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S-Layer From Lactobacillus brevis Modulates Antigen-Presenting Cell Functions via the Mincle-Syk-Card9 Axis
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C-type lectin receptors (CLRs) are pattern recognition receptors that are crucial in the innate immune response. The gastrointestinal tract contributes significantly to the maintenance of immune homeostasis; it is the shelter for billions of microorganisms including many genera of Lactobacillus sp. Previously, it was shown that host-CLR interactions with gut microbiota play a crucial role in this context. The Macrophage-inducible C-type lectin (Mincle) is a Syk-coupled CLR that contributes to sensing of mucosa-associated commensals. In this study, we identified Mincle as a receptor for the Surface (S)-layer of the probiotic bacteria Lactobacillus brevis modulating GM-CSF bone marrow-derived cells (BMDCs) functions. We found that the S-layer/Mincle interaction led to a balanced cytokine response in BMDCs by triggering the release of both pro- and anti-inflammatory cytokines. In contrast, BMDCs derived from Mincle−/−, CARD9−/− or conditional Syk−/− mice failed to maintain this balance, thus leading to an increased production of the pro-inflammatory cytokines TNF and IL-6, whereas the levels of the anti-inflammatory cytokines IL-10 and TGF-β were markedly decreased. Importantly, this was accompanied by an altered CD4+ T cell priming capacity of Mincle−/− BMDCs resulting in an increased CD4+ T cell IFN-γ production upon stimulation with L. brevis S-layer. Our results contribute to the understanding of how commensal bacteria regulate antigen-presenting cell (APC) functions and highlight the importance of the Mincle/Syk/Card9 axis in APCs as a key factor in host-microbiota interactions.
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INTRODUCTION

The intestinal tract of mammals is colonized by a large number of microorganisms including trillions of bacteria that are collectively referred to as the gut microbiota (1). These indigenous microorganisms have co-evolved with their host in a symbiotic relationship (2). In addition to metabolic benefits for the host, these bacteria contribute to the maintenance of immune homeostasis, modulate immune responses and provide protection against pathogen colonization (3). The gut microbiome impacts host immunity by influencing the release of pro- and anti-inflammatory cytokines (4), release of metabolites (5), and by modulating functions of antigen-presenting cells, including dendritic cells (DCs) (6, 7). Recent studies show that a disturbance of the gut microbiome is associated with the progression of diseases such as inflammatory bowel disease (IBD), obesity and cancer (8–11). Moreover, in addition to local effects in the intestine, gut microbiota also influences host immune responses at extra-intestinal distant sites such as the brain, bone marrow, and lung (12–15).

There are numerous species of microorganisms present in the gut microbiota, among them Lactobacillus being one of the major bacterial genera found in the mammalian gut (16). Lactobacillus sp. belongs to the lactic acid bacteria, a broadly defined group characterized by the formation of lactic acid as the sole or main end product of carbohydrate metabolism (17, 18). In particular, Lactobacillus species found in the human gut have received tremendous attention due to their health-promoting properties (19). They are commonly used as probiotics, which are defined by the FAO/WHO as live microorganisms that confer a health benefit to the host, if administered in adequate amounts (20). Lactobacillus sp. contributes to gut immune homeostasis in many different ways; however, the mechanisms contributing to immune regulation are still incompletely understood to date.

Many species of the genus Lactobacillus possess Surface (S) layer proteins in their outermost envelope (21). S-layer proteins are organized into arrays of a single polypeptide non-covalently bound to the outermost envelope in the bacterial cell surface. They play a crucial role in several biological functions, such as initiation of immune responses. For instance, S-layer proteins modulate DCs and T cell functions (22) and induce the production of pro- as well as anti-inflammatory cytokines (23).

It has been previously shown that S-layer proteins interact with host C-type lectin receptors (CLRs) (24, 25). Myeloid CLRs are pattern recognition receptors (PRRs) that are crucial for innate immunity and protection from invasive pathogens by initiating innate sensing and early antimicrobial responses (26, 27). Furthermore, CLRs play an important regulatory role and maintain immune homeostasis in the gut (28). Previous work by us and others indicate that the interaction of S-layer from Lactobacillus acidophilus with the CLR DC-SIGN strongly inhibits viral and bacterial infections (24, 29) and induces DC effector functions (30). Moreover, the interaction between L. acidophilus S-layer and the murine DC-SIGN ortholog SIGNR3 exerts regulatory signals resulting in the mitigation of colitis, maintenance of gastrointestinal microbiota and gut mucosal barrier function (31).

The Macrophage-inducible C-type lectin (Mincle) is a Syk-coupled CLR. Sensing of mucosa-associated commensals by the Mincle/Syk pathway in DCs contributes to IL-6 and IL-23p19 production, thus promoting intestinal barrier function and limiting inflammation and dysregulated metabolism in the liver (3). In a recent study, it was shown that S-layer from Lactobacillus kefiri provokes an immunostimulatory response and adjuvant activity in vivo via Mincle engagement (32).

In this study, we purified S-layer from Lactobacillus brevis, a microorganism known to exhibit a broad spectrum of probiotic properties (33, 34). We determined the role of Mincle in S-layer sensing of this Lactobacillus species and analyzed how Mincle-mediated signaling affected GM-CSF bone marrow-derived cells (BMDCs) effector functions upon L. brevis S-layer stimulation. Interestingly, we found that Mincle significantly contributed to the production of anti-inflammatory cytokines, particularly IL-10, upon L. brevis stimulation in a Syk/Card9-dependent manner. Our data provide insights into the interaction of microbiota with host innate immunity and beneficial L. brevis contribution to immune homeostasis.



MATERIALS AND METHODS


Isolation of S-Layer Proteins

S-layer proteins were extracted from overnight cultures of Lactobacillus brevis (L. brevis) ATCC 14869 bacteria grown in MRS broth at 32°C and 5% CO2 by using a two-step LiCl extraction; first, with 1 M LiCl to release S-layer associated proteins (SLAP), and then with 6 M LiCl (35). The protein was extensively dialyzed against distilled water overnight at 4°C and after centrifugation (10,000 × g 20 min), it was suspended in sterile H2O and stored at 4°C. Purity was evaluated by SDS-PAGE, which showed a single band after Coomassie blue and silver staining (Supplementary Figure 1).



Mice

The source of the Mincle−/− mice (generated by the Consortium for Functional Glycomics) and CARD9−/− mice was described previously (36, 37). Inducible Syk-deficient mice (RosaCreERT2/Sykfl/fl) were generated by crossing B6.129P2-Syktm1.2Tara/J mice with B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J (both from Jackson Laboratory). Mice were bred heterozygously for the Syk allele to obtain RosaCreERT2/Sykwt/wt and RosaCreERT2/Sykfl/fl. Mouse lines and the respective C57BL/6 wild type (WT) control mice and OT-II transgenic mice, were housed in the animal facility of the University of Veterinary Medicine Hannover under controlled temperature and humidity and specific pathogen-free conditions. Mice were sacrificed and tibia and femur from Mincle−/−, CARD9−/−, RosaCreERT2/Sykfl/fl, RosaCreERT2/Sykwt/wt and WT mice were prepared for the isolation of bone marrow cells.



Cell Culture

Bone marrow cells were isolated from tibia and femur of mice as previously described (38). To obtain GM-CSF bone marrow-derived cells (BMDCs), bone marrow cells were cultured in T-125 flask with IMDM complete medium supplemented with 10% FBS and 5% of GM-CSF supernatant derived from X63 cells (39). Medium was exchanged every 48 h and BMDCs were used after 8–10 days of differentiation to ascertain that ≥80% of the cell population expressed the DC marker CD11c. While the majority of cells expressed the DC marker CD11c, it should be noted that BMDC cultures are heterogeneous and also contain a substantial portion of macrophages. Thus, here and in the following, the abbreviation “BMDC” is used for “GM-CSF bone marrow-derived cells.” All cells were grown at 37°C in 5% CO2.

RosaCreERT2/Sykfl/fl and RosaCreERT2/Sykwt/wt-derived BMDCs were cultured in T-125 flasks for suspension cell culture with IMDM complete medium supplemented with 10% FBS and 5% of GM-CSF supernatant. 4-hydroxytamoxifen (Sigma, #H7904) was added to the cell culture at a final concentration of 2 μM every 5 days with a complete media change leading to a conditional Syk knockdown in RosaCreERT2/Sykfl/fl (Syk−/−), while not affecting RosaCreERT2/Sykwt/wt cells (Sykwt/wt). Cells were treated for 14 consecutive days and were finally cultured in 4-hydroxytamoxifen-free medium for 5 days. Efficacy of Syk knockout was confirmed by PCR analysis (Supplementary Figure 2).

HEK-Blue™ mMincle cells (InvivoGen #hkb-mmcl) were cultured in T-75 flasks for adherent cell culture with DMEM medium (4.5 g/l glucose), supplemented with 10% FBS, penicillin-streptomycin (100 U/ml, 100 μg/ml), 100 μg/ml Normocin™ and 2 mM L-glutamine until a confluency of ~80% was reached.



Stimulation of HEK-Blue™ mMincle Reporter Cells

HEK-Blue™ mMincle reporter cell stimulation was done according to the manufacturer's instructions (InvivoGen #hkb-mmcl). Briefly, after reaching confluence, the supernatant was removed and the cells were rinsed with 3 ml of PBS and afterwards resuspended in pre-warmed DMEM at 3 × 105 cells/ml. 180 μl cell suspension was seeded in a 96-well plate and different concentrations of S-layer protein were added and incubated for 24 h at 37°C and 5% CO2. After the incubation, 180 μL of QUANTI-Blue solution (prepared by mixing 9,8 ml ddH2O, 0,1 ml QB reagent, 0,1 ml QB buffer) was added to a new flat-bottom 96-well plate and 20 μl of the supernatant of the previously stimulated cells was added. The mix was incubated for 3 h at 37°C and 5% CO2 and then the optical density (OD) was measured at 620 nm.



Stimulation of BMDCs With S-Layer

Bone marrow cells were differentiated as described above. BMDCs were seeded at a concentration of 1 × 105 cells/ml in a 96-well plate and stimulated for 24 h with S-layer at concentrations of 5 μg/ml and 10 μg/ml at 37°C and 5% CO2. Lipopolysaccharide (LPS) from Escherichia coli strain K-235 (Sigma-Aldrich) at a concentration of 1 μg/ml was added as a positive control. On the next day, supernatants were harvested and cytokine concentrations were measured by ELISA.



Production of Mincle-hFc Fusion Protein

Murine Mincle-hFc fusion protein was produced as described previously (40). Briefly, the cDNA encoding the extracellular part of murine Mincle was amplified by polymerase chain reaction (PCR) and was then ligated into the pFuse-hIgG1-Fc2 expression vector (Invivogen #pfuse-hg1fc2) using the following primers: Mincle-FW 5′-CCATGGGGCAGAACTTACAGCCACAT-3′ and RV 5′-AGATCTGTCCAGAGGACTTATTTCTG-3′). CHO-S cells were transiently transfected with the construct using MAX reagent (InvivoGen, San Diego, California, United States). Mincle-hFc fusion protein was purified after 4 days of transfection from the cell supernatant using HiTrap protein G HP columns (GE Healthcare, Piscataway, NJ, United States). To confirm its presence and purity, the fusion protein was analyzed by SDS-PAGE and subsequent Coomassie blue staining and by Western blot using an anti-human IgG-horseradish peroxidase (HRP) antibody. As a specificity control for the binding assays, the hFc fragment was also expressed and purified in the same fashion as murine Mincle-hFc, but by using the pFuse-hIgG1-Fc2 expression vector without any cloned CLR (“empty vector”). Recombinant human Mincle-hFc (CLEC4E-Fc) was procured from R&D #8995-CL (R&D Systems, Minneapolis, MN, USA).



ELISA-Based Binding Studies

A microplate with half-area wells (Greiner Bio-One GmbH, Frickenhausen, Germany) was coated with 50 μl of 1 μg/ml of S-layer protein overnight at RT. Non-adherent protein was washed away, and the plate was blocked with buffer containing 1% BSA (Thermo Fisher Scientific, Darmstadt, Germany) in PBS for 2 h at RT. After washing the wells, 200 ng of Mincle-hFc fusion protein in lectin-binding buffer (50 mM HEPES, 5 mM MgCl2, and 5 mM CaCl2) was added per well and incubated for 1 h at RT. Then, a 1:5,000-diluted HRP-conjugated goat anti-human IgG antibody (Dianova, Geneva, Switzerland) was added for 1 h at RT. Finally, the substrate solution [o-phenylenediamine dihydrochloride substrate tablet (Thermo Fisher Scientific, Massachusetts, United States), 24 mM citrate buffer, 0.04% H2O2, 50 mM phosphate buffer in H2O] was added to the samples, and the reaction was stopped with 2.0 M sulfuric acid. Data were collected using a Multiskan Go microplate spectrophotometer (Thermo Fisher Scientific, Waltham, United States) at a wavelength of 495 nm. When competition assays were performed, different concentrations of S-layer were incubated with Mincle-hFc protein and subsequently added to the wells that had been pre-coated with 50 μg/ml of Trehalose-6,6-dimycolate (TDM) (Invivogen, San Diego, United States).



Flow Cytometry-Based Binding Assay

Flow cytometry-based binding studies were performed to detect L. brevis/Mincle interactions. 3 × 107 CFU/ml of L. brevis were stained with 1 μM of the DNA-staining dye SYTO61 (Thermo Fisher Scientific) and incubated for 30 min at RT. Subsequently, samples were incubated for 1 h with 200 ng of Mincle-hFc fusion protein in lectin-binding buffer. After washing once with lectin-binding buffer, the bacterial pellet was stained with a PE-conjugated goat anti-human Fc antibody solution (Dianova, 1:200 dilution) and incubated for 25 min at 4°C. Finally, flow-cytometric analysis was performed using an Attune NxT Flow Cytometer (Thermo Fisher Scientific). Data analysis was performed using the FlowJo Software (FlowJo, Ashland, OR, USA). Additionally, L. brevis cells were treated with 6 M LiCl to extract the S-layer from the cell wall. As control, hFc protein was used for binding studies to exclude nonspecific binding.



Piceatannol Treatment

Piceatannol (PC), a Syk tyrosine kinase inhibitor (ab120722), (#10083-24-6 abcam, Cambridge, UK) was diluted in DMSO following manufacturer's instructions. BMDCs were incubated with PC at a concentration of 0.5 μM for 1 h at 37°C and 5% CO2.



Dendritic Cell-T Cell Co-Culture Assay

Bone marrow cells were differentiated as described above. BMDCs were seeded at a concentration of 2 × 105 cells/ml in a 96-well plate and were stimulated with EndoGrade® ovalbumin (OVA, 0.3 mg/ml, Hyglos, Bernried, Germany) in the presence or absence of L. brevis S-layer (5 and 10 μg/ml) at 37°C and 5% CO2 for 24 h. T cells were isolated from spleens of 8–14 week old OT-II transgenic mice via magnetic-activated cell sorting (Pan T Cell Isolation Kit II mouse, Miltenyi Biotec). Purified T cells were adjusted to a BMDC/T cell ratio of 1:5 and co-cultured with BMDCs at 37°C and 5% CO2 overnight.



qRT-PCR

To analyze Mincle mRNA expression, BMDCs from WT, Sykfl/fl, Sykwt/wt and CARD9−/− mice were seeded in a 6-well plate at 1 × 106 cells/well and treated with S-layer at 10 μg/ml. Cells were collected after 3, 6, and 24 h of incubation at 37°C and 5% of CO2. To analyze cytokine mRNA expression, BMDCs from WT and Mincle-deficient mice were used and the same procedure was followed, except for treatment with S-layer for 12 h at final concentrations of 5 and 10 μg/ml. After stimulation, cells were centrifugated at 300xg for 5 min and washed with PBS. Next, 750 μl QIAzol was added and total RNA was isolated with the RNeasy extraction kit (Qiagen, Hilden, Germany) according to manufacturer's instructions. For qRT-PCR the One-Step-RT-PCR kit (Qiagen, Hilden, Germany) was used with an amount of RNA template of 25 ng per sample. Expression levels were measured using the AriaMx Real Time PCR system (Agilent Technologies, Santa Cruz, CA, USA). For Mincle expression, the housekeeping gene 18S rRNA was used for normalization, whereas for cytokine expression, the GADPH housekeeping gene was used.



PCR

To analyze Syk mRNA expression, unstimulated BMDCs from WT mice, tamoxifen-treated Sykwt/wt and Sykfl/fl were collected and total RNA was isolated as described above. To perform the PCR, the OneStep-RT-PCR kit (Qiagen) was used with 60 ng of RNA template per sample and the following primer pair: forward 5′-TTTGGCAACATCACCCGGGAA-3′ and reverse 5′-CAGGCTTTGGGAAGGAGTAGG-3′ (Genbank accession number U25685.1). To visualize the PCR products, they were separated by agarose gel electrophoresis and visualized using GelRed® (Biotium, Fremont, CA, USA).



Cytokine ELISAs

Culture supernatants collected after S-layer stimulation of BMDCs or the BMDC/T cell co-culture were analyzed for the pro-inflammatory cytokines IL-6 and TNF (DuoSet ELISAkits, R&D Systems, Minneapolis, MN, USA), the anti-inflammatory cytokines IL-10 (ABTS ELISA Development Kit, PeproTech, Hamburg, Germany) and TFG-β (DuoSet ELISAkits, R&D Systems, Minneapolis, MN, USA) and the T cell secreted cytokines IL-17 and IFN-γ (ABTS ELISA Development Kit, PeproTech, Hamburg, Germany) according to the manufacturer's instructions. Plates were developed with the substrate 3,3′,5,5′-Tetramethylbenzidine (TMB) and the color reaction was stopped with 2 M sulfuric acid. Absorbance was measured at 450 nm with a wavelength correction at 570 nm using a MultiskanGo microplate spectrophotometer.



ELISpot

IFN-γ ELISpot was performed as indicated by the manufacturer (Mabtech, Stockholm, Sweden). Briefly, activated PVDF ELISpot plates (Mabtech, Stockholm, Sweden) were coated with the anti-IFN-γ coating antibody (10 μg/ml in PBS) and incubated overnight at 4°C. Excess antibody was removed followed by extensive washes with PBS. After blocking with culture medium containing 10% FBS, BMDCs stimulated with S-layer for 24 h were added to purified OT-II T cells at a ratio of 1:5 and the plate was placed in a 37°C humidified incubator with 5% CO2 for 24 h. After extensive washing, biotinylated anti-IFN-γ detection antibody was added and incubated for 2 h at RT. Streptavidin-HRP in PBS/0.5% FCS was added and incubated for 1 h at RT. Spots were developed with substrate solution [1,25 mM 3,3′,5,5′-Tetramethylbenzidine (TMB), 0.1 M citrate buffer, pH 6, 0.04% H2O2]. Spots were counted with an ImmunoSpot® S6 Ultimate reader (CTL) (Immunospot, Cleveland, USA) and the results were analyzed by the ImmunoSpot® SOFTWARE.



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 7 software (GraphPad, San Diego, CA, USA). Data are presented as mean ± SEM for all experiments. Paired t-test was performed for Figures 1, 2 and two-way ANOVA with a Tukey's honest significance test was used for the remaining figures. p < 0.05 was considered statistically significant.
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FIGURE 1. Binding of S-layer to Mincle. (A) S-layer from L. brevis (5 μg per well, diluted in PBS) was immobilized on ELISA plates and incubated with murine Mincle-hFc fusion protein (4 μg/mL) diluted either in lectin binding buffer or EDTA-containing buffer (10 mM EDTA) to analyze the Ca2+ dependency of the interaction. Purified hFc was used as control. Binding was measured at O.D 495. (B) Mincle-hFc (4 μg/mL, diluted in lectin binding buffer) was pre-incubated with increasing amounts of L. brevis S-layer (0–60 μg) and subsequently incubated with plate-bound TDM (50 μg/mL). Data shown are representative of three independent experiments (triplicates each). Binding was measured at O.D 495 (C) Binding of Mincle-hFc to L. brevis was analyzed by flow cytometry. L. brevis was treated with LiCl to remove the S-layer from the cell wall. Mincle-hFc fusion protein (4 μg/mL) was incubated with L. brevis (1 × 107 cells/mL) either in lectin binding buffer or EDTA-containing buffer. A representative histogram plot of one binding experiment is shown. (D) Statistical analysis of the flow cytometry-based binding assay showing the mean fluorescence intensity (MFI) of a representative experiment. Student's t-test was performed to compare binding of the Mincle-hFc fusion to the hFc control alone. Data are representative of four independent experiments (triplicates each) (***p < 0.001). Data depicted are the mean + SEM.
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FIGURE 2. Impact of L. brevis S-layer on Mincle engagement and expression. (A) HEK cells (5 × 104 cells) expressing murine Mincle (HEK-Blue™ -mMincle) coupled to a NF-κB-inducible reporter system were stimulated with L. brevis S-layer for 24 h. SEAP activation was determined by photometric measurement at 620 nm. (B) Expression levels of Mincle mRNA at different time points after incubation of BMDCs with L. brevis S-layer, compared to untreated cells as control. Mean + SEM are from three independent experiments. Student's t-test was performed to compare treatments (*p < 0.05, ***p < 0.001).





RESULTS


S-Layer From L. brevis Is Recognized by Mincle

To analyze whether Mincle is involved in L. brevis S-layer recognition, we performed an ELISA-based binding assay using purified S-layer from L. brevis (Figure 1). The ELISA showed a significant binding of murine Mincle-hFc to L. brevis S-layer (Figure 1A) compared to the hFc control. Since it was previously shown that Mincle recognizes ligands in a Ca2+-dependent fashion (41), we determined whether the binding of Mincle-hFc to the L. brevis S-layer was also mediated in a Ca2+-dependent manner. Indeed, pre-incubation of Mincle-hFc with the chelating agent EDTA resulted in a significantly reduced binding of Mincle-hFc to S-layer (Figure 1A). To further analyze the specificity of this interaction, we performed an ELISA-based competition assay with increasing concentrations of S-layer to compete with the known Mincle ligand trehalose-6,6-dimycolate (TDM) (Figure 1B). As expected, Mincle-hFc incubation in the presence of S-layer led to reduced binding to TDM, thus confirming the specificity of the S-layer/Mincle interaction. Additionally, human Mincle-hFc was shown to bind in a Ca2+-dependent manner to the S-layer of L.brevis by the ELISA binding assay (Supplementary Figure 3A), which strengthens the results described above. We chose to focus our characterization of the S-layer/Mincle interaction on the murine model.

To prove that indeed the S-layer present in the cell wall of L. brevis was the ligand for Mincle, we performed a flow cytometric binding assay to L. brevis cells (Gating strategy shown in Supplementary Figures 3B,C). We pre-treated the bacteria with EDTA for Ca2+ complexation or alternatively with LiCl, which strips the S-layer off the cell wall of L. brevis (Figures 1C,D). In line with the ELISA-based binding assay, flow cytometric analysis indicated substantial binding of Mincle-hFc to L. brevis in a Ca2+-dependent manner. In addition, pre-treatment of L. brevis with LiCl led to a markedly reduced Mincle-hFc binding. These results confirm and extend a previous study that demonstrated binding of Mincle to S-layer protein from another Lactobacillus species, L. kefiri (32).



Engagement of Mincle by S-Layer From L. brevis

To analyze whether L. brevis S-layer acts as an agonistic Mincle ligand, HEK cells expressing murine Mincle (HEK-Blue™-mMincle) were treated with L. brevis S-layer in different concentrations. Upon engagement, Mincle activates the Fc receptor γ-chain (FcRγ), which triggers signaling that finally leads to NF-κB activation and the induction of the secreted embryonic alkaline phosphatase (SEAP) reporter gene. SEAP activity was then detected based on the conversion of the HEK-Blue chromogenic substrate. Indeed, L. brevis S-layer activated the Mincle reporter cells in a concentration-dependent manner (Figure 2A). As a positive control, TDM was added to the reporter cells, also triggering SEAP induction as expected. As a specificity control, the TLR-4 agonist LPS was added to the reporter cells that did not induce significant activation. To analyze whether L. brevis S-layer stimulation induces Mincle expression in BMDCs, we determined Mincle mRNA expression by qRT-PCR. We observed a S-layer dependent upregulation of Mincle mRNA expression after 3, 6, and 24 h of incubation (Figure 2B). These results suggest a potential role of the S-layer/Mincle interaction for DC effector functions.



S-Layer From L. brevis Differentially Induces Pro- and Anti-inflammatory Cytokines in BMDCs in a Mincle-Dependent Manner

Next, we examined the functional role of S-layer recognition by Mincle in BMDCs. For this purpose, we determined the effect of S-layer stimulation on cytokine expression on the mRNA and protein level in BMDCs from WT and Mincle-deficient mice. To this end, WT and Mincle−/− BMDCs were stimulated with different concentrations of S-layer, whereas the TLR-4 agonist LPS was used as specificity control. Levels of both, pro- (TNF, IL-6) and anti-inflammatory cytokines (IL-10, TGF-β) were increased upon L. brevis S-layer stimulation in WT cells, while levels of TNF and IL-6 were markedly higher compared to IL-10 and TGF-β in response to S-layer treatment (Figures 3A–D). Surprisingly, in Mincle−/− BMDCs, the outcome upon L. brevis S-layer stimulation differed between pro- and anti-inflammatory cytokines. While the secretion of the pro-inflammatory cytokines IL-6 and TNF was significantly increased in Mincle−/− BMDCs (Figures 3A,B), both mRNA expression and secretion of the anti-inflammatory cytokines IL-10 and TGF-β were markedly decreased compared to WT BMDCs (Figures 3C,D). We also determined the expression of co-stimulatory molecules (CD40, CD80, CD86) by flow cytometry, but observed no significant differences between WT and Mincle−/− BMDCs upon L. brevis S-layer stimulation (data not shown). These results indicate the crucial role of Mincle in provoking an anti-inflammatory response upon L. brevis S-layer recognition, thus highlighting the regulatory role of Mincle in DC effector functions.
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FIGURE 3. Impact of L. brevis S-layer on cytokine expression by BMDCs. BMDCs from WT or Mincle−/− mice were stimulated with L. brevis S-layer for the indicated times. (A,B) ELISA measurement and qRT-PCR for the determination of the pro-inflammatory cytokines IL-6 and TNF on the protein and mRNA level, respectively. LPS was added as a specificity control. (C,D) ELISA measurement and qRT-PCR for the determination of the anti-inflammatory cytokines IL-10 and TGF-β on the protein and mRNA level, respectively. A two-way ANOVA with a Tukey's honest significance test was performed. Mean + SEM are from three independent experiments (**p < 0.01, ***p < 0.001).




Roles of the Adaptor Protein CARD9 and the Syk Kinase in the S-Layer/Mincle Interaction

To analyze the contribution of Mincle-mediated signaling to cytokine production induced by L. brevis S-layer, we targeted two proteins that play a crucial role in the signaling pathway of Mincle, the spleen tyrosine kinase Syk and the adaptor protein CARD9 (42–44). To evaluate Syk involvement in the Mincle-mediated response to L. brevis S-layer stimulation, we employed two approaches, pharmacological inhibition and genetic ablation of Syk and/or CARD9. First, we used the Syk inhibitor piceatannol (PC) which is a Syk-selective tyrosine kinase inhibitor (45). This compound was previously reported to inhibit the Syk signaling pathway downstream of Mincle (46, 47). Due to the crucial role of Mincle in the production of anti-inflammatory cytokines after L. brevis S-layer stimulation (Figures 3C,D), we focused on the immune modulatory cytokine IL-10. Indeed, IL-10 mRNA expression and IL-10 secretion by BMDCs were almost completely abolished upon pre-treatment with PC, thus showing the importance of Syk in the signaling pathway leading to IL-10 expression on the mRNA and protein level (Figure 4A). As positive control, we used the Dectin-1 ligand depleted zymosan. Depleted Zymosan was obtained by treating zymosan with hot alkali to abrogate its Toll-like receptor (TLR)-stimulating properties. Hence, depleted zymosan activates the CLR Dectin-1, but not TLR2. This ligand was previously reported to trigger IL-10 secretion by Dectin-1 ligation in a Syk-dependent fashion (48).
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FIGURE 4. Roles of the adaptor proteins CARD9 and Syk. (A) BMDCs from WT mice were stimulated with S-layer from L. brevis in the presence or absence of the Syk inhibitor piceatannol (PC). IL-10 secretion (by ELISA) and IL-10 mRNA expression (by qRT-PCR) was measured. (B) BMDCs from Sykfl/fl and Sykwt/wt mice were treated with 4-hydroxytamoxifen to conditionally knock-out Syk expression and were incubated with L. brevis S-layer. IL-10 secretion (by ELISA) and IL-10 mRNA expression (by qRT-PCR) were measured. (C) BMDCs from CARD9−/− mice were incubated with L. brevis S-layer and the secretion and mRNA expression of IL-10 were measured. A two-way ANOVA with a Tukey's honest significance test was performed. Mean + SEM are from three independent experiments (**p < 0.01, ***p < 0.001).


Our second approach was the use of a conditional Syk-deficient mouse line. BMDCs from the Sykfl/fl and the respective control Sykwt/wt were cultured and 4-hydroxytamoxifen was added to the cells for a conditional Syk knock-out. The results of this approach corroborated the findings obtained for PC treatment since a markedly reduced IL-10 mRNA and protein expression was found in Sykfl/fl BMDCs compared to the control Sykwt/wt BMDCs (Figure 4B). Our findings indicate that Syk is critically involved in Mincle-mediated IL-10 production after L. brevis S-layer incubation.

To elucidate the contribution of the adapter protein CARD9 to Mincle-mediated signaling, we used BMDCs obtained from CARD9−/− mice (49), and performed qRT-PCR and cytokine ELISA measurements to evaluate IL-10 mRNA expression and cytokine secretion after incubation with L. brevis S-layer. Simultaneously, we corroborated by qRT-PCR that the expression of Mincle was not altered in the CARD9−/− and Sykfl/fl BMDCs (Supplementary Figure 4) Consistently, IL-10 mRNA expression and secretion was largely CARD9-dependent since CARD9 deficiency markedly inhibited IL-10 production (Figure 4C).



L. brevis S-Layer/Mincle Interaction Affects T Cell Cytokine Expression

To analyze whether the S-layer/Mincle interaction in BMDCs affected their T cell activating capacity and subsequent T cell effector functions, we co-cultured BMDCs from Mincle−/− or WT control mice with T cells from OT-II mice. OT-II T cells have a transgenic T cell receptor specific for the OVA323−339 peptide presented by the MHC-II molecule I-Ab (50). To assess the impact of the S-layer/Mincle interaction on CD4+ T cell priming, IFN-γ production by OT-II T-cells was measured by ELISA and ELISpot. Upon OVA stimulation alone, only marginal IFN-γ production and a low frequency of IFN-γ+ T cells was detected (Figures 5A,B). However, when BMDCs were incubated with OVA in the presence of L. brevis S-layer, the number of IFN-γ-producing T cells increased in a concentration-dependent manner (Figure 5A). Interestingly, we detected a significant increase of the number of IFN-γ-producing T cells as well as secreted IFN-γ levels, when Mincle−/− BMDCs were used to prime OT-II T cells in the presence of L. brevis S-layer, compared to WT BMDCs (Figure 5B). Similar results were obtained for IL-17 production (Figure 5C). In contrast, IL-10 production was markedly decreased when Mincle−/− BMDCs were used to stimulate OT-II T cells in the presence of S-layer (Figure 5D). These findings clearly demonstrate the crucial role of Mincle in the balance of pro- and anti-inflammatory responses upon L. brevis S-layer recognition and highlights its role in T cell priming and the modulation of initiated CD4+ T cell responses.


[image: Figure 5]
FIGURE 5. Impact of the L. brevis S-layer/Mincle interaction on T cell cytokine. BMDCs from WT or Mincle−/− mice were co-cultured with T cells from OT-II transgenic mice and were stimulated with 0.3 mg/ml ovalbumin (OVA) in the presence or absence of L. brevis S-layer for 24 h. (A) ELISpot measurement of the number of IFN-γ-producing OT-II T cells co-cultured with BMDCs from WT mice upon stimulation with OVA/L. brevis S-layer. (B) ELISpot and ELISA measurement of the number of IFN-γ-producing T cells and IFN-γ levels in the culture supernatant, respectively, after co-culture of WT or Mincle−/− BMDCs with OT-II T cells in the presence of OVA and different concentrations of L. brevis S-layer. (C,D) ELISA measurement of IL-17 production (C) and IL-10 production (D), after co-culture of WT or Mincle−/− BMDCs with OT-II T cells in the presence of OVA and different concentrations of L. brevis S-layer. A two-way ANOVA with a Tukey's honest significance test was performed. Mean ± SEM are shown from two independent experiments (**p < 0.01, ***p < 0.001).





DISCUSSION

In the past years, more and more researchers have pointed out the very important role of the gut microbiome in human health (51, 52). An imbalance of microbes in the intestines may contribute not only to local bowel-related diseases, but to a wide range of disorders affecting even distant organs such as brain and lung (12). Several approaches demonstrated the role of microbiota in immune homeostasis and the development of the immune system (53).

In this study, we identified the S-layer from L. brevis as a ligand of the CLR Mincle. This observation confirms and extends findings of a previous study that identified Mincle as a receptor of S-layer protein from another Lactobacillus species, L. kefiri (32). We demonstrate that Mincle interacts with purified S-layer from L. brevis in a Ca2+-dependent manner. This interaction triggers a Syk-CARD9-dependent induction of both pro- and anti-inflammatory cytokines. Interestingly, we observed a major impact of Mincle signaling on the production of immune-modulatory cytokines, particularly IL-10. Previous data suggested that probiotic lactobacilli impair the recognition of pathogen-associated molecular patterns (PAMPs) (54), and alter the production of pro/anti-inflammatory cytokines, thus modulating inflammation. Whereas, previous studies focused mainly on the immune stimulatory role of Mincle (23, 30, 32), our study highlights its regulatory role in modulating effector functions of DCs (see a summary in Figure 6).


[image: Figure 6]
FIGURE 6. Schematic depiction showing the functional role of the L. brevis S-layer/Mincle interaction in BMDCs. When L. brevis S-layer is recognized by Mincle, this interaction triggers the production of both pro- (IL-6 and TNF) and anti-inflammatory (IL-10 and TGF-β) cytokines, thus creating a balance in the cytokine response in a Syk/CARD9-dependent fashion. When the S-layer recognition by Mincle is abrogated or Mincle-mediated pathways are inhibited, BMDCs fail to maintain this balance in cytokine production. As a consequence, the levels of pro-inflammatory cytokines are markedly increased, whereas the production of anti-inflammatory cytokines is decreased. This also affects subsequent T cell priming and effector functions; thus, it may impact immune homeostasis.


Recent studies point out the importance of Mincle in the regulation of human gut homeostasis (3, 12). The induction of both, pro- and anti-inflammatory cytokines, is already known for S-layers of other bacterial species (25, 54). In this study, we have elucidated the contribution of the Mincle/Syk/CARD9 axis to the L. brevis-mediated modulation of DC cytokine production.

The interaction of Mincle with microbiota and especially with Lactobacillus sp. is important for IL-17 and IL-22 production (3). Deficiency in the production of these cytokines correlated with increased peripheral dissemination of commensal bacteria. This bacterial translocation was accompanied by an increased liver infiltration of neutrophils and monocytes in Mincle-deficient mice (55). A recent elegant study demonstrated that DCs sense mucosa-associated bacteria via the Mincle/Syk axis, thus triggering the production of IL-6 and IL-23, i.e., cytokines that regulate IL-22 and IL-17 production by T cells (3). This interaction promotes the intestinal immune barrier, limits microbial translocation and prevents systemic inflammation and its metabolic consequences.

CARD9 is involved in gut homeostasis and plays a crucial role in the development of diseases such as inflammatory bowel disease (IBD) and colorectal cancer (56). Polymorphisms in CARD9 are key risk factors for IBD development, indicating that CARD9 signaling is critical for intestinal immune homeostasis (57). A mutation in CARD9 provokes a disbalance in the composition and functions of the gut microbiota, finally leading to intestinal inflammation (56). In this study, we found that interference with the S-layer/Mincle interaction by targeting the Syk/CARD9 pathway created a disbalance in cytokine production by DCs. Down-regulation of the expression of the anti-inflammatory cytokine IL-10 was accompanied by an up-regulation of the pro-inflammatory cytokines IL-6 and TNF (Figure 6). This change also affected CD4+ T cell priming and subsequent IFN-γ production by CD4+ T cells.

The results of this study contribute substantially to understanding the mechanism of action of probiotics that seek to reverse and cure chronic disease not only in the gut environment, but systemically. Future probiotics may target specific human disease states, including effective prophylactics that reduce the incidence of infectious disease in at risk populations. This study helps to shed light on how microbiota may be involved in balancing immune homeostasis.
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