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Summary
Background Crohn’s disease (CD) is a chronic inflammatory disorder characterized by intestinal immune dysfunc-
tion. Multiple factors, including gut dysbiosis, are involved in the pathogenesis of CD. However, the effect of com-
mensal bacteria on controlling the inflammatory response in individuals with CD remains unclear.

Methods We detected Toll-like receptor 2 (TLR2), TLR4, and TLR5 expression in Roseburia intestinalis (R. intestina-
lis)-treated mice with 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis. Then, we quantified the signs of
colonic inflammation, the proportion of regulatory T cells (Tregs) and the expression of thymic stromal lymphopoie-
tin (TSLP) and transforming growth factor (TGF)-b in TLR-5-deficient (Tlr5�/�) mice, bone marrow chimera mice
(generated using wild-type (WT) and Tlr5�/� mice), and anti-TSLP/anti-TGFb-treated C57BL/6 mice with colitis
induced by TNBS. In vitro, we used the lipopolysaccharide (LPS)-stimulated human intestinal epithelial cell line
Caco-2 as an inflammatory colon cell model treated with or without the TLR5-siRNA intervention in the presence of
R. intestinalis and incubated human monocyte-derived dendritic cells (DCs) with the supernatant of Caco-2 cells.
Then, we cocultured human CD4+ T cells with the aforementioned DCs to determine the differentiation of Tregs.
Additionally, samples from patients with CD were collected to analyse the correlation between TLR5/TSLP/TGFb
expression and the percentage of R. intestinalis.

Findings Here, we show that R. intestinalis inhibits the development of CD by increasing the differentiation of anti-
inflammatory Tregs. Mechanistically, R. intestinalis stimulates TSLP production in intestinal epithelial cells (IECs)
through TLR5 but not TLR2 or TLR4. TSLP produced by IECs specifically induces the secretion of interleukin-10
(IL-10) and TGFb from DCs, which is necessary for subsequent Treg differentiation. Consequently, the depletion of
TLR5 (using Tlr5�/� mice) or inhibition of TSLP (using anti-TSLP neutralizing antibodies) attenuates the protective
effect of R. intestinalis on experimental colitis in mice. Importantly, the expression of TSLP in patients with CD is
positively correlated with the level of R. intestinalis.

Interpretation These findings reveal the previously unknown mechanism of R. intestinalis-mediated intestinal
immune regulation, which may provide the basis for new therapeutic strategies for CD.
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Introduction
Inflammatory bowel disease (IBD), which primarily
includes ulcerative colitis (UC) and Crohn’s disease
(CD), is a chronic and recurrent intestinal inflammatory
disease.1,2 The increased incidence of IBD is related to
urbanization and a shift towards a Westernized diet.
Although the pathogenesis of IBD is not completely
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Research in context

Evidence available before this study

Commensal bacteria are essential for controlling the
inflammatory response in patients with CD. We previ-
ously showed that the abundance of R. intestinalis
decreased significantly in patients with CD compared
with healthy volunteers. R. intestinalis inhibits the devel-
opment of experimental colitis by promoting Treg
differentiation.

Added value of this study

Our data add novel evidence that R. intestinalis-medi-
ated intestinal immune regulation resists CD. Specifi-
cally, we show that R. intestinalis-mediated alleviation of
colon inflammation depends on TLR5. TLR5 expression
on IECs activates DCs and promotes DC-induced Treg
cell differentiation. The cytokine TSLP secreted by IECs
suppresses colitis pathogenesis.

Implications of all the available evidence

In this paper, we identified that stimulation of the TLR5-
dependent intestinal immune response by R. intestinalis
contributes to DC-induced Treg differentiation. These
findings further improve our understanding of the ame-
lioration of colitis by R. intestinalis in individuals with
CD, which may provide profound insights into host-
microbe interactions and novel treatment strategies
for CD.

Articles

2

understood, it may be caused by multiple factors,
including genetic, environmental, immune, and micro-
biota alterations.3,4 Indeed, IBD is associated with sig-
nificant changes in the gut microbiota that are driven by
increased nitrosative and oxidative stress.5 In particular,
Firmicutes (including Faecalibacterium prausnitzii and
Roseburia hominis) are depleted in patients with IBD,
while Proteobacteria (such as Escherichia coli) are
enriched.5,6 The abnormal gut microbiota can subse-
quently produce either microorganism-associated
molecular patterns or harmful metabolites, which in
turn enhance chronic inflammation and immune dys-
function by activating pattern recognition receptors [e.
g., Toll-like receptors (TLRs)].7,8 Increased numbers of
pathogenic bacteria induce inflammatory responses by
activating myeloid cells or type 1 T helper (Th1)/type 17
T helper (Th17) effector cells. Moreover, a reduction in
regulatory commensal bacteria may disrupt the activa-
tion and differentiation of regulatory T cells (Tregs),
dendritic cells (DCs), and innate lymphoid cells (ILCs).9

Thus, elucidation of the crosstalk among intestinal epi-
thelial cells (IECs), immune cells, and commensal bac-
teria is important.

Previously, we investigated the distribution of bacte-
ria in the faeces of untreated patients with CD and
healthy participants and described the intestinal micro-
biota of patients with CD in southern China, specifically
in Hunan Province. We previously showed that com-
pared with healthy volunteers, patients who were newly
diagnosed with CD had reduced bacterial diversity.10 At
the species level, the abundance of R. intestinalis (or R.
I.), a flagellated gram‑positive anaerobic bacterium
belonging to Clostridium subphylum cluster XIVa,10,11

was decreased significantly in patients with CD in our
study. We also revealed that R. intestinalis and its com-
ponents exert anti-inflammatory effects on murine
models of colitis.10,12�14 Magnetic nanoparticle-internal-
ized R. intestinalis also exerted a protective effect on coli-
tis in rats.15 Tregs are essential for sustained intestinal
immune tolerance by controlling innate and adaptive
immune responses. Although we reported that R. intes-
tinalis inhibits intestinal inflammation and induces
Treg differentiation both in vivo and in vitro,10 the key
mediator of the immunomodulatory activity of R. intesti-
nalis in patients with CD remains uncertain.

Here, we provide the first evidence that the produc-
tion of TLR5-dependent thymic stromal lymphopoietin
(TSLP, a pleiotropic factor primitively extracted from
murine thymic stromal cells) in IECs initiates R. intesti-
nalis-induced Treg differentiation by activating DCs.
Consequently, genetic or pharmacological inhibition of
the TLR5-TSLP pathway inhibited the protective effect
of R. intestinalis on a mouse model of colitis. These find-
ings not only provide new insights into the intestinal
immune mechanism but may also identify potential tar-
gets for the treatment of CD.
Methods

Human samples and ethical statement
The collection of human samples was approved by the
local Ethics Committee and the Review Board of Third
Xiangya Hospital of Central South University (Chang-
sha, China) (No. 2016-S094). CD was diagnosed
through the combined analysis of clinical manifesta-
tions and pathological, endoscopic and imaging exami-
nations by experienced clinical doctors according to
published guidelines. All volunteers provided informed
consent for the collection of peripheral blood, faeces,
and paraffin-embedded colon sections. The basic infor-
mation of all participants, including age, sex and disease
location, is shown in Table S1.
Animals and ethical statement
Six-week-old male C57BL/6 (B6 WT) mice were acquired
from SJA Laboratory Animal Co., Ltd. (Hunan, China)
and raised under specific pathogen-free (SPF) conditions.
Breeder pairs of Tlr5�/� mice were donated by the Collab-
orative Innovation Center of Model Animals at Wuhan
University (Wuhan, China) and housed under SPF con-
ditions at SJA Laboratory Animal Co., Ltd. The Tlr5�/�
www.thelancet.com Vol 85 November, 2022
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mice were on a C57BL/6 genetic background. Approval
of all processes for animal experiments was provided by
the Ethical Committee of Medical Research of SJA Labo-
ratory Animal Company (No. 20170047) and Central
South University (No. 2018-S092). All animal experi-
mental procedures were performed in accordance with
the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals.16

Bacterial strains
A bacterial strain (Roseburia intestinalis DSMZ‑14610
(Deutsche Sammlung von Mikroorganismen und Zell-
kulturen GmbH, Braunschweig, Germany)) was cul-
tured with lytic anaerobic medium (BD Diagnostics,
510794) as previously described.10 For in vivo experi-
ments, R. intestinalis was washed three times and resus-
pended in saline, and mice were administered an R.
intestinalis suspension (at 1 £ 109 CFUs/100 ml). For in
vitro studies, R. intestinalis was washed three times and
resuspended (at 1 £ 109 CFUs/ml) in RPMI-1640
(HyClone, SH3025501).10

Experimental colitis
For the induction of colitis, mice were treated with
150 ml of presensitization solution [5% 2,4,6-trinitroben-
zenesulfonic acid (TNBS) (Sigma‑Aldrich, P2297)
mixed with a mixture of acetone/olive oil (4:1 v/v)] or
with the acetone/olive oil mixture alone through the
shaved dorsal skin (day 1).10 Then, mice were anaesthetized
with isoflurane before the intrarectal administration of
100 ml of the TNBS solution [5% TNBS and 50% ethanol
(1:1 v/v)] or 50% ethanol (days 8 and 10).17 The control
group was administered normal saline (100 ml), while the
R. The I group was intragastrically administered the bacte-
rial suspension (100 ml) (day 12 to day 14). Mice were
euthanized on day 15 to collect tissue samples.

In vivo neutralization of TSLP was performed as
described previously with certain modifications; briefly,
C57BL/6J mice were intraperitoneally injected with
500 mg of TSLP-neutralizing antibody (R&D Systems,
MAB555-500) every three days, a total of two injections,
starting 1 h before TNBS administration.18,19

For in vivo neutralization of TGFb, C57BL/6J mice
received intraperitoneal injections of the TGFb neutral-
izing antibody (R&D Systems, MAB1835-500) once
every 2 weeks the day before TNBS administration. We
diluted the antibody in NS and administered it at
10 mg/kg of body weight.20 No mice died during anti-
TSLP treatment or anti-TGFb treatment, which showed
no obvious toxic effects on the mice.

Bone marrow transplantation (BMT)
Six-week-old male mice were randomly grouped into
donors or recipients. Recipient mice were treated with
2 mg/ml neomycin in water 1 week prior to irradiation.
All recipient mice received irradiation with 2 doses of 5
Gy (gamma rays) at 4-h intervals (dose rate 1.0 Gy/
www.thelancet.com Vol 85 November, 2022
min). Irradiation was performed by a technician from
the Radiology Department of Central South University
Third Xiangya Hospital. Within 24 h after irradiation,
bone marrow (BM) cells from the femur, pelvis and tibia
from the hind leg of donors were prepared, and the
recipient mice were transplanted with 5,000,000 live
BM cells through the lateral tail vein. The chimeric
mice were maintained on water supplemented with
neomycin for 2 weeks. After antibiotic treatment, the
chimeric mice were standardized by exposure to the
microbiota of non-BMT mice; namely, WT or Tlr5�/�

mice were cohoused in the same cage with non-BMT
WT or Tlr5�/� mice. Peripheral blood was analysed
using flow cytometry to examine the reconstitution effi-
ciency at least 6 weeks after BMT. Experimental colitis
was induced in all reconstituted mice after 6 weeks of
recovery from transplantation.

The reconstituted mice were administered the TNBS
presensitization solution through the cutaneous route,
treated with the TNBS solution twice via the rectum,
and R. intestinalis treatment was administered by gavage
for 3 days. The mice were monitored for 14 days after
the first skin exposure to TNBS. Peripheral blood and
colon tissues were collected for histological and expres-
sion analyses.21,22

Disease activity index (DAI)
Loss of body weight, characteristics of faeces, and the
occurrence of haematochezia were observed during the
modelling period. The severity of the induced colitis
was assessed by calculating the DAI (Table S2), as
described previously.12

Histology
Haematoxylin and eosin (H&E) staining was performed
using standard procedures. For H&E detection, washed
colon tissues were immersed in a 4% formaldehyde
solution, embedded in paraffin and sliced, followed by
H&E staining. The sections were evaluated indepen-
dently by two pathologists who were blinded to the
groups of experiments using published criteria14 (Table
S4). For IHC detection, a series of consecutive sections
was soaked in xylene and ethanol for deparaffinization
and hydration, respectively, and then treated with
sodium citrate buffer. Next, the sections were incubated
with the following primary antibodies: rabbit polyclonal
anti-TLR5 (1:200, Proteintech, 19810-1-AP, RRID:
AB_10699876), rabbit polyclonal anti-TSLP (1:250,
Abcam, ab188766, RRID: AB_2894705), rabbit poly-
clonal anti-IL-10 (1:200, Proteintech, 20850-1-AP,
RRID: AB_2878752) or rabbit polyclonal anti-TGFb
antibody (1:100, Novus, NBP2-22114, RRID:
AB_2909813). The sections were incubated with the
secondary antibody (Mai New Biotechnology Develop-
ment Company, KIT 9710) according to the man-
ufacturer’s instructions. The sections were evaluated by
two independent pathologists who were blinded to the
3
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experimental intervention under a light microscope
(DP72; Olympus Corporation), with at least 5 high-pow-
ered fields at £ 200 or £ 400 counted per sample.
Enzyme-linked immunosorbent assay (ELISA)
Samples, including peripheral blood serum, tissue
homogenates or cultured cell supernatants, were col-
lected for quantitative ELISAs of TSLP (R&D Systems,
DTSLP0 for human, MTLP00 for mouse), TGFb (R&D
Systems, SB100B) and IL-10 levels (eBioscience, 88-
7106 for human, 88-7105 for mouse) according to the
manufacturer’s instructions.
Reverse transcription polymerase chain reaction (RT‒PCR)
RNA was isolated from purified cells or colon tissues
using TRIzol (Invitrogen, 15596026) according to the
manufacturer’s protocol. Reverse transcription was per-
formed using a cDNA synthesis kit (Thermo Fisher Sci-
entific, K1652) according to the manufacturer’s
instructions. RT‒PCR amplification using SYBR Green
qPCR master mix (Vazyme, Q311-02) was performed in
a Bio‑Rad CFX96 Real‑Time PCR Detection System
(Bio‑Rad Laboratories). The primer sequences are
described in Table S3.
Quantitative real-time polymerase chain reaction
(qPCR) of R. intestinalis
DNA was extracted from human faecal samples using a
genomic DNA extraction kit (Tsingke, TSP201). The
qPCR analysis of R. intestinalis 16S rRNA was per-
formed as described previously.15,23 Detection was per-
formed using SYBR Green PCR master mix (Vazyme,
Q311-02) and a real-time PCR system (Bio‑Rad Labora-
tories). The copy number was calculated from 10-fold
serial dilutions compared with the standard. The primer
sequences are shown in Table S3.
Cell isolation
Colon tissues were used to isolate lamina propria cells
as described.12,24 The colon was collected, washed three
times with 1 £ phosphate-buffered saline (PBS; 0.01M,
pH 7.4), and predigested [1 £Hank’s balanced salt solu-
tion (Thermo Fisher Scientific, 14175095) + 1 mM
dithiothreitol (Thermo Fisher Scientific, R0861) +
5 mM EDTA (Invitrogen, AM9912) in 5% FBS (Biologi-
cal Industries)] to remove the mucus and epithelial
cells. Next, the tissue was digested [Type IV collagenase
(0.3 mg/ml, Sigma‑Aldrich, C1889), DNase I
(0.25 mg/ml, Sigma‑Aldrich, D5025), and dispase II
(3 mg/ml, Roche Diagnostics GmbH, 4942078001) in
DMEM (HyClone, SH30081.05)]. The digested tissue
was filtered through 70-mm nylon strainers. Finally, the
cells were washed with DMEM and purified through
Percoll (Sigma‑Aldrich, GE17-089101) gradient (40/
80%) centrifugation.
Flow cytometry
Collected cells were incubated with a Zombie UV viabil-
ity staining kit (BioLegend, 423101) to separate live cells,
followed by an incubation with the following human or
mouse conjugated antibodies: CD4 (FITC conjugate;
BioLegend, 100406, RRID: AB_312691), CD25 (APC
conjugate; BioLegend, 101910, RRID: AB_2280288),
FOXP3 (PE conjugate; BioLegend, 126404, RRID:
AB_1089117), CD45 (APC/Cy7 conjugate; BioLegend,
109823, RRID: AB_830788), CD3 (PE conjugate; BioLe-
gend, 100205, RRID: AB_312662), CD11b (FITC conju-
gate; BioLegend, 101205, RRID: AB_312788), and CD19
(PE conjugate; BioLegend, 152408, RRID:
AB_2629817). Experiments were performed using a
FACS Arial II flow cytometer (BD Biosciences). Data
were analysed using FlowJo 7.0 FACS software
(FlowJo).

Western blotting
Proteins were extracted from colon tissues or cells using
lysis buffer containing complete protease inhibitor. A
BCA assay kit (Thermo Fisher Scientific, 23227) was
used to determine the protein concentration. Thirty
micrograms of processed sample (1 mg/ml) were sub-
jected to SDS‒PAGE and immunoblotting. The primary
antibodies used for immunoblot analyses were rabbit
monoclonal anti-TLR2 (1:500, Abcam, ab209217,
RRID: AB_2814691), rabbit monoclonal anti-TLR4
(1:500, Cell Signaling Technology, 14358, RRID:
AB_2798460), and rabbit polyclonal anti-TLR5 (1:500,
Thermo Fisher Scientific, PA1-41139, RRID:
AB_2205279). Subsequently, a goat anti-rabbit-HRP
antibody (1:5000, Proteintech, SA00001-2, RRID:
AB_2722564) was used as the corresponding secondary
antibody, and then protein levels were quantified using
an enhanced chemiluminescence reaction (Bio-Rad Lab-
oratories).

In vitro model of inflammation
Caco-2 cells (ATCC HTB-37, RRID: CVCL_0025) were
cultivated with RPMI-1640 (HyClone, SH3025501) con-
taining 10% FBS (Biological Industries, 04-001-1ACS)
with 5% CO2 at 37°C. For the induction of the in vitro
model of inflammation, Caco-2 cells were stimulated
with lipopolysaccharide (LPS, 1 mg/ml, Sigma‑Aldrich,
L2630) for 24 h.25 Then, the LPS-induced Caco-2 cells
were treated with R. intestinalis for 24 h. The superna-
tant of the Caco-2 cells was centrifuged, isolated, and
stored at �80 °C to measure the cytokine levels using
ELISAs or used to stimulate DCs in subsequent cell-
based experiments.
Primary cell culture
For the isolation and cultivation of DCs, human periph-
eral blood mononuclear cells (PBMCs) were extracted
from healthy participants and seeded. After 2 h, the
www.thelancet.com Vol 85 November, 2022
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suspended cells were carefully removed by washing, and
recombinant human granulocyte-macrophages (GM-
CSF) (1,000 U/ml, PeproTech, 300-03) and recombi-
nant human interleukin 4 (IL-4) (500 U/ml, PeproTech,
200-04) were added to the adherent cells. On the 6th
day of induction culture, recombinant human tumour
necrosis factor (10 ng/ml, PeproTech, 300-01A), IL-1b
(10 ng/ml, PeproTech, 200-01B), IL-6 (1000 U/ml,
PeproTech, 200-06) and prostaglandin E2 (1 µg/ml,
PeproTech, 3632464) were used to induce the matura-
tion of DCs. On days 7�8 of induction culture, mature
DCs were harvested. Flow cytometry was performed to
detect the expression of CD80 (FITC conjugate; BioLe-
gend, 305205, RRID: AB_314501), CD83 (PE conjugate;
BioLegend, 305307, RRID: AB_314515) and CD86 (APC
conjugate; BioLegend, 374207, RRID: AB_2721448).

Human PBMCs were separated, and a Naive CD4+ T
Cell Isolation Kit (Miltenyi Biotec, 130-091-894) was
used to sort and culture the initial T cells.

The DCs described above were cocultured with initial
T cells at a 1:1 ratio for 48 h. The proportion of Tregs
was analysed using flow cytometry.
SiRNA transfection
Caco-2 cells were suspended and seeded in a six-well
plate at a density of 5 £ 10^5 cells/well. After 12�24 h
of culture, a mixture of transfection reagent and TLR5-
siRNA was prepared. The whole experimental process
was performed strictly in accordance with the instruc-
tions provided with the Lipofectamine 3000 (Thermo
Fisher Scientific, L3000015) transfection reagent. Cells
were transfected with Silencer Select siRNA against
TLR5 (SANTA CRUZ, siRNA ID— sc-40262) or a
Silencer Select Negative siRNA.
Treatment with recombinant TSLP and TGFb proteins
in vitro
Human colon cells were treated with 100 ng/ml recom-
binant TSLP (R&D Systems, 1398-TS) or 1 ng/ml
recombinant TGFb (R&D Systems, 240-B) for 24 h to
inhibit the expression of TSLP and TGFb, and the
experiments were subsequently performed.
Fluorescence in situ hybridization (FISH)
For the FISH analysis, FAM (488)-tagged 50-TCA-
GACTTGCCGYACCGC-30 was applied to detect the
presence of R. intestinalis, and the procedure was con-
ducted as previously described.15,26 Briefly, serial paraf-
fin sections were treated with xylene and ethanol
solutions for deparaffinization and rehydration, respec-
tively. The sections were treated with freshly prepared
4% paraformaldehyde and lysozyme in Tris�HCl (pH
6.5). Subsequently, sections were hybridized with
hybridization buffer (0.9 mol NaCl, 20 mmol
Tris�HCl, 0.02% SDS and formamide), followed by
FISH probes (30 mg/l). Then, each section was washed
www.thelancet.com Vol 85 November, 2022
with washing buffer (0.9 mol NaCl and 20 mmol
Tris�HCl). Finally, sections were mounted with DAPI
and air dried. All FISH sections were observed using a
fluorescence microscope at £ 100 and £ 200 magnifi-
cation and were analysed with CaseViewer image proc-
essing software (JAVS).
Intestinal permeability detection
Fluorescein-labelled FITC-dextran (Sigma, 46944) was
administered by gavage according to the body weight of
the mice (400 mg/g). The mice were sacrificed 4 h later
to collect blood plasma and detect plasma levels of
FITC-dextran.

Mice and AAV delivery
Six-week-old male Villin-cre mice (purchased from Cya-
gen Biosciences, C001243) were used. AAV9 targeting
Cre recombinase TLR5-Flox-AAV (AAV9-RFP-DIO-
CMV-GFP-mTLR5shRNA, 8.81E13 v.g./ml) and Control
AAV (AAV9-RFP-DIO-CMV-GFP-shRNA, 6.06 E13 v.
g./ml) was ordered from Venegen (Jinan, China).

Before TNBS induction, 1 £ 10^12 particles of TLR5-
Flox-AAV or Control-AAV in 0.15 ml of saline were
delivered to Villin-cre mice by enema once and then
supplemented with 1 £ 10^11 AAV in 0.2 ml of saline
by tail vein injection two days later to downregulate
TLR5 expression in IECs. Then, the mice were subjected
to the TNBS intervention 1 week after the first AAV9
administration.27�29

Ethical approval and consent to participate
This study was approved by the Ethics Committee and
the Review Board of Third Xiangya Hospital of Central
South University, and informed consent was obtained
from all participants. All animal studies adhered to the
National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals.
Statistical analysis
Significant differences were assessed using GraphPad
Prism 8.0 software (GraphPad Software). The Kruskal‒
Wallis test with Dunn’s multiple comparisons test were
applied to compare single variables among three or
more groups. The Mann‒Whitney U test was used to
compare single variables between two groups.
Spearman’s correlation analysis was performed to evalu-
ate the correlations of two variables. Other details are
shown in the figure legends. Data are presented as indi-
vidual points and the means § standard errors of the
means. P<0.05 was regarded as statistically significant.
Role of funders
The funders had no role in the study design, data collec-
tion and analysis, decision to publish, or preparation of
the manuscript.
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Results

TLR5 is required for R. intestinalis-induced Treg
differentiation
TLRs, particularly TLR2, TLR4 and TLR5, are essential
for regulating the interaction between the intestinal
microbiota and intestinal mucosal immunity.30,31 There-
fore, we explored the expression of TLR2, TLR4, and
TLR5 in the colon tissues of mice treated with TNBS
and R. intestinalis. Administration of R. intestinalis pre-
vented the TNBS-induced downregulation of TLR5. In
contrast, the expression of TLR2 and TLR4 was not
changed by R. intestinalis. Based on these results, TLR5
is involved in mediating the effects of R. intestinalis
(Figure 1a-b). Previously, we showed that R. intestinalis
increases the proportion of Tregs in the colon and inhib-
its colitis in WT mice.10 We investigated whether TLR5
plays a key role in R. intestinalis-induced Treg differenti-
ation by treating Tlr5�/� mice with TNBS to induce coli-
tis and then administered R. intestinalis. We identified
the absolute absence of TLR5 in Tlr5�/� mice (Figure
S1a-d) and normal gut barrier function (Figure S1e-f)
compared with WT mice before the overall experiment,
and no signs of major organ injury were observed in
Tlr5�/� (control) mice (Figure S1g-k). Compared
to Tlr5�/� (TNBS) mice, Tlr5�/� (TNBS + R.I) mice
showed indistinguishable body weight changes and
DAI scores, which indicated epithelial damage and leu-
kocyte infiltration, suggesting that TLR5 is required for
the R. intestinalis-induced inhibition of colon inflamma-
tion (Figure 1c-f). Consistently, the Tlr5�/� (TNBS + R.
I) mice showed no increase in the differentiation of
Tregs or the colonization of R. intestinalis compared
with Tlr5�/� (TNBS) mice (Figures 1g-h and S1 l-m).
Thus, R. intestinalis-induced Treg differentiation
requires TLR5 expression.
IECs expressing TLR5 play a major role in R. intestinalis-
mediated inhibition of inflammation in vivo
TLR5 is widely expressed in nonimmune cells (e.g.,
IECs) and immune cells (e.g., DCs and macrophages).32

We generated chimeric mice to determine which cell
component expressing TLR5 is required for the R. intes-
tinalis-mediated inhibition of inflammation in vivo. We
lethally irradiated WT and Tlr5�/� mice that were
treated with the antibiotic neomycin for 1 week before
irradiation. The use of neomycin before and after BMT
prevented most bacterial contamination, as previously
reported.21,33 Then, we transferred bone marrow (BM)
from the WT and Tlr5�/� donors to generate WT mice
containing immune cells deficient in TLR5 (Tlr5�/

�!WT) and control mice (WT!WT). We also gener-
ated Tlr5�/� mice expressing TLR5 only in immune cells
(WT!Tlr5�/�) and control mice (Tlr5�/�!Tlr5�/�)
(Figure 2a). After BMT, the mice received antibiotics for
another 2 weeks and were then exposed to the SPF
microbiome environment for 4 weeks to avoid antibiotic-
induced dysbiosis. Accordingly, we analysed the periph-
eral blood cells of the chimeric mice using flow cytome-
try to confirm effective immune reconstitution21 (Figure
S2a-b). Flow cytometry combined with RT‒PCR analysis
were used to identify the absence of TLR5 expression in
the colon of WT!Tlr5�/� mice and the presence of
TLR5 expression in the colon of Tlr5�/�!WT mice
(Figure S2c-d). Subsequently, the chimeric mice were
sequentially treated with TNBS and R. intestinalis
(Figure 2a).

The effects of R. intestinalis on TNBS‑induced colitis
in chimeric mice were investigated. The WT!WT
(TNBS + R.I), WT!Tlr5�/� (TNBS + R.I) and Tlr5�/

�!WT (TNBS + R.I) mice showed an increased body
weight and decreased DAI scores compared with
WT!WT (TNBS), WT!Tlr5�/� (TNBS) or Tlr5�/�

!WT (TNBS) mice, while Tlr5�/�!Tlr5�/�

(TNBS + R.I) mice did not show changes in body weight
or DAI compared with Tlr5�/�!Tlr5�/� (TNBS) mice.
The WT!WT (TNBS + R.I) mice showed decreased
DAI scores and similar body weight changes compared
with the WT!Tlr5�/� (TNBS + R.I) mice, and showed
similar changes in both body weight and DAI scores
compared with Tlr5�/�!WT (TNBS + R.I) mice. The
WT!Tlr5�/� (TNBS + R.I) and Tlr5�/�!WT
(TNBS + R.I) mice both displayed significantly greater
body weight and lower DAI scores than the Tlr5�/�

!Tlr5�/� (TNBS + R.I) mice (Figure 2b-c). These
results indicate that nonimmune cells (IECs) expressing
TLR5 play a major role in reducing the changes in body
weight and DAI score induced by R. intestinalis and that
immune cells may be involved in the process. The histo-
logical analysis of colon sections showed no or minimal
signs of colitis and colon damage in the WT!WT
(TNBS + R.I) and Tlr5�/�!WT (TNBS + R.I) mice com-
pared with WT!WT (TNBS) or Tlr5�/�!WT (TNBS)
mice, respectively, whereas WT!Tlr5�/� (TNBS + R.I)
and Tlr5�/�!Tlr5�/� (TNBS + R.I) mice showed no
obvious relief of mucosal injury, crypt damage or
inflammatory cell infiltration and exhibited decreased his-
topathological scores compared with the WT!Tlr5�/�

(TNBS) mice or Tlr5�/�!Tlr5�/� (TNBS) mice
(Figure 2d-e). Therefore, pathological colonic inflamma-
tion was only relieved in the WT!WT (TNBS + R.I) and
Tlr5�/�!WT (TNBS + R.I) mice, which revealed the
indispensable role of IECs expressing TLR5 in inhibiting
colitis. The colon shortening (Figure S2e) and the coloni-
zation of R. intestinalis (Figure S2f-g) corresponded to the
severity of colon inflammation. Consistent with the histo-
logical findings, the proportion of Tregs showed an obvi-
ous increase in the WT!WT (TNBS + R.I) and Tlr5�/

�!WT (TNBS + R.I) mice compared with WT!WT
(TNBS) or Tlr5�/�!WT (TNBS) mice, respectively, while
WT!Tlr5�/� (TNBS + R.I) or Tlr5�/�! Tlr5�/�

(TNBS + R.I) mice did not show a higher proportion of
Tregs than the WT!Tlr5�/� (TNBS) or Tlr5�/�!Tlr5�/�

(TNBS + R.I) mice (Figure 2f-g). Taken together, immune
www.thelancet.com Vol 85 November, 2022



Figure 1. R. intestinalis-induced differentiation of Tregs requires TLR5 expression in vivo.
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cells expressing TLR5 may also play some role in R. intesti-
nalis-induced amelioration of colitis without influencing
Treg differentiation, while IECs expressing TLR5 are cru-
cial regulators of Treg differentiation induced by R. intesti-
nalis to relieve colitis.

We generated IEC-specific TLR5 knockdown mice
using Villin-cre mice injected with TLR5-Flox-AAV to
further clarify the role of IECs expressing TLR5 (Figure
S3a). The infected colon tissues were detected (Figure
S3b). We confirmed the knockdown of TLR5 expression
in the colon using Western blotting (Figure S3c). In
TLR5-Flox-AAV treated mice, the body weight changes,
DAI scores, colon histopathological inflammation and
proportion of Tregs were not markedly different
between the TLR5-Flox-AAV + TNBS +R.I group and
the TLR5-Flox-AAV + TNBS group (Figure S3d-i).
Unlike TLR5-Flox-AAV-treated mice, the Control-AAV-
treated mice did not show changes in R. intestinalis-
mediated amelioration of colitis (Figure S3d-i).

TLR5 is required for R. intestinalis-induced expression
of TSLP and TGFb
We hypothesized that TLR5 signalling in IECs stimu-
lates the production of cytokines, thereby inhibiting
intestinal inflammation and driving R. intestinalis-medi-
ated and DC-induced Treg differentiation. Studies have
shown that TSLP secreted by IECs activates DCs,
thereby promoting the differentiation of Tregs and the
subsequent immune tolerance of the intestinal
mucosa.34,35 Furthermore, IECs stimulated with the
microbiota or its components also express TGFb and
IL-6 through TLR activation.36,37 Therefore, we mea-
sured the expression of cytokines in LPS-induced Caco-
2 cells after R. intestinalis treatment. TSLP and TGFb
were upregulated, and IL-6 levels were not obviously
changed compared to that of the controls (Figure S4a).

Next, we used specific siRNAs to suppress the
expression of TLR5 in Caco-2 cells in vitro (Figure S4b),
and the results showed that R. intestinalis required TLR5
to induce the secretion of TSLP and TGFb in Caco-2
cells (Figure 3a). We analysed the expression or concen-
tration of TSLP and TGFb in colon tissues (Figures 3b-c
and S5a-d) and plasma (Figure 3d-e) from the chimeric
mice in vivo. IL-10, an anti-inflammatory cytokine, was
(a and b) Western blots (a) and RT‒PCR (b) showing the expres
mice treated with medium, TNBS, or TNBS plus R. intestinalis. Protei
(a). Tubulin was used as a reference.

(c and d) Tlr5�/� mice were treated with TNBS to induce colitis a
and DAI score (d) were evaluated (n=6).

(e and f) The histopathological scores of the Tlr5�/� mice were a
H&E are shown (n=6).

(g and h) Representative flow cytometry plots (gated on CD4+ ce
Tlr5�/� mice (n=6).

*p<0.05, **p<0.01, ***p<0.001, and ns, not significant. Data re
experiments.
also detected, and its levels showed a trend similar to
that of TGFb and TSLP levels (Figs. S5e-h). Similar to
the in vitro tests, these in vivo studies confirmed that
the upregulation of TGFb and TSLP expression was
mainly induced by IECs (nonhaematopoietic cells)
expressing TLR5.

IEC-mediated DC activation is required for R.
intestinalis-induced Treg differentiation in vitro
In the intrinsic lamina propria, various types of myeloid
and lymphoid cells shape an integrated intestinal
immune response through cytokine production or cell‒
cell contact. Intestinal mucosal DCs, which produce
immune factors, promote the development and differ-
entiation of Tregs.38 The signal from IECs activates
DCs, which produce Tregs in mesenteric lymph
nodes.39 Researchers have not clearly determined
whether either or both IECs and DCs are involved in R.
intestinalis-induced Treg differentiation.

We determined whether IEC and DC activation were
necessary for the regulation of R. intestinalis-induced
Treg differentiation using the LPS-stimulated human
intestinal epithelial cell line Caco-2 as an inflammatory
cell model.10,25 In the presence or absence of R. intesti-
nalis, the supernatant from Caco-2 cells treated with
LPS was used to stimulate human monocyte-derived
DCs, and naive CD4+ T cells were incubated with DCs
treated with the supernatant as described above to exam-
ine the differentiation of Tregs (Figure 4a). Caco-2 cells
treated with LPS alone and R. intestinalis were used as
controls. The supernatant of Caco-2 cells treated with
LPS inhibited DC-induced Treg differentiation, while
the supernatant of Caco-2 cells treated with LPS plus R.
intestinalis significantly reversed the reduction in DC-
induced Treg differentiation. Notably, R. intestinalis
treatment without IECs or without DCs failed to
increase the differentiation of Tregs (Figure 4b-c).
Moreover, R. intestinalis or LPS alone failed to upregu-
late DC production of IL-10 and TGFb (Figure 4d). In
contrast, the supernatant collected from Caco-2 cells
treated with LPS plus R. intestinalis significantly upregu-
lated the expression of IL-10 and TGFb in DCs, and the
concentration of TGFb in the DC supernatant increased
more than 1000 times compared with that in the IEC
sion of TLR2, TLR4, and TLR5 in the colon of different groups of
n levels in Western blots were quantified using ImageJ software

nd then administered R. intestinalis. The body weight change (c)

ssessed, and representative images of colon tissues stained with

lls) and histograms of colonic CD4+CD25+FOXP3+ cells (Tregs) in

present the cumulative results from two or three independent
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Figure 2. TLR5-expressing IECs are required for R. intestinalis-mediated amelioration of colitis in TNBS-induced mice.

Articles

www.thelancet.com Vol 85 November, 2022 9



Articles

10
supernatant (Figure 4d), indicating a role for R. intesti-
nalis in the regulation of LPS-induced immune media-
tor production in IECs, controlling subsequent DC
activation. Therefore, these results indicate that both
DC activation and subsequent DC-induced Treg differ-
entiation require the cytokines produced by R. intestina-
lis-activated IECs (but not R. intestinalis alone).

We first suppressed TLR5 expression in Caco-2 cells
with specific siRNAs to examine whether TLR5 has a
direct role in modulating R. intestinalis-induced Treg dif-
ferentiation. Indeed, R. intestinalis-induced upregulation
of TLR5 in LPS-stimulated Caco-2 cells was blocked fol-
lowing TLR5-siRNA transfection (Figure 4e). Then, we
used the supernatant of the abovementioned Caco-2 cell
culture system to stimulate human monocyte-derived
DCs, cocultured them with Th0 cells, and detected the
proportion of Tregs. We found that knockdown of TLR5
in Caco-2 cells inhibited Treg differentiation induced by
R. intestinalis (Figure 4f-g). Thus, TLR5 expressed in
IECs contributes to R. intestinalis-mediated Treg differ-
entiation.

TSLP is a key mediator of R. intestinalis-induced Treg
differentiation
We used specific siRNAs to suppress TSLP or TGFb
expression in Caco-2 cells as a method to investigate
whether TSLP and TGFb are the key factors mediating
R. intestinalis-induced DC activation and subsequent
Treg differentiation. Supernatant-induced release of
TGFb and IL-10 from DCs was suppressed by the
knockdown of TSLP and TGFb in IECs (Figure 5a); the
percentage of DC-induced Tregs was decreased when
the expression of TSLP and TGFb on IECs was inhib-
ited (Figure 5b-c). In contrast, this process was reversed
by the addition of TSLP or TGFb proteins (Figure 5a-c).
Thus, TSLP and TGFb produced by IECs promote the
differentiation of DC-induced Tregs in response to R.
intestinalis.
(a) Schematic illustrating the experimental procedure of BMT. Ir
from WT or Tlr5�/� donors. After bone marrow reconstitution and
TNBS administered cutaneously on day 0, administered TNBS solut
administration of the R. intestinalis suspension or 3 consecutive day
antibiotics; R.I, R. intestinalis; TNBS, 2,4,6‑trintirobenzenesulfonic acid

(b and c) Changes in body weight (b) and DAI score (c) over the last
mice (n=6). The solid line refers to the TNBS group compared with the
(TNBS) vs. WT! Tlr5�/� (control); Tlr5�/�!WT (TNBS) vs. Tlr5�/�!WT (
dotted line refers to TNBS + R.I group compared with the TNBS group (
vs. WT!Tlr5�/� (TNBS); Tlr5�/�!WT (TNBS + R.I) vs. Tlr5�/�!WT (
&&&p<0.001, WT!Tlr5�/� (TNBS + R.I) vs. WT!WT (TNBS + R.I); yp<
zzp<0.01, WT!Tlr5�/� (TNBS + R.I) vs. Tlr5�/�!Tlr5�/� (TNBS + R.I); $$$p

All control or TNBS groups (WT!WT (control) vs. WT! Tlr5�/�

WT!WT (TNBS) vs. WT! Tlr5�/� (TNBS) vs. Tlr5�/�!WT (TNBS) vs.
(d and e) Representative images of colon tissues stained with H&
(f and g) Histograms of Tregs in the reconstituted mice and represen
*p<0.05, **p<0.01, ***p<0.001, and ns, not significant. Data re

experiments.
We used neutralizing antibodies to antagonize TSLP
or TGFb in TNBS- and R. intestinalis-treated C57BL/6
mice as a method to evaluate the roles of TSLP and/or
TGFb in modulating Treg differentiation in vivo
(Figure 5d, S6a). The TNBS+ R.I mice showed minimal
signs of colitis, including decreased weight loss and
increased DAI score (Figure 5e-f), increased colon
length (Figure S7a), reduced colonic epithelial injury
and decreased pathological score (Figure 5g-h), com-
pared with the TNBS mice. In contrast, intestinal
inflammation was not completely reversed in the anti-
TSLP+TNBS+R.I mice compared with the anti-TSLP
+TNBS mice (Figure 5e-h). Consistent with the analysis
of intestinal inflammation, the proportion of Tregs
(Figure 5i-j) and the expression of TSLP, TGFb, and IL-
10 (Figure 6k, S7b-j) were increased in the TNBS+R.I
mice but not in the anti-TSLP+TNBS+R.I mice com-
pared with the anti-TSLP+TNBS mice. Anti-TSLP mAb
treatment did not affect R. intestinalis colonization
(Figure S7k-l). These findings indicate that TSLP is a
key molecule contributing to R. intestinalis-mediated
inflammatory inhibition in mice. Notably, although the
knockdown of TGFb or TSLP exerted a similar effect on
IEC-induced Treg differentiation in vitro, the adminis-
tration of the anti-TGFb antibody failed to alter the R.
intestinalis-mediated anti-inflammatory effects and Treg
differentiation in the TNBS-induced animal models
(Figure S6b-j). Collectively, these data indicate that
TSLP, but not TGFb, might be the key mediator of R.
intestinalis-dependent inhibition of inflammation in the
model of TNBS-induced colitis.
Lower TLR5, TGFb, TSLP and IL-10 expression in
intestinal tissues from patients with CD
We detected the levels of TLR5, TSLP, TGFb and IL-10
in the colon of patients with CD using IHC, which
were significantly reduced (Figure 6a-h). The level of
radiated WT mice and Tlr5�/� mice were reconstituted with BM
SPF standardization, the chimeric mice were presensitized with
ion intrarectally on days 8 and 10, followed by the intragastric
s and then sacrificed for analysis on day 15. Abbreviations: Abx,
.
7 days of administration of TNBS and R. intestinalis in reconstituted
control group (WT!WT (TNBS) vs. WT!WT (control), WT!Tlr5�/�

control); Tlr5�/�! Tlr5�/� (TNBS) vs. Tlr5�/�!Tlr5�/� (control)); the
WT!WT (TNBS + R.I) vs. WT!WT (TNBS); WT!Tlr5�/� (TNBS + R.I)
TNBS); Tlr5�/�!Tlr5�/� (TNBS + R.I) vs. Tlr5�/�!Tlr5�/� (TNBS)).
0.05, Tlr5�/�!WT (TNBS + R.I) vs. WT!WT (TNBS + R.I); zp<0.05,
<0.001, Tlr5�/�!WT (TNBS + R.I) vs. Tlr5�/�!Tlr5�/� (TNBS + R.I).
(control) vs. Tlr5�/�!WT (control) vs. Tlr5�/�!Tlr5�/� (control);
Tlr5�/�!Tlr5�/� (TNBS)) showed no significant differences.
E and colon histopathological score (n=6).
tative colon flow cytometry plots (gated on CD4+ cells) (n=6).
present the cumulative results from two or three independent
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Figure 3. R. intestinalis-mediated expression of TSLP and TGFb requires TLR5 signalling in IECs.
(a) Caco-2 cells transfected with the TLR5-siRNA or scrambled RNA were treated with PBS, LPS, LPS plus R. intestinalis in different

amounts. ELISAs of TSLP (left panel) and TGFb (right panel) levels in the supernatant of Caco-2 cells. R.I1, R.I2 and R.I3: bacteria to
cell ratios of 10: 1, 5: 1 and 1: 1, respectively.

(b and c) Colon TSLP (b) and TGFb (c) mRNA expression was detected in the reconstituted mice using RT‒PCR (n=6).
(d and e) ELISAs of the blood serum concentrations of TSLP (d) and TGFb (e) in the reconstituted mice (n=6).
*p<0.05, **p<0.01, ***p<0.001, and ns, not significant. Data represent the cumulative results from two or three independent

experiments.
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R. intestinalis in the faeces of the patients with CD was
also decreased (Figure 6i). Additionally, the levels of
TLR5, TSLP, TGFb and IL-10 were positively associated
with R. intestinalis (Figure 6j-m). Thus, the expression
of TLR5, TSLP, TGFb and IL-10 in patients with CD
was downregulated, potentially due to the loss of R.
intestinalis. Collectively, these results suggest that
TLR5 expression in response to R. intestinalis stimula-
tion leads to the upregulation of TSLP, TGFb and IL-
10 and the subsequent DC-mediated anti-inflamma-
tory responses.
Discussion
The gut microbiota plays an indispensable role in induc-
ing the development of a mature intestinal immune
system.40,41 The host and the intestinal microbiota form
www.thelancet.com Vol 85 November, 2022
an intestinal mucosal steady state to ensure the normal
function of the intestine.42 Immune disorders caused
by dysbiosis exert extensive effects on the pathogenesis
of CD.43,44 Clarifying the role of microorganisms in the
pathogenesis of CD may provide new strategies for pre-
venting and treating this disease.45 Previously, we
reported that the abundance of R. intestinalis was sub-
stantially decreased in patients with untreated CD com-
pared with healthy controls in China, indicating that
this factor upregulates the expression of Tregs and plays
a role in inhibiting colonic inflammation.10 R. intestina-
lis interacts with plant polysaccharides, inhibits glycoly-
sis, promotes fatty acid utilization, and ameliorates
atherosclerosis.46 R. intestinalis also improved alcoholic
fatty liver in mice by reducing the expression of genes
related to liver inflammation and lipid transport.23 How-
ever, researchers have not clearly determined how R.
11



Figure 4. R. intestinalis induces Treg differentiation through IEC-mediated DC activation in a TLR5-dependent manner in vitro.
(a) Schematic of the induction of Tregs. Caco-2 cells were stimulated with LPS (24 h), followed by treatment with R. intestinalis

(24 h). Human monocyte-derived DCs (from human-derived monocytes) were incubated with Caco-2 supernatants for 48 h. Then,
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intestinalismodulates intestinal immunity in individuals
with CD. Here, we found that IECs expressing TLR5
and producing TSLP are essential for the R. intestinalis-
mediated differentiation of DC-induced Tregs, which
further clarified the anti-inflammatory effects and
mechanism by which R. intestinalis modulates gut
mucosal immunity in individuals with CD (Figure 7).
Our research suggests that R. intestinalis is a potentially
beneficial microorganism that exerts a protective effect
on CD.

TLRs are critical regulators of intestinal mucosal
immunity that recognize and interact with gut microor-
ganisms. TLRs, including TLR2, TLR4 and TLR5, are
related to bacterial recognition and represent some mol-
ecules initiating inflammation.47 In particular, the dele-
tion of TLR2, TLR4 and TLR5 is related to the
pathogenesis of IBD.48,49 Our results showed an
increase in TLR4 expression induced by TNBS. Consis-
tently, dysbiosis of the gut microbiota is caused by an
inflammatory state, including TNBS, and LPS from the
outer membrane of gram-negative bacteria activates
TLR4 in immune and nonimmune cells. Upregulated
expression of TLR4 is involved in an enhanced inflam-
matory response.50 Here, we explored the roles of TLRs
in R. intestinalis-induced alleviation of inflammation,
and we first showed that TLR5, but not TLR2 or TLR4,
is necessary for R. intestinalis to promote Treg differenti-
ation. Salmonella typhimurium activates NF-kB in a
TLR5-dependent manner to promote IL-8 secretion and
result in inflammation.51 TLR5 deficiency in mouse
IECs induces spontaneous colonic inflammation.52

E. coli H18 flagellin was used to stimulate TLR5 in
Caco-2 cells, and flagellin-treated Caco-2 superna-
tants activated DCs and led to inflammatory
responses.53 These studies show that TLR5 activation
may exert a complex regulatory effect on colonic
inflammation. We found that TLR5 is required for
the anti-inflammatory effects of R. intestinalis, and R.
intestinalis flagellin may be the key component inter-
acting with TLR5, which requires further confirma-
tion. We also compared the effect of heat-killed
bacteria with live bacteria. Heat-killed
extensively washed DCs were cocultured with human naive CD4+

derived monocytes and Th0 cells were collected from peripheral blo
(b) Caco-2 cells were treated with PBS, LPS, R. intestinalis, and LP

from Caco-2 cells (48 h). The DCs were washed and cocultured with
was used as a control. The proportion of Tregs was evaluated using

(c) The proportion of Tregs was analysed statistically.
(d) The levels of IL-10 and TGFb in the supernatant of the DCs m
(e) Caco-2 cells were transfected with the TLR5-siRNA or scram

concentrations of PBS, LPS, and LPS plus R. intestinalis. Western blot
TLR5 protein levels in Western blots using ImageJ software is shown

(f and g) DCs were treated with supernatants from the different
DCs were cocultured with CD4+ Th0 cells. A flow cytometry analysi
and data were processed for statistical analysis.

*p<0.05, ***p<0.001, and ns, not significant. Data represent the

www.thelancet.com Vol 85 November, 2022
R. intestinalis treatment exerted a similar effect on
inducing TSLP expression to R. intestinalis treatment
(Figure S4c), indicating that the components of R.
intestinalis, such as flagellin, may play a main role in
its anti-inflammatory activity. We will use recombi-
nant R. intestinalis flagellin to investigate this possi-
bility in future explorations.

TLR5 is widely expressed in intestinal IECs, DCs and
macrophages (Møs).32 These cells continuously recog-
nize microorganism-associated molecular patterns
through TLR5 to maintain mucosal immune homeosta-
sis in the intestine.54 Studies have found that microor-
ganisms such as E. coli induce IECs to produce
b-defensin through TLR5 to enhance host defences and
inhibit bacterial invasion.55�57 Another study reported
that S. typhimurium triggers the IL23-IL22 pathway
through TLR5 on DCs to enhance mucosal innate
immune defences.58 This bacterium also induces Treg
differentiation and stimulates B cells to produce IgA to
restrain inflammation.59 The microbiota activate Møs to
produce IL-1b through TLR5 and regulate intestinal
mucosal immunity.60�62 Studies have reported that
BMT promotes immune reconstitution and contributes
to restoring intestinal mucosal immune cell popula-
tions, but obvious evidence of enterocyte regeneration
has not been reported.63,64 We investigated the role of
TLR5 expressed on intestinal nonimmune cells (IECs)
compared with immune cells by generating bone mar-
row chimeric mice, including WT mice with immune
cells deficient in TLR5 and Tlr5�/� mice with IECs defi-
cient in TLR5, as well as control mice, which first con-
firmed that TLR5-expressing IECs play a key role in
the alleviation of intestinal inflammation induced by
R. intestinalis; TLR5-expressing immune cells (e.g., mac-
rophages and DCs) may also participate in R. intestina-
lis-induced Treg differentiation and inhibition of
inflammation. This finding indicates that a sophisti-
cated cell communication network regulates the effect
of the gut microbiota on the gut mucosal immune reac-
tion and inflammation, and the presence of preponder-
ant immunoregulatory cells has a dominant function in
this network.
T cells (Th0) for 48 h to induce Treg differentiation. Human-
od samples from healthy participants. FCM, Flow Cytometry.
S plus R. intestinalis. DCs were stimulated with the supernatant
CD4+ Th0 cells, and the supernatant of Caco-2 cells without DCs
flow cytometry analysis.

entioned above in (b) were detected using ELISAs.
bled RNA. Transfected Caco-2 cells were treated with different
analysis of TLR5 levels in Caco-2 cells. The quantification of the
. Tubulin was used as a reference.
groups of Caco-2 cells mentioned above in (e), and then washed
s of the number of Tregs was performed (gated on CD4+ cells),

cumulative results from three independent experiments.
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Figure 5. R. intestinalis promotes DC-induced differentiation of Tregs to inhibit inflammation through a mechanism requiring TSLP
expression in IECs.

(a) Caco-2 cells transfected with the TSLP-siRNA or TGFb siRNA were stimulated with LPS+R.I in the presence or absence of the
recombinant TSLP/TGFb proteins. The supernatant of the Caco-2 cells was used to induce human monocyte-derived DCs. TGFb and
IL-10 levels in DC culture supernatants were measured using ELISAs.

(b and c) DCs were treated with the supernatants described above in (a) and then extensively washed and cocultured with
human naive CD4+ T cells (Th0). The proportion of Tregs was analysed using flow cytometry (gated on CD4+ cells), and a statistical
analysis was performed.

(d) Schematic of C57BL/6 WT mice treated with the anti-TSLP (neutralization of TSLP) mAb, TNBS and R. intestinalis.
(e and f) Changes in body weight (e) and DAI score (f) of each group (n=6). ***p<0.001, control vs. TNBS; #p<0.05, TNBS vs.

TNBS+R.I; &p<0.05, anti-TSLP+TNBS vs. anti-TSLP+TNBS+R.I; $p<0.05, TNBS+R.I vs. anti-TSLP+TNBS+R.I.
(g and h) The colon histopathological score and representative images of colon tissues stained with H&E (n=6).
(i and j) Representative flow cytometry plots of Treg cells (gated on CD4+ cells) in colon tissues and statistical analysis (n=6).
(k) ELISAs of TSLP, TGFb and IL-10 levels in colon tissue homogenates (n=6).
*p<0.05, **p<0.01, ***p<0.001, and ns, non‑significant. Data represent the cumulative results from two or three independent

experiments.

Articles

14 www.thelancet.com Vol 85 November, 2022



Figure 6. TLR5, TSLP, TGFb and IL-10 levels in the intestine are positively related to R. intestinalis in patients with CD.
(a-d) Representative images of IHC detection of colonic TLR5, TSLP, TGFb and IL-10 expression in healthy controls (ctrl) or

patients with CD.
(e-h) Each section stained using IHC was evaluated, and five images from each slide were randomly selected and measured

using ImageJ. The mean densities of TLR5, TSLP, TGFb and IL-10 were statistically analysed (ctrl: n=22; patients: n=24).
(i) Comparative analysis of R. intestinalis in the faeces of the healthy controls or the patients with CD.
(j-m) The correlations between the levels of TLR5, TSLP, TGFb and IL-10 with R. intestinalis in controls and patients with CD were

analysed (Spearman’s correlation analysis with two-tailed p values).
**p<0.01 and ***p<0.001. Data represent the cumulative results from two or three independent experiments.
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Figure 7. A proposed model illustrating the inhibitory effect of R. intestinalis on inflammation and colitis. R. intestinalis increases
TSLP expression in IECs expressing TLR5 and induces IL-10 production and TGFb expression in DCs. These cytokines then promote
the differentiation of Tregs to inhibit colonic inflammation. TLR5, Toll-like receptor 5; IECs, intestinal epithelial cells; DCs, dendritic
cells; Treg, regulatory T cell.
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IECs are the intermediary bridges connecting intesti-
nal bacteria and gut homeostasis and diseases.30,65 Seg-
mented filamentous bacteria act on IECs to trigger the
release of serum amyloid A, which stimulates DCs to
secrete IL-1b and IL-23 and enhance Th17-induced
mucosal defences.66,67 The gut microbiota may act on
IEC-intrinsic IKKa to promote the secretion of TSLP
and regulate ILC3 responses to maintain immune
homeostasis in the intestinal mucosa.68 In this study,
the regulation of IEC-derived cytokines by R. intestinalis
and the subsequent regulation of immune cells in vitro
were investigated, and the results showed that R. intesti-
nalis promotes the production of TSLP and TGFb in
IECs. TSLP and TGFb do not directly regulate the differ-
entiation of Th0 cells to Tregs and may indirectly
induce this process by amplifying signals or increasing
the secretion of other cytokines by intermediate cells.
DCs exert an instrumental effect on modulating the
immune response of the intestinal lamina propria.69

The supernatant of IECs promoted the differentiation
of tolerogenic DCs, and tolerogenic DCs upregulated
the expression of CD103, CD80, CD83 and CD86 and
promoted the differentiation of Tregs (data not shown),
consistent with previous research.35 The addition of
DCs to the system of R. intestinalis-treated IECs induced
Th0 cells to differentiate into Tregs, which was related
to the secretion of IL-10 by DCs and the amplification of
TGFb signalling. We found that Th0 differentiation
into Tregs was mediated by TGF-b in a concentration-
dependent manner. IEC-derived TSLP plays an indis-
pensable role in inducing DC-dependent Treg differen-
tiation. Additionally, in our experiment, TGF-b and IL-
10 expression in the colon of mice treated with anti-
TSLP, were also altered. We surmised that TSLP may
also induce IL-10 production and TGFb expression in
DCs, which requires further experimental confirmation.
Decreased TSLP expression may be related to the devel-
opment of Th1 cell-associated CD.34 Thus, we concluded
that R. intestinalis-induced TSLP production in IECs
may contribute to inhibiting the inflammation and pro-
gression of CD.
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