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Abstract

:

Probiotic bacteria modulate macrophage immune inflammatory responses, with functional cytokine responses determined by macrophage subset polarisation, stimulation and probiotic strain. Mucosal macrophages exhibit subset functional heterogeneity but are organised in a 3-dimensional tissue, over-laid by barrier epithelial cells. This study aimed to investigate the effects of the probiotic Lacticaseibacillus casei strain Shirota (LcS) on macrophage-epithelial cell cytokine responses, pattern recognition receptor (PRR) expression and LPS responses and the impacts on barrier integrity. THP-1-derived M1 and M2 subset macrophages were co-cultured in a transwell system with differentiated Caco-2 epithelial cells in the presence or absence of enteropathogenic LPS. Both Caco-2 cells in monoculture and macrophage co-culture were assayed for cytokines, PRR expression and barrier integrity (TEER and ZO-1) by RT-PCR, ELISA, IHC and electrical resistance. Caco-2 monocultures expressed distinct cytokine profiles (IL-6, IL-8, TNFα, endogenous IL-10), PRRs and barrier integrity, determined by inflammatory context (TNFα or IL-1β). In co-culture, LcS rescued ZO-1 and TEER in M2/Caco-2, but not M1/Caco-2. LcS suppressed TLR2, TLR4, MD2 expression in both co-cultures and differentially regulated NOD2, TLR9, Tollip and cytokine secretion. In conclusion, LcS selectively modulates epithelial barrier integrity, pathogen sensing and inflammatory cytokine profile; determined by macrophage subset and activation status.
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1. Introduction


Mucosal macrophages are integral to the immune-fate decisions, as inducing a hypo-responsive tolerance or activating an appropriate anti-pathogen response; effectively acting as an immune on–off switch that determines mucosal responses to the local environment of the gastrointestinal tract [1]. These innate immune cells effectively discriminate between safe, non-self, such as antigens derived from digested food products and commensal or probiotic microbes, and unsafe, non-self, factors such as pathogenic microbes and harmful antigens. These immune fate decisions made by mucosal macrophages are determined by local environmental factors and the effect they exert on macrophage differentiation, plasticity and activation [2]. The local environment encountered by these macrophages can therefore prime either towards a tolerogenic, anti-inflammatory response or an immune-activatory pro-inflammatory response. This dichotomy in immune response is reflected by the plasticity and polarisation of these mucosal macrophages to distinct functional subsets. In general, homeostatic mucosal macrophages resemble the M2 subset and are hypo-responsive and exhibit a phenotype characterised by high phagocytic activity and secretion of anti-inflammatory cytokines such as IL-10 [3,4,5]. Macrophages encountering pathogenic microbes are functionally similar to the M1 subset that is predominated by the secretion of pro-inflammatory cytokines capable of perpetuating innate inflammatory responses and activating distinct T helper subsets critical for anti-microbial defences, which if uncontrolled, results in host tissue-destructive pathology.



The addition of an exogenous source of beneficial microbes, such as probiotic Lactic Acid Bacteria (LAB), has been demonstrated to directly modulate macrophage functionality in a strain-specific and subset-dependent manner [reviewed in [6]. Indeed, Lacticaseibacillus casei strain Shirota (LcS) exhibits a modulatory effect on both pro-inflammatory and anti-inflammatory cytokine secretion, as well as the anti-microbial peptide (AMP), human beta-defensin 2 (hBD-2). Heat-killed LcS was described to augment LPS-induced TNFα secretion by CD14hi M1 macrophages, whereas it suppressed LPS-induced TNFα and IL-6 in CD14lo M2 macrophages. These modulatory effects on pro-inflammatory cytokine secretion were dependent on macrophage subset, CD14 (the TLR2 and TLR4 co-stimulatory molecule) expression levels and probiotic strain being investigated [7,8].



With respect to mucosal barrier cells, such as intestinal epithelial cells (IECs), again the immune response is dependent on the local environment. HK-LcS induces Caco-2 colonic epithelial cell hBD-2 expression and secretion; however, this probiotic effect on hBD-2 is determined by inflammatory context [9], where HK-LcS augmented both IL-1β- and TNFα-induced hBD-2 and differentially rescued the IL-10 suppression of this AMP. In addition, the expression and secretion of both pro-inflammatory and anti-inflammatory cytokines by epithelial cells is affected by this probiotic strain. LcS differentially modulates epithelial cell TNFα (pro-inflammatory) and IL-10 (anti-inflammatory) dependent on induction stimulus (TNFα or IL-1β).



Discrimination between pathogenic and non-pathogenic bacteria in the gastrointestinal tract requires the crosstalk between IECs and underlying immune cells [10]. Much attention has been invested in developing physiologically relevant co-culture models of the gut mucosa, using epithelial cells and macrophages [11,12,13]. In addition, the degree of epithelial cell (Caco-2) polarisation and differentiation determines how the mucosal barrier responds to and determines entry of pathogenic microbes such as Listeria monocytogenes [14]. In general, Caco-2 cells are representative of colonic IECs whereas as a model of the small intestine, Caco-2 cells require differentiation and can also be used in co-culture with HT29-5M21 mucin-secreting intestinal cells [15]. Original epithelial cell barrier studies utilised co-culture of Caco-2 cells with PBMCs, investigating the effect of Escherichia coli (E. coli) bacteria on PBMC cytokine production. It was found that epithelial cells suppressed basolateral stimulation of PBMC secretion of TNFα and IL-12, whereas they exerted no effect on induction of IL-10, IL-1β, IL-6, IFNγ, IL-8 and TGFβ1 [16]. Thus, possibly controlling inflammatory and cell-mediated immune responses. This suppression of pro-inflammatory cytokines may also reflect that epithelial cell-immune cell interactions may mediate the ability of these mucosal cells to detect pathogens by profoundly affecting both PRR expression and signalling. Indeed, human IECs constitutively express TLR3, TLR5, TLR9, NOD1, NOD2 and low levels of TLR2 and TLR4, where TLR4 is increased in inflammatory bowel disease (IBD) IECSs and intestinal macrophages (reviewed in [17]). IECs are generally hyporesponsive to TLR2-mediated signalling induced by PAMPs such as peptidoglycan (PGN) and lipoteichoic acid (LTA), whereas maintaining a responsiveness to TLR4 ligands such as LPS [18]. This hyporesponsiveness was maintained by TLR2 absence at the cell membrane and a corresponding high-level expression of the negative regulator, Toll inhibitory protein (Tollip). It is conceivable that mucosal cell interactions, such as those between IECs of the barrier layer and mucosal macrophages, will play an important role in determining mucosal bacterial sensing and immune responsiveness to such microbes, which is both determined by and determines the barrier integrity of the intestinal mucosa.



These studies have highlighted that barrier defences of mucosal epithelial cells and immune defences of macrophage cells are highly variable, indicated by a range of markers, which include the expression, secretion and activity of pro- and anti-inflammatory cytokines, expression and functionality of AMPs and pathogen recognition by pattern recognition receptors. All of these factors are likely to come into play to determine immune on/off fate, and how they respond to beneficial microbes such as exogenously added probiotics. As such, the 3D mucosal tissue organotypic context in which macrophages recognise beneficial microbes is thus imperative to these immune fate decisions. The aim of this study was to investigate the immunomodulatory effect of the probiotic, LcS, on epithelial cell—macrophage co-cultures with respect to mucosal barrier integrity, bacterial sensing and inflammatory cytokine production. Such studies will further the understanding of immunomodulatory effects of probiotics in tissue-mimetic models, as opposed to cell monoculture models which may prove to be insufficient to comprehensively understand how probiotics modulate mucosal responses of the gut.




2. Materials and Methods


2.1. Bacterial Culture and Preparation of Heat Killed Extracts


Lacticaseibacillus casei strain Shirota (LcS) was obtained from a commercial probiotic product (Yakult Ltd.). Probiotic bacteria were cultured in deMan Rogosa Sharp (MRS) broth at 37 °C for 18 h until the commencement of stationary phase. The preparation of heat killed (HK) bacterial samples were made according to the method described in [19]. In brief, bacterial cells were centrifuged and washed twice in phosphate-buffered saline and viable counts adjusted to a density of 1 × 109 cfumL−1. Probiotic bacteria were heat killed (HK) for 2 h at 65 °C. To confirm death of bacteria, all Lactobacillus spp. Samples were plated on MRS agar and incubated for a minimum of 18 hrs. All HK bacterial extracts were stained by Gram stain to check bacterial integrity after heating.




2.2. Cell Culture & Co-Culture


Caco-2 (Human colon adenocarcinoma) epithelial cell line was kindly provided by Dr. Maria O’Connell, HNR, Cambridge, UK. Caco-2 cells were maintained in D10 medium, Dulbecco’s Modified Eagles’ Medium (DMEM) supplemented with 10% v/v foetal calf serum, 2 mM L-glutamine and 100 UmL−1 penicillin, 100 µgmL−1 streptomycin (Lonza, Wokingham, UK). Adherent cells were removed from tissue culture plastic by washing three times in sterile DPBS, followed by treatment with 0.25% v/v trypsin-EDTA. Harvested cells were counted and density adjusted to 5 × 105 cellsmL−1 and plated/cultured in D10 medium in a humidified atmosphere at 37 °C, 5% CO2 for 21 days to allow for full cell differentiation [20] and an intact barrier, as defined by measurement of Trans-epithelial electrical resistance (TEER).



THP-1 pro-monocytic cells were maintained in R10 medium (RPMI-1640 medium supplemented with 10% v/v foetal calf serum, 2 mM L-glutamine and 100 UmL−1 penicillin 100 mgmL−1 streptomycin. Cells were passaged every 3–4 days and routinely used for experimentation between passages 15–35. M1-like (pro-inflammatory subset) and M2-like (anti-inflammatory/regulatory) THP-1-derived macrophages were generated by differentiating THP-1 cells, seeded to a density of 1 × 106 cellsmL−1, in 25 ng/mL PMA (Sigma-Aldrich, Poole, UK) and 10 nM 1,25-(OH)2 Vitamin D3 (Sigma-Aldrich, Poole, UK) for 3–4 days and 7–8 days, respectively, according to the protocol detailed in [7,8,9,21,22,23,24,25,26,27,28,29,30,31,32], and resulting in the M1- and M2-like phenotypes (M1-like: iNOShi Arg− CD206− Phagocytosislo TLR4hi TNFahi IL-6hi IL-8hi IL-10lo; M2-like: iNOSlo/neg Arg+ CD206+ Phagocytosishi TLR4lo TNFαlo IL-6lo IL-8lo IL-10hi) and further detailed in supplementary materials (Table S1).



Co-cultures were set up to mimic both homeostatic and inflammatory environments of the intestinal mucosal lining. Caco-2 cells were seeded at a density of 5 × 105 cells/well in transwell cell culture inserts (pore size 1.0 μm, Becton Dickinson, NJ, USA) in D10 medium for 21 days at 37 °C, 5% CO2 for full differentiation to intestinal epithelial cells. For the final day prior to experimental start, D10 was removed from the Caco-2 cells and replaced by R10 medium. Previously prepared THP-1-derived M1 and M2 macrophages were introduced in the basolateral compartment of the tissue culture well to a density of 1 × 106 cellsmL−1 in R10 medium. Epithelial cells were apically applied with heat-killed LcS probiotic bacteria at a density of 1 × 108 cfumL−1 for 18 hrs. To mimic mucosal disruption in an inflammatory environment, K12-LPS (100 ng/mL) was applied below the transwell in the basolateral compartment, containing either M1 or M2 subset macrophages, for a further defined incubation period.




2.3. Modulatory Effect of Heat-Killed LcS Probiotic Bacteria on Epithelial Cell Cytokine Production


Differentiated epithelial cells were grown to confluence (intact mucosal barrier) and pre-treated in the presence or absence (R10 medium alone control) of heat-killed LcS probiotic bacteria at a pre-defined optimal density of 1 × 108 cfumL−1 density equivalents for 18 h prior to stimulation. To negate any effects of lactic acid produced by live LcS on cell viability, hence indirectly modulating cytokine responses, heat-killed bacteria were adopted for subsequent experimentation. Caco-2 cells were stimulated with the pro-inflammatory cytokines prevalent in inflammatory bowel disease, 10 ng/mL TNFα or 10 ng/mL IL-1β for a further pre-determined time point of 18 h, optimal for pro-inflammatory cytokine stimulation and heat-killed probiotic bacteria (LcS) to induce cytokine mRNA expression and protein secretion from Caco-2 cells. TNFα-induction of TNFα protein is problematic when measuring secretion of TNFα protein; to circumvent this issue with this stimulation protocol, Caco-2 cells were stimulated using a pulse-chase protocol (for both stimuli). Cells were stimulated by 10 ngmL−1 exogenously added TNFα (or IL-1β) for 6 hrs, after which time the TNFα/cytokine stimulus was washed off the cells, replaced by fresh R10 medium and incubated (chased) up to 18 hrs. At the end of experiment, both cells (for cell lysate) and conditioned medium supernatant were harvested for assay of secreted cytokine proteins and mRNA expression. Cell viability of differentiated Caco-2 epithelial cells was routinely monitored by MTT assay and found to be unaffected by the concentrations of reagents used and the incubation times adopted.




2.4. Detection of Endogenous IL-10 Activity and Its Effect on Modulation of Epithelial Cell Bacterial Sensing Molecules


In order to determine whether Caco-2 IECs exhibit an endogenous, cell-membrane associated IL-10 activity and if bacterial sensing molecules were associated with endogenous IL-10 activity, the ability of IL-10 to act as an anti-inflammatory cytokine and suppress the secretion of the pro-inflammatory cytokine, TNFα, has been harnessed. If endogenous IL-10 activity exists, suppression of this activity should augment induction of pro-inflammatory TNFα secretion, as such neutralising antibodies were employed. Caco-2 cells were either unstimulated or stimulated by either 10 ng/mL TNFα or IL-1β in the presence or absence of the neutralising antibody: anti-human IL-10 (clone JES3-9D7, Biolegend, San Diego, CA, USA; controlled for by an irrelevant isotype-matched antibody) at a concentration of 10 µgmL−1 (previously determined to neutralise 10 ngmL−1 of IL-10) [33]. Epithelial cells were incubated for a further 18 hrs, after which time the cells were washed and collected for mRNA extraction and quantification of both TNFα cytokine and bacterial sensing molecule gene expression (TLR2, TLR4, MD-2, CD14, NOD2, TLR9 and Tollip), and culture supernatants were collected to detect secreted TNFα cytokine protein by ELISA.




2.5. Measurement of Trans-Epithelial Electrical Resistance (TEER)


Semi-permeable membrane transwell inserts containing confluent differentiated Caco-2 IEC membrane layer in the transwell (apical) compartment were carefully removed from co-culture at the end of the experiment. After removal of apical supernatant, the Caco-2 cell mucosal layer was washed twice by DPBS. A volume of 0.5 mL DPBS was added in the transwell and 1.0 mL added to the basolateral compartment outside the transwell insert in the EVOM Epithelial Voltameter (Pharma, UK). Trans-epithelial electrical resistance (TEER) was recorded by the voltameter across the semi-permeable/cellular barrier in the insert and adjusted for the transwell surface area of 0.33 cm2 to present as Ω cm2. All readings of TEER were repeated across triplicate sample transwells.




2.6. Immunohistochemical (IHC) Localisation of Epithelial Cell Zona Occludin-1 (ZO-1)


Caco-2 transwell monolayers were apically washed using DPBS. Cells were then fixed with 3% w/v paraformaldehyde in CS buffer (0.1 M NaOH, 0.1 M HEPES, 1 mM EGTA, pH 6.8) for 20 min, followed by three, 5 min washes using CS buffer and permeabilised with 0.1% v/v Triton X-100. Epithelial cells were then blocked by 1% w/v BSA in DPBS for 1 hr and followed by overnight incubation with primary antibody (2.5 μg/mL rabbit polyclonal anti-ZO-1, Invitrogen, UK) in 1% w/v BSA/DPBS at 4 °C. Cell monolayer was then washed three times with CS buffer followed by 1 h incubation in secondary antibody (0.5 μgmL−1 Alexa fluor 488-conjugated anti-rabbit IgG, Invitrogen, UK) in 1% w/v BSA/DPBS. All monolayers were washed three times in CS buffer then mounted in DPX on glass slides and visualised by a Nikon Eclipse 80i epifluorescence microscope with QiMc camera using NIS-Elements Software (Nikon DS-BR 3.0, Nikon, Melville, NY, USA).




2.7. Detection of Membrane TLR2 and TLR4 Protein by Flow Cytometry


Caco-2 IECs were harvested and resuspended to a density of 2 × 106 cellsml−1; 100 μL aliquots were washed twice in sterile DPBS and incubated with 2% w/v BSA in Ca2+/Mg2+ free PBS for 30 min on ice to enable blocking of non-specific binding of antibodies. Cells were washed in 1% w/v BSA/PBS and incubated with the appropriate PE fluorochrome-conjugated antibody (1/200 dilution anti-TLR2 Clone TL2.1, anti-TLR4 Clone HTA125, and appropriate isotype-matched control antibodies)(eBiosciences, UK) for 30 min at 4 °C in the dark. Cells were washed twice in 1% w/v BSA/PBS to remove unbound antibody and resuspended in 500 μL 1% w/v BSA/PBS and kept on ice in the dark, until ready for data acquisition and analysis. TLR2 and TLR4 staining was detected by analysing the cell samples in a FACS Calibre Flow Cytometer (Becton Dickinson, San Jose, CA, USA) and analysed by BD FACS Diva Software v6.0. Positive staining for these membrane receptors is expressed as Net mean fluorescence intensity (Net MFI) obtained by subtracting isotype control sample MFI from positive test MFI for at least 3 replicate samples live gated by FSC/SSC and positivity determined by setting 5% confidence interval gating on live cells.




2.8. Real Time qPCR Analysis


The expression of TNFα, IL-6, IL-8, IL-10, TLR2, TLR4, MD-2, CD14, NOD2, TLR9, Tollip, ZO-1 and GAPDH mRNA were assessed by quantitative real-time PCR. Following each treatment, the cells were washed with ice-cold PBS and the total RNA was extracted using Sigma genelute RNA isolation kit (Sigma-Aldrich, Poole, Dorset, UK) according to the manufacturer’s instruction. The total RNA concentration was determined using NanoVueTM spectrophotometer (GE Healthcare, Freiberg, Germany). RNA purity was assessed by examining the absorbance ratio at 260 and 280 nm, while the integrity was verified by electrophoresis on 1% denaturing agarose gel. A microgram of total RNA was reverse transcribed using M-MLV Reverse Transcriptase reaction Kit (Sigma-Aldrich) as suggested by the supplier. Sequence-specific primers (Table 1) were designed using Primer Express Software (Applied Biosystems, Paisley, UK) and synthesized by Eurofin MWG/ Operon (Ebersberg, Germany). The quantitative real-time PCR was performed using StepOnePlus thermal cycler and Power SYBR Green® kit (Applied Biosysterms) using 10 pmol of the forward and reverse primers for each target. The amplification of target was carried out under the following conditions: pre-heating for 95 °C for 10 min, followed by 40 cycles at 95 °C for 30 s, 60 °C for 1 min and 72 °C for 1 min. The real time quantitative PCR data was analysed following the 2−ΔΔCt method as described by in [34] using GAPDH as an endogenous control and resting cells as a reference sample. Thus, the relative quantity of the target transcript is described as fold increase (RQ, relative quantification) relative to the reference sample and GAPDH.




2.9. Quantification of Cytokine Secretion


Cytokine secretion of IL-6, IL-8, IL-10 and TNFα, into cell culture supernatants by treated Caco-2 IECs and Caco-2/macrophage-subset co-cultures were quantified by sandwich ELISA, using commercially available paired capture and detection antibodies for TNFα, IL-6, IL-8 and IL-10 (BD-Pharmingen, Oxford, UK). Protocols were followed according to manufacturer’s instructions and compared to standard curves of recombinant human cytokines (using recognised international cytokine standards available from NIBSC, Potter’s Bar, UK) between the range of 7 to 5000 pgmL−1. Colorimetric development was determined spectrophotometrically by an OPTIMax tuneable microplate reader at 450 nm and analysed by Softmax Pro version 2.4.1 software (Molecular Devices Corp., Sunnyvale, CA, USA).




2.10. Statistical Analysis


All data are expressed as the mean ± standard error of triplicate values of a representative experiment of at least three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA). Statgraphic Software version 5.1 was used to analyse the data. Statistical significance is indicated by a p value of less than 0.05, where * p< 0.05, ** p< 0.01,*** p < 0.005 versus stimulation control.





3. Results


3.1. Modulation of IEC Cytokines by Heat-Killed LcS Is Dependent on Inflammatory Environment


Pro-inflammatory cytokines are known to induce cytokine expression and secretion by Caco-2 IECs. The role of LcS in modulating the responses of these cells in defined inflammatory environments is relatively superficial, yet important to understand monoculture responses when building up to co-culture and 3D organotypic culture beyond. TNFα clearly induced the expression and secretion of TNFα, IL-8 and IL-10, whereas IL-1β-stimulated Caco-2 cells produced significant levels of all IL-6, IL-8, TNFα and IL-10. HK-LcS significantly augmented TNFα-induced IL-8, TNFα and IL-10 mRNA by 53- (p < 0.01), 3.6- (p < 0.001) and 20-fold (p < 0.01), respectively, but failed to significantly modulate the protein secretion of the aforementioned cytokines. In the case of a pro-inflammatory environment induced by IL-1β, however, LcS augmented IL-6, IL-8 and TNFα mRNA by 33% (p < 0.05), 170% (p < 0.01) and 400% (p < 0.001), respectively, whereas IL-10 mRNA was suppressed by 80% (p < 0.05). Additionally, LcS augmented IL-6 and IL-8 protein secretion by 114% (p < 0.01) and 26% (p < 0.05), respectively, and IL-10 secretion was suppressed by 56%, p < 0.001 (see Table 2).



It is important to note that, although HK-LcS clearly modulated IL-10 mRNA, these trends were not represented when measuring secreted IL-10 protein. Endogenous, membrane-bound IL-10 may account for this discrepancy in IL-10 mRNA versus secreted protein levels and has been previously described in macrophages and epithelial cells [9,35,36]. As a consequence, endogenous IL-10 was measured, based on the ability of a neutralising anti-IL-10 antibody to suppress the anti-inflammatory effects of IL-10 on the secretion of the pro-inflammatory cytokine, TNFα [37]. Data presented in Table 3 demonstrates that unstimulated Caco-2 IECs constitutively express a basal endogenous IL-10 activity, as judged by the increase in TNFα mRNA and protein secretion upon treatment with neutralising anti-IL-10 (p < 0.001). Importantly, in a pro-inflammatory environment defined by TNFα, endogenous IL-10 activity was further elevated (difference between untreated 80 pg/mL and anti-IL-10 treated 710 pg/mL, p < 0.001), whereas in the case of IL-1β-stimulated Caco-2 cells, neutralisation of IL-10 resulted in a decrease in TNFα secretion from 330 pg/mL to 250 pg/mL (p < 0.01).



To further define the importance of epithelial cell endogenous IL-10 activity, the neutralising anti-IL-10 antibody was investigated for its effects on bacterial sensing molecules that detect bacterial PAMPs and regulate their responses upon detection (see Table 4). Neutralisation of IL-10 bioactivity in unstimulated Caco-2 cells demonstrated a homeostatic endogenous IL-10 bioactivity, which negatively regulated TLR2, TLR4, CD14, MD2, NOD2 and TLR9 as demonstrated by the augmentation of mRNA expression (ration of mRNA anti-IL-10/Control) by 100-, 50-, 70-, 3-, 50-, 90-fold, respectively. Of particular note, however, is the positive regulation of the negative regulatory molecule, Tollip (ratio 0.001:1). In an inflammatory environment, induced by TNFα, the anti-IL-10/Control ratios were all positive, indicative of negative regulation by IL-10, but were reduced to 4, 24, 10, 4 for TLR4, CD14, NOD2 and TLR9, respectively. TLR2 ratio (100:1) was unchanged, whereas MD2 and Tollip were increased to 4 and 2, respectively. In the presence of IL-1β, anti-IL-10 treatment upregulated Caco-2 mRNA expression of TLR2 and Tollip to 180 and 10, respectively, whereas it suppressed the ratios of TLR4, CD14, MD2, NOD2 and TLR9 to 5, 1, 0.5, 7 and 10, respectively, when compared to unstimulated epithelial cells.




3.2. Macrophage Subset and Inflammatory Cytokines Determine IEC Barrier Integrity


Co-culture of macrophage subsets (basolateral plate well) with Caco-2 IECs (apical, transwell) induces a cytokine profile determined by macrophage subset. In the absence of exogenous stimuli, co-culture of homeostatic M2-like macrophages with Caco-2 cells results in the induction of IL-8 (700 pg/mL), whereas TNFα, IL-6 and IL-10 secretion was barely detectable. On the other hand, M1 pro-inflammatory macrophages co-cultured with Caco-2 cells resulted in appreciable levels of TNFα, IL-6 and IL-8 secretion (1000–4000 pg/mL), with IL-10 not detected (Figure 1a). This M1 co-culture cytokine profile is likely to have significant effects on epithelial barrier integrity; where Caco-2 barrier integrity, measured by transepithelial electrical resistance (TEER), is partially reduced by co-culture with M2 macrophage subset (from 920 to 710 Ωcm2) whereas integrity is greatly reduced upon co-culture with the pro-inflammatory M1 subset (reduced from 920 Ωcm2 to 240 Ωcm2)(Figure 1b). This destructive effect on barrier integrity TEER is reproduced when treating Caco-2 cells with the pro-inflammatory cytokines, TNFα IL-1β and IL-8 (reduction in TEER by 90% (p < 0.001), 52% (p < 0.001) and 75% (p < 0.001), respectively), whereas the anti-inflammatory cytokine, IL-10, augmented TEER by 14%, p < 0.05 (Figure 1c). This result was further reinforced when measuring ZO-1 mRNA gene expression; ZO-1 (a tight junction protein, which maintains barrier integrity) is significantly suppressed by TNFα (p < 0.01), IL-1β (p < 0.05) and IL-8 (p < 0.001) and enhanced by IL-10 (p < 0.05) (Figure 1d). With regards ZO-1 protein, immunohistochemical localisation demonstrates clear localisation of ZO-1 at the epithelial cell boundaries joining cells coming together at ruffled edges (Control, Figure 1e). This boundary staining of ZO-1 was appreciably reduced in Caco-2 cells co-cultured with M1 macrophages (+M1 Mφs, Figure 1f) and in the presence of IL-1β (+M1 Mφs + IL-1β, Figure 1h), with cell boundary ruffling being rounded and staining intensity reduced. In the case of co-culture with M1 macrophages in the presence of LPS, ZO-1 staining was extremely reduced in both intensity and loss of ruffling of the cell boundary interlinkages (Figure 1g). No such reduction in ZO-1 staining intensity and boundary ruffling was observed for co-culture with M2 subset cells (Figure 1i). Addition of LPS (Figure 1j) or IL-1β (Figure 1k) did not appreciably reduce intensity of ZO-1 staining but did have an effect of rounding epithelial cells resulting in loss of boundary ruffling between epithelial cells.




3.3. LcS Differentially Rescues Epithelial Barrier Integrity in Macrophage Subset-IEC Co-Cultures


With the establishment of the effects of M1 and M2 co-culture with IECs on cytokine environment and the consequent effects on epithelial barrier integrity, it was important to investigate whether the heat-killed probiotic strain LcS could modulate these macrophage-IEC co-culture responses. LcS exhibits a differential response in modulating barrier integrity of Caco-2 epithelial cells, when co-cultured with either M1 or M2 subset macrophages. LcS failed to rescue TEER in M1-Caco-2 co-culture, whereas augmented TEER from control levels of 650 Ω cm2 to 810 Ω cm2 in M2-Caco-2 co-culture, compared to Caco-2 alone control TEER of 730 Ω cm2 (Figure 2a). In the absence of pathological stimulation, LcS augmented ZO-1 mRNA expression to RQ values of 4 and 33 for M1-Caco-2 and M2-Caco-2 co-cultures, respectively, with M2 co-culture expressing approximately 8-fold more ZO-1 (Figure 2c). This differential rescue response on barrier integrity was reproduced in the presence of LPS stimulation, where LcS augmented TEER by 18% (p < 0.05) in M2-Caco-2 co-culture (Figure 2b) and augmented ZO-1 expression in M2-Caco-2 co-culture, p < 0.05 (Figure 2d). Notably, LPS dramatically reduced Caco-2 ZO-1 expression in M1 co-cultures to 1/40,000 control levels, which was rescued by LcS (p < 0.001), but to a level approximately 1/1000 of control expression (Figure 2d), paralleled by a non-significant rescue of LPS-stimulated M1/Caco-2 barrier integrity TEER (Figure 2b).




3.4. LcS Differentially Modulates IEC LPS-Sensing Molecules in Macrophage Subset Co-Culture


Inflammatory environments are known to modulate bacterial sensing and inflammatory responses of IECs. Both macrophages and epithelial cells can respond to LPS, derived from Gram-negative bacteria. Such pathogens are associated with chronic inflammatory bowel disease and barrier disruption; it was imperative to investigate the effect of LcS on LPS-induced PRRs and sensing molecules in these macrophage subset co-cultures. LPS clearly induced TLR4 expression in both co-culture models which was highest in M1 co-culture than the M2 co-culture (RQ: 90 vs. 20 for M1 and M2, respectively) (Figure 3a). LcS suppressed LPS-induced response by 20% and 50%, respectively. This trend of LcS-induced suppression of LPS-induced TLR4 was reproduced when measuring TLR4 protein by surface measurement by flow cytometry (Figure 3b), where M1/Caco-2 TLR4 was suppressed by 20% (p < 0.05) and M2/Caco-2 by 85% (p < 0.001). Interestingly, the TLR4 co-receptor, CD14 was differentially modulated, where LcS failed to suppress M1/Caco-2 CD14 expression and suppressed M2/Caco-2 CD14 by 30% (p < 0.05) (Figure 3c). As with TLR4, LPS-induced MD-2 expression was suppressed by LcS by 30% (p < 0.05) and 70% (p < 0.05) in M1/Caco-2 and M2/Caco-2 co-cultures, respectively (Figure 3d). With respect to TLR2 mRNA, LcS augmented M1/Caco-2 expression by 57% (p < 0.05) whereas suppressed that in M2/Caco-2 by 86% (p < 0.001) (Figure 3e). This trend was not replicated in TLR2 protein, where LcS suppressed membrane protein in both co-cultures by 63% and 40%, respectively (p < 0.05)(Figure 3f). A similar trend to TLR2 mRNA was observed for NOD2 mRNA; LcS augmented M1/Caco-2 expression by 440% (p < 0.001) and suppressed M2/Caco-2 by 90% (p < 0.001) (Figure 3g). This differed with TLR9 mRNA gene expression, where LcS suppressed that in M1/Caco-2 by 93% (p < 0.001) and augmented in M2/Caco-2 by 106% (p < 0.001)(Figure 3h). Finally, LcS significantly rescued M1/Caco-2 expression of the negative regulator, Tollip by 33% (p < 0.05), but to a level barely expressed in comparison to the unstimulated M1/Caco-2 control level. In addition, LcS was unable to rescue the LPS-induced down-regulation of Tollip expression observed with M2/Caco-2 co-culture (ns) (Figure 3i).




3.5. LcS Modulation of Co-Culture Pro- and Anti-Inflammatory Cytokines Is Dependent on Macrophage Subset and Stimulation Status


Consequent to LcS modulation of bacterial sensing pattern recognition receptors, it was important to investigate the downstream effects on cytokine secretion by these macrophage-IEC co-cultures in both an environment stimulated and unstimulated by enteropathogenic LPS. Such stimulation would occur upon barrier disruption associated with chronic IBD. In the absence of LPS stimulation, LcS differentially modulated cytokine production, where M1-Caco-2 co-culture IL-6 (p < 0.05), IL-8 (p < 0.01) and IL-10 (p < 0.05) were suppressed and TNFα (ns) was unchanged (Figure 4a–d). In M2-Caco-2 co-culture, LcS also suppressed IL-8 by 50% (p < 0.01) but in contrast, augmented TNFα (p < 0.05), IL-6 (p < 0.001) and IL-10 secretion (p < 0.01) (Figure 4a–d). In the presence of LPS stimulation, LcS partially augmented M1-Caco-2 co-culture secretion of TNFα (p < 0.05) (Figure 4e) and clearly augmented IL-6 (p < 0.01) whereas IL-8 (p < 0.001) and IL-10 (p < 0.05) were suppressed (Figure 4f–h). In the case of M2-Caco-2 co-culture, LcS suppressed LPS-induced TNFα and IL-8 (p < 0.05) (Figure 4e,g), augmented IL-6 (p < 0.05) (Figure 4f) and failed to modulate IL-10 secretion (ns) (Figure 4h).





4. Discussion and Conclusions


This investigation demonstrated several aspects of modulation of barrier functionality in the context of IECs alone or in co-culture with defined macrophage subsets. In the case of epithelial cell monoculture, (1) LcS differentially modulates pro- and anti-inflammatory cytokines dependent on inflammatory cytokine environment induced by either TNFα or IL-1β, (2) TNFα and IL-1β differentially induce endogenous IL-10 activity in epithelial cells and (3) TNFα- and IL-1β-induced endogenous IL-10 differentially regulates the expression of PRRs and their negative regulators of signalling. Macrophage—epithelial cell co-cultures, however, demonstrated that: (1) M1/Caco-2 resulted in an inflammatory environment (TNFα, IL-6, IL-8), that effectively reduced barrier integrity (TEER and ZO-1), whereas exogenously added IL-10 augmented barrier integrity; (2) M2/Caco-2 generally maintained barrier integrity; (3) LcS rescues barrier integrity in M2/Caco-2 co-culture in the presence or absence of LPS, but not in M1/Caco-2; (4) LcS suppresses LPS-induced TLR2, TLR4 and MD-2 and differentially regulates CD14, NOD2, TLR9 and Tollip expression dependent on macrophage subset in co-culture; and finally, (5) LcS differentially modulates co-culture pro- and anti-inflammatory cytokines, dependent on macrophage subset and LPS stimulation.



The commensal bacterium, L. rhamnosus (LR), has been demonstrated to induce IEC IL-1β, TNFα, MCP-1 mRNA which fails to fully translate to secreted protein, where TNFα and IL-6 are not secreted, and MCP-1 is suppressed; only IL-1β is secreted. This relative unresponsiveness is also observed whereby LR suppresses Bacteroides ovatus induced IL-6 [38]. IECs are well established to exhibit a quiescent state with respect to cytokine production in a safe, homeostatic environment, whereas they rapidly respond to inflammatory cytokines such as TNFα and IL-1β, secreting IL-6 and IL-8. Considering that TNFα and IL-1β predominance has been described in IBD [39] and that these pro-inflammatory cytokines are readily expressed upon macrophage activation, it was important to define the inflammatory environment added to epithelial cells and the contribution of these epithelial cells to the inflammatory environment upon activation by LcS. LcS augmented both TNFα- and IL-1β-induction of IL-6, IL-8 and TNFα. Most importantly, LcS augmented TNFα-induced IL-10, whereas it suppressed IL-1β-induced IL-10 (Table 2). This observation alone is indicative that in the case of Crohn’s Disease (CD) patients, whose pathology is predominated by TNFα, LcS may exhibit a beneficial anti-inflammatory effect by inducing IL-10. In the case of CD predominated by IL-1β, however, LcS suppression of IL-10 may serve to further exacerbate inflammation of the gut mucosa. This only serves to reinforce the need to characterise the CD patient’s individual cytokine profile and that subtle differences in these cytokines can result in differential responsiveness to probiotic strains.



The crosstalk between epithelial cells and macrophages has been demonstrated to induce IL-10 in a TLR4-dependent manner, suggesting that in homeostatic conditions, both IL-10 and pathogen sensing were interlinked [40]. Based on the anti-inflammatory ability of IL-10 to suppress TNFα [37], the use of neutralising anti-IL-10 antibody, and a corresponding elevation in TNFα secretion, is an efficient method in detecting endogenous cell-associated activity of IL-10. This study clearly detected an endogenous IL-10 activity with unstimulated Caco-2 cells (Table 3). What was particularly remarkable was the observation that TNFα augmented endogenous IL-10 activity, whereas the IL-1β treatment failed to induce an endogenous anti-inflammatory IL-10 activity and even suggested a pro-inflammatory effect seen by decreased TNFα secretion upon neutralisation of IL-10. Such a response may go some way to explain the lack of success in using IL-10 in the treatment of CD, which was shown to induce pro-inflammatory IFNγ cytokine production [41]. As with the induction of secreted IL-10 above, the predominance of either TNFα or IL-1β in the inflammatory environment of CD patients, might effectively help or hinder inflammation. In this case, again IL-1β environments exacerbate inflammation through suppression of both secreted IL-10 and endogenous IL-10 activity.



This endogenous IL-10 activity also significantly affected the pathogen sensing ability of Caco-2 IECs in both homeostatic, unstimulated, or pro-inflammatory (TNFα- or IL-1β-stimulated) environments (Table 4). In a homeostatic, unstimulated environment, defined by PRR hyporesponsiveness [17,18], a measurable endogenous IL-10 activity suppressed bacterial recognition of LTA, LPS, PGN and unmethylated CpG DNA by TLR2, TLR4, CD14, MD2, NOD2 and TLR9, whereas it further reinforced a state of tolerance via inducing the negative regulator, Tollip. TNFα-induced endogenous IL-10 further suppressed TLR2, CD14, NOD2 and TLR9 but suppressed TLR4 expression to a level lower than unstimulated Caco-2 cells, whereas IL-1β-induced IL-10 suppressed TLR4, TLR2 and NOD2. This is indicative of IECs expressing a differential amplitude of bacterial sensing molecules, where TNFα-stimulated IECs express a weaker suppressive IL-10 activity on TLR4, whereas IL-1β-stimulated IECs express a strong suppressive IL-10 activity on TLR2, TLR4 and NOD2. In addition, both TNFα- and IL-1β-induced endogenous IL-10 negatively regulated Tollip (negative regulator of TLR signalling) expression. This will have a dramatic effect on the ability of IECs to recognise and respond to bacteria. In the presence of a TNFα inflammatory environment, the weaker IL-10 suppression of TLR4 is likely to bias recognition to Gram negative bacteria whereas the stronger IL-10 suppression induced by IL-1β is likely to result in lower-level recognition of LTA, LPS and PGN in both Gram-positive and -negative bacteria. Thus, the inflammatory environment and endogenous regulatory capacity of IECs has a dramatic effect of bacterial recognition, responsiveness and consequently can partially contribute to selective bacterial dysbiosis.



Expanding on these observations, which investigated IECs in monoculture, it was important to undertake similar studies in co-culture models that approach the cellular organisation of the intestinal mucosa. Such modelling has already been established in several studies investigating macrophage-epithelial cell interactions and their effects on barrier integrity and cytokine production in both homeostasis and disease [11,12,13]. Few, if any studies, have adequately described this cellular crosstalk and how it is modulated by probiotic strains in the context of barrier integrity and pathogen sensing. Basic innate immune cell and barrier epithelial cell interactions were investigated by developing M1/M2 macrophage-Caco-2 cell co-cultures. As expected, co-culture of Caco-2 cells with the homeostatic, regulatory M2 macrophage subset, resulted in low-level secretion of pro-inflammatory cytokines, whereas the secretion of TNFα, IL-6 and IL-8 was significantly higher in co-culture with the proinflammatory M1 subset (Figure 1). This is indicative that pathological environments, where M1-like subset predominates, will result in an appreciable inflammatory cytokine profile. CD is known to pre-dispose to such an M1-biassed mucosal environment [42,43]; effectively breaking tolerance and significantly activating an uncontrolled inflammatory response. This co-culture displayed a marked effect on barrier integrity, where M1 macrophages, and the cytokines produced in this environment (IL-1β, TNFα and IL-8), reduced both TEER and expression of the tight junction protein, ZO-1; observations previously noted for TNFα and IL-1β in Caco-2 epithelial barriers and experimental intestinal inflammation models [44,45]. ZO-1 protein was also markedly suppressed by the inflammatory molecules IL-1β and LPS, where the barrier organisation of IECs was obliterated in the M1/Caco-2 co-culture and only partially modified in M2/Caco-2 co-culture. It is likely that the local presence of M1 macrophages, their inflammatory cytokines and inflammatory stimuli such as LPS, have a detrimental effect on barrier integrity. This reduced barrier integrity, effectively creating a positive cycle of barrier destruction through macrophage activation and dysregulated pro-inflammatory cytokine production. Any early local production of IL-10 may have a rescuing effect on barrier integrity; however, co-culture modelling demonstrated low-level secretion, if any, in both co-cultures and what IL-10 activity that is present may be unable to countermand the pro-inflammatory effects of the elevated secretion of TNFα, IL-6 and IL-8 in M1-dominated environments.



When applying the probiotic bacteria, LcS, to these co-culture models, LcS clearly rescues barrier integrity (TEER & Z0-1) in M2/Caco-2 co-cultures in the presence or absence of enteropathogenic LPS. In the case of M1/Caco-2 co-culture, LcS partially rescues ZO-1 expression but fails to repair IEC barrier integrity, measured by TEER (Figure 2). This is indicative that LcS administration may be beneficial in homeostatic M2-specific mucosal environments but is likely to be ineffective in the treatment of M1-biassed pathology, such as seen in CD. Once the mucosal barrier is breached, the presence of M1, pro-inflammatory cytokines and PAMPs such as LPS, effectively perpetuate mucosal damage, which may be further contributed to upon the addition of probiotics such as LcS. Both co-cultures exhibited a suppressed LPS-induction of TLR2, TLR4 and MD2 in response to LcS and differential CD14, NOD2, TLR9 and Tollip modulation, where CD14 and NOD2 were suppressed in M2- and CD14 was unchanged whereas NOD2 was augmented in M1 co-cultures (Figure 3). In addition, TLR9 was augmented in M2- and suppressed in M1-cocultures; whereas the negative regulatory molecule, Tollip, was unchanged in M2- and rescued, but to a final insignificant low-level expression, compared to control IEC levels in M1-cocultures. This suggest that LcS reduces sensing of Gram negative LPS in both M1 and M2 co-culture and differentially controls how intracellular bacteria are detected and responded to, as well as regulated by Tollip; effectively reinforcing a selective tolerisation in M2/Caco-2 co-culture and attempting to limit pro-inflammatory damage in M1/Caco-2 but failing to induce tolerance as a consequence of augmentation of NOD2 mRNA expression and an insignificant rescue of M1-mediated suppression of Tollip.



Finally, when considering the ability of LcS to modulate macrophage-IEC co-culture secretion of inflammatory cytokines, LcS differentially modulated these factors dependent on macrophage subset and presence or absence of enteropathogenic LPS. In the absence of LPS stimulation, LcS suppressed M1/Caco-2 IL-6, IL-8 and IL-10 with no effect on TNFα; whereas augmented M2/Caco-2 IL-6 and IL-10. This is suggestive that, in the absence of pathogenic LPS stimulation, LcS exhibits a partially tolerising effect in the M1-co-culture, whereas tolerises the major inflammatory cytokines (TNFα and IL-8) whilst maintaining and reinforcing the secretion of the regulatory cytokines, IL-6 and IL-10 in the M2-co-culture. In the presence of enteropathogenic LPS, LcS suppressed M1/Caco-2 IL-8 and IL-10 and augmented TNFα and IL-6, whereas IL-8 was augmented, and IL-6 suppressed in M1 monoculture [8]. Conversely, LcS suppressed TNFα and IL-8 whereas augmented IL-6 and failed to modulate IL-10 secretion by M2/Caco-2 co-cultures (Figure 4) and in contrast, suppressed IL-6 and augmented TNFα in M2 monoculture [8]. Thus, LcS potentially fails to tolerise TNFα and IL-6-mediated inflammatory events and partially suppresses IL-8-mediated responses in M1 co-culture, whereas it suppresses TNFα and IL-8-mediated inflammatory responses in M2 co-culture. This differential regulation of two main orchestrators of inflammation (TNFα and IL-8) is suggestive of reflecting different mechanisms and amplitude of inflammation, as well as a relative difference in neutrophil recruitment to the site of active inflammation.



These observations both compared and contrasted with previous investigations, which clearly point to probiotic effects being both strain- and context-dependent. In vivo oral administration of L. casei CRL431 induced both CD206 and TLR2 in innate cells within organized payers patches [46]. Similarly, L. casei MYLO1 was shown to induce IL-10 and Tollip via activation of TLR2 and TLR9, resulting in a protective response to inflammatory liver damage induced by ethanol-TLR4-NFκB-mediated axis of inflammation [47]. This was further reinforced by an investigation focused on Salmonella typhimurium infection, where L. casei CRL431 ingestion increased TLR2, TLR4, TLR9, IL-10 expression and decreased TNFα production, hence modulating inflammation to a more protective response [48]. Finally, probiotic strains of Weissella cibaria were shown, not only to suppress pro-inflammatory cytokine production in both macrophages and epithelial cells, but to also suppress nitric oxide production [49]. Such a finding is suggestive of selective modulation of M1 activity and may even re-programme the macrophage subset to an M2-like phenotype. These observations describe selective effects of probiotics on immune activation and pathogen sensing, whereas, to date, few studies have investigated the effects of probiotics in both a homeostatic and inflammatory pathogenic context by utilizing distinct phenotypic macrophage subsets and their crosstalk to intestinal epithelial cells and how it impacts on overall barrier functionality.



In summary, IEC monoculture barrier integrity is sensitive to pro-inflammatory cytokines (IL-1β & TNFα) which also differentially modulate endogenous IL-10 activity capable of suppressing PRRs and inducing PRR negative regulators, such as Tollip. In IEC-macrophage co-culture, M1s induce a pro-inflammatory cytokine profile, whereas M2s induce a more tolerised profile, reflected in differential barrier integrity: severely compromised in M1/Caco-2 co-culture. LcS differentially suppressed PRR expression but failed to adequately rescue Tollip in M1 co-cultures. This differential suppression is also observed in barrier integrity where LcS failed to recover epithelial cell ZO-1 and TEER. As a consequence of this, LcS fails to suppress M1/Caco-2 TNFα, which is further augmented in the presence of LPS and accompanied by suppression of the anti-inflammatory, IL-10. In contrast, LcS suppressed M2/Caco-2 TNFα and IL-8 whilst augmenting IL-10; a response that is relatively unchanged by LPS. Thus, in conclusion, the relative balance between pro- and anti-inflammatory cytokines, positive PRR signalling and negative PRR signalling, has a significant impact on epithelial barrier integrity and perpetuation of chronic inflammation; determined by macrophage subset polarisation, LPS-PAMP stimulation and the ensuing cytokine profile. All of which are regulatable by LcS, which is context specific, which can be both detrimental and beneficial in the treatment of chronic IBD, such as CD. Only personalised diagnostic medicine (with respect to cytokine and PRR profile) can suggest beneficial adoption of probiotic strains in the management of CD.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microorganisms10102087/s1, Table S1: Supporting evidence for PMA- and VD3-differentiated THP-1 derived M1/M2 macrophage subset cell model corresponding to IFN-γ/LPS and IL-4/IL-13-differentiated THP-1 and primary cell studies [2,7,8,21,22,23,24,25,26,27,28,29,30,31,32,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77].





Author Contributions


Conceptualization, A.F., N.H. and J.B.; methodology, A.F., A.S. and N.H.; formal analysis, A.F., A.S. and N.H.; investigation, A.F., A.S. and N.H.; resources, A.F. and J.B.; data curation, A.F. and N.H.; writing—original draft preparation, A.F.; writing—review and editing, A.F., A.S. and J.B.; supervision, A.F. and J.B.; project administration, A.F. and J.B.; funding acquisition, A.F., J.B. and N.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Higher Education, Government of Iraq, awarded to N.H. and A.F. The APC was funded free of charge to associate editors of Microorganisms (A.F.).




Data Availability Statement


Not applicable.




Acknowledgments


It is with deep regret that we acknowledge that N.H. sadly passed away in 2015.




Conflicts of Interest


The authors declare no conflict of interest with this study. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Foey, A.D. Mucosal macrophages: Phenotype and functionality in homeostasis and pathology. In Handbook of Macrophages: Life Cycle, Functions and Diseases; Takahashi, R., Kai, H., Eds.; Nova Science Publishers Inc.: New York, NY, USA, 2012; Chapter 4; pp. 121–146. [Google Scholar]

	



Foey, A.D. Macrophage polarisation: A collaboration of differentiation, activation and pre-programming? J. Clin. Cell. Immunol. 2015, 6, 293. [Google Scholar] [CrossRef]

	



Smith, P.D.; Ochsenbauer-Jambor, C.; Smythies, L.E. Intestinal macrophages: Unique effector cells of the innate immune system. Immunol. Revs. 2005, 206, 149–159. [Google Scholar] [CrossRef]

	



Smythies, L.E.; Sellers, M.; Clements, R.H.; Mosteller-Barnum, M.; Meng, G.; Benjamin, W.H.; Orenstein, J.M.; Smith, P.D. Human intestinal macrophages display profound inflammatory anergy despite avid phagocytic and bacteriocidal activity. J. Clin. Investig. 2005, 115, 66–75. [Google Scholar] [CrossRef]

	



Platt, A.M.; Mowat, A.M. Mucosal macrophages and the regulation of immune responses in the intestine. Immunol. Lett. 2008, 119, 22–31. [Google Scholar] [CrossRef] [PubMed]

	



Hardy, H.; Harris, J.; Lyon, E.; Beal, J.; Foey, A.D. Probiotics, prebiotics and immunomodulation of gut mucosal defences: Homeostasis and immunopathology. Nutrients 2013, 5, 1869–1912. [Google Scholar] [CrossRef] [PubMed]

	



Habil, N.; Al-Murrani, W.; Beal, J.; Foey, A.D. Probiotic bacterial strains differentially modulate macrophage cytokines in a strain-dependent and cell subset-specific manner. Benef. Microbes 2011, 2, 283–293. [Google Scholar] [CrossRef]

	



Habil, N.; Beal, J.; Foey, A.D. Lactobacillus casei strain Shirota selectively modulates macrophage subset cytokine production. Int. J. Probiotics Prebiotics 2012, 7, 1–12. [Google Scholar]

	



Habil, N.; Abate Woldie, W.; Beal, J.; Foey, A.D. Probiotic bacterial species selectively modulate gut epithelial cell beta-defensin-2. Benef. Microbes 2014, 5, 483–495. [Google Scholar] [CrossRef]

	



Haller, D.; Bode, C.; Hammes, W.P.; Pfeifer, A.M.A.; Schiffrin, E.J.; Blum, S. Non-pathogenic bacteria elicit a differential cytokine response by intestinal epithelial cell/leucocyte co-cultures. Gut 2000, 47, 79–87. [Google Scholar] [CrossRef]

	



Lee, S.M.; Kim, N.-H.; Lee, S.; Kim, Y.N.; Heo, J.-D.; Rho, J.-R.; Jeong, E.J. (10Z)-Debromohymenialdisine from marine sponge Stylissa sp. Regulates intestinal inflammatory responses in co-culture model of epithelial Caco-2 cells and THP-1 macrophage cells. Molecules 2019, 24, 3394. [Google Scholar] [CrossRef]

	



Noel, G.; Baetz, N.W.; Staab, J.F.; Donowitz, M.; Kovbasnjuk, O.; Pasetti, M.F.; Zachos, N.C. A primary human macrophage-enteroid co-culture model to investigate mucosal gut physiology and host-pathogen interactions. Sci. Rep. 2017, 7, 45270. [Google Scholar] [CrossRef] [PubMed]

	



Kampfer, A.A.M.; Urban, P.; Gioria, S.; Kanase, N.; Stone, V.; Kinsner-Ovaskainen, A. Development of an in vitro co-culture model to mimic the human intestine in healthy and diseased state. Toxicol. Vitr. 2017, 45, 31–43. [Google Scholar] [CrossRef] [PubMed]

	



Gaillard, J.-L.; Finlay, B.B. Effect of cell polarisation and differentiation on entry of Listeria monocytogenes into the enterocyte-like Caco-2 cell line. Infect. Immun. 1996, 64, 1299–1308. [Google Scholar] [CrossRef] [PubMed]

	



Nollevaux, G.; Deville, C.; El Moualij, B.; Zorzi, W.; Deloyer, P.; Schneider, Y.-J.; Peulen, O.; Dandrifosse, G. Development of a serum-free co-culture of human intestinal epithelium cell-lines (Caco-2/HT29-5M21). BMC Cell Biol. 2006, 7, 20. [Google Scholar] [CrossRef] [PubMed]

	



Parlesak, A.; Haller, D.; Brinz, S.; Baeuerlein, A.; Bode, C. Modulation of cytokine release by differentiated Caco-2 cells in a compartmentalised co-culture model with mononuclear leukocytes and non-pathogenic bacteria. Scand. J. Immunol. 2004, 60, 477–485. [Google Scholar] [CrossRef]

	



Lavelle, E.C.; Murphy, C.; O’Neill, L.A.J.; Creagh, E.M. The role of TLRs, NLRs and RLRs in mucosal innate immunity and homeostasis. Mucosal Immunol. 2010, 3, 17–28. [Google Scholar] [CrossRef]

	



Melmed, G.; Thomas, L.S.; Lee, N.; Tesfay, S.Y.; Lukasek, K.; Michelsen, K.S.; Zhou, Y.; Hu, B.; ArditI, M.; Abreu, M.T. Human intestinal epithelial cells are broadly unresponsive to Toll-Like Receptor, 2-dependent bacterial ligands: Implications for host-microbial interactions in the gut. J. Immunol. 2003, 170, 1406–1415. [Google Scholar] [CrossRef]

	



Young, S.L.; Simon, M.A.; Baird, M.A.; Tannock, G.W.; Bibiloni, R.; Spencely, K.; Lane, J.M.; Fitzharris, P.; Crane, J.; Town, I.; et al. Bifidobacterial species differentially affect expression of cell surface markers and cytokines of dendritic cells harvested from cord blood. Clin. Diagn. Lab. Immunol. 2004, 11, 686–690. [Google Scholar] [CrossRef]

	



Hilgers, A.R.; Conradi, R.A.; Burton, P.S. Caco-2 cell monolayers as a model for drug transport across the intestinal mucosa. Pharm. Res. 1990, 7, 902–910. [Google Scholar] [CrossRef]

	



Belfield, L.A. Interactions between Porphyromonas gingivalis and macrophages in oral pathology. Ph.D. Thesis, University of Plymouth, Plymouth, UK, April 2013. [Google Scholar]

	



Daigneault, M.; Preston, J.A.; Marriott, H.M.; Whyte, M.K.B.; Dockrell, D.H. The Identification of Markers of Macrophage Differentiation in PMA-Stimulated THP-1 Cells and Monocyte-Derived Macrophages. PLoS ONE 2010, 5, e8668. [Google Scholar] [CrossRef]

	



Foey, A.D. Butyrate regulation of distinct macrophage subsets: Opposing effects on m1 and m2 macrophages. Int. J. Probiotics Prebiotics 2011, 6, 147–158. [Google Scholar]

	



Habil, N. Probiotic Modulation of Mucosal Immune Responses in an In Vitro Co-Culture Model. Ph.D. Thesis, University of Plymouth, Plymouth, UK, February 2013. [Google Scholar]

	



Kohro, T.; Tanaka, T.; Murakami, T.; Wada, Y.; Aburatani, H.; Hamakubo, T.; Kodama, T. A Comparison of Differences in the Gene Expression Profiles of Phorbol 12-myristate 13-acetate Differentiated THP-1 Cells and Human Monocyte-derived Macrophage. J. Atheroscler. Thromb. 2004, 11, 88–97. [Google Scholar] [CrossRef] [PubMed]

	



Schwende, H.; Fitzke, E.; Ambs, P.; Dieter, P. Differences in the state of differentiation of THP-1 cells induced by phorbol ester and 1,25-dihydroxyvitamin D3. J. Leukoc. Biol. 1996, 59, 555–561. [Google Scholar] [CrossRef]

	



Tadesco, S.; De Majo, F.; Kim, J.; Trenti, A.; Trevisi, L.; Fadini, G.P. Convenience versus biological significance: Are PMA-differentiated THP-1 cells a reliable substitute for blood-derived macrophages when studying in vitro polarisation? Front. Pharmacol. 2018, 9, 71. [Google Scholar] [CrossRef] [PubMed]

	



Verma, R.; Kim, J.Y. 1,25-Dihydroxyvitamin D3 Facilitates M2 Polarization and Upregulates TLR10 Expression on Human Microglial Cells. Neuroimmunomodulation 2016, 23, 75–80. [Google Scholar] [CrossRef]

	



Vey, E.; Zhang, J.H.; Dayer, J.M. IFN-gamma and 1,25(OH)2D3 induce on THP-1 cells distinct patterns of cell surface antigen expression, cytokine production, and responsiveness to contact with activated T cells. J. Immunol. 1992, 149, 2040–2046. [Google Scholar]

	



Vogel, D.Y.; Glim, J.E.; Stavenuiter, A.W.; Breur, M.; Heijnen, P.; Amor, S.; Dijkstra, C.D.; Beelen, R.H. Human mac-rophage polarisation in vitro: Maturation and activation methods compared. Immunobiology 2014, 219, 695–703. [Google Scholar] [CrossRef]

	



Zarember, K.A.; Godowski, P.J. Tissue Expression of Human Toll-Like Receptors and Differential Regulation of Toll-Like Receptor mRNAs in Leukocytes in Response to Microbes, Their Products, and Cytokines. J. Immunol. 2002, 168, 554–561. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhou, M.; Guo, Y.; Song, Z.; Liu, B. 1, 25-Dihydroxyvitamin D3 Promotes High Glucose-Induced M1 Macrophage Switching to M2 via the VDR-PPAR Signaling Pathway. BioMed Res. International 2015, 2015, 157834. [Google Scholar]

	



Parry, S.; Sebbag, M.; Feldmann, M.; Brennan, F.M. Contact with T cells modulates monocyte IL-10 production: Role of T cell membrane TNF-alpha. J. Immunol. 1997, 158, 3673–3681. [Google Scholar]

	



Livak, J.K.; Schmittgen, T.D. Analysis of relative gene expression data using real time quantitative PCR and the, 2−ΔΔCt method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Fleming, S.D.; Campbell, P.A. Macrophages have cell surface IL-10 that regulates macrophage bacteriocidal activity. J. Immunol. 1996, 156, 1143–1150. [Google Scholar] [PubMed]

	



Al-Shaghdali, K.; Durante, B.; Hayward, C.; Beal, J.; Foey, A. Macrophage subsets exhibit distinct E. coli-LPS tolerisable cytokines associated with the negative regulators, IRAK-M and Tollip. PLoS ONE 2019, 14, e0214681. [Google Scholar]

	



Fiorentino, D.F.; Zlotnik, A.; Mosmann, T.R.; Howard, M.; O’Garra, A. IL-10 inhibits cytokine production by activated macrophages. J. Immunol. 1991, 147, 3815–3822. [Google Scholar] [PubMed]

	



Lan, J.-G.; Cruickshank, S.M.; Singh, J.C.I.; Farrar, M.; Lodge, J.P.A.; Felsburg, P.J.; Carding, S.R. Different cytokine response of primary colonic epithelial cells to commensal bacteria. World J. Gastroenterol. 2005, 11, 3375–3384. [Google Scholar] [CrossRef]

	



Strober, W.; Zhang, F.; Kitani, A.; Fuss, I.; Fichtner-Feigl, S. Pro-inflammatory cytokines underlying the inflammation of Crohn’s disease. Curr. Opin. Gastroenterol. 2010, 26, 301–307. [Google Scholar] [CrossRef]

	



Hyun, J.; Romero, L.; Riveron, R.; Flores, C.; Kanagavelu, S.; Chung, K.D.; Alonso, A.; Sotolongo, J.; Ruiz, J.; Manukyan, A.; et al. Human intestinal epithelial cells express IL-10 through Toll-like receptor 4 (TLR4)-mediated epithelial-macrophage crosstalk. J. Innate Immun. 2015, 7, 87–101. [Google Scholar] [CrossRef]

	



Tilg, H.; van Montfrans, C.; van den Ende, A.; Kaser, A.; van Deventer, S.J.H.; Schreiber, S.; Gregor, M.; Ludwiczek, O.; Rutgeerts, P.; Gasche, C.; et al. Treatment of Crohn’s disease with recombinant human interleukin 10 induces the proinflammatory cytokine interferon γ. Gut 2002, 50, 191–195. [Google Scholar] [CrossRef]

	



Mowat, A.M.; Bain, C.C. Mucosal macrophages in intestinal homeostasis and inflammation. J. Innate Immun. 2011, 3, 550–564. [Google Scholar] [CrossRef]

	



Das, P.; Rampal, R.; Udinia, S.; Kumar, T.; Pilli, S.; Wari, N.; Ahmed, I.K.; Kedia, S.; Gupta, S.D.; Kumar, D.; et al. Selective M1macrophage polarisation in granuloma-positive and granuloma-negative Crohn’s disease in comparison to intestinal tuberculosis. Intest. Res. 2018, 16, 426–435. [Google Scholar] [CrossRef]

	



Ma, T.Y.; Iwamoto, G.K.; Hoa, N.T.; Akotia, V.; Pedrami, A.; Boivin, M.A.; Said, H.M. TNFα-induced increase in intestinal epithelial tight junction permeability requires NF-κB activation. Am. J. Physiol. Gastrointest. Liver Physiol. 2004, 286, G367–G376. [Google Scholar] [CrossRef] [PubMed]

	



Cardari, D.; Dusio, G.F.; Luchini, P.; Sciarabba, M.; Solimene, U.; Rumio, C. Oral administration of Interleukin-10 and anti-IL-1 antibody ameliorates experimental intestinal inflammation. Gastroenterol. Res. 2013, 6, 124–133. [Google Scholar]

	



Galdeano, C.M.; Perdigon, G. The probiotic bacterium Lactobacillus casei induces activation of the gut mucosal immune system through innate immunity. Clin. Vaccine Immunol. 2006, 13, 219–226. [Google Scholar] [CrossRef] [PubMed]

	



Chiu, Y.-H.; Tsai, J.-J.; Lin, S.-L.; Lin, M.-Y. Lactobacillus casei MYL01 modulates the proinflammatory state induced by ethanol in an in vitro model. J. Dairy Sci. 2014, 97, 2009–2016. [Google Scholar] [CrossRef]

	



Castillo, N.A.; Perdigon, G.; De Moreno de LeBlanc, A. Oral administration of a probiotic Lactobacillus modulates cytokine production and TLR expression improving the immune response against Salmonella enterica serovar Typhimurium infection in mice. BMC Microbiol. 2011, 11, 177. [Google Scholar] [CrossRef]

	



Singh, S.; Bhatia, R.; Singh, A.; Singh, P.; Kaur, R.; Khare, P.; Purama, R.K.; Boparai, R.K.; Rishi, P.; Ambalam, P.; et al. Probiotic attributes and prevention of LPS-induced pro-inflammatory stress in RAW264.7 macrophages and human intestinal epithelial cell line (Caco-2) by newly isolated Weissella cibaria strains. Food Funct. 2018, 9, 1254. [Google Scholar] [CrossRef]

	



Almerighi, C.; Sinistro, A.; Cavazza, A.; Ciaprini, C.; Rocchi, G.; Bergamini, A. 1α,25-Dihydroxyvitamin D3 inhibits CD40L-induced pro-inflammatory and immunomodulatory activity in Human Monocytes. Cytokine 2009, 45, 190–197. [Google Scholar] [CrossRef]

	



Auwerx, J. The human leukemia cell line, THP-1: A multifacetted model for the study of monocyte-macrophage differentiation. Experientia 1991, 47, 22–31. [Google Scholar] [CrossRef]

	



Baqui, A.A.; Meiller, T.F.; Turng, B.-F.; Kelley, J.I.; Falkler, W.A. Functional Changes En Thp-1 Human Monocytic cells after Stimulation with Lipopolysaccharide of oral Microorganisms and Granulocyte Macrophage colony Stimulating Factor. Immunopharmacol. Immunotoxicol. 1998, 20, 493–518. [Google Scholar] [CrossRef]

	



Baqui, A.A.; Meiller, T.F.; Falkler, W.A. Enhanced interleukin-8 production in THP-1 human monocytic cells by lipopol-ysaccharide from oral microorganisms and granulocyte-macrophage colony-stimulating factor. Oral Microbiol. Immunol. 1999, 14, 275–280. [Google Scholar] [CrossRef]

	



Chanput, W.; Mes, J.; Vreeburg, R.A.M.; Savelkoul, H.F.J.; Wichers, H.J. Transcription profiles of LPS-stimulated THP-1 monocytes and macrophages: A tool to study inflammation modulating effects of food-derived compounds. Food Funct. 2010, 1, 254–261. [Google Scholar] [CrossRef]

	



Chanput, W.; Mes, J.J.; Savelkoul, H.F.J.; Wichers, H.J. Characterization of polarized THP-1 macrophages and polarizing ability of LPS and food compounds. Food Funct. 2012, 4, 266–276. [Google Scholar] [CrossRef] [PubMed]

	



Chanput, W.; Mes, J.J.; Wichers, H.J. THP-1 cell line: An in vitro cell model for immune modulation approach. Int. Immunopharmacol. 2014, 23, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Kuhn, D.C.; Gaydos, L.J.; Demers, L.M. Induction of nitric oxide and nitric oxide synthase mRNA by silica and lipopolysaccharide in PMA-primed THP-1 cells. APMIS 1996, 104, 176–182. [Google Scholar] [CrossRef]

	



Clohisy, D.R.; Bar-Shavit, Z.; Chappel, J.C.; Teitelbaum, S. 1,25-Dihydroxyvitamin D3 modulates bone marrow macrophage precursor proliferation and differentiation. Up-regulation of the mannose receptor. J. Biol. Chem. 1987, 262, 15922–15929. [Google Scholar] [CrossRef]

	



Dickie, L.J.; Church, L.D.; Coulthard, L.R.; Mathews, R.J.; Emery, P.; McDermott, M.F. Vitamin D3 down-regulates intracellular Toll-like receptor 9 expression and Toll-like receptor 9-induced IL-6 production in human monocytes. Rheumatology 2010, 49, 1466–1471. [Google Scholar] [CrossRef]

	



Fleit, H.B.; Kobasiuk, C.D. The human monocyte-like cell line THP-1 expresses Fc gamma RI and Fc gamma RII. J. Leukoc. Biol. 1991, 49, 556–565. [Google Scholar] [CrossRef]

	



Foey, A.D.; Brennan, F.M. Conventional protein kinase C and atypical protein kinase Czeta differentially regulate mac-rophage production of tumour necrosis factor-alpha and interleukin-10. Immunol. 2004, 112, 44–53. [Google Scholar] [CrossRef]

	



Foey, A.D.; Crean, S. Macrophage Subset Sensitivity to Endotoxin Tolerisation by Porphyromonas gingivalis. PLoS ONE 2013, 8, e67955. [Google Scholar] [CrossRef]

	



Foey, A.D.; Habil, N.; Al-Shaghdali, K.; Crean, S. Porphyromonas gingivalis-stimulated macrophage subsets exhibit differ-ential induction and responsiveness to interleukin-10. Arch Oral Biol. 2017, 73, 282–288. [Google Scholar] [CrossRef]

	



Gordon, S.; Taylor, P.R. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 2005, 5, 953–964. [Google Scholar] [CrossRef] [PubMed]

	



Gynther, P.; Toropainen, S.; Matilainen, J.M.; Seuter, S.; Carlberg, C.; Vaisanen, S. Mechanism of 1α,25-dihydroxyvitamin D(3)-dependent repression of interleukin-12B. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res. 2011, 1813, 810–818. [Google Scholar] [CrossRef] [PubMed]

	



Hoe, E.; Nathanielsz, J.; Toh, Z.Q.; Spry, L.; Marimla, R.; Balloch, A.; Mulholland, K.; Licciardi, P.V. Anti-Inflammatory Effects of Vitamin D on Human Immune Cells in the Context of Bacterial Infection. Nutrients 2016, 8, 806. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoud, L.; Al-Enezi, F.; Al-Saif, M.; Warsy, A.; Khabar, K.S.A.; Hitti, E.G. Sustained stabilization of Interleukin-8 mRNA in human macrophages. RNA Biol. 2014, 11, 124–133. [Google Scholar] [CrossRef] [PubMed]

	



Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization: Tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 2002, 23, 549–555. [Google Scholar] [CrossRef]

	



Martinez, F.O.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment. F1000Prime Rep. 2014, 6, 13. [Google Scholar] [CrossRef]

	



Matilainen, J.M.; Husso, T.; Toropainen, S.; Seuter, S.; Turunen, M.P.; Gynther, P.; Yla-Herttuala, S.; Carlberg, C.; Vaisanen, S. Primary effect of 1α,25(OH)₂D₃ on IL-10 expression in monocytes is short-term down-regulation. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res. 2010, 1803, 1276–1286. [Google Scholar] [CrossRef]

	



Papadimitriou, J.M.; Ashman, R.B. Macrophages: Current Views on Their Differentiation, Structure, and Function. Ultrastruct. Pathol. 1989, 13, 343–372. [Google Scholar] [CrossRef]

	



Prieto, J.; Eklund, A.; Patarroyo, M. Regulated Expression of Integrins and Other Adhesion Molecules during Differentiation of Monocytes into Macrophages. Cell. Immunol. 1994, 156, 191–211. [Google Scholar] [CrossRef]

	



Starr, T.; Bauler, T.; Malik-Kale, P.; Steele-Mortimer, O. The phorbol 12-myristate-13-acetate differentiation protocol is critical to the interaction of THP-1 macrophages with Salmonella Typhimurium. PLoS ONE 2018, 13, e0193601. [Google Scholar] [CrossRef]

	



Traore, K.; Trush, M.A.; George, M., Jr.; Spannhake, E.W.; Anderson, W.; Asseffa, A. Signal transduction of phorbol 12-myristate 13-acetate (PMA)-induced growth inhibition of human monocytic leukemia THP-1 cells is reactive oxygen dependent. Leuk. Res. 2005, 29, 863–879. [Google Scholar] [CrossRef] [PubMed]

	



Tsuchiya, S.; Kobayashi, Y.; Goto, Y.; Okumura, H.; Nakae, S.; Konno, T.; Tada, K. Induction of maturation in cultured human monocytic leukemia cells by a phorbol diester. Cancer Res. 1982, 42, 1530–1536. [Google Scholar]

	



Tsuchiya, S.; Yamabe, M.; Yamaguchi, Y.; Kobayashi, Y.; Konno, T.; Tada, K. Establishment and characterization of a human acute monocytic leukemia cell line (THP-1). Int. J. Cancer 1980, 26, 171–176. [Google Scholar] [CrossRef] [PubMed]

	



Verma, R.; Jung, J.H.; Kim, J.Y. 1,25-Dihydroxyvitamin D3 up-regulates TLR10 while down-regulating TLR2, 4, and 5 in human monocyte THP-1. J. Steroid Biochem. Mol. Biol. 2014, 141, 1–6. [Google Scholar] [CrossRef]








[image: Microorganisms 10 02087 g001 550] 





Figure 1. Macrophage subset-epithelial cell co-culture and cytokine production determine barrier integrity. Caco-2 epithelial cells were cultured to confluence (intact barrier) in transwell inserts and incubated in co-culture with M1 and M2 Mφ subsets (a,b) or Mφ-derived cytokines in the absence of Mφs (c,d). Co-cultures received LPS in the apical compartment and cytokine production was analysed in the basolateral compartment (a) and the corresponding TEER as a measure of barrier integrity (b). Effect of Mφ-derived TNFα, IL-1β, IL-8 and IL-10 on barrier integrity is presented as TEER in Ω cm2 (c) and expression of the tight junction molecule, ZO-1 mRNAexpression (d) is presented as relative expression (RQ, Arbitary Units) compared to GAPDH housekeeping gene expression. Mφ co-culture and effect of inflammatory stimuli is further represented by immunohistochemical characterisation of ZO-1 protein staining in the epithelial barriers incubated in co-cultures (e–k), where (e) Caco-2 epithelial barrier control, (f) Caco-2 + M1 Mφs, (g) Caco-2 + M1 + LPS, (h) Caco-2 + M1 + IL-1β, (i) Caco-2 + M2 Mφs, (j) Caco-2 + M2 + LPS and (k) Caco-2 + M2 + IL-1β. Data displayed is a representative experiment with triplicate samples for n = 4 replicate experiments (a–d) and n = 3 experiments (e–k). Significant effects of Caco-2/Mφ co-culture are compared to Caco-2 control (b) and cytokine effects compared to unstimulated Caco-2 control (c,d) and significance indicated as * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. LcS fails to rescue barrier integrity in M1 Macrophage subset-epithelial cell co-culture. Caco-2 epithelial cells were cultured to confluence (intact barrier) in transwell inserts and incubated in co-culture with M1 (bold shading) and M2 (hatched shading) Mφ subsets in the presence (b,d) or absence (a,c) of apically applied LPS stimulation (100 ng/mL). Barrier integrity of co-cultures was analysed by measuring TEER (a,b) (with un-stimulated Caco-2 control barrier integrity TEER being indicated by dashed line) and presented in Ω cm2, and mRNA expression of the tight junction molecule, ZO-1 (c,d) is presented as relative expression (RQ, Arbitary Units) compared to GAPDH housekeeping gene expression. Data displayed is a representative experiment with triplicate samples for n = 3 replicate experiments. Significant effects of LcS treatment on Caco-2/Mφ co-cultures in the presence or absence of LPS stimulation are compared to non-LcS treated co-culture controls and significance indicated as * p < 0.05, *** p < 0.001 and ns, not significant and small-scale changes (d) are indicated by an arrow indicating augmentation/rescue and accompanied by the stated RQ relative expression values. 
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Figure 3. LcS differentially modulates bacterial sensing molecules in M1 & M2 Macrophage subset-epithelial cell co-culture. Caco-2 epithelial cells were cultured to confluence (intact barrier) in transwell inserts and incubated in co-culture with M1 (bold) and M2 (hatched) Mφ subsets in the presence of apically applied LPS stimulation (100 ng/mL) in the presence or absence of LcS. The LPS-receptor, TLR4, was measured as mRNA expression (a) and surface protein by flow cytometry (b). The mRNA expression of co-receptor molecules CD14 (c) and MD-2 (d) were also analysed, as was TLR2 mRNA (e), TLR2 surface protein (f), NOD2 mRNA (g), TLR9 mRNA (h) and the negative regulator of TLR signalling, Tollip mRNA (i). Gene expression is presented as relative expression (RQ, Arbitary Units) compared to GAPDH housekeeping gene expression and surface protein by flow cytometry as net MFI (Arbitary Units). Data displayed is a representative experiment with triplicate samples for n = 3 replicate experiments. Significant effects of LcS treatment on Caco-2/Mφ co-cultures in the presence of LPS stimulation are compared to non-LcS treated co-culture controls and significance indicated as * p < 0.05, *** p < 0.001 and ns, not significant and small-scale changes (i) are indicated by the stated RQ relative expression values. 
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Figure 4. LcS differentially modulates M1 & M2 co-culture cytokines: dependency on LPS stimulation. Caco-2 epithelial cells were cultured to confluence (intact barrier) in transwell inserts and incubated in co-culture with M1 (bold) and M2 (hatched) Mφ subsets in the presence (b,d,f,h) or absence (a,c,e,g) of apically applied LPS stimulation (100 ng/mL) in the presence or absence of apically applied LcS. The pro-inflammatory cytokines, TNFα (a,b), IL-6 (c,d), IL-8 (e,f) and anti-inflammatory cytokine, IL-10 (g,h) were measured by sandwich ELISA and presented as protein production of the same secreted cytokines as the mean ± SD in pg/mL. Data displayed is a representative experiment with triplicate samples for n = 3 replicate experiments. Significant effects of LcS are compared to either the unstimulated control or LPS-stimulated control and are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant and small scale changes (a,e,f) are indicated with arrow bars indicating augmentation or suppression and accompanied with an indication of cytokine concentration measured. 
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Table 1. Sequence of Real Time-PCR primers and estimated product size.






Table 1. Sequence of Real Time-PCR primers and estimated product size.





	Target

Gene
	Forward Primer

5′-
	Size

(bp)
	Reverse Primer

3′-
	Size

(bp)
	Product

Size (bp)





	GAPDH
	CTGCTCCTCCTGTTCGACAGT
	21
	CCGTTGACTCCGACCTTCAC
	23
	100



	IL-6
	TGGCTGCAGGACATGACAAC
	20
	TGAGGTGCCCATGCTACATTT
	20
	100



	IL-8
	TCAGAGACAGCAGAGCACACAA
	22
	GGCCAGCTTGGAAGTCATGT
	20
	100



	IL-10
	AGGAGGTGATGCCCCAAGCTGA
	22
	TCGATGACAGCGCCGTAGCCT
	21
	110



	TNFα
	ACATCCAACCTTCCCAAACG
	20
	GCCCCCAATTCTCTTTTTGAG
	22
	151



	ZO-1
	GCAATGGAGGAAACAGCTATATGG
	24
	TGAGGATTATCTCGTCCACCAGAT
	24
	104



	TLR2
	GGCATGTGCTGTGCTCTGTT
	20
	GGAGCCAGGCCCACATC
	17
	100



	TLR4
	AGCCCTTCACCCCGATTC
	18
	TAGAAATTCAGCTCCATGCATTG
	23
	100



	TLR9
	GGACCTCTGGTACTGCTTCCA
	21
	AAGCTCGTTGTACACCCAGTCT
	22
	151



	CD14
	ACCCTAGCGCTCCGAGATG
	19
	AGCTTGGCTGGCAGTCCTTT
	20
	100



	MD-2
	TGCACATTTTCTACATTCCAAGGA
	24
	ATAACTTCTTTGCGCTTTGGAAGA
	24
	100



	NOD2
	CAGAATTTCAAACGGCCTCACTA
	23
	ATGAAATGGAACTGCCTCTTGTG
	23
	102



	Tollip
	TCTCATGCCGTTCTGGAAAAT
	21
	TCACATCACAAAATGCCATGAA
	22
	110







Oligonucleotide sequences are presented for the forward and reverse primers for the cytokines (IL-6, IL-8, IL-10, TNFα), the PRRs (TLR2, TLR4, TLR9, NOD2), the PRR signalling molecules (CD14, MD2), tight junction molecule (ZO-1) and the negative regulatory molecule, Tollip, as well as the control housekeeping gene, GAPDH. Primer sequences were designed using Primer Express Software (Applied Biosystems, UK) for amplicon product size between 100–150 base pairs (bp).
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Table 2. Heat-killed LcS differentially modulates epithelial cell cytokines induced by the pro-inflammatory cytokines, TNFα and IL-1β.
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	Readout/Treatment
	Unstimulated
	TNFα
	TNFα + LcS
	p Values





	IL-8 mRNA

IL-8 Protein
	1.0 ± 0

15 ± 1
	50 ± 1

25 ± 1
	2700 ± 100

30 ± 2
	<0.01 **

ns



	IL-6 mRNA

IL-6 Protein
	1.0 ± 0

<7 ND
	3 ± 1

<7 ND
	4 ± 1

<7 ND
	ns

ns



	TNFα mRNA

TNFα Protein
	1.0 ± 0

13 ± 1
	500 ± 10

75 ± 3
	2300 ± 200

60 ± 5
	<0.001 ***

<0.05 *



	IL-10 mRNA

IL-10 Protein
	1.0 ± 0

20 ± 1
	100 ± 1

175 ± 20
	2100 ± 1

190 ± 10
	<0.01 **

ns



	Readout/Treatment
	Unstimulated
	IL-1β
	IL-1β + LcS
	p Values



	IL-8 mRNA

IL-8 Protein
	1.0 ± 0

15 ± 1
	1000 ± 10

620 ± 20
	2700 ± 100

780 ± 10
	<0.01 **

<0.05 *



	IL-6 mRNA

IL-6 Protein
	1.0 ± 0

<7 ND
	3 ± 1

35 ± 2
	4 ± 1

75 ± 4
	<0.05 *

<0.01 **



	TNFα mRNA

TNFα Protein
	1.0 ± 0

15 ± 1
	220 ± 10

55 ± 15
	1100 ± 300

50 ± 3
	<0.001 ***

<0.05 *



	IL-10 mRNA

IL-10 Protein
	1.0 ± 0

30 ± 1
	10 ± 1

270 ± 10
	2 ± 1

120 ± 20
	<0.05 *

<0.001 ***







Caco-2 epithelial cells were pre-treated with or without heat-killed bacteria, Lacticaseibacillus casei strain Shirota (LcS) for 18 h, followed by stimulation with either 10 ngmL−1 TNFα or 10 ngmL−1 IL-1β for a further 18 h. Induction of cytokine mRNA expression (IL-8, IL-6, TNFα and IL-10) is presented as relative expression (RQ, Arbitary Units), compared to GAPDH housekeeping gene expression and protein production of the same secreted cytokines as the mean ± SD in pg/mL. Data displayed is a representative experiment with triplicate samples for n = 3 replicate experiments. Significant effects of probiotic strains are compared to the cytokine-stimulated control (TNFα and IL-1β) and are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant. ND: not detected; below lower limit of detection of ELISA(<7 pg/mL).
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Table 3. Intestinal epithelial cells express an endogenous IL-10 activity dependent on stimulus.
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	Treatment
	TNFα mRNA
	TNFα Protein





	Unstimulated

+anti-IL-10
	1.0 ± 0

6.1 ± 0.7 p < 0.001 ***
	13 ± 1

315 ± 5 p < 0.001 ***



	TNFα

+anti-IL-10
	4.0 ± 0.5

11.2 ± 0.4 p < 0.001 ***
	80 ± 10

710 ± 20 p < 0.001 ***



	IL-1β

+anti-IL-10
	5.0 ± 2.0

0.8 ± 0.1 p < 0.001 ***
	330 ± 20

250 ± 15 p < 0.01 **







Caco-2 epithelial cells were pre-treated with or without 10 μgmL−1 anti-IL-10 neutralising antibody for 4 h, followed by stimulation with or without 10 ngmL−1 IL-1β or 10 ngmL−1 TNFα for a further 18 h. Induction of TNFα mRNA expression is presented as relative expression (RQ, Arbitary Units) compared to GAPDH housekeeping gene expression and TNFα protein secretion as the mean ± SD in pg/mL. Data displayed is a representative experiment with triplicate samples for n = 5 replicate experiments. Significant effects of endogenous IL-10 (anti-IL-10) are compared to the respective unstimulated or cytokine-stimulated control and significance indicated as ** p < 0.01, *** p < 0.001.
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Table 4. Intestinal epithelial cell endogenous IL-10 activity regulates bacterial sensing molecules dependent on inflammatory stimulus.






Table 4. Intestinal epithelial cell endogenous IL-10 activity regulates bacterial sensing molecules dependent on inflammatory stimulus.





	Readout/Treatment
	Control
	+anti-IL-10
	p Values





	TLR4 mRNA—Unstim
	1.0 ± 0
	50 ± 1
	<0.001 ***



	+TNFα
	5 ± 0.4
	20 ± 0.5
	<0.05 *



	+IL-1β
	20 ± 1
	100 ± 1
	<0.05 *



	TLR2 mRNA—Unstim
	1.0 ± 0
	100 ± 5
	<0.001 ***



	+TNFα
	5 ± 1
	500 ± 10
	<0.001 ***



	+IL-1β
	5 ± 1
	900 ± 15
	<0.001 ***



	CD14 mRNA—Unstim
	1.0 ± 0
	70 ± 2
	<0.001 ***



	+TNFα
	5 ± 1
	120 ± 3
	<0.001 ***



	+IL-1β
	70 ± 2
	70 ± 1
	ns



	MD2 mRNA—Unstim
	1.0 ± 0
	3 ± 1
	<0.05 *



	+TNFα
	0.8 ± 0.2
	3 ± 1
	<0.05 *



	+IL-1β
	4 ± 1.5
	2 ± 1
	<0.05 *



	NOD2 mRNA—Unstim
	1.0 ± 0
	50 ± 6
	<0.001 ***



	+TNFα
	15 ± 1
	150 ± 5
	<0.01 **



	+IL-1β
	70 ± 2
	500 ± 10
	<0.001 ***



	TLR9 mRNA—Unstim
	1.0 ± 0
	90 ± 2
	<0.001 ***



	+TNFα
	30 ± 2
	110 ± 10
	<0.001 ***



	+IL-1β
	3 ± 1
	30 ± 4
	<0.001 ***



	Tollip mRNA—Unstim
	1.0 ± 0
	0.001 ± 0.0002
	<0.001 ***



	+TNFα
	0.05 ± 0.002
	0.10 ± 0.04
	<0.05 *



	+IL-1β
	0.01 ± 0.001
	0.10 ± 0.03
	<0.05 *







Caco-2 epithelial cells were pre-treated with or without 10 μgmL−1 anti-IL-10 neutralising antibody for 4 h, followed by stimulation with or without 10 ngmL−1 IL-1β or 10 ngmL−1 TNFα for a further 18 h. Induction of bacterial sensing molecule mRNA expression (TLR4, TLR2, CD14, MD2, NOD2, TLR9 & Tollip) is presented as relative expression (RQ, Arbitary Units) compared to GAPDH housekeeping gene expression. Data displayed is a representative experiment with triplicate samples for n = 3 replicate experiments. Significant effects of endogenous IL-10 are compared to the respective unstimulated or cytokine-stimulated control and significance indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant.
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