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 INTRODUCTION 
 Celiac disease is a chronic inflammatory disease of the small 

intestine precipitated by ingestion of gluten proteins (consisting 

of gliadin and glutenin subcomponents) in genetically susceptible 

individuals. The disease lesion is characterized by lymphocytic 

infiltration of the epithelium and the lamina propria, crypt cell 

hyperplasia, and loss of villus structures. 1  Gluten-reactive T cells 

can be cultured from intestinal biopsies of celiac disease patients, 

but not from control individuals. 2  The gluten-reactive T cells rec-

ognize a variety of different epitopes, 3,4  which generally are much 

better recognized by the T cells after deamidation by the enzyme 

transglutaminase 2 (TG2). 5,6  The strong HLA association of celiac 

disease with HLA-DQ2 and HLA-DQ8 7  and selective recognition 

of gluten peptides in the context of the very same HLA molecules 

by CD4     +      T cells 8  indicate that these T cells control the immune 

reaction that leads to the lesion formation. 

 CD4     +      T-helper (Th) cells can be divided into subsets based on 

their transcription factors, main cytokines produced, and their 

function. The subsets Th1, Th2, and T regulatory cells T R  are 

well established. Recently, Th17 and follicular T-helper cells were 

defined. 9  Th17 cells are characterized by expression of the tran-

scription factor RORC (RAR-related orphan receptor C; ROR � t 

in mouse) and the production of the proinflammatory cytokines 

interleukin (IL)-17A, IL-17F, and often IL-21 and IL-22. The IL-

21 cytokine is also produced by follicular T-helper cells that help 

B cells in making antibodies during T cell-dependent responses. 9  

The cytokine production by the gluten-reactive CD4     +      T cells 

of the intestinal lesion is dominated by interferon- �  (IFN- � ), 10  

although several other cytokines are also produced by such cells, 

including IL-4 10  and occasionally IL-10. 11  Two recent studies 

showed an increase in IL-17 mRNA in small intestinal biopsies 

of untreated celiac disease patients. 12,13  Both T cells and non-

T cells were found to produce increased IL-17 in celiac disease, 

and gliadin challenge of intestinal biopsies from treated celiac 

disease patients identified CD4     +      as well as CD4     +     CD8     +      T cells 

to be the source of IL-17. Furthermore, blockage of IL-21 in the 

challenge experiments with neutralizing antibodies led to dimin-

ished IL-17 production. These observations suggest that IL-17 

and IL-21 may be implicated in celiac disease, but it is unclear 

whether gluten-reactive CD4     +      T cells are the source of these 

cytokines. In this study we have addressed whether gluten-

reactive T cell produce IL-17, IL-21, and IL-22 by analyzing 

gluten-reactive CD4     +      T cells of celiac disease patients, either 

cultured from small intestinal biopsies or isolated from periph-

eral blood after an oral gluten challenge. The results, for which 

tetramer staining of polyclonal lines was particularly informa-

tive, show that gluten-reactive CD4     +      T cells of the celiac lesion 

produce IL-21, but not IL-17 or IL-22.   

 RESULTS  
 Gluten-specific T-cell clones do not produce IL-17 but 
produce IL-21 
 We first examined whether gluten-reactive T-cell clones gener-

ated from duodenal biopsies of celiac disease patients produce 
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IL-17. The T-cell clones chosen for analysis were well character-

ized; all were DQ2.5 (i.e., DQA1 * 0501 / DQB1 * 0201) restricted, 

recognized several different gliadin epitopes (DQ2- � -I, DQ2- � -

II, DQ2- � -I, or DQ2- � -II), and were generated from different 

patients. The clones were stimulated with either TG2-treated and 

chymotrypsin-digested gluten (CT-gluten), peptide antigen, or 

phorbol 12-myristate 13-acetate (PMA) / ionomycin, and the cul-

ture supernatants were analyzed for the presence of IFN- � , IL-17, 

IL-21, and IL-22 by Luminex assay or enzyme-linked immuno-

sorbent assay. Several of the gluten-reactive T-cell clones produced 

both IL-21 and IFN- � , whereas some produced IL-22 ( Figure 1 ). 

However, none of the gluten-reactive T-cell clones produced 

IL-17. Intracellular cytokine staining and flow cytometry on 

these T-cell clones confirmed the findings of the culture super-

natants. Indeed, many of the T-cell clones were double produc-

ers of IL-21 and IFN- � . In some T-cell clones, there were some 

very few cells that produced IL-22 (    <    1 to 2 %  for the high-

est producers) that could possibly be remaining feeder cells 

( Supplementary Figure S1  online and data not shown). None 

of the tested T-cell clones produced IL-17 as assessed by flow 

cytometry ( Supplementary Figure S1  online).   

 Gluten-reactive T-cell lines do not produce IL-17 after gluten 
stimulation 
 As  in vitro  culturing could affect cytokine production, we 

wanted to evaluate whether T cells in the gluten-reactive T-cell 

lines maintained their ability to produce IL-17. This would also 

  Figure 1             Gluten-specific T-cell clones produce interleukin (IL)-21 
and interferon- �  (IFN- � ), but not IL-17. T cells ( ~ 5 × 10 5 ) from six T-cell 
clones and one T-cell line, specific for various gluten epitopes, were 
incubated with 5 × 10 5  irradiated DR3-DQ2 B-lymphoblastoid cells and 
transglutaminase 2 (TG2)-treated chymotrypsin-digested gluten (CT-gluten), 
appropriate antigen-peptide, medium, or phorbol 12-myristate 13-acetate 
(PMA) / ionomycin. Supernatant fluids were collected after 18 – 24   h and 
analyzed for IFN- � , IL-17, IL-21, and IL-22 by Luminex assay or enzyme-
linked immunosorbent assay (ELISA).  

  Figure 2             Gluten-reactive T-cell lines produce interferon- �  (IFN- � ) 
but not interleukin (IL)-17 after stimulation with transglutaminase 2 
(TG2)-treated chymotrypsin-digested gluten (CT-gluten), but are able to 
produce IL-17 after phorbol 12-myristate 13-acetate (PMA) / ionomycin or 
anti-CD3 / CD28 stimulation. Cells ( ~ 5 – 10 × 10 4 ) of gluten-reactive T-cell 
lines were stimulated with anti-CD3 / CD28 beads, PMA / ionomycin, or 
3 × 10 5  DR3-DQ2-irradiated B-lymphoblastoid cells pre-pulsed with TG2-
treated CT-gluten or medium. Supernatant fluids were collected after 
18 – 24   h and analyzed for IFN- � , IL-17, and IL-22 by a Luminex assay or 
enzyme-linked immunosorbent assay (ELISA).  
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allow us to study the T cells after a shorter period of culturing. 

We stimulated T-cell lines with TG2-treated CT-gluten, PMA /

 ionomycin, or anti-CD3 / CD28 beads. Antigen stimulation led to 

an increased production of IFN- � , and in some lines CT-gluten 

stimulation was found to be even more efficient than anti-CD3 /

 CD28 and PMA / ionomycin stimulation. However, CT-gluten 

stimulation failed to induce production of IL-17 ( Figure 2 ). In 

contrast, PMA / ionomycin and anti-CD3 / CD28 stimulation led 

to an increased IL-17 production in most T-cell lines (although 

the concentrations varied considerably), with PMA / ionomycin 

being more efficient than anti-CD3 / CD28 stimulation. In the T-

cell lines, the IL-17 production originated from the CD4     +      T cells 

( Figure 3a ). Intracellular staining of cytokines in T-cell lines by 

flow cytometry confirmed that CT-gluten induced IFN- �  but 

not IL-17 production, whereas PMA / ionomycin could induce 

production of both cytokines. We also observed that most of 

the IL-17-producing T cells were double producers of IL-17 and 

IFN- �  ( Figure 3b ). Two of seven T-cell lines produced levels 

of IL-22 that could be detected in enzyme-linked immuno-

sorbent assay ( Figures 1 and 2 ). Only three out of seven of the 

T-cell lines had     >    10 %  of the cells with intracellular IL-22 and 

none of these cells stained for the DQ2- � II tetramer ( Table 1 ). 

Interestingly, most of the IL-22-producing T cells in the T-cell 

lines also produced IFN- �  but less than half produced IL-17 

( Supplementary Figure S2  online).   

 DQ2- � -II-specific T cells, in contrast to CD4     +     T cells with other 
specificities in the T-cell lines, produce IL-21 and IFN- �  but 
not IL-17 
 The combination of PMA / ionomycin is a particularly potent 

activator of T cells, which could explain why this activation 

stimulus, but not CT-gluten, induced IL-17 production. To 

address this issue, we stimulated the T cells of several polyclonal 

T-cell lines (from celiac disease patients) reactive to the DQ2-

 � -II epitope, with PMA / ionomycin and combined the staining 

of intracellular IFN- � , IL-17, IL-21, or IL-22 (a Th17 cytokine) 

with DQ2- � II tetramer staining. DQ2-CLIP2 tetramer was used 

as a negative control ( Supplementary Figure S3  online). This 

allowed visualization of the DQ2- � -II-specific T cells in the 

   Figure 3             Interleukin (IL)-17 induced by phorbol 12-myristate 13-acetate (PMA) / ionomycin stimulation of the gluten-reactive T-cell lines is 
produced by CD4     +      cells that also produce interferon- �  (IFN- � ). ( a ) The gluten-reactive T-cell line KT CDE3 was stimulated with PMA / ionomycin 
and stained for CD4 and IL-17. ( b ) The gluten-reactive T-cell line KT CDE3 was stimulated with irradiated DR3-DQ2 B-lymphoblastoid cells pre-
pulsed with chymotrypsin-digested gluten (CT-gluten) or medium, or PMA / ionomycin. Intracellular staining for IFN- �  and IL-17 was performed. 
Gating was performed on CD4     +      T cells. The figure is representative of three independent experiments. Numbers in quadrants represent the 
percentage of cells in each.  

   Table 1     Polyclonal gluten-reactive TCLs of celiac disease 
patients stained for intracellular cytokines in combination 
with the DQ2- � II tetramer 

    TCL    Cytokine  

  Percent cytokine 
positive of DQ2-
 � II-positive cells   

  Percent cytokine 
positive of DQ2-
 � II-negative cells  

   TCL 48.A.1.4  IFN- �   60  51 

     IL-17  0.0  3.2 

     IL-21  20  14 

     IL-22  0.0  0.0 

   TCL 437.1.1  IFN- �   34  82 

     IL-17  0.0  10 

   TCL 465.1.4  IFN- �   90  76 

     IL-17  0.0  12 

     IL-21  1.3  0.5 

     IL-22  0.0  0.0 

   TCL 559.B.4.1  IFN- �   94  a    97  a   

     IL-17  0.0  a    23  a   

     IL-21  29  b    19  b   

     IL-22  0.0  b    24  b   

   TCL KT CD3  IFN- �   79  a    83  a   

     IL-17  0.0  a    14  a   

     IL-21  28  b    11  b   

     IL-22  0.0  b    25  b   

   TCL 493.1.2  IFN- �   86  76 

     IL-21  73  5.5 

     IL-22  0.0  1.3 

   TCL 493.3.4  IFN- �   16  25 

     IL-21  7.7  4.7 

     IL-22  0.0  0.5 

   TCL 421.1.4  IFN- �   43  69 

     IL-21  15  6.2 

     IL-22  0.3  10.2 
     Abbreviations: IFN- � , interferon- � ; IL, interleukin; TCL, T-cell line  .   
   a    Depicted in  Figure 4 .   
   b    Depicted in  Figure 5 .   
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T-cell line. In all IL-17- or IL-22-producing T-cell lines, the 

DQ2- � -II-specific T cells were able to produce IFN- �  and 

IL-21 but not IL-17 or IL-22. Importantly, production of 

IL-17 and IL-22 was observed in many of the other T cells in 

the T-cell lines ( Figures 4 and 5 ,  Table 1,  and  Supplementary 

Figure S1  online). One T-cell line (TCL KT CD3) with both 

a clear DQ2- � I and DQ2- � II tetramer-positive popula-

tion was also stained for the DQ2- � I tetramer and showed 

the same pattern of cytokine production (data not shown). 

These results corroborate that the gluten-reactive T cells are 

double producers of IL-21 and IFN- � , but do not produce 

IL-17 or IL-22.   

  Figure 4             DQ2- � II tetramer-positive T cells do not produce interleukin (IL)-17 after phorbol 12-myristate 13-acetate (PMA) / ionomycin stimulation, 
whereas many of the other cells in the T-cell lines produce this cytokine. The T-cell line KT CDE3 ( a ) and T-cell line 559.B.4.1 ( b ) were stimulated 
18 – 24   h with medium or PMA / ionomycin and stained with DQ2- � II tetramer, anti-interferon- �  (IFN- � ), and anti-IL-17. The numbers in quadrants 
represent the percentage of cells in each, and the numbers in brackets represent the percentage of cytokine-positive cells among the cells staining 
with the tetramer.  

  Figure 5             DQ2- � II tetramer-positive T cells in polyclonal T-cell lines produce interleukin (IL)-21, but not IL-22. The T-cell line KT CDE3 ( a ) and T-cell 
line 559.B.4.1 ( b ) were stimulated 18 – 24   h with medium or phorbol 12-myristate 13-acetate (PMA) / ionomycin and stained with DQ2- � II tetramer, anti-
IL-21, and anti-IL-22. The numbers in quadrants represent the percentage of cells in each, and the numbers in brackets represent the percentage of 
cytokine-positive cells among the cells staining with the tetramer.  
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 mRNA expression of Th17 markers by gluten-reactive T cells 
 To confirm the data also at the mRNA level, three T-cell lines 

were activated by PMA / ionomycin and sorted into DQ2- � II 

tetramer-positive and tetramer-negative populations, followed 

by analysis of mRNA expression by real-time PCR. As expected, 

the expression of IL-17A, IL-17F, and RORC (the Th17 tran-

scription factor) was clearly lower in the DQ2- � II tetramer-

positive population when compared with the DQ2- � II-negative 

population ( Figure 6 ).   

 Cytokine production by DQ2- � -II-specific T cells in peripheral 
blood 
 To test gluten-reactive T cells that had not been subjected 

to possible confounding effects of  in vitro  culture, we inves-

tigated the cytokine production by gluten-reactive T cells 

that egress into the peripheral blood of treated celiac disease 

patients after an oral gluten challenge 14,15  using DQ2- � I and 

DQ2- � II tetramers ( Figure 7 ). The cells were stimulated by 

PMA / ionomycin. The stimulated cells uniformly expressed the 

activation marker CD69 after stimulation, and approximately 

8 %  of the cells produced either IFN- � , IL-17, IL-5, or IL-10 

(unpublished data, tested in one patient by M. R á ki). Analyzing 

the cytokine production in DQ2- � -I- or DQ2- � -II-specific 

T cells in three patients, we found that 5 – 8 %  of the cells stained 

for IFN- � , whereas tenfold less cells stained for intracellular 

IL-17. The accuracy of these data is hampered by few events of 

cells that were concomitantly positive for tetramer and intra-

cellular cytokines.    

 DISCUSSION 
 We have investigated the production of IL-17, IL-21, and IL-22 

by gluten-reactive CD4     +      T cells in celiac disease patients. Using 

HLA-DQ2 tetramers, we were able to track antigen-specific cells 

directly in T-cell lines and in peripheral blood. We found that 

the gluten-reactive T cells, which are central in controlling the 

inflammatory reaction in celiac disease, 8  produce IFN- �  and 

IL-21, but not IL-17. 

 One possible pitfall of the study may be that  in vitro  cultured 

and generated T-helper cells, and in particular Th17 cells, may 

lose their phenotype. This critique is relevant for our testing of 

the T-cell clones, but barely so for the results with the T-cell lines. 

Our gluten-reactive T-cell lines were cultured without antigen 

stimulation (except for the first 24   h, see Methods), thus pro-

viding similar growth conditions to gluten-specific and gluten-

unspecific T cells. In experiments assessing cytokine production, 

we activated cells in the T-cell lines by PMA / ionomycin stimu-

lation and then defined the gluten-specific T cells by tetramer 

staining. Many other cells with other unknown specificities were 

present. We found that the DQ2- � -II-specific T cells produced 

IFN- �  and IL-21, but not IL-17 or IL-22. Importantly, many of 

the other CD4     +      cells of the lines produced IL-17. Our culture 

conditions thus allowed for expansion of IL-17-producing cells. 

In line with the finding at the protein level, the DQ2- � -II-spe-

cific T cells expressed less of the Th17 transcription RORC than 

the other T cells in the T-cell line. Moreover, the same protocol 

that we have used for the generation of gluten-specific T cells 

has been used to generate  Mycobacterium avium  subspecies 

paratuberculosis-specific T cells from intestinal biopsies of 

Crohn ’ s disease patients, and many T-cell clones reactive to this 

bacterial antigen were found to produce IL-17. 16  Finally, we find 

it unlikely that T cells reactive to other gluten epitopes than the 

DQ2- � -II epitope should produce IL-17. None of the gluten-

specific T-cell clones that we tested, which cover a wide variety 

of gluten DQ2 epitopes, produced IL-17, and we were not able 

to detect IL-17 in cultures of T-cell lines stimulated with TG2-

treated CT-gluten. In addition, one T-cell line stained with the 

DQ2- � I tetramer showed the same pattern of cytokine produc-

tion as observed with the DQ2- � II tetramer. 

 IL-22 was found in the supernatant fluid of T-cell clones, but 

the cytokine was only produced by a very small percentage of 

cells (possibly remaining feeder cells). Only three out of seven of 

the T-cell lines produced significant amounts of IL-22 as assessed 

by flow cytometry. Co-staining for DQ2- � II tetramer-positive 

cells and intracellular cytokines in the IL-22-producing T-cell 

lines showed that the DQ2- � II tetramer-positive cells did not 

stain for IL-22. Taken together, the results suggest that the gluten-

reactive T cells do not produce significant amounts of IL-22. 

 To analyze gluten-reactive T cells of celiac disease patients 

that have not been cultured  in vitro , we attempted to stain for 

  Figure 6             DQ2- � -II-specific T cells express less interleukin (IL)-17A, 
IL-17F, and RAR-related orphan receptor C (RORC) mRNA than the 
other CD4     +      T cells in the T-cell line. Three representative T-cell lines, TCL 
KTCD3 (upper panel), TCL 493.1.2 (middle panel), and TCL 465.1.4 
(lower panel), were expanded for 1 week and the CD4     +      T cells sorted 
into DQ2- � II tetramer-positive and -negative T cells. Expression of IL-
17A, IL-17F, and RORC mRNA was normalized to the expression in 
tetramer-positive cells in each T-cell line (arbitrary set to one).  
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antigen-specific T cells with DQ2 tetramers in single-cell suspen-

sions from fresh biopsies of celiac disease patients. This was unsuc-

cessful as we were unable to identify a clear population of positive 

cells (data not shown). As an alternative approach, we tested the 

cytokine production of gluten-specific T cells that egress into 

the peripheral blood of gluten-free diet compliant celiac disease 

patients after a 3-day oral gluten challenge. 14,15  After stimulation 

with PMA / ionomycin most cells expressed the marker CD69; 

however, there were substantially less cells that were positive for 

intracellular IL-4, IFN- � , or IL-17. For IFN- � , we found 5 – 8 %  posi-

tive cells whereas the number of cells positive for IL-17 was approx-

imately tenfold less. These results should be cautiously interpreted 

as they are based on analysis of few events in the flow cytometry 

analysis, and the phenotype of the cells in blood is not necessarily 

retained in the gut mucosa. Nevertheless, the results are in keeping 

with the findings of cultured T cells from biopsies indicating that 

gluten-reactive T cells produce IFN- �  but not IL-17. 

 Interestingly, we found that IFN- � -producing gluten-specific 

T-cell clones also produced IL-21. IL-21 is a pleiotropic cytokine 

that has been shown to be produced by not only Th17 cells, 17  but 

also follicular T helper cells and Th2 cells (shown in mice). 18,19  

Our findings suggest that in humans, IFN- � -producing T cells 

are able to produce significant amounts of IL-21. It has previously 

been shown that IL-21 is increased in the CD4     +      population in 

celiac disease and that it helps induce production of IFN- �  and 

the Th1 transcription factor T-bet in the intestinal mucosa. 20  

Taken together with our findings, this suggests that in celiac dis-

ease, IL-21-producing gluten-reactive CD4     +      T cells establish a 

positive feedback loop to further enhance production of IFN- � . 

 In the small intestinal mucosa of untreated celiac disease 

patients, the mRNA for IL-17 has been found to be increased, 

and both T cells and non-T cells were found to contribute to 

increased production of IL-17. 12,13  In an organ culture sys-

tem of gliadin-stimulated biopsies, increased production 

of IL-17 was found in both CD4     +      and CD4     +     CD8     +      T cells. 13  IL-17 

is produced by a large variety of different cells, and known sources 

of IL-17 in addition to Th17 cells include  �  �  T cells, 21  neutrophils, 22  

invariant natural killer T cells, CD8     +      T cells, monocytes, and 

eosinophils. 17,23  All these cell types are candidates for producing 

IL-17 in the celiac lesion. Importantly, in the previous studies 

the antigen specificity of the CD4     +      cells producing IL-17 was 

not addressed. Our findings imply that gluten-reactive T cells 

are not producing IL-17 themselves. The gluten-reactive T cells 

may, however, indirectly affect IL-17 production. Neutralization 

of IL-21 with an antibody was found to diminish the induction of 

IL-17. 13  Conceivably, IL-21 produced by gluten-reactive CD4     +     T 

cells can be important for induction of IL-17 by other cells. 

 We find it likely that IL-21 produced by gluten-reactive T cells 

enhances both IL-17 and IFN- �  production in the intestinal mucosa. 

IL-21 may have a wider role in celiac disease pathogenesis as this 

cytokine also targets several other cell types such as CD8     +      T cells 

and natural killer cells. IL-21 also has a role in B-cell differentia-

tion and plasma cell function and could possibly contribute to the 

production of celiac disease-associated antibodies. 24  Notably, the 

 IL-2 / IL-21  locus is a genetic risk factor for celiac disease. 25  

 In summary, in this study we have shown that the CD4     +      

T cells recognizing gluten peptides in the context of HLA-DQ2 

do not produce IL-17. However, these CD4     +      T cells, which have 

  Figure 7             Cytokine production of gluten-reactive T cells in peripheral blood. Peripheral blood mononuclear cells (PBMCs) from three patients 
were isolated after oral gluten challenge. The cells were activated for 5   h with phorbol 12-myristate 13-acetate (PMA) / ionomycin, stained for surface 
markers, DQ2 tetramers and cytokines, and analyzed by flow cytometry. ( a ) Analyzed cells were gated on all CD4     +      T cells. ( b ) Analyzed cells 
were gated on CD4     +      T cells or DQ2- � I / DQ2- � II tetramer-positive cells as indicated. The depicted results are from one of the three patients 
(patient 3). Numbers in quadrants represent percentage of cells in each. ( c ) Percentage of tetramer-positive cells producing interferon- �  (IFN- � ) 
and / or interleukin (IL)-17 after activation for patients 1 – 3.  
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key roles in the inflammatory reaction, produce IL-21, a cytokine 

that can enhance production of both IFN- �  and IL-17 and stimu-

late B cells. This cytokine and its receptor are thus potential tar-

gets for therapeutic intervention in celiac disease.   

 METHODS  
 Subjects 
 All patient material used (T-cell lines and T-cell clones) was obtained 
from HLA-DQ2     +      (DQA1 * 0501 / DQB1 * 0201; DQ2.5) celiac disease 
patients diagnosed according to the recommendations of the American 
Gastroenterological Association. 26  Three of the patients (CD548, CD465, 
and CD559) were also DQ8     +      (DQA1 * 03 / DQB1 * 0302). For the experi-
ments on peripheral blood, three treated DQ2     +      celiac disease patients 
were recruited. The treated patients had improved clinically on gluten-
free diet and histological examination showed normalized intestinal 
architecture. The study was approved by the regional committee for 
medical research ethics, and all patients gave written consent before 
participating.  

  Antigens   .   CT-gluten was prepared as previously described. 3,27  A syn-
thetic 33-mer  � -gliadin peptide with three glutamine residues converted 
to glutamate (LQLQPF(PQPELPY) 3 PQPQPF) was purchased from 
EZBiolabs (Carmel, IN). CT-gluten was treated by TG2 as previously 
described 3,27  and used at a final concentration of 0.1   mg   ml  – 1 . The final 
concentration of the 33-mer peptide was 2    �  M . Peptides represent-
ing the DQ2- � -I (YQQLPQPEQPQQSFPEQERPF) and DQ2- � -II 
(GIIQPEQPAQL) epitopes were used at a final concentration of 10    �  m .   

  T-cell lines and T-cell clones   .   Gluten-reactive T-cell lines were generated 
from duodenal mucosal specimens of treated celiac disease patients as 
previously described. 27  It is noteworthy that in this protocol the T cells 
in the T-cell lines were exposed to antigen only for the first 24   h and sub-
sequent stimulation was performed in an antigen-nonspecific manner 
with allogeneic feeders, phytohemagglutinin, IL-2, and IL-15. The lines 
were kept in culture for 2 – 4 weeks before testing. All T-cell lines were 
reactive to deamidated gluten and previously generated in our lab for 
other purposes. The T-cell clones were generated from T-cell lines by 
limited dilution as previously described. 27  The T-cell clones tested were 
all DQ2.5 restricted, with known specificity.   

  T-cell assays   .   DR3-DQ2 Epstein – Barr virus-transformed B cells (CD 
114) irradiated at 75   Gy were used as antigen-presenting cells and incu-
bated with antigen for 18 – 24   h. Subsequently, T cells were added to each 
well. Alternatively, anti-CD3 / CD28 Dynabeads (Invitrogen, Carlsbad, 
CA, 1 bead per cell) or a combination of PMA (50   ng   ml  – 1 ) and iono-
mycin (2    �  m ) were added together with the T cells. Supernatant fluid 
was collected for cytokine analysis after 18 – 24   h of T-cell stimulation, 
or T cells were stimulated for 5   h and stained for intracellular cytokine 
production as described below.   

  Preparation of DQ2 tetramers   .   DQ2- � I and DQ2- � II tetramers were 
prepared as previously described. 14  As negative control tetramer, DQ2 
molecules covalently linked with the invariant chain peptide CLIP2 28  
(MATPLLMQALPMGAL) (DQ2-CLIP2) was used. Tetramers were 
conjugated to allophycocyanin or phycoerythrin (PE) depending on the 
experimental setting.   

  Antibodies   .   Anti-CD4-allophycocyanin-H7 and anti-IFN- � -fluores-
cein isothiocyanate antibodies were purchased from BD Biosciences 
(San Jose, CA). Anti-IL-17-Alexa 647, anti-CD11c-PE-Cy7, anti-CD19-PE-
Cy7, anti-CD8-PE-Cy7, anti-CD14-peridinin chlorophyll protein (PerCP), 
anti-IL-22-PE, anti-IFN- � -Pacific blue, and anti-IL-21-PE antibodies were 
purchased from eBioscience (San Diego, CA). Anti-CD3 antibody (OKT3) 

was conjugated to Pacific blue in our department. PerCP-conjugated anti-
CD4 antibody was purchased from Diatec (Oslo, Norway).   

  Intracellular cytokine staining and tetramer staining of T-cell lines and 
clones   .   T-cell lines and T-cell clones were stimulated as described above 
in the presence of GolgiStop (BD Biosciences) and tetramer (10    � g   ml  – 1 ) 
for 5   h. Cells were then collected and stained for CD4. The cells were 
fixed overnight in 1 %  paraformaldehyde, permeabilized for 20 – 30   min in 
2 %  fetal calf serum / 0.2 %  saponin in phosphate-buffered saline and then 
stained for intracellular cytokines. Cell fluorescence was analyzed on a 
FACSCalibur (BD) or on an LSRII flow cytometer (BD).   

  Analysis of cytokines in cell culture supernatants   .   The supernatant 
fluid of six T-cell clones and six T-cell lines was analyzed, after stimula-
tion as indicated above. The concentrations of IL-17 and IFN- �  were 
measured by the Luminex technology using BioPlex singleplex kit (Bio-
Rad, Hercules, CA) according to the manufacturer ’ s instructions. The 
concentrations of IL-21 and IL-22 were measured using the human IL-21 
and human IL-22 enzyme-linked immunosorbent assay Ready-SET-go! 
kit from eBioscience.   

  Characterization of gluten-specific T cells in blood in patients orally 
challenged with gluten   .   Bread challenge was performed as previously 
described. 14,29  In brief, patients ingested four slices of white bread daily 
for 3 days and blood was drawn on day 6 followed by peripheral blood 
mononuclear cell isolation by density gradient centrifugation. A total of 
10 million peripheral blood mononuclear cells were stimulated with 
medium or PMA / ionomycin for 5   h and stained for tetramer, surface mark-
ers, and intracellular cytokine production (IFN- �  and IL-17) as described 
above. CD4     +      T cells were identified as CD3     +      / CD8 -  / CD11c -  / CD19 -  cells. 
Cell fluorescence was analyzed using an LSRII flow cytometer (BD).   

  Sorting of T cells and real-time PCR   .   Three gluten-reactive T-cell lines 
were expanded for an additional week after initial testing (as described 
above) to approximately 6 × 10 7  cells and thereafter activated for 4   h with 
PMA (50   ng   ml  – 1 ) and ionomycin (2    �  m ). The cells were stained for 
CD4 and DQ2- � II tetramer or DQ2-CLIP (as negative control). Sorting 
of DQ2- � II tetramer-positive and -negative cells was performed on a 
BD FACS DiVa flow cytometer. RNA was isolated using the RNeasy 
mini-kit (Qiagen, Alameda, CA) and complementary DNA synthe-
sized using Superscript II reverse transcriptase (Invitrogen) and oligo 
dT primers. Real-time PCR was performed using Taqman gene expres-
sion master mix and Taqman gene expression assays (Hs01076112_m1 
(RORC), Hs99999905_m1 (GAPDH), Hs00369400_m1 (IL-17F), 
and Hs00174383_m1 (IL-17A)) and a StepOnePlus instrument (ABI, 
Carlsbad, CA). The expression of GAPDH was used as an endogenous 
control of input RNA in each sample and the relative expression of each 
gene (arbitrary units) was calculated using the  �  � CT method.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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