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Christensenella minuta protects and
restores intestinal barrier in a colitis
mouse model by regulating inflammation
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Christensenella minuta DSM 22607 has recently been suggested as a potential microbiome-based
therapy for inflammatory bowel disease (IBD) because it displays strong anti-inflammatory effects
both in vitro and in vivo. Here, we aimed to decipher the mechanism(s) underlying the DSM 22607-
mediated beneficial effects on the host in a mouse model of chemically induced acute colitis. We
observed that C. minuta plays a key role in the preservation of the epithelial barrier and the
management of DNBS-induced inflammation by inhibiting interleukin (IL)-33 and Tumor necrosis
factor receptor superfamily member 8 (Tnfrsf8) gene expression. We also showed that DSM 22607
abundance was positively correlated with Akkermansia sp. and Dubosiella sp. and modulated
microbial metabolites in the cecum. These results offer new insights into the biological and molecular
mechanisms underlying the beneficial effects of C. minuta DSM 22607 by protecting the intestinal
barrier integrity and regulating inflammation.

Over the last decade, several studieshavehighlighted theuseofmicrobiome-
derived therapies using a single bacterium as a promising approach to treat
chronic inflammatory disorders, such as necrotizing enterocolitis1 and
inflammatory bowel diseases (IBD)2–5. IBD is a multifactorial diseases6

characterized by chronic and abnormal activation of the gut immune sys-
tem, leading to an uncontrolled and deleterious inflammatory response7.
Symptoms associated with IBD include abdominal pain, diarrhea, hema-
tochezia, and weight loss8. Moreover, IBD is associated with a depletion of
mucus-secreting goblet cells (GC) and a reduction in the intestinal mucus
layer9, which is known to negatively impact intestinal homeostasis10. An
increase in intestinal permeability has also been observed, which triggers an
immunological response that drives intestinal inflammation11. These are
also associatedwith a gutmicrobiome imbalance characterized by decreases
in bacterial richness anddiversity12, features that have been suggested toplay
an important role in the establishment and maintenance of mucosal
inflammation13. In fact, an increase in some commensal opportunistic
pathogenic bacteria, such as members of the Enterobacteriaceae and Bac-
teroidaceae families14–18 and a decrease in members of the Lactobacillaceae
family and the butyrate-producing genus Faecalibacterium19–22 have been
observed in patients suffering from IBD. Clinical studies have also high-
lighted the strong depletion of the Christensenellaceae family in the gut
microbiota of patients with Crohn’s disease (CD) and ulcerative colitis
(UC), the two main types of IBD23–25. Of particular interest, a drop in

Christensenellaceaehas been shown tobe predictive offlares in patientswith
CD, indicating a possible causal relationship between the presence of
Christensenellaceae in the gut community and the maintenance of immune
homeostasis in the intestinal barrier23.

Modulating the gut microbiota with members of the Christensenella-
ceae family could be considered as a therapeutic option. For example, it has
been shown that in people with a low body mass index (BMI), the Chris-
tensenellaceae family was significantly more abundant compared to adults
with a hight BMI26. Moreover, Chistensenella minuta DSM 33407, one
member of Christensenellaceae family, represents a potential anti-obesity
treatment by its capacity to decrease glycemia and free fatty acids in serum
and liver respectively in vivo27. C. minuta has been suggested to be a key
member of the healthy human gut community28 and has been recently
identified as a key component of healthy microbiota29. Keystone species
were defined in 1969 as “a specie which has a disproportionately large effect
on its natural environment relative to its abundance”30. They play a critical
role in maintaining the structure of ecological communities. These taxa,
which are highly connected within the ecosystem, play a unique and crucial
role in microbial communities, carrying essential functions to support the
growth of other species. Their reduction can cause a dramatic shift in
microbiome structure and functioning31 as Christensenellaceae family has
beendescribed in co-occurrencenetwork analysis as the centralmemberof a
hub of microorganisms that includes other heritable taxa26. Maintaining
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physiological levels of Christensenellaceae in the gut microbiota of patients
thus represents an interesting therapeutic strategy for the management of
the disease. We have previously demonstrated that C. minuta DSM 22607
exerts anti-inflammatory effects by inhibiting the NF-κB signaling pathway
in vitro. It also reduced colonic inflammation in vivo in twomurinemodels
of induced-colitis32.

Here, we aimed to elucidate the mechanism(s) underlying the
immunomodulatory effects of C. minuta DSM 22607 on the host. For this
purpose, we analyzed the impact of the administration of C. minuta in a
chemical-induced mouse model of colitis (dinitrobenzene sulfonic acid
(DNBS)).We focused on the intestinal barrier, includingmucus production
and permeability, and immunomodulatory effects at local and systemic
levels. These effects on the host were complemented by RNA-seq tran-
scriptomic analysis of intestinal tissues and an investigation of microbiota
modifications at the taxonomic and functional levels. This study provides
new insights into the mechanism of action underlying the anti-
inflammatory effects of C. minuta, supporting the multiple benefits of this
bacterium in IBD management.

Results
ChristensenellaminutaDSM22607attenuatescolitis severity ina
DNBS-induced mouse model
To decipher the mechanism of action of C. minuta, we induced colitis in
mice using dinitrobenzene sulfonic acid (DNBS). Mice were administered
DSM 22607 by gavage 14 days before the induction of inflammation. We
validated C. minuta protective effects of C. minuta, as it reduced DNBS-
induced weight loss and improved weight recovery (p < 0.001, Supple-
mentary Fig. 1a). Furthermore, DSM 22607 treatment decreased DNBS-
induced macroscopic and microscopic damage, as observed by the mac-
roscopic (p < 0.0001) and histological (p < 0.001) scores (Supplementary
Fig. 1b, c), and decreased myeloperoxidase (MPO) activity (p = 0.06, Sup-
plementary Fig. 1d), which confirmed the anti-inflammatory effects
observed in our previous study32.

DSM 22607 improves intestinal barrier integrity by modulating
paracellular pathways and tissue resistance in the colon
We assessed intestinal permeability by measuring bacterial translocation
using serum lipopolysaccharide (LPS)-Binding Protein (LBP) as a proxy
marker (Fig. 1a). As expected, we observed an increase in LBP in theDNBS-
Vehicle group comparedwith that in the CTRL-Vehicle group (p < 0.0001),
reflecting an increase in intestinal permeability.However, no improvements
were observed in the DNBS-DSM 22607 group. To better evaluate local
intestinal permeability, colon, ileum, and cecum biopsies collected at the
endpointweremounted inUssing chambers for 120min.We analyzed both
paracellular (fluorescein-5-(and-6)-sulfonic acid (FSA) and isothiocyanate
(TRITC)-dextran) and transcellular peroxidase (horseradish peroxidase
(HRP)) permeabilities. A significant decrease in the passage of TRITC-
dextran (at 90min, p < 0.05; at T120min, p < 0.001) and FSA (at 120min,
p < 0.05)was observed in the colonofDSM22607-treatedmice compared to
that in inflamed control mice (Fig. 1b, c), indicating differences in para-
cellular permeability. In contrast, no significant effects were observed in
HRPmeasurements, indicating no differences in transcellular permeability
(Fig. 1d). No significant differences were observed in ileum or cecum sec-
tions (Supplementary Fig. 2). Transepithelial electrical resistance (TEER)
was recorded across the colon samples (Fig. 2a, b). As expected, TEER was
lower in DNBS-treated inflamed mice than in non-inflamed mice. Inter-
estingly, this was partially restored in DSM 22607-treated biopsies com-
pared to the untreated inflamed group (p = 0.079), confirming the potential
of DSM 22607 to limit tissue alteration of permeability.

DSM 22607 improves intestinal barrier structure and function by
hampering GC depletion and increasing mucin 2 (MUC2)
expression
To evaluate the effects of DSM22607 on the intestinal barrier, we decided to
further analyze the epithelial structure with a focus on the GC and mucus
layer. First, as GC depletion is characteristic of DNBS-induced colitis33, we
quantified GC populations in the colon using alcian blue (AB) staining. As

Fig. 1 | C. minuta maintained intestinal barrier integrity by modulating per-
meability. Lipopolysaccharide (LPS) binding protein (LBP) in the serum (a). CTRL-
Vehicle (N = 20; white); DNBS-Vehicle (N = 19; dark gray); DNBS-DSM 22607
(N = 19; green). Ussing chamber kinetics of tetramethylrhodamine isothiocyanate
(TRITC)-dextran (b), fluorescein-5-(and-6)-Sulfonic Acid (FSA) (c), and

horseradish peroxidase (HRP) (d) in colon. CTRL-Vehicle (N = 9; light gray);
DNBS-Vehicle (N = 12; dark gray); DNBS-DSM 22607 (N = 12; green). Data are
means and standard error of themean (SEM). Results of theOriginal FDRmethod of
Benjamini and Hochberg multiple comparison tests comparing the DNBS-Vehicle
group to the other three groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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expected, a decrease in AB-positive cells was observed following DNBS
injection (p < 0.0001), whereas C. minutaDSM 22607 prevented the loss of
mucus-producing cells (p < 0.0001; Fig. 3a). To determine mucus layer
thickness, MUC2 staining, one of the major mucins in the mucus in the
colon,was performed.Weobserved thatDSM22607 treatment significantly
improved the thickness of this layer compared to that in the DNBS-Vehicle
group (p < 0.05, Fig. 3b).

C. minuta DSM 22607 displayed anti-inflammatory effects at
local and systemic levels
In the colon, DNBS injection stimulated the protein expression of inter-
leukin (IL)-1α (Fig. 4a), IL-1β (Fig. 4b), and monocyte chemoattractant
protein (MCP)-1 (Fig. 4c). DSM 22607 showed anti-inflammatory prop-
erties through a significant reduction in IL-1α (p < 0.05) and MCP-1
(p < 0.01) levels, whereas no effects were observed for IL-1β. No significant
effects were observed for tumor necrosis factor (TNF)-α, interferon (IFN), γ
and IL-23 (data not shown). IL-12p70, IL-10, IL-6, IL-27, IL-17A, and IFNβ
and granulocyte-macrophage colony-stimulating factor (GM-CSF) were
not detected.

To evaluate the immunomodulatory effects of DSM 22607 at the
systemic level, we measured cytokine levels in serum samples and in PMA-
IONO-stimulated splenocytes, which activate Th cells. We observed a sig-
nificant increase in the serum levels of TNF-α (Fig. 5a), IFNγ (Fig. 5b), and
MCP-1 (Fig. 5c) following DNBS injection (p < 0.05), which tended to be
counterbalanced by DSM 22607 treatment for TNF-α and IFNγ (p = 0.08)
anddecreasedMCP-1 (p < 0.05).Nosignificant effectswere observed for IL-
1α and IL-23 (data not shown). IL-12p70, IL-1b, IL-10, IL-6, IL-27, IL-17A,
andGM-CSFwere not detected in these samples. Cytokinemeasurement of
the supernatant of stimulated splenocytes showed that DSM 22607
decreased TNF-α (p < 0.05; Fig. 5d), IL-4 (p < 0.05; Fig. 5e), IL-5 (p < 0.05;
Fig. 5f), and IL-6 (p < 0.01; Fig. 5g) levels compared with the DNBS-vehicle
group.Nodifferenceswere observed in IFNγ, IL-2, IL-10, IL-17A, and IL-22
cytokines between the groups (data not shown). IL-9, IL-17F, and IL-13
were not detected (data not shown).

DSM 22607 modulates gut microbiota composition
To assess the modulation of the gut microbiota following C. minuta
administrationandDNBS injection,we collected feces at time (T)T0 (before
any treatment), T14 (14 days after gavage with C. minuta or controls), and
fecal content at T17 (3 days post-injection and final time point). After
quality control, there were a total of 4,678,378 reads, and a mean of 27,358
reads per sample (min = 20,132 andmax = 34,377). A total of 982 amplicon
sequence variants (ASVs) were identified. The assessment of microbiota
diversity indices at each time point revealed no significant differences
between T0 and T14 (Supplementary Fig. 3a, b, d, and e) between groups.
Neither alpha nor beta diversity was impacted. Conversely, significant
changes were observed at the end of the experiment (T17). The most sig-
nificant differences were detected between the inflamed (DNBS-vehicle and
DNBS-DSM 22607) and non-inflamed (CTRL-vehicle) groups. The
inflamed groups showed a significantly lower alpha diversity (Supplemen-
tary Fig. 3c), and increased dissimilarity compared to that in the non-
inflamed groups (Supplementary Fig. 3f). This result indicates that inflamed
gut microbial communities are less diverse and more heterogeneous, dis-
playing the most dissimilar communities among individuals of the
same group.

A differential abundance analysis that identified significant differences
in the gut microbiota composition at the family level was performed.
Members of Enterobacteriaceae (p < 0.05; Fig. 6a), Porphyromonadaceae
(Fig. 6b),Mogibacteriaceae (p < 0.05; Fig. 6c), Bacteroidaceae (p < 0.01; Fig.
6d), and Enterococcaceae (p = 0.07; Fig. 6e) were higher in the inflamed
group than in the control group. In contrast, Lactobacillaceae (p < 0.01; Fig.
6f), Lachnospiraceae (p < 0.01; Figs. 6g), S24–6 (p < 0.001; Fig. 6h), and
Turicibacteraceae (p < 0.05; Fig. 6i) decreased in the DNBS-vehicle group.
Members of the Christensenellaceae family were exclusively present in the
DNBS-DSM 22607 group (p < 0.0001; Fig. 6j), where they were present in a
concentration higher of the detection limit in 10 of 16 animals. By using a
specific set of primers, we confirmed the presence ofC.minuta at the end of
the experiment (D21) on the same gDNA by PCR in all the mice (data not
shown). We also detected a higher abundance of members of the families

Fig. 2 | Colonic permeability tended to improve following C. minuta treatment.
During 2 h, raw transepithelial electrical resistance recording (a) and associated aera
under the curve (b) were obtained using Ussing chambers. CTRL-Vehicle (N = 9;
light gray); DNBS-Vehicle (N = 12; dark gray); DNBS-DSM 22607 (N = 12; green).

Data are means and SEM. Results of Original FDR method of Benjamini and
Hochbergmultiple comparison tests comparing theDNBS-Vehicle group to the two
other groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 3 | DSM 22607 improves mucus production by decreasing goblet cell
depletion. AB positive cells/Crypt (a), goblet cell staining (b), thickness of the mucus
layer (c) and MUC2 staining showed with white arrows (d) in the colon. CTRL-Vehicle
(N= 26; white); DNBS-Vehicle (N= 29; dark gray); DNBS-DSM 22607 (N= 31; green).

Data are means and SEM. Length of scale bar measured 20 µm. Results of Original FDR
method of Benjamini and Hochberg multiple comparison tests comparing the DNBS-
Vehicle group to the two other groups. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

Fig. 4 | Anti-inflammatory properties of Christensenella minuta at local level.
Determination of IL-1α (a), IL-1β (b) and MCP-1 (c) cytokines in the colon.
CTRL-Vehicle (N = 20; white); DNBS-Vehicle (N = 19; dark gray); DNBS-DSM
22607 (N = 19; green). Data are means and SEM. Results of Original FDR

method of Benjamini and Hochberg multiple comparison tests comparing the
DNBS-Vehicle group to the three other groups.*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Verrucomicrobiaceae (p = 0.053; Fig. 6k), Rikenellaceae (p < 0.05; Fig. 6l),
and Coriobacteriaceae (p < 0.05; Fig. 6m) in the DNBS-DSM 22607 group.

We further examined the correlation between the relative abun-
dances of C. minuta and other genera in the DNBS-DSM 22607 group.
The high relative abundances of Akkermansia sp. and Dubosiella sp.
were slightly positively correlated with the presence of the Chris-
tensenella genus (Figs. 7a and 7b), as illustrated by the correlation
coefficients of R2 = 0.1269 (p = 0.0073) and R2 = 0.2661 (p < 0.0001),
respectively. Interestingly, an increase in these two genera, compared
to DNBS-Vehicle, was only observed in mice in which we detected the
Christensenellaceae family in the differential abundance analysis (data
not shown).

Modulation of microbial metabolites by DSM 22607
Modulation of short chain fatty acids (SCFA) production in the cecum
was measured using gas chromatography. The three main SCFAs
found in the gut are acetate (Fig. 8a), butyrate (Fig. 8b), and propio-
nate (Fig. 8c). DNBS induced a decrease in these three SCFAs com-
pared to that in the CTRL-vehicle group. In contrast, an increase in
SCFAs was observed in the C. minuta DSM 22607 group (p < 0.05),
mitigating the effects of DNBS-induced inflammation on these
metabolites. A similar effect was observed for valerate (p < 0.01; Fig.
8d). For both branched chain fatty acids (BCFA), isobutyrate (Fig. 8e),

and isovalerate (Fig. 8f), no effects were observed following treatment
with C. minuta.

DSM 22607 modulates inflammatory and functional genes in
the colon
RNA samples (CTRL-Vehicle (N = 20); DNBS-Vehicle (N = 19)); DNBS-
DSM 22607 (N = 19) were sequenced with a yield of 50 million reads per
sample. Multivariate discriminant analysis using an sPLS-DA approach
enabled the identification of the top 100 genes (Table 1) that discriminated
the inflamed groups DNBS-DSM 22607 and DNBS-Vehicle: 82 down-
regulated and 18 upregulated by DSM 22607. We observed that our treat-
ment reduced the expressionof genes involved in inflammation (Tnfrsf8 and
Atg5), mitochondrial membrane (Tomm7 and Tmem126a), cell migration,
and tumorigenesis (Sn x 16). To validate the transcriptomic analysis, we
performedRT-qPCR analysis of two genes that were found to bemodulated
and associated with the observed phenotype: one involved in inflammation,
a member of the TNF receptor family (Tnfrsf8), and the other linked to cell-
cell adhesion (Jup, a plakoglobin protein that is a component of adherent
junctions and desmosomes). We performed this quantification in the colon
samples. As expected, Tnfrsf8was significantly decreased (p < 0.05; Fig. 9a),
and Jup was significantly increased (p < 0.01; Fig. 9b) in the DNBS-DSM
22607 group. These results validated the results of transcriptome analysis
and led us to continue investigating the mechanisms of action of C. minuta.

Fig. 5 | Anti-inflammatory properties ofChristensenellaminuta at systemic levels
in serum and spleen. Determination of TNF-α (a); IFNγ (b); and MCP-1 (c)
cytokines in serum. Following splenocyte stimulation, TNF-α (d), IL-4 (e), IL-5 (f)
and IL-6 (g) were measured. CTRL-Vehicle (N = 20; white); DNBS-Vehicle (N = 19;

dark gray); DNBS-DSM 22607 (N = 19; green). Data are means and SEM. Results of
Original FDR method of Benjamini and Hochberg multiple comparison tests
comparing the DNBS-Vehicle group to the three other groups. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Finally, transcriptomic results were analyzed using ingenuity pathway
analysis (IPA) software. Analysis of upstream regulators and networks
showed inhibition of il-33 and siglec8 followingDSM22607 administration.
Interestingly, il-33 and tfnrsf8 expression depends on the same transcription
regulator, MYF6, and is linked to the MyD88 pathway (Fig. 10). Therefore,
we quantified il-33 andmyd88 gene expression in the colon by qPCR, which
is linked to the activation of the pro-inflammatory NF-κB pathway34,35. We
observed that DSM 22607 decreased il-33 (p < 0.05; Fig. 11a) without
modulating myd88 gene expression (Fig. 11b).

Discussion
Onepromising innovative approach for themanagementof IBD is theuseof
microbiome-based therapies. Thus, the use of a single keystone bacterium
from the human intestinal microbiota, such as C. minuta is an interesting
therapeutic option to complement existing treatments that fail to address
underlying gut microbial dysbiosis. Consequently, following the discovery

ofC.minuta anti-inflammatory properties ofC.minuta in both in vitro and
in vivo models32, our objective was to further explore its mechanisms of
action.

First, we determined the effects ofC.minuta extract on the structure of
the intestinal barrier. In a previous study, C. minuta DSM 22607 partially
restored permeability in an in vitro model of intestinal cells, whereas no
improvements were observed in DNBS-induced systemic hyperperme-
ability in vivo32. To assess local intestinal permeability in vivo, we tested
colon, ileum, and cecum permeability in Ussing chambers after DNBS
challenge. Two permeability pathways were measured: (i) paracellular,
which can result from dysregulated tight junction (TJ) protein expression
and (ii) transcellular, which is defined as passive diffusion through cells36.
Weobserved a significant effect ofC.minutaDSM22607on the paracellular
pathway but not on the transcellular pathway. IBD is associated with dys-
function of the paracellular pathway, increasing permeability due to TJs
dysfunction (i.e.,Claudin orOccludin) and other junctional complexes such

Fig. 6 | Amplicon sequence variant (ASV) family diversity among groups at the
experiment end. Enterobacteriaceae (a), Prophyromonadaceae (b) Mogibacter-
iaceae (c), Bacteroidaceae (d), Enterococcaceae (e), Lactobacillaceae (f), Lachnos-
piraceae (g), S24-7 (h),Rikenellaceae (i),Turibacteraceae (j),Christensenellaceae (k),
Verrucomicrobiaceae (l) and Coriobacteriaceae (m) ASVs at the end of the

experiment. CTRL-Vehicle (N = 20; white); DNBS-Vehicle (N = 19; dark gray);
DNBS-DSM 22607 (N = 19; green). Data are means and SEM. Results of Original
FDR method of Benjamini and Hochberg multiple comparison tests comparing the
DNBS-Vehicle group to the three other groups. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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as desmosomes11,37. In addition, colonic TEER was increased after DSM
22607 administration, confirming the improvement of paracellular per-
meability, since 90% of the total TEER in the colonic tissue is due to the
paracellular pathway38. It has recently been reported that probiotics such as
Bifidobacteriumbifidum couldplay a role inTJs regulation in animalmodels
of colitis in a TLR-2-dependent manner, compensating for the deleterious
effects induced by DNBS39. Interestingly, we observed upregulation of Jup
expression, a gene involved in the regulation of cell-cell adhesion, such as
desmosomes and E-cadherin adhesion complexes (UniProtKB, Q02256),
which are essential proteins regulating theparacellular pathway. In addition,
it has been demonstrated that desmosome adhesion during IBD plays a
major role to stabilize and reverse intestinal permeability40. Themucus layer
is another essential component of the intestinal barrier structure41. DSM
22607 treatment prevented the depletion ofmucus-producing cells induced
by DNBS, a trait also observed in IBD patients33. MUC2 staining confirmed
that C. minuta DSM 22607 limited mucus thinning in the colon. These
results corroborate that DSM22607 can limit intestinal damage during IBD
by protecting the intestinal barrier.

The intestinal epithelial barrier is also composed of an inner layer
known as the lamina propria which hosts numerous immune cells42. Pre-
viously, we observed that DSM 22607 has anti-inflammatory effects in vitro
by decreasing IL-8 cytokine production in TNF–α stimulated HT-29 cells
and in vivo by reducingMPO activity in a murine colitis model32. Thus, we
monitored the immunomodulatory effects of DSM 22607 at local and
systemic levels. At the local level, we observed a decrease in colonic IL-1α
andMCP-1 levels, two cytokines involved in IBD43,44. MCP-1 is induced by
TNF-α and is involved in macrophage recruitment45. Interestingly, mac-
rophages are known to release IL-1α, which suggests that the observed
decrease in the colon may be due to lower macrophage infiltration46. This
finding is consistent with the beneficial ability of some bacteria tomodulate
inflammation. For example, Akkermansia muciniphila has been shown to
decrease inflammation in the colon through the reduction ofMCP-1 release
in a DSS-induced colitis model47. Other probiotics have also demonstrated
the ability to prevent the synthesis of pro-inflammatory cytokines, such as
IL-8, TNF-, α andMCP-1, inUCpatients48. At a systemic level, we observed
thatC.minuta treatment led to a decrease inMCP-1 and tended to decrease
IFNγ and TNF-α cytokines in the serum, indicating a systemic immuno-
modulatory effect. Thus, to characterize the adaptive immune response,
which is known to play an important role in IBD49, we evaluated cytokine
release by activated lymphocytes in the spleen. We observed a decrease in
TNFα and, interestingly, a decrease in IL-4, IL-5, and IL-6. The spleen is a
secondary lymphoid tissue involved in the main immune response, and its
function is affected during IBD50. TNF-α, produced byM1macrophages, is
known to be a major Th1 cytokine in IBD, with pro-inflammatory effects51.

To manage inflammation, anti-TNF-α therapy has been developed to
hamper the pro-inflammatory response in IBD52. Moreover, the reduction
of TNF-α, an inducer of the NF-κB inflammatory pathway53 following C.
minuta administration is consistent with the previous observation of the
inhibition of theNF-κB pathway32. Researchers have also highlighted a high
prevalence of allergic diseases in patients with CD54, associated with Th2
cytokines, such as IL-4, IL-5, and IL-655. The decrease in IL-4 suppresses the
development of colitis in mice56 and the inhibition of IL-6 induces immu-
nosuppression in patients57. These results showed that DSM 22607 dis-
played strong anti-inflammatory properties and confirmed its
immunomodulatory potential.

Gutmicrobiota, a component of the intestinal barrier, is altered during
IBD12. Therefore, we hypothesized that C. minuta DSM 22607 could exert
some protective effects through the modulation of the gut microbiota and
observed that DNBS induced a decrease in gut microbiota richness and
diversity, including an increase in some bacterial families such as Enter-
obacteriaceae and Bacteroidaceae and a decrease in Lactobacillaceae family.
All thesemodulations have also been previously reported in IBD in humans
andmouse colitismodels16–18,22. Interestingly,C.minuta administrationwas
correlated with the abundance of Akkermansia spp., a genus widely docu-
mented for its positive action on the gut barrier58 andDubosiella sp., shown
to be positively correlated with the increase of butyric acid and negatively
correlated with IL-1b and IL-6 mRNA expressions in a DSS mouse colitis
model59. Recently, the presence of these two species was reported to be
positively correlated: following oral administration of pasteurized A.
muciniphila, the authors observed a significant increase in Dubosiella sp.,
thereby alleviating intestinal damage induced by DSS in mice60. These
microbial modulations are associated with functional modifications, as
illustrated by the changes in SCFAs production. DSM 22607 treatment
increased the levels of butyrate, acetate, propionate, and valerate in the
cecum. DSM 22607 is a high acetate and low butyrate producer32 and a
recent study showed that the addition of C. minuta DSM 33407 was suffi-
cient to stimulate the productionof acetate, butyrate andpropionate, known
as the three main SCFAs27. The increase in Akkermansia and Dubosiella
could also help explain the restoration of SCFA levels as butyrate, acetate,
and propionate by modulating microbial metabolism and downregulating
Th1 cytokines in the colon61. Interestingly, acetate and butyrate were
associated withMUC2expression in a dose-dependentmanner62. Acetate is
also involved in GC differentiation through the activation of the KLF4
transcription factor63; butyrate is well known to have anti-inflammatory
effects, notably by inhibiting the NF-κB pathway64. Therefore, it is possible
that the increased production of these SCFAs largely contributes to other
protective effects on the intestinal barrier observed following C. minuta
treatment. Christensenellaceae is considered as a gut microbiota keystone
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species known to held a role as a hub in a co-occurrence network that
includes heritable taxa26. Multiple studies indicate that Akkermensia spp.,
Dubosiella spp., Christensenellaceae and other families as Rikenellaceae are
oftenpositively correlated. For instance, it has beensown that a combination
of baicalin and berberine hydrochloride ameliorates Dextran Sulfate
Sodium-Induced Colitis by increasing Christensenellaceae and Erysipelo-
trichaceae (Dubosiella family) andmodulating inflammation in aDSS colitis
model65.Moreover in2023, polysaccharides from the seedsGleditsia sinensis
stimulated the abundance of Akkermansia spp. and Christensenella spp.
which could be linked to the improvement of intestinal barrier by increasing
Muc2 expression, tight junction protein and SCFA amount66. All these
information established that C. minuta administration induced several
shifts with beneficial effects in ourmousemodel confirming the importance
of this bacterium.

Finally, Tnfrsf8 levels were significantly decreased in the C. minuta-
treated group. Tnfrsf8 plays a major role in the management of

inflammatory diseases by activating innate and adaptive immune cells34. For
example, in a TNBS-induced colitis model, Tnfrsf8 KOmice were resistant
to TNBS-associated effects67. Moreover, network analyses revealed that
DSM22607 inhibits IL-33 and SIGLEC 8, both of which are associated with
pro-inflammation. IL-33, which activates SIGLEC 8-mediated apoptosis68,
is a member of the IL-1 family that induces T cell differentiation into
Th1 cells, maturation of dendritic cells, upregulation of natural killer (NK)
cells, and CD8+ cells35 and drives type 2 innate lymphoid cells in allergy69.
However, here, IL-33 expression in the colon was not regulated via Myd88.
Other studies have observed a role of IL-33 due to microbiota modulation
during inflammation. The administration ofA.muciniphila has been found
to restore the diversity of the intestinal microbiota depleted during
abdominal aortic aneurysms and reducedmarkers of inflammation such as
IL-3370. In contrast, Arifuzzaman and co workers showed recently that
inulin-induced gut microbiota modifications, which altered microbiota-
derived metabolites as bile acids and enhanced the expression of IL-3371.

Fig. 8 | C. minuta increases cecal short chain fatty acid (SCFA) production.
Assessment of acetate (a); butyrate (b); propionate (c); valerate (d); isobutyrate (e)
and isovalerate (f) production in the cecum. CTRL-Vehicle (N = 26; white); DNBS-
Vehicle (N = 29; dark gray); DNBS-DSM 22607 (N = 31; green). Data are means and

SEM. Results of the Original FDR method of Benjamini and Hochberg multiple
comparison tests comparing the DNBS-Vehicle group to the other three groups.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Table 1 | Top 100 genes modulated by DSM 22607 compared to DNBS-vehicle via sPLS-DA approach

GeneID SYMBOL logFC adj.P.Val GeneID SYMBOL logFC adj.P.Val

ENSMUSG00000028602 Tnfrsf8 −0,99743626 0,29510731 ENSMUSG00000002580 Mien1 −0,22417223 0,30891771

ENSMUSG00000047854 Stx19 −0,72030651 0,27035889 ENSMUSG00000024293 Esco1 −0,22040676 0,20828067

ENSMUSG00000023919 Cenpq −0,46702204 0,30891771 ENSMUSG00000025967 Eef1b2 −0,21902614 0,28500164

ENSMUSG00000114540 NA −0,44988898 0,34684554 ENSMUSG00000078970 Wdr92 −0,21818105 0,30760988

ENSMUSG00000096010 H4f16 −0,43470579 0,30891771 ENSMUSG00000037531 Mrpl47 −0,2173443 0,30891771

ENSMUSG00000114456 H2bc9 −0,42550252 0,29950651 ENSMUSG00000022370 Mrpl13 −0,21664537 0,29951729

ENSMUSG00000078974 Sec61g −0,41581979 0,25057889 ENSMUSG00000063362 Alg11 −0,21499792 0,19625406

ENSMUSG00000030521 Mphosph10 −0,38416676 0,30760988 ENSMUSG00000026568 Mpc2 −0,21294554 0,27611749

ENSMUSG00000036781 Rps27l −0,37678571 0,22844889 ENSMUSG00000001891 Ugp2 −0,21110044 0,30891771

ENSMUSG00000052033 Pfdn4 −0,37455825 0,28500164 ENSMUSG00000031696 Vps35 −0,21053581 0,28118045

ENSMUSG00000032330 Cox7a2 −0,36291934 0,20828067 ENSMUSG00000020076 Ddx50 −0,21023024 0,20828067

ENSMUSG00000028175 Depdc1a −0,3620709 0,33499303 ENSMUSG00000054302 Eapp −0,20672131 0,23936558

ENSMUSG00000062328 Rpl17 −0,32598048 0,27035889 ENSMUSG00000034800 Zfp661 −0,20642286 0,3849899

ENSMUSG00000028295 Smim8 −0,3238612 0,27755867 ENSMUSG00000020397 Med7 −0,20403306 0,29510731

ENSMUSG00000069208 Zfp825 −0,31927764 0,27035889 ENSMUSG00000029462 Vps29 −0,20114252 0,30891771

ENSMUSG00000030469 Zfp719 −0,31692917 0,19305783 ENSMUSG00000026500 Cox20 −0,19770674 0,34568622

ENSMUSG00000058291 Zfp68 −0,30754312 0,25057889 ENSMUSG00000046603 Tcaim −0,1971252 0,29969993

ENSMUSG00000003198 Zfp959 −0,30357571 0,29142092 ENSMUSG00000040044 Orc3 −0,19574769 0,25900506

ENSMUSG00000032673 Prorsd1 −0,29841183 0,25057889 ENSMUSG00000037075 Rnf139 −0,19447024 0,27035889

ENSMUSG00000027534 Snx16 −0,29345952 0,27575137 ENSMUSG00000026577 Blzf1 −0,18959363 0,30891771

ENSMUSG00000074521 NA −0,29060099 0,39568849 ENSMUSG00000051469 Zfp24 −0,18958995 0,19305783

ENSMUSG00000031347 Cetn2 −0,28992334 0,25406939 ENSMUSG00000025979 Mob4 −0,18572347 0,29950651

ENSMUSG00000027835 Pdcd10 −0,28964885 0,26112428 ENSMUSG00000027937 Jtb −0,18161537 0,29510731

ENSMUSG00000048495 Tyw5 −0,28875924 0,27035889 ENSMUSG00000066880 Zfp617 −0,18004659 0,28118045

ENSMUSG00000021290 Atp5mpl −0,28574474 0,20828067 ENSMUSG00000031479 Vps36 −0,17721061 0,27040179

ENSMUSG00000041153 Osgin2 −0,27926591 0,29510731 ENSMUSG00000041124 Msantd4 −0,17512831 0,30891771

ENSMUSG00000068882 Ssb −0,27668082 0,25057889 ENSMUSG00000021023 Prorp −0,17440299 0,34376946

ENSMUSG00000070394 Tmem256 −0,27331311 0,26728859 ENSMUSG00000071267 Zfp942 −0,17016226 0,4057334

ENSMUSG00000042670 Immp1l −0,27226643 0,30891771 ENSMUSG00000036299 BC031181 −0,16428556 0,34376946

ENSMUSG00000021711 Trappc13 −0,26365975 0,19305783 ENSMUSG00000027088 Phospho2 −0,16215153 0,35840453

ENSMUSG00000078994 Zfp429 −0,26043082 0,30760988 ENSMUSG00000037860 Aim2 −0,16038052 0,40282073

ENSMUSG00000073448 NA −0,25843035 0,34906971 ENSMUSG00000017686 Rhot1 −0,15711633 0,2254286

ENSMUSG00000028998 Tomm7 −0,25808785 0,27035889 ENSMUSG00000001552 Jup 0,308949158 0,19625406

ENSMUSG00000078862 Gm14326 −0,25441179 0,32043191 ENSMUSG00000039910 Cited2 0,388552298 0,25900506

ENSMUSG00000026021 Sumo1 −0,25411878 0,19625406 ENSMUSG00000002763 Pex6 0,389786576 0,19305783

ENSMUSG00000021022 Ppp2r3c −0,25270256 0,28118045 ENSMUSG00000000631 Myo18a 0,42506165 0,19305783

ENSMUSG00000030615 Tmem126a −0,25162666 0,25057889 ENSMUSG00000020747 Tmem94 0,434966894 0,20828067

ENSMUSG00000045624 Esf1 −0,25147634 0,30891771 ENSMUSG00000037686 Aspg 0,453762602 0,27035889

ENSMUSG00000116802 Gm5165 −0,24678902 0,33565587 ENSMUSG00000044707 Ccnjl 0,471308593 0,29510731

ENSMUSG00000028563 Tm2d1 −0,24532911 0,30891771 ENSMUSG00000022199 Slc22a17 0,4767096 0,25057889

ENSMUSG00000039270 Megf9 −0,24455218 0,30891771 ENSMUSG00000022096 Hr 0,540875898 0,21432634

ENSMUSG00000040374 Pex2 −0,24419174 0,25057889 ENSMUSG00000048916 NA 0,554931734 0,28996021

ENSMUSG00000024145 Pigf −0,2437491 0,30891771 ENSMUSG00000097336 Fendrr 0,585339795 0,20828067

ENSMUSG00000053289 Ddx10 −0,24056409 0,28255213 ENSMUSG00000045348 Nyap1 0,598431945 0,29510731

ENSMUSG00000033983 Coil −0,23576517 0,28118045 ENSMUSG00000064345 ND2 0,64893192 0,28527504

ENSMUSG00000002728 Naa20 −0,23397621 0,28118045 ENSMUSG00000038473 Nos1ap 0,66887166 0,28118045

ENSMUSG00000038160 Atg5 −0,22954702 0,22844889 ENSMUSG00000110772 NA 0,701002337 0,28500164

ENSMUSG00000074781 Ube2n −0,22927426 0,25057889 ENSMUSG00000090561 NA 0,739140612 0,36375605

ENSMUSG00000038628 Polr3k −0,22897652 0,23936558 ENSMUSG00000109325 NA 0,75294619 0,30891771

ENSMUSG00000062931 Zfp938 −0,22658542 0,35840453 ENSMUSG00000108365 NA 1,005271021 0,27035889
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More studies should be performed to determine which is the mechanism
that allow C. minuta to decrease IL-33 production.

In conclusion, our research confirmed the protective effects of C.
minuta DSM 22607 on the intestinal epithelial barrier and its anti-
inflammatory effects in a rodentmodel of IBD.This study also provides new
insights into themechanisms of action ofC.minutaDSM22607and further
supports the need for a clinical trial to validate the use ofC.minuta strains as
a microbiome-based therapy to manage IBD.

Methods
Bacteria growth conditions
Christensenella minuta DSM 22607 was grown in GAM broth modified
medium (HyServe, Germany) as described by Kropp et al.32. Briefly, after
revivification of a stock for 4 days at 37 °C under anaerobic conditions, a
preculture was obtained from a single colony grown in GAM for 2 days.
Finally, to prepare gavage aliquots, this preculture was used to inoculate the
final culture under the same conditions. The culture was centrifuged at

Fig. 9 | C. minuta significantly modulated Tnfrsf8
and Jup gene expressions. Tnfrsf8 (a) and Jup (b)
gene expression in the colon. CTRL-Vehicle
(N = 26); DNBS-Vehicle (N = 29); DNBS-DSM
22607 (N = 31). Data are means and SEM. Results of
the Original FDR method of Benjamini and Hoch-
berg multiple comparison tests comparing the
DNBS-Vehicle group with the other two groups.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Fig. 10 | Casual network involved in DSM 22607 effects. Legend: Leads to an
inhibition (blue); findings inconsistent with state of downstreammolecule (yellow);
effect not predicted (gray); inhibition induced by DSM 22607 (purple). Activation,
causation or expression (entire arrow); indirect interaction (streaked arrows).

Cytokine (square); transmembrane receptor (oval); transcription regulator (elon-
gated oval); other (circle). Decreasedmeasurement (green oval); predicted inhibition
(blue oval).
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2500 g during 20min, washed in phosphate-buffered saline 1X (PBS)
(Gibco, Thermo Fisher Scientific, USA), resuspended in PBS with 16%
glycerol (PBS/glycerol) at 5 *109 CFU/mL, and stored at -80°C until use.

Mouse model experimental design
Eighty-eight 7-week-old male C56BL/6 J mice were obtained from Janvier
Lab and maintained under specific pathogen-free (SPF) conditions in the
animal facilities of theNational Research Institute forAgriculture, Food and
Environment (IERP, INRAE, Jouy-en-Josas, France). The experimentswere
performed in two separate batches, and themicewerehoused in cagesof 4or
5. All animal experiments were performed in accordancewith the European
Community Guidelines for Animal Care. Animal care and work protocols
were approved by the local regional ethical committee Comethea according
to EU Directive 2010/63/EU. After 7 days of acclimation, the mice were
divided into three groups: control non-inflamedmicewhich received150 µL
of PBS/glycerol solution (vehicle) by oral gavage (CTRL-Vehicle, n = 26);
control inflamedmice that received 150 µLof vehicle byoral gavage (DNBS-
Vehicle, n = 30), treated mice that received C. minuta DSM 22607 at
109 CFU/mL by oral gavage (DNBS-DSM 22607, n = 32). Two weeks after
the start of daily force-feeding, themicewere anesthetized by intraperitoneal
injection of 0.1% ketamine and 0.06% xylazine and received by intra rectal
injection a solution of 165mg/kg DNBS dissolved in ethanol 30%. The
control group without inflammation (CTRL-Vehicle) received an intra
rectal injection with a solution of ethanol 30%. Three days after DNBS
injection, themicewere euthanized by cervical dislocation just after taking a
terminal blood sample from the submandibular vein. Bodyweight variation
was monitored daily, and macroscopic and microscopic scores were
obtained as previously described32. Briefly, a 1 cm piece of colon was col-
lected and fixed for 24 h in a 4% paraformaldehyde (PFA) solution before
dipping it in 70% ethanol. Samples were embedded in paraffin using a tissue
embedding system (Leica), cut into 5 μm sections using amicrotome (UC6,
Reicher E - Leica UC6), and then stained with hematoxylin and eosin (HE)
for histological scoring using an automated staining system (Leica). Tissue
sections were evaluated to characterize alterations in mucosal architecture
and the degree of immune cell infiltration72. DNBS-induced chronic
inflammation is also visible at the macroscopic level, and inflammation
intensity can be evaluated by measuring different parameters as damage in

colon tissue and stool consistency, usingWallace’s score73with the following
modifications: tissue sections from each mouse were scored by evaluating
ulcerations (score of 0–5), adhesions (presence/absence: 0/1), hyperemia
(presence/absence: 0/1), altered transitwith constipation (presence/absence:
0/1), and increases in colonwall thickness (presence/absence: 0/1;measured
using an electronic caliper, Control Company, WVR, United States).

To observe the effect of C. minuta on local permeability, Ussing
chamber experiments were performed. Thirty-three 7-week-old C56BL/6 J
male mice were obtained from Janvier Lab, maintained under SPF condi-
tions in IERP animal facilities, and housed in cages of 3. Mice were divided
into three groups (CTRL-Vehicle: n = 9,DNBS-Vehicle: n = 12, andDNBS-
DSM22607:n = 12) and the sameprotocol as for theDNBS experimentwas
followed.

MPO activity determinations
1 cm section of colonwas placed in liquid nitrogen and stored at -80°C until
MPO dosage to determine inflammation74. Briefly, after adding 300 µl of
hexadecyl trimethyl ammonium bromide (HTAB) (Sigma-Aldrich, USA)
buffer, tissues were homogenized for three cycles of 30 s at 8000 rpm at 4°C
with Precellys® evolution coupled to Cryolys® evolution (Ozyme, France).
The samples were centrifuged at 14,000 x g for 5min, and the supernatants
were collected. o-Dianisidine 1% H202 solution (200 µL, Sigma-Aldrich,
USA)was added to 6 µLof the samples in a 96-well plate.One hour later, the
plates were read using a spectrophotometer at 450 nm (TECAN, Switzer-
land). The results were normalized to the sample weight.

Measurement of general intestinal permeability in vivo
Blood was collected on the day of necropsy in microtest Kima tubes
(Labellians, France) and processed immediately by centrifugation at 2000 g
for 10min at room temperature. Serum was stored at -80°C until use.
Lipopolysaccharide (LPS)-binding protein (LBP) (Hycult Biotech, Neth-
erlands) in serumwas measured by ELISA according to the manufacturer’s
specifications.

Ex vivo local permeability measurement
Three days after DNBS injection, mice were euthanized and the colon,
ileum, and cecumwere collected; content sampleswere removed byflushing

Fig. 11 | C. minuta inhibited IL-33 pathway inde-
pendently of MyD88 gene expression. IL-33 (a)
andMyD88 (b) gene expression in the colon. CTRL-
Vehicle (N = 26; white); DNBS-Vehicle (N = 29;
dark gray); DNBS-DSM 22607 (N = 31; green). Data
are means and SEM. Results of Original FDR
method of Benjamini and Hochberg multiple com-
parison tests comparing the DNBS-Vehicle group to
the two other groups. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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with cold PBS 1X and immediately mounted in Ussing chambers as
described previously75. To assess the para- and trans-cellular permeability,
we measured the mucosal-to-serosal flux of three different molecules over
120min: HRP (40 kDa, type II, Merck, Germany), FSA (500 Da, Thermo
Fisher Scientific, USA), and TRITC-dextran (4 kDa, TdB Labs, Sweden).
Molecules were added to the mucosal side of the chamber at final con-
centrations of 200 µg/mL, 40 µg/mL, and 400 µg/mL. The electrical partwas
assessed by clamping the voltage and recording the change in conductance
(G) and resistance (Ω) over 2 h. The results are expressed as conductivity
and resistance per second and represented by the area under the curve of
these measurements.

Staining of mucus producing cells and MUC2 determinations
One centimeter section of the colon was fixed for at least 3 weeks in water-
free methacarn solution76. The tissues were then embedded in paraffin
(VWR, USA), and sections were cut using a microtome (Leica, USA). AB
staining was performed to color the mucins present in GC, according to
standard protocols. To avoid bias, the % of positive AB cells in each crypt
was normalized to the total cell count. For MUC2 determination, immu-
nohistochemistry was performed according to standard methods using
Leica BOND RXm. The protocol included a deparaffinization and rehy-
dration step, an acidic antigen retrieval step (20min at 100°C in BondTM
Epitope Retrieval 1), and blocking with 1% BSA and 10% Normal Goat
Serum for 30min at room temperature. The primary antibody anti-MUC2
(dilution 1/500, Novus Biological, USA) was applied to the slides for 1 h at
room temperature, and anti-rabbit secondary antibody ((dilution 1/200,
Goat anti-Rabbit IgG (H+ L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 568, Invitrogen, USA) with DAPI) was added for 30min at room
temperature. The slides were mounted using Fluoromount® (Cliniscience,
France). All slides were scanned using a Pannoramic SCAN II automated
slide scanner (3D HISTECH, Hungary) at 20X and analysed using Case-
viewer software.

Cytokine determinations
Cytokinesweremeasured locally in the colon andat systemic levels in serum
samples using the LEGENDplex mouse inflammation panel IL-1α, IL-1β,
IL-6, IL-10, IL-12p60, IL-16A, IL-23, IL-26, MCP-1, IFN-β, IFN-γ, TNF-α,
and GM-CSF (BioLegend, USA) according to the manufacturer’s instruc-
tions. The samples were analyzed using a flow cytometer Accuri C6 (BD
Biosciences, USA). Samples were analyzed using LEGENDplex software
according to the data analysis software suite manual (legendplex.qog-
nit.com; Supplementary Figure 5). For colonic concentrations, the results
were normalized based on tissue weight.

Spleen cells stimulation
Spleens were collected in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Thermo Fisher Scientific, USA) and kept on ice. Spleens were
smashed in a 40 µm sterile cell strainer (Falcon®), and cells were collected in
2mLmL DMEM supplemented with 10% fetal calf serum (FCS) (Eurobio
Scientific, France) and 1% penicillin/streptomycin cocktail (Sigma-Aldrich,
USA). The spleenswere centrifugedat 300 g for 10min at 4°C. Supernatants
were removed and 1mL of 1X red blood cell lysis buffer was added to lyse
the erythrocytes. After 5min, complete DMEM was added to stop the
reaction and the samples were centrifuged under the same conditions.
Finally, the supernatant was removed, and the cell pellets were resuspended
in 3mLof completeDMEM.Cellswere countedonanAccuriC6 cytometer,
and 1 million lymphocytes per mouse were deposed in 24 well-plates. cell
stimulation cocktail (PMA/ionomycin, Invitrogen, USA) was added to
stimulate immune cells, and plates were incubated at 37°C for 48 h under
10% of CO2. At The end, supernatants were collected and stored at -80°C
until use. Cytokines were determined using a T helper cytokine panel
LEGENDPLEXassay (IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-
17A, IL-17F, IL-22, IFN-γ, and TNF-α; BioLegend, USA) according to the
manufacturer’s instructions. The samples were read and analyzed as
explained above.

SCFA determination in cecum samples
The day of the sacrifice, cecal samples were collected and placed in liquid
nitrogen at−80 °C. SCFAwere extracted from the sampleswithwater (wt g/
vol) and centrifuged for 15min at 15000xg. Supernatantswere collected and
deproteinized overnight at 4°C by the addition of phosphotungstic acid
(10%, Sigma-Aldrich, USA). The samples were processed and analyzed as
described by Kropp et al.32.

DNA extraction in feces
Mouse feces were sampled at three time points: day 0 (T0), 14 (T14), and 17
(T17) (SupplementaryFig. 4) and stored at−80 °Cuntil total genomicDNA
extraction usingGodon’s protocol77. Feceswere suspended in 250 µL of 4M
guanidine thiocyanate (Sigma-Aldrich, USA) and 40 µL of 10% N-lauroyl
sarcosine (Sigma-Aldrich, USA) solution. Samples were vortexed and
incubated for 10min at room temperature. Then, 500 µL of 5% N-lauroyl
sarcosine was added, and samples were incubated 1 h at 60°C under agi-
tation. 0.1 mm beads were used for bacterial cell lysis, and feces were
homogenized three cycles of 30 s at 10,000 rpm at 4 °C with Precellys®
evolution coupled with Cryolys® (Ozyme, France) evolution. Subsequently,
20mg polyvinylpyrrolidone (PVPP) (Sigma-Aldrich, USA) was added, and
the suspension was centrifuged at 20,000 × g at 4 °C for 5min. The super-
natants were recovered in a separate tube. Pellets were washed twice with
650 μLof a 6,5 pH1MTric-Cl, 0,5MEDTA, 5MNaCl, 1%PVPP, andmQ
water solution (TENPbuffer), centrifuged, and supernatantswere recovered
in the same tube. The pooled supernatants were centrifuged at 20,000 × g
and 4 °C for 1min. Nucleic acids were precipitated using isopropanol.
Following 10min incubation at room temperature, the poolwas centrifuged
at 20,000 × g at 4 °C for 10min, and the pellet was resuspended in 450 µL of
a pH80,1Mphosphate buffer. Fifty µLofMpotassiumacetate 5Msolution
was added, and samples were left at 4 °C overnight. Finally, samples were
centrifuged at 20,000xg at 4 °C for 30min. supernatants were collected, and
2 μL of RNAse (10mg/mL, Fisher Scientific) was added and incubated at
36 °C for 30min. DNAwas precipitated using 50 μL of 3M sodium acetate
and 1000 µL ice-cold 100% ethanol. Samples were centrifuged at 20,000 x g
for 10min at 4 °C the pellets were washed in 60% ethanol two times, dried,
and stored at −20 °C in TE buffer.

Microbiota determinations by 16S rRNA sequencing from fecal
content
The16S rRNAgene segments spanning the variableV3andV4regionswere
amplified from fecal DNA using the Herculase II Fusion DNA Polymerase
Nextera XT Index Kit V2 with the primers Bakt_341F 5′-
CCTACGGGNGGCWGCAG -3′ and Bakt_805R 5′- GACTACHVGGG-
TATCTAATCC -3′78. The V3-V4 amplicons were prepared according to
the 16SMetagenomic Sequencing Library Preparation Part #15044223 Rev.
B and sequenced on an IlluminaMiSeq platform. Sequenceswere processed
using version 2 of the Quantitative Insights into Microbial Ecology
(QIIME2) pipeline79. Cleaned sequencing reads were obtained after
removing the barcode sequences, primers, and low-quality reads (Q < 30).
The cleaned 16S rRNA gene sequences were processed using amplicon
sequence variants (ASVs). Taxonomic assignment of the ASVs was per-
formed using the primer-specific trained version of the GreenGenes2
Database80.

Polymerase chain reactions (PCR) to detect C. minuta
To confirm the results obtained after 16S sequencing of the fecal content
regarding the presence of C. minuta, we decided to perform a PCR with
primers specific for the amplification of C.minuta according to Jinthas and
co workers81 on the gDNA samples of day 21 used for the microbiota
analysis. Negative controls were also included (mouse gDNA, water and
another bacterium).

RNA isolation and colon transcriptome analysis
One centimeter section of the distal colon (n = 80) was placed in RNA later
(ThermoFisher Scientific, USA), frozen in liquid nitrogen, and stored at
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-80°C before RNA extraction using RNeasy mini kit (Qiagen, Germany)
according to manufacturer’s specifications. RNA samples were checked for
quality control, and qualified samples were used for library construction
using theTruSeqStrandedTotalRNALTSamplePrepKit (Human,Mouse,
Rat, Illumina). The ribo-depleted fractions of the prepared libraries were
paired-end sequenced (2 × 150 bp) on a NovaSeq6000 Illumina platform
with a target sequencing yield of 50million reads per sample. Cleaned
sequencing reads were obtained after removing low-quality sections (Phred
score < 33), reads shorter than 36 bp, and reads adapter. Contaminants
(humans and microorganisms) were also eliminated, following the guide-
lines recommended by Kraken 2 (Wood, Lu, and Langmead 2019)
recommended guidelines. The processed reads were then aligned and
annotated based on the GRCm39 assembly version using STAR v2.6.9a
(Dobin et al. 2013).

Lowly expressed genes were filtered out following the best practice
recommended in edgeR v.3.14.1, using the filterByExpr function82. Prior to
gene expression analysis, we examined potential outliers using a Mahala-
nobis distance83 and applied Bonferroni correction for multiple test
comparisons.

Transcriptomic analysis was uploaded toQiagen’s IPA system for core
analysis and then overlaid with the global molecular network in the Inge-
nuity Pathway Knowledge Base (IPKB). IPA was performed to identify
canonical pathways and gene networks that were differentially expressed
after DSM 22607 administration compared with DNBS-Vehicle.

Quantitative reverse transcription (RT)-qPCR
Total RNA from each sample was reverse-transcribed using a high-capacity
RNA-to-cDNA kit (ThermoFisher Scientific, USA). qPCR reactions were
performed with the ROX probe 1X MasterMix dTTP blue (Takyon,
Eurogentec, Belgium), primerswith probe (Thermo Fisher Scientific, USA),
and 125 ng of cDNA. The genes analyzed were TNF receptor superfamily
member 8 (Tnfrsf8), junction plakoglobin (jup), interleukine-33 (il-33),
myeloiddifferentiationprimary response88 (myd88), and thehousekeeping
gene TATA-box-binding protein (tbp). Amplification was performed using
the StepOneTM Real-Time qPCR system (Applied Biosystems, USA). Cycle
threshold (Ct) valueswere used to calculate fold-change values, according to
Rao et al.84.

Statistical analysis
All results are expressed as the mean ± standard error of the mean (SEM).
Statistical analyses were performed using GraphPad Prism version 9.4.0
(GraphPad Software, La Jolla, CA, USA). The observed differences were
analyzed for statistical significance using one-way analysis of variance with
theOriginal FDRmethod of Benjamini andHochbergmultiple comparison
post-hoc tests or Kruskal–Wallis test with Dunn’s multiple comparisons as
post-hoc tests. The differences were considered significant at *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data availability
The 16S RNA raw reads and transcriptomic raw data are available at
https://doi.org/10.57745/XXAXFA and https://doi.org/10.57745/
02ODSE respectively.
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