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Tumor necrosis factor ligand-
related molecule 1A affects
the intestinal mucosal barrier
function by promoting Th9/
interleukin-9 expression
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Abstract

Objectives: To investigate the effect of tumor necrosis factor ligand-related molecule 1A (TL1A)

on the intestinal mucosal barrier in mice with chronic colitis.

Methods: Male TL1A-overexpressing transgenic mice and male C57BL/6 wild-type mice were

used to establish a dextran sodium sulfate (DSS)-induced colitis model. The expression of

occludin and claudin-1 was observed. Bacterial distribution in the intestinal mucosa and Th9/

interleukin (IL)-9 expression were detected. In vitro co-culture systems of naive CD4þ T cells and

Caco-2 cells were established and TL1A was added. Changes in transepithelial electrical resis-

tance and IL-9 expression were measured. CD4þIL-9 cells were detected by flow cytometry.

Results: DSS mice showed a significant down-regulation of occludin and claudin-1 compared

with controls. Expression levels of occludin, zonulin-1, and claudin-1 in the Caco-2þTGF-bþIL-

4þTL1A group were significantly lower than in the Caco-2þTGF-bþIL-4 group. Bacterial

distribution was clearly disordered in the DSS group. Transmembrane resistance of the Caco-

2þTGF-bþIL-4þTL1A group was significantly lower and IL-9 expression significantly higher than

in the Caco-2þTGF-bþIL-4 group.

Conclusions: TL1A overexpression promotes destruction of the intestinal mucosal barrier in

mice with chronic colitis. The underlying mechanism may be associated with the promoting role

of TL1A in Th9/IL-9 expression, which further destroys the mucosal barrier.
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Introduction

Inflammatory bowel disease (IBD) is a

group of intestinal inflammatory diseases

including ulcerative colitis (UC) and

Crohn’s disease (CD). The incidence rate is

increasing annually, but the pathogenesis is

unclear.1,2 However, it is thought that envi-

ronmental factors such as diet and lifestyle

act on subjects with genetic susceptibility

to initiate an intestinal immune response

with the involvement of gut microbiota to

produce a variety of pro-inflammatory fac-

tors.3–5 Destruction of the intestinal mucosal

barrier is an important pathological change

of IBD. This barrier is composed of a mono-

layer of columnar epithelial cells formed by

intestinal epithelial cells and tight junction

(TJ) proteins.6,7 Proinflammatory cytokines

released during intestinal inflammation can

inhibit the invasion of microorganisms by

activating immune cells and affecting the

expression, distribution, and composition

of TJ proteins, thereby influencing the func-

tion of the intestinal mucosal barrier.8

Th9 cells are a newly-defined member of

the T helper subset, also known as

interleukin-9 (IL-9)-secreting T helper cells.9

Several recent studies have revealed the

important pathogenic role of Th9 cells

in allergic and autoimmune diseases.

Expression of the receptor of IL-9 is elevated

in intestinal epithelial cells in patients with

active UC.10,11 Consistently, the mRNA

expression of IL-9 and interferon regulatory

factor 4 in T cells is increased in the lamina

propria of active UC patients. In dextran

sulfate sodium (DSS)-induced and

oxazolone-induced experimental colitis

mice, application of the IL-9 antibody signif-
icantly attenuates inflammation of the intes-
tinal mucosa, indicating the potential
therapeutic effect of IL-9 antibodies.12,13

Tumor necrosis factor-like ligand 1A
(TL1A) is a newly-discovered tumor necro-
sis factor (TNF) family member. TL1A
binds death domain receptor 3 (DR3) to
regulate the function of T cells, natural
killer cells, and natural killer T cells to syn-
ergistically stimulate lymphocyte prolifera-
tion and cytokine production, thereby
playing an important role in asthma, rheu-
matoid arthritis, and IBD.14,15

Although Th9 and its cytokine IL-9 were
shown to be highly expressed in IBD, their
effects on permeability of the intestinal
mucosa and the role of TL1A in chronic coli-
tis have rarely been reported.14,16,17 Therefore,
the present study used lymphocyte-specific
TL1A-overexpressing transgenic mice (LCK-
CD2-TL1A-GFP-transgenic) to construct a
DSS-induced chronic experimental colitis
model, and the Caco-2 cell line to establish
an in vitro intestinal epithelial cell barrier
model. The effects of TL1A on the intestinal
mucosal barrier and its mechanism in chronic
experimental colitis were explored at both the
animal and cell level, and our findings could
act as a reference for the study of chronic
colitis.

Materials and methods

Establishment of a chronic colitis mouse
model

All animal procedures were carried out in
strict accordance with recommendations in
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the Guide for the Care and Use of
Laboratory Animals of the National
Institutes of Health and were approved by
the Chinese Academy of Sciences Animal
Care and Use Committee. Male wild-type
C57BL/6 mice aged 8 to 10 weeks were
obtained from the Laboratory Animal
Center of Hebei Medical University
(Qualification Certificate No. 911102) and
male transgenic (Tg) mice overexpressing
lymphocyte-specific TL1A were acquired
from the Inflammatory Bowel Disease
Center and the Immunobiology Research
Institute (Cedars-Sinai Medical Center,
Los Angeles, CA, USA).

Mice were divided into four groups:
Control/WT group, Control/Tg group,
DSS/WT group, and DSS/Tg group
(n¼ 10 per group). DSS was used to estab-
lish a mouse model of chronic experimental
colitis.18 Briefly, mice were administered
distilled water containing 2.5% DSS on
days 1 to 5, 8 to 12, 15 to 19, and 22 to
26, and were given distilled water at other
times. There were four cycles, and body
weight changes and the disease activity
index (DAI) were monitored on days 1, 3,
and 5 of each cycle. Mice were sacrificed on
the 29th day by cervical dislocation. Colons
were removed and collected from the cecum
to the anus, and some of the intestinal tissue
was cut into approximately 5-mm lengths.
These were embedded in paraffin and fixed
with 4% paraformaldehyde for 12 to 24 h.
Remaining intestinal tissue was prepared for
extracting cells. The intestinal mucosa, mes-
enteric lymph nodes (MLN), and spleen were
quickly isolated in a sterile environment.

Histopathological analysis

Sections of colon tissue (4 mm) were cut
from the paraffin blocks and stained with
hematoxylin and eosin. Pathological
changes of intestinal tissue were observed
under a light microscope and scored
according to previous studies.19

Immunohistochemistry analysis

Intestinal mucosa tissue was placed on a

glass slide and a drop of PBS was added.

The tissues were incubated with primary

antibodies against CD4, IL-9, occludin, or

claudin-2 (Abcam, Cambridge, MA, USA;

dilution 1:500) at 4�C overnight and

washed twice with PBS. They were then

incubated with a goat anti-rabbit IgG

(HþL) SuperclonalTM secondary antibody,

Alexa FluorVR 555 conjugate (Gibco BRL

Life Technologies Inc., Gaithersburg, MD,

USA; dilution 1:1000) and rinsed three times

with PBS. Finally, DAPI antifade solution

was added and slides were observed.

Fluorescent in situ hybridization (FISH)

FISH was performed as previously

described.20 EUB338 (Guangzhou Exon

Biotechnology Co., Ltd) was used as the

probe to detect bacterial distribution in

the intestinal mucosa. Paraffin-embedded

sections of intestinal mucosa were deparaf-

finized in xylene, hydrated through a series

of aqueous ethanol solutions, and rinsed in

PBS. Subsequently, lysozyme solutions

were added for digestion at 37�C for 10

minutes, then sections were fixed with 4%

paraformaldehyde for 5 minutes, washed

with PBS, and air dried. EUB338 was dilut-

ed with hybridization buffer at a ratio

of 1:50 to 200, denatured at 88�C for

5 minutes, and renatured at 37�C for

5 minutes. The diluted probe was dropped

onto the dried samples and covered with a

cover glass, then sections were blocked with

rubber cement in the dark at 37�C over-

night. The next day, the rubber cement

was removed and 2� saline sodium citrate

(SSC) was used to elute the coverslip. Slides

were then washed three times with 2� SSC

(10 minutes each time), dehydrated with

a graded ethanol series, and air dried. 40,
60-diamidino-2-phenylindole dihydrochlor-

ide (DAPI)-antifade solution was added
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and incubated for 20 minutes at room tem-
perature. Subsequently, the slides were visu-
alized under a fluorescence microscope and
photographed.

Bacterial translocation assay

All MLN were resected, weighed, and
homogenized. Aliquots of the tissue homog-
enate were plated onto agar medium and
cultured for 24 hours in a 37�C incubator.
The number of colonies was counted accord-
ing to colony dilution counts and converted
into bacteria per gram of tissue, which was
shown as colony forming units. Each sample
was cultured in duplicate.

Extraction of spleen naı̈ve CD4þ T cells

Isolated spleens were cut into pieces and
ground on a 200-mm mesh sterile filter to
obtain grinding fluid. After centrifugation
at 700� g for 5 minutes, red blood cell
lysis buffer (Sigma-Aldrich, St Louis, MO,
USA) was added to the pellet with a liquid/
solid ratio of 10:1 and allowed to stand for
3 minutes. After centrifugation at 700� g
for 5 minutes, the precipitated cells were
washed two to three times with PBS and
resuspended in PBS. Subsequently, all
CD4-positive lymphocytes were sorted
using CD4 magnetic beads (Abcam).

Co-culture of Caco-2 cells with naı̈ve
CD4þ T cells

Extracted naı̈ve CD4þ T cells were cultured
in Roswell Park Memorial Institute (RPMI)
1640 complete medium supplemented with
10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Rockford, IL, USA), and
the cell suspension was prepared after pas-
saging 2 to 3 times. Caco-2 cells (Pinuosai
Biotechnology Co., Ltd., Wuhan, China)
were cultured in RPMI 1640 complete
medium containing 10% FBS at 37�C with
5% CO2, passaged two to three times in the
logarithmic phase, and divided into four

groups: Caco-2 group, Caco-2þTGF-bþ
IL-4 group, Caco-2þTGF-bþIL-4þanti-

IL-9 group, and Caco-2þTGF-bþIL-

4þTL1A group. Cells in the Caco-2 group

were cultured alone; for the Caco-2þTGF-

bþIL-4 group, naı̈ve CD4þ T cells and

Caco2 cells were co-cultured at a ratio of

50:1, and final concentrations of 20 pg/ml

of transforming growth factor (TGF)-b
and 10 pg/ml of IL-4 were added to simulate

the differentiation process into Th9 cells; for

the Caco-2þTGF-bþIL-4þanti-IL-9 group,

naı̈ve CD4þ T cells and Caco2 cells were co-

cultured and TGF-b, IL-4, and a final con-

centration of 20 pg/ml of IL-9 were added;

and for the Caco-2þTGF-bþIL-4þTL1A

group, naı̈ve CD4þ T cells and Caco2 cells

were co-cultured and TGF-b, IL-4, and a

final concentration of 10 pg/ml of TL1A

were added.

Effects of TL1A on the Caco-2 and naive

CD4þ T cell co-culture system

Flow cytometry analysis of Caco-2 cell apoptosis.

Cells in each group were cultured in

the same incubator. To assess the rates of

cell proliferation and apoptosis, the

Annexin-PE/7-ADD-ECD flow cytometry

kit (Becton, Dickinson and Co., Franklin

Lakes, NJ, USA) was used according to

the manufacturer’s instructions. Results

were analyzed by flow cytometry.

Observation of cell morphology under a light

microscope. Cells in each group were cul-

tured for 48 hours, then morphological

changes were observed under a Nikon

TMS light microscope (Nikon Corp.

Instruments Co., Sendai, Japan).

Effect of TL1A on the permeability of the

Caco-2 cell monolayer

Measurement of monolayer transepithelial

electrical resistance (TEER). Cells in each

group were added to transwell chambers
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at a density of 4� 105 per 1 mL (200mL/per
well), and 600mL of RPMI 1640 culture
medium was added to the bottom of the
chamber. The culture medium was changed
after 24 hours of inoculation and was then
changed every other day to monitor TEER.
TEER was measured by a Millcell ERS
meter (Millipore, Billerica, MA, USA) as pre-
viously described.21 Briefly, the two electro-
des of the resistance meter were immersed in
liquid to measure the resistance of the mono-
layer at the top and the bottom of the cham-
ber at 37�C. The standard TEER value¼
(measured value – blank control)/0.33 cm2.

Western blotting analysis of occludin, zonulin-1,

and claudin-1 expression in Caco-2 cells. Cells
in each group were cultured in the same
incubator for 48 hours. Afterwards, Caco2
cells were collected and washed 2 to 3 times
with PBS. Lysis buffer was added and total
protein was extracted then quantified using
a Micro BCA Protein Assay kit (Thermo
Fisher Scientific). Total protein was then
separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride
membranes. After blocking with 0.1% (v/v)
goat serum in PBS for 30 minutes at room
temperature, the membranes were incubated
for 30 minutes at room temperature with
primary antibodies against CD4, IL-9,
occludin, or claudin-2 (Abcam; dilution
1:500). After three washes in PBS, cells
were incubated with goat anti-rabbit IgG
(HþL) SuperclonalTM secondary antibody,
Alexa FluorVR 555 conjugate (Gibco BRL
Life Technologies Inc.; (diluted 1:1000 in
PBS) for a further 30 minutes. After wash-
ing, data analysis was performed by
Quantity One software.

Enzyme-linked immunosorbent assay (ELISA)

detection of IL-9 expression in the culture

medium. IL-9 expression was determined
using an ELISA kit (Abcam) according to
the manufacturer’s instructions.

Immunofluorescence analysis of cellular IL-9

expression. Cells in each group were cul-
tured in the same incubator for 48 hours.
Immunofluorescence was used to detect IL-
9 expression as described above. Briefly,
after incubation with the primary antibody
against IL-9 (Abcam; dilution 1:500) at 4�C
overnight and with the secondary antibody
(Abcam; dilution 1:1000) at 37�C for
1 hour, DAPI was used for nuclear staining.
Images were then observed and acquired
under a fluorescence microscope.

Flow cytometry detection of the CD4þIL9þ (Th9)

cell proportion. Cells in each group were cul-
tured in the same incubator for 12, 24, and
48 hours. Suspended lymphocytes were
extracted, washed 2 to 3 times with PBS,
and 10 ml of CD4-fluorescein isothiocyanate
(Becton, Dickinson and Co.) was added.
After incubating for 15 minutes in the dark
and washing twice with PBS, cells were incu-
bated with PI-IL9 (Becton, Dickinson and
Co.) in the dark for 15 minutes and washed
twice with PBS. The cell proportion of
CD4þIL9þ (Th9) was detected by flow
cytometry.

Statistical analysis

All data analysis was performed using SPSS
v.18.0 software (SPSS Inc., Chicago, IL,
USA). Values are presented as means� stan-
dard deviation. Statistical comparisons were
made by one-way analysis of variance for
quantitative variables and the SNK (q) test
for categorical variables. A P value less than
0.05 was considered statistically significant.

Results

TL1A overexpression aggravates intestinal
inflammation in chronic experimental
colitis mice

After construction of the DSS chronic coli-
tis model, quantitative reverse transcription
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PCR and western blotting showed transgen-
ic mice overexpressed TL1A (Figure 1a–c),
which was evidence of their successful con-
struction. Additionally, the DSS group
showed higher expression of TL1A com-
pared with the control group, indicating
that TL1A is involved in chronic colitis
development. Weight loss in the DSS/Tg
group (83.9%� 1.3%) was more pro-
nounced than in the DSS/WT group
(87.1%� 2.1%) (Figure 1d). Additionally,
DAI scores including weight loss, stool
status, and fecal occult blood were higher
in the DSS/Tg group than in the DSS/WT
group, and significantly so on days 12, 15,
17, 19, 22, and 24 (P< 0.05; Figure 1e).

Compared with the control group
(Control/WT and Control/Tg), mice in
DSS groups (DSS/WT and DSS/Tg)
showed hyperemia of the colonic mucosa,
edema and thickening of the intestinal
wall, and a significantly shorter colon
length (P< 0.05). The colon length of the
DSS/Tg group was significantly shorter
than that of the Control/Tg group (3.10�
0.26 vs 0.00�0.00, respectively; P< 0.05),
while that of the DSS/Tg group was signif-
icantly shorter than the DSS/WT group
(P< 0.05; Figure 1f, g). Additionally, the
colonic morphological score of the DSS/
Tg group was significantly higher than in
the DSS/WT group (3.10� 0.26 vs 2.05�
0.27, respectively; P< 0.05).

Compared with the Control/WT group,
the DSS/WT group presented with colonic
mucosa defects, a reduced number of
goblet cells, damaged or absent glands, and
high lymphocyte infiltration in the mucosa,
submucosa, and muscle layer. The patholog-
ical score was significantly higher in the
DSS/WT group than the Control/WT
group (8.25� 0.50 vs 0.00� 0.00, respective-
ly; P< 0.05), significantly higher in the DSS/
Tg group than in the Control/Tg group
(12.50� 0.58 vs 0.00� 0.00, respectively;
P< 0.05), and significantly higher in the
DSS/Tg group than in the DSS/WT group

(12.50� 0.58 vs 8.25� 0.50, respectively;
P< 0.05; Figure 1h, i). DSS/Tg and DSS/
WT groups showed similar levels of damage.

TL1A overexpression aggravates the
intestinal mucosal barrier injury in chronic
experimental colitis mice

DSS/Tg and DSS/WT groups showed signif-
icantly down-regulated expression of occludin
and claudin-1 in mucosa tissues compared
with Control/WT and Control/Tg groups,
and their protein distribution was loose and
disordered. Levels of occludin and claudin-1
were significantly lower in the /Tg group than
in the DSS/WT group (Figure 2a, b).

The expression of tight junction proteins
in monolayer Caco-2 cells after the
addition of TL1A

To further verify the effect of TL1A on
mucosal barrier function, monolayer Caco-
2 cells were used to simulate the mucosal
barrier, and the expression levels of occlu-
din, zonulin-1, and claudin-1 were detected
by western blotting (Figure 2c, d). After cul-
ture for 48 hours, there were no significant
differences between the expression levels of
occludin, zonulin-1, or claudin-1 in the
Caco-2þTGF-bþIL-4þantiIL-9 group and
Caco-2 group (P> 0.05). However, occlu-
din, zonulin-1, and claudin-1 expression
was significantly lower in Caco-2þTGF-
bþIL-4 and Caco-2þTGF-bþIL-4 þTL1A
groups than in the Caco-2 group (P< 0.05),
and significantly lower in the Caco-2þTGF-
bþIL-4þTL1A group than in the Caco-
2þTGF-bþIL-4 group (P< 0.05).

TL1A overexpression promotes bacterial
translocation in chronic experimental
colitis mice

Bacterial translocation in chronic colitis mice
was next detected (Figure 3a, b), and the
number of bacterial colonies shown to be

6 Journal of International Medical Research 0(0)



F
ig
u
re

1
.
T
L
1
A
o
ve
re
x
p
re
ss
io
n
ag
gr
av
at
e
s
in
te
st
in
al
m
u
co
sa

in
fla
m
m
at
io
n
in

ch
ro
n
ic
e
x
p
e
ri
m
e
n
ta
l
co
lit
is
m
ic
e
.
(a
)
T
L
1
A
m
R
N
A
e
x
p
re
ss
io
n
d
e
te
ct
e
d
b
y

q
u
an
ti
ta
ti
ve

re
ve
rs
e
tr
an
sc
ri
p
ti
o
n
P
C
R
an
al
ys
is
.
(b
,
c)

T
L
1
A
p
ro
te
in

e
x
p
re
ss
io
n
d
e
te
ct
e
d
b
y
w
e
st
e
rn

b
lo
t
an
al
ys
is
.
(d
,
e
)
B
o
d
y
w
e
ig
h
t
an
d
d
is
e
as
e
ac
ti
vi
ty

in
d
e
x
(D

A
I)
ch
an
ge
s
in

e
ac
h
gr
o
u
p
.
(f
,
g)

Sa
m
p
le
s
o
f
co
lo
n
an
d
co
lo
n
le
n
gt
h
in

e
ac
h
gr
o
u
p
.
(h
,
i)
H
E
st
ai
n
in
g
(m

ag
n
ifi
ca
ti
o
n
�1

0
0
)
an
d
h
is
to
lo
gi
ca
l
sc
o
re

in
e
ac
h
gr
o
u
p
.
*P
<
0
.0
5
,
**
P<

0
.0
1
,
**
*P
<
0
.0
0
1
.

Zhao et al. 7



significantlyhigher in theDSS/WTgroup than
in the Control/WT group (69.17� 11.14 vs
1.83� 1.17, respectively; P< 0.01). There
were also significantly more bacterial colonies
in the DSS/Tg group than in the Control/Tg
group (188.33� 8.17 vs 2.5� 1.52, respective-
ly; P<0.01), and in the DSS/Tg group com-
pared with the DSS/WT group (188.33� 8.17
vs 69.17� 11.14, respectively; P< 0.01).

The EUB338 assay was then used to test
the distribution of bacteria in the intestinal
mucosa (Figure 3c). Bacterial distribution
in the intestinal mucosa was clearly disor-
dered and displaced in DSS/WT and
DSS/Tg groups, with obvious bacterial

clumping, compared with Control/WT and

Control/Tg groups.

TL1A increases the permeability of

Caco-2 cells

TEER was used at the cellular level to eval-

uate the effect of TL1A on the permeability

of Caco-2 monolayer cells (Figure 3d). No

significant changes were seen in the trans-

membrane resistance of Caco-2 and

Caco-2þTGF-bþIL-4þantiIL-9 groups

over time, or between the two groups.

However, the transmembrane resistance of

Caco-2þTGF-bþIL-4 and Caco-2þTGF-

Figure 2. TL1A aggravates the intestinal mucosal barrier injury. (a) Immunofluorescence of occludin. (b)
Immunofluorescence of claudin-1. (c, d) The expression of occludin, zonulin-1, and claudin-1 in Caco-2 cells.
*P<0.05 indicates the comparison with the Caco-2 group at the same time point. #P<0.05 indicates the
comparison between Caco-2þTGF-bþIL-4þTL1A and Caco-2þTGF-bþIL-4 groups at the same time point.
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bþIL-4þTL1A groups significantly

decreased over time, and was significantly

lower than in the Caco-2 group (P< 0.05).

TEER of the Caco-2þTGF-bþIL-4þTL1A

group was significantly lower than that of

the Caco-2þTGF-bþIL-4 group (P< 0.05).

Apoptosis of monolayer Caco-2 cells after

the addition of TL1A

The cell apoptosis assay was used to verify

the effect of TL1A on apoptosis and the

mucosal barrier (Figure 4a).Reduced cell via-

bility was observed in the Caco-2þTGF-

bþIL-4þTL1A group. Changes in the

morphology of Caco-2 cells were observed
under the light microscope (Figure 4b).
After culture for 48 hours, normal cell mor-
phology was seen in the Caco-2 and Caco-
2þTGF-bþIL-4þantiIL-9 group, whereas
notable morphological and monolayer cell
structure changes were seen in cells of the
Caco-2þTGF-bþIL-4þTL1A group.

TL1A overexpression promotes Th9/IL-9
expression in chronic experimental
colitis mice

Tissue immunofluorescence (Figure 5a)
showed that CD4þIL-9 expression

Figure 3. Effects of TL1A on bacterial translocation. (a, b) The effects of TL1A on bacterial translocation in
the mouse intestinal mucosa. (c) Detection of bacterial distribution in the intestinal mucosa by the EUB338
probe. (d) TEER results. *P<0.05 indicates the comparison at 0 h of the same group. #P<0.05 indicates the
comparison with the Caco-2 group at the same time point. &P<0.05 indicates the comparison between
Caco-2þTGF-bþIL-4þTL1A and Caco-2þTGF-bþIL-4 groups at the same time point.
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was lower in the intestinal mucosa of

Control/WT and Control/Tg mice, while

CD4þIL-9 expression was higher in DSS/

WT and DSS/Tg mice. CD4þIL-9 expres-

sion was higher in the DSS/Tg group than

in the DSS/WT group.

The proportion of Th9 cells and

expression of IL-9 after the addition of

TL1A

A higher proportion of Th9 (CD4þIL9)

cells was found in the Caco-2þTGF-

bþIL-4þTL1A group (Figure 5b).

Additionally, the expression of IL-9 was

higher in the Caco-2þTGF-bþIL-4þ
antiIL-9 group than the Caco-2 group

(Figure 5c), significantly higher in Caco-

2þTGF-bþIL-4 and Caco-2þTGF-

bþIL-4þTL1A groups than Caco-2 and

Caco-2þTGF-bþIL-4þantiIL-9 groups,

and significantly higher in the Caco-

2þTGF-bþ IL-4þTL1A group than the

Caco-2þTGF-bþIL-4 group (P<0.05).

The expression level of IL-9 was further

detected in culture medium (Figure 5d).

There were no significant differences

between IL-9 expression between the

Caco-2 group and Caco-2þTGF-bþIL-4þ
antiIL-9 group. However, levels were signif-

icantly higher in Caco-2þTGF-bþIL-4 and

Caco-2þTGF-bþIL-4þTL1A groups com-

pared with the Caco-2 group (P< 0.05),

and in the Caco-2þTGF-bþIL-4þTL1A

group compared with the Caco-2þTGF-

bþIL-4 group (P< 0.05).

Discussion

The expression of TL1A is relatively low in

most cell types, but it is significantly

increased in the lamina propria of colonic

mucosa in CD patients. The increased

expression of TL1A in response to the acti-

vation of immune responses suggests it

plays a vital role in the pathogenesis of

IBD. In this study, mice with TL1A over-

expression were used to establish an IBD

model. We observed an increased severity

Figure 4. The effects of TL1A on the biological characteristics of monolayer Caco-2 cells. (a) Apoptosis of
Caco-2 cells by flow cytometry. (b) Cell morphological changes of Caco-2 cells under a light microscope
(magnification 200�). #P<0.05 indicates the comparison between Caco-2þTGF-bþIL-4þTL1A and Caco-
2þTGF-bþIL-4 groups at the same time point.

10 Journal of International Medical Research 0(0)



F
ig
u
re

5
.
T
h
e
e
ff
e
ct
s
o
f
T
L
1
A
o
n
th
e
d
iff
e
re
n
ti
at
io
n
o
f
n
aı̈
ve

C
D
4
þ
T
ce
lls

in
to

T
h
9
ce
lls

an
d
th
e
e
x
p
re
ss
io
n
o
f
IL
-9
.
(a
)
Im

m
u
n
o
flu
o
re
sc
e
n
ce

st
ai
n
in
g
o
f

T
h
9
/I
L
-9

in
co
lo
n
ti
ss
u
e
(m

ag
n
ifi
ca
ti
o
n
4
0
�)

.
(b
)
P
ro
p
o
rt
io
n
o
f
T
h
9
ce
lls

b
y
flo

w
cy
to
m
e
tr
y.
(c
)
Im

m
u
n
o
flu
o
re
sc
e
n
ce

st
ai
n
in
g
o
f
C
ac
o
-2

ce
lls

(m
ag
n
ifi
ca
ti
o
n

4
0
0
�)

.
(d
)
T
h
e
e
x
p
re
ss
io
n
o
f
IL
-9

in
cu
lt
u
re

m
e
d
iu
m
.
*P
<
0
.0
5
in
d
ic
at
e
s
th
e
co
m
p
ar
is
o
n
w
it
h
th
e
C
ac
o
-2

gr
o
u
p
at

th
e
sa
m
e
ti
m
e
p
o
in
t.

#
P<

0
.0
5
in
d
ic
at
e
s

th
e
co
m
p
ar
is
o
n
b
e
tw

e
e
n
C
ac
o
-2
þT

G
F-
b
þI

L
-4
þT

L
1
A

an
d
C
ac
o
-2
þT

G
F-
b
þI

L
-4

gr
o
u
p
s
at

th
e
sa
m
e
ti
m
e
p
o
in
t.

Zhao et al. 11



of intestinal inflammation in the DSS/Tg
group, including weight loss, higher DAI
scores, and higher pathological scores,
than in the DSS/WT group, which was con-
sistent with a previous report.22 The
upstream regulatory mechanisms of TL1A
expression should be elucidated to under-
stand its role in IBD.

The permeability of the intestinal
mucosa can change with the progression
of inflammation in IBD. Therefore, we
studied the effects of TL1A overexpression
on the intestinal mucosal barrier of mice.
We demonstrated for the first time a
strong decrease of occludin and claudin-1
expression in the DSS/Tg group, thus con-
firming the important relationship between
TL1A and the dysregulated intestinal epi-
thelial barrier. Additionally, structural
damage such as disordered epithelial cells
and an increased TJ gap between cells was
observed in the DSS/Tg group. This was
further supported by the observed decrease
in zonulin-1, occluding, and claudin-1
expression in Caco-2 cells following the
addition of TL1A.

An increased proportion of Th9 cells and
increased IL-9 expression levels were
observed in TL1A-overexpressing IBD
mice after immunofluorescence staining,
which was consistent with a previous
study.16 Similar to another study,23 we
also found that the synergistic stimulation
of naı̈ve CD4þ T cells by TGF-b and IL-4
could induce the production of Th9 cells.
The proportion of Th9 cells was reduced
after the addition of an anti-IL-9 antibody.
The production of Th9 cells may further
induce the apoptosis of Caco2 cells and
promote the high expression of IL-9.
Therefore, we speculate that TL1A enhan-
ces the expression of IL-9 by promoting the
production of Th9 cells whose effects on
permeability of the intestinal mucosa have
rarely been reported.17

A previous study reported that IL-9
increased the apoptosis of epithelial cells

in in vitro culture systems of oxazolone-

induced colitis.24 In the present study,

using the DSS-induced colitis model, a

reduced survival rate and activity of

Caco2 cells were observed after the addition

of TL1A. Moreover, significant morpholog-

ical changes and monolayer cell structure

changes were observed in Caco2 cells fol-

lowing TL1A addition. Taken together,

we speculate that the high expression of

IL-9 may induce the apoptosis of Caco2

cells after TL1A is added.
A typical feature of apoptosis is

increased membrane permeability, as indi-

cated by the TEER assay in our study, and

representative of reduced cellular trans-

membrane resistance. Furthermore, the

destruction of a monolayer barrier structure

of Caco2 cells was supported by the results

of bacterial translocation and EUB338

assays. Additionally, IL-9 was found to

control claudin and occludin expression in

experimental colitis, suggesting that it

directly controls barrier function.24–26

Similarly, the expression levels of key TJ

proteins including occludin, zonulin-1, and

claudin-1 decreased in line with the produc-

tion of Th9 cells. Therefore, the destruction

of the barrier structure appears to be asso-

ciated with the low expression of TJ

proteins.16

Conclusions

Collectively, in this study, we found that the

overexpression of TL1A could promote the

destruction of the intestinal mucosal barrier

in IBD mice, and that its mechanism may

be associated with the promoting role of

TL1A in Th9/IL-9 expression, which fur-

ther destroys the mucosal barrier.
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