Innate

Immunity

Original Article

Innate Immunity

2018, Vol. 24(5) 297-306

© The Author(s) 2018

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/1753425918785016
journals.sagepub.com/home/ini

®SAGE

Aryl hydrocarbon receptor/IL-22/Stat3
signaling pathway is involved in the
modulation of intestinal mucosa
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Abstract

Compelling evidence demonstrates the crucial role of the commensal microbiota in host physiology and the detrimental
effects of its perturbations following antibiotic treatment. However, the effects of commensal microbiota on intestinal
mucosa antimicrobial molecules have not been elucidated systematically. Here, we investigate the impacts of antibiotic-
induced depletion and subsequent restoration of the intestinal microbiota on the murine antimicrobial molecules in
intestinal mucosa. Our results demonstrate that depletion of commensal microbiota leads to intestinal mucosa atrophy
and reduction of antimicrobial molecules, including lysozyme, regenerating islet-derived protein 3 gamma (Regllly), and
cryptdin 5 mRNA, whereas subsequent reconstitution of intestinal microbiota by fecal microbiota transplantation (FMT)
rescues mucosa morphology and antimicrobials. Importantly, our study shows that down-regulation of aryl hydrocarbon
receptor (AhR), interleukin-22 (IL-22), and phosphorylated Stat3 (p-Stat3) is associated with decreased antimicrobials,
which might mediate the antibiotic-associated intestinal mucosa injury. Last, exogenous activation of the AhR/IL-22/Stat3
signaling pathway with the AhR agonist 6-formylindolo(3,2-b)carbazole (Ficz) rescued antimicrobial molecule levels
markedly after antibiotic treatment to levels similar to those following reconstitution of intestinal microbiota by FMT.
Together, our results demonstrate that the AhR/IL-22/Stat3 signaling pathway is involved in the modulation of intestinal
mucosa antimicrobial molecules by commensal microbiota and suggest this pathway as a promising target in the treat-
ment of antibiotic-associated gut barrier damage.
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Introduction

The human gastrointestinal tract harbors a great
number of microorganisms, including bacteria, viruses,
fungi, protozoa, and helminths, which are collectively
referred to as the commensal microbiota. In recent
years, the commensal microbiota has been established
as an indispensable factor in host physiology processes
such as food digestion, vitamin synthesis, and fat
metabolism.' Moreover, an important aspect underlin-
ing the indispensability of gut microbiota is their
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contribution to the development, maturation, and regu-
lation of the immune system, including systemic immun-
ity of the host and local immunity of the gut.” Studies in
isolator-raised germ-free (GF) mice revealed fundamental
impairments in mucosal immunity, including decreased
IgA levels, atrophic intestinal epithelia, and reduced
lamina propria lymphocytes.’ However, the effects
of commensal microbiota on other important immune
compartments such as intestinal-epithelium-derived anti-
microbial molecules remain unclear.

The intestinal epithelium is regarded as the physical
and immune barrier of the gut mucosa. Intestinal
enterocytes consists of columnar cells, goblet cells,
Paneth cells, and enteroendocrine cells, which can pro-
duce and secrete a series of antimicrobial molecules for
epithelial protection, including lysozyme, regenerating
islet-derived protein 3 gamma (Regllly), cryptdins, and
secretory phospholipase A2.* Cryptdins create pores in
bacterial cell membranes, thus affecting the growth of
Gram-negative and Gram-positive bacteria.” ReglIly
binds peptidoglycans in the membrane and exerts bac-
tericidal activity against Gram-positive bacteria.®
Lysozyme hydrolyzes peptidoglycan in bacterial cells
and is required to prevent excessive inflammatory
responses.” The creation and release of these products
from enterocytes are promoted by IL-22 via the
IL-22Rol/IL-10RpB/Stat3 pathway.® These products
limit excessive growth of the gut microbiota by disrupt-
ing the integrity of the bacterial cell membrane or wall
to regulate the balance of intestinal homeostasis.
Production and secretion reduction of these antimicro-
bials result in bacterial translocation from the intestinal
tract to the circulation, leading to gut-derived infection,
sepsis, or even multiple organ failure.” In addition,
Paneth-cell-derived antimicrobials can be damaged cel-
lular induction of autophagy and overexpression of
LC3.'° The intestinal epithelium and its antimicrobial
products are necessary for the maintenance of intestinal
homeostasis, but it remains unclear whether the pro-
duction of these antimicrobial molecules is dependent
on gut microbiota.

Aryl hydrocarbon receptor (AhR), a basic helix—
loop—helix protein, is a member of the Per-AhR-nuclear
translocator-Sim superfamily of proteins. AhR is a
cytosolic transcription factor that is expressed ubiqui-
tously in vertebrate cells and can be activated by a large
variety of natural and synthetic ligands, including
environmental, dietary, and endogenous aromatic com-
pounds.'! In its inactive state, AhR resides in the cyto-
sol bound to several cochaperones such as heat shock
protein 90. Upon ligand binding, chaperones are
released and AhR translocates to the nucleus, where
it binds to its dimerization partner, AhR-nuclear trans-
locator, thus initiating the transcription of a variety of
target genes.'> Recently, AhR has gained attention
because it represents an important link between the
environment and immunity. Recent studies showed

that activation of AhR by the microbiota within the
gastrointestinal tract is essential for promoting local
IL-22 production. Specifically, tryptophan catabolites
generated via metabolism by the microbiota are
involved in mucosal immune responses via AhR modu-
lation.'> However, whether the expression of AhR
depends on the commensal microbiota and its role in
maintaining antimicrobial molecules is unknown.
AhR is activated by catabolites derived from gut
microbiota and then promotes local intestinal 1L-22
production to help maintain the levels of mucosal anti-
microbials. In this study, we hypothesized that the gut
microbiota can modulate the production and secretion
of antimicrobial molecules and the AhR/IL-22/Stat3
signaling pathway might be involved in this process.

Methods
Animals

Animal protocols were approved by the animal care
and use committee of Jinling Hospital, Nanjing,
China. Male 6-wk-old C57BL/6J mice were used and
all animals were bred, raised, and housed in the facil-
ities of the Model Animal Research Center of Nanjing
University under specific-pathogen-free conditions.
Animals were kept under ambient temperature (20—
26°C) and 40-70% humidity conditions with a 12-h
light/dark cycle. All mice had free access to a standard
laboratory diet and water before the study and were
unrestricted in activity.

Generation of antibiotic treatment mice and
reconstitution of intestinal commensal
microbiota by fecal transplantation

Eighteen 6-wk-old male mice were divided randomly
into 3 groups (7= 06 for each group): the distilled water
treatment group (Normal), the antibiotic treatment
group (Abx), and the fecal microbiota transplantation
group (FMT). To deplete the intestinal microbiota vir-
tually, Abx and FMT mice were transferred to sterile
cages and subjected to antibiotic treatment for 4 wk.
An antibiotic mixture (4Abx) consisting of ampicillin
(1g/l), neomycin (1g/l), metronidazole (1g/l), and
vancomycin (500 mg/l) was administered in distilled
drinking water.'* Successful eradication of intestinal
microbiota was confirmed by quantitative polymerase
chain reaction (qQPCR) of fecal samples. The Normal
group received distilled water as a blank control. All
mice received “°Co-irradiation-treated sterile food.
After antibiotic treatment for 4wk, the antibiotic
mixture was withdrawn and replaced with sterile drink-
ing water. The Abx group received sterile drinking
water continuously. After sterile drinking water treat-
ment for 3d, mice in the FMT group received FMT
for 4wk. Fresh fecal samples were collected from
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Normal group mice, pooled, and dissolved in 10 ml of
sterile PBS (Life Technologies, Carlsbad, CA, USA)
and the supernatant was applied perorally by gavage
(0.25ml/mouse) twice per wk for 4 wk to reconstitute
a complex intestinal microbiota. All mice received
®0Co-irradiation-treated sterile food and were then
sacrificed at the same time.

Administration of AhR agonist

The AhR agonist 6-formylindolo(3,2-b)carbazole (Ficz;
Enzo Life Sciences, Lausen, Switzerland) was resus-
pended in DMSO (Sigma-Aldrich, St. Louis, MO,
USA) and administered intraperitoneally. After anti-
biotic treatment, the antibiotic mixture was withdrawn
and replaced with sterile drinking water. Another six
ADbx mice received sterile food and Ficz injection intra-
peritoneally (1 pg/mouse) once per wk as described by
Lamas et al."> for 4 wk (same as FMT duration) and
were sacrificed together with the other groups.

Sampling procedures

Mice were weighed and anesthetized by intraperitoneal
injection of ketamine (100 mg/kg body mass). Whole
small intestines (from the Treitz ligament to terminal
ileum) were removed under sterile conditions. Small
intestinal stool samples were harvested from the ter-
minal ileum, homogenized mechanically, and used for
DNA extraction and bacterial quantification. Three
segments of the terminal ileum, approximately 1.0 cm
in length, were collected and used for morphological
analysis, protein extraction, and RNA analysis. The
segment used for histology was immediately fixed in
5% formalin, whereas the left two segments were
immediately snap frozen in liquid nitrogen and stored
at —80°C for molecular analysis. The same anatomical
part of distal ileum was used for the same type of
analysis.

gPCR for fecal bacterial quantification and cryptdin 5
and LC3 mRNA levels in ileal tissues

Small intestinal stool samples were harvested from the
terminal ileum, homogenized mechanically, and used
for DNA extraction with the E.Z.N.A. Stool DNA
kit (OMEGA Bio, Norcross, GA, USA). DNA was
then subjected to qPCR using a SYBR Green PCR
kit (Alkali Scientific, Pompano Beach, FL, USA) and
the StepOne Real-time PCR system (Applied
Biosystems, Foster City, CA, USA). The fold changes
in the /16 S rDNA gene were calculated and normalized
to the B-actin (Actb) genome.'®

Total RNA from distal ileal tissue samples was
extracted using RNAiso Plus (Takara Bio, Dalian,
China) according to the manufacturer’s protocol. The
purity and concentration of RNA was determined by

measuring the optical density at 260 and 280 nm. One
microgram of RNA was used as the template for reverse
transcription with random primers and reverse transcript-
ase used in a cDNA synthesis reaction according to the
manufacturer’s instructions (RRO047A; Takara Bio).
cDNA was then subjected to qPCR as described above.
The mRNA expression levels of the cryptdin gene were
calculated and normalized against those of GAPDH.

Primers were designed and synthesized by Invitrogen
(Carlsbad, CA, USA). Primer sequences were as fol-
lows: 16S rDNA, forward 5Y-AGAGTTTGATCCTG
GCTCAG-3 and reverse 5-TGCTGCCTCCCGTAG
GAGT-3"; Acth, forward 5-ATGACCCAGATCAT
GTTTGA-3 and reverse 5-TACGACCAGAGGC
ATACAG-3'. cryptdin 5, forward 5-GCTCCTGCT
CAACAATTCTCC-3" and reverse 5'-CAGCTGCAG
CAGAATACGAA-3. LC3, forward 5- AAGATCC
CAGTGATTATAGAGCGA-3' and reverse 5-ATTG
CTGTCCCGAATGTCTC-3'. GAPDH, forward 5-A
GGCCGGTGCTGAGTATGTC-3" and reverse 5-TG
CCTGCTTCACCACCTTCT-3'. Data were calculated
using the 274" method.

Hematoxylin and eosin staining of ileal tissue
samples

After dehydration and wax embedding, tissue samples
were cut into 5 -pm-thick slices and stained with hema-
toxylin and eosin (H&E) following standard protocols.
Ileal villus length and crypt depth were measured in
coded sections (with six intact villus crypt units per
section; two sections were calculated to give an average
for each mouse) using a calibrated eyepiece by two
investigators blinded to the sample identities. Data
were analyzed with a computer-supported image ana-
lysis system (NIS-Elements AR 3.0 software; Nikon,
Tokyo, Japan).

Immunohistochemistry (IHC) of lysozyme in ileal
tissue samples

The wax blocks were cut into 5-um-thick slices and
deparaffinized. After Ag retrieval and blocking with
5% BSA in PBS with 1% Tween 20 (Sigma-Aldrich,
St. Louis, MO, USA) for 1h, ileal tissue slices were
incubated with an anti-lysozyme Ab (Abcam,
Cambridge, UK) overnight (8-12h) at 4°C.
Subsequently, the sections were processed using a
3,3/-diaminobenzidine  detection kit (ZSGB-Bio,
Beijing, China) according to the manufacturer’s
instructions. Next, the sections were counterstained
with H&E and the coverslips were fixed with 50% neu-
tral resins. For quantification of the number of Paneth
cells, sections of all mice were stained and cells were
counted in eight crypts in representative microscopic
fields for each mouse. Results were normalized and
are expressed as a percentage.
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Western blot analysis of lysozyme, Regllly, Stat3,
phosphorylated Stat3, and AhR

Ileal tissue samples were homogenized in lysis buffer
containing 20mM Tris-HCI, pH 7.4, 2.5mM EDTA,
200 mM NaCl, 200mM NacCl, and 1% NP-40 using a
hand-held tissue homogenizer (Kinematica, Luzern,
Switzerland). Samples were centrifuged at 12,000g
for 20 min at 4°C. The protein concentration of super-
natants was determined using a bicinchoninic acid
protein assay kit (KeyGEN, Nanjing, China). Equal
amounts of total protein extracted from ileal tissue
samples were heated at 95°C for 10 min and then sepa-
rated by electrophoresis on 12% Bis-Tris protein gels
(Invitrogen). Proteins were transferred onto polyviny-
lidene fluoride membranes (Millipore, MA, USA),
washed with PBS containing Tween 20, blocked with
5% BSA (Sigma-Aldrich) for 1h, and then incubated
with primary Abs (anti-lysozyme, 1:5000, ab108508,
Abcam; anti-Regllly, 1:1000, ab198216, Abcam;
anti-AhR, 1:500, ab84833, Abcam; anti-Stat3, 1:1000,
No. 12640, Cell Signaling Technology, Danvers, MA,
USA; anti-pStat3, 1:1000, No. 9131, Cell Signaling
Technology) overnight at 4°C. f-Actin (1:5000,
A1978, Sigma-Aldrich) and GAPDH (1:5000, G8795,
Sigma-Aldrich) were used as internal controls.
Subsequently, the membranes were washed and incu-
bated with their corresponding secondary Abs for 1h
at 25°C with constant agitation. After being washed
with PBS 3 times for 5min each, the membranes
were incubated with electrochemiluminescence solu-
tion for Smin and the bands of target proteins were
detected using Kodak film. Grayscale analysis of
the bands was performed using Image] software
(NIH, Bethesda, MD, USA). Data are presented as
the expression ratios of the target protein relative to
internal controls.

Immunofluorescence of AhR in ileal tissue samples

Ileal tissues were fixed in 4% paraformaldehyde over-
night, dehydrated, and embedded in paraffin. Tissue
slices (5 pm in thickness) were mounted on positively
charged glass and dewaxed. Ag retrieval was achieved
by incubation in 0.01 M sodium citrate buffer, pH 6.0,
for 20min in a boiling steamer. Slides were then
blocked with normal goat serum blocking reagent
(Invitrogen) for 30 min and subjected to sequential incu-
bation with anti-AhR (1:50, ab84833, Abcam) at 4°C
overnight and fluorophore-conjugated secondary Abs
at 24°C for 2h and nuclei were visualized with
4[prime],6-diamidino-2-phenylindole (1:2000, ab104139,
Abcam). Between each incubation step, the slides were
washed with PBS three times for 5min each. Sections
were mounted using fluorescent mounting medium.
Confocal images were obtained with a Zeiss
(Oberkochen, Germany) LSM 710 imaging system.

ELISA of IL-22 in ileal tissue samples

Distal ileal tissue was homogenized as described above
and samples of equal concentration were centrifuged at
10,000g for 15min at 4°C. The supernatant was
extracted and recentrifuged. The concentration of IL-
22 in the supernatant was measured using an ELISA kit
(DLdevelop, Wuxi, China) following the manufac-
turer’s instructions.

Statistical analysis

Data are expressed as the mean &= SD. Mean variability
among all groups was compared by one-way analysis of
variance with Tukey’s post hoc test for multiple com-
parisons. Statistical calculations were performed using
SPSS version 19.0 software (SPPS, Chicago, IL, USA).
Two-sided P values <0.05 were considered significant.

Results

Macroscopic and microscopic sequelae following
depletion and reconstitution of intestinal microbiota

To confirm the successful depletion and reconstitution
of the intestinal microbiota, we used qPCR to deter-
mine the fold change in 16S rDNA, which is found
in all bacterial chromosomes. More than 95% of the
intestinal microbiota was depleted by broad-spectrum
antibiotics and was reconstituted by FMT (Figure 1a).
Body mass significantly decreased following antibiotic
treatment (P < 0.01) and returned to normal levels after
FMT (Figure 1b). Robust intestinal villi are essential
for the maintenance of the gut barrier. Histological
assessment of the ileum samples by H&E staining
revealed severe blunting of the villi following antibiotic
treatment and showed that FMT improved mucosal
morphology (Figure 1c). Villus height was significantly
lower following antibiotic treatment, but was rescued
markedly by FMT, although the height remained
significantly lower than that in the normal group
(Figure 1d). In addition, crypt depth decreased in the
Abx group, but returned to normal levels following
FMT (Figure le).

Impact of broad-spectrum antibiotic treatment and
subsequent FMT on intestinal mucosal antimicrobials

Cryptdins, lysozyme, and Regllly are the major
antimicrobial molecules produced and released by the
intestinal epithelium. THC showed that lysozyme was
localized at the base of the ileal crypts and that its dis-
tribution was much sparser following antibiotic treat-
ment. Reconstitution of the intestinal microbiota
restored the distribution density of lysozyme in ileal
crypts (Figure 2a). In addition, Western blot analysis
showed that the protein levels of lysozyme were
decreased significantly in the Abx group compared
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Figure 1. Macroscopic and microscopic sequelae following depletion and reconstitution of intestinal microbiota (n=6). (a) Fold
changes of bacterial 16S rDNA levels in fecal samples. Antibiotic treatment decreased the number of small intestinal microbes
efficiently. (b—e), Body mass (b), representative distal ileum H&E-stained histology image (c), villus height (d), and crypt depth (e) in
conventional mice (Normal group), antibiotic treatment mice (Abx group), and subsequent FMT mice (FMT group). Scale bars

represent 100 pm. *P < 0.05, *P < 0.01.

with the Normal group and subsequent FMT improved
the expression of lysozyme protein significantly, which
is consistent with the THC results (Figure 2b and c).
In mice, two forms of lysozyme are expressed, one spe-
cific for Paneth cells (lysozyme P) in the intestine and
the other expressed in neutrophils and macrophages
(Iysozyme M). The Ab used was generated against
total lysozyme (both types). However, because no dif-
ference in polymorphonuclear neutrophil or macro-
phage presence was detected, as illustrated by the
IHC data on lysozyme, the results obtained
by Western blot analysis reflected changes in Paneth-
cell-derived lysozyme. In addition, antibiotic treatment
diminished protein levels of Regllly, which could
be rescued partially by FMT (Figure 2b and d).

Next, the gene expression of cryptdin 5, which is
expressed exclusively by Paneth cells, was investigated.
Strikingly, the mRNA levels of cryptdin 5 showed the
same tendency as lysozyme and ReglIly protein levels
(Figure 2e). Quantification of Paneth cells revealed
equal numbers in the three groups, excluding the possi-
bility that the observed decrease in lysozyme expression
and cryptdin 5 mRNA levels in Paneth cells were caused
by reduced cell numbers (Figure 2f). To exclude the
effects of starvation and the occurrence of autophagy
on antimicrobial proteins, the mRNA levels of LC3
were detected and showed no significant difference
among the three groups (Figure 2g). Therefore, deple-
tion of intestinal microbiota down-regulated the levels
of mucosal antimicrobials, whereas reconstitution of



302

Innate Immunity 24(5)

(b) (©

Normal Abx FMT -
Lysozyme e
VSOOI | e e -
(15kDa) g
Regllly £
(19kDa) S
(2]
>
GAPDH =
(36kDa)
e f
© 45, O 450
B (]
€<
oz 2 Q
AL 1.0 2 < 100
S axr
awn o >
5s £S
235 057 ¥ ]
85 2
&) -
0.0 - 0 -

Normal Abx FMT

Normal Abx FMT

o - CI .
* %k *k *%*

2.0 1 T 0.8 .
o

1.5 1 < 0.6 -
O]

1.0 1 = 04+
k=)

0.5 £ 021

0.0 - 0.0 -

Normal Abx FMT Normal Abx FMT

—~
Qe

1.5 1
k)
c
K]
0 < 4
9z 1.0
‘Q—_I
3 €
™
28 o0s;
©
©
o
0.0 -

Normal Abx FMT

Figure 2. Impact of broad-spectrum antibiotic treatment and subsequent FMT on intestinal mucosa antimicrobial molecules (n=6).
(a) Immunohistochemistry showing lysozyme expression in ileal tissue from different groups. Scale bars represent 100 pm. (b—d)
Western blot analysis of lysozyme and Regllly expression in ileal tissue and normalization to GAPDH levels. (e) Relative expression of
cryptdin 5 mRNA. (f) Lysozyme-positive cells in crypts. (g) Relative expression of LC3 mRNA. *P < 0.05, **P < 0.01.

intestinal microbiota by FMT enabled partial rescue of
antimicrobial molecules, restoring bactericidal function
of intestinal mucosa.

Suppression of the AhR/IL-22/Stat3 pathway is
involved in antimicrobial molecule decrease
following depletion of intestinal microbiota

AhR is an important sensor of catabolites derived from
gut microbiota and promotes local intestinal IL-22 pro-
duction. Previous studies have shown that IL-22 plays a
prominent role in the production and secretion of anti-
microbial molecules by activating IL-22R and Stat3
phosphorylation. Therefore, we hypothesized that the
AhR/IL-22/Stat3 pathway was involved in modulating
antimicrobial molecules following antibiotic treatment
and FMT. As expected, immunofluorescence showed
that AhR was down-regulated significantly following
antibiotic treatment and restored partially by subse-
quent FMT (Figure 3a). The protein levels of AhR as

measured by Western blot analysis showed the same
changes (Figure 3b and c¢). IL-22 levels in the Abx
group were significantly lower than those in the
Normal group and subsequent FMT rescued this
change to normal levels (Figure 3f). Moreover,
although the expression of Stat3 was independent of
intestinal microbiota (Figure 3b and e), the p-Stat3/
Stat3 ratio in distal ileal tissue was significantly lower
following antibiotic treatment but was rescued partially
by FMT (Figure 3b and d). Together, these data sug-
gest that the AhR/IL-22/Stat3 signaling pathway is
associated with the modulation of intestinal mucosa
antimicrobial molecules by commensal microbiota.

Stimulation of AhR activates the IL-22/Stat3
pathway and restores antimicrobial molecules
following antibiotic treatment

We found that down-regulation of the AhR/IL-22/
Stat3 signaling pathway is associated with the reduction



Wang et al.

303

(@)

Normal

Abx

FMT

—~
o
-

1.0 7 0.8 —
T 087 © 0.6
=) o
% 06 - n
0] ; 0.4 1
E 0.4 1 k=
(9]
< o2 - a 0.2 -

0.0 -

Normal Abx FMT Normal Abx FMT

(b) Abx

Normal

AhR
(95kDa)

p-Stat3
(86kDa)

Stat3

GAPDH
(36kDa)

(e)
1.0 -

—
—
=

600 + ok

0.8 4

0.6 - 400 4

0.4 4
200 -

Stat3 / GAPDH

0.2 4

Tissue IL-22 (pg/ml)
—

0.0 - 0-
Normal Abx FMT Normal Abx FMT
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levels in ileal tissue from different groups. *P < 0.05, **P < 0.01.

of antimicrobial molecules following antibiotic treat-
ment, which could be rescued partially by subsequent
FMT. To further assess the role of the AhR/IL-22/
Stat3 pathway in the regulation of antimicrobial mol-
ecules by intestinal microbiota, we administered Ficz,
an AhR agonist, to antibiotic-treated mice. After a 4-
wk treatment with AhR agonist, mucosal atrophy
(Figure 4) and reduction of lysozyme, Regllly, and
cryptdin 5 mRNA were improved in the Abx mice trea-
ted with Ficz compared with their untreated counter-
parts, almost reaching the levels observed in the FMT
group (Figure 5a to d). In addition, administration of
Ficz increased IL-22 levels and the ratio of p-Stat3/
Stat3 in Abx mice significantly, reaching the levels in
the Normal and FMT groups (Figure 5Se and f), indicat-
ing that activation of AhR improved antimicrobial
molecule levels through the IL-22/Stat3 pathway.
To exclude that the restoration of the mucosal morph-
ology, antimicrobial component expression, and stat3
phosphorylation was due to agonist treatment rather
than being a result of growth and expansion of the
remaining microbiota during the 4-wk Ficz treatment
period, bacterial quantification was assessed in all mice
before they were sacrificed. As expected, the fecal bac-
terial load in Ficz-treated mice was still extremely low
and showed no significant difference compared with

their untreated counterparts (Figure 5g). Together,
these data demonstrate that commensal microbiota
modulates intestinal mucosa antimicrobial molecules,
a process in which the AhR/IL-22/Stat3 signaling path-
way is involved.

Discussion

With increasing evidence demonstrating the indis-
pensability of commensal bacteria in host physiology,
complex mutualistic host-microbiota relationships, par-
ticularly microbiota-induced changes to intestinal
immune homeostasis, have gained increased interest in
recent years. Although GF mice have advanced
our understanding of the impact of microbiota on the
immune system greatly, they cannot be used to deter-
mine the role of microbiota-induced changes in host
and gut immunity later in life, such as environmental
changes and drug use.'” Previous studies have established
profound immunological changes such as reduced num-
bers of IgA-producing plasma cells and lamina propria
CD4 " T cells and smaller germinal centers in mesenteric
lymph nodes in GF mice.'"® Furthermore, increased
evidence regarding pathologies related to antibiotic ther-
apy, including antibiotic-associated gut barrier dysfunc-
tion, gut-derived infections, and diarrhea, has revealed
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expression of cryptdin 5 mRNA, (e) IL-22 levels, and (f) p-Stat3/Stat3 ratio in ileal tissue from different groups. (g) Fold changes of
bacterial 16S rDNA levels in fecal samples. *P < 0.05, *P < 0.01.

the impact of antibiotic-induced perturbations of the and play vital roles in regulating intestinal microbiota
intestinal microbiota in host physiology.'” Intestinal- and maintaining homeostasis. Conversely, the effects of
epithelium-derived antimicrobial molecules are import- commensal microbiota on antimicrobial molecules have
ant components of intestinal mucosal innate immunity not yet been investigated fully.
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In the present study, we used a mouse model
suitable for investigating the interactions among
microbiota, antibiotics, and intestinal mucosal immun-
ity in conventionally raised and developed mice.?
Following broad-spectrum antibiotic treatment, mice
were virtually lacking the intestinal microbiota, as
shown by qPCR. We detected decreased antimicrobial
molecules following broad-spectrum antibiotic treat-
ment, indicating that the gut microbiota is necessary
for maintaining the production of these antimicrobials.
Our results agree with those of Zhang et al., who
demonstrated that symbiotic bacteria can protect lyso-
zyme from degradation in lysosome and direct selective
cargo sorting through the Nod2-LRRK2-Rab2a
complex in Paneth cells.”! Another previous study
showed that diminished antimicrobial protein produc-
tion and aberrant Paneth cell morphological features
occurred during starvation.'® Paneth cells of starved
mice showed increased induction of autophagy, which
may have caused the deviant granules observed in these
cells. Upon experimental starvation in which up to 25%
of body mass was lost, there were profound effects on
the intestine and certainly on the expression of Paneth
cell antimicrobials.'” To exclude that the effects of
microbiota depletion is not caused by mechanisms
related to starvation and occurrence of autophagy,
expression of LC3 was detected and showed no signifi-
cant difference, indicating that other mechanisms must
be involved.

To understand fully the influences of commensal
microbiota on these antimicrobial molecules, we recon-
structed the intestinal microbiota using FMT.
Reintroduction of complex microbiota into the host
via FMT is a well-known method of therapy dating
back to the Chinese Dong Jin dynasty and is a thera-
peutic option for the treatment of refractory
Clostridium difficile infection-induced acute necrotizing
enterocolitis.’>** Remarkably, FMT recovered muco-
sal morphology and antimicrobial molecule levels
effectively, which further suggested that commensal
microbiota are indispensable for maintaining intestinal
mucosal immunity.

AhR has been widely reported to be involved in the
regulation of intestinal physiology. Multiple studies have
suggested that the AhR pathway is an effective targeting
strategy for diseases such as multiple sclerosis, inflam-
matory bowel diseases, and cancer.”* AhR-mediated IL-
22 production from adaptive and innate cells normally
confers protection from bacterial infections and wound
healing.*® Here, we found that antibiotic treatment led to
reduced AhR levels and decreased I1L-22 and phosphor-
ylation Stat3 levels in ileal tissues, which are downstream
targets of AhR and play critical roles in promoting anti-
microbial molecules. Strikingly, these measurements
were restored significantly by FMT, indicating that
AhR is important in the modulation of intestinal anti-
microbial molecules. Therefore, we administered Ficz to

activate AhR exogenously in Abx mice and found sig-
nificantly increased IL-22 and phosphorylation Stat3
levels, which contributed to up-regulated antimicrobial
molecule levels. Our data agree with previous findings
demonstrating the importance of microbiota-driven sig-
naling for the expansion of AhR activity and I1L-22 levels
in the gut."” Disordered gut microbiota failed to metab-
olize tryptophan into metabolites that act as AhR lig-
ands, leading to decreased AhR activity and 11.-22 levels,
ultimately delaying the recovery from dextran sulfate
sodium-induced colitis."” It is fascinating that the micro-
biota had not recovered during the administration of
Ficz as late as 4 wk after stopping antibiotic treatment.
The reason that the 5% of remaining microbes failed to
expand may be that the effects of antibiotics last several
weeks even after they are withdrawn. Together, our data
demonstrate that commensal microbiota probably
modulates antimicrobial molecules via the AhR/IL-22/
Stat3 signaling pathway.

Although these in vivo results are promising, there
are some limitations to our study. First, the exogenous
agonist activated the AhR/IL-22/Stat3 signaling path-
way and rescued antimicrobials markedly after anti-
biotic treatment, whereas these measurements failed
to return to normal levels, indicating that other factors
and pathways might participate in the dys-regulation of
intestinal antimicrobials following antibiotic treatment.
Whether the commensal microbiota affects these fac-
tors in terms of antimicrobial molecule modulation
requires further analysis. Second, the induction of anti-
microbials that occurs via the microbiota-induced AhR
relies on the effect of a single agonist tested and add-
itional agonist would strengthen this specific connec-
tion. Third, commensal microbiota modulates various
intestinal immune cells and other cytokines, such as
CD4" and CD8™ T lymphocytes, dendritic cells, regu-
latory T cells, IFN-y, IL-17, and IL-10, all of which
may be involved in the production of antimicrobial
molecules.?® Therefore, in vitro experiments are antici-
pated to further confirm the role of the AhR//IL-22/
Stat3 signaling pathway in the maintenance of anti-
microbial molecules.

In conclusion, our study demonstrates that the com-
mensal microbiota is of indispensable importance for
maintaining normal antimicrobial molecule levels, in
which the AhR//IL-22/Stat3 signaling pathway is
involved. Although antibiotic treatment is unavoidable
under specific clinical conditions, it is crucial to con-
sider the effects of this therapy on intestinal mucosal
immunity. Targeting the AhR/IL-22/Stat3 pathway
might be a promising approach for treating antibiotic-
associated gut barrier damage.
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