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Abstract
Background: Wheat is known as the most widely consumed 
food all over the world. Although many types of wheat al-
lergy have been recognized, their treatment still has a long 
way to go due to the complex pathogenesis. Oral immuno-
therapy (OIT) is under investigation for the treatment of 
wheat allergies. Previous studies have demonstrated that 
OIT using intact wheat allergens can induce tolerance, but is 
accompanied by a high risk of anaphylactic reactions. Objec-
tives: Our objective was to prepare modified wheat aller-
gens with hypoallergenic and tolerance-inducing properties 
to reduce adverse effects during immunotherapy. Methods: 
Wheat gliadin was degraded by hydrolysis with pepsin and 
trypsin, and then the hydrolysate was deamidated with hy-
drochloric acid. The IgE-binding capacity and T cell reactivity 
of the degraded gliadins were evaluated in vitro. Pepsin-di-

gested gliadin (peptic-GLI) was applied in a mouse model to 
investigate whether it would induce oral tolerance. Results: 
Degradation with pepsin decreased IgE-binding capacity 
and maintained T cell reactivity. Oral administration of pep-
tic-GLI to mice before sensitization and challenge with glia-
din could significantly suppress the production of IgE, IgG1, 
and type 2 T helper cytokines. Moreover, the development 
of anaphylactic reactions and allergic responses of the small 
intestine induced by gliadin challenge were inhibited by oral 
administration of peptic-GLI. Conclusions: The findings of 
this study indicate that peptic-GLI with low allergenicity and 
potential for tolerance induction may become useful in 
wheat immunotherapy with less adverse effects.

© 2020 S. Karger AG, Basel

Introduction

The immediate hypersensitivity reaction to wheat is 
triggered by wheat proteins. For patients with wheat al-
lergy, a wheat-free diet is recommended by physicians. 

Edited by: H.-U. Simon, Bern.
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However, unintentional ingestion of foods containing 
wheat always happen in patients who try to avoid wheat 
allergens [1]. With the increased understanding of the 
mechanisms involved in tolerance, the focus of treatment 
and prevention has shifted to induce tolerance [2]. Oral 
immunotherapy (OIT) involves the regular and gradual 
administration of small amounts of allergen via oral in-
gestion to first induce desensitization to the allergen and 
then tolerance over long-term treatment [3]. OIT has 
been anticipated in some studies to be an approach for the 
treatment of patients with wheat allergy. Regarding the 
use of OIT for wheat-induced anaphylaxis, OIT has been 
shown to increase the threshold dose of symptoms and to 
achieve tolerance in approximately 60% of subjects [4, 5]. 
However, oral administration of intact allergens can 
cause adverse effects and even lead to a severe allergic re-
action. Anaphylaxis could be induced during the escala-
tion phase of wheat OIT [6]. Thus, modified allergens 
characterized by hypoallergenicity and potential for tol-
erance induction have become desirable for the treatment 
of wheat allergy.

Gluten is the central component of wheat proteins and 
is composed of gliadin and glutenin [7]. Wheat gliadin 
extracted from gluten with 70% ethanol is one of the ma-
jor allergens responsible for wheat allergies [8, 9]. Wheat 
gliadin is limited in its utilization because of its insolubil-
ity. A few studies have reported that enzymatic hydrolysis 
and deamidation of gliadin could increase its solubility in 
water and reduce its allergenicity in regard to the IgE lev-
el [10]. Deamidation of gliadin using cation-exchange 
resins could induce oral tolerance, regardless of whether 
deamidated gliadin was applied before or after gliadin 
sensitization [10–12]. Enzymatic hydrolysis combined 
with acid deamidation has been shown to increase the 
solubility, foaming, and emulsifying properties of gluten 
[13]. However, the effects of enzymatic hydrolysis alone 
or the combination of enzymatic hydrolysis and acid de-
amidation of gliadin on allergenicity and tolerance induc-
tion are not fully understood. It has been reported that 
oral administration of peptides containing T cell epitopes 
or peptides with T cell reactivity could induce T cell un-
responsiveness and tolerance [14–16]. Hong et al. [17] 
succeeded in reducing the IgE-binding capacity while 
maintaining the T cell reactivity of peanuts through pep-
sin hydrolysis, suggesting that pepsin-digested peanuts 
may become effective in peanut immunotherapy. Peptic-
digested fragments of ragweed pollen retained the T cell 
epitopes but no B cell epitopes recognized by IgE, leading 
to fewer side effects than the original allergen in patients 
[18]. In this study, gliadin was hydrolyzed by digestive 

enzyme and hydrolyzed gliadin was deamidated by an 
acid to further reduce its allergenicity. Gliadin was first 
digested with pepsin to produce pepsin-digested gliadin 
(peptic-GLI), and then peptic-GLI was digested with 
trypsin to produce peptic-tryptic gliadin (PT-GLI). Acid 
deamidation was carried out by dispersing PT-GLI in hy-
drochloric acid (HCl) to produce HCl-PT-GLI. The ef-
fects of hydrolysis and deamidation on IgE binding and 
CD4+ T cell reactivity were examined in vitro. The de-
graded gliadin with lower IgE-binding capacity but high-
er CD4+ T cell proliferation responses was chosen as the 
most effective candidate and used in a mouse model for 
inducing oral tolerance.

Materials and Methods

Enzymatic Hydrolysis and Acid Deamidation of Gliadin
Gliadin was extracted from soft wheat flour (Nisshin Flour 

Milling Inc., Japan) as described previously [19, 20]. The extracted 
gliadin was dialyzed against 0.1% acetic acid for 24 h and then ly-
ophilized. Gliadin was hydrolyzed by digestive enzymes. Pepsin 
from porcine stomach (Wako Pure Chemical Industries Ltd., Ja-
pan) and trypsin from bovine pancreas (Wako Pure Chemical In-
dustries Ltd.) were used as digestive enzymes. An enzyme:protein 
ratio of 1: 100 was used for hydrolysis. Gliadin was mixed with 
pepsin at a concentration of 10 mg/mL in 0.01 N HCl. After incu-
bation at 37  ° C for 4 h, hydrolysis was stopped by heating at 100  ° C 
for 15 min. Hydrolysate was dialyzed against 0.1% acetic acid for 
12 h and then lyophilized to produce peptic-GLI. The above solu-
tion of peptic hydrolysate was adjusted to pH 8.0 by NaOH and 
incubated with trypsin at 37   ° C for 4 h. Then, hydrolysis was 
stopped by heating at 100  ° C for 15 min. Hydrolysate was dialyzed 
against 0.1% acetic acid for 12 h and lyophilized to produce PT-
GLI.

Deamidation of PT-GLI was carried out as described previ-
ously [13, 21]. PT-GLI (20 mg/mL) was dispersed in 0.1 N HCl at 
80   ° C for 3 h. The reaction was stopped by neutralization with 
NaOH to pH 7.0. The mixture was dialyzed against 0.1% acetic acid 
for 12 h and then lyophilized to produce HCl-PT-GLI. Dialysis was 
performed to maintain the consistency of the solution of gliadin 
and degraded gliadins. Thus, a membrane with a small molecular 
weight cutoff from 100 to 500 was used to dialyze the degraded 
gliadins and retain as many of the small-molecular-weight pep-
tides as possible.

Animals
Two-week-old female BALB/c mice as well as their mothers 

(Oriental Yeast Co. Ltd., Japan) were fed a casein diet (gluten-free 
diet) and housed in a temperature-controlled room (20 ± 2  ° C) 
with a 12-h light-dark cycle. The mice that became 6 weeks old 
were used for all experiments.

Gliadin-Induced Wheat Allergy Model
For the evaluation of IgE-binding capacity and CD4+ T cell 

proliferation of degraded gliadins in vitro, the gliadin-induced 
wheat allergy model was used as described previously with some 
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modifications [19]. Intraperitoneal injections of mice (6 weeks 
old) with 50 µg of gliadin absorbed onto alum were performed 
once every 10 days for four times as sensitized mice. The mice re-
ceived the alum alone as unsensitized mice (Fig. 1a). Sera were col-
lected on day 37 after the initial injection, and the IgE-binding 
capacity of native and degraded gliadins was evaluated by enzyme-
linked immunosorbent assay (ELISA). On day 40, sensitized mice 
were orally challenged with 1 mg of gliadin in 0.2 mL of 1 mM acet
ic acid as the gliadin group. Unsensitized mice were administered 
vehicle alone as the control group. All mice were forced to run on a 
treadmill (Muromachi Kikai Co. Ltd., Japan) at 15 m/min for 30 min. 
Mice were sacrificed 12 h after challenge to isolate CD4+ T cells from 
the spleen and mesenteric lymph nodes (MLNs). The CD4+ T cell 
proliferation responses activated by native or degraded gliadins were 
measured by the 3H-thymidine incorporation assay.

Oral Tolerance Model
Mice (6 weeks old) were orally administered 10 mg of gliadin 

or peptic-GLI in 0.2 mL of 5 mM acetic acid via an intragastric feed-
ing needle every other day for 3 weeks to give a gliadin group and 
a peptic-GLI group, respectively. Mice in the control group were 
administered 0.2 mL of 5 mM acetic acid. Three weeks after the oral 
treatment, all mice were intraperitoneally immunized with 50 µg 
of gliadin absorbed onto alum every 10 days twice. All mice were 
orally challenged with 20 mg of gliadin in 0.2 mL of 10 mM acetic 
acid on day 39 (Fig. 2a). Rectal temperatures were measured before 
and after the oral challenge (15 min) with a digital microprobe 
thermometer (Physitemp Instruments, USA). The levels of glia-
din-specific IgE or IgG1 in mouse serum on day 21 (after oral treat-
ment), day 39 (after injection), and day 40 (after challenge) were 
evaluated by ELISA. Mice were sacrificed on day 40. CD4+ T cells 
from the spleen and MLNs were cultured with or without gliadin 
to measure cytokine production and cell proliferation. Jejunum 
was also collected to evaluate the immunological responses in the 
small intestinal tissue.

Analysis of the IgE-Binding Capacity of Native and Degraded 
Gliadins
The IgE-binding capacity was evaluated by ELISA as described 

previously with some modifications [22, 23]. Gliadin and degraded 
gliadins in 50% ethanol at 1 mg/mL were slowly diluted in 50 mM 
carbonate buffer (pH 9.6) to 10 µg/mL. Microtiter plates were pre-
coated with 100 µL of the respective diluted solutions and incubated 
overnight at 4  ° C. Nonspecific binding was blocked with 100 µL of 
3% BSA/PBST at 25  ° C for 2 h. Then, 50 µL of each serum sample 
diluted 20 times with 1% BSA/PBST was added to the wells at 25  ° C 
for 2 h. A 50-µL aliquot of biotin-labeled anti-mouse IgE (Biolegend, 
Japan) diluted 2,000 times with 1% BSA/PBST was added to the wells 
at 25  ° C for 1 h. Then, 50 µL of streptavidin-alkaline phosphatase (BD 
Pharmingen, Japan) diluted 5,000 times with 1% BSA/PBST was add-
ed for 30 min. The wells were washed five times with PBST at every 
step. As a substrate for alkaline phosphatase, 50 µL of disodium 4-ni-
trophenyl phosphate hexahydrate (Tokyo Chemical Industry Co. 
Ltd., Japan) at 1 mg/mL in diethanolamine buffer was added to the 
wells for 1 h at 37  ° C, and color development was measured at 405/ 
490 nm with a microplate reader model 680 (Bio-Rad, Japan).

Assessment of Anti-Gliadin-Specific IgE and IgG1
To measure anti-gliadin-specific IgE and IgG1, microtiter 

plates were precoated with gliadin and blocked as described above. 

Serum samples (diluted 90 times for IgE and 5,000 times for IgG1) 
were added to the wells at 25  ° C for 2 h. A 50-µL aliquot of an al-
kaline phosphatase-conjugated rabbit anti-mouse IgG1 monoclo-
nal antibody (Zymed, USA) diluted 1,000 times with 1% BSA/
PBST was added to the wells at 25  ° C for 1 h before adding 4-ni-
trophenyl phosphate hexahydrate. A biotin-labeled anti-mouse 
IgE antibody and streptavidin-alkaline phosphatase were added as 
described above. Absorbance at 405/490 nm was measured.

Isolation and Treatment of CD4+ T Cells from Spleen and 
MLNs
Mice were sacrificed via cervical dislocation. The spleen was 

removed and rinsed in Roswell Park Memorial Institute (RPMI) 
medium. Then, the spleen was disrupted with the plunger of a sy-
ringe and the connective tissue was filtered. Cells from the MLNs 
were obtained by treatment of the MLNs with collagenase (Wako 
Pure Chemical Industries Ltd.) and DNase I (Sigma Aldrich, Ger-
many) in RPMI medium with magnetic stirring to produce cell 
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Fig. 1. Experimental protocols for the gliadin-induced wheat al-
lergy model (a) and IgE-binding capacity of degraded gliadins (b) 
in sera from unsensitized (control, white bars) or sensitized (glia-
din, gray bars) mice. Mice were intraperitoneally injected with gli-
adin once every 10 days for four times as sensitized mice. Unsen-
sitized mice were treated with vehicle alone. Serum was collected 
on day 37. The data are representative of two independent experi-
ments and are presented as mean ± standard error of the mean  
(n = 3). * p < 0.05, ** p < 0.01. AcOH, acetic acid; GLI, gliadin; HCl, 
hydrochloric acid; MLNs, mesenteric lymph nodes; peptic-GLI, 
pepsin-digested gliadin; PT-GLI, peptic-tryptic gliadin.
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suspensions that were filtered through a cell strainer. CD4+ T cells 
from the spleen and MLNs were sorted using the magnetic acti-
vated cell sorting separation method (Miltenyi Biotec, Germany). 
Separated CD4+ T cells (4 × 105 cells/well) and antigen-presenting 
cells (APCs) (8 × 105 cells/well) were seeded in 96-well microtiter 
plates in the absence or presence of gliadin or degraded gliadins at 
37  ° C for 3 days. Gliadin or degraded gliadins (5 mg/mL) were dis-
solved in 10% DMSO/PBS buffer. The above solution was diluted 
ten times with RPMI medium when the corresponding cell culture 
was performed. A solution without gliadin or degraded gliadins 
was used as a control. APCs from the spleen of BALB/c mice were 
incubated with mitomycin C for 30 min at 37  ° C. After 3 days, the 
supernatant from cultured CD4+ T cells was transferred to new 
plates and stored at –20   ° C until further analysis. The cultured 
plates containing cells and supernatant were used for T cell prolif-
eration assay.

Measurement of Cytokines from Cell Culture
Cytokines in the culture supernatants were assayed by ELI-

SA. Interleukin-4 (IL-4) and IL-5 were quantified with corre-
sponding purified rat anti-mouse antibodies and biotin-labeled 
monoclonal rat anti-mouse antibodies as previously described 

[24]. All of the above antibodies were purchased from BD 
Pharmingen. Absorbance was measured at wavelengths of 
405/490 nm.

T Cell Proliferation Assay by Using 3H-Thymidine 
Incorporation
Isolated CD4+ T cells (4 × 105 cells) were incubated with 8 × 

105 APCs in the absence or presence of gliadin or degraded gliadins 
in 96-well microtiter plates at 37  ° C for 3 days as cell culture. After 
3 days, cells were labeled with 3H-thymidine (1 mCi/mL; Moravek 
Inc., USA) at 0.5 µCi/well (18.5 kBq) for 24 h. After labeling, cells 
were harvested onto 96-format glass-fiber filter mats using a mi-
cro96 semi-automatic cell harvester (Skatron Instruments, USA), 
and then the filter mats were dried. MeltiLex solid scintillator 
(PerkinElmer Co. Ltd., Japan) was melted into the filter mats, and 
the incorporation of 3H was counted in a MicroBeta counter, with 
the results expressed as counts/min.

Quantitative RT-PCR Analysis
Total RNA from the jejunum (3 cm) was extracted with an SV 

total RNA isolation system (Promega, Japan). cDNA was prepared 
from RNA using an iScript cDNA synthesis kit (Bio-Rad). Quan-
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titative RT-PCR was performed using SYBR® Premix Ex TaqTM II 
(Takara Bio Inc., Japan). Expression was normalized to 18S ribo-
somal RNA. The following amplification reaction was employed: 
95  ° C for 30 s, 44 cycles of 5 s at 95  ° C, and 30 s at 60  ° C. The se-
quences of the primers were as follows: ribosomal RNA 18S, for-
ward 5′-CTT AGA GGG ACA AGT G-3′ and reverse 5′-ACG CTG 
AGC CAG TCA G-3′; mouse mast cell protease-1 (mMCP-1), for-
ward 5′-GAG GAC AGA TGT GGT GGG TTT-3′ and reverse 5′-
AGG AGT CAA CTC AGC TTT CTC TT-3′.

Evaluation of the Total Histamine Level
Three centimeters of jejunum tissue was collected in 1 mL of 

0.9% NaCl solution (saline). The tissue was homogenized in saline 
after being weighed. Then, 400 µL of 12% perchloric acid was add-
ed to the above solution, and the tissue sample was homogenized 
again and subsequently centrifuged for 10 min at 5,000 rpm (4  ° C). 
The supernatant was collected and stored at –20  ° C until further 
analysis. The concentration of histamine in supernatants was mea-
sured as described previously [11, 25]. The histamine level is pre-
sented as (concentration × 1.4) / weight.

Statistical Analysis
Data are presented as mean ± standard error of the mean. Dif-

ferences between two groups were evaluated using Student’s t test. 
Comparisons of more than two groups were performed by one-
way ANOVA followed by Tukey’s HSD test. A two-tailed p value 
< 0.05 was defined as a significant difference.

Results

IgE-Binding Capacity of Native and Degraded 
Gliadins
Figure 1a displays the experimental protocols for the 

gliadin-induced wheat allergy model. IgE binding to de-
graded gliadins was measured using sera from unsensi-
tized and sensitized mice. Sensitized mice had a notable 
increase in the IgE-binding capacity of both gliadin and 
degraded gliadins (peptic-GLI, PT-GLI, and HCl-PT-
GLI) compared to unsensitized mice. The IgE-binding 
capacity of peptic-GLI, PT-GLI, and HCl-PT-GLI showed 
a significant decrease compared to that of gliadin in the 
sera of sensitized mice (Fig. 1b).

CD4+ T Cell Activation against Native or Degraded 
Gliadins
CD4+ T cells from the spleen and MLNs of gliadin-

sensitized and -challenged mice (gliadin group) or un-
sensitized mice (control group) were stimulated by gli-
adin and degraded gliadins at 0.5 mg/mL. The level of 
proliferation of CD4+ T cells was significantly higher 
in the gliadin group than in the control group regard-
less of the activation conditions. The gliadin group 
showed significantly higher proliferation of CD4+ T 

cells in response to activation with gliadin or peptic-
GLI compared to activation with PT-GLI or HCl-PT-
GLI. There was no difference between gliadin and pep-
tic-GLI stimulation in regard to T cell proliferation in 
the gliadin group (Fig. 3).
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Influence of Oral Administration of Gliadin or  
Peptic-GLI on Rectal Temperature after Challenge  
in the Oral Tolerance Model
Peptic-GLI with a low IgE-binding capacity but high T 

cell reactivity seems to be a better candidate for inducing 
tolerance compared with the other degraded gliadins. To 

examine the effect of peptic-GLI on the development of 
the clinical symptoms of anaphylaxis, mice were orally 
administered gliadin or peptic-GLI before gliadin sensi-
tization and challenge in the oral tolerance model (Fig. 2a). 
The rectal temperature of the control group significantly 
decreased after challenge with gliadin for 15 min, while 
the rectal temperature of the gliadin group and peptic-
GLI group did not show any decrease. The rectal tem-
perature of the control group was also remarkably lower 
than that of the other two groups after challenge (Fig. 2b).

Anti-Gliadin-Specific IgE and IgG1 Change in the 
Oral Tolerance Model
Gliadin-specific IgE (Fig. 4a) and IgG1 (Fig. 4b) were 

measured after oral administration, injection, and chal-
lenge, respectively. Oral administration did not lead to 
any change in the IgE and IgG1 levels among groups 
(white bars). The upregulation of gliadin-specific IgE  
and IgG1 caused by immunization with gliadin (control 
group) was suppressed when gliadin or peptic-GLI was 
orally administered before gliadin sensitization (light 
gray bars). Similar results were observed after challenge 
(dark gray bars).

Type 2 T Helper Responses and Proliferation of CD4+ 
T Cells from Spleen and MLNs in the Oral Tolerance 
Model
In order to examine the type 2 T helper (Th2) respons-

es after challenge, IL-4 and IL-5 were measured as repre-
sentative Th2-type cytokines. Spleen and MLN CD4+ T 
cells from mice in the control group secreted substantial 
levels of IL-4 (Fig. 5a) and IL-5 (Fig. 5b) in response to 
gliadin (0.5 mg/mL) stimulation. However, the secretion 
of IL-4 and IL-5 was significantly suppressed by oral ad-
ministration of gliadin or peptic-GLI before gliadin sen-
sitization. Figure 5c shows that the proliferation of spleen 
and MLN CD4+ T cells stimulated with gliadin was re-
markably increased in the control group compared to the 
other two groups.

Immunological Responses of Small Intestinal Tissue in 
the Oral Tolerance Model
After gliadin challenge, significantly higher expression 

of mMCP-1 in the jejunum was observed in the control 
group compared to the gliadin and peptic-GLI groups 
(Fig. 6a). As shown in Figure 6b, total histamine in the 
jejunum was examined. The histamine production in the 
control group was significantly higher than that in the 
other two groups, whereas no significant difference was 
observed between the gliadin and peptic-GLI groups.
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Fig. 4. IgE (a) and IgG1 (b) levels specific to gliadin in the sera of 
mice from the oral tolerance model. Mice sera were collected after 
the oral administration on day 21 (Oral), after the intraperitoneal 
injection on day 39 (Injection), and after the oral challenge on day 
40 (Challenge). ELISA was used for the detection of IgE and IgG1. 
The data are representative of two independent experiments and 
are presented as mean ± standard error of the mean (n = 5). * p < 
0.05, **  p < 0.01. ELISA, enzyme-linked immunosorbent assay; 
GLI, gliadin; peptic-GLI, pepsin-digested gliadin.
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Discussion

Wheat has been recognized to be a common cause of 
food-induced anaphylaxis around the world. It is difficult 
for patients to avoid wheat ingestion due to its wide use in 
various types of foods consumed in our daily life. There-
fore, wheat OIT is considered a promising treatment for 
anaphylactic patients in whom wheat avoidance is not suf-

ficient to avert anaphylaxis [26]. However, adverse reac-
tions are commonly caused by intact proteins during OIT 
and can occur at any phase of the protocol. Watanabe et 
al. [27, 28] prepared hypoallergenic flour by hydrolyzing 
wheat flour with cellulase and actinase. Consumption of 
hypoallergenic flour by rats after sensitization with gluten 
could suppress the allergic reactions caused by the subse-
quent elicitation with gluten and probably induce oral tol-
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Fig. 5. Effects of the oral administration of 
gliadin or peptic-GLI on IL-4 (a) and IL-5 
(b) production as well as T cell prolifera-
tion (c) of spleen and MLN CD4+ T cells 
activated by gliadin. After the challenge, 
CD4+ T cells from spleen and MLNs were 
cultured with 0.5 mg/mL gliadin and the 
supernatants were collected after 3 days. 
The IL-4 and IL-5 levels in supernatants 
were measured by ELISA. After 3 days of 
cell culture, T cell proliferation was mea-
sured by the 3H-thymidine incorporation 
assay. The data are representative of two in-
dependent experiments and are presented 
as mean ± standard error of the mean (n = 
5). * p < 0.05, ** p < 0.01. cpm, counts/min; 
ELISA, enzyme-linked immunosorbent as-
say; GLI, gliadin; MLN(s), mesenteric 
lymph node(s); nd, not detected; peptic-
GLI, pepsin-digested gliadin.
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erance [28]. In the present study, gliadin was hydrolyzed 
by digestive enzymes (pepsin and trypsin) and deamidat-
ed by HCl to obtain hypoallergenic peptides.

The majority of wheat hypersensitivities are consid-
ered to be IgE-mediated allergy [29]. The cross-linking of 
IgE receptors by subsequent allergen exposure on the sur-
face of mast cells and basophils causes immediate reac-
tions, provoking immediate symptoms of allergy [30, 31]. 
The reactivity of IgE to peptic-GLI, PT-GLI, and HCl-PT-
GLI was remarkably decreased compared with that to na-
tive gliadin (Fig. 1b). Therefore, the cross-linking of IgE 
bounded to mast cells might be weakened by peptic-GLI, 
PT-GLI, and HCl-PT-GLI. Peptide immunotherapy in-
volves the use of peptides containing T cell epitopes [32, 
33]. As for T cell activation (Fig. 3) in vitro, stimulation 
of CD4+ T cells with PT-GLI or HCl-PT-GLI showed a 
significant decrease in proliferation compared to stimula-
tion with native gliadin. However, there was no difference 
in regard to the proliferation of CD4+ T cells between 
peptic-GLI and native gliadin activations. These results 
suggest that the epitopes of gliadin recognized by T cells 
might be partially degraded by hydrolysis and deamida-
tion in the case of PT-GLI and HCl-PT-GLI, while T cell 
epitopes might be maintained after pepsin hydrolysis. 
Therefore, the characteristics of peptic-GLI in regard to 
the activation of mast cells and T cells may increase its 
potential for inducing oral tolerance.

It has been reported that mice receiving gliadin or a 
gluten-containing diet before gliadin sensitization 
could suppress both cellular and humoral immune re-
sponses to gliadin, and it has been demonstrated that 
gliadin is an effective oral tolerogen rather than an oral 
immunogen [34]. In order to investigate whether pep-
tic-GLI has a similar effect on tolerance induction,  
gliadin and peptic-GLI were applied in such an oral tol-
erance model. Allergen-specific IgE antibodies play a 
critical role in wheat allergic responses [8, 35]. Gliadin-
specific IgE levels after sensitization or challenge were 
significantly decreased by oral administration of glia-
din or peptic-GLI (Fig. 4a). Th2 cells are excellent help-
ers for B cell antibody secretion (IgE and IgG1) [36]. 
The production of gliadin-specific IgG1 antibodies was 
also inhibited by oral administration of gliadin or pep-
tic-GLI (Fig. 4b). In late and chronic reactions of IgE-
mediated hypersensitivity, the presentation of allergens 
to T cells causes activation of T cells, leading to the re-
lease of Th2-type cytokines such as IL-4, IL-5, and IL-13 
[31]. In this study, the production of IL-4 and IL-5 in 
CD4+ T cells from spleen and MLNs stimulated by gli-
adin was significantly suppressed by oral administra-
tion of gliadin or peptic-GLI (Fig. 5a, b). Oral treatment 
with gliadin or peptic-GLI could decrease CD4+ T cell 
responsiveness (Fig.  5c). These findings demonstrate 
that oral administration with peptic-GLI is as effective 
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Fig. 6. Influence of the oral administration of gliadin or peptic-GLI on mMCP-1 expression (a) and the histamine 
levels (b) in small intestinal tissue. Quantitative RT-PCR was applied to measure the relative expression of 
mMCP-1. Expression was normalized to 18S ribosomal RNA. The total histamine level in the jejunum was de-
termined by fluorometric assay. The data are representative of two independent experiments and are presented 
as mean ± standard error of the mean (n = 5). * p < 0.05, ** p < 0.01. GLI, gliadin; mMCP-1, mouse mast cell pro-
tease-1; peptic-GLI, pepsin-digested gliadin.
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as gliadin for suppressing gliadin-specific IgE and Th2-
type cytokine responses.

As mentioned above, the immediate reactions caused 
by the degranulation of mast cells lead to the release of 
biological mediators (histamine) and provoke immediate 
symptoms [37]. mMCP-1 has been used as a mast cell ac-
tivation marker in food-induced anaphylaxis [38]. The 
measurement of histamine level and mMCP-1 expression 
was to reflect the situation of mast cell degranulation in 
the small intestine. In the oral tolerance model, we found 
that oral administration of gliadin or peptic-GLI inhib-
ited the development of the anaphylactic symptoms in-
duced by the gliadin challenge (Fig. 2b). The release of 
histamine and the expression of mMCP-1 in the small 
intestinal tissue were dramatically reduced in mice orally 
administered gliadin or peptic-GLI compared to the con-
trol group (Fig. 6). It has been reported that the expansion 
of intestinal mast cells elicited by mechanical skin injury 
promotes oral anaphylaxis [39]. Therefore, our results 
suggest that the degranulation of intestinal mast cells 
could be weakened by oral administration of gliadin or 
peptic-GLI, leading to the suppression of anaphylactic re-
sponses.

In conclusion, we investigated the allergenicity and 
potential for tolerance induction of degraded gliadins. 
Among the degraded gliadins, peptic-GLI with high T cell 
reactivity but low IgE-binding capacity was used in the 
oral tolerance model. Inhibition of gliadin-specific IgE, 
Th2-type cytokines, and allergic symptoms was obtained 
by oral administration of peptic-GLI, which was also ob-
served in gliadin administration. Therefore, peptic-GLI 
instead of gliadin may become a good candidate for im-
munotherapy of wheat allergy with less side effects. Fur-

ther studies are required to investigate the effect of peptic-
GLI on tolerance induction in a mouse model that mimics 
the clinical OIT protocol of patients.
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