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mTOR sustains inflammatory 
response in celiac disease
S. Sedda1,4, V. Dinallo1,4, I. Marafini1, E. Franzè1, O. A. Paoluzi1, R. Izzo2, P. Giuffrida3, 
A. Di Sabatino 3, G. R. Corazza3 & G. Monteleone1*

Celiac disease (CD) is an enteropathy triggered by the ingestion of gluten proteins in genetically 
predisposed individuals and characterized by excessive activation of effector immune cells and 
enhanced production of inflammatory cytokines. However, factors/mechanisms that amplify the 
ongoing mucosal inflammation in CD are not fully understood. In this study, we assessed whether 
mammalian target of Rapamycin (mTOR), a pathway that combines intra- and extra-cellular signals 
and acts as a central regulator for the metabolism, growth, and function of immune and non-
immune cells, sustains CD-associated immune response. Our findings indicate that expression of 
phosphorylated (p)/active form of mTOR is increased in protein lysates of duodenal biopsy samples 
taken from patients with active CD (ACD) as compared to normal controls. In ACD, activation of mTOR 
occurs mainly in the epithelial compartment and associates with enhanced expression of p-4EBP, 
a downstream target of mTOR complex (mTORC)1, while expression of p-Rictor, a component of 
mTORC2, is not increased. Stimulation of mucosal explants of inactive CD patients with pepsin-
trypsin-digested (PT)-gliadin or IFN-γ/IL-21, two cytokines produced in CD by gluten-specific T cells, 
increases p-4EBP expression. Consistently, blockade of such cytokines in cultures of ACD mucosal 
explants reduces p-4EBP. Finally, we show that inhibition of mTORC1 with rapamycin in ACD mucosal 
explants reduces p-4EBP and production of IL-15, a master cytokine produced by epithelial cells in this 
disorder. Our data suggest that ACD inflammation is marked by activation of mTORC1 in the epithelial 
compartment.

Celiac disease (CD) is an immune-mediated disease, which arises in genetically predisposed individuals, fol-
lowed ingestion of gluten  proteins1. Histologically, CD is marked by various degrees of villous atrophy, crypt 
hyperplasia and enhanced T lymphocyte infiltration in the epithelial compartment and lamina propria. In CD 
patients, ingestion of gluten stimulates innate and adaptive immune cells to produce various cytokines, which 
contribute to the CD-associated pathological  process2–5. In particular, gluten peptides stimulate both epithelial 
cells and innate immune cells to secrete interleukin (IL)-156, which in turn activates both CD8+ and natural 
killer + cells thereby contributing to the gluten-driven epithelial  damage1,7. Moreover, gluten exposure facilitates 
differentiation of CD4+ T-cells in T helper (Th)-type 1  cells8,9. These gluten-specific Th1 lymphocytes synthesize 
interleukin (IL)-21 and interferon (IFN)-γ, two cytokines that activate several intracellular pathways and con-
tribute to establish positive feedback loops amplifying the ongoing mucosal immune  response10–12. For instance, 
IFN-γ triggers activation of signal transducer and activator of transcription (STAT)-1 and induces of T-bet, a 
transcription factor essential for IFN-γ  production13–16. Additionally, IL-21 enhances expression of T-be and 
IFN-γ in CD4+ Th1 cells as well as stimulates fibroblasts to secrete extracellular matrix  metalloproteinases12,17,18. 
Since both IL-21 and IFN-γ can also target antigen presenting cells and epithelial  cells13,19–21, it is conceivable 
that these two cytokines contribute to expand innate immune responses in CD.

The mammalian target of Rapamycin (mTOR) is a serine/threonine kinase belonging to the phosphati-
dylinositol 3-Kinase (PI3K)-related kinase superfamily, which regulates the metabolism of cells according to 
their need to both differentiate and  proliferate22,23. mTOR responds to extracellular signals, such as growth 
factors and hormones, ligation of pattern recognition and antigen-specific receptors (e.g. B-cell receptor, T-cell 
receptor, toll like receptors), cytokines (e.g. IL-12, IL-4, IL-2,) and intracellular signals including nutrients, and 
cellular energy  charge24–26. Active phosphorylated (p)-mTOR forms two distinct multiprotein complexes: mTOR 
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complex 1 (mTORC1) and mTORC2. mTORC1 consists of 5 protein components [mammalian lethal with Sec13 
protein 8 (mLST8), mTOR, regulatory protein associated with mTOR (Raptor), DEP domain containing mTOR 
interacting protein (Deptor), and proline-rich Akt substrate of 40 kDa (PRAS40)] and regulates the activation 
(phosphorylation) of downstream targets, such as p70S6 Kinase 1 (S6K1) and eIF4E Binding Protein (4EBP), thus 
leading to cell growth and protein  synthesis27,28. mTORC2 consists of 6 protein components [mammalian stress-
activated protein-interacting protein 1 (mSIN1), mLST8, mTOR, rapamycin insensitive companion of mTOR 
(Rictor), protein observed with Rictor-1 (Protor-1), and  Deptor]28. The role of mTORC2 is not fully understood, 
even though it has been shown that mTORC2 regulates actin organization and phosphorylates protein kinase B 
(Akt) at serine 473, thus exerting a positive feedback in the cascade of mTOR  itself23. The critical role of mTOR 
pathway in cellular proliferation/survival has been substantiated by the presence of constitutively activated or 
mutated forms of mTOR and its upstream and downstream signaling proteins in different malignant  disorders29. 
mTOR kinase cascade can also control T cell differentiation, as it is capable of facilitating polarization of both Th1 
and Th17 cells and inhibiting the differentiation of regulatory T  cells30. Moreover, excessive activation of mTOR 
promotes differentiation of classical, type I macrophages, a subset of macrophages that synthesize inflamma-
tory  cytokines31. These findings well fit with the demonstration that hyper-activation of mTOR occurs in many 
immune-inflammatory  diseases32,33. The aim of this study was to investigate the role of mTOR kinase cascade in 
the CD-related mucosal inflammation.

Results
p-mTOR is upregulated in the duodenum of active celiac disease patients. To determine 
whether mTOR pathway is active in CD, total proteins extracted from biopsy samples of patients with active CD 
(ACD) and normal controls were analysed for the phosphorylated/active form of mTOR by Western blotting. 
p-mTOR expression was more pronounced in ACD as compared to controls (Fig. 1A). Densitometric analysis 
of immunoblots confirmed that p-mTOR expression was significantly higher in ACD than in controls (Fig. 1A, 
lower panel).

To assess which cells express p-mTOR in the duodenum, we performed immunofluorescence analysis using 
frozen sections of ACD and control duodenal biopsy samples. A constitutive but very faint staining for p-mTOR 
was evident in the epithelium of normal controls (Fig. 1B). p-mTOR expression was more pronounced in the 
epithelial cells of ACD patients as compared to controls (Fig. 1B). In both normal controls and ACD patients, 
p-mTOR staining was virtually absent in the lamina propria compartment.

mTORC1 pathway is activated in CD. mTOR interacts with other proteins thus leading to the formation 
of two complexes, namely mTORC1 and  mTORC228. To determine which complex is activated in CD mucosa, 
we initially evaluated expression of p-Raptor, a component of the mTORC1  complex28,34, in whole biopsy sam-
ples by Western blotting. Immunoreactive bands for p-Raptor were more evident in ACD as compared to con-
trols (Fig. 2A). Next, we analysed expression of p-4EBP, an indicator of mTORC1  activation28,34, and p-Rictor, a 
component of mTORC2  complex28,35. p-4EBP was more expressed in ACD than in controls (Fig. 2B). Densito-
metric analysis of immunoblots confirmed the more pronounced expression of p-Raptor and p-4EBP in ACD 
as compared to controls (Fig. 2A,B, right panels). In contrast, p-Rictor expression did not differ between ACD 
patients and normal controls (Fig. 2C). To evaluate whether changes in mTOR kinase cascade are simply due 
to the ongoing duodenal inflammation, we analysed p-4EBP in duodenal samples of 2 patients with Whipple 
disease (WD) and 2 patients with common variable immunodeficiency (CVID). p-4EBP was detectable in all 
these samples with no apparent difference between CVID, WD, and controls (Fig. 2D).

Activation of mTOR is induced by gliadin and inflammatory cytokines produced by gluten-spe-
cific T cell clones. The fact that p-mTOR is more expressed in ACD than in controls prompted us to ascer-
tain if this kinase is induced as a result of the gliadin-driven inflammatory response. To this end, duodenal 
biopsy samples of inactive celiac disease (ICD) patients, who were on a gluten-free diet (GFD), were cultured 
in the presence or absence of pepsin-trypsin-digested (PT)-gliadin and then assessed for p-4EBP expression 
by Western blotting. Stimulation of ICD samples with PT for 24 h consistently enhanced p-4EBP expression 
(Fig. 3).

These findings suggest that activation of mTOR occurs as an early event in the gliadin-induced immune 
response in ACD. CD-associated inflammation is marked by activation of gluten-specific T cell clones, which 
produce IFN-γ and IL-21, two cytokines that target epithelial cells in the  gut19,20,36. Therefore, we next inves-
tigated the involvement of these 2 cytokines in the activation of mTOR. p-4EBP expression was evaluated in 
duodenal samples of ICD patients stimulated with IFN-γ or IL-21 by Western blotting. Both IFN-γ and IL-21 
enhanced p-4EBP expression (Fig. 4A). Many biological functions of IFN-γ and IL-21 are mediated by the Janus 
kinase/signal transducers and activators of transcription (JAK/STAT)  pathway16,37. Therefore, ICD duodenal 
samples were stimulated with such cytokines in the presence or absence of a JAK/STAT inhibitor (AG-490). In 
all the experiments, treatment of biopsy samples with AG490 reduced IFN-γ/IL-21-induced p-4EBP expression 
(Fig. 4B). To confirm the inducing effect of IFN-γ and IL-21 on mTOR activation, p-4EBP expression was next 
evaluated in duodenal samples of ACD patients treated with antibodies neutralizing IFN-γ or IL-21. As shown 
in Fig. 4C, neutralization of either IFN-γ or IL-21 reduced p-4EBP expression.

Inhibition of mTOR reduces IL-15 expression. In a final set of experiments, we assessed whether 
mTOR regulates IL-15 synthesis, as this cytokine is produced by epithelial cells in  CD38. For this purpose, duo-
denal samples of ACD patients were cultured in the presence or absence of rapamycin, an inhibitor of mTORC1, 
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Figure 1.  Phosphorylated (p)/active form of the mammalian target of Rapamycin (mTOR) is up-regulated 
in active celiac disease patients. (A) Western blots showing p-mTOR and vinculin (used as a loading control) 
expression in duodenal biopsy samples taken from 4 normal controls (CTR) and 5 active celiac disease (ACD) 
patients. The blots are representative of 2 separate experiments in which total proteins extracted from duodenal 
biopsy samples of 8 CTR and 10 ACD were analyzed. The panel shows quantitative analysis of p-mTOR/vinculin 
ratio in each sample as measured by densitometry scanning of all Western blots; horizontal bar indicates median 
value. Values are expressed in arbitrary units (a.u.). (B) Representative images of immunofluorescence staining 
of duodenal sections of CTR and ACD patients for p-mTOR (green staining). DNA is stained with DAPI (blue).
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for 24 h and IL-15 protein expression was then evaluated by Western blotting. Rapamycin markedly inhibited 
p-4EBP expression (Fig. 5A,B) and this associated with a reduction of IL-15 production (Fig. 5B).

Discussion
This study was undertaken to examine whether CD-associated inflammation is marked by change in the activa-
tion of mTOR, a signaling pathway that controls and coordinates the function of various immune cells and has 
been involved in the amplification of inflammatory signals in many immune-mediated  disorders22,33,34,39,40. By 
using specific antibodies that recognize the phosphorylated, active form of mTOR, we initially showed that mTOR 
is constitutively activated in the human duodenum and expression of the active protein is markedly increased 
in ACD as compared to controls. Immunofluorescence analysis showed that epithelial cells were the only source 
of mTOR in both controls and patients and confirmed the more pronounced expression in ACD. These data are 
consistent with results of a recent study documenting hyper-activation of mTORC1 in the colonic epithelium 
of ulcerative colitis (UC) patients and in the epithelium of mice with dextran sulfate sodium-induced  colitis33. 
mTOR functions depend on two distinct multiprotein complexes, namely mTORC1 and  mTORC228. mTORC1 
is mostly involved in the regulation of the translation initiation machinery influencing cell growth, proliferation, 
and survival, while mTORC2 participates in actin cytoskeleton rearrangements and cell  survival28. Data of the 
present study suggest that mTORC1 and not mTORC2 is hyper-activated in ACD mucosa. Indeed, we showed 
enhanced expression of p-Raptor, a component of mTORC1, and p-4EBP, a downstream effector of mTORC1 
signaling, in duodenal samples of ACD as compared to normal controls while expression of p-Rictor, an indicator 
of mTORC2 complex activation, did not differ between ACD and controls. This is not surprising as a different 
expression of these 2 complexes has been described in type 2 diabetes, where mTORC1 hyper-activation in 

Figure 3.  mTOR is induced by gluten-peptide in celiac disease. Duodenal biopsy samples taken from 5 inactive 
celiac disease (ICD) patients were cultured in the presence or absence of a pepsin-trypsin-digested (PT)-gliadin. 
After 24 h, total proteins were assessed for p-4EBP by Western blotting; β-actin was used as a loading control. 
The panel shows quantitative analysis of p-4EBP/β-actin ratio as measured by densitometry scanning of all 
Western blots. Values are expressed in arbitrary units (a.u.).

Figure 2.  mTOR complex 1 (mTORC1) is activated in active celiac disease. (A) Western blots showing 
phosphorylated (p) and total forms of Raptor in duodenal biopsy samples taken from 2 normal controls (CTR) 
and 2 active celiac disease (ACD) patients. The blots are representative of 2 separate experiments in which 
total proteins extracted from duodenal biopsy samples of 5 CTR and 6 ACD patients were analyzed. The right 
panel shows quantitative analysis of p-Raptor/total Raptor ratio in each sample as measured by densitometry 
scanning of all Western blots; horizontal bar indicates median value. Values are expressed in arbitrary units 
(a.u.). (B) Western blots showing phosphorylated (p)-4E-binding protein (4EBP) and β-actin (used as a loading 
control) expression in duodenal biopsy samples taken from 2 normal controls (CTR) and 2 active celiac disease 
(ACD) patients. The blots are representative of 6 separate experiments in which total proteins extracted from 
duodenal biopsy samples of 23 CTR and 20 ACD were analyzed. The right panel shows quantitative analysis of 
p-4EBP/β-actin ratio in each sample as measured by densitometry scanning of all Western blots; horizontal bar 
indicates median value. Values are expressed in arbitrary units (a.u.). (C) Western blots showing phosphorylated 
(p)-Rapamycin-insensitive companion of mammalian target of rapamycin (Rictor) and vinculin (used as a 
loading control) expression in duodenal biopsy samples taken from 2 CTR and 2 ACD patients. The blots are 
representative of 2 separate experiments in which total proteins extracted from duodenal biopsies of 19 CTR 
and 19 ACD were analyzed. The right panel shows quantitative analysis of p-Rictor/vinculin ratio in each sample 
as measured by densitometry scanning of all Western blots; horizontal bar indicates median value. Values are 
expressed in arbitrary units (a.u.). (D) Western blots showing p-4EBP and β-actin (used as a loading control) 
expression in duodenal biopsy samples taken from 1 CTR, 1 patient with ACD, 1 patient with Whipple disease 
(WD) and 1 patient with common variable immunodeficiency (CVID). The right panel shows quantitative 
analysis of p-4EBP/β-actin ratio as measured by densitometry scanning of all Western blots.

◂
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pancreatic islets associates with a decline in the expression of active  mTORC234,35,41. The exact factors/mecha-
nisms that activate mTOR in ACD remain to be ascertain. It is likely that the sustained activation of this kinase 
is not simply due to the ongoing mucosal inflammation, as we were not able to detect any change in p-4EBP in 
the duodenum of patients with other enteropathies (i.e. CVID and WD). At the same time, our findings support 
the hypothesis that mTOR can be positively regulated by gluten-driven inflammation. Indeed, ex vivo treatment 
of ICD samples with PT enhanced p-4EBP. We do not yet know which sequence of events is needed to induce 
mTOR in PT-treated biopsy samples. A possibility is that PT actives directly mTOR in line with the demonstra-
tion that intestinal epithelial cells can respond to PT by increasing production of IL-1542. It is also conceivable 

Figure 5.  Inhibition of mTOR signalling reduces interleukin (IL)-15 expression in active celiac disease. (A) 
Representative Western blot showing p-4EBP expression in duodenal biopsy samples taken from 1 patient with 
active celiac disease (ACD) either left untreated (Unt) or treated with 50 ng/mL, 100 ng/mL rapamycin for 24 h; 
β-actin was used as a loading control. (B) Duodenal biopsy samples taken from 4 ACD patients were either left 
untreated (Unt) or treated with 100 ng/mL rapamycin for 24 h and p-4EBP and IL-15 expression was assessed 
by Western blotting. β-actin was used as a loading control. The blots are representative of 4 separate experiments 
in which similar results were obtained. The right insets show quantitative analysis of p-4EBP/β-actin and 
IL-15/β-actin ratio as measured by densitometry scanning of all Western blots. Values are expressed in arbitrary 
units (a.u.).

Figure 4.  Interleukin (IL)-21 and interferon (IFN)-γ induce mTOR activation in celiac disease. (A) Duodenal 
biopsy samples taken from inactive celiac disease (ICD) patients were either left unstimulated (Unst) or 
stimulated with IL-21 or IFN-γ. After 24 h, total proteins were assessed for p-4EBP by Western blotting; β-actin 
was used as a loading control. The blots are representative of 7 separate experiments in which similar results 
were obtained. The right insets show quantitative analysis of p-4EBP/β-actin ratio as measured by densitometry 
scanning of all Western blots. Values are expressed in arbitrary units (a.u.). (B) Duodenal biopsy samples 
taken from 4 ICD patients were either left untreated (Unt) or treated with the Janus kinase/signal transducers 
and activators of transcription (JAK/STAT) inhibitor AG490 in the presence or absence of IL-21 or IFN-γ. 
After 24 h, total proteins were assessed for p-4EBP by Western blotting; β-actin was used as a loading control. 
The blots are representative of 4 separate experiments in which similar results were obtained. The insets show 
quantitative analysis of p-4EBP/β-actin ratio as measured by densitometry scanning of all Western blots. 
Values are expressed in arbitrary units (a.u.). (C) Duodenal biopsy samples taken from 4 active celiac disease 
(ACD) patients were either left untreated (Unt) or treated with antibodies neutralizing IL-21 or IFN-γ, After 
24 h, total proteins were assessed for p-4EBP by Western blotting; β-actin was used as a loading control. The 
blots are representative of 4 separate experiments in which similar results were obtained. The right insets show 
quantitative analysis of p-4EBP/β-actin ratio as measured by densitometry scanning of all Western blots. Values 
are expressed in arbitrary units (a.u.).
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that PT can trigger an immune response that ultimately controls mTOR activation. Support to this hypothesis 
comes from the demonstration that both IFN-γ and IL-21, two cytokines over-produced by gluten-specific Th1 
cells in  ACD10,12, were able to enhance p-4EBP in ICD duodenal samples while blockade of these two molecules 
with neutralising antibodies reduced p-4EBP in cultures of ACD biopsy samples.

The demonstration that PT enhances p-4EBP in ICD duodenal samples would seem to conflict with data of 
a recent study showing an inhibitory effect of gluten peptides on the activity of mTORC1 in blood monocytes 
isolated from CD patients. In particular, gluten digests, through the inhibition of mTOR, induced arginase 1 and 
2 thus promoting differentiation of type2-like  macrophages43. These divergent results reflect likely the different 
cell systems used to analyse mTOR function in response to PT stimulation. However, in this context, we would 
like to point-out that in the duodenum of CD patients activation of mTOR occurred mainly in the epithelial 
compartment rather than in myeloid cells.

Our study supports data of previous studies documenting hyperactivation of mTOR in other immune-medi-
ated disorders. For instance, enhanced activation of mTOR has been seen in lesional psoriatic skin and there is 
evidence that Th1/Th17 inflammatory cytokines produced within the psoriatic lesion activate mTORC1 thus 
contributing to the excessive proliferation of the  keratinocytes39. As pointed out above, mTORC1 is activated 
in inflamed colon of UC patients, where it is supposed to promote recruitment of Th17 cell in the colon via a 
STAT3/cyclooxygenase 2-dependent  mechanism33. mTORC1-mediated Stat3 activation in intestinal epithelial 
cells can also stimulate the expression of downstream targets essential for cell proliferation and tissue regenera-
tion, thus highlighting a protective role of mTORC1 in physiological  conditions44. Activation of mTORC1 but 
not mTORC2 has been also described in patients with systemic lupus erythematosus (SLE) as well as in mice 
with SLE-like  pathology40.

Production of IL-15 by epithelial cells and innate immune cells marks the CD-associated immune response 
and accumulating evidence suggests that this phenomenon is crucial in the pathogenesis of the disorder as IL-15 
inhibits intraepithelial lymphocyte (IEL) apoptosis, induces IEL to proliferate and release proinflammatory 
 cytokines45 and promotes perforin and granzyme-mediated  cytotoxicity1,7,38. Here, we show that activation of 
mTOR of ACD patients contributes to sustain IL-15 production since inhibition of mTORC1 with rapamycin in 
cultures of ACD mucosal samples reduced IL-15 synthesis. These studies were carried-out using whole biopsy 
samples rather than primary epithelial cells because it is well-known that such cells die very quickly after isola-
tion from the intestinal mucosa. Therefore, we cannot exclude the possibility that down-regulation of IL-15 in 
rapamicyn-treated duodenal samples can, in part, rely on the control of additional pathways in immune cells 
other than inhibition of mTORC1 in epithelial cells. We do not yet know the exact mechanism by which mTORC1 
regulates IL-15. A possibility is that mTOR regulates positively nuclear factor kappa B (NF-kB)46, a transcription 
factor that stimulates IL-15  production47. mTOR could also regulate post-transcriptionally IL-15 production, as it 
is well known that IL-15 synthesis is also controlled at the translational  level48,49 and mTOR signaling stimulates 
the initiation of translation in eukaryotic  cells50.

We are aware that our study has some limitations. Some components of the mTOR cascade were analyzed in 
a limited number of patients due to the difficulty to collect simultaneously many biopsy samples during endos-
copy. Therefore, further work is needed to confirm the present results. It remains unclear if there is a cell-specific 
regulation of mTOR activation in CD as the functional studies were performed using whole mucosal samples 
rather than single cell types. Further longitudinal studies will be also needed to ascertain the impact of gluten-free 
diet on mTOR activation. Although no mTOR-positive cell was localized in the lamina propria compartment of 
CD patients by immunohistochemistry, more sensitive techniques (e.g. flow-cytometry) could help establish if 
activation of such a kinase occurs in specific immune cell types.

In conclusion, our data suggest that ACD inflammation is marked by activation of mTORC1 in the epithelial 
compartment.

Materials and methods
Patients and samples. We enrolled 69 consecutive patients undergoing upper endoscopy at the Gastro-
intestinal Unit of Tor Vergata University Hospital (Rome, Italy) or San Matteo Hospital, University of Pavia 
(Pavia, Italy). The study population included: 29 ACD patients on a gluten-containing diet who were positive 
for both serum anti-endomysium IgA antibody (EMA) and anti-tissue transglutaminase 2 (TG-2) IgA antibody, 
evidenced respectively through indirect immunofluorescence and chemiluminescent immunoassay of serum 
samples, and had villous atrophy on histological examination according to Marsh classification (grade 3 A–C); 
13 asymptomatic ICD patients, who were on a strict GFD, negative for both EMA and anti-TG-2 antibodies, and 
had normal duodenal histology. Controls included 27 dyspeptic patients, who were negative for both EMA and 
anti-TG-2 antibody while receiving a gluten-containing diet and had neither macroscopic nor histologic lesions 
(normal controls), 2 patients with WD and 2 patients with CVID (disease controls). Both CD patients and 
controls were free to use fermentable oligosaccharides disaccharides monosaccharides and polyols-containing 
products. Evaluation of the daily value of gluten exposure was not routinely made in our ACD population. 
However, patients reported to eat regularly bread, pasta and other gluten-containing foods, thus assuming their 
diet consisted of more than 5 g of gluten per day. Both the patients and controls had experienced no symptoms/
signs suggestive for allergy to wheat (e.g. asthma, itching, hives, or anaphylaxis). After a strict gluten-free diet, 
all the 25 ACD patients were negative for both EMA and anti-TG2 and histological examination of duodenal 
biopsy samples taken from these patients showed no CD-associated mucosal change (Marsh classification; grade 
0); Biopsy samples were taken from the duodenum and stored for protein extraction or embedded in a cryostat 
mounting medium and stored for immunofluorescence analysis. Each patient who took part in the study gave 
written informed consent. All methods were carried out in accordance with relevant guidelines and regulations. 
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All experimental protocols were approved by the Independent Ethic Committee at the Policlinico Tor Vergata 
of Rome (Rome, Italy).

Total protein extraction and western blotting. All reagents were from Sigma-Aldrich (Milan, Italy), 
unless specified. Biopsy samples were lysed on ice with a buffer containing 10 mM HEPES (ph 7.9), 0.1 mM 
EDTA, 10  mM KCl, and 0.5% Nonidet p40, supplemented with 1  mM dithiothreitol, 10  mg/ml leupeptin,1 
0 mg/ml aprotinin, 1 mM Na3VO4, 1 mM phenyl-methylsulfonyl fluoride, and 1 mM NaF. Lysates were clari-
fied by centrifugation at 12,000g for 30 min at 4  °C and separated on 15% sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrophoresis (for p-4EBP and IL-15) or on 6% SDS–polyacrylamide gel electrophoresis 
(for p-mTOR, p-Rictor and p-Raptor). p-4EBP, p-mTOR, p-Rictor and p-Raptor were detected using mono-
clonal rabbit anti-human antibodies (1:500 final dilution; Cell signalling technology, Leiden, The Netherlands) 
followed by a horseradish peroxidase–conjugated mouse anti-rabbit IgG monoclonal antibody (1:20,000 final 
dilution; Dako, Milan, Italy). IL-15 was detected using a monoclonal mouse anti-human antibody (1:500 final 
dilution; GeneTex, Irvine, CA), followed by a horseradish peroxidase–conjugated rabbit anti-mouse IgG mono-
clonal antibody (1:20,000 final dilution; Dako). The reactions were detected with a sensitive enhanced chemilu-
minescence kit (Pierce, Rockford, IL). After the analysis, blots were stripped and incubated with a mouse anti-
human β-Actin antibody or a rabbit anti-human vinculin antibody, (1:5,000 final dilution; Abcam, Cambridge, 
MA) depending on the molecular size of the analysed protein, or a rabbit anti-human Raptor antibody (1: 500 
final dilution, Cell signalling technology) followed by specific secondary antibodies conjugated to horseradish 
peroxidase, to ascertain equivalent loading of lanes.

Immunofluorescence. Immunofluorescence was performed on frozen duodenal sections. Samples were 
embedded in a cryostat mounting medium (Neg–50 Frozen Section Medium, Thermo Scientific, Langenselbold, 
Germany), snap frozen and stored at − 80 °C. Six μm-thickened sections were mounted onto superfrost plus 
glass slides (Thermo Scientific) and fixed in 4% paraformaldehyde (PFA) for 10 min at 4 °C. Slides were washed 
three times with TBS, treated with 0.1% Triton X-100 for 20 min at room temperature (RT). Blocking was per-
formed with a 10% normal goat serum TBS solution for 1 h at RT. Slides were then incubated overnight (ON) at 
4 °C with a monoclonal rabbit anti-human p-mTOR antibody (1:50 final dilution, Cell signalling technology). 
After washing three times with TBS, slides were incubated for 1 h at RT with a specific secondary antibody 
coupled with Alexa Fluor Dye (1:2,000 final dilution; Invitrogen, Milan, Italy). Coverslips were mounted on 
glass slides using ProLong Gold antifade reagent with DAPI (Invitrogen) to counterstain the DNA. Images were 
acquired on a Leica DMI 4,000 B fluorescence microscope (Leica, Wetzlar, Germany).

Organ cultures. Mucosal biopsy samples of ICD patients and normal controls were placed on transwell 
(transwell permeable support, Costar, Corning incorporated, New York, USA) in 24-well plates containing 
RPMI medium supplemented with 1% P/S and 50 μg/ml gentamycin in the absence or presence of PT (1 mg/
ml). In addition, mucosal biopsy samples of ICD patients were placed on transwell in 24-well plates containing 
RPMI medium supplemented with 1% P/S and 50 μg/ml gentamycin in the presence of IFN-γ or IL-21 (50 ng/
ml final concentration, Peprotech, London, UK). In parallel, samples were cultured with or without cytokines in 
the presence or absence of the JAK/STAT inhibitor AG-490 (100 μM final concentration, Inalco, Milan, Italy). 
Mucosal biopsy samples of ACD patients were cultured as above in the presence of antibodies neutralizing IFN-γ 
or IL-21 (both used at 10 μg/ml final concentration, R&D Systems, Minneapolis, MN, USA). In further experi-
ments, mucosal biopsy samples of ACD patients were cultured in the presence or absence of rapamycin (50 or 
100 ng/ml final concentration).

The cultures were performed in an organ culture chamber at 37 °C in a 5%  CO2/95%  O2 atmosphere and after 
24 h the samples were used for protein extraction.

Data analysis. Differences between groups were compared using the two-tailed T-test and Mann–Whitney 
U test. Statistical differences were assessed with the GraphPad Prism statistical PC program (GraphPad Software, 
San Diego, CA). A p value of less than 0.05 was considered statistically significant.

Received: 1 August 2019; Accepted: 2 June 2020

References
 1. Meresse, B., Malamut, G. & Cerf-Bensussan, N. Celiac disease: An immunological jigsaw. Immunity 36, 907–919 (2012).
 2. Marafini, I., Monteleone, I., Di Fusco, D., et al. TNF-α producing innate lymphoid cells (ILCs) are increased in active celiac disease 

and contribute to promote intestinal atrophy in mice. PLoS One 10 (5), (2015)
 3. Monteleone, I. et al. Characterization of IL-17A-producing cells in celiac disease mucosa. J. Immunol. 184(4), 2211–2218 (2010).
 4. Monteleone, G. et al. Role of interferon alpha in promoting T helper cell type 1 responses in the small intestine in coeliac disease. 

Gut 48(3), 425–429 (2001).
 5. Monteleone, G. et al. Interferon-alpha drives T cell-mediated immunopathology in the intestine. Eur. J. Immunol. 31(8), 2247–2255 

(2001).
 6. Maiuri, L. et al. Interleukin 15 mediates epithelial changes in celiac disease. Gastroenterology 119, 996–1006 (2000).
 7. Meresse, B. et al. Coordinated induction by IL15 of a TCR-independent NKG2D signaling pathway converts CTL into lymphokine-

activated killer cells in celiac disease. Immunity 21, 357–366 (2004).
 8. Jabri, B. & Sollid, L. M. Tissue-mediated control of immunopathology in coeliac disease. Nat. Rev. Immunol. 9, 858–870 (2009).
 9. Macdonald, T. T. & Monteleone, G. Immunity, inflammation, and allergy in the gut. Science 307(5717), 1920–1925 (2005).
 10. Nilsen, E. M. et al. Gluten induces an intestinal cytokine response strongly dominated by interferon gamma in patients with celiac 

disease. Gastroenterology 115, 551–563 (1998).



10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:10798  | https://doi.org/10.1038/s41598-020-67889-4

www.nature.com/scientificreports/

 11. Salvati, V. M. et al. Interleukin 18 and associated markers of T helper cell type 1 activity in coeliac disease. Gut 50, 186–190 (2002).
 12. Fina, D. et al. Interleukin 21 contributes to the mucosal T helper cell type 1 response in coeliac disease. Gut 57, 887–892 (2008).
 13. Lighvani, A. A. et al. T-bet is rapidly induced by interferon-gamma in lymphoid and myeloid cells. Proc. Natl. Acad. Sci. USA 98, 

15137–15142 (2001).
 14. Afkarian, M. et al. T-bet is a STAT1-induced regulator of IL-12R expression in naive CD4+ T cells. Nat. Immunol. 3, 549–557 

(2002).
 15. Monteleone, I. et al. Regulation of the T helper cell type 1 transcription factor T-bet in coeliac disease mucosa. Gut 53(8), 1090–1095 

(2004).
 16. Hu, X. & Ivashkiv, L. B. Cross-regulation of signaling pathways by interferon-gamma: Implications for immune responses and 

autoimmune diseases. Immunity 31, 539–550 (2009).
 17. Strengell, M., Sareneva, T., Foster, D., Julkunen, I. & Matikainen, S. IL-21 up-regulates the expression of genes associated with 

innate immunity and Th1 response. J. Immunol. 169, 3600–3605 (2002).
 18. Monteleone, G. et al. Control of matrix metalloproteinase production in human intestinal fibroblasts by interleukin 21. Gut 55, 

1774–1780 (2006).
 19. Caruso, R. et al. A functional role for interleukin-21 in promoting the synthesis of the T-cell chemoattractant, MIP-3alpha, by gut 

epithelial cells. Gastroenterology 132, 166–175 (2007).
 20. Nava, P. et al. Interferon-gamma regulates intestinal epithelial homeostasis through converging beta-catenin signaling pathways. 

Immunity 32, 392–402 (2010).
 21. Wan, C. K. et al. The cytokines IL-21 and GM-CSF have opposing regulatory roles in the apoptosis of conventional dendritic cells. 

Immunity 38, 514–527 (2013).
 22. Dazert, E. & Hall, M. N. mTOR signaling in disease. Curr. Opin. Cell Biol. 23, 744–755 (2011).
 23. Peter, C., Waldmann, H. & Cobbold, S. P. mTOR signalling and metabolic regulation of T cell differentiation. Curr. Opin. Immunol. 

22, 655–661 (2010).
 24. Howell, J. J., Ricoult, S. J., Ben-Sahra, I. & Manning, B. D. A growing role for mTOR in promoting anabolic metabolism. Biochem. 

Soc. Trans. 41, 906–912 (2013).
 25. Morita, M. et al. mTOR coordinates protein synthesis, mitochondrial activity and proliferation. Cell Cycle 14, 473–480 (2015).
 26. Pollizzi, K. N. & Powell, J. D. Regulation of T cells by mTOR: The known knowns and the known unknowns. Trends. Immunol. 36, 

13–20 (2015).
 27. Benjamin, D. & Hall, M. N. mTORC1: Turning off is just as important as turning on. Cell 156, 627–628 (2014).
 28. Zhou, H. & Huang, S. The complexes of mammalian target of rapamycin. Curr. Protein Pept. Sci. 11, 409–424 (2010).
 29. Laplante, M. & Sabatini, D. M. mTOR signaling in growth control and disease. Cell 149, 274–293 (2012).
 30. Yang, H. et al. Modulation of TSC-mTOR signaling on immune cells in immunity and autoimmunity. J. Cell. Physiol. 229, 17–26 

(2014).
 31. Byles, V. et al. The TSC-mTOR pathway regulates macrophage polarization. Nat. Commun. 4, 2834 (2013).
 32. Long, S. H. et al. Activation of PI3K/Akt/mTOR signaling pathway triggered by PTEN downregulation in the pathogenesis of 

Crohn’s disease. J. Dig. Dis. 14, 662–669 (2013).
 33. Lin, X. et al. Colonic epithelial mTORC1 promotes ulcerative colitis through COX-2-mediated Th17 responses. Mucosal Immunol. 

11, 1663–1673 (2018).
 34. Ardestani, A., Lupse, B., Kido, Y., Leibowitz, G. & Maedler, K. mTORC1 signaling: A double-edged sword in diabetic beta cells. 

Cell Metab. 27, 314–331 (2018).
 35. Yuan, T., Lupse, B., Maedler, K. & Ardestani, A. mTORC2 signaling: A path for pancreatic beta cell’s growth and function. J. Mol. 

Biol. 430, 904–918 (2018).
 36. Pietz, G. et al. Immunopathology of childhood celiac disease—Key role of intestinal epithelial cells. PLoS ONE 12, e0185025 (2017).
 37. Wan, C. K. et al. Opposing roles of STAT1 and STAT3 in IL-21 function in CD4+ T cells. Proc. Natl. Acad. Sci. USA 112, 9394–9399 

(2015).
 38. Di Sabatino, A. et al. Epithelium derived interleukin 15 regulates intraepithelial lymphocyte Th1 cytokine production, cytotoxicity, 

and survival in coeliac disease. Gut 55, 469–477 (2006).
 39. Buerger, C. et al. Inflammation dependent mTORC1 signaling interferes with the switch from keratinocyte proliferation to dif-

ferentiation. PLoS ONE 12, e0180853 (2017).
 40. Perl, A. Activation of mTOR (mechanistic target of rapamycin) in rheumatic diseases. Nat. Rev. Rheumatol. 12, 169–182 (2016).
 41. Yuan, T. et al. Reciprocal regulation of mTOR complexes in pancreatic islets from humans with type 2 diabetes. Diabetologia 60, 

668–678 (2017).
 42. Barone, M. V. et al. Gliadin-mediated proliferation and innate immune activation in celiac disease are due to alterations in vesicular 

trafficking. PLoS ONE 6, e17039 (2011).
 43. Barilli, A. et al. Gluten peptides drive healthy and celiac monocytes toward an M2-like polarization. J. Nutr. Biochem. 54, 11–17 

(2018).
 44. Guan, Y. et al. Repression of mammalian target of rapamycin complex 1 inhibits intestinal regeneration in acute inflammatory 

bowel disease models. J. Immunol. 195, 339–346 (2015).
 45. Sarra, M. et al. IL-15 positively regulates IL-21 production in celiac disease mucosa. Mucosal Immunol. 6(2), 244–255 (2013).
 46. Dan, H. C. et al. Akt-dependent regulation of NF-{kappa}B is controlled by mTOR and Raptor in association with IKK. Genes Dev. 

22, 1490–1500 (2008).
 47. Sisto, M., Lorusso, L. & Lisi, S. TLR2 signals via NF-kappaB to drive IL-15 production in salivary gland epithelial cells derived 

from patients with primary Sjogren’s syndrome. Clin. Exp. Med. 17, 341–350 (2017).
 48. Bamford, R. N., DeFilippis, A. P., Azimi, N., Kurys, G. & Waldmann, T. A. The 5ʹ untranslated region, signal peptide, and the cod-

ing sequence of the carboxyl terminus of IL-15 participate in its multifaceted translational control. J. Immunol. 160, 4418–4426 
(1998).

 49. Fehniger, T. A. & Caligiuri, M. A. Interleukin 15: Biology and relevance to human disease. Blood 97, 14–32 (2001).
 50. Showkat, M., Beigh, M. A. & Andrabi, K. I. mTOR signaling in protein translation regulation: Implications in cancer genesis and 

therapeutic interventions. Mol. Biol. Int. 2014, 686984 (2014).

Acknowledgements
This project has been funded by AIC-Associazione Italiana Celiachia (Italian Society for Celiac Disease) and 
FC-Fondazione Celiachia (Foundation for Celiac Disease) (project number 006_FC_2015).

Author contributions
S. S. and V. D. performed experiments, analysed data and wrote the paper. R. I. and E. F. performed experiments 
and analysed data. I. M., O. A. P., P. G., A.dS. and G.R.C provided human samples. G.M. designed the study, 
supervised the project and drafted the paper.



11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10798  | https://doi.org/10.1038/s41598-020-67889-4

www.nature.com/scientificreports/

Competing interests 
Monteleone G has served as an advisory board member for ABBVIE. The remaining authors declare that the 
research was conducted in the absence of any commercial or financial relationships that could be construed as 
a potential competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	mTOR sustains inflammatory response in celiac disease
	Anchor 2
	Anchor 3
	Results
	p-mTOR is upregulated in the duodenum of active celiac disease patients. 
	mTORC1 pathway is activated in CD. 
	Activation of mTOR is induced by gliadin and inflammatory cytokines produced by gluten-specific T cell clones. 
	Inhibition of mTOR reduces IL-15 expression. 

	Discussion
	Materials and methods
	Patients and samples. 
	Total protein extraction and western blotting. 
	Immunofluorescence. 
	Organ cultures. 
	Data analysis. 

	References
	Acknowledgements


