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Abstract
Celiac disease (CD) is a T-cell mediated immune disease 
in which gliadin-derived peptides activate lamina 
propria effector CD4+ T cells. This activation leads to 
the release of cytokines, compatible with a Th1-like 
pattern, which play a crucial role in the pathogenesis 
of CD, controlling many aspects of the inflammatory 
immune response. Recent studies have shown that 
a novel subset of effector T cells, characterized by 
expression of high levels of IL-17A, termed Th17 cells, 

plays a pathogenic role in CD. While these effector T 
cell subsets produce proinflammatory cytokines, which 
cause substantial tissue injury in vivo  in CD, recent 
studies have suggested the existence of additional CD4+ 
T cell subsets with suppressor functions. These subsets 
include type 1 regulatory T cells and CD25+CD4+ 
regulatory T cells, expressing the master transcription 
factor Foxp3, which have important implications for 
disease progression.
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Core tip: Although it is evident that effector gliadin-
specific Th1 cells play an important role in celiac disease 
(CD) pathogenesis, recent studies have implicated 
Th17 effector cells in the disease process. Contrasting 
evidence has been reported on the ability of gliadin-
specific cells to produce IL-17A. In addition, regulatory 
T cells, formerly known as suppressor T cells, have 
been identified in intestinal biopsy specimens of patients 
with active CD. Nevertheless, despite the presence of 
an endogenous counter-regulatory mechanism in the 
intestinal mucosa of celiac patients, the inflammatory 
response is not suppressed. In this review, we provide an 
overview of the current knowledge of the contribution 
of both Th1 and Th17 effector T cells and Treg cells in 
controlling mucosal inflammation in CD.
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INTRODUCTION
Celiac disease (CD) is an immune-mediated disease 
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triggered by the ingestion of wheat gliadin and 
related prolamins from other toxic cereals, such as 
barley and rye, and is responsible for enteropathy in 
genetically susceptible individuals. Much of the genetic 
susceptibility maps to the HLA region on chromosome 
6, as approximately 95% of CD patients carry an 
almost identical HLA DQ2 heterodimer (DQA1*0501 
DQB1*0201). In most individuals who are negative 
for this haplotype, this disease is associated with the 
class Ⅱ alleles DQA1*0301 and DQB1*0302, which 
encode a DQ8 molecule linked to DR4 haplotypes[1]. 
Consistently, gliadin-specific CD4+T cells isolated from 
intestinal biopsies of CD patients respond to gliadin 
peptides presented via HLA-DQ2 or HLA-DQ8. Such 
gliadin-reactive T cells recognize a variety of different 
epitopes, which generally are much better recognized 
by the T cells after deamidation through the enzyme 
transglutaminase 2[1].

The immune response against prolamins of toxic 
cereals is mediated through cytokines produced via 
both innate and adaptive immune branches[2]. In the 
early phase of CD, epithelial cells are likely destroyed 
via toxic gliadin peptides, such as 19-mer, that might 
activate the innate immune system, thereby up-
regulating interleukin (IL)-15 secretion[3]. Therefore, 
immunoadaptive peptides, such as the 33-mer, can 
enter the lamina propria, where the HLA class Ⅱ 
molecules DQ2+ or DQ8+ present these peptides to 
T cells, which activate gluten-reactive T helper (Th)1 
cells and produce high levels of proinflammatory 
cytokines[4].

Although T-cell receptor (TCR)-mediated T-cell 
activation by gliadin peptides has been well documented 
for CD4+ cells restricted by the HLA class Ⅱ molecules 
DQ2 and DQ8, we have identified a peptide recognized 
in the context of HLA class Ⅰ molecules by CD8+ T 
lymphocytes isolated from CD mucosa[5]. This peptide 
induces interferon (IFN)-γ production and the lysis of 
target cells through specific CD8+ T cells[6].

Recently, consistent with our data[7], other studies 
have reported that IL-17 is highly produced in the 
inflamed gut of patients with CD[8-10], confirming the 
involvement of a novel subset of effector T cells, 
termed Th17 cells, in CD pathogenesis. Th17 cells, 
which are highly enriched in the intestine, have been 
implicated in the pathogenesis of various immune-
mediated disorders[11]. 

Concomitantly with the pro-inflammatory response, 
high amounts of the anti-inflammatory cytokines IL-10 
and transforming growth factor-β (TGF-β) are also 
produced in the untreated intestinal mucosa[12-14]. This 
apparent paradoxical milieu of both pro-inflammatory and 
suppressive cytokines strongly suggests that regulatory 
mechanisms might operate to counterbalance the 
gliadin-triggered, abnormal immune activation in 
untreated CD[15]. Importantly, we have observed that 
celiac intestinal mucosa harbors two subsets of regulatory 
T cells (Tregs), known as type 1 regulatory T cells (Tr1) 
and Foxp3+ Tregs, which, through the release of both 

IL-10 and TGF-β, inhibit the pathogenic response to in 
vitro gliadin challenge[16,17].

Herein, we provide an overview of the current 
knowledge about the immune-mediated effects of 
cytokines produced by effector Th1 and Th17 cells and 
suppressor Treg cells in CD.

TH1 CELLS
Although the innate immune response is a prerequisite 
for the excessive activation of adaptive immunity, the 
latter is the more proximate driver of the tissue damage 
that manifests in CD patients. Upon activation, gliadin-
specific CD4+ T cells polarize along the T helper (Th) 
1-type pathway, substantiated by an ability to produce 
large amounts of IFN-γ, the signature cytokine of 
Th1 responses[18]. Indeed, mRNA for IFN-γ is more 
increased in untreated disease than the message for 
IL-2, IL-18, and TNF-α. Furthermore, the IFN-γ mRNA 
levels in the biopsies of treated patients have been 
demonstrated to reach that of untreated patients by in 
vitro stimulation with gliadin[18]. Therefore, IFN-γ might 
be much more involved in the generation of gliadin-
driven mucosal damage in CD, as indicated by the 
efficacy of anti-IFN-γ antibodies in preventing villous 
atrophy[19].

The biological effects of IFN-γ primarily rely on the 
activity of the transcription factor signal transducer and 
activator of transcription (STAT) 1 and the intracellular 
levels of suppressor of cytokine signaling (SOCS)-1, 
a negative regulator that controls the amplitude and 
duration of STAT-1 activation[20,21]. Once activated 
through IFN-γ, STAT-1 dimers migrate to the nucleus 
and bind to the γ-activated sequence (GAS) element 
contained within the promoters of IFN-γ-inducible 
immune-inflammatory genes (e.g., MHC class Ⅱ 
antigens, CD86, IRF-1, INOS, and ICAM-1)[20]. SOCS-1 
is also induced through the IFN-γ/STAT-1 pathway and 
therefore participates in a negative feedback loop[21]. 
We have observed that STAT-1 phosphorylation is 
enhanced in CD mucosa, whereas no SOCS-1 protein 
was detected[22]. These data suggest that exaggerated 
IFN-γ and defective SOCS-1 protein expression result in 
persistent STAT1 activation in CD, thereby contributing 
to the expansion and maintenance of the local 
inflammatory response.

Although there is evidence that effector T cells in the 
human small intestine produce enteropathy[23], the final 
effector molecules involved in mucosal damage in CD 
remain poorly understood. Matrix metalloproteinases 
(MMPs) are a family of endopeptidases that play a key 
role in tissue remodeling under both physiological and 
pathological conditions. The levels of MMP expression 
are increased in CD[24,25], and importantly, studies 
have shown that IFN-γ induces the secretion of certain 
MMPs from fibroblasts with consequent degradation of 
extracellular matrix components[25]. Therefore, IFN-γ 
might be responsible for the production of particular 
MMPs, thereby contributing to the characteristic mucosal 
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lesions of CD, i.e., villous atrophy and crypt hyperplasia.
Concerning intestinal damage mechanisms, recent 

studies have demonstrated the marked expression of 
the stress molecule MICA in enterocytes in patients 
with active disease and the involvement of the MICA-
NKG2D interaction in enterocyte lysis through CD8+ 
intraepithelial lymphocytes (IELs)[26,27]. Interestingly, 
the activation of these killer IELs, although gliadin-
triggered, is TCR independent and most likely 
mediated through IL-15, an inflammatory cytokine 
that is highly upregulated in patient-derived mucosa, 
produced from both enterocytes and dendritic cells[28]. 
Although TCR-mediated T-cell activation through 
gliadin peptides has only been demonstrated for 
CD4+ cells restricted by the HLA class Ⅱ molecules 
DQ2 and DQ8, our recent evidence also supports the 
involvement of HLA class Ⅰ -restricted CD8+ T cells[5,6]. 
We previously reported the TCR-dependent activation of 
intestinal CD8+ T cells through a gliadin-derived peptide 
(pA2) in HLA-A2+ CD patients[5]. This peptide induced 
IFN-γ production and the lysis of target cells through 
specific CD8+ T cells. Furthermore, we showed that 
the intestinal mucosa of HLA-A2+ CD patients harbors 
CD8+ T cells, activated through pA2 gliadin peptide 
following the in vitro challenge of intestinal mucosa. 
These cells recognize gliadin peptide when presented 
by epithelial cells, produce IFN-γ, and contribute to 
the lesion of the intestinal epithelial layer by inducing 
enterocyte apoptosis[6]. Therefore, these data show that 
a gliadin peptide activates mucosa infiltrating CD8+ T 
cells in the context of HLA class Ⅰ restriction, suggesting 
a role for these cells in CD epithelial cell death.

In summary, these observations demonstrate 
that IFN-γ triggers various effector mechanisms, such 
as the upregulation of HLA expression facilitating T 
cell priming and expansion, the secretion of tissue-
damaging MMPs from fibroblasts, the heightened 
cytotoxicity of IELs against enterocytes with increased 

enterocyte apoptosis and villous flattening.
The mediators of the polarization of naïve T-cells 

into Th1 cells in CD are T-bet[29], IFN-α[30] and IL-21[31], 
as shown by the high expression of these molecules 
in the biopsies of CD patients compared with controls. 
T-bet is a member of the T-box family of transcription 
factors that not only direct Th1 lineage commitment[32] 

but are also essential for IFN-γ production in CD4+ T 
cells[33]. In 2002, Monteleone and colleagues revealed 
that T-bet was upregulated in untreated CD mucosa[34]. 
Subsequently, the same authors observed that IFN-γ 
induced T-bet through the STAT-1 signaling pathway 
in vitro[29], suggesting that in CD mucosa, optimal 
IFN-γ/STAT-1 signaling is necessary to expand and 
stabilize the committed Th1 cell phenotype through 
the enhanced expression of T-bet (Figure 1).

Some studies have identified two other cytokines, 
IFN-α and IL-21, as possible candidates to drive and/or 
amplify the Th1 response in CD. IFN-α, a Type I IFN, 
exerts potent antiviral and immuneregulating activity, 
promoting the differentiation and maintenance of Th1 
cells[35]. In a previous study, consistent with others 
reports[34,36], we showed the enhanced production of 
IFN-α and IL-18 in CD mucosa[30]. Both IFN-α and 
IL-18, produced from dendritic cells, can enhance Th1 
polarization and promote IFN-γ synthesis in human 
beings[37]. Notably, blocking IFN-α, but not IL-18, 
inhibits IFN-γ transcripts induced through gliadin in 
cultured celiac biopsy specimens[30]. These findings 
suggest a role for IFN-α in inducing and maintaining 
the local Th1 inflammatory response in celiac disease 
(Figure 1). Nevertheless, the molecular mechanisms 
underlying the effects of gluten on the upregulation of 
IFN-α remain elusive.

IL-21 is a member of the IL-2 family of cytokines 
that is involved in both the differentiation of Th17 cells 
and the maintenance of ongoing Th1 responses[38]. 
Recently, it has been shown that IL-21 expression is 

Figure 1  Influence of the distinct cytokine milieu in the differentiation of gliadin reactive CD4+T cells. The red arrows show the differentiation of gliadin-
reactive cells in the presence of particular cytokines. The blue arrows represent the autocrine amplification loop. IL: Interleukin; TNF: Tumor necrosis factor; TGF: 
Tumor growth factor; IFN: Interferon.
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increased in the intestinal mucosa of patients with 
active CD[31]. Importantly, the stimulation of treated 
CD biopsies with gliadin enhanced IL-21 expression in 
CD4+ T cells, and the neutralization of IL-21 activity 
decreased the expression of IFN-γ and T-bet. Because 
IFN-γ enhances T-bet, these findings suggest that 
IL-21 enhances IFN-γ production by lamina propria 
CD4+ T cells through an autocrine amplification loop, 
thus facilitating the amplification and stabilization of 
the committed Th1 cell phenotype in CD (Figure 1).

Together, these studies indicate that IFN-α, 
produced from innate cells, and IL-21, produced from 
CD4+ T cells, might act in concert to promote the 
proinflammatory TH1 response in CD.

TH17 CELLS
The heterogeneity of CD4 cells was expanded by 
the recent description of a novel subpopulation 
characterized by the production of a distinct set of 
proinflammatory cytokines, including IL-17A, IL-17F, 
IL-21 and IL-22. These cells are generally referred to as 
Th17[39]. Th17 cells are involved in several autoimmune 
or inflammatory diseases[40]. In 2008, Castellanos-
Rubio[8] implicated the Th17 immune response in CD 
pathogenesis, evidenced by the increased expression 
of several Th17-related cytokines in patients with active 
CD. Subsequently, additional studies have confirmed 
that IL-17A is highly produced in the inflamed gut of 
patients with CD[7,9,10,41-43]. In particular, Monteleone 
and colleagues showed that CD4+ and CD4+ CD8+ 
T cells are major sources of this cytokine[9]. Moreover, 
these authors showed that IL-17A-producing T cells 
also coexpress IFN-γ, and blocking IL-21 activity using 
a neutralizing IL-21 Ab reduced IL-17A expression in 
cultures of active CD, suggesting that IL-21 is important 
for the development of Th17 cells, through an autocrine 
amplification loop (Figure 1).

Contrasting evidence of the ability of gliadin-
specific cells to produce IL-17A opens this issue for 
further investigation. In 2010, Bood and colleagues[41] 
reported that IL-17, in contrast with IL-21 and IFN-γ, 
is not produced in gliadin-specific CD4+ T cells, 
suggesting that the activation of Th17 is generated 
through bystander effects. In contrast, gluten-specific 
IL-17A-producing cells have been recently observed in 
the duodenum of CD patients[42], thus supporting an 
active role for Th17 cells in the pathogenesis of CD. 
Furthermore, it was shown that gliadin-specific Th17 
cells also produce IFN-γ and IL-21 proinflammatory 
cytokines, mucosa-protective IL-22, and regulatory 
TGF-β. This finding suggests that Th17 cells in CD, 
secreting both proinflammatory and anti-inflammatory 
cytokines, show functional plasticity. Several studies 
have reported that TGF-β is a critical signaling cytokine 
in Th17 differentiation[44,45]. However, TGF-β signaling 
pathways also play a significant role in the development 
of Treg. Th17 and Treg are antagonistically related. 
At high concentrations, TGF-β alone can divert 

lineage differentiation towards Treg development 
through the induction of Foxp3[46,47] (Figure 1). At 
low concentrations and in the presence of IL6, TGF-β 
induces Th17 differentiation and IL21 production in the 
CD mucosa[8,10,18,30,48-50] (Figure 1). Therefore, these data 
suggest that the importance of the intestine as the site 
of Th17 and Treg cells development might reflect the 
prevailing cytokine environment. However, in CD, TGF-β 
activity is impaired due to IL-15, thus arguing against 
the possibility that this cytokine might play a role in 
Th17 differentiation.

In summary, although it is clear that Th17 cells 
have emerged as a novel subset of a key immune cell 
population, a role for these cells in CD pathogenesis 
remains ambiguous, and further studies should be 
conducted to clarify the potential of Th17 cells for 
therapeutic intervention.

REGULATORY T CELLS
CD results from a break of tolerance in which the 
regulation of the mucosal immune response to dietary 
gliadin might be altered. Several Tregs subsets are 
involved in immune tolerance[51]. These subsets include 
natural Treg cells expressing the forkhead box P3 
(Foxp3) transcription factor, which are selected in the 
thymus, and antigen-induced Foxp3+ cells, generated 
in the periphery[52]. Tr1 cells, that downregulate naive 
and memory T-cell responses upon the local secretion 
of IL-10 and TGF-β[53] and TGF-β-producing Treg cells 
(Th3)[54] are other important subsets, induced in the 
periphery, that possess regulatory properties. TGF-β 
and IL-10 play an essential role in the differentiation of 
Foxp3+ and Tr1 cells, respectively[46,55] (Figure 1).

In the untreated intestinal mucosa, concomitantly 
with the pro-inflammatory response, high amounts of 
the anti-inflammatory cytokines IL-10 and TGF-β are 
also produced[12-14]. This apparent paradoxical milieu 
of both pro-inflammatory and suppressive cytokines 
strongly suggests that regulatory mechanisms might 
operate to counterbalance the gluten-triggered, 
abnormal immune activation in untreated mucosa[15].

Among cytokines with regulatory properties, 
IL10 is a molecule with a strong immunomodulatory 
activity. IL10 is a potent immunoregulatory cytokine 
that suppresses the T cell-mediated immune response 
through either the inhibition of costimulatory molecule 
expression on antigen-presenting cells[56] or the direct 
induction of the long-term unresponsiveness of specific 
T cells[57].

Several groups, including our group, have reported 
higher IL10 mRNA and protein levels in the intestinal 
mucosa of untreated celiac patients than in controls; 
however, these patients also show significantly higher 
levels of proinflammatory cytokines, such as IFN-γ[58]. 
Moreover, the addition of exogenous IL10 to the organ 
culture of biopsies from untreated celiac patients does 
not control the inflammatory process[14]. Nonetheless, 
the addition of IL10 in the organ culture system 
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of treated celiac mucosa challenged with gliadin 
downregulates the specific mucosal immune response 
to gliadin in terms of the reduced densities of CD25+ 
cells, reduced expression of CD80/CD86 costimulatory 
molecules and mRNA for inflammatory cytokines[14]. 
Furthermore, we have shown that the production of 
IFN-γ upon gliadin stimulation is absent at 3 weeks 
after the isolation of gliadin-specific T-cell lines (iTCLs) 
from biopsies cultured with gliadin in presence of 
IL10, suggesting that IL-10 treatment induces an 
anergic state of mucosa-derived, gliadin-reactive T 
cells[14]. Interestingly, when the functions of IL-10 
and TGF-β (the two main Tr1 cytokines) are blocked 
using specific neutralizing antibodies, an increased 
immune activation to gliadin stimulation is observed 
in the vast majority of iTCLs generated, suggesting 
the existence of endogenous anti-inflammatory 
mechanisms in celiac disease mucosa to control local 
gliadin-induced inflammation. Subsequently, the cell 
cloning of gliadin-specific iTCLs revealed that the celiac 
intestinal mucosa harbors gliadin-reactive Tr1 cells 
that show a low proliferative rate to gliadin stimuli, 
but suppress pathogenic T cells through the release of 
both IL-10 and TGF-β[16]. Collectively, these ex vivo and 
in vitro results suggest that gliadin-specific Tr1 cells 
differentiate in vivo most likely as a consequence of 
the marked IL-10 production in inflamed celiac disease 
mucosa (Figure 1).

Although Tr1 cells have some properties similar to 
those of Treg cells, these cells do not express Foxp3[59]; 
this phenomenon suggests that Tr1 cells are functionally 
distinct and might represent another level of regulation 
of the inflammatory response. Foxp3 has been identified 
as a Treg marker, and subsequently several studies have 
demonstrated that the development of Foxp3+ Tregs in 
vivo occurs through a TGF-β-dependent mechanism[60] 
(Figure 1). Similarly, IL-2 plays an essential role in the 
differentiation of Foxp3+ Tregs[61] (Figure 1).

The exact mechanism of suppression through 
Foxp3+ Tregs remains uncertain. In vitro studies 
have shown that the suppressive function is cell 
contact dependent and cytokine independent[62,63]. 
However, additional studies involving animal models 
have suggested a role for IL-10 in the suppression 
through Foxp3+ Treg[64,65]. More recently, Huber and 
colleagues[66] demonstrated that Foxp3+ Tregs control 
Th17 and Th17/Th1 cells in an IL-10-dependent 
manner in vivo.

Several studies have found that the number of 
Foxp3+ T cells are significantly increased in the small 
intestinal mucosa with active CD compared with both 
treated CD and non-CD controls[67,68]. In general, these 
data suggest that Foxp3 expression is associated with 
the Th1-driven mucosal immune response to gliadin. 
Indeed, the expansion of this subset, proportional to 
the intensity of local inflammation, could play a role 
in the negative feedback loop of T-cell activation. 
Recently, in in vitro gliadin challenge systems, we 
provided evidence that Foxp3+ Treg cell can be 

expanded locally during gliadin-specific stimulation 
in the CD intestinal mucosa as a likely attempt to 
curtail the mucosal immune response[17]. Moreover, 
we showed that CD4+ CD25+ Foxp3+ T cells isolated 
from intestinal samples of active CD patients exert 
regulatory effects in vitro in terms of the inhibition 
of proliferation and IFN-γ secretion of CD4+ CD25- 
responder T (Tresp) cells[17].

These data suggest that intestinal Treg cells of 
untreated CD patients are not functionally deficient and 
could control the ongoing immune response to gliadin 
and consequent inflammation. Despite the increased 
frequency and suppressive activity in vitro, Treg cells 
do not control the development of inflammation in the 
small intestinal mucosa with active CD, suggesting 
a defect in the activation of regulatory mechanisms. 
The Cerf-bensussan group showed that IL-15 not only 
plays a pleiotropic role at the interface between innate 
and adaptive immunity in CD, but also interferes with 
two important immunoregulatory mechanisms. First, 
IL-15 was involved in the local downregulation of TGF-β 
signaling[69], required to maintain Tregs and sustain the 
suppressor functions and Foxp3 expression in these 
cells[70]. Second, IL-15 renders effector T cells resistant 
to suppression through Tregs[71,72]. In addition, we 
showed that IL-15 impairs the functions of Treg cells, 
making Tresp cells refractory to the regulatory effects 
of CD4+ CD25+ T cells, in terms of the proliferation 
and production of IFN-γ[17]. The sensitivity of these cells 
to IL-15 action likely reflects the enhanced expression 
of the IL-15 receptor[17], which is consistent with other 
studies[73] in CD patients. In support of this hypothesis, 
we recently showed that in “potential” CD (patients 
with positive CD serology, low local inflammation 
and increased number of Foxp3-expressing cells[67]), 
the suppressive effects of intestinal CD4+ CD25+ 
Foxp3+ T cells were not impaired through IL-15 and 
that the reduced sensitivity to IL-15 in potential CD 
patients likely reflects the reduced expression of IL-15 
receptor[74]. Therefore, the low-grade inflammation in 
potential CD patients could reflect active regulatory 
mechanisms, preventing progression toward mucosal 
damage.

Based on these results and the finding that IL-15 
is overexpressed in the intestinal mucosa of patients 
with active CD, suggesting that in target tissues, the 
function of Tregs might be substantially limited through 
these cytokines, and therapies aimed at neutralizing 
these cytokines might not only decrease bystander 
T-cell activation but also reconstitute the suppressor 
function of regulatory T cells. Furthermore, it would 
be of great importance to investigate strategies to 
boost the numbers and/or function of gliadin-specific 
Tr1 cells, giving rise to new therapeutic avenues for 
CD. Thus, in Crohn’s disease, the administration of 
antigen-specific Tregs was well tolerated with dose-
related efficacy[75], suggesting Treg-based therapy as 
a therapeutic option to restore or induce tolerance in 
T-cell-mediated diseases.
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CONCLUSION
In conclusion, some key aspects of the immuno
pathogenesis of CD are well understood. We know 
that peptide HLA-DQ complexes induce adaptive Th1 
responses that increase the production of cytokines, 
particularly IFN-γ, a key cytokine in the downstream 
initiation of mucosal damage. However, there is 
accumulating evidence of a relevant role for the novel 
Th17 immune response in CD, thus highlighting the 
complexity of the mucosal cytokine network and 
suggesting that anti-cytokine approaches that target 
a single pro-inflammatory cytokine will have major 
limitations in terms of offering an effective therapy for 
CD.

Furthermore, Tregs have also been found in 
intestinal biopsy specimens of patients with celiac 
disease, but the regulatory properties of these cells 
are influenced through the signals received from the 
tissue environment. Indeed, the pro-inflammatory 
microenvironment identified in intestinal biopsies from 
CD subjects might promote the differentiation and 
development of Th1 and Th17 cells, thus restricting 
Treg activity. Therefore, therapeutic approaches to re-
establish regulatory and effector cell homeostasis by 
boosting the number of Treg cells or Treg cell functions 
might be effective for the treatment of CD.
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