
Coeliac disease is a gluten-sensitive enteropathy that 
develops in genetically susceptible individuals fol-
lowing exposure to dietary wheat gluten and similar 
proteins of barley and rye1. Although other environ-
mental factors might be involved in the development 
or pathogenesis of coeliac disease, the observation that 
individuals with coeliac disease experience disease 
remission if they adhere to a gluten-free diet suggests 
that gluten has a key role in the pathogenesis of this 
disease. Susceptibility to coeliac disease is strongly asso-
ciated with the MHC class II molecules HLA-DQ2 and 
HLA-DQ8, and the immune response directed against 
specific gluten antigens leads to the destruction of 
intestinal epithelial cells (IECs). Histological analysis 
has shown that coeliac disease is characterized by the 
loss of villi, crypt hyperplasia and lymphocytic infiltra-
tion that occurs mainly in the proximal part of the small 
bowel (duodenum and jejunum). Patients with coeliac 
disease typically also develop autoantibodies specific 
for the endogenous enzyme transglutaminase 2 (TG2; 
also known as TGM2) and antibodies to gluten. So, 
despite the fact that gluten (and not a self antigen) is the  
single causative agent, coeliac disease can be viewed as 
an organ-specific autoimmune disease (BOX 1).

In general, the immune system is regarded as the 
main factor that is responsible for the pathogenesis of 
organ-specific autoimmunity, and the role of the tar-
geted tissue in the initiation and progression of patho-
genic T cell responses has been less well appreciated. 
Normal tissue function and homeostasis is maintained 
through balancing the need to activate an inflammatory 
immune response to eliminate invading pathogens with 
the need to minimize collateral damage to the tissue as a 
result of an over-exuberant immune response. There are 
numerous mechanisms involving the tissue environment 

that help to avoid the generation of inflammatory T cells 
and prevent those that are generated from causing tissue 
damage. One of the key checks takes place during T cell 
priming in lymphoid organs and determines whether a 
T cell becomes activated or deleted2,3 and, if activated, 
what type of effector or regulatory functions it will gain4. 
Dendritic cells (DCs) are central to this decision-making 
process and their regulatory properties are influenced 
by the signals they receive from the tissue environment. 
This has been well established for intestinal DCs, which 
gain immune regulatory properties from the gut environ-
ment and imprint gut-homing specificity on T cells5–7. 
Another crucial check takes place in the tissue and 
depends on cytotoxic T lymphocytes (CTLs) receiving 
the necessary additional signals to become fully func-
tional effector cells8 (a process referred to as licensing) 
or become resistant to the inhibitory effects of regulatory 
T (TReg) cells9,10. 

So why do T cells in coeliac diseases and organ- 
specific autoimmune diseases acquire an inflamma-
tory phenotype and proliferate, instead of being deleted 
or gaining regulatory functions? How do they become 
‘licensed’ to contribute to tissue destruction? In this 
Review, we use coeliac disease as a model to explore how 
components of the targeted tissue contribute to immune 
dysregulation and tissue damage. Studies of coeliac  
disease are facilitated by the easy access to the targeted 
tissue, the availability of samples from patients who are 
exposed (on a normal diet) or unexposed (on a gluten-free 
diet) to the inciting agent and a set of known genetic risk 
factors. Common factors to coeliac disease and organ- 
specific autoimmune diseases (BOX 1) and the availability 
of extensive information in humans make coeliac disease 
a useful model for understanding the pathogenesis of 
organ-specific autoimmunity in humans.
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Gluten 
Wheat proteins that are not 
tolerated by people with 
coeliac disease. Similar 
proteins exist in barley and rye. 
Gluten consists of proline- and 
glutamine-rich gliadin and 
glutenin subcomponents.

Villi
Projections into the lumen that 
have an outer layer that mainly 
consists of mature, absorptive 
enterocytes and also contain 
mucus-secreting goblet cells.

Crypts
Tubular invaginations of  
the intestinal epithelium. At the 
base of the crypts there are 
paneth cells, which produce 
bactericidal defensins, and 
stem cells, which continuously 
divide and are the source of all 
intestinal epithelial cells.

Tissue-mediated control of 
immunopathology in coeliac disease
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Abstract | Coeliac disease is an inflammatory disorder with autoimmune features that is 
characterized by destruction of the intestinal epithelium and remodelling of the intestinal 
mucosa following the ingestion of dietary gluten. A common feature of coeliac disease and 
many organ-specific autoimmune diseases is a central role for T cells in causing tissue 
destruction. In this Review, we discuss the emerging hypothesis that, in coeliac disease, 
intestinal tissue inflammation — induced either by infectious agents or by gluten — is 
crucial for activating T cells and eliciting their tissue-destructive effector functions.
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Regulatory T (TReg) cell 
A specialized subpopulation of 
CD4+ T cells that can suppress 
the effector responses of other 
T cells. They are characterized 
by the expression of the 
transcription factor forkhead 
box P3 (FOXP3).

Linkage disequilibrium
The nonrandom association of 
alleles at distinct loci owing to 
close physical proximity of the 
loci and a lack of recombination 
between them.

T helper 1 cell 
(TH1 cell). CD4+ T cells that 
produce interferon-γ and 
tumour necrosis factor  
and support cell-mediated 
immunity. 

Mesenteric lymph nodes 
Lymph nodes located at the 
base of the mesentery. They 
collect lymph (including cells 
and antigens) draining from the 
intestinal mucosa.

Insights from genetics
The main genetic factors associated with coeliac dis-
ease are the MHC class II genes that encode HLA-DQ2 
and HLA-DQ8; almost all patients with coeliac dis-
ease express one of these HLA molecules11,12. However, 
HLA-DQ2 and HLA-DQ8 are also common among 
healthy individuals, which suggests that additional 
genetic and/or environmental factors are involved. 
A large discrepancy in concordance rates between 
monozygotic twins and HLA-identical dizygotic twins 
also suggests the involvement of non-HLA genes13. 
Recent genome-wide association studies have led to the 
identification of several non-HLA risk loci for coeliac 
disease14,15 (TABLE 1). These risk loci are linkage disequilib-
rium blocks that contain a limited number of genes. In a 
few instances the susceptibility genes and the causative 
mutations have been identified. The individual effects of 
the non-HLA coeliac disease genes seem to be modest, 
and the collective effect of the associated genes described 
so far has been estimated to contribute to only 3–4% of 
the disease genetic heritability. The contribution of the 
HLA loci to disease heritability is estimated to be 30% 
or greater14. Future studies are expected to uncover more 
genetic regions that contribute to the risk of developing 
coeliac disease, possibly revealing the involvement of 
several hundred genes, which would be consistent with 
the fact that coeliac disease is a heterogeneous disorder.

Much work remains to be done to identify the causa-
tive mutations and to understand how they are involved 
in disease pathogenesis. Most of the candidate genes 
encode immunologically relevant proteins that affect the 
function of antigen-presenting cells (APCs) or T cells. 

Of particular interest is the locus on chromosome 4q27 
that contains the genes encoding interleukin-2 (IL-2) 
and IL-21, among other genes. IL-21 is important for 
the proliferation and function of T cells and natural 
killer (NK) cells and for the differentiation of b cells into 
memory b cells and plasma cells16. Another interesting 
region is the locus on chromosome 2q12 that contains 
IL-18 receptor 1 (IL18R1) and IL-18 receptor accessory 
protein (IL18RAP), which encode the α- and β-chains 
of the IL-18 receptor, respectively. Mature IL-18, which 
is expressed in the intestinal mucosa of patients with 
coeliac disease but not in healthy controls17, induces 
T cells to synthesize the pro-inflammatory cytokine 
interferon-γ (IFNγ). Another risk locus that may also 
be involved in the genetic control of IFNγ production 
in coeliac disease is on chromosome 3q25 and contains 
IL12A, which encodes the p35 subunit of the p35–p40 
heterodimeric IL-12 cytokine. IL-12 is produced by 
APCs and promotes T helper 1 cell differentiation and 
IFNγ secretion. Despite the finding that IFNγ is pro-
duced at high levels in coeliac lesions, mRNA encoding 
IL-12p40 is not present in coeliac lesions18, suggesting 
that IL12A expression might instead be implicated in 
T cell priming in the mesenteric lymph nodes.

Interestingly, many of the loci associated with coeliac 
disease susceptibility are also implicated in several other 
autoimmune diseases. In particular, coeliac disease 
and type 1 diabetes share several susceptibility genes19 
(TABLE 1), suggesting that the pathogenesis of these 
diseases involves common immune pathways. Some 
loci have distinct effects in the two diseases; for exam-
ple, the candidate genes IL12A and LPP (LIM domain 
containing preferred translocation partner in lipoma) 
seem to predispose only to coeliac disease and not to 
type 1 diabetes19. Notably, the genetic studies carried 
out so far do not support the notion that intestinal bar-
rier defects or enterocyte dysfunction have a genetic 
basis in coeliac disease. The increased permeability and 
enterocyte turnover observed in patients with active 
coeliac disease are therefore likely to be secondary to 
the intestinal inflammation.

The multigenic and stochastic nature of T cell-
mediated organ-specific autoimmune diseases such as 
type 1 diabetes and coeliac disease supports the notion 
that these diseases are complex, requiring multiple ‘hits’ 
— including genetic and environmental factors — to 
develop. These diseases differ from monogenic inflam-
matory and autoimmune diseases20,21, in which a defect 
in a single gene is sufficient to induce the disease.

Gluten as an immune response trigger
Coeliac disease is triggered by exposure to gluten  
proteins in the diet. Accordingly, the disease can be con-
trolled if patients refrain from eating gluten, whereas the 
disease recurs following oral gluten challenge, which has 
previously been used as a routine diagnostic test. Two 
features of gluten proteins might explain their ability 
to trigger immune responses. First, the high content of  
proline in gluten proteins makes them resistant to degra-
dation by intestinal proteases such that they can be found 
as long fragments (10–50 residues) in the gut lumen22.  

 Box 1 | Coeliac disease and organ-specific autoimmune disorders

Genetic susceptibility 
Susceptibility to many autoimmune disorders is strongly associated with particular 
variants of HLA molecules. Coeliac disease is associated with HLA-DQ2 and HLA-DQ8, 
and T cells in the intestinal lesion recognize gluten peptides in the context of these  
HLA molecules108,109. Non-HLA genes (many of which encode proteins with immune 
functions) also contribute to the genetic susceptibility of these diseases and many  
of these susceptibility genes are common to various autoimmune disorders110 
(see TABLE 1 for genes shared between coeliac disease and type 1 diabetes).

Antibodies and post-translational modification of antigens 
Coeliac disease is associated with the generation of IgA and IgG autoantibodies 
directed against the self enzyme transglutaminase 2 (TG2; also known as TGM2) 111. The 
sensitivities and specificities of these antibodies are among the highest observed for any 
autoimmune disease112. Moreover, in both coeliac disease and rheumatoid arthritis there 
is an immune response directed against post-translationally modified antigens25,26,113.

Cellular targets 
In both organ-specific autoimmune disorders and coeliac disease, tissue cells are 
targeted by the immune system; for example, enterocytes in coeliac disease and 
β-islet cells in type 1 diabetes.

Pathogenesis 
In several autoimmune diseases and in coeliac disease, interleukin-15 is overexpressed 
in the targeted tissue cells9,64,65,114 and natural killer group 2, member D (NKG2D) is 
involved in disease pathogenesis30,90,104,105. A role for interferon-α (IFNα) in the 
development of various immune-mediated diseases is suggested by the finding that 
treatment with IFNα (for example, to treat chronic infection with hepatitis C virus) is 
associated with the onset of diseases such as coeliac disease, type 1 diabetes and 
autoimmune thyroiditis70,106,107.
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Intraepithelial lymphocyte 
(IEL). A T cell that resides in  
the basolateral side of the 
intestinal epithelium. IELs 
express either an αβ T cell 
receptor (TCR) or a γδ TCR.  

Interleukin-15
(IL-15). A pro-inflammatory 
cytokine that is 
trans-presented by the IL-15 
receptor α-chain to 
neighbouring cells that express 
the IL-2 or IL-15 receptor 
β-chain and common γ-chain 
(γc). It is best known for its role 
in the development and/or 
survival of natural killer cells 
and memory CD8+ T cells. 
However, it is now recognized 
that IL-15 also enhances the 
effector functions of natural 
killer and cytotoxic T cells.

Second, these gluten fragments are good substrates  
for the enzyme TG2, which converts certain glutamine res-
idues to glutamate (BOX 2). This process, known as deami-
dation, increases the ability of the gluten peptides to bind 
to HLA-DQ2 or HLA-DQ8 molecules23,24. Importantly, 
CD4+ T cells isolated from the intestinal lesions of patients 
with coeliac disease preferentially recognize gluten pep-
tides deamidated by TG2 (REFS 25,26). In addition, gluten 
can trigger CD8+ T cell responses in the lamina propria27 
and may expand the intraepithelial lymphocyte population 
independently of MHC presentation28.

Although there is a clear role for gluten in activating 
gluten-specific T cells in the lamina propria, it remains 
unclear whether gluten also contains fragments that can 
stimulate cells of the innate immune system. In vitro 
studies of intestinal organ cultures, primary APCs, and 
epithelial and monocytic cell lines support the notion 
that gluten affects the innate immune system29–36. These 
studies have reported numerous and diverse effects 
of gluten on innate immune cells and other cells. The  
gluten-derived peptide most studied for its innate immune 
properties is the α-gliadin 31–43 peptide, which does 
not induce T cell-specific responses in the gut but has 
immune-stimulating effects29,30. The effects reported by 

different groups on innate or innate-like immune cells 
are diverse in terms of the response generated and the 
cells targeted. The effects on IECs include the induction 
of apoptosis29, upregulation of expression of the stress-
inducible MHC class I polypeptide-related molecules 
(MICs)30 and inhibition of the epidermal growth fac-
tor receptor (EGFR) endocytic pathway, resulting in 
increased EGFR expression and activation31. A more 
general effect on non-T cells includes upregulation of 
the mitogen-activated protein (MAP) kinase p38, CD83 
and IL-15 (REF. 29).

In addition to the α-gliadin 31–43 peptide, vari-
ous other gluten-derived peptides have been reported 
to have innate immune-stimulating properties (FIG. 1). 
One study described a gluten peptide with an amino acid 
sequence similar to that of MHC class I leader peptides, 
which bind to and increase cell surface expression of the 
non-classical MHC class I molecule HLA-E32. HLA-E is 
the ligand for the CD94–natural killer group 2, mem-
ber A (NKG2A) and CD94–NKG2C NK cell receptors 
expressed by intraepithelial lymphocytes8. Other stud-
ies33,34 have described gluten peptides that can activate 
APCs. An involvement of Toll-like receptor 4 (TLR4) in 
gluten-mediated APC activation has been suggested by 

Table 1 | Coeliac disease susceptibility loci

locus* most likely 
candidate gene(s)

Function of proteins encoded by candidate gene(s) Probable immune 
function

Associated with 
type 1 diabetes?

Refs

6p21 HLA MHC is important for antigen presentation Yes Yes 11

2q33 CTLA4 CTLA4 is a receptor on T cells for CD80 and CD86 and is a 
negative regulator of T cell activation

Yes Yes 119

4q27 IL2 and IL21 IL-2 is a growth factor for T cells; IL-21 is a cytokine that 
enhances B cell, T cell and NK cell functions 

Yes Yes 14

1q31 RGS1 RGS1 is involved in cell signalling and is expressed by 
intraepithelial lymphocytes

Yes Yes 15

2q12 IL1R1, IL18R1 and 
IL18RAP

The α-chain and β-chain of the IL-18 receptor are encoded 
by IL18R1 and IL18RAP, respectively; IL-18 promotes 
interferon-γ production

Yes Yes 15

3p21 CCR1, CCR3, CCR2 
and CCR5

The chemokine receptors CCR1, CCR3, CCR2 and 
CCR5 are encoded at this locus; there are probably two 
independent coeliac disease risk factors at this locus

Yes Yes 15

3q25 IL12A The p35 subunit of the cytokine IL-12 is encoded at this 
locus; IL-12 favours T

H
1 cell differentiation 

Yes No 15

3q28 LPP Unknown No No 15

6q25 TAGAP TAGAP is expressed by activated T cells and is important 
for modulating cytoskeletal changes

Yes Yes 15

12q23 SH2B3 Lymphocyte adaptor protein (LNK) is encoded at this locus 
and is involved in signalling in lymphocytes, including 
T cells

Yes Yes 15

18p11 PTPN2 The T cell protein tyrosine phosphatase is a negative 
regulator of inflammation

Yes Yes 19

6q23 TNFAIP3 TNFαIP3 is a zinc-finger protein that inhibits nuclear 
factor-κB activity and tumour necrosis factor-mediated 
programmed cell death

Yes Yes 120

2p13 REL REL is a component of the nuclear factor-κB transcription 
complex

Yes No 120

CCR, CC-chemokine receptor; CTLA4, cytotoxic T lymphocyte antigen 4; IL, interleukin; LPP, LIM domain containing preferred translocation partner in lipoma; 
NK, natural killer; PTPN2, protein tyrosine phosphatase, non-receptor type 2; R, receptor; RAP, receptor accessory protein; RGS1, regulator of G protein signalling 1; 
TAGAP, T cell activation RhoGTPase activating protein; T

H
1, T helper 1; TNFAIP3, tumour necrosis factor, α-induced protein 3. *The odds ratios of the strongest 

associated markers of the non-HLA loci range from 0.7–1.4.
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Leader peptides 
(Also known as signal 
sequences). Hydrophobic 
amino acid sequences that 
signal for proteins to 
translocate to the endoplasmic 
reticulum. The leader peptide 
is cleaved before a protein is 
transported from the cell.

HLA-E
A human non-classical MHC 
class I molecule that is 
composed of the HLA-E heavy 
chain, β2-microglobulin, and a 
peptide that is often derived 
from the leader peptides of 
other MHC class I polypeptides 
or from certain microbial 
pathogens. HLA-E is recognized 
by CD94–NKG2 receptors.

CD94–NKG2C 
An activating C-type lectin 
natural killer cell receptor that 
is expressed by natural killer 
cells (under normal conditions) 
and some T cells (under 
pathological conditions).

Polyinosinic–polycytidylic 
acid 
(PolyI:C). A substance that is 
used as a mimic of viral 
double-stranded RNA.

one group35. Finally, another set of gluten peptides was 
shown to activate CXC-chemokine receptor 3 (CXCR3) 
and myeloid differentiation primary response protein 88 
(MYD88) in enterocytes, resulting in increased intestinal  
permeability36.

It is currently unclear how gluten could have such a 
range of biological effects on innate immune cells and 
how it can bind to unrelated receptors; further study is 
therefore required to identify the molecular mechanisms 
involved. However, if confirmed, the possible role of  
gluten as an activator of the innate immune system might 
explain how inflammatory gluten-specific CD4+ T cell 
responses are induced and how CTLs become licensed 
to kill IECs. based on the current data, we suggest that 
in genetically susceptible individuals gluten leads to the 
activation of cellular stress pathways or to the conversion 
of self molecules into ligands for immune receptors (such 
as TLRs), which in turn could trigger the release of pro-
inflammatory mediators that promote the development 
of inflammatory T cell responses.

TG2 activation and gluten-specific T cell responses
The role of post-translational modifications of proteins 
in autoimmunity and coeliac disease is now well recog-
nized37. It is thought that post-translational modifications 
can enhance the affinity of peptides for particular MHC 
molecules and/or create neoantigens that may promote 
pathogenic T cell responses. In the context of coeliac dis-
ease, post-translational modification of gluten by TG2 is 
thought to have a crucial role in the gluten-specific CD4+ 
T cell response25,26. Recent in vivo experiments in mice 
indicate that TG2 is inactive in the intestinal mucosa  
in the resting state but is activated following treatment of 
the animals with polyinosinic–polycytidylic acid (polyI:C;  
a ligand of TLR3)38. A possible involvement of TLR3  
ligation in TG2 activation suggests that infection with 
certain viruses (for example, double-stranded RNA 
viruses such as rotavirus) might be involved in vivo 
through the provision of ligands for TLR3. Alternatively, 
it is also possible that inflammation-induced tissue 
destruction and the subsequent release of intra cellular 
TG2 might trigger its activation. Indeed, the initial 
CD4+ T cell response may be directed against native 

gluten peptides and this may be sufficient to induce 
tissue inflammation and consequently TG2 activation. 
Support for this order of events has been provided by 
recent studies using an HLA-DQ8-transgenic mouse 
model39 and by the observation that T cell responses in 
children seem to be mainly directed against native gluten 
peptides40. whether HLA-DQ2-restricted gluten-specific 
T cell responses can be initiated in the absence of TG2 
activation remains to be determined.

Molecular basis for the HLA-DQ association
understanding why particular MHC class II molecules 
predispose people to coeliac disease, and indeed why 
other MHC molecules predispose to other diseases, has 
been a subject of intense research. There is now good 
evidence that the MHC association in coeliac disease 
is linked to the preferential binding by HLA-DQ2 and 
HLA-DQ8 molecules to proteolysis-resistant gluten 
peptides that have negatively charged glutamate resi-
dues introduced by TG2 (REFS 22–26). Moreover, several 
studies show how the combination of an antigen, tissue-
derived factors and particular MHC molecules can  
determine the amplitude of specific T cell responses 
and development of disease. Koning and colleagues41 
proposed a quantitative model for coeliac disease 
development involving a threshold effect, in which 
the number of gluten peptide–MHC (HLA-DQ2 or 
HLA-DQ8) complexes expressed on the surface of 
APCs is a limiting factor that defines the magnitude of 
the gluten-specific CD4+ T cell response and the conse-
quent induction of intestinal tissue damage. This model 
was based on the finding that susceptibility to coeliac 
disease is higher in individuals who are homozygous 
for HLA-DQ2 or HLA-DQ8 than in individuals who 
are heterozygous for these alleles, suggesting gene-dose 
effects of the HLA-DQ molecules42,43. For HLA-DQ2, 
gene dose was shown to be directly related to the mag-
nitude and breadth of gluten-specific T cell responses41. 
Recent studies39,44,45 analysing other aspects of the 
HLA-DQ2- and HLA-DQ8-restricted CD4+ T cell 
response have provided additional support for and per-
spectives on the importance of threshold in the priming 
of gluten-specific T cell responses.

HLA-DQ8 and the gluten-specific CD4+ T cell response. 
unlike some other HLA-DQ alleles, HLA-DQ8 does 
not have an aspartate residue at position 57 of the 
β-chain (Aspβ57). This polymorphism has been 
shown to be important in determining susceptibility to 
type 1 diabetes46 and may also be important in coeliac 
disease39. The lack of Aspβ57 in HLA-DQ8 creates a 
large, positively charged P9 pocket in the peptide-
binding groove. This unique feature of the HLA-DQ8 
P9 pocket bestows a preference for binding a negatively 
charged residue47,48. HLA-DQ8 Aspβ57 also seems to 
select T cell populations, responding to non-charged 
native (that is, not deamidated) peptides, that express 
T cell receptors (TCRs) with a negatively charged  
complementarity-determining region 3β (CDR3β); this 
may help to stabilize the weak interaction between the 
native gluten peptide and HLA-DQ8 (REF. 39). These 

 Box 2 | Transglutaminase 2: an autoantigen and a pathogenic enzyme

Transglutaminase 2 (TG2; also known as TGM2) is an enzyme with multiple functions115 
that is expressed as a cytoplasm protein but is also found extracellularly. In the 
presence of Ca2+ and the absence of guanosine-5ʹ-triphosphate (GTP), TG2 modifies 
certain glutamine residues of polypeptides either to cross link with primary amines (a 
transamidation reaction) or to convert into glutamate (a deamidation reaction). TG2 
has a role in tissue repair by catalysing protein cross linking115 and in coeliac disease 
pathogenesis by deamidating glutamine residues25,26,116. TG2 targets specific glutamine 
residues, in particular in Gln-X-Pro sequences (in which X denotes any amino acid)117, 
which are frequently found in gluten proteins. Substrate sequence specificity for TG2 
therefore fundamentally determines the T cell stimulatory epitopes by generating 
peptides with negatively charged amino acid residues that bind better to the 
disease-associated HLA-DQ2 or HLA-DQ8 molecules117,118. Intriguingly, IgA and IgG 
autoantibodies specific for TG2 (REF. 111) are found only in patients who have gluten in 
their diet, suggesting that the generation of autoantibodies in coeliac disease requires 
an exogenous trigger (gluten).
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IL-15 production 
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production of 
inflammatory cytokines 
such as TNF
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Non-obese diabetic (NOD) 
mice 
A strain of mouse that 
spontaneously develops 
idiopathic autoimmune 
diabetes that closely 
resembles type 1 diabetes in 
humans and involves 
autoreactive T cell-mediated 
destruction of pancreatic β-islet 
cells. The main component of 
susceptibility is the MHC 
haplotype H2g7.

TCRs were shown to cross-react with the deamidated 
gluten peptide and can therefore also be involved in 
T cell responses after TG2 becomes activated. Once 
TG2 is activated, the T cell response becomes directed 
towards the deamidated version of the peptide, which 
binds with higher affinity to HLA-DQ8 and does not 
require TCRs with a negatively charged residue in the 
CDR3β loop. Consistent with this, immunization of 
HLA-DQ8-transgenic mice with a mixture of native 
and deamidated gluten peptides resulted in the recruit-
ment of a broader TCR repertoire and a gluten-specific 
T cell response of higher magnitude than that induced 
by immunization with deamidated peptide alone39. 
In accordance with the mouse model, human gluten-
specific HLA-DQ8-restricted T cells were found to  
express TCRs with a charged residue in CDR3β and  
to recognize both native and deamidated forms of  
gluten peptides. Together, these findings led us to 
propose a model (FIG. 2a) in which HLA-DQ8 associa-
tion with coeliac disease can be explained by its ability  
to select distinct but cross reactive TCRs in response to 
native and deamidated peptides and thereby amplify the  
gluten-specific T cell response. Interestingly, T cells 
bearing a similar signature charge in CDR3β have also 
been described in the early β-islet infiltrate of non-obese 
diabetic (NOD) mice49, suggesting that similar mechanisms 
may apply to type 1 diabetes.

HLA-DQ2 and the gluten-specific CD4+ T cell response. 
whereas HLA-DQ8 has a preference for binding neg-
atively charged residues in the P1 and P9 pockets47,48, 
HLA-DQ2 has a preference for binding negatively 
charged residues in the P4, P6 and P7 pockets50 (FIG. 2). 
These distinct HLA-DQ2 and HLA-DQ8 binding sig-
natures result in the selection of T cell responses to dif-
ferent α-gliadin epitopes44,49. HLA-DQ2 seems to have a 
unique ability to accommodate proline residues in the 
P1 pocket, and notably most of the characterized HLA-
DQ2-restricted epitopes that are recognized by gluten-
specific T cells have a proline residue at P1 (REF. 51). These 
epitopes probably cannot bind to HLA-DQ8. The fact 
that HLA-DQ2 is better suited than HLA-DQ8 to bind 
the proline-rich gluten peptides that survive gastroin-
testinal digestion may be the reason why HLA-DQ2 is 
a stronger susceptibility determinant for coeliac disease 
than HLA-DQ8 (FIG. 2b).

Two variants of HLA-DQ2 molecules exist: 
HLA-DQ2.5 and HLA-DQ2.2. HLA-DQ2.5, which is 
encoded by the HLA-DQA1*05 (α-chain) and HLA-
DQB1*02 (β-chain) alleles, is associated with coeliac 
disease and many other autoimmune diseases51,52. 
by contrast, HLA-DQ2.2, which is encoded by the 
HLA-DQA1*0201 and HLA-DQB1*02 alleles, has, on 
its own, a very low risk for coeliac disease and is not 
associated with other autoimmune diseases. However,  

Figure 1 | Effects of gluten on intestinal epithelial cells and antigen-presenting cells. Diverse effects of gluten on 
intestinal epithelial cells (IECs) and antigen-presenting cells (APCs) have been described. The most commonly described 
gluten peptide that affects IECs is the α-gliadin 31–43 peptide (amino acid sequence: LGQQQPFPPQQPY). No specific 
receptor has been identified for this peptide; instead, it is thought to mediate its effects by altering cell trafficking and/or 
activating currently undefined cell stress pathways. This peptide has also been shown to activate mitogen-activated protein 
kinases (MAPKs) and upregulate the expression of interleukin-15 (IL-15), MHC class I polypeptide-related molecules (MICs) 
and epidermal growth factor receptor (EGFR). Other gluten peptides have also been reported to activate APCs by undefined 
mechanisms or by binding to Toll-like receptor 4 (TLR4). Finally, additional sets of gluten peptides were reported to stabilize 
the expression of the non-classical MHC class I molecule HLA-E, a ligand for the CD94 natural killer cell receptor family, or 
increase intestinal permeability following binding to CXC-chemokine receptor 3 (CXCR3). TNF, tumour necrosis factor.
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Figure 2 | The importance of threshold for induction of pathogenic 
gluten-specific CD4+ T cells. a | The initial gluten-specific T cell response 
in HLA-DQ8-positive patients with coeliac disease is directed against native 
(undeamidated) gluten peptides and involves T cell receptors (TCRs) with 
negatively charged residues that interact with positively charged structures 
of HLA-DQ8, thereby stabilizing the peptide–MHC–TCR interaction. Half of 
the T cells that respond to the native gluten peptide also recognize (in some 
cases with higher avidity) the deamidated form of the gluten peptide that is 
subsequently generated by transglutaminase 2 (TG2; also known TGM2). T cell 
responses to deamidated gluten peptides, which bind better to HLA-DQ8, 
do not depend on TCRs with negatively charged residues and so have a 
distinct and diverse TCR repertoire. The combined T cell response is greater 
than the response to the native or deamidated peptides alone and this helps 
to reach the threshold needed for priming a pathological T cell response. 
b | Gluten-derived T cell epitopes are rich in proline residues (making them 
resistant to gastrointestinal proteolysis) and harbour glutamate residues that 

are introduced by TG2-mediated deamidation. HLA-DQ2 has a preference 
for binding negatively charged residues (such as glutamate) in P4, P6 and P7 
pockets, whereas HLA-DQ8 has a preference for binding negatively charged 
residues in P1 and P9. Furthermore, HLA-DQ2 preferably binds peptides with 
proline at position P1, and such peptides may be present in high numbers 
owing to their protease resistance. This would support the presentation of 
higher levels of peptide–HLA-DQ2 complexes than peptide–HLA-DQ8 
complexes, increasing the likelihood of reaching a threshold needed for the 
priming of a pathogenic T cell response. c | There are two types of HLA-DQ2 
molecule: HLA-DQ2.5 (encoded by HLA-DQA1*05 and HLA-DQB1*02) 
and HLA-DQ2.2 (encoded by HLA-DQA1*0201 and HLA-DQB1*02). Only 
HLA-DQ2.5 is a strong risk factor for coeliac disease. Recent work shows 
that HLA-DQ2.5 binds gluten peptides with higher kinetic stability and 
allows longer gluten presentation than HLA-DQ2.2, thereby increasing the 
likelihood of reaching the threshold required for successful priming of 
pathogenic T cells. APC, antigen-presenting cell.
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Plasmacytoid dendritic cell 
(Plasmacytoid DC). An 
immature DC with a 
morphology that resembles 
that of a plasma cell. 
Plasmacytoid DCs produce 
large quantities of type I 
interferons (that is, interferon-α 
and interferon-β) after 
activation: for example, when 
stimulated through Toll-like 
receptors.

HLA-DQ2.2-positive individuals who are HLA-DR5DQ7/ 
HLA-DR7DQ2.2 heterozygous do have a high risk of 
developing coeliac disease11. These individuals express 
the HLA-DQ2.5 molecule, but the encoding alleles (HLA-
DQA1*05 and HLA-DQB1*02) are located on opposite 
chromosomes. It was therefore unclear, until recently, 
why HLA-DQ2.2 is not a significant risk factor for coeliac 
disease, given that HLA-DQ2.5 and HLA-DQ2.2 have 
very similar peptide binding motifs53 and that T cells 
from HLA-DQ2.5 individuals can recognize many glu-
ten epitopes presented by HLA-DQ2.2 (REF. 51). A recent 
study has provided insight into this issue by showing that 
HLA-DQ2.5 binds gluten peptides with a higher affinity 
than HLA-DQ2.2 and supports prolonged gluten pres-
entation by APCs45 (FIG. 2c). The functional difference 
between the two molecules was attributed to a polymor-
phism in the HLA-DQ α-chain, which in HLA-DQ2.5 is 
a tyrosine residue but in HLA-DQ2.2 is a phenylalanine 
residue; only the tyrosine residue can form a hydro-
gen bond to the gluten peptide main chain, facilitating  
prolonged peptide–MHC association.

The importance of peptide–MHC half-life for the 
in vivo priming of CD8+ T cells was recently shown using 
an MHC class I-transgenic mouse model54. Substitution of 
a single residue in an MHC class I peptide ligand, which 
did not affect TCR recognition but which gave a moderate 
difference in peptide–MHC half-life (6 versus 2.3 hours), 
resulted in an enormous difference (30,000-fold) in the 
in vivo antigenicity of the peptides. The authors showed 
that the degree of CD8+ T cell activation by DCs in the 
draining lymph node was determined by a threshold of 
cognate peptide–MHC complexes54. The peptide binding 
off-rate was found to be the key determinant in this proc-
ess. So, the better ability of HLA-DQ2.5 to remain loaded 
with its peptide cargo, compared with HLA-DQ2.2, 
should facilitate DC priming of naive T cells in the sec-
ondary lymphoid tissue. These findings could explain the  
difference between these two HLA-DQ2 variants in  
the susceptibility they confer to coeliac disease and  
possibly more generally to autoimmune diseases.

Together, these studies reveal how, in combination, 
a glutamine- and proline-rich peptide, deamidation of 
the peptide by intestinal TG2 and the particular physico-
chemical properties of HLA-DQ2.5 and HLA-DQ8 lead 
to the induction of a gluten-specific CD4+ T cell response 
of sufficient amplitude to promote intestinal damage (the 
threshold effect) (FIG. 2).

Effect of inflammation on gut homeostasis
Effect of tissue-derived inflammatory factors on oral 
tolerance. The largest part of the mammalian immune 
system is associated with the gastrointestinal tract, where 
it is faced with the formidable task of mounting an 
effective response to pathogenic microorganisms while 
remaining unresponsive to innocuous food antigens and 
commensal bacteria. The default response by the intes-
tinal immune system to orally administered protein is 
the induction of forkhead box P3 (FOXP3)+ TReg cells6,7 
that secrete anti-inflammatory cytokines (such as trans-
forming growth factor-β (TGFβ), IL-10 and IL-4) and 
promote the production of IgA antibodies55 — an active 

process referred to as oral tolerance56. These TReg cells are 
induced by intestinal DCs that are modified by entero-
cyte-derived factors, such as retinoic acid and TGFβ, 
that confer tolerogenic properties on the DCs57,58. Oral 
tolerance has been extensively studied in rodents59 and 
has also been shown to occur in humans60.

However, unlike in healthy individuals, inflamma-
tory CD4+ T cell responses to dietary gluten in the small 
intestinal mucosa can be observed in patients with coeliac  
disease61. One possible explanation for this observation 
is that there is an alteration to the intestinal environment 
that affects the differentiation and/or function of FOXP3+ 
TReg cells in individuals with coeliac disease. The intestinal 
mucosa of patients with coeliac disease is characterized 
by the presence of high levels of the pro-inflammatory 
cytokines IL-15 (produced in the epithelium62,63 and 
lamina propria64) and IFNα65–67. The cellular source of 
IFNα in the coeliac lesions is not clear, as many cells can 
produce IFNα. Plasmacytoid DCs are known to produce 
large amounts of IFNα and were observed in high num-
bers in coeliac lesions in one study68 but not in another 
study69. Some observations suggest an intriguing poten-
tial link between high levels of IL-15 and IFNα in the 
intestinal mucosa and loss of oral tolerance. For example, 
IFNα treatment (for chronic hepatitis)70 and rotavirus 
infections71 were found to precipitate the induction of 
inflammatory anti-gluten responses and the generation 
of TG2-specific antibodies. Furthermore, our prelimi-
nary findings using HLA-DQ8-transgenic mice suggest 
that IL-15 alters the phenotype and function of intesti-
nal DCs and prevents the induction of FOXP3+ TReg cells 
after oral challenge with gluten (b.J., unpublished obser-
vations). based on these observations, we propose that 
intestinal DCs stimulated by pro-inflammatory media-
tors such as IL-15 and IFNα may lose their tolerogenic 
phenotype and instead promote the differentiation of 
pro-inflammatory T cells (despite the continued pres-
ence of tolerogenic mediators such as retinoic acid and 
TGFβ) (FIG. 3).

Effect of tissue-derived inflammatory factors on T cell 
regulation. Several studies have analysed whether 
effector CD4+ and CD8+ T cells become resistant to 
immune regulation in the presence of IL-15 (REFS 9,10). 
For example, in the joints of patients with juvenile idio-
pathic arthritis, IL-15 was found in the synovial fluid 
and, when added to in vitro cultures, it abrogated the 
suppressive activity of FOXP3+ TReg cells9. In addition, 
IL-15 was shown to prevent the inhibitory effects of 
TGFβ on intraepithelial lymphocytes72. These findings 
suggest that effector T cells in the gut mucosa of patients 
with coeliac disease, which contains high levels of IL-15 
(REFS 64–66), might be insensitive to the regulatory 
effects of TGFβ and FOXP3+ T cells (FIG. 4). In addition, 
IL-21, which is also highly expressed in the mucosa of 
patients with coeliac disease73, similarly renders T cells 
resistant to the effects of FOXP3+ TReg cells74. Together, 
these findings may explain why, despite the presence 
of FOXP3+ TReg cells in autoimmune disease9, destruc-
tive effector T cell responses are not inhibited. whether 
IFNα has similar effects remains to be determined.

R E V I E W S

864 | DECEMbER 2009 | VOLuME 9  www.nature.com/reviews/immunol

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.uniprot.org/uniprot/Q9BZS1
http://www.uniprot.org/uniprot/P40933


Nature Reviews | Immunology

Gut lumen
Gluten

a  Steady-state conditions b  Inflammation or infection

Lamina
propria

Mesenteric 
lymph node

Gluten-specific
TReg cell?

Gluten-specific 
TH1 cell

TGFβ
IL-10

TGFβ

Tolerogenic
DC

IL-15, 
IFNα or 
infection?

RA

Inflammatory
DC

IL-12?
IFNα? IFNγ and 

IL-21?

Gluten-specific
TReg cell

Gluten-specific 
TH1 cell

Intestinal
epithelial cell

Intraepithelial cytotoxic T 
lymphocytes 
(Intraepithelial CTLs). Cytotoxic 
CD8+ T cells found in the 
epithelial layer that lines 
mucosal surfaces. Their main 
role is to maintain the integrity 
of the mucosa by eliminating 
infected epithelial cells.
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Complexes of antigen bound  
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complement system. The levels 
of immune complexes are 
increased in many autoimmune 
disorders, in which they 
become deposited in tissues 
and cause tissue damage.

Tissue inflammation and licensing of CTLs
The role of CD4+ T cells in the induction of intestinal 
damage. Several lines of evidence indicate an essential 
role of CD4+ T cells in coeliac disease pathogenesis. These 
include: the HLA locus being the single most important 
genetic risk factor; the detection of gluten-specific, HLA-
DQ-restricted CD4+ T cells in the intestinal mucosa of 
patients with TG2-specific antibodies; and the correla-
tion between removal of gluten, loss of the gluten-specific 
CD4+ T cell effector response and the recovery of intesti-
nal villi. However, there is now evidence, both in humans 
and mice, that CD4+ T cells are not the effector cell type 
that mediates tissue damage in coeliac disease. Instead, 
CD4+ T cells help to set up the necessary inflammatory 
environ ment that allows intraepithelial CTLs to induce tissue  
damage (FIG. 4). This could be achieved through the secre-
tion of pro-inflammatory cytokines such as IFNγ75 and 
IL-21 (REF. 76), which may promote epithelial cell destruc-
tion by intraepithelial CTL activation (see below). In 
addition, it is probable that gluten-specific CD4+ T cells 
help b cells to differentiate into plasma cells that secrete 

gluten- and TG2-specific IgA and IgG antibodies77. These 
antibodies may contribute to intestinal damage by increas-
ing the transcellular transport of gluten from the lumen 
to the lamina propria and thereby amplifying the gluten- 
specific CD4+ T cell response78. Furthermore, the formation  
of immune complexes can trigger activating Fc receptors on 
APCs, leading to the release of pro-inflammatory media-
tors79 (FIG. 4). Of note, in addition to gluten-specific CD4+ 
T cells, gluten-specific CD8+ T cells have been found in 
the lamina propria27, but their possible role in coeliac  
disease pathogenesis remains to be established. 

The role of intraepithelial CTLs in destruction of IECs 
and villous atrophy. In intestinal diseases, such as graft-
versus-host disease80 and autoimmune enteropathies81, 
in which CD4+ T cells are viewed as the main effector 
cell mediating tissue damage, crypt cells are the primary 
targets of the destruction process and intraepithelial 
CTLs expand only moderately and late in the disease 
process. by contrast, coeliac disease is characterized 
by the presence of intact, hyperproliferative crypts82, 
suggesting that surface IECs are the main targets of 
the destructive process. Furthermore, intraepithelial 
CTLs expand early in the disease process and correlate 
with the presence of villous atrophy83. Finally, whereas 
approaches aimed at activating CD4+ T cells failed to 
induce villous atrophy84,85, there are now several mouse 
models showing that activation of intraepithelial CTLs 
by IL-15 expressed on IECs results in the destruction 
of IECs and villous atrophy86,87. This suggests that tis-
sue remodelling caused by CD4+ T cells alone cannot 
explain villous atrophy observed in coeliac disease, and 
that other mechanisms such as the destruction of IECs 
by intraepithelial CTLs need to be invoked.

The role of intraepithelial CTLs in coeliac disease 
pathogenesis was initially disregarded because gluten-
specific CD8+ T cells were not found and because HLA 
class I alleles do not seem to have a clear genetic effect 
on coeliac disease88. Independent of their antigen spe-
cificity, a role for intraepithelial CTLs as the key effector 
cell subset that mediates IEC destruction has been sug-
gested based on the discovery that these cells in humans 
express the activating receptor NKG2D89. Expression of 
this receptor conferred potent co-stimulatory and direct 
cytotoxic functions on the CTLs, in particular following 
stimulation with IL-15 (REFS 89,90).

In contrast to the equivalent mouse cells, human 
effector CD8+ T cells lack expression of the co-stimula-
tory receptor CD28 and instead express NK cell recep-
tors that recognize non-classical MHC class I molecules 
and modulate TCR signalling64,89,91. In healthy individu-
als, intraepithelial CTLs express the inhibitory receptor 
CD94–NKG2A, the C-type lectin CD161 (also known as 
KLRb1) and low levels of the activating receptors NKG2D 
and CD94–NKG2C89,91,92. by contrast, intraepithelial CTLs 
from patients with coeliac disease lose their expression of 
the inhibitory receptor CD94–NKG2A92 and acquire high 
levels of expression of the activating receptors NKG2D90 
and CD94–NKG2C92. At the same time, IECs upregulate 
the expression of ligands for these activating receptors: the 
MICs30,90 and HLA-E92, respectively.

Figure 3 | Induction of an inflammatory anti-gluten immune response following 
gluten ingestion may result from alteration of intestinal dendritic cells by 
inflammatory tissue signals. a | The default response to oral antigens is the induction 
of regulatory T (T

Reg
) cells that produce transforming growth factor-β (TGFβ) and 

interleukin-10 (IL-10). The existence of gluten-specific T
Reg

 cells in humans is yet to be 
demonstrated. b | Under inflammatory conditions, the expression of pro-inflammatory 
mediators is upregulated in the intestinal environment and dendritic cells (DCs)  
may acquire the ability to promote the differentiation of T cells that produce 
pro-inflammatory cytokines such as interferon-γ (IFNγ) and possibly IL-21. This may 
involve the production of IL-12 and possibly also IFNα by DCs in the mesenteric lymph 
node. Future studies are needed to determine whether acquisition of an inflammatory 
phenotype by DCs in patients with coeliac disease results directly following exposure to 
gluten or is secondary to an infection (for example with rotavirus) and the presence of 
pro-inflammatory mediators such as IL-15 and IFNα in the intestinal environment.  
RA, retinoic acid; T

H
1, T helper 1.
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In addition, IL-15, produced by IECs in patients 
with coeliac disease, has recently been shown to induce 
signalling in CTLs and can alter their function, in par-
ticular by upregulating the expression of NKG2D and 
co-stimulating the NKG2D cytotoxic signalling path-
way89,90,93 (FIG. 5). Interestingly, NKG2D and IL-15 also 
induce the release of arachidonic acid93 and, poten-
tially, leukotrienes, which are potent pro-inflammatory 
mediators94. Activation of intraepithelial CTLs by 
NKG2D and IL-15 could therefore not only contribute 
to the destruction of IECs but also promote nonspecific 
inflammation in the intestinal mucosa of patients with 
coeliac disease (FIG. 5). Interestingly, Vδ1+ intraepithelial 
γδ T cells are significantly increased in the intestinal 
epithelium of patients with coeliac disease95, suggest-
ing that they may recognize stress-inducible ligands 
on IECs, such as MICs and CD1 (REFS 96,97). However, 
in contrast to intraepithelial CTLs, intraepithelial γδ 
T cells remain present in the mucosa at high numbers 
for years after patients go on a gluten-free diet, imply-
ing that they do not have a role in the pathogenesis of 

the disease83. Instead, it has recently been suggested that 
they have a regulatory role, based on their ability to pro-
duce TGFβ, their expression of the inhibitory receptor 
CD94–NKG2A98 and on the observation that they are 
found in greater numbers in patients with latent coeliac 
disease with normal intestinal histology than in patients 
with active disease99.

NK cell reprogramming of intraepithelial CTLs in coeliac 
disease and refractory sprue. The finding that NKG2D-
mediated activation in intraepithelial CTLs could pro-
mote killing of IECs provided an explanation as to how 
intraepithelial CTLs might be involved in coeliac disease-
associated tissue damage despite not being gluten specific. 
However, because NKG2D in humans does not associate 
with the immunoreceptor tyrosine-based activation motif 
(ITAM)-bearing adaptor molecule DAP12 (REF. 100) and 
consequently fails to induce cytokine secretion and pro-
liferation, it did not explain how these events could occur 
in patients with coeliac disease. The molecular basis for 
this paradox was clarified by the finding that a subset 

Figure 4 | Gluten-specific CD4+ T cells contribute to the inflammatory environment required for activation of 
pathogenic intraepithelial cytotoxic T lymphocytes. a | In steady-state conditions, regulatory T (T

Reg
) cells contribute 

to maintenance of homeostasis in the intestinal tissue by inhibiting the induction of gluten-specific T cell responses and by 
promoting the production of IgA. b | During inflammation or infection, gluten-specific CD4+ T helper 1 (T

H
1) cells secrete 

pro-inflammatory mediators such as interferon-γ (IFNγ) or interleukin-21 (IL-21), which act on intestinal epithelial cells 
(IECs), promote activation of intraepithelial cytotoxic T lymphocytes (CTLs) and block the inhibitory effects of forkhead 
box P3 (FOXP3)+ T

Reg
 cells. In addition, gluten-specific T

H
1 cells are thought to help B cells to produce gluten- and 

transglutaminase 2 (also known as TGM2)-specific IgG and IgA antibodies. These antibodies may contribute to 
inflammation by engaging Fc receptors (FcRs) on antigen-presenting cells (APCs) and may contribute to extraintestinal 
manifestations through the deposition of immune complexes in tissues such as the skin and brain. Inflammation is also 
associated with upregulation of expression of the IgA receptor CD71 (also known as transferrin receptor) on the luminal 
surface of IECs. CD71-mediated transcytosis could facilitate the entry of IgA–gluten complexes into the intestinal mucosa. 
CSR, class switch recombination; DC, dendritic cell; TGFβ, transforming growth factor-β.
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of intraepithelial CTLs in patients with coeliac disease 
underwent a profound genetic reprogramming of NK cell 
functions, becoming NK cell-like cells92. More specifically, 
the intraepithelial CTLs were shown to express DAP12 
and activating NK cell receptor complexes, such as CD94–
NKG2C, NKp44 and NKp46, that could mediate killing 
of NK cell targets, cytokine secretion and proliferation. 
Interestingly, acquisition of this NK cell-like phenotype 
was associated with a decrease in the level of transcripts 
encoding TCR α- and β-chains and a marked oligo-
clonal expansion92. Moreover, expression of HLA-E, the 
ligand for CD94–NKG2C, was found to be upregulated  
on IECs in active coeliac disease92.

This NK cell-like transformation of intraepithelial 
CTLs may be a crucial step that precedes refractory sprue 
and enteropathy-associated T cell lymphoma (EATL), 
which are rare but major complications of coeliac disease101 
that are characterized by the presence of high numbers of 

intraepithelial CTLs with a NK cell-like phenotype and 
persistent villous atrophy despite a gluten-free diet102. An 
important role for IL-15 in refractory sprue and EATL has 
been shown by studies in transgenic mice103 and humans65. 
Transgenic mice expressing IL-15 under the control of an 
MHC class I promoter were shown to develop fatal CTL 
leukaemia with an NK cell-like CTL phenotype103. In vitro 
studies with human cells showed that IL-15 promoted the 
survival, expansion, cytotoxic activity and cytokine secre-
tion of intraepithelial CTLs from patients with refractory 
sprue65. whether chronic NKG2D activation participates 
in NK cell reprogramming and malignant transformation 
of CTLs remains to be established.

Overall, these studies suggest that expression of 
IL-15 and non-classical MHC class I molecules by 
stressed tissue cells and of activating NK cell receptors 
by effector T cells may determine the ability of T cells 
to induce tissue damage. In other words, expression of 

Figure 5 | Intraepithelial cytotoxic T lymphocytes require a second hit in the intestinal environment to become 
licensed killer cells. Naive CD8+ T cells that are primed in the Peyer’s patches or mesenteric lymph nodes undergo 
progressive maturation during their circulation in the lymph before populating the intestinal epithelium as effector T cells. 
Despite their effector T cell phenotype, intraepithelial cytotoxic T lymphocytes (CTLs) need to receive a second signal to gain 
effector functions. In a healthy intestinal environment, intraepithelial CTLs mainly express inhibitory CD94–natural killer 
group 2, member A (NKG2A) receptors, and intestinal epithelial cells (IECs) lack expression of the ligands HLA-E and MHC 
class I polypeptide-related molecules (MICs) for activating receptors, such as NKG2D. In coeliac disease, IECs express high 
levels of interleukin-15 (IL-15), together with MICs and HLA-E. IL-15 leads to the upregulation of NKG2D expression by 
intraepithelial CTLs and the cytotoxic signalling pathway associated with this receptor. Consequently, intraepithelial CTLs 
acquire killing activity and can target MIC-bearing IECs. Furthermore, intraepithelial CTLs of patients with coeliac disease 
express CD94–NKG2C–DAP12 immunoreceptor complexes that recognize HLA-E on IECs and can promote cytokine 
secretion, proliferation and cytotoxic activity of T cells in a T cell receptor (TCR)-independent manner. Activation of NKG2D 
in conjunction with IL-15 expression leads to the release of arachidonic acids (and possibly leukotrienes) by intraepithelial 
CTLs, which in turn can promote activation of intestinal granulocytes and inflammation. DC, dendritic cell; IFNγ, interferon-γ.
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IL-15 and non-classical MHC class I molecules by tis-
sue cells may licence effector T cells and trigger their 
killing activity. Although intraepithelial CTLs in coeliac 
disease seem not to be specific for gluten, they respond 
to the indirect effects of gluten that cause upregulation 
of IL-15 and non-classical MHC class I molecules on 
IECs. It remains to be determined whether high levels of 
IL-15 and non-classical MHC class I molecule expression 
by tissue cells is the consequence of cellular alterations 
related to mechanic or metabolic stress or is induced 
by infections. In that regard it is interesting that the 
expression of IL-15 and MICs is found on synoviocytes 
of patients with rheumatoid arthritis104, and that RAE1  
(a mouse NKG2D ligand) is present on β-islet cells of 
NOD mice but not control mice105.

Unresolved issues and future directions
In this Review, we have described the recent advances in 
our understanding of the immunopathogenesis of coeliac 
disease, particularly in relation to the role of the MHC 
molecules HLA-DQ2 and HLA-DQ8 and mechanisms 
through which enterocytes are killed by intraepithelial 
CTLs. However, many issues remain unresolved. A set 
of new susceptibility loci (TABLE 1) have been discov-
ered, but the identities of the causative mutations and 

how these mutations are involved in the coeliac disease 
pathogenesis remain to be defined. The mechanisms 
underlying the induction and loss of oral tolerance to 
gluten, how TG2-specific antibodies are generated, the 
role of immune complexes, the molecular mechanisms 
underlying the effects of gluten on innate immune cells 
and the role of IFNα are all issues that warrant further 
investigation. Furthermore, we still need to determine 
whether the greater prevalence of organ-specific autoim-
mune diseases such as type 1 diabetes or thyroiditis in 
patients with coeliac disease is the result not only of 
common susceptibility genes but also of immune activa-
tion pathways leading to systemic effects. In particular, 
immune complexes and high levels of IFNα may explain 
how the immune system may have an overall lower acti-
vation threshold. This hypothesis is supported by the 
finding that patients receiving IFNα for the treatment of 
hepatitis C virus infection have increased susceptibility 
to the development of coeliac disease70, type 1 diabetes106 
and thyroiditis107. Finally, the presentation of coeliac dis-
ease seems to involve extraintestinal manifestations, for 
which the underlying mechanisms need to be defined. 
The development of mouse models, inspired by human 
studies, will allow the cause–effect relationships and new 
therapeutic avenues to be tested.
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