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Abstract

In the recent years, the incidence of inflammatory bowel disease (IBD) has dramatically

increased in young subjects, however, the pathogenesis of paediatric IBD is poorly investi-

gated. In this study we aimed to evaluate the cytokine pattern and the phenotype of cytokine

producing cells in the intestinal mucosa of paediatric patients affected by Crohn’s disease

(CD) or ulcerative colitis (UC) and of non-IBD healthy controls (HC). Cytokine (IL-15, TNF-α,

INF-γ) production was analyzed at basal condition and after mitogen stimulation either intra-

cellularly by flow cytometry or in intestinal cell culture supernatants by enzyme-linked immu-

nosorbent assay (ELISA). A higher frequency of enterocytes (EpCam+ cells) was observed

in UC patients compared to CD or HC. An expansion of enterocytes producing IL-15 and

TNF-αwere found in IBD patients compared to HC. A marked expression of IL-15 in the

intestinal epithelium of IBD patients was further confirmed by immunohistochemistry. Mye-

loid dendritic (CD11c+) cells producing TNF-α and INF-γ were increased in IBD biopsies.

Unexpectedly, only after a strong mitogen stimulus, as phytohaemagglutinin, the frequency

of CD3+ cells producing IFN-γ was increased in IBD compared to control intestinal mucosa.

Interestingly, functional studies performed on organ cultures of intestinal biopsies with neu-

tralizing anti-IL-15 monoclonal antibody showed a marked reduction of mononuclear cell

activation, proliferation of crypt enterocytes, as well as a reduction of TNF-α release in

organ culture supernatants. In conclusion, we found that in the gut mucosa of IBD children

both enterocytes and dendritic cells produce proinflammatory cytokines. The over-expres-

sion of IL-15 by enterocytes in IBD intestine and the reduced IBD inflammation by IL-15

blockage suggests that this cytokine could be a therapeutic target in IBD.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory bowel diseases

(IBD) in which an abnormal immune response against the luminal microflora is thought to be

the main causative factor [1,2]. Gut inflammation occurring in patients with IBD is character-

ized by the infiltration and activation of both adaptive branch, as T and B lymphocytes, and

innate system, as macrophages and dendritic cells (DC), which in turn produce massive

amounts of proinflammatory cytokines contributing to the typical mucosal lesions [3, 4]. It

has been reported that cytokines released by T helper(Th)-1 cells, as interferon(IFN)-γ, tumor

necrosis factor(TNF)-α and interleukin-12 (IL-12) are dominant in CD, whereas the Th2 cyto-

kines, as IL-5, IL-9 and IL-13, are predominantly found in UC [5], though the role of IL-13 is

still debated [6]. Furthermore, the great majority of the proinflammatory cytokines are pro-

duced by lamina propria mononuclear cells both in CD and UC [6], and very little is known

regarding the epithelium compartment.

DC are the most potent professional antigen presenting cells, and in mucosal immunity

they have an important role in maintaining the fragile equilibrium between tolerance and

inflammatory response to mucosal antigens [7]. The involvement of mucosal DC in IBD path-

ogenesis has been also documented [8], though very little is known on their functions in paedi-

atric IBD.

Enterocytes have a pivotal role in maintaining the integrity of intestinal mucosa, where they

guarantee gut homeostasis by sampling luminal agents through several receptors, such as the

pathogen recognition receptors (PPRs) expressed on their surface [4, 9]. Given the prominent

role of enterocytes in the intestinal immune homeostasis, dysfunctions within the epithelial

layer can be associated with IBD pathogenesis. Interestingly, very recent evidences underlined

an active role of enterocytes as nonimmune inflammatory cells in the IBD mucosal lesions

[10].

IL-15 is a pleiotropic cytokine that is expressed on the surface of monocyte, macrophages,

dendritic cells and intestinal epithelial cells, where is found markedly expressed [11] in

response to inflammatory stimuli. IL-15 is involved in several inflammatory mechanisms

mediated by both adaptive and innate immune systems [12, 13, 14], particularly in the gluten-

dependent mucosal lesion, where it is a key mediator of the epithelial layer changes [15]. IL-15

has various functions due to complex signal transduction pathways activated after the ligation

of either a specific receptor (IL-15Rα), or the βchain of IL-2 receptor [16]. IL-15 is an impor-

tant growth and activator factor for mucosal intraepithelial lymphocytes [17], and it has also a

marked anti-apoptotic function, as previously shown [18].Quite recently, it has been demon-

strated a higher expression of IL-15 in IBD colonic mucosa, thus suggesting a role of this cyto-

kine in the IBD pathogenesis [19, 20].

The contribution of the adaptive T cell-mediated response against luminal components in

IBD intestinal lesions has been observed in many studies [21, 22]. Particularly, the role of cyto-

kines released by bacterial-primed T cells is undoubted, and several therapeutic approaches to

block cytokine-mediated inflammatory cascades are currently under investigation [23]. While

it has been proved the crucial function of T cells in IBD, many aspects of the inflammatory

process in IBD mucosa still need to be clarified, in order to develop more appropriate and dis-

ease-specific therapeutic strategies. A deeper dissection of the cross-talk between the different

mucosal compartments, such as enterocytes, dendritic cells and T lymphocytes, especially with

regard to the cytokines mediating the interaction of both innate and adaptive immune cells,

will represent a step forward in the knowledge of IBD intestinal inflammation [4].

Though a great progress was reached in the comprehension of the immune mechanisms

responsible of gut inflammation in adult subjects with IBD, very little is known on both the
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etiology and inflammatory cascade leading to these chronic gut disorders in subjects of paedi-

atric age. We believe that the marked rising in the incidence of IBD in childhood, renders of

particular interest such studies. Indeed, the distinction between adult and paediatric IBD is a

current topic, as children with IBD seem to be a distinctive population with specific peculiari-

ties requiring a highly skilled and specialized approach for diagnosis and treatment [24]. Pae-

diatric disease onset is often more severe and aggressive [25] and it represents a privileged

access for the study of pathogenetic mechanisms, since it lacks numerous confounding factors,

that complicate the analysis in adult patients. Therefore, the aim of our study was to evaluate

in paediatric patients with IBD the cytokine production profile and the activation status of

both lamina propria and epithelial cells compartments.

Materials and methods

Study population

The study population included a total of 71 young subjects divided into 3 groups on the basis

of the clinical diagnosis: 26 (mean age 14.6 yr; range 7.8–18 yr) were affected by CD, 26 (mean

age 13.9 yr; range 8.6–18.4 yr) affected by UC, and 19 (mean age 10.4 yr; range 3.4–18.5 yr)

were non-IBD controls (HC). HC were subjects who underwent ileo-colonoscopy to either

exclude an organic disease or to practice polypectomy, and who did not present any signs of

mucosal inflammation or disease, except for some patients that had single and isolated juvenile

polyps. For the IBD diagnosis, all children underwent ileo-colonoscopy, upper GI endoscopy

and imaging studies, including abdominal ultrasound and entero-MRI, or a small bowel fol-

low-through. The diagnosis of CD and UC was based upon conventional clinical, radiological

and endoscopic features and was confirmed by histopathological examination of inflamed

areas of intestinal biopsies [26]. Demographic and clinical characteristics of enrolled subjects

are described in Table 1.

Intestinal cell isolation and stimulation

Intestinal biopsies processed in this study were taken only from macroscopically uninflamed

areas of ileum and colon traits, as the biopsies taken from the inflamed area were all used for

diagnostic and histopathological analysis. Intestinal cells were isolated from the biopsies

Table 1. Clinical features of paediatric subjects enrolled.

CD UC HC

Patients 26 26 19

Gender, male/female 14/12 14/12 13/6

Mean age (year and range) 14.6 (7.8–18) 13.9 (8.6–18.4) 10.4 (3.4–18.5)

Mean age at diagnosis (year and range) 11.2 (2.9–18) 11.6 (5–15.8) na

Mean disease duration (month and range) 2.30 (0–6.2) 2.6 (0–11.5) na

Therapy: na

Aminosalicylates 7 10

Immunosuppressants 5 10

Aminosalicylates and immunosuppressants 5 1

Monoclonalantibodies 1 0

Nutritional 2 0

No therapy 6 5

na indicates not applicable

https://doi.org/10.1371/journal.pone.0182313.t001
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according to a well-established procedure, as previously described [27, 28]. Briefly, mucosal

samples were washed in saline solution and digested with collagenase A from Clostridium hys-
tolyticum (1mg/mL; Roche, Mannheim, Germany) in 2 mL of culture medium, RPMI-1640,

supplemented with 1% penicillin/streptomycin antibiotics (Lonza Group Ltd, Basel, Switzer-

land) for 1 hour and 30 minutes at 37˚C and 5% CO2, stirring the plate every 15 minutes. The

cellular suspension was then passed through a 40-μm cell strainer filter (BD Falcon, Durham,

USA), before the measurements of cell viability and recovery. The median value of intestinal

cells isolated from 4–5 biopsies was 5.7x106 cells, and the range was 1.8-13x106cells.

In the experiments assessing the intracytoplasmic cytokine production, intestinal cells

(from 13 CD, 12 UC and 11 HC individuals) were cultured at a cellular density of 1x106-

1.4x106 cells in 24-wells plates (Sarstedt; Newton, NC, USA) in complete medium (RPMI-1640

with 10% fetal calf serum and supplements). Because of the long experimental procedures, the

intestinal cells were cultivated 16 hours with 100 ng/mL GM-CSF and 50U/mL of IL-2 (both

from R&D System, Minneapolis, MN, USA), in order to maintain alive the cells until the cyto-

kine analysis. To measure the spontaneous cytokine production (in absence of mitogen stimu-

lation), brefeldin A (5 μg/ml; Sigma-Aldrich) was added to cell cultures, whilst the mitogen-

induced cytokine production was analyzed by adding a mixture of phorbol 12-myristate

13-acetate (stock 40.5 μM), ionomycin (stock 670 μM), brefeldin A (stock 5.3 mM), monesin

(stock 1mM) at the final dilution 1:500, as indicated by the manufacturers’ instruction (Cell

Stimulation Cocktail, eBioscience Inc. SanDiego, CA), for 5 hours. To evaluate the cytokine

production by DC upon bacterial stimulation, we incubated intestinal cells with bacterial (E.

coli) particles (20 mg/mL of Alexa-488-labeled E. coli bioparticles, Invitrogen, Carlsbad, CA),

for 2 hours. Thereafter, both stimulated and unstimulated cells were harvested and treated for

flow cytometry analysis, as described below.

In the experiments performed to measure cytokine released in the culture supernatants,

intestinal cells (2x105 cells/well), obtained from 8 CD, 7 UC and 8 HC, were plated in tripli-

cates in 96-wells plates (BD Bioscience, Oxford, UK) with medium alone or stimulated with

phytohaemagglutinin (PHA, 2 μg/ml; Sigma-Aldrich, Stockholm, Sweden). After 48 hours of

incubation, cell supernatants were collected and stored at -20˚C until the ELISA assay was

performed.

Flow cytometry

Intestinal cells were stained with following fluorochrome-labeled monoclonal antibodies:

CD3-PerCP-Vio700, CD11c-PE, HLA-DR-PerCP, CD326 (EpCam)-APC, HLA ClassI--

PE-Cy5, IL-15-PE. Intracellular cytokine staining was performed with the fluorochrome-con-

jugated monoclonal antibodies anti-IFN-γ-APC and anti-TNF-α-APC/Cy7. Appropriate

isotype-matched control monoclonal antibodies were included in all staining experiments. All

antibodies were purchased from BD Biosciences (San Jose, CA), or Miltenyi Biotec (Bologna,

Italy), and used at concentration according to the manufacturer’s instructions. At least 1x105

viable cells (assessed at microscope by trypan blue dye exclusion) were used for each staining

done in phosphate saline (PBS)/0.5% bovine serum albumin (BSA) buffer. Surface-staining of

cells was carried out at 4˚C for 30 minutes; then the cells were fixed with 2% paraformaldehyde

and intracellular staining was performed in permeabilization buffer (PBS/BSA 0.5% with 0.5%

saponin). All multi-color flow cytometry analyses included the appropriate fluorescence-

minus-one control (FMOC) sample. Samples were acquired with FACSCanto II (BD Biosci-

ences) equipped with two lasers, that permits the simultaneous analysis of up to 5 different

fluorescence and 2 physical parameters. The results were analyzed with FlowJo software (Mil-

tenyiBiotec). All analyses of cytokine-stained cells were done within a gate based on the
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forward-scatter/side-scatter characteristics that excluded dead cells assessed by propidium

iodide staining running in parallel.

Cytokine quantification in intestinal cell culture supernatants

The concentrations of TNF-α, IFN-γ, and IL-17 were analyzed in cell supernatants collected

after 48 hours of incubation with medium alone or with the indicated mitogen. The cytokines

production was measured by ELISA using commercially available kits provided by Mabtech,

(Nacka Strand, Sweden), according to the manufacturer’s instructions. The sensitivity of

ELISA kits was 12 pg/mL for TNF-α, 2 pg/mL for IFN-γ, and 2 pg/mL for IL-17.

Organ culture of ileocolonic biopsies

During ileo-colonoscopy, at least 3 biopsies were taken respectively from the rectum for UC

patients (n = 7) and from the ileum for CD patients (n = 5). Mucosal specimens were used to

perform organ culture experiments and placed on a stainless steel mesh positioned over the

central well of an organ culture dish (Becton Dickinson, New York, USA) with the mucosal

surface of the biopsies oriented on the top of the well. The biopsy specimens were cultured for

24 hours at 37˚ in the presence of medium alone or anti-IL-15 monoclonal antibody (5μg/ml;

R&D Systems, Minneapolis, MN). The medium was composed from RPMI 1640 (80%; Sigma,

Milan, Italy) supplemented with fetal bovine serum (15%; Life Technologies-GibcoBRL,

Milan, Italy), L-glutamine (2mM; Life Technologies-GibcoBRL), penicillin (100 U/ml), strep-

tomycin (100 μg/ml) (Life Technologies-GibcoBRL), and insulin (1mg/ml; Sigma). After 24

hours of culture, the tissues were embedded in OCT and processed for immunohistochemis-

try. The supernatants were collected and stored at -20˚C until ELISA assay was performed.

Immunohistochemistry

Immediately afterwards the ileo-colonoscopy, one specimen was embedded in an optimal cut-

ting temperature compound (OCT; Killik, Bio-Optica, Milan, Italy) and stored in liquid nitro-

gen until used. IL-15 expression was assessed on the surface epithelium of intestinal fragments

in basal condition, as previously reported [29]. The IL15 staining on epithelial cells was graded

as: no signal, weak, moderate, or strong.

After 24h incubation with anti-IL15 antibody, immunohistochemical staining for CD25

positive cells was performed using four-μm frozen ileum and rectal sections, as previously

reported [30]. The density of cells expressing CD25 in the lamina propria was evaluated within

a total area of 1 mm2.

Proliferation of crypt epithelial cells was evaluated in cultured intestinal biopsies by Ki67

antigen detection, as previously reported [29]. The percentage of Ki67 positive cells was calcu-

lated dividing the number of Ki67 positive cells in the crypt by the total number of crypt

enterocytes.

All sections were evaluated with a light microscope Axioskop2 plus (Zeiss).

Cytokine quantification in organ culture supernatants

TNF-α and IFN-γ were measured in organ culture supernatants collected after 24 hours of

incubation with medium alone or with anti-IL-15 antibody by ELISA using commercially

available kits provided by Mabtech, (Nacka Strand, Sweden), according to the manufacturer’s

instructions as stated above.
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Statistical analysis

Statistical analyses for flow cytometry analysis and ELISA assay were performed using SPSS

software package for Windows (version 13.0; SPSS, Chicago, IL). The Mann Whitney U test/

Wilcoxon test for normally distributed variables was used where appropriate. Statistical analy-

ses for immunohistochemistry experiments were performed using GraphPad Prism 4 for Win-

dows, version 4.03. Data from organ culture experiments were compared by paired t test. A p

value < 0.05 was considered statistical significant.

Ethical considerations

The Institutional Review Board of the University of Naples “Federico II” approved the study

protocol and questionnaire with the registration number 107/15. Informed consent was

obtained from parents of all children, and from children themselves if older than 13 years.

Results

Cytokine production profile in intestinal IBD mucosa

By an ex vivo flow cytometry approach, we have analyzed the frequency of intestinal mucosal

cells that spontaneously produced cytokines in uninflamed area of young patients with IBD, or

age matched controls. We detected the frequency of cells that produced IL-15, IFN-γ or TNF-

α in colonic biopsies from 13 CD, 12 UC, and 11 HC, without further in vitro stimulation with

mitogen.

In particular, the evaluation of IL-15-positive cells was determined by a membrane surface

staining, whilst the number of IFN-γ and TNF-α positive cells was assessed by intracellular

staining with specific monoclonal antibodies. The percentage of IL-15-cells resulted signifi-

cantly higher in the mucosa of CD and UC patients compared to non-IBD controls (CD:

median 3.41, range 1.4–9.9%; UC: 6.14, 2.3–11.8%;HC: 2.3, 0–6.6%, p<0.03,UC vs HC;

p<0.05, CD vs HC), Fig 1A and 1B. An increase of cells producing IFN-γ was observed in

UC, though no statistical significant differences were found compared to the other two groups,

Fig 1C. Surprisingly, when we looked at the intracellular TNF-α positive cells, no marked dif-

ferences were observed between the IBD and the control group, Fig 1D.

Levels of TNF-α and IFN-γ secreted by intestinal mucosa cells

To further investigate the cytokine production profile in intestinal mucosa of IBD paediatric

patients, we measured by ELISA the IFN-γ, TNF-α, and IL-17 secreted by intestinal cells either

at basal condition (unstimulated) or after a mitogen (PHA) stimulation. In agreement with

FACS analysis, we found no differences in the levels of IFN-γ in unstimulated conditions

among the three groups (CD: median 204.4, range 0–285 pg/mL; UC: 101.6, 0–406.3 pg/mL;

HC: 151.1, 0–376.3 pg/mL, p = ns). Notably, upon the activation with PHA a marked IFN-γ
production was detected in cell supernatants from IBD patients (CD: median 1194.8, range

188–3991.2 pg/mL; UC: 2062.4, 89.7–3767.5 pg/mL, p<0.01, CD unstimulated vs CD stimu-

lated; p<0.03, UC unstimulated vs UC stimulated), whilst the IFN-γ level measured in cultures

from HC intestinal mucosa (HC: 221.8,65.8–405.1 pg/mL) resulted much lower compared to

IBD mucosa (p<0.02, CD vs HC; p<0.04, UC vs HC), Fig 2A. A sustained production of

TNF-α upon PHA stimulation was observed in both CD and UC mucosal cells (CD: median

584.5, range 346.7–691.2 pg/mL; UC: 316, 91.7–677.8 pg/mL) compared to unstimulated cells

(CD: median 255.2, range 0–461.2 pg/mL; UC: 58.7, 0–577.8 pg/mL), though the statistical sig-

nificance was only reached in CD intestinal cells (p = 0.05). Unexpectedly, high levels of TNF-

α were found in cell supernatants from HC biopsies despite the experimental conditions
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Fig 1. Increased frequencies of IL-15 producing cells in the intestinal mucosa of paediatric patients

with IBD. The frequency of cells spontaneously producing IL-15, TNF-α or IFN-γwas analysed in uninflamed

areas of intestinal biopsies from paediatric patients with Crohn’s disease (CD), ulcerative colitis (UC), and

non-IBD healthy controls (HC). Cytokine production was assessed by multi-color flow cytometry performed on

intestinal cells, after an overnight incubation with IL-2 and after additional 5 hours with the Golgi transport

inhibitor BFA. The mucosal infiltration of IL-15 expressing cells was evaluated by surface staining, whilst TNF-

α and IFN-γ producing cells were detected by intracytoplasmic staining. (A) Overall percentage of IL-

15-positive cells and (B) one representative flow cytometry dot plot of IL-15 stained cells from each group of

patients are shown. Numbers correspond to the cytokine positive cells gated on forward- and side-scatter

properties to exclude dead cells, debris and granular cells. The frequencies of intestinal cells producing TNF-α
(C) and IFN-γ (D), evaluated by intracellular staining, are shown. Each point represents the percentage of

positive cells in pooled intestinal mucosa biopsies taken from one single subject. Horizontal bars are the

median values. The Mann-Whitney U test was applied to evaluate statistical significant differences among the

three groups.

https://doi.org/10.1371/journal.pone.0182313.g001

Fig 2. Intestinal mucosa cells from young patients with IBD secrete IFN-γ and TNF-α after a brief

mitogen stimulation. (A) IFN-γ and (B) TNF-αwere measured by ELISA in the culture supernatants of

intestinal cells isolated from intestinal mucosa of CD and UC patients, and from non-IBD controls (HC). Soon

after the isolation from mucosal tissues, 2x105 cells were stimulated for 48 hours with medium or with

phytohaemagglutinin (PHA, 2 μg/ml) in triplicates. Each line connects the cytokine produced by unstimulated

to PHA stimulated cells, from each single subject. Horizontal bars are the median values. The Mann-Whitney

U/Wilcoxon test was applied, as appropriate to evaluate statistical significant differences.

https://doi.org/10.1371/journal.pone.0182313.g002
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(median 348.4, range 0–712 pg/mL; 423.4, 105.3–751.7 pg/mL, respectively at baseline or

PHA-stimulated), Fig 2B. Instead, the production of IL-17 was very low or undetectable, either

at basal level and after PHA stimulation. IL-15 was not measured in cell supernatants, since it

has been reported that this cytokine is biologically active when bound to its specific receptor

on the cell membrane surface [31, 12, 32].

Phenotype of inflammatory cytokine producing cells in colonic mucosa

To further dissect the phenotype and the activation status of various cell types producing cyto-

kines in intestinal mucosa of young patients with IBD, we performed additional ex vivo flow

cytometry analysis. By using specific cell markers, we investigated enterocytes identified as

EpCam (epithelial cell adhesion molecule) positive cells, myeloid dendritic cells identified as

CD11c positive cells, and T lymphocytes identified as CD3 positive cells. More specifically, we

performed the following fluorochrome multicolor staining combinations: i) EpCam, IL-15,

TNF-α, HLA Class I; ii) CD11c, HLA DR, TNF-α, IFN-γ; iii) CD3, TNF-α, IFN-γ.

i) Enterocytes. We first assessed the level of enterocyte expansion in uninflamed mucosal

tissues, by detecting the percentage of EpCam+ cells. We found that the proportion of EpCam

+ cells was significantly higher in UC compared to the healthy mucosa (UC: median 10.02,

range 5.1–16.5%; HC: 6.3, 1.9–10.3%, p<0.05). Interestingly, the number of EpCam stained

cells isolated from UC mucosa resulted also greater than the level found in CD mucosa (CD:

median 6.7, range 3.4–12.3%, p<0.06), Fig 3A. Several studies have reported that enterocytes

Fig 3. Expansion of enterocytes expressing IL-15 in intestinal mucosa of paediatric patients with IBD.

Enterocytes were identified as EpCam positive cells. (A) The percentage of EpCam positive cells, and (B) IL-

15 and EpCam double positive cells were evaluated in freshly isolated intestinal cells, at basal condition

without in vitro mitogen stimulation. Each point represents the percentage of positive cells from one single

subject.(C) Flowcytometry dot plots of IL-15 and EpCam stained cells are reported from one representative

subject of each group (CD, UC, HC). Horizontal bars are the median values. The Mann-Whitney U test was

applied to evaluate statistical significant differences.

https://doi.org/10.1371/journal.pone.0182313.g003
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are an important intestinal source of inflammatory IL-15, both in healthy and in food related

disorders, as celiac disease [33, 34]. We next evaluated whether the enhanced levels of IL-15

expression we found in IBD mucosa (Fig 1A and 1B) could be specifically produced by entero-

cytes. Interestingly, EpCam and IL-15 double positive cells were increased in intestinal samples

from IBD patients, and particularly from those with UC (CD: median 1.5, range 0.5–3.2%; UC:

1.9, 1.2–5.4%; HC: 0.9, 0.2–2.7%; p<0.02, UC vs HC and p<0.06, CD vs HC), Fig 3B and 3C.

Because it has been shown that the intestinal epithelial cells are able to produce TNF-α [35],

we next looked at TNF-α production in the EpCam+ cells subset. An increased frequency of

EpCam+ cells producing TNF-α was found in IBD mucosa compared to healthy colonic tis-

sues (CD: median 0.7, range 0.3–2.4%; UC: 0.8, 0.5–1.1%; HC: 0.3, 0.1–0.61%; p<0.02, UC vs

HC and p<0.05, CD vs HC), indicating that enterocytes are a source of proinflammatory

TNF-α in colonic tissues of young patients with IBD, Fig 4A and 4B.

Next, we looked at the HLA (human leukocyte antigen) Class I expression on enterocytes,

as this molecule is constitutively expressed on almost all cells either of immune or nonimmune

systems, but strongly upregulated in response to infection or stress signals [10, 36]. Consis-

tently with above findings (Fig 3A), UC mucosa displayed an increased number of HLA Class

I-expressing enterocytes in comparison to the healthy mucosa (UC: median 6, range 4.6–7.7%;

HC: 3.9%, 2.1–5.1%, p<0.04), Fig 4C and 4D.

ii) Myeloid dendritic cells. The majority of studies addressing the phenotype and func-

tion of mucosal DC have used the CD11c expression as specific surface marker of myeloid

dendritic cell lineage [37], though macrophages, monocytes, neutrophils, and some B cells

may express this molecule [38]. We found similar percentages of CD11c+ dendritic cells (CD:

median 4.5, range 3.1–10.4%; UC: 3.9, 1.9–7.1%; HC: 3.5, 2.1–7.4%, p = ns) in mucosal samples

from the IBD and control mucosa, Fig 5A and 5B. Nevertheless, when we focused the analysis

Fig 4. Gut mucosa of paediatric patients with IBD has an increased frequencies of enterocytes

producing TNF-α and expressing HLA Class I molecules. Enterocytes (EpCam positive cells) that

spontaneously produced TNF-α and expressed HLA Class I were evaluated in intestinal biopsies from young

subjects with Crohn’s disease (CD), ulcerative colitis (UC), and non-IBD healthy controls (HC). Cells were

collected and stained as described in Fig 1. Overall percentage and representative dot plots of EpCam and

TNF-α (A and B),and of EpCam and HLA-Class I (C and D) double positive cells in pooled intestinal biopsies

from each group are shown. Horizontal bars are the median values. The Mann-Whitney U test was applied to

evaluate statistical significant differences.

https://doi.org/10.1371/journal.pone.0182313.g004
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to the specific region of CD11c positive dendritic cell subset, we observed that DC were more

activated in IBD than in healthy mucosa, as they expressed the activation marker HLA-DR, as

well as the proinflammatory cytokines TNF-α and IFN-γ. More specifically, we found within

the CD11c+ subset a higher number of cells expressing HLA-DR in IBD mucosa than in con-

trol mucosa at the basal condition (CD: median 45, range 27.2–57.5%; UC: 47.7, 26.3–62.4%;

HC: 38.7, 24.3–47.2%) with a statistical significant increment in UC versus HC (p<0.04), Fig

5C, as well as an enhanced frequency of activated cells producing TNF-α (CD: median 9.2,

range 7.8–19.5%; UC: 9.2, 6.7–24.8%; HC: 5.1, 2.6–18.9%; p<0.03, CD vs HC and p<0.06, UC

vs HC) and IFN-γ (CD: median 8.5, range 2.7–20.1%; UC: 12.6, 4.1–15.6%; HC: 6.1, 3.5–7.2%;

p<0.03, UC vs HC), Fig 5D and 5E. Notably, these findings are in accordance with our previ-

ous report on peripheral blood monocyte-derived DC, showing a proinflammatory phenotype

of myeloid dendritic cells in paediatric IBD [39]. We also investigated the cytokine production

by CD11c+ DC upon a brief stimulation with E.coli bioparticles. We did not observe statistical

significant differences after the bacterial incubation, except for the DC derived from UC

mucosa that showed an increased percentage of CD11c+ cells expressing HLA-DR and pro-

ducing TNF-α (S1 Fig).

iii) T cells. Finally, we expanded the ex vivo analysis to T (CD3+) cells. As observed in DC

subset, we did not find differences in the percentage of T lymphocytes in mucosal samples

among the three paediatric groups (CD: median 55.4, range 49.6–73%; UC: 53.7, 33.1–74.8%;

HC: 55.7, 42.6–68.5%), Fig 6A. Similarly, no differences in the frequency of CD3+ cells sponta-

neously producing TNF-α (CD: median 2.87, range 0.2–6.2%; UC: 3.2, 1.1–7.9%; HC: 2.2, 0.5–

5.6%), and IFN-γ (CD: median 0.9, range 0.1–2.7%; UC: 1.5, 0.4–4.3%; HC: 0.9, 0.2–2.1%),

were detected among the three groups (Fig 6B and 6C).

To further analyze the production of these two inflammatory cytokines in T lymphocytes

infiltrating the paediatric IBD mucosa, we did additional experiments examining the cytokine

production in CD3+ cells induced by a strong mitogen, such as PMA/Ion. Unexpectedly, we

Fig 5. Dendritic cells infiltrating the intestinal mucosa of young patients with IBD produce TNF-α and

IFN-γ. Intestinal dendritic cells (DC) were evaluated as CD11c positive cells. Overall frequencies and

representative dot plots of CD11c positive cells detected in intestinal mucosa from Crohn’s disease (CD),

ulcerative colitis (UC), and non-IBD controls are shown. (A and B) The frequencies of CD11c positive cells

expressing the HLA DR activation marker (C), and producing TNF-α (D),or IFN-γ (E) are shown. All data are

referred to the cell infiltration observed in intestinal biopsies at basal, unstimulated condition. Horizontal bars

are the median values. The Mann-Whitney U test was applied to evaluate statistical significant differences.

https://doi.org/10.1371/journal.pone.0182313.g005
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observed an increased percentage of CD3+ cells positive for either TNF-α (Fig 6D and 6E) or

IFN-γ (Fig 6F and 6G) in control mucosa, with a significant difference in the frequency of

CD3 TNF-α double positive cells between HC and UC patients (CD3+TNF-α+, CD: median

18.4, range 6.0–27%; UC: 17.2, 6.5–25.4%; HC: 24.6, 15.9–32.1%, p<0.04, HC vs UC; CD3

+IFN-γ+, CD: 5.4, 1.7–22.8%; UC: 8.2, 2.9–25.5%; HC: 9.6, 7.7–15.7%, p = ns).

Fig 6. Healthy intestinal mucosa contains T lymphocytes prone to secrete proinflammatory mediators

only upon a strong in vitro stimuli. T lymphocytes (CD3 positive cells) producing cytokines were analyzed

in intestinal biopsies of IBD and control paediatric subjects either at basal condition or after a brief in vitro

mitogen stimulation. (A) Unstimulated CD3 positive cells infiltration and proportions of CD3 positive cells

spontaneously producing TNF-α (B), and IFN-γ (C) in CD, UC and control biopsies are shown. Frequencies of

CD3 positive cells producing TNF-α (D and E) and IFN-γ (F and G) after stimulation for 5 hours with PMA/

Ionomycin are illustrated. Horizontal bars are the median values. The Mann-Whitney U test was applied to

evaluate statistical significant differences.

https://doi.org/10.1371/journal.pone.0182313.g006

Table 2. IL-15 epithelial expression in the intestinal biopsies from paediatric IBD patients.

Patients Age (yr,m)/gender Age at diagnosis (yr,m) Therapy IL-15 expression

CD#1 17.6/M 9 Nutritional moderate/strong

CD#2 16.6/F 13.6 Aminosalicylates moderate

CD#3 15.4/F 13.4 Nutritional moderate

CD#4 17.3/M 11.5 Aminosalicylates weak/moderate

CD#5 13.9/M 10.2 Immunosuppresants/ Aminosalicylates weak/moderate

UC#1 10.4/F 9 Immunosuppresants moderate/strong

UC#2 16.5/M 14.8 Aminosalicylates weak/moderate

UC#3 17.7/M 12 Aminosalicylates moderate

UC#4 14.4/M 12.6 Aminosalicylates weak/moderate

UC#5 13.9/M 12.1 Immunosuppresants moderate

UC#6 12/F 6 Immunosuppresants/ Aminosalicylates moderate

UC#7 12/F 14.9 Immunosuppresants weak/moderate

https://doi.org/10.1371/journal.pone.0182313.t002
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IL-15 expression on the surface epithelium in IBD intestinal mucosa

We first have evaluated the IL-15 expression in the intestinal mucosa of IBD patients. In par-

ticular, we investigated by immunohistochemistry the basal IL-15 expression in the epithelium

of ileum or rectal biopsies taken from 5 CD and 7 UC subjects. IL-15 resulted expressed on the

surface of intestinal epithelium in both CD and UC patients with a distribution pattern in

some cases patchy. Overall, the epithelium expression of IL-15 was heterogeneous, ranging in

the majority of cases from moderate to weak intensity (Table 2).

Effect of IL-15 neutralization on organ culture of IBD intestinal mucosa

We next evaluated the role of IL-15 on IBD mucosal inflammation. Functional studies were

performed on 5 CD and 7 UC intestinal biopsies cultured with antibody neutralizing IL-15.

After 24 hours of in vitro treatment, the number of lamina propria CD25+ cells was reduced in

both CD and UC patients (mean ± SEM: 45 ± 9.76 versus 80 ± 39.35 in CD, p = 0.06; 67.57 ±
21.05 versus 106.9 ± 34.37 in UC, p = 0.05), Fig 7A. The reduction of the number of CD25

+ cells upon blocking of IL-15 was more evident in the biopsies of the overall IBD patients,

p = 0.005). Similarly, we found a reduced percentage of proliferating crypt enterocytes (Ki67

+ cells) in the anti-IL-15 cultured biopsies of both CD and UC patients with a statistically sig-

nificant decrease in the overall group of IBD patients (27.98 ± 10.65% in IL-15 cultured

mucosa, versus 33.69 ± 12.35% in medium cultured mucosa, p = 0.04), Fig 7B.

Fig 7. IL-15 blocking reduces inflammation in organ culture of intestinal mucosa from young patients

with IBD. The organ culture experiments were performed on colonic or rectal fragments from CD (n = 5) and

UC patients (n = 7), respectively. After 24 hours of culture with anti-IL-15 antibody or medium alone, the

tissues were processed for immunohistochemistry (A and B) whereas the supernatants were collected to

detect cytokines by ELISA (C and D). (A) The number of activated (CD25 positive) mononuclear cells in

lamina propria of CD, UC and overall IBD patients is shown. The density of cells expressing CD25 was

evaluated within a total area of 1 mm2 of lamina propria. (B) The percentage of proliferating crypt epithelial

cells (Ki67 positive cells) is illustrated. The frequency was calculated dividing the number of Ki67 positive cells

in the crypt by the total number of crypt enterocytes. Each point represents the frequency of positive cells in

intestinal biopsies from one single subject cultured with medium alone or with anti-IL-15 antibody. (C) TNF-α
and (D) IFN-γwere measured by ELISA in the organ culture supernatants of intestinal mucosa. Horizontal

bars are the mean values. The paired Student t test was applied to calculate the statistical significant

differences.

https://doi.org/10.1371/journal.pone.0182313.g007

Mucosal immunity in paediatric IBD

PLOS ONE | https://doi.org/10.1371/journal.pone.0182313 August 10, 2017 12 / 20

https://doi.org/10.1371/journal.pone.0182313.g007
https://doi.org/10.1371/journal.pone.0182313


To further evaluate the immune modulating effect of blocking IL-15 in IBD intestinal

inflammation, we measured by ELISA the levels of IFN-γ and TNF-α secreted in the organ cul-

ture supernatants. The amount of TNF-α was found reduced in organ cultures of both CD and

UC patients, with a statistically significant reduction in CD patients (1269 ± 301.4 pg/mL in

biopsies culture with medium alone versus 1022±193.4 pg/mL, in biopsies cultured with anti-

IL-15, p = 0.02), Fig 7C. By contrast, the level of IFN-γ in organ culture supernatants was low

in the great majority of patients, in agreement with IFN-γ production profile of cultured intes-

tinal cells, and resulted slighted reduced upon treatment with IL-15 blocking antibody, Fig

7D.

Discussion

We have investigated the proinflammatory cytokine profile, through an ex vivo analysis, in the

intestinal mucosa of paediatric subjects with Crohn’s disease and ulcerative colitis, the two

main forms of inflammatory bowel diseases. The cytokine production was evaluated in differ-

ent intestinal cell subsets, such as enterocytes, dendritic cells and T cells, by an experimental

approach that combined flow cytometry and ELISA done on freshly isolated cells from IBD

patients and non-IBD children. Furthermore, we also investigated the role of IL-15 in intesti-

nal inflammation by a brief in vitro treatment of IBD intestinal biopsies with neutralizing

antibodies. We found a marked increase of cells expressing IL-15 in both CD and UC in com-

parison to healthy mucosa. The density of cells producing TNF-α or IFN-γ was also enhanced

in IBD compared to control gut, though in a lesser extent compared to IL-15+ cells. Immuno-

histochemistry analysis further demonstrated a marked expression of IL-15 on the epithelium

surface in the intestinal mucosa of IBD patients. Blockage of IL-15 by a brief treatment of

mucosal explants with a specific IL-15 antibody significantly reduced mucosal inflammation,

thus suggesting a potential role of IL-15 in paediatric IBD inflammatory cascade.

By using specific cell markers and a multiparametric flow cytometry analysis, we revealed

that both immune and nonimmune cells were source of proinflammatory cytokines in paediat-

ric IBD intestine. EpCam+ enterocytes expressing IL-15, HLA class I and TNF-α, as well as

CD11c+ dendritic cells co-expressing the activation marker HLA-DR and producing TNF-α
and INF-γ, were more frequent in IBD compared to non-IBD control biopsies. Interestingly,

the enhanced frequency of cytokine producing cells was observed in gut samples at basal con-

dition, most likely induced by an in vivo intestinal microenvironment stimuli. Unexpectedly,

no marked differences were observed in the frequency of T cell secreting TNF-α and INF-γ
among the three groups. It is known that there is an enhanced expression of proinflammatory

cytokines in gut mucosa from both UC (mostly Th2 cytokines, IL-5, IL-9, IL-13) and CD

(mostly Th1 cytokines: IFN-γ, TNF-α), [6] and it has been postulated these cytokines are

directly responsible of tissue injury [6, 40, 41]. Most studies have investigated the pathological

events occurring in inflamed areas of intestinal mucosa in adults with IBD, however, it is

unclear the status of cells activation and the cytokine profile in unaffected IBD tissues. There-

fore, we believe that an analysis in uninflamed areas represents a relevant approach to describe

the phenotype of proinflammatory cytokine producing cells in a prior condition of inflamma-

tion. Indeed, few studies have described high levels of proinflammatory cytokines in the unaf-

fected areas of IBD intestine, suggesting an abnormal immune activation also in these areas

[42, 43]. In particular, Leon et al found that several cytokines, such as IFN-γ, TNF-α, IL-6, IL-

15, IL-18 and IL-23, were increased in both affected and unaffected areas from IBD gut speci-

mens compared to healthy controls, measured by ELISA and mRNA expression [43]. Collec-

tively, our finding in paediatric patients are in agreement with an increased expression of both

IFN-γ and TNF-α in IBD intestinal mucosa.
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To the best of our knowledge, this is the first study that investigates the profile of cytokine

producing cells in the gut of paediatric IBD with an ex vivo flow cytometry and ELISA

approach. There are only two previous studies that analyzed in children the expression profile

of proinflammatory and antinflammatory cytokines with a PCR based approach [44, 45] or

through immunohistochemistry [45]. Verdier et al [44] observed a differential Th1 and Th17

cytokine expression patterns, depending on the localization of the lesions along the intestine

and on the specific pathology of children affected by IBD [44]. Weidlich and coworkers,

instead, analysed by PCR and immunohistochemistry the expression of anti-inflammatory IL-

37, and they found an increased IL-37 protein expression in submucosal lymphoid cells in

young patients with CD and UC that correlated with histological severity score of inflamma-

tion [45].

It has been documented that in IBD patients, the intestinal homeostasis system is disrupted

and an innate immune response occurs at the level of the enterocytes barrier [46], with tight

junction weakening as well as oxidative and immune stress, and inhibition of homeostatic sig-

nals secretion [47]. Recent data have highlighted the role of IL-15 as a key player in IBD

mucosa lesions, in similar extent to TNF-α and INF-γ [20]. In this study, we demonstrated

that there is a higher number of cells producing IL-15 in both CD and UC paediatric intestine

and an elevated expression of IL-15 on the epithelial layer of IBD intestinal mucosa. Accord-

ingly, the treatment of IBD intestinal biopsies with anti-IL-15 blocking antibody reduced

inflammation by decreasing either the activation of mononuclear cells in the lamina propria

and the proliferation of crypt enterocytes. Moreover, the anti-IL-15 antibody determined a

reduction of the TNF-α levels in the organ culture supernatants. Interestingly, a similar experi-

mental approach has been used to assess the pro-inflammatory effect of IL-15 in coeliac dis-

ease, that suggested the promising use of molecules blocking IL-15 to rescue gut immune

homeostasis [48].

IL-15 is a type I cytokine [49, 50] expressed by non-lymphoid cells and it shares the β chain

receptor with IL-2 (IL-15/IL-2Rβ), [51]. A large body of findings have indicated that IL-15 is

an important mediator of intestinal immune homeostasis, as it exerts an important growth

and anti-apoptotic function on intraepithelial TCRγδ+ T cells [52], NK/NKT [53], and cyto-

toxic CD8+ T cells [54, 55]. As the enterocytes are one of the main source of cells expressing

IL-15 in the gut [11], by taking advantage of the specific epithelial cell marker EpCam [56], we

monitored the frequency and the phenotype of intestinal epithelial cells in mucosal biopsies of

paediatric IBD patients. Both in CD and UC, the enterocytes produced TNF-α and expressed

IL-15. An IL-15 overexpression has been reported in several pathological gut conditions, such

as celiac disease [17, 35, 32, 57] and chronic inflammatory disorders [19, 20, 40, 58, 59]. In

these latter cases, the vast majority of studies investigating the pathogenic role of mucosal IL-

15 has looked at the total amount of mRNA transcripts, protein levels by ELISA and western

blot in intestinal specimens from adult IBD patients. More specifically, Nishiwaki and co-

workers found an increased expression of mRNA of both IL-15 and IL-15Rα receptor in the

mucosal tissues of IBD patients, especially in subjects with ulcerative colitis [20]. Interestingly,

more recently, Leon et al. showed higher levels of IL-15 in intestinal biopsies from UC and CD

patients [40], thus in line with our current findings.

A higher number of EpCam+ cells was found in the gut mucosa of UC patients in compari-

son to CD and control subjects. The increased frequency of enterocytes in UC mucosa could

be due to intestinal epithelium regeneration, as reported in UC patients [60]. Indeed, our

results are in accordance to previous studies suggesting that the intestinal epithelium has a

strategic role in gut inflammation, it is not only a protective physical barrier to luminal micro-

biota, but it actively contributes to the activation and proliferation of different cellular compo-

nents of mucosal immune systems [10].
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Within the gut mucosa, DC have the principal role to guarantee the tissue integrity, the pro-

tection from pathogens, as well as the tolerance to dietary components [61]. In IBD, DC

recruited at the lamina propria have an activated phenotype, they capture and present mucosal

antigens to proinflammatory T lymphocytes that secrete cytokines involved in tissue injury

and in the loss of immune tolerance [62]. In the gut mucosa of paediatric IBD patients the

myeloid DC, identified as CD11c positive cells, had a proinflammatory phenotype, indeed

they expressed HLA-DR and produced TNF-α and INF-γ. Of note, we did not find a myeloid

DC subset expansion in both CD and UC mucosa. One possible explanation is that we ana-

lyzed the phenotype and cytokine profile of myeloid DC taken from uninflamed mucosal areas

and in basal condition. The peculiar changes in gut bacterial profiles associated with these dis-

eases, in contrast to the “healthy microbiota” presented in controls, may trigger the DC activa-

tion observed in paediatric IBD mucosa [63].

As T lymphocytes are key player in the IBD inflammatory process, by the ex vivo analytical

approach we looked at the cytokine production profile of T lymphocyte infiltrates in paediatric

IBD mucosa. Similarly, to the DC findings, we did not observe an enhanced frequency of CD3

+ T cells in IBD compared to healthy samples. By contrast, we found a slight increase of T cells

from uninflamed areas of IBD gut spontaneously producing TNF-α and INF-γ. Quite unex-

pectedly, after a strong stimulation, as induced by PMA/ionomycin molecules, a higher num-

ber of activated T cells producing TNF-α and INF-γ was found in controls compared to IBD

patients. These data, in evident contrast with the baseline findings, markedly highlighted that

proinflammatory T cells are also present in healthy mucosa and they are prone to release TNF-

α and/or INF-γ upon strong intestinal stimuli, which overcome the regulatory pathways occur-

ring in healthy mucosa. Therefore, the presence of regulatory T cells controlling the immune

responses in healthy gut, or alternatively the intestinal microenvironment favoring the dysbio-

sis and the inflammatory reaction in IBD, could explain our results.

However, it is well known that the in vitro secretion of T cell cytokines can be influenced by

the different production profile and may depend on the specific experimental conditions, espe-

cially on the mitogens chosen for T cell activation [6, 64]. The influence of the specific stimuli

in determining the cytokine profile of intestinal cells was further confirmed, when we mea-

sured the levels of TNF-α and INF-γ secreted upon PHA incubation, which is a stimulus less

powerful than PMA/ionomycin for the Th1 cytokine secretion [65, 66]. A higher production

of these two cytokines was detected both in CD and UC cells, but not in healthy controls. The

latest results re-marked a dysregulated activation of mucosal cells related to the specific local

stimuli, that occurs in IBD patients.

In conclusion, we demonstrated that both immune competent cells, such as T lymphocytes

and dendritic cells, as well as nonimmune cells, such as enterocytes, have a proinflammatory

phenotype in intestinal mucosa of paediatric patients with IBD. Our study underlines the rele-

vance of gut epithelial cells as one of the central mediators of mucosal inflammation in IBD. It

is becoming clearer that the enterocytes have a role in intestinal mucosa much more active

than it has been considered so far. Taking into account that intestinal epithelium cells repre-

sent a central node of mucosal cell networks, and that their dysfunction has been related with

IBD pathogenesis, these cells could be a new therapeutic target for IBD. Indeed, many studied

reported that epithelial cells respond to TNF-α [67], and they are a target of TNF-α inhibitors

[68, 69]. Additionally, we found a prominent production of IL-15 in IBD intestinal mucosa,

and a reduced inflammation after the blockage of IL-15. Therefore, our data support the

hypothesis that monoclonal anti-IL-15 antibodies or pharmacologic agents, that can selectively

block IL-15 signal transduction pathways, could be considered as an alternative biological

therapy [70], although more functional experiments are necessary to confirm this hypothesis.

Moreover, further studies are needed to improve the knowledge of the role of epithelial cells in
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IBD pathogenesis, as inflammatory nonimmune cells, in order to better state the possible effi-

cacy of therapeutic opportunities targeting epithelial cells in IBD.

Supporting information

S1 Fig. Cytokine production profile after stimulation with bacterial antigen by intestinal

myeloid dendritic cells in paediatric IBD. Intestinal CD11c+ dendritic cells (DC) expressing

the HLA DR activation marker and producing cytokines were analyzed from intestinal mucosa

of CD and UC patients, and from non-IBD controls (HC), by flow cytometry, either at basal

condition, or after 2 hours of incubation with E. coli particles. The frequencies of CD11c+ cells

expressing HLA DR and producing TNF-α (A), or IFN-γ (B) before and after the bacterial pre-

treatment are shown. Each point represents the percentage of positive cells from one single

subjectof each disease/control group, and horizontal bars are the median values. The Wilcoxon

test was applied to evaluate statistical significant differences among the two conditions for

each group.

(TIF)
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Microbiota: Defining the Role in Inflammatory Bowel Disease? Dig Dis. 2016; 34(1–2):64–71. https://

doi.org/10.1159/000443759 PMID: 26982568

64. Olsen I, Sollid LM. Pitfalls in determining the cytokine profile of human T cells. J Immunol Methods.

2013; 390(1–2):106–12. https://doi.org/10.1016/j.jim.2013.01.015 PMID: 23416458

Mucosal immunity in paediatric IBD

PLOS ONE | https://doi.org/10.1371/journal.pone.0182313 August 10, 2017 19 / 20

https://doi.org/10.1002/ibd.21905
http://www.ncbi.nlm.nih.gov/pubmed/21994045
https://doi.org/10.1097/MPG.0000000000000387
http://www.ncbi.nlm.nih.gov/pubmed/24732025
https://doi.org/10.3389/fmed.2014.00024
https://doi.org/10.1053/j.gastro.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23619146
https://doi.org/10.1053/j.gastro.2006.12.025
http://www.ncbi.nlm.nih.gov/pubmed/17324400
http://www.ncbi.nlm.nih.gov/pubmed/11133738
https://doi.org/10.1038/nri1901
http://www.ncbi.nlm.nih.gov/pubmed/16868550
http://www.ncbi.nlm.nih.gov/pubmed/8026467
https://doi.org/10.1111/j.1572-0241.2001.03437.x
http://www.ncbi.nlm.nih.gov/pubmed/11197245
https://doi.org/10.1172/JCI119258
https://doi.org/10.1172/JCI119258
http://www.ncbi.nlm.nih.gov/pubmed/9062351
https://doi.org/10.1016/j.immuni.2009.09.017
http://www.ncbi.nlm.nih.gov/pubmed/19913445
https://doi.org/10.1016/j.cyto.2012.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22795955
https://doi.org/10.3748/wjg.v21.i1.187
http://www.ncbi.nlm.nih.gov/pubmed/25574091
https://doi.org/10.1136/gut.2005.068684
http://www.ncbi.nlm.nih.gov/pubmed/16105889
http://www.ncbi.nlm.nih.gov/pubmed/8792700
http://www.ncbi.nlm.nih.gov/pubmed/10725717
https://doi.org/10.1053/j.gastro.2007.10.022
http://www.ncbi.nlm.nih.gov/pubmed/18045591
https://doi.org/10.1038/ni1104-1091
http://www.ncbi.nlm.nih.gov/pubmed/15496943
https://doi.org/10.1016/j.it.2008.08.003
https://doi.org/10.1016/j.it.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18838302
https://doi.org/10.1159/000443759
https://doi.org/10.1159/000443759
http://www.ncbi.nlm.nih.gov/pubmed/26982568
https://doi.org/10.1016/j.jim.2013.01.015
http://www.ncbi.nlm.nih.gov/pubmed/23416458
https://doi.org/10.1371/journal.pone.0182313


65. Rostaing L, Tkaczuk J, Durand M, Peres C, Durand D, de Préval C, Ohayon E,Abbal M. Kinetics of
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