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ABSTRACT

Several probiotic-derived factors have been identified as effectors of probiotics for exerting
beneficial effects on the host. However, there is a paucity of studies to elucidate mechanisms of
their functions. p40, a secretory protein, is originally isolated from a probiotic bacterium,
Lactobacillus rhamnosus GG. Thus, this study aimed to apply structure-functional analysis to define
the functional peptide of p40 that modulates the epigenetic program in intestinal epithelial cells
for sustained prevention of colitis. In silico analysis revealed that p40 is composed of a signal
peptide (1-28 residues) followed by a coiled-coil domain with uncharacterized function on the
N-terminus, a linker region, and a 3-sheet domain with high homology to CHAP on the C-terminus.
Based on the p40 three-dimensional structure model, two recombinant p40 peptides were gener-
ated, p40N120 (28-120 residues) and p40N180 (28-180 residues) that contain first two and first
three coiled coils, respectively. Compared to full-length p40 (p40F) and p40N180, p40N120 showed
similar or higher effects on up-regulating expression of Setd1b (encoding a methyltransferase),
promoting mono- and trimethylation of histone 3 on lysine 4 (H3K4me1/3), and enhancing Tgfb
gene expression and protein production that leads to SMAD2 phosphorylation in human colonoids
and a mouse colonic epithelial cell line. Furthermore, supplementation with p40F and p40N120 in
early life increased H3K4meT1, Tgfb expression and differentiation of regulatory T cells (Tregs) in the
colon, and mitigated disruption of epithelial barrier and inflammation induced by DSS in adult
mice. This study reveals the structural feature of p40 and identifies a functional peptide of p40 that
could maintain intestinal homeostasis.
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Introduction
microorganisms beneficial to host health, have

The mutualistic relationship between the gut
microbiota and host is established by the contribu-
tion of the host to providing a nutrient-rich envir-
onment for microbial growth and function as well
as the beneficial effects of microbiota on maintain-
ing host health."” Dysregulation of the microbial-
host interactions is a risk factor for, or is
a consequence of several diseases, including
inflammatory bowel disease (IBD)>* and metabolic
disorders.”® Therefore, microbiota-targeting thera-
pies have emerged as potential strategies for disease
prevention and treatment. Probiotics, which are

shown promising beneficial effects in human, ani-
mal and in vitro studies.”® However, the efficacy of
probiotics in clinical applications is poorly
understood.”'? In addition to wide variations in
probiotic strain selection and dosing in probiotic
clinical trials, uncertain clinical outcomes result
from the lack of precision in host variables, includ-
ing their overall health status, gut microbiome pro-
file, and diet,” which may limit probiotic
bioavailability and biopharmacology in the gastro-
intestinal tract. To address these concerns, recent
research has demonstrated a molecular mechanism
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underlying the effects of probiotics: production of
functional factors, which include secretory pro-
ducts and metabolites, and bacterial fractions.>""
Various functions of these factors have been iden-
tified, such as protection of intestinal mucosal bar-
rier, stimulation of anti-inflammatory responses
and inhibition of pro-inflammatory responses.*''
Notably, the use of these functional factors as ther-
apeutic targets has the potential to circumvent the
clinical restrictions of direct probiotic usage.

p40, a secretory protein, was originally isolated
from culture supernatants of a commonly used pro-
biotic bacterium, Lactobacillus rhamnosus GG
(LGG)."” Genes encoding homologues to p40 are
mainly present in L. casei/paracasei/rhamnosus phy-
logenomic groups.'” We have demonstrated several
biological functions of p40, such as transactivation
of epidermal growth factor (EGF) receptor in intest-
inal epithelial cells that mediates the immediate
effects on preserving the intestinal barrier and sti-
mulating protective immunity for ameliorating
experimental colitis in mice."*”"” Our recent work
demonstrated long-lasting effects of p40 on preven-
tion of colitis'® and revealed a significant mechan-
ism of p40 for this effect: p40 supplementation in
early life induces sustained increase in TGFp pro-
duction in intestinal epithelial cells in adult mice,
leading to Treg cell induction and protection against
colitis in adult mice. The sustained effects of p40 on
TGFP production is mediated by stimulating the
expression of a methyltransferase, Setd1p, in intest-
inal epithelial cells."” These findings provide
mechanistic insight for understanding of life-long
health outcomes in humans and animals conferred
by colonization of the gut microbiota during
a critical window of early life.*”

Currently, how bacterium-derived proteins such
as p40 regulate biological processes in host cells are
not fully understood. One potential approach is to
elucidate the structure-functional relationship of
these proteins by using a sequence-based structural
reconstruction model. In addition, the unique
characteristics of short peptides, such as those
with high efficiency of crossing cell membranes
and reaching intracellular targets, give promise
for innovative biotherapies. Here, we applied com-
parative genomic analysis and structure-functional
assays to identify the functional peptide of p40 for
epigenetic modification of intestinal epithelial cells

for the long-lasting effects on prevention of colitis.
By using the accurate protein structure prediction
programs, SWISS-MODEL, Alpha-fold, and
i-TASSER, we have found that p40 is composed
of a coiled-coil domain in the N-terminus and a -
sheet structure in the C-terminus. p40N120 recom-
binant peptide (28-120 aa) containing the first two
alpha helices showed the same or higher regulatory
effects on epigenetic imprint on Tgfb1 in intestinal
epithelial cells, leading to sustained protection
against colitis compared to the full-length p40
(p40F) and p40N180 peptide (28-180 aa) with the
first three alpha helices. These findings suggest that
functional peptides of probiotic-derived factors
may serve as next-generation microbiota-based
therapies for promoting intestinal health.

Materials and methods

Multiple sequence alignment and
three-dimensional structure modeling of p40

By using the published p40 amino acid sequence,'
multiple sequence alignment (MSA) of p40 and
functional protein sequences were verified by the
alignment using ClustalW algorithm in Molecular
Evolutionary Genetics Analysis version 11
(MEGA 11).*! The family of cell wall hydrolase
proteins and CHAP domain-containing proteins
were collected based on high sequence similarity
from NCBI data for MSA. To ensure the reliability
and biological significance of our MSA, a stringent
set of statistical criteria was employed, including
implementing an 80% sequence identity threshold,
utilizing an E-value of le-5 and a bit score thresh-
old of 50 to highlight sequences with significant
alignment, and conservation scores for residue-
level analysis (Supplemental data 1). In addition,
alignment length, coverage, and the presence of
gaps or insertions to ensure alignment quality
were assessed. To avoid redundancy, cluster analy-
sis and prioritized sequences with well-defined
functional annotations were conducted.

Modeling of p40 three-dimensional structure
was performed using three different computational
tools, SWISS-MODEL, Alpha-fold, and i-TASSER.
First, to assess and predict the structure of p40
protein, we analyzed p40 three-dimensional
model using SWISS-MODEL.** This model was



derived from homology modeling of PcsB, a 45
kDa secreted protein from Streptococcus pneumo-
niae sequence (PDB: 4cgk.1), used as a template.”’
Further, p40 protein sequence was then submitted
to Alpha-Fold (https://alphafold.ebi.ac.uk/)** to
predict structure validation. The predicted struc-
ture and function were further curated using dif-
ferent scores generated from i-TASSER (https://
zhanggroup.org/[-TASSER/).”> The structure
selection for i-TASSER was based on C-Score,
RMSD-Score and TM-Score. The alpha helix and
beta sheet motifs and known interacting regions
were visualized using Jmol, an open-source Java
viewer for chemical structures in 3D (http://www.
jmol.org/).

Production of recombinant p40 peptides and
purification of p40F

p40 N-terminal 1-28 residue serves as a signal
sequence for protein secretion. We generated two
recombinant p40 peptides: N-terminal 28-120 resi-
dues (p40N120) with al and a2 and N-terminal 28—
180 residues (p40N180) with al, a2 and a3. Briefly,
genes encoding these two peptides were synthesized
and cloned into pET30a DNA vector carrying an
N-terminal His Tag/thrombin/S Tag/enterokinase
configuration (#69909, MilliporeSigma, St. Louis,
MO) at Nde I and Hind III restriction sites. The
expression plasmids were transformed into E. coli
BL21 (DE3) competent expression cells (#EC0114,
Thermo Fisher Scientific Inc). Recombinant pep-
tides were purified using Ni-IDA column (#PR-
HTK, MoBiTec). Peptides bound to the column
were eluted by using urea buffer.

Lactobacillus rhamnosus GG (LGG) (#53103;
American Type Culture Collection, Manassas,
VA) was cultured in Lactobacillus MRS broth.
According to the published method,'* p40F was
purified from LGG culture supernatant using
UNOsphere S ion ex-change media (#1560113,
Bio-Rad Laboratories, Hercules, CA), eluted
using NaCl containing Tris buffer, and concen-
trated using two centrifugal filter devices with
molecular weight cutoff of 30 and 50 kDa
(EMD Millipore Corporation, Billerica, MA).

Production of p40N120 and p40N180 and p40F
isolation were validated by staining of SDS-gel
using colloidal blue stain kit (#LC6025, Thermo
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Fisher Scientific Inc.) and Western blot analysis
using an anti-p40 antibody. p40N120 and
p40N180 and p40F were saved at —80°C.

Human colonoid culture and treatment

Adult human normal colonic tissues were obtained
through the Vanderbilt Cooperative Human Tissue
Network. As described before,”® crypts were col-
lected and suspended in growth factor reduced
Matrigel  (#356230, Corning Incorporated,
Corning, NY) and overlaid with media
IntestiCult™ Organoid Growth Medium (#¥06010,
STEMCELL Technologies, WA, USA). For colonoid
subculture, colonoids were broken down by vigor-
ously pipetting and cultured as above. All colonoids
became budding at 3-4 days of culture. Colonoid
treatment was performed by supplementing with
p40F, p40N180, or p40N120 at 100 ng/ml in med-
ium for 48 h before stopping experiments.
Colonoids were removed from culture dishes by
using cell recovery solution (354253, Corning), and
collected organoids were fixed in 10% neutral buf-
fered formalin for 20 min followed by embedding in
2% agarose. Agarose plugs containing organoids
were then embedded in paraffin to allow hematox-
ylin and eosin staining and immunostaining.

Cell culture and treatment

Young adult mouse colon (YAMC) epithelial
cell line is a conditional immortalized cell line
generated from immortomice’” harboring ther-
molabile simian virus 40 (SV40) large tumor
antigen (TAg) from a SV40 strain, tsA58.21.
Cell proliferation requires the expression of
SV40 TAg, which is induced by an IFN-y-
inducible H-2Kb promoter at the permissive
temperature (33°C). YAMC cells were main-
tained in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 5 U/mL of
murine IFN-y, 100 U/mL penicillin and strepto-
mycin at 33°C with 5% CO2. Cells were cul-
tured in RPMI 1640 medium containing 1% FBS
and 100 U/mL penicillin and streptomycin as
a serum-starve medium for 18 h at 37°C before
treatment with p40F, p40N180 and p40N120.
RNA and protein samples from cells and culture
supernatants were collected.
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Mouse treatment

All animal work was performed with approval from
the Vanderbilt University Medical Center
Institutional Animal Care and Used committee
following Animal Research: Reporting of In Vivo
Experiments standards. Wild-type C57BL/6]
(000664; Jackson Laboratory, Bar Harbor, ME)
and Foxp3-GFP transgenic mice on a Balb/c back-
ground (006769; Jackson Laboratory) were used for
this study. For each experiment, littermate female
mice grew in the same cage were mated with one
male mouse and were housed until delivery. p40F
and p40N120 were encapsulated in pectin solution
in water (2.0% w/v) at concentrations of 0.5 or 1
ug/hydrogel and coated with zein solution (1.0% w/
v) and CaCl, (0.5% w/v) in 85% ethanol solution, as
described in published paper.'® As negative con-
trols, pectin/zein hydrogels without any p40 pro-
ducts were prepared. Mice in each litter was
supplemented with p40F or p40N120 containing
hydrogels or control hydrogels at the following
dosages: of 0.5 ug/day (postnatal days 2-6), 1.0
pg/day (days 7-13), 1.5 ug/day (days 14-21).

Colitis induction and assessment

Colitis was induced in 8-week-old C57BL/6 mice
by the administration of 3% DSS (molecular weight
36-50 kDa, MP Biomedicals, CA, USA) in drinking
water for 4 days. Mice supplemented with drinking
water were used as control. Paraffin-embedded
Swiss-rolled colon tissue sections were stained
with hematoxylin and eosin for light microscopic
examination to assess colon injury and inflamma-
tion. Samples from the entire colon were examined
by a pathologist blinded to treatment conditions.
A modified combined scoring system®® including
degree of inflammation (scale of 0-3) and crypt
damage (0-4), percentage of area involved by
inflammation (0-4) and crypt damage (0-4), and
depth of inflammation (0-3) was applied for asses-
sing intestinal injury and colitis.

Flow cytometric analysis of differentiation of tregs

The colonic tissues from Foxp3-GFP mice were
prepared for processing single-cell suspensions of
lymphocytes from colonic lamina propria, as

described previously.'® Cells were labeled with
LIVE/DEAD fixable viability dyes (#2443413,
Invitrogen, Waltham, MA) and PE-Cy5-anti-CD4
(#100410, BioLegend, San Diego, CA) at room
temperature. Then, cells were analyzed using
multi-color flow cytometry, a BD LSRII system
(BD Biosciences) to determine the percentage of
GFP (Foxp3 expression) and PE-Cy5.5 (CD4
expression) double positive cells within live cell
population. Each sample contained lymphocytes
from 2 to 3 mice with the same treatment.

The enzyme-linked immunosorbent assay (ELISA)

The level of TGFp in supernatants of cultured
YAMC cells was measured using a mouse TGF-f
ELISA kit (#88-8350-88, Invitrogen), according to
the manufacturer’s instruction. Purified TGFP was
used to generate the standard concentration curve.
Cell numbers were counted at the end of experi-
ments and normalized the cell concentration as 10°
cells/ml culture supernatant. The TGF concentra-
tion was presented as pg/ml.

Quantitative reverse-transcription polymerase
chain reaction (RT-PCR)

Total RNA was isolated from cultured cells, colo-
noids, and colon tissues, using an RNA isolation kit
(Qiagen, Valencia, CA) and was treated with
RNase-free DNase. Reverse transcription was per-
formed using the High-Capacity cDNA Reverse
Transcription kit and the 7300 RT-PCR System
(Applied Biosystems, Foster City, CA). The data
were analyzed using Sequence Detection System
V1.4.0 software. Primers, Setdlb (Mm00616971,
Hs00324585), Tgfbl (MmO01178820, Hs00998133),
TNF (Mm00443259), and IL6 (Mm00446190), KC
(Mm00433859), GAPDH (Mm4352339E,
Hu4310884E) were purchased from Applied
Biosystems. The relative abundance of GAPDH
mRNA was used to normalize levels of the
mRNAs of interest. All complementary DNA sam-
ples were analyzed in duplicates.

Immunofluorescence staining

Paraffin-embedded human colonoid and colon tis-
sue sections were deparaffinized followed by



antigen retrieval by boiling in citrate acid buffer
(#S23045-500, Research products International
Corporation) in a pressure cooker at 105°C
Sections were blocked using 10% goat serum for 1
h at room temperature. Sections were stained with
Z0O-1, H3K4mel, and MPO by incubation with
a rabbit anti-mouse ZO-1 (#61-7300, Invitrogen
Life Technologies) antibody, a rabbit polyclonal
anti-H3K4mel antibody (#5326, Cell Signaling),
and anti-MPO (#MPO-121-FITC, FabGennix
International Incorporated) overnight at 4°C, fol-
lowed by a FITC-labeled goat anti-rabbit IgG
(#111-165-003, Jackson ImmunoResearch) anti-
body or Cy3-labeled anti-mouse (#115-165-003,
Jackson ImmunoResearch) antibody at room tem-
perature for 2 h. Sections were then mounted using
Mounting Medium containing DAPI for nuclear
counter-staining. Slides were scanned using the
Apiro Versa 200 platform or observed using Leica
DM IRB inverted microscope and images were
recorded using an Echo/Revolve (CD230RevA)
camera.

Western blot analysis

To harvest protein lysates, cell pellets were solubi-
lized in cell lysis buffer containing 1% Triton X-100
(#18787, Sigma-Aldrich, St Louis, MO), 50 mmol/
L Tris (pH 7.4), 1 mmol/L EDTA, 150 mmol/L
NaCl, and a protease and phosphatase inhibitor
mixture (#PPC2020, Sigma-Aldrich), to obtain
total cellular lysates. The protein contents of lysates
were determined by BCA protein assay. The lysates
were mixed with Laemmli sample buffer
(#1610737, Bio-Rad, CA, USA), and equal amounts
of protein were loaded. Proteins in the lysates were
resolved by SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes. Western blot ana-
lysis was performed using anti-total SMAD2 (5339;
Cell Signaling Technology), anti-phospho-SMAD2
(3108; Cell Signaling Technology), anti-H3K4me3
(#9751S, Cell Signaling Technology), anti-
H3K4mel (#5326S, Cell Signaling Technology)
and anti-histone 3 (#9715S, Cell Signaling
Technology), and anti-B-actin (#A2228, Sigma-
Aldrich) antibodies. The band density was mea-
sured using the Image] (National Institutes of
Health, Bethesda, MD) processing program. The
relative band density by a specific antibody was

GUT MICROBES 5

calculated by comparing it with the p-actin band
from the same sample. The relative band density in
the control group was set as 1. The density fold
change was obtained by comparing the relative
band density in the treatment group with that in
the control group.

Statistical analysis

Statistical significance was determined by One-way
Anova analysis of variance for multiple compari-
sons and the t-test for comparing data from two
samples using Prism 9.0 (GraphPad Software, Inc,
San Diego, CA). A P value less than 0.05 was
defined as statistically significant. All data are pre-
sented as means + SD. Results from in vitro studies
shown in this manuscript represent data from at
least three independent experiments. Data from all
mice in this study were included in the analysis.

Results

The three-dimensional model of p40 and generation
of recombinant p40 peptides

The structure of biomolecules, particularly the
three-dimensional structure of proteins, can pro-
vide crucial information connecting the genomic
sequence to its corresponding unique functions.
p40 originally purified from LGG culture super-
natant is a 412 amino acid secretory protein.'?
Domain analysis using the NCBI Conserved
Domain Database®” indicated that the p40
N-terminal region (1-263 residues) is an unchar-
acterized domain with unknown function and the
C-terminal region (303-390 residues) exhibits high
homology to cysteine, histidine-dependent amido-
hydrolase/peptidase (CHAP). Consistent with this,
several reports have shown that p40 has hydrolase
and muramidase activities.'>>%?"

Next, a computational tool, Molecular
Evolutionary Genetics Analysis 11 (MEGA 11)
was employed for MSA of p40 N-terminal 1-302
residues with unknown function. The MSA results
showed that the initial 28 amino acids are the
characteristic secretory signal sequence motif,
thus were predicted to code for a signal peptide.
This signal peptide is highly conserved in the cell
wall hydrolase and CHAP domain-containing
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protein family. The p40 amino acid sequence was
found to have a high degree of structural homology
among the Lacticaseibacillus genus (Figure 1a). The
conserved sequences and motif annotation showed
that the sequence from 187 to 261 belongs to ATP
synthase subunit D (PF01813).

The in silico analyses including SWISS-MODEL,
Alpha-fold, and i-TASSER were applied to predict
the three-dimensional model of p40 from the pro-
tein sequence. The overall structure describes the
94.60% Ramachandran-favored area, indicating the
robustness of the three-dimensional structure pre-
diction for p40. Consistent with multiple sequen-
cing alignment results, the p40 N-terminal 1-28
residues represent a signal sequence for protein
secretion. p40 is composed of three distinct
regions: a coiled coil domain in the N-terminus,
a B sheet structure in the C-terminus, and a linker
region connecting the N- and C-terminus
(Figure 1b). The N-terminal coiled coil domain
contains seven helices, three long helices (al, a3
and a4) and four short helices (a2, a5, a6 and a7).
The linker region is composed of an alanine-rich
region. It is anticipated with a high level of con-
fidence that p40 C-terminal residues (Ser302-
Gly389), having high homology to the CHAP
domain, may fold into a B sheet structure.

This structure encapsulates the key features of
the protein, enabling a comprehensive understand-
ing of its structural characteristics and potential
functional implications. To ensure accessibility,
the predicted three-dimensional structure of p40
was shown in a machine-readable format.
Specifically, we have formatted the structure
according to the industry-standard Protein Data
Bank (PDB) format. This format allows for the
accurate representation of atomic coordinates,
annotations, and relevant metadata associated
with the protein structure (Supplemental data 2).

The first three alpha helices are arranged with the
first alpha helix (residues Lys46-GIln112) connecting
to the second and third alpha helices (residues
Thr141-Ile211) through a linker { sheet region (resi-
dues Lys113-Ser120 and Ser131-Arg140) (Figure 1b).
Functional annotation using the GenomeNet (https://
www.genome.jp/tools-bin/search_motif_lib) indi-
cated that the N-terminal region of p40 protein is
functionally active. However, this region strongly dis-
plays as domain of unknown function (DUE),

including DUF881 ranging between 8 and 94 residues
and DUF1951 between 100 and 118 residues. Based
on these findings, we generated two His-tagged p40
recombinant peptides, p40N120 (28-120 residues)
with al and a2 and p40N180 (28-180 residues)
with al, a2, and a3 Figure 2(a,b). Full-length p40
(p40F) purified from LGG culture supernatant as
previously reported'> was used as a control.
p40N120 and p40N180 migrated as apparent mole-
cular masses of 12 kDa and 18 kDa in the SDS-PAGE
gel, respectively, and were recognized by an anti-p40
antibody (Figure 2c).

p40N120 is sufficient to stimulate epigenetic
program in intestinal epithelial cells by using
in vitro assays

We have shown that p40 promotes sustained TGFf
production in intestinal epithelial cells through epi-
genetic modification, specifically, upregulation of
expression of Setd1f, a methyltransferase for assem-
bly and regulation of histone H3 on the lysine 4
mono- and trimethylation (H3K4mel/3)."” To study
the roles of p40 peptides, we first performed in vitro
analysis using young adult mouse colonic (YAMC)
epithelial cells to determine the effects of p40 peptides
on epigenetic modification. Expression of Setd1b was
significantly upregulated in YAMC cells following
p40F, p40N180, and p40N120 treatment in concen-
tration-dependent manner (Figure 3a). Furthermore,
the increase in Setdlb was corresponded to an
increase in H3K4mel and H3K4me3 in YAMC cells
after treatment with p40F, p40N180 and p40N120, as
determined by Western blot analysis (Figure 3b). One
target of the p40-regulated epigenetic program in
intestinal epithelial cells is the Tgfb1 locus promoting
a transcriptionally permissive chromatin state driving
gene expression.19 p40F, p40N180 and p40N120 sig-
nificantly stimulated Tgfb1 gene expression in YAMC
cells (Figure 3c) that corresponded to an increase in
TGFp protein in YAMC culture supernatants
(Figure 3d) and activated SMAD2, a TGEF-
regulated target (Figure 3e).

Using a relevant translational system, we evalu-
ated the effects of p40 peptides in a human colo-
noid culture system (Figure 4a). Similar to
observations in YAMC cells, p40F, p40N180 and
p40N120 significantly up-regulated SETDIB
(Figure 4b) and increased H3K4mel positive cells
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Figure 1. Multiple sequencing alignment and three-dimensional structure of p40. (a) multiple sequencing alignment of p40
N-terminal 1-302 residues was performed using MEGA 11. Structural homology was found among Lacticaseibacillus genus.
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structure of p40 protein predicted by using SWISS-MODEL, alpha-fold, and i-TASSER.
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Figure 2. Generation of recombinant p40 peptides. (a) amino acid sequences of p40N120 and p40N180. (b)pET30a DNA vector used to
synthesize recombinant p40 peptides. (c) p40F, p40N180 and p40N120 were separated by SDS-PAGE and stained with Colloidal blue
staining kit and were analyzed by Western blot analysis using an anti-p40 antibody.

(Figures 4(c,d)) as well as TGFBI gene expression
(Figure 4e). This finding indicates that the
p40N120 peptide is sufficient to stimulate this epi-
genetic program in intestinal epithelial cells and
likely contains the functional domain of p40.

p40N120 has long-lasting effects on TGFf3
production and Treg differentiation in mice

We next examined the long-lasting effects of
p40N120 on TGFp production in vivo. Forkhead
box P (Foxp)3-green fluorescent protein (GFP) pups
received p40F and p40N120 daily from postnatal day
2 to 21 and mice were euthanized at 8 weeks. We then
quantified H3K4mel levels in colonic epithelial cells
of mice by immunostaining and found a sustained
increase in H3K4mel in adult mice receiving p40F
and p40N120 supplementation early in life (Figure 5
(a,b)). Remarkably, neonatal p40F and p40N120 sup-
plementation induced long-lasting effects on increas-
ing Tgfbl gene expression in the colonic tissues of
adult mice (Figure 5¢). TGFp is known to promote
the induction of intestinal Treg cells and represents
one mechanisms through which the gut microbiota
contributes to maintaining intestinal homeostasis.>
Therefore, we examined Treg cells induction by flow
cytometric analysis of CD4"FOXP3" cells in the

colonic lamina propria of adult Foxp3ES™" mice.
Neonatal p40F and p40N120 supplementation
induced sustained increase in Treg cells in the colonic
lamina propria (Figure 5(d,e)). As compared to neo-
natal p40F supplementation, neonatal p40N120 sup-
plementation showed significant higher effects on
H3K4mel (Figure 5b) and Tgfbl gene expression
(Figure 5c¢), but not Treg expansion in colonic tissues
(p > .05, Figure 5(d,e)). This raises the possibility that
p40N120 is sufficient to elicit the same or higher level
of the long-lasting effect on Treg cell induction in the
intestine as compared to p40F.

Neonatal p40N120 supplementation ameliorates
DSS-induced colonic injury/inflammation in adult
mice

C57BL/6 pups received p40F or p40N120 from
postnatal day 2 to 21. At 8 weeks of age, mice were
administered 3% DSS in the drinking water for 4 days
to induce acute injury/inflammation in the colon.
DSS-induced colitis in mice with colon ulceration,
crypt damage, and inflammatory cell infiltration
(score: 10.40 + 0.68), which was mitigated by neona-
tal supplementation with p40F (6.6 £0.75, p <.05)
and p40N120 (4.2+1.0, p<.05) (Figure 6(a,b)).
Neutrophil-myeloperoxidase (MPO) is an abundant
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Figure 3. p40N120 upregulates epigenetic program in mouse intest

inal epithelial cells in vitro. YAMC cells were treated with p40F,

p40N180 and p40N120 at 10 or 50 ng/ml for 4 (a, ¢, d) or 2 (b, d) hours or TGF( at 10 ng/ml for 15 minutes (e). (a, c) RNA was isolated
from cells for RT-PCR analysis of Setd7b and Tgfb1 mRNA levels. Setd1b and Tgfb7 mRNA expression levels in control groups were set as
1. (b, e) total cellular proteins were prepared from YAMC cells for Western blot analysis using indicated antibodies. B-actin blot was
used as the protein loading control. The fold changes of band intensities compared to B-actin in the same sample are shown under the
blot. (d) YAMC cell culture supernatants were collected for measuring the amount of TGFp release using ELISA. TGF( concentration is
presented in picograms per milliliter. **p < .001, *p < .01 compared the control group. *p < .01 compared to the p40F group. In 4, C,
and D, each symbol represents data from one independent experiment. In B, lanes were run on the same gel but were noncontiguous,
as indicated by the white lines. P-SMAD2: phosphorylated; T-SMAD2: total SMAD?2.

enzyme that catalyzes the production of reactive oxy-
gen species and are biomarkers of oxidative damage
that is increased in the intestinal mucosa of patients
with ulcerative colitis. Colonic MPO was assessed by
immunostaining. Adult mice that received p40F and
p40N120 supplementation in early life exhibited
tewer MPO positive cells compared to mice given
DSS without supplementation (Figure 6¢). DSS sti-
mulated expression of proinflammatory cytokines
including tumor necrosis factor (TNF), interleukin-
6 (IL-6), and keratinocyte chemoattractant (KC) were
significantly reduced in the colon of mice treated as
neonates with p40F and p40N120 supplementation
(Figure 6d). DSS-induced colitis was characterized by
disruption of the intestinal epithelial integrity visua-
lized by the distribution of the tight junctional protein

zonula occludens-1 (ZO-1) via immunostaining.
Neonatal p40F and p40N120 supplementation pre-
vented DSS-induced redistribution of ZO-1 from the
apical tight junction complex to the cytoplasm of
colon epithelial cells in adult mice (Figure 6e).
Collectively, these data suggest that p40 peptide con-
taining residues 28-120 harbor the functional
domain essential for sustained TGFp production
and Treg cell induction that promotes long-lasting
effects toward preventing experimental colitis in
mice.

Discussion

Production of functional factors by probiotics is an
emerging strategy to exert beneficial effects on the
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Figure 4. p40N120 stimulated epigenetic responses in human intestinal epithelial cells. Human colonoids were treated with p40F,
p40N180 or p40N120 at 100 ng/ml for 48 hours. (a) colonoids were fixed and stained with hematoxylin and eosin. (b, €) RNA was
isolated from colonoids for RT-PCR analysis of the levels of SETD1b and TGFbT mRNA. Expression levels of SETD1b and TGFbT mRNA in
control groups were set as 1. The mRNA expression levels of treatment groups were compared to the control group. (c, d) colonoid
sections were stained using anti-H3K4me1 antibody and Cy3-labeled secondary antibody (red). Nuclei were stained with DAPI (blue).
% of H3K4me1 positive cells is shown. **p < .001, *p < .01 compared the control group. *p < .01 compared to the p40F group. Each
symbol represents data from one independent colonoid culture experiment.

host.>'! To advance the mechanistic knowledge
and enable broad application of these functional
factors, it is crucial to elucidate the structure-
functional relationship of these functional factors.
However, experimental strategies to obtain three-
dimensional structures of bacterial-derived pro-
teins are challenging. Newer powerful computa-
tional tools such as SWISS-MODEL, Alpha-fold,
and i-TASSER used in this study make it possible
to derive probable structural information with high

accuracy from the genomic sequences. Remarkably,
the three-dimensional model of p40 generated by
this approach shows high similarity to the crystal
structure of a Streptococcus pneumoniae-derived
protein, PscB,>> which has high sequence homology
to p40. PscB has been reported to be composed of
three distinct regions, a coiled coil (41-266 resi-
dues), a linker region (267-278 residues) and
a CHAP domain (279-392 residues).”> The coiled
coil domain of PscB is arranged in five helices, three
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Figure 5. p40N120 supplementation in early life promotes TGFf production and Treg differentiation in the lamina propria of the colon
in adult mice. Foxp3-GFP mice were treated with p40F or p40N120 from postnatal day 2 to day 21. Mice were euthanized at the age of
8 weeks. Paraffin-embedded colon tissues were used to determine H3K4mel expression by immunohistochemistry using anti-
H3K4me1 antibody and Cy3-labeled secondary antibody (red). Nuclei were stained with DAPI (blue). Images were taken using
fluorescent microscope at 40X. (b) the number of H3K4me?1 positive cells per crypt is shown. (c) RNA was isolated from the colonic
tissues for RT-PCR analysis of the Tgfb7 mRNA expression levels. (d) lymphocytes were isolated from the lamina propria of the colon.
Representative counter plot of Foxp3 and CD4 are shown. (e) the percentages of CD4™ Foxp3™ cells in total lymphocytes were shown.
**p < 001, *p < .01 compared the control group. *p < .01 compared the p40F group. Each symbol represents data from one mouse

(b and c) or from 2-3 mice (e).

long helices (al, a3 and a4) composed of 66, 73 and
41 residues, respectively, and two short helices (a2
and a5).” Further, PcsB adopts a dimeric
structure.”> Our structural model also predicted
that p40 is present as a tetramer protein.
Therefore, the PscB model from the crystal struc-
tural studies supports the p40 structural model iden-
tified by this work.

The structure-based findings from this work
provide insights into understanding the mechan-
isms of the action of p40. For example, the coiled-
coil structure is known to facilitate dimerization of
DNA-binding transcriptional factors.”> Our LC-
MS-MS proteomic analysis showed that p40 iso-
lated from LGG culture supernatant was co-

immunoprecipitated with Max, Mga, and myosin
9 and 10 from YAMC cells. Max and Mga are
transcriptional factors and the dimerization of
Mga and Max is required for their transcriptional
activities. Then, we generated His-tagged p40F. We
further verified that Max and Mga in YAMC cells
were co-precipitated with p40N and p40N120 by
Western blot analysis (Supplemental Figure S1A).
Importantly p40F and p40N120 promoted the
Mga:Max dimerization (Supplemental Figure
S1B). This finding strongly suggests that p40 inter-
acts with the Mga:Max complex to stimulate gene
expression. p40 may directly interact with both
Mga and Max, or with Max or Mga. The endpoint
of this interaction is to enhance the Mga:Max
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Figure 6. Neonatal p40N120 supplementation prevents colitis in adult mice. Wild-type C57BL/6J mice were treated with p40F or
p40N120 from postnatal day 2 to day 21. Colitis was induced by 3% DSS in drinking water for 4 days in mice at the age of 8 weeks.
Mice receiving water were used as controls for DSS treatment. (a) colon sections were stained with hematoxylin and eosin for
assessment of inflammation. (b) the inflammation/injury scores are shown. (c, e) MPO expression (yellow arrows) and ZO-1 localization
(white arrows) in colonic sections were evaluated by immunohistochemistry using anti-MPO and anti-ZO-1 antibodies, respectively,
followed by a FITC-labelled secondary antibody (green). Nuclei were stained with DAPI (blue). (d) RNA was isolated from the colonic
tissues for RT-PCR analysis of the indicated proinflammatory cytokine mRNA levels. The average of mRNA expression levels in the
control mice was set as 100%, and the mRNA expression level of each mouse was compared to this average. *p < .05 compared to the
control mice. *p < .05 compared to the DSS control group. Each symbol in B and C represents data from one mouse. In D and E, images
represent data from 5 mice in each group.

dimerization. The helix structure of p40 may be The structure-functional studies in this work first
responsible for the interaction between p40 and the  reveal the functional peptide of a probiotic-derived
Mga:Max complex, particularly, al and a2 helix in  factor for upregulating TGFf production and stimu-
p40N120. Our future works will be focused on  lating TGFp signaling in intestinal epithelial cells.
elucidating the role of p40-regulated Mga:Max  These findings open a new avenue for probiotic
dimerization in Setd1{ gene expression. application because activation of TGFp signaling



plays multiple roles in health, including protection of
the intestinal epithelium against insults and suppres-
sing inflammation by the induction of Treg cells.”*"’
It has been reported that Limosilactobacillus mucosae
showed greater efficacy than Lactobacillus amylovorus
in alleviating DSS-induced colonic inflammation,
which was coordinated with TGFp production and
serotonin receptors in the colon. This finding suggests
that regulation of TGFp may be one of the most
important mechanisms underlying the probiotic
effects of lactobacilli in gut inflammation.’® TGFB
signaling has been shown to be highly related to
IBD. The locus encoding SMAD3, an effector of
TGFP signaling, is associated with IBD
susceptibility.”® Blocking TGFB signaling by
a negative regulator, SMAD7, has been shown to
increase the chronic production of proinflammatory
cytokines and increase in SMAD?7 has been found in
Crohn’s disease patients.*” Further, a randomized,
double-blind clinical trial has revealed that treatment
with an antisense oligodeoxynucleotide against the
Smad7 mRNA transcript leads to endoscopic
improvement and remission in patients with
Crohn’s disease.' Therefore, the finding that
p40N120 stimulates TGFp production supports the
significant clinical potential of p40N120 as a potential
IBD therapeutic. Further, application of probiotic-
derived factors could bypass the limitations of clinical
application of probiotics, such as uncertain bioavail-
ability and biopharmacology of probiotics in the
human gastrointestinal tract. The functional peptides
of probiotic functional factors may exhibit more prio-
rities, such as efficacy of absorption by host cells and
stability in the gastrointestinal tract.

There are several limitations of this study.
p40N120 (28-120 residues) containing the first
two coiled coils exerts the similar sustained anti-
inflammatory effect as p40F. We cannot exclude
the possibility that the functional domain may be
a shorter peptide within the 28-120 residues of
p40. Future studies will utilize a reductionist
approach to further define the minimal regions
such as the first or the second coiled coil contain-
ing peptide for biological functions. Currently,
there are no animal models that precisely repre-
sent the pathology of patients with IBD. The
colitis model used in the current study was lim-
ited to the well-established DSS model with colo-
nic injury and acute colitis. Additional research
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will elucidate the role of p40F and functional
peptides in various inflammatory models, such
as 2,4,6-Trinitrobenzenesulfonic acid (TNBS)-
induced Thl-driven colitis and oxazolone-
induced Th2 driven colitis. In addition, other
delivery systems that could increase the efficacy
of p40 and peptides delivered to the colon and
protect their bioactivity are worthy to be investi-
gated. Although we found the p40F and p40N120
stimulated epigenetic responses in normal human
intestinal epithelial cells, the insights into their
effects on human colonoids from IBD patients
remain limited.

In summary, our findings demonstrate that
p40N120 containing the coiled coil structure
serves as a functional peptide to perform the
same function as full length of p40 for upregulat-
ing expression of a methyltransferase Setd1b for
sustained TGFP production and Treg differentia-
tion in the colon, which likely contributes to
a long-lasting protective response against intest-
inal injury and inflammation. Therefore, the p40
functional peptide has the potential for nutri-
tional and clinical application for maintaining
intestinal health.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Institutes of Health
(NIH) grants ROIDK081134 (F.Y.), 5K01DK123495 (S.P.S),
R03DK123489 (J.A.G.), R01DK58587, R01CA77955, and
P01CA116087 (R.M.P.), RC2 DK118640 (S.A.A), and core
services performed through Vanderbilt University Medical
Center’s Digestive Disease Research Center supported by
NIH grant [P30DK058404].

ORCID

Fang Yan (]») http://orcid.org/0000-0003-4959-2433

Data availability statement

The authors confirm that the data supporting the findings of
this study are available within the article.



14 H. KAUR ET AL.

References

1.

10.

11.

12.

The Human Microbiome Project Consortium.
Structure, function and diversity of the healthy human
microbiome. Nature. 2012;486:207-214 doi:10.1038/
naturel1234.

Lloyd-Price ], Abu-Ali G, Huttenhower C. The healthy
human microbiome. Genome Med. 2016;8(1):51.
doi:10.1186/513073-016-0307-y.

Frank DN, St Amand AL, Feldman RA,
Boedeker EC, Harpaz N, Pace NR. Molecular-
phylogenetic characterization of microbial commu-
nity imbalances in human inflammatory bowel
diseases. Proc Natl Acad Sci USA. 2007;104
(34):13780-13785. doi:10.1073/pnas.0706625104.
Yilmaz B, Juillerat P, Oyas O, Ramon C, Bravo FD,
Franc Y, Fournier N, Michetti P, Mueller C,
Geuking M, et al. Microbial network disturbances in
relapsing refractory Crohn’s disease. Nat Med. 2019;25
(2):323-336. d0i:10.1038/s41591-018-0308-z.
Qin],LiY, Cai Z, LiS, Zhu ], Zhang F, Liang S, Zhang W,
Guan Y, Shen D, et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature.
2012;490(7418):55-60. doi:10.1038/nature11450.
Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL,
Duncan A, Ley RE, Sogin ML, Jones W], Roe BA,
Affourtit JP, et al. A core gut microbiome in obese
and lean twins. Nature. 2009;457(7228):480-484.
doi:10.1038/nature07540.

Suez ], Zmora N, Segal E, Elinav E. The pros, cons, and
many unknowns of probiotics. Nat Med. 2019;25
(5):716-729. d0i:10.1038/541591-019-0439-x.

Yan F, Polk DB. Probiotics and probiotic-derived func-
tional factors-mechanistic insights into applications for
intestinal homeostasis. Front Immunol. 2020;11:1428.
doi:10.3389/fimmu.2020.01428.

Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ,
Pot B, Morelli L, Canani RB, Flint HJ, Salminen S, et al.
Expert consensus document. The international scienti-
fic association for probiotics and prebiotics consensus
statement on the scope and appropriate use of the term
probiotic. Nat Rev Gastroenterol Hepatol. 2014;11
(8):506-514. doi:10.1038/nrgastro.2014.66.
Lichtenstein L, Avni-Biron I, Ben-Bassat O. Probiotics
and prebiotics in Crohn’s disease therapies. Best Pract
Res Clin Gastroenterol. 2016;30(1):81-88. doi:10.1016/
j.bpg.2016.02.002.

Kaur H, Ali SA, Yan F. Interactions between the gut
microbiota-derived functional factors and intestinal
epithelial cells - implication in the microbiota-host
mutualism. Front Immunol. 2022;13:1006081. doi:10.
3389/fimmu.2022.1006081.

Yan F, Cao H, Cover TL, Whitehead R,
Washington MK, Polk DB. Soluble proteins produced
by probiotic bacteria regulate intestinal epithelial cell
survival and growth. Gastroenterology. 2007;132
(2):562-575. doi:10.1053/j.gastro.2006.11.022.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bauerl C, Abitayeva G, Sosa-Carrillo S, Mencher-Beltran
A, Navarro-Lleo N, Coll-Marques JM, Zuiiga-Cabrera
M, Shaikhin S, Pérez-Martinez G. P40 and P75 are sin-
gular present in the
Lactobacillus casei/paracasei/rhamnosus taxon. Front
Microbiol. 2019;10:1420. doi:10.3389/fmicb.2019.01420.
Wang L, Cao H, Liu L, Wang B, Walker WA, Acra SA,
Yan F. Activation of epidermal growth factor receptor
mediates mucin production stimulated by p40,
a Lactobacillus rhamnosus GG-derived protein. ] Biol
Chem. 2014;289:20234-20244. doi:10.1074/jbc.M114.
553800.

Wang Y, Liu L, Moore DJ, Shen X, Peek RM, Acra SA,
Li H, Ren X, Polk DB, Yan F, et al. An LGG-derived
protein promotes IgA production through upregulation
of APRIL expression in intestinal epithelial cells. Mucosal
Immunol. 2017;10(2):373-384. doi:10.1038/mi.2016.57.
Yan F, Cao H, Cover TL, Washington MK, ShiY, Liu L,
Chaturvedi R, Peek RM, Wilson KT, Polk DB. Colon-
specific delivery of a probiotic-derived soluble protein
ameliorates intestinal inflammation in mice through an
EGFR-dependent mechanism. J Clin Invest. 2011;121
(6):2242-2253. d0i:10.1172/JCI44031.

Yan F, Liu L, Dempsey PJ], Tsai YH, Raines EW,
Wilson CL, Cao H, Cao Z, Liu L, Polk DB, et al.
A Lactobacillus rhamnosus GG-derived soluble pro-
tein, p40, stimulates ligand release from intestinal
epithelial cells to transactivate epidermal growth factor
receptor. J Biol Chem. 2013;288(42):30742-30751.
doi:10.1074/jbc.M113.492397.

Shen X, Liu L, Peek RM, Acra SA, Moore DJ,
Wilson KT, He F, Polk DB, Yan F. Supplementation
of p40, a Lactobacillus rhamnosus GG-derived protein,
in early life promotes epidermal growth factor
receptor-dependent intestinal development and
long-term health outcomes. Mucosal Immunol.
2018;11:1316-1328. d0i:10.1038/s41385-018-0034-3.
Deng Y, McDonald OG, Means AL, Peek RM Jr,,
Washington MK, Acra SA, Polk DB, Yan F. Exposure
to p40 in early life prevents intestinal inflammation in
adulthood through inducing a long-lasting epigenetic
imprint on TGFp. Cell Mol Gastroenterol Hepatol.
2021;11:1327-1345. doi:10.1016/j.jcmgh.2021.01.004.
Tamburini S, Shen N, Wu HC, Clemente JC. The
microbiome in early life: implications for health
outcomes. Nat Med. 2016;22(7):713-722. doi:10.1038/
nm.4142.

Tamura K, Stecher G, Kumar S, Battistuzzi FU.
MEGA11: molecular evolutionary genetics analysis
Version 11. Mol Biol Evol. 2021;38(7):3022-3027.
doi:10.1093/molbev/msab120.

Waterhouse A, Bertoni M, Bienert S, Studer G,
Tauriello G, Gumienny R, Heer FT, de Beer TA,
Rempfer C, Bordoli L, et al. SWISS-MODEL: homology
modelling of protein structures and complexes. Nucleic
Acids Res. 2018;46(W1):W296-W303. doi:10.1093/nar/
gky427.

functional muramidases


https://doi.org/10.1038/nature11234
https://doi.org/10.1038/nature11234
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.1073/pnas.0706625104
https://doi.org/10.1038/s41591-018-0308-z
https://doi.org/10.1038/nature11450
https://doi.org/10.1038/nature07540
https://doi.org/10.1038/s41591-019-0439-x
https://doi.org/10.3389/fimmu.2020.01428
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1016/j.bpg.2016.02.002
https://doi.org/10.1016/j.bpg.2016.02.002
https://doi.org/10.3389/fimmu.2022.1006081
https://doi.org/10.3389/fimmu.2022.1006081
https://doi.org/10.1053/j.gastro.2006.11.022
https://doi.org/10.3389/fmicb.2019.01420
https://doi.org/10.1074/jbc.M114.553800
https://doi.org/10.1074/jbc.M114.553800
https://doi.org/10.1038/mi.2016.57
https://doi.org/10.1172/JCI44031
https://doi.org/10.1074/jbc.M113.492397
https://doi.org/10.1038/s41385-018-0034-3
https://doi.org/10.1016/j.jcmgh.2021.01.004
https://doi.org/10.1038/nm.4142
https://doi.org/10.1038/nm.4142
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bartual SG, Straume D, Stamsas GA, Munoz IG,
Alfonso C, Martinez-Ripoll M, Héavarstein LS,
Hermoso JA. Structural basis of PcsB-mediated cell
separation in Streptococcus pneumoniae. Nat
Commun. 2014;5:3842. doi:10.1038/ncomms4842.
Jumper ], Evans R, Pritzel A, Green T, Figurnov M,
Ronneberger O, Tunyasuvunakool K, Bates R, Zidek A,
Potapenko A, et al. Highly accurate protein structure
prediction with AlphaFold. Nature. 2021;596
(7873):583-589. doi:10.1038/s41586-021-03819-2.

Roy A, Yang ], Zhang Y. COFACTOR: an accurate
comparative algorithm for structure-based protein
function annotation. Nucleic Acids Res. 2012;40(W1):
W471-7. doi:10.1093/nar/gks372.

Short SP, Pilat JM, Barrett CW, Reddy VK,
Haberman Y, Hendren JR, Marsh BJ, Keating CE,
Motley AK, Hill KE, et al. Colonic epithelial-derived
selenoprotein P is the source for antioxidant-mediated
protection in colitis-associated Cancer.
Gastroenterology. 2021;160:1694-708 e3. doi:10.1053/
j.gastro.2020.12.059.

Whitehead RH, VanEeden PE, Noble MD, Ataliotis P,
Jat PS. Establishment of conditionally immortalized
epithelial cell lines from both colon and small intestine of
adult H-2Kb-tsA58 transgenic mice. Proc Natl Acad Sci
USA. 1993;90(2):587-591. doi:10.1073/pnas.90.2.587.
Kennedy RJ, Hoper M, Deodhar K, Erwin PJ, Kirk S]J,
Gardiner KR. Interleukin 10-deficient colitis: new simi-
larities to human inflammatory bowel disease. Br
J Surg. 2000;87:1346-1351. doi:10.1046/j.1365-2168.
2000.01615.x.

Yang M, Derbyshire MK, Yamashita RA, Marchler-
Bauer A. NCBI’s conserved domain database and tools
for protein domain analysis. Curr Protoc
Bioinformatics. 2020;69:€90. doi:10.1002/cpbi.90.
Bauerl C, Perez-Martinez G, Yan F, Polk DB, Monedero V.
Functional analysis of the p40 and p75 proteins from
Lactobacillus casei BL23. ] Mol Microbiol Biotechnol.
2010;19(4):231-241. doi:10.1159/000322233.

Claes IJ, Schoofs G, Regulski K, Courtin P, Chapot-
Chartier MP, Rolain T, Hols P, von Ossowski I,
Reunanen J, de Vos WM, et al. Genetic and biochemical
characterization of the cell wall hydrolase activity of the
major secreted protein of Lactobacillus rhamnosus GG.
PloS One. 2012;7(2):e31588. doi:10.1371/journal.pone.
0031588.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

GUT MICROBES (&) 15

Ganal SC, Sanos SL, Kallfass C, Oberle K, Johner C,
Kirschning C, Lienenklaus S, Weiss S, Staeheli P,
Aichele P, et al. Priming of natural killer cells by
nonmucosal phagocytes
instructive signals from commensal microbiota.
Immunity. 2012;37(1):171-186. doi:10.1016/j.immuni.
2012.05.020.

Matityahu A, Onn L. A new twist in the coil: functions
of the coiled-coil domain of structural maintenance of
chromosome (SMC) proteins. Curr Genet. 2018;64
(1):109-116. doi:10.1007/s00294-017-0735-2.

Chen W, Ten Dijke P. Immunoregulation by members
of the TGFbeta superfamily. Nat Rev Immunol.
2016;16:723-740. d0i:10.1038/nri.2016.112.

Gorelik L, Flavell RA. Transforming growth factor-beta
in T-cell biology. Nat Rev Immunol. 2002;2:46-53.
doi:10.1038/nri704.

Thara S, Hirata Y, Koike K. TGF-beta in inflamma-
tory bowel disease: a key regulator of immune cells,
and the intestinal
2017;52:777-787.

mononuclear requires

microbiota.
doi:10.1007/

epithelium,
] Gastroenterol.
s00535-017-1350-1.
Sedda S, Marafini I, Dinallo V, Di Fusco D,
Monteleone G. The TGF-beta/Smad System in IBD
pathogenesis. Inflamm Bowel Dis. 2015;21:2921-2925.
doi:10.1097/MIB.0000000000000542.

Hao Y, Jiang L, Han D, Si D, Sun Z, Wu Z, Dai Z.
Limosilactobacillus mucosae and Lactobacillus amylo-
vorus protect against experimental colitis via upregula-
tion of colonic 5-hydroxytryptamine receptor 4 and
transforming  growth  factor-p2. ]  Nutr.
2023;153:2512-2522. d0i:10.1016/j.tjnut.2023.06.031.
Lees CW, Barrett JC, Parkes M, Satsangi J. New
IBD genetics: common pathways with other
diseases. Gut. 2011;60(12):1739-1753. doi:10.1136/
gut.2009.199679.

Monteleone G, Kumberova A, Croft NM, McKenzie C,
Steer HW, MacDonald TT. Blocking Smad7 restores
TGF-betal signaling in chronic inflammatory bowel
disease. J Clin Invest. 2001;108:601-609. doi:10.1172/
JCI12821.

Feagan BG, Sands BE, Rossiter G, Li X, Usiskin K,
Zhan X, Colombel J-F. Effects of Mongersen (GED-
0301) on endoscopic and clinical outcomes in patients
with active Crohn’s disease. Gastroenterology.
2018;154:61-4 e6. doi:10.1053/j.gastro.2017.08.035.


https://doi.org/10.1038/ncomms4842
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gks372
https://doi.org/10.1053/j.gastro.2020.12.059
https://doi.org/10.1053/j.gastro.2020.12.059
https://doi.org/10.1073/pnas.90.2.587
https://doi.org/10.1046/j.1365-2168.2000.01615.x
https://doi.org/10.1046/j.1365-2168.2000.01615.x
https://doi.org/10.1002/cpbi.90
https://doi.org/10.1159/000322233
https://doi.org/10.1371/journal.pone.0031588
https://doi.org/10.1371/journal.pone.0031588
https://doi.org/10.1016/j.immuni.2012.05.020
https://doi.org/10.1016/j.immuni.2012.05.020
https://doi.org/10.1007/s00294-017-0735-2
https://doi.org/10.1038/nri.2016.112
https://doi.org/10.1038/nri704
https://doi.org/10.1007/s00535-017-1350-1
https://doi.org/10.1007/s00535-017-1350-1
https://doi.org/10.1097/MIB.0000000000000542
https://doi.org/10.1016/j.tjnut.2023.06.031
https://doi.org/10.1136/gut.2009.199679
https://doi.org/10.1136/gut.2009.199679
https://doi.org/10.1172/JCI12821
https://doi.org/10.1172/JCI12821
https://doi.org/10.1053/j.gastro.2017.08.035

	Abstract
	Introduction
	Materials and methods
	Multiple sequence alignment and three-dimensional structure modeling of p40
	Production of recombinant p40 peptides and purification of p40F
	Human colonoid culture and treatment
	Cell culture and treatment
	Mouse treatment
	Colitis induction and assessment
	Flow cytometric analysis of differentiation of tregs
	The enzyme-linked immunosorbent assay (ELISA)
	Quantitative reverse-transcription polymerase chain reaction (RT-PCR)
	Immunofluorescence staining
	Western blot analysis
	Statistical analysis

	Results
	The three-dimensional model of p40 and generation of recombinant p40 peptides
	p40N120 is sufficient to stimulate epigenetic program in intestinal epithelial cells by using in vitro assays
	p40N120 has long-lasting effects on TGFβ production and Treg differentiation in mice
	Neonatal p40N120 supplementation ameliorates DSS-induced colonic injury/inflammation in adult mice

	Discussion
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	References

