

[image: image1]
Extracellular membrane vesicles from Limosilactobacillus reuteri strengthen the intestinal epithelial integrity, modulate cytokine responses and antagonize activation of TRPV1
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Bacterial extracellular membrane vesicles (MV) are potent mediators of microbe-host signals, and they are not only important in host-pathogen interactions but also for the interactions between mutualistic bacteria and their hosts. Studies of MV derived from probiotics could enhance the understanding of these universal signal entities, and here we have studied MV derived from Limosilactobacillus reuteri DSM 17938 and BG-R46. The production of MV increased with cultivation time and after oxygen stress. Mass spectrometry-based proteomics analyses revealed that the MV carried a large number of bacterial cell surface proteins, several predicted to be involved in host-bacteria interactions. A 5′-nucleotidase, which catalyze the conversion of AMP into the signal molecule adenosine, was one of these and analysis of enzymatic activity showed that L. reuteri BG-R46 derived MV exhibited the highest activity. We also detected the TLR2 activator lipoteichoic acid on the MV. In models for host interactions, we first observed that L. reuteri MV were internalized by Caco-2/HT29-MTX epithelial cells, and in a dose-dependent manner decreased the leakage caused by enterotoxigenic Escherichia coli by up to 65%. Furthermore, the MV upregulated IL-1β and IL-6 from peripheral blood mononuclear cells (PBMC), but also dampened IFN-γ and TNF-α responses in PBMC challenged with Staphylococcus aureus. Finally, we showed that MV from the L. reuteri strains have an antagonistic effect on the pain receptor transient receptor potential vanilloid 1 in a model with primary dorsal root ganglion cells from rats. In summary, we have shown that these mobile nanometer scale MV reproduce several biological effects of L. reuteri cells and that the production parameters and selection of strain have an impact on the activity of the MV. This could potentially provide key information for development of innovative and more efficient probiotic products.
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Introduction

In recent years, there has been an increased interest in extracellular membrane vesicles (MV), which are abundant in nature and released in an evolutionally conserved manner by different types of organisms (Raposo and Stoorvogel, 2013; van Niel et al., 2018). Additionally, synthetic lipid nanoparticles with similarities to MV (Skotland et al., 2020) have been extensively used as vectors for delivery for vaccines, most recently in multiple vaccine candidates for SARS-CoV-2 (Lu et al., 2020; McKay et al., 2020). Bacteria-derived MV can affect diverse biological processes and have emerged as potentially important mediators of pathogen-host interactions (Jan, 2017) and bacteria to bacteria interactions (Caruana and Walper, 2020). It has also been demonstrated that MV represent a strategy for communication between beneficial bacteria and intestinal epithelial cells (Canas et al., 2016). Most of the research has addressed the functions of MV from Gram-negative bacteria and mammalian cells. Gram-positive bacteria, to which most probiotics belong, were initially believed to not produce MV, but during the last decades numerous studies have demonstrated the opposite (Lee et al., 2009; Brown et al., 2015). For instance, it has been described that probiotic bacteria-derived MV could inhibit HIV-1 infection of human tissues (Nahui Palomino et al., 2019), limit the growth of hepatic cancer cells (Behzadi et al., 2017), regulate brain function (Haas-Neill and Forsythe, 2020), and modulate inflammatory responses (Kim et al., 2018; Mata Forsberg et al., 2019; Yang et al., 2019; Choi et al., 2020).

Limosilactobacillus reuteri DSM 17938 is one of the most well studied probiotic strains and has been under intense investigation for many years (Walter et al., 2011; Mu et al., 2018). The best-described clinical effect is amelioration of infantile colic, which has been reported in a number of clinical trials (Savino et al., 2010; Szajewska et al., 2012) and confirmed in several meta-analyses (Gutierrez-Castrellon et al., 2017; Sung et al., 2018). The mechanism behind these effects is likely of a complex nature and is, like the etiology of colic, far from being completely understood (Zeevenhooven et al., 2018). However, strain DSM 17938 has in preclinical investigations shown a number of effects that are believed to be important for the relief of colic: several studies have demonstrated its ability to ameliorate inflammation (Hoang et al., 2018; Karimi et al., 2018) and improve the intestinal epithelial barrier function (Karimi et al., 2018); it has also been shown that the strain reduces signaling from the transient receptor potential vanilloid 1 (TRPV1) channel which is a major nociceptive receptor in the intestine (Perez-Burgos et al., 2015); and finally, DSM 17938 has the ability to modulate intestinal motility in an ex vivo mouse model (Wu et al., 2013). Interestingly, it has been described that L. reuteri DSM 17938 produce MV (Grande et al., 2017) and that those mediate a similar effect on gut motility (West et al., 2020) and possess an immune modulatory activity (Mata Forsberg et al., 2019).

To further increase the knowledge about MV from L. reuteri, we have investigated the physicochemical and biological composition of MV derived from two L. reuteri strains, and factors affecting MV production. DSM 17938 is a well-described strain with proven probiotic efficacy, and BG-R46 is a related and novel strain of L. reuteri with improved in vitro properties, making the comparison between the two strains interesting to pursue. We have also investigated the effects of the MV in three types of cell models: intestinal permeability in a Caco-2/HT29-MTX epithelial cell model; immune modulatory effects in a peripheral blood mononuclear cells (PBMC) model; and their ability to dampen activation of TRPV1 in primary rat dorsal root ganglion cells (rDRGs). This study both provides basic knowledge of L. reuteri derived MV as well as teaches us about their potential role as effectors involved in probiotic mechanisms, with a focus on infantile colic.



Materials and methods


Bacterial strains

Two strains of L. reuteri subsp. kinnaridis have been used in the study. The first, L. reuteri DSM 17938, is a well-studied and widely used strain (Rosander et al., 2008; Li et al., 2021). The second strain L. reuteri BG-R46 (also designated DSM 32846) has been obtained after selective breeding of DSM 17938. This strain was cultivated overnight in Man–Rogosa–Sharpe (MRS) broth and thereafter incubated in MRS broth containing 0.5% porcine bile (B8631, Sigma Aldrich) at 37°C for 90 min. The suspension was diluted and plated on MRS agar plates, which were incubated anaerobically at 37°C for 16 h. Among the selected colonies, one isolate was found to have a stable phenotype with significantly smaller colony size and increased secreted 5′ nucleotidase activity compared to DSM 17938. The pure strain was named BG-R46. Both L. reuteri DSM 17938 and BG-R46 have been used with permission of BioGaia AB, Stockholm, Sweden.

In addition, Lacticaseibacillus rhamnosus strain GG (ATCC 53103) was used as a comparison strain in some of the experiments.



Cultivation of bacteria, isolation, and basic characterization of extracellular MV

The strains were grown in MRS medium (Oxoid) under different conditions: at 37°C without/with agitation (120 rpm rotation from the beginning of cultivation; the volume size of flask/the volume of culture = 5:1), harvested after 24 or 48 h, separated from the culture broth by centrifugation at 5,000 × g for 10 min at 4°C, followed by centrifugation at 10,000 × g for 10 min at 4°C, after which any residual cells were removed from the supernatants by filtration using a 0.45 μm pore filter. Supernatants were concentrated using Amicon 100 kDa MWCO (molecular weight cutoff) filter columns. Thereafter the supernatants were centrifuged in a Beckman Coulter Optima L-80XP ultracentrifuge (Beckman Coulter, United States) at 118,000 × g at 4°C for 3 h. The supernatants were discarded, the pellets resuspended in PBS buffer and thereafter ultra-centrifuged for a second time (118,000 × g at 4°C for 3 h). The pellets were finally suspended in PBS, aliquoted and stored at-70°C. Meanwhile, L. rhamnosus GG (LGG) was cultivated in MRS at 37°C without shaking for 24 h. LGG derived MV were used as controls.

The protein and nucleic acid contents of the MV preparations were quantified by using Qubit protein, double stranded DNA and RNA assay kits (Invitrogen) according to the manufacturer’s instructions. All measurements were carried out as three independent experiments.

L. reuteri DSM 17938 and BG-R46 bacterial growth was determined by optical density (OD600) and colony forming unit (CFU) measurements during cultivation. L. reuteri DSM 17938 and BG-R46 were grown in the MRS medium (Oxoid) at 37°C without agitation for 48 h. L. reuteri DSM 17938 was also grown in the MRS medium (Oxoid) under the O2 stress condition (120 rpm rotation from the beginning of cultivation; the volume size of the flask/ the volume of the culture=5:1) for 48 h. The optical densities were measured by using a spectrophotometer. CFU were measured after 0, 3, 5, 24 and 48 h cultivation time respectively for each culture. MRS agar (Oxoid) plates incubated anaerobically at 37°C for 48 h were used for CFU determination. The results were expressed as log CFU/ml.



Morphological characterization of MV by transmission electron microscope (TEM) and scanning electron microscope (SEM)

Ten μl of the MV suspensions were added on a carbon coated grid (2 mm) after dilution with PBS. The grid was maintained at room temperature for 5 min and after excessive liquid was absorbed by filter paper, the MV were negatively stained by 2% Uranyl acetate for 3 min. The MV were rinsed by PBS and then aired before observed and photographed by TEM (H-8100, Hitachi, Tokyo, Japan) at 80–120 kV.

Limosilactobacillus reuteri bacterial cells were centrifuged for 20 min at 4000 x g at 4°C, washed twice with PBS (pH 7.4), loaded on poly-L-Lysine coated silica wafer substrate, and fixed for 1–2 h at room temperature in the dark with 1% v/v osmium tetroxide in 0.1 M PIPES buffer. After washing three times in PBS buffer, the samples were dehydrated through an ethanol gradient (30, 50, 70, 85, 95, 100%; 15 min each) and treatment with hexamethyldisilazane. Finally, they were sputter coated with gold and photographed by using SEM (Zeiss Gemini 450 II, Zeiss, Oberkochen, Germany).



Proteomics

Biological triplicates of MV from DSM 17938 and BG-R46 were prepared, pooled and split into three technical replicates. Each MV fraction was isolated from 200 ml cultivations and the final volume were 200 μl per MV fraction. The surface proteome (surfaceome) of the MV fractions were analyzed by the lipid-based protein immobilization (LPI) methodology (Karlsson et al., 2012). Fifty μl was used to fill one LPI channel, and three different channels were used per MV strain. Channel 1–3 consisted of MV from BG-R46 and channels 4–6 from DSM 17938. The samples were immobilized for 45 min, and excess sample fluid was removed from the wells. The channels were then washed with 100 μl PBS, using a manual pipette. Surface shaving (limited proteolysis) of the MV fractions was performed using a trypsin for digestion of the exposed surface proteins. One hundred μl of trypsin solution (20 μg/ml in PBS) was injected into each channel and excess fluid was removed from the wells. Samples were digested for 15 min at RT and the peptides were subsequently collected by eluting 200 μl from each LPI channel. Samples were acidified with 40 μl of 10% formic acid and stored at −20°C.



Proteomic analysis

Samples were desalted (Pierce peptide desalting spin columns, Thermo Fisher Scientific) according to the manufacturer’s instructions prior to analysis on a QExactive HF mass spectrometer interfaced with Easy-nLC1200 liquid chromatography system (Thermo Fisher Scientific). Peptides were trapped on an Acclaim Pepmap 100 C18 trap column (100 μm × 2 cm, particle size 5 μm, Thermo Fisher Scientific) and separated on an in-house packed analytical column (75 μm × 30 cm, particle size 3 μm, Reprosil-Pur C18, Dr. Maisch) using a gradient from 5% to 80% acetonitrile in 0.2% formic acid over 90 min at a flow of 300 nl/min. The instrument operated in data-dependent mode where the precursor ion mass spectra were acquired at a resolution of 60,000, m/z range 400–1,600. The 10 most intense ions with charge states 2 to 4 were selected for fragmentation using HCD at collision energy settings of 28. The isolation window was set to 1.2 Da and dynamic exclusion to 20 s and 10 ppm. MS2 spectra were recorded at a resolution of 30,000 with maximum injection time set to 110 ms. The data files were searched for identification using Proteome Discoverer version 2.4 (Thermo Fisher Scientific). Since the genome of DSM 17938 is not publicly available, the genome of the parental strain L. reuteri ATCC 55730 (Rosander et al., 2008) was used (GenBank BioProject PRJNA30643) to identify and name the proteins. The data was matched against the ATCC 55730 genome using Mascot version 2.5.1 (Matrix Science) as a search engine. The precursor mass tolerance was set to 5 ppm and fragment mass tolerance to 50 mmu. Tryptic peptides were accepted with one missed cleavage and methionine oxidation was set as variable modification. FixedValue was used for PSM validation. The cellular localization of the detected proteins was predicted by using the information generated by Bath et al. (2005). The annotation of the proteins and identification of domains were done by using information from UniProt1, MoonProt2, and GenBank.3



Nanoparticle tracking analysis

The physicochemical characterization of MV was done by using the Nanoparticle tracking analysis (NTA). MV were diluted with PBS and directly tracked using the NanoSight NS300 system (NanoSight ™ technology, Malvern, United Kingdom). A 488 nm laser beam was used, and three videos of 90 s were recorded of each sample and triplicate histogram were averaged for each sample. Data analysis was performed using the NTA software (version 3.2).



5′-nucleotidase (5′NT) activity of MV

5′NT activity from MV was detected by using a 5′-nucleotidase assay kit (Crystal Chem High Performance Assays. USA) according to the manufacturer’s instructions. The level of 5′NT activity from MV which were produced under different conditions and from different strains was quantified. All measurements were carried out as three independent experiments with biological replicates.



Detection of lipoteichoic acid (LTA) on MV

In the dot-blot assay, MV samples were loaded onto an activated and semi-dry PVDF: polyvinylidene fluoride membrane. The membrane was blocked with TBS-T:Tris-buffered saline with 0.05% Tween 20 (10 mM Tris–HCl, 150 mM NaCl pH 7.5, 0.05% Tween 20), for 1 h at room temperature after which it was incubated for 18 h at 4°C with the primary lipoteichoic acid monoclonal antibody (Thermo Fisher Scientific) at a 1:50 dilution in TBS-T with 1% BSA. The membrane was then washed with TBS-T and incubated with an HRP-conjugated secondary antibody at a dilution of 1:2,000 in TBS-T with 1% BSA, for 1 h at room temperature. After several TBS-T washes, the membrane was developed using an ECL kit (Bio-Rad Laboratories, Inc.). PBS and bacterial cells from E. coli were used as negative controls and LTA standards as positive control.

Immunodetection of LTA on MV by confocal microscope Zeiss LSM 780 was performed by staining MV from L. reuteri with PKH26 using PKH26 Red Fluorescent Cell Linker Kits for General Cell Membrane Labeling (Sigma-Aldrich) according to the protocol. MV were loaded onto poly-L-lysine coated N.1.5 coverslips and air-dry, followed by fixation with 4% paraformaldehyde in PBS for 10 min at room temperature. Following incubation for 30 min in blocking solution (5% normal goat serum with 0.3% BSA in PBS), the samples were incubated overnight at 4°C with primary LTA monoclonal antibody (Thermo Fisher Scientific) at a 1:50 dilution in blocking solution. The coverslips were washed with PBS and incubated for 1 h at room temperature with a secondary antibody (Abberior STAR 635) at a dilution of 1:100 in blocking solution. After several PBS washes, the coverslips were mounted onto glass slides using Mowiol 4–88 and photographed by confocal microscope Zeiss LSM 780.



In vitro epithelial permeability

The human colon carcinoma cell lines (Caco-2 ATCC HTB-37) and the goblet human colorectal carcinoma cells (HT29-MTX from ECACC) were separately grown in tissue culture flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin and streptomycin, at 37°C under an atmosphere of 5% CO2 with 90% relative humidity. Caco-2 and HT29-MTX cells were grown in 25 cm2 tissue culture flasks and split at 80%–90% confluence using 0.25% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA) solution. The cells were seeded at a density of 6 × 104 cells per 25 cm2 flask.

Caco-2 and HT29-MTX cells were seeded on the apical chamber of transwell inserts (Transwell-COL; collagen-coated membrane filters) with 9:1 proportion and grown in 12-well transwell plates (Corning Costar) with a final density of 1 × 105 cells/cm2 in each insert. Cells were maintained under the same conditions and allowed to grow for 21 days with medium (0.5 ml on the apical side and 1.5 ml on the basolateral side) that was refreshed every other day to allow the cells to become differentiated. The integrity of the cell layer was determined using two methods: transepithelial electrical resistance (TEER) and determination of fluorescein isothiocyanate-dextran (FITC-dextran) permeability. TEER was measured using the Millicell electrical resistance system (Millipore, Darmstadt, Germany). Each TEER value is the average of 6–9 independent measurements. Wells with TEER values above 250 Ω cm2 were used for the permeability studies. Seeded Caco-2/HT29-MTX cells were pre-treated with live L. reuteri DSM 17938 cells (cultivated for 24 h) at 100 multiplicity of bacteria (MOB) or MV from L. reuteri at 10–200 multiplicity of MV (MOM) for 6 h before challenge with ETEC (enterotoxigenic E. coli strain 853/67, known for having a disruptive effect on epithelial integrity; Holmgren, 1973) at 100 multiplicity of infection (MOI) for an additional 6 h. TEER was measured before pre-treatment and challenge with ETEC, followed by measurement every second hour during the entire challenge. To quantify the paracellular permeability of monolayers, 1 mg/ml of 4 kDa FITC-dextran (Sigma) was added to the apical side of the inserts at the start of the challenge with ETEC. Samples from the basolateral compartment were taken after 6 h of incubation. The diffused fluorescent tracer was then analyzed by fluorometry (excitation, 485 nm; emission, 520 nm) using a FLUOstar Omega Microplate Reader (BMG Labtech, Ortenberg, Germany).



Staining of MV and localization of MV in Caco-2/HT29-MTX cell co-cultures

The MV and control were stained with PKH26 Red Fluorescent Cell Linker Kits for General Cell Membrane Labeling (Sigma-Aldrich). For the control sample, particle-free PBS was used as the input instead of the MV standard. MV and control samples were pelleted by ultracentrifugation (Optima X Series, Beckman coulter, IN, United States) at 190,000 × g for 2 h at 4°C. The pellet was gently resuspended in 100 μl PBS and MV were diluted to 6 ml with PBS and placed onto 1.5 ml 0.971 M sucrose cushion. The MV were pelleted by ultracentrifugation at 190,000 × g for 2 h at 4°C. The pellets were gently washed with PBS and resuspended in PBS, followed by transfer to an Amicon 10 kDa MWCO filter column that was repeatedly centrifuged at 3,000 x g for 40 min at 4°C to reduce the volume to 0.5–1 ml. Caco-2/HT29-MTX co-cultured cells were grown on transwell filters in 12-well tissue culture plates as described above. On day 21, upon which the monolayer reached polarization, cells were either apically treated with stained MV for 6 h or left untreated. Filters were fixed in 4% paraformaldehyde for 15 min at 4°C and permeabilized with 0.2% Triton-X-100 for 15 min at RT. Membranes were rinsed with PBS. The membrane with cells was then incubated in a 3% BSA solution (Sigma Aldrich) for 1 h at RT. Mouse monoclonal anti-ZO-1 (diluted at 1:100; N-term; Invitrogen, Carlsbad, CA) was applied as primary antibody and Alexa Fluor 488 goat anti-mouse (green) as the secondary antibody (diluted at 1:200; Invitrogen). The nuclei were stained with DAPI (Invitrogen). Images were acquired using laser scanning confocal microscopy (Zeiss LSM 780 with a 63× objective; Zeiss ZEN software; Zeiss, Oberkochen, Germany).



PBMC stimulations

Healthy, anonymous, adult volunteers were included in this study, which was approved by the Regional Ethics Committee at the Karolinska Institute, Stockholm, Sweden [Dnr 2014/2052–32]. All methods were carried out in accordance with approved guidelines and all study subjects gave their informed written consent. Venous blood was collected and diluted 1:1 with RPMI-1640 cell culture medium supplemented with 20 mM HEPES (HyClone Laboratories, Inc.). Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll–Hypaque (GE Healthcare Bio-Sciences AB) gradient separation. The isolated PBMC were washed and resuspended in freezing medium containing 40% RPMI-1640, 50% fetal bovine serum (FBS; Sigma Aldrich) and 10% DMSO (Sigma-Aldrich), frozen gradually at-80°C in freezing containers (Mr. Frosty, Nalgene Cryo 1°C; Nalge CO.) and finally stored in liquid nitrogen until used in assays.

PBMC were thawed, washed, and stained with Trypan blue followed by live cell counting using a 40x light microscope. Cells were resuspended in cell culture medium containing RPMI-1640 supplemented with HEPES (20 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), L-glutamine (2 mM; all from HyClone Laboratories, Inc.) and FBS 10% (Sigma Aldrich) at a final concentration of 1×106 cells/ml. Cells were seeded in flat bottomed 96-well cell culture plates at 2.5×105 cells/well and incubated for 48 h at 37°C with 5% CO2 atmosphere. Staphylococcus aureus (S. aureus) 161:2 (Haileselassie et al., 2013) -cell free supernatant (CFS) was used as a stimulus at 2.5% (v/v) and lactobacilli-MV were used at a MV-to-cell ratio of 500:1. Finally, the cell culture supernatants were collected by centrifugation and stored at-20°C.



Enzyme-linked immunosorbent assay

Secreted levels of the cytokines IL-1β, IL-6, IFN-γ and TNF-α in cell culture supernatants were determined using sandwich ELISA kits (MabTech AB) according to the manufacturer’s instructions. Absorbance was measured at a wavelength of 405 nm using a microplate reader (Molecular Devices Corp.) and results analyzed using SoftMax Pro 5.2 rev C (Molecular Devices Corp.).



TRPV1 antagonistic potential in primary rDRGs

The experimental procedures were conducted under ethical permit no. 76-2013 and in accordance with European and Swedish animal welfare regulations. Cultures of primary rat dorsal root ganglia cells derived from 6-week-old male Sprague–Dawley rats were obtained by microsurgical dissection, performed at the University of Gothenburg, after which the rDRGs were grown in 384-well plates. The cells were stained with the Ca2+ indicator Ca5 (FLIPR Calcium 5 Assay Kit, Molecular devices, CA, USA) on the experiment day to measure intracellular calcium ion flux. MV suspended in culture medium containing Neurobasal A (Gibco, Camarillo, CA, USA) supplemented with supplement B27 (Invitrogen, Grand Island, NE, USA) and Glutamax (Thermo Fisher Scientific, Agawam, MA, USA) were added in 6 concentrations (diluted in steps 1:3) 1 h before adding the agonist capsaicin. The highest concentration of vesicles was 10% of the stock which corresponded to approximately 109 particles/ml. Measurements were taken in the Cellaxess Elektra discovery platform where the calcium probe intensity was measured continuously. Experiments were conducted in three replicates at two or three separate time points, n = 9 for DSM 17938 24 h, DSM 17938 48 h, BG-R46 48 h, LGG 24 h, and n = 6 for BG-R46 24 h. AMG517, a known TRPV1 antagonist, were used as control substance to verify the antagonistic effect.



Statistical analysis

Data are generally expressed as means and standard deviations, except for the immunological data which is displayed as median with interquartile range. The difference among groups was analyzed by one-way analysis of variance (ANOVA) unless stated otherwise. The significant difference was set at p < 0.05. In the epithelial integrity experiment comparing bacterial cells and MV, Welch’s ANOVA was used. A two-way ANOVA was used for the FITC-measurements in the epithelial integrity experiment comparing different concentrations of MV. For naïve PBMC cytokine secretion, Mann–Whitney statistical test was used. Wilcoxon matched pairs signed rank test was performed for the relative concentrations of TNF-α and IFN-γ. A mixed effects model was used in the TRPV1-model.




Results


Production parameters and strain features affect MV characteristics

To increase the general knowledge of MV from L. reuteri DSM 17938, we initially cultivated DSM 17938 under standard conditions for 24 h. Cultivation time affected the survival and appearance of the bacterial cells, and after 24 h of cultivation most bacteria were alive, but the viability had dropped approximately 30 times after 48 h (Supplementary Figure S1). The bacterial cells were imaged by SEM showing a large number of budding vesicles on the cell surface (Figure 1A). As the next step we studied the production of MV during different culture conditions and performed a physiochemical characterization of the MV. The production was affected by the culture conditions and both prolonged cultivation time (48 h) and oxygen stress resulted in a 16-fold increase of MV (Table 1). We also investigated the strain L. reuteri BG-R46, which was found to produce approximately the same amount of MV as DSM 17938. We discovered that the MV contained protein, RNA and DNA. The protein concentrations of L. reuteri DSM 17938 derived MV from 48 h-cultures and oxygen stressed bacteria were 2-fold higher than those from the 24 h-cultures (p < 0.05; Table 1). SEM analyses revealed that the bacterial cells from both strains were intact after 24 h and multiple vesicles per cell were observed (Figures 1B,C). However, both the extended cultivation time (48 h) and the oxygen stress led to disintegration of bacterial cells (Figures 2D,E). MV appeared on the bacterial surface and were also released from the bacterial cells (Figures 1A–E). Analysis of the MV by TEM showed that they had a broad particle distribution, polymorphic structure, and spherical shape (Figures 1F,G). The size-heterogeneity of the vesicles was confirmed with nanoparticle tracking analysis, which revealed a wide size distribution (MV’s diameter from 20 nm up to 500 nm) of the isolated MV (Figure 2). The size profiles of MV from the two strains were quite similar after 24 h, but there were broader size distributions of MV from 48 h and after O2 stress. The Nanoparticle Tracking Analysis (NTA) analysis detected the presence of larger particles which may be aggregates of MV (Figure 2).

[image: Figure 1]

FIGURE 1
 Scanning electron microscopy images of L. reuteri cultivated under different conditions. L. reuteri DSM 17938 cultivated in MRS for 24 h with extracellular membrane vesicles of varying sizes budding of the bacterial surface (A). L. reuteri DSM 17938 after 24 h with (D)/without O2 stress condition (B) and 48 h (E) of cultivation; BG-R46 after 24 h cultivation (C). A representative example of three independent experiments is shown. Magnification 40k. Arrows indicate MV budding from the cell surface and released MV. Transmission electron microscopy negative staining analysis of L. reuteri DSM 17938 extracellular membrane vesicles isolated after 24 h (F) and 48 h (G) of cultivation.


[image: Figure 2]

FIGURE 2
 Physicochemical characterization of L. reuteri derived MV through NanoSight tracking analysis (NTA). The nanoparticle tracking distribution of L. reuteri DSM 17938 derived MV after 24 h, 48 h, under O2 stress of cultivation and isolated from BG-R46 were shown in (A,C,D,B) individually. Figures are representative of three independent triplicates. The size distribution represents the wide distribution of MV for each MV prep. Arrow shows the mean peaks of particles at 214 nm (A). Figure 2A was originally published in Scientific Reports (Mata Forsberg et al., 2019).




TABLE 1 Quantification of L. reuteri derived extracellular membrane vesicles (MV) and their content of DNA, RNA, and protein.
[image: Table1]



Proteome analysis and surface characteristics of MV

To further investigate the protein exposed on the MV, we analyzed MV isolated from both DSM 17938 and BG-R46 using liquid chromatography tandem mass spectrometry (LC–MS/MS). More than 800 proteins were identified (data not shown), and the vast majority of the proteins with highest #PSM and #peptides scores were predicted to be secreted (Supplementary Table S1). It means that they normally would be predicted to be localized on the bacterial cell surface or being released from the bacteria, and many of those proteins are tentatively involved in host-bacterial interactions (Supplementary Table S1). Several of the proteins are predicted to be involved in adhesion to cells and mucus; a LPXTG domain protein with a Rib/alpha-like repeat (HMPREF0538_20063), a MucBP protein (HMPREF0538_20356), an YSIRK signal peptide protein with 9 Rib/alpha-like repeats (HMPREF0538_20775–20,774), and the earlier described collagen/mucus binding protein CnBP (HMPREF0538_21501). In addition, several moonlighting proteins were detected, most of which were predicted to be involved in adhesion. The MV preparations also contained proteins predicted to be involved in production of extracellular polysaccharides (EPS). One of the most abundant proteins was a dextran sucrase (HMPREF0538_20764) and several proteins expressed from a big EPS operon were detected (HMPREF0538_20363, HMPREF0538_20382, HMPREF0538_20383). Another abundant protein detected in the MV preparations was a LPxTG anchored 5′-nucleotidase (5′NT; HMPREF0538_20056). This enzyme converts adenosine monophosphate (AMP) to adenosine and this activity was confirmed with an enzymatic assay (Table 2). The 5′NT activities of MV from 48 h (DSM 17938) and oxygen stressed condition were more than 15-fold higher compared to the activity at 24 h (DSM 17938) which is in line with the MV concentration ratios described above. Interestingly, BG-R46 derived MV had more than 7-fold higher 5′NT activity compared to the corresponding DSM 17938 preparation, although they had the same concentration of MV. 5′NT activity from L. rhamnosus GG (LGG) derived MV was not detectable. Proteins involved in cell wall modulation was another abundant group. Both proteins involved in synthesis of peptidoglycan (penicillin-binding proteins; Pbp2b and Pbp1a) and degrading peptidoglycan (HMPREF0538_20363, HMPREF0538_21064) were detected. Also, a protein involved in LTA biosynthesis (HMPREF0538_21428) was found. Even though the proteomic approach used here was for general protein identification, i.e., not quantitative proteomics, some proteins seem to be present to a greater extent (#peptides and #PSMs) in DSM 17938 vesicles than in BG-R46 vesicles. Interestingly, one of those proteins were the above-mentioned 5′NT. The top 100 most abundant proteins sorted by #PSM showed a 72% overlap between DSM 17938 and BG-R46 bacterial surfaces. Similarly, the overlap between the two strains MV were 62%. Meanwhile, among the top 100 proteins sorted by #PSM, there was only 21% identity between DSM 17938 bacterial surface and DSM 17938 membrane vesicle surface and 25% between BG-R46 bacterial surface and BG-R46 membrane vesicle surface (Figure 3). This indicates that there is a large difference between what is present on the bacterial and MV surfaces.
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FIGURE 3
 Venn diagram displaying a comparison of the 100 most abundant proteins on the bacterial surfaces and the membrane vesicle surfaces of DSM 17938 and BG-R46. The proteomic analysis was performed by using a trypsin mediated surface shaving, Lipid-based Protein Immobilization method. The color key is gray = DSM 17938 and red = BG-R46, light color indicate bacterial surface, dark color indicate membrane vesicle surface.




TABLE 2 5′-nucleotidase activity of MV which was isolated from L. reuteri under different cultivation conditions.
[image: Table2]

We also investigated if LTA was present on MV. The dot blot assay showed that MV derived from both L. reuteri DSM 17938 and BG-R46 carried LTA (Figure 4A). Also, according to confocal immunofluorescence microscope images, LTA was detected on MV (Figure 4B). All the evidence indicated that L. reuteri DSM 17938 and BG-R46 derived MV have LTA exposed on the surface. LTA was used as positive control (Figure 4A) and E. coli cells as a negative control (data not shown). A schematic image of MV with its tentatively bioactive molecules is presented in Supplementary Figure S2.

[image: Figure 4]

FIGURE 4
 Lipoteichoic acid (LTA) presents on L. reuteri DSM 17938 and BG-R46 derived MV. (A) Dot-blot assay using the primary antibody against lipoteichoic acid (Thermo Fisher Scientific). The samples were loaded onto an activated and semi-dry PVDF membrane with different amount. The concentrations for MV from L. reuteri DSM 17938 and BG-R46 were 4.4×109 particles/ml. (B) Confocal immunofluorescence microscopy images of MV from L. reuteri DSM 17938. MV were stained by PKH26 (yellow color) (a) and LTA were immunolabeled by a primary antibody against lipoteichoic acid (Thermofisher) and a secondary antibody (Abberior STAR 635) which is seen as violet color (b); (c) is the superimposing of these two labels. The arrow indicates the MV in the images. MV aggregates were also observed in these images (big dots).




Limosilactobacillus reuteri and its derived MV protect epithelial barrier integrity from the detrimental effect of enterotoxigenic Escherichia coli (ETEC)

Next, we wanted to investigate whether L. reuteri derived MV could protect epithelial barrier integrity of monolayers of cultivated epithelial cells. We used a model with a mix of Caco-2 and HT29-MTX cells. The cells were exposed to enterotoxigenic E. coli (ETEC) which induced a strong reduction in transepithelial electrical resistance (TEER), but pre-treatment with either L. reuteri bacterial cells or MV from L. reuteri provided a protective effect against this reduction (Figure 5A). Furthermore, a FITC-dextran flux experiment demonstrated that both MV and bacterial cells decreased the ETEC induced leakage of the macromolecule. When we pre-treated the Caco-2/HT29-MTX co-cultures with MV (multiplicity of MV per epithelial cell of 200:1), the leakage caused by ETEC decreased approximately by 65% (Figure 5B).

[image: Figure 5]

FIGURE 5
 Effect of L. reuteri derived MV on the barrier integrity of monolayers treated with ETEC. The Caco-2/HT29-MTX co-cultures were grown on transwell filters for 21 days. (A) Polarized monolayers with/without pre-treatment of L. reuteri DSM 17938 bacteria cells and derived MV at multiplicity of bacteria/MV of 100:1 and 200:1 for 6 h. After 6 h pre-treatment, the monolayer was infected with ETEC at multiplicity of infection (MOI) 100 for 6 h. TEER was measured in ohms and corrected for the resistance of the blank filters and for the membrane area and expressed as percentage of the starting value (before pre-treatment with MV). The fluorescence intensity is from the fluorescein isothiocyanate (FITC)-dextran which was detected from the basolateral pole. Data are given as means of six independent seedings. Statistical analysis by one-way analysis of variance (ANOVA), p < 0.05. (B) Polarized monolayers with/without pre-treatment of MV which were isolated from L. reuteri under different cultivation conditions. The fluorescence intensity is from the FITC-dextran which was detected from basolateral pole of each sample. Columns with different letters are significantly different (p<0.05). Statistical analysis by two-way ANOVA. Error bars are SD (n = 9).


We also compared the effects of the different MV preparations, and already at MOM 10 all variants except DSM 17938 24 h gave a protective effect (Figure 5B). At MOM 50–200 all variants protected. MV from L. reuteri BG-R46 gave a significantly better protection than DSM 17938 24 h at all doses except MOM 200 (Figure 5B). However, all MV gave the same protection level at MOM 200. The MV preparations protected the epithelial cells against ETEC challenge in a dose-dependent manner.

We further investigated the interaction between MV and Caco-2/HT29-MTX cells by using confocal microscopy. Interestingly, MV were taken up and could be detected inside the epithelial cells or potentially having a paracellular location (Figure 6; Supplementary Video S1).

[image: Figure 6]

FIGURE 6
 Localization of MV derived from L. reuteri DSM 17938 in Caco-2/HT29-MTX cells. (A) Caco-2/HT29-MTX cells were pretreated with MV for 6 h. (B) Caco-2/HT29-MTX cells were pretreated with PBS buffer which was used for resuspension of MV for 6 h. (C) Most of MV were taken up by Caco-2/HT29-MTX cells. Unbound vesicles were washed away prior to the experiment. Images are representatives of four separate experiments, color key: blue = nuclei, green = ZO-1, red = MV.




MV from Limosilactobacillus reuteri strains modulate cytokine production from human PBMC cultures

Subsequently, we investigated how the MV preparations affected the stimulatory potential of peripheral blood mononuclear cells (PBMC). The immune cells were cultured for 48 h in the presence of MV isolated from lactobacilli grown for 24 or 48 h. Interestingly, DSM 17938, BG-R46 and LGG derived MV harvested after 24 h induced interleukin (IL)-6 and IL-1β. MV isolated from DSM 17938 and BG-R46 grown for 48 h induced to a lower extent secretion of IL-6, while IL-1β was not affected by cultivation time (Figures 7A,B). We further focused on MV derived after 48 h to investigate the ability of MV to regulate cytokine responses induced by a potential pathogen. MV were added to S. aureus cell free supernatant (CFS) challenged PBMC cultures followed by cytokine measurement. Addition of L. reuteri-derived MV to S. aureus-stimulated PBMC significantly blocked secretion of the proinflammatory cytokine IFN-γ (Figure 7C) and reduced the secretion of TNF-α (Figure 7D), whereas the MV derived from LGG did not decrease the S. aureus-induced secretion of IFN-γ and TNF-α.
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FIGURE 7
 Immunomodulatory effects of L. reuteri DSM 17938, BG-R46 and LGG derived MV in PBMC. Secretion of cytokines IL-6 (A) and IL-1β (B) in naïve PBMC after incubation with MV derived from DSM 17938, BG-R46 and LGG. PBMC were cultured with MV for 48 h before quantification. Bar plots show median with interquartile range. Bars with different letters are significantly different (p<0.05). Statistical analysis by Mann–Whitney test, n = 6. Relative secretion of IFN-γ (C) and TNF-α (D) in S. aureus stimulated-PBMC in response to incubation with MV derived from L. reuteri DSM 17938 and BG-R46 and LGG. PBMC were cultured with MV for 48 h before quantification. Quantification of IFN-γ and TNF-α levels from PBMC stimulated with S. aureus were set to 1. Statistical analysis by Wilcoxon matched pairs signed rank test, n = 6.




MV from Limosilactobacillus reuteri antagonize the TRPV1 receptor

TRPV1 has been suggested to be involved in pain perception in infantile colic. Therefore, we studied the effect of MV from L. reuteri in a rat dorsal root ganglion cells TRPV1 model. The antagonistic effect in % was calculated from the fluorescence intensity of the Ca2+ indicator Ca5. A dose dependency in TRPV1 antagonism was observed in response to MV preparations from both DSM 17938 and BG-R46, diluted 10, 30 and 90 times. Control vesicles derived from LGG did not exhibit this antagonistic effect. These results showed that MV from both DSM 17938 and BG-R46 exhibit a significantly stronger antagonistic effect on the TRPV1 receptor compared to the LGG vesicles (Figure 8).

[image: Figure 8]

FIGURE 8
 TRPV1 antagonistic effect of extracellular membrane vesicles in primary rat dorsal root ganglion cells (rDRGs). Primary rDRGs were incubated with membrane vesicles in three different concentrations (10%, 3.33%, 1.11%) for 1 h before the experiment. Capsaicin was added and Ca2+ was measured and antagonistic response was calculated. Data show that L. reuteri DSM 17938 and BG-R46 derived MV antagonize TRPV1 in a dose dependent manner. Box plot with min to max and average value representation. DSM 17938 24 h denote MV from L. reuteri DSM 17938 24 h; DSM 17938 48 h denote MV from L. reuteri DSM 17938 48 h; BG-R46 24 h denotes MV from L. reuteri BG-R46 harvested at 24 h; BG-R46 48 h denotes MV from L. reuteri BG-R46 harvested at 48 h. Box plot with min to max and average value representation. N = 9 for DSM 17938, DSM 17938, BG-R46 48 h. N = 6 for BG-R46 24 h. Asterix * indicates p < 0.05.





Discussion

We isolated MV from L. reuteri cultivated under different conditions and this resulted in differences in yield and different morphologies (Figure 1). The yield increased with longer cultivation time and in response to oxygen stress and this correlated with fewer live bacteria (Supplementary Figure S1). In concordance with that, more vesicles appeared on the surface of partly degraded cells (Figures 1D,E). Membrane fragments from dead cells can vesicularize and consequently increase the amount of MV, a phenomenon that previously has been described (Toyofuku et al., 2017). However, the SEM analysis (Figure 1) showed vesicles budding on the surface of intact L. reuteri cells, indicating that there is a MV biogenesis mechanism that is independent of cell death, a process that also have been reported by others (Brown et al., 2015; Orench-Rivera and Kuehn, 2016). Altogether, this indicates the existence of subpopulations of MV, and future studies could reveal if those have different content and functions.

Although the studies regarding MV production in Gram-positive bacteria has intensified, the mechanisms of vesiculogenesis and transport through the cell wall remains poorly understood. It has been discussed if cell wall modifying enzymes play a role in the MV release through the Gram-positive cell wall (Brown et al., 2015; Toyofuku et al., 2017) and the results from the proteome analysis support this hypothesis. First, MV from L. reuteri DSM 17938 carry several peptidoglycan-degrading enzymes (Supplementary Table S1), which potentially could generate channels through the cell wall. Through these channels, cytoplasmic membrane material might be forced by turgor pressure to protrude into the extracellular space and thereafter released as MV. Furthermore, the MV also carry several transpeptidases (Supplementary Table S1) that possibly could be involved in healing of the cell wall after the vesicular release. Thus, the controlled release of MV from L. reuteri DSM 17938 could potentially be facilitated by both peptidoglycan degrading and biosynthesis enzymes.

Previous studies have shown that MV can carry a wide range of cargo, including DNA, RNA and proteins (Habier et al., 2018), potentially having the ability to deliver combinatorial information to different types of cells in their microenvironment (Skog et al., 2008). It has been shown that MV from pathogenic S. aureus carry RNA and DNA, which are protected from degradation, and that these molecules play an important role in virulence and immune modulation through their transmission of signals to host cells (Lee, 2019; Rodriguez and Kuehn, 2020). MV from L. reuteri contain both RNA and DNA and detailed investigations of the nucleic acids content of L. reuteri derived MV will be a subject for future studies. As already mentioned, MV preparations from L. reuteri also contained proteins (Table 1) and after performing a proteome analysis it was concluded that they represent a wide array of functions (Supplementary Table S1). Interestingly, a majority of the most abundant proteins were predicted to be localized on the cell surface, which differ from other studies of MV from lactobacilli and other potentially probiotic bacteria (Al-Nedawi et al., 2015; De Rezende Rodovalho et al., 2020; Hu et al., 2021). Besides the cell wall biogenesis proteins discussed above, several of the surface proteins are predicted to be involved in host–microbe interactions. A key feature for many bacteria is adhesion to surfaces and this is believed to be true also for a probiotic bacterium (Muscariello et al., 2020). Binding to the mucosal surface will both prolong the persistence in the intestine and enable a closer contact with enterocytes and immune cells with which the bacterium could interact. Some proteins to highlight are (i) the collagen/mucus binding protein CnBP that has been shown to be an important adhesion factor for L. reuteri (Roos et al., 1996; Velez et al., 2007); (ii) the large Rib motif containing protein Lr1694, a type of protein that has been described to induce protective immunity and promote binding to human epithelial cells of streptococci (Stalhammar-Carlemalm et al., 1999); and (iii) Lr1612 a large MucBP protein, containing motifs that have shown to be involved in adhesion to mucus and cells (Roos and Jonsson, 2002; Van Tassell and Miller, 2011). It is intriguing that also the MV from L. reuteri carry those adhesion proteins, and it both supports the results from the cell models (e.g., Figure 6) and open for further studies of intimate interactions between MV and host cells. Another set of interesting proteins present on the surface of the membrane vesicles are the relatively high number of moonlighting proteins which has been described in other bacteria, i.e., proteins with dual functions intracellularly and extracellularly (Kainulainen and Korhonen, 2014). The vesicles possess a number of these and the fact that they are found with a surface shaving-based proteomics method emphasizes their moonlighting function. Among the moonlighting proteins we found enolase, glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase, glucose 6-phosphate isomerase, elongation factor G and endopeptidase O. These proteins have been shown to be highly involved in host interactions by facilitating mucus- and epithelial cell- binding functions extracellularly (MoonProt4). Similarly, moonlighting proteins have previously been shown to be in high abundance on outer membrane vesicles from Gram-negative bacteria (Dineshkumar et al., 2020).

Already in 1967 it was observed that extracellular products from pathogen bacteria could be engaged in immunomodulatory activities (Chatterjee and Das, 1967). It is also well known that pathogen derived MV can be detrimental and disturb the GI tract homeostasis (Ismail et al., 2003; Bielaszewska et al., 2013). On the contrary, MV from some microbes may help to maintain the homeostasis of the GI tract. MV from both probiotic E. coli Nissle 1917 and ECOR63 have been found to upregulate the expression of tight junction proteins and by that strengthen the barrier of intestinal epithelial cells (IECs; Alvarez et al., 2016). It has been reported that L. reuteri protect intestinal epithelial monolayers by downregulating expression of IL-6 and TNF-α, induce cytoprotective heat shock proteins (HSP), increase expression of tight junction protein and decrease the adhesion of pathogens (Liu et al., 2015; Karimi et al., 2018). In the current study, it was shown that L. reuteri bacterial cells and also their derived MV can protect the epithelial barrier integrity of Caco-2/HT29-MTX co-cultures, which simulates the human intestinal mucosa, against the detrimental effect of ETEC. This effect was achieved with all MV preparations, however MV from strain BG-R46 gave significantly better protection than MV from DSM 17938 (Figure 5B). Although the mechanism of protection is currently unknown the MV carry two types of molecules, LTA and 5′ nucleotidase (5′NT), with a potential link to epithelial protection. LTA detected on the surface of the MV (Figure 4) has in several studies been described to protect the epithelial barrier via interactions with TLR2 (Gu et al., 2016). 5′NT was detected both in the proteome analysis (Supplementary Table S1) and by measuring the enzyme activity (Table 2). This extracellular protein converts AMP to adenosine, which is a potent signal molecule that among other functions has a role in strengthening tissue barriers via interacting with the A2a and A2b receptors (Madara et al., 1993; Strohmeier et al., 1997; Lennon et al., 1998). Interestingly, at a multiplicity of MV per epithelial cell (MOM) of 10, MV from L. reuteri BG-R46, which has the highest 5′NT activity, showed the strongest effect on epithelial cell integrity (Figure 5B). However, this was not supported by the proteomic analysis. A possible explanation for this discrepancy could be that the 5′NT is exposed differently on the two strains and steric hindrance thereby prevent the trypsin cleavage used in the surface shaving protocol. It should be highlighted that the proteomics analysis included in this study was not performed for quantitative measures. We further investigated how MV interacts with intestinal epithelial cells, and with confocal microscopy we demonstrated that MV were taken up by the cells. Thus, MV could potentially interact with apical, intracellular or basolateral targets of epithelial cells. These interactions may also mediate transportation of vesicles in vivo to distant parts of the body. A recent review (Chronopoulos and Kalluri, 2020) discuss bacterial membrane vesicle presence in the blood as well as their dissemination throughout the body and tentative access to the brain. Interestingly, adenosine receptor signaling has been described as an access route through the blood brain barrier (Bynoe et al., 2015). Further studies addressing systemic MV effects is warranted.

The immunostimulatory activity of lactobacilli is both species and strain dependent. MV from both L. reuteri DSM 17938 and L. reuteri BG-R46 showed immunostimulatory activity by inducing secretion of IL-6 and IL-1β in PBMC (Figure 7), two cytokines described as markers for immune maturation in infants (Rabe et al., 2020). Interestingly, MV from both strains also blocked the secretion of IFN-γ and reduced secretion of TNF-α induced by S. aureus. Thus, potentially L. reuteri derived MV can modulate the immune system, both by stimulating basal immune responses and dampen pathogen-induced inflammation. MV isolated from LGG stimulated IL-6 and IL-1β but did not reduce IFN-γ and TNF-α, suggesting that MV from different lactobacilli interact with immune cells through different mechanisms. As discussed above, the MV from L. reuteri carry LTA. This molecule is one of the major surface components of Gram-positive bacteria and their vesicles known to be involved in immunomodulation (Mizuno et al., 2020; Champagne-Jorgensen et al., 2021) as well as in attachment to host cells (Beachey and Courtney, 1987; Ohshima et al., 1990). Wang et al. (Wang et al., 2000) have reported that LTA from S. aureus induce IL-6 production in both T cells and monocytes in a human whole blood model. An interesting link to epithelial protection is that IL-6 has been described to protect the mucosal barrier by upregulating the expression of keratin-8 and keratin-18 (Wang et al., 2007), which could be an additional mechanism for how the MV enhance the epithelial barrier integrity.

The above discussed adenosine is also an important modulator of inflammation and its anti-inflammatory effects have been well established in different models (Colgan and Eltzschig, 2012; Bowser et al., 2017; Liu et al., 2018). Extracellular adenosine reduces expression of pro-inflammatory cytokines, such as TNF-α in IECs (Alam et al., 2009). This, together with the fact that MV from LGG, lacking 5′NT activity, did not dampen TNF-α, suggests that the 5’NT contributes to the observed anti-inflammatory effect. This is supported by previously observed contrasting effects of L. reuteri DSM 17938 and LGG in a T-reg deficient mice model where only L. reuteri increased the abundance of adenosine metabolites, such as inosine, in plasma (Liu et al., 2021). This altogether indicates that 5′NT located on the surface of MV, similar to CD73 on T-reg cells (Alam et al., 2009), play an important role in the regulation of mucosal immune responses. Intriguingly, CD8 T-cells have been shown to secrete CD73 positive vesicles that contribute to battling inflammation in inflamed tissues (Schneider et al., 2021).

We also detected a dextran sucrase, having the highest #PSM and #peptide values, on the surface of MV. This enzyme catalyze glycosidic bindings in sucrose and utilize the glucose molecules to synthesize extracellular polysaccharides (EPS) (Monchois et al., 1999). It has previously been described that L. reuteri DSM 17938 express the same dextran sucrase that was found on the MV, and that the produced EPS can inhibit ETEC from adhering to cultivated epithelial cells and reduce the proinflammatory effects of the pathogen (Ksonzekova et al., 2016). It is intriguing that also the MV have the capacity to produce EPS, and in that way add a component to the arsenal of bioactivities.

Limosilactobacillus reuteri DSM 17938 has proven to be effective for treatment of infantile colic (Urbanska and Szajewska, 2014). The etiology of colic is not fully understood, but it is plausible that visceral pain is one of the main reasons for the extensive crying in colicky infants (Geertsma and Hyams, 1989). In mouse models, DSM 17938 has previously been shown to antagonize one of the main pain receptors, namely TRPV1 (Perez-Burgos et al., 2015), and by that decrease firing of pain signals from the intestine. Here, we demonstrate that also the MV from DSM 17938 and BG-R46 are able to antagonize TRPV1, perhaps to an even greater extent than L. reuteri DSM 17938 cells, which was reported by Perez-Burgos et al. (2015). The authors reported a decreased TRPV1 ionic current in a similar dorsal root ganglion (DRG) model, evoked by 109 CFU/ml DSM 17938, with a reduction value of 42%. Here we report a reduction value of 75% evoked by the same concentration of MV from the same strain, indicating a higher antagonistic effect of MV than from bacterial cells. The higher antagonistic effect from MV could relate to their advantageous size that could help them access the target more easily or being internalized as shown in Figure 6. Adenosine which is a result from the above-described 5′NT activity, could play an important role in TRPV1 antagonism. This effector molecule has previously been shown to antagonize the TRPV1 receptor (Puntambekar et al., 2004) but future studies are needed to clarify if this is the mechanism by which L. reuteri interacts with the receptor.

The etiology of infantile colic is not fully understood (Daelemans et al., 2018). However, the models used in this paper are all well connected to the hypothesis around the amelioration of infantile colic by DSM 17938 and covers mechanisms related to potential underlying disturbances (Supplementary Figure S3). Of course, those in vitro models are far from an infant gastrointestinal tract and whether the MV has the same functions in vivo remains to be elucidated. We can however conclude that L. reuteri MV reproduce the mechanistic actions by which strain DSM 17938 is thought to ameliorate infantile colic. Additionally, MV from strain BG-R46 have comparable and in some biological models stronger activities than MV from DSM 17938, suggesting that BG-R46 would be an interesting candidate for further evaluation in clinical trials addressing infantile colic. While MV exposed protein profiles from the two strains were highly similar, the 5′NT activity was significantly higher in BG-R46, and we hypothesize that adenosine could be an important mediator of probiotic effects. To the best of our knowledge, MV carrying the host-interaction enzymes 5′NT and glucansucrase has never been reported before. Finally, the ability of membrane vesicles (MV) from L. reuteri to protect epithelial cells from detrimental effects of ETEC, modulate cytokine responses and antagonize activation of TRPV1, altogether demonstrates a novel type of multifunctionality of MV from a mutualistic bacterium. These findings could contribute to the development of new innovative and more efficient probiotic or postbiotic products (Wegh et al., 2019).



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material. https://osf.io/evuy2/?view_only=2946487314cb43039520855a0dd6c4e8



Ethics statement

The animal study was reviewed and approved by ethical permit no. 76–2013 and Regional Ethics Committee at the Karolinska Institute, Stockholm, Sweden Dnr 2014/2052–32, experiments were performed in accordance with European and Swedish animal welfare regulations.



Author contributions

YP and LEL: conceptualization, data curation, formal analysis, investigation, methodology, project administration, validation, visualization and writing-initial draft, review and editing. MMF and DA: data curation and formal analysis. AP: methodology. HB and ES: funding acquisition, supervision. RK: data curation, investigation, resources, visualization. HJ: conceptualization, resources, supervision. SR: conceptualization, data curation, funding acquisition, project administration, resources, supervision, validation, writing-review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by BioGaia AB (Stockholm, Sweden); The Swedish Research Council (2020-01839); The Swedish Cancer Foundation (20 1117 PjF 01 H); Swedish University of Agricultural Sciences (SLU.ua 2016.1.1-2756; SLU.ua.2017.1.1.1-2416) and LivsID (food science-related industry PhD program), financed by the Swedish Government (governmental decision N2017/03895).



Conflict of interest

SR, LEL, and HB are all employees of BioGaia AB.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1032202/full#supplementary-material



Footnotes

1https://www.uniprot.org

2http://www.moonlightingproteins.org

3https://www.ncbi.nlm.nih.gov/protein/

4http://www.moonlightingproteins.org


References

 Alam, M. S., Kurtz, C. C., Rowlett, R. M., Reuter, B. K., Wiznerowicz, E., Das, S., et al. (2009). CD73 is expressed by human regulatory T helper cells and suppresses proinflammatory cytokine production and Helicobacter felis-induced gastritis in mice. J. Infect. Dis. 199, 494–504. doi: 10.1086/596205 

 Al-Nedawi, K., Mian, M. F., Hossain, N., Karimi, K., Mao, Y. K., Forsythe, P., et al. (2015). Gut commensal microvesicles reproduce parent bacterial signals to host immune and enteric nervous systems. FASEB J. 29, 684–695. doi: 10.1096/fj.14-259721 

 Alvarez, C. S., Badia, J., Bosch, M., Gimenez, R., and Baldoma, L. (2016). Outer membrane vesicles and soluble factors released by probiotic Escherichia coli Nissle 1917 and commensal ECOR63 enhance barrier function by regulating expression of tight junction proteins in intestinal epithelial cells. Front. Microbiol. 7:1981. doi: 10.3389/fmicb.2016.01981 

 Bath, K., Roos, S., Wall, T., and Jonsson, H. (2005). The cell surface of Lactobacillus reuteri ATCC 55730 highlighted by identification of 126 extracellular proteins from the genome sequence. FEMS Microbiol. Lett. 253, 75–82. doi: 10.1016/j.femsle.2005.09.042 

 Beachey, E. H., and Courtney, H. S. (1987). Bacterial adherence: the attachment of group a streptococci to mucosal surfaces. Rev. Infect. Dis. 9, S475–S481. doi: 10.1093/clinids/9.supplement_5.s475

 Behzadi, E., Mahmoodzadeh Hosseini, H., and Imani Fooladi, A. A. (2017). The inhibitory impacts of Lactobacillus rhamnosus GG-derived extracellular vesicles on the growth of hepatic cancer cells. Microb. Pathog. 110, 1–6. doi: 10.1016/j.micpath.2017.06.016 

 Bielaszewska, M., Ruter, C., Kunsmann, L., Greune, L., Bauwens, A., Zhang, W., et al. (2013). Enterohemorrhagic Escherichia coli hemolysin employs outer membrane vesicles to target mitochondria and cause endothelial and epithelial apoptosis. PLoS Pathog. 9:e1003797. doi: 10.1371/journal.ppat.1003797 

 Bowser, J. L., Lee, J. W., Yuan, X., and Eltzschig, H. K. (2017). The hypoxia-adenosine link during inflammation. J. Appl. Physiol. 123, 1303–1320. doi: 10.1152/japplphysiol.00101.2017 

 Brown, L., Wolf, J. M., Prados-Rosales, R., and Casadevall, A. (2015). Through the wall: extracellular vesicles in gram-positive bacteria, mycobacteria and fungi. Nat. Rev. Microbiol. 13, 620–630. doi: 10.1038/nrmicro3480 

 Bynoe, M. S., Viret, C., Yan, A., and Kim, D. G. (2015). Adenosine receptor signaling: a key to opening the blood-brain door. Fluids Barriers CNS 12:20. doi: 10.1186/s12987-015-0017-7 

 Canas, M. A., Gimenez, R., Fabrega, M. J., Toloza, L., Baldoma, L., and Badia, J. (2016). Outer membrane vesicles from the probiotic Escherichia coli Nissle 1917 and the commensal ECOR12 enter intestinal epithelial cells via Clathrin-dependent endocytosis and elicit differential effects on DNA damage. PLoS One 11:e0160374. doi: 10.1371/journal.pone.0160374 

 Caruana, J. C., and Walper, S. A. (2020). Bacterial membrane vesicles as mediators of microbe - microbe and microbe - host community interactions. Front. Microbiol. 11:432. doi: 10.3389/fmicb.2020.00432 

 Champagne-Jorgensen, K., Jose, T. A., Stanisz, A. M., Mian, M. F., Hynes, A. P., and Bienenstock, J. (2021). Bacterial membrane vesicles and phages in blood after consumption of Lacticaseibacillus rhamnosus JB-1. Gut Microbes 13:1993583. doi: 10.1080/19490976.2021.1993583 

 Chatterjee, S. N., and Das, J. (1967). Electron microscopic observations on the excretion of cell-wall material by Vibrio cholerae. J. Gen. Microbiol. 49, 1–11. doi: 10.1099/00221287-49-1-1 

 Choi, J. H., Moon, C. M., Shin, T. S., Kim, E. K., McDowell, A., Jo, M. K., et al. (2020). Lactobacillus paracasei-derived extracellular vesicles attenuate the intestinal inflammatory response by augmenting the endoplasmic reticulum stress pathway. Exp. Mol. Med. 52, 423–437. doi: 10.1038/s12276-019-0359-3 

 Chronopoulos, A., and Kalluri, R. (2020). Emerging role of bacterial extracellular vesicles in cancer. Oncogene 39, 6951–6960. doi: 10.1038/s41388-020-01509-3 

 Colgan, S. P., and Eltzschig, H. K. (2012). Adenosine and hypoxia-inducible factor signaling in intestinal injury and recovery. Annu. Rev. Physiol. 74, 153–175. doi: 10.1146/annurev-physiol-020911-153230 

 Daelemans, S., Peeters, L., Hauser, B., and Vandenplas, Y. (2018). Recent advances in understanding and managing infantile colic. F1000Res 7:1426. doi: 10.12688/f1000research.14940.1 

 De Rezende Rodovalho, V., da Luz, B. S. R., Nicolas, A., Do Carmo, F. L. R., Jardin, J., Briard-Bion, V., et al. (2020). Environmental conditions modulate the protein content and immunomodulatory activity of extracellular vesicles produced by the probiotic Propionibacterium freudenreichii. Appl. Environ. Microbiol. 87:e02263-20. doi: 10.1128/AEM.02263-20 

 Dineshkumar, K., Aparna, V., Wu, L., Wan, J., Abdelaziz, M. H., Su, Z., et al. (2020). Bacterial bug-out bags: outer membrane vesicles and their proteins and functions. J. Microbiol. 58, 531–542. doi: 10.1007/s12275-020-0026-3 

 Geertsma, M. A., and Hyams, J. S. (1989). Colic—a pain syndrome of infancy? Pediatr. Clin. N. Am. 36, 905–919. doi: 10.1016/s0031-3955(16)36728-1

 Grande, R., Celia, C., Mincione, G., Stringaro, A., Di Marzio, L., Colone, M., et al. (2017). Detection and physicochemical characterization of membrane vesicles (MVs) of Lactobacillus reuteri DSM 17938. Front. Microbiol. 8:1040. doi: 10.3389/fmicb.2017.01040 

 Gu, M. J., Song, S. K., Lee, I. K., Ko, S., Han, S. E., Bae, S., et al. (2016). Barrier protection via toll-like receptor 2 signaling in porcine intestinal epithelial cells damaged by deoxynivalnol. Vet. Res. 47:25. doi: 10.1186/s13567-016-0309-1 

 Gutierrez-Castrellon, P., Indrio, F., Bolio-Galvis, A., Jimenez-Gutierrez, C., Jimenez-Escobar, I., and Lopez-Velazquez, G. (2017). Efficacy of Lactobacillus reuteri DSM 17938 for infantile colic: systematic review with network meta-analysis. Medicine (Baltimore) 96:e9375. doi: 10.1097/MD.0000000000009375 

 Haas-Neill, S., and Forsythe, P. (2020). A budding relationship: bacterial extracellular vesicles in the microbiota-gut-brain axis. Int. J. Mol. Sci. 21:8899. doi: 10.3390/ijms21238899 

 Habier, J., May, P., Heintz-Buschart, A., Ghosal, A., Wienecke-Baldacchino, A. K., Nolte-'t Hoen, E. N. M., et al. (2018). Extraction and analysis of RNA isolated from pure bacteria-derived outer membrane vesicles. Methods Mol. Biol. 1737, 213–230. doi: 10.1007/978-1-4939-7634-8_13 

 Haileselassie, Y., Johansson, M. A., Zimmer, C. L., Bjorkander, S., Petursdottir, D. H., Dicksved, J., et al. (2013). Lactobacilli regulate Staphylococcus aureus 161:2-induced pro-inflammatory T-cell responses in vitro. PLoS One 8:e77893. doi: 10.1371/journal.pone.0077893 

 Hoang, T. K., He, B., Wang, T., Tran, D. Q., Rhoads, J. M., and Liu, Y. (2018). Protective effect of lactobacillus reuteri DSM 17938 against experimental necrotizing enterocolitis is mediated by toll-like receptor 2. Am. J. Physiol. Gastrointest. Liver Physiol. 315, G231–G240. doi: 10.1152/ajpgi.00084.2017 

 Holmgren, J. (1973). Comparison of the tissue receptors for Vibrio cholerae and Escherichia coli enterotoxins by means of gangliosides and natural cholera toxoid. Infect. Immun. 8, 851–859. doi: 10.1128/IAI.8.6.851-859.1973 

 Hu, R., Lin, H., Wang, M., Zhao, Y., Liu, H., Min, Y., et al. (2021). Lactobacillus reuteri-derived extracellular vesicles maintain intestinal immune homeostasis against lipopolysaccharide-induced inflammatory responses in broilers. J. Anim. Sci. Biotechnol. 12:25. doi: 10.1186/s40104-020-00532-4 

 Ismail, S., Hampton, M. B., and Keenan, J. I. (2003). Helicobacter pylori outer membrane vesicles modulate proliferation and interleukin-8 production by gastric epithelial cells. Infect. Immun. 71, 5670–5675. doi: 10.1128/iai.71.10.5670-5675.2003 

 Jan, A. T. (2017). Outer membrane vesicles (OMVs) of gram-negative bacteria: a perspective update. Front. Microbiol. 8:1053. doi: 10.3389/fmicb.2017.01053 

 Kainulainen, V., and Korhonen, T. K. (2014). Dancing to another tune-adhesive moonlighting proteins in bacteria. Biology (Basel) 3, 178–204. doi: 10.3390/biology3010178 

 Karimi, S., Jonsson, H., Lundh, T., and Roos, S. (2018). Lactobacillus reuteri strains protect epithelial barrier integrity of IPEC-J2 monolayers from the detrimental effect of enterotoxigenic Escherichia coli. Physiol. Rep. 6:e13514. doi: 10.14814/phy2.13514 

 Karlsson, R., Davidson, M., Svensson-Stadler, L., Karlsson, A., Olesen, K., Carlsohn, E., et al. (2012). Strain-level typing and identification of bacteria using mass spectrometry-based proteomics. J. Proteome Res. 11, 2710–2720. doi: 10.1021/pr2010633 

 Kim, M. H., Choi, S. J., Choi, H. I., Choi, J. P., Park, H. K., Kim, E. K., et al. (2018). Lactobacillus plantarum-derived extracellular vesicles protect atopic dermatitis induced by Staphylococcus aureus-derived extracellular vesicles. Allergy Asthma Immunol. Res. 10, 516–532. doi: 10.4168/aair.2018.10.5.516 

 Ksonzekova, P., Bystricky, P., Vlckova, S., Patoprsty, V., Pulzova, L., Mudronova, D., et al. (2016). Exopolysaccharides of Lactobacillus reuteri: their influence on adherence of E. coli to epithelial cells and inflammatory response. Carbohydr. Polym. 141, 10–19. doi: 10.1016/j.carbpol.2015.12.037 

 Lee, H. J. (2019). Microbe-host communication by small RNAs in extracellular vesicles: vehicles for Transkingdom RNA transportation. Int. J. Mol. Sci. 20:1487. doi: 10.3390/ijms20061487 

 Lee, E. Y., Choi, D. Y., Kim, D. K., Kim, J. W., Park, J. O., Kim, S., et al. (2009). Gram-positive bacteria produce membrane vesicles: proteomics-based characterization of Staphylococcus aureus-derived membrane vesicles. Proteomics 9, 5425–5436. doi: 10.1002/pmic.200900338 

 Lennon, P. F., Taylor, C. T., Stahl, G. L., and Colgan, S. P. (1998). Neutrophil-derived 5′-adenosine monophosphate promotes endothelial barrier function via CD73-mediated conversion to adenosine and endothelial A2B receptor activation. J. Exp. Med. 188, 1433–1443. doi: 10.1084/jem.188.8.1433 

 Li, F., Cheng, C. C., Zheng, J., Liu, J., Quevedo, R. M., Li, J., et al. (2021). Limosilactobacillus balticus sp. nov., Limosilactobacillus agrestis sp. nov., Limosilactobacillus albertensis sp. nov., Limosilactobacillus rudii sp. nov. and Limosilactobacillus fastidiosus sp. nov., five novel Limosilactobacillus species isolated from the vertebrate gastrointestinal tract, and proposal of six subspecies of Limosilactobacillus reuteri adapted to the gastrointestinal tract of specific vertebrate hosts. Int. J. Syst. Evol. Microbiol. 71:004644. doi: 10.1099/ijsem.0.004644

 Liu, Y., Alookaran, J. J., and Rhoads, J. M. (2018). Probiotics in autoimmune and inflammatory disorders. Nutrients 10:1537. doi: 10.3390/nu10101537 

 Liu, Y., Hoang, T. K., Taylor, C. M., Park, E. S., Freeborn, J., Luo, M., et al. (2021). Limosilactobacillus reuteri and Lacticaseibacillus rhamnosus GG differentially affect gut microbes and metabolites in mice with Treg deficiency. Am. J. Physiol. Gastrointest. Liver Physiol. 320, G969–G981. doi: 10.1152/ajpgi.00072.2021 

 Liu, H. Y., Roos, S., Jonsson, H., Ahl, D., Dicksved, J., Lindberg, J. E., et al. (2015). Effects of Lactobacillus johnsonii and Lactobacillus reuteri on gut barrier function and heat shock proteins in intestinal porcine epithelial cells. Physiol. Rep. 3:e12355. doi: 10.14814/phy2.12355 

 Lu, J., Lu, G., Tan, S., Xia, J., Xiong, H., Yu, X., et al. (2020). A COVID-19 mRNA vaccine encoding SARS-CoV-2 virus-like particles induces a strong antiviral-like immune response in mice. Cell Res. 30, 936–939. doi: 10.1038/s41422-020-00392-7 

 Madara, J. L., Patapoff, T. W., Gillece-Castro, B., Colgan, S. P., Parkos, C. A., Delp, C., et al. (1993). 5′-adenosine monophosphate is the neutrophil-derived paracrine factor that elicits chloride secretion from T84 intestinal epithelial cell monolayers. J. Clin. Invest. 91, 2320–2325. doi: 10.1172/JCI116462 

 Mata Forsberg, M., Bjorkander, S., Pang, Y., Lundqvist, L., Ndi, M., Ott, M., et al. (2019). Extracellular membrane vesicles from lactobacilli dampen IFN-gamma responses in a monocyte-dependent manner. Sci. Rep. 9:17109. doi: 10.1038/s41598-019-53576-6 

 McKay, P. F., Hu, K., Blakney, A. K., Samnuan, K., Brown, J. C., Penn, R., et al. (2020). Self-amplifying RNA SARS-CoV-2 lipid nanoparticle vaccine candidate induces high neutralizing antibody titers in mice. Nat. Commun. 11:3523. doi: 10.1038/s41467-020-17409-9 

 Mizuno, H., Arce, L., Tomotsune, K., Albarracin, L., Funabashi, R., Vera, D., et al. (2020). Lipoteichoic acid is involved in the ability of the immunobiotic strain Lactobacillus plantarum CRL1506 to modulate the intestinal antiviral innate immunity triggered by TLR3 activation. Front. Immunol. 11:571. doi: 10.3389/fimmu.2020.00571 

 Monchois, V., Willemot, R. M., and Monsan, P. (1999). Glucansucrases: mechanism of action and structure-function relationships. FEMS Microbiol. Rev. 23, 131–151. doi: 10.1111/j.1574-6976.1999.tb00394.x 

 Mu, Q., Tavella, V. J., and Luo, X. M. (2018). Role of lactobacillus reuteri in human health and diseases. Front. Microbiol. 9:757. doi: 10.3389/fmicb.2018.00757 

 Muscariello, L., De Siena, B., and Marasco, R. (2020). Lactobacillus cell surface proteins involved in interaction with mucus and extracellular matrix components. Curr. Microbiol. 77, 3831–3841. doi: 10.1007/s00284-020-02243-5 

 Nahui Palomino, R. A., Vanpouille, C., Laghi, L., Parolin, C., Melikov, K., Backlund, P., et al. (2019). Extracellular vesicles from symbiotic vaginal lactobacilli inhibit HIV-1 infection of human tissues. Nat. Commun. 10:5656. doi: 10.1038/s41467-019-13468-9 

 Ohshima, Y., Ko, H. L., Beuth, J., Roszkowski, K., and Roszkowski, W. (1990). Biological properties of staphylococcal lipoteichoic acid and related macromolecules. Zentralbl Bakteriol 274, 359–365. doi: 10.1016/s0934-8840(11)80693-6 

 Orench-Rivera, N., and Kuehn, M. J. (2016). Environmentally controlled bacterial vesicle-mediated export. Cell. Microbiol. 18, 1525–1536. doi: 10.1111/cmi.12676 

 Perez-Burgos, A., Wang, L., McVey Neufeld, K. A., Mao, Y. K., Ahmadzai, M., Janssen, L. J., et al. (2015). The TRPV1 channel in rodents is a major target for antinociceptive effect of the probiotic Lactobacillus reuteri DSM 17938. J. Physiol. 593, 3943–3957. doi: 10.1113/JP270229 

 Puntambekar, P., Van Buren, J., Raisinghani, M., Premkumar, L. S., and Ramkumar, V. (2004). Direct interaction of adenosine with the TRPV1 channel protein. J. Neurosci. 24, 3663–3671. doi: 10.1523/JNEUROSCI.4773-03.2004 

 Rabe, H., Lundell, A. C., Sjoberg, F., Ljung, A., Strombeck, A., Gio-Batta, M., et al. (2020). Neonatal gut colonization by Bifidobacterium is associated with higher childhood cytokine responses. Gut Microbes 12, 1–14. doi: 10.1080/19490976.2020.1847628 

 Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and friends. J. Cell Biol. 200, 373–383. doi: 10.1083/jcb.201211138 

 Rodriguez, B. V., and Kuehn, M. J. (2020). Staphylococcus aureus secretes immunomodulatory RNA and DNA via membrane vesicles. Sci. Rep. 10:18293. doi: 10.1038/s41598-020-75108-3 

 Roos, S., Aleljung, P., Robert, N., Lee, B., Wadstrom, T., Lindberg, M., et al. (1996). A collagen binding protein from lactobacillus reuteri is part of an ABC transporter system? FEMS Microbiol. Lett. 144, 33–38. doi: 10.1111/j.1574-6968.1996.tb08505.x 

 Roos, S., and Jonsson, H. (2002). A high-molecular-mass cell-surface protein from lactobacillus reuteri 1063 adheres to mucus components. Microbiology (Reading) 148, 433–442. doi: 10.1099/00221287-148-2-433

 Rosander, A., Connolly, E., and Roos, S. (2008). Removal of antibiotic resistance gene-carrying plasmids from lactobacillus reuteri ATCC 55730 and characterization of the resulting daughter strain, L. reuteri DSM 17938. Appl. Environ. Microbiol. 74, 6032–6040. doi: 10.1128/AEM.00991-08 

 Savino, F., Cordisco, L., Tarasco, V., Palumeri, E., Calabrese, R., Oggero, R., et al. (2010). Lactobacillus reuteri DSM 17938 in infantile colic: a randomized, double-blind, placebo-controlled trial. Pediatrics 126, e526–e533. doi: 10.1542/peds.2010-0433 

 Schneider, E., Winzer, R., Rissiek, A., et al. (2021). CD73-mediated adenosine production by CD8 T cell-derived extracellular vesicles constitutes an intrinsic mechanism of immune suppression. Nat. Commun. 12:5911. doi: 10.1038/s41467-021-26134-w 

 Skog, J., Wurdinger, T., van Rijn, S., Meijer, D. H., Gainche, L., Sena-Esteves, M., et al. (2008). Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic biomarkers. Nat. Cell Biol. 10, 1470–1476. doi: 10.1038/ncb1800 

 Skotland, T., Sagini, K., Sandvig, K., and Llorente, A. (2020). An emerging focus on lipids in extracellular vesicles. Adv. Drug Deliv. Rev. 159, 308–321. doi: 10.1016/j.addr.2020.03.002

 Stalhammar-Carlemalm, M., Areschoug, T., Larsson, C., and Lindahl, G. (1999). The R28 protein of streptococcus pyogenes is related to several group B streptococcal surface proteins, confers protective immunity and promotes binding to human epithelial cells. Mol. Microbiol. 33, 208–219. doi: 10.1046/j.1365-2958.1999.01470.x 

 Strohmeier, G. R., Lencer, W. I., Patapoff, T. W., Thompson, L. F., Carlson, S. L., Moe, S. J., et al. (1997). Surface expression, polarization, and functional significance of CD73 in human intestinal epithelia. J. Clin. Invest. 99, 2588–2601. doi: 10.1172/JCI119447 

 Sung, V., D'Amico, F., Cabana, M. D., Chau, K., Koren, G., Savino, F., et al. (2018). Lactobacillus reuteri to treat infant colic: a meta-analysis. Pediatrics 141:e20171811. doi: 10.1542/peds.2017-1811 

 Szajewska, H., Chmielewska, A., Piescik-Lech, M., Ivarsson, A., Kolacek, S., Koletzko, S., et al. (2012). Systematic review: early infant feeding and the prevention of coeliac disease. Aliment. Pharmacol. Ther. 36, 607–618. doi: 10.1111/apt.12023 

 Toyofuku, M., Carcamo-Oyarce, G., Yamamoto, T., Eisenstein, F., Hsiao, C. C., Kurosawa, M., et al. (2017). Prophage-triggered membrane vesicle formation through peptidoglycan damage in Bacillus subtilis. Nat. Commun. 8:481. doi: 10.1038/s41467-017-00492-w 

 Urbanska, M., and Szajewska, H. (2014). The efficacy of Lactobacillus reuteri DSM 17938 in infants and children: a review of the current evidence. Eur. J. Pediatr. 173, 1327–1337. doi: 10.1007/s00431-014-2328-0 

 Van Niel, G., D'Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi: 10.1038/nrm.2017.125 

 Van Tassell, M. L., and Miller, M. J. (2011). Lactobacillus adhesion to mucus. Nutrients 3, 613–636. doi: 10.3390/nu3050613 

 Velez, M. P., De Keersmaecker, S. C., and Vanderleyden, J. (2007). Adherence factors of lactobacillus in the human gastrointestinal tract. FEMS Microbiol. Lett. 276, 140–148. doi: 10.1111/j.1574-6968.2007.00908.x

 Walter, J., Britton, R. A., and Roos, S. (2011). Host-microbial symbiosis in the vertebrate gastrointestinal tract and the Lactobacillus reuteri paradigm. Proc. Natl. Acad. Sci. U. S. A. 108, 4645–4652. doi: 10.1073/pnas.1000099107 

 Wang, J. E., Jorgensen, P. F., Almlof, M., Thiemermann, C., Foster, S. J., Aasen, A. O., et al. (2000). Peptidoglycan and lipoteichoic acid from Staphylococcus aureus induce tumor necrosis factor alpha, interleukin 6 (IL-6), and IL-10 production in both T cells and monocytes in a human whole blood model. Infect. Immun. 68, 3965–3970. doi: 10.1128/iai.68.7.3965-3970.2000 

 Wang, L., Srinivasan, S., Theiss, A. L., Merlin, D., and Sitaraman, S. V. (2007). Interleukin-6 induces keratin expression in intestinal epithelial cells: potential role of keratin-8 in interleukin-6-induced barrier function alterations. J. Biol. Chem. 282, 8219–8227. doi: 10.1074/jbc.M604068200 

 Wegh, C. A. M., Geerlings, S. Y., Knol, J., Roeselers, G., and Belzer, C. (2019). Postbiotics and their potential applications in early life nutrition and beyond. Int. J. Mol. Sci. 20:4673. doi: 10.3390/ijms20194673 

 West, C. L., Stanisz, A. M., Mao, Y. K., Champagne-Jorgensen, K., Bienenstock, J., and Kunze, W. A. (2020). Microvesicles from Lactobacillus reuteri (DSM-17938) completely reproduce modulation of gut motility by bacteria in mice. PLoS One 15:e0225481. doi: 10.1371/journal.pone.0225481 

 Wu, R. Y., Pasyk, M., Wang, B., Forsythe, P., Bienenstock, J., Mao, Y. K., et al. (2013). Spatiotemporal maps reveal regional differences in the effects on gut motility for Lactobacillus reuteri and rhamnosus strains. Neurogastroenterol. Motil. 25, e205–e214. doi: 10.1111/nmo.12072 

 Yang, L., Higginbotham, J. N., Liu, L., Zhao, G., Acra, S. A., Peek, R. M. Jr., et al. (2019). Production of a functional factor, p40, by Lactobacillus rhamnosus GG is promoted by intestinal epithelial cell-secreted extracellular vesicles. Infect. Immun. 87, e00113–e00119. doi: 10.1128/IAI.00113-19 

 Zeevenhooven, J., Browne, P. D., L'Hoir, M. P., de Weerth, C., and Benninga, M. A. (2018). Infant colic: mechanisms and management. Nat. Rev. Gastroenterol. Hepatol. 15, 479–496. doi: 10.1038/s41575-018-0008-7 



OPS/images/fmicb-13-1032202-g005.jpg
A
<0.0001
P value (FITC-Dextran Intensity)_<0.0001 " =

<0.0001

P value (TEER%) _<0.0001 7 o. 3100
95 CTEER —~FITC >
o 2600 3§
H
75 £
% » 2100 £
£ s
. 1600 %
45 g
o
1100
1 E
25 600
o °“\‘c.e\‘"€ﬁ 198 oV “\19%
oS (G o ©
Wit w
et
o ot
P v‘e.«o
B
4000
Il Cellonly
Bl Cell+ ETEC
- B DSM 17938 24h
Bl BG-R46 24h

W DSM 17938 0, 24n
1 DSM 17938 48h

FITC-Dextran Intensity
5
H





OPS/images/fmicb-13-1032202-g006.jpg
apis eaidy






OPS/images/fmicb-13-1032202-g003.jpg





OPS/images/fmicb-13-1032202-g004.jpg
254 0644l 016 p 004 pl
DSM17938MV2eh @ @ @

251 084l 0.16p 00 p
BG-R4sMV24h @ @

ng 2ng Sng 1ng

v @ @ & @

MV & LTA





OPS/images/fmicb-13-1032202-t001.jpg
MV DSM BG-R46 DSM 17938 DSM 17938

content 1793824h  24h 0, stress 48h
24h

MV conc. 30£19x10"  30£27x10" 53+ LIx10"  49+26x10"

(particles/

ml)

dsDNA 0.51£0.3" 0.54£0.1° 1.26+£0.4" 0.68+0.01

(g/m)

RNA (pg/ 227+08" 2.65+0.25 3.46+0.2 328+04"

m)

Protein 183,530 216.25+28" 506+ 20" 462.5+50"

(g/m)

Value with the same letter is not significantly different from one another determined by
one-way analysis of variance (ANOVA), p <0.05. All values are mean (n=3), error bars
are SD (n=3). “Yindicate statistical differences between samples.






OPS/images/fmicb-13-1032202-g007.jpg
Relative IFN-y secretion

cd

0.0312

IL-18 (pg/ml)

Relative TNF secretion






OPS/images/fmicb-13-1032202-g008.jpg
TRPV1 Antagonistic effect (%)

1504

100

@
g
1

-50

[E] DSM 17938 24h
N BG-R46 24h
DSM 17938 48h
[ BG-R46 48h

[ LGG 24h

*

T
10%

T T
3.33% 1.11%
% of stock concentration of MV





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Extracellular membrane vesicles from Limosilactobacillus reuteri strengthen the intestinal epithelial integrity, modulate cytokine responses and antagonize activation of TRPV1



		Introduction



		Materials and methods



		Bacterial strains



		Cultivation of bacteria, isolation, and basic characterization of extracellular MV



		Morphological characterization of MV by transmission electron microscope (TEM) and scanning electron microscope (SEM)



		Proteomics



		Proteomic analysis



		Nanoparticle tracking analysis



		5′-nucleotidase (5′NT) activity of MV



		Detection of lipoteichoic acid (LTA) on MV



		In vitro epithelial permeability



		Staining of MV and localization of MV in Caco-2/HT29-MTX cell co-cultures



		PBMC stimulations



		Enzyme-linked immunosorbent assay



		TRPV1 antagonistic potential in primary rDRGs



		Statistical analysis









		Results



		Production parameters and strain features affect MV characteristics



		Proteome analysis and surface characteristics of MV



		Limosilactobacillus reuteri and its derived MV protect epithelial barrier integrity from the detrimental effect of enterotoxigenic Escherichia coli (ETEC)



		MV from Limosilactobacillus reuteri strains modulate cytokine production from human PBMC cultures



		MV from Limosilactobacillus reuteri antagonize the TRPV1 receptor









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-13-1032202-g001.jpg





OPS/images/fmicb-13-1032202-g002.jpg
18 3 DSM 17938 24h o BG-R46 24h
= 14

10 10

08 o8
06 o8

04 04

Concentration (particle/mi)

Concentration (parti

02| 02

0 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 00 900 1000
Size (nm) Size (nm)

D
704
<l DSM 17938 24h
Oz stress

DSM 17938 48h

50
a0

30

20

Concentration (particle/mi)

10

0 100 200 300 400 500 600 700 G00 900 1000 © 100 200 300 4% 500 600 700 850 900 1000
Size (nm) Size (nm)





OPS/images/fmicb-13-1032202-t002.jpg
MV 24h 24h 48h 24h  24h
DSM  BG-R46 DSM DSM  LGG
17938 17938 17938
0,
stress
S-nudeotidase 3806 273:41° 3206 3504 Not

activity detectable

(U1 x10% MV)
5'-nucleotidase 114+ 1.2 8211 1699+ 68 1703+9.6 Not
activity (U/L) detectable

24h DSM 17938, 48h DSM 17938 denote MV from L. reuter DSM 17938 harvested at
24 and 48 h; 24 h DSM 17938 O, stress denotes MV from L. reuteri DSM 17938
cultivated under O, stress and harvested at 24h; 24h BG-R46 denotes MV from L.
reuteri BG-R46 and harvested at 24 . Values with different leters are significantly
diffrent determined by one-way analysis of variance (ANOVA), p<0.05. Data are given
).

as means three independent measurements. Error bars are SD (1





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Extracellular membrane vesicles
from Limosilactobacillus reuteri
strengthen the intestinal
epithelial integrity, modulate
cytokine responses and
antagonize activation of TRPV1









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





