CDNs and cyclic trinucleotide products. The Vibrio cholerae CD-NTase dinucleotide cyclase in Vibrio (DncV) synthesizes the second messenger 3’3’-cGAMP, Escherichia coli CdnE (CD-NTase in clade E) produces 3’3’ cyclic UMP-AMP, Flavobacteriaceae sp. CdnE synthesizes 3’3’ c-di-GMP, and Enterobacter cloacae CdnD synthesizes 3’3’3’ cyclic AMP-AMP-GMP and 3’3’-cGAMP. These bacterial CDNs or cyclic trinucleotide molecules can be distinguished from 2’3’-cGAMP, which is critical for STING activation in mammalian cells by their phosphodiester linkage specificity. The asymmetric pattern of the phosphodiester bonds in 2’3’-cGAMP has been reported in multicellular animals rather than bacteria, indicating structural changes in STING’s dominant ligand and CDN-binding pocket during evolution, which will be discussed later. However, why the phosphodiester bonds between GMP and AMP change during evolution remains unknown.

Acinetobacter. baumannii CdnD (AbCdnD) has been unexpectedly identified to produce the noncanonical 2’-5’-linked second messenger for antiviral immunity, demonstrating that incorporation of 2’-5’ and 3’-5’ phosphodiester linkages is not a unique adaptation that evolved in eukaryotes but is also present in bacteria to subvert viral resistance (143, 147–149). CD-NTase-associated protein 4 (Cap4), a founding member of a major family of downstream bacterial receptors, can recognize various CD-NTase signals, including 2’-5’- and 3’-5’-linked bacterial nucleotide second messengers, in CBASS immunity (143). Cap4 contains a ligand-binding SAVED domain, a fusion of two CRISPR-associated Rossman fold (CARF) domains, and a promiscuous DNA endonuclease domain. After nucleotide second messenger recognition in the SAVED domain, the endonuclease domain of Cap4 is subsequently activated through ligand-induced oligomerization and induces promiscuous DNA cleavage to restrict phage replication (Figure 4). These SAVED CARF family proteins provide a precondition for cGAMP signaling to be a part of an antiphage defense system and suggest that the importance of linkage specificity reaches far beyond the mammalian cGAS-STING pathway.

Another unresolved question is how bacterial CD-NTase enzymes are activated to catalyze nucleotide second messenger synthesis during phage infection. To date, researchers have found that bacterial cGAS-like proteins are constitutively active in vitro. Moreover, DncV seems to be liberated from the inhibition of folate-like molecules only when phage infection has occurred (150). Based on the present studies, we speculate that the activity of bacterial cGAS-like proteins is normally inhibited by certain molecules, such as some metabolites, but when phages invade, these molecules are degraded or depleted under the regulation of some mechanism, thus activating the antiviral immune response. These specific molecular mechanisms need to be further explored. The bacterial antiviral response initiated by the CBASS system is independent of IFN-I, which is crucial for the mammalian antipathogen response. For example, the bacterial cGAS-like enzyme dinucleotide cyclase in Vibrio (DncV) synthesizes the second messenger 3’3’-cGAMP, which subsequently activates a downstream effector like phospholipase and results in the degradation of the inner bacterial membrane and cell death, thereby limiting phage replication and protecting the remaining bacterial population during phage infection (151–153) (Figure 4).

Intriguingly, 3’3’ c-di-GMP is considered to coordinate many different aspects of bacterial growth, behavior, and intracellular signaling, including polymer cellulose synthesis, biofilm formation, motility, virulence, and cell cycle progression (33). However, its role in the CBASS immune system, which kills bacteria or induces bacterial growth arrest, contradicts its original biological function described above. Thus, whether 3’3’ c-di-GMP, which is secreted continuously to maintain normal bacterial homeostasis, can activate CBASS downstream effector proteins is very important for bacterial survival. Researchers have conducted a series of experiments to answer this question, including analyzing the genomes of bacteria containing cGAS-STING pathways. The results showed that bacterial STING and other signaling pathways involving 3’3’ c-di-GMP rarely coexist in bacteria. In this way, bacteria can effectively avoid potentially catastrophic conflicts caused by the dual effects of 3’3’ c-di-GMP.



STING-Like Protein

Many structurally divergent effector domains can be activated by CD-NTase products to fight against phage infection, including proteases, phosphodiesterases, and potentially pore-forming transmembrane proteins (145, 154). Among them, some proteins are found to contain a C-terminal STING domain, further suggesting that the intact cGAS-STING pathway may be preserved from bacteria to humans. X-ray crystallography analysis showed that the crystal structures of proteins in Flavobacteriaceae sp. and Capnocytophaga granulosa exhibited obvious homology to human STING. Bacterial STING is encoded within bacterial defense islands and has been newly identified as a prokaryotic member of the STING family of functional cyclic dinucleotide receptors (144).

The overall architecture of bacterial STING is similar to that of mammalian STING, and both adopt a canonical V-shaped, homodimeric architecture with a hydrophobic α-helix stem. However, the bacterial STING protein is 20% smaller and more compact than mammalian STING, mainly due to a lack of extension in the β-strand lid domain, a terminal α-helix, and an unstructured C-terminal tail (51, 66, 70, 72). These mammalian-specific insertions allowed STING to evolve to induce autophagy and regulate innate immune responses dependent on IFN-I. This structural difference partly explains why the bacterial CBASS immune system takes a suicidal approach rather than relying on the IFN-I response to fight against phage infection.

In addition, there are differences in the amino acid residues of the CDN-binding pockets of bacterial STING and human STING (144), indicating that they may have different ligand preferences. Unlike human STING, which binds CDNs with no sequence-specific contact, a conserved residue in the CDN-binding pocket of bacterial STING makes sequence-specific contacts to the guanosine nucleobase of c-di-GMP, which is consistent with its high-affinity recognition of c-di-GMP. Furthermore, bacterial STING exhibits a weaker affinity for 3’3’-cGAMP, and it cannot recognize mammalian 2’3’-cGAMP since there is not enough space in its CDN-binding pocket to accommodate the free 3’-OH of 2’3’-cGAMP due to the presence of another conserved residue in bacterial STING; in contrast, human STING recognizes 2’3’-cGAMP with high affinity by making an additional contact between the human STING residue and the phosphodiester backbone (155).

Bacterial STING exists as a fusion protein appended to the Toll/interleukin-1 receptor (TIR) adaptor domain or predicted transmembrane (TM) effector modules, and the STING-TIR fusion protein is the most dominant form of STING. The TLR domain has been widely recognized to play an important role in protein-protein interactions to defend against various pathogens in mammals. Some TIR domains can degrade β-nicotinamide adenine dinucleotide (NAD+), required for cellular metabolism (156, 157).

After recognizing c-di-GMP, bacterial STING assembles into long-ordered filaments with fourfold symmetry. Filaments contain parallel-stacked STING homodimers arranged in an orderly manner, consistent with the activation mechanism of human STING discussed above (51, 71). In contrast to c-di-GMP, the weak agonist 3’3’-cGAMP induced only partial formation of filaments, suggesting that c-di-GMP plays a crucial role in the process by which bacterial STING oligomerizes into filaments. Mutations in the CDN-binding domain of bacterial STING blocks the formation of filaments without affecting the binding of c-di-GMP and leads to the loss of STING NADase activity, confirming that filament formation controls the activation of STING, as well as the rapid cleavage of NAD+ mediated by the TIR domain (144). NAD+ destruction that occurs after the activation of STING-TIR fusion proteins results in cell death to halt phage propagation, which is different from the immune response activated by human STING, which relies on the expression of antipathogen-related genes and proteins (158) (Figure 4).

STING-TIR fusion proteins also exist in some invertebrates, such as Crassostrea gigas. However, STING-TIR fusion proteins in C.gigas can bind tightly to 2’3’-cGAMP (144). In addition, the residues of STING CTT differ across species, resulting in different activation preferences for downstream pathways, including IFN-I response and NF-κB response. These findings indicate that the structure, composition, and function of STING are all changing under selective pressure, but the reasons for these changes are still unknown.

In summary, bacterial CBASS immunity uses the CD-NTase enzyme, a hcGAS homolog, to catalyze the production of diverse nucleotide second messengers, recognized by the bacterial STING-TIR fusion protein to initiate an antiviral response by driving the destruction of NAD+. Although there are many differences in the cGAS-STING pathways of mammals and bacteria, each of the fundamental components that define the human cGAS-STING pathway is functionally and structurally shared within ancient bacterial CBASS immunity. The preserved antipathogen defense from bacteria to humans provides a deeper understanding of how the modern cGAS-STING pathway has been shaped during evolution, providing directions for developing therapeutics for cGAS-STING-related diseases.



Discussion

In the last decade, a series of studies in cytosolic surveillance systems have made fruitful progress and demonstrated a critical role of the cGAS-STING signaling pathway in bacterial infection. Both extracellular and intracellular bacteria activate cGAS-STING signaling in host cells through PAMPs, including bacterial DNA, CDNs, and LPS, or DAMPs, such as cytosolic DNA released from host mitochondria and the nucleus. Structural information about the main molecules of cGAS-STING signaling has uncovered their regulatory mechanisms, ligand-binding sites, conformational changes, intracellular localization, and function in signal propagation. Moreover, unlike its protective effect against viruses, the activity of the cGAS-STING signaling pathway in bacterial infection may not always be protective. In addition to the induction of cell apoptosis by the IFN-I response during F. novicida and L.monocytogenes infection, activation of the cGAS-STING pathway can promote bacterial replication during B. abortus infection and intracellular bacterial survival during S. aureus infection. The cGAS-STING pathway can also affect the outcomes of bacterial infections by participating in the mediation of some important physiological or pathological processes such as blood coagulation and autophagy. The cGAS-STING pathway has also been found in bacteria to defend against phage infection, which provides evolutionary insights into the development of mammalian cGAS-STING signaling and the ongoing host-bacterial arms race.

In addition to the cytoplasm and membrane, hcGAS is also found in the nucleus, easily contact genomic DNA. Structural analysis showed that cGAS is anchored to the nucleosome acidic patch of histone H2A-H2B. Binding to the nucleosome blocks the interaction of cGAS with dsDNA by occupying the strong dsDNA binding surface on cGAS and preventing cGAS dimerization, contributing to the inhibition of cGAS activity. The self-nonself discrimination of host nuclear dsDNA by cGAS can protect the host from autoimmune attack (49, 56, 159). Bacterial cGAS-like enzymes also have easy access to dsDNA, exposed in the cytoplasm without a nuclear membrane. Similarly, the activity of bacterial cGAS-like enzymes is suppressed under normal conditions to avoid the induction of bacterial death by aberrant cGAS activation. The differences and similarities in the mechanism of cGAS inhibition between bacteria and humans remain to be studied.

Despite the current progress, many questions remain to be answered in the future. For instance, can STING mediate physiological or pathological processes other than innate immune responses, such as cell metabolism, independent of cGAS or TBK1, and how are these functions finely orchestrated to maintain cellular homeostasis?

Are there any rules determining whether the cGAS-STING signaling pathway has protective or detrimental effects in various bacterial infections? Does cGAS-STING play different roles in different diseases caused by the same bacteria? Precisely how is STING transported from the ER to the Golgi complex? What is the significance of certain small changes that occurred in the cGAS-STING pathway during evolution? With the resolution of these questions in the future, we expect to effectively control bacterial infection and protect the host from injury by fine-tuning the cGAS-STING signaling pathway.
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The accessory gene regulator (agr) quorum-sensing system is an important global regulatory system of Staphylococcus aureus and contributes to its pathogenicity. The S. aureus agr system is divided into four agr groups based on the amino acid polymorphisms of AgrB, AgrD, and AgrC. The agr activation is group-specific, resulting in variations in agr activity and pathogenicity among the four agr groups. Strains with divergent agr system always have different phenotypes. In the present report, we, respectively, exchanged the agr system of a certain S. aureus with other three agr alleles and assessed the corresponding phenotypes of these congenic strains. Replacement of the agr system led to significant variations in hemolytic activity, protein expression, and virulence gene expression comparing with that of the parental strain. Interestingly, we found that the biological characteristics of these agr congenic strains in the same strain background were highly similar to each other, and the allele-dependent differences of the agr systems were weakened. These findings indicate that the allele-dependent agr predilections of S. aureus are determined by some factors in addition to the polymorphisms of AgrB, AgrD, and AgrC. Future studies may reveal the novel mechanism to improve our understanding of the agr network.

Keywords: Staphylococcus aureus, quorum sensing system, accessory gene regulator (agr) alleles, agr polymorphisms, virulence factors


INTRODUCTION

The accessory gene regulator (agr) quorum-sensing system, a globe transcriptional regulator of Staphylococcus aureus, plays a key role in its pathogenesis and resistance (Bernabè et al., 2021) and has been intensively studied to aid drug and vaccine development (Tan et al., 2018). The agr locus comprises two adjacent transcripts, RNAII and RNAIII, which are controlled by P2 and P3 promoters, respectively (Ji et al., 1995). RNAII is composed of four genes, agrB, agrD, agrC, and agrA (Novick et al., 1995). agrD encodes the propeptide for an autoinducing peptide (AIP). agrB encodes an endopeptidase that is the processor of AIP. AgrC and AgrA, encoded by agrC and agrA, function as a two-component regulatory system. When agr system is activated, AIP propeptide is processed to an octapeptide by AgrB and secreted to extracellular space (Queck et al., 2008). As AIP reaches a threshold, the membrane-bound histidine kinase AgrC autophosphorylates and becomes activated, which leads to the phosphorylation of its cognate response regulator, AgrA (Queck et al., 2008). Phosphorylated AgrA activates the transcription of its own RNAII transcript to produce more AIP and also activates promoter P3 to increase the expression of RNAIII (Queck et al., 2008; Wang and Muir, 2016). The two main intracellular effectors, AgrA and RNAIII, regulate expression of virulence factors and contribute to the pathogenicity of S. aureus (Bronesky et al., 2016). AgrA can activate the synthesis of phenol soluble modulin (PSM) peptides, which are the only known toxins regulated by AgrA (Queck et al., 2008). RNAIII was shown to regulate primarily the expression of many important virulence factors and several transcriptional regulators (Wang and Muir, 2016).

The amino acid sequences of AgrB, AgrD, and AgrC are variable (Supplementary Figure 1), whereas AgrA, RNAIII, and their promoter regions are highly conserved (Supplementary Figure 2). According to the polymorphisms of AgrB, AgrD, and AgrC, the agr system in S. aureus is divided into four types named agrI, agrII, agrIII, and agrIV. Each agr variant produces its own specific AIP, which triggers autoinduction. The heterologous pairing of AIP inhibits the response of other agr types and leads to heterologous mutual inhibition (Ji et al., 1997). The variations of agr specificity may form specific functional units that drive evolutionary diversification in Staphylococcus and also have significant implications for host disease (Wright et al., 2005). Cues between special agr groups and some disease predilections have been reported by previous studies. For example, most of agrII clinical S. aureus strains are isolated from acute infection, and half of clinical methicillin-resistant S. aureus (MRSA) bloodstream isolates are in the agrII group. Menstrual toxic shock syndrome is usually caused by agrIII and agrIV S. aureus (Jarraud et al., 2002), and agrIV strains are associated with exfoliative syndromes and bullous impetigo (Gomes et al., 2005). The agrII and agrIV strains exhibit higher biofilm formation capacity (Khoramrooz et al., 2016). The distributions of certain toxin genes and mobile genetic elements also show agr group specificity (Wright et al., 2005). It has been reported that the specific lineage and geographical distribution of S. aureus may correlate with agr types (Holtfreter et al., 2007). In summary, clinical symptoms caused by some staphylococcal strains are closely associated with their agr subgroups (Traber et al., 2008). However, it is not known whether there are any other factors involved in the agr predilection and agr-specific virulence genotypes of S. aureus in addition to the specific agr type, or the polymorphous AgrB, AgrD, and AgrC.

In this study, we replaced the agr system of S. aureus Newman strain (agrI type) or N315 (agrII type) with different agr alleles. The resulting four congenic strains were assessed for their agrA activity, hemolytic activity, pigmentation, exoprotein expression, and virulence factor expressions.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, Primers, and Growth Conditions

S. aureus strain Newman, an agr group I prototype used as the backbone strain in this study, was originally isolated from a secondarily infected tubercular osteomyelitis lesion (Duthie and Lorenz, 1952). N315, an agrII prototype MRSA with defective agr system, was also used as control background strain (Tsompanidou et al., 2011). MW2 is a prototypical agr group III strain originally isolated from a child with fatal septicemia and septic arthritis (Mei et al., 2011). XQ is a clinical community-associated MRSA belongs to group IV prototype strain isolated from an adolescent patient with staphylococcal scalded skin syndrome (Rao et al., 2015). Escherichia coli strain DH5α was used for plasmid construction and genetic manipulation. All strains were stored in 10% glycerol at −80°C (Supplementary Table 1). E. coli strains were grown in Luria–Bertani broth, whereas S. aureus strains were cultivated in trypticase soy broth (TSB; Sigma) or brain–heart infusion medium (Sigma). When necessary, ampicillin (100 μg/mL) and chloramphenicol (20 μg/mL) were added to the medium. The temperature-sensitive S. aureus plasmid pBT2 and E. coli–S. aureus shuttle plasmid pLI50 kindly provided by Prof. Baolin Sun (University of Science and Technology of China, China) were used for gene mutation and complementation assay, respectively. Transformations of S. aureus strains were performed by electroporation (Bio-Rad Gene Pulser). The primers used in this study were presented in Supplementary Table 2.



Construction of Accessory Gene Regulator Gene Markerless Deletion Mutant

The NewmanΔagrBDC and N315ΔagrBDCA markerless deletion mutants were constructed with pBT2 plasmid using homologous recombinant strategy as described previously (Yuan et al., 2013). Take NewmanΔagrBDC construction as an example, a 803-bp DNA fragment upstream of agrBDC locus was amplified from Newman genome DNA using primer pairs, ΔagrBDC up-for and ΔagrBDC up-rev (Supplementary Table 2). The polymerase chain reaction (PCR) product was digested with HindIII and SalI and subcloned into the same site of pBT2 to obtain plasmid pagrBDCF. Then, a 957-bp DNA fragment downstream of agrBDC locus was amplified and subcloned into the BamHI and EcoRI site of pagrBDCF, yielding the ΔagrBDC knockout plasmid (pagrBDC). The pagrBDC plasmid was identified by restriction enzyme digestion and DNA sequencing and then electrotransformed into S. aureus RN4220 and Newman to construct NewmanΔagrBDC markerless deletion mutant by homologous recombination. The mutants were screened and confirmed by PCR amplification and DNA sequencing. The N315ΔagrBDCA markerless deletion mutant was constructed with similar strategy.



Construction of Accessory Gene Regulator Gene Allele Replacement Strains

The agrBDC fragments of agrII, agrIII, and agrIV were separately obtained from N315, MW2, and XQ by PCR amplification and were, respectively, inserted into the SalI and BamHI sites of pBT2 plasmid to yield pagrBDC-II, pagrBDC-III, and pagrBDC-IV knock-in vectors. Then, these pagrBDC vectors were sequentially introduced into S. aureus RN4220 and NewmanΔagrBDC deletion mutant strain to construct allelic replacement strains via homologous recombination. The substitution of agrBDC fragments of allelic congenic strains was also verified by PCR amplification and DNA sequencing.



Construction of agrBDCA Plasmid Complemented Strains

Full gene DNA of types I through IV agr clusters and their promoters were separately amplified from Newman, N315, MW2, and XQ using the primers described in Supplementary Table 2 and subcloned into the pLI50 plasmid. All positive recombinant plasmids were confirmed by DNA sequencing. Then, these plasmids were, respectively, transformed into E. coli DH5α, S. aureus RN4220, and finally into NewmanΔagrBDC or N315ΔagrBDCA mutant to construct types I–IV agrBDCA genes complemented strains.



Biological Characteristic Analysis

The hemolytic activity, pigment formation, exoprotein production, and gene transcription of agr allelic congenic strains were analyzed to assess the influence of agr system replacement on S. aureus biological characteristics.

For hemolytic activity assessment, overnight culture of each single S. aureus colony was diluted into the same colony-forming units (CFUs) and plated on rabbit’s blood agar plates, followed by overnight growth at 37°C for hemolysis analysis. Furthermore, the hemolytic activity was also evaluated according to the hemolysis of rabbit erythrocytes. As the method described previously (Pader et al., 2014), 100 μL overnight culture supernatant was mixed with 6% rabbit blood in phosphate-buffered saline and then incubated at 37°C for 20 min. The unlysed blood cells were removed by centrifugation, and the erythrocyte lysis was determined with the OD543 values of supernatant.

To evaluate staphyloxanthin production, the diluted overnight inoculation of S. aureus strains was also cultured on TSB plate to assess the effect of agr replacement on pigment formation. Moreover, staphyloxanthin productions were also quantitatively analyzed and adapted from a previously published method (Liu et al., 2018). Cells in 1-mL overnight culture were collected and washed thrice with sterilized water and then resuspended with 200 μL methanol and heated at 55°C for 3 min. After the cells were centrifuged at 10,000 × g for 1 min, the OD462 value of supernatant was detected.

The overnight culture supernatants of S. aureus were collected by centrifugation. Proteins in supernatants were precipitated with trichloroacetic acid and analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) in a 12% polyacrylamide gel.

The change in gene transcription was appraised with quantitative real-time PCR (qRT-PCR). Cells were harvested at 6 h after inoculation, which represent the mid-log phase of the S. aureus growth. The total bacterial RNA was isolated using SV Total RNA Isolation System kit (Z3100; Promega, United States). The contaminated genomic DNA in RNA was degraded with DNaseI. The cDNA was prepared using PrimeScript RT Reagent Kit (RR047A; Takara, Japan) and used for qRT-PCR using GoTaq ® qPCR Master Mix (A6001; Promega, United States) on an ABI SimpliAmp PCR detection system (United States). Specific primers for qRT-PCR (Supplementary Table 3) were designed according to the target gene sequences. All PCR reactions were performed in triplicate, with 16S rDNA as internal control. The relative expression of gene products was normalized to the housekeeping gene 16S and calculated using the 2–ΔΔCT method.




RESULTS


Construction of Congenic Strains Containing Accessory Gene Regulator Alleles

The agr systems were divided into four agr groups named agrI, agrII, agrIII, and agrIV in S. aureus (Wang and Muir, 2016). AgrA is highly conserved, whereas AgrB, AgrD, and AgrC are variable among the four agr groups (Supplementary Figure 1). In this study, S. aureus Newman and N315 were selected for agr congenic strains construction to assess the effects of divergent agr alleles. The whole RNAII transcripts (involved agrB, agrD, agrC, and agrA genes) were allelic substituted to construct congenic strains in N315, whereas only agrB, agrD, and agrC genes were replaced in Newman congenic strains. The congenic strains were constructed via homologous recombination and confirmed by PCR amplification (Figure 1 and Supplementary Table 2) and DNA sequencing.
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FIGURE 1. The identification of agr allelic mutant in S. aureus Newman. (A) The confirmation of agr allele replacement plasmid by restriction enzyme digestion (take type II agrBDC replacement as an example). Bands 1, 2, and 3 are the single (BamHI), double (EcoRI + HindIII), and four (BamHI, EcoRI, HindIII, and SalI) enzymes digestion patterns of agrBDC-II allelic replacement plasmid, respectively. Band 4 is the pattern of empty pBT2 plasmid linearized by BamHI. Bands 5, 6, and 7 are patterns of the PCR amplification products of agrBDC-up (Band5, primers UL + UR), agrBDC-down (Band6, primers DL + DR), and agrBDC-II from N315 (Band7, primers AL + AR) fragments, respectively. (B) The confirmation of agr allelic replacement strains in Newman background by PCR amplification with primers AL + AR (Bands 1, 3, 5, 7) and primers OL + OR (Bands 2, 4, 6, 8). Bands 1–2 refer to the PCR products of NewmanΔagrBDC mutants, Bands 3–4 are the PCR products of the congenic strain harbor agrBDC-II sequence, bands 5–6 refer to PCR products of the congenic strain with agrBDC-III replacement, and bands 7–8 for agrBDC-IV replacement. All primers are shown in Supplementary Table 2.




Effects of Accessory Gene Regulator Alleles on Hemolytic Activity

S. aureus is able to secrete a variety of toxins, such as α-hemolysin, bicomponent leukocidins, γ-hemolysin, Panton–Valentine leukocidin (PVL), β-hemolysin, δ-hemolysin, PSMs, and so on (Cheung and Otto, 2012). These exotoxins have leukotoxic and hemolytic activities and are widely associated with the pathogenicity of S. aureus (Powers et al., 2015; Seilie and Bubeck Wardenburg, 2017). α-Hemolysin, γ-hemolysin, PVL, δ-hemolysin, and PSM belong to pore-forming toxins capable of forming transmembrane aqueous channel and leading to host cell lysis (Reyes-Robles and Torres, 2017). β-Hemolysin is a neutral sphingomyelinase capable of digesting sphingomyelin into ceramide and phosphorylcholine (Vandenesch et al., 2012). The production of hemolysins in S. aureus is tightly regulated, and the agr system plays an important role in this process (Johansson et al., 2019). It was reported that the agr system controls the expression of α-, β-, and γ-hemolysin and PVL by RNAIII and regulates the transcription of δ-hemolysin and PSMs through AgrA (Arya and Princy, 2013; Singh and Ray, 2014). The hemolytic capabilities of S. aureus vary with their agr types. As shown in Figure 2A, the Newman (agrI) and XQ (agrIV) strains have strong hemolytic activities, the MW2 (agrIII) strain showed weak hemolysis, and the N315 (agrII) strain presented the lowest hemolytic toxicity (Figure 2A).
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FIGURE 2. Effects of agr alleles on the hemolytic activities of S. aureus. The overnight cultures of S. aureus strains with the same CFUs were plated on Columbia blood agar plates and grown for 24 h at 37°C. (A) Hemolytic activities of the four wild agr allelic strains: agrI (Newman), agrII (N315), agrIII (MW2), and agrIV (XQ). (B) Hemolytic activities of the wild Newman strain, NewmanΔ agrBDC, and agr genomic in situ replacement mutants of Newman (agrI to agr IV). Hemolytic activities of the wild type, ΔagrBDC mutants and pLI50-agr plasmid complement mutants of Newman (C) and N315 (D). The hemolytic activities of the relative strains were determined by measuring the optical density (OD543).


To assess the effects of different agr alleles on S. aureus hemolytic activity, the agrBDC genes in Newman strain (agrBDC-I) were deleted and in situ substituted with other three agrBDC alleles (agrBDC-II, agrBDC-III, and agrBDC-IV). As expected, the hemolytic activity of the NewmanΔagrBDC strain was significantly lower than that of the wild strain (Figure 2B). The knock-in of type I agrBDC genes back to the genome of NewmanΔagrBDC mutant recovered the hemolytic activity of revertant strain (Figure 2B). Contrary to our expectations, no visible hemolysis and very low hemolytic activity were discovered on three congenic replacement strains harboring heterologous agr systems (Figure 2B). The hemolytic activity controlled by agr system seemed to be severely suppressed when the three heterologous agr alleles were in situ recombined into the genome of NewmanΔagrBDC mutant.

To investigate this further, four recombinant pLI50 plasmids containing types I to IV agrBDCA genes and their promoter sequences were, respectively, transformed into the ΔagrBDC mutant strains of Newman or N315. As shown in Figures 2C,D, the four agr complemented strains showed similar hemolytic activities to each other. The differences in hemolysis across agr groups were significantly weakened in the same Newman or N315 background when compared with the standard agr allelic strains.



Effects of Accessory Gene Regulator Alleles on Pigment Formation

Staphyloxanthin, a carotenoid pigment produced by S. aureus, protects bacteria from neutrophil oxidants (Xue et al., 2019). When the agrBDC sequence was deleted, NewmanΔagrBDC mutant strain lost staphyloxanthin production and formed white colonies (Figures 3B,C). All congenic strains of Newman constructed by genomic replacement or plasmid complemented did not bring back the yellow color of wild Newman strain and showed white colonies (Figures 3B,C). The deletion of genes agrBDCA of N315 did not lead to visible color change (Figure 3D). However, four agr alleles complemented mutants in N315 presented white colonies in contrast to the golden colonies from the wild N315 and N315ΔagrBDCA mutant strains (Figure 3D).
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FIGURE 3. Effects of agr alleles on the pigment formations of S. aureus. The overnight cultures of S. aureus strains with the same CFUs were plated on TSB agar plates and grown for 24 h at 37°C. (A) Pigment productions of the four wild agr allelic strains: agrI (Newman), agrII (N315), agrIII (MW2), and agrIV (XQ). (B) Pigment productions of the wild Newman strain, NewmanΔagrBDC, and agr genomic in situ replacement mutants (R-agrIto agrIV) of Newman. Pigment productions of the wild type, ΔagrBDC mutants, and pLI50-agr plasmid complement mutants of Newman (C) and N315 (D). Pigment productions of the relative strains were determined by measuring the optical density (OD462).


Five genes, crtOPQMN, organized in an operon are responsible for the biosynthesis of staphyloxanthin (Xue et al., 2019). Two colorless farnesyl diphosphate successively catalyzed by five enzymes (CrtM, CrtN, CrtP, CrtQ, CrtO) to yield orange staphyloxanthin. Dehydrosqualene desaturase, CrtN, catalyzes the formation of the first deep yellow-colored carotenoid intermediate product, 4,4′-diaponeurosporene (Wieland et al., 1994). The sigma factor B (SigB) plays an essential role in regulating staphyloxanthin biosynthesis by binding to the promoter that laid in upstream of crtO (Kullik et al., 1998; Pelz et al., 2005). In the present study, the transcription levels of genes crtN and sigB were analyzed and found to be down-regulated in congenic strains when compared with the wild strains, Newman or N315 (Figure 4). It can be inferred that the down-regulated transcriptions of crt operon, especially that of crtN, are responsible for the weaken pigmentations of congenic strains, and the decreased SigB expression may play an important role in these processes.
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FIGURE 4. Effects of agr alleles on the transcriptions of staphyloxanthin biosynthesis–related genes. The relative transcription levels of crtN (A–C) and sigB (D–F) were determined. (A,D) The relative transcription levels of wild Newman strain, NewmanΔagrBDC mutant, and agr genomic in situ replacement mutants (R-agrIto agrIV) of Newman. (B,E) The relative transcription levels of wild Newman strain, NewmanΔagrBDC mutant, and four agr plasmid complemented strains in Newman background. (C,F) The relative transcription levels of wild N315 strain, N315ΔagrBDCA mutant, and four agr plasmid complemented strains in N315 background.




Effects of Accessory Gene Regulator Alleles on Exoprotein Productions

To explore the influences of agr alleles on S. aureus exoprotein expressions, overnight culture supernatants were collected and analyzed by SDS-PAGE. As shown in Figure 5A, each agr type strain has its distinctive exoprotein profiles. Deletion of agrBDC genes led to significant changes in exoprotein expressions of Newman (Figure 5A). The knock-in of agrII, agrIII, or agrIV agrBDC genes did not change the exoprotein expressions of NewmanΔagrBDC; the three allelic strains exhibited similar exoprotein profiles as that of NewmanΔagrBDC mutant (Figure 5A). However, when the four allelic agrBDCA genes were introduced by the pLI50 plasmid, the exoprotein patterns of four agr allelic complemented strains changed, which were highly similar to each other (Figure 5B) but different from those of wild agr allelic strains and the genomic replacement strains (Figures 5A,B). The agr allele–dependent difference in exoprotein expression was diminished when in the same Newman background. The similar results were also observed in N315 (Figure 5C). These complement strains exhibited significantly higher exoprotein expression than wild strains (Figures 5B,C). The two most abundant bands at approximately 25 and 35 kDa were identified as bicomponent hemolysin, α-hemolysin, or serine protease with mass spectrometry (Supplementary Tables 4, 5), which have been demonstrated to be regulated by agr system.
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FIGURE 5. Effects of agr alleles on the exoprotein productions of S. aureus. Overnight culture supernatants of S. aureus strains were collected and analyzed with SDS-PAGE. (A) Exoprotein profiles of the four wild agr allelic strains (agrI/Newman, agrII/N315, agrIII/MW2, and agrIV/XQ), NewmanΔagrBDC mutant and three agr genomic in situ replacement strains in Newman background. (B) Exoprotein profiles of wild Newman strain, NewmanΔagrBDC mutant, and four agr plasmid complemented strains in Newman background. (C) Exoprotein profiles of wild N315 strain, ΔagrBDCA-N315 mutant, and four agr plasmid complemented strains in N315 background.




Effects of Accessory Gene Regulator Alleles on Virulence Gene Regulations

The ability of S. aureus to invade host tissues and cause infections depends on the production of a number of virulence factors. Many of them are regulated by the agr system such as α-toxin, β-toxin, δ-toxin, serine protease, fibrinolysin, PSM, and enterotoxin B (Seilie and Bubeck Wardenburg, 2017). In this study, we sought to examine the effects of different agr alleles on the transcription of virulence factors as hla, hlb, hld, hlg, psmα, psmβ, pvl, and aur (Figure 6 and Supplementary Figure 4).
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FIGURE 6. Effects of agr alleles on virulence gene transcriptions of S. aureus. The relative transcription levels of hla (A–C), hlb (D–F), aur (G–I), and pvlF (J–L) among the four wild agr allelic strains (agrI/Newman, agrII/N315, agrIII/MW2, and agrIV/XQ) (left); agr plasmid complemented congenic strains in Newman (middle); or N315 (right) background were analyzed. Error bars represent the average standard deviation (SD) of three separate experiments.


We found that the transcription of most toxins that are known to be activated by agr system (Bronesky et al., 2016) was now down-regulated in the NewmanΔagrBDC mutant strain; the transcriptional factors and some surface proteins (Foster et al., 2014) that are usually inhibited by agr were now up-regulated. When the agrBDC genes of Newman strain (agrI) were genomically replaced by agrBDC genes from the other three agr alleles, the resulting mutants showed very low agr expression (data not shown). This is consistent with the finding of hemolytic assay, staphyloxanthin formation test, and exoprotein profile analysis. As the agrBDC deletion was complemented by plasmid pLI50, the transcription of agrA and RNAIII of NewmanΔagrBDC returned to the original level of wild Newman (Supplementary Figures 3B,E). While the relative mRNA level of agrA increased 30–50 times and the RNAIII increased about thousand folds compared with that of wild N315 (Supplementary Figures 3C,F), the virulence factor transcription of these allelic complemented strains constructed in the same background varied in the same trend, showing an elimination of agr-dependent difference in identical background (Figure 6 and Supplementary Figure 4). For example, the transcription levels of hla gene of four agr congenic Newman strains increased 15–30 times compared with the wild Newman (Figure 6B), whereas they significantly increased 150–300 times when the four agr alleles were, respectively, complemented in agr defective N315 by plasmid pLI50 (Figure 6C). The hlb mRNA level showed 260- to 990-fold increase in N315 background, whereas only 30- to 72-fold in Newman background (Figures 6E,F). Similar changes were also observed in transcriptions of proteases such as aureolysin-encoding gene (aur, Figures 6H,I) and PVL-encoding gene (pvl, Figures 6K,L). Interestingly, the levels of psmα and psmβ in all the four complemented strains were significantly decreased in the Newman background (Supplementary Figures 4H,K) compared with the wild Newman strain, but increased hundreds or thousands of folds in the N315 background (Supplementary Figures 4I,L).




DISCUSSION

The agr quorum-sensing system is a global regulator in S. aureus and controls the expression of numerous surface molecules, secreted enzymes, and cytotoxins (Ford et al., 2020). The amino acid polymorphisms in AgrB, AgrD, and AgrC separate the agr system into four groups. Strains with divergent agr groups also show different biological phenotypes and virulence factor production. However, the influence factors of the S. aureus agr-specific genotypes and virulence remain poorly understood. To dissect the contributions of four divergent agr alleles on S. aureus biological properties, Geisinger et al. (2012) constructed agr congenic strains by individually inserting different agr allele at the staphylococcal pathogenicity island (SaPI)-1 attC locus site of the same background strain. They found that divergent agr alleles showed different agr activation dynamic and virulence factor production, and the allele-dependent differences are mediated by the polymorphisms in agrBDCA genes (Geisinger et al., 2012). In our study, the agrBDC genes of Newman (agrI) and the agrBDCA genes of N315 (agrII) were, respectively, replaced with those of other three agr groups by in situ genomic substitution or plasmid complementation. As expected, the knockout of agrBDC genes led to significant variations in hemolysis activity, pigment formation, exoprotein expression, and virulence factor expressions of NewmanΔagrBDC mutant. No discernible difference was observed between wild N315 and N315ΔagrBDCA mutant because of the low activity of the N315 agr system under normal condition (Figures 2–6). However, when the three heterologous agr alleles (agrII, agrIII, and agrIV) were individually introduced into the native agr site of NewmanΔagrBDC genome, the hemolytic activity, pigment formation, and exoprotein expression of three congenic strains were almost identical to those of NewmanΔagrBDC mutant. In addition, the agrBDCA and promoter regions of four agr alleles were also introduced into S. aureus ΔagrBDC strain (Newman or N315) by plasmid complementation. The hemolysis, exoprotein expression, pigment formation and virulence gene transcription of these plasmid complemented congenic strains were different from the wild strains harboring divergent agr allele (Newman for agrI, N315 for agrII, MW2 for agrIII, and XQ for agrIV) and background strains (Newman or N315), but exactly similar to each other. According to the findings of our study, the congenic strains present similar biological properties when different agr alleles are individually introduced in the same background strain whether by in situ genomic replacement or plasmid complement. It appears that the agr allele–dependent differences were weakened when in an identical background, which is distinct to the study by Geisinger et al. (2012) Perhaps, there are some other factors involved in the presentation of agr-controlled biological phenotype in addition to the polymorphous in agrBDCA genes.

The agr system is a critical regulatory system in S. aureus. Four allelic variants were reported, and each agr variant mediates the autoinduction of its own AIP (Jarraud et al., 2000). The agr cross-inhibition may drive evolutionary diversification in S. aureus. Our results indicate that cross-inhibition driven by agr polymorphisms may be affected by additional unknown factors in addition to the polymorphous of AgrBDCA proteins. It is well known that the S. aureus agr system can regulate the transcriptions of many genes and also be directly and indirectly controlled by other regulators (Queck et al., 2008). For example, SarA (Arya and Princy, 2013), SarU (Manna and Cheung, 2003), and MgrA (Manna and Cheung, 2006) are reported to up-regulate the expression of the agr system, whereas SigB (Bischoff et al., 2001), SarX (Manna and Cheung, 2006), and CodY (Majerczyk et al., 2010) may lead to the down-regulation of the agr system. The transcription levels of sarA and sigB were analyzed in this study (data not shown). Unfortunately, no direct correlation was observed between the expressions of these regulators and the similar phenotypes of agr allelic congenic strains. More in-depth studies are needed to reveal the putative factors and regulation mechanism, which may improve our understanding of the S. aureus agr system.

Taken together, our results further indicate that diversities of AgrB, AgrD, and AgrC contribute to the allele-dependent differences in agr-regulated activities in S. aureus. Additional unknown factors may also interfere with the agr-regulated phenotypes in S. aureus.
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Supplementary Figure 1 | The amino acids comparisons of AgrB (A), AgrD (B), and AgrC (C) among the four S. aureus agr allelic strains: agrI (Newman), agrII (N315), agrIII (MW2), and agrIV (XQ). The sequences were obtained from NCBI (National Center for Biotechnology Information) database and aligned with the Clustal X and DNAMAN software. The blast results show that the amino acid sequences of AgrB, AgrD, and AgrC are variable.

Supplementary Figure 2 | The comparisons of AgrA (A), RNAIII (B), and promoter sequences (C) among the four S. aureus agr allelic strains: agrI (Newman), agrII (N315), agrIII (MW2), and agrIV (XQ). The sequences were obtained from NCBI (National Center for Biotechnology Information) database (http://www.ncbi.nlm.nih.gov) and aligned with the Clustal X and DNAMAN software. The blast results show that the AgrA, RNAIII, and promoter region are highly conserved among the four S. aureus agr allelic strains.

Supplementary Figure 3 | Effects of agr alleles on agr transcriptions. The total bacterial RNA was isolated in mid-log phase, and gene transcription was appraised with quantitative RT-PCR. The transcription of agrA (A–C) and RNAIII (D–F) among the four wild agr allele strains (agrI/Newman, agrII/N315, agrIII/MW2, and agrIV/XQ) (left) and agr plasmid complemented congenic strains in Newman (middle) or N315 (right) background were analyzed. Error bars represent the average standard deviation (SD) of three separate experiments.

Supplementary Figure 4 | Effects of agr alleles on virulence gene transcriptions of S. aureus. The total bacterial RNA was isolated in mid-log phase, and gene transcription was appraised with quantitative RT-PCR. The transcription of hlgB (A–C), hld (D–F), psmα (G–I), and psmβ (J–L) among the four wild agr allelic strains (agrI/Newman, agrII/N315, agrIII/MW2, and agrIV/XQ) (left); agr plasmid complemented congenic strains in Newman (middle); or N315 (right) background were analyzed. Error bars represent the average standard deviation (SD) of three separate experiments.
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The bold face indicates p-values of variables with significance in either univariate or

multivariate analyses.





OPS/images/fimmu.2021.715559/fimmu-12-715559-g001.jpg
-l '
P=0.0707 P=0.0001 0

smma
e =

TEN (AN IEN LaN TEN (avrmwiaw

TeE ams S XA OGs Ml Tive Siie GELi SO

os





OPS/images/fimmu.2021.715559/fimmu-12-715559-g002.jpg
cxcLoen CXCLY v

cxcLyven

cxeLg

T i

prenapy

e

e e

PR

P






OPS/images/fimmu.2021.715559/fimmu-12-715559-g003.jpg
o e wlan g gais
o orction § exceir ceusw
o o
St o) Survis Mot S o)
oxcien crction 5 ey
oxoron §.  oxaune §
excuot H 3
8 o H
EREIRESEE U urial o) Survat (o)






OPS/images/fimmu.2021.715559/fimmu-12-715559-g004.jpg
A Shannon x Simpson ¢ Pielou

P <0.000 157 P=0.0041 109 P=0.0014

0s]
24 210 >
: £ Zos
H H H
3 3 s 5%
24 05 %
\ 024
o \a
00 00—

Tumor Adjacent normal Tumor Adjacent normal Tumor Adjacent normal

o ACE . Choa * Pd-whole Tree
151 P <0.0001 10004 P <0.0001 804 P<0.0001
L 60-
210 > z
3 g I
2 2 29
3 3 o 3
T, ? I
200- -
. ol o

Tumor Adjacent normal Tumor Adjacent normal Tumor Adjacent normal





OPS/images/fmicb-12-723152/fmicb-12-723152-g008.jpg
\

H N E §

o~
@
O 00 0O
HUHHNE

MDD






OPS/images/fimmu.2021.715559/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.760475/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.775526/table1.jpg
Liver disease

Hepatitis B

NASH

NAFLD

AlH

PSC

PBC

Liver cirrhosis

Liver cirrhosis with HE

ACLF
HCC

Organism

Bifidobacteria/Enterobacteriaceae |

Bacteroides 1, Prevotella |, Ruminococcus 1
High-alcohol-producing Klebsiella pneumoniae 1

Veillonella dispar 1

Veillonellat

Microbial diversity |, Faecalibacterium |

Enterobacteriaceae 1, Streptococcaceae 1, Lachnospiraceae |
Enterococcust, Veilonella 1, Megasphaera t

Burkholderia 1, Roseburia 1

Lachnospiraceae + Ruminococcaceae + Veillonellaceae + Clostridiales Cluster XIV/Enterobacteriaceae + Bacteroidaceae |
Actinobacteria 1, Verrucomicrobia |

Reference





OPS/images/fimmu.2021.775526/im2.jpg





OPS/images/fimmu.2021.775526/im1.jpg





OPS/images/fimmu.2021.775526/fimmu-12-775526-g005.jpg
HN

Cellulose

|

NH2

Tryptophan

o

I~

OH <
o HO - o OH OH
Ho O\W — Acetate o Propionate% GPR41/43 —>
o OH n T /\)KOH

Gut microbiota

|

—

Butyrate

R
; /] —> AhR/PXR —>

HN

Indoles

Gut barrier function
e TIP

e ZO-1

¢ Claudin-1

Metabolic homeostasis
e GLP-1
« PYY

Immune regulation






OPS/images/fimmu.2021.775526/fimmu-12-775526-g004.jpg
Small intestine Large intestine

Gut microbiota 0%
00

oogg) Gut microbiota @eg ____________ > o0
Conjugated BAs Deconjugated BAs Prim(:u?y BAs eco%?lary BAs
- \ = - - //
0° @O S = Q@@G R 0@
®$ Primary BAs
Liver tumor & Ozgc? e ' LSECs
NKT Cell CXCL16
Hepatocyte < Cholangiocyte <
' Liver injury TGR 5 Biliary pH
regulation

FGFR4  Proliferation
\ éI]\ l / /
Foamly |\ 02820 HCO, and CI
& ©o Oooo
Bile secretion

(]
\/ FXR@ BAs overload
CYP7AL , i
&
‘&;"\

| 000O
\ o O - @@@@0 {
( rimary BAs ) ici
(. Cholesterol ! Baeicity TGR 5 0\ \L .
| | f ° A\ )>__J/
< y Q N\ m’/ Bl
y BSEP " /> Oooé; o~ ) — W’"’;’
/ \ — Q. /
‘ 03 Hydrophilic BAs e \/ TGF >
S - ee (- TNFa D
- - ) . / ‘
" Secretion Hydrophobic BAs - c—— | \ )
- QJ‘ \—
Kupffer cell

]§ile canaliculus





OPS/images/fimmu.2021.775526/fimmu-12-775526-g003.jpg
Acute liver
Q —7 injury/failure

Hepatocyte necrosis \

9% ——> + Neutrophil activation
TNF-a » Caspase activation

\
LPs-TLR4OM<

Kupffer cell

* Impaired RES activity
* Increased sensitivity to LPS

%o
LPS-TLR4 */é 28 IL-6 T\
[0) OD

Kupffer cell IL-6/sIL-6R

\/ XI
: ,./ Hepatic

stellate cell

Op0

Remnant HGF

@ @ hepatocyte
3 !

LPS @ Hepatocyte
proliferation
Gut microbiota X’
Liver regeneration

Premalignant & « Continuous exposure to LPS
hepatocytes

Liver cirthosis HCC promotion \ o J *
[0
00 < / Kupffer cell

N

Hepatic \ .:.’.

Epiregulin (@ &

Liver fibrosis ( - ' stellate cell

Deposition of ECM

Myofibroblast





OPS/images/fimmu.2021.775526/fimmu-12-775526-g002.jpg
— —

Probiotics/prebiotics

Chemicals | ‘ ; ‘ T I Hepatectomy

Oral antibiotics a

FMT

4

/ fColon —|

% resection
’

— dOv
Liver injury Liver regeneration






OPS/images/fimmu.2021.715098/fimmu-12-715098-g005.jpg
A O ey ECOLELERSL  LORE






OPS/images/fimmu.2021.715098/fimmu-12-715098-g006.jpg
ECOLsNAC NAC

: :
. :
: :






OPS/images/fimmu.2021.715098/fimmu-12-715098-g007.jpg





OPS/images/fimmu.2021.715098/fimmu-12-715098-g001.jpg





OPS/images/fimmu.2021.715098/fimmu-12-715098-g002.jpg





OPS/images/fimmu.2021.715098/fimmu-12-715098-g003.jpg





OPS/images/fimmu.2021.715098/fimmu-12-715098-g004.jpg





OPS/images/fimmu.2021.715559/table2.jpg
Variables

Univariate p Multivariate Univariate p Multivariate
HR 95% Cl P HR 95% CI P

Age, years (>58/<58) 0.764 NA 0.971 NA
Gender (female/male) 0.724 NA 0.601 NA
Tumor stage (pT4/pTis + pT1 + pT2 + pT3) 0.133 NA 0.114 NA
Nodal status (pN1 + pN2/pNO) 0.997 NA 0.997 NA
Distant metastases (Pos/Neg) 0.002 9.633 2.269-40.895 0.001 <0.0001 14.048 1.489-6.933 <0.0001
Differentiation(H + M/L) 0.535 NA 0.086 NA
CXCLOhigh/CXCLYj0w tumor 0.048 0.205 0.043-.988 0.062 0.032 0.443 0.265-.742 0.065
CXCL10rign/CXCL 1010 tumor 0.715 NA 0.957 NA
CXCLA11igh/CXCL1 1,0 tumor 0.377 NA 0.256 NA
CCL5pigh/CCL 50w tumor 0.326 NA 0.957 NA
CXCLOigh/CXCLYjow, peri-tumor 0.377 0.205 0.043-.988 NA 0.092 NA
CXCL10righ/CXCL 1010w peri-tumor 0.326 NA 0.957 NA
CXCL11ign/CXCL1 110, peri-tumor 0.377 NA 0.256 NA
CCL5ign/CCL5 0w Pefi-tumor 0.357 NA 0.092 NA
Location (rectal/colon) 0.564 NA 0.630 NA

Cox proportional hazards regression model; variables associated with survival by univariate analysis were adopted as covariates in multivariate analyses.
OS, overall survival; DFS, disease-free survival; HR, hazard ratio; Cl, confidence interval; NA, not applicable; Pos, positive; Neg, negative.
The bold face indicates p-values of variables with significance in either univariate or multivariate analyses.
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Patient characteristics Group 1 Group 2 Group 3
No. of patients 136 29 101
Age, years (median, range) 64, 21-88 64, 29-79 64, 21-88
Gender (male/female) 81/55 19/10 58/43
Tumor (T) stage (pTis + pT1 +pT2 + pT3/pT4) 43/93 19/10 28/73
Nodal (N) status (Negative/Positive/Nx) 61/74/1 18/11 46/54/1
Distant metastases (M) (None detected/Present) 125/11 18/11 94/7
Dukes’ stage (A + B/C + D) 60/76 17112 46/55
No. of lymph nodes analyzed (median, range) 10, 1-27 14, 4-26 15, 0-40
Differentiation (Well/Moderate/Poor) 3/81/52 3/15/11 2/56/43
MSI status (MSS+MSI-low/MSI-high) 126/10 27/2 95/6
Location (right side of colon/transverse colon/left side of colon/sigmoid colon/rectum) 16/12/35/26/48 6/1/4/5/13 27/10/15/16/33
Mucinous (colloid) adenocarcinoma (No/Yes) 0/136 0/29 0/101

Nx, Nodal status cannot be assessed in one patient.

Group 2 patients are included in immunohistochemistry and immunofiuorescence analysis.
Group 3 patients are included in gut microbiota analysis.

Both Group 2 and Group 3 are included in Group 1, the total patient group.
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ssefE

invE
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ssaP
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spaR
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prgH

hilD
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fliC
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Sequences (5'-3')
F: TGTTGTTCCCACCCTC
R: AGCATCTTGCCTCCTG
F: CTGGCATCAAAGTATCC
R: TGACGCTGTTGTAGGG
F: TCATTGCCGTGGTTATCG
R: AAGCAGGCCAGCGTGTA
F: CAGGGCTTTGGGTTTG
R: TAGCACGGCTCGGTTT
F: TCACCTACATCCAAGAAGACA
R: CCCATTCCCAGGTAAACTC
F: CAAACCTGGTATGGCACT
R: GCACTTCTTTTGGAGGC
F: ACAGCCATCGCTCACCT
R: GCTTTTGGGATTCTTCGT
F: GCATCGGAGGGATAAGG
R: TGGTCGGTGCAGTTGTT
F: ATTTGGTGGGGACGGT
R: GCGACTTCTCATCCTTTCA
F: GAAGAGCATCAGCAAGGC
R: TGCTTCACCCTCCCATT
F: CAGGACCTCGTGAAACC
R: GCTGGGGAAGGAGAAGAT
F: CAGAAATCAAGGACACGG
R: AGTCAATAATGCCACGCT
F: TGCTAAGCGTGTCATCATCT
R: AGTGGTCATAAGACCCTCCA
F: GAATCAGCCCAATAGGATAG
R: ACCAGTTCGCTCAGACAGA
F: AGCCATGCTACGCAGGAAA
R: GATGCTCGGCGGATAAAACT
F: TCCCGGCAGACATCTCAT
R: AAGCCTCATCCTCCAGCAC
F: TCTGGCGGCAAGGACAATA
R: GAAAGAGGTGGAGAACAAC
F: CTTTGGTCGTCCCCTTGA
R: TACCCACTCGTTGCCCTTC

F: GTTGAGGGAAGTCTTGGGTT
R: ATGGGTAATGCCTGGTGC

F: ATGCTGGCAG AAAAGGCATTC

R: CATAGGCAAGACAAGGCT
F: CATCGCCTCAAGCCTCT
R: CGCTTTCTCGGTCAGTT
F: CTCCGCAAATGAACGCTT

R: CCTCGCTCGTAAAACCAACT
F: CGAACCACCACTACCAACAA
R: GAAAATAGGACGCTGACGAG
F: TGGAAGGATTAGGCGTCG
R: CCTGGGTAAAGAGTTTGCTG
F: GCTGTGAGTTTCCATTGCTG
R: CCGACCTGTATTGGCGTATT

F: CAGACTCAGCAGGTTACCATCA

R: GTCGTTGCGTCGGTATCTC
F: GATTCTGGTGGTTGATGACG
R: GATGGAAAGATTCACGGGTC
F: AGCATCCCTTCTATCAGCG

R: GCCCAAATAAAGCACCGT
F: ATTGAGCGTCTGTCCTCTGG
R: GATTTCATTCAGCGCACCTT
F: CCATTCGACTAACAGCAGCA
R: CGGTCGTACCGGCTTTATTA

F: GCATGACTTCGTCAGAACCA
R: GGTCTATCAGTTGCCGGAAG

Accession number

XM_013109782.3

XM_005030336.5

XM_038173244.1

XM_027442951.2

XM_038183055.1
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XM_013102263.4

XM_013099438.3

XM_013102273.4

XM_038167306.1

XM_027464860.2

XM_013103783.4

XM_038180584.1

AMO33172.1

AMO33172.1

AMO33172.1

AMO33172.1

AMO33172.1

AMO33172.1

AMO33172.1

AMO33172.1

AMO33172.1
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Term

Cytokine-cytokine receptor interaction
Toll-like receptor signaling pathway
Cytokine-cytokine receptor interaction
ECM-receptor interaction
Cytokine-cytokine receptor interaction
ECM-receptor interaction

Metabolic pathways

Biosynthesis of amino acids

Valine, leucine and isoleucine degradation
Tryptophan metabolism
Cytokine-cytokine receptor interaction
Wnt signaling pathway
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DNA replication
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Nitrogen metabolism
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Bacterial secretion system

Count
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0.030.03
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KEGG pathway analysis was performed with DAVID.
p-value < 0.05 was considered to be statistically significant.
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Bacterial
microorganisms

Concentration
(rg/mL)

Inhibition rate at
24 h (%)

Inhibition rate at
36 h (%)

Chromobacterium
violaceum 12472

Pseudomonas
aeruginosa PAO1

Pseudomonas
aeruginosa ATCC
27853

Pseudomonas
aeruginosa ATCC
9027

PAO3401

Acinetobacter
baumannii 17978

Escherichia coli
25922

Salmonella

typhimurium 14028

MRSA TCH1516

8
16
32

128
256
512
128
256
512
128
256
512
128
256
512
32
64
128
64
128
256
32
64
128
128
256
512

68.84 + 2.21**
73.10 £ 5.42*
74.75 £ 3.10™
40.43 £ 0.72
56.49 + 2.94**
56.84 + 3.36™"
33.06 + 16.10*
40.02 + 9.06"*
46.08 + 6.62**
24.66 + 7.88™
31.79 £ 9.92
46.73 £ 9.02
8.34 +0.87*
22.40 £ 3.14™
33.07 + 2.93"
36.81 £ 6.65™"
37.68 + 4.85™
54.08 + 6.88""
14.85 £ 1.59
17.06 £ 6.89
16.47 £7.92
26.36 + 3.55™"
39.17 + 0.68
45.27 + 4.48™
240+ 7.14
16.21 £ 8.42
26.31 + 6.03"

61.83 + 5.46™
71.33 £ 4.21*
73.75 £ 1.28*
32.73 + 5.88*
59.04 + 6.64"
74.70 + 4.00
31.04 + 17.35"
44.24 +1.99"
67.94 + 0.49"
25.33 + 13.31*
30.27 £ 3.20"
30.85 + 11.36™
57.31 £ 9.63"
67.34 + 4.86™
72.52 +£0.84"
23.55 £ 5.06™
23.40 + 5.55"
20.22 + 5.03*
24.78 + 3.86™
23.39 + 11.28*
27.18 £ 8.14"
34.06 + 11.32"
39.564 + 7.00*
43.32 + 11.06™
10.35 £ 7.96
12.11 £8.36
17.88 £ 9.68

*P < 0.05; P < 0.01 vs. Control. Values represent means + SD (n = 3).
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Class

dGCs

Key genes/pathologic factors

TNFRSF1A, CD40, CCR5, CCR7, CXCR4, EGF, EGFR, PDGFRA, IL1R1, TGFBR2, ACVR2A, TNFRSF10A_B,
IL1RAP, CSF2RB, CSF3R, IL23R, CSF2RA, IL2RB, IL2RG, CSF1R, IL10RA, IL20RA, IL22RA1, IL22RA2,
IFNLR1, TNFRSF1B, TNFRSF4, TNFRSF6B, TNFRSF8, TNFRSF13B, TNFRSF18, TNFRSF21,IL18R1, IL12B,
IL15,IL19, TNFSF8, CCL19, CXCL13, CCL5, CCL4, CCL21

SlyA, ssrB, hfq, csrA, smpB, ssrA, rpokE, himD, crp, hnr, envZ, ompR, fruR, hilD, hnr, ropS

sseL, sseB, spiC, ssaM, ssaV, purA, aroA, ttrB, fliC, BPSS 1504

ssad, sseC, ssaC, ssal, ssakK, ssaT, sseE, ssak, ssaS, ssaU, ssalN, ssaQ, sseD, ssaP, ssal, ssef, sscB, lon,
invE, sifA, spaR, sipB, prgK, prgH, sipA, yscR

Function

Cytokine—cytokine receptor
interaction

Regulators of systemic infection
Pathogenicity island/component
Type lll secretion
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dGCs

DEGs

IL22RA1, IL23R, TNFSF4, IL7, IL18,
TNFRSF13B, TNFRSF8, CCL19, IL15,
TNFRSF4, TNFSF8, TNFRSF1B, CCR7,
TNFSF11, IL20RA, TNFRSF18, CSF3R,
TNFRSF19, IL2RG, NGFR, IL13RA1,
IL18R1,IL1R2, IL6, IL21R, TNFSF15,
CD40, IL7R, AMH, TNFRSF9, TNFRSF11B,
TNFSF10, CCL20, CXCL14

fliC, ttrB, pagC, ompR, pagO, narG, SsrA,
ssrB, pagC, htrA, ompC, pids

ssaU, yscR, ssaV, ssad, ssaC, tolC,
BPSS1504, ssal, ssaK, sseD, sseC, ssal

Function

Cytokine—cytokine
receptor interaction

Two-component
system

Bacterial secretion
system
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Author Patient Group Age Epilepsy Intervention Key Finding
Type
Xie et al. EP (n = 14) vs. HC (n = 30) EP:1.95+83.10  Refractory KD for 1 Healthy group: 1Bacteroidetes;tActinobacteria
(40) HC: aged up to 3  epilepsy week Refractory group: 1 Proteobacteria, 1 Firmicutes
years KD treated group: 1Bacteroidetes; | Proteobacteria, Cronobacter

Zhang etal. EP (n=20) EP: median age  Refractory KD for 6 After KD treatment: |Alpha diversity;1Bacteroidetes, | Firmicutes
(61) is 4.3 years epilepsy months In the non-responsive group: specific gut microbiota is enriched
Lindefeldt Children with epilepsy (1 =12)  EP: 2-17 years Refractory KD for 3 Parents group:1Bacteroidetes, Proteobacteria; | Actinobacteria,
et al. (62) vs. parents (n = 11) epilepsy months Firmicutes,

After KD treatment: tProteobacteria (E. coli);|Actinobacteria, Dialister,

Bifidobacteria, and E. rectale;

Alpha diversity does not change significantly

Function: Changes in 29 SEED subsystems
Gongetal. EP(n=12)vs. HC(n=12) EP: 2-8 years Refractory KD for 6 DR group: tAlpha diversity; tActinobacteria, Enterococcus,
(63) epilepsy months Anagrostipes, Bifidobacterium, Bacteroides, and Blautia

KD, ketogenic diet; EP, patients with epilepsy; HC, health control group.

After KD: 1Subdoligranulum, Dialister, Alloprevotella;
|Bifidobacterium, Akkermansia, Enterococcaceae, Actinomyces
In the non-responsive group: some taxa are more prevalent
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Author Year Type of experimental Patient Group Age Key Findings

design
Gong et al. (35) 2020 Cross-sectional study  Exploration Cohort EP: 26.33+ 12.05 HC: a typical human diversity profile
(n=55 EP and n = 46 HC: 28.5 + 4.27 EP: lower alpha diversity;
HC) and Validation Phylum:tActinobacteria and Verrucomicrobia; | Proteobacteria
Cohort (0 =13 EP and Genus:tPrevotella_9, Blautia, Bifidobacterium
n=10HC) DRE:
Phylum: tActinobacteria, Verrucomicrobia, and Nitrospirae
Genus:1Blautia, Bifidobacterium, Subdoligranulum, Dialister,
and Anaerostipes
Safak et al. (36) 2020 Cross-sectional study Idiopathic focal epilepsy  EP:41.3 + 12.2 HC:tFirmicutes (Blautia, Coprococcus, Faecalibacterium, and
(n=30)and HC (n=10) HC: 1.7+6.8 Ruminococcus), Bacteroidetes (Bacteroides and
Parabacteroides), Actinobacteria (Bifidobacterium and
Collinsellagenus)
EP:1Proteobacteria (Campylobacter, Delftia, Haemophilus,
Lautropia, Neisseria), Fusobacteria
Peng etal. (37) 2018 Cross-sectional study DRE (n =42), DSE (n= DRE: 28.4 + 12.4 DSE and HC: tBacteroidetes;
49), HC (n = 65) DSE: 5.1 + 14.6 DRE group: | Bacteroidetes, tFirmicutes, and
HC: 29.4 + 13.8 1Verrucomicrobia
Lee et al. (38) 2020 Prospective study Intractable epilepsy (n = EP:3.49 +1.76 EP:|Bacteroidetes, Proteobacteria; t Actinobacteria
8), HC (n = 32) | Microbiota richness indices
Biomarkers for intractable epilepsy:1E. faecium, B. longum, E.
lenta;1ABCT
Lee et al. (39) 2021 Prospective study DRE (n = 23) vs. DSE DSE: 44 +17.2 DSE:1Bacteroides finegoldii, Ruminococcus_g2
(h=21) DRE: 41 + 13.6 DRE:1Negativicutes
Alpha and beta diversities: no significant difference between the
two groups
Epilepsy patients with a normal EEG: 1Bifidobacterium
Epilepsy patients with a normal MRI: tBacteroides finegoldii
Xie et al. (40) 2017 Prospective Refractory epilepsy EP:1.95+3.10 HC:1Bacteroidetes, tActinobacteria
observational study (n=14)vs. HC (n =30) HC: aged up to 3years  EP:1Proteobacteria, Firmicutes

DRE, drug-resistant epilepsy; DSE, drug-sensitive epilepsy; EP, patients with epilepsy; HC, health control group.
Patients age was expressed as the mean + SD according to the normality of distribution.
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Key findings

Gungor B, 30 patients vs. 10 controls 16S rRNA (V4)
etal. sequencing
(2016) .
(108)

Zhang C, 43 patients vs. 23 controls 16S rRNA (V3-V4)
etal sequencing
(2018) .
(109)

Lin R, et al. 23 patients vs. 23 controls 16S rRNA (V3-V4) -«
(2020) sequencing
(110) .

LiJ,etal. 32 patients (7 acute SCland  16S rRNA (V4) .

(2020) 25 long-standing SCI) vs. sequencing
(111) 25controls
Bazzocchi 100 patients 16S rRNA (V3-V4) -«
G, etal. sequencing
(2021)
(112) .
YuB, etal. 45 patients (21 complete 16S rRNA .
(2021) thoracic SCI and 24 sequencing
(113) incomplete thoracic SCI) vs.

24 controls .
Kigerl KA, T9 contusion mice model 16S rRNA (V4-V5) -
et al. sequencing
(2016) (25)
O’'Connor  T9 contusion rat model 16S rRNA (V4) .
G, et al. sequencing
(2018) .
(114)
Myers SA,  T9 contusion mice model 16S rRNA (V4) .
etal sequencing .
(2019)
(115)
Jing Y, T10 contusion mice model 16S rRNA (V3-V4) -
etal. sequencing
(2019) .
(116)
Schmidt C5 contusion rat model 16S rRNA (V4) .
EKA, et al. sequencing .
(2020)
(117)
Jing Y, T10 contusion mice model 16S rRNA (V4) .
etal. sequencing &
(2021) HPLC-MS
(118) .
Schmidt C5 contusion rat model 16S rRNA (V4) .
EKA, et al. sequencing
(2021) .
(119)
Doelman T2 or T10 contusion pig 16S rRNA (V3-V4)
A, et al. model sequencing
(2021)
(120) .
Rong Z, T10 contusion mice model - .
et al.
(2021)
(121) .
Du J, etal. T4 or T10 contusion mice genome- and .
(2021) model gene-resolved
(122) metagenomic .

analysis .

16S rRNA, 16S ribosomal RNA.
HPLC-MS, high-performance liquid chromatography-mass spectrometry.

Marvinbryantia was significantly lower in the upper motor neuron (UMN) bowel dysfunction group
than in the lower motor neuron (LMN) group after spinal cord injury(SCI).

Compared with healthy groups, Roseburia, Pseudobutyrivibrio, and Megamonas were
significantly lower in the LMN bowel dysfunction group; the abundances of Pseudobutyrivibrio,
Dialister, and Megamonas genera were significantly lower in the UMN bowel dysfunction group.
SCl contributed to the increased abundance of Veilonellaceae and Prevotellaceae and the
decreased abundance of Bacteroidaceae and Bacteroides.

The abundance of Bacteroidaceae and Bacteroides in the quadriplegia group and
Acidaminococcaceae, Blautia, Porphyromonadaceae, and Lachnoclostridium in the paraplegia
group were significantly higher compared to the healthy male group.

Following SCI, the gut microbiota composition was significantly associated with serum
biomarkers (glucose, high-density lipoprotein, creatinine, and C-reactive protein), neurogenic
bowel dysfunction defecation time, and course.

There were no significant differences in the a-diversity indices of the fecal microbiota between the
SCl and control groups.

The abundances of Parabacteroides, Alistipes, Phascolarctobacterium, Christensenella,
Barnesiella, Holdemania, Eggerthella, Intestinimonas, Gordonibacter, Bilophila, Flavonifractor, and
Coprobacillus were higher in the patients with SCI than those in the healthy control.

Compared with the controls, SCI patients had higher abundances of the Erysipelotrichaceae,
Acidaminococcaceae, Rikenellaceae, Lachnospiraceae, Rikenellaceae, the Ruminococcaceae
families.

The long-standing SCI patients had higher abundances of Lachnospiraceae and Eggerthellaceae,
and lower abundances of Campylobacteraceae than the controls.

The acute SCI has a higher abundance of the Desulfovibrionaceae family than the controls.

The SCl-induced gut microbiota composition showed distinct dysbiotic signatures with an
enriched in potentially pathogenic, pro-inflammatory, and mucus-degrading bacteria and a
decreased abundance of short-chain fatty acids (SCFAs) producers.

The gut microbiota dysbiosis is very likely secondary to injury and closely related to the lesion’s
degree of completeness and severity after SCI.

Compared with healthy individuals, Actinobacteria and Synergistetes were significantly enriched in
patients with complete thoracic SCI. Similarly, Bacteroidetes, Cyanobacteria, and Proteobacteria
were significantly lower in patients with incomplete thoracic SCI than healthy controls.
Coriobacteriaceae, Synergistetes, Eubacterium, and Cloacibacillus, were significantly increased in
patients with complete thoracic SCI, while Lactobacillaceae, Lachnospiraceae, Eubacterium,
Clostridium, and Sutterella, were significantly increased in patients with incomplete thoracic SCI.
SCl increased intestinal permeability and bacterial translocation from the gut, associated with
immune cell activation in gut-associated lymphoid tissues (GALTSs) and the altered gut microbiota
composition.

In naive mice, gut dysbiosis induced by oral delivery of broad-spectrum antibiotics before SCI
exacerbated neurological impairment and spinal cord pathology after SCI.

SCl mice treated by commercial probiotics (VSL#3) enriched lactic acid-producing bacteria,
triggering a protective immune response in GALTs and conferring neuroprotection with improved
neurological recovery.

Lactobacillus intestinalis, Clostridium disporicum, and Bifidobacterium choerinum were enriched,
while Clostridium saccharogumia was depleted following SCI.

Levels of interleukin-1B(L-1B), IL-12, and macrophage inflammatory protein-2 significantly
correlated with changes in B diversity 8-weeks post-SCl.

SCl led to an increased abundance of Proteobacteria.

The absence of Pdedb improved white matter sparing and recovery of hindlimb locomotion
following SCI. Moreover, SCl-induced gut dysbiosis, bacterial overgrowth, and endotoxemia were
also reduced in Pde4b”” mice.

Daily intraperitoneal injection with melatonin improved enhanced barrier integrity and
gastrointestinal motility, reduced proinflammatory cytokines, and promoted locomotor recovery.
Melatonin-treated SCI animals decreased the abundance of Clostridiales and increased the
quantity of Lactobacillales and Lactobacillus.

Before surgery, gut dysbiosis induced by broad-spectrum antibiotics exacerbated neurological
impairment following SCI, and melatonin treatment improved locomotor recovery and intestinal
integrity in antibiotic-treated SCI mice.

SCl-induced dysbiosis increased symptoms of anxiety-like behavior.

Fecal microbiota transplantation (FMT) prevented SCl-induced dysbiosis and the development of
anxiety-like behavior.

FMT-treated SCI mice facilitated functional recovery, promoted neuronal axonal regeneration, and
enhanced intestinal barrier integrity and gastrointestinal motility, which short-chain fatty acids
(SCFAs) and Nuclear Factor-xB (NF-xB) signaling may mediate.

Butyricimonas were reduced in SCI mice, and FMT significantly reshaped gut microbiota.
Minocycline had a profound acute effect on the gut microbiota diversity and composition after
SCl.

Gut dysbiosis following SCI has been linked to the development of anxiety-like behavior, which
was also alleviated by minocycline.

Although minocycline attenuated SCl-induced microglial activation, it did not change the lesion
size or promote neurological recovery.

In the acute phase (<14d post-SCl), Proteobacteria, Tenericutes, Epsilonbacteraeota, and
Cyanobacteria decreased compared to the controls while Bacteroidetes, Firmicutes, and
Spirochaetes were enriched.

In the sub-acute phase (>14 days post-SCl), the abundance of Spirochaetes, Cyanobacteria, and
Proteobacteria remained statistically significantly different from the controls.

The levels of pro-inflammatory cytokines tumor necrosis factor-o., IL-1B, and IL-6 in SCI mice
were increased, while the levels of anti-inflammatory factors IL-4, transforming growth factor-B,
and IL-10 were decreased.

Gut microbiota dysbiosis aggravated SCI by activating the toll-ike receptor 4(TLR4)/myeloid
differentiation factor 88 (MyD88) signaling pathway.

The abundance of Lactobacillus johnsonii and CAG-1031 spp. decreased, while Weissella
cibaria, Lactococcus lactis_A, Bacteroides thetaiotaomicron were enriched after SCI.
Microbial-mediated biosynthesis of tryptophan, vitamin B6, and folate was reduced after SCI.
1028 mostly novel viral populations were recovered, which expanded known murine gut viral
species sequence space.

Phages of beneficial commensal hosts, including CAG-1031, Lactobacillus, and Turicibacter,
decreased, while phages of pathogenic hosts, including Weissella, Lactococcus, and class
Clostridia, increased after SCI.
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Mahajan C, 101 patients - All organisms belonged to the Proteobacteria phylum, especially Enterobacteriaceae forming the largest

et al. (2021) group after traumatic brain injury (TBI).

(90) TBl is associated with widespread colonization with Proteobacteria as early as 48 hours after injury.

Hou Y, etal. 24 patients vs. 10 16S rRNA The abundances of Enterococcus, Parabacteroides, Akkermansia, and Lachnoclostridium were significantly

(2021) (91)  controls; surgical sequencing & increased, whereas the relative abundances of Bifidobacterium and Faecalibacterium were decreased in the

brain injury (SBl) rat  HPLC-MS patients with TBI.

Oral administration of brain protein combined with probiotics alleviated inflammatory gut damage by
affecting tryptophan-related pathways.

Treangen controlled cortical 16S rRNA (V3- At a high-level view, the abundances of Marvinbryantia and Clostridiales were significantly changed after

TJ, et al. impact (CCI) mice
(2018) (92)

LiH, etal. weight-drop impact
(2018) (93)  (WDI) mice

Simon DW,  CCl mice
et al. (2020)

(89)

Angoa- WDI mice
Pérez M,

et al. (2020)

(94)

Opeyemi CCl mice model
OM, et al.
(2021) (95)

DuD,etal. CClrat

(2021) (96)
You W, lateral fluid

etal. (2021) percussion injury
97) mice model

Celorrio M, CCl mice
et al. (2021)
(98)

V4) sequencing

16S rRNA (V4)
sequencing

16S rRNA (V4)
sequencing

16S rRNA (V4)
sequencing &
HPLC-MS

16S rRNA (V3-
V4) sequencing
& HPLC-MS

16S rRNA (V3-
V4) sequencing
& HPLC-MS

PCR

TBI.

Lactobacillus gasseri, Ruminococcus flavefaciens, and Eubacterium ventriosum were decreased at the
species level, while Eubacterium sulci and Marvinbryantia formatexigens and were increased after TBI.
Clostridium butyricum treatment improved neurological deficits, brain edema, neurodegeneration, and
blood-brain barrier impairment.

Clostridium butyricum treatment increased tight junction proteins, p-Akt, and Bcl-2 and decreased
expression of Bax.

Mice treated by Clostridium butyricum showed an increased intestinal Glucagon-like peptide 1(GLP-1)
secretion and upregulated the expression of cerebral GLP-1 receptor.

Mice receiving pretreatment of ampicillin, metronidazole, neomycin, and vancomycin(AMNV) before surgery
increased CA1's density of hippocampal neuronal and reduced Iba-1 positive cells at 72 h after TBI.

Mice pretreated by AMNV alleviated associative learning deficit and decreased lesion volume after TBI.

An early increase in microglial activation persisted from 0-day to 90-day post-injury, compounded by
substantial increases in astrocyte reactivity and phosphorylated tau.

Few differences in the microbial community were observed in mice exposed to repetitive, mild TBI (rmTBI).
The progressive emergence of white matter damage and cognitive deficits following rmTBI was not
associated with the altered gut microbiota.

Bacteria from Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae families were depleted, while
bacteria from the Verrucomicrobiaceae family were enriched.

Fecal SCFAs such as acetate were reduced at 7 days and 28 days following TBI; SCFAs administration
improved spatial learning after TBI.

TBI induced significant changes in the gut microbiome, including the alpha- and beta-bacterial diversity and
the microbiome composition at 8 days after TBI. Fecal microbiota transplantation (FMT) could rescue these
changes and relieve neurological deficits after TBI.

Metabolomics results showed that the level of trimethylamine (TMA) in feces and the level of trimethylamine
N-oxide (TMAO) in the ipsilateral brain and serum was increased after TBI. At the same time, FMT
decreased TMA levels in the feces and TMAO levels in the ipsilateral brain and serum.

FMT can restore gut microbiota dysbiosis and relieve neurological deficits, possibly through the TMA-
TMAO-methionine sulfoxide reductase A (MsrA) signaling pathway after TBI.

The diversity of gut microbiota experienced a time-dependent change from 1 h to 7 days post-TBI.

The decreased levels of bile acids, especially secondary bile acids, were related to intestinal inflammation
after TBI.

Staphylococcus and Lachnospiraceae may contribute to the bile acid metabolic changes.
Antibiotic-induced gut microbial dysbiosis significantly worsened neuronal loss after TBI.

Antibiotic exposure for 1 week after TBI decreased T lymphocyte infiltration, increased microglial pro-
inflammatory markers, and reduced cortical infiltration of Ly6C"" monocytes.

Gut microbiota dysbiosis was associated with increased hippocampal neuronal loss and fear memory
response 3 months after TBI.

16S rRNA, 168 ribosomal RNA.
PCR, polymerase chain reaction.

HPLC-MS, high-performance liquid chromatography-mass spectrometry.
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Yin J, 322 patients vs. 231 controls 16S rRNA (V4) e Patients with stroke and transient ischemic attack presented the gut microbiota dysbiosis, which

etal. sequencing & LC-MS increased Enterobacter, Megasphaera, Oscillibacter, and Desulfovibrio and decreased

(2015) Bacteroides, Prevotella, and Faecalibacterium.

(48) * Patients with stroke and the transient ischemic attack had lower trimethylamine N-oxide (TMAO)
compared with asymptomatic patients.

Stanley D, 36 patients vs. 9 hospital-based controls 16 rRNA sequencing ®  Common commensal bacteria resided in the intestinal tracts contributed to the post-stroke

etal. vs. 10 healthy controls; infections in patients with ischemic stroke. This was also observed in a mouse model of ischemic

(016) middle cerebral artery occlusion (MCAO) stroke.

(52) mice * In the experimental stroke, post-stroke infection was only seen in specific pathogen-free (SPF)
mice, not germ-free (GF) mice.

Nie J, 622 patients vs. 622 controls LC-MS * The increment of serum TMAO level increased the risk of the first stroke.

etal. * Patients with higher TMAO levels (>1.79 umol/L) had a significantly higher risk of the first stroke.

(2018)

(61)

Zeng X, 141 patients 165 rRNA sequencing ®  Compared with the low-risk group, opportunistic pathogens (e.g., Enterobacteriaceae and

etal. &GS-MS Veillonellaceae) and lactate-producing bacteria (e.g., Bifidobacterium and Lactobacillus) were

(2019) increased, as well as butyrate-producing bacteria (e.g., Lachnospiraceae and Ruminococcaceae)

(50) were decreased in the high-risk group.

* The fecal butyrate concentrations in the high-risk group were lower than those in the low-risk
group. Moreover, the concentrations of other short-chain fatty acids (SCFAs) (e.g., acetate,
propionate, isobutyrate, isovalerate, and valerate) in the feces were significantly different between
the three groups.

Haak BW, 349 patients vs. 51 controls 16S rRNA (V3-V4) * The TMAO level in stroke patients was two-fold lower than that of the healthy controls.

etal. sequencing & LC-MS  ®  Lower abundance of butyrate-producing bacteria within 24h of hospital admission was an

(2020) independent predictor of enhanced risk of post-stroke infection, but not of mortality or functional

(49) patient outcome.

Xu DJ, 61 large artery atherosclerotic (LAA) stroke 16 rRNA (V4-V5) * The TMAO levels in the plasma of patients with LAA and CE strokes were significantly higher

etal. vs. 20 cardioembolic (CE) stroke vs. 51 sequencing & LC-MS than those in controls. Moreover, the plasma TMAO level in the LAA stroke patients was

(2021) asymptomatic controls positively associated with the carotid plaque area.

(60) * The composition and the function of gut microbiota in the patients with LAA stroke were
significantly different from those in the asymptomatic controls. In contrast, no significant
difference between CE stroke patients and the asymptomatic controls was observed in the
present study.

Lng Y, 53 patients with post-stroke cognitive 16S rRNA (V3-V4) *  Compared with the patient with PSNCI, the abundance of Proteobacteria was highly increased in

etal. impaiment (PSCI) vs. 40 patients with sequencing the patients with PSCI.

(2020) post-stroke non-cognitive impairment ¢ The abundances of Clostridia, Clostridiales, Lachnospiraceae, and Lachnospiraceae_other were

©1) (PSNC) significantly decreased in the patients with PSCI after adjusting to age.

* The Kyoto Encyclopedia of Genes and Genomes analysis showed the progressive enriched
module for folding, sorting, and degradation (chaperones and folding catalysts) and the
significantly decreased modules related to metabolisms of cofactors and vitamins, amino acid,
and lipid in patients with PSCI.

XiangL, 20 patients vs. 16 controls 16S rRNA (V3) * Stroke patients had fewer Firmicutes than controls.

etal. sequencing ¢ Two optimal bacterial species, Lachnospiraceae (OTU_45) and Bacteroides served as markers of

(2020) lacunar infarction.

62) * Two optimal bacterial species, Bilophila and Lachnospiraceae (OTU_338)), served as markers of
non-lacunar acute ischemic infarction.

* Three optimal bacterial species, Pseudomonas, Sphingomonadaceae, and Akkermansia, served
as markers of post-ischemic stroke patients with 15 days of treatment.

Tan G, 140 patients vs. 92 controls 165 rRNA (V4) * Patients with acute ischemic stroke are characterized by a lack of SCFAs-producing bacteria

etal. sequencing & GS-MS (Roseburia, Bacteroides, Lachnospiraceae, Faecalibacterium, Blautia, and Anaerostipes) and an

(2021) overload of Lactobacillaceae, Akkermansia, Enterobacteriaceae, and Porphyromonadaceae in

67) their feces.

* The SCFAs levels were negatively related to stroke severity and prognosis.

* Reduced fecal SCFAs level, especially acetate, was correlated with an increased risk of 3-month
unfavorable outcomes.

Zhang J, 351 patients vs. 150 controls LC-MS * Patients with an unfavorable outcome had significantly increased plasma TMAO levels on

etal. admission.

(2021) *  Plasma TMAO levels on admission were an independent predictor of functional outcome and

(68) mortality after acute ischemic stroke.

GuoQ, 49 patients vs. 30 controls 16S rRNA (V3-V4) * The acute ischemic stroke patients treated with Tanhuo Decoction had a better outcome than

etal. sequencing the controls on both clinical outcome and gut microbiota characteristics.

(2021) * Tanhuo Decoction treatment significantly decreased the lipopolysaccharide (LPS)-producing

(69) bacteria (Bacteroidaceae and Bacteroides) to reduce LPS biosynthesis.

* The acute ischemic stroke patients treated with Tanhuo Decoction also exhibited the potential to
decrease the biosynthesis of trimethylamine (TMA), the precursor of TMAO, and increase TMA's
degradation.

HuangY, 76 patients vs. 19 controls 16S rRNA (V3-V4) * Stroke patients had a significantly higher abundance of Enterococcus and lower abundances of

etal. sequencing Bacteroides, Escherichia-Shigella, and Megamonas.

(2021) * Compared with stroke patients, patients with post-stroke cognitive impairment had a significantly

©3) higher proportion of Enterococcus, Bacteroides, and Escherichia-Shigella and a lower content of
Faecalibacterium.

* Patients with the post-stroke affective disorder had a significantly higher proportion of
Bacteroides and Escherichia-Shigella and a lower proportion of Enterococcus and
Faecalibacterium.

SunT, 953 patients vs. 953 controls LC-MS/MS * Plasma TMAO levels in patients with ischemic stroke were significantly increased.

etal. e Higher plasma TMAO levels were correlated with increased odds of ischemic stroke.

(2021) ¢ The adjusted odds ratios for ischemic stroke per 1 umol/L increase of plasma TMAO was 1.05.

(70)

Xu K, Cohort 1: 28 patients vs. 28 controls; 165 rRNA sequencing ®  Enriched Enterobacteriaceae was an independent risk factor for acute ischaemic stroke patients

etal. Cohort 2: 124 patients; in early-stage recovery.

(2021) MCAQ mice *  MCAO mice showed rapid gut dysbiosis with Enterobacteriaceae blooming, associated with

(©4) intestinal ischemia and nitrate production.

* Enterobacteriaceae exacerbates brain infarction by accelerating LPS/toll-like receptor 4(TLR4)-
mediated systemic inflammation.

* Inhibiting Enterobacteriaceae overgrowth by diminishing nitrate generation or inhibiting nitrate
respiration alleviates brain infarction.

Houlden ~ MCAO mice 16S rRNA PCR * The alteration of the caecal microbiota composition following stroke could be mediated by

A etal noradrenaline release from the autonomic nervous system, changing caecal mucoprotein

(2016) production and goblet cell numbers.

@1) e Specific changes in Peptococcaceae and Prevotellaceae after stroke were correlated with the
severity of the injury.

SinghV,  MCAO mice 16S rRNA (V1-V3) * Reduced species diversity and bacterial overgrowth of bacteroidetes were associated with

etal. sequencing intestinal barrier dysfunction and reduced intestinal motility.

(2016) *  GF mice recolonized with poststroke gut microbiota exacerbates infarct volume and functional

(54) deficits following stroke, mediated by the migration of intestinal pro-inflammatory T cells to the
ischemic brain.

*  Fecal microbiota transplantation (FMT) could normalize brain lesion-induced dysbiosis and
improve stroke outcomes.

Benakis  MCAO mice 16S rRNA (V4-V5) * Antibiotic-induced alterations in the gut microbiota reduced brain injury after ischemic stroke.

G etal. sequencing *  Dysbiosis following ischemic stroke changed intestinal immune homeostasis, leading to an

(2016) increase in regulatory T(Treg) cells and a reduction in IL-17+ v3 T cells through altered dendritic

(65) cell activity. Moreover, dysbiosis blocked the migration of effector T cells from the gut to the
leptomeninges.

Winek K, MCAO mice - * Microbiota-depleted mice stopped the antibiotic cocktail pretreatment 3 days before surgery

etal. significantly decreased survival after MCAO.

(2016) ¢ Microbiota-depleted animals treated by continuous antibiotic treatment or colonized with SPF

(59) microbiota before surgery rescued from severe acute colitis.

Spychala  MCAO mice 168 rRNA (V4-V5) e The Firmicutes to Bacteroidetes ratio in aged mice increased ~9-fold compared to young.

MS, etal. sequencing * The gut microbiota in the young manipulated by fecal from aged mice increased mortality,

(2018) decreased behavioral performance, and increased cytokine levels following MCAO, altering the

(53) microbiota in the aged by fecal gavage to resemble that of young increased survival and
improved recovery following MCAO.

SinghV,  MCAO mice 168 rRNA (V1-V3) *  Bacterial colonization reduces stroke volumes by increasing cerebral expression of cytokines and

etal. sequencing microglia/macrophage cell counts.

(2018) * The gut microbiota-mediated neuroprotection was absent in lymphocyte-deficient mice.

(29)

Benakis  MCAO mice 168 rRNA (v4) ¢ Single antibiotic treatment with either ampicillin or vancomycin, but not neomycin, significantly

G, etal sequencing reduced the infarct volume and improved motor sensory function 3 days after stroke.

(2020) * Bacteroidetes S24.7 and the enzymatic pathway for aromatic metabolism were correlated with

(56) infarct size.

* The gut microbiota composition in the ampiciliin-treated mice was associated with reduced gut
inflammation, a long-term favorable outcome, and a reduction of brain tissue loss.

* Regulation of SCFAs and tryptophan pathways induced by ampicillin could be predictive of
stroke outcomes.

Sader R,  MCAO and photothrombotic (PT) mice GC-MS *  SCFAs supplementation in the drinking water significantly improved recovery of limb motor

etal. function by altering contralesional cortex connectivity, which is related to SCFAs-dependent

(2020) changes in spine and synapse densities.

(57) * A substantial impact of SCFAs on microglial activation contributes to the structural and functional
remodeling, mediated by the recruitment of T cells to the infarcted brain.

Lee J, MCAO mice 16S rRNA (v4) *  Aged stroke mice transplanted the young fecal improved post-stroke neurological deficits and

etal. sequencing & LC-MS inflammation, which correlated with higher SCFAs levels and SCFAs-producers such as

(2020) Bifidobacterium longum, Clostridium symbiosum, Faecalibacterium prausnitzii, and Lactobacillus

(58) fermentum.

Jeon J, MCAO pig 16S rRNA (V3-V4) e Compared with pre-stroke populations, the abundance of the Proteobacteria was significantly

etal. sequencing increased, while the abundances of Firmicutes and lactic acid bacteria Lactobacillus decreased

(2020) at 3 days poststroke.

(65) ¢ The gut microbial pattern returned to similar values as prestrike at 5 days poststroke.

Benakis MCAO mice 16S rRNA (V4) * Mice treated with a cocktalil of antibiotics significantly reduced infarct volume in the acute phase

C, etal. sequencing of stroke.

(2020) * Single antibiotic treatment with either ampicillin or vancomycin, but not neomycin, significantly

(56) reduced infarct volume and improved neurological function 3 days after stroke.

*  Bacteroidetes $24.7 and the enzymatic pathway for aromatic metabolism were associated with
infarct size after stroke.

* The gut microbiota signature in the ampicillin-treated mice was correlated with reduced intestinal
inflammation, long-term favorable outcome and was predictive of SCFAs and tryptophan
pathways.

Huang Q, MCAO rat 168 rRNA (V3-V4) *  Compared with non-hemorrhagic transformation (HT) rats, the relative abundances of

etal. sequencing & GC-MS Proteobacteria and Actinobacteria were enriched in HT rats.

(2021) *  Total SCFAs levels, especially butyrate and valeric acid, were significantly decreased in the cecal

(71) contents of HT rats.

* The rats colonized with gut microbiota from HT rats showed increased susceptibility to HT.

Zhang P,  MCAO mice 165 rRNA sequencing ®  Atorvastatin significantly ameliorated neurological defects and reduced microglia-mediated

etal. &HPLC-MS neuroinflammation after experimental stroke.

(2021) * Atorvastatin increased the abundance of Firmicutes and Lactobacillus, decreased Bacteroidetes

(72) abundance, increased fecal butyrate level, promoted intestinal barrier function by elevating the
expression of claudin-1, occludin and mucoprotein 2, as well as regulated intestinal immune
function.

* Transplantation of atorvastatin-treated mice fecal microbiota alleviated neuroinflammation in
MCAQO mice.

Huang JT,  MCAO mice 168 rRNA sequencing ®  The transplantation of gut microbiota collected from calorie-restriction-treated mice was eligible

etal. to have better long-term rehabilitation.

(2021) * Bifidobacterium was enriched in calorie-restriction mice.

(73) *  Bifidobacterium administration improved the long-term rehabilitation of stroke mice

Zhu W, MCAO mice 165 rRNA (V4) * The human fecal microbial transplantation study showed TMAO production and stroke severity

etal. sequencing & LC-MS are transmissible traits.

(2021) ¢ TMAO and choline supplementation exacerbated infarct size and functional impairment.

(74) *  Gut microbial CutC increased host TMAO levels and aggravated cerebral infarct size and
functional deficits after stroke.

Wu W, MACO rat 16S rRNA (V3-V4) * The abundance of the Firmicutes phylum was decreased, whereas Proteobacteria and

etal. sequencing & LC-MS Deferribacteres were increased after stroke.

(2021) *  Ruminococcus_sp_15975 might serve as a biomarker for the stroke.

(66) *  Many metabolites, such as L-leucine, L-valine, and L-phenylalanine, differed between the stroke
and sham groups, mainly involved in mineral absorption and cholinergic synapse pathways.

YuanQ,  MCAO mice 16S rRNA sequencing ®  Lactulose supplementation significantly improved the functional outcome after stroke by

etal. &GC-MS downregulating inflammatory reaction and increased anti-inflammatory factors in the brain and

(2021) gut.

(75) * Lactulose supplementation improved intestinal barrier injury and restored gut microbiota

dysbiosis after stroke.

16S rRNA, 16S ribosomal RNA.
PCR, polymerase chain reaction.
LC-MS, liquid chromatography-mass spectrometry.

GC-MS, gas chromatography-mass spectrometry.

HPLC-MS, high-performance liquid chromatography-mass spectrometry.
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Effectors (Gene
ID)

Canonical E3 ligases

Ipg0171

lpg1111

lpg1408

lpg2144/Ipp2082

lpg2224

Ipg2370
lpg2455

Ipg2498
lpg2525
lpg2577
Ipg2830

SidC family
lpg2452

Ipg2510
lpg2511

Aliases

legu1

RavN

licA

legAU13/ankB

PpgA

HipA
GobX

Mavd

MavM
LegU2/LubX

LegA14/SdcB

SidC
SdcA

Non-canonical E3 ligases

lpg0234
lpg2153
lpg2156
Ipg2157

lpg2147

Dubs
lpg0160

lpg0227

lpg1148

lpg1621

Ipg2248

Ipg2529

SidE

SdeC
SdeB
SdeA

MavC

RavD

Ceg7

LUpA

LotB

LotA

LotC/Lem27

Interactor/substrate

SKP1, Cullin 1,
BAT3

Unknown

SKP1

SKP1, Cullin 1,
Parvin B

Unknown

Unknown
Unknown

Unknown
Unknown
Unknown
Clk1, SidH

Unknown

Rab10

Rab1, Rab6a,
Rab30, Rab33b,
Rtn4, FAM134C

UBE2N

Unknown

Unknown

LegC3

Sec22b

Unknown

Rab10

Enzymatic activity

F-Box protein, E3 ligase

U-box-like protein, E3
ligase
F-Box protein

F-Box protein, E3 ligase

F-Box protein

ES3 ligase

U-Box protein, E3
ligase

E3 ligase

F-Box protein

E3 ligase

U-Box protein, E3
ligase

Cys-His-Asp domain
protein, E3 ligase
Cys-His-Asp domain
protein, E3 ligase

All-in-one ubiquitin
conjugation enzyme;
Deubiquitinase

Transglutaminase
activity

Cleaves linear Ub
chains

Targets K6-, K11-,

K48-, and K63- Ub
chains

Typical bacterial CE
clan Dubs

Targets K63- Ub chains

Targets K13-, K48-,
and K63- Ub chains

Targets K6-, K11-,
K48-, and K63- Ub
chains

Function

Unknown

Unknown

Unknown

Intracellular replication;
Recruitment of
ubiquitinated proteins
to the LGV

Unknown

Unknown
Unknown

Unknown
Unknown
Unknown
SidH degradation

Unknown

Recruitment of ER
vesicles and
ubiquitinated proteins
including Rab10 to LCV

Intracellular replication;
regulation of ubiquitin
dynamics on the LCV,
Recruitment of ER
markers to the LCV; ER
tubule Rearrangement.

inhibits NFkB activation

Benefits L.
pneumophila by
suppressing host
immune responses

Unknown

Removes Ub
modification of LegC3
Abolishes the
interaction between
Sec22b on the LCV
and the syntaxin 3

Removes ubiquitinated
proteins from the
surface of LCV
Removes ubiquitinated

Rab10 from the surface
of LCV
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Primer name

Sequence (5'-3')

TmSpz5-gPCR-Fw
TmSpz5-qPCR-Rv
TmSpz5-T7-Fw
TmSpz5-T7-Rv
TmSpz5-cloning-Full ORF-Fw
TmSpz5-cloning-Full ORF-Rv
TmL27a-gPCR-Fw
TmlL27a-gPCR-Rv
dsEGFP-Fw

dsEGFP-Rv

TmTenecin-1_Fw
TmTenecin-1_Rv
TmTenecin-2_Fw
TmTenecin-2_Rv
TmTenecin-3_Fw
TmTenecin-3_Rv
TmTenecin-4_Fw
TmTenecin-4_Rv
TmDefensin_Fw
TmDefencin_Rv
TmDefencin-like_Fw
TmDefencin-like_Rv
TmColeoptericinA_Fw
TmColeoptericinA_Rv
TmColeoptericinB_Fw
TmColeoptericinB_Rv
TmAttacin-1a_Fw
TmAttacin-1a_Rv
TmAttacin-1b_Fw
TmAttacin-1b_Rv
TmAttacin-2_Fw
TmAttacin-2_Rv
TmCecropin-2_Fw
TmCecropin-2_Rv
TmThaumatin-like protein-1_Fw
TmThaumatin-like protein-1_Rv
TmThaumatin-like protein-2_Fw
TmThaumatin-like protein-2_Rv

CAGTACGATGCACGAGAGGA
AACTGGGAAACCAGAACACG
TAATACGACTCACTATAGGGTCAGTACGATGCACGAGAGGA
TAATACGACTCACTATAGGGTAACTGGGAAACCAGAACACG
CGCACATGTTGATGCATATTGAC
TCTTTGTCTAACCGTTCGAGATG
TCATCCTGAAGGCAAAGCTCCAGT
AGGTTGGTTAGGCAGGCACCTTTA
TAATACGACTCACTATAGGGTCGTAAACGGCCACAAGTTC
TAATACGACTCACTATAGGGTTGCTCAGGTAGTGTTGTCG
CAGCTGAAGAAATCGAACAAGG
CAGACCCTCTTTCCGTTACAGT
CAGCAAAACGGAGGATGGTC
CGTTGAAATCGTGATCTTGTCC
GATTTGCTTGATTCTGGTGGTC
CTGATGGCCTCCTAAATGTCC
GGACATTGAAGATCCAGGAAAG
CGGTGTTCCTTATGTAGAGCTG
AAATCGAACAAGGCCAACAC
GCAAATGCAGACCCTCTTTC
GCGATGCCTCATGAAGATGTAG
CCAATGCAAACACATTCGTC
GGACAGAATGGTGGATGGTC
CTCCAACATTCCAGGTAGGC
CAGCTGTTGCCCACAAGTG
CTCAACGTTGGTCCTGGTGT
GAAACGAAATGGAAGGTGGA
TGCTTCGGCAGACAATACAG
GAGCTGTGAATGCAGGACAA
CCCTCTGATGAAACCTCCAA
AACTGGGATATTCGCACGTC
CCCTCCGAAATGTCTGTTGT
TACTAGCAGCGCCAAAACCT
CTGGAACATTAGGCGGAGAA
CTCAAAGGACACGCAGGACT
ACTTTGAGCTTCTCGGGACA
CCGTCTGGCTAGGAGTTCTG
ACTCCTCCAGCTCCGTTACA

Underline indicates T7 promotor sequence.
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LPS cGAS Cytosolic cGAMP STING STING localization The role of the cGAS-STING Refs

administration expression mtDNA level production expression phosphorylation pathway

LPS transfection ~ NA upregulate upregulate  NA NA NA LPS activates the cGAS-STING (35)

pathway to promote inflammatory injury

LPS added to the  Upregulate  upregulate upregulate  upregulate NA upregulate LPS activates the cGAS-STING

culture medium pathway to promote lung injury (135)

LPS added to the  NA NA NA NA NA NA cGAS is dispensable for the

culture medium inflammatory response induced by LPS  (136)

LPS added to the NA NA NA No change Promote its NA LPS induces cardiac inflammation via

culture medium perinuclear the STING-IRF3-NLRP3 axis (137)
translocation

LPS added to NA NA NA downregulate  NA NA LPS negatively regulate STING via an

culture medium Nrf2-dependent way (138)

NA, not available.





OPS/images/fmicb-12-738047/fmicb-12-738047-g003.jpg
S. gordonii (MOI)
1:100 1:1000

Non-treated 1:10
483 620 h 19.70 25.20
3
3
- \ -
ROS (DCF-DA)
120 ¢ 120
100 100
£ 80
3 60
8 .
3 40
3
20 20
o 0
Resveratrol (100 M) - + e + S NAC(1OmM) -+ - +
- S. gordoni (MOI) - - 1100 1:100

DMSO (0.1%) - & #: = =
S. gordonii (MOI) - - - 1100 1:100 1:1000 1:1000





OPS/images/fimmu.2021.814709/table1.jpg
Pathogens DNA CDNs IFN-I response induced by the cGAS-STING Additional functions of STING activation Refs
pathway
Staphylococcus live S. aureus DNA  c-di- i. Promote macrophage polarization to an anti- ~ Control pulmonary S. aureus infection (80-89)
aureus AMP inflammatory phenotype
ii. Promote bacterial growth
Listeria Listeria DNA c-di- Detrimental effect i. Reduce the influx of inflammatory monocytes (78, 76,
monocytogenes AMP ii. Promote Evs formation, and dampen the 90-96)
immunological activity of T cells
Streptococcus Pneumococcal c-di- Suppress inflammation-related damage and Regulate blood coagulation (74,77,
pneumoniae DNA, mtDNA AMP lethality 97-100)
Streptococcus Unclear Unclear Suppress the inflammatory response Unclear (101-103)
pyogenes
Brucella abortus B.abortus DNA c-di- i. Anti-bacterial response Mediate cellular metabolism to control B.abortus (27, 28,
GMP ii. Induce UPR expression to promote B.abortus  replication 104-106)
replication
Burkholderia Micronuclei Unclear Irrelevant to the antibacterial response Autophagic cell death (107-114)
(dsDNA)
Francisella novicida  Francisella DNA Unclear i. Induce cell apoptosis Promote Evs formation, and dampen the (116-118)
ii. Promote bacteriolysis and additional DNA immunological activity of T cells
release
Pseudomonas Pseudomonas Unclear Fight against bacterial infection i. Enhance NO synthase expression (119-122)
aeruginosa DNA ii. Inhibit proinflammatory cytokines
Mycobacterium Mycobacterial DNA  c-di- Antibacterial defense unclear (1, 123-
tuberculosis AMP 134)
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Characteristics Patients (n = 23)

Tissues (23) Saliva (19)

Age (years) 61.9+12.3 62.7 £ 121
Sex

Male 11 10
Female 12 9
Clinical stage

=1l 18 13
-V 8 6
Tumor sites

Tongue 6 6
Bucca 3 3
Gingiva 11 7
Mouth floor 3 3
Tumor Grade*

Well-differentiated 6 5
Moderately differentiated 14 12
Poorly differentiated 3 2
Smoking status

Never 17 13
Former 3 3
Current 3 3
Alcohol consumption

Never 17 13
Former 1 1
Current 5 5
Oral hygiene

Fair 11 9
Bad 12 10
Periodontitis status

No or mild 13 11
Moderate or severe 10 8

*The criteria of clinical stage are based on the AJCC Cancer Staging Manual. Values
were displayed as mean + SD.
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Characteristic Con-COPD (n = 33) PA-COPD (n = 34) Statistic value* P-value

Age, years 70.7 (10.4) 76.3 (16.3) 1.95 0.0548
Male, n (%) 29 (87.9) 24 (70.6) 3.03 0.0818
BMI, kg/m? 22.3 (3.4) 21.2 (3.4) 1.32 0.1925
Smoking history, pack-years 26.8 (11.8) 32.1(16.6) 1.61 0.1347
Previous exacerbations, n** 2.7 (0.7) 3.0(0.9 1.8 0.07
mMRC dyspnea scores, n*** 26(06) 28(0.7) 12 0.24
GOLD group D D / A/
spirometric GOLD grade 2 2 / /
Baseline lung function

FEV;.0% predicted 69.5 (10.5) 65.1(8.8) 1.85 0.0685
FVC% predicted 81.7 (11.5) 77.2(7.7) 1.89 0.0636
FEVA/FVC (%) 69.2 (7.7) 67.7 (4.9) 0.99 0.3240
PEF, Us 6.5(1.3) 5.9 (2.0) 1.61 0.1117
MMEF, L/s 1.19 (0.53) 1.22 (0.70) 0.60 0.5529
Rat 5 Hz (Rg), kPa/(Ls) 0.51 (0.05) 0.49 (0.06) 176 0.0825
R at 20 Hz (Rxo), kPa/(L/s) 0.42 (0.04) 0.40 (0.04) 1.74 0.0852
Rs-Rao, kPa/(L/s) 0.091 (0.02) 0.086 (0.02) 0.97 0.3368
Antibiotic treatment****

Fluoroquinolone, n (%) 7@212) 14 (41.2) 3.10 0.0782
B-lactam, n (%)***** 4(12.1) 10 (29.4) 3.03 0.0818
Aminoglycoside, n (%) 1(3.0) 4(11.8) 1.85 0.1738

Data are presented as median (SD) unless otherwise indicated.

Con-COPD, control COPD group (patients with stable COPD); PA-COPD, P. aeruginosa-infected COPD group (patients with acute exacerbations of COPD with P. aeruginosa infection);
BMI, body mass index; FEV1.0, forced expiratory volume in one second; FVC, forced vital capacity; PEF, peak exiratory flow; MMEF, maximal mid-expiratory flow.

*Quantitative variables were analyzed using t-tests, and qualitative variables were analyzed using the chi-squared test.

**COPD exacerbations in the past year.

**mMRC (Modified Medical Research Council) dyspnea scores.

****Antibiotic treatment in 7 days prior the study.

8 lactams included B-lactamase inhibitors.
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NMDAR Encephalitis Control p-value
No. of patients 58 49
Sex (F/M) 36/22 31/18 0.9°
Age (years), mean (SEM) 34.4 (1.8) 32.0(1.5) 0.4°
Initial presentation
Psychogenic, n (%) 28 (48.3) 0
Seizure, n (%) 15 (25.8) 0
Other, n (%) 15 (25.8) 0
MRI, abnormality, n (%) 30 (61.7) 0
EEG, abnormality, n (%) 40 (68.9) 0
CSF, abnormality, n (%) 29 (50) 0
ICU admission, n (%) 14 (24.1) 0
NEOS score, median (IQR) 2(1-3) 0
Gastrointestinal distress 0.4°
Frequently, n (%) 4(6.8) 1(2.0)
Occasionally, n (%) 16 (27.5) 13(26.5)
None, n (%) 38 (65.5) 35(71.4)
Diarrhea (nearly 3 months) 7 (12.0) 5(10.2) 0.7°
Defecation frequency 0.001°
3 times/day, n (%) 6(10.3) 1(2.0)
1-2 times/day, n (%) 21(36.2) 31(42.8)
Once/2 days, n (%) 15 (25.8) 7(34.7)
Once/3 days, n (%) 16 (27.6) 0(0)
Defecation consistency® 0.1°
Separate, hard lumps 2(3.5) 0(0)
Lumpy, sausage-shaped 5(8.6) 2(4.1)
Sausage-shaped with cracks 8(13.8) 4(8.1)
Smooth and soft 32(65.2) 28(57.1)
Soft with edges 9(15.5) 15 (30.6)
Mushy with ragged edges 2(3.4) 0(0)
Liquid 0(0) 0(0)
Dietary intake, median (IQR)
Energy 1,827.2 (784.1-1988.2) 2,492.6 (802.4-2,691.1) <0.001¢
Protein 73.1 (57.7-99.3) 93.7 (69.4-125.7) 0.01¢
Fat 71.2 (32.8-108.4) 82.2 (67.4-132.0) 0.05¢
Fiber 18.5 (9.9-32.6) 23.9 (14.2-31.3) 0.2¢
Carbohydrate 2329 (158.1-294.6) 304.7 (219.4-479.5) <0.001¢
Cholesterol 128.3 (76.7-243.0) 164.6 (109.7-270.8) 05¢
Retinol equivalent 818.3 (336.1-1,333.3) 1,0563.0 (694.8-1,368.0) 0.5¢
Vitamin B1 (mg) 1.3 (0.9-1.9) 15(1.0-2.3) 0.3¢
Vitamin B2 (mg) 1.4 (0.7-2.5) 1.3 (1.1-1.9) 0.6°
Vitamin B12 (ug) 0.44 (0.3-0.0) 0.34 (0.30-0.91) 0.2¢
Folvite (ug) 450.8 (290.3-478.2) 473.9 (106.1-500.1) 0.7¢
Vitamin E (mg) 36.0 (16.9-61.3) 49.6 (40.1-78.4) o0.1¢
Vitamin C (mg) 166.1 (62.9-274.9) 211.9 (186.7-275.1) 0.5¢
Na (mg) 3,284.8 (928.3-7250.7) 5,024.4 (3,585.5-7,265.2) 0.1¢
Ca (mg) 672.9 (217.9-1290.2) 876.1 (620.5-1,135.0) 0.2¢
Fe (mg) 28,0 (17.3-44.3) 35.1 (25.3-49.3) 0.08¢
I (mg) 3.0(1.9-3.4) 29(0.7-3.2) 0.7¢

Measurement data are expressed as the median (IQR). NEOS score, delayed treatment, improvement delay, abnormal CSF and MRI were strongly associated with the probability of poor

functional status.

IQR, interquartile range; MRI, magnetic resonance imaging; EEG, electroencephalogram; CSF, cerebrospinal fluid; ICU, intensive care unit; NEOS score, anti-NMDAR encephalitis one-

year functional status score

“Defecation consistency was assessed by type 4 Bristol stool scale.

o test.
°Student’s t-test.
IMann-Whitney U test.
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Bacteria Dosage Time Effects Ref.
Carbapenem-resistant P. aeruginosa 31.25 or 125 pg/mL. 24 or 48  Inhibition of carbapenem-resistant P. aeruginosa growth (54)
(0.13 or 0.53 mM) h
Carbapenem-resistant A. baumannii 31.25 or125 pg/mL. 24 or 48h Inhibition of crbapenem-resistant A. baumannii growth (54)
(0.13 or 0.53 mM)
Methicillin-resistant S. aureus 125 or 250 pg/mL. 24 0or 48h  Inhibition of methicillin-resistant S. aureus growth (54)
(0.53 or 1.07 mM)
S. aureus 125 or 250 pg/mL 24 or 48h Inhibition of S. aureus (ATCC 29123) growth (54)
ATCC 29123 (0.53 or 1.07 mM)
P. aeruginosa 125 or 250 pg/mL 24 or 48h Inhibition of P.aeruginosa (ATCC 27853) growth (54)
ATCC 27853 (0.53 or 1.07 mM)
M. tuberculosis H37Rv 26.0nM unknown  Inhibition of M. tuberculosis H37Rv growth (92)
0.01to 10 mM The antibacterial efficacy of melatonin with isoniazid increased at least a
threefold
M. tuberculosis bovis BCG 0.13to 10 mM unknown  Inhibitin of M. bovis BCG growth 92
Multidrug-resistant M. tuberculosis (TBRI 0.01to 10 mM unknown  Inhibition of multidrug-resistant M. tuberculosis (TBRI 40 and TBRI 204) growth ~ (92)
40 and TBRI 204)
Xanthomonas oryzae pv. Oryzae (Xoo) 200 pg/mL 12,21 or  Inhibition of Xoo proliferation, motility and biofilm formation
24h Alteration of Xoo cells length (119)
Downregulation of mMRNA expression of genes involved in cell division,
carbohydrate metabolism and amino acid metabolism
Xanthomonas oryzae pv. Oryzicola Xoc) 200 pg/mL 24h Inhibition of Xoc growth, the motility and biofilm formation

Reduction of mRNA expression of genes related to toxin and cell division (120)

P. aeruginosa, Pseudomonas aeruginosa; A. baumannii, Acinetobacter baumannii; S. aureus, Staphylococcus aureus; M. tuberculosis, Mycobacterium tuberculosis; B. anthracis,

Bacillus anthracis.
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Bacteria Dosage Time Effects Ref.
S. aureus 10 mg/ At 17:00, 17:30, Reducing expression of LPO, CAT, iNOS, COX-2 and production of TNF-a., IFN-y, IL-6, CRP, (56)
kg 18:00 increasing the production SOD and GSH
S. pneumoniae 2 mg/ 40 h Suppressing bacterial growth at a high concentration (95)
mL
E. coli 10 mg/ At 17:00, 17:30 and Reducing expression of LPO, CAT, iNOS, COX-2 and production of TNF-a., IFN-y, IL-6, CRP, (56, 148)
kg 18:00 or 70 s increasing the production SOD and GSH
or 1nM
H. Pylori 5 mg or 21 days Increasing efficacy of H. pylori elimination, (154-156)
3mg Accelerating duodenal ulcer recovery
K. pneumonia 100 24h Counteracting neurocognitive damage inhibiting microglial activation, and reducing pro- (130)
mg/kg inflammatory cytokine levels
Pasteurella multocida  100mg/ 4h Exogenous melatonin at 4 h post vaccination augments immune responses in rats. (163)
(P52) kg
Pasteurella multocida 30 mg/  12h, 16 h, 24 h, 32 h  Inhibiting macrophage-mediated excessive inflammatory responses Unpublished
(PMCQ2) kg,
60 mg/
kg,
120mg/
kg

S. aureus, Staphylococcus aureus; S. pneumonia, Streptococcus pneumonia; E. coli, Escherichia coli; H. Pylori, Helicobacter Pylori; K. pneumonia, Kiebsiella pneumonia; LPO, lipid
peroxidation; CAT, catalase; iNOS, inducible nitric oxide synthase, CRP, C-reactive protein; SOD, superoxide dismutase; GSH, glutathione.
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Primer name
TNF-o.

IL-6

IL-18

IL-18

IL-22

IFN-y

B-Actin

ar forward: R, reverse.

Direction®

TMITMTI NI MITINTIDANIN

Sequence (5'—3')

CCTGTAGCCCACGTCGTAG
GGGAGTAGACAAGGTACAACCC
TCTATACCACTTCACAAGTCGGA
GAATTGCCATTGCACAACTCTTT
GAAATGCCACCTTTTGACAGTG
TGGATGCTCTCATCAGGACAG
TGTTGAGCATGAAAAGCCTCTAT
AGGTCTCCCGAATTGGAAAGG
ATGAGTTTTTCCCTTATGGGGAC
GCTGGAAGTTGGACACCTCAA
ATGAACGCTACACACTGCATC
CCATCCTTTTGCCAGTTCCTC
CTACCTCATGAAGATCCTGACC
CACAGCTTCTCTTTGATGTCAC
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Antibody

Rabbit Anti-LAMP 1 polyclonal antibody

Rabbit Anti-Occludin polyclonal antibody

Rabbit Anti-Claudin-1 polyclonal antibody

Rabbit Anti-Caspase 9/p35/p10 polyclonal antibody
Rabbit Anti-Bax polyclonal antibody

Rabbit Anti-Bcl-2 polyclonal antibody

Rabbit Anti-VDAC1 polyclonal antibody

Rabbit Anti-Phospho-Caspase-9 (Ser196) polyclonal antibody
Rabbit Anti-Cytochrome ¢ monoclonal antibody

Mouse Anti-Beta ACTIN monoclonal antibody

Rabbit Anti-Cleaved Caspase-3 monoclonal antibody
Mouse Anti-Cleaved PARP monoclonal antibody
Rabbit Anti-Phospho-Akt (Ser473) monoclonal antibody
Rabbit Anti-Phospho-Akt (Thr308) monoclonal antibody
Rabbit Anti- Caspase-1 monoclonal antibody

Rabbit Anti-ZO-1 polyclonal antibody

Rabbit Anti-Phospho-Bad (Ser136) polyclonal antibody
Rabbit Anti GSDMD-N monoclonal antibody

Dilution rate

1:2,000
1:1,500
1:2,000
1:500
1:5,000
1:1,000
1:1,000
1:1,000
1:5,000
1:5,000
1:1,000
1:1,000
1:2,000
1:2,000
1:1,000
1:500
1:500
1:1,000
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Reagents and antibodies

Catalog number

Company/Brand

Origin

Mito-Tracker Red CMXRos

Hoechst 33342

SC79

MK2206

Cell Mitochondria Isolation Kit

Enhanced Cell Counting Kit-8

Alexa Fluor 488-labeled Goat Anti-Rabbit IgG(H+L)
4’,6'-diamidino-2-phenylindole (DAPI) solution
Calcein-AM/PI

Gentamycin Sulfate

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP)
Chlorquine diphosphate salt

Triton X-100

Dulbecco’s Modified Eagle Medium (DMEM)/High Glucose
Phosphate buffered saline (PBS)

Fetal bovine serum (FBS)

Annexin V-PE/7-AAD Apoptosis Detection Kit

TUNEL FITC Apoptosis Detection Kit

Rabbit Anti-LAMP 1 polyclonal antibody

Rabbit Anti-Occludin polyclonal antibody

Rabbit Anti-Claudin-1 polyclonal antibody

Rabbit Anti-Caspase 9/p35/p10 polyclonal antibody
Rabbit Anti-Bax polyclonal antibody

Rabbit Anti-Bcl-2 polyclonal antibody

Rabbit Anti-VDAC1 polyclonal antibody

Rabbit Anti-Phospho-Caspase-9 (Ser196) polyclonal antibody
Rabbit Anti-Cytochrome ¢ monoclonal antibody

Mouse Anti-Beta ACTIN monoclonal antibody
HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H+L)
HRP-conjugated Affinipure Goat Anti-Mouse IgG(H+L)
Rabbit Anti-Cleaved Caspase-3 monoclonal antibody
Mouse Anti-Cleaved PARP monoclonal antibody
Rabbit Anti-Phospho-Akt (Ser473) monoclonal antibody
Rabbit Anti-Phospho-Akt (Thr308) monoclonal antibody
Rabbit Anti- Caspase-1 monoclonal antibody

Rabbit Anti-ZO-1 polyclonal antibody

Rabbit Anti-Phospho-Bad (Ser136) polyclonal antibody
Rabbit Anti GSDMD-N monoclonal antibody

c1035
C1025
SF2730
SF2712
©3601
Co042
A0423
©0060
CA1630
G8170
€6700
6628
T8787
SH30022.01
SH30256.01
10099141
A213
A111-01
21997-1-AP
27260-1-AP
13050-1-AP
10380-1-AP
50599-2-Ig
12789-1-AP
55259-1-AP
28794-1-AP
66264-1-Ig
60008-1-Ig
SA00001-2
SA00001-1
9661T
9548T
4060T
13038T
24232
40-2300
ab15098
ab215203

Beyotime Biotechnology

Beyotime Biotechnology

Beyotime Biotechnology

Beyotime Biotechnology

Beyotime Biotechnology

Beyotime Biotechnology

Beyotime Biotechnology

Beijing Solarbio Science & Technology Co., Ltd.
Beijing Solarbio Science & Technology Co., Ltd.
Beijing Solarbio Science & Technology Co., Ltd.
Beijing Solarbio Science & Technology Co., Ltd.
Sigma-Aldrich

Sigma-Aldrich

GE Healthcare Life Sciences HyClone Laboratories
GE Healthcare Life Sciences HyClone Laboratories
Thermo Fisher Scientific

Vazyme Biotech Co., Ltd

Vazyme Biotech Co., Ltd

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Proteintech Group Inc

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Thermo Fisher Scientific

Abcam

Abcam

Shanghai, China
Shanghai, China
Shanghai, China
Shanghai, China
Shanghai, China
Shanghai, China
Shanghai, China
Beijing, China
Beijing, China
Beijing, China
Beijing, China
St. Louis, USA
St. Louis, USA
Utah, USA
Utah, USA
Rockford, USA
Jiangsu, China
Jiangsu, China
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Rosemont, USA
Danvers, USA
Danvers, USA
Danvers, USA
Danvers, USA
Danvers, USA
Rockford, USA
Cambridge, UK
Cambridge, UK
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Adverse effects

Fever

Abdominal pain

Abdominal
distension

Nausea
Furuncle in the leg

Proportion

27.4% (17/62)

9.7% (6/62)

9.7% (6/62)

1.6% (1/62)
1.6% (1/62)

Duration

A few hours
~1 day

A few hours

1~3 days

A few hours
1 week

Treatment

Spontaneous relief or physical cooling

One patient had persistent abdominal cramps after
administration via gastroscopy and achieved
remission after the administration of intramuscular
anisodamine. The others had mild symptoms.

Spontaneous relief

Spontaneous relief
No diffusion, scab without treatment

Notes
The body temperature was approximately 37.5°C, the

highest temperature was 39°C, which decreased to
normal level the second day without chills.

Mostly mild
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Clinical variables

Hematochezia scores
Stool frequency
ESR (mm/h)

CRP (mg/dl)

High ESR, % (n/30)
High CRP, % (n/30)
Platelet

Hb

Weight (kg)

BMI

IBDQ

FO (n =31)

219 &= 1401
8.23+6.17
22.56 + 19.69
1.83+£2.09
46.43% (13/28)
51.61% (16/31)
335.6 + 136.2
1119+ 184
56.69 + 12.73
19.76 £ 3.59

142 £ 39.19

F1(n=31)

1411437
4.29 £4.31™
16.48 £17.2
123+ 1.84
28.57% (8/28)
29.03% (9/31)*
316.5 + 122.9
116.7 £ 24.78
58.86 + 13.19*
20.49 £ 3.67"
178 £ 44.24

F2(n=17)

0.563 £ 1.007**
2.82 + 2.68™
14.88 + 156.55
0.67 £ 0.71%
23.53% (4/17)
23.53% (4/17)
276.9 + 93.82*
116.4 £ 24.68

58.32 + 13.97*
20.76 + 3.93"

184.4 £ 34.5617

p value

< 0.0001
0.0005
0.256
0.116
0.211
0.081
0.312
0.664
0.802
0.608
0.0010

All values are mean + SD unless high ESR and high CRP. High ESR > 20 mm/h; High CRP > 0.8 mg/dl. “p < 0.05, *p < 0.01, *™p < 0.0001 (Paired t test with
GraphPad Prism 7.00 and Chi-Square Test with IBM SPSS Statistics 23 versus FO).
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Clinical Clinical remission Clinical response

conditions rates rates
severity Mild UC 33.3% (1/3) 33.3% (1/3)
Moderate UC 58.3% (7/12) 100% (12/12)
Severe UC 25% (4/16) 75% (12/16)
Administration Colonoscopy 27.3% (3/11) 63.6% (7/11)
routes combined with
gastroscopy
(h=11)
Colonoscopy only 45% (9/20) 70% (14/20)
(n=20)
Montreal E3 (n=24) 41.7% (10/24) 83.3% (20/24)
classification
E2 (n=5) 40% (2/5) 80% (4/5)
E1(h=2) 0 50% (1/2)

In this table, the 11 patients who did not receive the examination at F2, were
analyzed based on the assessments at F1.
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Characteristic Patients (n = 31)

Gender, n (male/female) 19/12

Age, mean + SD (range) 36 + 12.39 (14~62)
Disease course (year) 4.44 + 4,52
Height, mean £+ SD (m) 1.70 £ 0.11
Weight, mean + SD (kg) 56.69 + 12.73
BMI, mean + SD 19.76 + 3.59
Montreal classification *, n (E1/E2/E3) 2/5/24

Mayo scores, mean + SD 9.568 + 2.63
Severity, n (mild/moderate/severe) 3/12/16

*E3, extensive UC (pancolitis); E2, left sided UC (distal UC); E1, ulcerative proctitis;
according to the Montreal classification.
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W Actinobacteria
[ Bacteroidetes
[ Firmicutes

w s__Bacteroides_plebeius_0TU1932

m g__Clostridium_sensu_stricto_OTU67

M s__Faecalibacterium_prausnitzii_OTU174
m f__Peptostreptococcaceae_OTU2465

m g__Clostridium_sensu_stricto_0TU2244
m s__Bifidobacterium_bifidum_0OTU2233
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33 Patients assessed for
eligibility

2 Excluded due to glucocorticoids
added after FMT-1

31 Patients enrolled

All patients completed 2
FMTs

11 did not receive the

73 fecal samples were
collected

last examination

11 were from Donor 3 |

31 from patients at FO |

20 from recipients of Donor 3 at F1 ‘

11 from recipients of Donor 3 at F2 ‘
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Genes Primer sequences (5'-3')

lasl] F: CGCACATCTGGGAACTCA R: CGGCACGGATCATCATCT
lasR F: CTGTGGATGCTCAAGGACTAC R: AACTGGTCTTGCCGATGG
rhill F: GTAGCGGGTTTGCGGATG R: CGGCATCAGGTCTTCATCG
rhiR F: GCCAGCGTCTTGTTCGG R: CGGTCTGCCTGAGCCATC

PGSA F: GACCGGCTGTATTCGATTC R: GCTGAACCAGGGAAAGAAC
PGSR F: CTGATCTGCCGGTAATTGG R: ATCGACGAGGAACTGAAGA
lasA F: CTGTGGATGCTCAAGGACTAC R: AACTGGTCTTGCCGATGG
lasB F: AACCGTGCGTTCTACCTGTT ~ R: CGGTCCAGTAGTAGCGGTTG
rhiA F: TGGCCGAACATTTCAACGT R: GATTTCCACCTCGTCGTCCTT
rhiC F: GCCATCCATCTCGACGGAC R: CGCAGGCTGTATTCGGTG

phzM F: ACGGCTGTGGCGGTTTA R: CCGTGACCGTCGCATT
phzA  F: AACGGTCAGCGGTACAGGGAAC  R: AACGGTCAGCGGTACAGG
GAAAC

phzH  F: GCTCATCGACAATGCCGAACT R: GCGGATCTCGCCGAACATCAG
phzS  F: CCGAAGGCAAGTCGCTGGTGA R: GGTCCCAGTCGGCGAAGAACG
pvdQ F: GCCGAGGAGATCGTCACC R: CAGGCGTAGAAGATGTCGGA
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Test compounds

Protocatechuic aldehyde

Aniseed aldehyde

Paeonol

Carvacrol

Polydatin

Saikosaponin A

Atractylenolide

Gallate

Calycosin-7-glucoside

Selected concentration (Lg/mL)

12.5
25
50

12.5
25
50

12.5
25
50

12.5
25
50
25
50
100

6.25

12.5
25
128

256

512
64
128

256
128

256

512

Inhibition rate (%)

16.28 £+ 1.85™
27.39 + 1.60*
56.23 + 5.92*
21.41 £ 0.96™
21.56 + 0.48"
31.99 + 2.22*
18.70 £ 1.96™
23.77 £ 0.79™
37.81 + 1.99"
21.48 + 1.46™
31.06 + 0.31*
54.99 + 0.56™
24.81 + 11.36™
10.13 £ 0.44
12.66 + 2.64*
17.41 £ 3.28™
12.77 £ 3.23"
17.92 £1.74™
156.40 £ 3.74™
18.79 £ 2.38™
39.86 + 1.70*
12.93 £ 1.46™
18.41 £ 4.02*
25.73 + 1.83"
—0.21 £ 4.80
11.86 £ 1.78™
18.25 £ 1.87™

Test compounds

Veratric acid

Myristic acid

Ellagic acid

Glycyrrhiza acid

Aurantiamarin

Baicalin

Rutin

Puerarin

Sophocarpidine

Selected concentration (jLg/mL)

128
256
512
128
256
512
200
400
800
128
256
512
120
240
480
128
256
512
128
256
512
150
300
600
64
128
256

Inhibition rate (%)

5.24 £0.37*
13.29 £ 2.56™
29.76 + 1.46™
12.93 £ 0.73*
12.93 £ 1.46™
27.56 + 3.66™

9.27 +1.46

8.17 £6.22
150129550

3.78 £ 1.6

—4.23+7.25
22.27 £1.43%
—18.94 £ 3.01"

—29.00 £ 9.15™
—31.27 £10.7*
—29.74 + 3.83"
—20.25 + 2.30"
—25.82 + 3.67*

—8.22 + 6.49
—19.80 + 3.59**
—13.32 + 4.96*

—19.28 + 14.68"
—11.562 + 3.36

0.14 £6.27

4.88 +1.46

3.78 £1.10
—1.71+£56.12

*o < 0.05; **p < 0.01 vs. Control. Values represent means £+ SD (n = 3).





OPS/images/fmicb-12-692474/fmicb-12-692474-t003.jpg
Test compounds

Zone of inhibition against C. violaceum ATCC

12472 (CV12472) (cm)
Total inhibition  Growth inhibition Pigment
(d1) (d2) inhibition (d1-d2)

Paeonol 2.33+0.09 1.19+0.03 114 +£0.12
Aniseed aldehyde 2534+0.09 0.87 £0.09 1.67 £ 0.09
Protocatechuic 2934+ 0.09 1.47 £ 0.09 1.47 £0.09
aldehyde

Carvacrol 547 £0.19 260+ 0.16 2.87 £0.34

Values represent means + SD (n = 3).
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Parameters AH NAFLD HC

No. 32 20 20
Age (years) 48 (37-76) 45 (35-66) 51 (41-74)
Gender/female/male 24/8 18/7 14/6
ALT (UL) 125.9 + 108.3* 57+73% 272182
AST (U/L) 101.1 + 63.7* 62 + 6.8% 227+57
¥GT (UL 89.1 + 30.3* 293 +6.5 25174
ALP (U/L) 183.4 + 37.1* 90.5 + 16.3 89.5 + 23.6
Bilirubin (umol/L) 12.5 +8.1* 9876 10.8+ 6.8
Albumin (g/L) 288 +5.7 203 +55 253+ 4.8
PT-INR 1.0+£09 1.0+05 11+06
Cirrhosis 25/32 (78.1%)* - -
Anti-ANA (+) 23/32 (71.8%)* 0/20 (0%) 0/20 (0%)
Anti-ANA titer 1:640 (1:80-1:10,000) = =
Anti-SMA (+) 2/32 (6.25%) 0/20 (0%) 0/20 (0%)
Anti-SMA titer 1:1,000 (1:160-1:3,200) = -

I9G (g/L) 15.9 + 3.7 58+3.4 7.8+23
IgM (g/L) 69+19 2.08 +1.03 2.64 +0.87
IgA (g/L) 4.07 £2.3* 12+09 16+1.1
WBC (*10°L) 7.93(6.6-11.2 4.55(4.3-8.8) 5.08 (3.9-9.2)

Data shown are real case number or mean + SD. Normal values: alanine aminotransferase
(ALT), 5-40 U/L; aspartate transaminase (AST), 5-40 U/L; gamma glutamyl transferase (y-
GT), 10-60 w/L; alkaline phosphatase (ALP), 45-125 p/L; bilirubin, 3.4-20.5 umol/L;
albumin, 35-53 g/L; antinuclear antibody (ANA), <1:80; antimitochondrial antibodies
(SMA), <1:80; 1gG, 7-16 g/L; IgM, 0.7-4.6 g/L_; IgA, 0.4-2.3 g/L..

HC, heaithy control; AlH, autoimmune hepatitis.

*p < 0.05 vs. HC/NAFLD.

*5 < 0.05 vs. HC.
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‘Sequence (mutation sites are shaded grey)

-5 0GTCAGGAMGCCBTGACTTAG 3
R: 5" GOCACGGCTTGOTGACGTTAMC 3
F:5' GGTGCAATGGOTGAMCCACCA 3"
R 5’ GATATIGGTGGTTTCAGGCATTG &'
F: 5 CCACCGGTATCTTGOAACGTATG 3
R:5' COTIGCAGATAGCGGTGGTTTC S
F:5' GTTGAAGCTATGOGAGATCITIC 3
R: &' GATCTCGCATAGCTIGCAAGATA S
F:5' GTATGCGAGGTCTITOTTTG 3
R 5 GCAMGAMGAGCTOGCATA '
F:5' GATGOATTAMACCGTATTGOTGM 3
R §' GCAATACGGTTTAATGCATCATTG 3'
F:5 GGTGOOGCOTCTGGTGAR S
R:§' CTTGACGAGAGGOGGOACOAAT &
5/ OCAGBOCOGTTTOGGTCATG 3
R:5' GACCGARACGGGOCTGGAATG 3"
F:5' CCAGAACGCTTTCGGTCAT &
R §' GACCGAMGCGTICTGGATG 3
F: 5 GOCATCAGTGOCCTTGATAAG &
R:§' CMMGGGCACTGATGGOATGA 3"
F: 5 GAGATGTTTCTAAGCAATCAGGA 3
R:5' COTTTGTGATIGGTTAGAMG 3
F:5' CGTTTCGGTGCTGACATCAGTA 3"
R:5' GGTTACTGATGGCAGGACOGARA 3
5 GATMMCMCAACGAGACGTCAA 3
R:5' COTTCTOGTTGITGTTATCAAGRT &
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‘Sequence (5'-3)

ACAGCAAATGGGTCGCGGATCCACCATTACAGTAAATACTAACGTC (BamHi)
GCARGTTGTOCAC BRI TAGTGOANTAGTGACATIGOAG (Sac)
ACAGCAAATGGGTCGCGGATCCGCAATTAATGTAAGCACTAACGTG (Bam)
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Compound Method of PKR modulation Stage of Animal model Disease context Citation
development
Activators Bozepinib Unknown Pre-clinical N/A N/A (149, 150)
Nitazoxanide Depletes intracellular Ca®* stores, FDA Rats, mice, hamsters ~Microbial infections cancer, inflammation, (151-166)
resulting in ER stress and PKR approved neuropathic pain, Parkinson’s disease
phosphorylation
BEPP Unknown Pre-clinical N/A N/A (167)
DHBDC Unknown Pre-clinical N/A N/A (168)
Inhibitors C16 Competitive inhibitor of ATP Pre-clinical Rats, mice Neurodegeneration, hypertension, cancer, (169-184)
diabetes, rheumatoid arthritis, inflammation
2- Competitive inhibitor of ATP Pre-clinical Mice Inflammation, diabetes (170,
Aminopurine 185-187)

N.A, not applicable.
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Bacterium

S. aureus

B. anthracis

L. monocytogenes

S. Typhimurium

E. coli

Y. pseudotuberculosis
C. trachomatis

L. pneumophilia
M. bovis BCG

M. tuberculosis

Experimental model

Human cardiac myocytes

Mouse BMDMs
Mouse peritoneal
macrophages

J774 macrophages

Mouse BMDCs and BMDMs

Mouse BMDMs
Mouse peritoneal
macrophages

C57BL/6J mice

Mouse peritoneal
macrophages

Mouse BMDCs

C57BL/6J mice

Mouse peritoneal
macrophages

C57BL/6J mice

Human cardiac myocytes
Mouse BMDMs

MEFs

Human mDCs

Mouse BMDMs

U937 macrophages
Human primary monocytes

C57BL/6J mice

THP-1 monocytes

THP-1 macrophages

Method of PKR
modulation

Pharmacological inhibition

Genetic deletion
Genetic deletion

siRNA knockdown

Pharmacological inhibition

Genetic deletion
Genetic deletion

Genetic deletion

Genetic deletion

Genetic deletion
Pharmacological inhibition
Genetic deletion
Genetic deletion
Pharmacological inhibition
Genetic deletion

shRNA knockdown
Pharmacological inhibition

Genetic deletion

Genetic deletion
Pharmacological
activation

Genetic deletion
Genetic overexpression

aBased on “Method of PKR modulation” column. N.D, not determined.

Live
bacterium

No (RNA)

Yes
No (toxin)

No (toxin)

Yes

Yes
Yes

Yes

Yes

No (RNA)

Yes

Yes
No (RNA)

Yes
Yes
Yes

Yes

Yes
Yes

Yes

Yes

Effect of PKR modulation®

Decreased apoptosis

Decreased apoptosis
Decreased pyroptosis
Decreased inflammasome
activation

Decreased pyroptosis
Decreased inflammasome
activation

Reduced expression of CHOP

Decreased apoptosis
Decreased pyroptosis
Decreased inflammasome
activation

Decreased inflammasome
activation

Decreased pyroptosis
Decreased inflammasome
activation

Decreased inflammasome
activation

N.D

Decreased IFNo. and IFNB

Decreased IL-18 mRNA in the liver
Decreased apoptosis

Decreased apoptosis

Increased bacterial invasion
Decreased IFNB

Decreased IFNS mRNA

Decreased IL-6
Decreased IL-6, TNFa, IL-10

No effect

N.D

Decreased selective autophagy
Increased selective autophagy

Bacterial
burden?®

N.D

N.D
N.D

N.D

N.D

N.D
N.D

Decreased
(spleen,
peritoneal cavity)
N.D

Unaffected (lungs,
liver, blood,
spleen)

N.D

Unaffected (blood)
N.D
N.D
N.D
N.D

Unaffected
N.D
Unaffected
(spleen, lungs)
Increased
Decreased

Increased
Decreased

Citation

(86)

®7)
(62)

(©8)

(®9)

(87)
(62)

(62)

(90)
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