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of newborn piglets treated during the first week of life with the antibiotic colistin in
order to deplete specific gram-negative bacteria that are transiently dominant in the

Funding information the neonatal colon microbiota, reduced the bacterial predicted capacity to synthetize
INRAE (HOLOFLUX) lipopolysaccharide (LPS), and increased the concentration of succinate in the colon.
The colistin-induced disruption of the primocolonizing microbiota was associated
with altered gene expression in the colon epithelium including a reduction of toll-like
receptor 4 (TLR4) and lysozyme (LYZ). Our data obtained in porcine colonic organoid
cell monolayers suggested that these effects were not driven by the variation of suc-
cinate or LPS levels nor by a direct effect of colistin on epithelial cells. The disruption
of the primocolonizing microbiota imprinted colon epithelial stem cells since the ex-
pression of TLR4 and LYZ remained lower in organoids derived from colistin-treated
piglet colonic crypts after several passages when compared to control piglets. Finally,
the stable imprinting of LYZ in colon organoids was independent of the H3K4me3
level in its transcription start site. Altogether, our results show that disruption of the
primocolonizing gut microbiota alters epithelial innate immunity in the colon and
imprints stem cells, which could have long-term consequences for gut health.
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INTRODUCTION

The function of the intestinal epithelium is digestion and
absorption of nutrients while forming a barrier against
pathogens and toxic compounds potentially present in the
gut lumen." This dual function is performed by diverse ep-
ithelial lineages, including absorptive cells and secretory
cells involved in the production of mucus, antimicrobial
peptides, or enterohormones.” All these differentiated
epithelial cells derive from long-lived stem cells located
at the base of crypts.® The rapid proliferation of epithelial
progenitors allows the complete renewal of the intestinal
epithelium within a few days without compromising its
barrier function. Disruption of these processes can lead to
inflammatory and infectious diseases, especially when the
intestinal epithelium is still developing.* It is, therefore,
essential to understand the mechanisms involved in the
regulation of epithelial homeostasis in early life.

The gut microbiota that rapidly develops after birth
strongly influences the functionality of the intestinal ep-
ithelium.* Indeed, neonatal antibiotic administration
disturbs epithelial architecture, proliferation, and differ-
entiation of goblet and Paneth cells, and alters barrier
function.”® Moreover, microbial colonization at birth
rapidly alters transcription and epigenomic landscape in
intestinal epithelial cells.”'® The production of bacterial
metabolites is thought to play a central role in the micro-
bial control of epithelial development in early life."'™"
For instance, the neonatal microbiota regulates intestinal
epithelial proliferation through the production of lactate
that activates the Wnt/f-catenin pathway in intestinal ep-
ithelial stem cells."* Short-chain fatty acids produced by
the early life microbiota from milk oligosaccharides are
also considered as drivers of epithelial maturation.*"?
Importantly, gut microbiota-derived metabolites can in-
duce epigenetic modifications in intestinal epithelial cells
and thereby influence epithelial functions in the long
term.'>'® Although the involvement of the microbiota in
the development of the intestinal epithelium in early life
is well established, the specific bacterial groups involved
in these processes remain to be identified.

The initial colonization of the neonatal gut by facul-
tative anaerobe, mainly Proteobacteria, is a typical step
of the microbiota development linked to the relatively
high abundance of oxygen in the intestine at birth.” For
instance, Enterobacteriaceae is a dominant family of the
gut microbiota in human neonates and its abundance
rapidly declines with postnatal development.'” ! A study
in mono-colonized rats revealed that, among several pri-
mocolonizing bacteria tested, Escherichia coli, member of
the Enterobacteriaceae family, plays a predominant role
in triggering epithelial maturation induced by bacterial
colonization.*” Thus, we hypothesized that such bacterial

groups transiently dominating the gut microbiota during
the neonatal period could play a key role in the crosstalk
with the developing intestinal epithelium.

Pig is an excellent model to study the neonatal phys-
iology of the intestine due to anatomical and microbiota
similarities with humans.*>** Indeed, fully formed intes-
tinal epithelial crypts are already present at birth in pigs
and humans while they are structurally and functionally
mature only 2weeks after birth in mice.* In this study, we
investigated the consequences of the depletion of a domi-
nant fraction of the primocolonizing microbiota on colon
epithelial homeostasis by using a model of neonatal pig-
lets treated with colistin, an antibiotic targeting specific
gram-negative bacteria such as Enterobacteriaceae. We
show that the colistin-induced depletion of Proteobacteria
and Fusobacteriaceae during the first week of life alters
epithelial innate immune responses and imprints colon
epithelial stem cells which might have potential long-term
consequences for gut health.

2 | MATERIALS AND METHODS

2.1 | Animals and sample collection
Animal experiment was conducted in accordance with
the current ethical standards of the European Commu-
nity (Directive 2010/63/EU) and animal facility agree-
ment No. D3527532. The Rennes Ethics Committee in
Animal Experiment and the French Ministry of Higher
Education and Research approved and authorized the
entire procedure (project number APAFIS # 26559-
2020061708436243 v4).

Six large white x landrace sows from INRAE facility
(UE3P, Saint-Gilles, France) were assigned to either the
colistin (n=3 litters) or vehicle (n=3 litters) group. Six
suckling piglets per litter (three males and three females,
birth weight 1.45+0.05kg) were weighed and received
daily by oral gavage either water (1 mL/piglet, vehicle
group) or colistin sulfate (Biove Vetocoli, 2000001U/kg
dissolved in water, colistin group) from birth to 7days of
age. This dosage was chosen based on veterinary practice
for the treatment of gastrointestinal infection in piglets.*®
At 7days of age, piglets were euthanized by electronarco-
sis immediately followed by bleeding.

After laparotomy, sections of 5 cm of proximal colon
were isolated, opened longitudinally, and thoroughly
rinsed with ice-cold PBS with 5mM dithiothreitol (DTT,
Sigma-Aldrich D-5545) and 1% penicillin-streptomycin-
amphotericin (PSA, Sigma-Aldrich A-5955). Each section
was then pinned on a sylgard-coated petri dish, apical
side up and the mucus was removed by gently scraping
with angled forceps under a binocular magnifying glass.
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Tissues were then incubated for 30min on a shaking
plate (80rpm) in a dissociation solution composed of
10mL of PBS supplemented with 3mM DTT, 1% PSA,
9mM EDTA (Sigma-Aldrich, E-7889), and 10pM of
Y27632 (Preprotech #1293823). The dissociation solu-
tion was then removed and replaced with 10 mL of PBS
supplemented with 1% PSA and 10pM Y27632. Each
sample was scraped using angled forceps under a binoc-
ular magnifying glass in order to release the crypts. The
isolated crypts were filtered at 200 pm, centrifuged at
100g, 4°C for 5min, and either resuspended in DMEM/
F12 (Gibco #12634) supplemented with 10% fetal bovine
serum (FBS) and 10% dimethylsulfoxide (Sigma D-2650)
and immediately frozen at —80°C in a CoolCell for 24h
before long-term storage at —150°C for later organoid
culture or stored at —80°C for later RNA extraction.

2.2 | 16S rRNA gene amplicon
sequencing and sequence analysis

DNA was extracted from 50mg of piglet colon con-
tent using the Quick-DNA Fecal/Soil Microbe 96 Kit
(ZymoResearch) according to the manufacturer's in-
structions. PCR amplicons of the 16S rRNA gene
V3-V4 region were sequenced by MiSeq technology
(Illumina) at the Genomic and transcriptomic plat-
form (GeT-PlaGe, INRAE, Toulouse), as described be-
fore.”” Sequencing reads were deposited in the National
Center for Biotechnology Information Sequence Read
Archive (accession number: PRINA933391). Amplicon
sequences were analyzed by the FROGS pipeline ver-
sion 3.2.3,”® following the guidelines. Merged sequences
were selected based on their size (350-500 nucleotides),
dereplicated, and counted. Sequences were then clus-
tered into OTUs by using Swarm (clustering aggrega-
tion distance: 1). After PCR chimera removal, the OTUs
present in less than three samples or whose proportion
represented less than 0.005% of all sequences were fil-
tered out. The taxonomic affiliation of OTUs was per-
formed with the 16S SILVA database (138.1, pintail
100). A phyloseq object with OTU count table and sam-
ple metadata was created. The mean number of reads
per sample was 17859 (min: 14454-max: 26522). For o
and p-diversity analyses, the count table was rarefied to
14 454 sequences per sample with the R software (4.2.0)
and the phyloseq package (1.40.0). Microbiota richness
(number of observed OTUs) and Shannon and Inverse
Simpson a-diversity index were calculated. B-diversity
was analyzed with the distance of Bray-Curtis and visu-
alized by non-metric multidimensional scaling (nMDS).
The unrarefied count table was used to calculate the
relative abundances of bacterial taxa at the phylum,

;'IC-ASEBJournaI

family, and genus levels. The functional potential of
the gut microbiota was predicted with PICRUSt2*’ as
implemented in FROGS (functional analysis tools) and
according to the guidelines.”® OTUs were placed in the
PICRUSt2 reference tree with epa-ng with a minimum
alignment length of 80%. Hidden state prediction was
performed with the maximum parsimony method with
MetaCyc EC-Numbers. OTUs with a nearest sequenced
taxon index (NSTI) > 0.2 were excluded from analysis to
improve accuracy of prediction. Thus, 402 OTUs rep-
resenting 88% of the total number of sequences were
used for functional predictions. For each sample, the
abundances of MetaCyc pathways were calculated and
normalized by the total abundance of all pathways to
account for differences in sequencing depth.

2.3 | Nuclear magnetic resonance-based
metabolomics

Colon content samples (50mg) were homogenized in
500-pL phosphate buffer (pH 7, prepared in D,O, con-
taining 1mM TSP used as a chemical shift reference)
with a FastPrep instrument and using tubes containing
lysing D matrix (MP Biomedicals). After centrifuga-
tion (12000g, 10min, 4°C), the supernatant containing
metabolites was recovered and the extraction step was
repeated on the pellet. The two fractions of superna-
tant were pooled and then centrifuged twice (18000g,
10min, 4°C). The obtained supernatants (600 pL) were
transferred to 5-mm nuclear magnetic resonance (NMR)
tubes. All NMR spectra were obtained with an Avance
III HD NMR spectrometer operating at 600.13 MHz for
'H resonance frequency using a 5-mm inverse detection
CryoProbe (Bruker Biospin, Rheinstetten, Germany) in
the MetaboHUB-MetaToul-AXIOM metabolomics plat-
form (Toulouse, France). "H NMR spectra were acquired
at 300K using the Carr-Purcell-Meiboom-Gill spin-echo
pulse sequence with pre-saturation. Pre-processing of
the spectra (group delay correction, solvent suppression,
apodization with a line broadening of 0.3Hz, Fourier
transform, zero-order phase correction, shift referencing
on TSP, baseline correction, setting of negative values
to zero) was performed in the Workflow4Metabolomics
Galaxy tool following guidelines.”’ After water region
(4.5-5.1 ppm) exclusion, spectra (0.5-9 ppm) were buck-
eted (0.01 ppm bucket width) and normalized by total
area. Representative samples were characterized by 2D
NMR experiments (*H-'H COSY). For metabolite iden-
tification, 1D and 2D NMR spectra of pure compounds
prepared in the same buffer and acquired with the same
spectrometer were overlayed with colon sample spectra.
A representative annotated spectrum is presented in
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Figure S1. For each identified metabolite, a bucket non-
overlapping with other metabolites was selected for the
quantification (Table S1). The relative concentrations of
metabolites were calculated by dividing the bucket area
measured in each sample by the mean of bucket area
measured in control piglets.

2.4 | Histology

Transverse sections of colon were fixed in 4% buffered
paraformaldehyde at room temperature for 24h, rinsed
in three 70% ethanol 1-h baths, embedded in paraffin,
and sections were stained with Alcian blue and Periodic
Acid Schiff at the histology platform ANEXPLO (Geno-
toul, Toulouse, France). Slides were digitalized and crypt
depth and epithelial cell height were measured with the
CaseViewer 2.3 software (3DHISTECH).

2.5 | Culture of organoids from
cryopreserved colon epithelial crypts

Crypts were rapidly thawed and washed with warm
PBS. Crypts were then seeded in Matrigel (Matrigel
Growth Factor Reduced Basement Membrane Corning
#CLS356239) droplets (300 crypts/50 pL Matrigel/well)
in pre-warmed plates. The plates were then placed at
37°C for 20 min to allow Matrigel polymerization before
the addition of 500 pL of IntestiCult Organoid Growth
Medium (Human) (Stemcell Technologies, #06010) sup-
plemented with 10 pM Y27632 and 1% PSA. Organoids
were cultured in an incubator at 37°C, 5% CO, and
90% humidity. The medium was renewed after 24h by
removing Y27632 and then every 48 h. Organoids were
passaged at a 1:4 ratio between the 7th and 15th day of
primary culture when they presented a sufficient size
(>150pm) and a budding appearance. For passaging,
the medium culture was replaced by 750 uL of Gentle
Cell Dissociation Reagent (GCDR, StemCell Technolo-
gies #100-0485). Matrigel domes were mechanically dis-
sociated by scratching and pipetting the GCDR solution.
The operation was repeated once in order to recover all
the organoids from the well. The tubes containing the
GCDR solution and organoids were incubated on a shak-
ing plate for 10 min at 40rpm at room temperature and
then centrifuged at 290g, 4°C for 5min. The organoids
were then suspended in DMEM-F12 supplemented with
1% PSA and 1% FBS, filtered at 70 pm, and resuspended
into a new Matrigel dome as described above. Organoids
were passaged a second time after 7-10days of culture.
They were then harvested as described for passaging,
rinsed in PBS once, and immediately frozen at —80°C

with lysis buffer until RNA purification, as described
below.

2.6 | Colon organoid cell monolayers
derived from newborn piglets

The colon of five piglets was collected immediately after
vaginal birth (<30 min after birth, with no access to co-
lostrum during these 30 min) and epithelial crypts were
isolated and cryopreserved as described above. Cell
monolayers derived from the colon organoids of new-
born piglets were cultured as described previously.*
One day after cell seeding, the basolateral medium
was replaced by IntestiCult Organoid Growth Medium
Human supplemented with 1% Penicillin/Streptomycin
and treatments were added at the apical side. All treat-
ments were prepared in IntestiCult Organoid Growth
Medium (Human) supplemented with 1% Penicillin/
Streptomycin. Succinate (Sigma-Aldrich, 14160) was
used at 0.1, 1, and 10mM according to the concentra-
tion range used in other publications.*>* LPS from
Escherichia coli O111:B4 (Sigma-Aldrich, L2630) was
used at 0.1, 1, and 10 pg/mL based on previous studies in
intestinal 0rganoids.36'38 Colistin sulfate (Biove, Veto-
coli) was used at 1, 10, and 100 pg/mL based on quanti-
fication of colistin in the gastrointestinal tract of piglets
treated with this antibiotic.’®***° The treatments were
refreshed after 24 h. Transepithelial electrical resistance
(TEER) was measured with an Epithelial Volt Ohm
Meter (EVOM3, World Precision Instruments) accord-
ing to the manufacturer's instructions. Cells were lyzed
in TRI Reagent (ZymoResearch) and stored at —80°C
until RNA extraction.

2.7 | Gene expression in colon epithelial
crypts and in colon organoids

Total RNA was extracted from isolated epithelial crypts
with the kit Direct-zol RNA MiniPrep Plus (ZymoRe-
search) according to the manufacturer's instructions.
RNA from 3D organoids was extracted using the RNe-
asy Micro Kit (Qiagen) following manufacturer's in-
structions. Retrotranscription of total RNA (500 ng for
organoids and 1 pg for crypts) to cDNA was performed
with the kit GoScript™ Reverse Transcription Mix, Ran-
dom Primers (Promega). mRNA levels of target genes
were quantified by quantitative PCR by using specific
primers (Table S2). Gene expressions were quantified
by Power SYBR Green PCR Master Mix (Fischer Scien-
tific) with QuantStudio 6 Flex Real-Time PCR System
(ThermoFisher) or by using Dynamic Array Integrated
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Fluidic Circuit with a BioMark System (Fluidigm) fol-
lowing the manufacturer's instructions. Specificity of
PCR products was verified by melt curve examination.
For each gene, the cycle threshold (CT) was determined
and used to calculate the relative mRNA level by using
the 2—(CT gene of interest — CT housekeeping gene) method. House-
keeping genes were selected based on the stability of
their expression between groups (RPL32 for crypts,
HMBS for 3D organoids, and GAPDH for organoid cell
monolayers). mRNA levels were then normalized to the
expression value in the control group.

2.8 | Chromatin immunoprecipitation
(ChIP)-qPCR

Colon organoid lines derived from three control and
three colistin-treated piglets were selected based on
their high and low expression of LYZ in crypts (in
vivo) and at passage 2. The selected organoids cryopre-
served after two passages were thawed and cultured
for two additional passages (P3 and P4) as described
above. Organoids at P3 and P4 were lyzed in TRI Rea-
gent (ZymoResearch) for quantification of LYZ mRNA
expression by qPCR, as described above. Organoids at
P4 were dissociated into single cells 7days after seed-
ing by pipetting after incubation in warm EDTA-trypsin
0.25% w/v for 15min at 37°C. ChIP targeting H3K4me3
was performed with 500000 cells from each organoid
line with the True MicroChIP-seq Kit (Diagenode,
Cat#C01010132) following the manufacturer's instruc-
tions. Protein-DNA were cross-linked for 8 min with 1%
paraformaldehyde before quenching with glycine, cell
lysis, and fragmentation of the cross-linked chromatin
using a Bioruptor Pico (Diagenode) with six cycles (30s
ON/OFF). An input of each sample was saved before im-
munoprecipitation. H3K4me3-DNA complexes were im-
munoprecipitated with an antibody targeting H3K4me3
(0.5 pg per reaction, provided in the kit) and protein-A
magnetic beads. Cross-links were reversed and DNA
was purified using DiaPure columns and eluted in 35pL
DNA elution buffer. gPCR was performed on input (di-
luted 1:10) and immunoprecipitated DNA with primers
targeting the transcription start site (TSS) LYZ (F: 5'-
CCAGAGCTCCGAGACAACAG-3’, R: 5-CGGCGGTT
TCTTTTGTGTGT-3’) and an intronic region of LYZ (F:
5'-CCATACGGAGGCCAGAAGAC-3', R: 5-GGAGT
TGAAGCGACACTCCT-3'), used as a negative control.
qPCR was performed using a QuantStudio 6 Flex Real-
Time PCR System (Thermo Fisher Scientific). The per-
centage of total chromatin input was calculated for each
region (LYZ TSS or intron) with the following formula:

; T -cr
% input=10x 2T ™ Tirsames-

;'IC-ASEBJournaI

2.9 | Statistical analysis

The R software (4.2.0) was used for statistical analyses. In
vivo data were analyzed by linear mixed models (Ime4 and
car packages) after the transformation of data to the power
of 0.25. Models included the group as a fixed effect (con-
trol or colistin) and the litter as a random effect. p-Values
were corrected for multiple testing using the Benjamini-
Hochberg method for microbiota and metabolomics data.
Statistical analyses were performed only for bacterial taxa
in which relative abundance was over 0.5% within at least
one group since this threshold was previously shown to
ensure reproducible quantifications by 16S rRNA gene
amplicon sequencing.”’ PERMANOVA with 999 permu-
tations was used to study the effects of group and litter on
the microbiota structure (vegan package). Principal com-
ponent analysis (PCA) was performed with the mixOm-
ics package. Data obtained in 3D organoids derived from
control or colistin-treated piglets were analyzed by linear
mixed models with the group as a fixed effect and the litter
as a random effect. Data obtained in organoid cell mon-
olayers were analyzed by linear mixed models with the
group as a fixed effect and the piglet as a random effect.

3 | RESULTS

3.1 | Colistin disrupted the
primocolonizing microbiota in the colon of
neonatal piglets

In order to alter the primocolonizing gut microbiota,
we treated piglets orally every day during the first week
of life with colistin, an antibiotic poorly absorbed in the
intestinal tract acting on gram-negative bacteria through
its binding to the lipid A portion of LPS molecules*
(Figure 1A). The colistin treatment had no effect on piglet
growth (mean body weight+s.e.m at day 7: 2.73kg+0.17
and 2.84kg+0.18 in the control and colistin groups, re-
spectively). Colistin did not reduce the colon microbiota
richness and diversity at postnatal day 7 (Figure 1B and
Table S3). However, p-diversity analysis revealed that
colistin altered the microbiota structure (PERMANOVA:
R*=12.5%, p<.001) (Figure 1C) which was, noteworthy,
more strongly influenced by the litter (PERMANOVA:
R*=38.4%, p<.001) (Figure S2A), as expected in the early
neonatal period.**** Colistin had a major effect on the rela-
tive abundance of a limited number of gram-negative bac-
terial taxa in the colon. Colistin depleted Proteobacteria
(—92%) mostly through a reduction of Enterobacteriaceae
(Escherichia-Shigella) and Pasteurellaceae (Actinobacillus)
(Figure 1D,E and Table S3). Colistin also strongly reduced
the abundance of Fusobacteriota, represented only by
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FIGURE 1 Proteobacteria and Fusobacteriota are depleted from the primocolonizing microbiota of neonatal piglets treated with
colistin. Piglets were treated orally from birth to day 7 with colistin (n=16) or water (control group, n=18). The colon microbiota was
analyzed by 16S rRNA gene amplicon sequencing. (A) Experimental design. (B) Microbiota Richness (number of observed OTUs). (C) Non-
metric multidimensional scaling (nMDS) representation of the microbiota structure based on the Bray-Curtis distance (stress =14.7).

(D) Relative abundances of bacterial phyla. (E) Relative abundances of bacterial families. (B-E) Each dot represents an individual value.

(B, D, E) Boxes extend from the 25th to the 75th percentiles. Significant differences are represented as ***p <.001, **p <.01 (colistin vs.

control).

the genus Fusobacterium. In contrast, colistin increased
the relative abundance of two bacterial families: Murib-
aculaceae and Ruminococcaceae (Table S3). Overall, our
results show that colistin disrupted the primocolonizing
microbiota in the colon of neonatal piglets, mainly by de-
pleting Proteobacteria and Fusobacteriota.

3.2 | Disruption of the primocolonizing
colon microbiota altered its metabolic
functions

As a next step, we evaluated the functional consequences
of the disruption of the primocolonizing microbiota in-
duced by colistin. Functional inference based on 16S
sequences revealed that the relative abundances of

predicted bacterial metabolic pathways were altered
by colistin and by the litter, as illustrated by PCA (Fig-
ures 2A and S2B and Table S4). Consistently with the
depletion of Enterobacteriaceae, colistin reduced the
relative abundances of predicted metabolic pathways
specific to this family, such as biosynthesis of LPS lipid
A or enterobactin and enterobacterial common antigen
(Figure 2B and Table S4). Colistin also reduced the rela-
tive abundance of predicted pathways involved in energy
metabolism such as fatty acid oxidation, TCA cycle, or
pyruvate fermentation (Table S4). Then, to further char-
acterize the microbial metabolic shift induced by colistin,
we performed metabolomics analysis in the colon con-
tents (Table S5). We observed that colistin reduced the
relative concentration of propionate while it increased
the relative concentration of its precursor succinate
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FIGURE 2 The metabolic activity of the primocolonizing microbiota is altered in neonatal piglets treated with colistin. Piglets were
treated orally from birth to day 7 with colistin (n=16) or water (control group, n=18). (A, B) The functionality of the microbiota was
predicted by inference from 16S rRNA gene amplicon sequences by using PICRUSt2. (A) Principal component analysis (PCA) representing

the predicted functions of the colon microbiota (318 MetaCyc pathways). (B) Relative abundances of selected predicted MetaCyc pathways.

(C-E) The colon metabolome was analyzed by nuclear magnetic resonance (NMR)-based metabolomics. Relative concentrations of short-

chain fatty acids (C), other bacterial metabolites (D), and fucose (E). (A-E) Each dot represents an individual value. (B-E) Boxes extend

from the 25th to the 75th percentiles. Significant differences are represented as ***p <.001, *p <.05 (colistin vs. control).

(3.5-fold increase) (Figure 2C,D). Interestingly, we also
found that colistin reduced the relative concentration of
fucose, which can be released by bacteria from mucins
(Figure 2E). This result was associated with a reduction
of the predicted capacity of the microbiota to degrade fu-
cose in piglets treated with colistin (Table S4). Thus, our
data indicate that the disruption of the primocolonizing
microbiota by colistin led to an altered bacterial metabo-
lism in the colon of neonatal piglets.

3.3 | Disruption of the primocolonizing
microbiota alters epithelial functions
in the colon

Since the microbiota and its metabolites play a key role
in the postnatal development of the intestinal epithelium,

we next analyzed the effects of the disruption of the pri-
mocolonizing microbiota induced by colistin on colon epi-
thelial cells. Histological analysis indicated that epithelial
crypt depth and cell height were similar between piglets
treated or not with colistin (Figure 3A). However, at the
gene expression level, piglets treated with colistin ex-
pressed lower levels of the stem cell marker olfactomedin 4
(OLFM4) and of proliferation cell nuclear antigen (PCNA)
(Figure 3B). Moreover, colistin treatment upregulated
the differentiation marker aquaporin 8 (AQP8) while it
reduced the expression of cystic fibrosis transmembrane
conductance regulator (CFTR) and fatty acid binding
protein 1 (FABP1), indicating an altered phenotype of ab-
sorptive epithelial cells (Figure 3C). The gene expression
of the enterohormone peptide YY (PYY) was higher in
piglets treated with colistin while markers of goblet cells
remained unchanged (Figure 3C). These results suggest
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FIGURE 3 Epithelial gene expression is altered in the colon of neonatal piglets treated with colistin. Piglets were treated orally from

birth to day 7 with colistin (n=16) or water (control group, n=18). (A) Colon sections were stained with Alcian blue and Periodic Acid

Schiff. Representative observation of colon sections (scale bar: 100 pm). Crypt depth and epithelial cell height were measured. (B, C) Gene

expression was analyzed by qPCR in colon epithelial cells. Relative expression of genes involved in epithelium renewal (B) or epithelial

differentiation (C). (A-C) Each dot represents an individual value. Boxes extend from the 25th to the 75th percentiles. Significant differences

are represented as ***p <.001, **p <.01, *p <.05 (colistin vs. control).

that colistin altered the proliferation/differentiation bal-
ance in the colon epithelium of neonatal piglets.

Then, we focused on the epithelial barrier function that
plays a central role in the host-microbiota crosstalk. Piglets
treated with colistin expressed lower levels of genes cod-
ing for the LPS sensors toll-like receptor 4 (TLR4) and LPS
binding protein (LBP) in the colon epithelium (Figure 4A),
while the expression of other components of TLR signaling
remained stable at the mRNA level. The expression of the
antimicrobial peptide lysozyme (LYZ) was reduced in the
colon epithelium of piglets treated with colistin (Figure 4B),
while the expression of other antimicrobial peptides and
cytokines remained unchanged (Figure 4B,C). Among en-
zymes involved in redox defenses, we observed a reduced
expression of the pro-oxidant enzyme NADPH oxidase

1 (NOX1) in the epithelium of piglets treated with colis-
tin (Figure 4D). The expression of genes coding for tight
junction proteins was not changed by colistin treatment
(Figure 4E). Altogether, our results show that the modifica-
tion of the primocolonizing microbiota induced by colistin
was associated with a reduced gene expression of major reg-
ulators of innate defenses in the colon epithelium.

3.4 | Evaluation of the direct effects of
succinate, LPS, and colistin on colon
epithelial cells of newborn piglets

The observed modifications of epithelial functions
upon colistin treatment were most likely due to the
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FIGURE 4 Innateimmune defenses are reduced in the colon epithelium of neonatal piglets treated with colistin. Piglets were treated
from birth to day 7 orally with colistin (n=16) or water (control group, n=18). (A-E) Gene expression was analyzed by qPCR in colon
epithelial cells. Relative expression of genes coding for proteins involved in microbial sensing (A), antimicrobial peptides (B), cytokines (C),
proteins involved in redox homeostasis (D), and tight junctions (E). (A-E) Each dot represents an individual value. Boxes extend from the
25th to the 75th percentiles. Significant differences are represented as **p <.01, *p <.05 (colistin vs. control).

overall disruption of the colon microbiota. However, and10 mM), LPS (0.1, 1, and 10 pg/mL), and colistin (1,
some of these effects might be attributed to (i) an in- 10, and 100 pg/mL) (Figure 5A).

creased exposure to microbiota-derived succinate, or Organoid cell monolayers were fully confluent and
(ii) a reduced exposure to LPS, or (iii) a direct action characterized by a high TEER value (>20000hm.cm?).
of colistin on intestinal epithelial cells. To test these The treatments did not alter the morphology of the cell

three hypotheses, we treated colon organoid cell mon-  monolayers nor the TEER (Figure 5B,C), indicating no
olayers derived from epithelial crypts collected im- modification of the epithelial barrier function. We then
mediately after birth (i.e., before significant microbial evaluated whether succinate, LPS, or colistin altered the
colonization of the pig colon) with succinate (0.1, 1, expression of some genes that were regulated in vivo upon
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FIGURE 5 Succinate, lipopolysaccharide, and colistin do not alter epithelial barrier function in organoid cell monolayers derived from the
colon of newborn piglets. Organoid cell monolayers derived from the colon of newborn piglets (n=5) were treated for 48 h with PBS (negative
control) or succinate (0.1, 1, and 10mM), lipopolysaccharide (LPS—1, 10, and 100ng/uL) or colistin (1, 10, and 100 pg/mL). The transepithelial
electrical resistance (TEER) was measured and gene expression was analyzed by qPCR in cell monolayers 48 h after treatment. (A) Schematic
representation of the experimental design. (B) Representative brightfield microscopic images of organoid cell monolayers 48 h after treatment
with PBS or with the highest concentration tested of succinate, LPS, and colistin (scale bar: 100 pm). (C) TEER. (D) Relative gene expression of
TLR4 and LYZ. (C, D) Each dot represents a value measured in one organoid cell monolayer. Organoid cell monolayers derived from the same
piglet are linked by a dotted line. No significant differences were found for the parameters presented in this figure.

disruption of the primocolonizing microbiota. We found
that the expression levels of TLR4 and LYZ were similar
in all conditions (Figure 5D). Treatments had also no ef-
fect on the gene expression of PYY and PCNA (data not
shown). Thus, our results suggest that the modification of
colon epithelial functions observed in vivo after disruption
of the primocolonizing microbiota is not directly driven
by the exposure to variable levels of succinate or LPS nor
to colistin and rather results from the overall modification
of the microbial environment.

3.5 | Disruption of the primocolonizing
microbiota imprints epithelial stem cells
in the colon

We hypothesized that the modification of the primocolo-
nizing microbiota might have long-term consequences for
intestinal homeostasis through imprinting of epithelial
stem cells. Thus, we cultivated colon organoids derived
from cryopreserved crypt stem cells collected from a sub-
set of control and colistin-treated piglets, selected based
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on their high and low in vivo expression of TLR4 and LYZ,
respectively (n=9/group) (Figure 6A). Organoids were
passaged twice in sterile conditions in order to ensure
the lack of residual microbial stimuli. Colon organoids
from both control and colistin-treated piglets displayed a
typical morphology with budding or spherical morpholo-
gies (Figure 6B). No differences in growth or morphology
were observed between organoids derived from control or
colistin-treated piglets.

We analyzed, in colon organoids after two passages, the
expression of genes whose expressions were modified in
epithelial crypts in vivo by the colistin-induced modifica-
tion of the primocolonizing microbiota. The in vitro gene
expression of LYZ and TLR4 was lower in colon organ-
oids derived from piglets treated with colistin when com-
pared to control piglets as observed in vivo (Figure 6C). In
contrast, the other genes modulated in vivo were found

(A) Oral administration
water or colistin

vYVYvvvw,

Birth Day 7

(B) Control

Cryopreservation of
colon epithelial crypts

%A\SEBJournol

expressed at a similar level in organoids derived from
control or colistin-treated piglets. Thus, our results show
that the modification of the primocolonizing microbiota
induced by colistin in vivo imprinted to some extent stem
cells in the colon epithelium of neonatal piglets.

Finally, in order to explore the mechanisms underlying
the imprinting of epithelial stem cells, we selected three
piglets from the control group with a high expression of
LYZ and three piglets from the colistin group with a low
expression of LYZ. The gene expression of LYZ was ana-
lyzed in the colon organoids derived from these piglets at
two additional passages (Figure 7A). The LYZ expression
profile observed in vivo was maintained in organoids at
each passage (Figure 7B). We hypothesized that the im-
printing of LYZ gene expression involved the trimethyla-
tion of histone H3 lysine 4 (H3K4me3), an epigenetic mark
associated with gene activation. Indeed, a previous study
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FIGURE 6 Colon epithelial stem cells are imprinted in neonatal piglets treated with colistin. Colon organoids were obtained from
cryopreserved epithelial crypts isolated from a subset of piglets treated for 7days with colistin (n=9) or water (n=9). After two passages,
gene expression was analyzed in organoids by qPCR. (A) Schematic representation of the experimental design. (B) Representative brightfield
microscopic images of organoids (scale bar: 500 um). (C) Relative expression levels of genes involved in innate immunity, epithelial renewal,
and differentiation. Each dot represents an individual value. Boxes extend from the 25th to the 75th percentiles. Significant differences are

represented as *p <.05 (colistin vs. control).
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FIGURE 7 The stable imprinting of lysozyme in colon organoids is independent of H3K4me3. Colon organoids derived from a

subset of piglets treated for 7 days with colistin (n=3) or water (n=3) were selected based on their low and high expression of lysozyme
(LYZ), respectively. Organoids cryopreserved after two passages (P2) were thawed and cultured for two additional passages (P3 and P4).
(A) Schematic representation of the experimental design. (B) LYZ gene expression was analyzed by qPCR in colon epithelial crypts and in
organoids at passages P2, P3, and P4. Each dot represents an individual value. Samples derived from the same piglet are linked by a dotted

line. (C) Histone 3 lysine 4 trimethylation (H3K4me3) level was quantified in the LYZ transcription start site (TSS) and in an intronic region

(negative control) by chromatin immunoprecipitation (ChIP)-qPCR. The results were normalized to the level of target DNA measured in the

input sample (non-immunoprecipitated). Dots and bars represent individual and mean values, respectively.

linked abundant H3K4me3 at the promoter of LYZ gene in
cell types expressing high level of this gene.* ChIP-qgPCR
was performed in the organoid lines for which LYZ mRNA
levels were assessed. As expected, H3K4me3 abundance
was higher in the LYZ transcription start site (TSS) when
compared to an intronic region (Figure 7C). However, the
abundance of H3K4me3 in LYZ TSS was similar between
the organoids with high and low LYZ gene expression
derived from control and colistin-treated piglets, respec-
tively. Thus, the imprinting of LYZ in organoid cells in-
volves other epigenetic modifications than H3K4me3.

4 | DISCUSSION

The aim of our study was to evaluate the consequences for
the intestinal epithelium of the depletion of specific gram-
negative bacteria that are transiently dominant in the neo-
natal gut microbiota. For that, we used colistin (Polymyxin
E), which is an antibiotic poorly absorbed in the gut and that

exerts antimicrobial activity through its binding to the LPS
of gram-negative bacteria and which is commonly used in
pigs to treat infection by Enterobacteriaceae.** The specific
depletion of Proteobacteria (mostly Enterobacteriaceae and
Pasteurellaceae) and Fusobacteriota (Fusobacteriacae) in-
duced by colistin in the colon microbiota of neonatal pig-
lets is consistent with the mode of action of this antibiotic
and with other studies in pigs.*® Importantly, colistin did
not reduce the overall microbiota richness and diversity
and did not promote a compensatory bloom of specific bac-
teria, which is in agreement with previous studies in mice
and pigs.***” Thus, our model of neonatal piglets treated
with colistin during the first week of life is suitable to in-
vestigate the consequences for the colon epithelium of the
lack of postnatal colonization of the gut by Proteobacteria
and Fusobacteriota, which are typically transiently domi-
nant (>20%) in the colon of neonatal piglets.48

The depletion of Enterobacteriaceae induced by
colistin was associated with a reduction of the pre-
dicted capacity of the primocolonizing microbiota to
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biosynthesize LPS and enterobactin, which can both trig-
ger epithelial innate immune responses upon sensing by
intestinal epithelial cells.*” Accordingly, the epithelial
expression of the LPS sensors TLR4 and LBP and the
downstream antimicrobial proteins LYZ and NOX1 were
reduced in piglets treated with colistin.”® In agreement
with our results, a study showed that microinjection of
human intestinal organoids with non-pathogenic E. coli
up-regulated TLR signaling and antimicrobial peptide
production.” The reduced expression of the stem cell
and proliferation markers (OLFM4, PNCA) in the colon
of piglets treated with colistin could be linked to the re-
duced TLR4 signaling that was previously shown to pro-
mote epithelial proliferation.”">* The similar crypt depth
between piglets treated or not with colistin suggests that
the lower proliferation rate might be compensated by
increased apoptosis or that the effect at the gene expres-
sion level did not translate yet into morphological mod-
ifications during the short period of treatment (7 days).
Interestingly, mono-colonization of germ-free rats and
pigs by non-pathogenic E. coli also stimulated prolifera-
tion of intestinal epithelial cells.”>>* The Notch pathway
that determines epithelial cell fate is also controlled by
TLR signaling,”® which could explain the regulation of
genes involved in absorptive and secretory functions in
the colon epithelium of neonatal piglets treated with
colistin. We hypothesized that the reduced sensing of
compounds derived from gram-negative bacteria (e.g.,
LPS) could drive the modifications of epithelial gene
expression observed in the colon of piglets treated with
colistin. However, LPS had no effect on TEER and gene
expression in colon organoid cell monolayers derived
from vaginally born neonatal piglets, which could be ex-
plained by the development immediately after birth of
tolerance to LPS by intestinal epithelial cells.”* Accord-
ingly, cell monolayers derived from fetal human organ-
oid were responsive to LPS while cells derived from the
adult intestine were not.*®

The accumulation of succinate in the colon upon dis-
ruption of the primocolonizing gut microbiota by colistin
is in line with previous studies reporting high concentra-
tion of succinate in pigs and in mice treated with antibiot-
ics.”>*® Succinate is a metabolic intermediate in bacterial
synthesis of propionate.”” Accordingly, we also observed
that colistin reduced the propionate concentration in the
colon of piglets. This metabolic shift could be explained by
the depletion of E. coli whose genome encodes enzymes
that decarboxylate succinate to propionate.*® We hypoth-
esized that succinate accumulation could be involved in
the modulation of epithelial functions since this bacterial
metabolite was previously shown to reduce intestinal in-
flammation and epithelial permeability.***° However, we
found no effect of succinate (0.1-10mM) on organoid cell
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monolayers derived from newborn piglets. These results
might be explained by the scarcity of tuft cells in conven-
tional culture condition of intestinal organoids.60 Indeed,
previousstudies showed that tuft cells mediate the effects of
succinate on the gut barrier.”®"%* We also tested whether
the alteration of gene expression in the colon epithelium
could have been driven by a direct effect of colistin since
previous studies showed that other antibiotics altered the
expression of antimicrobial peptides and impaired mito-
chondrial metabolism in epithelial cells.”** However, our
results obtained in organoid cell monolayers suggest that
a direct action of colistin on colon epithelial cells is un-
likely. Although we did not identify a precise molecular
mechanism, the reduction of innate immune responses in
the colon epithelium of colistin-treated piglets probably
involves a reduced exposure to compounds derived from
gram-negative Proteobacteria and Fusobacteriota.

Our experiments in colon organoids revealed that the
disruption of the primocolonizing microbiota induced by
colistin-imprinted intestinal epithelial stem cells. Indeed,
the expression of LYZ and TLR4 remained reduced in or-
ganoids derived from piglets treated with colistin, even
after several passages that ensured the elimination of re-
sidual microbiota-derived compounds. These results are
in line with previous studies showing that tissue-derived
intestinal organoids retained some transcriptomic signa-
tures specific to the gut region®**® and to the disease
state.®”®® In contrast, other studies showed that organoids
derived from germ-free or conventional mice did not re-
tain the transcriptomic differences observed in vivo.**”°
This variable capacity of intestinal organoids to retain
gene expression patterns observed in the tissue of origin
might be related to gene-specific regulations. Indeed, we
observed that organoids derived from colistin-treated pig-
lets did not retain the expression pattern of genes other
than LYZ and TLR4, which suggests that the in vivo ex-
pression pattern of these genes that are not retained in
organoids could require microbial signals (e.g., NOX1,
LBP) or be erased under the influence of the proliferation-
promoting culture medium (e.g., OLFM4, PCNA).

The ability of intestinal organoids to retain some tran-
scriptomic features of their tissue of origin involves epigen-
etic imprinting.”* Since the gut microbiota was previously
shown to alter H3K4me3 in genes involved in antimicro-
bial responses in mouse intestinal epithelial cells’* and
considering that this epigenetic mark of transcriptionally
active chromatin was previously shown to regulate LYZ ex-
pression,*” we hypothesized that this mechanism could be
involved in the imprinting of LYZ in colon stem cells upon
disruption of the primocolonizing microbiota. However, we
found that the stable imprinting of LYZ in organoids was
not linked to the level of H3K4me3 in its promoter region.
Other epigenetic modifications such as DNA methylation
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might, thus, underlie the imprinting of epithelial stem cells
induced by colistin, as demonstrated for the maintenance
of regional identity in human organoids.®

In conclusion, our results show that a disruption of the
neonatal gut microbiota characterized by the depletion
of Proteobacteria and Fusobacteriota altered epithelial
functions notably by reducing epithelial innate immune
defenses. We also demonstrated that disruption of the
neonatal gut microbiota imprinted colon epithelial stem
cells, which could have long-term consequences for intes-
tinal homeostasis since stem cells are long-lived and are
responsible for the constant renewal of the epithelium.
Thus, further experiments will be required to determine
the long-term consequences for the gut barrier of the lack
of neonatal colonization by Proteobacteria and Fusobacte-
riota, notably upon inflammatory or infectious challenges.
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