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A B S T R A C T   

Celiac Disease (CD) is a T-cell mediated disorder caused by immune response to gluten, although the mechanisms 
underlying CD progression are still elusive. We analyzed immune cell composition, plasma cytokines, and 
gliadin-specific T-cell responses in patients with positive serology and normal intestinal mucosa (potential-CD) or 
villous atrophy (acute-CD), and after gluten-free diet (GFD). We found: an inflammatory signature and the 
presence of circulating gliadin-specific IFN-γ+ T cells in CD patients regardless of mucosal damage; an increased 
frequency of IL-10-secreting dendritic cells (DC-10) in the gut and of circulating gliadin-specific IL-10-secreting T 
cells in potential-CD; IL-10 inhibition increased IFN-γ secretion by gliadin-specific intestinal T cells from acute- 
and potential-CD. On GFD, inflammatory cytokines normalized, while IL-10-producing T cells accumulated in the 
gut. We show that IL-10-producing cells are fundamental in controlling pathological T-cell responses to gluten: 
DC-10 protect the intestinal mucosa from damage and represent a marker of potential-CD.   

1. Introduction 

Celiac disease (CD) is T-cell a mediated disease triggered by gluten in 
genetically susceptible individuals [1,2], who develop a permanent 
gluten intolerance with production of anti-tissue transglutaminase (tTG) 
and anti-endomysium antibodies and a marked T-cell response to 
gliadin, a gluten component. Small intestinal intra-epithelial and lamina 
propria T lymphocytes intervene in the inflammatory cascade that leads 
to mucosa damage [3,4]. Although 30% of Europeans carry the HLA risk 
alleles and gluten-containing cereals are largely consumed, only 1% of 

subjects develop CD. Moreover, 10% of genetically predisposed subjects 
with positive serology and normal intestinal mucosa are classified as 
potential-CD, and only 30% of them develop overt-disease in 9 years 
[5,6]. 

The pivotal role of IL-10 in controlling intestinal inflammation in CD 
is supported by studies in mice with IL-10-deficient signaling in antigen- 
presenting cells (APCs): mice develop spontaneous intestinal inflam
mation [7] and crypt hyperplasia upon gluten challenge [8], indicating 
that IL-10-signaling is crucial to prevent gluten-induced intestinal 
inflammation. In TCR/HLA-DQ2-transgenic mice ingestion of 
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deamidated-gliadin induced expansion of IFN-γ and IL-10-producing T 
cells, with the latter cells suppressing gliadin hypersensitivity in sensi
tized recipients [9]. In a transfer model of CD, treatment with gliadin 
PLG-nanoparticles protected mice from enteropathy by increasing 
gliadin-specific IL-10 production [10]. In humans, IL-10 gene poly
morphisms are associated to CD [11–13] and several reports suggest that 
an unbalance between IL-10 and IFN-γ occurs in damaged intestinal 
mucosa [14,15]. Moreover, gliadin-specific pro-inflammatory T-cell 
response was described at early manifestation of acute-CD [16], while 
gliadin-specific IFN-γ production by intestinal T cells from potential-CD 
children increased upon blocking of IL-10/TGF-β [17]. 

Gluten-specific IL-10-producing T regulatory type 1 (Tr1) clones 
have been isolated from the small intestinal mucosa of CD patients on 
gluten-free diet (GFD-CD) [18] and IL-10 expression was upregulated in 
potential-CD mucosa [14]. While these data support the pivotal role of 
Tr1 cells in CD, little is known on their role in the natural CD history, as 
well as of IL-10-producing APCs in controlling gut inflammation. Here, 
we characterized the immune cell compartments in peripheral blood 
(PB) and in gut mucosa infiltrates, and quantified cytokines in the 
plasma of CD patients at different stage of disease (potential-CD, acute- 
CD, GFD-CD). We show that while a pro-inflammatory environment 
prevails without GFD, the presence of a peculiar subset of IL-10- 
producing dendritic cells (DC-10) [19] uniquely characterizes the in
testinal mucosa of potential-CD patients. We confirm an enrichment of 
Tr1 cells in the mucosa after GFD. Our results support the previously 
described role of IL-10 in regulating CD evolution and identify the IL-10- 
producing DC as a novel target for CD therapy. 

2. Material and methods 

2.1. Study population 

CD patients enrolled in the study were classified as: acute-CD, with 
villous atrophy of small intestinal mucosa (Marsh 3); potential-CD, with 
normal/not-inflamed mucosa (Marsh 0), or mucosa with a mild 
lymphocyte infiltration (Marsh 1); GFD-CD, on gluten free diet since at 
least 6 months. Overall, the study population includes 90 pediatric CD 
patients (33 potential-CD, 45 acute-CD and 12 CD patients on GFD (GFD- 
CD) (Tables E1-E3, Table 1), and 24 age-matched non-CD controls (n = 9 
who underwent duodenal biopsy, Table S4, and n = 15 for PB samples, 
protocol TIGET09). Subjects were enrolled at the San Raffaele Scientific 
Institute of Milan, Sant’ Andrea University Hospital of Rome, and at the 
University Federico II of Naples. PB and intestinal biopsies were 
collected from subjects undergoing esophagogastroduodenoscopy 

(EGDS) for CD diagnosis or follow up, upon signature of the informed 
consent in accordance with the Helsinki Declaration and with local 
ethical committee approvals (protocol TIGET12b; protocol Federico II 
308/16). Participants of the non-CD group underwent EGDS as follow up 
for caustic injestion or suspect of CD, disproved by histological workout. 
Acute-CD and potential-CD patients had, at the time of diagnosis, posi
tive serology of CD-autoantibodies (positive threshold anti-tTG Abs IgA 
> 10 U/ml, IgA Endomysial antibody (EMA)). 

2.2. Intestinal cell isolation 

Small intestinal duodenal biopsies were digested for 1.5 h at 37 ◦C 
with 1.5 mg/ml of collagenase-A from Clostridium histolyticum (Roche, 
Basel, Switzerland), as previously described [20]. Depending on size of 
the bioptic fragment and degree of infiltration, the cellular yield was 
variable (alive cell count: 0.2–1.5 × 106). Samples with low (<0.6 ×
106), mid (0.6–1 × 106), and high (>1 × 106) cell yield were used to 
analyze lymphoid, myeloid, or both infiltrates, respectively. 

2.3. Generation of gliadin-specific T-cell lines 

T-cell lines were generated from cells isolated from small intestinal 
biopsies (Table 1 and supplementary materials), as previously described 
[21]. Briefly, 3–5 × 105 cells/24-well were stimulated with 1.5 × 106 

irradiated (35Gy) autologous PBMC in the presence of 50 μg/ml dea
midated peptic-tryptic digest of gliadin (PT-TG), and 50 U/ml IL-2 and 5 
ng/ml IL-15 (R&D System Minneapolis, MN) was added every 3 days. 
After a second PT-TG stimulation, T cells were stimulated for 48 h with 
autologous or HLA-matched Epstein-Barr Virus (EBV) immortalized B- 
cells (1 × 105) and PT-TG (50 μg/ml), with or without 10 μg/ml of anti- 
IL-10R (BD Biosciences, Franklin Lakes, NJ) and anti-TGF-β1,2,3 Abs 
(R&D System). IFN-γ production was measured in supernatants by ELISA 
(Mabtech, Nacka Strand, Sweden). 

2.4. Flow cytometry 

The frequencies of cell subsets in PB were assessed by flow cytom
etry, as previously described [22]. Dead cell exclusion was performed 
using Live/Dead PromoFluor 840 Maleimide reactive dye (Invitrogen, 
Carlsbad, CA). Samples were fixed in 0.5% paraformaldehyde (PFA, 
Thermo Fisher Scientific, Whaltam, MA). Cell suspensions from small 
intestinal biopsies were stained with PromoFluor 840 Maleimide reac
tive dye (Invitrogen), washed, resuspended in staining buffer plus FcR- 
Blocking reagent (Miltenyi Biotech, Bergish Gladbach, Germany) 

Table 1 
Clinical characteristics of patients enrolled in the study from which we generated intestinal T-cell lines.  

Patient Code Diagnosis Age (ys.m) Sex anti-tTG IgA (U/ml) EMA HLA-DQ alleles Marsh –Oberhuber Score 

CD 1 Acute-CD 15.3 F 145 Pos 2.2/8 Marsh 3a 
CD 4 Acute-CD 13.1 M 2371.5 Pos 2.2 Marsh 3c 
CD 5 Acute-CD 10.1 F 20 Pos 8 Marsh 3c 
CD 6 Acute-CD 13.8 F 25 Neg 2.5 Marsh 3c 
CD 7 Acute-CD 4.3 M 58.4 Pos 2.5 Marsh 3b/c 

N = 5  Mean (range) 
11.3 (4.3–15.3) 

F/M 
3/2 

Mean (range) 
524.0 (20–2371.5) 

Pos/Neg 
4/1  

Marsh 3a/3b-c 
1/4 

Patient Code Diagnosis Age (ys.m) Sex anti-tTG IgA (U/ml) EMA HLA-DQ alleles Marsh –Oberhuber Score 

POT 2 Potential-CD 2.1 F 29 Neg 8 Marsh 0 
POT 4 Potential-CD 14.1 F 23 weak Pos 2.5 Marsh 1 
POT 7 Potential-CD 2.1 F 18.6 Pos 2.5 Marsh 1 
POT 8 Potential-CD 2.3 F 100 Pos 2.5 Marsh 1 
POT 9 Potential-CD 2.5 F 41 Pos 2.5 Marsh 1 

N = 5  
Mean (range) 
4.7 (2.1–14.1) 

F/M 
5/0 

Mean (range) 
42.3 (18.6–100) 

Pos/Neg 
4/1  

Marsh 0/1 
1/4 

Anti-tTG: anti-tissue transglutaminase antibodies, cut-off for positive serology: > 7 U/ml by immunoenzymatic assay; EMA: Endomysial autoantibodies; F: female; M: 
male; NA: not available; Neg: negative; Pos: positive; HLA-DQ2.2: DQA1*0201+DQB1*02+; HLA-DQ2.5: DQA1*05+DQB1*02+; HLA-DQ8: DQB1*0302+; HLA-DQ7: 
DQA1*05+DQB1*. 
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containing Abs, and incubated for 15 min at RT in the dark. Intranuclear 
Foxp3 staining was performed on cell suspensions using FOXP3 tran
scription factor buffer set, following manufacturer's instructions (eBio
science, San Diego, CA). For Tr1 cell detection, cells were stained as 
previously described [23]. Abs used are listed in Table S5. 

For consistency of results, only bioptic samples with CD45+ cell 
counts >10,000 were considered for analysis. 

Samples were acquired using CytoFLEX-LX (Beckman Coulter, Jersey 
City, NJ) analyzer and data analyzed using FlowJo v10 (Ashland, OR) or 
FCS express v6 (De Novo Software, Pasadena, CA) softwares. Quadrant 
markers were set according to unstained controls. 

2.5. Cytokine determination 

Peripheral plasma of CD patients and HC were collected and stored at 
≤20 ◦C. Samples were centrifuged at 1000 ×g for 15 min immediately 
prior to use. The presence of: IL-1β, TNF-α, IL-6, IL-8, IL-10, IL-12p70, 
IFN-γ, IL-10, IL-2, IL-4, IL-15, and IL-17 was evaluated by magnetic 
bead-based multiplex assay (R&D Systems) using MAGPIX System 
(Luminex, Austin, TX), according to manufacturer's instructions. 

2.6. ELISPOT assays 

2 × 105 PBMC were plated onto ELISPOT plates (Millipore, Bur
lington, MA) pre-coated with anti-IFN-γ (10 μg/ml, Mabtech, clone 1- 
D1K) or anti-IL-10 (10 μg/ml, Mabtech clone 9D7) capture Abs in X- 
VIVO15 medium (Lonza, Verviers, Belgium) supplemented with 5% 
human serum (Lonza) and penicillin/streptomycin (Euroclone) alone or 
with the gliadin peptide (DQ2.5-glia-α1,2 QLQPFPQPELPYPQPQP, 
hereafter glia-peptide). After 42–48 h, IFN-γ- or IL-10-producing cells 
were detected by biotin-conjugated anti-IFN-γ (1 μg/ml, Mabtech clone 
7-B6–1) or anti-IL-10 (1 μg/ml, Mabtech clone12G8) Abs, followed by 
streptavidin-peroxidase (Roche) and reaction with 3-Amino-9-ethylcar
bazole substrate (BD Biosciences). Spots were counted by ImmunoSpot- 
S6-ultraV (Cellular Technology Limited, Shaker Heights, OH, USA). A 
peptide pool (PepTivator® CMV pp65, Miltenyi Biotec) and phytohe
magglutinin (PHA, Sigma-Aldrich) were used as controls. Results were 
normalized to spot forming units (SFU)/106 PBMC. Patients were 
considered responders (R) if the absolute SFUs in response to -glia 17mer 
exceeded the SFUs count of negative control peptide wells. 

2.7. HLA-DQ typing 

For the assessment of HLA-DQ haplotypes, DNA was extracted from 
PB by QiAMP DNA-Blood-Mini kits (Qiagen, Hilden, Germany), and the 
presence of the alleles DQB1*0302 (HLADQ8), DQA1*05/DQB1*02 
(HLADQ2.5), DQA1*0201/DQB1*02 (HLADQ2.2), DQA1*05/ 
DQB1*0301 (HLADQ7) was investigated by PCR (EuGen Kit, Eurospital, 
Trieste, Italy), following the manufacturer's instructions. 

2.8. Statistical analysis 

Data were analyzed using Prism 8.0 (GraphPad-Prism, La Jolla, CA). 
For comparisons between two groups, non-parametric Mann-Whitney U 
or Wilcoxon signed-rank tests were used for unpaired or paired com
parisons, respectively. For multiple independent groups comparisons, 
Kruskall-Wallis test with Benjamini-Hochberg FDR correction was 
applied. p ≤ 0.05 was regarded as significant. Inferential analyses were 
applied in the presence of n ≥ 5, otherwise only descriptive statistics are 
reported. 

3. Results 

3.1. CD patients display a pro-inflammatory signature in the periphery 
regardless of disease stage 

In the hypothesis that IL-10-producing cells are involved in main
taining tolerance in CD, we investigated the presence of DC-10 and Tr1 
cells in the PB of potential-CD, acute-CD (Tables S1-S2) and healthy 
children. No significant differences in the frequency of CD3, CD19, 
CD56, CD14, CD15, CD4, CD8, and TCRγδ T cells were observed among 
the different groups (Fig. S1). The frequency of DC-10 
(CD11c+CD14+CD16+CD163+CD141+) in potential-CD, acute-CD, and 
HC subjects was comparable, with only few potential-CD patients 
showing a higher DC-10 frequency than HC. cDC1 
(CD14− CD11c+CD141+) and pDC (CD11c− CD303+) frequencies were 
comparable, whereas we found a high proportion of cDC2 
(CD11c+CD1c+) in a fraction of potential-CD and acute-CD patients 
(Fig. 1A). Tr1 and FOXP3+Treg cell frequencies were similar in patients 
and controls, with only few acute-CD patients showing a higher Tr1 cell 
frequency than HC (Fig. 1B). While IL-12p70 and IFN-γ plasma levels 
were undetectable/barely detectable in HC, high levels of these Th1 
cytokines were found in a subset of potential-CD and acute-CD patients. 
Few patients also displayed peaks of IL-1β and IL-8. No differences in 
TNF-α and IL-10 plasma levels were observed (Fig. 1C). Furthermore, 
higher proportion of circulating CD4+Ki67+ T cells were detected in 
potential-CD compared to acute-CD patients (Fig. 1D).Overall, a pe
ripheral pro-inflammatory milieu, featured by inflammatory DC and 
activated T cells and increased Th1 cytokines, characterizes CD patients 
at potential and active stage of disease, thus suggesting that inflamma
tion is likely related to gluten intake, rather than to the degree of gut- 
mucosal damage. 

3.2. Increased gliadin-specific IL-10 response in the peripheral blood of 
potential-CD patients 

We detected gliadin-specific T cells (IFN-γ+ and/or IL-10+) in 8/13 
(61.5%) acute-CD and 7/9 (77.8%) potential-CD patients (Fig. 2A). 
Despite the high variability, glia-peptide stimulation induced IFN- 
γ-secreting T cells in acute-CD (5/6, 83.3%) and potential-CD (4/6, 
66.7%) patients (Fig. 2B-C). Interestingly, T cells from most potential- 
CD patients responsive to gliadin released IL-10 upon glia-peptide 
stimulation (5/7, 71.4%), while only half of the acute-CD patients (4/ 
8) secreted IL-10 upon stimulation (Fig. 2B-C-D). Variable response to 
CMV-pp65-derived peptides was detected in all subjects, likely 
depending on age and previous exposure to the pathogen, and no spe
cific skew of the response in any group (Table S6). 

These data confirm a Th1-prone environment in CD patients [24], 
although circulating gliadin-specific IFN-γ-producing T cells are 
detectable at low frequency. Interestingly, gliadin-specific IL-10-pro
ducing T cells are also present in the PB of patients, but they are more 
frequently found in potential-CD subjects. 

3.3. Tolerogenic DC-10 are present in the gut mucosa of potential-CD 
patients 

We then characterized immune cells infiltrating the gut mucosa of 
potential-CD and acute-CD patients. Subjects with negative serology, not 
inflamed mucosa, and unspecific histology served as non-CD controls 
(Table S4). According to the degree of tissue damage (Tables E1-E2), we 
detected a significantly increased percentage of CD45+ cells infiltrating 
the mucosa of acute-CD, compared to both potential-CD and non-CD 
subjects (Fig. 3A). The composition of the infiltrate showed prevalence 
of CD3+ T cells, with a significant increase in acute-CD compared to 
potential-CD patients. B lymphocytes (CD19+) were also highly repre
sented in the intestinal infiltrate and constituted a distinctive trait of 
acute-CD patients (Fig. 3B-C). As previously reported [20,25,26], we 
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observed a higher proportion of TCRγδ+ T cells in acute-CD compared to 
non-CD gut-mucosa, although the combined comparison among the 
three groups did not reach statistical significance (Fig. 3C). No differ
ences in the frequency of CD4+ T cells were observed, regardless of the 
degree of tissue damage degree, while a reduced proportion of CD8+ T 
cells was found in CD patients compared to non-CD subjects (Fig. 3C). 
The expression of CD25 and LAG-3 in T cells was comparable in patients 
and controls, while we detected high frequency of proliferating (Ki67+) 
CD8+ T cells in 60% of acute-CD patients (Fig. S2). 

Tr1 cell frequency was comparable in potential-CD, acute-CD, and 
non-CD subjects, while the percentage of FOXP3+Tregs was significantly 
lower in potential-CD than in acute-CD patients (Fig. 3D). 

Analysis of the myeloid compartment showed comparable percent
age of CD11c+ cells infiltrating the small intestinal mucosa of CD pa
tients and a significantly lower frequency of CD14+ cells in potential-CD 
than in acute-CD patients (Fig. 4A-B). Interestingly, the frequency of DC- 
10 in potential-CD mucosa was higher compared to the acute-CD mucosa 
(Fig. 4C). pDC were the most abundant sub-population and their fre
quency was similar in acute-CD and potential-CD patients. cDC1 and 
cDC2 were present in CD gut-mucosa regardless of the degree of tissue 
damage (Fig. 4C), as previously reported [27]. 

3.4. Tr1 cells control the inflammatory response to gluten in CD gut 
mucosa 

T-cell lines generated from gut-biopsies of CD patients (Table 1) 
produced IFN-γ in 5/5 potential-CD and in 2/5 acute-CD patients when 
restimulated with deamidated peptic-tryptic digest of gliadin (PT-TG) 
(Fig. 5A), confirming that gliadin-specific T cells infiltrate the mucosa of 

CD patients [17,28,29]. Interestingly, in the presence of anti-IL-10R/ 
anti-TGF-β Abs, both acute-CD and potential-CD T-cell lines produced 
more IFN-γ in response to gliadin (Fig. 5B). 

Overall, alterations in lymphoid and myeloid compartments and 
gliadin-specific IFN-γ-secreting T cells are present in the mucosa of all 
CD patients, regardless of tissue damage. The increase of IFN-γ from 
intestinal T-cell lines upon inhibition of IL-10/TGF-β pathways supports 
the presence of gliadin-specific Tr1-like cells in the intestine of CD pa
tients. The prevalence of DC-10 exclusively in the intestinal mucosa of 
potential-CD subjects suggests that these cells could contribute in 
maintaining tissue homeostasis and controlling pathogenic T-cell 
responses. 

3.5. Tr1 cells accumulate in the mucosa of CD patients on gluten free diet 

We next investigated how removal of gluten from diet shapes the 
inflammatory infiltrate in the gut mucosa and impacts on the peripheral 
inflammatory signature of CD patients. According to the degree of tissue 
damage (Table S3), the percentage of CD45+ cells in the gut mucosa was 
significantly lower in GFD-CD compared to acute-CD patients (Fig. 6A). 
This reduction was paralleled by changes in the immune cell infiltrate 
composition, with overall similar proportion of lymphoid cells, but 
significantly higher frequency of TCR-γδ+ T cells in GFD-CD compared 
to acute-CD (Fig. 6B). These data confirm that aberrant accumulation of 
innate lymphoid cells in CD gut persists upon GFD regimen [30]. 
Furthermore, we confirmed the presence of Tr1 cells in biopsies from 
GFD-CD patients [18], with a significantly higher proportion compared 
to acute-CD patients (Fig. 6C). Conversely, no difference in FOXP3+ Treg 
frequency was found (Fig. 6C). GFD did not induce significant 

Fig. 1. Pro-inflammatory signature in peripheral blood of untreated CD patients. The proportion of the major leukocyte subsets in the peripheral blood of potential- 
CD patients, CD patients with atrophic gut mucosa (acute-CD), and age-matched healthy controls (HC) was analyzed by flow cytometry. (A) The frequencies of DC-10 
(CD11c+CD14+CD16+CD141+CD163+), cDC1 (CD14− CD11c+CD141+), cDC2 (CD11c+CD1c+), and plasmacytoid (pDC, CD11c+CD303+), (B) of Tr1 cells 
(CD49b+LAG-3+) within the memory CD4+ T cell compartment, and of FOXP3+ Tregs (CD127− CD25+FOXP3+) within the CD4+ T cell compartment of potential-CD 
and acute-CD patients is plotted in the graphs. Range HC =25th–75th percentile (shaded area). Violin plots are shown, dots represent single patients. (C) The 
concentration of IL-12p70, IL-1β, TNF-α, IFN-γ, IL-8, and IL-10 in the plasma of potential-CD, acute-CD, and age-matched HC was evaluated using multiplex bead 
array assays. Box and whiskers (min to max) are shown, dots represent single donors. (D) The frequencies of Ki67+ T cells within the CD4+ (left panel) and CD8+

(right panel) T cell compartment of potential-CD and acute-CD patients is plotted in the graphs. Range HC =25th–75th percentile (shaded area). Violin plots are 
shown, dots represent single patients. Kruskall-Wallis test with Benjamini-Hochberg FDR correction was applied. *: potential-CD vs acute-CD patients. P ≤ 0.05. 
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alterations in the myeloid compartment (Fig. 6D and not shown). 
In GFD-CD patients we observed a consistent reduction of IL-12p70 

and IFN-γ in plasma compared to those detected in acute-CD patients 
(Fig. 7A), while no major differences were found in the proportion of 
circulating T cells (not shown) and in the peripheral T-cell response to 
gliadin (Fig. 7B, Table S7). Therefore, GFD regimen results in changes in 
leucocyte infiltrates, with increased density of regulatory cells and 
reduction of inflammation both in periphery and in the gut. 

4. Discussion 

Our study provides a comprehensive characterization of the immune 
compartments in PB and gut of potential-CD, acute-CD, and GFD-CD 
patients. A peripheral inflammatory signature characterizes CD pa
tients, regardless of mucosal damage, while gluten deprivation restores 
steady state in the periphery. Circulating gliadin-specific effector T cells 
(IFN-γ+) were mainly found in PB of acute-CD patients, whereas a 
prominent frequency of subjects with circulating gliadin-specific IL-10- 
secreting T cells was observed in the potential-CD group. The amount 
and composition of intestinal infiltrate well correlated with disease 
stage: the most abundant infiltrate, prevalently composed of lymphoid 
cells, was found in acute-CD patients, while increased frequency of IL- 
10-secreting DC-10 was found exclusively in biopsies from potential- 
CD subjects. Inhibition of IL-10 and TGF-β during gliadin stimulation, 
increased IFN-γ secretion by intestinal T-cell lines from CD patients, 
suggesting that differentiation of gliadin-specific Tregs occured during 
gluten exposure. On GFD, despite shrinkage of the overall small intes
tinal infiltrate, high frequency of TCRγδ+ and Tr1 cells persisted. These 
results suggest that IL-10-related regulatory cells play a role in CD 

progression and/or remission. 
As expected, in the periphery neither the lymphoid nor the myeloid 

compartments were affected during exposure to or deprivation of gluten. 
Conversely, a subset of CD patients displays an overall peripheral pro- 
inflammatory profile, mainly characterized by increase of Th1 cyto
kines in plasma. Inflammation is likely driven by gluten intake rather 
than degree of tissue damage, as it is detactable in acute-CD and 
potential-CD patients. In line with these results, it has recently reported 
that the amount of gluten intake during the second year of life correlates 
with an inflammatory profile in serum cytokines at 36 months of age and 
development of CD [31]. Interestingly, dysregulation of inflammatory 
cytokines in serum was observed long before CD onset and before gluten 
introduction in the diet (at 4 months of age) in those infants who 
developed CD later in life, suggesting that the natural history of CD is 
associated with systemic hallmarks of inflammation [31]. Furthermore, 
single-cell RNA sequencing of CD patients PBMC prior and after diag
nosis showed that deregulation of CD4+ T cells occurs before disease 
onset, with up-regulation of genes affecting T-cell proliferation [32]. 
Accordingly, we report that in potential-CD subjects inflammatory cy
tokines and peripheral T-cell activation/proliferation precede overt 
disease and intestinal tissue damage. Longer follow up studies are 
required to correlate serum cytokines and T-cell activation to outcome of 
potential-CD evolution in single patients. 

In line with previous reports [33], we found an abundant inflam
matory infiltrate in acute-CD, mainly composed of lymphoid cells. 
Despite their unclear role in CD pathogenesis, abundance of TCRγδ+ T 
cells was reported in CD mucosa, with discrepant results in acute-CD vs 
potential-CD [20,34–37]. Our study did not reveal differences in TCRγδ+

T cell frequency in acute-CD vs potential-CD. Of notice, our analyses 

Fig. 2. Increased gliadin-specific IL-10 response in the peripheral blood of potential-CD patients. The response of PBMC to α-gliadin 17mer peptide was measured by 
IFN-γ and IL-10 ELISPOT assays. Stimulation with unrelated peptide served as negative control for specificity: patients with SFUs to α-glia 17mer > SFUs to control 
peptide were considered responders. CMV pp65-derived peptides and/or PHA served as positive controls of the assay. (A) Pie charts show the relative frequency of 
potential-CD and acute-CD patients with positive response to α-glia 17mer peptide, either by releasing IFN-γ, IL-10 or both. (B) Relative frequency of potential-CD 
(blue bars) and acute-CD (pink bars) patients responding to α-glia 17mer peptide by releasing IFN-γ and/or IL-10. (C) IFN-γ (left panel) and IL-10 (right panel) spot 
forming units (SFU)/106 PBMC from acute-CD and potential CD patients in response to α-glia 17mer peptide. (D) Representative wells from ELISPOT plates are 
reported. Control: unrelated scramble peptide, negative control; CMV pp65: PepTivator CMV pp65. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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were performed on cells derived from collagenase digestion of the entire 
gut mucosa (epithelium plus lamina propria), whilst other studies have 
specifically analyzed the epithelium compartment, which may account 
for discrepancies and may limit the understanding of the changes 
occurring in the distinct compartments. On the same line, the frequency 
of CD8+ T cells, not exclusively intraepithelial, was found lower in CD 
patients than in non-CD samples. However, given the increased number 
of infiltrating CD45+ cells in acute-CD patients, the overall number of 
cytotoxic T cells, which mediate the mucosal damage in CD [38], is 
expected to exceed that of a healthy mucosa. Furthermore, despite 
enriched frequency of FOXP3+ Tregs in gut of acute-CD patients, the 
effector cell compartment lacks efficient control, likely due to dysfunc
tion/plasticity of Tregs in the inflamed tissue [39]. 

While presence of IDO+ tolDC in the intestinal mucosa of CD patients 
was previously reported [40,41], we identified for the first time DC-10, a 
subset of tolDC specialized in IL-10 secretion and induction of Tr1 cells 
[19,42], in gut biopsies from CD and non-CD subjects. Type 2 tTG (tTG2) 
is expressed on the cell surface of DC from intestinal celiac lesions and it 
can be actively endocytosed, leading to the hypothesis, not formerly 
demonstrated, that cell surface-associated tTG2 on APCs could be 
involved in gluten uptake, subsequent deamidation, and Ag- 
presentation [43]. Our recent transcriptome profiling of in vitro 

generated DC-10 demonstrated >10-fold higher expression of tTG2 gene 
compared to that detected in conventional DC [44]. This observation, 
together with our finding that DC-10 frequency is significantly higher in 
potential-CD than in acute-CD, led us to speculate that this cell subset 
may be involved in gliadin-derived peptides processing and presentation 
in a pro-tolerogenic manner to T cells within the potential-CD gut mu
cosa, thus orchestrating gluten tolerance maintenance. 

Gliadin-specific effector (IFNγ+) T cells are detectable in circulation 
regardless of degree of mucosal status. We also found a strong IFNγ 
response to gliadin by intestinal T-cell lines derived from potential-CD 
patients' biopsies, supporting that effector T cells are also present in 
the gut mucosa prior to tissue damage. IL-10 response was more 
frequently found in the potential-CD group than in patients with atro
phic mucosa or on GFD. This observation may reflect presence of 
gliadin-specific Tr1 cells in the gut mucosa. Indeed, the combined IL-10/ 
TGFβ signaling blockade boosted IFN-γ production by gliadin-specific 
intestinal T-cell lines from both potential- and acute-CD mucosa, sug
gesting that during in vivo exposure to gliadin Tr1 cells are induced. 
Furthermore, a higher proportion of DC-10 was exclusively detected in 
potential-CD patients. Thus it can be speculated that activation of 
gliadin-specific effector T cells within the gut mucosa is controlled by 
tolerogenic DC-10. In line with this hypothesis, in vitro activation of 

Fig. 3. Lymphoid cell infiltrate in duodenal biopsies of untreated CD patients. The proportion of the major leukocyte subsets was analyzed by multiflow cytometry of 
freshly isolated cells from gut biopsies of potential-CD and acute-CD patients and age-matched non-CD controls. (A) The percentage of CD45+ cells is reported in the 
graph. (B) Representative gating strategy used to identify the frequencies of T (CD3+, CD4+, and CD8+), B (CD19+) and CD3+TCRγδ+. Numbers in the plots represent 
percentage of positive cells in the parental gate. Representative plots from an acute-CD patient are shown. (C) The percentage of CD3+ and CD19+ within CD45+

cells, of TCRγδ+, CD4+ and CD8+ within CD3+TCRγδ− T cells, according to the gating strategy shown in (B) is reported. (D) Representative gating strategy used to 
identify the frequencies of regulatory T cells, either Tr1 (CD4+CD45RA− CD49b+LAG-3+), and FOXP3+ Treg (CD4+CD127− CD25+FOXP3+) cells. (E) The percentage 
of Tr1 (CD49b+LAG-3+) within the memory CD4+ T cell compartment and of FOXP3+ Tregs (CD127− CD25+FOXP3+) within CD4+ T cell gate in the indicated 
numbers of potential-CD and acute-CD patients is reported. Range non-CD controls = 25th–75th percentile. Violin plots are shown, dots represent single patients. 
Kruskal-Wallis test with Benjamini-Hochberg FDR correction was used to define statistical significance. Mann Whitney U test was applied to two-group comparisons. 
#: Potential-CD or Acute-CD patients vs non-CD. *: Potential-CD vs Acute-CD patients. * or # ≤0.05; **** ≤0.0001. 
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Fig. 4. Myeloid cell infiltrate in duodenal biopsies of untreated CD patients. Monocytes (CD14+) and dendritic cell (DC) subsets were identified in cell suspensions 
freshly isolated from gut biopsies of potential-CD patients, CD patients with atrophic mucosa (acute-CD), and age-matched non-CD controls (non-CD), by multi
parametric flow cytometry. (A) Representative gating strategy used to identify the frequencies of monocytes (CD14+), myeloid cells (CD11c+), classical (c)DC2 
(CD11c+CD1c+) and cDC1 (CD14− CD11c+CD141+), plasmacytoid (p)DC (CD11c+CD303+), and DC-10 (CD11c+CD14+CD16+CD14+CD163+) cells. Representative 
plots from a potential-CD patient is shown. Dot plots show viable intestinal mononuclear cells in the SSC-A/FSC-A gate, and the numbers in the plots indicate the 
percentage of positive cells for indicated surface cell markers. Percentage of (B) CD11c+ and CD14+ cells, (C) of DC-10, cDC1, cDC2, and pDC within the CD45+ cells 
in the indicated number of potential-CD and acute-CD patients is plotted in the graphs. Violin plots are shown, each dot represents single patients. Mann-Whitney U 
test was used to define statistical significance; **p ≤ 0.01; ****p ≤ 0.0001. 

Fig. 5. IL-10 producing intestinal cells control gliadin-specific T-cell response in the gut of untreated CD patients. (A) IFN-γ production by gliadin-specific T-cell lines 
generated from jejunal biopsies of acute-CD (n = 5) and potential-CD (n = 5) patients. (B) IFN-γ production by gliadin-specific T-cell lines generated from jejunal 
biopsies of acute-CD (n = 5) and potential-CD (n = 5) patients in the absence (PT-TG) or presence of anti-IL-10R and anti-TGF-β (PT-TG+ Ab) mAbs. T-cell lines were 
stimulated for 48 h with irradiated autologous or HLA-matched immortalized B-cells (EBV) pulsed with deamidated gliadin digests (PT-TG). IFN-γ in culture su
pernatants was quantified by ELISA. Plots report IFN-γ values detected in cell culture supernatants from T-cell lines stimulated with EBV in presence of PT-TG minus 
IFN-γ values detected in T-cell culture supernatants stimulated with EBV only (internal control). Box and whiskers (min to max) are shown, each dot represents an 
independent donor-derived T cell line. Paired t-test, *p ≤ 0.05. 
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gliadin-specific intestinal T-cell lines from potential-CD patients, in the 
absence of DC-10, leads to T-cell expansion and IFN-γ release. On the 
other hand, the low proportion of DC-10 in the gut of acute-CD subjects 
cannot control gliadin-specific effector T cell activation, resulting in 
mucosal inflammation, release of inflammatory mediators, and conse
quent cytotoxic cell-mediated tissue damage. These results are in line 
with previous findings showing that IL-10-RNA expression was upre
gulated in biopsies from potential-CD patients with intact mucosa vs 
those progressing to Marsh 1 [14]. Therefore, the low grade of inflam
mation in potential-CD patients could likely be due to active IL-10- 
dependent regulatory mechanisms preventing the progression toward 
mucosal damage. 

While in GFD-CD patients we did not detect significant variations in 
circulating leucocytes, we found that the pro-inflammatory cytokines 
detected in acute-CD patients disappeared. Moreover, upon GFD the 
overall frequency of inflammatory cells in the gut is reduced, while 
TCRγδ+ T cells persist and the relative frequency of Tr1 cells increased, 
likely due to shrinkage of the effector T-cell compartment, after gluten 
retrieval from diet, in accordance with previous reports [18,30,37]. 
These changes are in line with the idea that prolonged chronic inflam
mation permanently reshapes the composition of tissue-infiltrating im
mune cells [45], regardless of mucosal healing. Despite Tr1 cell 
persistence, exposure of GFD-CD patients to gluten rapidly induces 
gluten-specific CD4+ T cells reactivation and consequent gastrointes
tinal symptoms [46,47], indicating that deprivation of gluten does not 
per se establish a self-sustaining tolerogenic circuit that protects tissues 
from damage, as occurring in potential-CD patients. 

5. Conclusions 

Overall, our study strongly supports a fundamental role for IL-10 in 

Fig. 6. Gluten free diet shapes composition of immune cells infiltrating the gut mucosa of CD patients. The proportion of the major leukocyte subsets was analyzed by 
flow cytometry in cell suspensions freshly isolated from gut biopsies of CD patients on gluten free diet (GFD-CD) and CD patients with atrophic gut mucosa (acute- 
CD), according to the gating strategy shown in Fig. 3. The percentage (A) of CD45+ cells, (B) of CD19+ and CD3+ within CD45+ cells, of TCRγδ+ within CD3+ T cells, 
CD4+ and CD8+ within CD3+TCRγδ− T cells, (C) of Tr1 (CD49b+LAG-3+) within the memory CD4+ T cell compartment, of FOXP3+ Treg 
(CD4+CD127− CD25+FOXP3+) within CD4+ T cells, (D) and of DC-10 (CD11c+CD14+CD16+CD14+CD163+) cells within the CD45+ cells in the indicated numbers of 
GFD-CD patients is shown. Range Acute-CD = 25th–75th percentile. Violin pots are shown, dots represent single patients. Mann Whitney U test was used to define 
statistical significance; #: GFD-CD vs acute-CD patients. # p ≤ 0.05; ### p ≤ 0.001. 

Fig. 7. Gluten free diet modulates the inflammatory state of untreated CD 
patients. A. The concentration of IL-12p70 and IFN-γ in the plasma of celiac 
patients with intestinalatrophy (acute-CD; n = 37) and on gluten free diet (GFD- 
CD, n = 11) was evaluated using a multi-bead array. Box and whiskers (mini
mum to maximum) are presented, dots represent individual patients. 
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suppressing pathological T-cell responses to gliadin. We newly identified 
DC-10 as peculiar mark of potential-CD, and we hypothetize that they 
can contribute to maintain mucosal health by controlling gliadin- 
specific T-cell response, at a disease stage in which peripheral inflam
matory skewing and differentiation of gliadin-specific effector T cells are 
already in place. The mechanisms underlying the progression toward the 
acute-CD stage in untreated patients remain elusive. Although we 
cannot exclude that other regulatory mechanisms, such as IL-4 pro
ducing T cells [26], may be involved in contrasting the inflammatory 
cascade in potential-CD to acute-CD stage transition, in situ differentia
tion/recruitement of IL-10-producing tolerogenic myeloid cells is 
fundamental for mucosal homeostasis maintenance. 
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