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 INTRODUCTION 

 Celiac disease (CD) likely appeared with one of the first environ-
mental changes associated with human civilization, the devel-
opment of agriculture 10,000 years ago in the Fertile Crescent, 
and the introduction of cereals in the human diet. The causal 
role of the diet was already considered in the first century AD 
by Arateus de Cappadoce, who provided the first description 
of the common manifestations, chronic diarrhea, abdominal 
distension, and progressive cachexia, and acknowledged their 
intestinal (coeliac) origin by naming the disease. But it was 
not until the 1950s that the triggering role of cereal storage 
proteins collectively called gluten was recognized by W Dicke, 
a young Dutch pediatrician who associated the onset of CD 
symptoms with the consumption of wheat bread and cereals 
and bestowed the first and still unique cure of the disease, the 
gluten-free diet. 1  

 Many pieces of the puzzle of CD pathogenesis have since been 
progressively assembled. In 1957, the development of the Crosby 
capsule allowed M Shiner to examine duodenal biopsies and 
demonstrate the typical villous atrophy with hypertrophic crypts 
associated with this disease. 2  Confirming the pioneering autopsy 
findings by S Gee in 1888, she simultaneously provided a ration-
ale for the clinical symptoms of malnutrition and the first trusted 
diagnostic tool. This histological picture was completed in 1971 
by A Ferguson who highlighted a hallmark of CD, the massive 

infiltration of the small intestinal epithelium by lymphocytes. 3  
In the early 1960s, familial studies underscored the contribution 
of predisposing genetic factors, 4  the key role of which was estab-
lished with the demonstration of a concordance rate of  ~ 75 %  in 
monozygotic twins vs. 20 %  in dizygotic twins and 10 %  in first 
degree relatives. 5  In the 1970s, the observation of circulating 
immunoglobulin-G (IgG) and IgA antibodies against gluten 
and an autoantigen later identified as tissue transglutaminase 
II (Ttgase) 6  provided new diagnostic tools and the first evidence 
that CD is immunologically driven, a concept rapidly supported 
by the discovery that the major genetic predisposing factor is 
in the human leukocyte antigen (HLA) complex. The identifi-
cation of the HLA-DQ2 heterodimer as the major predispos-
ing factor 7,8  and of its role in the development of an intestinal 
inflammatory CD4     +      T-cell response to gluten was the next and 
main milestone, establishing a decisive link between the trig-
gering environmental factor and the major predisposing gene. 9  
However, the puzzle remains incomplete. It is still unclear why 
only a subset of individuals with at risk HLA develop the disease, 
and why some do so very early in infancy closely after their first 
exposure to gluten, whereas others develop CD much later in 
adulthood. Furthermore, recent epidemiological studies have 
revealed the high prevalence ( ~ 0.5 – 1 % ) of CD in the Western 
world and its wide clinical spectrum, raising new questions 
regarding the additional genetic and environmental factors that 
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control the onset and severity of the disease, as well as the mech-
anisms that drive extra-digestive symptoms and complications. 
Among severe complications are autoimmune diseases, which 
affect approximately 20 %  of adult CD patients, 10  underpinning 
the link between CD and autoimmunity, and malignancies, in 
particular rare but typical T-cell lymphomas. These lymphomas 
develop as a consequence of uncontrolled activation of intraepi-
thelial lymphocytes (IELs), and provoke a severe enteropathy 
refractory to the gluten-free diet. 11 – 13  Here we summarize how 
HLA molecules can orchestrate an adaptive immune response to 
gluten in the intestinal mucosa and discuss recent observations 
that shed light on the auxiliary mechanisms necessary to trigger 
and / or perpetuate intestinal inflammation in CD.   

 HLA-DQ AND GLUTEN TOXICITY: HOW THE INTERPLAY 

BETWEEN GLUTEN AND HLA-DQ2 / 8 ORCHESTRATES 

AN ADAPTIVE CD4     +      T-CELL RESPONSE IN THE SMALL 

INTESTINAL LAMINA PROPRIA OF CD PATIENTS 

 It is currently estimated that HLA genes account for  ~ 40 %  
of the genetic predisposition in CD, and that susceptibility is 

primarily associated with specific MHC class II alleles ( Figure 1 ). 
Thus, approximately 90 – 95 %  of CD patients express HLA-DQ2 
heterodimers formed by an  � -chain encoded by HLA-DQA1 * 05 
and a  � -chain encoded by HLA-DQB1 * 02 (either  * 0201 or  * 202). 
The genes can be inherited in  cis  (when present on one parental 
chromosome) as in the DR17 (formerly DR3) haplotype, or in 
 trans  (when the  � - and  � -chains are encoded by chromosomes 
from each parent) as in the DR7 / DR11-13 (formerly DR5) hap-
lotype. A very small number of patients may express exclusively 
DQB1 * 0202 or HLA-DQA1 * 05 .  The remaining 5 – 10 %  patients 
express the HLA-DQ8 heterodimer formed by an  � - and a 
 � -chain encoded by HLA DQA1 * 0301 and HLA-DQB1 * 0302, 
respectively. HLA-DQ2 and HLA-DQ8 share peptide binding 
motifs characterized by a preference of hydrophobic and nega-
tively charged amino acids at specific positions (reviewed in 
references 14,15 ). The derivation of HLA-DQ2 / 8-restricted gluten 
specific CD4     +      T-cell clones from the duodenal lamina propria 
of CD patients by L Sollid 16  and subsequently by F Koning 17  
was the first evidence that these HLA molecules conferred CD 
susceptibility by promoting the presentation of gluten peptides 
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    Figure 1        A keystone mechanism in celiac disease (CD) pathogenesis: the lamina propria adaptive CD4     +      T-cell response to gluten orchestrated by 

HLA-DQ2 / 8 molecules. In active CD, gluten peptides left undigested by luminal and brush border enzymes can enter into the intestinal mucosa. 

Due to their primary sequence rich in Q-X-P motifs, gluten peptides are preferential substrates for tissue transglutaminase II (Ttgase). This enzyme 

is activated by tissue damage, and can deamidate neutral glutamine residues into negatively charged glutamic acid (left box). Negative charges in 

gluten peptides, as well as the presence of proline residues at specific positions, facilitate their binding into the peptide pocket of HLA-DQ2 (or -DQ8) 

expressed by antigen-presenting cells (APCs; including likely CD11c     +      dendritic cells, 33  and CD123     +      plasmacytoid dendritic cells 126 ; right box). Gluten 

presentation promotes the activation of a gliadin-specific TH1 CD4     +      response in the intestinal lamina propria. Interferon (IFN)- �  can participate in the 

induction of mucosal damage. 35   
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to the intestinal adaptive immune system. Refined analysis has 
allowed investigators to decipher how this interplay is favored 
by the structural characteristics of gluten. 

 Since the pioneering work of W Dicke, cereal proteins respon-
sible for CD have been extensively characterized. Harmful mol-
ecules, collectively called gluten, are the grain storage proteins 
contained in wheat, barley, and rye, that are unusually rich in 
proline ( ~ 15 % ) and glutamine ( ~ 30 % ), hence they are named 
prolamines. Toxicity of related proteins in oats remains debated. 
Wheat prolamines, the best characterized, comprise several 
hundred proteins divided in  � -  � - and  � -gliadins (monomeric) 
and low and high MW glutenins. Both gliadins and glutenins 
contain intrachain disulfide bonds and show poor aqueous 
solubility. In addition, glutenins are extensively cross-linked 
by interchain disulfide bonds resulting in the formation of 
large protein aggregates further stabilized by hydrogen bond-
ing between glutamine-rich repeats. 18,19  These characteristics, 
useful for bread making, underlie their toxicity for CD 
patients. 

 A first property is their unusual resistance to gastrointesti-
nal enzymes. The hypothesis of a missing peptidase was first 
suggested by J Frazer in the early 1960s. 20  To date, there is no 
evidence of a predisposing genetic defect, but Khosla and co-
workers have demonstrated that the lack of endo-prolyl-pepti-
dase activity in gastric and pancreatic enzymes and in the human 
brush border prevents efficient enzymatic attack of proline-rich 
domains in gluten proteins, allowing the release of large pep-
tides that may reach the mucosal surface intact. 18,21  Notably, 
these authors showed that recombinant  � 2-gliadin submitted  in 

vitro  to conditions mimicking intraluminal digestion released a 
potent immunostimulatory 33 mer peptide consisting of a con-
catemer of several gluten T-cell epitopes. 21,22  More recently, 
the same authors drew similarities with prion-forming pro-
teins where glutamine-rich repeats comparable to those found 
in prolamines can promote aggregation and impart proteolytic 
resistance. 18  

 The second property imparted to prolamines by repeats rich 
in proline and glutamine is its ability to serve as a privileged 
substrate to Ttgase. This multifunction enzyme is constitutively 
expressed in the intestinal lamina propria and transiently acti-
vated upon tissue damage. 23  It plays a physiological role in tissue 
repair by promoting protein cross-linking via the formation of 
isopeptide bonds between lysine and glutamine residues. 24  It 
has been suggested that Ttgase cross-linked to gluten can be 
recognized as a hapten and stimulate the production of specific 
IgA. This attractive hypothesis to explain the appearance of CD-
specific autoantibodies, however, could not be demonstrated 
even though the disappearance of autoantibodies occurs with 
a gluten-free diet. 25  A second enzymatic activity of Ttgase is to 
deamidate neutral glutamine into negatively charged glutamic 
acid, an activity particularly efficient on glutamine-X-proline 
motifs frequent in prolamines 26  ( Figure 1 ). Introduction by 
Ttgase of negative charges in gluten peptides was shown to 
promote their interactions with positively charged residues 
in the peptide pocket of HLA-DQ2 / 8, resulting in stable HLA 
complexes that can be efficiently recognized by T cells. 27,28  

( Figure 1 ). Deamidation is thus likely a crucial event in the 
generation of a full-blown gluten-specific T-cell response in 
CD. Notably, proline residues hamper peptide binding to most 
MHC class II molecules but on the contrary promote binding of 
gluten epitopes to HLA-DQ2 / 8 heterodimers, providing a com-
plementary rationale for the preferential association of CD with 
HLA-DQ2 / 8. 29 – 31  Many potential T-cell epitopes susceptible to 
modification by Ttgase exist in  � - and  � -gliadins, in glutenins, 
and in related prolamines, a dozen of which, mainly present in 
 � - and  � -gliadins, were proven to evoke CD4     +      T-cell responses 
in CD patients. 32  The later epitopes are often clustered within 
large peptides resistant to intraluminal digestion such as the 33 
mer endowed with enhanced immunostimulatory potency. 32  
Gluten-specific CD4     +      T-cell lines and clones derived from 
CD patients were shown to produce interferon (IFN), notably 
in response to activated dendritic cells isolated from the mucosa 
of active CD. 33  Consistent with a gliadin-driven TH1 response, 
IFN-� is found in large excess in the intestinal mucosa in 
active CD 34  and may therefore participate to the severe mucosal 
damage. 35  

 These results establish the central role of adaptive immunity 
in CD at the interface between the two main environmental 
and genetic factors. Its importance is further stressed by the 
evidence of an HLA-DQ2 gene dose effect. Thus, the risk of 
developing CD is fivefold higher in HLA-DQ2 homozygous 
then heterozygous individuals. This observation was corre-
lated with the capacity of antigen-presenting cells (APCs) from 
homozygous individuals to elicit stronger gluten-specific T-cell 
responses than APCs from heterozygous subjects, a property 
ascribed to the higher density HLA-DQ2 molecules at their 
surface. 36  Interestingly, the frequency of HLA-DQ2 homozy-
gosity is increased in severe CD cases that become refractory 
to a gluten-free diet (to approximately 65 vs. 40 %  in uncom-
plicated CD) 37,38  and, in contrast, decreased (17 % ) in a small 
subset of patients with proven CD in childhood who sponta-
neously returned to latency with no symptoms and a normal 
histology after years of a diet containing substantial amounts 
of gluten. 39  Similar to latent cases of CD that are revealed 
by screening CD family members and characterized by the 
development of intestinal lesions and symptoms later in life, 40  
several patients with spontaneous remissions had persistently 
elevated titers of anti-Ttgase antibodies and increased num-
bers of IELs. Moreover, two patients subsequently relapsed, 
indicating that tolerance to gluten remains fragile in these 
individuals. 39    

 WHY IS ORAL TOLERANCE TO GLUTEN BROKEN IN CD? 

 Previous studies have shown that, in mice with CD4     +      T cells 
expressing a T-cell receptor specific for a dietary antigen, feed-
ing with this antigen does not induce any enteropathy but rather 
results in the induction of regulatory T cells and tolerance associ-
ated with local production of antiinflammatory cytokines, inter-
leukin (IL)-10 and transforming growth factor (TGF)- �  ( 41  and 
accompanying review by C Berin and L Mayer). Accordingly, 
mice engineered to express HLA-DQ8 and a human CD4 
molecule generated strong CD4     +      T-cell responses when fed 
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with gluten but did not develop enteropathy and their gluten-
responsive T cells produced mainly TGF- �  and IL-10, and no 
INF-�. 42  Interestingly, crossing HLA-DQ8 mice on a NOD back-
ground resulted in the appearance of anti-Ttgase autoantibodies 
and of a skin disease reminiscent of herpetiformis dermatitis. 43  
In humans, this gluten-sensitive condition is generally associ-
ated with intestinal villous atrophy. However, T cells are absent 
in the skin lesions which only contain IgA deposits against a 
locally produced Ttgase and neutrophils, pleading against a 
T-cell-mediated disorder ( 44  and see below). Interestingly, 
HLA-DQ8 × NOD mice did not develop any enteropathy, sug-
gesting that the susceptibility to autoimmunity conferred 
by the NOD background was sufficient to promote an adap-
tive immune response and the production of autoantibodies 
but not sufficient to break T-cell tolerance in the gut. 43  These 
data raise the question of the complementary mechanisms 
that contribute to breaking mucosal tolerance to gluten in CD, 
turning a controlled immune response into chronic inflam-
mation and epithelial destruction. First clues were derived 
from observations unsatisfactorily explained by the anti-glia-
din CD4     +      T-cell response, namely the activation of IELs and 
the toxic effect that gliadin peptides not recognized by CD4     +      
T cells can exert in organ cultures on the intestinal mucosa of 
CD patients.   

 HOW THE INTERPLAY BETWEEN ADAPTIVE AND INNATE 

IMMUNE MECHANISMS ORCHESTRATED BY IL-15 MAY 

DRIVE IEL ACTIVATION AND EPITHELIAL DAMAGE 

 IELs have progressively emerged as important players in the 
pathogenesis of CD. Increased numbers of IELs can be observed 
in other small intestinal diseases notably in tropical sprue, giar-
diasis, Crohn ’ s disease or autoimmune enteropathy, yet the mas-
sive increase in IELs with numbers often exceeding 70 – 80 IEL 
per 100 duodenal epithelial cells (    <    30 / 100 epithelial cells in con-
trols) is a hallmark of active CD that subsides only partially after 
beginning a gluten-free diet ( Figure 2 ). 3  Furthermore, distinct 
subsets of IELs may exert opposite effects on the induction of 
the chronic epithelial lesions and their uncontrolled activation 
can lead to the most severe complication of CD, enteropathy-
associated T-cell lymphomas.  

 IEL subsets in CD 

 In humans, IELs in the normal small intestinal epithelium con-
sist of approximately 75 %  CD8     +      TCR �  �      +      and 15 %  TCR �  �      +      
cells (mainly V � 1     +     , either CD8     +      or more often CD4     −     CD8     −     ), 45  
and both subsets expand in active CD. 46  Furthermore, these IELs 
in CD are enriched in cytolytic proteins (perforin, granzymes, 
FASL) 47 – 49  and produce large amounts of IFN- � , 50  indicating 
their likely contribution to the prominent apoptosis observed 
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         Figure 2        The hypothetical interplay between innate and adaptive immune mechanisms leading to intraepithelial lymphocyte (IEL) activation and 

epithelial damage in celiac disease. In controls and in latent celiac disease (CD), CD94 / NKG2A     +      TCR �  �      +      IEL may inhibit HLA-E     +      CD8     +      TCR �  �      +      IELs 

via the secretion of transforming growth factor (TGF)- �  (upper panel, left part). In active CD, the release of interleukin (IL)-15 by the epithelium may 

impair the inhibition exerted by TCR �  �      +      IELs via TGF- � , enhance stimulatory signals delivered via the T-cell receptor, upregulate natural killer (NK) 

receptors (CD94, NKG2D) and / or their ligands (MIC), stimulate the effector functions of IELs and thereby promote epithelial damage (upper panel, 

right part). CD8     +      TCR �  �  IELs can be activated via their T-cell antigen receptor (TCR) by cross-presented gliadin peptides (lower panel, left box) or by 

other locally present antigens. The switch of CD94 from inhibitory to activatory functions and the upregulation of other activating NKR (NKG2D) and of 

their ligands on epithelium provide signals, which promote IELs activation via the TCR (lower panel, middle box). In addition, in active CD, interactions 

between NKR and their epithelial ligands become sufficient, in the presence of IL-15, to activate cytotoxicity and / or interferon (IFN)- �  secretion by 

TCR �  �      +      IELs, and drive an autoimmune-like attack of the epithelium (lower panel, right box). The later mechanism is operating in refractory celiac 

sprue (RCS) where abnormal IELs lacking a TCR can exert their cytotoxicity against epithelial cells.  
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in the flattened surface epithelium. 47,48  After starting a gluten-
free diet and parallel to villous architecture recovery, numbers 
of CD8     +      TCR �  �      +      IELs return to normal. In contrast, TCR �  �      +      
IELs remain increased for years, with percentages as high as 
30 – 50 %  in many patients. 46,51  Moreover high numbers of 
TCR �  �      +      IELs are found in patients with latent CD. 39,40  These 
observations led to the view, recently substantiated by experi-
mental data, that CD8     +      TCR �  �      +      IELs exert a deleterious effect 
on epithelial cells that can be antagonized by TCR �  �      +      IELs; and 
that this regulatory function of TCR �  �      +      IELs is overwhelmed 
in active CD. 51  

 Notably, in a small subset of CD patients who become refrac-
tory to a gluten-free diet, a third population of abnormal IELs 
expands massively whereas both CD8     +      TCR �  �      +      and TCR �  �      +      
IELs progressively disappear (notably TCR �  �      +      before CD8     +      
TCR �  �      +      IELs). These IELs possess a characteristic phenotype 
(CD103     +     , lacking surface CD3 – TCR complexes but with intra-
cellular CD3 � ), clonal in- or out-of-frame rearrangements of 
the TcR �  chain(s), and chromosomal abnormalities, the later 
pointing to their malignant nature. 11,12,52  This condition, called 
clonal refractory celiac sprue (or type II RCS), is considered 
a low-grade intraepithelial lymphoma 53  and has a very poor 
prognosis, leading to intractable ulcerative duodenojejunitis, 
gastrointestinal, and extraintestinal dissemination of the abnor-
mal IELs, and to their frequent transformation into a high-grade 
invasive T lymphoma usually also associated with a severe enter-
opathy 54,55  ( Figure 3 ).   

 Gluten-specific activation of CD8     +     TcR �  �      +      IEL in active CD 

 Specific recognition of gluten peptides by CD8     +      TCR �  �  IELs is 
suggested by their exclusive expansion in active CD. 46  Gianfrani 
and co-workers have recently observed that A-gliadin peptide 
123 – 132 could be cross-presented to HLA class I restricted CD8     +      
TcR �  �      +      cells in the intestinal mucosa of HLA-A2 CD patients 56  

and that CTL lines derived from the mucosa of the latter patients 
released granzyme B and IFN- �  when incubated with the pep-
tide and an HLA-A2 epithelial cell line. 57  Furthermore, adding 
the peptide to organ cultures from HLA-A2 but not from non-
HLA-A2 CD patients induced a significant increase in CD25 
and FASL on mucosal CD8     +      cells, an intraepithelial migration 
of CD3     +      cells and a concomitant increase in epithelial apop-
tosis, supporting the  in vivo  importance of this mechanism. 57  
A CD8     +      adaptive response to gluten perhaps facilitated by the 
HLA-DQ driven CD4     +      T-cell response may thus contribute to 
epithelial damage.   

 IL-15 driven activation of IELs in CD and RCS 

 Attention to IL-15 in CD was initially attracted by its capacity 
to stimulate the expression of two natural killer (NK) recep-
tors (CD94 and NKG2D) on human IELs, both of which are 
upregulated on IELs in active CD ( 58 – 60  and see below). IL-15 
protein was subsequently found to be upregulated in entero-
cytes and lamina propria mononuclear cells in active CD and 
RCS. 61,62  IL-15 is a cytokine structurally related to IL-2 which 
differs, however, strikingly by its wide distribution — it can be 
produced by many cell types — as well as by its  in vivo  effects. In 
this regard, IL-15 is largely directed in mice toward NK, CD8 
T cells, and CD8 �  IELs, driving their differentiation, func-
tional maturation, and survival (reviewed in references 63,64 ). 
In active CD and RCS, enterocyte-derived IL-15 may activate 
IELs by two possible mechanisms: (1) as a soluble cytokine bind-
ing the trimeric IL-15 receptor comprised by the  �  � -module 
common with the IL-2 receptor and a specific  � -chain (IL-15R � ) 
upregulated on IELs from active CD, 61  and more likely, (2) 
as a cytokine bound to the ubiquitous RIL-15 �  chain at the 
surface of enterocytes, a complex that can very efficiently acti-
vate signal transduction in lymphocytes via the autonomous 
 � � module. 62,65  
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   Figure 3        Interleukin (IL)-15 and T lymphomagenesis in celiac disease. In active celiac disease (CD), IL-15 is produced in excess by enterocytes and 

exerts potent antiapoptotic effects that prevent the elimination of activated intraepithelial lymphocytes (IELs) and promote their massive accumulation 

despite very low  in situ  proliferation. Chromosomal instability, demonstrated in active CD and likely due to inflammation (reviewed in reference 160 ) 

may favor the emergence of malignant clonal IELs containing chromosomal abnormalities including a recurrent 1q trisomy. These IELs are highly 

sensitive to IL-15 and due to the presence of IL-15 can survive and escape elimination by safeguard proapoptotic mechanisms activated by DNA 

breaks. Abnormal IELs accumulate in the epithelium whereas normal IELs disappear progressively, defining clonal refractory celiac sprue (RCS) or 

type II RCS, now considered as a low-grade T-cell lymphoma. With time, some cells may acquire new mutations, which drive their transformation into 

high-grade T lymphoma likely independent of IL-15. The mechanisms underlying the emergence of abnormal IELs with a stereotypical phenotype 

(CD103     +      lacking surface CD3 – TCR complexes) in RCS remain unclear. In particular, it is unknown why these IELs which contain all CD3 subunits do 

not express a T-cell antigen receptor (TCR), even if in a few cases, functional clonal rearrangements of both the  � - and  � -chains have been detected at 

the molecular level (unpublished results).  
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 IL-15 serves several functions in the epithelial compartment of 
CD patients. First, due to its potent antiapoptotic effect observed 
at low concentrations (10 times less than those necessary to 
induce proliferation), IL-15 stimulates the survival of IELs in 
uncomplicated CD and even more efficiently than that of clonal 
malignant IELs in RCS, providing a rationale for their massive 
accumulation despite a very modest increase in their prolifera-
tion rate. 61,62  In keeping with observations in IL-15 transgenic 
mice which develop CD8 / NK lymphomas and leukemias, 66  in 
RCS IL-15 may thereby prevent the elimination of transformed 
lymphocytes and be central in the emergence of T-cell lympho-
mas from IELs ( Figure 3 ). Second, IL-15 has emerged as a driver 
of epithelial damage ( Figure 2 ).  Ex vivo , IL-15 stimulates effec-
tor functions of IELs from either active CD and RCS patients, 
notably their secretion of IFN- �  and their granzyme / perforin-
dependent cytotoxicity against enterocyte lines. 61,62  In addi-
tion, neutralizing anti-IL-15 antibody inhibits the production 
of IFN- �  and epithelial apoptosis in organ cultures from active 
CD attesting to the important contribution of IL-15 to mucosal 
damage. 67 – 69  Furthermore, IL-15 may promote the activation 
of class I-restricted gliadin-specific IELs. Thus, in mice, IL-15 
is necessary for the generation of high avidity specific cytotoxic 
T cells. 70  Yet, IL-15 can also stimulate spontaneous killing of 
enterocyte lines by IELs from active CD as well as from RCS, the 
latter lacking a T-cell receptor, pointing to the contribution of 
additional receptors. 61,62  Recent work indicates that IL-15 may 
function in this regard by orchestrating the interactions between 
NK receptors on IELs and their ligands on epithelial cells.   

 NK receptor-driven activation of IELs in CD 

 A significant proportion of normal CD3     +      IELs coexpress NK 
receptors and more particularly members of the lectin-like fam-
ily, notably CD94 present in 30 %  normal IELs 59  and NKG2D, 
expressed in humans not only by NK cells but also by the major-
ity of CD8     +      TcR �  �      +      and TcR �  �      +      lymphocytes including IELs 
( Figure 2 ). 71  Findings in CD illustrate how these two receptors 
may finely tune human IELs activation. 

 NKG2D is an activating NK receptor associated in IELs with 
the intracellular adaptor molecule DAP10, which recruits the 
cytolytic machinery via activation of PI3K, ERK, and JNK 
kinases. 58,60  NKG2D responds to several ligands induced 
under conditions of stress which is thought to allow NK and 
cytotoxic T cells to track danger signals resulting from tissue 
infection or transformation. 72  Strikingly, NKG2D and DAP10 
are markedly upregulated in CD8 TCR �  �      +      IELs from active 
CD, and epithelial expression of one NKG2D ligand, the MHC 
Ib molecule MICA, is strongly enhanced in both active CD 
and RCS. 58,60  Both changes might be driven by IL-15, which 
stimulates NKG2D and DAP10 expressions in cultured control 
IELs 60  and epithelial MICA expression in intestinal organ cul-
tures. 58  NKG2D – MICA interactions can then turn on a cytolytic 
attack of the epithelium. In CD8 TCR �  �      +      IELs, NKG2D acts as 
a coreceptor for the TCR, lowering its activation threshold. 58,71  
NKG2D might thus promote the activation of MHC-class I 
gliadin-restricted CD8     +      T cells, and perhaps reveal latent (low 
affinity) cross-reactivity to self antigens ( Figure 2 ). Due to the 

presence of IL-15, the cytolytic attack of the epithelium may 
then be amplified and perpetuated via NKG2D independently 
of the TCR. Thus, NKG2D alone is sufficient to drive killing of 
MIC     +      targets by CD8     +     TCR �  �      +      IELs recently stimulated via 
their TCR, and subsequently cultured in the presence of IL-
15. 60  Accordingly, NKG2D activated TCR-independent kill-
ing of MIC     +      targets by CD8     +     TCR �  �      +      IELs from active CD 60  
( Figure 2 ). Notably, RCS IELs (which have no T-cell receptor) 
could also provoke NKG2D-mediated enterocyte killing, 58  fur-
ther suggesting that this pathway can somehow become inde-
pendent of T-cell antigen receptor (TCR) stimulation in CD and 
result in a chronic autoimmune-like destruction of epithelium. 
Finally, a contribution of TCR �  �      +      IELs to epithelial destruction 
in active CD is suggested by previous work showing that MIC     +      
epithelial targets can be killed by a subset of tumor-infiltrating 
V1 TCR �  �      +      activated via both T-cell antigen receptor (TCR) 
and NKG2D dependent signals. 73  

 A distinct and more complex scenario underlies the con-
tribution of CD94 to IELs activation. The function of CD94 
as an NK receptor is dictated by its association with NKG2 
molecules within heterodimers that can bind the same ligand, 
HLA-E, another nonclassical MHC Ib molecule. CD94 can 
serve as an inhibitory receptor when associated with NKG2A, 
an adaptor molecule that recruits phosphatases via an ITIM 
motif present in its cytoplasmic tail. Upon binding to HLA-E, 
CD94 / NKG2A delivers a negative signal that impairs the cyto-
toxicity of NK cells and negatively modulates T-cell receptor 
activation in memory CD8     +      TcR �  �  and TcR �  �  lymphocytes 
(reviewed in reference 74 ). Notably, this heterodimer is expressed 
by the majority of CD94     +      IELs in normal intestine, where it 
is acquired as a consequence of TCR stimulation and exerts a 
negative feed-back loop restraining TCR-mediated activation 
of CD8     +      TCR �  �      +      IELs. 59,75  A recent study of CD further sug-
gests that a subset of TCR �  �      +      IELs expressing both NKG2A and 
CD8 exerts a negative regulatory function on CD8     +      TCR �  �      +      
IELs, inhibiting their production of IFN- �  and of the cytolytic 
protein granzyme in response to IL-15. 51  This regulatory effect 
appeared mediated at least partially by TGF- �  and was elicited 
either by TCR or NKG2A stimulation. As HLA-E was found 
to be upregulated on CD8     +      TCR �  �      +      IELs in active CD, the 
authors concluded to direct interactions between TCR �  �      +      and 
CD8     +      TCR �  �      +      IELs 51  ( Figure 2 ) once. These data, which need 
to be confirmed, however, provide an attractive rationale for the 
increase in TCR �  �  IELs     +      in patients with latent CD, 39,40,46  and 
in keeping with data in mice suggesting that TCR �  �      +      IELs exert 
a protective effect against epithelial damage induced by parasitic 
infections. 76  In active CD, this mechanism may be overwhelmed 
due to the massive expression of IL-15, which can block the 
effect of TGF- �  67  and to the reduced expression of NKG2A in 
both TCR �  �      +      and CD8     +      TCR �  �      +      IELs 51  ( Figure 2 ). 

 Indeed, although the proportion of CD94     +      CD8     +      TcR �  �      +      
IELs is markedly increased in active CD, the vast majority does 
not express NKG2A, suggesting that this putative negative 
control imposed on IELs in the normal situation is removed 
in CD. 59,77  On the contrary, in active CD, CD94 appears to 
associate on a substantial fraction of IELs with a distinct NKG2 
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isotype, NKG2C that confers an activating function to the recep-
tor. 77  Indeed NKG2C binds the adaptor molecule DAP12 which, 
via an ITAM motif, recruits a signaling cascade that promotes 
cell proliferation, IFN- �  secretion and cytotoxicity independ-
ently of any other signals. 74  Accordingly,  in vitro  engagement of 
NKG2C on CD8     +      TcR �  �  IEL from active CD stimulated their 
production of IFN- � , their proliferation and their cytotoxicity 
independently of any T-cell receptor engagement. 77  As HLA-E 
is strongly upregulated on enterocytes in active CD, either as a 
consequence of the local secretion of IFN- �  59,77  or perhaps due 
to their stabilization on the cell surface by a subset of gliadin 
peptides ( 78  and see below), CD94 / NKG2C IELs can likely initi-
ate and perpetuate an autoimmune-like attack of epithelium in 
CD 77  ( Figure 2 ). 

 The mechanisms switching expression of CD94 / NKG2A 
toward CD94 / NKG2C heterodimers in CD have not been 
delineated. Although IL-15 can upregulate CD94 mRNA tran-
scription, it does not seem able to modulate only NKG2A or 
NKG2C expression. 79  Recent reports in mice provide however 
some hints concerning the mechanisms that may control expres-
sion of NK receptors in the intestine. Interestingly, NKG2A 
can be down-modulated by retinoic acid. 80  This derivative of 
vitamin A, selectively produced by a subset of intestinal den-
dritic cells and likely also by enterocytes, plays an emerging key 
role in intestinal immune responses, controlling the homing of 
T cells and IgA cells, as well as the differentiation of regula-
tory T cells (reviewed in reference 81 ). This additional effect of 
retinoic acid may be useful to promote the cytotoxic properties 
of IELs. Conversely, NKG2A is induced on CD8 T cells upon 
simultaneous stimulation by the T-cell receptor and TGF- � . 82  
This cytokine is a potent inhibitor of lymphocyte activation 
and intestinal inflammation able in particular to control lym-
phocyte proliferation and survival, IFN- �  production and T-cell 
cytotoxicity (reviewed in reference 83 ). Upregulation of NKG2A 
that possesses in its promoter a site for Smad3, 82  a transcrip-
tion factor central for the antiinflammatory effect of TGF- � , 84  
may participate to the down-modulating effect of TGF- �  on 
cytotoxic T cells. In fact, TGF- �  likely plays a more general role 
in the control of NK receptor expression. First, this cytokine 
downregulates NKG2D. 85  Furthermore, in mice with T cells 
deprived of TGF- �  receptor II, there is a massive expansion of 
highly cytotoxic T cells that develop an NK-like program with 
high levels of CD94, NKG2, DAP12, and NKG2D parallel to the 
onset of generalized inflammation and fatal autoimmunity. 86  
Interestingly, study of the transcriptome of human NKG2C     +      
IELs clones derived from active CD patients showed signifi-
cant upregulation of several genes belonging to the NK cluster 
on chromosome 19p13, suggesting that NK reprogramming 
might be a feature of CD8     +      TcR �  �      +      IELs in CD. 77  Our recent 
observation that IL-15 blocks the Smad3 pathway of TGF- �  sig-
naling in IELs and lamina propria lymphocytes of CD suggests 
that this cytokine may participate in the NK reprogramming of 
cytotoxic CD8     +      T IELs. 67  As in mice defective in TGF- �  signal-
ing, this reprogramming likely requires signals from the T-cell 
receptor, a hypothesis supported by the skewed T-cell reper-
toire of NKG2C     +      IEL. 77  The respective contribution of stimuli 

derived from gluten or from autoantigens remains to be deline-
ated. Finally, appreciation of the role of the other NK receptors 
upregulated on CD IELs (NKP46, NKP44, NKP30) 77  will await 
identification of their ligands. 

 In conclusion, these data indicate that IELs activated by IL-15 
are a major cause of mucosal damage in CD. Mechanisms of IELs 
activation delineated in CD might result from the perversion of 
those normally requested to fight against intracellular pathogens 
and eliminate infected epithelial cells. Indeed IL-15 is induced 
by a variety of intracellular pathogens and was recently shown 
in mice to orchestrate the transient small intestinal enteropathy 
induced by intraperitoneal injection of poly-IC used to mimic 
stimulation of Toll-like receptor 3 by double-stranded RNA 
viruses. 87  The rapid arrest of IL-15 synthesis after eviction of the 
pathogen avoids protracted epithelial damage. By contrast, in 
CD, the chronic upregulation of IL-15 results in durable epithe-
lial damage, massive IEL hyperplasia and ultimately lymphomas. 
A question which remains to be solved concerns the mechanism 
driving IL-15 overproduction in CD patients. Recent controver-
sial data suggest that gluten peptides might provide  “ innate ” -like 
signals that contribute to triggering mucosal damage and IL-15 
production independently of their capacity to bind HLA-DQ 
and activate adaptive immunity.    

 HLA-DQ INDEPENDENT TOXICITY OF GLUTEN: A 

STIMULATORY EFFECT OF GLUTEN PEPTIDES ON INNATE 

IMMUNITY? 

 In the 1970s, organ culture was the first experimental approach 
to evaluate the toxicity of gluten-derived peptides. Gluten digests 
were shown to induce severe epithelial damage, and notably 
extensive apoptosis in intestinal biopsies from CD patients on a 
gluten-free diet, but not from controls. 88 – 90  Using this technique, 
D Kasarda showed that the N-terminus of A-gliadins contained 
several toxic fragments released by chymotrypsin digestion, 
including a large 31 – 55 fragment (p31 – 55). 91  Toxicity was also 
observed  in vivo  after duodenal instillation of p31 – 55 92  and in 
organ culture with the shorter p31 – 43 peptide. 93  This result 
appeared quite paradoxical when neither p31 – 55 nor p31 – 43 
proved usual CD4     +      T-cell epitopes. Maiuri  et al . 94  were the first 
to suggest that the latter peptide might induce an innate immune 
response in CD. Notably, they observed that p31 – 43 induced 
a rapid production of IL-15 by lamina propria macrophages 
and / or dendritic cells, which in turn promoted the local CD4     +      
adaptive T-cell response, and stimulated IEL migration and epi-
thelial apoptosis, all effects blocked by an anti-IL-15 antibody. 94  
These results were particularly interesting as they provided one 
possible mechanism to explain the massive upregulation of IL-
15 in the intestinal mucosa of patients with active CD. 59,61,62  
Consistent with the possible role of p31 – 43 in the induction of 
IL-15 in the intestine of CD patients, we observed that adding a 
larger version of this peptide (p31 – 49) to organ culture from CD 
patients on a gluten-free diet stimulated epithelial expression of 
MICA, the target for NKG2D-mediated cytotoxicity of IELs in 
active CD (see above) and that this effect was blocked by an anti-
IL-15 antibody. 58  Yet, the persistent upregulation of IL-15 in the 
intestinal mucosa of patients who become refractory to a strict 
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diet, suggests that complementary mechanisms underlie the 
induction of IL-15. 62  Furthermore, the mechanism(s) through 
which p31 — 43 / 49 might induce IL-15 remain(s) elusive. Two 
groups observed that p31 – 43 induced a signaling cascade in 
organ culture of CD patients as well as in several cell types, 
resulting in tyrosine phosphorylation and actin rearrangement 
in epithelial cells 95  and more generally mimicking or potenti-
ating the effect of EGF receptor stimulation. 96  Yet no specific 
receptor for p31 – 43 has yet been identified which may help 
substantiate this role. In addition, so far we have not been able 
to reproduce  in vitro  signaling by p31 – 49 in several enterocyte 
lines. Therefore, the exact role of p31 – 43 / 49 in the induction of 
IL-15 remains to be delineated. 

 Subsequent to observations that p31 – 43 induced the activa-
tion and / or maturation of dendritic cells in organ cultures from 
CD patients, several groups have observed that gliadin digests 
or peptides might stimulate the production of proinflammatory 
cytokines and / or the maturation of macrophages and / or den-
dritic cells of either murine and human origins. 97 – 101  Most stud-
ies took care to eliminate artifacts related to lipopolysaccharide 
contamination. Yet to date, the number and nature of peptides 
able to induce such effects and the involved mechanisms remain 
unclear, hampering efforts to delineate their exact contribution 
to CD pathogenesis. 97 – 101  

 Finally, an interesting recent study suggests that gliadin pep-
tides may promote the expression of the nonclassical MHC 
molecule HLA-E at the surface of dendritic cells. 78  This effect 
was ascribed to the homology between some  � - and  � -derived 
gliadin peptides with amino-acid sequences known to bind the 
groove of HLA-E. Their binding stabilized HLA-E, resulting in 
enhanced surface expression. The authors observed that HLA-
E expression protected dendritic cells against killing by NK 
cells expressing the HLA-E ligand CD94 / NKG2A     +     , improving 
their dialogue with T cells and the stimulation of IFN- � . 78  This 
mechanism may take place in the intestinal lamina propria of 
patients and promote the adaptive response. It is not excluded 
that this mechanism, together with IFN- � , may contribute to the 
stimulation of HLA-E expression in the epithelial compartment, 
and thereby regulate IELs activation (see above).   

 A ROLE FOR THE HUMORAL RESPONSE IN CD 

PATHOGENESIS? 

 Whether IgA antibodies against either gluten or the autoanti-
gen Ttgase are byproducts of the intestinal adaptive immune 
response or play a direct role in CD pathogenesis has remained 
uncertain, in as much as CD is particularly more frequent in 
patients with IgA deficiency. Nevertheless, the latter patients 
develop IgG antibodies, which may presumably play a compa-
rable role. 

 IgA anti-Ttgase antibodies from active CD patients were 
reported to inhibit TGF � -induced differentiation of the T84 
enterocyte line in a three-dimensional gel, 102  and more recently 
to disturb endothelial sprouting and migration of endothelial 
and vascular mesenchymal cells in an  in vitro  model of angio-
genesis. 103  An intriguing report indicates the presence in the 
sera of patients with active CD of antibodies cross-reactive with 

Ttgase, the VP7 protein of rotavirus, and several self-proteins 
including Toll-like receptor 4. Besides suggesting possible mim-
icry driven by rotavirus infection, the authors observed that 
these antibodies could enhance paracellular permeability of a 
T84 monolayer and activate monocytes. 104  Yet, of note is the fact 
that deposits of IgA against Ttgase are present not only in active 
CD but also in the intestine of patients with latent CD without 
villous atrophy, 105,106  pleading against a major direct role of anti-
Ttgase antibodies in intestinal epithelial damage. A recent report 
also suggests that human IgA and IgG against Ttgase may inhibit 
its activity  in vitro  as well as  in situ . 107  Yet, this finding is dif-
ficult to reconcile with the local deamidation of gluten-derived 
peptides which permits their binding to HLA-DQ2 / 8 molecules 
and their presentation to CD4     +      lamina propria T cells. Thus, it is 
tempting to conclude that intestinal damage in CD is primarily 
driven by T cells whereas antibodies have only a minor direct 
contribution. Two sets of observations however suggest a pos-
sible role of antibodies in CD pathogenesis. 

 The first one concerns the extra-digestive manifestations of 
CD, more particularly dermatitis herpetiformis, where the papil-
lary dermis is not infiltrated by T cells, but contains typical gran-
ular deposits of IgA directed against the local epidermal Ttgase 
III. 44  Furthermore, IgA often associated with the presence of C3, 
was colocalized with epidermal Ttgase III in the vessel walls and 
within the scattered papillary peri- and intervascular granules. 
These results suggest that precipitation of immune complexes in 
the vessel walls may be an important pathogenic mechanism of 
dermatitis herpetiformis. 108  The mechanisms by which gluten 
exposure promotes the production of antibodies against epider-
mal Ttgase III remain however elusive. 

 A second very recent observation concerns the capacity of 
IgA immune complexes to promote the retrotransport of intact 
gliadin peptides across the intestinal epithelium in patients with 
active CD ( Figure 4 ). The role of a defective epithelial barrier 
that might promote the entrance of gluten peptides and the 
activation of the immune system has been hypothesized for a 
long time. Notably, the implication of the paracellular pathway 
has been considered. Indeed, intestinal paracellular perme-
ability evaluated by electrical resistance and mannitol fluxes is 
increased in patients with active CD, and Fasano and co-workers 
observed that these parameters might be directly impaired by 
applying gliadin peptides to the luminal surface of human and 
mouse intestinal biopsies. 109,110  Furthermore, it was suggested 
that the polymorphism in the  MYOX9B  gene observed in a sub-
set of CD patients may influence paracellular permeability. Yet 
this polymorphism is in a noncoding region and the exact role 
of MYOX9B, a nonconventional myosin, remains unclear. 111  

 Data obtained by two groups, including ours, suggest on the 
contrary that gliadin peptides enter the mucosa via transcyto-
sis and that this pathway is altered in active CD. 112 – 114  Using 
Ussing chambers to study the passage of radiolabeled or fluo-
rescent peptides, it was shown that the immunostimulatory 
33 mer (p56 – 89) enters by endocytosis in enterocyte lines, 114  
and that both the p31 – 49 peptide and / or the 33 mer were fully 
degraded during their passage across the intestinal mucosa of 
controls and patients on a gluten-free diet, likely due to their 
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routing from endosomes toward the lysosomal pathway in ente-
rocytes. 112,113  On the contrary, in active CD, not only was uptake 
of gliadin peptides increased, 114  but, intact gliadin peptides were 
also rapidly translocated from the luminal surface to the serosal 
compartment. 112,113  There was however no evidence of nonspe-
cific paracellular leakage of gliadin peptides, 112  suggesting an 
abnormal protected pathway of transcytosis. By analogy with 
previous reports indicating that dietary antigens complexed to 
IgE or to IgG can be rapidly translocated into the lamina propria 
due to their respective binding to the low affinity IgE receptor 
CD23 115  or to FcRn on epithelial cells, 116  we hypothesized that 
gluten peptides may be complexed to intraluminal secretory 
IgA, bound to an IgA receptor and transported protected from 
lysosomal degradation by a specific transcytosis pathway. 

 We further implicated the CD71 receptor in transcytosis of 
IgA in CD 113  ( Figure 4 ). CD71 is well known for its role in the 
endocytosis of transferrin and is the prototype of the recycling 
receptors that protect their ligand from lysosomal degrada-
tion. 117  This receptor was recently identified as a new recep-

tor for polymeric IgA. 118  Notably, CD71 is only expressed on 
the basolateral enterocyte membrane in the normal intestine 
and in patients on a gluten-free diet. In contrast, in active CD, 
CD71 expression is massively increased and CD71 is found at 
the apical enterocyte membrane where it colocalizes with IgA. 113  
This receptor efficiently binds polymeric and secretory, but not 
monomeric IgA. Consistent with its role in the retrotranscyto-
sis of IgA – gliadin complexes, intestinal transport of intact glia-
din peptides across the mucosa of patients with active CD was 
blocked by competition with irrelevant polymeric and secretory 
IgA, but not monomeric IgA, as well as by soluble CD71, but 
not CD89 (another IgA receptor not found on enterocytes) 113  
( Figure 4 ). 

 The contribution of IgA-mediated transcytosis of gliadin 
peptides to CD pathogenesis remains to be delineated. To be 
operative, it requires the presence of anti-gliadin IgA antibod-
ies in the intestinal lumen, which may be induced as a normal 
protective adaptive response to gliadins. This is consistent with 
the thought that the luminal delivery of secretory IgA against 
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      Figure 4        The retrotransport of immunoglobulin A (IgA) – gliadin complexes in active celiac disease. Gliadin peptides left undigested by luminal and 

brush border enzymes can be endocytosed. In controls, they can be further digested during their transepithelial transport likely due to their routing 

to lysosomes (left part). As a consequence, only very small amounts of intact peptides can reach the villous lamina propria .  The entrance of gliadin 

peptides is however likely sufficient to drive a tolerogenic immune response and initiate the production of IgA in Peyer ’ s patches and / or mesenteric 

lymph nodes. In the normal situation, gliadin peptides complexed to secretory IgA are likely entrapped in the mucus and eliminated by peristalsis 

(left part). In active celiac disease (CD), upregulation of CD71 and its abnormal expression at the apical surface of enterocytes allows the luminal 

capture of IgA – gliadin complexes which enter enterocytes with CD71 via the endosomal recycling pathway and can thus be rapidly delivered intact 

into the basolateral compartment (right part). The entrance of large amounts of intact gliadin peptides likely bolsters the local adaptive response. It is 

possible that IgA – gliadin complexes are particularly more efficient in driving the adaptive response and perhaps to help the switch from tolerance to 

inflammation, but this role remains to be demonstrated.  
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food antigens and toxins is a protective mechanism to block 
these antigens from entering the body ( Figure 4 ). This normal 
protective mechanism might be perverted in CD by the abnor-
mal apical expression of CD71 which results on the contrary in 
enhanced mucosal delivery of gliadin peptides complexed to IgA 
( Figure 4 ). Two mechanisms may promote CD71 upregulation 
on enterocytes, low iron stocks 119  and increased cell renewal. 
Both factors may sustain retrotranscytosis of IgA – gliadin com-
plexes in active CD and thereby perpetuate the inflammatory 
immune response. It is however perhaps not excluded that 
upregulation of CD71 following infection or due to reduced 
iron stocks (a situation observed in infants and young women, 
two elective ages for CD onset) may contribute to the initiation 
of mucosal damage. Indeed, it is tempting to hypothesize that 
gliadin – IgA complexes are particularly immunostimulatory, and 
could provide a danger signal that is able to tip the local anti-
gliadin immune response from tolerance to inflammation. In 
patients with IgA deficiency, a comparable role may perhaps be 
carried out by IgG and the FcRn receptor that can translocate 
IgG – antigens complexes across the mucosa 116  and efficiently 
promote their presentation to mucosal dendritic cells. 120    

 ALTERATIONS OF THE MUCOSAL CYTOKINE NETWORK 

AND LOSS OF TOLERANCE TO GLUTEN: A MIXED AND 

INTERMINGLED ROLE OF INNATE AND ADAPTIVE 

CYTOKINES 

 As discussed above, tolerance to dietary antigens is ascribed to 
the activation of regulatory T cells and to the local production of 
immunosuppressive cytokines, IL-10 and TGF- � , which prevent 
excessive TH1 or TH2 responses. In active CD, intestinal inflam-
mation is associated with an intense TH1 response as indicated 
by a considerable increase in IFN- �  transcripts 34,62  and the 
 in situ  activation of STAT1. 121   In situ  and  ex vivo  studies indicate 
that both gluten-specific CD4     +      lamina propria T cells and IELs 
contribute to this massive TH1 response (see above). Defining 
the mechanisms that counteract tolerance mechanisms and 
drive the proinflammatory TH1 response in CD has been the 
focus of numerous studies. Surprisingly, and in marked contrast 
with other inflammatory bowel intestinal diseases, IL-12p40 
transcripts are not increased in CD pleading against a driving 
role of IL-12 or IL-23. 34,62  Several other cytokines are possible 
candidates to drive and / or amplify the TH1 response in CD 
( Figure 5 ). The first one is IFN- � , a known inducer of TH1 
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responses during viral infections. 122  Attention to this cytokine was 
initially attracted by the onset of overt CD in patients receiving 
IFN- �  for therapeutic purposes, 123  an observation also made in sev-
eral autoimmune diseases (reviewed in reference 124 ). Monteleone 
 et al . 123  subsequently observed that IFN- � : (1) is upregulated in 
the mucosa of active CD, (2) strongly potentiates the production 
of IFN- �  induced by T-cell receptor stimulation in explant cul-
tures of human fetal gut, 125  and (3) is produced by a subset of plas-
macytoid dendritic cells recruited in the mucosa of active CD. 126  
Finally, they observed that antibodies against IFN- �  inhibit the 
increase in IFN- �  transcripts induced by gliadin digests in biopsies 
from treated CD, demonstrating the contribution of this cytokine 
to the anti-gliadin TH1 response. 126  Comparable experiments 
using neutralizing antibodies to block the transcription of IFN- �  
and / or of the TH1 master regulator T-bet in organ cultures from 
untreated CD patients pleads against a role for IL-18, another 
cytokine present in excess in the mucosa of active CD patients 127  
but point to the complementary role of two other cytokines, IL-
15 and IL-21. 68  Notably, expression of the latter cytokine was 
found markedly increased in biopsies of active, but not treated 
CD patients, and could be induced by gluten digests in biopsies 
from treated CD patients. 68  In contrast to IL-15 produced by epi-
thelial cells, macrophages and dendritic cells, IL-21 is produced 
exclusively by CD4     +      T cells ( Figure 5 ). 

 The interplay between IFN- �  and IL-15 produced by innate 
cells and / or enterocytes and IL-21 produced by CD4     +      T cells 
may not only stimulate the intestinal TH1 response but serve 
other functions converging to break tolerance to gluten and pro-
mote the fatal dialogue between lamina propria CD4     +      T cells 
and IELs that culminate into severe epithelial damage ( Figure 

5 ). On the one hand, IFN- �  and IL-15 can stimulate each oth-
ers synthesis and both are potent inducers of dendritic cell 
maturation. 122,128,129  Moreover, in mice,  IFN- �  can stimulate 
crosspriming of CD8     +      T cells against soluble antigens, 130  sug-
gesting its possible role in the induction of MHC class I gliadin-
restricted CD8     +      T cells which could then be further activated 
and expanded by IL-15 130  ( Figure 5 ). On the other hand, the 
IL-21 signaling pathway partially overlaps with that of IL-15, the 
IL-21 receptor comprising a specific IL-21R �  chain, and the  �  c  
chain common with the IL-15 receptor. 131  The two cytokines 
exert both opposing and synergistic effects at the interface 
between innate and adaptive immunity. In marked contrast with 
IL-15, IL-21 alone inhibits the maturation of dendritic cells 131,132  
and downregulates the expression and activation of the NKG2D 
receptor in human NK and CD8     +      T cells, 133  both effects unex-
pected in active CD. It is however conceivable that these effects 
are overcome in the presence by IL-15 and / or IFN- � . In fact, 
IL-21, which alone has only moderate effects on CD8 T cells, 
exerts potent synergistic effects with IL-15 on enhancing CD8 T-
cell survival, proliferation, production of IFN- �  and granzyme /
 perforin-dependent cytotoxicity. 134  IL-21 produced by CD4     +      T 
cells may therefore be one actor in the dialogue between lamina 
propria CD4     +      T cells and IELs ( Figure 5 ). IL-21 might also 
act in concert with IL-15 to break the local immunoregulatory 
mechanisms that negatively control TH1 responses. Thus, we 
have observed that IL-15 inhibits the Smad3 pathway of TGF- �  

signaling, a key regulatory pathway to avoid intestinal inflam-
mation. 67  This effect of IL-15, resulting from the activation of 
the JNK pathway, was observed not only in IELs but also in 
CD4     +      lamina propria cells. In keeping with the uncontrolled 
TH1 response observed in mice with T cells deprived of TGF- �  
receptor II, IL-15-mediated blockade of Smad3 was shown to 
promote the production of IFN- �  in biopsies from untreated CD 
patients. 67  Finally, IL-15 in concert with IL-21 might impair a 
second important regulatory pathway in the small intestine. In 
humans, FoxP3     +      regulatory T cells play a major role in prevent-
ing not only autoreactivity in the small intestine but also adverse 
responses to food antigens. 135  Recent data do not favor a genetic 
link of CD with the  FOXP3  gene 136  and the number of FoxP3     +      
cells detected  in situ  is increased in patients with either active 
or latent CD. 137  However both IL-15 and IL-21 can block the 
suppressive effects of FoxP3     +      CD4     +     CD25     +      regulatory T cells 
on CD4     +      effector T cells ( 138  and BenAhmed  et al ., submitted), 
suggesting that the latter cells, even if recruited may be inef-
fective to control the TH1 inflammatory response ( Figure 5 ). 
The inhibitory effect of IL-15 on two important immunoregula-
tory mechanisms may perhaps participate in the induction of 
autoimmune diseases in CD, a notion supported by the analysis 
of IL-15 transgenic mice which develop multiorgan lymphocytic 
infiltrates and aggressive skin lesions. 66  

 These results raise the question of the mechanisms and sig-
naling pathways, which promote the excessive production of 
IFN- � , IL-15, and IL-21 in CD. Recent studies point to the role 
of complementary genetic and environmental factors.   

 THE CONTRIBUTION OF ADDITIONAL GENETIC FACTORS: 

A ROLE FOR THE IL-2 / IL-21 REGION? 

 As over 60 %  of familial clustering remains unexplained by HLA 
genes, the identification of additional genetic loci appears an 
important chance to gain new insight into CD pathogenesis. The 
contribution of other genes in the HLA region (TNF- � , LT- � , 
MICA) has been suggested but results are inconsistent and con-
clusions hampered by the very strong linkage disequilibrium in 
this region. Linkage analyses have pointed to several candidate 
regions among which 5q31 – 33 and 19p13.1, the later containing 
 MYO9B  and  ICAM-1  which have emerged as candidate genes 
from further studies ( 111,139  and reviewed in reference 140 ). Yet 
these findings have been inconsistently replicated. A candidate 
gene approach, recently confirmed by a genome wide associa-
tion analysis, suggests a link with the CTLA-4 region (2q33) in 
some populations. 140,141  Yet, the functional consequence of the 
observed polymorphism remains unknown. 

 Very recently, genome-wide association studies based on the use 
of single nucleotide polymorphisms have shed new light on the 
genetics of complex polygenic diseases. These analyses support 
the concept that the majority of genetic variation contributing to 
disease susceptibility is carried by multiple variants of weak size 
effects. 140  Two recent studies led in CD by van Heel and co-work-
ers on a total of roughly 3,400 patients with CD and 4,800 controls 
of UK, Irish, and Dutch origins have revealed a robust association 
with eight distinct new chromosomal regions. 142,143  Yet, the newly 
identified variants were estimated to account for only 3 – 4 %  of 
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the genetic susceptibility of CD, indicating that many other true 
associations remain undetected. Furthermore, the alleles that were 
more frequent in CD cases, were common and conferred either 
protective or risk effects with weak odds ratios between 0.7 and 
1.4 for all detected variants. 140,142,143  

 How these genes contribute to CD pathogenesis will await 
identification of the causal variants. Interestingly, however, seven 
out of the eight identified regions harbored genes with known 
immune functions, three of which (4q27, 3p21 and 12p24) have 
been already associated with other autoimmune diseases, par-
ticularly type I diabetes, whereas, a fourth one (2q11 – 2q12) has 
been associated with Crohn ’ s disease. 140,142,143  Possession of these 
variants might influence the quality or intensity of the immune 
responses providing perhaps a selective advantage to resist to 
infectious agents, which may explain their selection during evo-
lution in many individuals. Reciprocally, they might lower the 
threshold of immune reactivity, allowing for inappropriate reac-
tions against autoantigens or harmless environmental antigens. 
Along this line, it is interesting that the most significant associa-
tion outside the  HLA  region was observed with single nucleotide 
polymorphisms located in 4q27 in a block of four genes includ-
ing  IL2  and  IL21 , 142,143  an association recently confirmed in a 
Norwegian cohort. 144  Due to extensive linkage disequilibrium, 
the causal variant associated with CD could not be identified. Yet, 
it is noticeable that 4q27 is syntenic to the  idd3  region on murine 
chromosome 3 that controls the development of type I diabetes 
in NOD mice as well as the sensitivity to several experimental 
autoimmune diseases. 145  No precise mutation was identified in 
mice but the susceptibility  idd3  haplotype was associated with 
reduced IL-2 transcription in response to T-cell stimulation, and 
a lower proportion and impaired function of CD4     +     CD25     +      regula-
tory T cells. In contrast, no change in the transcription of IL-21 was 
observed. 145  In humans, the possible impact of this association on 
IL-2 or IL-21 transcription is unknown. It is tempting to suggest 
an impact on IL-21 because, as indicated above, CD4 lamina pro-
pria T cells from patients of active CD produce increased amounts 
of IL-21 which seems important to promote the CD intestinal TH1 
response. Yet, increased IL-21 expression is observed in a large 
variety of TH-1 type gastrointestinal inflammatory processes, 146  
further pleading for the idea that the polymorphisms associated 
with inflammatory / autoimmune diseases might exert their effect 
by finely tuning common immune pathways. 

 Finally, it is interesting to observe that the second strongest 
association outside the HLA region detected by the studies by 
van Heel and co-workers is within a region specifically associ-
ated with CD and in 1q31, 142,143  a region encompassed by the 
recurrent 1q trisomy characteristic of RCS malignant IELs. 147  
Notably, this region contains  RGS1 , a gene encoding a nega-
tive regulator of G-protein which is specifically expressed in 
IELs. 142,143  No association has however been detected so far with 
regions encoding IL-15 or IFN- �  or their receptors.   

 THE CONTRIBUTION OF ADDITIONAL ENVIRONMENTAL 

FACTORS: A ROLE IN THE INDUCTION OF IFN- �  AND IL-15? 

 The ability of gastrointestinal infections as a trigger to overt CD 
is a long lasting hypothesis. The first suggested mechanism was 

molecular mimicry between gluten and proteins from pathogens 
such as the EIB protein of adenovirus type 12 148  or the hyphal 
wall protein 1 from  Candida albicans , 149  but this hypothesis was 
not supported by experimental evidence. The presence of rod-
shaped bacteria adhering to the duodenal mucosa of CD has 
been noted, 150  yet their adherence may be secondary to local 
changes in the glycocalyx and evidence of their direct role in 
disease triggering is lacking. 

 In contrast, that IFN- �  and of IL-15 are important players 
in CD pathogenesis as well as key actors of the early innate 
responses to intracellular pathogens point to the role of viral 
infections, notably by double-stranded RNA viruses which, 
via TLR3 or intracellular sensors, are strong inducers of both 
cytokines. 87,122,129  This hypothesis is supported by a recent 
epidemiological survey indicating that repeated infections by 
rotavirus, a double-stranded RNA virus, promote the onset of 
childhood CD. 151  It is therefore conceivable that induction of 
IFN- �  and IL-15 as a consequence of viral infections can rein-
struct previously tolerogenic dendritic cells and / or stimulate the 
 de novo  recruitment and activation of proinflammatory den-
dritic cells which can in turn prime gluten specific T cells and 
tip the local immune balance from tolerance to inflammation. 
Interestingly, in mice, stimulation of TLR-3 by a peritoneal injec-
tion of poly-IC was shown to trigger a transient enteropathy. 
One study showed that tissue damage switched on the deami-
dation activity of Ttgase 2, a mechanism which may stimulate 
gluten loading of HLA-DQ molecules on dendritic cells and 
subsequently may amplify priming of gluten-specific T cells. 23  
Another study demonstrated the rapid induction of IL-15 in 
enterocytes and of NKG2D on IELs and showed that blockade 
of IL-15 and NKG2D could inhibit epithelial damage, 87  suggest-
ing that IELs can also be rapidly activated on TLR3 stimulation. 
The mechanisms which maintain IFN- �  and IL-15 synthesis 
long after eviction of the putative pathogen(s) and which reacti-
vate their production depending on patients exposure to gluten 
remain however to be deciphered. Notably, the respective con-
tribution of so-called innate and adaptive gluten peptides needs 
to be better defined as well as the signaling pathways that can 
unlock IL-15 translation.   

 FROM COGNITIVE STUDIES TO THERAPY? 

 Knowledge on the pathogenesis of CD has rapidly progressed 
and CD is now the first HLA-associated disease where the role 
of HLA has been elucidated. Lessons from CD might thus help 
to decipher pathogenic mechanisms of other HLA-associ-
ated autoimmune diseases, several of which can be associated 
with CD and / or share genetic and environmental risk factors. 
Another outcome of this cognitive work is to provide rationales 
to improve diagnostic tools and elaborate new preventive or 
therapeutic strategies. 

 On the basis of previous epidemiological studies, a preventive 
strategy in infants with at risk HLA is currently being tested 
which consists in the introduction of small amounts of gluten in 
4-month-old babies  “ protected ”  by breast-feeding with the hope 
of preserving / promoting tolerance to gluten. 152  The triggering 
role of repeated rotavirus infections, if confirmed, may become 
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an additional justification for vaccination. The identification 
and / or generation of  “ nontoxic ”  but good bread-making wheat 
breeds is an attractive proposal to prevent CD. 124  It can be feared 
however that the later approach remains the quest of the Holy 
Grail given the complexity of wheat genetics, the abundance 
of immunogenic sequences and because the structural charac-
teristics of gluten proteins that confer immunogenicity seem 
largely overlapping with those that underlie their bread-making 
qualities. 

 As the gluten-free diet is a real burden for many patients, 
several alternatives to a lifelong diet are considered, including 
the use of immunomodulatory vaccines, of Ttgase inhibitors, 153  
HLA-DQ blockers, 154  or exogenous endoprolyl peptidases 
( 21  and reviewed in reference 155 ). Developing a treatment as 
perfectly safe and effective as the gluten-free diet is however 
a difficult challenge. To date, the safest and most promising 
approach appears the use of novel highly efficient exogenous 
prolyl endoproteases, 156,157  as a similar strategy has been 
used for many years to treat pancreatic insufficiency. Taken 
with the food, these enzymes may help patients to deal with 
occasional lapses in their diet or may protect highly sensitive 
individuals from inadvertent presence of gluten in food prod-
ucts. Nevertheless, the efficiency of this approach still needs 
precise assessment. Bethune and co-workers have recently 
taken advantage of the identification of a small population of 
macaques which develop a gluten-sensitive enteropathy 158  to 
test this strategy. Administration of the enzyme during gluten 
challenge prevented the clinical relapse but not the reappearance 
of antibodies against gliadin and Ttgase, 159  leading to question 
the long-term safety. 

 The need of an alternative strategy is more particularly indis-
pensable for the small subsets of patients who develop clonal 
RCS, become resistant to dietary changes and have a very poor 
prognosis despite all treatments attempted so far. 38  Blocking 
IL-15 or its signaling pathway may help to control epithelial 
damage and above all to induce the apoptosis of abnormal IELs 
and prevent their expansion and further transformation into 
high-grade lymphomas.   

 CONCLUSION 

 It is now much clearer how one of the first environmen-
tal changes introduced by human civilization has resulted in 
the emergence of a disease in individuals with a predisposed 
immune system. The keystone is the adaptive immune response 
elicited by the interplay between at risk HLA and gluten. 
Several other pieces of the puzzle underlying CD pathogenesis 
have been picked up, which underscore the complementary 
role of innate immune mechanisms. Yet, their assemblage 
remains hypothetical and some pieces are still controver-
sial or lacking, notably to explain the diversity in the age at 
onset and in the presentation. Handy and pertinent 
animal models are strongly needed to authenticate the respec-
tive role of each putative player, establish their influence and 
hierarchy in the cascades that lead to mucosal damage, and 
ultimately define relatable tools to test innovative therapeutic 
strategies.     
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