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Abstract

Severe acute malnutrition is associated with enteropathy manifested as disruption of epithelial tight
junctions and increased gut permeability, associated with intestinal and systemic inflammation.
Bifidobacterium longum subsp. infantis (B. infantis) and Lacticaseibacillus rhamnosus GG (LGG®, Chr.
Hansen A/S) have been shown to strengthen the gut epithelial barrier and to reduce inflammation in
preclinical studies. The aim of this study was to compare the ability of four commercial strains of B.
infantis, LGG and their combination to mitigate inflammation-mediated epithelial damage using an
in-vitro immunocompetent model of the intestine. A microfluidic mid-throughput device
OrganoPlate® (Mimetas B.V.) was employed to enable the co-culturing of intestinal epithelial cells
(Caco-2) with peripheral blood mononuclear cells. Epithelial damage was induced by stimulating
PBMCs with lipopolysaccharide and probiotic conditioned media were added to the apical side of
the Caco-2 to test the effects on barrier integrity, cytokine secretion, and gene transcription. All tested
probiotics demonstrated significant protection of the epithelium via modulation of tight-junction
proteins and homeostatic cytokines gene transcription promoting a “leak-tight” phenotype. These
findings demonstrate that B. infantis and/or LGG may have the potential to protect the intestinal
epithelium and thus could contribute to alleviating intestinal enteropathy in malnourished children.

Keywords: Malnutrition; Inflammation; Gut-on-a-chip; Probiotics; Bifidobacterium infantis; LGG;
Lacticaseibacillus rhamnosus; Immunomodulation; Intestinal barrier

1. Introduction

A healthy infant gut microbiome, dominated by Bifidobacterium, may contribute to metabolic
functions that are essential to infant growth and development, such as development of the immune
system, host metabolism and colonization resistance to enteric pathogens [1-5]. Gut dysbiosis, an
imbalance in microbial composition characterized by the overrepresentation of potentially
pathogenic taxa, mediates persistent pathophysiological and immune abnormalities and is thought
to play a role in nutrient malabsorption leading to underweight infants and failure to thrive [6,7].
Mechanistically, severe acute malnutrition is associated with enteropathy manifested as disruption
of epithelial tight junctions and increased gut permeability, leading to intestinal and systemic
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inflammation [8]. Recently, Bifidobacterium longum subsp. infantis (B. infantis) oral supplementation
was shown to improve weight gain of Bangladesh malnourished infants [9]. Lacticaseibacillus
(lactobacillus) rhamnosus GG (LGG) in combination with Bifidobacterium animalis was previously
shown to reduce the incidence [10] and duration of diarrhea [11,12]. The beneficial effect of B. infantis
and LGG was linked to their immunomodulatory and homeostatic potential based on in vitro [13-18]
and in vivo [19-21] studies. Specifically for Bifidobacteria, their contribution to infant health relies on
the ability to metabolize human milk saccharides (HMO) [22-24]. Interestingly, even within the B.
infantis species, which is equipped with the most complex toolbox for HMO utilization, different
strains have preferences towards specific HMO type [25-27].

We aimed to compare the functionality of several commercial strains of B. infantis as well as
potential efficacy superiority in combination with LGG (Table 51) grown in a medium supplemented
with 2 abundant in human breastmilk HMO types: 2'-Fucosyllactose (2’-FL) and Lacto-N-tetraose
(LNT) [28]. When selecting strains and their combinations for clinical use, standard in vitro models—
typically based on a single cell type—lack the complexity of the physiological environment.
Meanwhile, in vivo models, primarily using rodents, are costly, require ethical approval, and often
fail to accurately reflect human responses (reviewed in [29]). On the other hand, “intestine-on-a-chip”
technology allows combining both cell types playing key roles in intestinal inflammation, i.e.
epithelial and immune cells, and uses media flow, which more closely mimic the physiological
conditions in the intestine and exerts shear stress on epithelial cells promoting their differentiation
[30,31]. We have established an immunocompetent model of intestinal epithelial inflammation using
a previously described mid-throughput microfluidic device OrganoPlate [32]. This device enables
rapid maturation of a leak-tight layer of intestinal epithelial cells (Caco-2) in one channel, while the
opposite channel, separated from the other by extracellular matrix [33,34], was populated with
human peripheral blood mononuclear cells (PBMC). Subsequently, PBMC were stimulated with E.
coli lipopolysaccharide (LPS) provoking pro-inflammatory cytokine secretion and compromising the
epithelial barrier function of Caco-2. We then demonstrate that the supernatants of the tested
probiotic strains were able to mitigate inflammation-mediated epithelial barrier damage via
modulation of Caco-2 gene transcription related to tight-junction complex formation and homeostatic
cytokines expression.

2. Materials and Methods

PBMC Sourcing

Human peripheral blood samples were collected from healthy volunteers at the Clinical
Investigation Center INVOLVE (Investigation and volunteers for human health) of the Institute
Pasteur. The participants received an oral and written information about the research and gave
written informed consent in the frame of the healthy volunteers COSIPOP cohort after approval of
the Est II Ethics Committee (2023, February 20%).

Mammalian Cells

Human colon adenocarcinoma cell line Caco-2/TC-7 (Caco2) (Sigma-Aldrich) at passages
between 2 and 12, were cultured in complete MEM medium: MEM (Gibco™, Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (Gibco), 1% Sodium Pyruvate (Gibco), 1% Non-essential
Amino Acids (NEAA, Gibco) and 1% penicillin/streptomycin (Sigma-Aldrich). Cells were cultured at
37 °C in a humidified atmosphere with 5% COz. PBMC from human blood were isolated using Ficoll-
Paque™ PLUS (Cytiva) according to the manufacturer’s protocol. Briefly, the whole blood was
diluted 1:1 with PBS and centrifugation at room temperature (RT) for 30 min at 400 g without a break
on top of the Ficoll layer. The interphase containing PBMC was then recovered, and the cells were
washed in PBS by centrifugation at 600 g and then again at 450 g, 10 minutes each time. PBMC were
set to 10¢ cells/mL in RPMI medium (Sigma-Aldrich) and supplemented with 10% FBS (Gibco) and
1% penicillin/streptomycin (Sigma-Aldrich).
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OrganoPlate Seeding

Epithelial tubule formation by Caco-2 cells in three-lane OrganoPlate was performed as
previously reported [33]. In short, 2*10* Caco-2 cells were seeded against a pH-buffered 4 mg/mL
CollagenIgel (Collagen-I rat tail, R&D systems) in a 3-lane 400 um OrganoPlate and allowed to attach
against the gel for 4 h (37 °C, 5% CO2). Complete MEM medium was then added to the inlets and
outlets and the plate on an interval rocker (Perfusion Rocker, Mimetas) switching between a +7° and
-7° inclination every 8 min (37 °C, 5% CO) to create bi-directional flow. Medium was changed 4 days
after the seeding. When indicated, 5 days after Caco-2 seeding the medium in the opposite channel
was exchanged with 105 PBMC in supplemented RPMI, with (or without) LPS mix of three strains of
E. coli (Sigma-Aldrich, L2637, 3012 and 3137) [35] at 100 ng/mL each.

Immunofluorescent Microscopy Imaging

At the end point of experiments, all cells cultures were fixed in 4% paraformaldehyde (VWR
100504-858) in DPBS (+Ca/+Mg, Gibco 14040-083) for 30 min. Cell membranes were permeabilized
with a 0.1% Triton X-100 solution in DPBS for 20 min and blocked with a 2% BSA solution in DPBS
(Sigma A2153) for over 1h. Primary antibodies against ZO-1 (Invitrogen 61-7300, AB_138452) and
Villin (BD Biosciences 610358 AB_397748) were then diluted in a 2% BSA solution in DPBS and
incubated overnight at 4°C. Secondary antibodies (Invitrogen A-21429, AB_2535850; Jackson 315-606-
046, AB_2340251), DAPI (Invitrogen, D1306), and Phalloidin (Sigma, P5282) were then also diluted
in 2% BSA and incubated for 2h. Cell cultures were rinsed with DPBS prior to imaging. All steps,
except when specified otherwise, were performed on chip and at room temperature. Confocal
immunostaining images were acquired using a spinning disk microscope (Andor BC34 CF) using a
20X magnification air objective (NA 0.8). Z stacks were acquired over a range of 200um with a Z
resolution of 0.3um. 3D reconstructions were performed in Imaris™ (Bitplane AG) scientific software.

Bacteria Culture

Bacteria strains (Table S1) were first grown overnight on De Man-Rogosa-Sharpe (MRS) agar
plates (BD), then a single colony was inoculated in 5mL of MRS (CondaLab) and grown at 37°C in
the Bactron™ anaerobic chamber (Sheldon Manufacturing, Inc.). After 24h growth, 40 mL cultures
were diluted 1:100 in MRS without dextrose, supplemented with 2’-FL and LNT, kindly donated by
DSM-Firmenich, at final concentration of 0,5% each, still in anaerobic conditions. For the combination,
Bifin02™ (Chr. Hansen A/S) and LGG pre-cultures were mixed in the same tube at a 1:1 ratio. After
overnight incubation, aliquots were taken for cytometry analysis and OD measurement, while CFU
determination was achieved by plating on MRS agar plates. Aliquots of the sterile media are used for
blank and negative control. The rest of the bacteria cultures were centrifuged at 10,000 g for 10
minutes, the pH of the cleared supernatant was determined using a FiveEasy Mettler Toledo® pH-
meter (Mettler-Toledo Gmbh) and then adjusted to pH 7 using NaOH solution. The supernatants
were then filtered via 0.22um filter (MCE, Millipore-Merck) and stored at -80 °C. Bacterial pellets of
Bifini02, LGG and combination of both were centrifuged 10 minutes at 10,000 g, washed in sterile PBS
and frozen at -80°C for qPCR analysis.

Lectin-Based Discrimination of Bacteria Strain in Mixture

Bacteria culture samples (LGG, Bifin02, and Combo) were first quantified by flow cytometry
using calibrated microsphere standard LIVE/DEAD™ BacLight™ Bacterial Viability and Counting
Kit (Thermo Fisher Scientific) to estimate absolute bacterial concentrations according to the
manufacturer protocol. Then the solution of RCA lectin (Ricinus communis agglutinin I) was added
to 3 x107 cell/mL of each bacterial suspension at a final concentration of 15 ug/mL. Samples were
incubated at room temperature for 20 minutes protected from light and then centrifuged at 10,000 g
for 10 minutes at room temperature to pellet the bacteria. The supernatants were carefully discarded,
and the bacterial pellet was gently resuspended in 1 x phosphate-buffered saline (PBS) to remove any
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unbound lectin. The BD Influx™ (BD Biosciences) cell sorter was used to measure the fluorescence of
bacterial cells according to the channel corresponding to the RCA staining and size parameter
(Blue540_30/FSC). Twenty thousand events were acquired for each sample at an analysis rate of 1 000
events per second, and the data analysis was conducted using the FlowJo™ v10.5+ software
(FLOWJO, LLC).

Cytokine Secretion

Media were collected separately from Lumen and Basal” channels) inlets and outlets and stored
at —20 °C until further assessment by Luminex methods. The concentrations of CCL2, CCL20, CCL28,
IFNvy, IL2, IL8, TNFa, CCL3, CCL25, CXCL10, IL1p, IL6 and IL10 were quantified using a human
multiplex assay (R&D systems) according to manufacturer protocol running on BIOPLEX 200 reader
(BIORAD). Results of only quantitatively detected cytokines are presented. IL-8 concentration was
assessed using ELISA method according to the manufacturer protocol (R&D systems).

TEER Measurements

Transepithelial electrical resistance (TEER) was measured at different time points using an
automated multichannel impedance spectrometer designed for use with the OrganoPlate
(OrganoTEER, Mimetas) as described by Beaurivage et al. [33] except that the OrganoPlates were
equilibrated at room temperature for 30 minutes before the measurement. Data was analyzed using
OrganoTEER software, which automatically extracts the TEER contribution and normalizes it to
Ohm*cm?.

Metabolomic Analysis

The supernatants were extracted in water using a constant ratio of sample mass to extraction
volume. Each sample was weighed, and ultrapure water with stable isotope-labeled internal
standards was added at a ratio of 1:4 (wt/wt) sample to solvent. Extracts were homogenized by bead
beating with ceramic beads (4 x 30 sec at 30 Hz). Non-soluble material was pelleted by centrifugation
at 16,000 g for 5 minutes at 4°C. The supernatant was transferred to a Spin-X® centrifuge 22 um tube
filter Corning® Costar® (Corning, Inc.) and extracts passed through (15 000 g/ 4°C/ 5 min) ready for
analysis.

Metabolite analysis was carried out by MS-Omics (Vedbeek, Denmark) using gas
chromatography - mass spectrometry.

SCFA

Samples were acidified using hydrochloric acid, and deuterium-labeled internal standards were
added. Analysis was performed in randomized order using a high-polarity Zebron™ ZB-FFAP
column (Phenomenex, Inc., GC Cap. Column 30 m x 0.25 mm x 0.25 pm) installed in a GC (7890B,
Agilent) coupled with a quadrupole MS detector (5977B, Agilent). The system was controlled by
ChemStation™ (Agilent Technologies, Inc.). Peak areas were integrated using Skyline (24.1, MacCoss
Lab Software), before quantification and curation using an in-house pipeline written in MATLAB
(2022b, MathWorks). Matrix effects, carryover, noise levels, and precision were evaluated using
corresponding quality control samples.

Tryptophan

Samples were fortified with stable isotope labelled internal standards and derivatized with
methyl chloroformate using an adapted version of the protocol described by Smart et al. [36]. Analysis
was performed in randomized order using a high polarity Zebron ZB-50 column GC (Cap. column
30 m x 0.25 mm x 0.25 um) installed in a GC coupled with a quadrupole detector. The system was
controlled by ChemStation. Peak areas were integrated using Skyline (24.1, MacCoss Lab Software),
before curation and quantification against a ten-point external calibration curve, using an in-house
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pipeline written in MatLab (2022b, MathWorks). Matrix effects, carry-over, noise levels and precision
were evaluated using corresponding quality control samples.

Data Processing and Statistical Analysis

Peak areas are extracted using Skyline 24.1 (MacCoss Lab Software).

Univariate statistics (provided as t-tests and relative intensity fold changes) show if any single
variable is significantly different between two specified treatment groups. For statistical tests, data
was transformed with power transformation (Box-Cox). As this allows assuming normality of the
data, T-tests were performed. The obtained p-values were corrected by Benjamini-Hochberg
correction with a false positive rate of 0.05.

Gene Transcription Analysis

Caco-2 cells were pelleted, and supernatant was removed. RNA was then extracted using the
NucleoSpin® RNA XS kit (Macherey, Nagel GmbH) according to the manufacturer’s instructions.
Extraction was followed by a purification step using the RNA Clean & Concentrator kit (Zymo
Research). RNA samples were eluted in 15 uL and total RNA was analyzed using the DNF-471 RNA
(15nt) Fragment Analyzer kit (Agilent).

Gene transcription analysis was performed on the Biomark System (Standard Biotools) using
TagMan® (Roche Molecular Systems, Inc) chemistry. RNA samples were normalized at 1 ng/ul,
reverse transcribed and pre-amplified with 18 cycles using the Preamp and Reverse Transcription kit
(Standard Biotools) following the manufacturer’s instructions. Pre-amplification was performed to
ensure that there are sufficient target gene copies in each sample for equivalent distribution in all
microwell of the Biomark chip. Pre-amplified samples and assays were prepared and loaded on a
Biomark Integrated Fluidic Circuit (IFC) 192.24 (Standard Biotools) using the 192.24 GE Dynamic
Array Reagent Kit and the TagMan Fast Advanced Master Mix (Applied Biosystems) according to
the manufacturer’s instructions. TagMan assays were obtained from the Thermo Fisher catalog.
Assay IDs are listed in Table S2.

For standard curve analysis and calculation of assay efficiencies a pool of seven samples
representing all sample groups of the experiment was prepared and processed in parallel to the
samples. After pre-amplification, the pool sample was diluted over 16 serial dilutions at 1/10%* and
added to the Biomark chip.

~ Standard Curves Analysis

Standard curves were used to evaluate the efficiency of each primer couple based on modeling
Ct values against the 10-log concentrations of standard dilutions (using sixteen 10-fold dilution
points), via weighted linear regression [37]. In principle, for each primer of interest, the relationship
between Cts and 10-log concentration is expected to be linear, the slope of the standard curve giving
the efficiency of the tested primer. The linearity of the PCR was evaluated by the coefficient of
determination R?, the linearity of the reactions being validated with R? > 0.9. Then, the amplification
efficiency for each primer was calculated as Eprimer = 10C1slope), whereas the efficiency in percentages
was calculated as Eprimer, % = (10C1slope) - 1)*100 [38].

Primers with Eprimer, % between 90% and 110% were validated. Primers with efficiency between
80% and 90% were analyzed but the lower efficiency was considered in the result interpretation. An
efficiency lower than 80% usually indicates low abundance or even absence of the target gene in the
pool. An efficiency higher than 110% is usually an indicator of the presence of inhibitors in the
samples.

~+ Reference Genes Selection and Normalization

Since primers’ efficiencies were not all equal to 100%, we used the Pfaffl normalization method
for RT-qPCR data [39]. That relative quantification method is based on the calculation of the ratio
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between the expression of target genes and the expression of reference gene(s) present in all samples
of interest. The reference gene(s) have to be chosen among candidate house-keeping genes, selecting
those that are the most stably expressed among all samples.

To identify the most stable house-keeping genes, we used the function selectHKs of the freely
available R/Bioconductor package NormgPCR, applying the geNorm method, using a cut-off value of
0.15 for the pairwise variation Vn/Vn+1, and the minimum number of reference genes to be used for
normalization was set to 2 [40].

In our case, three housekeeping genes were tested (RPLPO, B2M, GAPDH), and the reference
genes selection procedure evidenced that RPLPO and GAPDH were the most stable and relevant for
normalization.

The ratio for relative expression with the Pfaffl normalization is defined as:

R= Etarget(thalib target — Ctsamples target) / Fref(Ctealib ref — Ctsamples ref)

with

Etarger: Target primer amplification efficiency

Ery: Reference gene amplification efficiency

Ctsamples target: Ct 0f the target genes in samples

Ctsamples rer: Ct of the reference genes in samples

Cteaiiv targer: Ct Of the target genes in calibrator samples

Ctaivrer: Ct of the reference genes in calibrator samples

The calibrator is usually a set of one or more samples used as reference. In our case, the Cteuiv
was computed as the geometric mean of the Cts of all samples from the “MRS, No LPS” group.

Note that, in the case when more than one reference gene is selected, the equation denominator

is considered as the geometric mean of EryCtealiv rof~ Chsamples ref) among all reference genes.

~ Variance Partitioning and Confounding Effect Correction

Variance partitioning was used in this study to estimate the effect of each clinical and technical
variable on normalized expression data, to identify confounding effect variables [41]. Based on that
analysis, the extraction batch and PBMC donor effects were corrected using the removeBatchEffect
function of the R/Bioconductor limma package [42].

Statistical Analysis

For each comparison considered in each dataset of interest, each assay was analyzed
individually, comparing its expression in one condition compared to another using non-parametric
Wilcoxon test (the null hypothesis being that the mean expression of the considered assay is not
significantly different between the two investigated conditions). To correct for the multiple testing
effect, p-values were adjusted using the Benjamini-Hochberg approach [43]. The log2-fold-change
(hereafter LFC) associated to the comparison was calculated as the log2 ratio of mean expression
levels between the two conditions. We considered that the expression of an assay was significantly
different in the two investigated conditions when the adjusted p-value was lower than 0.05.

3. Results

To better mimic the physiological disruption of epithelial barrier due to continuing
inflammatory process, both epithelial and immune cells should be present in the experimental
system. Therefore, we used a microfluidic device OrganoPlate consisting of 40 chips with 3 lanes
each. The middle lane is filled with extracellular matrix (Collagen I) creating a separation between
the two other channels, thus enabling co-culture of two different cell types while still allowing
molecules to diffuse [33]. Caco-2 intestinal epithelial cells are seeded in one of the channels (“Lumen”
channel) and allowed to proliferate until they fill the entire channel forming a tubule-shaped
monolayer (Figure 1A,B). Each channel is connected to a small reservoir with medium and a gravity-
driven flow is generated by the rocking movement of the plate that forces the medium through the
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channel. The shear stress created by the flow promotes rapid maturation of the epithelial monolayer
[31] which is demonstrated by elevated Trans-epithelial electrical resistance (TEER) that remains
stable starting from the fourth day in culture (Figure 1C). To verify the polarization and
differentiation of Caco-2 cells we investigated the localization of Zonula Occludens-1 (ZO-1) and the
Villin proteins in the epithelial monolayer using immunofluorescence. After 5 days of growth under
shear stress conditions we observed ZO-1 staining along the contact lines between the cells while
Villin is primarily located on the apical side (facing the center of the channel) of Caco-2 cells (Figure
1D).

TEER(Q-cn)
=
S

N
S
S

Figure 1. Gut-on-a-chip model set-up. (A) Graphical representation of the microfluidic module with the
OrganoPlate® and the sequential seeding procedure of Caco-2 and then Peripheral Blood Mononuclear Cells
(PBMC) into Lumen and Basal channels respectively. (B) 3D reconstruction of the epithelial tubule based
confocal immunostaining images of nuclei (DAPI) and Actin 5 days upon Caco-2 seeding. (C) Epithelial barrier
representative evolvement assessed by Transepithelial Electrical Resistance (TEER) from day 3 to 7 without
PBMC addition. (D) Zonula Occludens-1 (ZO-1) (left) and Villin (right) immunostaining images of Caco-2
bottom layer of the tubule.

Once the mature Caco-2 monolayer was formed after 5 days in culture (Figure 1C) we added
human PBMC in the opposite (Basal) channel. To induce inflammation and provoke epithelial barrier
damage, we stimulated the PBMC with E. coli LPS — mimicking severe dysbiosis manifested by
overgrowth of Gram-negative bacteria [44,45] and their translocation into the Basal circulation [46].
We then measured the concentration of a panel of cytokines and chemokines in both channels after 3
days. Upon addition of non-stimulated PBMC in our model we detected accumulation of IL-8, IP-10
and TNFa in the Basal channel and a slight increase of IL-8 in the Lumen channel (Figure 2A). Direct
stimulation of PBMC by LPS provoked a sharp increase in the concentration of all assessed cytokines
in the Basal channel, as expected. The only exception was the CXCL10 (IP-10) chemokine whose
concentration was strongly reduced in the Basal channel upon LPS stimulation. In the Lumen channel
only 3 cytokines were quantitatively detected including CCL2, IL-6 and IL-8. Among these, the
concentration of IL-8 only slightly increased in the presence of non-stimulated PBMC and additional
sharp increase of this cytokine, as well as of IL-6, was detected upon LPS stimulation. In accordance
with pro-inflammatory cytokine upregulation, the epithelial barrier integrity assessed by TEER
decreased in the presence of PBMC achieving statistical significance on day 2 only but further
dropped to reach 50 — 60% compared to day 0 upon LPS stimulation (Figure 2B). The observed TEER
difference between the treatments was sustained during the 3 days of observation.
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Figure 2. Inflammation induction and monitoring in Gut-on-a-chip model. *, ** and *** represent statistical
significance with p-value < 0.05, 0.01, and 0.001, respectively, when comparing “No PBMC, No LPS” treatment
(grey asterisks) or “PBMC with LPS” treatment (orange asterisks) to the “PBMC, No LPS” group using non-
parametric Wilcoxon test (6 PBMC donors, 3 independent experiments (N), 18 technical replicates per
experimental condition (n)). (A) Relative change in cytokines concentration in Lumen (left) and Basal (right)
channels 3 days upon LPS-stimulated (or non-stimulated) PBMC administration normalized to “PBMC, No LPS”
group. (B) TEER values along the experiment normalized to the “day 0” just before the PBMC administration.
(C) Relative gene expression of Caco-2 on Day 3 of the experiment normalized to the house-keeping gene

expression.

In addition, we assessed the transcription of genes encoding cytokines and chemokines involved
in homeostasis and inflammation of the epithelium as well as of genes encoding proteins involved in
epithelial barrier integrity maintenance including adhesion in Caco-2 cells. We found that the
addition of PBMC significantly increased transcription of several cytokines both of pro-inflammatory
(CCL2, IL-23A) and homeostatic (IL-18, TSLP) nature (Figure 2C). PBMC presence in the Basal
channel reduced the transcription of the major pro-inflammatory cytokine IL-8 and upregulated the
transcription of most tested genes encoding proteins participating in epithelial barrier integrity
including E-Cadherin (CDH1), Tight-Junction Protein 1 (TJP1 or ZO-1) and Claudin family proteins
(CLDN-1, -2, -3, -4). LPS stimulation of PBMC provoked upregulation only of pro-inflammatory
cytokines CCL2, IL-6 and IL-8 as well of matrix metalloproteinase 7 (MMP7) known to cleave E-
Cadherin [47] and degrade extracellular matrix [48] thus promoting an increase in intestinal
permeability.

In summary, LPS stimulation of PBMC led to significant up-regulation of cytokines and TEER
decrease, indicating loss in barrier integrity thus resembling a disrupted intestinal barrier exposed to
a high pro-inflammatory milieu as observed in severe cases of malnutrition [8].

First, we investigated the impact of supernatant of ATCC 15697 reference strain on epithelial
barrier integrity using the LPS-stimulated PBMC inflammatory model. Bacteria were growth
medium was supplemented with 2’-FL — the most abundant HMO in “secretor” mothers who
represent the majority (~80%) of human population, and LNT, which is among the most abundant
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HMO of “non-secretor” mothers [49,50]. After 24 hours of incubation under anaerobic conditions, the
growth of bacteria was assessed by OD measurements, agar plating for subsequent CFU
quantification as well as by flow cytometry analysis (Table. 1). Consistent with production of
organic acids (including Lactate and short chain fatty acids — SCFA) [26,51] the pH of the culture
medium after 24 hours of growth was reduced from its original value of 6.3 to 4.4. The filtered and
pH-neutralized supernatant was then added in Caco-2 culture medium to the Lumen channel at final
proportion ranging from 10 to 30% (vol/vol) simultaneously with the addition of LPS-stimulated (or
non-stimulated) PBMC to the Basal channel. We observed that the supernatant of the B. infantis ATCC
15697 strain was able to mitigate the detrimental impact of LPS-stimulated PBMC on TEER values in
a dose-dependent manner, reaching the complete protection of intestinal barrier integrity at 30% and
being stable for three days (Figure 3).

Epithelial barrier integrity

Dayl Day2 Day3

0.9

Normalized TEER
o -
i T'
¥ [ - L. §
‘ "
o -
o 9

Figure 3. B. infantis reference strain (ATCC 15697) dose-response protection of epithelial barrier. TEER values
during the 3 days of the experiment normalized to Day0 just before the addition of LPS-stimulated (or non-
stimulated) PBMC. *, ** and *** represent statistical significance with p-value <0.05, 0.01, and 0.001, respectively,
in comparison of “No sup, +LPS” treatment of the same day using non-parametric Wilcoxon test (6 PBMC
donors, N=3, n=18).

Next, we proceeded to compare the capacity of several probiotic B. infantis strains including Bi-
26™ (Chr. Hansen A/S), EVCO001, Bifin02, one strain of L. rhamnosus GG (LGG) and the combination
of Bifin02 and LGG (“Combo”) (Table 1) to mitigate inflammation-mediated epithelial damage and
to investigate the effect of LGG supplementation. To distinguish between the two strains in the
“Combo” immediately at the end of the growth, we stained a culture sample with fluorescently
labelled Ricinus Communis Agglutinin I (RCA I) lectin that very efficiently (99%) stained the Bifin02
but rarely (7.5%) the LGG strain (Figure S1). As 74% of the bacteria in the Combo were stained with
RCA, we estimated the proportion of the two strains to be around 3:1 in favor of Bifin02. To confirm
the viability (and cultivability) of the bacteria we also plated diluted cultures on MRS agar. All the
tested single strains reached high CFU ranging between 2.15x107 and 4.4x10%8 CFU /ml while the
Combo reached 1.15x10° CFU /ml at 2:1 ratio for Bifin02 and LGG strains respectively. The slight
difference in the strain proportion using the two methods probably lies in the fact that the plating
method measures viable and cultivable bacteria while all intact bacteria are detected by the flow-
cytometer. In accordance with CFU and OD measurements, the pH of the culture medium after 24
hours of growth was around 4.6+0.14 for all probiotics containing B. infantis strains including the
Combo, while pure LGG culture reached pH 5.6, indicating metabolic activity of all the strains.
Culture supernatants at final concentration of 30% (vol/vol) were then tested in our model. Foremost,
we found that all the tested supernatants could significantly mitigate the LPS-induced epithelial
barrier damage (Figure 4A). Then we also assessed the concentration of the major pro-inflammatory
cytokine IL-8 in both channels which is also strongly upregulated in our model (Figure 2A) using
ELISA method. While probiotic supernatants had no impact on IL-8 concentration rise in Basal
channel, up-regulation in the Lumen channel was significantly diminished compared to non-
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inoculated bacterial medium (control medium) by most probiotic supernatants besides LGG and
Bifin02 (Figure 4B).

Table 1. Bacteria growth.

Medium ATCC

. g ™ ®
only 15697 Bi-26 EVC001 Bifin02 LGG Combo
ODg 0 51 34 53 25 1.8 3.8
pH 6.3 444 4.65 4.35 4.68 5.57 4.61
Total
bacteria 0 2.8x10° 6.3x108 2.9x10° 9.5x108 2x108 1.75x10%
/ mL
CFU / LGG®: 3.8)(108
ml 0 2.15x107 9x107 8.26x107 4.4x108 2.32x108

Bifin02™: 7.7x108
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Figure 4. Protective effect of the tested probiotics. Non-parametric Wilcoxon test was performed in comparison
to “Control medium, +LPS” treatment while ¥, ** and *** represent statistical significance with p-value < 0.05,
0.01, and 0.001, respectively. (A) TEER values during the 3 days of the experiment normalized to Day0 just before
the addition of LPS-stimulated (or non-stimulated) PBMC (7 PBMC donors, N=3, n=21). (B) Relative change in
IL-8 concentration in Lumen (left) and Basal (right) channels 3 days upon LPS-stimulated (or non-stimulated)
PBMC administration normalized PBMC “Control medium” without LPS treatment (4 PBMC donors, N=3,
n=12).

We then investigated the metabolome of the probiotic supernatants specifically focusing on
short-chain fatty acids (SCFA) and the Tryptophane/Indole pathway as they are associated with
epithelial barrier maintenance and immunomodulatory effects [52]. Indeed, among the most highly
upregulated metabolites detected in the supernatants of all tested probiotics we found Formic acid
belonging to the SCFA family and Indole-3-Lactic Acid (ILA) while LGG appears as the weakest

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0459.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 September 2025 d0i:10.20944/preprints202509.0459.v1

11 of 19

producer of the latter (Figure 5). Other members of Indole pathway including Indole-3-Propionic acid
(I3P), Indole-3-Butyric acid, and Tryptamine were produced by all B. infantis strain but not by LGG
alone. Lactate — one of the main by-products of lactic acid bacteria and bifidobacteria metabolism [53]
— was also among the most upregulated metabolites, as expected (Table S3).

Indole-3-lactic acid 4
Formic acid 4

Pentanoic acid 4
Indole-3-propionic acid 4

Acetic acid 4

Indole-3-butyric acid 4 au"n

g

3-Methylindole 4 ‘ =

2 ©

N =
2-Methylpropanoic acid 4 e
0 N

Tryptamine < . 50

M, S

2 -

Propanoic acid 4
Indole-3-pyruvic/-acetic acid 4
3-Methylbutanoic acid 4

Butanoic acid 4

5-Aminovaleric acid 4 -

Figure 5. SCFA and Tryptophane metabolites produced by probiotics in comparison to the fresh medium.

Relative change in concentration of the tested metabolites is plotted only if the Descriptive Power (DP) > 2.5.

To further explore the possible mode-of-action of probiotic supernatants, we expanded the
cytokine analysis for 3 probiotics: ATCC 15697, Bifin02 and Combo using Luminex technology. We
found that none of the probiotic supernatants had any impact on LPS-induced alteration of cytokine
levels produced mainly by PBMC in the Basal channel (Figure 6, right). In the Lumen channel, on the
other hand, only the supernatant of ATCC 15697 strain provoked statistically significant reduction of
IL-6 and IL-8 concentrations (Figure 6, left).
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Figure 6. Probiotic impact on cytokine secretion. Non-parametric Wilcoxon test was performed comparing each
treatment to “Control medium, +LPS” while *, ** and *** represent statistical significance with p-value < 0.05,
0.01, and 0.001, respectively (6 PBMC donors, N=3, n=18). Relative change in cytokines concentration in Lumen
and Basal channels 3 days upon LPS-stimulated (or non-stimulated) PBMC administration.

Since the origin of cytokines detected in lumen channel can be attributed to Caco2 cells and/or
diffusion from Basal channel [33], we investigated the direct impact of probiotics on the cytokines
produced by epithelial cells by assessing the transcription of genes encoding cytokines and
chemokines involved in homeostasis and inflammation of the epithelium. Indeed, we found that the
tested probiotic supernatants did not consistently modulate the upregulation of the IL-6 and IL-8
cytokines and thus did not reach statistically significant impact (Figure 7, left). In contrast, the
transcription of TSLP, TGF(3 and IL-18 was significantly upregulated by all three tested probiotics
except for Bifin02 that did not reach the p-value significance threshold for TSLP transcription
modulation although demonstrating similar trend.

To test the hypothesis that the protective effect of probiotics might also have a cytokine-
independent nature, we examined the transcription of genes encoding proteins involved in epithelial
barrier integrity maintenance. We found that Claudin-3 and Claudin-4 transcription was upregulated
by all three probiotics while the transcription of Claudin-2 was downregulated significantly by ATCC
15697 and the Combo while Bifin02 showed a similar tendency (Figure 7, right). Additionally, the
probiotics induced a slight upregulation of TJP-1, OCLN, CDH1 as well as downregulation of MMP7
although it mostly didn’t reach statistically significant values.
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Figure 7. Effect of probiotics on epithelial cell gene transcription. Relative gene expression of Caco-2 on Day 3 of
the experiment compared to the control medium with LPS treatment using non-parametric Wilcoxon test while
*, ** and *** represent statistical significance with p-value < 0.05, 0.01, and 0.001, respectively (6 PBMC donors,
N=3, n=18).

4. Discussion

For more than a decade “intestine-on-a-chip”-like technologies have been developed to narrow
the translational gap between cell-based in-vitro models and clinical studies by combining the
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advantages of performing the study in the lab while recapitulating more complex organ behavior
and key host responses thanks to the use of multiple cell types [54-56]. While epithelial cell lines
(e.g. Caco-2, HT-29) are used to model the epithelium, the use of the immune cells is rarer despite
their key role in intestinal homeostasis and especially in inflammatory process. Indeed, PBMC used
in our model induced accumulation of IL-8, IP-10 and TNFa in the Basal channel and provoked a
slight increase in epithelial paracellular permeability (Figure 2). Intriguingly, the presence of PBMC
in Basal channel had a bivalent impact on cytokine gene transcription in Caco-2, upregulating
immunoregulatory cytokines TSLP and IL-18 and downregulating pro-inflammatory cytokine IL-8
on one hand, while also upregulating pro-inflammatory cytokines such as IL-23A and CCL2
(monocyte chemoattractant protein-1 — MIP-1). (Figure 2C). In addition, transcription of genes
encoding proteins ensuring the integrity and maintenance of the epithelial barrier including Claudin
family proteins (CLDN-1, -2, -3, -4), E-Cadherin (CDH1) and ZO-1 (TJP1) was also upregulated
(Figure 2C). These results further demonstrate the importance of the cross-talk between epithelial
and immune cells in intestinal homeostasis [57].

Since LPS translocation towards the blood stream is a hallmark of severe epithelial barrier
disfunction and was reported in acute malnutrition in infants [8,58,59], we used it as physiologically
relevant tool to provoke PBMC-mediated inflammation in our model. LPS stimulation induced
upregulation of most of the tested cytokines in the Basal channel except for downregulation of CXCL-
10 chemokine (Figure 2A, right). Interestingly, while this chemokine is commonly associated with
inflammation and immune cells recruitment [60,61], Proost et al. reported the inhibitory effect of LPS
on IFNvy-induced secretion of CXCL10 by PBMCs but not by fibroblasts thus assuring, supposedly, T
cell recruitment to the site of infection from the blood stream [62]. Regarding the Lumen channel, we
quantitatively detected only the increase of IL-8 and IL-6 (Figure 2A, left).

Here we demonstrate that the conditioned media of B. infantis alone or in combination with LGG
grown in supplementation of 2’-FL and LNT protected against LPS-induced epithelial damage as
measured by TEER. Interestingly, the concentration of the tested cytokines in the Basal channel
remained generally unchanged by probiotic supernatants (Figure 6, right) and the increase of IL-6
and IL-8 in the Lumen channel was only slightly mitigated while not even always reaching statistical
significance (Figure 6, left). The tested probiotics did not reduce the transcription levels of IL-6 and
IL-8 encoding genes in Caco-2 cells (Figure 7, left). This indicates that while intestinal barrier damage
is likely mediated by cytokines produced by PBMC, the protective effect of the probiotic-conditioned
media appears to be independent of these cytokine levels. One could imagine that the cytokines
detected in the lumen compartment are not primarily secreted by Caco-2 cells, but instead diffuse
more actively from the “blood” channel into the lumen as a result of LPS-induced damage to the
intestinal membrane as demonstrated by Beaurivage et al [33]. Since probiotic supernatants protect
intestinal barrier integrity, the diffusion of cytokines secreted by PBMC could be reduced. Therefore,
the observed decrease in cytokine levels in the lumen compartment may be due to reduced diffusion,
rather than a direct effect of the probiotics on Caco-2 cell cytokine secretion; this hypothesis should
be investigated further in the future. In contrast to no effect on pro-inflammatory cytokines, probiotic
supernatants upregulated genes encoding immunoregulatory cytokines TGFf3 and TSLP as well as
IL-18 which is involved in tissue repair [57]. Furthermore, the tested supernatants modified the
transcription of Claudin genes of the tight-junction protein family tilting the balance in favor of
“tight” Claudin-3 and Claudin-4 in contrast to the “leaky” Claudin-2. Besides Claudins, the
transcription of other genes encoding junction proteins was also upregulated but did not reach
statistical significance, most probably due to the variability between the PBMC donors. It was
specifically demonstrated that Claudin-2 is upregulated in the intestine of patients with
inflammatory bowel diseases [63]. Moreover, Claudin-2 expression in epithelial cell lines was
upregulated by variety of pro-inflammatory cytokines including TNFa [64] and IL-6 [65,66] that were
strongly upregulated upon LPS stimulation of PBMC in our model (Figure 6A). Interestingly, it was
previously demonstrated that B. infantis conditioned medium prevents TNFa + IFNy mediated TEER
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drop via downregulation of Claudin-2 und upregulation of ZO-1, Occludin [67] and Claudin 1 [13]
trend.

One of the mechanisms by which probiotics impact tight junction protein expression is via
pattern recognition receptors such as Toll-like receptor 2 (TLR2) and TLR9 [68-70]. Indeed, TLR2
activation in intestinal epithelial cells was demonstrated to improve epithelial barrier via apical
modulation of tight junctions [71]. Although no intact bacteria were included in our experiments, cell
debris and extracellular vesicles bearing TLR2 ligands such as lipoproteins, lipoteichoic acid, and
components of peptidoglycan can be well present in bacterial supernatants [72].

Another mode of action of probiotics effect on amelioration of intestinal epithelial barrier is
mediated by the produced metabolites. Indeed, all the tested probiotics produced ILA although LGG®
produced much less of this metabolite. Moreover, all tested B. infantis strains produced significant
concentrations of several Indole derivatives (Figure 5) that were demonstrated to contribute to
epithelial barrier integrity and to mitigate inflammation via activation of Aryl hydrocarbon receptor
(AhR) [73-75]. Specifically, ILA was found in stool samples of infants upon EVC001 supplementation
[76] and its anti-inflammatory effect was demonstrated to be mediated by AhR and Nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway [77-79].

In summary, all tested B. infantis strains and LGG demonstrated the potential to protect the
intestinal epithelium from LPS induced inflammatory damage while the addition of LGG to B. infantis
Bifin02 had no additional impact compared to Bifin02 alone. Mechanistically, it is proposed that
Indole derivatives produced by these probiotic strains may reinforce the barrier function of the
intestinal epithelial cells mainly via modulation of tight-junction proteins and homeostatic gene
transcription promoting a leak-tight phenotype. In general, the Gut-on-a-Chip model replicates key
inflammatory features, enabling mid-throughput screening of biotherapeutics and potentially
supporting personalized medicine with the use of donor-derived immune cells.

Supplementary Materials: Table S1: Bacterial strains, Table S2: Genes and qPCR assays ID, Figure S1: Strain

discrimination using lectin staining, Table S3: Metabolomic analysis of probiotic supernatants.
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