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O

ral tolerance, i.e., the state of immune unresponsiveness
to food Ags, is a complex process, and its establishment
and maintenance are not completely elucidated. However, some food constituents, including wheat components, cause
abnormal or adverse reactions in susceptible individuals. Wheat
intolerance encompasses a broad spectrum of disorders with different pathologic mechanisms and clinical symptoms. The most
frequent diseases caused by wheat ingestion are T cell-mediated
disorder, celiac disease, and IgE-mediated allergic reactions.
Celiac disease develops in genetically susceptible individuals
expressing HLA-DQ2 or HLA-DQ8 Ags. Gluten, a complex mixture of gliadin monomers (of ␣, ␤, ␥, and  type) and glutenin
polymers, is subjected to the action of enzymes in the digestive
tract and intestinal epithelial cells. Gliadin fragments cross the
epithelium, access APC, and are presented to intestinal CD4⫹ T
cells together with simultaneous signaling mediated by costimulatory molecules. Afterward, activated gliadin-specific T lymphocytes secrete a spectrum of chemokines and cytokines affecting
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other cell types’ participation in pathogenetic mechanisms of the
disease (1).
Dendritic cells (DC)3 are the most efficient APC, determining
the balance between immunity and tolerance induction. DC are
present in different compartments of the gut, including intestinal
lamina propria, Peyer’s patches, and mesenteric lymph nodes (2,
3). Recognition of pathogen-derived products (LPS, lipoteichoic
acid, and bacterial CpG motif) mediated by specific receptors on
DC initiates the process of maturation, which can be further modulated by inflammatory stimuli (TNF-␣ and IL-1␤), or T cell-derived signals (CD40L (CD154) and IFN-␥) (4). Activated DC undergo morphological, phenotypic, and functional changes that
culminate in the complete transition from Ag-capturing cells to
fully mature APC. Maturation is characterized by increased expression of costimulatory molecules such as CD40, CD80, and
CD86; MHC up-regulation; the loss of the capacity to take up and
process Ags; and the production of a wide spectrum of inflammatory cytokines and chemokines (5). Mature DC migrate toward T
cell-rich areas of secondary lymphoid organs and induce a primary
immune response by stimulating naive T cells. The cytokine microenvironment generated at the moment of interaction of T cells
and DC also affects the final outcome of the immune response (6).
We previously showed that proteolytically treated gliadin can activate monocytes and macrophages in vitro (7, 8). Furthermore,
stimulation of small intestine biopsies with gliadin resulted in an
increase in costimulatory molecules on APC (9).
Several reports documented the involvement of NF-B and
MAPK in the DC signaling pathway and maturation (10 –12). At
least three main families of MAPK exist in mammals, including

3
Abbreviations used in this paper: DC, dendritic cell; CM, complete medium; MFI,
mean fluorescence intensity; poly (I:C), polyinosinic-polycytidylic acid; TPCK, L-1tosylamido-2-phenylethyl chloromethyl ketone.

0022-1767/05/$02.00

Downloaded from http://www.jimmunol.org/ by guest on June 18, 2019

Celiac disease is a chronic inflammatory disease developing in genetically predisposed individuals. Ingested gliadin, the triggering
agent of the disease, can cross the epithelial barrier and elicit a harmful T cell-mediated immune response. Dendritic cells (DC)
are supposed to play a pivotal role in shaping the immune response. The direction of the immune response toward immunity or
tolerance depends on the stage of maturation and the functional properties of the DC. DC become fully functional APC upon
maturation by various stimuli. We investigated the effect of a peptic digest of gliadin on the maturation of human monocytederived DC. Stimulation of cells with gliadin, in contrast with other tested food proteins, led to enhanced expression of maturation
markers (CD80, CD83, CD86, and HLA-DR molecules) and increased secretion of chemokines and cytokines (mainly of IL-6, IL-8,
IL-10, TNF-␣, growth-related oncogene, MCP-1, MCP-2, macrophage-derived chemokine, and RANTES). Maturation was accompanied by a greater capacity to stimulate proliferation of allogeneic T cells and significantly reduced endocytic activity.
Furthermore, gliadin-induced phosphorylation of members of three MAPK families (ERK1/2, JNK, and p38 MAPK) was demonstrated. The largest contribution of p38 MAPK was confirmed using its inhibitor SB203580, which markedly down-regulated
the gliadin-triggered up-regulation of maturation markers and cytokine production. Gliadin treatment also resulted in increased
NF-B/DNA binding activity of p50 and p65 subunits. Taken together, gliadin peptides can contribute to overcoming the stage of
unresponsiveness of immature DC by inducing phenotypic and functional DC maturation, resulting in more efficient processing
and presentation of gliadin peptides to specific T lymphocytes. The Journal of Immunology, 2005, 175: 7038 –7045.
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ERK, JNK, and the p38 MAPK. These kinases are activated by
phosphorylation of both tyrosine and threonine residues by distinct
upstream kinases. The ERK pathway appears to regulate cell proliferation and differentiation in response to mitogens and growth
factors, the JNK and p38 cascades are reported to be predominantly activated by stress-inducing agonists such as LPS, heat
shock, osmotic changes, and inflammatory cytokines (13).
In this study we have investigated the effect of gliadin peptic
digest on human monocyte-derived DC, with specific emphasis on
the expression of maturation markers, production of chemokines
and cytokines, and the appropriate functional changes. Moreover,
the participation of the NF-B complex and various MAPK in the
DC maturation process was analyzed.

Materials and Methods
Abs and reagents

Medium and cell culture
Cells were cultured in the complete RPMI 1640 medium (CM; Cambrex)
supplemented with L-glutamine (2 mM; BioWhittaker), penicillin/streptomycin (100 U penicillin/ml and 100 g of streptomycin/ml), and 10% FBS
(Cambrex) at 37°C in a 5% CO2 atmosphere.

Food proteins and proteolytic treatment
Peptic fragments of gliadin, soya protein, and OVA (Sigma-Aldrich) were
prepared using the pepsin-agarose gel (ICN Biomedicals). Seven milliliters
of 1% gliadin, soya protein, or OVA in 0.1 M HCl (pH 1.8), was incubated
with 5 ml of pepsin-agarose gel at 37°C for 45 min. Removing the pepsinagarose gel by centrifugation (1,500 ⫻ g, 10 min) stopped enzymatic
cleavage. The supernatants were then centrifuged (12,000 ⫻ g, 10 min),
and the pH of soluble protein fragments was adjusted to 7. Protein fragments were divided into aliquots and frozen at ⫺20°C.
To exclude contamination by LPS, Ag samples as well as all other
reagents were tested by E-toxate test (Sigma-Aldrich), and only those below the LPS detection limit were used in the study.

Generation, maturation, and gliadin treatment of DCs
The sources of cells were buffy coats acquired from healthy donors (provided by Institute of Hematology and Blood Transfusion). PBMC were
separated by Ficoll-Paque gradient centrifugation (Amersham Biosciences)
according to the manufacturer instructions. PBMC at the concentration of
3 ⫻ 106 cells/ml were incubated 2 h in 75-cm2 plastic culture flasks
(Nunc). The nonadherent fraction was washed out thoroughly, and isolated
adherent monocytes were incubated in CM in the presence of human GMCSF (500 U/ml; Leucomax; Novartis) and human rIL-4 (20 ng/ml; PeproTech U.K.) for 5 days. The DC generated (CD11c⫹,CD14⫺) were harvested and seeded at a concentration of 0.5 ⫻ 106 cells/ml in 24-well
plates. Gliadin digest (1, 10, or 100 g/ml) and/or IFN-␥ (75 U/ml; R&D
Systems), LPS (1 g/ml; Escherichia coli; Sigma-Aldrich), or polyinosinic-polycytidylic acid (poly (I:C); 50 g/ml; Sigma-Aldrich) were
added to cells for 24 h to induce DC maturation.

FACS staining
DC generated by in vitro culture were subjected to flow cytometric analysis
using FACSCalibur (BD Biosciences), and the data were analyzed using
CellQuest software (BD Biosciences). Cells (5 ⫻ 104) were incubated with
FITC- or PE-conjugated mAbs on ice for 30 min at 4°C. After two washings, cells were resuspended in ice-cold PBS with 0.1% NaN3. Staining
with propidium iodide was performed to assess cell viability. FITC or PE
fluorescence was measured using 530- and 575-nm filters with log-arrhythmic mode acquisition.

FITC-dextran endocytosis
DC (1 ⫻ 105) were harvested and resuspended in 100 l of CM. Cells were
incubated with 100 g of dextran conjugated with FITC (Sigma-Aldrich)
for 1.5 h at 37°C in 5% CO2 or on ice at 0°C (control samples). After three
washings in cold PBS, the cells were resuspended in PBS with 0.1% NaN3,
and mean fluorescence was measured by flow cytometry. Nonspecific binding of dextran to DC was determined by incubation at 0°C.

Mixed leukocyte reaction
T lymphocytes from the nonadherent fraction of PBMC were separated
with microbead-conjugated CD4Ab (Miltenyi Biotec) and purified using
midiMACS separation columns (Miltenyi Biotec). Then the lymphocyte
population (95% of CD4⫹ cells) was washed twice in PBS and labeled by
CFSE as previously described (14), using the Vybrant CFDA SE Cell
Trace kit (Molecular Probes). In brief, cells were resuspended in 1 M
CFSE in PBS. After 8 min of shaking at room temperature, cells were
washed in pure FBS and twice in PBS with 10% FBS. DC (1 ⫻ 104) or DC
treated for 24 h with gliadin fragments (100 g/ml) or LPS (1 g/ml) were
cocultured with 1 ⫻ 105 allogeneic CFSE-labeled T lymphocytes in 200 l
of CM/well in 96-well, U-bottom plates (Nunc). A negative control (CD4⫹
lymphocytes alone) and a positive control (CD4⫹ lymphocytes with 1 g
of PHA) were performed in each experiment. After 5 days, the cells were
harvested and washed in PBS. CSFE dilution in optically gated lymphocytes was assessed by flow cytometry.

Human cytokine array
The spectrum of cytokines produced by DC untreated and treated with
gliadin fragments (100 g/ml) was tested using Ab-based protein microarray (RayBio Human Cytokine Ab Array III and 3.1 Map; RayBiotech)
designed to detect 42 growth factors, cytokines, or chemokines. Experiments were performed as recommended by manufacturer. Proteins were
detected by enhanced chemiluminescence visualized using Fuji Film
Las-1000.

ELISA
The concentrations of IL-4, IL-6, IL-8, IL-10, IL-12p70, TNF-␣, and
TGF-␤ were determined in cell culture supernatants collected after 24 h of
cultivation using an ELISA Duo Set kit (R&D Systems) or Cytoset (BioSource International) according to the manufacturer’s instructions.

Preparation of nuclear extract and colorimetric NF-B assay
Nuclear extracts were prepared from DC stimulated for 90 min with gliadin
digest (100 g/ml) alone or together with TPCK (25 M) or LPS (1 g/ml)
using a nuclear extract kit (Active Motif). NF-B DNA binding activity
was detected using a TransAM NF-B family transcription factor assay kit
(Active Motif) according to the manufacturer’s protocol. Briefly, microwells coated with a double-stranded oligonucleotide containing the NF-B
consensus sequence were incubated with the nuclear extract for 1 h at room
temperature and washed three times with washing buffer. The captured
active transcription factor was incubated for 1 h with Ab specific for p50,
p65 (Rel-A), p52, Rel-B, and c-Rel NF-B subunit, then for 1 h with
anti-rabbit IgG-coupled HRP and after washing was exposed to developing
solution for 10 min. The OD was measured at 450 nm using a Titertec
Multiscan MCC/340 (Flow Laboratories).

Western blot analysis of cellular MAPKs
After treatment with MAPK inhibitors SP600125 (5–20 M), SB203580
(5–10 M), and U0126 (5–10 M) for 30 min, DC (4 ⫻ 106) were stimulated with gliadin digest (100 g/ml) for 15 or 30 min, then washed twice
with cold PBS containing 6.25 mM sodium fluoride, 12.5 mM ␤-glycerophosphate, 12.5 mM para-nitrophenyl phosphate, and 1.25 mM NaVO3
and incubated with 100 l of lysis buffer (Active Motif). The homogenates
were incubated on ice for 15 min, then passed 10 times through a 25-gauge
needle and centrifuged at 15,000 rpm for 15 min at 4°C. Cell lysates were
subjected to electrophoresis on 10% gel and transferred to nitrocellulose
membranes for Western blot analysis. After blocking with 5% fat-free
dried milk for 1 h at room temperature, the membranes were incubated
overnight with Abs raised against phosphorylated p42/44 ERK, p38
MAPK, and p46/54 JNK. The membranes were washed and incubated with
HRP-labeled goat anti-rabbit IgG (Cell Signaling Technology) for 1 h.
Immunoreactive bands were visualized using ECL detection reagent (Amersham Biosciences). After stripping, the membranes were reprobed with
Abs raised against ERK as loading controls. Immunoblots were quantified
by using Kodak Digital Science 1D Image Analysis software (Eastman
Kodak).
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The following anti-human mAbs were purchased from Immunotech:
CD83-FITC, CD80-FITC, CD86-PE, CD40-FITC, and CD14-PE.
CD11c-PE and HLA-DR-FITC were obtained from BD Pharmingen. Antiphospho-p38 MAPK Ab, anti-phospho-JNK1/2 Ab, anti-phospho-ERK1/2
Ab, and anti-ERK1/2 Ab were obtained from Cell Signaling Technology.
The p38 MAPK inhibitor SB203580, the JNK inhibitor SP600125, the
serine protease inhibitor L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK; Sigma-Aldrich), and the ERK inhibitor UO126 (Cell Signaling Technology) were dissolved in DMSO (Sigma-Aldrich).
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FIGURE 1. Flow cytometric analysis of DC maturation after exposure to gliadin digest and LPS. Monocyte-derived DC were stimulated with gliadin digest
(100 g/ml) or LPS (1 g/ml) or were left untreated
(iDC) for 24 h and immunostained with mAbs against
CD83, CD80, CD86, HLA-DR, and CD40 molecules
(shaded histograms). Open histograms represent the isotype control mAb staining of the cells. Representative
histograms of at least three independent experiments are
shown.

Statistical analysis
Data were calculated as the arithmetic mean of at least three independent
experiments ⫾ SD. Statistical analysis was performed using a nonparametric, two-tailed Mann-Whitney U test from GraphPad (PRISM 3.0). A
value of p ⬍ 0.05 was considered significant.

Peptic fragments of gliadin induce maturation of human DC
The treatment of DC generated from blood monocytes with peptic
fragments of gliadin (100 g/ml) for 24 h led to up-regulation of
surface maturation markers, including CD83, CD80, CD86, CD40,
and HLA-DR Ags, as documented in Fig. 1.
The effect of gliadin digest was dose dependent and was still
observed when using gliadin at 1 g/ml. After challenge with gliadin peptides (100 g/ml), the mean fluorescence intensities
(MFIs) increased from ⬃2.0- to 9.0-fold for various markers. The
stimulatory effect elicited by gliadin peptides at a concentration of
100 g/ml was similar to that induced by LPS (1 g/ml) or poly
(I:C) (50 g/ml). The addition of gliadin in combination with the
second, T cell-derived signal IFN-␥ (75 U/ml) to cell cultures did
not further increase the expression of any activation marker tested
(data not shown). Proteolytic fragments of two other food proteins,
OVA and soya proteins, were prepared in the same way and used
as a control. Soya protein had no effect on DC maturation; however, addition of the highest dose of OVA digest (100 g/ml)
caused a mild up-regulation of the CD86 molecule (Fig. 2).

The maturation of DC is a process associated with the secretion of
a wide spectrum of chemokines and cytokines (15). The profile of
chemokines and cytokines secreted by gliadin-stimulated DC was
tested using human cytokine arrays and compared with that of
untreated cells (Fig. 3). Clearly visible dark spots on the map corresponded to positive controls and to IL-6, IL-8, MCP-1, and
growth-related oncogene production; less intensive spots corresponded to macrophage-derived chemokine, TNF-␣, RANTES,
and growth-related oncogene-␣; and spots of thymus and activation-regulated chemokine, MCP-2, and epidermal growth factor
had a low, but detectable, intensity. Only a low production of IL-8
was detected in culture medium from untreated, immature DC.
The cytokine secretion by DC in response to various doses of
gliadin fragments (10 and 100 g/ml) was further quantified by
ELISA. As shown in Table I, gliadin markedly increased the release of IL-6, IL-8, and TNF-␣ elicited in a dose-dependent manner. Moreover, slightly increased secretion of IL-10 and IL-4 was
detected. Interestingly, we did not find any production of IL-12
p70 after gliadin treatment, in contrast with the effect of LPS. In
comparison with untreated DC, cultivation with gliadin decreased
TGF-␤1 production. Fragments of soya protein and OVA applied
in the same doses as gliadin had no effect on either IL-8 or TNF-␣
secretion by DC (data not shown).

FIGURE 2. Expression of maturation markers on DC after treatment
with food proteins. Monocyte-derived DC were cultured with medium
or stimulated with gliadin (1–100 g/
ml), soya protein (10 –100 g/ml),
and OVA (10 –100 g/ml) for 24 h.
LPS (1 g/ml) and poly (I:C) (50 g/
ml) were used as positive controls.
Then the cells were immunostained
with mAbs against CD80, CD83,
CD86, and HLA-DR molecules. Data
are expressed as the MFI of CD80-,
CD83-, CD86-, and HLA-DR-positive cells. The data are from a single
experiment and are representative of
at least three experiments performed
with similar results.
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Results

Gliadin fragments stimulate chemokine and cytokine production
by DC
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FIGURE 3. The profile of cytokines and growth factors secreted by untreated human DC (A) and DC treated with gliadin digest (100 g/ml) for 24 h
(B). Cytokine production was evaluated using the RayBio Human Cytokine Ab Array III. Data are from a single experiment and are representative of at
least three independent experiments. A key to cytokine coordinates is shown at the right (C).

DC endocytosis is reduced by gliadin

Gliadin enhances the allostimulatory capacity of DC
We evaluated the allogeneic T cell stimulatory capacity of untreated DC and DC treated with gliadin (100 g/ml), soya protein
(100 g/ml), or LPS (1 g/ml). DC were cocultured with purified
CFSE-stained allogenic CD4⫹ T lymphocytes. Gliadin- or LPSstimulated DC exhibited a higher allostimulatory capacity (36.9
and 41.3%, respectively) compared with untreated DC (25.8%).
Stimulation with soya proteins did not increase the allostimulatory
capacity of DC. The mitogen-triggered proliferation (of 86.5%
lymphocytes) and spontaneous proliferation of untreated lymphocytes (0.2% cells) were used as positive and negative controls (Fig.
4B).
Gliadin stimulation of DC is mediated via NF-B pathway
To analyze the role of NF-B in gliadin-induced maturation of DC,
the NF-B/DNA-binding activity was estimated in nuclear extracts
prepared from DC stimulated with gliadin fragments (100 g/ml)
by colorimetric NF-B assay. Stimulation of DC with gliadin fragments resulted in a marked increase in the binding activities of
NF-B subunits p50 and p65/Rel-A, whereas DNA binding by the
other three NF-B subunits, Rel-B, c-Rel, and p52, was not detected. The involvement of NF-B complex in DC maturation was
confirmed using the serine protease inhibitor TPCK, which is

Gliadin induces phosphorylation of members of the three
families of MAPK
Because MAPK participates in the regulation of cell growth and
differentiation, we examined by Western blot analysis the effect of
gliadin treatment on the activity of these molecules in DC lysates.
As shown in Fig. 6, increased phosphorylation of ERK1/2,
JNK1/2, and p38 MAPK (ranging from 1.6- to 3.3-fold for various
kinases and various gliadin doses) was observed in cells treated
with gliadin compared with controls. The ERK inhibitor U1026
(17) inhibited the gliadin-induced phosphorylation of ERK, and
the JNK inhibitor SP600125 (18) decreased the gliadin-induced
phosphorylation of JNK, both in a dose-dependent fashion. In contrast, the p38 inhibitor SB203580 had no effect on p38 phosphorylation. This observation could be explained by the findings that
SB203580 binds to the ATP-binding pocket of p38 kinase and
inhibits its activity, but not its own phosphorylation (19).

Table I. Cytokine production by DC stimulated with gliadin and LPSa
Cytokine Production (pg/ml) by DC
Stimulated with gliadin

Stimulated with LPS

Cytokine

10 g/ml

100 g/ml

1 g/ml

IL-4
IL-6
IL-8
IL-10
IL-12 p70
TNF-␣
TGF-␤

7.6 ⫾ 9.1
1,488.2 ⫾ 325.4
10,860.6 ⫾ 5,006.2
nd
0.0 ⫾ 0.0
874.1 ⫾ 200.0
447.0 ⫾ 185.3

31.0 ⫾ 31.7
5,055.5 ⫾ 927.2
13,400.7 ⫾ 3,751.8
310.5 ⫾ 42.1
0.0 ⫾ 0.0
3,783.3 ⫾ 1,198.5
849.4 ⫾ 546.3

64.5 ⫾ 12.0
5,284.0 ⫾ 432.5
10,420.2 ⫾ 3,557.0
2,364.0 ⫾ 246.5
645.0 ⫾ 87.4
4,600.5 ⫾ 781.0
1,760.5 ⫾ 608.1

a

Data are shown as the mean ⫾ SD from at least three independent experiments. nd, Not done.
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Because DC lose their high endocytic activity during the maturation process, we assessed the effect of gliadin on the mannose
receptor-mediated endocytosis of FITC-dextran. The endocytic activity of untreated DC was significantly decreased after exposure
to gliadin fragments (Fig. 4A). Exposure of DC to 1, 10, or 100
g/ml gliadin reduced the activity to 84, 43, or 20%, respectively.
Addition of soya or OVA peptides, even at the highest dose (100
g/ml), only slightly reduced the uptake of FITC-dextran.

known to inhibit NF-B translocation by preventing IB-␣ degradation (16). Treatment with TPCK (25 M) markedly inhibited
gliadin-stimulated binding activity of p50 (70%) and completely
abolished the binding activity of p65 subunits (Fig. 5A).
Moreover, FACS analyses of gliadin-treated DC revealed that
addition of TPCK resulted in a strong inhibition of up-regulation
of CD83 (90% inhibition), CD80 (78%), CD86 (81.2%), and
HLA-DR (98%) molecules (Fig. 5B). The down-regulation of endocytosis by gliadin fragments was inhibited by the same dose of
TPCK (to 77% the activity of immature DC; Fig. 5C). TPCK also
markedly (up to 98%) diminished TNF-␣ secretion by gliadinstimulated DC. We observed no effect of TPCK on proliferation of
allogeneic T lymphocytes induced by gliadin-stimulated DC (data
not shown).
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Inhibition of p38 MAPK activity prevents the gliadin-induced
maturation of DC
In additional experiments we evaluated the effects of specific inhibitors of MAPK activation on the expression of DC maturation
markers. SB203580 (5–20 M) markedly reduced gliadin-triggered CD86, CD83, as well as CD80 expression and slightly inhibited HLA-DR expression on DC. On the contrary, maturation of
DC in the presence of SP600125 (5–20 M) significantly enhanced HLA-DR expression, had no effect on CD80 and CD83
expression, and caused significant inhibition only of CD86 expression. Interestingly, U1026 (5–20 M) down-regulated only CD86
and exhibited mild, but not significant, effects on CD83, CD80,
and HLA expression (Fig. 7).
Moreover, we studied the effects of SB203580, SP600125, and
U1026 on the secretion of gliadin-induced IL-6, IL-8, and TNF-␣.
Although SP600125 and U0126 inhibited TNF-␣ and IL-6 production in a dose-dependent manner, they did not affect IL-8 production. In contrast, SB203580 down-regulated the production of
all three cytokines (Table II).

Discussion
The immune system associated with mucosal surfaces evolved
mechanisms discriminating between harmless (e.g., food) Ags and

FIGURE 5. Effect of the NF-B inhibitor TPCK on gliadin-induced DC
maturation. A, Gliadin-induced activation of NF-B subunits p50 and p65
in human DC is blocked by the NF-B inhibitor TPCK. DC were left
untreated or were stimulated with gliadin (100 g/ml) and/or TPCK (25
mM) or LPS (1 g/ml) for 90 min, then the DNA-binding activity of
NF-B subunits p50, p65, p52, Rel-B, and c-Rel was analyzed by colorimetric assay. Data are presented as the mean ⫾ SD from at least three
independent experiments. ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01 (vs untreated cells). B,
Gliadin-induced maturation of DC is inhibited by TPCK. DC were stimulated with gliadin alone or in combination with TPCK for 24 h, and the
surface expression of CD86, CD83, CD80, and HLA-DR was analyzed by
flow cytometry. The results are shown as the percentage of the MFI ⫾ SD
from at least three independent experiments. The data were normalized to
the result from cells treated with gliadin alone, which was set at 100%. ⴱⴱ,
p ⬍ 0.01 compared with gliadin alone. C, TPCK prevented gliadin-induced
down-regulation of FITC-dextran endocytosis. Endocytosis of FITC-dextran by DC treated with gliadin alone or with TPCK was analyzed by flow
cytometry, and data are expressed as the MFI ⫾ SD from at least three
independent experiments. ⴱⴱ, p ⬍ 0.01 compared with nonstimulated DC.

dangerous pathogens. Oral tolerance is one of the forms of peripheral tolerance in which the mucosal administration of food Ags
induces a systemic immunological hyporesponsiveness. DC are
involved in mechanisms of oral tolerance by regulating T cell
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FIGURE 4. Functional changes in DC exposed to gliadin fragments. A,
Endocytosis of FITC-labeled dextran. Immature DC (iDC) were stimulated
with gliadin (1–100 g/ml), LPS (1 g/ml), poly (I:C) (50 g/ml), and
soya protein or OVA (10 –100 g/ml) for 24 h; incubated with FITClabeled dextran for 1.5 h at 37°C; and analyzed by a flow cytometry. The
data are expressed as the mean ⫾ SD percentage of phagocytosis from
three independent experiments. The percentage of phagocytosis of untreated DC was arbitrarily considered to be 100%. B, MLRs. DC were
treated, or not, with gliadin fragments (100 g/ml), soya proteins (100
g/ml), or LPS (1 g/ml), and proliferation of CFSE-labeled allogeneic
CD4⫹ T cells after 5 days of culture was measured using flow cytometry.
Negative controls (lymphocytes alone) and positive controls (lymphocytes
treated with 1 g of PHA) were performed in each experiment. Data are
from a single experiment and are representative of three independent
experiments.
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functions, either by insufficient expression of costimulatory molecules or by production of immunosuppressive cytokines such as
IL-10 and TGF-␤. The current hypothesis is that intestinal DC
remain relatively immature and thus tolerize, rather than activate,
T cells. Therefore, one way of breaking the tolerance is to provide
signals promoting DC maturation (20, 21).
Celiac disease is characterized as an abnormal (or adverse) response to gluten, and it is conceivable that in this case, the tolerance to gluten either is not established properly or is broken. A key
question for understanding celiac disease pathogenesis is why only
gluten, among so many food-derived Ags, induces a harmful T
cell-mediated immune response. Presentation of peptide-derived
epitopes on the surface of mature APC is a prerequisite for the
development of the primary immune response. To investigate

whether gluten has a stimulatory effect on APC, we tested the
consequences of the treatment of DC by gliadin peptic fragments.
In this paper we show that peptic fragments of gliadin induce
phenotypic and functional maturation of human monocyte-derived
DC. The doses of gliadin used for DC stimulation seem to correspond to the expected concentrations of gliadin present in the small
intestine after a gluten-containing meal (22, 23) and used by other
authors in the in vitro experiments (24, 25). Treatment of DC with
gliadin peptic fragments led to up-regulation of maturation and Ag
presentation-associated markers (CD80, CD83, CD86, and HLADR), down-regulation of the phagocytic capacity, and, simultaneously, increased secretion of IL-8 and homologous chemokines
and proinflammatory cytokines, IL-6 and TNF-␣. Secretion of regulatory cytokines, IL-4 and IL-10, was low, and gliadin treatment
decreased TGF-␤ production by DC compared with untreated
cells. In contrast with the responses to LPS and poly (I:C), gliadinmatured DC did not secrete IL-12. The production of IL-12 by
gliadin-stimulated DC could be below the detection limit, and
other members of the IL-12 family (IL-23 and IL-27) and/or the
IL-18 molecule could contribute to Th1 polarization. These data
seem to be supported by the finding of increased levels of IL-18 in

Table II. Effects of MAPK inhibitors SP600125, SB203580, and U1026 on gliadin-induced cytokine productiona
% of Cytokine Production by DC
Stimulated with Gliadin

Gliadin ⫹ SP600125
Gliadin ⫹ SB203580
Gliadin ⫹ U1026

Dose 100 g/ml

IL-6 100

IL-8 100

TNF-␣ 100

5 M
10 M
20 M
10 M
20 M
50 M
5 M
20 M
50 M

81.5 ⫾ 31.2
50.7 ⫾ 27.5
37.7 ⫾ 14.9
15.3 ⫾ 5.5
0.9 ⫾ 0.8
23.0 ⫾ 21.0
86.1 ⫾ 26.4
86.4 ⫾ 15.7
44.6 ⫾ 31.5

123.3 ⫾ 45.2
89.3 ⫾ 42.1
75.1 ⫾ 39.1
58.7 ⫾ 14.0
42.2 ⫾ 25.5
39.9 ⫾ 7.3
85.5 ⫾ 50.2
86.2 ⫾ 43.1
90.7 ⫾ 45.0

108.0 ⫾ 41.8
37.7 ⫾ 22.2
12.2 ⫾ 9.1
25.8 ⫾ 4.4
13.3 ⫾ 15.3
22.5 ⫾ 18.9
44.3 ⫾ 20.5
27.5 ⫾ 19.8
2.8 ⫾ 2.8

a
Data are shown as the mean ⫾ SD percentage of cytokine production. The percentage of cytokine production stimulated by gliadin was arbitrarily
considered to be 100%.
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FIGURE 6. Western blot of phosphorylated ERK (pERK; A), phosphorylated JNK1/2 (pJNK1/2; B), and phosphorylated p38 (pp38; C). Cells
were cultured in medium (lane 1) or with addition of 100 g/ml gliadin
digest alone or in combination with SP600125 (5–20 M), SB203580
(5–10 M), or U0126 (5–10 M), which were added 30 min before the
addition of gliadin. Nonphosphorylated ERK served as the control for protein loading. The fold induction (densitometric analysis) of protein phosphorylation, normalized to nonactivated cells and corrected for the amount
of protein in each sample, is also indicated. Representative blots from three
independent experiments are shown.

FIGURE 7. Effects of SP600125, SB203580, and U1026 on the phenotypic maturation of DC after gliadin stimulation. DC were stimulated with
gliadin (100 g/ml) for 24 h in the presence or the absence of SP600125
(5–20 M), SB203580 (5–20 M), or U0126 (5–20 M), and the surface
expression of CD86, CD83, CD80, and HLA-DR was analyzed by flow
cytometry. The results are shown as the percentage of MFI ⫾ SD from at
least three independent experiments. The data were normalized to the result
from cells treated with gliadin alone, which was set at 100%. ⴱ, p ⬍ 0.05;
ⴱⴱ, p ⬍ 0.01 (compared with gliadin alone).
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amplified by the proinflammatory cytokines produced by activated
DC and macrophages (1, 37). In genetically predisposed individuals, this could lead to the breakdown of peripheral tolerance and
the induction of an overt disease. In contrast, in healthy subjects,
the unique ability of gliadin to activate DC may not be sufficient to
induce the disease, because the physiological regulatory mechanisms maintain the unresponsiveness of innate as well as specific
mucosal immune system (32). Several down-regulatory mechanisms participating in an analogous situation, i.e., nonresponsiveness to commensal bacteria, were recently described (33, 34).
In conclusion, this work documents that among dietary Ags,
gliadin peptides have a unique ability to promote phenotypic and
functional maturation of human DC. Moreover, gliadin stimulates
monocyte-derived DC to produce a spectrum of cytokines and chemokines that differs in profile from that induced by LPS, mainly in
IL-12 secretion. Furthermore, we have shown that the NF-B molecule and p38 MAPK participate in the activation pathway triggered by gliadin in DC. Conceivably, modification of DC function
in the tissue and circulation of celiac patients in terms of increased
activation can promote mechanisms leading to an immune response rather than to T cell anergy/tolerance. This ability of gliadin
fragments provides new insight into the role of innate immunity
cells in celiac disease pathogenesis.
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