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ARTICLE INFO ABSTRACT

Keywords: Ulcerative colitis (UC) is a severe inflammatory bowel disease (IBD) characterized by multifactorial complex

IBD disorders triggered by environmental factors, genetic susceptibility, and also gut microbial dysbiosis. Faecali-

Commensal bacterial mixture bacterium prausnitzii, Bacteroides faecis, and Roseburia intestinalis are underrepresented species in UC patients,

;‘;ii::;bigge;l::isp rausnitzil leading to the hypothesis that therapeutic application of those bacteria could ameliorate clinical symptoms and

Roseburia intestinalis disease severity. Acute colitis was induced in mice by 3.5% DSS, and the commensal bacterial species were

DSS-induced colitis administered by oral gavage simultaneously with DSS treatment for up to 7 days. The signs of colonic inflam-
mation, the intestinal barrier integrity, the proportion of regulatory T cells (Tregs), and the expression of pro-
inflammatory and anti-inflammatory cytokines were quantified. The concentrations of SCFAs in feces were
measured using Gas-liquid chromatography. The gut microbiome was analyzed in all treatment groups at the
endpoint of the experiment. Results were benchmarked against a contemporary mesalazine treatment regime.
We show that commensal species alone and in combination reduced disease activity index scores, inhibited colon
shortening, strengthened the colonic epithelial barrier, and positively modulated tight junction protein expres-
sion. The expression level of pro-inflammatory cytokines was significantly reduced. Immune modulation
occurred via inhibition of the loss of CD4 +CD25 +Treg cells in the spleen. Our study proofed that therapeutic
application of F. prausnitzii, B. faecis, and R. intestinalis significantly ameliorated DSS-induced colitis at the level
of clinical symptoms, histological inflammation, and immune status. Our data suggest that these positive effects
are mediated by immune-modulatory pathways and influence on Treg/Th17 balance.

1. Introduction immunosuppressive agents and, as novel contemporary treatment op-

tion, the amino-salicylate mesalazine. Biological agents such as mono-

Inflammatory bowel disease (IBD), including ulcerative colitis (UC)
and Crohns disease (CD), is a multifactorial complex disorder charac-
terized by chronic relapsing intestinal inflammation. This disease is
triggered by exogenous and endogenous factors, including genetic pre-
disposition, environmental factors and intestinal flora. The result is
chronic intestinal inflammation, epithelial barrier damage, intestinal
dysbiosis, systemic inflammation, and the development of additional
comorbidities [1]. Recommended treatments for IBD are corticosteroids,
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clonal antibodies targeting proinflammatory mediators (e.g., anti-tumor
necrosis factor o (TNFa) or anti-IL-12/IL-13 mAbs) are used as part of
the treatment regimen [2]. However, the current treatment only relieves
symptomatic complications and is accompanied by serious side effects,
including loss of immune tolerance and drug resistance [3]. Thus there
are compelling reasons to explore alternative therapeutic strategies,
including prebiotics, probiotics, and symbiotics, as complementary or
alternative medicines to treat IBD [4].
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Dysbiosis of the intestinal microbiota is an endogenous factor
involved in the pathogenesis of IBD [5]. A significantly decreased
abundance of members of the Firmicutes phylum, particularly Faecali-
bacterium prausnitzii and Roseburia intestinalis was shown in clinical
studies [6]. Members of this phylum produce important short-chain fatty
acid metabolites such as acetate and butyrate, which provide energy for
colonocytes and act as powerful anti-inflammatory substances [7,8].
Furthermore, F prausnitzii and R. intestinalis have been shown to improve
gut health in animal studies of colitis by suppressing inflammatory re-
sponses, improving gut barrier and promoting the differentiation of Treg
cells [9-11]. Bacteroides faecis, within the Bacteroides genus, is a prev-
alent species of the human gut microbiota. Intestinal Bacteroides are
among the most abundant and well-studied members of the mammalian
commensal microbiota. They have many beneficial effects on the host,
including the breakdown of complex dietary carbohydrates and the
modulation of mucosal glycosylation, gene expression, angiogenesis,
and immune maturation [12]. However, for most of those species the
question remains how important this underrepresentation in UC devel-
opment, acute and chronic disease states really is and if treatment of
experimental colitis or UC patients with these species could ameliorate
all clinical symptoms.

Our previous study revealed that single or mixed application of
F. prausnitzii, R. intestinalis and B. faecis in an in vitro model of intestinal
inflammation have beneficial therapeutic effects on the integrity of in-
testinal barrier and on inflammation processes [13]. In agreement with
our findings, a number of other studies demonstrated anti-inflammatory
effects both in vitro and in vivo for F. prausnitzii and R. intestinalis alone
[9,10,14,15].

It is widely believed that in addition to abnormal cytokine produc-
tion, imbalance of the intestinal flora [16]. and barrier damage [17], UC
is caused by dysregulated immune responses [18]. In particular, an
abnormal T cell immune response to the intestinal flora in individuals
with susceptible genes has been noted [19,20]. T- cells are a vital
component of the adaptive immune system [21]. Upon activation by
antigen-presenting cells, T cells differentiate into various sub-types,
each equipped with a distinct set of effector functions and cytokine
profiles. Four major sub-types are Thl, Th2, Th17, and regulatory T
(Treg) cells. The differentiation of these T cell subsets is controlled by
specific transcription factors, including T-bet, GATA3, RORyt, and
Foxp3 [22,23]. UC is characterized by dysregulation of the immune
response involving the imbalance of Th1/Th2 and Treg/TH17 cells [24].
The excessive activation of effector Tcell subsets and the concurrent
deficiency of Treg cells contribute to chronic immune disorders and
intestinal inflammation in UC [25]. Emerging evidence has highlighted
the role of the gut microbiota and its metabolites, such as short-chain
fatty acids (SCFAs), in regulation of T-cell homeostasis [26,27].

Several animal models have been developed to understand etiology
and pathogenesis of IBD and to evaluate new prophylactic/therapeutic
strategies [28]. For example, IL-10-deficient mice (IL-10 —/—) sponta-
neously develop inflammation which modifies the immune system and
resembles UC in humans [29]. Chemical models, such as the
DSS-induced colitis model, are the most widely used experimental
models, due to simplicity, reliability, and applicability. Acute or chronic
disease can be mimicked by administering adjustable concentrations of
DSS in drinking water. The DSS model resembles the major clinical and
histopathological features of human IBD. DSS is thought to affect in-
testinal epithelial cells via its toxicity. As a result, the destroyed barrier
function exposes immune cells to antigens (e.g. microorganisms), trig-
gering a subsequent immune response. Based on the characteristics of
colitis, this model is suitable for studying the effect of intestinal flora on
the progression of colitis. Reduced expression of tight junction proteins
(e.g. occludin) in the epithelium, as well as increased intestinal
permeability for luminal bacteria, are additional significant features that
both human IBD and DSS-induced colitis have in common [30].

Based on our previous in vitro findings and other reports, we hy-
pothesize that treatment with F. prausnitzii, R. intestinalis and B. faecis,
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alone and in combination, could be a promising therapeutic strategy to
modulate the pathogenesis of IBD. Consequently, in this study we use a
DSS colitis mouse model to investigate if therapeutic application of 3
commensal bacterial species in diseased animals, which were found
largely underrepresented in the microbiome of human UC patients,
could fully ameliorate UC clinical symptoms. These experiments were
benchmarked against a standard contemporary mesalazine treatment
regime. Furthermore, to date, no in vivo study has investigated the
effectiveness of the mixture of the 3 commensal species in a DSS colitis
model. We found that Faecalibacterium prausnitzii, Bacteroides faecis and
Roseburia intestinalis, alone and in combination prevent or ameliorate all
UC associated clinical symptoms, including DAI score, colon shortening,
epithelial barrier function, intestinal inflammation and immune distor-
tion. Mechanistically, immune modulation occurred via inhibition of the
loss of CD417CD25" Treg cells in the spleen. No adverse effects of
commensal bacterial treatment on the general gut microbial composi-
tion were noted. Moreover, commensal bacterial therapy performed
equally well to contemporary mesalazine treatment.

2. Material and methods
2.1. The bacterial mixture

Faecalibacterium prausnitzii strain A2-165 (DSM 17677), Roseburia
intestinalis (DSM 14610) and Bacteroides faecis (DSM 24798) were pur-
chased from the Leibniz-Institute DSMZ GmbH (Braunschweig, Ger-
many). All species were cultured as previously described [13]. The
bacteria were grown to the mid-logarithmic phase. The inoculums were
prepared to final concentrations of 2 x 10° CFU/ml and 2 x 10%°
CFU/ml (colony-forming units (CFU)/ml). The experiments described
above were performed under strict anaerobic conditions.

2.2. Animals

Male C57BL/6 mice (specific pathogen-free, SPF) aged 9-11 weeks
(19-25 g) were originally purchased from Charles River Laboratories
(Sulzfeld, Germany). The animals were housed in a temperature-
controlled environment (22 + 2 °C) with a 12-h day/night light cycle,
arelative humidity of 50-60%, and ad libitum access to rodent chow and
drinking water. Individual body weights were assessed daily for eight
days. All animal experiments were performed under the German animal
protection law and the EU Guideline and approved by the German local
authority (72221.3-1-039/19). An ARRIVE guideline [31] author
checklist is provided as supplemental material.

2.3. Experimental animal model of colitis

Experimental mice were randomly assigned into eleven groups with
11 animals per group. For group descriptions please refer to Fig. 1. Acute
colitis was induced by adding 3.5% (w/v) DSS (molecular weight:
35,000-50,000; MP Biomedical, LLC, Santa Ana, CA, USA) to the
drinking water for 7 days. The control group received normal drinking
water. F. prausnitzii, B. faecis, R. intestinalis, and the mixture of all three
bacterial species at two concentrations of 10° CFU and 10'° CFU per 100
ul were administered by oral gavage simultaneously with DSS treatment
for up to 7 days. Animals in the positive control group were orally
administered mesalazine (200 mg/kg). Animals in the control and DSS
groups were gavaged with normal PBS every day. At the end of the
experimental period on day 8, the mice were anesthetized with an
intraperitoneal injection of ketamine/xylazine cocktail to collect blood
samples, followed by cervical dislocation. The colon, stool, and spleen
were collected for further analysis.

2.4. Clinical evaluation of colitis

Daily assessments of weight loss, stool consistency, and fecal blood,



N. Mohebali et al.

Biomedicine & Pharmacotherapy 167 (2023) 115568

Sacrifice
78

PBS |

PBS+DSS

Mesalazine+DSS

F. pr 10°CFU + DSS
B. fae 10°CFU + DSS

R. int 10°CFU + DSS
Mix 10°CFU+ DSS

F. pr10*CFU +DSS

B. fae 10°CFU + DSS {

R. int 10°CFU+ DSS i

Mix 10" CFU+ DSS {

Fig. 1. Experimental design for acute colitis induction.

as indicators of the disease activity index (DIA), were performed ac-
cording to the criteria described by Cooper et al. [32], with modifica-
tions (as shown in Table 1). Blood in feces was identified using a
HemoCARE occult blood detection kit (Care Diagnostica, Voerde, Ger-
many). Body weight changes were calculated relative to day 1. The sum
of the weight loss, diarrhea, and bloody stool scores served as the clinical
DAL

2.5. Colon histology

After the mice were sacrificed, colon sections were collected from the
mice for histological assessment. The length and weight of the colon
from the anus to the appendix were measured. The colons were fixed in
Roti®-Histofix 10% for 24 h before embedding in paraffin and sectioned
(5 um) with a rotary microtome. These sections were stained with he-
matoxylin and eosin (H&E) following the standard protocol for histo-
pathological analysis. Histopathological changes were assessed under a
light microscope by an independent observer blinded to the treatment.
Histological scores were graded based on the extent of inflammation,
neutrophil and lymphocyte infiltration, crypt damage, crypt abscess
formation, submucosal edema, goblet cell loss, and reactive epithelial
hyperplasia displayed by the sections, as shown in Table 2. The overall
histopathological scores were determined by adding all the scores of the
above parameters together. Colonic section were also stained with
Alcian blue which targets goblet cells, using an Alcian blue/Nuclear-
Fast-Red staining kit (Mophhisto). Images were obtained using a
model BX53 light microscope (Olympus Optical, Tokyo, Japan).

2.6. Immunohistochemical detection of tight junction proteins

Paraffin-embedded tissue was sectioned into 5 um slices. The sec-
tions were prepared in accordance with a published protocol [33]. The
primary antibodies used for immunostaining were anti-occludin (Santa
Cruz Biotechnology, #sc-133256), anti-claudin-2 (Abcam #ab53032),

Table 1
Scoring system used to calculate the DAL

Score Weight loss Stool consistency Visible blood in feces
0 < 1% Normal None

1 1%— 5% Slightly loose Slight bleeding

2 6%— 15% Loose Bleeding

3 16%— 20% Diarrhea Severe bleeding

4 > 20%

and anti-E-cadherin (Cell Signaling #24E10), which were labeled with
secondary antibodies conjugated with horseradish peroxidase (HRP)
(Abcam). The sections were stained with the Liquid DAB+ 2-component
system (Agilent) and counterstained with Mayer’s hematoxylin solution
(Sigma—Aldrich). Histological images were acquired using a Carl Zeiss
microscope.

2.7. Intestinal permeability

Intestinal epithelial permeability in vivo was determined according
to a previously described method [34]. Briefly, mice were fasted for 4 h
before oral gavage of a fluorescein isothiocyanate (FITC)-dextran solu-
tion (4 kDa, 600 mg/kg). Blood was harvested 3 h later by retroorbital
bleeding. The blood samples were centrifuged at 1,500g for 15 min at
4 °C. Fluorescence intensity in the plasma of the mice was measured
using a multimode microplate reader (SpectraMax M3, Molecular De-
vices) at excitation/emission wavelengths of 490/530 nm.

2.8. Myeloperoxidase (MPO) measurement

Neutrophils infiltration into the colon tissue was measured using an
ELISA kit (Hycult Biotech. Inc., Plymouth Meeting, PA, USA) according
to the manufacturer’s instructions.

2.9. Immunophenotyping analysis

Spleens from individual mice were collected, carefully crushed, and
filtered through a 70-um cell strainer (PluriSelect Life Science, Ger-
many). The cells were stained with a CD47CD25" Foxp3™ regulatory T-
cell staining kit (Miltenyi Biotech, Bergisch Gladbach, Germany)
following the manufacturer’s instructions. Flow cytometric analysis was
performed using a BD FACSVerse™ Flow Cytometer (BD Bioscience).
The numbers of Tregs in the spleens were quantified and are expressed
as percentages of the CD4 cell population. Postacquisition analyses were
performed using FlowJo software (TreeStar, Inc., Ashland, OR).

2.10. Cytokine analysis

Colon segments were mechanically disrupted in RIPA buffer con-
taining a phosphatase inhibitor cocktail (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The homogenate was centrifuged and the su-
pernatant was used to evaluate the levels of T helper-associated cyto-
kines, using a multiplex cytokine magnetic bead array (BioLegend,
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Table 2
Histological score used to quantify the degree of colitis.
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Score Inflammation Extent Regeneration Crypt Damage Percent Involvement

0 None None - None 0%

1 Slight Mucosa Almost complete regeneration Basal 1/3 damaged 1%— 25%

2 Moderate Mucosa+ Regeneration with crypt depletion Basal 2/3 damaged 26%— 50%
Submucosa

3 Severe Transmural Surface epithelium not intact Entire crypt and epithelium lost 51%— 75%

4 No tissue repair 76-100%

Koblenz, Germany) according to the manufacturer’s recommended
protocol. The analysis was performed using a BD FACSVerse™ Flow
Cytometer (BD Bioscience), and LEGENDplexTM Data Analysis Software
was used to evaluate the data.

2.11. Western Blot analysis

Tight junctions protein expression in colon tissue was detected by
Western Blotting. Briefly, colonic tissue was homogenized in lysis buffer.
The supernatant protein concentration was measured and 25 pg of each
sample was subjected SDS—PAGE according to standard methods. Then
proteins were transferred to nitrocellulose membranes and blocked in
5% BSA. The membranes were incubated with primary antibodies (anti-
claudin-2 #b53032, anti-occludin #ab216327, Abcam and anti-E-
cadherin #3195 T Cell Signaling Technology, Inc.) at 4 °C overnight.
After appropriate washing steps in PBS the membranes were subse-
quently incubated with IRDye®800CW goat anti-mouse and
IRDye®800CW goat anti-rabbit IgG secondary antibodies. The bands
were visualized and analyzed using an Odyssey imaging system (Li-Cor).

2.12. Microbial DNA extraction

To investigate the differential influences of the treatments on the gut
microbiome, fecal samples from the last day of the experiment (day 8)
were collected. The total genomic DNA was extracted from each fecal
sample (approximately 50 mg) using the Quick-DNA Fecal/Soil Microbe
Kit (Zymo Research) according to the manufacturer’s instructions.

2.13. Library preparation, 16S sequencing and data analysis

The hypervariable V4 region of the included bacterial 16 S rDNA was
amplified with the bacterial 16 S ribosomal RNA (rRNA)-specific
primers 515F (TCG-TCG-GCA-GCG-TCA-GAT-GTG-TAT-AAG-AGA-
CAG-GTG-CCA-GCM-GCC-GCG-GTA-A) and 806 R (GTC-TCG-TGG-
GCT-CGG-AGA-TGT-GTA-TAA-GAG-ACA-GGG-ACT-ACH-VGG-GTW-
TCT-AAT). Amplicon PCR and index PCR, quantity and quality control,
and sequencing of the individual libraries as a pool in one Illumina
MiSeq run were performed as described in the Illumina “16 S Meta-
genomic Sequencing Library Preparation” protocol (www.illumina.
com).

Sequencing using the MiSeq Reagent Kit 600v3 resulted in 58,090 to
368,468 paired-end reads per individual sample with a length of 300 nt.
After quality control with Cutadapt (Version 2.8, Dortmund, Germany)
[35], microbiome analysis was executed using Mothur (Version 1.46.1,
Ann Arbor, ML, USA) [36], as previously described. In brief, paired-end
reads were joined and filtered, and the primer sequences were removed.
Reads were aligned to the SILVA ribosomal RNA gene database [37] and
trimmed to the hypervariable region V4. After chimera removal, reads
were clustered into a total of 17,107 OTUs representing between 24,517
and 246,209 paired-end reads. Next, the OTUs were classified against
the SILVA ribosomal RNA gene database and subsampled to 24,000
reads per sample. Linear discriminant analysis effect size (LEfSe) [38]
was employed to compare groups at the OTU level. Graphs were created
using GraphPad Prism software version 8.0 (GraphPad Software Ltd., La
Jolla, California, United States of America) and Microsoft Excel (Version

2017, Redmond, WA, USA).

In order to investigate the diversity among all experimental animal
groups the homogeneity of molecular variance (HOMOVA) as a
nonparametric analog of Bartlett’s test for homogeneity of variance, and
analysis of molecular variance (AMOVA) as a nonparametric analog of
traditional analysis of variance was performed. The latter method is
widely used in population genetics to test the hypothesis that genetic
diversity within two populations is not significantly different from that
which would result from pooling the two populations.

2.14. Single species detection by gPCR

Single bacterial species abundance of our treatment species was
approximated using real-time quantitative PCR (qPCR). To perform the
analysis, we initially extracted DNA from the corresponding stool sam-
ples using the Quick-DNA Fecal/Soil Microbe Miniprep Kit, following
the manufacturer’s instructions. Following DNA extraction, qPCR was
carried out utilizing Maxima SYBR Green/ROX qPCR MasterMix
(Thermo Scientific, Waltham, MA, United States) to characterize the gut
microbiota. This characterization involved the use of species- and genus-
specific primers (supplementary TableS1) targeting the 16S rRNA gene
transcript. The relative gene expression was determined using the
comparative delta CT-value. Negative control experiments were done
without any DNA, positive controls included genomic DNA of the tested
species.

2.15. Short chain fatty acid determination in feces

The fecal pellets were collected directly from mice at day 7 and
stored at — 80 °C prior to short-chain fatty acids determination. Analysis
of SCFAs was performed as previously published by Hoving et al.,[39]
using GC-MS/MS instrumentation (Thermo Scientific) and Chromeleon
software (Thermo Scientific). The level of SCFAs is presented in umol/g.

2.16. Statistical analysis

GraphPad Prism software version 8.0 (GraphPad Software Ltd., La
Jolla, California, United States of America) was used to perform statis-
tical analysis. The results are expressed as the mean + SEM. Statistical
differences between the groups were evaluated using one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc tests. In addition,
two-way ANOVA followed by Tukey’s post hoc test was used to analyze
DAI and body weight changes during the experimental period. Differ-
ences with P < 0.05 were considered significant. Statistical significance
between untreated control group versus the DSS group is marked in the
figures as follows: *P <0.05, **P<0.01, ***P<0.001,
* *% *P < 0.0001. Statistical significance between DSS group versus the
mesalazine- and bacterial species-treated groups is marked in the figures
as follows #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001.
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3. Results

3.1. F. prausnitzii, R. intestinalis, and B. faecis alleviate clinical
symptoms of DSS-induced colitis in vivo

A DSS-induced acute colitis mouse model for UC was used to inves-
tigate the effects of the three commensal bacterial species individually
and in combination on acute colitis development. Disease progression
was assessed using classic colitis symptoms (weight loss, severe
bleeding, and diarrhea). As shown in Fig. 2A, DSS treated mice exhibited
progressive weight loss compared to control mice. The weight loss
reached almost 10% of the initial body weight on day 8. In the groups
treated with F. prausnitzii, R. intestinalis, B. faecis and a mixture of all
three bacterial species a significant reduction in weight loss at 10° CFU
(p = 0.002, p = 0.006, p = 0.636 and p = 0.040, respectively) and 10*°
CFU (p =0.009, p=0.586, p=0.001 and p = 0.003, respectively)
relative to the DSS group was noted (Fig. 2A). The results of the
commensal bacteria treatment groups were comparable to those of
mesalazine, which also significantly prevented weight loss following
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DSS administration.

The DAI score of the DSS group increased continuously and reached a
maximum at the end of the experiment (p < 0,0001). However, the DAL
scores of mice treated with mesalazine, F. prausnitzii, R. intestinalis,
B. faecis, and the mixture at both doses were significantly reduced
compared to those of the DSS group (Fig. 2B-E).

In this DSS-induced mouse model, various physical symptoms
appear, including changes in the length of the colon, which is a measure
of intestinal inflammation. The colon length in the DSS group was
significantly reduced relative to that in the control group (p < 0.001,
Fig. 2F&G). Of note, DSS mice treated with bacteria (individually and in
combination) exhibited significantly longer colon lengths than DSS-
treated mice at 10° CFU (F. prausnitziii p = 0.006; R. intestinalis:
p = 0.056; B. faecis: p = 0.179; and mixture: p = 0.190) and at 10'°CFU
(F. prausnitzii: p = 0.014; R. intestinalis: p = 0.065; B. faecis: p = 0.254;
and mixture: p = 0.007) (Fig. 1F, G). Mesalazine therapy of the DSS
animals performed comparably to all the bacterial treatments.

Histological and morphological changes in the colon in all groups
were subsequently examined by H&E staining. As shown in Fig. 2H & 1,
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Fig. 2. Impact of F. prausnitzii, B. faecis, and R. intestinalis on DSS-induced colitis. (A)The body weight of mice was evaluated throughout the experiment, and the
values are expressed as the percentage change from the initial value measured before DSS administration (n = 11/per group). (B-E) The disease activity index and (F)
colon length were evaluated at the end of the experiment. (G) Representative pictures of colons from mice of each treatment group. (H) Colon damage was assessed
by H&E staining (magnification: 10 x). (I) Colon injury scores were allocated following histological examination. Graphs show the mean + SEM. Statistical analysis
was performed with two-way ANOVA for multiple comparison followed by the Dunnett test for comparison of the untreated control group versus the DSS group
(**P < 0.01, (***P < 0.001, ****P < 0.0001) and the mesalazine- and bacterial species-treated groups versus the DSS group *pP< 0.05, ##p < 0.01, ###p < 0.001).
(J) Alcian blue staining was performed to visualize the number of goblet cells (magnification: 10 x). The images shown are representative tissue samples from all 11

mice taken from all 11 treatment groups.
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Fig. 2. (continued).

the colon structure was intact in the control group animals. The colon of
DSS mice exhibited superficial ulcerations, loss of goblet cells, neutro-
phil infiltration, and extensive epithelial and goblet cell damage,
resulting in an overall histological score of 11.50 + 3.21 (P < 0.0001).
Relative to the DSS-treated mice, the colon tissue of DSS mice treated
with mesalazine, F. prausnitzii, R. intestinalis, and B. faecis separately and
in combination at both CFUs revealed significantly less loss of goblet
cells, less crypt distortion, and decreased neutrophil infiltration in the
colonic mucosa. This resulted in significantly lower histological damage
scores. Concerning the attenuation of severe histological damage,
mesalazine was less efficient than nearly all of the bacterial treatments.
Additionally, Alcian blue staining was performed to determine the
number of goblet cells (Fig. 2J). The oral administration of all three
bacterial species individually and in combination markedly attenuated
the depletion of goblet cells.

Altogether, these results proved the efficacy of all three commensal
bacterial species (both individually and in combination) in attenuating
clinical symptoms in mice with DSS-induced colitis. Moreover, appli-
cation of the commensal bacterial species outperformed mesalazine

therapy in alleviating and healing all evaluated types of histological
damage.

3.2. F. prausnitzii, R. intestinalis, and B. faecis reduce neutrophil
infiltration in colonic tissue

As another sign of intestinal inflammation we assessed neutrophil
infiltration in colonic tissue by quantifying the level of myeloperoxidase
(MPO). As shown in Fig. 3, MPO activity was significantly increased in
the DSS group compared with the control group. The MPO concentration
was visibly decreased by treatment with mesalazine and F. prausnitzii (at
10° CFU), however, not reaching significance level. In contrast,
F. prausnitzii (at 10'° CFU), R. intestindlis (at both CFU), B. faecis (at both
CFU) and the bacterial mixture (at both CFU) lead to significantly
reduced tissue MPO levels. This result revealed a positive correlation
with histopathologic features and suggested that compared to mesala-
zine treatment, the three tested commensal bacterial species individu-
ally and in combination can equally relieve the symptoms of
experimental colitis by decreasing the infiltration of neutrophils.
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Fig. 3. Effect of F. prausnitzii, B. faecis, and R. intestinalis on myeloperoxidase
(MPO) activity. The level of MPO in colonic tissue from mice with DSS-induced
colitis was measured by ELISA. Data are presented as the mean + SEM. Sta-
tistical analysis was performed with one-way ANOVA for multiple comparison
followed by the Dunnett test for comparison of the untreated control group
versus the DSS group (****P < 0.0001) and the mesalazine- and bacterial
species-treated  groups versus the DSS  group *  P<0.05,
##p < 0.01, ***P < 0.001).

3.3. F. prausnitzii, R. intestinalis, and B. faecis improve intestinal barrier
function in mice with DSS-induced colitis

Increased intestinal permeability is linked to intestinal barrier
dysfunction. Therefore, we determined whether the administration of
F. prausnitzii, R. intestinalis, and B. faecis can protect the intestinal barrier
against damage induced by DSS. FITC-dextran was administered by
gavage, and the intensity of fluorescence in the serum was measured 4 h
later. As shown in Fig. 4A, the level of FITC-dextran in the serum of mice
with DSS-induced colitis was significantly increased compared to that in
the control mice. In addition, F. prausnitzii, R. intestinalis, B. faecis and
the mixture treatment significantly reduced FITC-dextran levels in
mouse plasma (for significance levels refer to Fig. 4A). Of note, all
commensal bacteria performed equally well compared to the standard
mesalazine therapy in our DSS mouse model.

Next, we investigated whether changes in intestinal permeability
following DSS and bacterial species treatments were associated with
alterations in TJ protein expression. The protein levels of occludin, E
cadherin, and claudin-2 were examined by Western blotting and
immunohistochemistry. As indicated in Fig. 4B-E, the expression levels
of colonic E-cadherin and occludin significantly dropped in the DSS-
induced colitis group compared to the control group (p = 0.042 and
p = 0.461, respectively). However, administration of mesalazine,
F. prausnitzii, B. faecis, R. intestinalis, and the mixture protected mice
against the loss of occludin and E-cadherin expression (for significance
levels refer to Fig. 4C&D). Furthermore, claudin-2 protein expression
levels were markedly increased in the DSS group compared to the con-
trol group (Fig. 4E). Following the administration of F. prausnitzii, B.
faecis, and R. intestinalis individually and in combination, a significant
decrease in claudin-2 expression was noted compared to the DSS group
(Fig. 4E). Of note, some of the commensal bacterial treatments showed
stronger protective effects than the mesalazine standard therapy. Sup-
porting the TJ protein Western Blot results, immunohistochemistry ex-
periments (Fig. 4F) also showed that the substantial decrease in occludin
and E-cadherin protein levels was prevented in mice treated with the
bacterial species. Moreover, compared to DSS treatment alone,
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administration of all three bacterial species alleviated the altered
expression of claudin-2 in the cell membrane and cytoplasm of enter-
ocytes and glandular epithelial cells.

Altogether, these findings suggest that the three tested commensal
bacterial species ameliorate the disruption of intestinal barrier function
in DSS-treated mice by reducing intestinal epithelial permeability and
preventing the loss of tight junction proteins.

3.4. Colonic tissue cytokine levels in acute DSS-induced colitis are
attenuated by treatment with F. prausnitzii, R. intestinalis, and B. faecis

Pro-inflammatory cytokines play a crucial role in the progression of
DSS-induced colitis. Consequently, we investigated the effectiveness of
the three commensal bacterial species in alleviating colitis by modula-
tion of inflammatory mediator secretion. As shown in Fig. 5A-J, the
levels of Thl-type (IFN-y), Th2-type (IL-13), (IL-4), and Thl7-type
(TNFa, IL-6, IL-17A, IL17F, and IL-22) cytokines were significantly
enhanced exclusively in DSS-treated animals compared to the control
group. The colon tissue from mice treated with all three species at both
doses showed significantly reduced levels of IFN-y, IL-13, TNFq, IL-6,
17 A, 17 F, and IL-22 compared with mice in the DSS group. In
contrast, secretion of the Th2-type anti-inflammatory cytokine IL-10 was
slightly increased in all treatment groups, however, values did not reach
significance compared with the DSS group (Fig. 5H). Moreover, the IL-
10/IL-17A values of each group were investigated in order to evaluate
the changes in the Th17/Treg balance. It was observed that the DSS
group had significantly lower level of IL-10/11-17A ratio compared to the
control group. However, treatment with the commensal bacteria led to
an increase in the IL-10/IL-17 secretion (Fig. 5J). Mesalazine was su-
perior over all bacterial treatments only for the reduction of IL-13 levels
(Fig. 5G). Altogether, these findings prove that oral administration of all
three tested commensal bacteria attenuates the development of colonic
inflammation in the DSS-induced colitis model via changes in Th1-type,
Th2-type, and Thl7-type cytokine secretion profile. The bacterial
treatment regimen was comparable to mesalazine treatment in reducing
cytokine levels.

3.5. F. prausnitzii, R. intestinalis, and B. faecis beneficially modulate Treg
populations in DSS-induced colitis and treated mice

Dysregulation of Treg function leads to the development of inflam-
matory disorders, including IBD [32]. Thus, we next examined the ef-
fects of mesalazine and the selected bacterial species on Treg subset
abundance in mice with DSS-induced colitis. Fig. 6A&B shows that the
co-administration of all three bacterial species significantly increased
the percentages of CD4 +CD25 +Foxp3 + cells at 10° CFU (p = 0.002)
and 10'° CFU (p = 0.042). Compared to the DSS group, the size of the
CD4 +CD25 +Foxp3 +Treg population increased in the groups treated
individually with F. prausnitzii, B. faecis and R. intestinalis, however, the
increase was not statistically significant. These findings suggest that a
combination of all tested commensal bacteria has a protective effect
against acute DSS-induced colitis, which could partly be mediated by an
increase in Treg percentages. Mesalazine therapy was comparable to the
bacterial mixture in terms of Treg modulation.

3.6. Effect of F. prausnitzii, R. intestinalis, and B. faecis on SCFA contents
in the feces of DSS-induced acute experimental colitis mice

Metabolites in the colon have shown associations with the symptoms
of IBD [26]. The analysis of SCFAs in the collected feces showed that
acetate was the most abundant acid in the feces followed by propionate
and butyrate (Fig. 7A-C). The amount of SCFAs was elevated for DSS
group compared to control, but these enhancements were only signifi-
cant for propionate. The application of F. prausnitzii results in a signifi-
cant lower amount of butyrate and acetate. However, no significant
differences on the production of SCFAs could be detected between the
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Fig. 4. Effect of F. prausnitzii, B. faecis, and R. intestinalis alone and in combination on epithelial barrier permeability and tight junction protein expression. (A) Levels
of FITC-dextran in the serum of mice with DSS-induced colitis administered FITC-dextran were measured as an indicator of intestinal permeability (n = 6-10/animal
per group). (B) Homogenates of colon tissue were analyzed by Western Blotting to detect the expression levels of tight junction proteins. Representative blots from 2
samples from three independent experiments are shown, and f-actin was used as a loading control. The levels of (C) E-cadherin, (D) occludin, and (E) claudin-2
expression were subsequently quantified. (F) Immunohistochemical expression patterns of the tight junction proteins in colon tissue. Magnification: 20 x , scale
bar: 50 um. Data are presented as the mean + SEM. Statistical analysis was performed with one-way ANOVA for multiple comparison followed by the Dunnett test for

comparison of the untreated control group versus the DSS group (*P < 0.05, ****P < 0.0001) and the mesalazine- and bacterial species-treated groups versus the DSS

group (¥ P < 0.05, *#P < 0.01, *##P < 0.001).

other groups.

3.7. Influence of DSS and treatments on the general gut microbiome
composition

From the perspective of safety and since oral treatment of DSS-
treated mice with mesalazine and high doses of commensal gut micro-
bial species could be associated with unwanted disturbance and dys-
biosis of the gut microbiome, we next determined the microbiome
composition of all animals at the endpoint of the experiment. A signif-
icant reduction in bacterial community richness in the DSS group
compared to the control group (p < 0.0001) was observed (Fig. 8A).
Mesalazine and bacterial applications did not induce significant changes
in richness compared to the DSS group (Fig. 8A). Of the 16 observed
phyla, Bacteroidota and Firmicutes accounted for approximately 90% of
the bacteria found in the fecal microbiomes (Fig. 8B). At phylum level,
the administration of R. intestinalis (10'° CFU) and B. faecis (both CFU)
decreased the percentages of Proteobacteria. Similar effects were
observed in the gut of all mesalazine-treated animals. At genus level, we
observed 231 bacterial genera. The 15 most abundant genera were
typical fecal commensals with similar abundances across all treatment
groups. Of note, a higher abundance of Pelomonas and Methylobacterium
in all bacterial treatment groups and the mesalazine group compared to
the DSS group was noted (Fig. 8C). Treatment with F. prausnitzii, the

bacterial mixture (1010 CFU) and mesalazine slightly increased the

abundance of Lactobacillus. Furthermore, the abundance of Escherichia-
Shigella was decreased in all bacterial treatment groups and the mesa-
lazine group (Fig. 8C). The microbiome data were more comprehen-
sively evaluated by pairwise comparisons of the DSS group to each of the
other groups (Supplemental Table S2). A nonparametric tool LEfSe was
employed. The first three OTUs (Bacteroides, Prevotellaceae unclassi-
fied, Muribaculaceae ge) were all in lower abundance in the control
group than in the DSS group. Otu00002 was also more abundant in six of
the nine treatment groups compared to the DSS group (Supplemental
Table S2).

Since our chosen 16S amplicon-based microbiome analysis did not
allow species-level information of the treatment bacterial species we
further investigated the presence of F. prausnitzii, Bacteroides spp. and
R. intestinalis in fecal samples using qPCR at the experimental endpoint.
We used a universal primer pair for the 16 S ribosomal RNA coding
sequence as endogenous control. The average expression of selected
bacterial genes was calculated by comparative delta CT. qPCR results
showed that exclusively Bacteroides spp. was detectable and present in all
animals, with significant changes comparing the mixture group versus
DSS group. (Fig. 8D, Supplemental TableS3). The sample CT-values for
F. prausnitzii and R. intestinalis were in most cases below the detection
limit (data not shown).

To show the basic characteristics of the gut microbiota profile
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Fig. 5. Regulation of the innate immune response in the colon by F. prausnitzii, B. faecis, and R. intestinalis. The expression levels of the cytokines IFN-y, TNFa, IL-6,
IL-17 F, IL17A, IL-22 IL-13,IL-4 and IL-10 in colon tissue were detected by multiplex ELISA. Data are shown as the means + SEMs (n = 11). Statistical analysis was
performed with one-way ANOVA followed by the Dunnet test for comparison of the untreated control group versus the DSS group (**P < 0.01, ***P < 0.001) and the
mesalazine- and bacterial species-treated groups versus the DSS group (* P < 0.05, **P < 0.01, *##P < 0.001).

between the groups we performed 8-diversity analysis. The DSS treat-
ment changed the B-diversity significantly, whereas no changes in
B-diversity upon any of our treatments could be detected (see supple-
mental Fig. 1). Basically, all DSS-treated groups are closer to each other
compared to the untreated control, who form a distinct cluster (deter-
mined by Homogeneity of molecular variance (HOMOVA) and Analysis
of molecular variance (AMOVA)).

Cumulatively, these results suggest that the microbiome was nearly
unaltered by our treatments and that the bacterial species used for
treatment were most likely present only transiently.

4. Discussion

The cause of IBD is multifactorial, but it is well recognized that

disturbed intestinal bacterial homeostasis may contribute to the onset
and progression of IBD. In addition, several studies have indicated that
the diversity and composition of the gastrointestinal tract microbiota in
IBD patients are altered (Fig. 9) [4-6]. Although an increasing number
of bacterial species are associated with IBD and have been tested in
animal models and clinical trials, the exact molecular mechanism of the
protective effect of these bacteria is still unclear.

Our previous results proved the barrier-strengthening and anti-
inflammatory potential of F. prausnitzii, R. intestinalis, and B. faecis
commensals in vitro [13]. Consequently, the present in vivo study
evaluated the therapeutic potential of the three commensals in an
experimental DSS-induced colitis model in comparison with a standard
mesalazine therapy regimen.

In our study, we observed that individual and combined
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administration of F. prausnitzii, B. faecis, and R. intestinalis effectively of DSS-treated mice after oral administration of the commensals sug-
attenuated the severity of DSS-induced colitis in mice (Fig. 9). gests their ability to reduce the infiltration of granulocytes and hence,
Furthermore, reduced DAI scores and inhibited colon shortening at both the inflammatory reactions (Fig. 9). Probiotics and potential probiotic
doses was found. Additionally, the decrease in MPO activity in the colon commensal bacteria have been shown to have a variety of mechanisms

10
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of action. These include enhancing epithelial barrier function, prevent-
ing pathogenic bacteria from colonizing the epithelium, producing
antimicrobial compounds, and modulating the immune system [40].
Inflammatory bowel disease is associated with a disturbed intestinal
epithelial barrier caused by pathologically altered tight junction pro-
teins. One potential mechanism leading to the observed changes in
barrier function is cytokine secretion from lymphocytes infiltrating the
lamina propria (Fig. 9). Numerous studies have shown that inflamma-
tory responses influence TJ protein expression. For instance, a higher

11

concentration of pro-inflammatory cytokines (such as IFN-y, TNF-a, and
IL-1p) reduces the expression of tight junction proteins, thereby
increasing epithelial paracellular permeability [41,42]. Moreover, Th2
cytokines such as IL-4 and IL-13 have also been shown to affect tight
junction proteins in the intestinal epithelium by upregulating the
expression of Claudin-2 [43,44]. In addition, IL-13 can downregulate the
expression of occludin and ZO-1, leading to increase paracellular
permeability [44].

In our study, oral administration of all three tested commensal
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Fig. 9. Schematic illustration of the underlying protective mechanisms of F. prausnitzii, B. faecis, and R. intestinalis against DSS-induced experimental colitis via

restoration of the Treg/Th17 balance.

bacteria, individually and in combination, significantly affected the
expression levels of tight junction proteins, indicating restoration of the
epithelial barrier (Fig. 9). This positive outcome was confirmed by the
barrier function improvement, as seen in the in vivo FITC-dextran
permeability assay. We also observed that secretion levels of IFN-y,
TNFa, IL-6, IL-17, IL-22, IL-4, and IL-13 in the colon tissue were
significantly elevated by DSS treatment and were markedly suppressed
by the administration of the tested commensal bacteria at both doses.
Several studies have demonstrated similar effects of probiotics such as
Lactobacillus GG, Bifidobacterium breve, B. bifidum, and R. gnavus on in-
testinal barrier function [45,46].

Even though the exact pathogenesis of IBD is not yet clear, evidence
suggests that Th17 and Treg cells have a functional antagonism, in
which Tregs act as immunosuppressive cells, and Th17 cells are involved
in initiating autoimmune and inflammatory diseases [47]. Treg cells,
characterized by Foxp3 expression, are essential regulators of immu-
nological homeostasis and tolerance by regulating the release of the
inhibitory cytokines IL-10, IL-4, and IL-13 [48]. Conversely,Th17 cells
are involved in the development of various autoimmune diseases and
producing pro-inflammatory cytokines such as IL-17A [49]. Research
has shown that patients with inflammatory bowel disease have reduced
levels of CD4 +CD25 + Treg cells in their peripheral blood and elevated
levels of IL-17A compared to healthy individuals [50,51].

Notably, the diversity of gut microbiota and its metabolites have a
significant impact on modulating the Treg/Th17 balance, which in turn
affects the inflammatory responses associated with IBD; the microbiota
can induce Th17 cells, leading to aggravated colitis in mouse models
while SCFAs, which are microbiota-derived metabolites, promote the
differentiation of Treg cells [52]. Consistent with this observation, our
results showed that the Treg and T17 cell balance is disturbed in
DSS-administered mice, and the number of CD4 +CD25 +Foxp3 + Treg
cells in the spleen of mice with untreated colitis was lower than that in
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the control group. Moreover, there was a notable increase in the secre-
tion of IL-17A and IL-17 F cytokines due to the infiltration of Th17 cells
to the site of inflammation in the intestine, resulting in the activation of
the mucosal immune system and increased secretion of
pro-inflammatory cytokines. However, in DSS-induced colitis mice, oral
administration of F. prausnitzii, B. faecis, and R. intestinalis increased the
percentage of CD4 +CD25 +Foxp3 + cells in the spleen, with more
pronounced Treg induction when the mixture of the tested species was
administered. Of note, the secretion of IL-17 A and IL-17-F was signifi-
cantly decreased in the bacterial-treated groups.

Shen et al. conducted an in vivo study which revealed that
R. intestinalis can impede the progression of inflammation in mice with
TNBS-induced colitis by promoting Treg differentiation [53]. Further-
more, an increase in the expression level of the potent immunoregula-
tory cytokine IL-10 was observed in mice with DSS-induced colitis
treated with all three bacterial species and their mixture. Remarkably,
the IL-10/IL-17A ratio was significantly higher in the DSS-treated group
than in the control and bacterial-treated groups, supporting the hy-
pothesis that Th17 cells induce IL-17A secretion during inflammation.
However, the IL-10 secretion was induced by F. prausnitzii, B. faecis, and
R. intestinalis intervention, which effectively reversed the IL-10/IL-17A
ratio.

This finding indicated that commensal bacterial species alone and in
combination had protective effects against the development of DSS-
induced colitis, which were at least partly mediated by regulating
Treg/Th17 cell balance. Huang et al. also found similar results in their
studies, demonstrating that the Lactobacillus paracasei R3 strain can
improve the overall symptoms of colitis by inhibiting Th17 function and
promoting Treg function in DSS-induced colitis mice [54]. Similarly,
Martin et al. showed that F. prausnitzii induces Foxp3 + and Treg pro-
duction in the spleen during TNBS-induced colitis [11]. These findings
suggested that enhancing the activity of suitable Tregs in the gut might
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aid in the restoration of inflamed colonic tissues, making Tregs a pro-
spective target for treating UC.

SCFAs are a product of the gut microbiota and changes within the
composition of the microbiota due to intestinal inflammation are
accompanied by altered SCFA levels [55]. Clinical studies in UC patients
have reported reduced levels of SCFAs [15,56,57]. However, the
investigation of SCFAs in DSS colitis models is contradictory, with both
reduced and increased concentrations reported [58-61]. The determi-
nation of SCFAs in feces samples from day 7 in our study showed the
highest values in the DSS colitis group, which was significant for pro-
pionate. This result was unexpected but a potential explanation is the
fact that SCFAs are taken up by the colonic epithelial cells. This could
explain why only low levels can be measured in the feces [62,63]. It is
also possible that the diseased tissue in the DSS group at the experi-
mental endpoint is attenuated in its capacity to take up and efficiently
metabolized the produced SCFAs leading to accumulation of these
substances. This points to a limitation of our study and in follow up
experiments also earlier time points should be considered for SCFAs
quantification. Furthermore, SCFA concentrations in feces depend also
on transit time, as clinical studies with irritable bowel syndrome patients
with predominant diarrhea (IBS-D) and in vivo IBS mice models have
shown increased level of SCFAs [64-66]. An increased transit time in-
hibits the uptake of SCFAs by the colonic epithelial cells, leading to
higher SCFAs concentrations in the feces. Diarrhea is a hallmark clinical
sign in induced DSS colitis, which is represented within the DAI score.
Therefore, an increased DAI score in DSS mice and decreased DAI score
for bacterial treatment groups could be associated with our results.

The diversity and composition of the gut microbiota are crucial for
the progression of IBD. Accumulating evidence suggests that alterations
in the gut microbial composition lead to metabolite changes affecting
the pathogenesis of IBD [67,68]. Therefore, the gut microbiome was
studied in all treatment groups at the endpoint of the experiment. At the
phylum level, the R. intestinalis and B. faecis treatments decreased the
abundance of Proteobacteria to a lower level than that in the control
group. Most Proteobacteria are LPS-producing, harmful gram-negative
bacteria [69], with Escherichia-Shigella as a typical genus. Although
Proteobacteria were found in a higher abundance in the bacterial
treatment groups, at the genus and OTU levels, Escherichia-Shigella were
less abundant in all treatment groups. The depletion of Lactobacillus has
been shown in UC patients [70], and DSS colitis [71,72], which is
consistent with our results from the DSS group. However, bacterial
treatment with F. prausnitzii and the mixture did not restore the abun-
dance of this genus or Lactobacillus OTUs to normal levels. We observed
several changes in the gut microbiota composition related to the genera
Muribaculaceae and Lachnospiraceae. Most of the significant differences
between groups explained by LEfSe were for OTUs with a relative
abundance of less than 1%, which indicates that the microbiome of the
probiotic treatment groups was not impacted in a significant way
compared to that of the DSS group. The importance of the increase in
OTUO00002 in most treatment groups is hard to estimate because of the
limiting classification at the family level. Further comparison against the
NCBI nucleotide collection with Blast did not provide further insight into
the genus or species associated with this OTU. The absence of
F. prausnitzii, R. intestinalis, and B. faecis could demonstrate the transient
nature of the probiotic treatment or could therefore be a side effect of the
endpoint measurement, which is a clear limitation of our study.
Nevertheless, this outcome could indicate the safety of this commensal
bacterial treatment approach, as the treatment does not permanently
influence the fecal microbiome, which is very important for potential
future clinical use of our bacterial cocktail.

Treatment studies with the focus on balancing microbial gut dysba-
lances occurring in IBD are still an emerging field [21,22]. Of note,
recently, Akkermansia muciniphila was proven to successfully counteract
deleterious dysbalances induced by dietary emulsifiers [73]. To our
knowledge, the current study is the first to investigate the influence of
the commensal bacterial species F. prausnitzii, R. intestinalis, and B. faecis
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as single or mixed formulations on the DSS-induced colitis mouse model.

There are, however, some limitations to our study. Although the
animal model we used closely resembles some histopathological and
immunological characteristics of patients with IBD, it does not fully
represent all of the complex features of the disease. Therefore, addi-
tional longitudinal studies should be carried out using various mouse
strains and animal models. Furthermore, the exact mechanisms under-
lying the anti-inflammatory and immunoregulatory effects of the tested
species should be identified in future research. Additionally, more
research is needed to gain insight into the potential microbiome-
modulating properties of the bacterial treatments by analyzing the
abundance of gut microbes at different time points during the experi-
mental protocol. In particular qPCR experiments and detection of SCFAs
should be performed more dynamically at all time points of the animal
experiments and from various animal materials (tissue, blood, stool) and
not just as endpoint measurements. We also envision an additional study
using our bacterial treatment cocktail in a model studying protection
against multiple episodes of DSS-induced dysbalances. This would
address the aspect of chronic relapsing episodes of UC in patients.

In summary, we demonstrated that application of commensal bac-
teria alone or in mixture alleviated the severity of DSS-induced colitis in
a mice model and reduced body weight loss, the DAI, colon length and
histological inflammation. The underlying mechanisms of the thera-
peutic commensals intervention effect are schematically depicted in
Fig. 9 and included restoring intestinal barrier integrity by increased
expression of tight junction proteins, regulation of inflammatory
response and intestinal microbiota modulation. Our data suggest that
these positive effects are likely mediated by immune-modulatory path-
ways and influence on Treg/Th17 balance. Notably, the commensal
therapy was found to be equally effective as the contemporary mesala-
zine treatment. Taken together, these findings prove the potential of the
commensal mixture as an effective therapeutic strategy for IBD. Future
studies with this bacterial cocktail in humans are therefore well justified
and required as a next step to evaluate the value and the safety of this
therapeutic approach.
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