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ABSTRACT ARTICLE HISTORY

The small intestinal microbiota plays a key role in human health but is understudied due to stgzgdzgdfszﬂirecnﬁbze?zgozs
the invasiveness of sampling. There is no available model of the human ileal microbiome Accepted 20 gctober 2025
simulating the key nutritional and physicochemical parameters shaping this ecosystem,

which has been fully validated based on in vivo data. Here, the Mucosal Artificial lleum KEYWORDS

(M-ARILE) was set up to reproduce the pH, transit time, anoxic conditions, dynamics of in vitro gut model;
feeding and microenvironments (luminal versus mucosal) found in a healthy human mid- microbiota; small intestine;
ileum. To validate the newly developed in vitro system, nine-day fermentations were §°|°rg M'ARl.LE;C?:CE:C‘I; fed/
performed under either ileal or colonic conditions using the same fecal inoculum (n=3 aacsigi, r?wt:ttz?;’olomic’s e
adult volunteers). The gut microbiota composition and metabolic activities were monitored ’ ’
daily. Distinct microbial signatures and metabolite profiles were obtained between in vitro

ileum and colon conditions. In accordance with in vivo data, Peptostreptococcaceae,

Clostridiaceae and Enterococcaceae were enriched in the ileum and associated with lower

short-chain fatty acid production but higher O, percentages. Interestingly, the abundances of

key populations, such as Akkermansiaceae, and bile acid profiles were dependent on the

feeding status of the M-ARILE. This new model provides a powerful platform for mechanistic

studies on the role of ileal microbes in human nutrition and health considering inter-

individual variabilities.

Introduction

The small intestine is the primary site of food digestion and nutrient absorption in humans, playing a key role in
maintaining health." It consists of three anatomically distinct compartments: a short segment, the duodenum,
followed by two longer ones, the jejunum and the ileum.” Digestive enzymes produced by the pancreas, along
with bile from the liver, are secreted into the duodenum, where they facilitate the breakdown and intestinal
absorption of carbohydrates, proteins and lipids, while undigested compounds are delivered to the large intestinal
compartment.>’ The small intestine is characterized by a high level of dynamics in several key physicochemical
factors, such as the feeding status, alternating between fed versus fasted periods,* nutrient availability and the
oxygen level, which decrease from the proximal to the distal sections, while the pH and transit time increase.
Shifts in the nutritional and physicochemical conditions along the small intestine are shaping its microbial
composition and abundance. The digestive lumen is colonized by a diverse microbiota, mainly belonging to the
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bacterial phyla Bacillota, Pseudomonadota, Bacteroidota, Fusobacteriota and Act‘inomycetol‘a.1 Scarce
studies have shown that the mucosal microbial composition differs from that of the lumen due to the mucus
layer acting both as a physical barrier and a reservoir for microbial colonization.” Bacterial loads increase from 10°
CFU/mL in the duodenum to 10’~10® CFU/mL in the ileum, with a corresponding rise in bacterial diversity and
proportion of anaerobic bacteria.” These changes are amplified in the human colon, which has the highest
bacterial load (10''-10"* CFU/mL), diversity and number of anaerobes in the digestive tract. The fermentation of
undigested dietary components by gut bacteria in the small intestine mainly produces short-chain fatty acids
(SCFAs), though in ten times lower amounts compared to the large intestine, due to less active fermentation
activity’

Alterations in the small intestinal microbiota have been linked to various human diseases, such as small
intestinal overgrowth (SIBO), characterized by excessive bacterial numbers, leading to bloating, diarrhea and
abdominal discomfort as symptoms.® However, studying the role of small intestinal microbes in human
nutrition-health and disease is challenging due to the difficulty and invasiveness of sampling methods, such as
duodenojejunal aspiration, ileostomy, and surgery, often leading to only postmortem collection.”'® Most
research in humans, to date, has focused on fecal and, to a lesser extent, colonic microbes, which widely
differ in composition, diversity and function from small intestinal microorganisms.'" An alternative approach is
the use of in vitro models simulating the human small intestine and its microbial component. Currently, no
in vitro model fully replicates the microbial ecosystem of the human duodenum or jejunum, and only a few
studies have reported the development of in vitro models of the human ileal microbiota. One such model,
which is based on the TNO gastrointestinal system (TIM), was inoculated with ileostomy effluent or fecal
material to integrate ileal microbes.'? Another model, known as The Smallest Intestine (TSI), incorporates a
consortium of seven representative bacterial species from the ileum in a monocompartmental system.'’
Additionally, the multicompartmental Simulator of the Human Intestinal Microbial Ecosystem (SHIME)
and its mucosal configuration (M-SHIME) have been used to reproduce the ileal microbiota through a minute
retrograde inoculation from the proximal colon into the ileum compartment'* or the addition of a consortium
of twelve bacteria.'> However, none of those models combines the complexity and dynamism of the ileal
environment (such as the differentiation between luminal and mucosal compartments and nutrient availability
associated with fed and fasted states), along with in-depth validation against humans in vivo data.

In this context, the main objective of our study was to set up a new model of the healthy human mid-ileal
compartment based on in vivo data, accurately reproducing the key physicochemical, nutritional and
microbial characteristics of this environment. This model, named Mucosal Artificial Ileum (M-ARILE),
was derived from the previously well-described Mucosal Artificial Colon (M-ARCOL).'®"” To validate the
new M-ARILE configuration, a fecal sample from a healthy adult volunteer (n = 3) was used to inoculate two
bioreactors running in parallel for 10 d, each simulating either ileal or colonic human conditions. The ileal
microbiota composition and function were monitored over time and compared to both colonic results and
in vivo data in humans from the literature.

Materials and methods

Fecal sample collection and treatment

Stool samples used to inoculate bioreactors were collected from three healthy adult volunteers (mean age:
41.7 £ 15): two men aged 43 and 56 y (donors M1 and M2, respectively) and one woman aged 26 y (donor F1).
All the donors had no history of antibiotic treatment or probiotic-prebiotic consumption three months prior to
stool collection. All the donors provided written and informed consent to participate in the study. The use of fecal
microbiota from human origin was approved by the ethical committee under registration number MEDIS
MICROVITRO 2022-A02066-37. Feces were collected in a sterile recipient, placed in an airtight anaerobic box
(GENbag anaer gas pack systems, Biomerieux, France), transported at ambient temperature to the laboratory and
processed within 6 h following defecation. In an anaerobic chamber (Pure evo T4, Jacomex, France), each fecal
sample was manually homogenized, and 10 g of feces were resuspended in 30 mM sterile sodium phosphate
buffer (pH 6.6) to reach a total volume of 200 mL. The fecal suspension was then mixed and filtered (500 um inox
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sieve) before M-ARCOL inoculation (10° CFU/mL). For M-ARILE, serial dilutions were made in 30 mM sterile
sodium phosphate buffer (pH 7.2, 100 mL) to reach an initial bacterial load of 10" CFU/mL.

Description and set-up of the in vitro models

The in vitro models of the ileal (M-ARILE) and colonic (M-ARCOL) compartments were composed of a
main bioreactor (MiniBio, Applikon, Delft, The Netherlands) connected to an external glass compartment
containing mucin-alginate beads, which reproduce the luminal and mucosal microenvironments, respec-
tively (Figure 1). The bioreactors were kept at body temperature using heating blocks. The pH and redox

[ Healthy stool donors \

Fresh stool ii
Gas sampling ‘.‘ \._/ +% Gassampling
*
\
-

Mucosal phase
sampling

AL

: - ‘.
Mucin bead
compartment

Nutritive Rich Minimum Colonic medium
Media (fed-state) (fasted-state) (continuous-state)
. Carbohydrates +++ none +
. Lipids ++ + +
. Proteins ++ w ++
* Bile acids [10mM] [4mM] [0.5mM]
L BAI +++ ++ “x
- BAII ++ + ++
pH 72 6.6
Transit time 2h 24h
Stirring Day 300 rpm / Night 100 rpm 300 rpm
Fermentation 10 days continous fermentation 24h batch + 9 days continuous fermentation
9am 10am 3pm 4pm
‘ Fasted §, | Fed -»2-| Fasted -#- | Fed % | Fasted §, | M-ARILE
A A A
Daily T I i
schedule § 3 3
| Colonic medium %+ § I M-ARCOL

Figure 1. Experimental set-up, sampling procedure and analysis performed during M-ARILE and M-ARCOL in vitro fermenta-
tions. Once set-up with physicochemical and nutritional parameters specific from human ileal (M-ARILE) or colonic (M-ARCOL)
compartments, the two models were inoculated with a fecal sample from one healthy adult and run in parallel for 10 d, including
1 day of batch microbiota amplification for M-ARCOL. The fed and fasted states were reproduced in the M-ARILE. The experiments
were replicated using stools from three donors (two males and one female). Samples were regularly collected from the main
bioreactor (luminal compartment), mucin beads (mucosal compartment) and the atmospheric phase for further analysis of
microbiota composition (quantitative PCR and 16S metabarcoding) and metabolic activities (short-chain fatty acid and gas).
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potential were constantly recorded (Applikon, Delft, The Netherlands), and the pH was adjusted to the set-
points with 1 M NaHCOj;. At the beginning of the experiment, the fecal suspensions were introduced into
the main bioreactors diluted in the appropriate nutritive media, i.e., mid-ileal medium under fasted
condition for M-ARILE and colonic medium for M-ARCOL (Table 1). Ileal or colonic nutritive media
were introduced into the main bioreactors, while fermentation media were automatically withdrawn,
ensuring the appropriate mean ileal or colonic retention times. After an initial sparging of O,-free N, gas,
anaerobiosis was maintained during the total course of fermentation by the sole activity of the resident
microbiota and through ensuring system airtightness. The mucosal compartment was submerged in a
water bath maintained at body temperature and filled with mucin-alginate beads, offering an overall
surface area of 723 cm” on average. To produce mucin beads, mucin type II from porcine stomach (Sigma-
Aldrich, Saint-Louis, MO, USA) and sodium alginate (Sigma-Aldrich, Saint-Louis, MO, USA) were diluted
in sterile distilled water at concentrations of 5% and 2%, respectively, and the pH was adjusted to
approximately 7 with a sodium bicarbonate solution (1 M). A peristaltic pump was used to drop the
mucin-alginate solution into a sterile solution of 0.2 M CaCl, dihydrate under agitation. Every two days,
mucin-alginate beads remaining in the mucosal compartment were collected and renewed with fresh
sterile ones, while anaerobiosis was assured by a CO, flush prior reconnection to the fermentation system.
In the present study, all the parameters were adjusted to reproduce the mean conditions found in the ileum
or large intestine of healthy adults, as described in Table 1.

Experimental design and sampling

For each fermentation run (Figure 1), two bioreactors inoculated with a fecal sample from a unique
healthy adult donor were run in parallel, one reproducing the ileal condition (M-ARILE configuration),
while the other simulated the colonic one (M-ARCOL). Fermentations were run under batch condition for
24 h and then under continuous conditions for nine additional days in the M-ARCOL, and directly under
continuous conditions for ten days in the M-ARILE. Experiments were performed in triplicate using fecal
inoculum from three different donors. Samples were collected twice a day in the main bioreactors
(corresponding to the luminal phase) for further analysis of microbiota composition (qQPCR and 16S
rDNA metabarcoding) and metabolic activities through targeted approaches (SCFA and bile acid mea-
surements) and nontargeted metabolomics. The atmospheric phase was also sampled twice a day to follow
anaerobiosis, and the gas composition and production using a sampling bag connected to the system.
Every two days, mucin beads were collected and washed twice in sterile phosphate-buffered saline (PBS)
prior to mucus-associated microbiota analysis. All samples were stored at —80 °C before downstream
analysis.

Table 1. Physicochemical and nutritional parameters used to set-up the M-ARILE (ileal, under both fasted and
fed states) and M-ARCOL (colon) models.

Parameters M-ARILE fasted M-ARILE fed M-ARCOL
Medium Carbohydrates (g/L) 0 213 7.0
Fibers (g/L) 0 14.1 75
Proteins (g/L) 2.1 34.8 12.0
Lipids (g/L) 0.6 20.6 1.5
Mucin (g/L) 1.5 1.5 4.0
Vitamin/oligoelements (ug/L) 464.7 464.7 464.7
Electrolytes (g/L) 8.5 8.5 1.1
Bile acids Total (mM) 4 10 0.5
Primary ++ +++ +
Secondary + ++ +++
Stirring (rpm) Day 300 300
Night 100
pH 7.2 6.6
Inoculation rate (CFU/mL) 107 10°
Transit time (h) 2 24
Mucin beads (cm?) 723

CFU: colony forming unit; M-ARILE: Mucosal Artificial lleum; M-ARCOL: Mucosal Artificial Colon; + to +++: low to high concentrations.
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DNA extraction and quality control

The QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) was used to extract genomic DNA
from luminal samples, following the manufacturer’s instructions with the following adaptations.'® Prior to
DNA extraction, one milliliter of luminal sample was centrifuged (18,000 x g, 15 min, 4 °C), and pellets
were collected. A step of mechanical disruption using a bead beater (5 min, 20 beats/sec) was performed
with 300 mg sterile glass beads (diameter ranging from 100 to 600 pm) before extraction with the kit. A
Quick DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Orange, California) was used for DNA
extraction from mucin-alginate beads. The manufacturer's instructions were followed with 150-200 mg of
mucin-alginate beads. The quality of the DNA extracts was evaluated via a NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). DNA quantity was measured using the Qubit dsDNA
Broad Range Assay Kit (Invitrogen, Carlsbad, CA, USA) with a Qubit 3.0 fluorometer (Invitrogen,
Carlsbad, CA, USA). The DNA was stored at —20 °C prior to further analysis.

Quantitative PCR

Total bacteria, Bacteroidetes, Firmicutes and y-Proteobacteria were quantified via qPCR using primers
and conditions described in Table 2. A Biorad CFX96TM Real-Time System (Bio-Rad Laboratories,
Hercules, CA, USA) with a Takyon™ Low ROX SYBR® 2X MasterMix blue dTTP kit (Eurogentec,
Seraing, Belgium) was used to perform the qPCR assays. Each reaction was run in duplicate in a final
volume of 10 pL with 5 uL of MasterMix, 0.45 uL of each primer (10 uM), 1 uL of DNA sample and 3.1 pL
of ultrapure water. The protocol used for amplification was as follows: 1 cycle at 95 °C for 5 min, followed
by 40 cycles of 95 °C for 30 s and then 58 °C for 30 s. A melting step was added to ensure primer specificity.
Standard curves were generated from 10-fold dilutions of bacterial DNA (extracted from a fermentation
sample), allowing the calculation of DNA concentrations as previously described.'®

16S rDNA metabarcoding and data analysis

Bacterial V3-V4 regions of 16S ribosomal DNA (rDNA) and the archaeal 16S rDNA were amplified using
primers described in Table 2. Amplicons were generated using a Fluidigm Access Array followed by high-
throughput sequencing on an Illumina MiSeq system (Illumina, IL, USA) performed at the Carver
Biotechnology Center of the University of Illinois (Urbana, USA). Bioinformatic analysis was performed
using R studio software (version 4.2) and the rANOMALY package.>® Prior to analysis, the raw data were
demultiplexed and quality filtered using DADA2 R package.”* Reads with N bases or low Phred quality
scores (less than or equal to 2) were eliminated, and reads under 100 bp in length were removed.
Decontamination steps were carried out to filter out sequences corresponding to PhiX DNA used as a
spike-in control for MiSeq runs. Filtered sequences were dereplicated and cleaned for chimeras (DADA?2),
and amplicon variant sequences (ASVs) were inferred using the dada function of the DADA?2 R package.

Table 2. Primers used for gPCR and 165 rDNA Metabarcoding analysis.

Primer names Sequence 5’-3' Target Annealing temperature (°C) References
gPCR primers

BAC516F GTATTACCGCGGCTGCTG Total bacteria 58 [19]
BAC338R ACTCCTACGGGAGGCAG
789cfbF CRAACAGGATTAGATACCCT Bacteroidetes 61 [20]
cfb976R GGTAAGGTTCCTCGCGTAT
928F-Firm TGAAACTYAAAGGAATTGACG Firmicutes 61 [20]
1040FirmR ACCATGCACCACCTGTC
1080yF TCGTCAGCTCGTGTYGTGA y-Proteobacteria 56 [20]
y1202R CGTAAGGGCCATGATG

Metabarcoding primers
V3_F357_N CCTACGGGNGGCWGCAG Bacteria - [21]
V4_R805 GACTACHVGGGTATCTAATCC
Arch349F GYGCASCAGKCGMGAAW Archaea - [22]
Arch806R GGACTACVSGGGTATCTAAT

gPCR: quantitative polymerase chain reaction.
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Taxonomic affiliation was performed with idtaxa function from the DECIPHER package® using the
SILVA release 138 database.”® A phylogenetic tree was constructed based on ASVs representative
sequences using functions from the phangorn package.”’

Gas analysis

The amounts of O,, N,, CO,, CH, and H, gases found in the atmospheric phases of bioreactors were
analyzed with a 490 microgas chromatographs (Agilent Technologies, Santa Clara, CA, USA) coupled with
a micro-TCD detector (Agilent Technologies, Santa Clara, CA, USA). Molecular sieve 5 A and Porapack Q
(Agilent Technologies, Santa Clara, CA, USA) series columns were used. Ambient air and three gas
mixtures were used to construct calibration curves (ambient air: 78.09% N,, 20.95% O,, 0.04% CO,;
mixtures A: 5% CO,, 5% H,, 90% N,; B: 20% CO,, 80% H,; C: 20% CO,, 20% CH,, 20% H,, 40% N,). The
results are expressed as relative percentages. The total gas volume was also measured daily using a syringe.

Short-chain fatty acid analysis

Luminal samples (1.5 mL) were centrifuged (18,000 x g, 15 min, 4 °C), and 900 pL of the supernatant were
diluted to 1.22 in H,SO,4 0.04 M mobile phase, vortexed and filtered (0.22 um pore size). The three major
SCFAs (i.e., acetate, propionate, and butyrate) were quantified via high-performance liquid chromatogra-
phy (HPLC, Elite LaChrom, Merck HITACHI, USA) coupled with a DAD detector (A = 205 nm). Elution
was performed with an ICE-COREGEL 87H3 9 um 150 x 7.8 mm column and a guard column (Concise
Separations, San Jose, CA, USA) maintained at 50 °C with 0.04 M sulfuric acid as the mobile phase
(0.6 mL/min). The data were analyzed via EZChrom Elite software. SCFA concentrations were calculated
from standard curves established with known equimolar concentrations of acetate, propionate, and
butyrate (0, 10, 25 and 40 mM), and the results are expressed as mM or relative percentages.

Metabolomic analysis

Luminal samples collected from M-ARILE and M-ARCOL at days 7, 8 and 9 were analyzed via targeted
and nontargeted metabolomics. Bile acids and SCFAs were quantified with liquid chromatography (LC)
and gas chromatography (GC), coupled with tandem mass spectrometry (LC-MS/MS and GC-MS/MS,
respectively), and optimized multiple reaction monitoring (MRM) transitions were used. Targeted
metabolomics data were processed with Agilent MassHunter Quantitative Analysis (version 10.1).
Absolute quantification was performed with a calibration curve prepared with an analytical standard
for each bile acid and SCFA. Polar metabolite profiling was performed using GC coupled with a
quadrupole time-of-flight (qTOF) mass spectrometer configured in full-scan mode. Vendor-specific raw
data were converted to mzXML files format using Proteowizard. The R package eRah version 2.0.1°>* was
used for deconvolution, alignment, quantification and metabolite identification. The experimental decon-
volved spectra were matched to metabolite reference spectra and retention index (RI) data using the Golm
Metabolome Database. Finally, 54 metabolites were manually annotated with RI error <1% and spectral
similarity >80%. Additional details on metabolite extraction, acquisition methods and data analysis are
included in the Supplementary Materials (Suppl. Methods, Suppl. Table 1 and Suppl. Table 2).

Statistical analysis

Statistical analyses of microbiota activity (gas and SCFAs) were processed using GraphPad Prism software
(version 9). The normal distribution of the data was verified by combining the Anderson-Darling,
D'Agostino, Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests. Then, appropriate statistical analysis
was applied (unpaired t tests or Wilcoxon-Mann-Whitney tests). A P value < of 0.05 was considered
statistically significant. Metabarcoding analysis, including a-diversity indices (number of observed ASVs
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and Shannon index) and statistical analysis of the metabolomic data, were processed using R software
(version 4.2). Principal coordinate analysis (PCoA) was performed to highlight important donor effects.
Constraint redundancy analysis (RDA) was then performed with time, microenvironment (luminal versus
mucosal), feeding status (fasted versus fed) and experimental conditions (M-ARILE versus M-ARCOL) as
variables of the model first with all parameters and then with removal of the donor effect. Bray Curtis
distances were used for each analysis, and the significance between groups was assessed with one- or two-
way ANOVA. Differential analyses (DESeq2, metagenomeSeq, metacoder) were performed using
rANOMALY package.”’ The R package vegan (version 2.6-4) was used to perform the RDA analysis
while ggpubr (version 0.6.0) was used for making the boxplots. Spearman correlation analyses were
performed, and associated heatmaps were generated using the microeco package (version 1.6.0).>° The
metabolomic statistical analysis was performed with R (version 4.3.1) using the same packages as
previously mentioned. RDA was run using Euclidean distance without a donor effect. Statistical signifi-
cance was calculated using the Wilcoxon test unless otherwise specified.

Results

Adaptation of the in vitro colon model (M-ARCOL) to the specific human ileal digestive conditions
(M-ARILE)

Our large literature survey on healthy human adult ileum’ served as a valuable information source to adapt
the nutritional and physicochemical parameters of the M-ARCOL, developed to reproduce human colonic
conditions, to those of the mid-ileum, leading to the M-ARILE configuration. The body temperature was
maintained at 37 °C, and the pH was increased to 7.2 according to the mean values found in the
literature.” > The ileum transit time was reduced to 2h based on in vivo measurements.>* > The
bacterial inoculation density was decreased from 10° in the fecal solution to 10 CFU/mL in the M-
ARILE to reproduce the lower microbial load found in the ileal compartment compared to the colonic
one.'"”” In addition, we adapted the composition of the nutritive media to better mimic the nutrients
found in the human small intestine and simulate the alternance between fasted and fed states. A ‘rich
medium’ was defined to reproduce a fed state in the M-ARILE, while a ‘minimum medium’ was used
under the fasted state. Compared to the M-ARCOL nutritive medium, the concentrations of digestible
carbohydrates, proteins and lipids were increased in the rich medium, as these nutrients are found at a
higher level in the mid-ileum of healthy adult humans compared to the colon." The amount of
monosaccharide (glucose) and soluble fibers was also increased in the rich medium of M-ARILE compared
to M-ARCOL,” while the minimum medium contained no digestible carbohydrate and, 16- and 37-fold
less proteins and lipids respectively than the rich medium.*® Bile salts concentrations were increased in the
M-ARILE nutritive medium compared to M-ARCOL ones, to take into account that 95% of total bile acids
are reabsorbed in the terminal ileum,* with higher amounts in the fed (10 mM) compared to the fasted
(4 mM) nutritive medium.*>*' The ratio between primary and secondary bile salts was also increased in
the M-ARILE considering their metabolism by gut microbes from ileal to colonic compartment.*®*
Vitamins, oligo-elements and electrolytes were unchanged between the two models.> Lastly, stirring was
reduced during the night phase in the M-ARILE (100 rpm versus 300 rpm during the day) to mimic lower
small intestinal peristaltic activities that occur during the night.*’ All the parameters used to set-up the
new M-ARILE configuration are summarized in Table 1.

Microbiota metabolic activities under ileal versus colonic conditions

Ileal or colonic pH and redox potential were continuously monitored inside the bioreactors, as an indirect
indicator of microbiota metabolic activities (Suppl. Figure 1 and Suppl. Figure 2). Ileal pH repeatedly
decreased below 7.2 during all the feeding periods, indicating intermittent acidification associated with
higher microbial fermentation activities, whereas the pH in M-ARCOL rapidly stabilized at the set-point
value (6.6) (Suppl. Figure 1). Similarly, lower redox potential values were observed during fed periods in
the M-ARILE before reincreasing to approximately —230 mV during fasted states, while it rapidly
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stabilized around —250 mV in the M-ARCOL for all donors (Suppl. Figure 2). Gas and SCFA levels were
monitored throughout fermentation to determine the length of the stabilization period in both in vitro
models. Gas profiles stabilized for all donors at day 4 in the M-ARILE compared to day 2 in the M-ARCOL
(Figure 2A). As expected, high percentages of O, remained in the ileum atmospheric phase, ranging from
2.3 to 6.4% depending on the donor. In contrast, anaerobiosis was efficiently maintained in the M-ARCOL
by the sole activity of the resident microbiota, with relative percentages of O, lower than 2% regardless of
the time point and donor (Figure 2A). Once stabilized (days 6 to 10), significantly lower daily gas
production was observed in the M-ARILE (Figure 2C), with higher H, and lower CO, percentages
compared to the M-ARCOL. CH, was detected only under colonic conditions (Figure 2B). Stabilization
of SCFA profiles occurred in 4-6 d in the M-ARILE depending on the individual, compared to only two
days in the M-ARCOL for all donors (Figure 3A). After stabilization, SCFA profiles were donor dependent
in the ileal model, with an average acetate/propionate/butyrate ratio of 80/17/4% (+13/10/4%). In contrast,
in M-ARCOL, SCFA proportions were very similar between donors, with a distinct ratio of 66/24/10%
(+3/3/1%) (Figure 3A). The total SCFA concentration (19 versus 134 mM, P < 0.001), as well as the main
SCFA concentrations, were significantly lower under ileal compared to colonic conditions (Figure 3B).
Targeted metabolomic analysis corroborated the HPLC results for SCFAs (Suppl. Figure 3) and high-
lighted distinct bile acid profiles between the ileum and colon in vitro (Figure 4A). All primary bile acids
(cholic, chenodeoxycholic, glycocholic and taurocholic acids), as well as five secondary bile acids (glyco-
deoxycholic, taurodeoxycholic, deoxycholic, hyodeoxycholic and ursodeoxycholic acids), were found at
significantly (P < 0.0001) higher levels in the M-ARILE compared to M-ARCOL (Figure 4C). Furthermore,
RDA revealed different profiles of untargeted metabolites between M-ARILE and M-ARCOL, mostly
driven by fasted and fed states in the ileal model (Figure 5A). Among the 54 metabolites detected by
nontargeted metabolomics, 26 were found at significantly (P > 0.01) higher amounts in the M-ARILE (e.g.,
alanine, glutamic acid, inositol and galactose), and only two (phenylacetic acid and octadecadienoic acid)
were more abundant in the M-ARCOL (Figure 5C).

Microbiota diversity and composition under ileal versus colonic conditions

In parallel with monitoring metabolic activities, microbiota composition and diversity were followed in the
in vitro models by qPCR and 16S metabarcoding analyses. The microbiota stabilization in the two models was
associated with a decrease in microbial richness and diversity, by comparison with the initial stool suspension
(Figure 6A,B). Regarding a-diversity, a stable state was reached at days 4-6 and days 68 for the M-ARILE and
M-ARCOL models, respectively. From days 6 to 10, more ASVs and significantly greater Shannon index were
observed in the ileum compared to colon luminal compartment, while opposite trends were spotted in the
mucosal phase (Figure 6C,D). Once stabilized, the total bacterial number was significantly (P < 0.0001) lower in
the ileum versus colonic conditions in the luminal compartment (median values of 8.3 compared to 9.3 log 16S
rDNA copies/mL), while non-significant differences were found for the mucosal phase (Figure 7A,B). The total
bacterial decrease in the M-ARILE group was associated with significantly lower amounts of Bacteroidetes
(Suppl. Figure 4A and 4B) and Firmicutes (Suppl. Figure 5A and 5B). In contrast, y-Proteobacteria were
more abundant under ileal conditions compared to colonic ones in both the luminal and mucosal compart-
ments (Suppl. Figure 6A and 6B). According to the 16S metabarcoding data, stabilization of the bacterial
composition was delayed in the M-ARILE compared with the M-ARCOL and in the mucosal compared to
luminal compartments, regardless of the taxonomic level (Suppl. Figure 7A and 7B and Figure 7D). RDA
confirmed that a stable state was reached at day 6 in both models (Figure 8B), highlighting separate clustering
between ileal and colonic conditions (Figure 8C). This finding indicates that applying ileal or colonic nutritional
and physicochemical parameters to the same fecal sample led to markedly different bacterial profiles in the two
systems (in both luminal and mucosal microenvironments), with M-ARILE clustering much farther from the
initial stool suspension than M-ARCOL. Differential analysis between ileal and colonic conditions revealed a
significant enrichment of Pseudomonadota and Thermodesulfobacteriota phyla, as well as Clostridiaceae,
Enterococcaceae, Veillonellaceae, Enterobacteriaceae and Desulfovibrionaceae families in the M-ARILE
(Figure 9A,B). Finally, 14 genera, such as Clostridium, Enterococcus and Bacteroides, were significantly more
abundant in the M-ARILE, whereas Alistipes, Ruminococcus and Faecalibacterium were among the 15 most
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Figure 2. Gas production and composition in the atmospheric phases of M-ARILE and M-ARCOL. Fermentations were run
in M-ARILE and M-ARCOL inoculated with fecal samples from three healthy adult donors (M1, F1 and M2). Samples were
regularly collected in the atmospheric phase of the bioreactors. Gas composition (in relative percentages) for each donor

(caption on next page)
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throughout fermentation in both fasted and fed states (A). Production of H,, O, CO, and CH, (in relative percentages,
mean = SEM) in M-ARILE vs M-ARCOL during the stabilized days (D6-D10) when all donors are pooled (B). Daily total gas
production (in mL, mean £ SEM) during the stabilized days (from D6 to D10) when all donors were pooled and for each
individual (C). Production of H,, O,, CO, and CHy, (in relative percentages, mean + SEM) in the M-ARILE during the fasted vs
fed state during the stabilized days (D6-D10) when all donors are pooled (D). The significance between the M-ARILE and
M-ARCOL results was assessed using an unpaired t test. The significance of differences between fasted and fed states in
the M-ARILE was tested with the Mann-Whitney test. ns: not significant, *P < 0.05 and **P < 0.01. H,: dihydrogen, O,:
dioxygen, Nj: dinitrogen, CO,: carbon dioxide, CH,: methane.

<

abundant genera in the M-ARCOL (Suppl. Figure 9A). Interestingly, non-bacterial populations such as
methanogenic Archaea, which were exclusively found and maintained in the in vitro colonic environment
and represented by the Euryarchaeota phylum and the Methanobacteriaceae family, with Methanosphaera
genus only (Figure 10A,B and Suppl. Figure 8), were also monitored.

Reproduction of fasted and fed states in the ileal in vitro model

Fasted and fed states were implemented in the M-ARILE to simulate repeated influx of food and investigate
their influence on microbiome metabolic dynamics. This significantly impacted all fermentation gases in the
headspace of the M-ARILE bioreactors, except for methane (Figure 2D). The amounts of O, and H, were
significantly greater under fasted condition than under fed one, whereas opposite trends were observed for
CO,. Feeding status also influenced SCFA profiles (Figure 3A, Suppl. Figure 3B), with increased total SCFA,
acetate and propionate concentrations in the fed state, whereas butyrate, isobutyrate and isovalerate were not
impacted (Figure 3C, Suppl. Figure 3B). Targeted metabolomic analysis revealed differential clustering of bile
acids between the fasted and fed states, in accordance with the different compositions applied between the
minimum and rich media in the M-ARILE (Figure 4B, Table 1). Furthermore, 4 out of the 10 bile acids
analyzed (glycocholic, taurocholic, glycodeoxycholic and taurodeoxycholic acids) were present in significantly
higher amounts (P <0.0001) under fed condition (Figure 4D). Untargeted metabolomics also revealed
differential clustering of samples between fasted and fed states (Figure 5B). Among the 54 metabolites
identified, 34 were significantly found in higher amounts during the fed state, and only 4 (i.e., methionine
ITMS, phenylacetic acid 1TMS, citrulline 3TMS and spermidine 5TMS) were more abundant in the fasted state
(Figure 5D). Regarding microbiota composition, selected populations quantified by qPCR, namely, total
bacteria, Bacteroidetes, Firmicutes and y-Proteobacteria, were not impacted by the feeding status
(Figure 7C, Suppl. Figure 4C, Suppl. Figure 5C and Suppl. Figure 6C). Bacterial richness was not affected
(Figure 6E), whereas bacterial diversity was significantly increased under fasted condition (Figure 6F). During
the stable phase, RDA highlighted different clusters of fed and fasted luminal samples (Figure 8D), in
accordance with fluctuations in bacterial profiles observed at all taxonomic levels (Suppl. Figure 7A and 7B
and Figure 7D). These findings were supported by differential analysis showing significantly greater abundances
of Verrucomicrobiota (Akkermansiaceae and Akkermansia at the family and genus levels) under fasted
condition but lower abundances of Bacteroidota and Bacillota (Figure 9G,H, Suppl. Figure 9D).

Capturing inter-individual variability and specific ileal microenvironments in the M-ARILE

To capture inter-individual variabilities in gut microbes found in vivo, M-ARILE and M-ARCOL were
inoculated with stool samples from three different healthy adults, two males and one female (M1, F1 and
M2). The gas profiles were donor-dependent in both models (Figure 2A). In the M-ARILE, the relative
percentage of O, during the stabilized phase was three times greater in donor M2 than in the two others,
and donor F1 produced the greatest level of H,. In M-ARCOL, CH,4 was detected throughout fermentation
solely for F1 and only at the end of the experiment for M2. CH,4 production in the atmospheric phase of
bioreactors can be linked to the presence of methanogenic Archaea in both the luminal and mucosal
compartments solely for F1 and in two distinct samples from the mucosal phase for M2 (Figure 10 and
Suppl. Figure 8). This underlines that the M-ARCOL, but not the M-ARILE, is able to reveal the methane
or non-methane producer status of individuals (Archaea were not found, most likely because they were
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Figure 3. Short-chain fatty acid production in the luminal compartments of M-ARILE and M-ARCOL. Fermentations were
run both in M-ARILE and M-ARCOL inoculated with fecal samples from three healthy adult donors (M1, F1 and M2).
Samples were collected regularly from the luminal compartments throughout fermentation. The composition of the main
SCFAs, i.e., acetate, propionate and butyrate (in relative percentages), were measured by HPLC-DAD for each donor in
both fasted and fed states (A). Concentrations of acetate, propionate, butyrate and total SCFAs (in mM, mean + SEM) in M-
ARILE vs those in M-ARCOL during stabilized days (D6-D10), with all donors pooled (B). Concentrations in acetate,
propionate, butyrate and total SCFAs (in mM, mean + SEM) in M-ARILE under fasted vs fed state during the stabilized days
(D6 - D10) with all donors pooled (C). The significance between the M-ARILE and M-ARCOL results was assessed using an
unpaired t test. The significance of differences between fasted and fed states in the M-ARILE was tested with the
Mann-Whitney test. ns: not significant, *P < 0.05 and ***P < 0.001. SCFA: short-chain fatty acid.
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Figure 4. Bile acid profiles under different experimental conditions (M-ARILE versus M-ARCOL) and nutritional statuses
(fasted versus fed). Fermentations were run in M-ARILE and M-ARCOL inoculated with fecal samples from three donors
(M1, F1 and M2). The main bile acid concentrations were determined via targeted metabolomic analysis using liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS). Only the results obtained in the stabilized period,

(caption on next page)
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i.e., from day 7 to day 9, are presented. Redundancy analysis (RDA), two-dimensional plot visualizations with Euclidean
distance excluding the donor effect, highlights the impact of the experimental conditions, i.e., M-ARILE versus M-ARCOL
(A) and fasted versus fed states in the M-ARILE (B). Concentrations of the main bile acids (in mM, mean = SEM, n=3
donors) in the M-ARILE and the M-ARCOL (C). Concentrations of main bile acids (in mM, mean = SEM, n = 3) in the M-ARILE
under fasted versus fed state (D). Statistical analyses were performed using the Wilcoxon test. ns: not significant;
*¥**¥¥P < 0.0001. BA: bile acid, CA: cholic acid, CDCA: chenodeoxycholic acid, DCA: deoxycholic acid, GCA: glycocholic acid,
GDCA: glycodeoxycholic acid, HDCA: hyodeoxycholic acid, LCA: lithocholic acid, TCA: taurocholic acid, TDCA: taurodeoxycholic
acid, and UDCA: ursodeoxycholic acid.

<

under the detection limit, in the fecal samples from the three donors). Regarding SCFAs, profiles were very
similar between donors in the M-ARCOL, while a wide inter-individual variability was observed in the M-
ARILE (Figure 3A). For example, donor F1 exhibited SFCA profiles clearly different from those of M1 and
M2, both in the initial stool and in the M-ARILE with no butyrate production. The RDA of bacterial 3-
diversity clearly revealed a donor-dependent clustering of samples in both models (Figure 8A), high-
lighting that they were efficient at capturing in vivo inter-individual variabilities in bacteria and Archaea
(Figure 7D, Figure 10, Suppl. Figure 7 and Suppl. Figure 8). For instance, in M-ARILE,
Acidaminococcaceae were found in donor M2, while Bacillaceae were detected only in donor MI.
Similarly, in M-ARCOL, Rikenellaceae were among the most abundant populations only in donor M1,
and Desulfovibrionaceae were mostly found in donor F1.

As previously described for M-ARCOL'® and confirmed in the present study (Figure 8F), the connection of
a mucin bead compartment to the main bioreactors allowed us to distinguish luminal microbiota from mucus-
associated microbiota in the ileal compartment (Figure 8E). The number of ASVs was higher in the mucus
phase of the M-ARILE group than in the luminal phase (Figure 6C), while opposite trend was found for the
total bacterial load (Figure 7B). Distinct profiles were observed between the two microenvironments for
bacteria (Figure 7D and Suppl. Figure 7A and 7B) and/or Archaea (Figure 10 and Suppl. Figure 8) at all
taxonomic levels in the M-ARILE and M-ARCOL. Globally, Bacillota (e.g., Lachnospiraceae and
Ruminococcaceae) and Thermodesulfobacteriota (e.g., Desulfovibrionaceae) were more abundant in the
mucosal phase than in the luminal phase. Concerning the non-bacterial fraction, more Archaea ASVs were
found in the mucosal compartment than in the luminal compartment of the M-ARCOL. Lastly, differential
analysis revealed that at the phylum level, all bacterial populations were similarly impacted between the M-
ARILE and M-ARCOL in the luminal and mucosal compartments (Figure 9C,E). In contrast, at the family
level, Peptostreptococcaceae, Butyricicoccaceae (and Butyricoccus at the genus level), Enterobacteriaceae
(and Enterobacteriaceae_genus) and Sutterellaceae were significantly increased in the M-ARILE compared
with the M-ARCOL, only in the luminal compartment but not in the mucin beads (Figure 9D,F, Suppl.
Figure 9B and 9C).

Multivariate analysis for findings associations between microbiota composition and functionality

Spearman correlations were performed to assess the correlation between bacterial composition and SCFA
or bile acid concentrations in the M-ARILE and M-ARCOL (Figure 11). The most striking result was that
the correlations were widely dissimilar between the ileal and colonic models for both SCFA and bile acids.
In the M-ARILE, Enterococcaceae were positively correlated with propionic acid, GCDCA and GUDCA
(Figure 11A,C, P <0.05), while Marinifilaceae were negatively correlated with cholic acid and GCDCA
(Figure 11A,C, P < 0.05). In addition, Enterobacteriaceae were positively correlated with HDCA (P < 0.01),
and UDCA was negatively correlated (P <0.05) with Prevotellaceae and positively correlated with
Clostridiaceae (Figure 11C). Interestingly, negative correlations were detected between all the genera
and SCFAs, except for HA, which was strongly positively correlated with almost all the bacteria
(Figure 11B, P <0.001). In M-ARCOL, Christensenellaceae and Prevotellaceae were positively correlated
with acetate and UDCA, respectively (Figure 11A,C, P <0.05). UDCA was positively correlated with
Prevotella, Eubacterium and Alloprevotella (Figure 11D, P <0.001). Finally, Ruminococcaceae (and
Ruminococcus) were negatively correlated with all bile acids in the two models.
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Figure 5. Effect of experimental conditions (M-ARILE versus M-ARCOL) and nutritional statuses (fasted versus fed) on
metabolite production as assessed by untargeted metabolomics. Fermentations were run in M-ARILE and M-ARCOL
inoculated with fecal samples from three donors (M1, F1 and M2). Polar luminal metabolite profiling was performed using
gas chromatography coupled with a quadrupole time-of-flight (qTOF) mass spectrometer configured in full-scan mode.
Only significant results obtained in the stabilized period, i.e., from day 7 to day 9, are presented. Redundancy analysis
(RDA), two-dimensional plot visualizations with Euclidean distance excluding the donor effect, highlights the impact of the
experimental conditions, i.e., M-ARILE versus M-ARCOL (A) and fasted versus fed states in the M-ARILE (B). Heat map
visualization of significant changes in untargeted metabolite composition (in peak area, mean, n =3 donors) in M-ARILE
versus M-ARCOL (C) and fasted versus fed states in the M-ARILE (D). Statistical analyses were performed using the Wilcoxon
test. ns: not significant; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Validation of the newly developed ileal model through in vitro-in vivo comparisons

In order to validate the newly developed in vitro M-ARILE model, its microbiota composition and
metabolic profiles from the stabilization phase were compared to those from in vivo data (Tables 3 and 4).
The total SCFA, acetate and propionate concentrations (Table 3) were fully in accordance with the in vivo
data from the human ileum. Only butyrate concentrations were lower than those observed in vivo (0.9
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Figure 6. Alpha-diversity of bacterial communities in the M-ARILE and M-ARCOL models. M-ARILE and M-ARCOL were
inoculated with stool samples from three healthy adults and run under continuous fermentation for 10 d. Samples were
collected daily in the luminal compartment of M-ARCOL and twice a day in the M-ARILE (‘fasted’ and ‘fed’). Mucin beads
were collected every two days (mucosal compartment). The compositions of the lumen and mucus-associated microbiota
were determined by 16S metabarcoding, and a-diversity indices were calculated at the ASV level. The observed ASVs (A)
and the Shannon index (B) are represented as box plots throughout fermentation (n = 3). Stabilized values (from D6 to
D10) are compared between M-ARILE and M-ARCOL for the observed ASVs (C) and the Shannon index (D). For the M-
ARILE, a comparison between the fasted and fed states is also given (E and F). Statistical differences were tested via the
Wilcoxon test and indicated by ns: not significant, * (P < 0.05), and ** (P < 0.01).

versus 2.3—13.7 mM). SCFA concentrations and ratios showed a similar evolution from the ileum towards
the colon as that of the in vivo situation. The proportions of O,, H, and CH, (Table 3) were in line with
those found in the human ileum, whereas the percentage of CO, in vitro was much higher than that
in vivo (50.3 versus 17.5%). Compared with the in vivo data, all fermentation gases—except for H,
—showed a similar evolution from the in vitro ileum to the colon. In addition, the most abundant phyla or
families found in vitro in both the luminal and mucosal compartments of the M-ARILE were compared to
in vivo data collected in the human ileum by aspiration or biopsy, respectively. Thirty-five families were
described in the human ileum, irrespective of the sampling location (Table 4). In M-ARILE, 19 were
recovered, including 11 in the same compartments in vitro and in vivo. Among the families not recovered
in the M-ARILE but described in humans, only five were reported in more than one study, including
Fusobacteriaceae, Streptococcaceae and Lactobacillaceae. In contrast, two phyla (Actinobacteriota and
Bdellovibrionota) and three families (Bacillaceae, Marinifilaceae and Erysipelotrichaceae) were found in
the M-ARILE but not in vivo (Table 4). Taken together, those in vitro-in vivo comparisons validated our
newly developed ileal model, both at the microbiota function and composition levels.

Discussion

The small intestine comprises crucial regulatory functions for nutrient absorption, energy metabolism and
immune response. However, there is a knowledge gap regarding the role of the residing microbiota in
modulating these functions and thereby shaping health status.”* As accessibility to the human ileum in
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Figure 7. Lumen and mucus-associated bacteria in M-ARILE and M-ARCOL. M-ARILE and M-ARCOL were inoculated with
stool samples from three healthy adults (M1, F1 and M2) and run under continuous fermentation for 10d. The
composition of the lumen and mucus-associated microbiota was determined via 16S metabarcoding, and total bacteria
were quantified via qPCR. The number of total bacteria is represented using box plots (in 165 rDNA copies/mL or/g)
throughout fermentation in the luminal and mucosal compartments of both in vitro models. Fasted and fed states are
separated in the M-ARILE in the luminal phase (A). During the stabilized period only (i.e., from D6 to D10), total bacteria
were compared between M-ARILE and M-ARCOL (B) and between fasted and fed states in the M-ARILE (C). The relative
abundances of the main bacterial populations are given for each donor at the family (D) level in the M-ARILE (top) and M-
ARCOL (bottom) experiments. Statistical differences were tested by the Wilcoxon test and are indicated by ns: not
significant and **** (P <0.0001). No significant difference was found between sampling days for each experimental
condition (A).

clinical studies is challenging and in view of the 3R principle to reduce, refine and replace animal
research™, we aimed to develop and validate a new in vitro model for studying the human ileum
microbiome.

The newly developed M-ARILE uniquely features the main physicochemical (pH, transit time, bile acid
profiles, and oxygen level), mechanical (steering adjustment to mimic reduced motility during the sleeping
phase), nutritional (availability of nutrients associated with fed and fasted states) and microbial (lumen
and mucus-associated bacteria and Archaea) parameters of the human ileum ecosystem. The model has
been validated in terms of microbiota composition and main metabolic activities (gas and SCFA produc-
tion) compared to in vivo data in humans (Tables 3 and 4). Such an in-depth in vitro-in vivo comparison



GUT MICROBES 17

(A) M-ARILE M-ARCOL (B) M-ARILE M-ARCOL
Donor
A - /
/ \: Donor » A, o Ml
%\ (95% confidence) o A Fl
= | 7AS /BN "M
b3 { X | M1 [ e A A .
® / -l SN r ) (B
= 0w / M2 0. 1A \ 9 Time
o A\ ~ . | oA (95% confidence)
! < . -’
B4 N . . a » Stool
m / \ Experiment = A
< \ e mm DI
0 AR ) ¢ M-ARILE Ag o D2
[1osad ] % M-ARCOL 0.5 ® D4
e // 2
N X * D6
Y/ * D8
D9
04 -02 00 02 04 04 02 00 02 04 Do
Axis.1 [19.6%]
0.6 03 00 0. 06 -0.6 03 00 03 06
RDA1
‘)‘ M-ARILE
1.0
04
- State
g 0.5 (95% confidence)
0.0 £ Experiment
(95% confidence) Fasted
04 ) M-ARCOL 00 Fed
M-ARILE <
] * STOOL a
-] P Donor
g os 0.5
Donor B ® Ml
sm N
2
zZ mwm 1.0 " M2
.0 H
éla -1.0 -0.5 0.0 0.5 1.0
04
A RDA1
025 0.00 025 0.50
RDA1
(E) M-ARILE (F) M-ARCOL
04
0.5
Type
0.0 (95% confidence)
Luminal
~ ~ 0.0 Mucosal
< <
2 a Donor
® Ml
0.4 ATl
[ JRVe]
«
0.8
05 0.0 05 05 0.0 05
RDA1 RDA1

Figure 8. Beta diversity of bacterial communities in the M-ARILE and M-ARCOL models. M-ARILE and M-ARCOL were
inoculated with stool samples from three healthy adults (M1, F1 and M2) and run under continuous fermentation for 10 d.
The composition of the lumen and mucus-associated microbiota was determined via 16S metabarcoding, and -diversity
analysis was performed at the ASV level. PCoA analysis of bacterial diversity reveals a significant donor effect (A).
Redundancy analysis (RDA), two-dimensional plot visualizations of B-diversity with Bray—Curtis distance excluding the
donor effect, highlights the impact of the day of fermentation (B), experiment (C), fasted and fed states (stabilized period,
i.e., from D6 to D10) (D) and microenvironment (i.e., luminal versus mucosal) in the M-ARILE (E) and the M-ARCOL (F).

has not yet been performed during the development of other human gut models integrating the ileal
microbiota (Table 5), namely, TSI, TIM-1 and M-SHIME.'*"'*> Another unique feature of the M-ARILE is
its ability to maintain anaerobiosis without flushing with N, (unlike TIM-1 and M-SHIME), relying on the
microbiota's own metabolic activities to lower oxygen levels. This offers the great advantage of allowing the
measurement of fermentation gases in the headspace. Compared to the M-ARILE model, the TSI model is
a very simple batch model in which the microbiota is integrated using a consortium of 7 bacteria," far
from the diversity and complexity of the human ileum microbiota.”® The TIM—1 and M-SHIME models,
both inoculated with fecal samples or ileostomy eftluents, exhibit more similar levels of complexity
compared to the M-ARILE model. In contrast to our model, those two in vitro systems have the advantage
of being multicompartmental (simulating the entire digestive tract for the M-SHIME). In addition, M-
SHIME'*'"> and M-ARILE are the only ones that distinguish lumen from mucus-associated microbes,
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Figure 9. Differential analysis of the impact of experimental conditions and fasted versus fed state on bacterial
composition at the phylum and family levels. Samples were regularly collected in both the luminal and mucosal
compartments of the M-ARILE and the M-ARCOL models during fermentation, and only the results of stabilized days
are given (D6-D10). Differential analysis highlights bacterial populations significantly impacted by experimental condi-
tions, i.e, M-ARILE compared to the M-ARCOL, at the phylum and family level respectively, considering the two
microenvironments together (A and B) or focusing on the luminal (C and D) or mucosal (E and F) compartment. The
impact of fasted versusfed state is also specified in the M-ARILE (G and H). The results are significantly different with at
least one method among the three tested (DeSeq2, Metacoder and MetagenomeSeq R-analysis).

enabling a more physiological restitution of ileal microenvironments”>>® and a greater capture of bacterial
diversity from the fecal microbiome™ °' In particular, the M-ARILE mucosal compartment effectively
preserved Bacillota bacteria like Lachnospiraceae*®®* as well as mucin-degrading taxa from
Enterobacteriaceae family.”®® In addition, this in vitro study provides useful insights into human luminal
and mucosal ileal microbes, that have been poorly studied in vivo. In particular, the Actinobacteriota and
Bdellovibrionota phyla, as well as the Bacillaceae, Erysipelotrichaceae and Marinifilaceae families, were



GUT MICROBES 19

@A) (B)
[Cstool ] Luminal Mucosal Stool

4004 400

=
=

3004 300

N
I

200

1001 100

4004 400

300

FTRV-W

200 =

1
TIRV-N

1004 L] 100

4004 400

300

N

200

100

100

ea ASV number

300

Archaea ASV number

N
N

200

1004 100

400

300

200 -
e [ m— e

4004 400

14
TOOUV-W

14
TODUV-IN

ol — N ———

3004 300

200

1004 100
N R TR [ S TR »a A T S ) L )
Days of fermentation Days of fermentation
Phylum Family
B » Fuarchaeota B 7 Methanobacteriaceae

Figure 10. Lumen and mucus-associated Archaea in M-ARILE and M-ARCOL. M-ARILE and M-ARCOL were inoculated
with stool samples from three healthy adults (M1, F1 and M2) and run under continuous fermentation for 10d. The
composition of the lumen and mucus-associated microbiota was determined via 16S metabarcoding. The ASV numbers of
archaeal populations are represented for each donor at the phylum (A) and family (B) levels.

found in vitro but not in humans, opening new fields of investigation regarding potential undescribed
small intestinal microbes. On the contrary, Lactobacillaceae, Fusobacteriaceae and Streptococcaceae were
undetected in the M-ARILE, or in the initial inocula, though found in vivo.”****>> These bacteria are
commonly associated with the human oral microbiome that can colonize the lower gastrointestinal tract,
even in healthy individuals." In future developments, this gap might be filled by adding to the M-ARILE a
human artificial saliva containing the lacking populations.** The absence of butyrate-producing
Fusobacteriaceae, recently identified as part of the core small intestine microbiota,>®%° may explain the
lower butyrate levels found in vitro compared to in vivo.”**

Another validation criterion for the M-ARILE was the ability to obtain an ileum microbiome that
clearly differentiates from that of the colon. We therefore conducted simultaneous fermentation experi-
ments in the M-ARILE and M-ARCOL, which solely mimic the human large intestine."®'”*® This
approach also allowed us to confirm or obtain some useful insights into the differences between the
human ileal and colonic ecosystems. Importantly, as described above, we showed for the first time that by
applying ileal physicochemical and nutritional parameters to fecal microbes, a shift to ileum-like profiles
can be reached, both at the structural and functional levels. This approach using fecal samples was favored
in this study (instead of a bacterial consortium) to retain in M-ARILE the complexity and interindividual
variabilities found in vivo. Analysis of bacterial S-diversity revealed greater differences between the M-
ARILE and the initial fecal samples than between the M-ARCOL and the stool samples.*” This finding is
expected since the colon and feces samples clearly exhibit similar physicochemical (e.g., pH and bile salt
concentrations) and nutritional (e.g., availability of fermentable carbohydrates) parameters than the ileum
and feces samples do.”” M-ARILE displayed lower total bacterial loads than in the M-ARCOL, with higher
colonization in the luminal phase compared to the mucosal phase, which is also in line with in vivo
data.>®* This is related to the colonization of the intestinal mucus layer by more specialized bacteria that
are able to adhere to and use mucin glycoproteins as main nutrients.®>*® Patrascu et al. demonstrated that
the bacterial ecosystem in the human ileal mucosa harbors host-glycan-degrading glycoside hydrolases
belonging to the carbohydrate-active enzymes (CAZymes) family.”” As described in wvivo,
Enterobacteriaceae and Veillonellaceae dominated in the M-ARILE, while Akkermansiaceae and
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Figure 11. Spearman correlation between microbiota composition and SCFA/bile acid concentrations at the family and
genus levels. Samples were regularly collected in the luminal compartments of the M-ARILE and the M-ARCOL during
fermentation. The microbiota composition and SCFA/bile acid concentrations were analyzed via 16S metabarcoding and
targeted GC-MS/MS or LC-MS/MS, respectively. Only the results for stabilized days are presented (D8 and D9). Spearman
correlations between microbiota composition and SCFA (A and B) and bile acid concentrations (C and D) are given at the
family (A and C) and genus (B and D) levels. The green color indicates a positive correlation, while purple color denotes a
negative one. The color shading indicates the magnitude of the association. Asterisks indicate p value significance, with *
(P <0.05), ** (P<0.01) and *** (P <0.001). AA: acetic acid, BA: butyric acid, CA: cholic acid, CDCA: chenodeoxycholic acid,
DCA: deoxycholic acid, GCA: glycocholic acid, GCDCA: glycochenodeoxycholic acid, GDCA: glycodeoxycholic acid, GLCA:
glycolithocholic acid, GUDCA: glycoursodeoxycholic acid, HA: hexanoic acid, HDCA: hyodeoxycholic acid, IBA: isobutyric
acid, IVA: isovaleric acid, LCA: lithocholic acid, PA: propionic acid, TCA: taurocholic acid, TCDA: taurodeoxycholic acid,
TCDCA: taurochenodeoxycholic acid, TLCA: taurolithocholic acid, TUDCA: tauroursodeoxycholic acid, UDCA: ursodeoxycholic
acid and VA: valeric acid.

Prevotellaceae were more prevalent in the M-ARCOL.>*® In the ileal mucosal environment,
Ruminococcaceae were more abundant, while Sutterellaceae were mainly found in the luminal phase,
again in line with in vivo data.”>*

Regarding microbial activities, both non-targeted metabolomics and spearman correlations between
bacterial composition and main gut metabolites (SCFAs and bile acids) highlighted very distinct profiles
between the M-ARILE and M-ARCOL experiments, supporting the existence of different metabolic
pathways in the ileal and colonic ecosystems.**’° In accordance with in vivo data, gas and SCFA
production was highly impacted by ileal versus colonic conditions in vitro. Oxygen level was higher in
the M-ARILE than in M-ARCOL, reflecting the less anaerobic conditions found in the human ileum that
fosters microaerophilic bacteria like Enterobacteriaceae.*>*”" Of note, the oxygen gradient that also exists
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Table 3. Validation of the M-ARILE model through in vitro-in vivo comparisons regarding microbial metabolic activities.

In vitro mean results in the M-ARILE during the stabilized period (with extreme values depending on the donor) were
compared to in vivo data in the ileum of healthy human adults (based on literature review), regarding both concentrations
or relative percentages of gas and/or SCFAs and direction of variations between ileal and colonic conditions (#:increase in
the M-ARILE, 9: decrease in the M-ARILE).

In vivo M-ARILE vs M- In vivo (ileum vs
Metabolic activity M-ARILE (ileum) Correlation ARCOL colon) Validation References
SCFA Total SCFA 19.1 11.7-81.6 Y L] [7,44]
concentrations (mM) (13.2-22.1)
Acetate 14.5 7.9-64.6 N N
(11.4-18.6)
Propionate 3.8 (1.8-7.1) 1.5-3.3 N N
Butyrate 0.9 (0-1.5) 2.3-13.7 X N 3
SCFA proportions (%) Acetate 78.9 62.2-78.5 2 ? [7,44]
(63.9-87.9)
Propionate 16.7 47-11.8 X 3 N
(9.7-28.26)
Butyrate 43 (0-7.8) 16.8-18.1 X R 3
Gas composition (%) CH, 0 0 3 3 [45,46]
o, 50.3 6-17.5 X N N
(44.8—-53.7)
0, 3.7 (2.3-6.4) 5-41 2 2
H, 9.3 (41-17.3) 0.3-3.5 X 2 N X
Redox —237 mV ND / 2 ND / ND

. in vitro results are in accordance with in vivo data, X: in vitro and in vivo data are not in accordance, /: no conclusion can be done due to
lack of in vivo data. CH4: methane, CO2: carbon dioxide; H2: dihydrogen, M-ARILE: Mucosal Artificial lleum; M-ARCOL: Mucosal Artificial Colon; ND:
no in vivo data; 02: dioxygen; SCFA: short-chain fatty acid.

from the microaerophilic small intestinal lumen towards the highly vascularized oxygen-rich subepithelial
mucosa was not reproduced in the M-ARILE.”> Methane was not detected under ileal conditions, as well as
methanogenic Archaea, while both were found under colonic conditions in vitro and in vivo.”> The
absence of Archaea under small intestinal conditions may be linked to the faster transit time’*”> or the
higher bile acid concentrations impacting their viability.”® Since only one study previously addressed
methanogenic Archaea in human ileal samples,”” the present study thus provides pioneering data on this
non-bacterial fraction of the human gut microbiome. H, levels were also relatively high in the M-ARILE,
matching the increased abundance of H,-producing bacteria such as Bacteroides and Clostridium® and/or
the relatively low abundance of H, re-user like methanogenic Archaea. In line with in vivo data, SCFA
concentrations were also lower in the M-ARILE due to the shorter transit time and/or lower bacterial load,
which limit microbial fermentation.”® Butyrate production was also lower under ileal condition than under
colonic one because of the reduced abundance of Firmicutes.”® Bile acid profiles were also followed in the
in vitro models, reflecting both the composition of nutritive media and the metabolic activities occurring
during fermentation. In accordance with human digestive physiology,” higher bile acid concentrations
together with increased primary-to-secondary bile acid ratios were reproduced in the nutritive media of
the M-ARILE. Since primary bile acids are essentially found in the bile used for M-ARILE media,” this
study demonstrated efficient in vitro deconjugation of bile acids in the ileal compartment, likely driven by
bacteria such as Bacteroides and Clostridium.*>®' Finally, nontargeted metabolomics provided new data
on differential metabolites found in the human simulated ileum and colon environments. Metabolomes in
the M-ARILE model consisted mostly of amino acids (alanine, glycine, isoleucine, lysine, proline, tyrosine,
glutamic acid) and derivatives (pyroglutamic acid, norvaline), carbohydrates (galactose, inositol) and
vitamins (nicotinic acid), in line with in vivo data in the healthy human ileum.”® In contrast, in the
colonic model, few nutrients are left, in accordance with human digestive physiology, where most food
digestion processes and absorption take place in the small intestine.*

Recent studies have shown that diet exerts a circadian influence on the richness, diversity and
composition of the small intestine microbiota in humans, particularly within two hours postprandial.**’
Therefore, as another novelty, we adapted the M-ARILE model to reproduce this diurnal variation in
feeding status. RDA of the bacterial -diversity revealed that the ileal microbiota was characterized by
more dispersed profiles than the corresponding colon microbiota was, and this seemed to be mainly driven
by the fed and fasted states. We also observed a bloom in the total bacterial load following a meal (data not
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Table 4. Validation of the M-ARILE model through in vitro-in vivo comparisons regarding bacterial composition.

In vitroresults in the M-ARILE were compared to in vivo data in the ileum of healthy human adults (based on in vivo

analyses of aspirate or mucosal biopsies), regarding the most abundant phyla or families.

In vivo In vitro
Phyla Family Luminal ~ Mucosal ~ Luminal ~ Mucosal  Validation Reference
Bacillota (Firmicutes) Streptococcaceae + + / / X [47-50]
Staphylococcace + + / / X [47,48,50]
Veillonellaceae + + + + [37,47,48,50,51]
Lachnospiraceae + + + + [9,47,48,52]
Clostridiaceae + + + + [9,47-50]
Peptococcaceae ND + / / X [50]
Peptostreptococcaceae + + + + [47,50,53]
Ruminococcaceae ND + + + [9,48,52]
Oscillospiraceae + + / + [9,47]
Acidaminococcaceae + ND + + [53]
Lactobacillaceae + + / / X [47,48,50,53]
Enterococcaceae + + + + [37,50]
Bacillaceae ND ND + / ND
Erysipelotrichaceae ND ND + / ND
Pseudomonadota (Proteobacteria) Aeromonadaceae ND + / / [9]
Enterobacteriaceae + + + + [9,47,48,50,52,53]
Sutterellaceae + ND + + [53]
Pasteurellaceae + + / / X [47,52]
Moraxellaceae ND + / / X [9,48]
Morganellaceae ND + / / X [50]
Haemophilus + ND / / X [47]
Burkholderiaceae ND + / / X [91
Bacteroidota (Bacteroidetes) Bacteroidaceae + + + + [9,47,48,50,52,53]
Prevotellaceae + + + / [9,47,48,53]
Rikenellaceae + + + + [48,53]
Tannerellaceae ND + + + [52]
Barnesiellaceae + ND / + [53]
Marinifilaceae ND ND + / / ND
Actinomycetota (Actinobacteria) Bifidobacteriaceae + + + + [9,47,48,52,53]
Actinomycetaceae + + / / X [47,48]
Micrococcaceae + + / / X [47,48]
Atopobiaceae + ND / / X [47]
Corynebacteriaceae ND + / / X [48,50]
Fusobacteriota Fusobacteriaceae + + / / X [9,49,50,52]
Verrucomicrobiota Verrucomicrobiaceae + + + + [9,48,49]
Akkermansiaceae ND + / + [51]
Thermodesulfobacteriota Desulfovibrionaceae + ND + + [53]
Cyanobacteria + + / / [9]
Actinobacteriota ND ND + + / ND
Bdellovibrionota ND ND + + / ND

+: found, /: not found in vitro, ND: no data in vivo; +: in vitro results are fully in accordance with in vivo data, +: in vitro and in vivo data
showed some similarities, X: in vitro and in vivo data are not in accordance, /: no conclusion can be made due to lack of in vivo data.

shown), in line with a study in ileostomy patients where a significant increase in bacterial density was
observed after the ingestion of a carbohydrate-rich meal.** Surprisingly, a lower a-diversity was observed
during fed versus fasted state. These results cannot be challenged with in vivo data, but the decrease in a-
diversity during the fed state might be linked to the fast growth of dominant microbes able to use available
nutrients, ‘hiding’ low-abundance biomass.>” In the M-ARILE, the fasted state was significantly associated
with a bloom in Akkermansiaceae (and Akkermansia at the genus level). This finding is particularly
interesting since human studies have shown that intermittent fasting during Ramadan was associated with
positive changes in the gut microbiota community, including increased abundances of Akkermansia,
Bacteroides and butyrate-producing Lachnospiraceae.®* This circadian cycling of Akkermansia, which has
never been reported in humans, would undeniably deserve further investigation in the future. This
increase can be linked to the ability of Akkermansia to degrade mucin, supporting its survival in the
fasted state and its survival advantage.’®*>*® . Our in vitro study also provided interesting findings
regarding the impact of feeding status on gut metabolites, with clearly distinct profiles regarding gas,
SCFA, bile acids and metabolites identified by nontargeted metabolomics. Most of the changes in gas and
SCFA production found in the M-ARILE corroborated the in vivo data, namely, lower SCFA production
during the fasting state,”® together with a decrease in CO, levels,*® both reflecting a reduction in microbial
activities. Additionally, higher butyrate and lower propionate levels were detected in ileostomy effluents
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Table 5. Comparison of M-ARILE with currently published dynamic model of the human small intestine including
microbiota.

The in vitro model reproduces ('), partially considers (") or does not simulate (X) the corresponding parameter when simulating ileal conditions.
Physicochemical parameters Medium composition (g/L) Eukar-
yota
Mucus- and/or Validati-
Fasted associ- Archa-  on
Mono/multi ~ Digestive  Type of Intestinal ~ Redox Oligos/ Digestive  and fed ated  ea invitro
compart- section fermen- Type of pH  Temperature ~Transit absorpti-  moni- Simple vitami- enzymes: condi- micro-  moni-  vs
Name mented simulated ~ tation  microbiota control  control (°C) time (h)  Stirring on toring  Fibers carbohydrates Proteins Lipids  ns Bile acids Pancreatin  tions  Anaerobiosis  biota toring in vivo References
The Mono Duodenum B Consortium 2h(D)4h 170rpm X X X X X X Bile (10 mM) X X X (131
smallest jejunum of 7 bacteria 02h) Flushing by N,
intestine ileum
(s
TNO ileum Mono lleum SC Faecal 35h  membrane X X X X X X 2
model sample or com- 5 2 7 Bile Flushing by N,
(TIM-1) ileostomy pression (2,025 g/L)
M-SHIME Multi Stomach- sC Faecal 3h() 150 rpm X X X X X (14,15]
duodenum- samples/ 20h (AQ) 4 5 2 7 Bile Flushing by N,
jejunum Consortium
combined of 12
ileum, bacteria
ascending
colon
M-ARILE Mono lleum C Faecal 2h Day X The present
samples 300 rpm/ 9 1 5 15 Bile Microbiota only Archa- study
Night 100 (4mM fasted, ea
pm 10 mM fed)

AC: ascending colon; C: continuous; D: duodenum; I: ileum; J: jejunum; SC: semi-continuous; M-ARILE: Mucosal Artificial lleum; M-SHIME: Mucosal Simulator of Human Intestinal Microbial Ecosystem; TSI: The Small
Intestine.

during morning compared to afternoon sampling, findings that are consistent with fasted versus fed state
results from the M-ARILE model.** Finally, amino acid contents were higher in the fed state, which is in
line with the increase in protein intake supplied by the rich medium. Metabolite derivatives from amino
acids (uracil, xanthine, ornithine) were also found in higher abundance in the fed state, corroborating the
protein metabolization by the ileal microbiome described in vivo.**

Our new model represents a significant step forward in the in vitro simulation of the human ileal
microbiome under both fasted and fed states. Given that the small intestine is the primary site for nutrient
and drug absorption in humans, M-ARILE holds valuable potential for many nutritional and pharmaceu-
tical applications. Notably, the current model can serve as a versatile platform for studying the impact of
the ileal microbiota on food digestibility and micronutrient bioaccessibility, as well as drug metabolism by
ileal microbes, which may impact both its availability and efficacy.”**” In addition, since some food-borne
pathogens, such as Escherichia coli pathotypes, Salmonella and Listeria®® constitute a primary coloniza-
tion site in the human distal small intestine, the M-ARILE holds great potential for unravelling their
complex relationships with ileal microbial communities, which may impact both pathogen colonization
and virulence.*”” This may foster the development of novel non-antibiotic therapeutic strategies, which
are based on prebiotics, probiotics or vegetal extracts.”' Notably, by capturing interindividual variability in
the gut microbiota, the ileal model will contribute to move toward personalized nutrition and medicine in
the gut microbiome field. However, M-ARILE clearly lack key host components, such as intestinal cells, as
well as neuroendocrine signaling and absorption mechanisms, which can shape the composition and
functions of the gut microbiota. To better integrate host-microbiota interactions in the ileal compartment,
future improvements should consider the coupling of the M-ARILE model with epithelial and/or immune
cells. Lastly, it would be of great interest to adapt the M-ARILE not only to physiological but also to
pathological conditions, where a dysbiosis in ileal microbiota has been described, such as inflammatory
bowel diseases,”” small intestinal bacterial overgrowth®* or obesity.”*
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