
IL-17A Signaling in Colonic Epithelial Cells Inhibits Pro-
Inflammatory Cytokine Production by Enhancing the
Activity of ERK and PI3K
Xiaoqin Guo1,2., Xingwei Jiang1., Yan Xiao3, Tingting Zhou1, Yueling Guo4, Renxi Wang1, Zhi Zhao1,

He Xiao1, Chunmei Hou1, Lingyun Ma3, Yanhua Lin1, Xiaoling Lang1, Jiannan Feng1, Guojiang Chen1*,

Beifen Shen1, Gencheng Han1*, Yan Li1

1 Department of Molecular Immunology, Beijing Institute of Basic Medical Sciences, Beijing, China, 2 Department of Immunology, Logistics College of Chinese People’s

Armed Police Forces, Tianjin, China, 3 Department of Respiratory Medicine, First Affiliated Hospital of the Chinese PLA General Hospital, Beijing, China, 4 Department of

Medical Engineering, Military General Hospital of Beijing PLA, Beijing, China

Abstract

Our previous data suggested that IL-17A contributes to the inhibition of Th1 cell function in the gut. However, the
underlying mechanisms remain unclear. Here we demonstrate that IL-17A signaling in colonic epithelial cells (CECs)
increases TNF-a-induced PI3K-AKT and ERK phosphorylation and inhibits TNF-a induced expression of IL-12P35 and of a Th1
cell chemokine, CXCL11 at mRNA level. In a co-culture system using HT-29 cells and PBMCs, IL-17A inhibited TNF-ãinduced
IL-12P35 expression by HT-29 cells and led to decreased expression of IFN-c and T-bet by PBMCs. Finally, adoptive transfer
of CECs from mice with Crohn’s Disease (CD) led to an enhanced Th1 cell response and exacerbated colitis in CD mouse
recipients. The pathogenic effect of CECs derived from CD mice was reversed by co-administration of recombinant IL-17A.
Our data demonstrate a new IL-17A-mediated regulatory mechanism in CD. A better understanding of this pathway might
shed new light on the pathogenesis of CD.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are two forms

of inflammatory bowel disease (IBD) in man. The etiology of IBD

remains unclear, but evidence indicates that it results from an

interaction between genetic and environmental factors, which

eventually lead to an excessive and poorly controlled mucosal

inflammatory response directed against components of the normal

microflora and mucosal constituents of the gut [1–2]. Studies over

the last 2–3 decades have shown that different T cell differenti-

ation patterns determine disease progression [3–4]. For example, it

is known that CD is linked to a predominantly T helper cell (Th1)

immune response (e.g., secretion of IFN-c, TNF-a, and IL-12).

Accordingly, therapeutic strategies targeting these cytokines have

been widely investigated. Antibody against TNF-a attenuates

colitis in IBD patients, but more than one third of IBD patients do

not respond to anti-TNF-a therapy [5-6]. These observations

suggest the need to identify novel targets for therapeutic

intervention in IBD.

In addition to the classical Th1/Th2 pathways, a new pathway,

the Th17 pathway, has been discovered as a result of the

identification of a novel CD4 T cell subset, the Th17 cell [7]. It is

now known that IL-17A has pro-inflammatory effects on a wide

range of cellular targets, such as epithelium, endothelium, and

monocytes/macrophages [8–10], and plays pathogenic roles in

some organ-specific autoimmune diseases, such as rheumatoid

arthritis (RA) and multiple sclerosis, as well as IBD [11]. Because

of this, the therapeutic effects of an IL-17 neutralizing antibody,

secukinumab (AIN457T), in RA are now being evaluated in phase

II clinical trials [12]. As regards IBD, IL-17A is produced in the

healthy gut, but high IL-17A mRNA expression is seen in inflamed

colonic mucosa [13-14], suggesting a pathogenic role of IL-17A in

the progression of IBD. Accordingly, IL-17A has been examined

as a target for reducing autoimmune damage in IBD [15].

Unfortunately, clinical trials targeting IL-17A in IBD failed to

show an effect, indicating that further studies are needed on its role

in IBD.

It is now known that there is a complex and active interplay

between IL-17A and colonic epithelial cells (CECs) during the

progression of IBD. After stimulation by IL-17A, CECs release a

wide range of pro-inflammatory cytokines and chemokines, e.g.,

CXCL8 for neutrophil chemotaxis and CCL20 to attract Th17

cells, further amplifying the gut inflammation [16]. On the other

hand, IL-17A also has protective effects on the gut epithelial

barrier, e.g., by upregulating the expression of antimicrobial

peptides [17]. Recent data have also shown that IL-17A, by

directly binding to its receptor (IL-17R) expressed on Th1 cells,
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inhibits Th1 cell-mediated colonic inflammation [18].Together,

these data suggest that IL-17A plays both a pro-inflammatory and

an anti-inflammatory role in IBD, which might explain the failure

of the clinical trial targeting IL-17A. To explore more effective

intervention strategies, the mechanisms by which IL-17A mediates

its pathogenic or protective effects, especially the latter, need to be

investigated.

In most target cells, IL-17A signaling activates the MAPK and

NF-kB pathways through IL-17RA and increases the expression of

inflammatory cytokines [16]. Act1 has been identified as an

essential adaptor molecule in IL-17 signaling [19]. In addition, the

results of a microarray screen suggested the involvement of the

CCAAT/enhancer binding protein transcription factors C/EBPb
and C/EBPd in the IL-17A-induced signaling cascade [20], while

another report showed that the PI3K pathway is involved in IL-

17A signaling, mainly in an Act1-independent manner [21], but

the underlying mechanisms remain largely unclear. Further

investigation of the signaling mechanisms of IL-17A will shed

light on its biological functions and help in understanding and

treating inflammatory diseases.

Our previous data suggested that IL-17A signaling inhibited the

function of Th1 cell in IBD [22]. However, the underlying

mechanisms remain largely unclear. Although some data suggest

that IL-17A suppresses the development of colonic inflammation

by directly inhibiting the differentiation of Th1 cells [18], we argue

that other mechanisms may exist, since IL-17A binds to multiple

target cells and stimulates complex intracellular cascades. In this

study, CECs were used as the target for IL-17A and we

demonstrated, for the first time, that IL-17A signaling in CECs

can also trigger anti-inflammatory mechanisms by activating the

PI3K-AKT and ERK-CEBP/b pathways in an Act1-dependent

manner, finally leading to inhibition of TNF-a-induced expression

of IL-12P35 and of a Th1 cell chemokine, CXCL11, and of Th1

cell function. This is the first report demonstrating the involvement

of the Act1-PI3K-AKT pathway in the IL-17A-triggered signaling

cascade. Further investigation of this pathway should shed new

light on therapeutic strategies against many IL-17A–related

clinical diseases

Materials and Methods

Cell culture and gene expression
HT-29 human colorectal cancer cells (ATCC) were cultured in

McCoy’s 5A medium (ATCC) supplemented with 10% fetal

bovine serum (FBS), penicillin (10 U/ml), and streptomycin

(10 mg/ml) (all from Sigma-Aldrich). For tests, they were plated

in 12-well plates at a density of 36105 cells per well in McCoy’s 5A

medium containing 10% FBS and antibiotics. Before cytokine

treatment, the cells were incubated overnight in McCoy’s 5A

medium containing 0.5% FBS and antibiotics, then were

incubated for 6 h with different dose of TNF-a (R & D Systems)

and/or of IL-17 (eBiosciences, San Diego, CA). Here 0.5 ng/ml of

TNF-a (suboptimal dose from which we can see the effects of IL-

17A) and/or 50 ng/ml of IL-17 were used for in vitro cell

stimulation. The cells were then harvested and RNA prepared

using Trizol reagent (Invitrogen). RNA samples (2 mg) were then

reverse-transcribed with Moloney murine leukemia virus reverse

transcriptase (New England Biolabs) and real-time PCR per-

formed using SYBR Green (TOYOBO) and a standard curve for

quantization, as described previously [23].

The relative expression of cytokine mRNAs was evaluated by

real-time PCR. The real-time PCR reaction mixture consisted of

10 ml of 26SYBR green Master Mix, 0.5 ml of 10 pM primers, and

2 ml of cDNA in a total volume of 20 ml. The thermal cycling

conditions were an initial denaturation step at 95uC for 3 min; 40

cycles at 95uC for 10 s, annealing at 60uC for 15 s, and extension

at 72uC for 10 s; and 71 cycles at 60uC for 30s. The sequences of

the primers used, produced by Assays-by-Design Service for Gene

Expression Assays (Biomics Biotechnologies Co. Ltd., China), are

listed in Table 1. At the end of the PCR cycles, the specificity of

the amplification products was checked by dissociation curve

analysis. mRNA levels in each sample were determined using the

gene-specific threshold cycle (Ct) for each sample (gCt) corrected

by subtracting the Ct for the GAPDH housekeeping gene.

Untreated controls were used as the reference samples and the

gCt for all experimental samples was subtracted from the gCt for

the control samples (ggCt). The magnitude of the change in

levels of the test gene mRNA was expressed as 2-ggCt. Each

measurement was performed in duplicate.

Western blots
Western blotting was performed to evaluate levels of ERK,

AKT, phospho-ERK, phospho-AKT, phospho-C/EBPb, PI3K

p110c, Act1, and GAPDH. Briefly, 30 ug of protein was

electrophoretically separated on a 12% sodium dodecyl sulfate-

polyacrylamide gel and transferred to a polyvinylidene difluoride

membrane, which was then blocked by incubation for 1 h at room

temperature in 5% fat-free dry milk in Tris-buffered saline

containing 0.1% Tween 20 (TBST). The blots were then

incubated overnight at 4uC with rabbit antibodies against human

ERK (1:1000), AKT (1:1000), phospho-ERK (1:1000), phospho-

AKT (1:1000), phospho-C/EBP(1:1000), or PI3K p110c(1:1000)

(Cell Signaling Technology, USA), rat antibodies against human

Act1 (eBiosciences, San Diego, CA), or mouse antibodies against

GAPDH (1:5000) (Tianjin Sungene Biotech Co. Ltd) diluted in

TBST containing 5% BSA, washed for 25 min with TBST, and

incubated for 1 h at room temperature with alkaline phosphatase-

conjugated anti-rabbit, anti-mouse, or anti-rat IgG antibodies

(KPL, Gaithersburg, MD, USA) (1:2000 in TBST containing 5%

BSA).

Act1 gene knockdown in the HT-29 cell line
To directly examine whether Act1 was involved in the IL-17

signaling pathway, Act1 gene expression in HT-29 cells was

Table 1. Sequences of the primers used for real-time PCR.

Forward primer Reverse primer

hCXCL11 GAGGACGCTGTCTTTG GATTTGGGATTTAGGC

hIL-12P35 ACCACTCCCAAAACCTGC CCAGGCAACTCCCATTAG

hAct1 AACAAGGAAGCATGAATTTCAGA ATTCTTGGGCCAGCTGTAGA

hPI3K-CG CTGGAAAGAAGACAAGCCCA TTAACTGGGGCATTCCTGTC

hIFN-c ACTGACTTGAATGTCCAACGCA ATCTGACTCCTTTTTCGCTTCC

hT-bet CCACCTGTTGTGGTCCAAGT AACATCCAGTAGTGGCTGGTG

hCCL20 CTGGCTGCTTTGATGTCAGT CGTGTGAAGCCCACAATAAA

hGAPDH AACGGATTTGGTCGTATTG GGAAGATGGTGATGGGATT

mIFN-c AAGCGTCATTGAATCACACCTG TGACCTCAAACTTGGCAATACTC

mIL-12a CGCAGCACTTCAGAATCACA TCTCCCACAGGAGGTTTCTG

mCXCL11 AAGGTCACAGCCATAGCCCT CATTTTGACGGCTTTCATC

mCCL20 CCAAGTCTTCTCAGCGCCAT GAATCTTCCGGCTGTAGGAGAAG

mGAPDH TCTTGGGCTACACTGAGGAC CATACCAGGAAATGAGCTTGA

h indicates human and m mouse.
doi:10.1371/journal.pone.0089714.t001
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blocked using short-hair RNA (shRNA). Three non-overlapping

shRNA duplexes (Biomics Biotechnologies Co. Ltd, China) were

individually tested for maximal knockdown of gene expression.

The duplex sequences were CCATAGACACGGGATATGA

(shRNA1), CCCTGAAACTTGCAAATC A (shRNA2),

CTGCAATTGACATATTTGA (shRNA3), and

TTCTCCGAACGTGTCACGT. (negative control (NC)). These

sequences were inserted into the pRNAT-U6.1/Neo vector, then

the purified recombinant vectors were transfected into HT-29 cells

using Lipofectamine 2000TM (Invitrogen) according to the

manufacturer’s protocol. The shRNA duplex giving maximal

knockdown was identified and HT-29 cell clones stably express

Act1 shRNA selected using G418 (Gibco) and analyzed for Act1

expression by Western blotting and RT–PCR.

Co-culture of peripheral blood mononuclear cells and
HT-29 colonic epithelial cells

HT-29 cells were plated in 24-well plates at a density of 1.56105

cells/well in McCoy’s 5A medium containing 10% FBS and

antibiotics and incubated for 24 h, then were treated with IL-17

(50 ng/ml; eBiosciences) and/or TNF- a(0.5 ng/ml; eBiosciences)

for 24 h. Human peripheral blood mononuclear cells (PBMCs)

were isolated by density gradient centrifugation and added to the

culture in a ratio of 1 HT-29 cells to 10 PBMCs. The co-cultures

were then stimulated for 24 h by a combination of monoclonal

antibodies (mAbs) against CD3 (3 mg/ml) and CD28 (3 mg/ml) (

eBiosciences) with or without IL-12 (12.5 ng/ml; eBiosciences),

then non-adherent PBMCs and adherent HT-29 cells were

harvested separately for analysis. The human PBMC used in this

study have been described in our previous publication [22], and

the study protocol was approved by the Ethics Committee of the

General Hospital of the Air Force of the PLA, Beijing, China.

Induction of colitis in mice
Balb/C mice were originally obtained from the Jackson

Laboratory, and bred in our facilities under specific pathogen-

free conditions. The care, use, and treatment of mice in this study

were in strict compliance with the guidelines for the care and use

of laboratory animals of the Institute of Basic Medical Sciences,

Beijing. The protocol was approved by the Committee on the

Ethics of Animal Experiments of the Beijing Institute of Basic

Medical Sciences (Permit Number: AMMS2012-0136). All surgery

was performed under sodium pentobarbital anesthesia, and all

efforts were made to minimize suffering. To induce colitis, 6- 8-

week-old male mice were intrarectally injected with 0.2 mg of the

hapten reagent 2, 4, 6-trinitrobenzene sulfonic acid (TNBS)

(Sigma) in 50% ethanol as previously described [24–25]. In control

experiments, mice received 50% ethanol alone. The total injection

volume was 100 mI in both groups.

Anti-IL-17A antibody injection
To test the effect of anti-IL-17A antibody on TNBS--induced

colitis, mice were injected intraperitoneally with 100 mg of anti-IL-

17 mAb or the same amount of same isotype IgG (Tianjin

Sungene Biotech Co. Ltd) on days 1, 3, 5, and 7, and the mice

were weighed daily and checked for tissue injury.

Cell isolation and adoptive transfer
The isolation procedure for the mouse colonic epithelial cells

(CEC) and colonic lymphocytes in this study has been described

previously [26]. In brief, the muscle layer of the mouse colon was

removed with forceps and the whole colon opened longitudinally

and cut into sections approximately 0.5 cm long, which were then

placed in a 150 ml conical flask containing 20 ml of 15 mM

HEPES, 5 mM EDTA, 10% FBS, and 100 mg/ml of gentamycin

and incubated at 37uC with shaking for 30 min. The sample was

then filtered at room temperature through a 200 mesh filter, then

the filtrates from three collections were combined and centrifuged

at 850 g for 10 min at 37uC and the pellets (CECs) resuspended in

phosphate-buffered saline (PBS). For the collection of lymphocytes

from colonic lamina propria, colon tissue removed of CECs was

further incubated with collagenase D (Roche) (0.6 mg/ml) in

20 ml RPMI-1640 medium at 37uC for about 3 hours. Finally,

samples were filtered at room temperature through a 200 mesh

filter, then the filtrates from three collections were combined and

centrifuged at 850 g for 10 min at 37uC and the pellets

(lymphocytes) resuspended in phosphate-buffered saline (PBS).

For transfer assay, CECs (16106 cells/mouse) from TNBS-

induced colitis or control mice isolated on day 8 of TNBS

treatment were injected into the peritoneum of previously

untreated mice on day 1 of TNBS induction of colitis and again

on day 4, then the mice were sacrificed on day 8. To test the in

vivo effect of IL-17A on the activity of transferred CECs from

these TNBS-induced colitis mice were injected intraperitoneally

with mouse recombinant IL-17 (eBiosciences, San Diego, CA) at a

dose of 500 ng/mouse on days 1,3,5 and 7 of induction of TNBS-

colitis.

Flow cytometry
For staining for IL-17RA, CECs were collected from TNBS-

induced colitis mice or control mice, and then were stained with

phycoerythrin (PE)-conjugated anti-mouse IL-17RA antibodies

(Biolegends). For staining IFN-r within CD4+T cells and IL-12

within monocytes/macrophage, cells were stimulated for 4 h with

50 ng/ml of phorbol 12-myristate 13-acetate, 1 mg/ml of

ionomycin, and 1 mg/ml of brefeldin A (Sigma, St Louis, MO),

then were washed and stained with fluorescein isothiocyanate

(FITC)-conjugated anti-human CD4, anti-mouse CD4, anti-

human CD14 or anti-mouse CD11b, then fixed for overnight

with Fix/Perm buffer, washed with permeabilization buffer,

stained for 30 min at 4uC with PE-conjugated anti-human IFN-

c, anti-mouse IFN-c, anti-human IL-12P70 and anti-mouse IL-

P70 antibodies(all from eBioscience) and analyzed on a FACSca-

libur flow cytometer.

Histopathological analysis
For histopathological analysis, a specimen from the middle part

of the colon was fixed in 10% phosphate-buffered formalin,

embedded in paraffin, and sectioned and the sections stained with

hematoxylin-eosin (H&E).

Mouse whole colon cultures
Colon tissue (200–300 mg) was washed in cold PBS containing

penicillin and streptomycin and cut into small pieces (0.560.5 cm),

which were cultured (three pieces per mouse) in 24-well flat

bottom culture plates in serum-free RPMI 1640 medium (Gibco)

at 37uC for 24 h. The culture supernatants were then centrifuged

at 9000 g at 4uC for 5 min and stored at –80uC until use.

ELISA
The concentration of IFN-c and IL-12P70 in mouse serum was

measured using a sandwich ELISA according to the manufactur-

er’s protocol (eBiosciences, San Diego, CA).

IL-17A Signaling in Colonic Epithelial Cells
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Statistical analysis
All data are presented as the mean6SD. Statistical analysis was

performed using one way or two-way ANOVA. p values less than

0.05 were considered significant.

Results

IL-17A signaling in human HT-29 colonic epithelia cells
inhibits TNF-a-induced expression of CXCL11 and IL-
12P35 mRNA by enhancing phosphorylation of AKT, ERK,
and CEBP/b

We previously found that levels of IL-17A mRNA and protein

are increased and Th1 cell function decreased in patients with IBD

[22]. In the present study, to test whether, and if so, how the

increased IL-17A expression was responsible for inhibition of Th1

cell function in IBD, we used the human colonic epithelial cell line

HT-29 cells, as we have found that the expression of IL-17A in

and IL-17R on CEC cells is significantly increased in mice with

TNBS-induced colitis, which is an animal model of Crohn’s

disease (CD). IL-17A alone had little effect on the activity of HT-

29 cells, so we examined its synergistic effects with TNF-a.

Treatment of HT-29 cells with IL-17A inhibited the TNF-a-

induced increase in expression of mRNAs coding for CXCL11

(Fig. 1B) and IL-12P35 (Fig. 1C), two factors promoting Th1 cell

function. We then examined how IL-17A signaling affected the

TNF-a-induced activation of CECs. Our data showed that IL-17A

signaling enhanced TNF-a induced phosphorylation of ERK (Fig.

1D), AKT (Fig. 1E), and CEBP/b (Fig. 1F). These data show that

IL-17A signaling triggers intracellular cascades, which affect TNF-

a-induced cytokine production.

To further characterize the intracellular cascades involved in

IL-17A-induced negative regulation of TNFa-induced CXCL11

and IL-12P35 mRNA expression, specific inhibitors of ERK

(U0126) or PI3K-AKT (wortmannin) were added for 30 minutes

before and during cytokine treatment. As shown in Fig. 2,

blockade of either ERK or PI3K blocked the inhibitory effect of

IL-17A on TNF-a-induced CXCL11 or IL-12P35 mRNA

expression. These data show that the ERK and PI3K-AKT

pathways play essential roles in IL-17A-mediated negative

regulation. We did not examine the effects of CEBP/b blockade

on IL-17A mediated negative regulation, as no inhibitor is

currently available.

Act1 is involved in the IL-17A-induced enhancement of
the TNF-a-induced phosphorylation of ERK and AKT, and
Act1 knockdown prevents IL-17A-induced inhibition of
the TNF-a-induced increase in CXCL11 and IL-12P35
mRNA expression

Act1 (an activator of NF-kB) is an essential adaptor molecule in

IL-17 signaling [19]. To examine whether Act1 was also involved

in IL-17A-mediated negative regulation in CECs, Act1 stable

knock down HT-29 cells were established. Silencing of Act1 led to

decreased expression of Act1 at both the mRNA (Fig. 3A) and

protein (Fig. 3B) level. In Act1 knockdown cells, IL-17A signaling

failed to enhance TNF-induced phosphorylation of ERK (Fig. 3C)

and AKT (Fig. 3D), showing that Act1 is involved in the IL-17A-

induced phosphorylation of ERK and AKT. In contrast, Act1

knockdown did not significantly affect IL-17A-induced phosphor-

ylation of CEBP/b (data not shown), suggesting that CEBP/b
might be regulated by multiple signaling cascades. However, when

HT-29 cells were incubated with the ERK inhibitor U026, IL-17A

signaling failed to enhance the TNF-induced phosphorylation of

CEBP/b(Fig. 3E), indicating that ERK is an upstream activator of

CEBP/b.The band intensity analysis data clearly showed that

Act1 is involved in the IL-17A-induced phosphorylation of ERK

and AKT, and that ERK plays a role in IL-17A enhanced TNF-a

induced phosphorylation of CEBP/b (Fig. 3F). Finally, the effects

of Act1 knockdown on IL-17A-mediated negative regulation were

examined and the data showed that Act1 knockdown blocked IL-

17A-induced inhibition of TNFa-induced increase in CXCL11

(Fig. 3G) and IL-12P35 (Fig.3H) mRNA expression. These data

show that Act1 is involved in IL-17A-induced enhancement of

TNF-a-induced phosphorylation of ERK and PI3K-AKT and for

IL-17A-mediated negative regulation.

Act1 knockdown decreases the expression of PI3K-cat-
gamma and identifies a new pathway (IL-17A-Act1-
PI3KIB-AKT) of IL-17A-mediated negative regulation in
CECs

To investigate the mechanisms by which IL-17A induced

negative regulation, microarray analysis was carried out. About

200 differentially expressed genes were present in the knockdown

line compared to controls. Of these, expression of chemokines,

such as CXCL1 and CXCL2, and cytokines, such as TNF-a, was

found to be decreased by more than two-fold in Act1 knockdown

HT-29 cells compared to control cells (Fig. 4A); these genes

covered a wide range of cellular functions, such as macrophage

recruitment. However, we were intrigued by the unexpected

finding that PI3K-cat gamma (one subunit of PI3K- IB) expression

was more than two-fold lower in Act1 knockdown HT-29 cells and

this was confirmed by real-time PCR (Fig. 4B) and Western

blotting (Fig. 4C). Notably, we found that IL-17A signaling in the

absence of TNF-a increased PI3K-CG expression in control HT-

29 cells, but not in Act1 knockdown cells. These data suggest that

IL-17A signaling might induce phosphorylation of AKT by

increasing PI3K-CG expression, a process dependent on Act1.

IL-17A negatively regulates Th1 cell activity in a human
CEC and PBMC co-culture system

The above data demonstrated that IL-17A signaling inhibits

TNF-a-induced mRNA expression of CXCL11 and IL-12P35. To

further explore the possible effects of IL-17A signaling, we used an

HT-29 cell and human PBMC co-culture system with or without

addition of IL-17A. Firstly, human PBMCs were stimulated with

anti-human CD3 and CD28 antibodies in the absence or presence

of IL-17A and/or TNF-a. We found that recombinant IL-17A did

not significantly affect the expression of IL-12P35 mRNA induced

by TNF-a (data not shown). Secondly, HT-29 cells were incubated

in the presence of IL-17A and/or TNF-a for 24 h, then human

PBMCs were added and stimulated with anti-human CD3 and

CD28 antibodies for another 24 h, then the non-adherent human

PBMCs and adherent HT-29 cells were collected separately and

analyzed for gene expression. Our data showed that TNF-a-

induced IL-12P35 expression in the isolated adherent HT-29 cells

was inhibited by IL-17A (Fig. 5A). And that expression of T-bet, a

Th1 cell transcriptional factor, in the non-adherent PBMCs was

significantly downregulated in the IL-17A/TNF-a-treated group

compared to the TNF-a-treated group, a phenomenon can be

reversed by adding recombinant IL-12 p70(Fig. 5B). Flow

cytometry analysis examining the IFN-c expression within CD4+
T cells showed the same tendency as that of T-bet (Fig. 5C). These

data indicated that IL-17A signaling on HT-29 cells inhibited

TNF-a induced Th1 cells function in the co-culture system, in

which IL-12 plays an important role. It is known that bioactive

form of IL-12 is IL-12 p70 (hetero dimer with p40 and p35). As

there is no detectable IL-12P70 secretion in the supernatant and

IL-17A Signaling in Colonic Epithelial Cells
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there is no detectable IL-12p35 protein expression within adherent

HT-29 cells, the possible source of IL-12 protein were then

investigated. Our data showed that IL-17A inhibited TNF-a
induced IL-12 protein expression (p70) by CD14+monocytes in

the co-culture system (Fig. 5D). These in vitro data again indicated

that IL-17A signaling on HT-29 cells may indirectly affect Th1 cell

activity by altering the IL-12 expression by monocytes. However,

the underlying mechanisms by which IL-17A negatively regulates

Th1 cell activity in a human CEC and PBMC co-culture system

remain to be investigated.

IL-17A blockade in vivo leads to exacerbated TNBS colitis
and enhanced Th1 related gene/protein expression

To further examine the axis by which IL-17 mediates negative

regulation through CEC cells, in vivo IL-17A neutralization was

performed by injection of anti-IL-17A antibody on days 1, 3, 5,

and 7 during induction of TNBS-induced colitis and the effects on

the activity of CECs examined. Physical and histopathological

examination of colon tissue revealed marked tissue injury and

infiltration of inflammatory cells in TNBS colitis mice receiving

anti-IL-17A antibody (Fig. 6A). IL-17A neutralization enhanced

the mRNA expression of CXCL11, IL-12P35, and IFN-c in

splenocytes CECs (data not shown), indicating that neutralization

of IL-17A in CD can systemically affect the activity of Th1 cells. It

is worthy to note that IL-17A neutralization also enhanced the

mRNA expression of CXCL11, IL-12P35, and IFN-c in CECs

(Fig. 6B), showing that CECs are important target for IL-17A

mediated regulatory effects.

Adoptive transfer of CECs derived from TNBS-induced
mice exacerbates colitis in mice, which can be inhibited
by co-transfer of IL-17

Finally, CECs isolated from mice on day 8 of TNBS-induced

colitis were transferred alone or together with recombinant IL-17A

into previously untreated mice on days 1 and 4 of induction of

TNBS-induced colitis to examine 1) possible roles of CECs in the

pathogenesis of CD and 2) whether IL-17A can trigger anti-

inflammatory mechanisms in CECs, thus blocking their patho-

genic roles in vivo. Adoptively transferred CECs from TNBS-

induced colitis mice exacerbated tissue damage (Fig. 7A) and led to

increased mRNA expression of CXCL11, IL-12P35, and IFN-

cmRNA by CECs of the recipient mice of TNBS colitis mice (Fig.

7B). In addition, transfer of CECs from colitogenic mice into mice

without TNBS treatment is associated with an increase of Th1-

Figure 1. Effects of IL-17A signaling on TNF-a-induced HT-29 cell activation and the intracellular mechanisms. (A&B) CECs were
collected from mice as described in the material and methods, and then expressions of IL-17A in and IL-17RA on CECs were examined using real time-
PCR(A) or Flow cytometry analysis(B). (C and D) HT-29 cells were stimulated with recombinant IL-17A and/or TNF-a for 6h, then CXCL11 (C) and IL-
12P35 (D) mRNA levels were examined by real-time PCR. (E-G) HT-29 cells were treated as above, but for 10 to 30 min, then were examined for the
phosphorylation of ERK (E), PI3K-AKT (G), or CEBP/b (G). Band intensity data were shown as well. The results shown are representative of those
obtained in three independent experiments.
doi:10.1371/journal.pone.0089714.g001
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related cytokines in comparison to mice transferred with CECs

from non colitogenic mice (data not shown here). These data

showed that CECs from colitogenic mice may affect the Th1 cell

activity in vivo after injection. Interestingly, our data clearly

showed that administration of IL-17A attenuated the ability of

CECs from TNBS-induced colitis mice to induce colitis when

transferred into recipients and decreased the expression of

CXCL11, IL-12P35, and IFN-c (Fig. 7B). To further investigate

whether and how co administration of IL-17A with CECs affect

Th1 cell activity in vivo, we firstly cultured colon tissues and found

that colon tissues from TNBS-CECs injected mice produced more

IL-12 and IFN-c than those from Con-CECs injected controls,

while co-administration of IL-17A with TNBS-CECs leads to

decreased IL-12 and IFN-c production (data not shown).

Secondly, we isolated lamina propria cells and examined the

expression of IL-12P70 by CD11b+F4/80+macrophage and of

IFN-c expression by CD4+T cells. Our data showed that transfer

of CECs alone increased IL-12p70 expression by CD11b+F4/80+
macrophage from lamina propria cells. However, co administra-

tion of IL-17A with CECs reversed CECs transfer increased IL-

12p70 expression by macrophage (Fig.7C). Co-administration of

IL-17A lead to decreased IFN-c expression within CD4+T cells

(Fig.7D).These data suggested that TNBS-CECs injection with or

without IL-17A affected local Th1 response, in which IL-12 might

play an important role. Finally, we also examined how IL-17A

signaling on CECs, following CECs and IL-17A i.p.injection,

affect local Th1 response.

Discussion

IL-17A plays both pathogenic and protective roles in the

progress of IBDs, but the mechanisms by which it mediates its

protective effects remain largely unclear [27–29]. Here, we

demonstrated that IL-17A signaling enhances the TNF-a-induced

phosphorylation of the Act1-PI3K (IB)-AKT and Act1-ERK-

CEBP/b pathways in CECs, finally inhibiting TNF-a-induced

CXCL11 and IL-12P35 mRNA expression. Studies using our in

vitro co-culture system and CEC adoptive transfer clearly

demonstrated that IL-17A can act on CECs and trigger anti-

inflammatory mechanisms against Th1 cells, thus contributing to

colonic homeostasis.

Here CECs were selected as the target for IL-17A, as we

previously found that, in mice with TNBS-induced colitis,

expression of IL-17A in and IL-17RA on CECs was significantly

increased (Fig.1A). Although the mechanisms for up-regulating IL-

17A and IL-17R expression on CECs following CD remain to be

determined, these data indicates that IL-17A/IL-17R pathway

might be involved in the physiopathology of IBD. In addition,

many reports suggest that, in inflammatory situations, CECs may

also act as antigen-presenting cells in the local colonic immune

response [30-31]. Here, we used a human CEC cell line, HT-29

cell, to investigate the mechanisms by which IL-17A mediated an

anti-inflammatory response in CECs. This is the first report

showing that IL-17A signaling inhibits the TNF-a-induced

increase in IL-12P35 mRNA expression by CECs. Here CXCL11

is selected as it is reported that CXCL11 showed potent activity on

activated T cells through selective high affinity binding to CXCR3

which is especially expressed on Th1 cells but not on Th2 cells [32-

33]. And as an IFN-c inducible chemokine, the effects of CXCL11

on Th1 cells can be amplified by IFN-c, a Th1-related cytokine, as

a positive feedback [33].

The biologic activity of IL-17A is dependent on a complex

composed of IL-17RA and IL-17RC [34]. Here we did not

investigate the roles of IL-17A receptor in IL-17A mediated anti-

inflammatory effects. In fact, although there are many different

reports demonstrating the oppose function of IL-17A [18,27-

29,35], the roles of IL-17A receptor in IL-17A mediated pro-

inflammatory and anti-inflammatory effects remain largely

unclear.

We then focus on the intracellular mechanisms by which IL-

17A signaling inhibits the TNF-a induced expression of IL-12 and

Figure 2. Effects of an ERK or PI3K inhibitor on IL-17A signaling-mediated negative regulation in HT-29 cells. HT-29 cells were
incubated with or without an inhibitor specific for ERK(U0126) or PI3K(wortmannin) or DMSO (vehicle control) for 30 min, then IL-17A and/or TNF-a
was added and the cells incubated for 6 h in the continued presence of the inhibitor. The cells were then examined for CXCL11 and IL-12P35
expression by real-time PCR. The results shown are representative of those obtained in three independent experiments. The bars are the SD.
doi:10.1371/journal.pone.0089714.g002
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CXCL11 by HT-29 cells. We first examined whether NF-kB

pathway was involved in IL-17A mediated anti-inflammatory

effects in CECs. However, our data showed that IL-17A signaling

does not significantly affect the activity of NF-kB, nor it affects

TNF-a induced activation of NF-kB (data not shown). So we then

focus our manuscript on the MAPK/PI3K pathways. Although it

has been reported that the P38 pathway is involved in the IL-17A-

mediated pro-inflammatory response [16], we here demonstrated

that P38 pathway were not involved in the IL-17A mediated anti-

inflammatory response (CXCL11 and IL-12P35 inhibition) ( data

not shown). However, IL-17A signaling significantly enhanced

TNF-a- induced phosphorylation of ERK in HT-29 cells (Fig. 1).

In addition, we also demonstrated the involvement of PI3K-AKT

pathway in IL-17A-mediated negative regulation (Fig.2).

Act1 (transcription factor NF-k B activator 1) is an important

adaptor protein in IL-17 receptor (IL-17R) signaling and IL-17A-

dependent immune responses [36]. The facts that Act1 expression

is increased in colon epithelial cells in mice with IBD and Act1-

deficient mice show a delayed onset and much lower severity of

DSS-induced colitis [19] suggest that Act1 is involved in the

regulation of IBD, but whether or how it is involved in IL-17A-

mediated negative regulation remained to be investigated. Our

data showing that Act1 knockdown decreased IL-17A-induced

enhancement of TNF-a-induced ERK and AKT phosphorylation

and blocked IL-17A-mediated negative regulation demonstrate

that Act1 plays an essential role in transducing the negative signal

of IL-17A in CECs.

Previous report showed that PI3K pathway is involved in IL-

17A signaling mainly in an Act1-independent manner [21].

However, here we found that Act1 knock down significantly lead

to decreased expression of PI3K- cat gamma 1B (PI3K- 1B) in

response to IL-17A stimulation (Fig.4). These data partially

explains how Act1 knock down leads to decreased phosphorylation

of AKT, and indicates that PI3K pathway might be involved in

IL-17A signaling pathway in a manner partially dependent on

Act1.

However, it was still not known how the enhanced phosphor-

ylation of ERK and PI3K-AKT led to inhibition of CXCL11 and

Figure 3. Roles of Act1 in IL-17A-mediated negative regulation in HT-29 cells. (A and B) An Act1 stable knockdown HT-29 cell line was
established as described in the Materials and Methods and silencing of Act1 confirmed by real-time PCR (A) and Western blotting (B). (C and D) Act1
knock down or control HT-29 cells were treated with IL-17A and/or TNF-a for 15 min, then cells were examined for phosphorylation of ERK (C) or PI3K-
AKT (D) by Western blotting. (E) HT-29 cells were treated with IL-17A and/or TNF-a for 15 min in the presence or absence of the ERK inhibitor, U026,
then were lysed and examined for the phosphorylation of CEBP/b. The band intensity data for above western blot assay were shown in F. (G and H)
Act1 knock down or control HT-29 cells were treated with IL-17A and/or TNF-a for 6 h, then were examined for levels of mRNAs for CXCL11 (G) or IL-
12P35 (H) by real-time PCR. The results shown are representative of those obtained in three independent experiments. The bars are the SD.
doi:10.1371/journal.pone.0089714.g003
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IL-12P35 mRNA expression. To examine this, the transcriptional

factors controlling CXCL11 and IL-12P35 mRNA expression

were investigated, among which we focus on the function of C/

EBPb. Data suggest that C/EBPb can bind to the region bp - 444

and - 392 of the IL-12P35 promoter and negatively regulate LPS-

induced expression of the IL-12 subunit P35 [37]and that

phosphorylation of C/EBPb decreases its ability to bind to DNA

[38]. As shown in Fig. 1, IL-17A signaling enhanced the TNF-a-

induced phosphorylation of C/EBPb, a process inhibited by

blockade of the ERK pathway (Fig. 3), suggesting that ERK

activation is the upstream signaling cascade accounting for the

phosphorylation of C/EBPb. Our above data showed that Act1

knockdown decreased IL-17A-induced enhancement of TNF-a-

induced ERK phosphorylation (Fig.3). In such a scenario, IL-17A

signaling activates Act1 and this enhances the TNF-a-induced

phosphorylation of ERK, finally leading to phosphorylation of C/

EBPb, while decreases its ability to bind to the CXCL11 and IL-

Figure 4. Microarray assay identifies involvement of an Act1--PI3K IB subunit (PI3K-cat gamma) pathway in IL-17A-mediated
signaling cascades. (A) Gene chip assay identifies multiple genes differentially expressed in Act1 knock down and control HT-29 cells. (B and C)
Act1 knock down decreases PI3K-cat gamma expression as shown by real-time PCR (B) and Western blotting (C). (D) Act1 knock down and control HT-
29 cells were treated with recombinant IL-17A for 6 h, then PI3K-cat gamma expression was examined by real-time PCR. The results shown are
representative of those obtained in three independent experiments. The bars are the SD.
doi:10.1371/journal.pone.0089714.g004

Figure 5. IL-17A signaling mediates negative regulation in a PBMC/HT-29 cell co-culture system. HT-29 cells were cultured in the
presence of IL-17A and/or TNF-afor 24 h, then human PBMCs were added and stimulated with anti-human CD3 and CD28 antibodies with or without
recombinant IL-12 for another 24 h. Adherent HT-29 cells were analyzed for IL-12P35 mRNA (A) and non-adherent PBMCs were analyzed for T-bet (B)
expression by real-time PCR. IFN-c expressions within CD4+T cells (C) and IL-12P70 expressions within CD14+monocytes (D) were examined by flow
cytometry analysis. The results shown are representative of those obtained in three independent experiments. The bars are the SD.
doi:10.1371/journal.pone.0089714.g005
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12P35 promoters, leading to decreased CXCL11 and IL-12P35

mRNA expression.

We then further investigated how the enhanced PI3K-AKT

phosphorylation contributes to IL-17A mediated negative regula-

tion. One study in HT-29 cells has suggested that inhibition of

Figure 6. IL-17A blockade in vivo leads to exacerbated TNBS colitis and enhanced Th1 activity. (A-C) The TNBS-colitis model was
established in C57BL/6 mice as described in the Materials and Methods and 100 ug of IL-17A neutralizing antibody or control IgG was injected i.p on
days 1, 3, 5, and 7 (day 1 is the first day TNBS was administered in the drinking water). Mice were sacrificed on day 8 and examined for tissue damage
(A) and CECs (B) isolated from the treated mice were analyzed for CXCL11, IL-12P35, and IFN-c expression by real-time PCR. The results shown are
representative of those obtained in three independent experiments using 8 mice per group. The bars are the SD.
doi:10.1371/journal.pone.0089714.g006

Figure 7. Adoptive transfer of CECs from TNBS-induced mice exacerbates colitis in mice, which can be inhibited by co-transfer of IL-
17. CECs were collected from untreated mice (control CECs) or from mice with TNBS-induced colitis on day 8 of colitis induction (TNBS-CEC) and
adoptively transferred into TNBS-induced mice (i.p, 16106/mice) on days 1 and day 4 (TNBS treatment was started on day 1). On day 8, the mice were
sacrificed and colon tissue collected for H&E staining (A), CECs were tested for IL-12P35 and CXCL11 mRNA levels by real-time PCR (B). Lymphocytes
from colonic lamina propria cells were collected and expressions of IL-12P70 were examined within CD11b+ macrophage (C), expressions of IFN-c
were examined within CD4+T cells (D). The results shown are representative of those obtained in three independent experiments, each using 6 mice
per group. The bars are the SD.
doi:10.1371/journal.pone.0089714.g007
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PI3-K results in induction of NF-kB binding activity [39].

Consistent with this, a mutation that inactivates PI3Kc enzymatic

activity (‘kinase-dead’) leads to less severe colitis in mice, which

produce significantly more pro-inflammatory Th1 cytokines, such

as IL-12, TNF-a, and IFN-c. This suggests a role for PI3Kc in the

negative regulation of these cytokines [40]. In our study, IL-17A

signaling alone did not markedly affect TNF-a-induced NF- kB

phosphorylation, but wortmannin, a PI3K inhibitor enhanced this

process (data not shown), suggesting that IL-17A may inhibit

TNF-a-induced NF-c B phosphorylation by increasing the

phosphorylation of PI3K-AKT, although the underlying mecha-

nism remains to be determined.

Whether and how IL-17A-mediated negative regulation affect-

ed the local immune response was then investigated. Our co-

culture system clearly showed that IL-17A signaling in CECs

inhibited the TNF-a-induced increase in IL-12P35 mRNA

expression by adherent HT-29 cells, which led to inhibited Th1

cell function, suggesting that IL-17A signaling in CECs can affect

the activity of Th cells (Fig.5B&C). Interestingly, our data showed

that IL-17A signaling enhanced TNF-a induced IL-12p35 mRNA

expression but not protein expression, while IL-17A signaling

enhanced TNF-a induced IL-12p70 protein expression by

monocytes in the co-culture system, indicating that IL-17A

signaling on CECs may affect Th1 cell activity indirectly. A

previous report which showed that IL-12 expressing epithelia cells

(at mRNA level) promotes the Th1 cell response support our

findings [41]. However, the underlying mechanisms by which IL-

17A negatively regulates Th1 cell activity in a human CEC and

PBMC co-culture system remain to be investigated. In addition,

we blocked IL-17A in mice with TNBS- induced colitis in vivo and

found that this enhanced CXCL11 and IL-12P35 mRNA

expression by CECs. This is the first report demonstrating a

negative regulation mechanism of IL-17A on CEC in vivo.

The above data indicate that CECs act as important mediators

in the pathogenesis or regulation of IBD, which are consistent with

previous reports [42–43]. To further demonstrate that CECs were

a critical target of IL-17A-mediated negative regulation in vivo, we

transferred CECs or co-transferred CECs and IL-17A into TNBS

colitis mice. As shown in Fig. 7, transfer of CECs from TNBS

colitis mice exacerbated colitis and increased the activity of Th1

cells in recipient mice, while co-transfer of these cells and IL-17A

inhibited colitis by inhibiting Th1 cell function in recipient mice

further demonstrating that CECs are critical target cells in IL-

17A-mediated negative regulation.

In summary, we have demonstrated a regulatory mechanism of

IL-17A in the progression of CD. By activating the Act1-ERK-

CEBP/b and Act1-PI3K-AKT pathways in CECs, IL-17A

signaling negatively regulates TNF-a-induced mRNA expression

of CXCL11 and IL-12P35. Our in vivo assay also demonstrated

the existence of an IL-17A-CEC- Th1 inhibition axis in IBD.

Further investigation of this pathway will shed new light on the

pathogenesis and regulation of IBD.
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