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Lactobacillus reuteri 5454 and
Bifidobacterium animalis ssp.
lactis 5764 improve colitis while
differentially impacting dendritic
cells maturation and antimicrobial
responses

Jifi Hrdy'®, Jeanne Alard?, Aurelie Couturier-Maillard®3, Olivier Boulard?, Denise Boutillier?,
Myriam Delacre!, Carmen Lapadatescu®, Annabelle Cesaro?, Philippe Blanc*, Bruno Pot®,
Bernhard Ryffel>3®, Mathias Chamaillard'-’:%* & Corinne Grangette’&*

Crohn’s disease is linked to a decreased diversity in gut microbiota composition as a potential
consequence of an impaired anti-microbial response and an altered polarization of T helper cells.

Here, we evaluated the immunomodulatory properties of two potential probiotic strains, namely a
Bifidobacterium animalis spp. lactis Bl 5764 and a Lactobacillus reuteri Lr 5454 strains. Both strains
improved colitis triggered by either 2, 4,6-trinitrobenzenesulfonic acid (TNBS) or Citrobacter rodentium
infection in mice. Training of dendritic cells (DC) with Lr 5454 efficiently triggered IL-22 secretion and
regulatory T cells induction in vitro, while IL-17A production by CD4* T lymphocytes was stronger when
cultured with DCs that were primed with Bl 5764. This strain was sufficient for significantly inducing
expression of antimicrobial peptides in vivo through the Crohn’s disease predisposing gene encoding
for the nucleotide-binding oligomerization domain, containing protein 2 (NOD2). In contrast, NOD2
was dispensable for the impact on antimicrobial peptide expression in mice that were monocolonized
with Lr 5454. In conclusion, our work highlights a differential mode of action of two potential probiotic
strains that protect mice against colitis, providing the rational for a personalized supportive preventive
therapy by probiotics for individuals that are genetically predisposed to Crohn’s disease.

Crohn’s disease (CD) is a polygenic form of inflammatory bowel disease (IBD) that affects millions of individuals
worldwide. The CD-associated inflammatory lesions are thought to be influenced by environmental factors and
have a tendency to develop where the bacterial load is the highest'. Since several changes of the gut microbi-
ota composition have been linked to the development of CD??, antibiotic treatment has been used in some CD
patients in order to limit the development of associated harmful bacteria such as pathogenic strains of Escherichia
coli and many others*. However, antibiotic treatment often worsened the underlying bacterial dysbiosis®. At
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present, the therapeutic management of CD remains not curative and far from optimal. Specifically, 25-30% of
patients fail to respond to the currently used biologics and/or to immunosuppressive drugs, resulting in accumu-
lation of adverse events, including malignancies and serious infections. An effective prophylactic approach would
therefore be extremely important, especially if not accompanied by negative side effects.

CD patients primarily experienced transmural inflammatory lesions at the terminal ileum, where Paneth cells
are found more numerous. Clinical studies in CD patients have linked some alterations in the bacterial compo-
sition of the gut microbiota and Endoplasmic Reticulum (ER) stress with necroptosis and defects in the antimi-
crobial activity of Paneth cells®-. Meanwhile, recent genome-wide association studies revealed variants in genes
that converge to an impairment of the functionality of Paneth cells’. Notably, the protection of stem cells and the
secretion of antimicrobial peptides by Paneth cells are impaired in the absence of functional nucleotide-binding
oligomerization domain, containing protein 2 (NOD2) - the gene of which is found mutated in more than a third
of CD patients of European origin'®-'2. These findings reinforce the notion that decreased secretion of antimicro-
bial peptides in CD may account for excessive inflammation and necroptosis of Paneth cells through a defective
local microbial killing’, which is the basis of CD. Given that most current therapies for CD failed to modulate lev-
els of antimicrobial peptides in CD'?, we investigated whether selected bacterial strains with potential probiotic
activities may restore the antimicrobial response protecting mice against colitis.

Multiple studies investigated the use of probiotics to restore the diversity of the gut microbiota composition in
order to replace and/or improve conventional IBD therapies'*!*. Probiotic supplementation was successfully used
in preventing pouchitis following ileal pouch anal anastomosis surgery in patients with ulcerative colitis (UC).
In contrast, clinical trials with probiotics failed in CD for yet unknown reasons. We have previously shown that
selected probiotics exhibit anti-inflammatory capacities in a NOD2-dependent manner'. This NOD2-dependent
beneficial effect of probiotics could at least in part explain the failure of probiotics administered to CD patients
bearing loss-of-function mutations in NOD2. Thus, there is a strong incentive to select probiotic strains that
could help to prevent CD development independently of the NOD2 signaling pathway. Particularly, inclusion of
additional criteria in the selection procedure should be considered, such as their capacity to induce regulatory T
cells (referred herein as Treg) and antimicrobial peptide responses or to strengthen the gut barrier!®!”.

In the present study, two strains were selected from the Bioprox strain collection, L. reuteri 5454 (referred
herein as Lr 5454) and Bifidobacterium animalis spp. lactis 5764 (referred herein as Bl 5764). The aforementioned
strains were selected out of fifteen for their capacity to exhibit in vitro a strong anti-inflammatory profile (eg.
high induction of IL-10 after stimulation of human peripheral blood mononuclear cells, data not shown). We
evaluated both in vitro and in vivo their capacities to alleviate disease severity and their mode of action. Since spe-
cific lactobacilli, among which Lactobacillus reuteri, have recently been shown to exhibit tryptophan-catabolizing
functionality, contributing to aryl hydrocarbon receptor (AHR)-dependent II-22 transcription by group 3 innate
lymphoid cells'®, we were also interested to evaluate whether the administration of such probiotic may modulate
T helper cells polarization, known to be a critical mediator of mucosal host defense and tissue repair.

In this paper, the anti-inflammatory capacities of strains Lr 5454 and Bl 5764 were demonstrated in vivo using
a mouse model of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced acute colitis and a Citrobacter rodentium
infection model. Further, the potential of both strains to promote dendritic cell maturation and either IL-17A,
IL-22 or FoxP3* regulatory T cells was assessed. Next, the capacity of the selected strains to induce antimicrobial
peptides was inspected in vivo and we evaluated whether this effect relied on the IL-22/17 signaling pathways
and/or on the ability of NOD2 to sense such potential probiotic strains. To this end, germ-free mice, which are
deficient in either NOD?2, IL-22 or IL-17, were used for a better understanding of the intrinsic potential of the
selected strains to induce antimicrobial responses, independently of the gut microbiota.

Results

Selected strains improve severity of TNBS-induced acute colitis in mice. To evaluate the anti-in-
flammatory capacity of strains Bl 5764 and Lr 5454, we used a murine model of acute TNBS-induced colitis".
Probiotic treatment before colitis induction did not affect the growth of the mice as depicted in Supplementary
Fig. 1A. As expected, TNBS-induced loss of body weight and strong macroscopic (Wallace) and histologic
(Ameho) scores of inflammation in the colon (Fig. 1A-F). Both strains alleviated colitis symptoms, Bl 5764 being
the most efficient, with a significant improvement of body weight loss (p < 0.01) and macroscopic (p < 0.001)
score of inflammation (Fig. 1A-C). The results were corroborated strongly with the measurement of fecal lipoca-
lin 2 which was decreased in probiotic-treated mice (Fig. 1D). Importantly, the lipocalin 2 levels correlated with
Wallace scores considering all groups of mice (Spearman correlation coefficient r =0. 9089, p < 0.0001, Fig. 1E)
and also for every individual group (control TNBS group: Spearman correlation coefficient r =0.7212, p=0.0335;
Bl 5764 group: Spearman correlation coefficient r =0.9291, p=0.0001; Lr 5454 group: Spearman correlation
coefficient r =1, p < 0.0001). Both strains were able to improve TNBS-induced lesions at the histological level
(Fig. 1C,F) and could significantly dampen gene expression of pro-inflammatory mediators in a similar manner
(I1b, p < 0.05 and 0.01; 16, p < 0.05 and 0.01; Mip2, p < 0.001, Tnfa, p < 0.01 and 0.0001, for Bl 5764 and Lr 5454,
respectively, Fig. 1G-]). While the IL-17 and IL-22 protein level remained unchanged (Supplementary Fig. 1B,C),
induction of colitis by TNBS significantly enhanced the transcription level of 1122 which was inhibited by both
strains (Supplementary Fig. 1D). However, no significant impact was noticed on the transcript level of either Ahr
or 1123 (Supplementary Fig. 1E,F).

Both potential probiotics significantly alleviate inflammatory responses in the C. rodentium
infection model. To evaluate the anti-inflammatory and possibly anti-infectious capacities of the strains, we
next used a mouse model of C. rodentium infection, mimicking human infection with enteropathogenic (EPEC)
and enterohemorrhagic Escherichia coli (EHEC). In comparison to the non-treated control group, the treatment
with the two strains had no effect on C. rodentium colonization levels, measured at different time points post
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Figure 1. Protective effect of selected strains in a mouse model of TNBS-induced colitis. Individual bacterial
strains Lr 5454 and B1 5764 (5 x 10® CFU of each) or PBS were daily administered for 5 days before and 1

day after TNBS induction to BALB/c mice which were sacrificed 48 hrs after colitis induction. (A) Weight

loss was evaluated as a percentage of the initial weight at the day of sacrifice; (B) Macroscopic description of
inflammation (Wallace score). C) Histological analyses of inflammation (Ameho score). (D) Detection of
lipocalin-2 in feces by ELISA and E) correlation of lipocalin-2 with Wallace score. (F) Representative histology
of May-Griinwald stained sections (x10) of the distal colon from mice with acute TNBS-induced colitis that
have been administered or not with bacteria. (G-J) Colonic gene expression of inflammatory markers followed
by qRT-PCR (Il1b, Il6, Mip2 and Tnfa). Typical data of one of the two independent experiments is shown (10
mice per group). The values are expressed as mean &+ SEM. *Refers to the comparisons of bacteria-treated
groups versus the TNBS control group; *p < 0.05, **p < 0.01, ***p < 0.001.

infection (Fig. 2A). In contrast, measurements of lipocalin2 did show an anti-inflammatory effect of both strains
at day 5 and 7 post-infection (Fig. 2B-D). Lipocalin2, as a surrogate marker of inflammation was partially corre-
lating with the load of C. rodentium at day five post-infection, even if it failed to reach significance (Fig. 1E). C.
rodentium infection was characterized by lowered colon length and colonic crypt hyperplasia in comparison to
healthy mice (Fig. 2F-G, p < 0.001). Both colon and crypt lengths of mice treated with the bacterial strains were
markedly reduced (Fig. 2F-G). The anti-inflammatory effect of both strains was corroborated by a significant
downregulation for the expression of I11b, 1l6 and Tnfa at 9 days of infection, as depicted in Fig. 2H-]J. No signifi-
cant differences in either the transcription levels of Ahr, 123 and II22 or the protein levels of both IL-17 and IL-22
were observed in the colon of any mice (data not shown). Therefore, both commensal strains seemed to mark-
edly improve inflammation in the C. rodentium infection model, despite no measurable impact on colonization
resistance.

The selected bacterial strains impact on the polarization of T helper and regulatory cells by
modulating the dendritic cell function. Besides epithelial sensing, we reasoned that immune responses
may also be strengthened through direct activation of dendritic cells and/or group 3 innate lymphoid cells by
AHR ligands that could be secreted by these probiotics, as previously reported'®. To evaluate whether these pro-
biotics may also promote a Th17 response, reflected by IL-17A and IL-22 production, we pulsed bone marrow
derived DCs from C57BL/6] mice (Supplementary Fig. 2) with the bacteria for 24 hrs (bacteria/cells ratio of
10:1). The two strains exerted different effects on their maturation (Fig. 3A-B). Notably, high levels of CD40,
CD80, CD86 and MHCII were observed in response to strain Bl 5764 in comparison to non-stimulated cells,
while no significant induction of all the maturation markers was observed in response to strain Lr 5454 sug-
gesting a different capacity to prime either Treg or Th17 responses (Fig. 3A-B). This led us to further assess the
regulatory action of such bacteria by evaluating their impact on the induction of Treg cells that have been found
to mediate the anti-allergenic effect of some L. reuteri strain®. To this end, probiotic-stimulated bone marrow
derived DCs were cultured with naive CD4" CD25" T cells for 6 days (Supplementary Fig. 3) and the phenotype
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Figure 2. Protective capacities of selected strains in a mouse model of C. rodentium infection. Individual
bacterial strains Lr 5454, and Bl 5764 (5 x 108 CFU of each) were daily administered 5 days prior to infection
until the day of sacrifice to C57BL/6] mice (n =10 mice per group), while control infected or non-infected
(control) mice received only PBS. Mice were orally inoculated with 1 x 10° CFU C. rodentium at day 0,
sacrificed 9 days after infection and compared to non-infected control mice. (A) Bacterial load was assessed in
the feces over the course of the experiment. (B) Detection of lipocalin-2 in feces by ELISA at different time, (C)
at day 5 and (D) at day 7. (E) Correlation of lipocalin-2 with bacterial load at day 5. (F) Colon length, (G) Crypt
length (May-Griinwald and Giemsa stained histology samples) and (H-J) gene expression of inflammatory
markers (I11b, 1l6 and Tnfa) in the proximal colon were evaluated after the sacrifice at day 9. Results are
expressed as mean &= SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

of polarized T cells was then analyzed by flow cytometry (Supplementary Fig. 4, Fig. 3C-D). When compared to
Bl 5764, Lr 5454-primed bone marrow derived DCs robustly promoted the differentiation of Treg cells (CD4"
CD25" FoxP3%), known to regulate Il-22 expression in CD4* T cells (Fig. 3C). Significant (p < 0.01) increased
intracellular presence of IL-10 was also detected in CD4" T cells co-cultured with Lr 5454-primed bone marrow
derived dendritic cells while the effect of Lr 5454 was moderate. On the other hand, Bl 5764 significantly favored
the increase of IL-17A (p < 0.01) and IL-17F* (p < 0.001) CD4™ T cells (Fig. 3D). The potential capacity of those
bacteria to induce Th17 was also followed through the detection of IL-17A and IL-22 in the cell culture super-
natants by specific enzyme-linked immunosorbent assay (ELISA). Substantial amounts of IL-17A were found in
the supernatants of CD4" T cells derived from C57BL/6 or BALB/c mice, when cultured with respective bone
marrow derived dendritic cells that were pulsed with both individual strains even if the effect of Bl 5764 was
more prominent (Supplementary Fig. 5B-C). Both strains were also able to induce substantial release of IL-22
(Supplementary Fig. 5A). This was not due to an impact on the proliferation of CD4* T cells, since both strains
exerted similar impact on CD4" T cells proliferation (Supplementary Fig. 6). Conversely, no IL-17A and very
low IL-22 secretion was detected in the cell culture supernatant of naive CD4*CD25"" T cells cultured without
BMDC:s (Supplementary Fig. 5A-B). This led us to conclude that induction of Treg cells and of Th17 cells is differ-
ently regulated through a different intrinsic sensing of these commensals by bone marrow derived dendritic cells.

The gut microbiota differentially modulates the impact of L. reuteri and B. animalis spp. lac-
tis on intestinal expression of antimicrobial peptides. To ascertain the capacity of the bacterial
strains to modulate gene expression of antimicrobial peptides and inflammatory markers, C57BL/6] naive mice
were supplemented by Bl 5764 and Lr 5454 for 9 days. On day 10, mice were sacrificed and expression of genes
encoding antimicrobial peptides and IL-22 were tested by qRT-PCR analysis. 3-defensin-2 (mbd2) expression
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Figure 3. Capacity of the two bacterial strains to activate BMDCs and to promote either Treg or Th17 T cell
responses in vitro. (A) Effect of the two strains on BMDC maturation. BMDCs derived from C57BL/6] mice
were stimulated for 24 hrs by bacteria (10:1) and the expression of activation markers CD40, CD80, CD86 and
MHCII was followed by flow cytometry. Isotype control is represented by open histogram with dotted line.
Expression of activation markers on nonstimulated BMDCs is represented by an open histrogram with solid
line. Expression of activation markers on BMDCs stimulated by bacteria is shown by a filled histogram (red
for Bl 5764 and blue for Lr 5454). Percentages of positive cells == SEM are indicated. Representative results of 6
independent experiments are shown. (B) Comparison of MFI (Mean of Fluorescence Intensity) of activation
markers. Bacteria-primed BMDCs were co-cultured with naive CD4™ T cells (1:10) for 6 days. (C) Detection
of Tregs (CD4+CD25"FoxP3") identified from population of CD4* T cells according to the presence of

cell surface marker CD25 (PE) and intracellular transcription marker FoxP3 (PE-Cy5) by flow cytometry;
representative dot plots with mean and SEM from 6 independent experiments. (D) Detection of intracellular
cytokines IL-10, IL-17A and IL-17F in CD4" T cells. *Refers to the comparisons of bacteria-treated cells versus
untreated cells; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Capacity of Lr 5454 and Bl 5764 bacterial strains to induce antimicrobial responses in naive C57BL/6]
mice. Strains (5 x 108 CFU/day/mice) were administered by intragastric gavage to WT conventional C57BL/6]
mice for 9 days. Gene expression of Mbd2, Reg3b and Reg3g and Defcr4 was evaluated by qRT-PCR in ileal
samples. Values are expressed as the relative mRNA levels compared with samples from untreated mice and
represent a mean of 5 mice per group &= SEM. *p < 0.05, **p < 0.01.

was substantially increased in mice supplemented with Lr 5454 in comparison to those that received Bl 5764
(Fig. 4A). Likewise, the expression of the genes encoding for Regenerating islet-derived protein 3-beta (Reg3b)
and gamma (Reg3g) were significantly (p < 0.01) enhanced in the Lr 5454 group (Fig. 4B-C). Accordingly, the
transcript levels of 1122 were also increased in response to both individual strains, even if this failed to reach sig-
nificance (data not shown). In contrast, no effect of the bacterial administration on gene expression of cryptdin
4 was observed (Fig. 4D). To assess whether the effect of the strains relied on accommodating gut microbiota
community structure, germ-free mice were mono-colonized with each of the strains. In contrast to what we
observed in conventional SPF condition, administration of Bl 5764 significantly enhanced Reg3b expression in
the terminal ileum (p < 0.05), but to a lesser extent in the colon of monocolonized wild-type mice when com-
pared to germ-free mice. In contrast, colonization with Lr 5454 had no significant effect on its expression in either
the small or large intestine of those ex-germ-free mice. The impact of Bl 5764 was significantly repressed in the
colon of Nod2-deficient monocolonized mice (Fig. 5B). Similar results were observed in the terminal ileum of
those animals, even if it did not reach significance (Fig. 5A). The induction of Reg3b was also decreased, albeit not
significantly, in the gut of II-22- and of Il17ra-deficient mice that were mono-colonized with Bl 5764 (Fig. 5A).
No significant induction of cryptdin-4 gene expression were observed in the intestine of mice mono-colonized
with both strains (Fig. 5C-D), as observed in conventional mice. Collectively, these observations suggested that
the effect of Lr 5454 may result from cooperation with additional commensals for its downstream effect, while the
host response to Bl 5764 is particularly impaired by the presence of some microorganisms at the terminal ileum.
We could also hypothesize a consequence of the immaturity of the immune system from monocolonized animals.
Additional work is still required to evaluate any particular variability of both strains to establish themselves in the
gut of either mono-colonized or conventional animals.

Discussion

In this study, we described the rational and provided criteria for the selection of probiotic strains suitable to
prevent the development of colitis and we identified two bacterial strains with promising potential in alleviating
intestinal inflammation and modulating antimicrobial peptide expression. Strains Bl 5764 and Lr 5454 indeed
improved acute colitis induced by either TNBS or by C. rodentium. It is important to emphasize that distinct
underlying immune mechanisms can play a role in limiting C. rodentium infection, as previously described?".
During early infection, innate immune mechanisms play a key role and adaptive immune responses occur in a
later phase of the infection. Interestingly, distinct probiotic strains and compounds of the microbiota have been
shown to affect specific immune mechanisms, capable of downregulating C. rodentium-induced inflammation®,
suggesting that the administration of a mixture of bacterial strains may efficiently collaborate for an adequate
maintenance of intestinal homeostasis. In our study, these two probiotics were able to decrease the inflammatory
markers Lipocalin-2, IL-18, IL-6 and TNF-q, as reported already for a L. acidophilus strain®.

Our work supports the notion that not all commensals exert an immunoregulatory action on Tregs, which
have a well-recognized protective role in various inflammatory disorders. We were able to confirm the capacity
of Lr 5454 in inducing Tregs in in vitro DC/CD4 T cell co-culture, providing a possible explanation for its pro-
tective effect against colitis. Such regulatory mode of action pointed out its suitability to be considered in clinical
trials in IBD. In contrast, Bl 5764 efficiently induced IL-17A and IL-22, while having a minor impact on Tregs in
comparison with Lr 5454. Nevertheless, both strains were able to improve signs of inflammation in both preclin-
ical models, suggesting that such potential probiotic strains may exert their beneficial effects through different
mechanisms, as we previously reported'®!”.

IL-17A has been shown to exert both beneficial** and detrimental effects®®, but blockage of IL-17 signal-
ing failed to protect against colitis in mice and humans?®. Indeed the maintenance of gut homeostasis requires
IL-17A, that is known to trigger secretion of IL-22 and downstream production of antimicrobial peptides”. Both
strains clearly induced secretion of IL-22 and IL-17 by CD4" T cells when cocultured with DCs. Antimicrobial
peptides are important components of the innate immunity and are often expressed in response to colonic inflam-
mation and infection. C. rodentium infection is notably known to induce a subset of antimicrobial responses
in the gut which alter the composition of the microbiota and promotes the overgrowth of C. rodentium itself.
Therefore, we evaluated the capacity of both strains to promote the expression of antimicrobial peptides in naive
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Figure 5. Gene expression of antimicrobial peptides in mono-colonized animals (both WT and KO)
supplemented with Lr 5454 and Bl 5764. Bacterial strains (5 x 108 CFU/day/mice) were administered by
intragastric gavage to axenic mice derived from C57BL/6] for 9 days. (n =5 to 9 mice per group). Gene
expression of Reg3b and Defcr4 was evaluated by qRT-PCR in (A-C) terminal ileal and (B-D) distal colon
samples, respectively. Values are expressed as the relative mRNA levels compared with ileums from untreated
WT germ free mice. Data represent mean values of each group (n=>5-8 mice) == SEM. *Refers to the
comparison of bacteria-treated groups versus untreated germ free mice. *p <0.05; **p <0.01.

mice. We observed a strain-dependent effect, with wide variability. Today, there is only a limited number of stud-
ies that evaluated the capacity of candidate probiotic strains to directly induce antimicrobial peptides expression
and much of the work has been conducted in vitro, notably using the Caco-2 epithelial cell line?®-*°. The effects are
time- and dose-dependent and also strain-specific, involving different signaling pathways such as NF-kB, AP-1
and MAPKs. The protective capacity of selected lactobacilli (i.e. L. gasseri) in periodontal disease has been corre-
lated with the ability to induce the production of 3-defensin in mice infected with Porphyromonas gingivalis®'. In
neonatal piglets, the modulation of defense peptides was associated with the up-regulation of the expression of
Peroxisome Proliferator-Activated Receptor-+ and G Protein-Coupled Receptor 4132, The authors reported spatial
heterogeneity patterns of this induction, probably due to the indirect production of butyric acid, mainly triggered
in the hindgut after L. reuteri administration. The induction of at least some of the antimicrobial peptides could
thus be triggered by a complex set of signaling pathways that could explain the observed inter-individual varia-
bility. This capacity is of high importance in the context of CD, where impaired defensin expression was observed
in most patients®****. Careful selection of probiotic strains suitable for CD treatment, is critical since clinical
trials using probiotics led to disappointing results in CD so far'*!*. The potential successful strains should have
the capacity to promote the expression of antimicrobial peptides as a potential way to scorrect dysbiosis even
in a context of chronic inflammation and the potential presence of several genetic polymorphisms, such as the
presence of NOD2 mutations.

The use of mono-colonized animals allowed us to evaluate the role of the gut microbiota community struc-
ture on the regulation of antimicrobial response by such potential probiotics. Indeed, the impact of Lr 5454 on
antimicrobial peptides relied on the presence of the gut microbiota, while the presence of commensal bacteria
exerted a tolerogenic effect on the NOD2-dependent sensing of Bl 5764. Thus, the exact role of the gut micro-
biota community structure deserves additional experimental studies in order to understand which bacteria and
bacteria-derived metabolites may interfere with the induction of antimicrobial peptides in response to these
potential probiotics. This is important as the intestine provides a competitive microbial environment®® and one
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can assume that, while additional commensals could be necessary for the optimal growth and function of Lr 5454
through a mechanism of cross-feeding®, other species could compete with Bl 5764, as reported for many micro-
bial ecosystems®”. Alternatively, our studies could help to better understand tolerogenic mechanisms that prevent
NOD2-dependent sensing of Bl 5764 in conventional mice. However, it remains to be verified that the results we
obtained in mono-colonized mice were not affected by the immature immune system of these mice.

Finally, it is important to remind that between 30% and 50% of CD patients in the Western countries carry
Nod2 mutation®. Therefore, identification of strains able to restore gut homeostasis and immune functions in a
NOD2-independent manner would be highly desirable. In this study, the use of mono-colonized Nod2-deficient
mice led us to provide evidence that the selected strain Lr 5454 can trigger NOD2-independent AMP expression.
In contrast, an intact NOD2-dependent signaling pathway was required in mono-colonized animals for inducing
Reg3b expression in response to Bl 5764.

In conclusion, we identified two potential probiotic strains with the capacity to downregulate acute intestinal
inflammation that relied on gut microbiota community structure and acting by different downstream mecha-
nisms. Indeed Lr 5454 was unable to induce DC maturation, suggesting as previously described, a better capacity
to induce tolerogenic DCs*. We indeed demonstrated that this strain was able to preferentially induce Tregs, and
Reg3b expression in a NOD2-independent manner. In contrast, Bl 5764 had a good capacity to promote bone
marrow derived dendritic cells maturation and IL-17A secretion. These potential probiotics could therefore be
interesting candidates for further testing in preclinical models of chronic colitis and potentially for human clinical
studies to evaluate their combined beneficial effect in the context of different microbiota community structures
of CD patients.

Methods

Bacterial strains, culture conditions and reagents. The two bacterial strains were kindly provided by
BioProx. Lactobacilli were grown at 37 °C in MRS broth (Difco, Detroit, USA). Bifidobacteria were cultured in
MRS media supplemented with cysteine (0.5 pg/ml) under anaerobic condition. Bacteria were grown overnight,
harvested by centrifugation (10 min at 4000 x g), washed twice with PBS buffer (pH 7.2). For in vitro stimula-
tion, bacteria were resuspended in PBS containing 20% (v/v) glycerol to a final concentration of 2 x 10° CFU/
ml and stored at —80 °C until used. For in vivo administration, fresh bacteria or lyophilized powder (provided by
BioProx) were resuspended in PBS at 5 x 108 CFU/per mice in 200 pl.

Mice. (C57BL/6] mice and BALB/c By] (female, 7-8 weeks old) were purchased from Charles River (CArbresle,
France). Mice were housed in specific pathogen-free condition at the animal facility of the Institut Pasteur de Lille
(accredited no. C59-350009) and maintained in a temperature-controlled (20 & 2 °C) environment with a strict
12-hour dark/light cycle. For C. rodentium infection, experiments were performed in a biosafety level 2 animal
facility. Housing and experimentations were performed in compliance with European guidelines of laboratory
animal care (number 86/609/CEE) and French legislation (Government Act 87-848), approved by national and
local Animal Ethics Committees (Nord-Pas-de-Calais CEEA N°75, Lille, France) and the Ministére de 'Educa-
tion Nationale, de 'Enseignement Supérieur et de la Recherche, France (accredited no. 201608251651940). Before
experimentation, animals were provided a one-week acclimation period and were given ad libitum access to
regular mouse chow and water.

Germ-free WT and Knock-out (KO) NOD2~/~19, [L-227/-% and IL-17RA~/~** mice on a C57BL/6 back-
ground were generated at TAMM/CNRS Orleans using standard protocols and were bred in isolators under strict
germ-free conditions.

Preparation of bone marrow derived dendritic cells (BMDCs) and Treg/Th17 induction. BMDCs
were generated from bone marrow progenitor cells of BALB/c and C57BL/6] mice as described previously'>4!.
Briefly, bone marrow progenitor cells were obtained by flushing femur and tibiae of mice. After red blood cell
lysis, progenitor cells were seeded at a concentration of 10° cells/ml in supplemented media (RPMI 1640 con-
taining 2mM L-glutamine, 2mM HEPES, 40 mg/] gentamicin, 10% Fecal bovine serum (FBS), and murine gran-
ulocyte monocyte colony stimulating factor (GM-CSF), obtained from the supernatant of a J558 cell line and
cultured for 7 days at 37 °C under 5.5% CO,. On day 7, the cells were harvested, counted and seeded in a 24-well
plate for additional 3 days. The purity of BMDCs evaluated after CD11c labelling is shown in Supplementary
Fig. 2 A. On day 10, the cells were stimulated by the bacteria (ratio bacteria/cell: 10:1) in the presence of genta-
mycin (100 ug/ml). After 24 hrs of stimulation, BMDCs were harvested, washed and stained using mAbs (eBio-
science) anti-CD11c PE-Cy7 (clone N418), CD40 PE (clone IC10), CD80 FITC (clone 16-10A1), CD86 PE-Cy5
(clone GL1), MHCII APC (clone MS/114.15.2) and acquired using BD FACS Canto II (Becton Dickinson).
Naive CD4" T cells were obtained from spleens of BALB/c or C57BL/6] mice using the CD4 isolation kit
(Miltenyi Biotec). The purity of isolated naive CD4" T cells was measured after CD4 labelling and the viability
was checked using propidium iodide (Supplementary Fig. 2B). Bacteria-primed BMDCs were adjusted to 2 x
10° cells/ml for coculture with naive CD4" T cells (ratio DC/T cells: 1:10) for 6 days in RPMI media supple-
mented by FCS 10%, glutamine 2 mM, gentamycin 50 ug/ml. On day 3, Dynabeads Mouse T-Activator CD3/
CD28 (Lifetechnologies, 11452D), pan activator of T cells, were added (at a ratio beads/T cells of 2:1) to promote
the polarisation impact of probiotic-primed BMDCs on different T cell subsets. The capacity of probiotic-primed
BMDOCs to affect T cell proliferation was assessed at day 3, using CFSE (carboxyfluorescein succinimidyl ester,
5uM) proliferation assay by flow cytometry (Supplementary Fig. 2C). After 6 days of co-culture, CD4* T cells
were stained using mAbs anti-CD4 FITC (eBioscience, clone RM4-5) and anti-CD25 PE (eBioscience, clone
PC61.5). Intracellular staining (permeabilization and fixation) was performed using the Mouse regulatory T cell
staining kit, according to the manufacturer’s recommendation (eBioscience). Cells were further stained using the
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mAbs anti-FoxP3 PE-Cy5 (eBioscience, clone JFK.16s), anti-IL-17A eFluor 450 (eBioscience, clone 17B7) and

anti-IL-17F eFluor 660 (eBioscience, clone 18F10). Samples were acquired using Fortessa (Becton Dickinson).
For IL-17 and IL-22 detection in cell culture supernatants by ELISA, IL-17 Duoset (DY421, R&D System) and

IL-22 Duoset (DY582, R&D System), respectively, were used according to the manufacturer’s recommendation.

Supplementation of naive mice. Strains (5 x 10® cfu/day/mice) were administered by intragastric gavage
to WT conventional C57BL/6] or BALB/c mice for 9 days. Samples of ileum were removed at sacrifice and stored
in RNAlater® storage solution (Ambion, Life Technologies, Foster City, CA, USA) at —80°C until qRT-PCR
analysis.

Colitis models. A standardized TNBS-induced murine model of acute colitis was performed using BALB/c
mice*’. Briefly, anesthetized mice received an intra-rectal administration of TNBS (Sigma-Aldrich Chemical,
France; 110 mg/kg) dissolved in 0.9% NaCl/ethanol (50/50v/v). The protective effect of probiotics was evalu-
ated after intragastric administration of bacteria (5 x 108 CFU/mice) starting 5 days before colitis induction.
At 48 h after colitis induction, mice were sacrificed by cervical dislocation and colons were removed, washed
and opened. Macroscopic inflammation grading was performed blindly using the Wallace scoring method®,
reflecting both the intensity and the extent of the inflammatory lesions. Histological analysis was performed on
May-Griinwald-Giemsa stained 5-um tissue sections from colon samples fixed in 10% formalin and embedded
in paraffin. Immediately after sacrifice, colonic samples were taken and stored in RNAlater® storage solution
(Ambion, Life Technologies, Foster City, CA, USA) at —80 °C until gRT-PCR analysis or directly at —80°C before
protein extraction using T-PER tissue protein extraction reagent (Pierce Biotechnology, Rockford, USA). The
production of IL-17 and IL-22 was determined as described previously for in vitro co-culture experiment.

Citrobacter rodentium infection was performed using the kanamycin resistant C. rodentium DBS 120K strain
(kindly provided by David Bernard Schauer at MIT, USA). A single colony was cultured overnight in 10 ml
Luria-Bertani media (LB) containing 50 ug/ml kanamycin, under agitation. Next day, 20 ml of fresh LB containing
50 pg/ml kanamycin was added and bacteria were cultured for further 6 hrs. Bacteria suspension was centrifuged,
washed and resuspended in PBS and adjusted to 5 x 10° CFU/ml. C57BL/6] mice were infected by intragastric
administration of C. rodentium (10° CFU per mice). To evaluate the potential capacity of the selected probiotic
strains, bacteria (5 x 108 CFU per mice) were administered 5 days prior to infection and every following day until
day 9 post infection when mice were sacrificed. Levels of infection were monitored at different time points by
estimating the bacterial load of C. rodentium by plating serial diluted feces homogenates on LB agar containing
50 pug/ml kanamycin and performing CFU enumeration. Immediately after sacrifice, distal colon segments were
put in RNAlater® (Ambion, Life Technologies, Foster City, CA, USA) and frozen at —80 °C, until RNA extraction
and qRT-PCR analysis.

Monocolonisation of axenic mice. Germ-free WT and mutant mice (9-13 weeks old) were
mono-associated with the potential probiotics by intragastric gavage (5 x 103 CFU/day/mice) for 9 days. Ileal
samples were removed at sacrifice and stored in RNAlater® storage solution (Ambion, Life Technologies, Foster
City, CA, USA) at —80°C until qRT-PCR analysis were performed.

Quantification of fecal lipocalin 2.  Freshly collected fecal samples were homogenized using Lysing Matrix
D (MPbio, Eschwege, Germany) in PBS containing 0.1% Tween 20 (100 mg/ml). The samples were then centri-
fuged for 10 min at 12,000 rpm at 4 °C and clear supernatants were collected and stored at —20 °C until analysis, as
reported by Chassaing et al.**. Supernatants were diluted 4-fold until 500-fold depending on severity of the colitis
and Len-2 levels were measured by ELISA using the Duoset kit (R&D System, Minneapolis, MN, USA), according
to the manufacturer’s instructions.

RNA extraction and quantitative RT-PCR (qRT-PCR). Tissue samples were homogenized using
Lysing Matrix D (MPbio, Eschwege, Germany). RNA from cells and tissue was extracted using Macherey-Nagel
NucleoSpin RNAII isolation kit (Diiren, Germany) according to the manufacturer’s recommendation. Quantity
and quality of RNA was checked by Nanodrop (260/280 nm, 260/230 nm). The 260/280 ratio was higher than
1.95 in all samples. RNA was reverse-transcribed using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Woolston Warrington, UK). QRT-PCR was performed using the Power SYBR Green PCR Master Mix
(Applied Biosystems) and the ViiA 7 Real-Time PCR System (Applied Biosystems). Primers used are indicated in
Table S1. Results are expressed as 222 values as described previously*.

Statistical analysis. GraphPad Prism software was used for graph preparation and statistical evaluation.
Statistical significance was determined using non-parametric one-way analysis of variance (ANOVA) followed
by Dunn multiple comparison posthoc test and non-parametric two-way ANOVA with Bonferroni post-tests
(GraphPad Prism software). Data with p values < 0.05 were considered to be significant. The Spearman correla-
tion coeflicient was used to analyze correlation between lipocalin-2 and inflammation scores.

Received: 19 February 2019; Accepted: 26 February 2020;
Published online: 24 March 2020

References
1. Asquith, M. & Powrie, F. An innately dangerous balancing act: intestinal homeostasis, inflammation, and colitis-associated cancer.
J. Exp. Med. 207, 1573-1577 (2010).
2. Eckburg, P. B. & Relman, D. A. The role of microbes in Crohn’s disease. Clin. Infect. Dis. 44, 256-262 (2007).
3. Alhagamhmad, M. H,, Day, A. S., Lemberg, D. A. & Leach, S. T. An overview of the bacterial contribution to Crohn disease
pathogenesis. J. Med. Microbiol. 65, 1049-1059 (2016).

SCIENTIFIC REPORTS |

(2020) 10:5345 | https://doi.org/10.1038/s41598-020-62161-1


https://doi.org/10.1038/s41598-020-62161-1

www.nature.com/scientificreports/

O 0 N N

10.
11.
12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

29.

30.
31.

32.
33.
34.
35.
. Seth, E. C. & Taga, M. E. Nutrient cross-feeding in the microbial world. Front. Microbiol. 5, 350 (2014).
37.

38.
. Kreymborg, K. et al. IL-22 is expressed by Th17 cells in an IL-23-dependent fashion, but not required for the development of

40.

41.
42.

43.
44,

45.

. Knosel, T, Schewe, C., Petersen, N., Dietel, M. & Petersen, I. Prevalence of infectious pathogens in Crohn’s disease. Pathol. Res.

Pract. 205, 223-230 (2009).

. Ianiro, G., Tilg, H. & Gasbarrini, A. Antibiotics as deep modulators of gut microbiota: between good and evil. Gut 65, 1906-1915
(2016).

. Wehkamp, J. et al. Reduced Paneth cell alpha-defensins in ileal Crohn’s disease. Proc. Natl. Acad. Sci. USA 102, 18129-18134 (2005).

. Cao, S. S. Epithelial ER Stress in Crohn’s Disease and Ulcerative Colitis. Inflamm. Bowel Dis. 22, 984-993 (2016).

. Pasparakis, M. & Vandenabeele, P. Necroptosis and its role in inflammation. Nature 517, 311-320 (2015).

. Franke, A. et al. Genome-wide meta-analysis increases to 71 the number of confirmed Crohn’s disease susceptibility loci. Nat. Genet.

42,1118-1125(2010).

Kobayashi, K. S. et al. Nod2-dependent regulation of innate and adaptive immunity in the intestinal tract. Science 307, 731-734
(2005).

Chamaillard, M. et al. Gene-environment interaction modulated by allelic heterogeneity in inflammatory diseases. Proc. Natl. Acad.
Sci. USA 100, 3455-3460 (2003).

Kiibler, I. et al. Influence of standard treatment on ileal and colonic antimicrobial defensin expression in active Crohn’s disease.
Aliment. Pharmacol. Ther. 30, 621-633 (2009).

Saez-Lara, M. J., Gomez-Llorente, C., Plaza-Diaz, J. & Gil, A. The role of probiotic lactic acid bacteria and bifidobacteria in the
prevention and treatment of inflammatory bowel disease and other related diseases: a systematic review of randomized human
clinical trials. Biomed Res. Int. 2015, 505878 (2015).

Ghouri, Y. A. et al. Systematic review of randomized controlled trials of probiotics, prebiotics, and synbiotics in inflammatory bowel
disease. Clin. Exp. Gastroenterol. 7, 473-487 (2014).

Macho Fernandez, E. et al. Anti-inflammatory capacity of selected lactobacilli in experimental colitis is driven by NOD2-mediated
recognition of a specific peptidoglycan-derived muropeptide. Gut. 60, 1050-1059 (2011).

Alard, J. et al. New probiotic strains for inflammatory bowel disease management identified by combining in vitro and in vivo
approaches. Benef. Microbes. 9,317-331 (2018).

Zaylaa, M. et al. 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. Journal of Functional Foods 47, 304-315 (2018).

Zelante, T. et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via
interleukin-22. Immunity 39, 372-385 (2013).

Foligne, B. et al. Correlation between in vitro and in vivo immunomodulatory properties of lactic acid bacteria. World J.
Gastroenterol. 13, 236-243 (2007).

Karimi, K., Inman, M. D., Bienenstock, J. & Forsythe, P. Lactobacillus reuteri-induced regulatory T cells protect against an allergic
airway response in mice. Am. J. Respir. Crit. Care Med. 179, 186-193 (2009).

Silberger, D. J., Zindl, C. L. & Weaver, C. T. Citrobacter rodentium: a model enteropathogen for understanding the interplay of
innate and adaptive components of type 3 immunity. Mucosal. Immunol. 10, 1108-1117 (2017).

Johnson-Henry, K. C. et al. Amelioration of the effects of Citrobacter rodentium infection in mice by pretreatment with probiotics.
J. Infect. Dis. 191, 2106-2117 (2005).

Kumar, A. et al. Lactobacillus acidophilus counteracts inhibition of NHE3 and DRA expression and alleviates diarrheal phenotype
in mice infected with Citrobacter rodentium. Am. J. Physiol. Gastrointest. Liver Physiol. 311, G817-G826 (2016).

O’Connor, W. et al. A protective function for interleukin 17A in T cell-mediated intestinal inflammation. Nat. Immunol. 10, 603-609
(2009).

Kleinschek, M. A. et al. Circulating and gut-resident human Th17 cells express CD161 and promote intestinal inflammation. J. Exp.
Med. 206, 525-534 (2009).

Ogawa, A., Andoh, A., Araki, Y., Bamba, T. & Fujiyama, Y. Neutralization of interleukin-17 aggravates dextran sulfate sodium-
induced colitis in mice. Clin. Immunol. 110, 55-62 (2004).

Yang, X. O. et al. Regulation of inflammatory responses by IL-17F. J. Exp. Med. 205, 1063-1075 (2008).

Mondel, M. et al. Probiotic E. coli treatment mediates antimicrobial human beta-defensin synthesis and fecal excretion in humans.
Mucosal. Immunol. 2, 166-172 (2009).

Becker, H. M., Apladas, A., Scharl, M., Fried, M. & Rogler, G. Probiotic Escherichia coli Nissle 1917 and commensal E. coli K12
differentially affect the inflammasome in intestinal epithelial cells. Digestion 89, 110-118 (2014).

Schlee, M. et al. Probiotic lactobacilli and VSL#3 induce enterocyte beta-defensin 2. Clin. Exp. Immunol. 151, 528-535 (2008).
Kobayashi, R. et al. Oral administration of Lactobacillus gasseri SBT2055 is effective in preventing Porphyromonas gingivalis-
accelerated periodontal disease. Sci. Rep. 7, 545 (2017).

Liu, H. et al. Lactobacillus reuteri 15007 Modulates Intestinal Host Defense Peptide Expression in the Model of IPEC-J2 Cells and
Neonatal Piglets. Nutrients 9 (2017).

Simms, L. A. et al. Reduced alpha-defensin expression is associated with inflammation and not NOD2 mutation status in ileal
Crohn’s disease. Gut. 57, 903-910 (2008).

Elphick, D., Liddell, S. & Mahida, Y. R. Impaired luminal processing of human defensin-5 in Crohn’s disease: persistence in a
complex with chymotrypsinogen and trypsin. Am. J. Pathol. 172, 702-713 (2008).

Selber-Hnatiw, S. et al. Human Gut Microbiota: Toward an Ecology of Disease. Front. Microbiol. 8, 1265 (2017).

Hibbing, M. E., Fuqua, C., Parsek, M. R. & Peterson, S. B. Bacterial competition: surviving and thriving in the microbial jungle.
Nat. Rev. Microbiol. 8,15-25 (2010).
Yamamoto, S. & Ma, X. Role of Nod2 in the development of Crohn’s disease. Microbes Infect. 11, 912-918 (2009).

autoimmune encephalomyelitis. J. Immunol. 179, 8098-8104 (2007).

Ye, P. et al. Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte colony-stimulating factor
expression, neutrophil recruitment, and host defense. J. Exp. Med. 194, 519-527 (2001).

Foligne, B. et al. A key role of dendritic cells in probiotic functionality. PLoS ONE 2, €313 (2007).

Foligné, B. et al. Recommendations for improved use of the murine TNBS-induced colitis model in evaluating anti-inflammatory
properties of lactic acid bacteria: technical and microbiological aspects. Dig. Dis. Sci. 51, 390-400 (2006).

Wallace, J. L., MacNaughton, W. K., Morris, G. P. & Beck, P. L. Inhibition of leukotriene synthesis markedly accelerates healing in a
rat model of inflammatory bowel disease. Gastroenterology 96(1), 29-36 (1989).

Chassaing, B. et al. Fecal lipocalin 2, a sensitive and broadly dynamic non-invasive biomarker for intestinal inflammation. PLoS ONE
7, 44328 (2012).

Hrdy, J. et al. Cytokine expression in cord blood cells of children of healthy and allergic mothers. Folia Microbiol. (Praha) 55,
515-519 (2010).

SCIENTIFIC REPORTS |

(2020) 10:5345 | https://doi.org/10.1038/s41598-020-62161-1


https://doi.org/10.1038/s41598-020-62161-1

www.nature.com/scientificreports/

Acknowledgements

This work was supported by the ANR BiopaneX project (ANR-12-RPIB-0014), the Institut Pasteur de Lille,
the “Institut National de la Santé et de la Recherche Médicale» (Inserm), the « Centre National de la Recherche
Scientifique > (CNRS), the University of Orleans, The Region Centre Val de Loire (2003-00085470), the
< Conseil Général du Loiret> and European Regional Development Fund (FEDER No. 2016-00110366 and
EX005756) the Fondation pour la Recherche Médicale grant (grant number DEQ20130326475) to MC'. The
authors thank Anne Delanoye-Crespin, Emilie Floquet, Jérémy Desramaut and Véronique Peucelle (CIIL) for
their excellent technical help in mice experimentation, histological and/or RTqPCR analysis. We are also grateful
to the staff of the Centre de Développement des Technologies Avancées (CDTA, Orleans, France), the animal facility
of the Institut Pasteur de Lille and the BioImaging Center of Lille.

Author contributions

J.H., J.A. and A.C.M. performed most of the experiments. J.H., J.A., D.B. and A.C.M. did histology, qRT-PCR,
ELISA and statistical analysis. A.C.M. and A.C. contributed to studies on germ-free mice and monocolonized
animals. O.B. and M.D. performed the experiments on Citrobacter infection and DB the bacterial culture and
TNBS colitis experiments. J.H., C.G., M.C., A.C.M. and B.R. analysed the data and wrote the manuscript. C.L.
and P.B. provided the strains. B.P., P.B. and C.L. participated to the writing of the manuscript and scientific
discussions. C.G., M.C. and B.R. conceived and supervised the study.

Competing interests
C.L. was employed full time by the company BioProx. P.B. is employed full time by the company BioProx. B.P. is
now part-time employed by Yakult Europe. The other authors have not any conflict of interest.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62161-1.

Correspondence and requests for materials should be addressed to M.C. or C.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:5345 | https://doi.org/10.1038/s41598-020-62161-1


https://doi.org/10.1038/s41598-020-62161-1
https://doi.org/10.1038/s41598-020-62161-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Lactobacillus reuteri 5454 and Bifidobacterium animalis ssp. lactis 5764 improve colitis while differentially impacting den ...
	Results

	Selected strains improve severity of TNBS-induced acute colitis in mice. 
	Both potential probiotics significantly alleviate inflammatory responses in the C. rodentium infection model. 
	The selected bacterial strains impact on the polarization of T helper and regulatory cells by modulating the dendritic cell ...
	The gut microbiota differentially modulates the impact of L. reuteri and B. animalis spp. lactis on intestinal expression o ...

	Discussion

	Methods

	Bacterial strains, culture conditions and reagents. 
	Mice. 
	Preparation of bone marrow derived dendritic cells (BMDCs) and Treg/Th17 induction. 
	Supplementation of naive mice. 
	Colitis models. 
	Monocolonisation of axenic mice. 
	Quantification of fecal lipocalin 2. 
	RNA extraction and quantitative RT-PCR (qRT-PCR). 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Protective effect of selected strains in a mouse model of TNBS-induced colitis.
	Figure 2 Protective capacities of selected strains in a mouse model of C.
	Figure 3 Capacity of the two bacterial strains to activate BMDCs and to promote either Treg or Th17 T cell responses in vitro.
	Figure 4 Capacity of Lr 5454 and Bl 5764 bacterial strains to induce antimicrobial responses in naive C57BL/6J mice.
	Figure 5 Gene expression of antimicrobial peptides in mono-colonized animals (both WT and KO) supplemented with Lr 5454 and Bl 5764.




