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Abstract

:

Dysbiosis is commonly detected in patients with inflammatory bowel disease (IBD), supporting the concept that a dysregulated immune reaction to bacterial antigens has a pathogenic role in the development of intestinal inflammation. In the present study, we have investigated the beneficial effects of a novel probiotic formulation assembled by combining four probiotics (Streptococcus thermophilus, Lactobacillus casei, Bifidobacterium breve, Bifidobacterium animalis subsp. Lactis) with Bacillus subtilis, a Gram-positive bacterium, with extensive bio-applications. Mice rendered colitic by administration of TNBS or DSS were administered with Bacillus subtilis alone, Vivomixx® or the novel Five strains formulation. Vivomixx® attenuated the severity of inflammation and reduced the development of signs and symptoms of colitis in both models. Adding Bacillus subtilis to Vivomixx® improved the beneficial effects of the bacterial therapy. The novel Five strains formulation was as effective as Vivomixx® in reducing the development of signs and symptoms of colitis and reduced the expression of pro-inflammatory mediators including Il-6 and Tnf-α while increased the expression of Il-10 mRNA and the number of Treg. In summary, we have shown that a novel Five strains probiotics formulation exerts beneficial effects on two chemical models of colitis, establishing Bacillus subtilis as a probiotic in rodent models of inflammation.
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1. Introduction


Crohn’s disease and ulcerative colitis are the two main phenotypes of inflammatory bowel disease (IBD), a chronic and relapsing inflammatory disorder of the intestine. Although the precise etiology of IBD is not yet fully understood, the most accepted hypothesis of its pathogenesis is that it develops due to an altered response to antigens deriving from the intestinal microbiota in genetically predisposed individuals [1]. Importantly, alterations in microbiota composition, referred to as dysbiosis, are commonly detected in IBD patients, especially in Crohn’s disease, enforcing the concept that a deregulated immune reaction to bacterial antigens exerts a mechanistic role in the pathogenesis of IBD [2,3,4]. As such, the intestinal microbiota might represent an important therapeutic target in these disorders.



IBDs are currently treated by immunosuppressive drugs, including local and systemic corticosteroids, anti-inflammatory agents, anti-cytokines therapies and biological agents that target the trafficking of leukocytes towards the gastrointestinal microcirculation [5,6,7]. Despite these efforts, and an impressive pipeline of novel therapeutic approaches, there is still a large subset of patients that are unresponsive or that have incomplete response to treatment or relapse at the end of treatment.



Currently, also the probiotics have entered IBD therapy intending to modulate the composition of the intestinal microbiota and the response of the host’s immune system [8]. Although the mechanisms of action of probiotics are not yet fully understood, many formulations of single strains or combinations of multiple strains are commercially available [9]. The results of clinical trials evaluating the use of probiotics in IBD patients, however, have documented that although probiotics are generally safe, they are only moderately or not effective in treating IBD [8]. Indeed, while beneficial results have been reported in UC (ulcerative colitis)patients and pouchitis, a substantial lack of efficacy has been documented in CD (Crohn’s disease) patients, highlighting the need to identify single strains or combinations of multiple strain probiotic formulations with improved clinical efficacy that will be beneficial and effective in treating the majority of IBD patients [10,11].



About the formulation with a single strain, Bacillus subtilis represents one of the most studied strains for the beneficial effects exerted on IBDs. Results from mouse models have provided evidence that Bacillus subtilis effectively protects against development of immune dysfunction and signs and symptoms of colitis in rodent models of colitis caused by dextran sodium sulfate (DSS). In this model, feeding with Bacillus subtilis promoted an increased biodiversity of the intestinal microbiota, recovery of intestinal tight junctions, along with enhanced generation of beneficial bacterial products such as short chain fatty acids (SCFAs) [12,13,14,15,16]. These beneficial effects were supported by a decreased production of pro-inflammatory cytokines such as Il-6 and Il -17 along with an increased generation of anti-inflammatory mediators such as Il-10 and Tgf-β [12,13,14,15,16], leading to the polarization of intestinal macrophages towards a tolerogenic, anti-inflammatory, M2 phenotype [13].



In addition to Bacilus subtilis, other probiotic strains such as Streptococcus thermophilus [17,18,19,20], Lactobacillus casei [21,22,23,24,25], Bifidobacterium breve [26,27,28] and Bifidobacterium animalis [29,30,31] have proven effective in reducing intestinal inflammation in pre-clinical models of IBDs, suggesting that a combination of Bacillus subtilis with these strains, by combining different metabolic and immune-modulatory effects [8], would exert an enhanced anti-inflammatory activity in comparison to the single strain formulation. Bacillus subtilis belong to the Bacillaceae family who are spore forming bacteria that are supposed to germinate in the living intestine unlike the Bifidocateria which are available as lyophilized preparations of vegetative cells [32]. Based on this background, we have worked out a multi-strains formulation containing the Five probiotic strains mentioned above. We tested this new various strain formulation in mouse models of colitis by comparing it with Vivomixx®, a commercially available multi-strains formulation that contains eight probiotic strains with known beneficial effects on colitis [33] used as a positive control, and against a Bacillus subtilis single strain formulation.




2. Materials and Methods


2.1. Probiotics


Many different formulations of probiotics were used in this study. Vivomixx® was commercially available in pharmacies in Italy and the lot number was 1919101 and expiration date 31/01/2021. For Vivomixx®, the list of strains as they appear on commercial packaging is as follows: Streptococcus thermophilus DSM24731®, Lactobacillus plantarum DSM24730®, Bifidobacterium breve DSM24732®, Lactobacillus paracasei DSM24733®, Lactobacillus delbrueckii subsp. bulgaricus DSM24734®, Lactobacillus acidophilus DSM 24735®, Bifidobacterium longum DSM24736®, Bifidobacterium infantis DSM24737®. The batch was maintained according to the manufacturer instructions until used. The novel formulation, indicated as “Five strains probiotics”, included the following five strains (percentages): Streptococcus thermophilus (30%), Lactobacillus casei (30%), Bifidobacterium breve (15%), Bifidobacterium animalis subsp. Lactis (15%) and Bacillus subtilis (10%). All bacteria were produced by Bioprox, France. We have chosen Bifidocterium animalis subsp. lactis instead of Bifidobacterium longum (Bl-O4) and infantis (Bi-07) because the last two species show a 100% identity with Bifidobacterium animalis subsp. lactis and have been reclassified as such [34,35,36].




2.2. Animals and Colitis Protocols


Balb/c mice were from Charles River (Italy). The colonies were maintained in the animal facility of the University of Perugia. Mice were housed under controlled temperatures (22 °C) and photoperiods (12:12-hour light/dark cycle), allowed unrestricted access to standard mouse chow and tap water and allowed to acclimate to these conditions for at least 7 days before inclusion in an experiment. The study was conducted in agreement with the Italian law and the protocol was approved by an ethical committee of the University of Perugia and by a National Committee of Italian Ministry of Health permit n° 1126/2016-PR. The health and body conditions of the animals were monitored daily by the veterinarian in the animal facility. Only male mice were used in each experiment. The study protocol caused minor suffering; however, animals losing more than 25% of their initial body weight were euthanized. Colitis was induced in Balb/c mice by administration of 2,4,6-trinitrobenzene sulfonic acid TNBS (Sigma Chemical Co, St Louis, MO, USA), for an acute colitis model, or dextran sulfate, sodium salt DSS (Affymetrix, Cleveland, OH, USA, molecular mass 40–50 kDa) for a chronic colitis model. Animals were monitored daily. For the TNBS colitis model, Balb/c mice were fasted for 12 h (day −1). The day after (day 0), mice were anesthetized, and a 3.5 F catheter inserted into the colon such that the tip was 4 cm proximal to the anus. To induce colitis, 1 mg of TNBS in 50% ethanol was administered via catheter into the lumen using a 1 ml syringe (injection volume of 100 μL); control mice received 50% ethanol alone. At the end of the experiment, the surviving mice were sacrificed, the colon was excised, weighed and evaluated for macroscopic damage. In some groups of mice, probiotics were administered orally at the concentration of 50 × 109 probiotic cfu/kg of body weight dissolved in saline solution [33,37,38,39]. The treatments were administered daily from day 0 to the day of sacrifice. In the DSS-chronic colitis model, DSS was administered in drinking water at 3% for two cycles of 7 days each, interspersed with 7 days of administration of water only. After randomization, mice were administered Vivomixx® or Five strains probiotics by o.s. at the concentration of 50 * 109 probiotic cfu/kg of body weight dissolved in saline solution from day 4 to the end of the experiment. At the end of the experiments, the surviving mice were sacrificed, blood samples were collected by cardiac puncture and the colon was excised, weighed and evaluated for macroscopic damage. In both models, the severity of colitis was measured each day for each mouse by assessing body weight, fecal blood and stool consistency. Each parameter was scored from 0 to 4 as described previously [33,37].




2.3. Histology


Samples of distal colon (2–3 cm from the anus) were fixed in buffered formalin, cut into 5-µm-thick sections (150 µm between each section, four to eight per fragment per colon), and stained with H&E. The histological score of the colon was assessed as previously described by U. Erben et al [40]. This score evaluated the level of tissue inflammation in relation to the extension of the inflammatory cell infiltrate (mild severity if the cellular infiltrate is only present in the mucosa, moderate if they are involved mucosa and submucosa, marked if the infiltration is transmural), and epithelial changes of the intestinal mucosal architecture like erosions and ulcerations.




2.4. Quantification of Fecal Lcn-2 by ELISA


Freshly collected or frozen fecal samples were reconstituted in PBS containing 0.1% Tween 20 (100 mg/mL) and vortexed for 20 min to get a homogenous fecal suspension. These samples were then centrifuged for 10 min at 12,000 rpm and 4 °C. Clear supernatants were collected and stored at −20 °C until analysis. Lipocalin (Lcn)-2 levels were estimated in the supernatants using Duoset murine Lcn-2 ELISA kit according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN) [41].




2.5. Isolation of Lamina Propria Cells


The cells were isolated from the colon lamina propria using the Lamina Propria Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany 130-097-401), according to the instructions.




2.6. Flow Cytometry


Flow cytometry analyses were carried out using a three-laser configuration Thermo Fisher Scientific Attune Nxt flow cytometry system. Data were analyzed using the FlowJo software (TreeStar). The gates were set using the fluorescence minus one (FMO) control strategy. FMO controls are samples that include all conjugated Abs present in the test samples except one. The channel in which the conjugated Ab is missing is the one for which the FMO provides a gating control. The following mAbs were used: CD3 PerCP-Cy5.5 (145-2C11, eBioscience, San Diego, CA, USA); CD4 APC-eFluor 789 (GK1.5, eBioscience, San Diego, CA, USA); CD8 Super Bright 702 (53-6.7, Invitrogen, Carlsbad, CA, USA); CD11b FITC (M1/70, BioLegend); Gr1 BV510 (RB6-8C5, BioLegend); CD11c Pe-Cyanine7 (N418, eBioscience, San Diego, CA, USA); CD206 PE (MR6F3, Invitrogen, Carlsbad, CA, USA); FoxP3 APC (FJK-16s, eBioscience, San Diego, CA, USA) and IL-10 Alexa Fluor 700 (JES5-16E3, eBioscience, San Diego, CA, USA).




2.7. Reverse Transcription of mRNA and Real-Time PCR


Colon samples and mesenteric lymph nodes were immediately frozen in liquid nitrogen and stored at −80 °C until used, mechanically homogenated in 1 ml of Trizol (Thermo Scientific™, Waltham, MA, USA). The RNA was extracted according to the manufacturer’s protocol. After purification from genomic DNA by DNase-I treatment (Thermo Scientific™, Waltham, MA, USA), 1 µg of RNA from each sample was reverse-transcribed using random hexamer primers with Superscript-II (Thermo Scientific™, Waltham, MA, USA) in a 20 μL reaction volume; 10 ng cDNA was amplified in a 20 μL solution containing 200 nM of each primer and 10 μL of SYBR Select Master Mix (Thermo Scientific™, Waltham, MA, USA). All reactions were performed in triplicate, and the thermal cycling conditions were as follows: 3 min at 95 °C, followed by 40 cycles of 95 °C for 15 s, 56 °C for 20 s and 72 °C for 30 s, using a Step One Plus machine (Applied Biosystem, Foster City, CA, USA). The relative mRNA expression was calculated according to the 2^(−ΔCt) method comparing the expression of different genes to that of GAPDH housekeeping. Primers were designed using the software PRIMER3 (http://frodo.wi.mit.edu/primer3/) using published data obtained from the NCBI database. The primers used were conducted as follows (forward and reverse): GAPDH (for CTGAGTATGTCGTGGAGTCTAC; rev GTTGGTGGTGCAGGATGCATTG; IFN-γ (for GCTTTGCAGCTCTTCCTCAT; rev ATCCTTTTGCCAGT), TNF-α (for CCACCACGCTCTTCTGTCTA; rev AGGGTCTGGGCCATAGAACT), IL-6 (for CTTCACAAGTCGGAGGCTTA; rev TTCTGCAAGTGCATCATCGT), IL-1β (for GCTGAAAGCTCTCCACCTCA; rev AGGCCACAGGTATTTTGTCG), TGF-β (for TTGCTTCAGCTCCACAGAGA; rev TGGTTGTAGAGGGCAAGGAC), IL-10 (for CCCAGAAATCAAGGAGCATT; rev CTCTTCACCTGCTCCACTGC), FoxP3 (for TCTTCGAGGAGCCAGAAGAG; rev AGCTCCCAGCTTCTCCTTTT).




2.8. Metagenomic Analysis


DNA extraction. The microbial DNA was purified from stool samples taken from mice from separate cages, using the PureLink Microbiome DNA Purification Kit (Thermo Scientific™, Waltham, MA, USA), according to the manufacturer’s instructions. Briefly, approximately 100 mg of mouse stool was weighed and transferred to the bead tube and mixed thoroughly with 700 µL of S1-Lysis Buffer and 100 µL of S2-Lysis Enhancer to create a homogeneous sample and incubated at 65 °C for 10 min. The bead tubes were homogenized for 10 min at maximum speed on the horizontal vortex mixer, then centrifuged at 14,000× g for 5 min and 400 µL of supernatant was transferred to a clean micro-centrifuge tube and vortexed immediately with 250 µL of S3-Cleanup Buffer. After 2 min of centrifugation, 500 µL of supernatant was transferred in a new Eppendorf and mixed with 900 µL of S4-Binding Buffer. Then, 700 µL of sample mixture was loaded onto a spin column tube and centrifuged at 14,000× g for 1 min (2X). The spin column was then washed with 500 µL of S5-Wash Buffer and the flow-through was discarded. Finally, the spin-column was placed in a clean tube, and the purified DNA was eluted with 100 µL of S6-Elution Buffer. The isolated DNA was quantified with a Qubit dsDNA HS Assay Kit on Qubit 3.0 Fluorometer (Thermo Scientific™, Waltham, MA, USA) according to the manufacturer’s instructions and then stored at −20 °C.



16S rRNA sequencing. Sequencing was performed using Ion 16S Metagenomics Kit (Thermo Scientific™, Waltham, MA, USA) on the Ion Torrent S5 platform (Thermo Scientific™, Waltham, MA, USA). Briefly, 3ng of DNA was subjected to amplification of 16S rRNA libraries using two primer pools to amplify seven hypervariable regions of bacterial 16S rRNA. Primers were partially digested and barcoded adapters (Ion Xpress Barcode Adapters 1-16 Kit) ligated to the amplicons, using the Ion Plus Fragment Library Kit (Thermo Scientific™, Waltham, MA, USA), purified using the Agencourt AMPure XP beads (Beckman Coulter, Brea CA, USA) according to the manufacturer’s protocol, and stored at −20 °C until further processing. The concentration of each 16S library was determined by qPCR using the Ion Library Quantitation Kit and a Qubit 3.0 fluorometer (Thermo Scientific™, Waltham, MA, USA). The library was diluted to ~100 pM before template preparation. Template preparation of the barcoded libraries was performed using the Ion Chef and the Ion S5 System (Thermo Scientific™, Waltham, MA, USA). A maximum of 16 barcoded 16S samples were sequenced on an Ion 520 chip (Thermo Scientific™, Waltham, MA, USA) using the Ion 510 & Ion 520 & Ion 530 Kit-Chef (Thermo Scientific™, Waltham, MA, USA) according to the manufacturer’s instructions.



Metagenomics analysis. Automated analysis, annotation and taxonomical assignments were generated using Ion Reporter Software-Metagenomics Workflow (Ion Reporter 5.10.2.0). The Ion Reporter Software enables the rapid identification (at genus or species level) of microbes present each sample, using both curated Greengenes and premium curated MicroSEQ ID 16S rRNA reference databases. The Ion Reporter metagenomics workflow also provides primer information, classification information, percent ID and mapping information.



Data visualization and statistical analyses of taxonomy. Data visualization and statistical analyses were performed using Krona and QIIME™ analysis software, and related packages were used for diversity and correlation analyses. Principal coordinates analysis (PCoA) was conducted with identified reads/OTUs using classical multidimensional scaling (Bray–Curtis) to analyze the distribution of dissimilarities and analysis of variance using abundance data.




2.9. Statistical Analysis


An ANOVA followed by a non-parametric Mann–Whitney U test or a two-tailed unpaired Student t test were used for statistical comparisons (* p < 0.05) using the Prism 6.0 software (GraphPad, La Jolla, CA, USA).





3. Results


3.1. Effects of the Probiotics Formulations in Mouse Model of Acute Colitis


We have first investigated the efficacy of the Five strains probiotics formulation in an acute model of colitis, caused by intrarectal administration of TNBS, a widely used model of Th1-mediated disease with some similarities with Crohn’s disease. To compare the efficacy of the novel formulation with existing probiotics, groups of 5–7 mice were also dosed daily with Bacillus substilis alone or Vivomixx® alone or in combination with Bacillus subtilis.



The severity of the TNBS-induced colitis was assessed daily by monitoring changes in body weight and colitis disease activity index (CDAI) and colonic macroscopic and microscopic features at the time of sacrifice. The data shown in Figure 1 highlight the protective effect of Vivomixx®, as already shown in previous studies [33]. However, the best beneficial effect was obtained by dosing the mice with the Five strains probiotics, which effectively attenuated the body weight loss by ≈15% and the CDAI by 45% at day 4 compared with the group treated with TNBS alone (Figure 1A,B). Furthermore, the Five strains probiotics improved the macroscopic and microscopic features of the colitis (Figure 1C–E). The combination of Vivomixx® with Bacillus subtilis, one of the components of the Five strains probiotics mixture, heighted the beneficial effects exerted by Vivomixx® alone, without matching the effects exerted by the Five strains probiotics (Figure 1). Conversely, the administration of a formulation consisting of Bacillus subtilis alone exerted a minor beneficial effect (Figure 1).



These data were confirmed by the analysis of the expression of pro- (Tnf-α, Il-6, Ifn-γ and Il-1 β) and anti-inflammatory (Tgf-β, Il-10 and FoxP3) biomarkers in the colon and mesenteric lymph nodes (mLN) of mice rendered colitic by TNBS and treated with Vivomixx® or with the Five strains probiotics (Figure 2). The results of these assays demonstrated that while exposure to TNBS alone increased the expression of pro-inflammatory mediators Il-6 (≈20 folds) and Il-1β (≈30 folds) (Figure 2A), this pattern was reversed by both probiotic formulations. Furthermore, the Five strains probiotics was significantly more effective than Vivomixx® in reducing the level of Il-6 (Figure 2A). Both probiotic formulations increased the expression of anti-inflammatory genes Tgf-β, Il-10 and FoxP3 (Figure 2B). Furthermore, both probiotic formulations reduced the expression levels of the pro-inflammatory cytokines and increased the expression of FoxP3 in the mesenteric lymph nodes. In contrast, none of the treatments had any effect on Tgf-β expression, but the novel formulation increased Il-10 gene expression (Figure 2C,D).




3.2. Effects of the Probiotic Formulations in a Model of Chronic Colitis


To further investigate the efficacy of the two formulation in another model of colitis, we have dosed Vivomixx® and the Five strains probiotic mixture to mice administered DSS in the drinking water for three weeks. The results of this second experiment demonstrated that the signs and symptoms of colitis assessed by measuring body weight and CDAI, and the levels of Lcn2, a biomarker of colon inflammation (Figure 3A–E), were equally attenuated by Vivomixx® and by the Five strains probiotics mixture. Additionally, while DSS increased the total white blood cells (WBC) and lymphocytes, the Five strains probiotics, but not Vivomixx®, prevented these changes (Figure 3F).



The analysis of the length and weight of the colon confirmed the beneficial effect of the probiotic administration (Figure 4A,B). Histopathology analysis of the colon sections, obtained from different experimental groups, confirmed a strong leukocyte infiltration and loss of normal architecture of the colonic wall in DSS-treated mice (Figure 4E). Both Vivomixx® and the Five strains probiotics reversed these features as well as macroscopic features (Figure 4C,D). Furthermore, both formulations effectively reduced leukocyte trafficking toward the colon as measured by assessing the number of the lamina propria cells (Figure 4E). All these data on the colon macroscopic and microscopic features showed that the Five strains probiotics exerted a greater beneficial effect compared with Vivomixx® (Figure 4).



To gain further insights on the mechanisms that support the beneficial effects of probiotic formulations in this model, we have then investigated the expression of pro- and anti-inflammatory genes in the colon and composition of the colon lamina propria cells by flow cytometry (Figure 5). Again, while exposure to DSS increased the expression of Tnf-α, Il-6, Ifn-γ and Il-1β (Figure 5A), this pattern was reduced by treatment with both probiotic formulations, although the Five strains probiotics exhibited a greater anti-inflammatory activity compared with Vivomixx®, as indicated by enhanced modulation of Tnf- α and Ifn-γ (Figure 5A). On the other hand, both probiotics increased the expression of Tgf- β, Il-10 and FoxP3 (Figure 5B), though Vivomixx® was highly effective in boosting FoxP3 expression (Figure 5B).



Furthermore, a detailed flow cytometry analysis of lamina propria-infiltrating cells (Figure 6, Figure 7 and Figure S1) demonstrated that both probiotic formulations effectively reduced the number of CD8+ T cells (CD3+CD4-CD8+) and CD4+ T helper cells (CD3+CD4+CD8-) (Figure 6A,B), but had no significant effect on the percentage of these cells (Figure S1A,B). Next, we have also investigated the effects of the two formulations on modulating T helper cell subsets. The results of this analysis demonstrated that only Vivomixx® increased the number of lamina propria (CD3+CD4+CD8-FoxP3+) Treg cells (Figure 6C) and the percentage of IL-10+ T helper cells (CD3+CD4+CD8-IL-10+) (Figure 6D,E).



We have then investigated the effect of in vivo treatment with probiotics on macrophages, the largest population of immune cells most found in the lamina propria of the colon [42,43] (Figure 7). Of interest, both formulations of probiotics reduced the number of total macrophages (CD11b+Gr1-) and the number of M1 subsets (CD11b+Gr1-CD11c+CD206-) detected in the colon of mice administered DSS (Figure 7A,B). However, only the Five strains probiotics had a statistically significant effect (Figure 7A,B). In contrast, we were unable to detect change either on the percentage of total marginalized macrophages in the lamina propria or on the percentage of the M1 subpopulation (Figure S1D). On the other hand, both probiotic mixtures increased the number and the frequency of M2 macrophages (CD11b+Gr1-CD11c-CD206+) and the percentage of IL-10+ macrophages as demonstrated by the decrease in the ratio of M1/M2 macrophages (Figure 7C–F and Figure S1D). Together, these data suggest that Vivomixx® exerted a greater effect in inducing the expansion of anti-inflammatory macrophages if compared with the Five strains probiotics (Figure 7C–F).



Analysis of the expression of pro- and anti-inflammatory genes in the mesenteric lymph nodes were consistent with these findings (Figure 8A,B), as the two probiotic formulations reversed the pro-inflammatory pattern caused by treating mice with DSS. Additionally, both probiotics increased the expression of anti-inflammatory genes Tgf- β, Il-10 and FoxP3 (Figure 8A,B).




3.3. Impact of the two Probiotic Formulations on the Composition of the Intestinal Microbiota


To ascertain whether the beneficial effects exerted by the two probiotic mixtures in the chronic colitis models were mediated by changes in the composition of intestinal microbiota, we have carried out a metagenomic analysis of the composition of the intestinal microbiota from Five mice per group (Figure 9), in fecal samples collected at the end of the study (21 days from start of colitis and 17 days from start of treatment with probiotic formulations). The results of these studies revealed a robust difference in microbiome composition between the various experimental groups expressed as relative abundance of family, calculated as percent of mapped reads (Figure 9A). As displayed in Figure 9, the DSS treatment radically changed the microbiome composition by increasing the relative percentage of Bacteroidaceae and reducing the percentage of Porphyromonadaceae. Both probiotic formulations modulated the microbiome composition compared with DSS-treated mice, but exerted different effects on the composition as shown in the Figure 9B–E. The PCoA plot of β diversity analysis at the family level (Bray–Curtis analysis) showed a minor dissimilarity between untreated mice and mice treated with the Five strains probiotics, whereas Vivomixx® administration was significantly less effective in reversing the effect of DSS on family composition (Figure 9F). Furthermore, the analysis of the alpha diversity using the Shannon and Simpson indices showed that while DSS did not change the biodiversity and richness of fecal microbiota, Vivomixx® significantly decreased the alpha diversity of the microbial community, whereas the Five strains probiotics reshaped the biodiversity and the stability of microbiota by increasing both the Shannon and Simpson indices.





4. Discussion


IBD are chronic intestinal inflammatory disorders characterized by dysregulated immune responses to the intestinal microbiota that occurs in genetically susceptible hosts. Dysbiosis, a quantitative and qualitative alteration of the intestinal microbiota structure, is recognized as a causative factor in IBD [44] (.). Consistent with this view, several studies have shown that most of IBD patients have increased levels of potentially pathogenic Proteobacteria (including Enterobacteriaceae such as E. coli and Klebsiella), Fusobacteria and pathogenic fungi [45], along with reduced levels of putative beneficial Firmicutes such as Faecalibacterium prausnitzii and Clostridium clusters IV and XIVa, among others [46,47,48]. Together with the demonstration that a microbiota colonization is required to develop colitis in germ-free susceptible rodents [4,49], these data provide a strong rationale for therapeutically modifying the enteric microbiota in IBD patients [8,50]. Several therapeutic strategies based on the use of single strain or multiple strains probiotics, prebiotics and symbiotics along with fecal microbiota transplantation have been adopted in IBD patients [51,52,53]. Furthermore, novel live biotherapeutics, among which several putative beneficial bacteria including Clostridium, Firmicutes spores, Bacteroides and Roseburia isolated from healthy human microbiota are currently investigated [54]. Analyses of randomized clinical trials with various probiotic formulations have demonstrated that single strain probiotics exert beneficial effects over placebos in UC patients [55] and that beneficial effects were maintained also when the probiotics were associated with anti-inflammatory agents such as 5-aminosalicycilic acid [56]. Multiple strains formulations have been demonstrated effective in UC and pouchitis. Indeed, VSL#3, a blend of eight strains, L. casei, L. plantarum, L. acidophilus, L. delbrueckii subspecies bulgaricus, B. longum, B. breve, B. infantis, and S. thermophilus, has been shown effective in improving remission and reducing relapse rates in UC and patients with pouchitis [33,37]. However, recent studies have shown that due to changes in the production site and bacterial composition, VSL#3 is no longer effective in reducing intestinal inflammation in preclinical models of IBD [33,37]. Therefore, in the present study, we have used Vivomixx®, a commercially available multi-strains probiotic preparation made with the original formulation (known as De Simone’s formulation) used in the original VSL#3 [33,57].



Chemical colitides induced in Balb/c mice by TNBS or DSS mimic several “clinical” and histopathological features of IBD, and have been extensively used to dissect the immune response to intestinal microbiota in preclinical models [58]. Present results demonstrated that administering colitic mice with Vivomixx® attenuated the development of colitis in both the TNBS and DSS models. Indeed, treatment with Vivomixx® alleviated the development of “clinical” signs and symptoms of colitis, reduced inflammation (as measured by assessing the macroscopic and histopathological scores) and induced a regulatory immune response, as highlighted by the increased expression of signature cytokines such IL-10 along with Foxp3, a marker of Treg polarization. The analysis of the expression FoxP3+ CD4 cells in the colon and in the mesenteric lymph nodes, along with the characterization of the cells infiltrating the colon lamina propria by flow cytometry (Figure 2, Figure 5, Figure 6 and Figure 8), demonstrated that exposure to Vivomixx® expands the Treg pool as we have demonstrated previously [33]. Adding Bacillus subtilis to Vivomixx® improved the beneficial effects of the bacterial therapy in the TNBS model of colitis. The Bacillus subtilis–Vivomixx® mixture had additive effects, in comparison with Bacillus subtilis alone and Vivomixx® alone, in reducing the body weight lost and the severity of colitis, highlighting the potential beneficial effects of Bacillus subtilis in the context of a multi-strains probiotic preparation [12,13,14,15,16].



However, Vivomixx® is a complex blend of eight different bacteria that is produced through a rather sophisticated industrial process whose steps need to be carefully controlled to avoid impact on bacterial metabolism as previously reported [33,37]. A reduction in formulation complexity, and industrial costs, is therefore a desirable step that will be needed to expand the availability of the highly effective and high doses probiotics to IBD patients. For these reasons, we have decided to develop a novel and simplified bacterial formulation consisting of Five different strains: Streptococcus thermophilus (30%), Lactobacillus casei (30%), Bifidobacterium breve (15%), Bifidobacterium animalis (15%) and Bacillus subtilis (10%). All the strains chosen for the new formulation have been studied extensively and there are a number of studies supporting their beneficial effects in preclinical and clinical settings [17,18,19,20,21,22,23,24,25,26,27] and four of them, excluding Bacillus subtilis, are included in the De Simone formulation, and their effectiveness in reducing intestinal inflammation has been validated through a number of studies in preclinical and clinical settings in the last two decades.



Bacillus subtilis is a Gram-positive bacterium that has several attractive properties with high potential in bio-applications and has been recently isolated from the normal human intestinal microbiota [59,60]. Bacillus subtilis is a sister species to Bacillus amyloliquefaciens (i.e., two species originated by differentiation from a shared progenitor) belonging to the largest group of bacterial species characterized by a high genetic correlation, the so called Bacillus subtilis group [61]. The high genetic similarity existing between Bacillus amyloliquefaciens and Bacillus subtilis species made it difficult to effectively distinguish these two taxonomic groups by comparing the coding sequences for the 16S rRNA [62], which represents the election marker for the taxonomic identification of bacteria [63]. One property of Bacillus subtilis is the ability to form architecturally complex communities termed biofilms, which self-produce an extracellular matrix comprised of lipids, proteins exhibiting amyloid-like properties, extracellular DNA and exopolysaccharides [64]. Interestingly, Bacillus subtilis can develop biofilms in the gut of living organisms which may help to reset the composition of intestinal microbiota and to protect the intestinal mucosa from aggressive bacteria and reshape intestinal immunity [59,60,65,66,67]. Since the properties of Bacillus subtilis were rather unique among the probiotic species, this might explain the enhanced efficacy of various blends obtained by combining canonical probiotics with the Bacillus subtilis. The Five strains formulation reported in this study was as effective as Vivomixx® (Figure 1) in reducing intestinal inflammation and inflammation-driven immune dysfunction in the TNBS model of colitis. In contrast to Vivomixx®, that seems to work mostly by expanding the counter-regulatory branch of innate and adaptive immunity, i.e., by promoting the differentiation toward an M2 phenotype of macrophages and a regulatory phenotype of T cells, the novel formulation, not only directly attenuated the inflammatory response as demonstrated by a robust reduction in the expression of Il-6 (Figure 2A,C), but also increased the expression of Il-10 both in the colon and in the mesenteric lymph nodes (Figure 2B,D). This view is further confirmed by the finding that treating DSS mice with the novel formulation not only attenuated the expression of pro-inflammatory mediators but reduced the number of colon lamina propria infiltrating cells (Figure 4E) along with the total number of circulating WBC and lymphocytes. Taken together, these data strongly suggest that the novel formulation exerts both anti-inflammatory and counter-regulatory effects which might be compatible with enhanced mucosal protection. Finally, because the novel formulation exerts similar effects of Vivomixx® on the intestinal microbiota structure, we speculated that enhanced beneficial effects could be related to the ability of Bacillus subtilis to generate intestinal biofilms which might compete for biofilm formation by pathogenic bacteria. This hypothesis needs to be tested by specifically designed clinical investigations.



Another limitation of this study is that there are relatively few studies over the safety of Bacillus subtilis as a probiotic in human settings. Despite the fact that a closely related Bacillaceae member, Bacillus clausii, is the main ingredient of several pro-biotic formulations and has been used for treating acute diarrhea [32], the safety and efficacy of Bacillus subtilis in IBD patients, needs to be formally assessed and investigated in clinical trials.




5. Conclusions


In conclusion, here we report on the efficacy of a multi-strains formulation based on the use of established probiotics in combination with Bacillus subtilis, establishing this bacterium as a probiotic in rodent models of colitis, therefore human clinical trials are needed to determine the benefits on IBD patients. The novel formulation is made by Five bacteria, and presents several advantages over the “classical” eight strains formulation known as the De Simone formulation that has been marketed in the last two decades under several commercial brands. Clinical studies are needed to prove the efficacy and safety in human settings.
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Abbreviation




	TNBS
	2,4,6-Trinitrobenzenesulfonic acid



	DSS
	dextran sodium sulfate



	H&E
	Hematoxilin and Eosin



	CDAI
	colitis disease activity index



	Treg
	Regulatory T lymphocytes



	mLN
	mesenteric lymph nodes
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Figure 1. Effects of probiotics blends on acute colitis. Acute colitis was induced by administering TNBS on BALB/c mice. Co-treatment with different formulations of probiotics by gavage from day 0 to day 4. Changes in body weight (A), colitis disease activity index (CDAI) (B) of mice during the course of TNBS-induced colitis, ratio of colon weight/colon length (C) and colon histological score (D). Results are the mean ± SEM of 5–7 mice per group. * p < 0.05. H&E staining of colon sections from control mice, mice treated with TNBS, and mice treated with TNBS plus different probiotics (original magnification 10×) (E). 
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Figure 2. Impact on the gene expression of Vivomixx® and Five strains probiotics on acute colitis. In BALB/c mice acute colitis was induced by administering TNBS. Mice were co-treated with Vivomixx® and the Five strains probiotics by gavage from day 0 to day 4. Relative mRNA expression of pro-inflammatory genes Tnf-α, Il-6, Ifn-γ, and Il-1β and anti-inflammatory genes Tgf-β, Il-10 and FoxP3 in colon (A,B) and mesenteric lymph nodes (C,D) was assayed by real-time PCR. Data are normalized to Gapdh mRNA. Results are the mean ± SEM of 5–7 mice per group. * p < 0.05. 
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Figure 3. Effects of probiotics on chronic colitis. The experiment was carried out on BALB/c mice. Mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or one of the different formulations of probiotics by gavage from day 4 to the end of the experiment. Data shown: changes in body weight (A), area under the curve (AUC) of % of body weight (B), CDAI (C) and area under the curve of CDAI (D) during the course of DSS-induced colitis. Lipocalin 2 levels in stool at different time points (E). Blood cells counted at the end of experiments (day 21) (F). Results are the mean ± SEM of 7-11 mice per group. * p < 0.05. 
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Figure 4. Effects of Vivomixx® and the Five strains probiotics on macroscopic and microscopic characteristics of the colon. BALB/c mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or one of two probiotics formulations by gavage from day 4 to the end of the experiment. Photographs of colon from control, DSS-treated and DSS plus Vivomixx® and Five strains probiotics-treated mice (A), colon length and ratio of colon weight/colon length (B). H&E staining of colon sections from each experimental group (original magnification ×4 and ×10) (C). Evaluation of wall thickness and histological score (D), and number of lamina propria cells (E). Results are the mean ± SEM of 7–11 mice per group. * p < 0.05. 
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Figure 5. Probiotics modulate the expression of pro and anti-inflammatory genes in the colon. BALB/c mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or probiotics formulations by gavage from day 4 to the end of the experiment. Relative mRNA expression of pro- and anti-inflammatory genes was assessed by real-time PCR in the colon: Tnf-α, Il-6, Ifn-γ, Il-1β (A) and Tgf-β, Il-10, FoxP3 (B). Results are the mean ± SEM of 7–11 mice per group. * p < 0.05. 
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Figure 6. Probiotics modulate the phenotype of T lymphocytes in lamina propria. BALB/c mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or probiotics formulations by gavage from day 4 to the end of the experiment. Colon samples were used to perform a detailed characterization of cells composition of colonic lamina propria by IC-FACS analysis. Data shown are numbers of CD3+CD4-CD8+ T cells (A), CD3+CD4+CD8- T helper cells (B), Treg cells (CD3+CD4+CD8-FoxP3+) (C) and percentage of IL-10+ T helper cells (D). Flow cytometry analysis of CD4 and IL-10 expression in CD3+ T cells (E) derived from colonic lamina propria. Results are the mean ± SEM of 7–11 mice per group. * p < 0.05. 
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Figure 7. Probiotics modulate the phenotype of macrophages in lamina propria. BALB/c mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or probiotics formulations by gavage from day 4 to the end of the experiment. Colon samples were used to perform a detailed characterization of cells composition of colonic lamina propria by IC-FACS analysis. Number of total macrophages CD11b+Gr1- (A), M1 subpopulation (CD11b+Gr1-CD11c+CD206-) (B), M2 macrophages (CD11b+Gr1-CD11c-CD206+) (C), ratio between M1/M2 number of macrophages (D) and percentage of IL-10+ macrophages (E). Flow cytometry analysis of IL-10 expression in CD11b+Gr1- macrophagic cells (F). Results are the mean ± SEM of 7–11 mice per group. * p < 0.05. 
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Figure 8. Impact of DSS-induced colitis and probiotic formulations in the peripheral immune system. The experiment was carried out on BALB/c mice. Mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or probiotics by gavage from day 4 to the end of the experiment. Quantitative real-time PCR analysis of the expression of Tnf-α, Il-6, IFN-g and Il-1β (A) and Tgf-β, Il-10, and Foxp3 (B) genes in mLN. The data are normalized to Gapdh mRNA. Results are the mean ± SEM of 7–11 mice per group. * p < 0.05. 
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Figure 9. Effects of probiotic formulations on microbiome composition. The experiment was carried out on BALB/c mice. Mice were treated with DSS in drinking water for two cycles of 7 days each and then administered with vehicle or probiotics by gavage from day 4 to the end of the experiment. Stool samples were collected at the end of the experiment (day 21). The gut microbiota composition profiles at family level expressed as percentage of mapped reads (A) and detailed graphs of the most represented families grouped by phylum (B–E). Plot of principal coordinate analysis (PCoA) of fecal microbiota using the Bray–Curtis dissimilarity matrices at family levels (F). Shannon and Simpson indices used to estimate the α-diversity of fecal microbiota (G). Results are the mean ± SEM of 5 mice per group. * p < 0.05. 
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