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 INTRODUCTION 
 The development and functional shaping of innate and adap-

tive components of gut-associated lymphoid tissue is completed 

postnatally, and depends on the close relationship with micro-

flora and environmental agents; 1 – 5  among its components, 

several phenotypically and functionally distinct T lymphocyte 

subsets abundantly home either in the lamina propria (LP), 

and in close proximity with the epithelial layer (intraepithelial 

lymphocytes (IEL)). 

 Human gut intraepithelial T lymphocytes (IEL-T) are mostly 

 �  /  � TCR    +     (T-cell receptor), although a significant fraction of 

 �  /  � TCR    +     T cells is represented; in marked contrast with LP-T 

cells, the vast majority of IEL-T is CD8    +    , a proportion of which 

also expresses natural killer receptors. 6 – 9  Most IEL-T cells have 

an effector / memory phenotype (CD45R0    +    ), and are capable 

of immediately participating in immune defenses. They con-

tribute to mucosal barrier function, to epithelial homeostasis, 

and to the regulation of mucosal immune responses, through 

cytotoxic activity and cytokine production, as well as by cell – cell 

communication. 9 – 16  

 Cytokines of the interleukin (IL)-17 family have recently 

emerged as important players of mucosal immune responses 

and in the maintenance of epithelial barrier integrity; 17,18  they 

orchestrate the crosstalk between immune and tissue cells, 

induce strengthening of tight junctions, and production of 

antimicrobial proteins and chemokines by both epithelium 

and immune cells. 19  IL-17A, the best-characterized member of 

the family, is produced by a specialized population of CD4    +     

                                   Size and dynamics of mucosal and peripheral 
IL-17A    +     T-cell pools in pediatric age, and their 
disturbance in celiac disease   
  R       La Scaleia   1   ,   2      ,     M       Barba   1      ,     G       Di Nardo   3      ,     M       Bonamico   4      ,     S       Oliva   3      ,     R       Nenna   4      ,     F       Valitutti   3      ,     M       Mennini   4      , 

    M       Barbato   3      ,     M       Montuori   4      ,     A       Porzia   1      ,     L       Petrarca   4      ,     S       Battella   1      ,     S       Cucchiara   3      ,     M       Piccoli   1      ,     A       Santoni   2   ,   5      , 

    F       Mainiero   1   ,   7       and     G       Palmieri   1   ,   6   ,   7                

 Mucosal interleukin (IL)-17A – producing T cells contribute to protective antimicrobial responses and to epithelial barrier 
integrity; their role in celiac disease (CD) is debated. We analyzed the frequency and developmental dynamics of mucosal 
(intraepithelial lymphocytes (IEL)) and circulating (peripheral blood (PB)) IL-17A (T17) and / or interferon (IFN)- �  – producing 
(T1, T1 / T17) T-cell populations in 86 pediatric controls and 116 age-matched CD patients upon phorbol myristate 
acetate / ionomycin or CD3 / CD28 stimulation. T17 and T1 / 17 are physiologically present among IEL and PB populations, 
and their frequency is selectively and significantly reduced in CD IEL. The physiological age-dependent increase of 
Th17 IEL is also absent in CD, while IFN- �  – producing PB-T cells significantly accumulate with patient ’ s age. Finally, 
the amplitude of IL-17A    +     and IFN- �     +     T-cell pools are significantly correlated in different individuals; this relationship 
only applies to CD4    +     T cells in controls, while it involves also the CD4    −     counterpart in CD patients. In conclusion, both 
size and dynamics of mucosa-associated and circulating IL-17A    +     T-cell pools are finely regulated in human pediatric 
subjects, and severely disturbed in CD. The impaired IL-17A    +     IEL-T pool may negatively impact on epithelial barrier 
efficiency, and contribute to CD mucosa damage; the disturbed dynamics of circulating IL-17A    +     and IFN- �     +     T-cell pools 
may be involved in the extraintestinal autoimmune manifestations associated with CD.        

      1   Department of Experimental Medicine, Sapienza University ,  Rome ,  Italy   .         2   Istituto Pasteur-Fondazione Cenci Bolognetti, Sapienza, University of Rome ,  Rome ,  Italy   . 
        3   Gastroenterology and Liver Unit, Sapienza University ,  Rome ,  Italy   .         4   Celiac Disease and Malabsorptive Diseases Unit, Department of Pediatrics, Sapienza University ,  Rome , 
 Italy   .         5   Department of Molecular Medicine, Sapienza University ,  Rome ,  Italy   .         6   Research Centre for Social Diseases, Sapienza   University ,  Rome ,  Italy   .         7  The last two authors 
contributed equally to this work  .       Correspondence: G Palmieri ( gabriella.palmieri@uniroma1.it )  

 Received 25 August 2011; accepted 26 February 2012; published online 9 May 2012.   doi:   10.1038/mi.2012.26  



514 VOLUME 5 NUMBER 5 | SEPTEMBER 2012 | www.nature.com/mi

ARTICLES

T-helper cells (Th17), and by CD8    +     (Tc17) and  �  /  �  TCR T cells, 

as well as by several populations of innate cells. 20 – 25  The existence 

of IL-17A / IFN- �  (interferon- � ) double-producer T-cell popu-

lations, as well as the occurrence of Th17-to-Th1 conversion 

during immune responses, testify that the genetic program of 

IL-17 – producing T cells is tightly regulated, and bears a sub-

stantial plasticity at the same time. 18,20,26,27  

 In mouse, the development of mucosal Th17-cell popula-

tion depends on specific commensal flora components. 2,3,17 – 19  

Although IL-17A – producing T cells are physiologically present 

in human gut LP 23,24  and peripheral blood, 25,26  no information 

is available regarding either the ability of IEL-T populations to 

produce IL-17A, or the dynamics of IL-17A – producing mucosal 

and circulating T-cell pools during human development. 

 IL-17 dysregulation has been associated with different auto-

immune and chronic inflammatory diseases. 17 – 20  Celiac disease 

(CD) is triggered, in genetically predisposed individuals, by an 

improper immune response to gluten components. 28,29  Besides 

specific HLA class II alleles, several genes involved in immune 

regulation and epithelial barrier function constitute predispos-

ing factors for CD; 29,30  moreover, environmental agents con-

tribute to the triggering of immune-mediated tissue damage 

by modulating immune response, inflammation, and epithelial 

permeability. 

 Several phenotypic and functional alterations in the IEL-T 

compartment, ranging from dysregulated cytokine production, 

aberrant expression and function of natural killer receptors on IEL 

CD8    +     T cells, and enhanced cytotoxic activity, have all been impli-

cated in CD tissue damage. 6 – 8,11,12,14,28,29,31 – 39  In addition, the 

association between CD and other immune-mediated disorders 

supports the existence of a systemic immune dysregulation. 28,29  

 A possible pathogenic role for IL-17A – producing T cells 

in CD has been proposed by recent evidence reporting the 

augmentation and the aberrant phenotype of LP Th17 in CD 

patients; 40,41  intriguingly, gliadin-specific CD4    +     T-cell lines 

exhibit an impaired ability to produce IL-17A, 42  leaving the 

involvement of IL-17A in CD still open to investigation. 

 We evaluated duodenal IEL and peripheral blood IL-17A –

 producing T-cell populations in a cohort of CD children and 

adolescents and age-matched controls, and analyzed the dynam-

ics of IL-17A    +     T cells with respect to both subjects ’  age and 

IFN- �  – producing T-cell populations. The results provide novel 

evidence that these factors regulate the pool size of IL-17A – pro-

ducing T cells during human development, and disclose multiple 

alterations occurring in CD.   

 RESULTS  
 Analysis of the main mucosal lymphocyte subsets in 
CD patients and controls 
 We initially performed the phenotypic characterization of the 

major T-cell subsets in distal duodenum bioptic specimens of 

newly diagnosed pediatric CD patients and age-matched control 

subjects. Mononuclear cell populations of control children and 

adolescents mostly consisted of CD3    +     T cells ( Figure 1a ), 10 –

 20 %  of which were CD4    +     ( Figure 1b ). The preponderant CD4    −     

T-cell population was largely composed of CD8    +     (80 % ), and 

double-negative CD4    −    CD8    −     (20 % ) T lymphocytes, as verified 

in a limited number of patients ( Figure 2a ); moreover, a consist-

ent population of  �  /  �  TCR    +     T cells was present ( Figure 2b ), 

which were either CD4    −    CD8    −     double negative, or CD8    +     

( Figure 2c ). CD103 ( � E � 7 integrin) was uniformly expressed 

on the almost totality of cells, in CD4    −    , CD8    +    , CD4    −    CD8    −     

double negative, and  �  /  �  TCR    +     subsets, and on a large fraction 

of CD4    +     T cells ( Figure 2d ). 

 The percentage of T lymphocytes was significantly increased 

in CD patients ( Figure 1a ); this increase was accompanied by 
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       Figure 1             Altered intraepithelial lymphocytes composition in mucosal biopsies of pediatric celiac disease (CD) patients. Frequency of ( a ,  c ) CD3    +     
and CD3    −     lymphocyte subsets, and ( b ,  d ) of CD4    +     and CD4    −     T-cell subsets, in duodenal biopsies ( a ,  b ) and peripheral blood ( c ,  d ) of newly 
diagnosed pediatric CD patients (gray symbols) and age-matched controls (C, white symbols). Bars show median and interquartile range.  *  P     <    0.05; 
 *  *  P     <    0.005;  *  *  *  P     <    0.001.  
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a skewing, with a decrease of CD4    +     T cells, and an augmenta-

tion of CD4    −     T cells ( Figure 1b ), the latter mostly accounted 

for by the increase of CD4    −    CD8    −     and  �  /  �  TCR    +     T cells 

( Figure 2a – c ). Additionally, natural killer cells, identified 

as CD3-CD56    +    , were significantly lower in CD mucosal 

samples (data not shown). CD103 was comparably expressed 

on most T-cell subsets of CD patients, and slightly increased 

on CD4    −    CD8    −     double-negative T cells ( Figure 2d ). 

 In summary, the phenotypic analysis indicates that the 

lymphocyte populations obtained solely by mechanical 

dissociation of biopsies mostly consisted of IEL, as previ-

ously reported by various authors. 6 – 9,36 – 39  Moreover, the 

higher CD4    −     / CD4    +     ratio, and the augmented frequency of 

CD4    −    CD8    −     and of  �  /  �  TCR    +     T cells, together with the lower 

frequency of natural killer cells, are all recognized alterations 

of IEL populations in CD. 7,34,36 – 39  

 No alteration in the frequency of the main peripheral blood 

(PB) T-cell subsets was observed in pediatric CD patients 

( Figure 1c,d ).   

 Quantitation of IL-17A- and IFN- �  – producing IEL-T 
lymphocytes in duodenal biopsies and in the PB of 
pediatric CD patients and controls 
 Recently, the increased presence of IL-17A – producing 

CD4    +     T (Th17) cells has been described in the LP of 

CD patients. 40,41  However, no information are available on the 

ability of IEL-T to produce IL-17A and whether this is altered 

in CD. 

 Results in  Figure 3a  show that a sizeable fraction of both 

CD4    +     and CD4    −     IEL-T subsets physiologically produced 

IL-17A, upon a short-term stimulation with phorbol myris-

tate acetate (PMA) and ionomycin, as assessed in pediatric 

control subjects ( Figure 3aA,aB , respectively). Strikingly, 

both CD4    +     and CD4    −     IEL-T-cell populations of newly 

diagnosed CD patients showed a significantly lower 

frequency of IL-17A – producing cells ( Figure 3aA,aB , 

respectively). 

 Under the same experimental conditions, the frequency of 

IFN- �  – secreting CD4    +     and CD4    −     T cells was not signifi-

cantly altered in CD patients ( Figure 3aC,aD , respectively). 

A representative fluorescence-activated cell sorting analysis of 

IL-17A and IFN- �  staining on IEL-T populations of a CD patient 

(bottom panels) and an age-matched control (upper panels) is 

reported in  Figure 3c . 

 Results depicted in  Supplementary Figure S1A  online show 

that all the major subsets (CD4    +    , CD4    −    , CD8    +    , CD4    −    CD8    −    , 

and  �  /  �  TCR    +    ) contributed to IL-17A – producing IEL-T-cell 

pool, in a proportion that roughly paralleled their respective 

abundance; moreover, the different contribution of CD4    +     and 

CD4    −     subsets to IL-17A    +     pool in CD samples vs. controls 

reflected their different representativity in the IEL-T popula-

tions (compare with  Figure 1b ). 

 Interestingly, almost all IL-17A    +     cells expressed CD103, 

across all T subsets analyzed; this held true for both CD patients 

and controls, with the exception of slightly increased levels in 

IL-17A    +     CD4    −    CD8    −     double-negative T cells (see  Supple-

mentary Figure S1B  online); the enrichment of IL-17A – pro-

ducing cells in the CD103    +     fraction was particularly significant 

for CD4    +     T cells, owing to the lower level of CD103 positivity 

of this subset ( Figure 2d  and Selby  et al.  6 ). 
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        Figure 2             Characterization of T-cell subsets in mucosal intraepithelial lymphocytes of pediatric celiac disease (CD) patients and control (C) children. 
Mononuclear cell suspensions, obtained from duodenal biopsies of newly diagnosed pediatric CD patients (gray symbols) and age-matched controls 
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subset is reported in ( d ). Bars show median and interquartile range.  *  P     <    0.05;  *  *  P     <    0.01,  *  *  *  P     <    0.001.  
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 The frequency of T cells spontaneously producing 

IL-17A or IFN- �  in  ex vivo  – analyzed mucosal samples 

was negligible in both CD patients and controls (data not 

shown). 

 Interestingly, IL-17A – producing CD4    +     and CD4    −     T cells 

( Figure 3bA,bB , respectively) were also present, albeit at a 

lower level, in the PB of pediatric control subjects. The per-

centage of IL-17A    +     ( Figure 3bA,bB ) and IFN- �     +     ( Figure 

3bC,bD ) CD4    +     and CD4    −     T cells was comparable in CD 

patients and control children. IL-17A – producing cells of both 

CD patients and controls markedly expressed more CD161 

receptor (see  Supplementary Figure S2B  online), as compared 

with the frequency of this marker in CD4    +     and CD4    −     PB 

T-cell populations (see  Supplementary Figure S2A  online), 

in accordance with previous evidence in the literature; 22,24  a 

representative analysis of a CD patient and a control is reported 

in  Supplementary Figure S2C  online. 

 Collectively taken, these results show that Th17 and IL-17A – 

producing CD3    +    CD4    −     T cells are physiologically present 

in human duodenal mucosa and, with a lower frequency, in PB; 

our data indicate a selectively defective abundance of IL-17A – 

secreting cells in intraepithelial but not circulating T popula-

tions of CD patients.   

 Age-dependent dynamics of IL-17A and IFN- �  – producing 
T cells 
 The presence and functionality of several mucosal lymphocyte 

populations depend on environmental signals and on com-

mensal flora composition. 1 – 5,17 – 19  As shown in  Figure 4 , 

the frequency of IL-17A – producing CD4    +    , but not CD4    −    , 

IEL-T cells significantly augmented with age in controls, 

but not in CD patients ( Figure 4aA,aB , respectively) of the 

same age distribution ( Figure 4c ); at variance, the frequency 

of IFN- �  – producing IEL-T cells was not significantly influ-

enced by age in either group of patients ( Figure 4aC,aD , 

respectively). A distinct pattern characterized the PB com-

partment: IL-17A – producing CD4    +     and CD4    −     T cells signifi-

cantly accumulated with age in both controls and CD patients 

( Figure 4bA,bB , respectively), while the frequency of IFN- �     +     

T cells augmented with age in CD patients but not in controls 

( Figure 4bC,bD ). 

 Collectively taken, these results first show that mucosal 

Th17 undergo a physiological expansion during the early 

life years, and suggest that this process is abrogated in CD 

patients; more over, they indicate that the pool of circulat-

ing IL-17    +     T cells also physiologically augments with age. 

Finally, although the abundance of IFN- �  – producing PB 
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T cells was not altered in CD patients ( Figure 3bD ), this 

population pathologically accumulated with patient ’ s age, 

thus underlying a deeper and systemic T-cell dysregulation 

in CD.   

 Evaluation of IL-17A / IFN- �  double-producing mucosal 
lymphocytes in pediatric CD patients and controls 
 Recent reports have described the existence of IL-17A / IFN- �  

double-producer T-cell populations. 17,23,26,27  Here we show 

that IL-17A    +    IFN- �     +     cells were physiologically present in 

both CD4    +     and CD4    −     IEL-T populations of control children, 

and significantly diminished in CD patients ( Figure 5a,b ); 

at variance, the frequency of IL-17A / IFN- �  T cells in PB was 

comparable between CD patients and age-matched controls 

(data not shown). A representative fluorescence-activated cell 

sorting analysis of IL-17A and IFN- �  staining on IEL-T popula-

tions of a CD patient and an age-matched control is reported 

in  Figure 5c,d .   

 Quantitative relationship between IL-17A    +     and IFN- �     +     T-cell 
populations in mucosal and peripheral compartments 
in pediatric CD patients and age-matched controls 
 The development of IL-17A – producing T lymphocytes is control-

led by signals that are partially distinct from those favouring the 

development of IFN- �     +     T cells. 17 – 20  We evaluated whether the 

amplitude of the populations producing the two cytokines were 

independently or coordinately regulated, either in the mucosa or 

in the PB of control children and pediatric CD patients. 

 The frequency of Th17 positively correlated with that of Th1, 

in both IEL and PB populations of control children and CD 

patients ( Figure 6a,c , respectively); differently, the percentages 

of IL-17A    +     and IFN- �     +     CD4    −     cells were independently regu-

lated in controls, while showing a significantly positive correla-

tion in CD patients, in both mucosal and PB compartments 

( Figure 6b,d , respectively). 

 These results show that the breadth of Th1 and Th17 

pools are coordinately regulated in both IEL and PB compart-

ments of different individuals. Moreover, they also suggest that 

a pathological correlation links the frequency of IL-17A    +     cells 

with that of IFN- �  – producing ones, in mucosa and PB CD4    −     

T lymphocytes of CD patients.   

 IL-17A and IFN- �  production by mucosal T lymphocytes, after 
anti-CD3 / anti-CD28 stimulation 
 We then evaluated the presence of mucosal and circulating 

IL-17A – producing T cells in response to a more physiological 
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T-cell subsets of CD patients (gray symbols) and age-matched controls 
(C, white symbols); cells were left unstimulated (    −    ), or stimulated (    +    ) 
with phorbol myristate acetate / ionomycin (P / I). Bars show median and 
interquartile range.  *  P     <    0.005;  *  *  P     <    0.0005;  *  *  *  P     <    0.0001. Representative 
fluorescence-activated cell sorting analysis of IL-17A and IFN- �  staining 
on ( c ) CD3    +    CD4    +     and ( d ) CD3    +    CD4    −     gated T-cell populations, in a 
CD patient (bottom panels) and an age-matched control (upper panels). 
Numbers in quadrants represent the percentage of double-producer 
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stimulation, obtained by a combination of anti-CD3 and anti-

CD28mAb. CD28 coreceptor is expressed on almost all PB and 

IEL CD4    +     T cells; while almost half of PB CD4    −     T cells express 

CD28, only a small percentage of IEL CD4    −     T cells are CD28    +     

(i.e.,     <    15 % , our unpublished observations, and Eiras  et al.  34  

and Russel  et al.  43 ), thus allowing the analysis of the IEL-CD4    +     

T subset only. 

 Anti-CD3 / CD28mAb crosslinking induced IL-17A produc-

tion in IEL-T cells (that were identified by means of CD5 pan-T 

surface marker, 9,34  to avoid interference with the anti-CD3mAb 

used in the stimulation;  Figure 7a ), albeit with a lower potency 

than PMA / ionomycin treatment (compare with  Figure 3 ); 

IL-17A    +     cells were enriched in the CD4    +     (CD5    +     CD4    +    ) 

T-cell subset ( Figure 7b ). In these conditions, IEL from CD 

patients displayed a significantly reduced frequency of IL-17A    +     

( Figure 7a,b ) and of double-producer IL-17A    +    IFN- �     +     T cells 

(data not shown), while the percentage of IFN- �  – producing 

T cells was comparable with controls ( Figure 7c,d ). 

 At variance, and similar to what was observed upon PMA / 

ionomycin stimulation, the percentages of PB IL-17A- or IFN- �  – 

producing CD4    +     and CD4    −     T lymphocytes were comparable 

between CD patients and controls ( Figure 8 ). 

 Data in  Figure 9  show that the frequency of Th17 positively 

correlated with that of Th1, in both mucosal and circulating 

populations of CD patients and controls ( Figure 9a,b , respec-

tively), upon anti-CD3     +     anti-CD28mAb stimulation. 

 Taken altogether, these results show the physiological presence 

of IL-17A – producing T cells upon CD3 / CD28 co-engagement, 

in both mucosa and PB; moreover, they suggest a functional 

defect of Th17 in CD IEL population in response to this more 

physiological stimulation. Finally, the coordinated regulation of 

Th1 and Th17 pools is also observed under these experimental 

conditions.    

 DISCUSSION 
 In this study, we quantified the IL-17A – producing effector /

 memory T-cell (T17) pool in IEL and PB populations of 

pediatric subjects; we also analyzed the physiological age-

dependent dynamics of T17 and T1 (IFN- �     +    ) cells in both 

compartments, and the relationship between the amplitude of 

the respective pools. A profound quantitative defect of mucosa, 

but not peripheral, T17 cells was discovered in pediatric CD 

patients; moreover, the equilibrium between IL-17A    +     and 

IFN- �     +     T-cell pools, as well as their physiological age-depend-

ent dynamics, were deeply disturbed in both IEL and circu-

lating compartments of pediatric CD patients. Importantly, 

comparable results were obtained in response to stimulation 

either with PMA    +    ionomycin pharmacological agents, or by 

anti-CD3 / CD28mAb crosslinking, under more physiological 

conditions. 

 IEL-T-cell populations participate with a decisive role to pro-

tective and pathological mucosal immune responses; these cells 

are primarily involved in maintaining the functionality and the 

homeostasis of the mucosal barrier, and, by converse, have a 

crucial role in the epithelial damage in CD. 6,7,9 – 16,28,29,31 – 35  

 Our results show that IL-17A – producing IEL-T cells (iden-

tified by their characteristic phenotypic profile 6 – 9,36 – 39 ) are 

physiologically present in the duodenal mucosa of children 

and adolescent control subjects, thus suggesting an early 

development of this functional subset. IL-17A    +     effector /

 memory lymphocytes homogeneously express CD103 marker 

and are found not only in the CD4    +     (classical Th17), but 

also in the CD4    −     subset, where  �  /  �  TCR    +    , CD8    +    , and 

CD4    −    CD8    −     T cells all contribute to the production of 

IL-17A. Although the presence of Th17 in gut LP has been 

previously reported, 23,24,40  our data represent novel evidence 

that IEL-T cells promptly produce a cytokine whose action on 

both epithelial and immune cells leads to recruitment of anti-

microbial effector cells, production of anti-microbial peptides, 

and strengthening of tight junctions, thus playing a pivotal role 

in mucosal immune defense and homeostasis. 17 – 19  Moreover, 

the physiological presence of polyfunctional (IL-17A    +    IFN-

 �     +    ) IEL-T cells was also evidenced, further supporting 

the notion of T-cell functional plasticity. 17,19,26,27  Finally, 

our results also confirm the abundant presence of antigen-

experienced IFN- �  – producing CD4    +     and CD4    −     IEL, as 

previously reported. 10 – 12,16  

 IL-17A    +     and polyfunctional (IL-17A    +    IFN- �     +    ) effector /

 memory T-cell populations were also present, with an expected 

lower frequency, in the PB of pediatric subjects, thus suggest-

ing that this effector / memory pool is established at an early 

phase during human development. In accordance with previous 
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intraepithelial T lymphocytes (IEL-T)-cell subsets in pediatric celiac 
disease (CD) patients, upon CD3 / CD28 stimulation. The frequency of 
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left unstimulated (    −    ), or stimulated (    +    ) with anti-CD3    +    anti-CD28mAb 
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evidence in the literature, 22,24  PB IL-17A – producing T cells were 

enriched in the CD161    +     fraction, comparably in CD patients 

and controls. 

 The frequency of IL-17A    +    , but not IFN- �     +    , effector / memory 

mucosal and circulating T cells was found to increase according 

to children ’ s age, in the control population. These data suggest 

that the IL-17A – producing pool of effector / memory T cells 

is exquisitely modulated during infancy and adolescence in 

humans, and are in accordance with the notion that the matura-

tion of some components of the immune system is completed in 

the postnatal period. 1 – 5  Our results also show that the frequency 

of Th17 and that of Th1 were significantly correlated, in both 

IEL and peripheral compartments of pediatric control subjects; 

at variance, the sizes of IL-17A    +     and IFN- �     +     CD4    −     T-cell 

pools were independently regulated in different individuals. The 

coordinated regulation of distinct functional T-cell subsets may 

be the result of environmental stimuli and / or may underlie a 

positive crosstalk of immune regulatory circuits. 17 – 19  Moreover, 

these observations suggest that the acquisition of the functional 

ability to produce IL-17A is differently regulated in CD4    +     and 

CD4    −     T-cell subsets, within the same compartment. 

 In summary, our analysis on children and adolescent 

controls has elucidated some aspects of the physiological status 

of T1 and T17 major functional T-cell subsets during human 

development. 

 A two-tiered defect was found to selectively characterize 

IL-17A – producing IEL-T lymphocytes of pediatric CD patients: 

IL-17A    +     as well as IL17A    +    IFN- �     +     polyfunctional T-cell pools 

were strongly reduced among both CD4    +     and CD4    −     subsets, 

and the age-dependent accumulation of Th17 was also severely 

compromised. The frequency of IFN- �  – producing T cells 

did not significantly differ between CD patients and controls, 

arguing against the possibility that a generalized unresponsive-

ness may be at the basis of this phenomenon. The dysregulated 

functionality of the IEL compartment in CD patients was also 
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underscored by the evidence that the frequency of IL-17A    +     

and that of IFN- �     +    CD4    −     T cells were positively correlated in 

CD, but not in control, individuals. 

 The role of IL-17A in CD is still unclear. The presence of 

higher levels of IL-17A (evaluated as mRNA or protein) was 

reported in mucosal biopsies of CD patients; 40,44,45  the contri-

bution of non-T cells to IL-17A production, and the increased 

immune infiltrate may explain the difference with our data. 

This work represents a first assessment on the ability of intra-

epithelial T cells to produce IL-17A in CD; contrasting evi-

dence have been reported on the ability of LP CD4    +     T cells 

and gliadin-specific LP T-cell lines to produce IL-17A, 40 – 42  thus 

leaving this issue open to further investigation. The impaired 

abundance of IL-17A – producing IEL-T populations may affect 

the homeo stasis of the mucosal barrier and directly contribute 

to the augmented epithelial permeability, which constitutes a 

hallmark of CD; 28 – 31  moreover, the reduced frequency of both 

IL-17A    +     and double-producer effector / memory T cells may 

negatively impact on the efficiency of antimicrobial immune 

responses, and indirectly concur to the worsening of inflam-

mation in CD. 17 – 20  

 The mechanisms underlying the defective abundance of IL-

17A    +     IEL-T populations in CD are unknown. The develop-

ment of T17 is controlled by microbial components, cytokines, 

and metabolites, and is exquisitely dependent on a network of 

interactions with other T-cell subsets (such as T1 and T reg), 

and other immune and tissue cells. 1 – 5,17 – 20  All these factors 

are deeply dysregulated in the CD mucosa microenviron-

ment; 1,11,14,28 – 32  moreover, alterations in the metabolic status 

of the gut microflora have been reported in CD. 46  

 We could not find any significant relationship between the 

frequency of IL-17A    +     T cells and CD clinical form (typical vs. 

atypical vs. silent), or histological grading (data not shown); 

interestingly, the frequency of IL-17A    +     T cells in patients 

showing a positive serology and a histological grading of 0 or 

1, and possibly representing an early stage of disease, 28,29,47,48  

was not significantly different from that of those affected by 

the overt disease (data not shown), hinting at the possibility 

that the impairment of IL-17A    +     T-cell pool represents an early 

event in CD. 

 The presence of circulating pathogenic T cells has been con-

vincingly shown in CD. 29  Although neither the percentage nor 

the age-dependent increase of PB IL-17A    +     T lymphocytes 

were significantly affected, the pool of IFN- �  – producing 

CD4    −     T cells expanded with age (and possibly, with length 

of disease) in pediatric CD patients, but not in controls; more-

over, in this cell population, the frequency of IL-17A – pro-

ducing cells and that of IFN- �     +     ones were positively linked, 

thus mirroring what occurred in the mucosa compartment. 

Collectively taken, these observations underline that distinct 

and common modes of functional dysregulation character-

ize the IL-17A    +    CD4    −     T-cell subset in mucosal lesions and 

in the PB of CD patients; in fact, although this population is 

significantly decreased in IEL but not in PB lymphocytes, its 

frequency is nevertheless positively linked with that of IFN- �     +     

cells in both compartments. 

 In summary, our work provides novel information on 

the amplitude and dynamics of IL-17A – producing T cells, 

and its relationship with IFN- �  – secreting subset, in human 

development. These results describe novel aspects of the 

alterations of immune system in CD; they may contribute 

to a better comprehension of the underlying pathogenetic 

mechanisms and be useful in the design of innovative thera-

peutic strategies. The multifaceted dysregulation of cytokine-

producing T-cell populations at the systemic level may also be 

involved in the reported association between CD and other 

autoimmune and immune-mediated extraintestinal manifes-

tations. 28,29,47    

 METHODS     
  Patients and controls   .   One hundred and sixteen newly-diagnosed 
children and adolescent CD subjects (age range: 0.5 – 18 years) and 
86 age-matched controls (age range: 0.5 – 18 years) were consecu-
tively enrolled in our study; all patients were referred to either the 
Celiac Disease and Malabsorptive Diseases Unit or the Gastroenterology 
and Liver Unit, Department of Pediatrics, Sapienza University, Rome, 
Italy. 

 Diagnosis of CD was assessed according to clinical, serological and 
histological criteria. 47  Duodenal histology was graded according to Marsh 
classification. 48  Positivity for anti-tTG IgA was assessed in all patients by 
enzyme-linked immunosorbent assay and / or radioimmunoassay. 49  

 Control subjects were under investigation for upper gastrointestinal 
and / or systemic signs and symptoms (i.e., reflux disease, failure to thrive, 
dyspepsia, dysphagia, persistent vomiting, and abdominal pain) and were 
serologically and histologically negative.  Helicobacter pylori  infection was 
ruled out in all controls, except six, by the combined analysis of rapid 
urease-based method and histological examination on both antral and 
fundic stomach biopsies stained with Giemsa. None of the controls dis-
closed any inflammatory or abnormal aspect at duodenal biopsies that 
could be suggestive of other enteropathies (inflammatory bowel disease, 
autoimmune enteropathy, food allergies, non-steroidal anti-inflammatory 
drug-related enteropathy, and  Giardia  or  Cryptosporidium  infection). 

 All patients and controls were on a gluten-containing diet at 
diagnosis. 

 Demographic, clinical, serological, and histological features of CD 
patients and controls are reported in  Table 1 . 

 Two distal duodenum biopsies and a heparinized PB sample were 
taken during upper gastrointestinal endoscopy performed with a pedi-
atric endoscope (Olympus GIF-E, or PQ20, Tokyo, Japan) and a video 
gastroscope (Olympus GIF180, or GIF P140), after conscious sedation 
with intravenous pethidine (1 – 2   mg   kg  − 1 ) and midazolam (0.1   mg   kg  − 1 ), 
or general anesthesia. 

 The study protocol was defined in accordance with the Declaration of 
Helsinki and approved by the institutional ethical committee. Written 
informed consent was obtained from children ’ s parents; children 
>12 years of age signed a statement of assent.   

  Mononuclear cell isolation and stimulation   .   PB mononuclear cells were 
purified from heparinized blood samples by Ficoll-Hypaque (Eurobio, 
Les Ulis Cedex, France) density-gradient centrifugation. 

 Duodenal mucosa samples were put in physiological solution imme-
diately upon biopsy; mononuclear cells were obtained by mechanical 
dissociation on a 70- � m cell strainer (BD Biosciences, San Jose, CA), 
and collected in physiological solution. 

 Mononuclear cells were resuspended in RPMI completed with 10 %  
fetal calf serum and 1 %  glutamine (all from Euroclone, Milan, Italy), 
and left untreated or stimulated with 50   ng   ml  − 1  PMA (Sigma-Aldrich, 
St Louis, MO) and 0.5    � g   ml  − 1  ionomycin (Sigma-Aldrich). Alternatively, 
Fc � R    +     P815 mastocytoma cell line (3 × 10 5  cells) was incubated with anti-
CD3 and anti-CD28 antibodies (0.5    � g each; anti-CD3 OKT3mAb clone 
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was obtained from ATCC (Rockville, MD) and purified in our labora-
tory; anti-CD28mAb was from BD Biosciences) for 20   min, washed, and 
added to mononuclear cells in a 1:3 ratio. 

 All stimulations were carried out at 37    ° C for 6   h, in the presence of the 
intracellular trafficking inhibitor brefeldin A (10    � g   ml  − 1 ; Sigma-Aldrich), 
before intracellular staining and cytofluorimetric analysis.   

  Intracellular staining and multiparameter cytofluorimetric analysis   .   
Mononuclear cells were washed with phosphate-buffered saline, 
fixed with 2 %  paraformaldehyde for 20   min, permeabilized with 0.5 %  
saponin / 1 %  fetal calf serum, and stained with anti-CD3 PerCP (or anti-
CD5 PECy7, in samples stimulated with anti-CD3    +    anti-CD28   mAb), 
anti-CD4 FITC, IgG1 PE, and IgG1 APC isotypic controls, or anti-IFN- �  
APC (all from BD Biosciences) and anti-IL-17A PE (e-Biosciences, 
San Diego, CA) mAb for 30   min at 4    ° C. 

 Alternatively, mononuclear cells were stained with anti-CD3 PerCP 
Cy5.5, anti-CD4 PE Cy7, anti-CD8 APC H7, anti-TCR  �  /  �  APC, IgG1 
FITC or CD103 FITC or CD161 FITC, for 30   min at 4    ° C. Cells were 
washed with phosphate-buffered saline, fixed with 2 %  paraformaldehyde 
for 20   min and permeabilized with 0.5 %  saponin / 1 %  fetal calf serum, 
before an additional staining with IgG1 PE or anti-IL-17A PE. 

 Cells were analyzed with a FACScalibur or FACSCANTO II (BD 
Biosciences), using CellQuest Pro (BD Biosciences) or FlowJo (Treestar, 
Ashland, OR) software. Lymphocyte region was defined on the basis of 
forward and side scatter physical parameters; T-cell subsets were identi-
fied by anti-CD3 (or anti-CD5), 9,34  and anti-CD4, anti-CD8 or anti-TCR 
 �  /  �  staining. The percentage of cytokine-producing cells in each T-cell 
subset was obtained by setting the lower limit on the basis of a matched 
isotype control mAb-stained sample, whose positivity never exceeded 
0.5 %  of gated events. Cell viability in the populations analyzed was 
routinely >95 %  (not shown).   

  Statistical analysis   .   Differences between groups were analyzed with 
parametric (Student  t -test) and non-parametric (Mann – Whitney 
and Wilcoxon) tests, as appropriate. Correlation analysis was performed 
using Pearson correlation test. Statistical analysis was performed with 

PRISM v.5 (GraphPad Software, San Diego, CA) and SPSS v.19 (Chicago, 
IL) softwares;  P  value     <    0.05 (two sided) was considered statistically 
significant.        

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