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Abstract: The role of the gut microbiota in health and disease is well recognized and the microbiota
dysbiosis observed in many chronic diseases became a new therapeutic target. The challenge is
to get a better insight into the functionality of commensal bacteria and to use this knowledge to
select live biotherapeutics as new preventive or therapeutic products. In this study, we set up a
screening approach to evaluate the functional capacities of a set of 21 strains isolated from the gut
microbiota of neonates and adults. For this purpose, we selected key biological processes involved
in the microbiome-host symbiosis and known to impact the host physiology i.e., the production
of short-chain fatty acids and the ability to strengthen an epithelial barrier (Caco-2), to induce the
release of the anti-inflammatory IL-10 cytokine after co-culture with human immune cells (PBMC) or
to increase GLP-1 production from STC-1 endocrine cell line. This strategy highlighted fifteen strains
exhibiting beneficial activities among which seven strains combined several of them. Interestingly,
this work revealed for the first time a high prevalence of potential health-promoting functions among
intestinal commensal strains and identified several appealing novel candidates for the management
of chronic diseases, notably obesity and inflammatory bowel diseases.

Keywords: microbiota; microbiome; ecosystem; holobiont; live biotherapeutic products (LBP); next
generation probiotics (NGP); functional screening; IBD; obesity

1. Introduction

It is now widely accepted that the intestinal microbiome [1] plays a major role in our
health. Indeed, the human host and its associated microbiome constitute a holobiont whose
phenotype results from the combined expression of the host and associated microbiome
genomes [2]. Better knowledge on the role of the host-microbiome symbiosis in human
health and how perturbation of this homeostasis induces a shift from healthy to disease
states remains burning questions in the field of holobiont and human health research [3,4].

Among others, the intestinal microbiome has a privileged position. At first, the fecal
human microbiome is nowadays among the best-characterized microbiomes thanks to
several international programs [5,6], the development of high-throughput sequencing
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techniques [7] allowing access to the quantitative composition of the dominant gut bacte-
ria [8,9] and culturomics [10] to isolate and study previously unknown microorganisms.
Second, numerous studies established that the gut microbiota is involved in intestinal
maturation and homeostasis through numerous functions and is in a constant symbio-
sis and cross-talk with our human cells and organs [11]. For instance, colonization of
our gut is crucial for the maturation and education of our digestive tract and cognate
immune [12,13] and nervous systems [14,15] and its protection through the ecosystems
barrier effect [16]. It plays also an important role in the production of essential compounds
for our body such as vitamins [17], the maintenance of metabolic homeostasis [18], and
even the healthy functioning of distal organs such as the brain [19], liver [20], and lung [21].
The gut microbiota is a highly dynamic ecosystem since its composition is for the most part,
different for each human individual and influenced by age, geographical location, diet,
and medication during the course of life. Bacteroidetes and Firmicutes are the most prevalent
phyla in adults, together with Proteobacteria and Actinobacteria [7]. Although metagenomics
has revolutionized the perception of the human microbiome and metabolomic analyses
have contributed to the identification of derived metabolites acting on host cells, it remains
important to better differentiate the strain-specificity among species and to decipher the
functional properties of the bacterial community. Some correlation studies, comparing
the microbiomes of patients and healthy individuals highlighted the association between
dysbiosis and many chronic non-communicable diseases, notably metabolic syndrome,
obesity [22,23], diabetes [24], inflammatory bowel diseases [25,26], liver diseases [27,28],
and neurodegenerative and psychiatric disorders [29,30]. These works concluded on the
importance of the diversity of the intestinal microbiota and a sustainable cross-talk between
the microbiota and its host for healthy status. They also pinpointed specific species, strains,
or metabolites signatures considered important for health. This allowed the selection of
a limited number of bacteria considered to have clinical importance and potential health
beneficial properties, such as Faecalibacterium prausnitzii [31], Akkermentia muciniphila [32],
and Eubacterium hallii recently reclassified as Anaerobutyricum hallii or A. soenhgenii [33].
The functionality of these species as live biotherapeutic products (LBPs) have been assessed
in experimental models [34–36] and started to be evaluated in clinical trials [37]. Bacteroides
have been shown to be decreased in obese patients and the protective effect of selected
strains has been shown in animal models [38,39]. We and others have also highlighted the
probiotic potential of Parabacteroides distasonis [40,41].

While extensive screening have been performed for traditional probiotics, notably for
bifidobacteria and lactobacilli, to identify the effective strains [42], such studies remain
scarce for LBPs. Randomized controlled trials have reported the efficacy of some of these
probiotic strains in different pathologies, such as IBD and obesity (for review see [43–45])
but remain scarce and controversial. This low effectiveness provided a rationale for the use
of bacteria isolated from the gut microbiota as a source of Next Generation Probiotics (NGP)
for the prevention or treatment of chronic diseases associated with microbiota dysbiosis.
However, the functional characterization of most of the commensal strains residing in the
gut remains in its infancy and calls for more studies leading to the identification of new
strains with high health beneficial potentials.

In this work, we investigated 21 commensal strains belonging to prevalent bacterial
members of the human intestinal microbiota. To reach our objective, we combined different
in vitro tests largely used for traditional probiotics [46,47], to assess their putative health-
promoting properties, notably for immunomodulation, epithelial barrier strengthening
effect, and production of the GLP-1 incretin. We also unraveled their ability to resist
gastric conditions and to produce short-chain fatty acids (SCFA), main metabolites derived
from bacterial fermentation and key players in human health. Our work revealed a high
prevalence of these properties among the tested strains suggesting that strains with health
beneficial properties can be easily found among gut bacteria.
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2. Materials and Methods
2.1. Bacterial Strains and Growth Conditions

A set of 20 human commensal strains was chosen from the gut bacteria culture
collections of UMR1319 Micalis, MIHA team, and UMR-S1139 INSERM. In addition, Anaer-
obutyricum soehngenii (previously E. hallii) was bought from the DSMZ collection (Table 1).
The taxonomic assignation of each strain was verified based on the Blast comparison of the
strain sequence of the V3-V4 variable region of the 16S ribosomal RNA with the NCBI 16S
ribosomal RNA sequences database (data not shown). These strains were cultured at 37 ◦C
in a Freter anaerobic cabinet under controlled atmosphere (Bio 300, Air liquide, Fr) in Brain-
Heart Infusion-Yeast extract-Hemin medium (BHI-YH) [48] except A. soehngenii grown in
the DSMZ Medium 104 supplemented after autoclaving with 50 mL/L of clarified rumen
juice (https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium104.pdf (ac-
cessed on 3 March 2021)). For in vitro tests, overnight cultures at OD600nm between 0.8–1
were centrifuged at 6000 rpm for 15 min at room temperature, washed in 1 volume of
phosphate-buffered saline (PBS, pH 7.2), and bacteria were suspended at final concentra-
tions of 108 to 1010 CFU/mL in PBS containing 25% glycerol. These bacterial suspensions
were then removed from the anaerobic cabinet and immediately frozen in liquid nitrogen
prior to storage at−80 ◦C. A numeration was performed to check the viability and measure
the CFU/mL of the bacterial pellets.

Table 1. Bacterial strains and growth media.

Strain Species Growth
Medium Origin

AS4 Lachnoanaerobaculum saburreum BHI-YS Healthy adult feces
AS6 Roseburia intestinalis BHI-YS Healthy adult feces

AS13 Barnesiella intestinihominis BHI-YS Healthy adult feces
AS15 Bacteroides vulgatus BHI-YS Newborn fecal samples
AS32 Blautia obeum BHI-YS Healthy adult feces
AS84 Bacteroides thetaiotaomicron BHI-YS Healthy adult feces
AS93 Parabacteroides distasonis BHI-YS Healthy adult feces
AS98 Bacteroides massiliensis BHI-YS Healthy adult feces
AS99 Bacteroides xylanisolvens BHI-YS Healthy adult feces
AS101 Bacteroides coprocola BHI-YS Healthy adult feces
AS106 Parabacteroides merdae BHI-YS Healthy adult feces
AS146 Bacteroides xylanisolvens BHI-YS Healthy adult feces
AS168 Dorea formicigenerans BHI-YS Healthy adult feces

AS170 Anaerobutyricum soehngenii
DSMZ17630 M104S Healthy infant feces

AS171 Bacteroides ovatus BHI-YS Healthy adult feces
PF-BaE3 Bacteroides caccae BHI-YS Newborn fecal samples
PF-BaE4 Bacteroides fragilis BHI-YS Newborn fecal samples
PF-BaE7 Parabacteroides distasonis BHI-YS Newborn fecal samples
PF-BaE8 Bacteroides uniformis BHI-YS Newborn fecal samples

PF-BaE10 Bacteroides vulgatus BHI-YS Newborn fecal samples
PF-BaE13 Bacteroides uniformis BHI-YS Newborn fecal samples

NCFM Lactobacillus acidophilus MRS DuPont™
Danisco-Madison, USA

BB12 Bifidobacterium animalis
subsp. lactis MRS Cystein Dietary origin (Chr Hansen,

Hoesholm, Denmark)

Two strains were used as controls in the PBMC assay: Lactobacillus acidophilus NCFM
(provided by Dupont-Danisco) was grown without shaking at 37 ◦C in De Man, Rogosa and
Sharpe broth (MRS, Difco, Detroit, MI, USA) and Bifidobacterium animalis subsp. lactis BB12
(provided by G. Vinderola, INLAIN, Argentina) was grown in MRS supplemented with 0.05%
L-cysteine-hydrochloride (Sigma, St-Louis, MO, USA) under anaerobiosis (GENbag anaer,

https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium104.pdf
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Biomérieux, Marcy l’Etoile, France). After overnight culture, bacteria were washed twice in
sterile PBS buffer (pH 7.2) and suspended to a final concentration of 2 × 109 CFU/mL in PBS.

2.2. Measurement of SCFA Production by GC-MS

OD600nm of overnight culture were measured then the cultures were centrifuged at
6000 rpm during 15 min and collected supernatants were kept at −20 ◦C. Measurement of
short-chain fatty acids (SCFA) was performed as previously described [49] with slight mod-
ifications. A stock solution of SCFA metabolites (Sigma-Aldrich, Saint-Quentin-Fallavier,
France) was prepared and serially diluted to get ten calibration solutions. A working
solution of internal standards was prepared in 0.15 M sodium hydroxide to get the fol-
lowing final concentrations: 75 mmol/L of D3-acetate, 3.8 mmol/L of D5-propionate,
2.5 mmol/L of 13C-butyrate, and 0.5 mmol/L of D9-valerate (Sigma-Aldrich). Samples
(100 µL) were dissolved in 200 µL of sodium hydroxide solution at 0.15 M (Sigma-Aldrich).
Twenty microliters of the internal standard solution were added to samples and calibration
solutions.

After addition of the standards, each sample was acidified with 5 µL of hydroxide chlo-
ride 37% (Sigma-Aldrich) and then extracted with 1.7 mL of diethyl ether (Biosolve, Dieuze,
France). Samples were stirred gently for 1 h and then centrifuged 2 min (5000 rpm, 4 ◦C).
The organic layers were transferred into 1.5 mL glass vials and SCFAs were derivatized
with 20 µL of tert-butyldimethylsilyl imidazole (Sigma-Aldrich). Samples were incubated
for 30 min at 60 ◦C before analysis. Samples were finally analyzed by gas chromatography–
mass spectrometry (model 7890A-5975C; Agilent Technologies, Montpellier, France) using
a 30 m × 0.25 mm × 0.25 µm capillary column (HP1-MS; Agilent Technologies). The
temperature program started at 50 ◦C for 1 min, ramped to 90 ◦C at 5 ◦C/min and then
up to 300 ◦C at 70 ◦C/min. Selected ion monitoring mode was used to measure SCFA
concentrations with ions at 117 m/z (acetate), 120 m/z (D3-acetate), 131 m/z (propionate),
136 m/z (D5-propionate), 145 m/z (butyrate and isobutyrate), 146 m/z (13C-butyrate),
159 m/z (valerate), and 168 m/z (D9-valerate). To ease the comparison between the various
bacterial strains, the results were expressed as the mean SCFA concentrations divided by
the optical density of the culture used to harvest the supernatants ± SEM.

2.3. Tolerance to Gastric Stress

The survival of the strains in simulated gastric juice (SGF, Minekus et al. [50]) was
measured as follows. Bacterial cultures were centrifuged (6000 rpm, 10 min at 4 ◦C),
washed twice with PBS (pH 7.2), and suspended in 0.2 mL of PBS to obtain the equivalent
of 108 to 1010 CFU/mL. After thawing, 50 µL of the frozen bacterial suspension were
added to 950 µL of simulated gastric fluid (SGF) at pH 3. Briefly, SGF was composed of
KCl 6.9 mM, HCl 15.6 mM, KH2PO4 0.9 mM, NaHCO3 25 mM, NaCl 47.2 mM, MgCl2
0.1 mM, (NH4)2CO3 0.5 mM and adjusted to pH 3 using HCl 1 M. Porcine pepsin (Sigma
Aldrich, France) and CaCl2 were added at final concentrations of 2.000 U/mL and 0.075
mM, respectively. Static incubation was performed in anaerobic condition for 2 h at 37 ◦C
and viable counts were determined every 30 min by plating dilutions of each bacterial
sample. Results were calculated as the mean ratio of the colony-forming units (CFU/mL)
at a given time point on the initial CFU/mL at T0 ± SEM.

2.4. Immunomodulation Assay

The experimental protocol was approved by our institution committees (Institut
Pasteur de Lille, agreement N◦ DC 2013–2022), in accordance with relevant guidelines
and regulations. Blood samples were obtained from five healthy informed donors upon
approved agreement (signed consents) by authorized staff. Peripheral blood mononuclear
cells (PBMCs) were isolated from the blood as described before [51]. Briefly, after Ficoll
gradient centrifugation (GE Healthcare Bio-Sciences, Uppsala, Sweden), PBMCs were
recovered at the interface, washed in RPMI-1640 medium (Gibco, Life Technologies, Ghent,
Belgium), and adjusted to 2 × 106 cells per mL in RPMI supplemented with gentamicin
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(150 µg/mL), glutamine (2 mM) and 10% heat-inactivated fetal calf serum (Gibco, Life
Technologies, Grand Island, NE, USA).

PBMCs were stimulated with bacteria at a bacteria-to-cell ratio of 10:1 (or not, control
medium). After 24 h of stimulation at 37 ◦C under 5% CO2 atmosphere, the supernatants
were collected, clarified by centrifugation (10 min at 1500× g), and stored at −20 ◦C until
cytokine (IL-10, IL-12, IFNγ) measurements, performed with R&D Duoset ELISA kits
(R&D, Minneapolis, MN, USA). Lactobacillus acidophilus NCFM was included as a pro-
Th1 reference strain [34] and Bifidobacterium animalis subsp. lactis BB12 was used as an
anti-inflammatory reference [52].

2.5. In Vitro Epithelial Barrier Model

The human colon epithelial cell line Caco-2 clone TC7 [53] was grown at 37 ◦C with
10% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies, Grand Island,
NY, USA) supplemented with 5% of heat-inactivated fetal calf serum, 1% of non-essential
amino acids, 2 mM glutamine (Gibco). 100 U/mL penicillin and 100 µg/mL streptomycin.
For the permeability assay, cells were grown on 12-well Transwell® insert filter (polycar-
bonate membrane with 0.4 µm pore size, 12 mm diameters; Costar, Corning Life Science,
Kennebunk, ME, USA) at a density of 105 cells per cm2, as previously described [46]. The
medium was changed every two days until day 17 when optimal trans-epithelial resis-
tance was reached (TEER 1800 W/cm2). The measures of TEER were performed using a
millicell-ERS (Electrical Resistance System; Millipore, Billerica, MA, USA). Cell monolayers
were then incubated for 30 min in a fresh DMEM medium. To test strains, bacteria were
added in the apical compartment at a bacteria-to-cell ratio of 10:1. After 30 min, hydrogen
peroxide (100 µM H2O2) was added in both apical and basal compartments. TEER was
measured just before H2O2 addition (T0) and every 30 min up to 120 min. Three different
experiments were performed including duplicates of each condition.

2.6. Enteroendocrine Cell Line and GLP-1 Induction

The intestinal neuroendocrine murine cell line STC-1 (kindly provided by Dr. Benoit
Cudennec Institut Charles Viollette, Lille, France) was grown at 37 ◦C under 5% CO2 in
DMEM (Life Technologies), supplemented with 10% of fetal calf serum (Dutscher, Brumath,
France), 5 mM L-glutamine and 100 µg/mL of streptomycin and penicillin. Cells were
seeded in 12 well plates at 200,000 cells/well, grown for 72 h, washed twice with PBS, and
resuspended in 400 µL of 20 mM Hepes/20 mM Tris pH 7.4 buffer containing 140 mM
NaCl, 4.5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 10 mM glucose. Cells were subsequently
stimulated with the bacteria (10 µL) at a bacteria-to-cell ratio of 10:1 or with butyrate
(10 mM final) as a positive control for 8 h at 37 ◦C under 5% CO2. The supernatants were
then harvested, centrifuged (10 min at 8000× g), and stored at −20 ◦C. Quantification of
active GLP-1 was performed using the V-Plex system and MESO QuickPlex SQ 120 (Meso
Scale Diagnostics, Rockville, MD, USA).

2.7. Statistical Analysis

Statistical significance was determined using non-parametric Kruskal–Wallis followed
by the Dunnett test (FDR method of Benjamini and Hochberg). Data with p values ≤ 0.05
were considered too significant.

3. Results
3.1. Strain-Dependent Survival to Gastric Stress

As the ability to survive gastric conditions is a criterion largely requested in the
selection of probiotics, we investigated the tolerance of our selected set of 21 bacteria
isolated from stools of neonates or adults (Table 1) to this stress. The test conditions (pH = 3
and pepsin) mimicked those encountered by bacteria in a stomach without food bolus [50].
In this harsh stress condition, none of the strains totally survived to 120 min incubation but
we observed marked differences between strains (Figure 1). We distinguished two groups
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based on the bacterial survival to stress condition. The first group includes the 7 most
tolerant strains to the stress: at 120 min of incubation, they remained viable albeit with
a 2 to 4.5 log decrease in viability (Figure 1A). These gastric-stress tolerant bacteria were
B. intestinihominis AS13, B. vulgatus AS15 and PF-Ba10, B. ovatus AS171, B. xylanisolvens
AS146, B. fragilis PF-BaE4, and P. distasonis PF-BaE7. The second group consists of the
other bacterial strains which were more sensitive to the stress as no colonies were obtained
at 120 min or even before. CFU was not obtained (i) after 120 min of incubation for P.
distasonis AS93, (ii) at 90 min and 120 min of incubation for B. xylanisolvens AS99, B. uniformis
PF-BaE13, B. thetaiotaomicron AS84, B. caccae PF-BaE3, or (iii) from 30 min to 120 min of
incubation for A. soehngenii AS170, B. obeum AS32, B. massiliensis AS98, L. saburreum AS4, D.
formicigenerans AS168, R. intestinalis AS6, B. coprocola AS101, P. merdae AS106, B. uniformis
PF-BaE8 (Figure 1B).

Figure 1. Bacterial survival to gastric stress at different timepoints. The survival is shown as the
ratio of the colony-forming units (CFU/mL) at a given time point on the CFU/mL at T0. Data
result from three independent experiments for each strain ± SEM. (A) Most tolerant strains partially
surviving 120 min of gastric stress, (B) Sensitive strains. • indicates the samples in which the CFU/mL
reached the detection threshold which differs between strains as it depends on the initial bacterial
cell concentration.

Of note, strains belonging to the same species exhibited different survival abilities for
B. xylanisolvens AS146 and AS99, P. distasonis PF-BaE7 and AS93, and B. uniformis PF-BaE13
and PF-BaE8 while only the two B. vulgatus AS15 and PF-BaE10 exhibited similar survival.

3.2. Production of SCFA by the Selected Bacterial Strains

Knowing that SCFA are major players in gastrointestinal health, and immune and
metabolic homeostasis [54], we evaluated their production by the selected bacteria during
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their growth in standard conditions e.g., in culture media which were not adjusted to
optimize the SCFA production by each strain (Figure 2). R. intestinalis AS6 (12.3 mM for 1
OD600nm unit) and A. soehngenii AS170 (8.5 mM per OD unit) produced a large amount of
butyrate while they slightly consumed the amounts of acetate present in the media. The
other strains mainly produced acetate at concentration reaching 8.2 mM per 1 OD unit
for R. obeum AS32, the best producer. Of note, 14 strains were also able to produce a low
amount of propionate.

Figure 2. Production of acetate, butyrate, and propionate in the supernatant of bacterial cultures
reported in mM for 1 OD600nm unit of bacterial culture. Data are expressed as the means of 2
independent experiments ± SEM.

3.3. Ability of the Strains to Strengthen the Epithelial Barrier

First, we verified that the bacteria were catalase-negative i.e., were not able to degrade
H2O2 when put in contact with it (data not shown). Second, the ability of the selected
strains to modulate the H2O2-induced increase in paracellular permeability was evaluated
using an in vitro epithelial barrier model as previously described [40,46,47]. As expected,
the addition of H2O2 reduced the TransEpithelial Electrical Resistance (TEER) indicating an
increased permeability (Figure 3, H2O2) reflecting the sensitization of the cell monolayers
in the control. Seven strains significantly protected the cell monolayer from the H2O2-
induced TEER decrease overtime: B. coprocola AS101, L. saburreum AS4, R. intestinalis
AS6, P. distasonis AS93, B. uniformis PF-BaE13, B. uniformis PF-BaE8, and A. soehngenii
AS170 (Figure 3, p < 0.05 to 0.001). Of note, few strains also transiently improved the
TEER compared to the H2O2 treated control: B. fragilis PF-BaE4, B. xylanisolvens AS99, D.
formicigenerans AS168, and B. vulgatus PF-BaE10 (Figure S1).

3.4. Immunomodulation by the Selected Strains

The immunomodulatory capacities of the strains were evaluated through the release
of the anti-inflammatory cytokine IL-10 (Figure 4A) or of the pro-Th1 IL-12 (Figure 4B) and
IFN-γ (Figure 4D) cytokines after in vitro stimulation of human immune cells (PBMCs) by
the selected bacteria.
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Figure 3. Strains preventing H2O2-induced paracellular permeability in vitro. Caco-2 cell monolayers
were put in contact with the selected bacteria (MOI 10:1) and then sensitized with H2O2 at T0 (100 µM).
NT corresponds to the untreated cells control and H2O2 to the cells only treated with oxygen peroxide.
The %TEER was calculated as follows: TEER at Time X/TEER at T0 × 100. For each condition, data
were expressed as the means of 3 independent experiments ± SEM. Statistical analysis refers to the
comparison of cells treated with bacteria and H2O2 versus the H2O2 control. * p < 0.05; ** p < 0.01,
*** p < 0.001.

Figure 4. In vitro immunomodulatory profiles after PBMCs stimulation by the selected bacteria. PBMCs were stimulated 24
h with the selected strains or two reference strains: L. acidophilus NCFM (NCFM) and B. animalis subsp. lactis BB12 (BB12) at
a ratio of 10:1 (bacteria:cells). The cytokine levels were measured by ELISA in the various samples and the untreated cells
(NT). Data represent means ± SEM of 5 independent donors. Levels of (A) IL-10, (B) IL-12, and (D) IFNγ were measured in
the supernatants. (C) IL-10/IL-12 ratios. * p < 0.05, ** p < 0.01; *** p < 0.001 in comparison with untreated cells.
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Twelve of the 21 selected strains induced significant production of IL-10 (p < 0.05
to 0.001) in comparison to untreated cells, albeit in a strain-dependent manner, with
values ranging between 485 ± 35 pg/mL to 924 ± 41 pg/mL. Six strains induced a level
comparable (from 836 to 924 pg/mL) to the anti-inflammatory reference strain B. animalis
subsp. lactis BB12 (842 ± 35 pg/mL, p < 0.001). Similar to the BB12 positive control, none
of the selected strains induced a significant production of IL-12 (<100 pg/mL) while the
pro-Th1 L. acidophilus NCFM reference strain induced high IL-12 levels (827 ± 13 pg/mL,
p < 0.01) in comparison to untreated cells. The IL-10/IL-12 ratio (Figure 4C) confirmed the
high anti-inflammatory potential of 10 strains (p < 0.01 to 0.001): B. uniformis PF-BaE13, B.
intestinihominis AS13, B. uniformis PF-BaE8, B. coprocola AS101, P. merdae AS106, P. distasonis
AS93, D. formicigenerans AS168, B. obeum AS32, P. distasonis PF-BaE7, B. ovatus AS171. In
addition, B. xylanisolvens AS99, R. intestinalis AS6, and B. xylanisolvens AS146 also displayed
a significant effect although to a lower extent (p < 0.05). The ability of the tested strains
to induce the release of IFN-γ varied but remained insignificant for the vast majority of
selected bacteria apart from B. uniformis PF-BaE13 and B. vulgatus PF-BaE4 which led
to a low but significant IFN-γ production (p < 0.05). It can be compared with the pro-
inflammatory L. acidophilus NCFM and anti-inflammatory B. animalis subsp. lactis BB12
controls which led to the production of 3664 ± 770 pg/mL (p < 0.01) and 862 ± 722 pg/mL
of IFN-γ, respectively.

3.5. Ability of the Strains to Induce the Secretion of GLP-1

The ability of the strains to stimulate the secretion of the gut peptide GLP-1 was
evaluated using the murine cell line STC-1, displaying a phenotype of intestinal endocrine
L-cells [55]. Four strains, R. intestinalis AS6 (p < 0.001), B. obeum AS32 (p < 0.01), P. distasonis
PF-BaE7, and P. distasonis AS93 (p < 0.05) induced significant production of GLP-1 in
comparison with the control of the untreated cell and to a higher level than the production
induced by butyrate, the positive control. In addition, D. formicigenerans AS168 increased
the release of GLP-1 in comparison with unstimulated cells although without statistical
significance (Figure 5). Note that the test was performed without inhibiting the bacterial
proteases which may contribute to GLP1 degradation.

Figure 5. Production of GLP-1 in the supernatants of STC-1 cells stimulated by the selected strains.
Cells were stimulated 8 h with the bacteria (MOI 10:1) or with butyrate (10 mM) as a positive control
(Butyrate) then GLP-1 concentration was measured by Multiplex. * p < 0.05; ** p < 0.01 in comparison
with untreated cells (NT).
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3.6. Combination of Beneficial Properties in Next Generation Probiotic Candidates

The integration of data generated in this study highlighted seven strains that are
combining two or three of the probiotic properties tested in vitro (Figure 6).

Figure 6. Diagram summarizing the beneficial properties of candidates as next-generation probiotics.
Out of the 21 selected strains, 15 exhibited at least one statistically significant effect in the in vitro
models including 7 strains that combined beneficial activities. Strains able to produce butyrate
are highlighted in purple; note that AS4 produced only a limited amount of butyrate in the tested
conditions. * indicates the bacterial strains which survived 2 h of gastric stress.

Two strains, P. distasonis AS93 and R. intestinalis AS6 combined the three investigated
functional activities (strengthening of the epithelial barrier, anti-inflammatory profile, and
induction of GLP-1). The three strains B. coprocola AS101, B. uniformis PF-BaE8, and B.
uniformis PF-BaE13 combined an anti-inflammatory profile and the ability to improve the
epithelial barrier, while two strains B. obeum AS32 and P. distasonis PF-BaE7 combined an
anti-inflammatory profile and the ability to induce GLP-1.

The three strains R. intestinalis AS6, A. soehngenii AS170, and L. sabbureum AS4 produc-
ing significant butyrate amounts were all able to strengthen the epithelial barrier, however,
there was no correlation with the other functional activities. The bacterial survival to
gastric stress was strain-dependent and only P. distasonis PF-BaE7 among the seven strains
combining several probiotic functions was tolerant to that stress condition. However,
we previously showed that adding sodium bicarbonate to the bacterial suspensions to
neutralize the gastric pH, improved the strain survival during the in vitro stress assay (data
not shown) and could also allow significant protection against intestinal inflammation after
in vivo administration of gastric-stress sensitive strains [40].

4. Discussion

The gut microbiota is widely recognized to play a prominent role in health and disease
and its altered composition and function are linked to the development of many chronic
diseases, such as obesity and IBD. Therefore, manipulation of the dysbiotic gut microbiota
towards a more balanced microbial community is currently under extensive study. Large
screening of bifidobacteria and lactobacilli allowed the identification of several strains with
health-promoting properties in pre-clinical models, however, these traditional probiotics
showed marginal positive effects in clinical trials [43,44]. A recent study highlighted the
transient persistence of these bacteria with permissive or resistant individuals, according
to the level of colonization [56]. This suggests that at best, the probiotic effects persist
during a short period of time [57]. Moreover, these types of probiotics, since their long
history of safe use and their non-disease-specific claims, are generally delivered as food
supplements. They are hardly considered for clinical applications and globally were not
approved by regulatory authorities such as the European Food Safety Authority (EFSA) in
Europe [58,59] or the Food Drug Administration (FDA) in the US [60].
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The next-generation probiotics (NGP) or live biotherapeutic products (LBP) derived
from the gut microbiota are developed as new preventive and therapeutic tools against
diseases. Being natural gut commensals, the NGP may be better adapted to the gastroin-
testinal tract and the cross-talk with the host cells than food-derived probiotics [61]. Several
strains enriched in healthy individuals in comparison to patients have been selected as live
biotherapeutics (LBP) candidates. F. prausnitzii, a species depleted in the microbiome of
Crohn’s patients appeared as a promising LBP for the management of this disease [31,35].
A. muciniphila, a mucin degrading bacterium resides in the mucus layer. Its abundance is
strongly decreased in obese and type 2 diabetic subjects [23,34,62] and it has been shown
to counteract high-fat diet-induced obesity, insulin resistance and type 2 diabetes in mice.
More specifically, treatments of mice with this bacteria decreased metabolic endotoxemia
and adipose tissue inflammation by improving intestinal mucosal barrier function at dif-
ferent levels [34]. However, the challenge of using these commensal gut bacteria as LBP
relies mainly on their extreme sensitivity to O2 [62]. Therefore, the identification of new
candidates possibly with a higher growth rate and tolerance to oxygen is still awaited for
microbiota-targeted therapy. In this context, we screened a collection of bacterial strains,
all members of the human gut microbiota using different in vitro models highlighting their
functional abilities.

To the best of current knowledge, leaky gut and inflammation are key factors for the
onset and development of numerous chronic diseases. The ability to protect the integrity of
the epithelial barrier or to exhibit anti-inflammatory activities appears as key features for
LBP. We observed that seven selected strains significantly maintained the epithelial barrier
integrity over time in comparison with the control of H2O2-sensitized cells while several
additional strains also exhibited a trend to barrier strengthening without robust statistical
difference. Twelve strains significantly induced the production of the anti-inflammatory
cytokine IL-10 after stimulation of human immune cells without noticeable effect on IL-12
production, leading to a robust anti-inflammatory profile (IL-10/IL12 ratio). Note, however,
that B. uniformis PF-BaE13 stimulated the IFN-γ release to a low but significant level. This
will have to be further examined for instance in the preclinical model before concluding on
the anti-inflammatory potential of that strain. GLP-1 plays an important role not only in
the control of food intake but also in the control of gut barrier function, glucose, and energy
homeostasis, and, consequently insulin sensitivity [63]. Four strains (AS6, AS32, PF-BaE7,
and AS93) were able to significantly induce the release of GLP-1 from the enteroendocrine
cell line STC-1. Altogether, our results revealed a high prevalence of health beneficial
activities among the 21 tested gut bacteria with 71.4% of strains positive in at least one of
the three in vitro tests. This observation suggests the involvement of these strains in active
cross-talk with host cells.

Strikingly 33% of the strains possessed multiple putative beneficial activities (Figure 6).
Three strains combined an anti-inflammatory IL10/IL12 profile and the ability to protect
the epithelial barrier. Two strains, P. distasonis PF-BaE7 and B. obeum AS32, combined
an anti-inflammatory profile and a stimulation GLP1 secretion. R. intestinalis AS6 and P.
distasonis AS93 interestingly combined the three tested activities: barrier strengthening,
anti-inflammatory profile, and stimulation of GLP1 secretion. It is noteworthy that among
the 4 pairs of strains assigned to given species, 3 showed similar phenotypes: B. uniformis
PF-Ba8 and PF-BaE13 appeared both as an anti-inflammatory and protecting the barrier;
B. xylanisolvens AS146 and AS99 were both anti-inflammatory while B. vulgatus AS15 and
PF-BaE10 did not possess the tested activities. The two P. distasonis AS93 and PF-BaE7 are
discordant for the barrier restoration activity but shared an anti-inflammatory profile and
the ability to stimulate GLP-1 production.

B. coprocola AS101 and B. uniformis PF-BaE8 and PF-BaE13 which combined anti-
inflammatory profile and barrier protection abilities together with R. intestinalis AS6 and
P. distasonis AS93 which showed the 3 probiotic activities are highlighted by our work as
appealing NGP candidates to target intestinal inflammation. Indeed, based on the in vitro
barrier and immunomodulation tests, we were previously able to identify P. distasonis
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strains including AS93, with the ability to alleviate intestinal inflammation in a murine
model of colitis [40]. In the present study, we included two of these P. distasonis strains to
complete their functional characterization with their effect on GLP1 production. Interest-
ingly in our previous work, P. distasonis PF-BaE7 was not protective in a murine model
of TNBS-induced colitis in contrast to P. distasonis AS93. We propose that the difference
between these two strains in terms of barrier strengthening made the difference in the
colitis model.

The P. distasonis AS93 and R. intestinalis AS6 and possibly B. obeum AS32 and P.
distasonis PF-BaE7 strains are interesting candidates as NGPs in the context of obesity.
Obesity is indeed associated with impaired endocrine metabolism, together with leaky
gut, low-grade inflammation, and gut microbiota dysbiosis. Parabacteroides is one of the
major genera of the human core gut microbiota [64]. In agreement with our in vitro data,
the potential of a P. distasonis strain as NGP against obesity has been recently reported [41].
Interestingly, live but not heat-killed P. distasonis CGMCC 1.30169 reduced weight gain,
improved glucose homeostasis, and obesity-associated dysfunction [41]. A link between
Roseburia spp. and gut health has been reported, with anti-inflammatory activities as
well as beneficial metabolic effects, primarily through the production of short-chain fatty
acids, especially butyrate, suggesting a potential use as LBP in many chronic diseases [65].
Indeed, we highlighted R. intestinalis AS6 as a butyrate producer, together with the highest
capacity to induce the release of GLP-1, in comparison to other strains. This strain appears
as a potential candidate against obesity.

Obesity has also been linked with differential abundance of Bacteroides, Parabacteroides,
Blautia, Alistipes, Romboutsia, and Roseburia. Most of those genera are recognized to regu-
late the host immune system and some have been shown to alleviate obesity [65]. Large
discrepancies and heterogeneity among the gut microbiota associated with obesity and
metabolic diseases in general are observed according to the cohorts, with divergent results
for phylum, family, genus, and species. The discrepancies in the gut microbial signatures
observed among studies could be explained by the difference in age, ethnicity, diet, circa-
dian rhythm, microbiome sequencing methods, and other variables [66]. Therefore several
hurdles remain to ascertain the implication of specific taxa as a causal link to the develop-
ment of obesity or other chronic diseases or conversely to beneficial effects [67]. Decreased
Bacteroidetes to Firmicutes ratio remains a significant risk indicator [18], however different
studies reported a positive association between some Bacteroides species i.e., B. fragilis, and
obesity [68]. Interestingly several experimental studies highlighted the beneficial impact of
several Bacteroides strains, such as B. uniformis CECT771 [61], B. acidifaciens ICM10556 [39]
which led to a positive impact on weight gain and other parameters associated with obesity,
by acting through different mechanisms. B. fragilis HCK-B3 and B. ovatus ELH-B2 have
also been proposed as novel strains to alleviate intestinal inflammation [69]. In our study, 3
Bacteroides, B. uniformis PF-BaE8 and PF-BaE13, and B. coprocola AS101 exhibited interesting
functional properties and could also be proposed as NGP candidates. One mechanism
by which gut microbes can communicate and initiate beneficial effects is linked to their
capacity to produce short-chain fatty acids (SCFAs), mostly acetate, propionate, and bu-
tyrate [70]. In the tested conditions which were not optimized for SCFA production, two
strains, R. intestinalis AS6 and A. soehngenii AS170 produced butyrate (12.3 mM and 8.5 mM
for 1 OD600nm unit), respectively while the other strains mainly produced acetate at varying
concentrations (from 2.4 to 8.2 mM per OD600nm unit). Even if the 2 butyrate-producing
strains were able to strengthen the epithelial barrier, no correlation between the capacity
of the strains to produce SCFA in vitro with functional activities was observed. However,
it is noteworthy that the in vitro conditions do not reflect the in vivo situation in which
the commensal strains could favor the production of SCFA through the degradation of
fibers but also by the mechanism of cross-feeding among the gut microbiota. The effects
we measured were assessed with live bacteria. Preliminary data performed with some
of the strains indicated that similar effects, and in some cases increased effects, could
be obtained with pasteurized (heat-killed at 70 ◦C) bacteria. Plovier et al., have indeed
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reported that pasteurized A. muciniphila could exhibit similar or even better abilities to
prevent diet-induced obesity in mice and have highlighted the potential role of a mem-
brane protein [71]. This opens the way to counteract the oxygen sensitivity of some strains
and to use derived metabolites as postbiotics. It would be therefore interesting to further
decipher the mechanisms involved in the strain’s effects and identify the bacterial factors
involved. Therefore, the influence of the gut microbiome by itself on the overall immune
and metabolic functions still needs further investigation.

5. Conclusions

Although harnessing the microbiome of healthy versus disease state highlighted
potential candidates to be used as NGP, identification of novel health-associated gut
bacteria to be used as LBP has to be extended. This will not only allow better insight
into the functionality of the different species and strains but also extend the number of
interesting candidates for the development of personalized probiotic approaches taking
better into account individual host variations and specific responses [40,72]. Our in vitro
screening approach provided crucial clues to highlight the health beneficial abilities of
several strains with promising use as novel NGP candidates, notably in the management of
IBD and obesity. Further experiments to establish the innocuity of the strains of interest, to
investigate in appropriate preclinical models, their efficacy, and to decipher the underlying
mechanisms are underway.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-2
607/9/3/565/s1, Figure S1: Impact of the other selected strains on H2O2-induced paracellular
permeability in vitro. * p < 0.05

Author Contributions: E.M. and C.G. conceived this work with specific contributions from M.R.;
E.M. and C.G. supervised this study; B.C. performed most of the experiments with the technical
help of D.B., V.P., J.D., A.L.W.A., S.B.; M.C. performed the SCFA analysis; B.C., C.G., M.R. and E.M.
analyzed the data, wrote the manuscript, and generated the figures; A.-J.W.-D. isolated, identified by
MS, and provided the PF-Ba strains. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the “Institut National de Recherche pour l’Agriculture, l’Aliment
ation et l’Environnement” (INRAE), the Institut Pasteur de Lille, the “Centre National de la Recherche
Scientifique” (CNRS), the “Institut National de la Santé et de la Recherche Médicale” (Inserm), the Uni-
versity of Lille and. The mobility of A.L.W.A. was supported by the Direction des Bourses du Ministère
de l’Enseignement Supérieur et de la Recherche Scientifique de Côte d’Ivoire, contract: 839/MESRS/DB/SD-
BHCI/SD/CBK 14.08.2018 and bench fees were supported by MIHA Team (INRAE). B.C. received a
PhD grant from the University of Lille.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of the Institut Pasteur de Lille,
(agreement N◦ DC 2013–2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data is contained within the article or supplementary materials.

Acknowledgments: The authors thank Danisco for giving us access to the L. acidophilus NCFM strain
and Gabriel Vinderola for providing the B. animalis subsp. lactis BB12 strain. We are grateful to
N’Dédé Théodore Djéni and Marcellin Koffi Djè for the training of A.L.W.A. and their support to his
mobility application. We also acknowledge Bogdana Michajlovova who initiated this collaboration
during her Master2 internship. We are thankful to P. Parnet, H. Vidal and J. Aires for their contribution
to the individual monitoring committee of BC.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/2076-2607/9/3/565/s1
https://www.mdpi.com/2076-2607/9/3/565/s1


Microorganisms 2021, 9, 565 14 of 16

References
1. Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Vergès, M.-C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.; et al.

Microbiome Definition Re-Visited: Old Concepts and New Challenges. Microbiome 2020, 8, 103. [CrossRef]
2. Theis, K.R.; Dheilly, N.M.; Klassen, J.L.; Brucker, R.M.; Baines, J.F.; Bosch, T.C.G.; Cryan, J.F.; Gilbert, S.F.; Goodnight, C.J.; Lloyd,

E.A.; et al. Getting the Hologenome Concept Right: An Eco-Evolutionary Framework for Hosts and Their Microbiomes. mSystems
2016, 1. [CrossRef]

3. Simon, J.-C.; Marchesi, J.R.; Mougel, C.; Selosse, M.-A. Host-Microbiota Interactions: From Holobiont Theory to Analysis.
Microbiome 2019, 7. [CrossRef]

4. van de Guchte, M.; Blottière, H.M.; Doré, J. Humans as Holobionts: Implications for Prevention and Therapy. Microbiome 2018, 6,
81. [CrossRef]

5. FAQ: Human Microbiome; American Academy of Microbiology FAQ Reports; American Society for Microbiology: Washington DC,
USA, 2013.

6. Hadrich, D. New EU Projects Delivering Human Microbiome Applications. Future Sci. OA 2020, 6, FSO474. [CrossRef]
7. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A. Diversity

of the Human Intestinal Microbial Flora. Science 2005, 308, 1635–1638. [CrossRef]
8. Li, J.; Jia, H.; Cai, X.; Zhong, H.; Feng, Q.; Sunagawa, S.; Arumugam, M.; Kultima, J.R.; Prifti, E.; Nielsen, T.; et al. An Integrated

Catalog of Reference Genes in the Human Gut Microbiome. Nat. Biotechnol. 2014, 32, 834–841. [CrossRef]
9. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A

Human Gut Microbial Gene Catalogue Established by Metagenomic Sequencing. Nature 2010, 464, 59–65. [CrossRef]
10. Lagier, J.-C.; Khelaifia, S.; Alou, M.T.; Ndongo, S.; Dione, N.; Hugon, P.; Caputo, A.; Cadoret, F.; Traore, S.I.; Seck, E.H.; et al.

Culture of Previously Uncultured Members of the Human Gut Microbiota by Culturomics. Nat. Microbiol. 2016, 1, 16203.
[CrossRef]

11. Bäckhed, F.; Ley, R.E.; Sonnenburg, J.L.; Peterson, D.A.; Gordon, J.I. Host-Bacterial Mutualism in the Human Intestine. Science
2005, 307, 1915–1920. [CrossRef] [PubMed]

12. Belkaid, Y.; Hand, T.W. Role of the Microbiota in Immunity and Inflammation. Cell 2014, 157, 121–141. [CrossRef]
13. Honda, K.; Littman, D.R. The Microbiota in Adaptive Immune Homeostasis and Disease. Nature 2016, 535, 75–84. [CrossRef]

[PubMed]
14. Collins, S.M.; Surette, M.; Bercik, P. The Interplay between the Intestinal Microbiota and the Brain. Nat. Rev. Microbiol. 2012, 10,

735–742. [CrossRef] [PubMed]
15. Sampson, T.R.; Mazmanian, S.K. Control of Brain Development, Function, and Behavior by the Microbiome. Cell Host Microbe

2015, 17, 565–576. [CrossRef] [PubMed]
16. Kayama, H.; Takeda, K. Manipulation of Epithelial Integrity and Mucosal Immunity by Host and Microbiota-Derived Metabolites.

Eur. J. Immunol. 2020, 50, 921–931. [CrossRef]
17. Cummings, J.H.; Macfarlane, G.T. Role of Intestinal Bacteria in Nutrient Metabolism. JPEN J. Parenter. Enteral Nutr. 1997, 21,

357–365. [CrossRef]
18. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An Obesity-Associated Gut Microbiome with

Increased Capacity for Energy Harvest. Nature 2006, 444, 1027–1031. [CrossRef] [PubMed]
19. Mayer, E.A.; Tillisch, K.; Gupta, A. Gut/Brain Axis and the Microbiota. J. Clin. Invest. 2015, 125, 926–938. [CrossRef] [PubMed]
20. Tripathi, A.; Debelius, J.; Brenner, D.A.; Karin, M.; Loomba, R.; Schnabl, B.; Knight, R. The Gut-Liver Axis and the Intersection

with the Microbiome. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 397–411. [CrossRef]
21. Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieërs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory

Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell Infect. Microbiol. 2020, 10, 9. [CrossRef]
22. Ley, R.E.; Bäckhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity Alters Gut Microbial Ecology. Proc. Natl.

Acad. Sci. USA 2005, 102, 11070–11075. [CrossRef] [PubMed]
23. Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F.; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.-M.; Kennedy, S.;

et al. Richness of Human Gut Microbiome Correlates with Metabolic Markers. Nature 2013, 500, 541–546. [CrossRef]
24. Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A Metagenome-Wide Association

Study of Gut Microbiota in Type 2 Diabetes. Nature 2012, 490, 55–60. [CrossRef]
25. Manichanh, C.; Rigottier-Gois, L.; Bonnaud, E.; Gloux, K.; Pelletier, E.; Frangeul, L.; Nalin, R.; Jarrin, C.; Chardon, P.; Marteau, P.;

et al. Reduced Diversity of Faecal Microbiota in Crohn’s Disease Revealed by a Metagenomic Approach. Gut 2006, 55, 205–211.
[CrossRef]

26. Jostins, L.; Ripke, S.; Weersma, R.K.; Duerr, R.H.; McGovern, D.P.; Hui, K.Y.; Lee, J.C.; Schumm, L.P.; Sharma, Y.; Anderson, C.A.;
et al. Host-Microbe Interactions Have Shaped the Genetic Architecture of Inflammatory Bowel Disease. Nature 2012, 491, 119–124.
[CrossRef]

27. Mouzaki, M.; Comelli, E.M.; Arendt, B.M.; Bonengel, J.; Fung, S.K.; Fischer, S.E.; McGilvray, I.D.; Allard, J.P. Intestinal Microbiota
in Patients with Nonalcoholic Fatty Liver Disease. Hepatology 2013, 58, 120–127. [CrossRef] [PubMed]

28. Jiang, W.; Wu, N.; Wang, X.; Chi, Y.; Zhang, Y.; Qiu, X.; Hu, Y.; Li, J.; Liu, Y. Dysbiosis Gut Microbiota Associated with
Inflammation and Impaired Mucosal Immune Function in Intestine of Humans with Non-Alcoholic Fatty Liver Disease. Sci. Rep.
2015, 5, 8096. [CrossRef]

http://doi.org/10.1186/s40168-020-00875-0
http://doi.org/10.1128/mSystems.00028-16
http://doi.org/10.1186/s40168-019-0619-4
http://doi.org/10.1186/s40168-018-0466-8
http://doi.org/10.2144/fsoa-2020-0028
http://doi.org/10.1126/science.1110591
http://doi.org/10.1038/nbt.2942
http://doi.org/10.1038/nature08821
http://doi.org/10.1038/nmicrobiol.2016.203
http://doi.org/10.1126/science.1104816
http://www.ncbi.nlm.nih.gov/pubmed/15790844
http://doi.org/10.1016/j.cell.2014.03.011
http://doi.org/10.1038/nature18848
http://www.ncbi.nlm.nih.gov/pubmed/27383982
http://doi.org/10.1038/nrmicro2876
http://www.ncbi.nlm.nih.gov/pubmed/23000955
http://doi.org/10.1016/j.chom.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/25974299
http://doi.org/10.1002/eji.201948478
http://doi.org/10.1177/0148607197021006357
http://doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://doi.org/10.1172/JCI76304
http://www.ncbi.nlm.nih.gov/pubmed/25689247
http://doi.org/10.1038/s41575-018-0011-z
http://doi.org/10.3389/fcimb.2020.00009
http://doi.org/10.1073/pnas.0504978102
http://www.ncbi.nlm.nih.gov/pubmed/16033867
http://doi.org/10.1038/nature12506
http://doi.org/10.1038/nature11450
http://doi.org/10.1136/gut.2005.073817
http://doi.org/10.1038/nature11582
http://doi.org/10.1002/hep.26319
http://www.ncbi.nlm.nih.gov/pubmed/23401313
http://doi.org/10.1038/srep08096


Microorganisms 2021, 9, 565 15 of 16

29. Morais, L.H.; Schreiber, H.L.; Mazmanian, S.K. The Gut Microbiota-Brain Axis in Behaviour and Brain Disorders. Nat. Rev.
Microbiol. 2020. [CrossRef]

30. Chen, Z.; Maqbool, J.; Sajid, F.; Hussain, G.; Sun, T. Human Gut Microbiota and Its Association with Pathogenesis and Treatments
of Neurodegenerative Diseases. Microb. Pathog. 2020, 150, 104675. [CrossRef]

31. Sokol, H.; Seksik, P.; Furet, J.P.; Firmesse, O.; Nion-Larmurier, I.; Beaugerie, L.; Cosnes, J.; Corthier, G.; Marteau, P.; Doré, J. Low
Counts of Faecalibacterium Prausnitzii in Colitis Microbiota. Inflamm. Bowel Dis. 2009, 15, 1183–1189. [CrossRef] [PubMed]

32. Derrien, M.; Vaughan, E.E.; Plugge, C.M.; de Vos, W.M. Akkermansia Muciniphila Gen. Nov., Sp. Nov., a Human Intestinal
Mucin-Degrading Bacterium. Int. J. Syst. Evol. Microbiol. 2004, 54, 1469–1476. [CrossRef]

33. Shetty, S.A.; Zuffa, S.; Bui, T.P.N.; Aalvink, S.; Smidt, H.; De Vos, W.M. Reclassification of Eubacterium Hallii as Anaerobutyricum
Hallii Gen. Nov., Comb. Nov., and Description of Anaerobutyricum Soehngenii Sp. Nov., a Butyrate and Propionate-Producing
Bacterium from Infant Faeces. Int. J. Syst. Evol. Microbiol. 2018, 68, 3741–3746. [CrossRef] [PubMed]

34. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M.; et al. Cross-Talk between Akkermansia Muciniphila and Intestinal Epithelium Controls Diet-Induced Obesity. Proc. Natl.
Acad. Sci. USA 2013, 110, 9066–9071. [CrossRef] [PubMed]

35. Sokol, H.; Pigneur, B.; Watterlot, L.; Lakhdari, O.; Bermúdez-Humarán, L.G.; Gratadoux, J.-J.; Blugeon, S.; Bridonneau, C.; Furet,
J.-P.; Corthier, G.; et al. Faecalibacterium Prausnitzii Is an Anti-Inflammatory Commensal Bacterium Identified by Gut Microbiota
Analysis of Crohn Disease Patients. Proc. Natl. Acad. Sci. USA 2008, 105, 16731–16736. [CrossRef]

36. Udayappan, S.; Manneras-Holm, L.; Chaplin-Scott, A.; Belzer, C.; Herrema, H.; Dallinga-Thie, G.M.; Duncan, S.H.; Stroes, E.S.G.;
Groen, A.K.; Flint, H.J.; et al. Oral Treatment with Eubacterium Hallii Improves Insulin Sensitivity in Db/Db Mice. NPJ Biofilms
Microbiomes 2016, 2, 16009. [CrossRef]

37. Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.; Maiter, D.; Delzenne,
N.M.; et al. Supplementation with Akkermansia Muciniphila in Overweight and Obese Human Volunteers: A Proof-of-Concept
Exploratory Study. Nat. Med. 2019, 25, 1096–1103. [CrossRef]

38. Cano, P.G.; Santacruz, A.; Trejo, F.M.; Sanz, Y. Bifidobacterium CECT 7765 Improves Metabolic and Immunological Alterations
Associated with Obesity in High-Fat Diet-Fed Mice. Obesity 2013, 21, 2310–2321. [CrossRef]

39. Yang, J.-Y.; Lee, Y.-S.; Kim, Y.; Lee, S.-H.; Ryu, S.; Fukuda, S.; Hase, K.; Yang, C.-S.; Lim, H.S.; Kim, M.-S.; et al. Gut Commensal
Bacteroides Acidifaciens Prevents Obesity and Improves Insulin Sensitivity in Mice. Mucosal Immunol. 2017, 10, 104–116.
[CrossRef]

40. Cuffaro, B.; Assohoun, A.L.W.; Boutillier, D.; Súkeníková, L.; Desramaut, J.; Boudebbouze, S.; Salomé-Desnoulez, S.; Hrdý, J.;
Waligora-Dupriet, A.-J.; Maguin, E.; et al. In Vitro Characterization of Gut Microbiota-Derived Commensal Strains: Selection of
Parabacteroides Distasonis Strains Alleviating TNBS-Induced Colitis in Mice. Cells 2020, 9, 2104. [CrossRef]

41. Wang, K.; Liao, M.; Zhou, N.; Bao, L.; Ma, K.; Zheng, Z.; Wang, Y.; Liu, C.; Wang, W.; Wang, J.; et al. Parabacteroides Distasonis
Alleviates Obesity and Metabolic Dysfunctions via Production of Succinate and Secondary Bile Acids. Cell Rep. 2019, 26,
222–235.e5. [CrossRef]

42. Papadimitriou, K.; Zoumpopoulou, G.; Foligné, B.; Alexandraki, V.; Kazou, M.; Pot, B.; Tsakalidou, E. Discovering Probiotic
Microorganisms: In Vitro, in Vivo, Genetic and Omics Approaches. Front. Microbiol. 2015, 6. [CrossRef] [PubMed]

43. Saez-Lara, M.J.; Gomez-Llorente, C.; Plaza-Diaz, J.; Gil, A. The Role of Probiotic Lactic Acid Bacteria and Bifidobacteria in the
Prevention and Treatment of Inflammatory Bowel Disease and Other Related Diseases: A Systematic Review of Randomized
Human Clinical Trials. Biomed. Res. Int. 2015, 2015, 505878. [CrossRef]

44. Ghouri, Y.A.; Richards, D.M.; Rahimi, E.F.; Krill, J.T.; Jelinek, K.A.; DuPont, A.W. Systematic Review of Randomized Controlled
Trials of Probiotics, Prebiotics, and Synbiotics in Inflammatory Bowel Disease. Clin. Exp. Gastroenterol. 2014, 7, 473–487. [CrossRef]
[PubMed]

45. Million, M.; Angelakis, E.; Paul, M.; Armougom, F.; Leibovici, L.; Raoult, D. Comparative Meta-Analysis of the Effect of
Lactobacillus Species on Weight Gain in Humans and Animals. Microb. Pathog. 2012, 53, 100–108. [CrossRef] [PubMed]

46. Alard, J.; Peucelle, V.; Boutillier, D.; Breton, J.; Kuylle, S.; Pot, B.; Holowacz, S.; Grangette, C. New Probiotic Strains for
Inflammatory Bowel Disease Management Identified by Combining in Vitro and in Vivo Approaches. Benef. Microbes 2018, 9,
317–331. [CrossRef]

47. Zaylaa, M.; Al Kassaa, I.; Alard, J.; Peucelle, V.; Boutillier, D.; Desramaut, J.; Dabboussi, F.; Pot, B.; Grangette, C. Probiotics in IBD:
Combining in Vitro and in Vivo Models for Selecting Strains with Both Anti-Inflammatory Potential as Well as a Capacity to
Restore the Gut Epithelial Barrier. J. Funct. Foods 2018, 47, 304–315. [CrossRef]

48. Bourgin, M.; Labarthe, S.; Kriaa, A.; Lhomme, M.; Gérard, P.; Lesnik, P.; Laroche, B.; Maguin, E.; Rhimi, M. Exploring the Bacterial
Impact on Cholesterol Cycle: A Numerical Study. Front. Microbiol. 2020, 11, 1121. [CrossRef]

49. Laurans, L.; Venteclef, N.; Haddad, Y.; Chajadine, M.; Alzaid, F.; Metghalchi, S.; Sovran, B.; Denis, R.G.P.; Dairou, J.; Cardellini,
M.; et al. Genetic Deficiency of Indoleamine 2,3-Dioxygenase Promotes Gut Microbiota-Mediated Metabolic Health. Nat. Med.
2018, 24, 1113–1120. [CrossRef]

50. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Carrière, F.; Boutrou, R.; Corredig, M.; Dupont, D.; et al.
A Standardised Static in Vitro Digestion Method Suitable for Food - an International Consensus. Food Funct. 2014, 5, 1113–1124.
[CrossRef]

http://doi.org/10.1038/s41579-020-00460-0
http://doi.org/10.1016/j.micpath.2020.104675
http://doi.org/10.1002/ibd.20903
http://www.ncbi.nlm.nih.gov/pubmed/19235886
http://doi.org/10.1099/ijs.0.02873-0
http://doi.org/10.1099/ijsem.0.003041
http://www.ncbi.nlm.nih.gov/pubmed/30351260
http://doi.org/10.1073/pnas.1219451110
http://www.ncbi.nlm.nih.gov/pubmed/23671105
http://doi.org/10.1073/pnas.0804812105
http://doi.org/10.1038/npjbiofilms.2016.9
http://doi.org/10.1038/s41591-019-0495-2
http://doi.org/10.1002/oby.20330
http://doi.org/10.1038/mi.2016.42
http://doi.org/10.3390/cells9092104
http://doi.org/10.1016/j.celrep.2018.12.028
http://doi.org/10.3389/fmicb.2015.00058
http://www.ncbi.nlm.nih.gov/pubmed/25741323
http://doi.org/10.1155/2015/505878
http://doi.org/10.2147/CEG.S27530
http://www.ncbi.nlm.nih.gov/pubmed/25525379
http://doi.org/10.1016/j.micpath.2012.05.007
http://www.ncbi.nlm.nih.gov/pubmed/22634320
http://doi.org/10.3920/BM2017.0097
http://doi.org/10.1016/j.jff.2018.05.029
http://doi.org/10.3389/fmicb.2020.01121
http://doi.org/10.1038/s41591-018-0060-4
http://doi.org/10.1039/C3FO60702J


Microorganisms 2021, 9, 565 16 of 16

51. Foligne, B.; Nutten, S.; Grangette, C.; Dennin, V.; Goudercourt, D.; Poiret, S.; Dewulf, J.; Brassart, D.; Mercenier, A.; Pot, B.
Correlation between in Vitro and in Vivo Immunomodulatory Properties of Lactic Acid Bacteria. World J. Gastroenterol. 2007, 13,
236–243. [CrossRef]

52. Burns, P.; Alard, J.; Hrdỳ, J.; Boutillier, D.; Páez, R.; Reinheimer, J.; Pot, B.; Vinderola, G.; Grangette, C. Spray-Drying Process
Preserves the Protective Capacity of a Breast Milk-Derived Bifidobacterium Lactis Strain on Acute and Chronic Colitis in Mice.
Sci. Rep. 2017, 7, 43211. [CrossRef]

53. Chantret, I.; Rodolosse, A.; Barbat, A.; Dussaulx, E.; Brot-Laroche, E.; Zweibaum, A.; Rousset, M. Differential Expression of
Sucrase-Isomaltase in Clones Isolated from Early and Late Passages of the Cell Line Caco-2: Evidence for Glucose-Dependent
Negative Regulation. J. Cell Sci. 1994, 107 Pt 1, 213–225.

54. Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The Role of Short-Chain Fatty Acids in Health and
Disease. Adv. Immunol. 2014, 121, 91–119. [CrossRef] [PubMed]

55. Rindi, G.; Grant, S.G.; Yiangou, Y.; Ghatei, M.A.; Bloom, S.R.; Bautch, V.L.; Solcia, E.; Polak, J.M. Development of Neuroendocrine
Tumors in the Gastrointestinal Tract of Transgenic Mice. Heterogeneity of Hormone Expression. Am. J. Pathol. 1990, 136,
1349–1363. [PubMed]

56. Zmora, N.; Zilberman-Schapira, G.; Suez, J.; Mor, U.; Dori-Bachash, M.; Bashiardes, S.; Kotler, E.; Zur, M.; Regev-Lehavi, D.;
Brik, R.B.-Z.; et al. Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with Unique Host and
Microbiome Features. Cell 2018, 174, 1388–1405.e21. [CrossRef]

57. Schmidt, C. The Startup Bugs. Nat. Biotechnol. 2013, 31, 279–281. [CrossRef] [PubMed]
58. Rijkers, G.T.; de Vos, W.M.; Brummer, R.-J.; Morelli, L.; Corthier, G.; Marteau, P. Health Benefits and Health Claims of Probiotics:

Bridging Science and Marketing. Br. J. Nutr. 2011, 106, 1291–1296. [CrossRef] [PubMed]
59. Salvetti, E.; O’Toole, P.W. When Regulation Challenges Innovation: The Case of the Genus Lactobacillus. Trends Food Sci. Technol.

2017, 66, 187–194. [CrossRef]
60. Saldanha, L.G. US Food and Drug Administration Regulations Governing Label Claims for Food Products, Including Probiotics.

Clin. Infect. Dis. 2008, 46 (Suppl. 2), S119–S121, discussion S144–S151. [CrossRef]
61. Douillard, F.P.; de Vos, W.M. Biotechnology of Health-Promoting Bacteria. Biotechnol. Adv. 2019, 37, 107369. [CrossRef]
62. Almeida, D.; Machado, D.; Andrade, J.C.; Mendo, S.; Gomes, A.M.; Freitas, A.C. Evolving Trends in Next-Generation Probiotics:

A 5W1H Perspective. Crit. Rev. Food Sci. Nutr. 2020, 60, 1783–1796. [CrossRef]
63. Drucker, D.J. Mechanisms of Action and Therapeutic Application of Glucagon-like Peptide-1. Cell Metab. 2018, 27, 740–756.

[CrossRef]
64. Falony, G.; Joossens, M.; Vieira-Silva, S.; Wang, J.; Darzi, Y.; Faust, K.; Kurilshikov, A.; Bonder, M.J.; Valles-Colomer, M.;

Vandeputte, D.; et al. Population-Level Analysis of Gut Microbiome Variation. Science 2016, 352, 560–564. [CrossRef] [PubMed]
65. Tamanai-Shacoori, Z.; Smida, I.; Bousarghin, L.; Loreal, O.; Meuric, V.; Fong, S.B.; Bonnaure-Mallet, M.; Jolivet-Gougeon, A.

Roseburia Spp.: A Marker of Health? Future Microbiol. 2017, 12, 157–170. [CrossRef]
66. Zeng, Q.; Li, D.; He, Y.; Li, Y.; Yang, Z.; Zhao, X.; Liu, Y.; Wang, Y.; Sun, J.; Feng, X.; et al. Discrepant Gut Microbiota Markers for

the Classification of Obesity-Related Metabolic Abnormalities. Sci. Rep. 2019, 9, 13424. [CrossRef] [PubMed]
67. Cani, P.D.; Van Hul, M. Gut Microbiota and Obesity: Causally Linked? Expert Rev. Gastroenterol. Hepatol. 2020, 14, 401–403.

[CrossRef] [PubMed]
68. Indiani, C.M.D.S.P.; Rizzardi, K.F.; Castelo, P.M.; Ferraz, L.F.C.; Darrieux, M.; Parisotto, T.M. Childhood Obesity and Firmi-

cutes/Bacteroidetes Ratio in the Gut Microbiota: A Systematic Review. Child. Obes. 2018, 14, 501–509. [CrossRef]
69. Tan, H.; Zhao, J.; Zhang, H.; Zhai, Q.; Chen, W. Novel Strains of Bacteroides Fragilis and Bacteroides Ovatus Alleviate the

LPS-Induced Inflammation in Mice. Appl. Microbiol. Biotechnol. 2019, 103, 2353–2365. [CrossRef] [PubMed]
70. Schroeder, B.O.; Bäckhed, F. Signals from the Gut Microbiota to Distant Organs in Physiology and Disease. Nat. Med. 2016, 22,

1079–1089. [CrossRef] [PubMed]
71. Plovier, H.; Everard, A.; Druart, C.; Depommier, C.; Van Hul, M.; Geurts, L.; Chilloux, J.; Ottman, N.; Duparc, T.; Lichtenstein, L.;

et al. A Purified Membrane Protein from Akkermansia Muciniphila or the Pasteurized Bacterium Improves Metabolism in Obese
and Diabetic Mice. Nat. Med. 2017, 23, 107–113. [CrossRef]

72. Kverka, M.; Zakostelska, Z.; Klimesova, K.; Sokol, D.; Hudcovic, T.; Hrncir, T.; Rossmann, P.; Mrazek, J.; Kopecny, J.; Verdu, E.F.;
et al. Oral Administration of Parabacteroides Distasonis Antigens Attenuates Experimental Murine Colitis through Modulation
of Immunity and Microbiota Composition. Clin. Exp. Immunol. 2011, 163, 250–259. [CrossRef] [PubMed]

http://doi.org/10.3748/wjg.v13.i2.236
http://doi.org/10.1038/srep43211
http://doi.org/10.1016/B978-0-12-800100-4.00003-9
http://www.ncbi.nlm.nih.gov/pubmed/24388214
http://www.ncbi.nlm.nih.gov/pubmed/2162628
http://doi.org/10.1016/j.cell.2018.08.041
http://doi.org/10.1038/nbt.2544
http://www.ncbi.nlm.nih.gov/pubmed/23563414
http://doi.org/10.1017/S000711451100287X
http://www.ncbi.nlm.nih.gov/pubmed/21861940
http://doi.org/10.1016/j.tifs.2017.05.009
http://doi.org/10.1086/523328
http://doi.org/10.1016/j.biotechadv.2019.03.008
http://doi.org/10.1080/10408398.2019.1599812
http://doi.org/10.1016/j.cmet.2018.03.001
http://doi.org/10.1126/science.aad3503
http://www.ncbi.nlm.nih.gov/pubmed/27126039
http://doi.org/10.2217/fmb-2016-0130
http://doi.org/10.1038/s41598-019-49462-w
http://www.ncbi.nlm.nih.gov/pubmed/31530820
http://doi.org/10.1080/17474124.2020.1758064
http://www.ncbi.nlm.nih.gov/pubmed/32306776
http://doi.org/10.1089/chi.2018.0040
http://doi.org/10.1007/s00253-019-09617-1
http://www.ncbi.nlm.nih.gov/pubmed/30666361
http://doi.org/10.1038/nm.4185
http://www.ncbi.nlm.nih.gov/pubmed/27711063
http://doi.org/10.1038/nm.4236
http://doi.org/10.1111/j.1365-2249.2010.04286.x
http://www.ncbi.nlm.nih.gov/pubmed/21087444

	Introduction 
	Materials and Methods 
	Bacterial Strains and Growth Conditions 
	Measurement of SCFA Production by GC-MS 
	Tolerance to Gastric Stress 
	Immunomodulation Assay 
	In Vitro Epithelial Barrier Model 
	Enteroendocrine Cell Line and GLP-1 Induction 
	Statistical Analysis 

	Results 
	Strain-Dependent Survival to Gastric Stress 
	Production of SCFA by the Selected Bacterial Strains 
	Ability of the Strains to Strengthen the Epithelial Barrier 
	Immunomodulation by the Selected Strains 
	Ability of the Strains to Induce the Secretion of GLP-1 
	Combination of Beneficial Properties in Next Generation Probiotic Candidates 

	Discussion 
	Conclusions 
	References

