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Lactobacillus reuteri maintains intestinal epithelial regeneration and repairs

damaged intestinal mucosa
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ABSTRACT

Little is known about the regulatory effect of microbiota on the proliferation and regeneration of
ISCs. Here, we found that L. reuteri stimulated the proliferation of intestinal epithelia by increasing
the expression of R-spondins and thus activating the Wnt/3-catenin pathway. The proliferation-
stimulating effect of Lactobacillus on repair is further enhanced under TNF -induced intestinal
mucosal damage, and the number of Lgr5* cells is maintained. Moreover, compared to the effects
of C. rodentium on the induction of intestinal inflammation and crypt hyperplasia in mice, L. reuteri
protected the intestinal mucosal barrier integrity by moderately modulating the Wnt/B-catenin
signaling pathway to avoid overactivation. L. reuteri had the ability to maintain the number of
Lgr5* cells and stimulate intestinal epithelial proliferation to repair epithelial damage and reduce
proinflammatory cytokine secretion in the intestine and the LPS concentration in serum.
Moreover, activation of the Wnt/B-catenin pathway also induced differentiation toward Paneth
cells and increased antimicrobial peptide expression to inhibit C. rodentium colonization. The
protective effect of Lactobacillus against C. rodentium infection disappeared upon application of
the Wnt antagonist Wnt-C59 in both mice and intestinal organoids. This study demonstrates that
Lactobacillus is effective at maintaining intestinal epithelial regeneration and homeostasis as well
as at repairing intestinal damage after pathological injury and is thus a promising alternative
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therapeutic method for intestinal inflammation.

Introduction

The intestinal barrier is continuously exposed to
intestinal microbiota and plays an important role in
the homeostasis of mucosal function, which is main-
tained by efficient defensive reactions against chemi-
cal and microbial challenges."” An essential function
of the intestinal mucosa is to act as a barrier between
luminal contents and the underlying immune
system.” Recent studies have demonstrated that the
intestinal microbiota plays a very important role in
health by benefiting the immune system and main-
taining the intestinal barrier and many other aspects
of health.>* However, infectious intestinal patho-
gens, including various bacteria and viruses, have
different mechanisms to damage the intestinal
mucosal barrier and induce intestinal inflammation-
related disorders, such as inflammatory bowel dis-
ease (IBD).” Although the causes of IBD are still
unclear, increasing evidence has demonstrated that

intestinal microbiota dysfunction is closely related to
intestinal inflammation.*”

The intestinal epithelium is replaced every 2-3 days
in mice and every 3-5 days in humans, and the
process is driven by continuous proliferation of intest-
inal stem cells (ISCs) that reside at the base of the
crypt.®>® The delicate balance in ISCs between self-
renewal and differentiation controls epithelial home-
ostasis and regeneration, particularly in response to
mucosal injury and inflammation.'® The activity of
ISCs is tightly regulated by several niche-signaling
pathways to balance intestinal homeostasis under
physiological and pathological ~stimulation.'"'?
Among the modulators of ISCs in crypt niches, the
Wnt/[B-catenin signaling pathway is indispensable for
stem cell expansion and crypt formation, which is
highest at the crypt base, and transit-amplifying
(TA) cells undergo proliferation.13 16 Recent studies
have already demonstrated that Paneth cells and
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subepithelial myofibroblasts secrete epidermal growth
factor, transforming growth factor (TGF), and Wnt3
for the maintenance of ISCs, whereas their maturation
depends on Wnt signaling.'”'® Although the intest-
inal microbiota closely contacts intestinal epithelia,
the detailed mechanism by which the intestinal
microbiota affects ISC niches remains unknown.

Lactobacillus spp. is an important probiotic and is
extensively used in dairy food, which helps hosts with
nutritional assistance, immune system maturation,
protection of mucosal barrier function and preven-
tion of injurious effects caused by xenobiotics and
pathogens.'>** However, recent studies on the bene-
fits of Lactobacillus to gut health have mainly focused
on its modulation of tight junctions, immune
response or reduction in pH values. Recent studies
indicated that Lactobacillus stimulates reactive oxygen
species (ROS) production via the nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase
family of enzymes (Nox) to activate ISC proliferation
under physiological conditions.”?' Our previous study
demonstrated that the L. reuteri metabolite indole-
3-aldehyde stimulated lamina propria lymphocytes
(LPLs) to secrete interleukin-22 (IL-22) through aryl
hydrocarbon receptor (AhR) and then induced phos-
phorylation of signal transducer and activator of tran-
scription 3 (STAT3) to accelerate the proliferation of
intestinal epithelia, thus ameliorating damaged intest-
inal mucosa.”> However, we are still not clear whether
L. reuteri could modulate the Wnt/B-catenin signaling
pathway to stimulate the proliferation of ISCs.

Previous studies exploring the interaction
between intestinal microbiota and intestinal epithelia
have always used intestinal epithelial cell lines, such
as Caco-2 cells, which do not completely mimic the
real situation in the gut. Intestinal organoids, con-
taining ISCs, can proliferate and differentiate into all
intestinal epithelial cell lines, such as absorptive,
goblet, Paneth and tuft cells.”>”* Understanding
intestinal organoids, which could develop into
intestinal villi and crypts, is a breakthrough for
studying the crosstalk between intestinal mucosa
and intestinal microbiota.’®”” In this study, we
explored the stimulatory effect of L. reuteri on the
proliferation of ISCs under physiological and patho-
logical conditions. Moreover, we also detected the
protective effects of L. reuteri against C. rodentium-
induced intestinal inflammation.

Results

L. reuteri increased the proliferation of
intestinal organoids under physiological
conditions

To assess the stimulatory effect of L. reuteri D8 on
intestinal epithelia, we successfully isolated crypts
from the small intestines of mice and cultured them
in Matrigel as indicated in the schematic diagram
(Figure 1(a)). The organoids began to bud on the
third day (Figure 1(b)), at which point they were
passaged and cultured for 1 day and then treated
with D8 (10° CFU) for 48 h. The surface area of
intestinal organoids increased significantly under
L. reuteri D8 treatment (Figure 1(c)). L. reuteri sti-
mulated intestinal epithelial proliferation with sig-
nificantly increased mRNA expression of c-Myc,
cyclin and Ki67 (Figure 1(d)), which was also ver-
ified with significantly enhanced proliferating cells
stained with 5-ethynyl-2K-deoxyuridine (EdU) in
crypts (Figure 1(e)).

Activation of the Wnt/B-catenin pathway by L.
reuteri promoted intestinal epithelial
proliferation

Wnt/B-catenin signals are essential for intestinal
epithelium homeostasis, while the Wnt-LRP5/6 com-
plex transduces a signal into the cell, resulting in
nuclear accumulation of B-catenin and subsequent
activation of T cell factor (TCF) target genes.”®
L. reuteri D8 activated the Wnt/p-catenin pathway
by significantly increasing the mRNA expression
levels of Wnt3 and Lrp5 (Figure 2(a)), which was
also further verified by increased p-catenin and active
P-catenin expression (Figure 2(b)). As expected,
L. reuteri D8 induced obvious nuclear accumulation
of active -catenin, which was similar to the results of
a Wnt agonist 1 application (Figure 2(c)). The mRNA
expression levels of ISC marker genes, such as active
ISC markers (Lgr5, Olfm4, Ascl2) and quiescent ISC
markers (Bmil, Msil), were also increased in orga-
noids cocultured with L. reuteri D8 (Figure 2(d)).
Moreover, compared to those in the control group,
the Lgr5 protein levels and Lgr5" cell numbers
were increased in organoids treated with L. reuteri
(Figure 2(e,f)).
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Figure 1. L. reuteri D8 upregulated intestinal organoid proliferation under physiological conditions. (a) Coculture model of L. reuteri
D8 and organoids. (b) Crypts from small intestines were seeded onto Matrigel and cultured for 3 days to obtain well-developed organoids.
Scale bars, 100 um. (c) Organoids were treated with or without L. reuteri D8 (10° CFU per well) for 48 h. The surface area of organoids was
calculated. Scale bars, 50 um; n = 6. (d) RT-gPCR analysis of the fold induction of the proliferation genes c-Myc, cyclin and Ki67 in organoids
treated with/without D8; n = 6. (e) Confocal images of organoid staining with Hoechst (blue) and EdU (red); scale bar, 10 um. The mean
density of EdU-positive cells in each organoid was calculated. n = 6. Data are presented as the mean = SD. *P < .05, **P < .01. Data were
combined from at least three independent experiments unless otherwise stated.

The R-Spondin proteins are implicated in the
activation of the Wnt signaling pathway, even in
the absence of leucine-rich repeat-containing
G-protein coupled receptors (LGRs).””*° We also
found that without R-spondins in the culture med-
ium, the mRNA expression of Wnt/B-catenin
pathway genes (Wnt3, Lgr5 and c-Myc) was sig-
nificantly reduced (Figure 2(g)). Interestingly,
L. reuteri D8 could still increase the mRNA
expression of Wnt3, Lgr5 and c-Myc even in the
absence of R-spondins (Figure 2(g)). We also
found that L. reuteri D8 could increase the
mRNA expression of R-spondin-1, R-spondin-2
and R-spondin-3 (Figure 2(h)). This phenomenon
was also verified with increased EdU" cell num-
bers in organoids. Moreover, the stimulatory effect
of live L. reuteri on proliferation was more obvious
than that of heat-killed Lactobacillus (Figure 2(i)).

L. reuteri alleviated TNF -induced intestinal
epithelial damage

In addition to assessing the stimulatory effect of
L. reuteri D8 under physiological conditions, we
also determined whether L. reuteri D8 possesses an
intestinal epithelial repair function in pathological
states, such as intestinal inflammation caused by
TNF in intestinal organoids.”’ Obvious damage to
intestinal organoids was observed after TNF treat-
ment, and more than 80% of organoids were dis-
rupted within 36 h (Figure 3(a)). However,
L. reuteri D8 significantly reduced the percentage
of disrupted organoids and TNF expression, which
was consistent with the reduced apoptotic cells
(Figure 3(b,c)).

EdU is incorporated into the DNA of dividing
cells, and EdU staining thus provides a sensitive
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Figure 2. L. reuteri activated the Wnt/B-catenin pathway and promoted ISC proliferation. (a) Organoids were treated with or
without L. reuteri D8 (106 CFU per well) for 48 h respectively. RT-qPCR analysis of the fold induction of Wnt3 and Lrp5 expression in
organoids cultured with or without D8 (10° CFU); n = 6. (b) Western blot analysis of active B-catenin and B-catenin expression in
organoids; n = 6. (c) Organoids were co-cultured with L. reuteri D8 (10° CFU) or Wnt agonist 1(10 uM) for 24 h respectively. Confocal
images of organoid staining with Hoechst (blue) and active B-catenin (green). The average fluorescence intensity of active B-catenin
was analyzed by Image-Pro Plus, n = 6. (d) Fold induction of active ISC markers (Lgr5, Ascl2, Olfm4) and quiescent ISC markers (Bmi1,
Msi1) in organoids; n = 6. () Western blot results of Lgr5 protein expression in organoids; n = 6. (f) Confocal images of organoid
staining with Hoechst (blue) and Lgr5 (green). The Lgr5-positive cells in each crypt were detected. N = 6. (g) The Wnt3, Lrp5 and
c-Myc mRNA expression in different groups was detected by RT-gPCR, n = 6. ENR = EGF+Noggin+R-spondin, EN = EGF+Noggin. (h)
r-spondin-1, r-spondin-2 and r-spondin-3 mRNA expression in organoids was detected by RT-qPCR; n = 6. (i), Organoids were stained
with EdU (red). Nuclei were stained with Hoechst (blue); c. Data are presented as the mean + SD. *P < .05, **P < .01. Data were
combined from at least three independent experiments unless otherwise stated.

EdU* mean density

and robust method to detect and quantify intest-  (Figure 3(d)). Furthermore, L. reuteri reversed
inal epithelium proliferation.’® In this study, the reduced expression of c-Myc, cyclin and Ki67
L. reuteri also ameliorated the loss of EQU" cells  after TNF treatment (Figure 3(e)). Compared to
caused by TNF treatment to maintain the prolif-  that of L. reuteri D8, the ability of L. salivarius C5
erative ability to repair the damaged epithelia  to accelerate intestinal epithelial proliferation, as
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Figure 3. The inflammatory response induced by TNF was reduced by L. reuteri. (a) Organoids were treated with TNF (60 ng/
mL) for 12 h alone or cocultured with L. reuteri (10° CFU) for another 36 h. Organoid morphology was assessed by light microscopy;
n = 6. The number of damaged organoids per well was counted; n = 6. Scale bars, 100 um. (b) TNF mRNA expression in organoids
was detected by RT-qPCR; n = 6. () Annexin V-PI double staining was performed to distinguish early apoptotic cells (Annexin V¥,
PI") from late apoptotic cells (Annexin V*, PI*); n = 6. (d) Confocal images of nuclear staining (blue) and EdU staining (red) in
organoids. n = 6. Scale bar, 100 pm. (e) RT-gPCR analysis of the fold induction of the proliferation genes c-Myc, cyclin, Ki67 in
organoids; n = 6. Data are presented as the mean * SD. *P < .05, **P < .01. Data were combined from at least three independent

experiments unless otherwise stated.

measured by the mRNA expression of c-Myc, Lgr5
and EdU staining, was weaker in the pathological
state (Sup. Fig. 1A, 1B and 1 C).

L. reuteri D8 maintained activation of the Wnt/3-
catenin pathway to repair TNF -induced damage
to intestinal epithelia

To explore the modulatory effect of L. reuteri on the
Wnt/B-catenin pathway, intestinal organoids were
treated with L. reuteri. Compared to the TNF-alone
treated group, L. reuteri D8 significantly upregulated
Wnt3 and Lrp5 expression, which was consistent with
the enhanced protein expression of f-catenin (Figure
4(a,b)). Interestingly, TNF inhibited the mRNA

expression of the active stem cell markers Lgr5,
Olfm4, and Ascl2 and increased the expression of the
quiescent stem cell marker Msil. Moreover, L. reuteri
significantly increased Lgr5, Olfm4, Ascl2 and Bmil
expression (Figure 4(c)). The maintenance of ISCs was
also further verified by the increased protein expres-
sion of Lgr5 and Lgr5" cell numbers in crypts (Figure 4
(d,e)). These results demonstrated that L. reuteri
maintained the activation of the Wnt/fB-catenin path-
way inhibited by TNF and thus stimulated the prolif-
eration of intestinal epithelia. Lysozyme is always used
as a Paneth cell marker,””* and TNF significantly
decreased the number of Paneth cells in the crypt
and lysozyme expression compared to those in the
control group, indicating Paneth cell dysfunction
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Figure 4. L. reuteri enhanced ISC regeneration via moderately activating the Wnt/B-catenin pathway. Organoids were
treated with TNF (60 ng/mL) for 12 h alone or cocultured with L. reuteri (10° CFU) for another 36 h. (a) RT-qPCR analysis of the
fold induction of Wnt3 and Lrp5 expression in organoids; n = 6. (b) Western blot analysis of B-catenin and active B-catenin
expression in organoids; n = 6. (c) Fold induction of Lgr5, Olfm4, Ascl2, Bmi1 and Msil; n = 6. (d) Western blot and densitometry
analysis of Lgr5 expression; n = 6. (e) Confocal images of Lgr5 staining (green) and Hoechst staining (blue) in organoids. The number
of Lgr5* cells in each crypt was counted; n = 6. Scale bar, 100 um. (f) Organoids were stained with lysozyme (red) and Hoechst
(blue); n = 6; the number of lysozyme™ cells per crypt was calculated. (g) Western blot and densitometry analysis of lysozyme
expression in organoids; n = 6. Data are presented as the mean £ SD. *P < .05, **P < .01. Data were combined from at least three

independent experiments unless otherwise stated.

(Figure 4(f,g)). However, L. reuteri D8 restored the
number of Paneth cells and lysozyme expression after
organoid damage induced by TNF (Figure 4(f,g)).

L. reuteri protected the intestinal mucosal barrier
against C. rodentium infection

First, to verify colonization of L. reuteri D8 in the
intestine, mice were orally administered 10° CFU
L. reuteri D8 suspended in 200 pL of PBS only once,

colonization of L. reuteri reached peak (5.5 x 10° CFU)
at 16 h and maintained at the level of 4.3 x 10° CFU
24 h post administration (Figure 5(a)), which was-
further confirmed with the observation of fluores-
cence labeled L. reuteri D8 by immunofluorescence
microscopy at 16 h (Figure 5(b)). To further confirm
the protective effect of L. reuteri D8 on ameliorating
intestinal inflammation in vivo, C57BL/6 mice were
orally administered L. reuteri D8
(Figure 5(c)). Moreover, the colonization of L. reuteri



significantly reduced the number of C. rodentium in
teces (Figure 5(d)) and the weight loss (Figure 5(e))
induced by C. rodentium infection.

The intestine of C. rodentium-infected mice
became bloated and transparent (Figure 5(f)).
However, L. reuteri D8 greatly decelerated the patho-
logical damage and maintained normal crypt depth
to avoid crypt hyperplasia (Figure 5(g,h)). However,
heat-killed L. reuteri showed a weaker protective
effect against C. rodentium infection in regards to
body weight, pathological changes and crypt hyper-
plasia (Figure 5(e-h)). The pathological changes in
intestinal morphology caused by C. rodentium infec-
tion were consistent with the increased concentra-
tion of LPS in serum (Figure 5(i)) and the secretion
of the proinflammatory cytokines TNF and IL-1p in
the intestine (Figure 5(j)). Moreover, live L. reuteri
exhibited a stronger effect on reducing LPS and
proinflammatory cytokine levels than heat-killed
L. reuteri (Figure 5(i,j)).

L. reuteri modulated ISC niches to affect ISC
proliferation and differentiation

To uncover the protective effect of L. reuteri against
C. rodentium infection, activation of the Wnt/f-
catenin pathway and Paneth cell differentiation were
explored. C. rodentium increased the mRNA expres-
sion of Wnt3, Lrp5 and Lgr5 to activate the Wnt/[3-
catenin pathway, which is inconsistent with the
increased crypt depth and crypt hyperplasia.
However, L. reuteri alleviated the activation level of
the Wnt/B-catenin pathway to avoid overactivation
(Figure 6(a)). This regulatory effect was further ver-
ified with moderate c-Myc expression induced by live
L. reuteri D8 (Figure 6(b)). Moreover, L. reuteri also
increased the density of proliferating cell nuclear anti-
gen (PCNA)-positive cells to a moderate level to sti-
mulate the proliferation of intestinal epithelia in
response to the gentle activation of the Wnt/p-
catenin pathway (Figure 6(c)). A similar regulatory
effect of L. reuteri was also detected for the Lgr5"
cells in crypts (Figure 6(d)). However, C. rodentium
infection reduced the density of lysozyme" Paneth
cells, while L. reuteri significantly influenced the dif-
ferentiation of ISCs and reversed this phenomenon
(Figure 6(e)). L. reuteri not only increased the density
of lysozyme® Paneth cells but also increased the
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mRNA expression of antimicrobial peptide genes,
such as Defal, Defa6 and Lyz-1, to prevent
C. rodentium infection (Figure 6(f)).

Confirmation of the protective effect of L. reuteri
against C. rodentium infection in mice and
intestinal organoids

To further confirm the protective effect of L. reuteri via
activation of the Wnt/B-catenin pathway, the Wnt
antagonist Wnt-C59 was orally administered to mice
(Figure 7(a)). The protective effect of L. reuteri on
alleviating body weight loss, C. rodentium coloniza-
tion and pathological changes were reversed with the
addition of the Wnt antagonist Wnt-C59 (Figure 7(b-
d)). The proliferative ability, as determined by PCNA
staining, and the mRNA expression of Wnt3 and Lgr5
were inhibited by the application of the Wnt antago-
nist Wnt-C59 (Figure 7(e,f)), which was consistent
with the reduction in R-spondin-1 expression
(Figure 7(g)). Moreover, Wnt-C59 also inhibited the
differentiation of Paneth cells and their expression
levels of antimicrobial peptides (Defal, Defa6 and
Lyz-1) (Figure 7(h-j)). These results could then
explain the increased TNF and IL-1P expression and
LPS concentration even with L. reuteri treatment
(Figure 7(k)1)).

To exclude the complex function of intestinal
microbiota, intestinal organoids were also treated
with the Wnt antagonist Wnt-C59 to further con-
firm the modulatory effect of L. reuteri on the Wnt/
B-catenin pathway and Paneth cells. With the addi-
tion of Wnt-C59 to the medium, L. reuteri could
no longer protect intestinal organoids from
C. rodentium-induced damage, and the number of
C. rodentium colonies increased (Figure 8(a,b)). The
modulatory effect of L. reuteri on the Wnt/B-catenin
pathway was also reversed by Wnt-C59, with
reduced expression of Wnt3, Lgr5 and R-spondin-1
(Figure 8(c,d)). Moreover, Wnt-C59 also inhibited
the L. reuteri-induced differentiation of Paneth cells
and antimicrobial peptide expression in organoids
(Figure 8(e-g)), which is closely related to increased
inflammatory cytokine expression (Figure 8(h)).

Discussion

The intestinal tract is continuously inflamed at low
levels, which is necessary to stimulate immune
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Figure 5. L. reuteri reduced C. rodentium colonization and ameliorated intestinal inflammation in mice. (a) To verify
colonization of L. reuteri D8 in the intestine, mice were orally administered L. reuteri D8 (108 CFU) only once, and the number of
L. reuteri D8 colonies in mouse feces on MRS plates containing tetracycline (500 ug/ml) was detected at the indicated time points. (b)
L. reuteri D8 labeled with BacLight™ Bacterial Green Stain (108 CFU) was administered to mice, intestinal tissue was collected 16 h
post administration, and the distribution of L. reuteri in the intestine was detected by confocal microscopy; D8 (green), Hoechst
(blue). (c) A schematic of the animal treatment strategy. Four-week-old mice were orally administered 200 pl of L. reuteri (108 CFU),
HK-L. reuteri (108 CFU) and PBS for 28 days continuously, and the infection groups were orally administered 200 pl of C. rodentium
(10° CFU) on the 14th day. The mice were sacrificed after subjection to the different treatments on the 28th day. (d) The number of
C. rodentium colonies in mouse feces was detected with MacConkey agar plates. () Mouse body weight changes during the course
of the experiments. (f, g) Photomicrographs of mice and ileum pathology scores. Scale bars, 200 pm. (h) Segments of ileum were
processed to measure the crypt depth. (i) The LPS concentration in serum samples was detected by ELISA; n = 6. (j) IL-B and TNF
secretion in ileal tissue supernatant was detected by ELISA, n = 6. Data are presented as the mean + SD. *P < .05, **P < .01. Data
were combined from at least three independent experiments unless otherwise stated.
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Figure 6. L. reuteri maintained normal levels of Igr5* ISCs and lysozyme™ Paneth cells to moderately stimulate epithelial
proliferation after C. rodentium infection. (a) RT-qPCR analysis of the fold induction of Wnt3, Lrp5 and Lgr5 expression; n = 6. (b)
c-Myc mRNA expression was detected by RT-qPCR, n = 6. (c) Confocal images of ileal tissues stained with PCNA (red) and Hoechst
(blue). The mean density of PCNA* cells per crypt was detected. Scale bars, 200 um. (d) Confocal images (Lgr5 staining, green;
Hoechst staining, blue) of ileum. The mean density of Lgr5-positive cells per crypt was detected. Scale bars, 200 pm. (e) Confocal
images of lysozyme staining (red) and Hoechst staining (blue) in the ileum. The mean density of lysozyme+ cells per crypt was
detected. (f) Fold induction of Defal, Defa6, and lysozyme expression; n = 6. Data are presented as the mean + SD. *P < .05,
**p < .01. Data were combined from at least three independent experiments unless otherwise stated.
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Figure 7. Confirmation of the protective effect of L. reuteri against C. rodentium infection in mice and intestinal organoid.
(@) A schematic of the animal treatment strategy. The mice were sacrificed after subjection to the different treatments on the
28th day. (b) Mouse body weight changes during the course of the experiments. (c) Photomicrographs of mice and ileum pathology
scores. Scale bars, 200 um. (d) The number of C. rodentium colonies in mouse feces was detected with MacConkey agar plates. (e)
Confocal images of ileal tissues stained with PCNA (green) and Hoechst (blue). The mean density of PCNA™ cells per crypt was
detected. Scale bars, 200 pm. (f-g) RT-gPCR analysis of the fold induction of Wnt3, Lgr5 and R-spondin1 expression; n = 6. (h)
Confocal images of lysozyme staining (red) and Hoechst staining (blue) in the ileum. The mean density of lysozyme+ cells per crypt
was detected. (i-j) RT-gPCR analysis of the fold induction of Lyz-1, Defal and Defa6 expression; n = 6. (k) IL- and TNF secretion in
ileal tissue supernatant was detected by ELISA, n = 6. (I) The LPS concentration in serum samples was detected by ELISA; n = 6. Data
are presented as the mean % SD. *P < .05, **P < .01. Data were combined from at least three independent experiments unless
otherwise stated.

responses and ISC proliferation.>® However,

numerous factors, such as antibiotics, stress, food,
and pathogen invasion, induce and exacerbate intest-
inal inflammation.”” The intestinal microbiota plays
a critical role in maintaining the intestinal mucosal
barrier and resistance to pathogenic bacterial
invasion.”®* However, due to the complexity of the
intestinal microbiota, its relationship with epithelia is
still unknown. In contrast to traditional intestinal
epithelial cells, intestinal organoids containing ISCs

represent a breakthrough for studying the interaction
between microbiota and the intestinal mucosal
barrier.** TNF is a key regulator of immunity and
an important mediator of autoimmune diseases, such
as arthritis and IBD.*' The TNF model is useful to
study acute inflammation states, such as sepsis, necro-
tizing enterocolitis, and intestinal hypoxia.*** In this
study, we explored the function of Lactobacillus in
intestinal epithelia in the physiological state and the
repair process after injury in an intestinal organoid
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Figure 8. Confirmation of the protective effect of L. reuteri against C. rodentium infection in mice and intestinal
organoids. (a) Organoids were treated with C. rodentium (10° CFU) alone or cocultured with L. reuteri (10® CFU) and Wnt-C59
(100 nM). Organoid morphology was assessed by light microscopy; n = 6. Scale bars, 100 pm. (b) The number of C. rodentium
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per crypt was calculated. (g-h) RT-gPCR analysis of the fold induction of Defal, Defa6, IL-1p and TNF expression; n = 6. Data are
presented as the mean + SD. *P < .05, **P < .01. Data were combined from at least three independent experiments unless otherwise

stated.

model and mice. We found that under physiological
conditions, intestinal organoids grew well when
cocultured with L. reuteri D8, and obvious stimula-
tory effects were observed on the organoid surfaces
under a light microscope. Moreover, L. reuteri
reduced the morphological damage and the apoptosis
ratio of intestinal organoids after TNF treatment,
which may have been attributed to the reduced

secretion of TNF. The increased number of EdU"
cells and mRNA expression levels of c-Myc, cyclin
and Ki67 in organoids indicated that L. reuteri D8
stimulated the proliferation of intestinal epithelia
under physiological conditions and repaired the
damaged epithelia under pathological conditions.
The Wnt/B-catenin pathway is crucial for the
maintenance of intestinal crypt proliferation.”®***
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Whnt ligands bind Frizzled and Lrp5/6 receptor com-
plexes to induce the nuclear translocation of B-
catenin via suppressing the Apc/Gsk-3p/Axin2 com-
plex, leading to  Tcf4/B-catenin  complex
formation.**”” Our previous study demonstrated
that L. reuteri stimulated LPLs to secrete IL-22 and
thus induced the activation of STAT3 to accelerate
the proliferation of intestinal epithelia.> In this
study, we further found that L. reuteri also had the
ability to activate the Wnt/p-catenin pathway with
increased expression of Wnt3, Lrp5 and [-catenin
and to promote the accumulation of active f-catenin
in the nucleus to support proliferation. Moreover,
this stimulation of intestinal epithelial proliferation
is necessary for the process of repairing TNF
damage.

Interestingly, L. reuteri maintained the activation
of the Wnt/p-catenin pathway to guarantee the pro-
liferation of intestinal epithelia even without
R-Spondin in the culture medium. We further
demonstrated that L. reuteri itself induced the
expression of R-spondins to maintain the activation
of the Wnt/p-catenin pathway. This interesting phe-
nomenon was further verified by the increased den-
sity of EdU" cells in organoids. These results
indicated that Lactobacillus is able to stimulate the
proliferative ability to protect the integrity of the
intestinal mucosal barrier. ISCs are the basis of
intestinal epithelial proliferation, reside in small
intestine crypts and are capable of supporting intest-
inal epithelial regeneration.***’ Recent studies sug-
gested that quiescent Bmil* ISCs play a larger role in
epithelial repair than in basal homeostasis since
Bmil™ ISCs contribute to injury-associated repair
upon quantitative loss of the Lgr5* population or
crypt injury.”®' We also found that the mRNA
expression levels of ISC molecular markers, such as
Lgr5, Olfm4 and Ascl2, were increased by L. reuteri
D8. Moreover, L. reuteri stimulated the protein
expression of Lgr5 to support proliferation, which
was also consistent with enhanced Lgr5" cell num-
bers in crypts. L. reuteri D8 could also increase Bmil
expression compared to that induced by TNF
damage, which indicated that L. reuteri D8 could
activate Bmil™ ISCs to accelerate the repair process.

C. rodentium is a natural mouse pathogen
related to E. coli that also serves as a model of
infection that is mainly restricted to the intestinal
lumen.”>*> Here, we used C. rodentium to induce

intestinal inflammation and found that the patho-
gen induced significant intestinal damage, includ-
ing reduced body weight. However, L. reuteri D8
could colonize in the intestine and alleviated this
symptom caused by C. rodentium, which may have
been attributed to the colonization of L. reuteri
and inhibition of C. rodentium colonization.
Furthermore, L. reuteri exhibited no obvious effect
on intestinal morphology under physiological con-
ditions and showed an ability to repair damaged
intestinal epithelia induced by C. rodentium treat-
ment. The reduced pathological scores and LPS
concentrations in serum indicated that L. reuteri
protected the integrity and function of the intest-
inal mucosa, which is also related to reducing TNF
and IL-1f secretion.

Furthermore, L. reuteri D8 also ameliorated
C. rodentium-induced crypt hyperplasia by mod-
erately activating the Wnt/p-catenin pathway to
avoid overactivation. The gentle regulation and
protective effect of L. reuteri was also proven
with suitable c-Myc expression and PCNA and
Lgr5 densities. In addition to controlling prolifera-
tion, L. reuteri also induced ISC differentiation
toward Paneth cells. Paneth cells are essential for
the proliferation of ISCs via the secretion of EGF,
TGF, Wnt3 and the Notch ligand DIl4, signals that
are all essential for stem cell maintenance in
culture.”® L. reuteri D8 also maintained the num-
ber of Paneth cells and lysozyme expression at
normal levels in organoids after damage induced
by TNF. These results implied that Lactobacillus
can maintain ISC niches related to Paneth cells
and explained the accelerated proliferation to initi-
ate the repair. The Defal and Defa6 genes encode
defensins, while Lyz-1 encodes lysozyme, which
are all antimicrobial peptides secreted by Paneth
cells to inhibit bacterial invasion.”> The increased
mRNA expression levels of antimicrobial peptide
genes, such as Defal, Defa6 and Lyz-1, in mice are
helpful to prevent C. rodentium infection, which
may explain the reduced colonization of
C. rodentium in feces. However, the stimulatory
effect of L. reuteri on intestinal epithelium prolif-
eration and differentiation toward Paneth cells
disappeared with the application of the Wnt
antagonist Wnt-C59 both in vivo and in vitro.

In conclusion, we demonstrate that L. reuteri
has the ability to increase the expression of



R-spondins and then to activate the Wnt/p-catenin
pathway at a moderate level to stimulate the pro-
liferation of intestinal epithelia and repair the
epithelial damage caused by TNF in intestinal
organoids or C. rodentium infection in mice.
Moreover, L. reuteri also increased the number of
Paneth cells and the expression of antimicrobial
peptides, such as Defal, Defa6 and Lyz-1, to inhi-
bit C. rodentium colonization. This study indicated
that intestinal microbiota, such as Lactobacillus,
could modulate ISC proliferation and differentia-
tion to protect the intestinal mucosal barrier
against intestinal inflammation.

Materials and methods
Animals and bacterial strains

C57BL/6 mice (4 weeks old, specific pathogen-free)
were purchased from the Animal Research Center of
Yangzhou University. All animal studies were
approved by the Institutional Animal Care and Use
Committee of Nanjing Agricultural University. The
L. reuteri strain was confirmed by 16 S rDNA
sequencing results (GenBank MF850249) and
grown in MRS agar medium at 37°C. The
C. rodentium strain ATCC51459 was kindly pro-
vided by Professor Chundong Yu at Xiamen
University and grown in Luria Broth (LB) at 37°C.

Mouse experiments

Four-week-old C57BL/6 mice were orally adminis-
tered live or heat-killed L. reuteri D8 (10* CFU) for
28 days according to the detailed methods listed in
Figures 5(a) and 7(a). Intestinal inflammation was
induced by administration of C. rodentium on the
14th day. A Wnt signaling pathway antagonist
(Selleck, USA), Wnt-C59 (5 mg/kg), was orally
administered beginning on the 12th day and con-
tinued for the remaining days daily. The mice were
sacrificed after subjection to the different treat-
ments on the 28th day. Intestinal tissues were
tixed with 4% paraformaldehyde, embedded in par-
affin wax, sliced, and stained with hematoxylin and
eosin. The crypt depth of the ileum and histological
pathology were detected under light microscopy.
The pathological scoring method was carried out
as previously described.’
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Intestinal organoid isolation and culture

Intestinal organoids were isolated and cultured as
described previously with the modifications
indicated." Briefly, the small intestines of 4-week-
old C57BL/6 wild-type mice were opened longitudin-
ally, and villi were scraped off using a coverslip. The
intestine was cut into 1-2 cm pieces and washed
several times with cold phosphate buffered saline
(PBS). The pieces were then incubated with 2 mM
ethylenediaminetetraacetic acid (EDTA) in PBS for
30 min at 4°C on a rotating wheel, and crypts were
detached from the basal membrane by vigorous shak-
ing. Crypts enriched in the supernatant were passed
through a 70 pum strainer and centrifuged at 800 g.
The pelleted crypts were resuspended and seeded in
Matrigel (BD Bioscience) on a prewarmed 24-well
plate and incubated for 15 min at 37°C. Then, 500 pl
of complete crypt culture medium, which contained
advanced DMEM/F12 supplemented with 2 mM
GlutaMax (Life Technologies), 10 mM HEPES,
100 pg/mL penicillin/streptomycin, N2 supplement
(Life  Technologies), B27  supplement (Life
Technologies), epidermal growth factors [50 ng/mL
EGF (Peprotech), 100 ng/mL Noggin (Peprotech),
500 ng/mL R-spondin (Peprotech), and 10 puM
Y-27632 (Selleck)], was added. Intestinal organoids
were cultured at 37°C in a 5% CO, atmosphere.

Intestinal organoid treatment, observation and
measurement

Under physiological conditions, intestinal organoids
were first co-cultured with L. reuteri D8 (10° CFU) in
Matrigel for 48 h. To detect the effect of L. reuteri D8
on nuclear accumulation of active p-catenin, intest-
inal organoids were co-cultured with L. reuteri D8
(10° CFU) or Wnt agonist 1(10 pM, Selleck) for 24 h.
To detect the repair effect of L. reuteri, intestinal
organoids were pretreated with live L. reuteri D8
(10° CFU) or the Wnt antagonist Wnt-C59
(100 nM) for 24 h and then treated with TNF
(60 ng/ml) for 12 h or C. rodentium (10° CFU) for
24 h to induce intestinal damage to the organoids.
Then, L. reuteri D8 (10° CFU) was cocultured with
the organoids for an additional 24 h. To test whether
L. reuteri D8 can replace R-spondin to activate the
Wnt/B-catenin signaling pathway, intestinal orga-
noids were cocultured with L. reuteri D8 or heat-
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killed (HK)-L. reuteri D8 (10° CFU) in the absence of
R-spondin-1 for 48 h.

The surface area of intestinal organoids was
measured according to a previous study.”" Briefly,
if all organoids in a well could not be measured,
several random nonoverlapping pictures were
acquired from each well using a Zeiss 710 laser
scanning confocal microscope. Organoids touch-
ing the edge of the images were excluded from the
counting. Organoid perimeters for area measure-
ments were defined manually and by automated
determination using the Analyze Particle function
of Image] software (National Institutes of Health,
USA). The sizes of the largest and smallest orga-
noids in the reference well were measured manu-
ally, and their areas were used as the reference
values for setting the minimal and maximal parti-
cle sizes.

Detection of epithelial proliferation and
apoptosis in intestinal organoids

Intestinal organoids in each well were incubated
with 100 pL of 50 uM EdU medium for 2 h, and
the culture medium was then discarded. The orga-
noids were fixed with paraformaldehyde for 1 h at
4°C and permeabilized with 0.4% Triton X-100 for
30 min; Hoechst 33342 was used to stain nuclei.
Organoids were then detected with a confocal
microscope, and the mean density of EAU" cells
was analyzed by Image-Pro Plus software.

Apoptotic cells were detected with Annexin
V and propidium iodide (PI) staining assays
(Multi Science) according to the manufacturer’s
protocol. Briefly, organoids were digested with
accutase (Millipore) for 25 min at 37°C, and single-
cell suspensions were obtained. The cells were har-
vested and washed with PBS, incubated with 5 uL of
Annexin V-FITC and 5 pL of PI-FL3 for 10 min and
detected with a FACS Calibur flow cytometer (BD
Company). Single cells were gated using FSC and
SSC parameters, and apoptotic organoid cells were
analyzed at FL-1 and FL-3 by FACS.

RT-qPCR

Total RNA was extracted from mouse intestinal orga-
noids or tissues by RNAiso Plus (Takara). RNA was
reverse transcribed with a PrimeScript RT Reagent Kit

(Takara) and customized primers designed to amplify
fragments of the target genes with SYBR master mix
(Takara) using the QuantStudio 7 Flex System
(Applied Biosystems). Relative amounts of mRNA
were calculated using the 27** CT method, and
GAPDH served as the housekeeping gene. Fold
change values were calculated for genes expressed in
experimental vs control conditions. The primers used
in this study are listed in Table 1.

Western blot analysis

Intestinal organoids were lysed in radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris-HCl (pH
7.4), 1% NP-40, 150 mM NaCl) containing a protease
inhibitor cocktail (Thermo Scientific). The BCA pro-
tein quantification kit (Thermo Scientific) was used
to determine protein concentrations. Equal amounts
of protein were separated by SDS-PAGE and then
electrotransferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore). The following anti-
bodies were used: rabbit anti-Lgr5 (Abcam, 1:1000),
rabbit anti-lysozyme (Abcam, 1:10000), rabbit anti-
B-catenin (Abcam, 1:1000), rabbit anti-active-{3-
catenin (Cell Signaling Technology 1:1000), mouse
anti-tubulin (Sigma, 1:1000), goat anti-rabbit sec-
ondary antibodies (Vazyme, 1:5000) and mouse
anti-rabbit secondary antibodies (Vazyme, 1:5000).
Signals were detected using enhanced chemilumi-
nescence (ECL) kits and a chemiluminescence/fluor-
escence image analysis system (Tanon).

Immunofluorescence assay

Two-centimeter sections of ileum were collected from
each mouse in the different groups, fixed overnight in
4% paraformaldehyde, and then embedded in optimal
cutting temperature (OCT) compound. The ileum
was sectioned at 5 pm, rinsed in PBS, permeabilized
with 0.4% Triton X-100 for 30 min, washed five times
with PBS and incubated for 2 h in 5% bovine serum
albumin (BSA) to reduce nonspecific background.
For PCNA staining, ileum sections were permeabi-
lized and incubated with an anti-mouse PCNA anti-
body (1:100, Abcam) overnight. For Paneth cell and
ISC staining, tissue sections or intestinal organoids
were fixed with paraformaldehyde for 1 h, permeabi-
lized with 0.4% Triton X-100 for 30 min and incu-
bated in 5% BSA for 2 h. The tissues or organoids



Table 1. Primer sequences used for RT-qPCR.
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Target gene

Primer sense (5'-3')

Primer antisense (5'-3")

mWnt3 CTCGCTGGCTACCCAATTTG CTTCACACCTTCTGCTACGCT
mLrp5 CTGCATAGCATTGAACGGGC GGTCCAGCGTGTAGTGTGAA
mc-Myc GCTCGCCCAAATCCTGTACCT TCTCCACAGACACCACATCAATTTC
mcyclin CATGTATCATCTAGCCATGCACGAG ATGCACAACAGGCCGCTACA
mKi67 ACCGTGGAGTAGTTTATCTGGG TGTTTCCAGTCCGCTTACTTCT
mLgr5 CTGAGACAGGTTCCGGAGGA GAGATGCAGAACCACGAGGC
mAscl2 AAGCACACCTTGACTGGTACG AAGTGGACGTTTGCACCTTCA
mOIlfm4 CAGCCACTTTCCAATTTCACTG GCTGGACATACTCCTTCACCTTA
mBmi1 TTCATTGTCTTTTCCGCCCG AGTACCCTCCACACAGGACA
mMesi1 CCTCTCACGGCTTATGGGC CTGTGGCAATCAAGGGACC
mLyz1 GCCAAGGTCTACAATCGTTGTGAGTTG CAGTCAGCCAGCTTGACACCACG
mDefa6 CCTTCCAGGTCCAGGCTGAT TGAGAAGTGGTCATCAGGCAC
mDefal TCAAGAGGCTGCAAAGGAAGAGAAC TGGTCTCCATGTTCAGCGACAGC
m IL-1B CCTTCCAGGATGAGGACATGA TGAGTCACAGAGGATGGGCTC
mTNF TACTGAACTTCGGGGTGATTGGTCC CAGCCTTGTCCCTTGAAGAGAACC
r-spondin1 TGTGAAATGAGCGAGTGGTCC TCTCCCAGATGCTCCAGTTCT
r-spondin2 TTGCATAGAGGCCGCTGCTTT CTGGTCAGAGGATCAGGAATG
r-spondin3 GTACACTGTGAGGCCAGTGAA ATGGCTAGAACACCTGTCCTG
mGAPDH ATGGTGAAGGTCGGTGTGAA TGGAAGATGGTGATGGGCTT

were then incubated with primary antibodies (anti-
rabbit lysozyme antibody, 1:200, Abcam; anti-rabbit
Lgr5 antibody, 1:200, Affinity; anti-active-B-catenin,
1:200, Cell Signaling Technology) overnight at 4°C.
The samples were incubated with a goat anti-rabbit
antibody conjugated to Alexa Fluor 594 (1:250,
Abcam) or Alexa Fluor 488 (1:250, Abcam) for
60 min at room temperature. Nuclei were stained
with Hoechst 33342 (1:5000, Invitrogen) for 5 min.
The samples were examined with a Zeiss 710 laser
scanning confocal microscope. Fluorescence images
were collected for further qualitative and quantitative
analyzes. The numbers of lysozyme* and Lgr5" cells
per crypt were counted in organoids. Analysis of
PCNA, Lgr5, and lysozyme™ cells in the ileum was
performed similarly to the method used to analyze the
optical density of EQU™ cells.

L. reuteri D8 colonization

To verify colonization of L. reuteri D8 in the intes-
tine, mice were orally administered 10° CFU
L. reuteri D8 suspended in 200 pL of PBS only
once. Fresh mouse feces was collected at the indi-
cated time points (0, 4, 8, 16, 24, 48, 72, 96 and 168 h)
and added to 2 ml of PBS before being cultured on
MRS plates containing 500 pg/ml tetracycline at 37°C
for 16 h to count the bacterial colonies. Moreover,
D8 was stained with BacLight™ Bacterial Green Stain
(B-35000, Molecular Probes) according to the man-
ufacturer’s instructions. In brief, 10° CFU L. reuteri

D8 and a 100 pM working solution of BacLight
bacterial stain dissolved in dimethyl sulfoxide
(DMSO) were mixed and incubated for 15 min at
room temperature. The D8 samples were washed
with PBS to remove excess dye. Mice were adminis-
tered 200 pL of PBS or 10° CFU L. reuteri D8 labeled
with BacLight™ Bacterial Green Stain only once to
detect bacterial colonization. After 16 h, a 2-cm sec-
tion of ileum was collected from the mouse, frozen
immediately with liquid nitrogen, embedded in
OCT, sectioned at 5 um and rinsed in PBS. Then,
the sample was examined with a Zeiss 710 laser
scanning confocal microscope.

Quantitation of C. rodentium burden

To assess the clearance of C. rodentium, fecal pellets
were collected from each mouse on the 5th and 10th
days post infection. The fecal pellets were weighed,
homogenized, serially diluted, and plated on selective
MacConkey agar plates. Bacterial colonies were enum-
erated after overnight incubation. C. rodentium colo-
nies were easily distinguished by appearance, and the
MacConkey agar-plated bacterial culture strain
DBS100 was used as a positive control. Bacterial
counts are reported as CFU per gram.

Cytokines and LPS detection

Small intestines were collected from euthanized mice
and then homogenized and centrifuged. The
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supernatants were stored at —20°C until use for
cytokine analysis. Cytokine analysis was performed
on thawed samples with IL-1p and TNF ELISA kits
(SenBeiJia Bio Tech) according to the manufacturer’s
protocol. To calibrate the concentrations of TNF and
IL-1p in the supernatants, a BCA protein quantifica-
tion kit (Thermo Scientific) was used to determine
the protein concentrations in the supernatants. For
the detection of serum LPS, blood samples were
collected from mice in each group. Serum was col-
lected after centrifugation and stored at —70°C until
detection with an LPS kit (Yifeixue Bio Tech).

Statistical analysis

The results are expressed as the means + SDs.
One-way ANOVA was employed to determine
significant differences among multiple groups,
and the t-test was employed to assess differences
between two groups. *P < .05 and **P < .01. Data
were combined from at least three independent
experiments unless otherwise stated.
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