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Saccharomyces boulardii Strain CNCM I-745 Modifies the Mononuclear Phagocytes Response in the Small Intestine of Mice Following Salmonella Typhimurium Infection
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Intestinal mononuclear phagocytes (MPs) comprise dendritic cells (DCs) and macrophages (Mφs) that play different roles in response to Salmonella infection. After phagocytosis, DCs expressing CD103 transport Salmonella from the intestinal tract to the mesenteric lymph nodes (MLN) and induce adaptive immune responses whereas resident Mφs expressing CX3CR1 capture bacteria in the lumen and reside in the lamina propria (LP) where they induce a local immune response. CX3CR1+ Mφs are generated from Ly6Chi monocytes that enter the colonic mucosa and differentiate locally. We previously demonstrated that the probiotic yeast Saccharomyces boulardii CNCM I-745 (S.b) prevents infection by Salmonella enterica serovar Typhimurium (ST), decreases ST translocation to the peripheral organs and modifies the pro-and anti-inflammatory cytokine profiles in the gut. In the present study, we investigated the effect of S.b on the migratory CD103+ DCs and the resident CX3CR1+ Mφs. MPs were isolated from the LP of streptomycin-treated mice infected by ST with or without S.b treatment before or during the infection. In S.b-pretreated mice, we observed a decrease of the CD103+ DCs in the LP that was associated with the drop of ST recovery from MLN. Interestingly, S.b induced an infiltration of LP by classical Ly6Chi monocytes, and S.b modified the monocyte-Mφ maturation process in ST-infected mice. Our results showed that S.b treatment induced the expansion of Ly6Chi monocytes in the blood as well as in the bone marrow (BM) of mice, thus contributing to the Mφ replenishment in LP from blood monocytes. In vitro experiments conducted on BM cells confirmed that S.b induced the expansion of CX3CR1+ Mφs and concomitantly ST phagocytosis. Altogether, these data demonstrate that Saccharomyces boulardii CNCM I-745 modulates the innate immune response. Although here, we cannot explicitly delineate direct effects on ST from innate immunity, S. b-amplified innate immunity correlated with partial protection from ST infection. This study shows that S.b can induce the expansion of classical monocytes that are precursors of resident Mφs in the LP.
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INTRODUCTION

The intestinal innate immune system plays a crucial role in limiting microbial access to the gut tissue. Among the cells of the innate immune system, intestinal mononuclear phagocytes (MPs) comprise two distinct cellular populations that are essential for both the induction of active immunity and the maintenance of intestinal homeostasis. The first MP subclass, referred to as classical dendritic cells (DCs), is exclusively capable to migrate from the intestine to the mesenteric lymph nodes (MLNs) where they initiate adaptive immune responses [reviewed in (1)]. These DCs are routinely identified by their co-expression of αE integrin (CD103) and CCR7 that controls DC migration from the lamina propria (LP) to the MLNs (2–4). The second MP subclass, described in the literature as “non-conventional DCs” or “resident” macrophages (Mφs), resides in the intestinal LP (5, 6). These Mφs possess a high phagocytic activity and express CX3CR1, the fractalkine receptor (CX3CR1+ Mφs).

Depending of the organ, tissue-resident Mφs display different origin [reviewed in (7)]. In case of the gut, the yolk sac-derived macrophages are present in newborn mice but do not persist in the gut of adult mice. Bain et al. (8) demonstrated that the intestine of adult mice requires continuous replenishment of the LP macrophage pool from hematopoiesis-derived monocytes. This process occurs in young mice (2–3 weeks old) and coincides with the acquisition of commensal bacteria suggesting that microbiota regulates colonic Mφs pool in adult mice (8). This hypothesis was confirmed in germ-free mice that have lower levels of all monocyte and Mφ populations in the colon when compared to adult conventional mice. The monocyte-Mφ replenishment of the gut has been well documented during inflammation in mice and humans (9, 10). Initial studies using mice that express the diphteria toxin receptor (DTR) under the control of the CD11c promoter showed that after diphteria toxin-induced depletion of CD11c+ cells, Ly6Chi monocytes enter the gut mucosa to replenish the Mφ compartment (11). These Ly6Chi monocytes were originally named “inflammatory” given their tendency to enter inflamed tissues. Recent work shows that these monocytes can also enter non-inflamed tissues and are now referred as “classical monocytes.” In steady-state condition, these Ly6Chi monocytes differentiate locally through short-lived CX3CR1int intermediates and develop to mature F4/80hiMHCII+CX3CR1hi resident Mφs that represent an anti-inflammatory cell population characterized by IL-10 expression and the capacity to induce regulatory T cells (Treg cells) (6). During colitis, the maturation of CX3CR1int to anti-inflammatory CX3CR1hi does not occur leading to the accumulation of pro-inflammatory CX3CR1int cells in the LP (6). CX3CR1hi macrophages also participate in antigen sampling by extending cellular extensions between epithelial cells to capture antigens or whole microbes and shuttle them across the mucosa to initiate immune responses in the LP (12, 13). In case of pathogenic infection by Toxoplasma gondii (14, 15), Citrobacter rodencium (16), and Salmonella typhimurium (17) classical Ly6Chi monocytes and CX3CR1int Mφs accumulate in large numbers in the intestinal mucosa of infected animals. In case of Salmonella sp. infection, after crossing the intestinal barrier, bacterial replication is controlled by neutrophils and monocytes that play a crucial role in host survival (18). Salmonella is transported to the MLNs via CD103+ DCs and infection becomes systemic when bacteria reach the blood (19). It has been recently demonstrated that intestinal challenge with S. typhimurium induces the migration of high phagocytic monocytic MPs (CX3CR1hi Mφs) in the LP shortly after the infection (20). CX3CR1-deficient mice displayed an increased susceptibility to Salmonella infection suggesting that these cells are directly implicated in the host defense against pathogenic microorganisms (12). It was recently demonstrated that in the initial stage of infection by Salmonella, CX3CR1+ cells migrated to the intestinal lumen and internalized the bacteria limiting thereby the number of pathogens crossing the epithelium (21).

The yeast Saccharomyces boulardii CNCM I-745 (S.b) is used as probiotic for the prevention of bacterial infections (22). We previously depicted its mechanism of action in the context of Salmonella infection. Our results in vitro and in vivo demonstrated that S.b prevents ST infection and that the binding of ST to the S.b cell wall is part of the protective effects of the yeast (23). However, a recent study conducted in vivo clearly showed that S.b can modify the balance between pro- and anti-inflammatory cytokines in the LP (24). These results support the hypothesis that S.b acts as an immune-modulator that protects against ST infection in mice. Interactions between S.b and DCs were reported in mice after antibiotic treatment and in in vitro studies with DCs from patients with inflammatory bowel disease (25–27). Therefore, the aim of the present study was to evaluate the effect of S.b on MP (DC and Mφ) responses during ST infection. For this purpose, streptomycin-pretreated mice were infected with ST alone or in combination with S.b. We demonstrated that yeast treatment significantly decreased the CD103+ DC population in the LP of ST-infected mice as well as the number of viable bacteria recovered from the MLNs. S.b also induced an expansion of Ly6Chi monocytes in the blood and BM. These cells infiltrated the LP and matured into Ly6Clow Mφs. A direct effect of S.b on the expansion of CX3CR1int phagocytes was confirmed in vitro.

MATERIALS AND METHODS

Bacterial and Yeast Strains

Salmonella enterica serovar Typhimurium SL1344 (ST) used in this study is a virulent streptomycin-resistant strain kindly provided by Stéphane Meresse, Center d'Immunologie de Marseille-Luminy, CNRS-INSERM Université de la Méditerranée, Marseille, France. ST were stored in Luria-Bertani (LB) medium supplemented by 15 % glycerol at −80°C and grown in LB broth overnight at 37°C without shaking. S. boulardii strain CNCM I-745 (S.b) (Ultra-Levure, BIOCODEX, France) cultures were obtained by inoculating a commercial lyophilized preparation of the yeast that was grown overnight at 37°C, with shaking, in Halvorston minimal medium (28).

Mouse Experiments

Female, 6- to 8-weeks old C57BL/6 mice from specific pathogen-free stocks were purchased from Harlan (Harlan, France). During the course of these studies, sentinel animals were screened for common murine pathogens every 2 months. All animals were housed in individual HEPA-filtered cages with sterile bedding and had free access to sterilized water and food. All animal experiments were performed in accordance with the Animals Scientific Procedures Act (1986) and were approved by the Institutional Ethics Committee on Laboratory Animals (CIEPAL-Azur, Nice Sophia-Antipolis, France) (PEA Number: NCE/2013-68).

Challenge of Mice With S.b and ST

Salmonella enterica serovar Typhimurium (ST) were grown in LB medium with streptomycin at 37°C without shaking until the late exponential phase. After centrifugation the bacterial pellet was washed twice with PBS and re-suspended in PBS. CFU were determined by plating serial dilutions of cultures on LB-agar medium containing streptomycin. Mice infected by ST do not develop intestinal inflammation and gastroenteritis but rather a systemic typhoid-like infection. This is due to the colonization resistance associated to microbiota. To overcome this resistance, we used an enteritis model described by Barthel et al. (29) with some modifications. Oral treatment with streptomycin reduced the microbiota by >80% and disrupted the colonization resistance during 2–3 days after antibiotic treatment (30). In brief, mice were deprived of water and food during 4 h before the administration of 20 μg of streptomycin/mouse by oral gavage. Two hours after antibiotic administration, food and water were provided ad libidum. Forty-eight hours after oral streptomycin treatment, water and food were once again withdrawn during 4 h, after which 200 μl of PBS containing ST (108 CFU) were administered by oral gavage. Mice challenged with S.b received by gavage 200 μl of PBS containing ST (108 CFU) and 107 CFU of yeast at the same time and constituted the co-treated group (co-S.b group). In the case of the group pre-treated by S.b (pre-S.b), yeast was administered 2 days before infection together with streptomycin and again at the same time as infection. Two groups of control mice were used, one received 200 μl of PBS and the other received 200 μl of PBS containing 107 CFU of yeast. The different groups are summarized in Figure S1. All the mice were sacrificed 3 days after infection.

Cell Extraction From Small Intestinal Lamina Propria and Bone Marrow

After sacrifice, intestinal tissue was opened longitudinally and washed several time with PBS. After Peyers' patch (PP) excision, the LP was cut into 1 cm pieces, washed with RPMI 1,640 containing 50 μg/ml of streptomycin (Sigma) and incubated in RPMI 1,640 containing 3% FCS, 5 mM EDTA and 0,145 mg/ml DTT (Sigma) for 20 min at 37°C. The digested tissue was passed through a cell strainer (70 μm Nylon, BD). The tissue collected on the filter was then washed several times in RPMI containing 2 mM EDTA, and then digested in RPMI 1,640 containing 10 μg/ml liberase (Roche) and 100 μg/ml DNase (Roche) for 25 min at 37°C on a shaking platform. The digested tissue was once again passed through a cell strainer (40 μm Nylon, BD) and the collected cells were enumerated after trypan blue staining. These cells were then stained with a cocktail of antibodies. Cells were collected from BM by crushing the femora into small pieces and vigorous pipetting as previously described (31). Single cell suspensions were incubated with CD11b+ magnetic beads for monocytes enrichment, according to the manufacturer instruction (Miltenyi-Biotech).

Analysis of ST Loads in MLNs

MLNs were removed and homogenized through a cell strainer (70 μm Nylon, BD) with the piston of a 10 ml syringe in Hank's Balanced Salt Solution (HBSS) at 4°C. Serial dilutions were plated on Luria Bertani-agar medium (LB-agar) containing 50 μg of streptomycin per ml for Colony Forming Units (CFU) determination.

In vitro Experimentation

CD11b+-enriched monocytes from BM were cultured in αMEM medium containing 0.5% (v:v) of β-Mercapto-Ethanol and 5% (v:v) of Foetal bovin serum, supplemented or not with yeast for 24 h before infection. For the infection, S. typhimurium was added at the multiplicity of infection (MOI) of 10 bacteria/cells for 1 h. The cells were then washed and exposed to gentamycin at 100 μg/ml. After 1 h incubation, the medium was replaced by a medium containing 10 μg/ml of gentamycin and cells were incubated in this medium overnight. The next day, part of the cells was used for the invasion test by plating dilution on LB-agar containing 50 μg of streptomycin per ml for CFU determination, and the other part of the cells was used for phenotypic characterization by flow cytometry.

Flow Cytometry

Cells were incubated on ice for 45 min in Fc block in the presence of relevant primary antibodies. The anti-CD11c FITC, anti-CD11b PE, anti-CD103 PECy5, anti-MHCII APC-efluor780, anti-F4/80 efluor450, anti-CD45 BV510, anti-CX3CR1 PECy7, anti-Sca1 PE, anti-CD16/32 PerCP, anti-CD34 efluor450, anti-B220 FITC, anti-Gr1 FITC, anti-Ter119 FITC, anti-CD3 FITC, and anti-CD127 APC were purchased from eBioscience. The anti-CD11b PE, anti-CD11c APC, anti-Ly6C FITC, anti-CD117 PECy7 and anti-CD43 PerCP were purchased from BD Bioscience. After staining, cells were analyzed by flow cytometry on a FACS Canto. Data were analyzed with the FlowJo software.

Statistical Analysis

For all studies, data are expressed as means ± SEM and groups were compared using non parametric tests:Kruskal-Wallist/Dunn's test or Mann-Whitney test. All analysis were performed using GraphPad Prism Sofware with statistical significance accepted for p < 0.05.

RESULTS

S.b Decreases the Recovery of ST From MLNs and the Proportion of CD103+ DCs

Stimulation of the innate immune response is an essential mechanism of the host to prevent infection. We previously demonstrated that S.b could modify the cytokine expression pattern in the early phase of infection by ST, which was beneficial for the host survival and prevented the loss of body weight during the late phase of infection (24). This beneficial effect was also correlated with a decrease of bacterial translocation from the gut to other organs. We, and others have previously shown that the Salmonella number in the intestine was not affected by S. b treatment despite a beneficial effect (24, 32). We thus investigated the effect of S.b on the migratory phagocytes in the LP. To determine the effect of S.b on ST spread, mice were either pre-treated by the yeast before infection (pre-S.b) or co-treated by the yeast (co-S.b) at the time of infection by ST. Three days post-infection, the bacterial burden was assessed in the MLNs. The bacterial burden was not impacted when S.b was given at the time of infection (co-S.b) but was significantly decreased in mice from the pre-S.b group (Figure 1A). As CD103+ DCs constitute the migratory cells that translocate ST from the LP to the MLNs (19), this result suggests a lower traffic of these cells from the LP to the MLN of treated mice. Unexpectedly, analysis of this population revealed that it was decreased in the LP by S.b treatment (Figure 1B). Alternatively, this result may reflect a switch in LP's monocytic cell population toward another monocytic population such as Mφs. We thus investigate the effect of the yeast on other myeloid population in the LP.
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FIGURE 1. S.b treatment reduces ST translocation to the MLNs and CD103+ DCs in the LP of Salmonella-infected mice. Mice were infected intra-gastrically for 3 days and LP and MLNs were dissected for further analyzes. (A) The number of viable ST bacteria recovered from the MLNs was determined in control mice (treated or not by S.b) and in mice infected with ST alone or infected in the presence of S.b (co-S.b) or pretreated with the yeast before infection (pre-S.b). MLNs were dissociated and aliquot plated on LB-agar streptomycin for counting CFUs. (B) Flow cytometry plots of the CD103+ DC subset in the LP. After monocytes extraction from LP, single cell suspensions were prepared and stained with anti-CD45, -CD11b, -F4/80, -CD11c, -MCHII, and -CD103. CD45+ cells were further gated according to F4/80 and MHC-II expression and the DC population was defined as MHC-II+F4/80− cells. These cells were gated according to the expression of CD11c and CD11b. The CD11c+CD11b+ population was gated for CD103. Histogram of CD11b+CD103+ DCs in control mice (treated or not by S.b) and mice infected with ST alone or infected in the presence of S.b (co-S.b) or pretreated with the yeast before infection (pre-S.b). Each symbol represents an individual mouse: small horizontal lines indicate the mean (± SEM). The data are combined from two independent experiments. *p < 0.05.



S.b Induces the Maturation of Intestinal Ly6Chi Monocytes Into Ly6C− Mφs

Crossing the epithelial barrier is thought to be the initial step of ST infection. In the intestine, a subset of Mφs has been shown to sample Salmonella (12). This population rises from Ly6Chi monocytes that are recruited into the mucosa and differentiate locally toward Ly6C− Mφs. This process occurs through short-lived intermediates with down-regulation of Ly6C, and up-regulation of MHC-II and F4/80 (6). In the LP of ST-infected mice, we observed an increase of Ly6Chi monocytes that are known to be at the origin of the maturation process toward Mφs (Figure 2A). This maturation process has been confirmed by the augmentation of resident Mφs that had lost the phenotypic marker Ly6C (Figure 2B). The kinetics of the monocyte-to- Mφ maturation process induced by ST was modified by S.b treatment (Figures 2A,B). We observed an increase in the intermediate population expressing MHC-II and Ly6C (Figure 2A) in mice co-treated with the yeast during infection (co-S.b) corresponding to 3 days of treatment by S.b. In the pre-S.b group that received yeast for 5 days, the intermediate population was not modified (Figure 2A) whereas the LP content in mature resident Ly6C− Mφs was significantly up-regulated when compared to ST infected mice or co-S.b treated group (Figure 2B). Three days of yeast treatment induced an increase of monocytes (Figure 2A) and 5 days of treatment increased the monocyte-derived Mφs pool in the LP (Figure 2B). These findings suggested that S.b exerts a time-regulated turnover of the monocyte-to-Mφs maturation process in the LP. This hypothesis was confirmed in control mice treated by S.b (without infection) that displayed a higher proportion of both the Ly6Chi monocytes as well as the resident Ly6C− Mφs (Figures 2A,B). Altogether, these observations showed that S.b affects the monocyte-Mφ homeostasis and that this effect is dependent on the duration of yeast administration.


[image: image]

FIGURE 2. S.b modified the maturation of Ly6C+ monocytes into resident Ly6C - Mφs. Mice were infected intra-gastrically for 3 days and the LP was dissected. Flow cytometry plots of Ly6C macrophage subset in the LP. After monocyte extraction from the LP, single cell suspensions were prepared and stained with anti-CD45, -CD11b, -F4/80, -CD11c, -MHC-II, and -Ly6C. (A) For the Ly6Chi monocytes, the different populations of the cascade of maturation were identified by the expression of MHC-II and Ly6C among CD11c−CD11b+ monocytes. (B) The macrophage populations of the cascade were identified by the expression of Ly6C and CD11b among CD11c+MCH-II+F4/80+ macrophages. Histograms representing the population of Ly6Chi monocytes in (A) and Ly6Cneg macrophages in (B) in control mice (treated or not by S.b) and mice infected with ST alone or infected in the presence of S.b (co-S.b) or pretreated with the yeast before infection (pre-S.b). The gating strategy is summarized in Figure S2. Each symbol represents an individual mouse: small horizontal lines indicate the mean (± SEM). The data are combined from two independent experiments. *p < 0.05.



S.b Increases Ly6ChiCX3CR1+ Monocytes in the Blood and BM

Bain et al. ( 8) demonstrated that in adult mice, intestinal macrophages are derived from conventional hematopoiesis. Thus, we investigated the presence of Ly6ChiCX3CR1int monocytes in the blood and BM of mice infected or not by ST. Infection by ST had a tendency to increase the percentage of Ly6Chi CX3CR1int monocytes in the blood and the BM when compared to control mice (Figures 3A,B). In the blood of co-S.b mice, the proportion of monocytes expressing Ly6Chi and CX3CR1int was higher when compared to ST-infected animals. The co-stimulatory effect of the yeast on classical monocytes disappeared when the yeast was administered prior to the infection (pre-S.b group) (Figures 3A,B). Thus, similarly to what we observed in the LP (Figure 2A), we observed in the blood and the BM a time-scale stimulatory effect of S.b on the population of monocytes that are known to give rise to mature Mφs in the LP. Three days of treatment by S.b increased classical Ly6Chi monocytes in the blood and BM of infected mice whereas no effect was observed after 5 days of treatment (Figure 3A).
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FIGURE 3. S. b up-regulates Ly6Chi CX3CR1+ monocytes in the blood and in the BM but has no effect on CX3CR1+ DCs. (A) Flow cytometry plots of Ly6C monocyte subset in the blood. After immune cell extraction from the blood, single cell suspensions were stained with anti -CD11b, -CD11c, -Ly6C, and CX3CR1. Gating of Ly6Chi CX3CR1 monocytes from CD11b+ CD11cneg subsets. (B) Flow cytometry plots of BM Ly6Chi monocytes. Single cell suspension was stained with anti -CD11b, -CD11c, -Ly6C, and CX3CR1. Gating of Ly6Chi CX3CR1 monocytes among CD11b+ CD11cneg subsets. (C) Gating on CX3CR1+ cells among CD11c+ DC population. Histograms represent the different populations from control mice (treated or not by S.b) and mice infected with ST alone or infected in the presence of S.b (co-S.b) or pretreated with the yeast before infection (pre-S.b). Each symbol represents an individual mouse: small horizontal lines indicate the mean (± SEM). The data are combined from two independent experiments.



The Ly6ChighCX3CR1+ monocytes in the blood are recruited from the BM. We thus quantified this population in the BM of infected or non-infected mice (Figure 3B). This population increased in ST infected mice and in the co-S.b group, but not in the pre-S.b group, as observed in the blood. Contrasting with Ly6ChighCX3CR1+ monocytes, the CX3CR1+ DC population in the BM was not affected by S.b treatment (Figure 3C).

As the CX3CR1+ Mφ progenitors were up-regulated in infected-mice treated with S.b for 3 days (Figures 3A,B), we investigated the effect of S.b on early hematopoietic progenitors generated in the BM. Monocytes were constantly generated in the BM from hematopoietic stem cells (HSCs) via granulocyte-macrophage progenitors (GMPs). As expected, Lin− Sca1+ c-kit+ (LSK) progenitors that contain HSCs, and GMP progenitors are increased in ST infected-mice when compared to control mice but were not affected by S.b treatments (Figures 4A,B). We concluded that the up-regulation of the Ly6ChiCX3CR1+ monocytes observed in mice treated by the yeast was not associated to an increase of their progenitors.
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FIGURE 4. S.b did not modified hematopoiesis in BM of infected mice. (A) Flow cytometry plots of LSK cells among Linneg cells. Cells were stained with anti-Sca1 and anti-Kit antibodies. (B) Flow cytometry plots of GMPs among Linneg Sca neg c-Kit MP cells after staining with anti-C16/32 and ant-CD34 antibodies. Histograms represent the different populations from control mice (treated or not by S.b) and mice infected with ST alone or infected in the presence of S.b (co-S.b) or pretreated with the yeast before infection (pre-S.b). Each symbol represents an individual mouse: small horizontal lines indicate the mean (± SEM). The data are combined from two independent experiments.



S.b Induces the Expansion of BM Ly6Chi and CX3R1int Monocytes

The results reported above suggest that S.b might drive the expansion of monocytes. To explore this hypothesis, we performed an in vitro experiment on BM cells infected or not with ST. Flow cytometry analysis clearly showed that overnight incubation with S.b highly increased the proportion of Ly6ChiCX3CR1int monocytes (Figure 5A). Infection by ST also induced this population but in a lower proportion than the yeast. In cells exposed to yeast and then infected (pre-Sb), the proportion of Ly6ChiCX3CR1int monocytes was significantly increased when compared to ST-infected cells. The number of intracellular bacteria found in the different conditions was determined by the Gentamycin protection assay (Figure 5B). In yeast-pretreated cells, we observed a significant increase of intracellular bacteria when compared to ST-alone infected cells confirming the high phagocytic property of these cells after yeast treatment. These findings clearly showed that S.b induced in vitro the expansion of highly phagocytic Ly6ChiCX3CR1int monocytes.
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FIGURE 5. S.b induces the expansion of monocytes Ly6Chi and CX3CR1+ BM monocytes and the phagocytosis of ST. Freshly extracted BM monocytes were enriched by anti-CD11b+ beads treatment. Cells were exposed or not to S.b overnight and infected by ST for another 24 h with gentamycin treatment to kill extracellular bacteria (for details see Materials and Methods). (A) Flow cytometry plots of Ly6Chi CX3CR1int monocytes were performed on CD45+ cells after identification of the CD11b−CD11c+ population. The gating strategy is summarized in Figure S3. (B) Determination of intracellular bacteria number by plating on agar and counting of CFUs. Conditions: control (treated or not by S.b), infected by ST alone or infected in the presence of S.b (Co-S.b) or exposed overnight to S.b before infection (Pre-S.b). The experiments were performed 3 times. *p < 0.05.



DISCUSSION

It is now well established that the intestinal immune response constitutes a highly dynamic process that controls exchanges between the lumen and the mucosa. In steady-state condition, this process controls tolerance against alimentary antigens and commensal microbiota while, in pathological conditions, it controls harmful microbe exclusion and inflammatory responses. Two populations of MPs were identified in the LP as major players in pathogen exclusion: DCs and Mφs. Only DCs expressing CD103 and CCR7 are able to migrate from the LP to the mesenteric lymph nodes and initiate the adaptive immune responses by priming naïve T cells. By contrast, Mφs expressing the fractalkine receptor CX3CR1 are resident in the LP where they act as effector cells of innate immunity. They engulf and clear bacteria, produce cytokines and maintain intestinal homeostasis. In this study, we showed that administration of Saccharomyces boulardii strain CNCM-I745 to mice infected by Salmonella typhimurium alters the distribution of DCs and Mφs in the LP. Yeast administration to mice before infection decreases the pool of CD103+ DCs and increases the monocyte-Mφ pool in the LP. These effects are associated in vivo with the expansion of Ly6Chi CX3CR1int monocytes in the blood and BM in S.b-treated mice before infection. Data presented in this study also show that S.b administration alone modifies the myeloid phenotype of monocytes in the LP in streptomycin-treated mice. A direct effect of the yeast on myeloid differentiation (or maturation) phenotype was confirmed in vitro on BM-derived monocytes exposed to the yeast. Altogether, our results demonstrate that S.b modifies the myeloid phenotype in the intestine that could account for the prevention of infection.

The anti-infectious properties of S.b are well documented in clinical reports but its mechanisms of action against pathogens are partially understood (22, 33, 34). Most experimental research from in vitro studies on cell cultures and animal models has been focused on the prevention of microbial pathogen adherence, translocation of the commensal microbial flora, neutralization of bacterial toxins (i.e., Clostridium difficile toxin A or cholera toxin), toxin-related signaling, maintenance of normal intestinal permeability and barrier function, as well as control of epithelial electrolyte transport and luminal secretion (35). The concept that probiotics can interact with immune cells constitutes the foundation for the immuno-regulatory effect of these microorganisms. For S.b, such interactions with DCs were reported in the context of ulcerative colitis (UC) and Crohn's diseases (CD) (26, 27). The authors investigated the effect of S.b supernatant on the stimulation by LPS of DCs isolated from healthy volunteers or patients with UC or CD. As incubation with fungal supernatant decreases the expression of the DC co-stimulatory molecules CD40, CD80 and of CCR7, the authors concluded that, in case of chronic inflammation, S.b exhibits in part its anti-inflammatory potential through modulation of the DC phenotype, migration and T polarization capacity. In the present study, we have investigated the effect of S.b on MPs in the case of acute inflammation occurring during ST infection. Experimentations were conducted in streptomycin-pretreated mice. This model enforces pathogen invasion through the LP rather than PPs and provides a clinically relevant mouse model of Salmonellosis (29). In this model, the CD103+ DCs were demonstrated to be the first DCs that carried intracellular Salmonella after oral infection (19). Our data show that when S.b is administrated before infection, the intestinal population of CD103+ DCs is decreased when compared to ST-infected animal. This can be explained by the migration of this population away from the LP and consequently by an increased trafficking to MLN. However, in these mice the bacterial burden is reduced in the MLNs. One hypothesis to explain this is that the CD103+ DCs that migrate to the MLN are translocating dead bacteria after S.b treatment that cannot be detected by our CFU analysis. The second hypothesis is that S.b modified the myeloid phenotype of MPs resulting in the decrease of the CD103+ DC population that can benefit to the rise of other pool of myeloid cells.

In the streptomycin mouse model, S. typhimurium uses at least two mechanisms to cross the epithelial barrier. The first one known as the “classical pathway” involves bacterial interaction with the epithelial cells. The second one named “alternative pathway” occurs after ST translocation through the epithelium and involves interaction between bacteria and innate immune cells (36). Among them, the CX3CR1 compartment represents a monocyte-to-Mφ differentiation continuum, ranging from Ly6ChiCX3CR1int monocytes at one end to mature CX3CR1hi Mφs at the other. This process involves down-regulation of Ly6C, and up-regulation of MHC-II and F4/80 (6). Our data showed that ST infection induces the recruitment of Ly6Chi monocytes to the LP in the intestine. Concomitantly, we observed an increase of Ly6C− Mφs expressing MHC-II and F4/80. In mice treated by S.b, the recruitment of Ly6Chi monocytes and their maturation process toward Ly6C− Mφs are modified when compared to ST-infected animals. This effect is a time-scale event since we observed an important recruitment of Ly6C+ monocytes into the LP in mice exposed to the yeast for 3 days (co-S.b group). However, this effect was decreased in mice exposed for 5 days to the yeast (pre-S.b group). By contrast, we observed an important up-regulation of Ly6C− Mφs in the LP of pre-S.b mice. These data strongly suggest that the yeast modulates the kinetics of monocyte-Mφ maturation. This hypothesis was confirmed in control mice treated only by the yeast. These mice display an increase of both Ly6Chi monocytes and Ly6C− Mφs when compared to control mice that did not receive the yeast. These data clearly demonstrate that in vivo S.b can modify myeloid cell phenotype in the LP.

The traditional view of the mononuclear phagocyte system is that the precursors develop in the bone marrow (BM), with mature monocytes then entering the circulation and migrating into the tissues to replenish tissue macrophages (37). There are two principle subsets of circulating monocytes: classical Ly6Chi monocytes and non-classical Ly6Clow monocytes [reviewed in (38)]. Classical monocytes patrol in the tissues and pick up antigens to transport them to the draining lymph nodes. In the context of inflammation, these monocytes differentiate into macrophages [reviewed in (39)]. In the present study, we showed that ST infection induces classical Ly6Chi CX3CR1int monocytes in the blood and BM concomitantly to the recruitment of Ly6Chi monocytes in the LP. Classical monocyte populations are up regulated in the blood and BM of mice co-treated by S.b. However, as shown in this study, S.b administration has no effect on the hematopoietic progenitors generated in the BM. Interestingly, the in vitro data obtained on BM monocytes clearly demonstrated that S.b induces the expansion of Ly6Chi CX3CR1int monocytes. This up-regulation was also observed in ST-infected cells that were treated by S.b before infection and was correlated with an increased number of intracellular bacteria. High phagocytic activity is an important feature of this immune cell population. Thus, we hypothesize that in vivo S.b also induces the expansion of classical monocytes in the BM that migrate through the blood to the LP.

Recruitment of Ly6Chi monocytes from the BM into the circulation was reported in the case of infection by L monocytogenesis and these cells were involved in the defense against infection (40). This defense is a multistep process that involves CCR2-mediated emigration of Ly6Chi monocytes from the BM to the bloodstream and CCR2-mediated recruitment of Ly6Chi monocytes from the bloodstream to the infected tissues (41). CCR2-mediated monocyte recruitment is also essential for the defense against Toxoplasma gondii, Mycobacterium tuberculosis and Cryptococccus neoformans infection, revealing that inflammatory monocytes are also involved in the defense against protozoan and fungal pathogens [reviewed in (42)]. Thus, the expansion of Ly6Chi CX3CR1int monocytes in the BM and blood and the increased infiltration of classical monocytes in the LP in mice treated by S.b contribute to the protective effect of S.b. against ST infection.

Intestinal Ly6Cneg Mφs expressing CX3CR1 represent a cell population that plays a variety of roles. They maintain intestinal immune homeostasis in steady-state by controlling antigen access and, in case of infection, they are considered as part of the defense strategies against infection complementary to mucus protection and IgA secretion (43). During infection with Toxoplasma gondii (14, 15), Citrobacter rodentium (16) or Salmonella typhimurium (12, 21), Ly6Chi monocytes and their descendants are the most efficient captors of pathogens and are indispensable for their elimination. The CX3CR1hi subclass appears to be directly involved in sampling and uptake of luminal antigens and microbes by extending cellular processes between epithelial cells and shuttling them across the epithelial barrier (12, 13, 35). Thus, the acceleration of the Ly6Chi monocytes turnover toward Ly6Cneg Mφs in the LP of mice treated by S.b contributes to the protection in case of Salmonella infection.

Bistoni et al. ( 44) reported in a study published in 1986 that administration of a non-virulent strain of yeast induces a protective effect against a second infection by virulent yeast but also bacteria that is mediated by granulocytes and macrophages lineage. In another study performed on human DCs, the authors have demonstrated that this effect is mediated by a Dectin-1 receptor that is able to recognize β-1,3 glycans which make up to 50% of the fungal cell wall (45). In our study, the yeast and bacteria were administered by gavage implying a direct contact of these microorganisms with the gut epithelium. In this context, we do not exclude a direct interaction of a compound of S.b cell wall with the myeloid cells in the LP. The second hypothesis is that S.b could secrete a factor or induce the secretion of factors by LP that modify the environment of immune innate cells and direct they maturation process. In the case of intestinal bowel disease, the supernatant from S.b culture modified DC activation status by LPS suggesting that the yeast can act trough a secreted factor (26). The mechanism of action of S.b in control non-infected mice as well in ST-infection is under investigation.

In summary, the present study shows that S.b may exhibit its anti-infectious potential through the modulation of the innate immune responses in the LP. This study opens new perspectives for the use of S.b as immunotherapy in infectious diseases.
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Figure S1. Mice treatment. Mice were subdivided in 5 groups: control group, S.b group, ST group, Co-S.b+ST group, and Pre-S.b+ST group. The experimentation started at day−2 with the orally administration of 20 μg of streptomycin (str) in 200 μl of PBS to all mice. Moreover, pre-S.b+ST group was treated by S.b (107CFU in 200 μl of PBS). At day 0, control group was treated with PBS, S.b group was treated by S.b (107CFU in 200 μl of PBS), ST group was treated by ST (108CFU in 200 μl of PBS) and Co-S.b+ST and Pre-S.b+ST groups were treated at the same time by ST and S.b (108CFU and 107 CFU in 200 μl of PBS, respectively). At day 3 of experimentation, mice were sacrificed and the intestine, bone marrow and MLNs were removed and proceeded for cell isolation.

Figure S2. Gating strategy for the Ly6C hi monocyte and Ly6C− macrophage identification in the LP.

Figure S3. Gating strategy for the identification of Ly6ChiCX3CR1int population among BM cells.

REFERENCES

 1. Scott CL, Aumeunier AM, Mowat AM. Intestinal CD103+ dendritic cells: master regulators of tolerance? Trends Immunol. (2011) 32:412–8. doi: 10.1016/j.it.2011.06.003

 2. Cepek KL, Shaw SK, Parker CM, Russell GJ, Morrows JS, Rimm DL, et al. Adhesion between epithelial cells and T-lymphocytes mediated by E-cadherin and the alpha E beta 7 integrin. Nature. (1994) 372:190–3. doi: 10.1038/372190a0

 3. Jang MH, Sougawa N, Tanaka T, Hirata T, Hiroi T, Tohya K, et al. CCR7 is critically important for migration of dendritic cells in intestinal lamina propria to mesenteric lymph nodes. J Immunol. (2006) 176:803–10. doi: 10.4049/jimmunol.176.2.803

 4. Schulz O, Jaensson E, Persson EK, Liu X, Worbs T, Agace WW, et al. Intestinal CD103+, but not CX3CR1+, antigen sampling cells migrate in lymph and serve classical dendritic cell functions. J Exp Med. (2009) 206:3101–14. doi: 10.1084/jem.20091925

 5. Zigmond E, Jung S. Intestinal macrophages: well educated exceptions from the rule. Trends Immunol. (2013) 34:162–8. doi: 10.1016/j.it.2013.02.001

 6. Bain CC, Scott CL, Uronen-Hansso H, Gudjonsson S, Jansson O, Grip O, et al. Resident and pro-inflammatory macrophages in the colon represent alternative context-dependent fates of the same Ly6Chi monocyte precursors. Nature. (2013) 6:498–510. doi: 10.1038/mi.2012.89

 7. Hoeffel G, Ginhoux F. Fetal monocytes and the origins of tissue-resident macropahges. Cell Immunol. (2018) 330:5–15. doi: 10.1016/j.cellimm.2018.01.001

 8. Bain CC, Bravo-Blas A, Scott CL, Gomez Perdiguero E, Geissmann F, Henri SB, et al. Constant replenishment from circulating monocytes maintains the macrophage pool in the intestine of adult mice. Nat Immunol. (2014) 15:929–37. doi: 10.1038/ni.2967

 9. Grimm MC, Pullman WE, Bennett GM, Sullivan PJ, Pavli P, Doe WF. Direct evidence of monocyte recruitment to inflammatory bowel disease mucosa. J Gastroenterol Hepatol. (1995) 10:387–95. doi: 10.1111/j.1440-1746.1995.tb01589.x

 10. Platt AM, Bain CC, Bordon Y, Sester DP, Mowat AM. An independent subset of TLR expressing CCR2-dependent macrophages promotes colonic inflammation. J Immunol. (2010) 184:6843–54. doi: 10.4049/jimmunol.0903987

 11. Varol C, Vallon-Eberhard A, Elinav E, Aychek T, Shapira Y, Luche H, et al. Intestinal lamina propria dendrtitic cell susets have different origin and functions. Immunity. (2009) 31:502–12. doi: 10.1016/j.immuni.2009.06.025

 12. Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, et al. CX3CR1-mediated dendritic cell access to the intestinal lumen and bacterial clearance. Science. (2005) 307:254–8. doi: 10.1126/science.1102901

 13. Chieppa M, Rescignato M, Huang AY, Germain RN. Dynamic imaging of dendritic cell extension into small bowel lumen in response to epithelial cell TRL engagement. J Exp Med. (2006) 203:2841–52. doi: 10.1084/jem.20061884

 14. Dunay IR, Damatta RA, Fux B, Presti S, Greco S, Colonna M, et al. Gr1(+) inflammatory monocytes are required for mucosal resistance to the pathogen Toxoplasma gondii. Immunity. (2008) 29:306–7. doi: 10.1016/j.immuni.2008.09.004

 15. Schultess J, Meresse S, Ramiro-Puig E, Montcuquet N, Darche S, Bègue B, et al. Interleukin-15-dependent NKp46+ innate lymphoid cells control intestinal inflammation by recruiting inflammatory monocytes. Immunity. (2012) 37:108–21. doi: 10.1016/j.immuni.2012.05.013

 16. Kim YG, Kamada N, Shaw MH, Warner N, Chen GY, Franchi L, et al. The Nod2 sensor promotes intestinal pathogen eradication via the chemokine CCL2-dependent recruitment of inflammatory monocytes. Immunity. (2011) 34:769–80. doi: 10.1016/j.immuni.2011.04.013

 17. Muller AJ, Kaiser P, Dittmar KE, Weber TC, Haueter S, Endt K, et al. Salmonella gut invasion involves TTSS-2-dependent epithelial traversal, basolateral exit and uptake by epithelium-sampling lamina propria phagocytes. Cell Host Microbes. (2012) 11:19–32. doi: 10.1016/j.chom.2011.11.013

 18. Wick MJ. Monocyte and dendritic cell recruitment and activation during oral Salmonella infection. Immunol Let. (2007) 112:68–74. doi: 10.1016/j.imlet.2007.07.007

 19. Bogunovic M, Ginhoux F, Helft J, Shang L, Hashimoto D, Greter M, et al. Origin of lamina propria dendritic cell network. Immunity. (2009) 31:513–25. doi: 10.1016/j.immuni.2009.08.010

 20. Man LA, Gicheva N, Regoli M, Rowley G, De Cunto G, Wellner N, et al. CX3CR1+ cell-mediated Salmonella exclusion protects the mucosa during the early stage of infection. J Immunol. (2017) 198:335–43. doi: 10.4049/jimmunol.1502559

 21. Nicoletti C, Arques JL, Bertelli E. CX3CR1 is critical for Salmonella-induced migration of dendritic cells into the intestinal lumen. Gut Microbes. (2010) 1:131–4. doi: 10.4161/gmic.1.3.11711

 22. Czerucka D, Rampal P. Experimental effects of Saccharomyces boulardii on diarrheal pathogens. Microbes Infect. (2002) 4:733–9. doi: 10.1016/S1286-4579(02)01592-7

 23. Martins F, Dalmasso G, Arantes RME, Doye A, Lemichez E, Lagadec P, et al. Interaction of Saccharomyces boulardii with Salmonella enterica serovar Typhimurium protects mice and modifies T84 cell response to the infection. PLoS ONE. (2010) 5:e8925. doi: 10.1371/journal.pone.0008925

 24. Pontier-Bres R, Munro P, Boyer L, Anty R, Imbert V, Terciolo C, et al. Saccharomyces boulardii modifies Salmonella typhimurium traffic and host immune responses along the intestinal tract. PLoS ONE. (2014) 9:e103069. doi: 10.1371/journal.pone.0103069

 25. Collignon A, Sandre C, Barc MC. Saccharomyces boulardii modulates dendritic cell properties and intestinal microbiota disruption after antibiotic treatment. Gastroenterol Clin Biol. (2010) 34:S71–8. doi: 10.1016/S0399-8320(10)70011-7

 26. Thomas S, Przesdzing I, Metzke D, Scmitz J, Radbruch A, Baumgart DC. Saccharomyces boulardii inhibits lipopolysaccharide induced activation of human dendritic cells and T cell proliferation. Clin Exp Immunol. (2009) 156:78–87. doi: 10.1111/j.1365-2249.2009.03878.x

 27. Thomas S, Metzke D, Schmitz J, Dörffel Y, Baumgart D. Anti-inflammatory effects of Saccharomyces boulardii mediated by myeloid dendritic cells from patients with Crohn's disease and ulcerative colitis. Am J Physiol Gastrointest Liver Physiol. (2011) 301:G1083–92.doi: 10.1152/ajpgi.00217.2011

 28. Czerucka D, Roux I, Rampal P. Saccharomyces boulardii inhibits secretagogue-mediated adenosine 3'5'-cyclic monophosphate induction in intestinal cells. Gastroenterology. (1994) 106:65–72. doi: 10.1016/S0016-5085(94)94403-2

 29. Barthel M, Hapfelmeier S, Quintanilla-Martinez L, Kremer M, Rhode M, Hogardt M, et al. Pretratment of mice with streptomycin provides a Salmonella enterica serovar Typhimurium colitis model that allows analysis of both pathogen and host. Infect Immun. (2003) 5:2839–58. doi: 10.1128/IAI.71.5.2839-2858.2003

 30. Stecher B, Robbiani R, Walker AW, Westendorf AM, Barthel M, Kremer M, et al. Salmonella enterica serovar Typhimurium exploits inflammation to compete with the intestinal microbiota. PLoS Biol. (2007) 5:e244. doi: 10.1371/journal.pbio.0050244

 31. Mansour A, Abou-Ezzi G, Sitnicka E, Jacobsen E, Wakkach A, Blin-Wakkach C. Osteoclasts promote the formation of hematopoietic stem cell niches in the bone marrow. J Exp Med. (2012) 209:537–49. doi: 10.1084/jem.20110994

 32. Rodrigues ACP, Nardi RM, Bambirra EA, Vieira EC, Nicoli JR. Effect of Saccharomyces boulardii against experimental oral infection with Salmonella typhimurium and Shigella flexneri in conventional and gnotobiotic mice. J Appl Bacteriol. (1996) 81:251–6. doi: 10.1111/j.1365-2672.1996.tb04325.x

 33. Czerucka D, Piche T, Rampal P. Review article: yeast as probiotics-Saccharomyces boulardii. Aliment Pharmacol Ther. (2007) 26:767–78. doi: 10.1111/j.1365-2036.2007.03442.x

 34. Joly F, Nuzzo A, Czerucka D. Saccharomyces boulardii CNCM I-745. In: Marteau P, Doré J, editor. Gut Microbiota-a Full Fledged Organ. Paris: John Libbey Eurotext (2017). p.305–30.

 35. McFarland LV. Systemic review and meta-analysis of Saccharomyces boulardii in adults. World J Gastroenterol. (2010) 16:2202–22. doi: 10.3748/wjg.v16.i18.2202

 36. Hapfelmeier S, Muller AJ, Stecher B, Kaiser P, Barthel M, Endt K, et al. Microbe sampling by mucosal dendritic cells is a discrete, MyD88-independent step in DettainvG S. typhimurium colitis. J Exp Med. (2008) 205:437–50. doi: 10.1084/jem.20070633

 37. Van Furth R, Cohn ZA. The origin and kinetics of mononuclear phagocytes. J Exp Med. (1968) 128:415–35. doi: 10.1084/jem.128.3.415

 38. Epelman S, Lavine KJ, Randolph GJ. Origin and functionns of tissue macrophages. Immunity. (2014) 41:21–35. doi: 10.1016/j.immuni.2014.06.013

 39. Mowat AM, Scott CL, Bain CC. Barrier-tissues macrophages: functional adaptation to environmental challenge. Nat Med. (2017) 11:1258–70. doi: 10.1038/nm.4430

 40. Serbina NV, Shi C, Pamer EG. Monocyte-mediated immune defense against murine Listeria monocytogenesis. Adv Immunol. (2012) 113:119–34 doi: 10.1016/B978-0-12-394590-7.00003-8

 41. Serbina NV, Pamer EG. Monocyte emigration from bone marrow during bacterial infection requires signals mediated by chemokine receptor CCR2. Nat Immunol. (2006) 7:311. doi: 10.1038/ni1309

 42. Serbina NV, Jia T, Hohl TM, Pamer EG. Monocyte-mediated defense against microbial pathogens. Annu Rev Immunol. (2008) 26:421–52. doi: 10.1146/annurev.immunol.26.021607.090326

 43. Regoli M, Bertelli E, Gulisano M, Nicoletti C. The multifaced personality of intestinal CX3CR1 macrophages. Trends Immunol. (2017) 12:879–87. doi: 10.1016/j.it.2017.07.009

 44. Bistoni F, Vecchiarelli A, Cenci E, Puccetti P, Marconi P, Cassone A. Evidence for macrophage-mediated protection against lethal Candida albicans infection. Infect Immun. (1986) 51:668–74.

 45. Skrzypek F, Cenci E, Pietrella D, Rachini A, Bistoni F, Vecchiarelli A. Dectin-1 is required for human dendritic cells to initiate immune response to Candida albicans through Syk activation. Microbes Infect. (2009) 11:661–70. doi: 10.1016/j.micinf.2009.03.010

Conflict of Interest Statement: DC is a scientific advisor to Biocodex SA (Gentilly, France) and has received travel grant from them. DC and RP-B salaries are founded by BIOCODEX S.A. LI received a post-doctoral fellowship from Biocodex SA. CB-W received a grant from Biocodex SA. There are no patents, products in development or marketed products to declare.

The remaining 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.

Copyright © 2019 Ibáñez, Pontier-Bres, Larbret, Rekima, Verhasselt, Blin-Wakkach and Czerucka. 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.

OPS/images/fimmu-10-00643-g005.gif
Gated on D45+ COL1c-COMY* cels






OPS/images/fimmu-10-00643-g003.gif
& -
D e

e

ocsconc e (ot e

e ——






OPS/images/fimmu-10-00643-g004.gif
B N o LS SN ORI P oM,

e

P

so -+ cossowss

>
pow— pr—





OPS/images/fimmu-10-00643-g001.gif





OPS/images/fimmu-10-00643-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

Saccharomyces boulardii Strain
CNCM I-745 Modifies the
Mononuclear Phagocytes Response
in the Small Intestine of Mice
Following Salmonella Typhimurium
Infection









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





