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Abstract
Background/Aims: Deregulation of the complex interaction among host genetics, gut 
microbiota and environmental factors on one hand and aberrant immune responses on 
the other hand, are known to be associated with the development of inflammatory bowel 
disease. Recent studies provided strong evidence that autophagy plays a key role in the 
etiology of Crohn’s disease (CD). Probiotics may exhibit many therapeutic properties, 
including anti-inflammatory abilities. While successful results have been obtained in 
ulcerative colitis patients, probiotics remain inefficient in CD for unknown reason. It remains 
therefore important to better understand their molecular mechanisms of action. Methods: 
The activation of autophagy was examined by stimulating bone marrow-derived dendritic 
cells by the bacteria, followed by confocal microscopy and western blot analysis. The impact 
of blocking in vitro autophagy was performed in peripheral blood mononuclear cells using 
3-methyl adenine or bafilomycin followed by cytokine secretion measurement by ELISA. The 
role of autophagy in the anti-inflammatory capacities of the bacterial strains was evaluated in 
vivo using an acute trinitrobenzene sulfonic acid-induced murine model of colitis. The impact 
of BMDC was evaluated by adoptive transfer, notably using bone marrow cells derived from 
autophagy-related 16-like 1-deficient mice. Results: We showed that selected lactobacilli and 
bifidobacteria are able to induce autophagy activation in BMDCs. Blocking in vitro autophagy 
abolished the capacity of the strains to induce the release of the anti-inflammatory cytokine 

Corinne Grangette Lactic Acid Bacteria and Mucosal Immunity, Center for Infection and Immunity of Lille
Institut Pasteur of Lille, 1 rue du Pr. Calmette, 59019 Lille (France)
Tel. +33 3 20 87 11 88, Fax: +33 3 20 87 11 88, E-Mail Corinne.grangette@ibl.cnrs.fr

https://doi.org/10.33594/000000172


Cell Physiol Biochem 2019;53:774-793
DOI: 10.33594/000000172
Published online: 25 October 2019 775

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Zaylaa et al.: Probiotics and Autophagy in IBD

interleukin-10, while it exacerbated the secretion of the pro-inflammatory cytokine interleukin-
1β. We confirmed in the TNBS-induced mouse model of colitis that autophagy is involved in 
the protective capacity of these selected strains, and showed that dendritic cells are involved 
in this process. Conclusion: We propose autophagy as a novel mechanism involved in the 
regulatory capacities of probiotics.

Introduction

Inflammatory bowel disease (IBD), encompassing the main clinical forms Crohn’s 
disease (CD) and ulcerative colitis (UC), is characterized by chronic inflammation of the gut 
mucosa, disruption of the gut barrier function and a dysbiotic microbiota [1]. Indeed, the gut 
microbiota of IBD patients is characterized by a low microbial diversity, a reduced abundance 
of bifidobacteria, lactobacilli [2] and Faecalibacterium prausnitzii [3], and a higher abundance 
of pathobionts such as adherent-invasive Escherichia coli [4]. Moreover, abnormal immune 
responses are elicited against the luminal bacteria in genetically susceptible individuals [5]. 
Genome-wide association studies (GWAS) have contributed to the identification of more than 
200 genetic risk loci for IBD [6]. Many of these genes are related to innate immunity, mucosal 
barrier function and bacterial recognition. Notably, the gene encoding the nucleotide-
binding oligomerization domain 2 (NOD2) receptor, which senses muramyl dipeptides, the 
conserved motif of the peptidoglycan of both gram-negative and gram-positive bacteria, 
has been largely shown as the main susceptibility gene associated with CD [7]. Different 
polymorphisms of genes involved in autophagy, such as atg16l1 (autophagy-related 16-
like 1) [8], IRGM (immunity related guanosine triphosphatase) [9] and LRRK2 (leucine-rich 
repeat kinase 2) have also been reported [10].

Autophagy is an intracellular degradation pathway that regulates the turnover of cellular 
proteins and organelles having essential roles in cellular homeostasis [11]. The autophagic 
process starts with the formation of the phagophore, a double-membrane compartment 
which engulfs the cargo to be degraded and closes off to form the autophagosome that finally 
leads to fusion lysosomes and the degradation of the cargo by the lysosomal hydrolases. 
This process is highly complex and orchestrated by numerous proteins, including more 
than 40 autophagy-related proteins (ATG) [12]. The formation of the autophagosome is 
regulated mainly by the ATG5-ATG12 complex, then stabilized by ATG16L1, which allows 
the modification of the microtubule-associated light chain 3 (LC3-I), initially present in 
the cytoplasm, to a phosphatidylethanolamine (PE)-conjugated membrane-bound form 
(LC3-II), which is finally recruited into the autophagosomes [13]. The engulfment of 
the cargo, closure of the autophagosome and fusion with the lysosomal compartment 
is orchestrated by LC3, which is widely used as a marker of autophagy activation [14]. In 
the gut, autophagy has been reported to mediate crucial functions in innate and adaptive 
immunity, such as antigen presentation by dendritic cells (DC) [15], cytokine secretion 
by macrophages [16] and antimicrobial peptide secretion by Paneth cells [17]. Recently, a 
critical role for autophagy in regulating survival of intestinal epithelial cells in response to 
TNF-α [18] as well as an unexpected critical impact in coordinating the pro-regenerative 
IL-22 signaling [19] have been reported. Autophagy plays also an essential role during 
infection by degrading intracellular pathogens through xenophagy [20]. Interestingly, 
NOD2 is known to be involved in the autophagy process, since it is able to recruit ATG16L1 
into the plasma membrane, at the bacterial entry site [21]. As such, NOD2 and ATG16L1 
deficiencies have been shown to affect bacterial clearance in vitro, favoring the survival of 
intracellular bacteria, and explaining the proliferation of certain pathobionts, and observed 
pro-inflammatory cytokine secretions [22, 23]. It has been reported that autophagic flux 
is impaired in the damaged mucosa of IBD patients, as compared to non-damaged tissue, 
suggesting that, in addition to genetic components, inflammation regulates this process [24]. 
In parallel, strong evidence indicates that autophagy regulates inflammatory responses, 
notably by controlling the inflammasome activity, explaining that compromised autophagy 
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Table 1. List of bacterial strains used in the study

causes aberrant inflammatory responses, which can lead to the development of IBD [25]. 
Deregulation of DC function has been reported in DCs from CD patients carrying NOD2 or 
ATG16L1 risk variants, which are defective in autophagy induction, bacterial trafficking and 
antigen presentation [22]. Disruption of atg16l1 in CD11c+ DCs significantly increased the 
severity of the inflammation induced by dextran sodium sulfate (DSS) [26]. Recently, an 
inhibitory role of autophagy in the immunogenic maturation of DCs and a positive role in 
their tolerogenic maturation was suggested [27]. Finally, Kabat et al. recently showed that 
autophagy defects can alter the balance of different types of T cells in the gut, leading to 
intestinal inflammation. By specific ablation of atg16l1 in FoxP3+ T-regulatory cells in mice, 
they demonstrated that autophagy promotes the survival of these cells in the gut [28]. The 
autophagy machinery in IBD represents therefore a complex pathway that contributes to the 
pathogenesis of the disease.

Despite all advances of targeted therapies including biological treatments, which have 
substantially improved the patient’s quality of life, still many problems remain unsolved with 
notably adverse health consequences. The development of alternative therapies using natural 
products is therefore gaining worldwide attention [29]. Targeting the gut bacteria dysbiosis 
and impaired gut functions linked to IBD may constitute a target of choice in the treatment 
of chronic inflammatory diseases. In this context, manipulation of the gut ecosystem using 
beneficial microbes, namely probiotics, has been a major focus of research during the last 
decade. However, their recommendation for IBD treatment is still rather scarce. In order to 
select more effective strains, it is thus important to better define the underlying mechanism 
of action and screen for targeted functional properties. We previously showed that the anti-
inflammatory capacities of lactobacilli and bifidobacteria are strain-specific and that their 
in vitro immunomodulatory capacities strongly correlate with their protective capacities in 
experimental colitis models [30, 31]. Moreover, we highlighted the crucial role of DCs in this 
probiotic functionality [32]. In the present study, we evaluated both in vitro and in vivo the 
role of autophagy in the immunoregulatory capacities of selected probiotic strains.

Materials and Methods

Bacterial strains and culture conditions
Bacterial strains evaluated in the present study are listed in Table 1. Lactobacilli were grown in 

de Man Rogosa and Sharpe broth (MRS, Difco, Detroit, USA) overnight at 37 °C under microaerophilic 
conditions. Bifidobacteria were cultured overnight in MRS broth, supplemented with 0.1% (w/v) L-cysteine 
hydrochloride (Sigma, USA) under anaerobic conditions using anaerobic generator packs (GENbaganaer, 
Biomérieux, France). For in vitro experiments, bacteria were washed twice with sterile phosphate buffered 
saline (PBS, pH 7.2), and aliquoted at 109 CFU/ml in PBS supplemented with 20% (v/v) glycerol and stored 
at -80 ℃. For in vivo studies, freshly grown bacteria were adjusted to 5 × 109 CFU/ml in gavage buffer (200 
mM NaHCO3 containing 1% glucose).

In vitro stimulation of human peripheral blood mononuclear cells (PBMCs)
PBMCs were isolated from human blood obtained as described previously, by authorized staff, from five 

healthy donors upon approved agreement (signed consent) [31]. Briefly, after a Ficoll gradient centrifugation 
(Pharmacia, Stockholm, Sweden), mononuclear 
cells were collected, washed twice with PBS 
and adjusted to 2 x 106 cells/ml in RPMI 1640 
(Roswell Park Memorial Institute, Gibco, Scotland), 
supplemented with 10% heat-inactivated fetal 
calf serum (FCS, Gibco, Scotland), 1 mM glutamine 
and 150 μg/ml gentamycin. Cells (106 cells/well) 
were plated in 48-well cell culture plates and were 
pre-incubated for 1 hour at 37 °C in the presence 
or not of 3-methyl adenine (3-MA, Sigma, 5 mM) 
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or bafilomycin A1 (Sigma, 100 nM). PBMCs were subsequently stimulated with bacteria at a bacteria/cell 
ratio of 10:1. PBS with 20% glycerol was used as negative control. After 20 h of stimulation at 37 ℃ under 
5% CO2, supernatants were collected, clarified by centrifugation and stored at -20 ℃ for cytokine analysis. 
The cytokines IL-10 and IL-1β were measured by ELISA using the ELISA MAXTM standard set (BioLegend, 
San Diego, USA) and the Duoset kit (R&D System, USA), respectively, according to the manufacturer’s 
instructions. The impact of 3-MA on the autophagy activation induced by the bacterial strains was controlled 
by western blot, confirming the inhibitory effect of 3-MA (Fig. S1 – for all supplemental material see www.
cellphysiolbiochem.com). Bafilomycin is known to induce LC3-II accumulation by blocking the autophagic 
flux and preventing the acidification of endosomes [33]. For that reason we did not check the impact of LC3 
conversion by western blot after blockade with bafilomycin.

Bone marrow-derived dendritic cell preparation (BMDCs)
BMDCs were generated from the bone marrow precursors isolated from femurs and tibias of BALB/c 

mice as described by Lutz et al. [34], with minor modifications. Briefly, after red cell lysis using 0.142 M 
NH4Cl /0.04X PBS buffer, the cells were grown at 2 x 106 cells in 10 ml of IMDM medium (Iscove’s Modified 
Dulbecco’s Medium, Gibco) supplemented with 10% inactivated FCS (Fetal Calf Serum, Gibco, Scotland), 50 
μM β-mercaptoethanol, 1 mM glutamine, 50 μg/ml gentamycin, and 10% of supernatant from a granulocyte 
macrophage colony-stimulating factor-expressing cell line (GMCSF transfected J588 myeloma cell line). 
Freshly prepared medium was added every three days. BMDCs were used between day 10 and 13 of culture 
(maximum of CD11c expression as checked by FACS analysis).

BMDC stimulation
BMDCs (0.75 x 106 cells/well) were plated in 24-well cell culture plates and were pre-incubated 

for 1 hour at 37 °C in the presence or not of 3-MA (Sigma, 5 mM). After the pre-treatment, BMDCs were 
stimulated with bacteria at a bacteria/cell ratio of 10:1 in the presence of 150 μg/ml gentamycin. After 20 h, 
culture supernatants were collected, clarified by centrifugation and stored at -20 °C for IL-1β measurement 
by ELISA using the Duoset kits (R&D System, USA), according to the manufacturer’s instructions.

For in vivo cell transfer, the cells were grown at 5 x 106 cells in a Petri dish in 10 ml of complete IMDM 
and were pre-incubated for 1 hour at 37 °C in the presence or not of 3-MA (sigma, 5 mM). BMDCs were then 
stimulated with bacteria at a bacteria/cell ratio of 10:1 in the presence of 150 μg/ml gentamycin, washed 3 
times in PBS and resuspended at 2 x 106 cells in 200 μl of PBS. No remaining viable bacteria were detected 
in the cell suspensions, as checked by plating on MRS medium.

Trypan blue staining was used to count the number of viable BMDCs. No significant difference (P=NS) 
was obtained between untreated WT BMDCs (11.2 ± 3.1 % mortality) and cells treated with 3-MA (15.9 ± 
3.3% mortality).

Western-Blot analysis
BMDCs were plated in 24-well cell culture plates at 1 x 106 cells/well and were pre-incubated for 1 

h at 37 °C in the presence or not of bafilomycin A1 (Sigma, 100 nM) or 3-MA (5 mM). BMDCs were then 
stimulated with the bacteria at a bacteria/cell ratio of 10:1 for 4 h. PBS with 20% glycerol was used as 
negative control and rapamycin (10 μg/ml) as positive control. The cells were washed with PBS and then 
lysed with a lysis buffer (50 mM Tris pH 7.5, 100 mM NaCl, 2 mM EDTA pH 8, 1% of Triton 100X and 
0.1% SDS), supplemented with a protein inhibitor (Protease inhibitor cocktail tablets, Roche, Mannheim, 
Germany) according to the manufacturer’s instructions. The cell lysates were harvested and centrifuged at 
12, 000 x g for 15 min at 4 °C. The supernatants were recovered and mixed with loading buffer (Laemmli 
buffer) containing 60 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromophenol 
blue and then heated for 15 min at 75 °C. The migration was carried out for 2 h in a 15% acryl/bis acryl gel 
in 0.025 M Tris buffer / 0.192 M glycine / 0.1% SDS at 90 V. After migration, the proteins were transferred 
to a PVDF membrane (Polyvinylidene Fluoride, Hybond-p; Bio-Rad, Hercules CA, USA) in a 20 mM Tris / 
150 mM glycine / 20% methanol buffer for 2 h at 100 V. Membranes were treated with blocking buffer 
containing 10 mM Tris pH 8, 150 mM NaCl, 0.05% Tween 20 and 3% BSA (Bovine Serum Albumin) for 1 h 
at 25 °C and incubated overnight at 4 °C with a rabbit anti-LC3 (Novus, 1:3000, Littleton, CO, USA) or mouse 
anti-α-tubulin antibody (Invitrogen, 1:5000, Camarillo, CA USA) in blocking buffer. After washing for 15 
min in PBS / 0.01% Tween, they were incubated for 45 min at 25 °C with a secondary anti-mouse or anti-
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rabbit IgG conjugated with HRP (Promega, 1:5000, Madison, WI, USA) in PBS / Tween 0.01%. Membranes 
were washed as described and incubated with ECL detection reagent (ECL Plus, Western blotting reagent, 
Amersham, GE Healthare, Buckinghamshire, UK). The light emitted following the chemiluminescence 
reaction was detected and analyzed by the Imager LAS-3000 system (Fujifilm, Japan) and the band intensity 
was quantified using the Multi Gauge V3.0 software (Fujifilm, Japan).

Immunofluorescence and confocal microscopy analysis
BMDCs were grown on coverslips in 24-well plates at 0.2 x 106 cells/well. They were stimulated as 

described above and fixed with Paraformaldehyde (4% PFA in PBS) for 15 min. After washing with PBS, 
the cells were permeabilized with 10% TRITON X100 solution for 5 min and blocked for 30 min with pure 
fetal calf serum. The cells were then incubated for 1 hour with anti-mouse LC3 primary antibody (Anti-LC3 
PM036, MBL, 1:100) in fetal calf serum. After 3 washes for 5 min in PBS, the coverslips were incubated 
for 45 minutes with the fluorochrome-coupled anti-rabbit secondary antibody (Alexa fluor 488 conjugated 
antibody, Invitrogen, 1:500) in FCS. After 3 washings in PBS, nuclei were labeled with DAPI (4’,6’-diamidino-
2-phenylindole, DNA marker emitting at 359/461 nm, Invitrogen, 1:1000) in PBS for 5 min. Cells were then 
washed with PBS and the slides were mounted on glass slides using 7 μl of Dako Fluorescence Mounting 
Medium (Carpinteria, CA, USA). Confocal microscopy was performed using a confocal laser scanning 
microscope (Zeiss, LSM 880).

Experimental TNBS-induced colitis model and study design
Female BALB/c ByJ mice (7-8 weeks old) were purchased from Janvier Laboratories (Le Genest-Saint-

Isle, France). Before experimentation, animals were provided a one week acclimation period. Mice were 
randomly divided and maintained under specific pathogen-free conditions in a controlled environment 
(temperature of 22 °C, 12 h/12 h light/dark cycle and with ad libitum access to food and water).

Protective capacities of probiotics were evaluated in vivo using a standardized murine model of acute 
colitis, induced by the administration of TNBS [31]. Mice (n=10 per group) received daily live bacteria by 
intra-gastric administration (5 × 108 CFU/day/mice), in 100 µl gavage buffer (0.2M NaHCO3, 1 % glucose), 
or gavage buffer alone (control healthy mice or TNBS-treated control mice) for six consecutive days before 
colitis induction and 1 day after the TNBS administration. The blockage of autophagy was performed by 
intraperitoneal administration of the 3-MA inhibitor (Sigma, 10 mg/kg) concomitantly with the bacterial 
treatment (day 1 to day 6). At day 5, anesthetized BALB/c mice were intra-rectally administered with 50 
μl of a solution of TNBS (Sigma-Aldrich, France) dissolved in 0.9% NaCl/ethanol solution (50/50 v/v), 
at a dose of 105 mg/kg, while control healthy mice received only 50% ethanol. The mice were sacrificed 
48 h after the induction of colitis. Macroscopic inflammatory scores were determined blindly according 
to the Wallace scoring method [35] by assessing the intensity of inflammation and the extent of lesions 
(thickening of the intestinal wall, intensity ulceration and colonic necrosis). Blood was collected by retro-
orbital sampling and the plasma was recovered by centrifugation and stored at -80° C for the determination 
of IL-6 and IL-1β concentration by ELISA using the Duoset kits (R&D System, Minneapolis, MN, USA) as 
recommended by the manufacturer. Histological analysis was carried out on May-Grünwald Giemsa stained 
5 μm tissue sections from colon samples (5 sections per mice) fixed in 4% formalin, embedded in paraffin. 
The histological scores were determined according to the Ameho scoring method [36] by evaluating the 
intensity of the inflammatory infiltrate, the presence of edema, ulcerations and cellular necrosis. A part of 
the colon corresponding to the inflamed region was recovered and cleaned from fecal material and stored 
in RNA-later® (Ambion, Life Technologies, Austin, TX, USA) at –80 °C until RNA extraction and real-time 
RT-PCR analysis.

The protective effect of untreated or L. rhamnosus IPL A21.1-pulsed BMDCs in the presence or absence 
of 3-MA was also evaluated in BALB/c mice by intra-peritoneal administration of 2 x 106 cells, 2 h before 
TNBS-colitis induction as previously described [32] and study was performed as described above.

To evaluate the role of autophagy of the L. rhamnosus-pulsed DCs, we also used BMDCs derived from 
mice having Atg16l1 deficiency, specifically in myeloid cells (atg16l1flox/flox-CreLys). BMDCs derived from 
WT C57BL/6 JrJ mice or atg16l1flox/flox mice were used as controls. BMDCs were obtained, stimulated and 
transferred as described above for those derived from BALB/c mice. Trypan blue staining was used to count 
the number of viable cells and no significant difference (P=NS) was obtained between untreated WT BMDCs 
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(11.2 ± 3.1 % mortality) and atg16l1-deficient cells (21.5 ± 6.8% mortality). Colitis was induced in C57BL/6 
JrJ using TNBS at a dose of 150 mg/kg.

The impact of 3-MA on the autophagy activation induced by the bacterial strains or rapamycin and 
the activation in atgl16l1-deficient-cells was controlled by western blot, confirming the inhibitory effect of 
3-MA and the absence of activation in deficient BMDCs (Fig. S2). As mentioned for PBMCs, we did not check 
the impact of LC3 conversion after blockade with bafilomycin known to induce LC3-II accumulation.

RNA extraction and qRT-PCR
Tissue samples were homogenized using Lysing Matrix D (MP Bio, Solon, OH, USA). Total RNA 

was extracted using Macherey-Nagel NucleoSpin RNAII isolation kit according to the manufacturer’s 
recommendation (Macherey-Nagel, Germany). Quantity and quality of RNA were checked using nanodrop 
(260/280 nm, 260/230 nm), showing a purity ratio 260/280 higher than 1.95 in all samples. Reverse 
transcription of total RNA (1 μg) was performed using the high capacity cDNA reverse transcription kit 
(Applied BiosystemsTM, Foster City, CA, USA). Real-time quantitative PCR (RT-qPCR) was performed using 
SYBR green as dye (Applied BiosystemsTM). Briefly 2.5 μl of cDNA (corresponding to 25 ng of RNA) was 
amplified using the Power SYBR Green PCR Master Mix (Applied BiosystemsTM) in the presence of 200 
nM specific primers in a final volume of 10 μl using the QuantStudio® 3D Digital PCR System (Applied 
BiosystemsTM). Relative mRNA levels [2 D(DCT)] were determined by comparing (i) the PCR cycle thresholds 
(Ct) for the gene of interest and the housekeeping gene Actb (DCt) and (ii) the DCt values for treated and 
untreated animal groups (DDCt).

Statistical analysis
GraphPad Prism was employed for graph preparation and statistical evaluation. Differences between 

groups were assessed using ANOVA, followed by nonparametric Mann-Whitney test. Data with p values ≤ 
0.05 were considered to be significant.

Statement of ethics
Animal experiments were performed at the animal facility of the Institute Pasteur of Lille (number 

A59107, Lille, France) and carried out in accordance with the guidelines of laboratory animal care published 
by the French Ethical Committee and the rules of the European Union Normative (number 86/609/EEC). All 
the studies were approved by the local investigational ethics review board (Nord-Pas-de-Calais CEEA N°75, 
Lille, France) and the Ministère de l’Education Nationale, de l’Enseignement Supérieur et de la Recherche, 
France (accredited number 201608251651940). The animal experiments also complied with French 
legislation (Government Act 87-848) and the European Communities Amendment of Cruelty to Animals 
Act 1976.

Results

Bacterial strains induced autophagy in BMDC
We first evaluated the ability of selected strains to activate the autophagy process after 

stimulating BMDCs from BALB/c mice with the different bacterial strains. LC3 was used as a 
quantitative marker of autophagy since it is required for the formation of the autophagosome 
in the cell and its accumulation is proportional to the amount of autophagosomes. Immuno-
labelling followed by confocal laser scanning analysis allowed to determine the number 
of autophagosomes in the form of LC3-labelled fluorescent punctate structures. The 
transformation of LC3 from the cytosolic form (LC3-I) to the lipidated form (LC3-II) during 
the autophagy process was also followed by western blot [37].

As shown in Fig. 1A, treatment of cells with the autophagy activator rapamycin for 4 
h significantly (p < 0.001) increased LC3 puncta. Most of the strains were able to induce 
significant formation of autophagosomes, the activation being higher after Lactobacillus 
gasseri IPL A6.33 and Bifidobacterium longum CMUL CXL 001 (p < 0.001) stimulation, while 
Lactobacillus reuteri 100-23 did not activate this process in this condition (p=0.497). This 
was confirmed by measuring the ratio of the levels of LC3-II to LC3-I after western blotting 
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analysis. As showed in Fig. 1B, significantly increased LC3-II/LC3-I levels was observed in 
cells treated with rapamycin, as compared to the basal level observed for untreated cells (p 
< 0.01). A slight basal activation could also be detected with the strains. This activation was 
significant for Bifidobacterium bifidum IPL A7.31 and L. gasseri IPL A6.33 (p < 0.05), and was 
increased when cells were pre-treated with bafilomycin, a potent inhibitor of the lysosomal 
proton pump V-ATPases which inhibits autophagic flux by preventing the acidification of 
endosomes and lysosomes [33]. This shows that the potential probiotic strains increase LC3-
II level by activating autophagy but not by blocking autophagosome-lysosome fusion.

Inhibition of autophagy enhanced IL-1β production and decreased IL-10 secretion in 
human immune cells and murine BMDCs stimulated with bacteria
In order to evaluate the role of autophagy in the immuno-modulation capacities of 

these selected bacteria, we used two different pharmacological inhibitors: the 3-MA, a PI3K 
inhibitor which blocks the autophagosome formation [38] and bafilomycin A1. PBMCs 
were pre-treated or not with the inhibitors for 1 h and subsequently stimulated by the 
different strains for 20 h, and secreted cytokine amount was measured. All the tested strains 
induced high levels of IL-10 (Fig. 2A), the highest levels being obtained with Lactobacillus 

Fig. 1. Bacterial strains induced autophagy in murine bone marrow-derived dendritic cells. BMDCs were 
pre-treated or not with bafilomycin A1 (100 nM) for 1 h and stimulated with bacteria at a bacteria/cells ratio 
of 10:1 or with Rapamycin (10 μg/ml) for 4 h. The autophagy was followed by (A) LC3-immuno-labelling 
followed by confocal laser scanning microscopy and measurement of the number of autophagosomes in the 
form of LC3-labelled puncta. The data represent the mean ± SEM. * refers to the comparison of bacteria-
treated group versus untreated control group; *p<0.05, **p<0.01, *** p<0.001. (B) The ratio of LC3-II to 
LC3-I, after western blotting analysis. The data represent the mean ± SEM. * and # refer to the comparison 
of bacteria-treated groups versus untreated control group (N/S) in the absence or presence of bafilomycin, 
respectively. ; *p<0.05, **p<0.01, *** or ### p<0.001.
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rhamnosus IPL A2.21, L. gasseri IPL A6.33 and L. reuteri 100-23, and somewhat lower levels 
for L. gasseri CMUL057 and Lactobacillus acidophilus CMUL067 as previously observed 
[39]. The capacity of the strains to induce IL-1Β was strain-dependent and was inversely 
correlated with their respective IL-10-inducing capacity with L. gasseri CMUL057 and L. 
acidophilus CMUL067 being the highest inducers. The two autophagy inhibitors were able 
to significantly (p < 0.05 or 0.01, respectively) limit the IL-10 production induced by all the 
strains, with a more pronounced effect for bafilomycin treatment, which completely blocked 
IL-10 induction. Conversely, the bacteria-mediated induction of IL-1β was significantly 
enhanced when PBMCs were pre-treated with both inhibitors. This effect was also greater 
with bafilomycin, especially for the strains that induced moderate basal levels of IL-1β (p < 
0.05 or 0.01, respectively). The role of autophagy in the immunomodulatory capacity of the 
bacterial strains was also confirmed using murine BMDCs. Since low amounts of IL-10 were 
induced after bacterial stimulation, it was not possible to highlight an effect in the presence 
of inhibitors (data not shown), however, the blockage of autophagy using 3-MA or the use of 
atg16l1-deficient cells having myeloid cell-specific Atg16l1 deficiency (atg16l1flox/floxCreLyz), 
increased probiotic-induced secretion of IL-1Β as also observed on PBMCs (Fig. 2B and 2C).

Fig. 2. Blockage of autophagy enhanced IL-1β production while decreased IL-10 secretion in human PBMCs 
and murine BMDCs stimulated by the bacteria. (A) PBMCs (2 x 106 cells/ml, n = 5 different donors) were 
pre-treated or not for 1 h at 37 °C with 3-MA (5 mM) or bafilomycin (100 nM) and subsequently stimulated 
by the different strains for 20 h. IL-10 and IL-1β release was measured in the supernatants. Data represent 
means ± SEM of 5 independent donors. * refers to the comparison of bacteria-stimulated PBMCs in the 
presence or absence of the inhibitors; *p<0.05, **p<0.01 (B) WT BMDCs pre-treated or not for 1 h at 37 °C 
with 3-MA (5 mM) or (C) WT and atg16l1-deficient (KO) BMDCs (0.75 x 106 cells/well) were stimulated by 
the different strains for 20 h. IL-1β release was measured in the supernatants. Data represent means ± SEM 
of 3 different experiments. *p<0.05 refers to the comparison of bacteria-stimulated BMDCs in the presence 
or absence of 3-MA.
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In vivo inhibition of autophagy limited the protective effects of selected strains in an acute 
TNBS-induced murine model of colitis
We evaluated the role of the autophagy process in the protective capacity of potential 

probiotic strains using a well-established model of acute colitis, induced by TNBS (Fig. 
3A) in BALB/c mice. We selected on the one hand L. rhamnosus A2.21, which previously 
was shown to protect through an induction of immune-regulatory response and had a 
capacity to restore the epithelial barrier, and L. acidophilus CMUL067 on the other hand, 
which exhibited its protective effect essentially through an important strengthening of the 
epithelial barrier [39]. Bacteria were administrated daily by oral gavage and the blockage 
of autophagy was performed by intraperitoneal (IP) injection of 3-MA, concomitantly with 
the bacterial administration. As expected, TNBS induced a strong inflammation, depicted by 
an average weight loss of 16.7% (Fig. 3B), highly significant macroscopic (Wallace score of 
7.3, p < 0.01) and histological scores (Ameho score of 5.6, p < 0.01) and a strong increase 
of the IL-6 plasmatic concentration (p < 0.01) (Fig. 3B-F), as compared to untreated control 
animals. This was further confirmed by strong colonic mRNA expression levels of the pro- 
inflammatory cytokines IL-6 and TNF-α and the chemokine CXCL2 (p < 0. 01) 48 h after 
colitis induction (Fig. 3G), compared to untreated control mice.

The two selected strains were able to dampen the acute colitis, resulting in significant 
decreases of weight loss and both macroscopic (p < 0.001) and histological scores of 
inflammation (p < 0.05) (Fig. 3B, C and E), in comparison to mice receiving buffer only (TNBS 
control group). The protective ability of the strains was further confirmed by a significant 
decrease in the level of plasmatic IL-6 (p < 0.01) and in the expression of pro-inflammatory 
genes (p < 0.05 or 0.01) (Fig. 3F-G). In mice receiving only TNBS as well as the L. acidophilus 
strain, administration of 3-MA did not significantly reduce the loss of body weight, the 
macroscopic and histological scores of inflammation, nor the plasmatic IL-6 concentration 
(Fig. 3B, C and E), while it significantly (p < 0.05 or 0.01) limited the protective effects induced 
by the L. rhamnosus A2.21 strain for all the parameters tested. This observation suggested 
that the blockage of the autophagy process prevented the anti-inflammatory effects induced 
by the L. rhamnosus strain. Interestingly, the daily injection of 3-MA led to an increased level 
of plasmatic IL-1β in all groups of mice, even with the animals that received the protective L. 
rhamnosus IPL A2.21 strain (Fig. 3F).

While TNBS treatment induced a significant decrease in zo-1 and occludin mRNA 
expression levels (p < 0.01) in control mice, the administration of selected strains could 
significantly restore expression of the genes encoding these tight junction (TJ) proteins (Fig. 
3G). In comparison to control TNBS-treated mice, a higher expression level was obtained with 
L. acidophilus, as reported previously [39]. The administration of 3-MA did not significantly 
affect the capacity of the strains to induce the expression of TJ genes.

The protective role of probiotic-treated BMDC is abolished after pharmacological inhibition 
of autophagy or using atg16l1-deficient cells
We previously demonstrated that the adoptive transfer of BMDCs pulsed in vitro with 

selected lactobacilli exhibited in vivo protection against colitis in mice [32]. In the present 
study, we confirmed that a single IP administration of BMDCs pulsed with L. rhamnosus 
IPL A2.21 rescued BALB/c mice from TNBS-induced colitis (105 mg TNBS/kg), while 
untreated DCs had no effect (Fig. 4). The protective ability of bacteria-treated BMDCs 
was characterized by a significant reduction of the weight loss (p < 0.01), decrease in 
macroscopic and histological scores of inflammation (p < 0.01 and p < 0.001, respectively) 
and a strong decrease of plasmatic IL-6 secretion (p < 0.01), while these parameters were not 
significantly changed in mice receiving untreated BMDCs (Fig. 4B-E). This was confirmed by 
measuring il6 and cxcl2 mRNA expression levels (Fig. 4G). We therefore evaluated the role of 
autophagy in the immune-regulatory capacities of L. rhamnosus-treated DCs by stimulating 
the BMDCs with the bacteria in the presence or absence of 3-MA before the adoptive transfer. 
L. rhamnosus-pulsed DCs, in the presence of 3-MA, were no longer able to protect mice from 
colitis. Body weight loss, macroscopic and histological scores of inflammation, plasmatic 
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Fig. 3. In vivo inhibition of autophagy limited the capacity of L. rhamnosus A2.21 to rescue mice from acute TNBS-induced 
colitis. (A) Experimental protocol used for the mouse model of acute colitis in BALB/c mice was induced by intrarectal 
administration of TNBS (105 mg/Kg), intragastric administration of bacteria and IP injection of 3-MA. (B) Body weight 
loss (as a percentage of the initial weight) (C) Macroscopic evaluation of colonic inflammation (Wallace score) (D) 
Representative histological sections (stained by May Grünwald Giemsa, 100X magnification) of mice treated (TNBS) or 
not (Healthy mice) with TNBS, and orally administrated or not with the selected strains and treated or not by IP injection 
of 3-MA (E) Histologic evaluation of colonic inflammation (Ameho score) (F) Plasmatic IL-6 and IL-1β concentrations 
measured by ELISA, two days after colitis induction (G) Gene expression of cxcl2, il6, tnfa, zo1, and occludin from colonic 
samples. Values are expressed as the relative mRNA levels of samples compared with colons from healthy mice. The data 
represent the mean values of each group (n=10) ± SEM. * and # refer to the comparison of bacteria-treated groups versus 
TNBS control group or TNBS group versus healthy mice, respectively; *p<0.05, **or## p<0.01, ***p<0.001.
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Fig. 4. The protective capacity of the adoptive transfer of L. rhamnosus-treated BMDC is abolished after pharmacological 
inhibition of autophagy (A) Experimental protocol used for the murine model of acute colitis in BALB/c mice induced by 
intrarectal administration of TNBS (105 mg/Kg) and adoptive transfer of BMDCs (B) Body weight loss (as a percentage 
of the initial weight) (C) Macroscopic evaluation of colonic inflammation (Wallace score) (D) Histologic evaluation of 
colonic inflammation (Ameho score) (E) Representative histological sections (stained by May Grünwald Giemsa, 100X 
magnification) of mice treated (TNBS) or not (Healthy mice) with TNBS, and IP treated with L. rhamnosus-pulsed or not 
BMDCs, treated or not with 3-MA (F) Plasmatic IL-6 concentrations, measured two days after colitis induction by ELISA 
(G) Gene expression of cxcl2, il6, tnfa, and il1b from colonic samples. Values are expressed as the relative mRNA levels 
of samples compared with colons from healthy mice. The data represent the mean values of each group (n=10) ± SEM. * 
and # refer to the comparison of BMDCs-treated groups versus TNBS control group or TNBS group versus healthy mice, 
respectively; # or *p<0.05, **or ## p<0.01, *** p<0.001.
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IL-6 levels and mRNA expression levels of pro-inflammatory cytokines and chemokines 
were not significantly different from those obtained from the control TNBS-treated group or 
the group receiving the BMDCs treated with 3-MA alone (Fig. 4B-G).

Similar results were obtained for C57BL/6 mice (Fig. 5), in which TNBS treatment (150 
mg/kg) induced severe colitis, resulting in an average weight loss of 14.93% (p < 0.001), a 
Wallace score of 6.07 ± 0.81 (p < 0.001) and strong colonic mRNA expression levels of the pro-
inflammatory genes encoding CXCL2, TNF-α, IL-1Β and IL-17, compared to untreated control 
mice (p < 0.001). The mice that received the DCs derived from wild-type (WT) and control 
(atg16l1flox/flox) mice or mice having myeloid cell-specific Atg16l1 deficiency (atg16l1flox/

floxCreLyz), which were not pulsed by the bacteria, did not show a significant difference 
compared with the control group treated with TNBS only. As obtained in the BALB/c mouse 
model, the adoptive transfer of L. rhamnous A2.21-pulsed WT and control BMDCs led to a 
significant protection, as shown by the reduction of the Wallace score (p < 0.01,) compared 

Fig. 5. The protective 
capacity of the adoptive 
transfer of L. rhamnosus-
treated BMDC is abolished 
in atg16l1-deficient 
cells (A) Body weight 
loss (as a percentage of 
the initial weight) (B) 
Macroscopic evaluation 
of colonic inflammation 
(Wallace score) (C) Gene 
expression of cxcl2, il6, 
tnfa, il1b and il17 from 
colonic samples. Values 
are expressed as the 
relative mRNA levels of 
samples compared with 
colons from healthy 
mice. The data represent 
the mean values of each 
group (n=10) ± SEM. * and 
# refer to the comparison 
of BMDCs-treated groups 
versus TNBS control 
group or TNBS group 
versus healthy mice, 
respectively; *p<0.05, 
**or ## p<0.01, ### 
p<0.001.
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to transferring L. rhamnous A2.21-pulsed Atg16l1-deficient BMDCs. This was confirmed by 
measuring the weight loss and the expression of pro-inflammatory genes.

Discussion

Inflammatory bowel disease (IBD) is a chronic immune disorder of unclear etiology, 
characterized by disruption of the epithelial barrier function and by chronic inflammation 
of the mucosa [1]. Multiple factors play a role in the pathogenesis of the disease, including 
genetic susceptibility, immunological and environmental factors and modification of the 
gut microbiota. GWAS have revealed numerous polymorphisms in autophagy-associated 
genes, providing growing evidence for a defective autophagy process in the pathogenesis 
of IBD, particularly in CD patients. Impaired autophagy has been observed in the damaged 
mucosa of IBD patients and in the mucosa of TNBS-treated mice [24]. Despite significant 
advances, current therapies for IBD remain inefficient or come with unacceptable long-term 
side effects and they predominantly target pathological immune responses rather than the 
potential causal factors. Given the growing interest in the role of autophagy in regulating gut 
homeostasis [40], it has become an attractive target for exploring the impact of therapeutic 
approaches that address the autophagy process. Promising results have been obtained 
by the administration of sirolimus (rapamycin) which led to a sustained improvement of 
disease symptoms in refractory CD patients, including reduced inflammation and improved 
endoscopic appearance [41]. Stimulation of autophagy using different pharmacological 
agents, such as rapamycin, betanin or trehalose, has also been shown to prevent the 
impaired autophagic flux induced by TNBS and to ameliorate murine colitis by inhibiting 
inflammation [42]. However, current therapies are often associated with adverse side effects. 
As a consequence, research attention is now focusing on alternative therapies, preferably 
based on natural and safe products. The capacity of probiotics to improve gut health has 
received considerable scientific interests for more than a century, and accumulating evidence 
has also supported their positive impact in the control of gut inflammation. Probiotics can 
exhibit their protective effects through different mechanisms, notably the modulation of 
the gut microbiota, the improvement of the gut barrier function and the modulation of the 
mucosal immune system, protecting the intestinal mucosa from pathogens. In the present 
study, we investigated the possibility that activation of autophagy might be involved in the 
anti-inflammatory capacities of selected lactobacilli and bifidobacteria that we previously 
highlighted to be protective in a TNBS-induced murine model of colitis [39].

The detection of LC3-labelled puncta by confocal microscopy allowed us to demonstrate 
that the selected strains were able to activate autophagy, except the L. reuteri strain. This was 
confirmed using western blots measuring the conversion of LC3I to LC3II. Notably the use 
of bafilomycin, which blocks the fusion between autophagosomes and lysosomes, allowed 
us to confirm autophagy activation. However, the effect remained difficult to quantify and 
differences among strains were difficult to establish. Few studies have so far evaluated the 
capacity of probiotics or commensal bacteria to activate autophagy. Lin et al. have reported 
that four different bifidobacteria were able to trigger autophagy in the epithelial IEC-18 rat 
cell line [43]. However, they did not correlate this ability to functional properties. A bioactive 
lysate derived from a Lactobacillus fermentum strain was also shown in vitro to activate 
autophagy in the human hepatoma cell line HepG2 and correlated to an in vitro protective 
effect against drug-induced toxicity [44]. The activation of autophagy was also reported with 
Bacillus amyloliquefaciens SC06 in the murine macrophage RAW264.7 cell line and was shown 
to be involved in the antibacterial activity of the probiotic which promoted the elimination of 
an E. coli strain [45]. Conversely, the probiotic L. rhamnosus GG strain was shown to inhibit 
Salmonella enterica serovar infantis-induced autophagy, which, in turn suppressed intestinal 
epithelial cell death and limited Salmonella translocation in LGG-pre-treated pigs [46]. In the 
same way, supernatant from a culture of a B. bifidum strain inhibited LPS-induced autophagy 
in IEC-18 cells and alleviated LPS-induced intestinal epithelial cell injury [47]. All these data 
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could indicate that probiotic-induced autophagy reactions may be different according to the 
strains used, the host cells tested or the different pathophysiological contexts, albeit useful 
as a novel mechanism through which they are able to promote and maintain gut homeostasis.

Autophagy is emerging as one of the critical effector mechanisms of the gut immune 
homeostasis, influencing antigen presentation by DCs [22], the inhibition of IL-1Β signaling 
[48], the regulation of inflammasome activation [16, 49] and Paneth cell function [17], 
among others [50]. We therefore evaluated the role of autophagy in the anti-inflammatory 
capacities of the selected probiotic strains. We showed that blocking the autophagy machinery 
using 3-MA or bafilomycin, respectively decreased or abandoned the release of the anti-
inflammatory cytokine IL-10 on PBMCs, following stimulation with different lactobacilli 
and bifidobacteria. Conversely, the blockage of autophagy led to a strong increase of IL-1β 
secretion, notably with the strains that induced low or moderate basal levels of this pro-
inflammatory cytokine (B. bifidum IPL A7.31, B. longum CMUL CXL 001, L. rhamnosus IPL 
A2.21, L. gasseri IPL A6.33 and L. reuteri 100-23). Also here the effect was more pronounced 
with bafilomycin. We observed a similar effect using BMDCs. Increased IL-1β production, 
following the blocking of autophagy or the loss of autophagy due to ATG16L1 deficiency in 
monocytes/macrophages, has been reported for the first time by Saitoh et al., suggesting 
that autophagy controls inflammasome activation. Even if 3-methyladenine (3-MA), a class-
III PI3K inhibitor, is the first autophagy inhibitor identified and widely used to demonstrate 
the role of autophagy [51], some data reported that this compound can also have stimulatory 
effects when used as prolonged period of treatment under nutrient-rich conditions [52]. In 
the same way, bafilomycin A1, a V-ATPase inhibitor, may have indirect effects on any acidified 
compartment [14]. This suggests that we cannot rule out autophagy-independent effects in 
our conclusions.

The levels of the proinflammatory cytokines IL-1β and IL-18 were also significantly 
elevated in the sera of DSS-treated atg16l1-deficient mice in comparison to the levels in the 
wild-type counterparts [16]. The authors confirmed by 3-MA administration, that blocking 
autophagy increased the levels of IL-1β in serum and worsened the survival rate of mice 
treated with DSS, suggesting that autophagy protects mice from massive inflammation 
during colitis. This has been confirmed in human PBMCs, showing that the inhibition of 
autophagy increased IL-1β production after toll-like receptor-2 (TLR2) or TLR4 stimulation, 
albeit through an inflammasome-independent pathway [53]. Inflammasomes are cytosolic 
multiprotein complexes involved in the release of inflammatory cytokines after sensing 
invading pathogens. The activation of pattern recognition receptor (PRRs), such as Nod-
like receptors (NLRs), triggers the assembly of inflammasome complexes, which lead to the 
recruitment of the Adaptor Protein Apoptosis-Associated Speck-Like Protein Containing 
CARD (ASC). The latter induces the activation of caspase-1 involved in the cleavage of the 
inactive precursors of IL-1β and IL-18. The subsequent maturation of these pro-inflammatory 
cytokines at the sites of infection or injury involves various physiological responses, including 
the recruitment of pro-inflammatory cells. Among the NLR inflammasome complexes, the 
NLRP3 inflammasome is the most widely characterized, as it is considered to be a crucial 
signaling pathway that controls the maturation of IL-1β and IL-18. A balanced regulation 
of the inflammasome activation and of induction of the IL-1 cytokine family is crucial to 
maintain immune homeostasis and allows to appropriately respond to pathogenic stimuli, 
while avoiding uncontrolled chronic inflammation. A growing body of evidence indicates 
that compromised autophagy causes aberrant activation of the inflammasomes, leading to 
the development of inflammatory diseases. Precise mechanisms remain to be elucidated but 
can involve mitochondrial dysfunctions and release of reactive oxygen species (ROS) which 
activate the inflammasome [54], as well as increased IL-1β secretion [49, 55]. Mice deficient 
for ATG16L1 in intestinal epithelial cells display abnormal Paneth cells with a lower amount 
of granules containing antibacterial defensins, while in turn display an increased IL-1β 
production [17]. Similarly, macrophages from knock-in (KI) mice bearing the Atg16l1T300A 
polymorphism exhibited defective autophagic induction and defects in bacterial clearance 
coupled with increased inflammasome cytokine (IL-1β) responses [56].
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To better address the role of autophagy in the anti-inflammatory capacity of selected 
strains, we evaluated the impact of an in vivo blockage using 3-MA concomitantly with oral 
administration of two Lactobacillus strains in the murine model of TNBS-induced colitis. 
We selected one strain that we previously showed to be protective through an induction of 
immune-regulatory response (L. rhamnosus A2.21) together with the capacity to restore the 
epithelial barrier, and the strain L. acidophilus CMUL067, which exhibited protective effect 
essentially through an important strengthening of the epithelial barrier and the restoration 
of TJ expression [39]. As expected, strains were able to counteract the TNBS-induced colitis, 
with a significant reduction of macroscopic and histological scores of inflammation, of the 
plasmatic levels of IL-6 and of the colonic mRNA expression levels of the pro-inflammatory 
cytokines and chemokines measured. The protective effects of L. rhamnosus A2.21 were 
significantly inhibited after treatment with 3-MA. As reported using pharmacological 
stimulation of autophagy [42], we can conclude that L. rhamnosus A2.21 strain can reduce 
gut inflammation by a mechanism involving autophagy, although other mechanisms cannot 
be ruled out. Moreover, a huge increase of the plasmatic level of IL-1β was observed in the 
mice that received the 3-MA, indicating that a loss of control of the inflammasome occurred 
after blocking the autophagy machinery, as previously reported [16, 42]. Interestingly, the 
blockage of autophagy did not affect the protective capacity of L. acidophilus CMUL067. This 
suggests that autophagy is involved in the immuno-regulatory capacity of lactobacilli but 
not in the protective abilities linked to strengthening the gut barrier functions. Epithelial 
autophagy has been implicated in barrier enforcement during Salmonella infection. Indeed 
autophagy deficiency in intestinal epithelial cells (IECs) led to increased pathogenic 
bacterial dissemination and inflammation [57, 58]. Using tissue-specific atg16l1 deficient 
mice, Pott et al. demonstrated that autophagy within the intestinal epithelium but not in 
myeloid cells, is involved in the maintenance of barrier integrity and limits inflammation in 
a model of chronic colitis [59]. Epithelial autophagy might also be a response mechanism 
to mucosal barrier dysfunction in severe acute pancreatitis, by preventing and reducing the 
oxidative stress. A cell-type-specific function of autophagy has been reported in the context 
of mucosal homeostasis. Impairment of autophagic function in IECs has been related mainly 
to Paneth cell dysfunction [60]. In myeloid cells, autophagy is implicated in regulation of 
proinflammatory cytokine response, particularly in secretion of inflammasome-dependent 
cytokines and ROS levels [16, 61]. Recent studies also revealed that autophagy is required 
for the survival and function of regulatory T-cells in the gut, important to maintain intestinal 
homeostasis [28]. Multiple cell types, notably epithelial versus hematopoietic cells, interact 
with commensal bacteria and can mount different and complementary functions in the 
gut. We previously observed that selected lactobacilli partially activated BMDCs, inducing 
regulatory DCs able to confer protection towards TNBS-induced colitis after adoptive transfer, 
in a NOD2-dependent manner [32, 62]. The protective effect was linked to the development 
of CD4+Foxp3+ regulatory T cells. Since DCs, the most potent antigen-presenting cells, are 
critical in initiating and maintaining immune homeostasis and tolerance, we investigated 
how autophagy can impact their function. As previously observed for a Lactobacillus 
salivarius strain, the adoptive transfer of BMDCs pulsed in vitro with L. rhamnosus A2.21 was 
able to confer protection in TNBS-treated mice, while untreated DCs had no effect. When 
DCs were stimulated by the bacteria in the presence of the autophagy inhibitor 3-MA, they 
were no longer able to rescue mice from colitis. This was also confirmed using L. rhamnosus-
pulsed atg16l1-deficient BMDCs, which lost their protective capacity in comparison to L. 
rhamnosus-pulsed DCs derived from WT or control mice. This indicated that autophagy is 
involved in the capacity of the selected strain to induce regulatory DCs and that this cellular 
process is important for DCs to exhibit their function in the gut.

Autophagy has been shown to be involved in DC functions at several levels: antigen 
presentation, cytokine production, DC migration and maturation and T-cell activation. 
Notably, autophagy has been associated with a positive role in the tolerogenic maturation of 
DCs [27]. Specific disruption of autophagy in CD11c+ DCs exacerbated DSS-induced murine 
colitis with increased induction of the pro-inflammatory cytokines IL-1β and TNF-α. This 
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Atg16l1 deficiency led to increase in ROS production and was proposed as a novel protective 
pathway during gut inflammation [26]. Using DC-IEC co-culture on transwell inserts, it has 
also been demonstrated that the blockage of autophagy through the use of siRNA led to 
abnormal DC-IEC interactions [63].

Conclusion

Considering the complex cross talk between the host and the gut microbiota, it is now 
well recognized that autophagy can be involved in gut homeostasis maintenance at different 
levels. Our study has revealed for the first time that this cellular machinery is involved in 
the anti-inflammatory capacities of selected potential probiotic strains and particularly 
in their capacities to induce immune-regulatory responses, notably regulatory DCs. Even 
if it remains important to dig deeper into the mechanisms involved, we can conclude that 
autophagy should be added as a novel criteria for probiotic selection in the management of 
IBD.

Acknowledgements

The authors thank the staff of the animal facility of the Institut Pasteur de Lille and the 
BioImaging Center of Lille, and particularly Elisabeth Werkmeister.

Funding sources
This study was funded by the Association François Aupetit, the Institut Pasteur de 

Lille, the « Centre National de la Recherche Scientifique » (CNRS) and the University of Lille.                      
M. Zaylaa received a PhD grant from the Agence Universitaire de la Francophonie and from 
the University of Lille. Financial support for this work was also provided by the Agence 
Nationale de la Recherche (ImaginEx Biomed project, ANR-10-EQPX-04-01).

Author contributions
MZ conceived the design and realization of the experimental work, analysis and 

interpretation of the data, discussion and writing of the manuscript. CG coordinated the 
work, participated to the animal experimental procedures, analysis of results, discussion 
and writing of the manuscript. JA initiated the work and participated to experimental 
experiments. VP, DB and JD participated to animal and cellular experiments. PR and HG 
provided the atg16l1-deficient mice and participated to the discussion and writing of the 
manuscript. BP, IAK, FD helped in the discussion and writing of the manuscript. All the 
authors contributed to the critical review of the manuscript and approved its final version.

Disclosure Statement

The authors declare that they have no conflicts of interests.

References

1 Maloy KJ, Powrie F: Intestinal homeostasis and its breakdown in inflammatory bowel disease. Nature 
2011;474:298–306. 

2  Ott SJ, Musfeldt M, Wenderoth DF, Hampe J, Brant O, Fölsch UR, Timmis KN, Schreiber S: Reduction in 
diversity of the colonic mucosa associated bacterial microflora in patients with active inflammatory bowel 
disease. Gut 2004;53:685–693. 



Cell Physiol Biochem 2019;53:774-793
DOI: 10.33594/000000172
Published online: 25 October 2019 790

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Zaylaa et al.: Probiotics and Autophagy in IBD

3  Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG, Gratadoux JJ, Blugeon S, Bridonneau 
C, Furet JP, Corthier G, Grangette C, Vasquez N, Pochart P, Trugnan G, Thomas G, Blottière HM, Doré J, 
Marteau P, Seksik P, Langella P: Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium 
identified by gut microbiota analysis of Crohn disease patients. Proc Natl Acad Sci U S A 2008;105:16731–
16736. 

4  Darfeuille-Michaud A: Adherent-invasive Escherichia coli: a putative new E. coli pathotype associated with 
Crohn’s disease. Int J Med Microbiol 2002;292:185–193. 

5  Chu H, Khosravi A, Kusumawardhani IP, Kwon AHK, Vasconcelos AC, Cunha LD, Mayer AE, Shen Y, Wu 
WL, Kambal A, Targan SR, Xavier RJ, Ernst PB, Green DR, McGovern DP, Virgin HW, Mazmanian SK: 
Gene-microbiota interactions contribute to the pathogenesis of inflammatory bowel disease. Science 
2016;352:1116–1120. 

6  Liu JZ, van Sommeren S, Huang H, Ng SC, Alberts R, Takahashi A, Ripke S, Lee JC, Jostins L, Shah T, Abedian 
S, Cheon JH, Cho J, Dayani NE, Franke L, Fuyuno Y, Hart A, Juyal RC, Juyal G, Kim WH, et al.: Association 
analyses identify 38 susceptibility loci for inflammatory bowel disease and highlight shared genetic risk 
across populations. Nat Genet 2015;47:979–986. 

7  Hugot JP, Chamaillard M, Zouali H, Lesage S, Cézard JP, Belaiche J, Almer S, Tysk C, O’Morain CA, Gassull 
M, Binder V, Finkel Y, Cortot A, Modigliani R, Laurent-Puig P, Gower-Rousseau C, Macry J, Colombel JF, 
Sahbatou M, Thomas G: Association of NOD2 leucine-rich repeat variants with susceptibility to Crohn’s 
disease. Nature 2001;411:599–603. 

8  Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K, Albrecht M, Mayr G, De La Vega FM, Briggs J, 
Günther S, Prescott NJ, Onnie CM, Häsler R, Sipos B, Fölsch UR, Lengauer T, Platzer M, Mathew CG, Krawczak 
M, et al.: A genome-wide association scan of nonsynonymous SNPs identifies a susceptibility variant for 
Crohn disease in ATG16L1. Nat Genet 2007;39:207–211. 

9  Parkes M, Barrett JC, Prescott NJ, Tremelling M, Anderson CA, Fisher SA, Roberts RG, Nimmo ER, Cummings 
FR, Soars D, Drummond H, Lees CW, Khawaja SA, Bagnall R, Burke DA, Todhunter CE, Ahmad T, Onnie CM, 
McArdle W, Strachan D, et al.: Sequence variants in the autophagy gene IRGM and multiple other replicating 
loci contribute to Crohn’s disease susceptibility. Nat Genet 2007;39:830–832. 

10  Lees CW, Barrett JC, Parkes M, Satsangi J: New IBD genetics: common pathways with other diseases. Gut 
2011;60:1739–1753. 

11  Mizushima N, Levine B: Autophagy in mammalian development and differentiation. Nat Cell Biol 
2010;12:823–830. 

12  Yang Z, Klionsky DJ: An overview of the molecular mechanism of autophagy. Curr Top Microbiol Immunol 
2009;335:1–332. 

13  Deretic V: Autophagosome and phagosome. Methods Mol Biol 2008; 445:1–10. 
14  Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo Arozena A, Adachi H, Adams CM, 

Adams PD, Adeli K, Adhihetty PJ, Adler SG, Agam G, Agarwal R, Aghi MK, Agnello M, Agostinis P, Aguilar 
PV, Aguirre-Ghiso J, Airoldi EM, Ait-Si-Ali S, et al.: Guidelines for the use and interpretation of assays for 
monitoring autophagy (3rd edition). Autophagy 2016;12:1–222. 

15  Münz C: Autophagy proteins in antigen processing for presentation on MHC molecules. Immunol Rev 
2016;272:17–27. 

16  Saitoh T, Fujita N, Jang MH, Uematsu S, Yang B-G, Satoh T, Omori H, Noda T, Yamamoto N, Komatsu M, 
Tanaka K, Kawai T, Tsujimura T, Takeuchi O, Yoshimori T, Akira S: Loss of the autophagy protein Atg16L1 
enhances endotoxin-induced IL-1beta production. Nature 2008;456:264–268. 

17  Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh J, Lennerz JK, Kishi C, Kc W, Carrero JA, Hunt S, Stone CD, Brunt 
EM, Xavier RJ, Sleckman BP, Li E, Mizushima N, Stappenbeck TS, Virgin HW: A key role for autophagy and 
the autophagy gene Atg16l1 in mouse and human intestinal Paneth cells. Nature 2008;456:259–263. 

18  Matsuzawa-Ishimoto Y, Shono Y, Gomez LE, Hubbard-Lucey VM, Cammer M, Neil J, Dewan MZ, Lieberman 
SR, Lazrak A, Marinis JM, Beal A, Harris PA, Bertin J, Liu C, Ding Y, van den Brink MRM, Cadwell K: 
Autophagy protein ATG16L1 prevents necroptosis in the intestinal epithelium. J Exp Med 2017;214:3687–
3705. 

19  Aden K, Tran F, Ito G, Sheibani-Tezerji R, Lipinski S, Kuiper JW, Tschurtschenthaler M, Saveljeva S, 
Bhattacharyya J, Häsler R, Bartsch K, Luzius A, Jentzsch M, Falk-Paulsen M, Stengel ST, Welz L, Schwarzer R, 
Rabe B, Barchet W, Krautwald S, Hartmann G, et al.: ATG16L1 orchestrates interleukin-22 signaling in the 
intestinal epithelium via cGAS-STING. J Exp Med 2018;215:2868–2886. 



Cell Physiol Biochem 2019;53:774-793
DOI: 10.33594/000000172
Published online: 25 October 2019 791

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Zaylaa et al.: Probiotics and Autophagy in IBD

20  Deretic V: Autophagy in infection. Curr Opin Cell Biol 2010;22:252–262. 
21  Travassos LH, Carneiro LA, Ramjeet M, Hussey S, Kim Y-G, Magalhães JG, Yuan L, Soares F, Chea E, Le 

Bourhis L, Boneca IG, Allaoui A, Jones NL, Nuñez G, Girardin SE, Philpott DJ: Nod1 and Nod2 direct 
autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry. Nat Immunol 
2010;11:55–62. 

22  Cooney R, Baker J, Brain O, Danis B, Pichulik T, Allan P, Ferguson DJ, Campbell BJ, Jewell D, Simmons 
A: NOD2 stimulation induces autophagy in dendritic cells influencing bacterial handling and antigen 
presentation. Nat Med 2010;16:90–97. 

23  Lapaquette P, Glasser A-L, Huett A, Xavier RJ, Darfeuille-Michaud A: Crohn’s disease-associated adherent-
invasive E. coli are selectively favoured by impaired autophagy to replicate intracellularly. Cell Microbiol 
2010;12:99–113. 

24  Ortiz-Masiá D, Cosín-Roger J, Calatayud S, Hernández C, Alós R, Hinojosa J, Apostolova N, Alvarez A, 
Barrachina MD: Hypoxic macrophages impair autophagy in epithelial cells through Wnt1: relevance in IBD. 
Mucosal Immunol 2014;7:929–938. 

25  Takahama M, Akira S, Saitoh T: Autophagy limits activation of the inflammasomes. Immunol Rev 
2018;281:62–73. 

26  Zhang H, Zheng L, Chen J, Fukata M, Ichikawa R, Shih DQ, Zhang X: The protection role of Atg16l1 in 
CD11c+dendritic cells in murine colitis. Immunobiology 2017;222:831–841. 

27  Ghislat G, Lawrence T: Autophagy in dendritic cells. Cell Mol Immunol 2018;15:944-952.
28  Kabat AM, Harrison OJ, Riffelmacher T, Moghaddam AE, Pearson CF, Laing A, Abeler-Dörner L, Forman SP, 

Grencis RK, Sattentau Q, Simon AK, Pott J, Maloy KJ: The autophagy gene Atg16l1 differentially regulates 
Treg and TH2 cells to control intestinal inflammation. eLife 2016;5:e12444. 

29  Mijan MA, Lim BO: Diets, functional foods, and nutraceuticals as alternative therapies for inflammatory 
bowel disease: Present status and future trends. World J Gastroenterol 2018;24:2673–2685. 

30  Alard J, Peucelle V, Boutillier D, Breton J, Kuylle S, Pot B, Holowacz S, Grangette C: New probiotic strains for 
inflammatory bowel disease management identified by combining in vitro and in vivo approaches. Benef 
Microbes 2018;9:317–331. 

31  Foligne B, Nutten S, Grangette C, Dennin V, Goudercourt D, Poiret S, Dewulf J, Brassart D, Mercenier A, Pot 
B: Correlation between in vitro and in vivo immunomodulatory properties of lactic acid bacteria. World J 
Gastroenterol 2007;13:236–243. 

32  Foligne B, Zoumpopoulou G, Dewulf J, Ben Younes A, Chareyre F, Sirard J-C, Pot B, Grangette C: A key role of 
dendritic cells in probiotic functionality. PloS One 2007;2:e313. 

33  Yamamoto A, Tagawa Y, Yoshimori T, Moriyama Y, Masaki R, Tashiro Y: Bafilomycin A1 prevents maturation 
of autophagic vacuoles by inhibiting fusion between autophagosomes and lysosomes in rat hepatoma cell 
line, H-4-II-E cells. Cell Struct Funct 1998;23:33–42. 

34  Lutz MB, Kukutsch N, Ogilvie AL, Rössner S, Koch F, Romani N, Schuler G: An advanced culture method for 
generating large quantities of highly pure dendritic cells from mouse bone marrow. J Immunol Methods 
1999;223:77–92. 

35  Wallace JL, MacNaughton WK, Morris GP, Beck PL: Inhibition of leukotriene synthesis markedly accelerates 
healing in a rat model of inflammatory bowel disease. Gastroenterology 1989;96:29–36. 

36  Ameho CK, Adjei AA, Harrison EK, Takeshita K, Morioka T, Arakaki Y, Ito E, Suzuki I, Kulkarni AD, Kawajiri 
A, Yamamoto S: Prophylactic effect of dietary glutamine supplementation on interleukin 8 and tumour 
necrosis factor alpha production in trinitrobenzene sulphonic acid induced colitis. Gut 1997;41:487–493. 

37  Mizushima N, Yoshimori T, Levine B: Methods in mammalian autophagy research. Cell 2010;140:313–326. 
38  Petiot A, Ogier-Denis E, Blommaart EF, Meijer AJ, Codogno P: Distinct classes of phosphatidylinositol 

3’-kinases are involved in signaling pathways that control macroautophagy in HT-29 cells. J Biol Chem 
2000;275:992–998. 

39  Zaylaa M, Al Kassaa I, Alard J, Peucelle V, Boutillier D, Desramaut J, Dabboussi F, Pot B, Grangette C: 
Probiotics in IBD: Combining in vitro and in vivo models for selecting strains with both anti-inflammatory 
potential as well as a capacity to restore the gut epithelial barrier. J Funct Foods 2018;47:304–315. 

40  Haq S, Grondin J, Banskota S, Khan WI: Autophagy: roles in intestinal mucosal homeostasis and 
inflammation. J Biomed Sci 2019;26:19.



Cell Physiol Biochem 2019;53:774-793
DOI: 10.33594/000000172
Published online: 25 October 2019 792

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Zaylaa et al.: Probiotics and Autophagy in IBD

41  Massey DCO, Bredin F, Parkes M: Use of sirolimus (rapamycin) to treat refractory Crohn’s disease. Gut 
2008;57:1294–1296. 

42  Macias-Ceja DC, Cosín-Roger J, Ortiz-Masiá D, Salvador P, Hernández C, Esplugues JV, Calatayud S, 
Barrachina MD: Stimulation of autophagy prevents intestinal mucosal inflammation and ameliorates 
murine colitis. Br J Pharmacol 2017;174:2501–2511. 

43  Lin R, Jiang Y, Zhao XY, Guan Y, Qian W, Fu XC, Ren HY, Hou XH: Four types of Bifidobacteria trigger 
autophagy response in intestinal epithelial cells. J Dig Dis 2014;15:597–605. 

44  Dinić M, Lukić J, Djokić J, Milenković M, Strahinić I, Golić N, Begović J: Lactobacillus fermentum Postbiotic-
induced Autophagy as Potential Approach for Treatment of Acetaminophen Hepatotoxicity. Front Microbiol 
2017;8:594

45  Wu Y, Wang Y, Zou H, Wang B, Sun Q, Fu A, Wang Y, Wang Y, Xu X, Li W: Probiotic Bacillus amyloliquefaciens 
SC06 Induces Autophagy to Protect against Pathogens in Macrophages. Front Microbio 2017;8:469. 

46  Zhang W, Zhu Y-H, Yang G-Y, Liu X, Xia B, Hu X, Su JH, Wang JF: Lactobacillus rhamnosus GG Affects 
Microbiota and Suppresses Autophagy in the Intestines of Pigs Challenged with Salmonella Infantis. Front 
Microbiol 2017;8:2705. 

47  Han C, Ding Z, Shi H, Qian W, Hou X, Lin R: The Role of Probiotics in Lipopolysaccharide-Induced Autophagy 
in Intestinal Epithelial Cells. Cell Physiol Biochem Int J Exp Cell Physiol Biochem Pharmacol 2016;38:2464–
2478. 

48  Lee J, Kim HR, Quinley C, Kim J, Gonzalez-Navajas J, Xavier R, Raz E: Autophagy suppresses interleukin-1β 
(IL-1β) signaling by activation of p62 degradation via lysosomal and proteasomal pathways. J Biol Chem 
2012 287:4033–1040. 

49  Harris J, Hartman M, Roche C, Zeng SG, O’Shea A, Sharp FA, Lambe EM, Creagh EM, Golenbock DT, Tschopp J, 
Kornfeld H, Fitzgerald KA, Lavelle EC: Autophagy controls IL-1beta secretion by targeting pro-IL-1beta for 
degradation. J Biol Chem 2011;286:9587–9597. 

50  Deretic V: Autophagy in immunity and cell-autonomous defense against intracellular microbes. Immunol 
Rev 2011;240:92–104. 

51  Heckmann BL, Yang X, Zhang X, Liu J: The autophagic inhibitor 3-methyladenine potently stimulates PKA-
dependent lipolysis in adipocytes. Br J Pharmacol 2013;168:163–171. 

52  Wu YT, Tan HL, Shui G, Bauvy C, Huang Q, Wenk MR, Ong CN, Codogno P, Shen HM: Dual role of 
3-methyladenine in modulation of autophagy via different temporal patterns of inhibition on class I and III 
phosphoinositide 3-kinase. J Biol Chem 2010;285:10850–10861. 

53  Crişan TO, Plantinga TS, van de Veerdonk FL, Farcaş MF, Stoffels M, Kullberg B-J, van der Meer JW, Joosten 
LA, Netea MG: Inflammasome-independent modulation of cytokine response by autophagy in human cells. 
PloS One 2011;6:e18666. 

54  Nakahira K, Haspel JA, Rathinam VAK, Lee S-J, Dolinay T, Lam HC, Englert JA, Rabinovitch M, Cernadas 
M, Kim HP, Fitzgerald KA, Ryter SW, Choi AM: Autophagy proteins regulate innate immune responses by 
inhibiting the release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol 2011 
12:222–230. 

55  Dupont N, Jiang S, Pilli M, Ornatowski W, Bhattacharya D, Deretic V: Autophagy-based unconventional 
secretory pathway for extracellular delivery of IL-1β. EMBO J 2011;30:4701–4711. 

56  Gao P, Liu H, Huang H, Zhang Q, Strober W, Zhang F: The Inflammatory Bowel Disease-Associated 
Autophagy Gene Atg16L1T300A Acts as a Dominant Negative Variant in Mice. J Immunol 1950 
2017;198:2457–2467. 

57  Benjamin JL, Sumpter R, Levine B, Hooper LV: Intestinal epithelial autophagy is essential for host defense 
against invasive bacteria. Cell Host Microbe 2013;13:723–734. 

58  Conway KL, Kuballa P, Song J-H, Patel KK, Castoreno AB, Yilmaz OH, Jijon HB, Zhang M, Aldrich LN, 
Villablanca EJ, Peloquin JM, Goel G, Lee IA, Mizoguchi E, Shi HN, Bhan AK, Shaw SY, Schreiber SL, Virgin HW, 
Shamji AF, et al.: Atg16l1 is required for autophagy in intestinal epithelial cells and protection of mice from 
Salmonella infection. Gastroenterology 2013;145:1347–1357. 

59  Pott J, Kabat AM, Maloy KJ: Intestinal Epithelial Cell Autophagy Is Required to Protect against TNF-Induced 
Apoptosis during Chronic Colitis in Mice. Cell Host Microbe 2018;23:191-202.e4. 



Cell Physiol Biochem 2019;53:774-793
DOI: 10.33594/000000172
Published online: 25 October 2019 793

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Zaylaa et al.: Probiotics and Autophagy in IBD

60  Adolph TE, Tomczak MF, Niederreiter L, Ko HJ, Böck J, Martinez-Naves E, Glickman JN, Tschurtschenthaler 
M, Hartwig J, Hosomi S, Flak MB, Cusick JL, Kohno K, Iwawaki T, Billmann-Born S, Raine T, Bharti R, Lucius 
R, Kweon MN, Marciniak SJ, et al.: Paneth cells as a site of origin for intestinal inflammation. Nature 
2013;503:272–276. 

61  Lassen KG, Kuballa P, Conway KL, Patel KK, Becker CE, Peloquin JM, Villablanca EJ, Norman JM, Liu TC, 
Heath RJ, Becker ML, Fagbami L, Horn H, Mercer J, Yilmaz OH, Jaffe JD, Shamji AF, Bhan AK, Carr SA, Daly 
MJ, et al.: Atg16L1 T300A variant decreases selective autophagy resulting in altered cytokine signaling and 
decreased antibacterial defense. Proc Natl Acad Sci U S A 2014;111:7741–7746. 

62  Macho Fernandez E, Valenti V, Rockel C, Hermann C, Pot B, Grangette C: Anti-inflammatory capacity 
of selected lactobacilli in experimental colitis is driven by NOD2-mediated recognition of a specific 
peptidoglycan-derived muropeptide. Gut 2011;60:1050–1059. 

63  Strisciuglio C, Duijvestein M, Verhaar AP, Vos ACW, van den Brink GR, Hommes DW, Wildenberg ME: 
Impaired autophagy leads to abnormal dendritic cell-epithelial cell interactions. J Crohns Colitis 
2018:7:534–541. 


	_Hlk17885313

