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Abstract: Celiac disease (CD) is an autoimmune intestinal disorder caused by the ingestion of gluten
in people who carry the susceptible gene. In current celiac disease research, wheat gluten is often
the main target of attention, neglecting the role played by non-gluten proteins. This study aimed
to describe the effects of wheat amylase trypsin inhibitors (ATI, non-gluten proteins) and gliadin
in BALB/c mice while exploring the further role of relevant adjuvants (cholera toxin, polyinosinic:
polycytidylic acid and dextran sulfate sodium) intervention. An ex vivo splenocyte and intestinal
tissue were collected for analysis of the inflammatory profile. The consumption of gliadin and ATI
caused intestinal inflammation in mice. Moreover, the histopathology staining of four intestinal
sections (duodenum, jejunum, terminal ileum, and middle colon) indicated that adjuvants, especially
polyinosinic: polycytidylic acid, enhanced the villi damage and crypt hyperplasia in co-stimulation
with ATI and gliadin murine model. Immunohistochemical results showed that tissue transglutam-
inase and IL-15 expression were significantly increased in the jejunal tissue of mice treated with
ATI and gliadin. Similarly, the expression of inflammatory factors (TNF-α, IL-1β, IL-4, IL-13) and
Th1/Th2 balance also showed that the inflammation response was significantly increased after co-
stimulation with ATI and gliadin. This study provided new evidence for the role of wheat amylase
trypsin inhibitors in the pathogenesis of celiac disease.

Keywords: wheat amylase trypsin inhibitors; celiac disease; gliadin; intestinal inflammation; Th1/Th2

1. Introduction

As one of the world’s top three food crops [1], wheat is cultivated world-wide due
to its unique adaptability and high yield [2]. Wheat is especially highly appreciated be-
cause of its ability to make dough from its flour for preparing baked food products with
characteristic taste, smell and high nutritional value [3]. Despite its wide appreciation,
some people experience negative health effects after consumption of wheat-based prod-
ucts, including several forms of wheat allergy, wheat sensitivity, and wheat intolerance
including celiac disease and dermatitis herpetiformis [4–6]. These effects relate to a variety
of wheat proteins.

Celiac disease (CD) is a chronic inflammation of the intestine, often presenting as
villi damage and crypt hyperplasia, which can cause malabsorption of nutrients due to an
autoimmune response caused by consumption of wheat gluten [7], especially its gliadin
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component. When the gluten protein reaches the lamina propria of intestine, the glutamine
residues in the immunodominant peptides (such as p57–68 and 33-mer) of gliadin are
deamidated into glutamate by the tissue transglutaminase (tTG) [8]. Meanwhile, the
deamidation of glutamine is conducive to mediate the formation of immunostimulatory
epitopes and produce strong binding affinity with Human Leukocyte Antigen-DQ2/DQ8
(HLA-DQ2/DQ8) class II compounds attached to antigen presenting cells (APC) [9]. The
deamidated gluten peptides increase the presentation to cells, which stimulates the immune
system [10]. Moreover, the activated T cells secrete Th1-type cytokines, which lead to
infiltration of intestinal epithelial inflammatory cells and formation of mucosa [11,12].

The innate immune system responds early to multiple microbial and chemical irritants,
which are essential to successfully elicit adaptive immunity [13]. Wheat amylase trypsin
inhibitors (ATI), non-gluten-related protein components of wheat flour, are often identified
as triggers for several wheat allergies and non-celiac gluten sensitivity and activators of
innate immunity [14–17]. Actually, ATI may also aggravate inflammatory bowel disease
(IBD) and non-intestinal inflammation and related immune responses [18]. Recent studies
in cell and animal (mice) model systems reported that, next to gluten, ATI can also be
involved in CD [13,19–21]. ATI may be an important inducer of intestinal innate immune
responses in CD via the Toll-like receptor 4 (TLR4)-MD2-CD14 pathway [13,22] and induce
intestinal barrier dysfunction and immune activation [20].

When sensitive people consume gluten-containing foods, they will inevitably ingest
ATI concomitantly, which then may up-regulate the innate immune system and aggra-
vate symptoms [14,23]. Based on the celiac toxic effect of gliadin and the innate immune
activation of ATI, we speculated that ATI could exacerbate the role of gliadin in the patho-
genesis of celiac disease. Furthermore, we tried to use cholera toxin (CT), polyinosinic:
polycytidylic acid (Poly:IC) and dextran sulfate sodium (DSS) to further aggravate the
intestinal inflammation in mice. CT is used as an adjuvant as its non-toxic subunits are able
to associate with intestinal epithelial cell receptors, thereby increasing the absorption of
allergens and aggravating the symptoms of reactions [24]. Poly:IC and DSS are used to
induce low levels of chronic jejunum/ileitis and colitis [20], respectively.

In current celiac disease research, wheat gluten is often the main target of attention,
neglecting the role played by non-gluten proteins. We aimed to describe the effects of ATI
and gliadin (Gli) in BALB/c mice while exploring the further role of relevant adjuvants
(CT, Poly:IC and DSS) intervention. In this study, the effects of gliadin, ATIs and related
adjuvants on the intestinal inflammation of BALB/c mice were systematically assessed by
the clinical scores, temperature, weight, histological sections of intestine, immunohisto-
chemistry analysis of tissue transglutaminase and IL-15, the differentiation of Th1/Th2 and
the expression of inflammatory factors secreted by splenocytes.

2. Materials and Methods
2.1. Materials and Reagents

The extraction and purification of ATI were prepared as described by Zevallos, V. F [20].
Briefly, high-gluten wheat flour (Triticum aestivum L.) was extracted by using ammonium
bicarbonate buffer, the supernatant was fractionally precipitated by using ammonium sulfate,
and then the mixture was dialyzed, sterile filtrated, lyophilized and further purified by
FPLC. Gliadin from wheat, bovine serum albumin (BSA), Poly:IC and DSS (MW: 40,000 Da)
were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Sodium salt of
Caboxy Methyl Cellulose (CMC) with food grade was obtained from Jiangsu Tailida New
Materials CO., Ltd. (Jiangsu Tailida, Nantong, China). Cholera Toxin (CT, B subunit) and
tissue lysate were acquired from Absin (Absin, Shanghai, China). Mouse IL-1β, TNF-α,
IL-4 and IL-13 enzyme-linked immunosorbent assay kits were purchased from Luminex
(Univ-bio, Shanghai, China). APC anti-mouse IL-4, PE/Cyanine 7 anti-mouse CD4, FITC
anti-mouse INF-γ and Fixable Viability Stain 510 were procured from BD Pharmingen (BD
Biosciences, Piscataway, NJ, USA). Other analytical grade reagents were purchased from
Xilong Scientific (Xilong Scientific, Guangdong, China).
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2.2. Animals and Diets

The specific pathogen-free (SPF) 4–6-week-old BALB/c mice (20 ± 2.0 g) were obtained
from Hunan Slake Jingda Laboratory Animal Co., Ltd. (Hunan Slake Jingda, Changsha,
China) (License No. SCXK (Hunan) 2016-0002) and the mice utilized in this research were
taken care of in accordance with the Guide to Animal Experimentation at Science and
Technology Laboratory Animal Research center of Jiangxi University of Traditional Chinese
Medicine, Nanchang, China (License No. SYXK (Jiangxi) 2017-0004). All experimental
procedures were examined and ratified by the Experimental Animal Ethics Committee
of Jiangxi University of Traditional Chinese Medicine (No. JZLLSC2019-0094; date of
approval: 3 November 2019). The mice were maintained on a gluten-free diet (based on
AIN-93 standard, Trophic Animal Feed High-Tech Co., Ltd., Nantong, China) with the
specified carbohydrate content and casein as the major source of protein and bred for at
least two generations. The female mice of the second generation and above were more
susceptible to gluten and were utilized as experimental animals. The room temperature
and humidity were maintained under conditions of 21 ◦C–25 ◦C and 55–65%, respectively,
with 12 h dark and light cycle.

2.3. Animal Experiment

Female mice were allowed to drink and eat freely for a week to adapt to the new
environment, and were then randomly assigned into eight groups of six each, named
the Control group, BSA group, Gliadin group, ATI group, Gli+ATI group, Gli+ATI+CT
group, Gli+ATI+Poly:IC group and Gli+ATI+DSS group, respectively. Here, 0.4% CMC
was used as a solvent to promote the dissolution of gliadin. All mice would be challenged
by gavage on days 0, 7, 21 and 35, which were given BSA or gliadin with the same amount
of protein (10 mg/0.028 kg BSA/gliadin + 25 mg/kg ATIs or 0.5 mg/kg CT or 15 mg/kg
Poly: IC or 1.5% DSS) as described by Vijaykrishnaraj [25] and Zevallos [20]. The mice were
stimulated on day 42 using quadruple doses of protein (Figure 1). The mice were given
Poly:IC by intraperitoneal injection and DSS by drinking DSS-dissolving. The mice in the
negative control group were received 0.4% CMC (0.2 mL/10 g mouse) by intragastric gav-
age (sham treatment) and the mice of all groups (expect Gli+ATI+Poly:IC group, Poly:IC’s
solvent is physiological saline) were given physiological saline (0.1 mL/10 g mouse) by
intraperitoneal injection. After 30 min of sensitization on day 42, the mice were scored for
clinical symptoms, and their body temperature and weight were recorded. After being
anaesthetized by isoflurane, the mice were euthanized by dislocation. The whole intestine
and spleen of mice were collected, respectively.

2.4. Histological Observation

The intestinal tissues (colon, ileum, jejunum and duodenum) of mice, which were
fixed in 4% paraformaldehyde solution and embedded in paraffin, were sectioned and
stained by using hematoxylin and eosin. After the sections had been dehydrated and
sealed with neutral gum, they were viewed and documented using a light microscope
(upright optical microscope Nikon Eclipse E100 and imagine system Nikon DS-U3, Nikon
Co., Tokyo, Japan).

2.5. Immunohistochemistry of Jejunum Tissue Sections

The sections of paraffin-embedded jejunum tissues were used for immunohistochem-
istry (IHC) of tissue transglutaminase (tTG) and IL-15, which were incubated with anti-
mouse tTG, anti-mouse IL-15 and secondary antibody (HRP labeled) according to the
manufacturer’s protocols. The stained parts were observed and photographed under an
optical microscope (200× magnification). The IHC data were quantified using Image J
software. Different parts of the same tissue would be analyzed.
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2.6. Splenocyte Culture In Vitro and Cytokine Analysis

Mice spleens were ground in RPMI 1640 medium under aseptic conditions. The
ground spleens were lysed 5 min by erythrocyte lysate, then the supernatant was aban-
doned by centrifugation at 300× g 5 min. The cells in precipitation were resuspended by
RPMI 1640 twice and transferred to complete medium (RPMI-1640 with 10% fetal bovine
serum). All operations were performed on ice to ensure a low temperature environment.
The cells were seeded at a density of 5 × 106/mL on 24-well cell culture plate. After that,
cells were stimulated by the peptides (1 mg/mL) of BSA/gliadin/ATIs digestion obtained
by the method of Martin Wickham et al. [26], respectively. After 72 h of incubation at 37 ◦C
with 5% CO2, supernatants of cells were gathered for storage at −80 ◦C and the levels of
IL-1β, IL-4, IL-13 and TNF-α in splenocytes were analyzed.

2.7. Th1 and Th2 Cell Subsets of Splenocytes

According to the difference in characteristic cytokines secreted by cell subpopulations,
the expression of Th1 and Th2 cell subsets was measured indirectly by the intracellular
production levels of IFN-γ and IL-4. The splenocytes whose cell concentration had been
adjusted were stimulated 15 h by cell stimulation cocktail, and then, the splenocytes were
divided into control group, sample group, set-up group, FMO group and compensation
group. Afterward, a 100 µL suspension of splenic single cells was obtained and washed
with ice-cold PBS without protein components. Fixable Viability Stain 510 was put into the
corresponding group and hatched in darkness at 4 ◦C 30 min. Subsequently, the splenocytes
were washed with PBS containing 2% fetal bovine serum, PE/Cyanine 7 anti-mouse CD4
was added in the corresponding group, and this was incubated in the dark. After the
addition of fixative and rupture agents in the cell suspension, the cells were collected.
APC anti-mouse IL-4 and FITC anti-mouse INF-γ antibodies were added into resuspended
cells and incubated in dark. Later, the individual splenocytes were resuspended in 400 µL
ice-cold PBS and went through the 100 meshes nylon mesh. Finally, Th1 and Th2 cell
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subsets were counted using flow cytometry (Becton, Dickinson and Company, New York,
NY, USA).

2.8. Statistical Analysis

All experimental values were represented as mean ± standard deviation (SD), resulting
from at least three independent data. Immunohistochemistry related images were evaluated
using the IHC toolbox plugin of Image J software. The average optical density (AOD) was
used to calculate the positive area of immunohistochemistry. The data of flow cytometry
was performed by using the BD FACSuite and FlowJo V10 software. GraphPad Prism 8
and PowerPoint 2016 software were utilized to draw the charts. The data were statistically
analyzed using one-way ANOVA analysis in IBM SPSS Statistics 24 software with Tukey’s
HSD test and independent sample t-test. Probability values of p < 0.05 were considered
significantly different.

3. Results
3.1. Weight, Water Consumption, Clinical Symptoms and Body Temperature of Mice

After the second-generation female mice were given four weeks of the gluten-free diet,
the mice were exposed to a gliadin-containing diet which were supplemented with ATI
and related adjuvants (Figure 1).

The body weight of mice was recorded each time when they were orally challenged
(Figure 2A). No significant change in the body weights of the animals was observed
between groups in the first week. After that, only the mice in the Gli+ATI+DSS group
showed a trend of weight loss compared to the other groups. We measured the daily
water intake of mice in order to exclude the interference of DSS on their water intake and
found no significant difference in water consumption (Figure 2B). Moreover, our results
showed that mice in both the Gliadin and ATI groups exhibited scratching, while two
mice in the Gli+ATI group exhibited diarrhea (Figure 2C). The symptoms of the mice were
further aggravated by the addition of Poly:IC or DSS. The Gli+ATI+Ploy:IC group mice had
the most severe symptoms, with five mice exhibiting diarrhea and one mouse exhibiting
shortness of breath. The changes in the mouse rectal temperature after quadruple protein
challenge are shown in Figure 2D. The mice in the Gliadin group and ATI group dropped to
the lowest body temperature after stimulation. In contrast, co-stimulation with gliadin and
ATI resulted in an increase in the mice’s body temperature compared with Control group.

3.2. Histology of Intestine Tissue Section

The pathological features and changes in the histological sections of intestine (includ-
ing duodenum, jejunum, terminal ileum and middle colon) are shown in Figure 3 and
Supplementary Figure S1. The mice in the Gliadin and ATI groups demonstrated mild
atrophy and infiltration at four gut sites compared to the control group. In duodenum,
terminal ileum and middle colon sections of mice, the Gli+ATI group, Gli+ATI+Poly:IC
group and Gli+ATI+DSS group showed severe villous atrophy. In addition, the Gli+ATI
group, the Gli+ATI+CT group and the Gli+ATI+Poly:IC group exhibited severe crypt
hyperplasia and infiltration in the jejunum tissue sections of mice. Taken together, the
intestinal villous atrophy, crypt hyperplasia and infiltration in mice would be exacerbated
by the co-stimulation of gliadin and ATI, with the Gli+ATI+Poly:IC group showing the
most severe intestinal damage in the four tissue sections of the intestine.
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Figure 2. Weight, water consumption, clinical symptoms and body temperature of mice. (A) Body
weight of mice. (B) Water consumption of mice. (C) Clinical signs scores of mice. (D) Changes of mice
body temperature. (∆Temperature = body temperature of mice after stimulation - body temperature
of mice before stimulation). Footnote: Clinical symptoms score: (0) No symptoms; (1) Scratching
nose and mouth; (2) Swelling around the eyes and mouth, diarrhea, reduced activity or walking in
place, higher breathing rate; (3) Shortness of breath, wheezing, blue rash around the mouth and tail;
(4) Loss of consciousness, tremors or cramps; (5) Death by shock.

3.3. Immunohistochemistry of the Sections of Jejunum Tissue

The immunohistochemistry analyses of tissue transglutaminase and IL-15 in the
jejunum tissue sections are shown in Figure 4. As shown in Figure 4A,C, gliadin could
significantly increase the expression of tTG in mice jejunal tissue compared with control
group (p < 0.05). Co-stimulation with gliadin and ATI further promoted the expression
of tTG (p < 0.05). In addition, the adding of Poly:IC caused the expression of tTG in mice
jejunum to become the highest. Like the results of tTG, gliadin also significantly increased
the expression of IL-15 in mice jejunal tissue, as shown in Figure 4B,D (p < 0.05). The
co-stimulation of gliadin and ATI also exacerbated the expression of IL-15 in mice jejunum
compared with the Gliadin group (p < 0.05). By contrast, neither CT nor Poly:IC further
enhanced the levels of IL-15 in jejunal tissues of mice in the Gli+ATI group. Overall, the
co-stimulation of gliadin and ATI significantly increased the levels of tTG and IL-15 in mice
jejunum tissue, while the extra addition of Poly:IC further aggravated tTG expression in
mice jejunum.
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Figure 3. Intestine histological sections of terminal ileum, middle colon, jejunum and duodenum
stained with hematoxylin and eosin stain. The images are the fields of view at 40× lens.
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Figure 4. Immunohistochemistry analysis of tissue transglutaminase (A) and IL-15 (B) in jejunum
tissue sections: (1) Control group; (2) BSA group; (3) Gliadin group; (4) ATI group; (5) Gli+ATI
group; (6) Gli+ATI+CT group; (7) Gli+ATI+Poly:IC group; (8) Gli+ATI+DSS group. (A,B) are the
fields of view at 200× lens. The average optical density of tissue transglutaminase (C) and IL-15 (D).
Different parts of the same tissue would be analyzed in order to obtain reliable results. Different
letters represent significant differences (p < 0.05) between groups.

3.4. Differentiation and Homeostasis of Th1/Th2

Being one of the largest immune organs in the body, the spleen often has a crucial role
in regulating immune responses and thus we performed related assays on the spleens of
mice. The expression of Th1/Th2 in mice splenocytes are shown in Figure 5. As shown
in Figure 5A,C, the expression of Th1 cells was increased significantly in the Gliadin
group, ATI group, Gli+ATI+Poly:IC group and Gli+ATI+DSS group compared with that in
control group (4.89%). No significant differences were found between the Gli+ATI group,
Gli+ATI+CT group and the control group. As shown in Figure 5B,D, Th2 expression was
significantly reduced in all experimental groups compared with control group (1.29%). The
lowest expression levels were observed in the Gliadin group and Gli+ATI group (0.61%,
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0.63%, respectively). In addition, we further compared the ratios of Th1 and Th2 cells in
murine spleens (Figure 5E). All of Gliadin group, Gli+ATI group, Gli+ATI+Poly:IC group
and Gli+ATI+DSS group showed a higher ratio of Th1/Th2. Taken together, co-stimulation
of Gliadin and ATI could severely disrupt the balance between Th1 and Th2 cells and
develop the direction towards immunity of Th1.
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Figure 5. The homeostasis of differentiation of Th1 and Th2 subpopulations in splenocytes of mouse
using flow cytometry. (A,B) T-helper type 1 (Th1) and T-helper type 2 (Th2) cell subpopulations.
(C,D) The expression percentage of Th1 and Th2 subpopulations. (E) The ratios of Th1/Th2 cells.
Different letters represent significant differences (p < 0.05) between groups.

3.5. The Levels of Splenocyte Cytokines

The changes in the level of cytokines released by mouse splenocytes are shown in
Figure 6. The addition of ATI increased the level of TNF-α in mice splenocytes of the
Gliadin group. The level of IL-4 expressed in mice splenocytes was consistent with the
flow cytometry results. Moreover, the secretion of Th1 cytokines (IL-1β) of mice whose
diet had additional ATI were significantly increased (p < 0.05), while Th2 cytokines (IL-13)
were significantly inhibited (p < 0.05). These noticeable differences were only reflected by
comparing the experimental and control groups. Together, it had been verified again that
the diet of mouse being added with Gliadin and ATI could disrupt the Th1/Th2 balance of
the body and develop the direction towards the immunity of Th1.
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4 (IL-4) and (D) Interleukin-13 (IL-13) cytokines in spleen cell cultures of mouse. Different letters
represent significant differences (p < 0.05) between groups.

4. Discussion

Animal models could mimic sensitization and intestinal inflammation of the body,
which are appropriate when assessing food allergens [27,28]. The immune system of
BALB/c mice is structurally analogous to that of humans, and prolonged oral challenge
could trigger the immune system to counter act multiple mechanisms by stimulating innate
and adaptive immune responses [29,30]. We aimed to assess the effect of wheat protein
on dietary intervention of BALB/c mice by utilizing critical indicators of celiac disease-
related clinical signs and pathogenesis, and ultimately to demonstrate that ATI (and related
adjuvants) could aggravate the toxic effect of gliadin.

The induction of celiac disease was directly related to gliadin, and innate immune
regulation played an essential role in the occurrence of the disease, which would aggravate
the disease while other complications exist [31,32]. With the discovery of the ATI component
in the daily diet, it had been determined that the component would seriously interfere with
the immune system of gluten intolerant individuals and worsen chronic diseases [22,33].
The initial activation of TLR4 receptors by ATI in gut could trigger innate immune cells [34],
which would further mobilize adaptive immune cells (T cells) that had been activated
in other cells [35]. This means that ATI could activate the interaction of the innate and
adaptive immune systems through TLR4 receptor in the condition of existing chronic
diseases [36]. However, the direct association between ATI and celiac disease has not been
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reported. In our study, it could be obviously observed that the clinical symptoms of mice
increased after adding ATI to the diet. Although there were no clinical reports on the
extraintestinal manifestations of body temperature in patients with celiac disease, our data
showed that the separate effects of ATI and gliadin caused mice to exhibit an allergy-like
decrease in body temperature. The combined effect of ATI and gliadin directly increased
the body temperature of mice, and we speculated that the co-action of both exacerbated
the intolerance of the immune system of mice. Subsequently, we found that the combined
effect of ATI and gliadin exacerbated villi atrophy, crypt hyperplasia and inflammatory
cell infiltration in the intestine of mice, and it became more serious after the intervention
of Poly:IC.

Celiac disease is a chronic intestinal inflammatory disease, which ultimately leads to
the overexpression of tissue transglutaminase and small intestinal epithelial cell damage
through the upregulation of Th1 cell subsets secreting relevant inflammatory factors [37].
The tissue transglutaminase in intestinal tissue had been identified as the characteristic
indicator for screening celiac disease that was thought to perform at least two critical roles
in celiac disease: serving as a deamidase which could potentiate the immunostimulatory
actions of gluten, and performing as a target autoantigen in the immune response [38,39].
The expression of transglutaminase increased significantly after giving ATI to the Gliadin
diet, and its expression increased further after adding Poly:IC. The expression of IL-15 in the
intestines, as another characteristic indicator for identifying celiac disease, played a crucial
role in the potential innate immune response of intestinal mucosa in celiac patients [40].
Consistent with tTG results, the expression level of IL-15 in mouse jejunum was further
increased by the co-stimulation of ATI and Gliadin, while the additional action of Poly:IC
did not further increase the expression of IL-15. Similar to previous research results [21], ATI
could be used as dietary adjuvants to enhance the inflammatory response of inflammatory
bowel disease or allergic diseases. We speculated that ATI might play the same role in
enhancing the immunostimulatory effects of gluten proteins.

The functions of Th1 and Th2 cells were in a state of dynamic homeostasis, maintaining
the normal immune response of the body. When the Th2 cells were overexpressed, the body
produced allergic reactions. On the contrary, when the body regulated the development
of Th2 to Th1 immune response, this would cause the body to reach an intolerant state of
autoimmunity [41]. We could conclude from the T lymphocyte subsets of mouse splenocytes
and related inflammatory factors that the addition of ATI to the Gliadin diet could lead
to the destruction of Th1/Th2 lymphocyte subsets balance in mice, the increase in Th1
secretion of cytokines and the reduction in Th2 secretion of cytokines, eventually developing
towards Th1 immunity. Our study demonstrated that the ATI which were always naturally
present in gluten containing foods and in gluten preparations could exacerbate the toxic
effects of gluten-induced celiac disease. It was worth noting that the differences in Th1/Th2
cell subsets and cytokine levels were only represented in the spleen for this study, and
subsequent studies could focus more on intestinal immunity.

In summary, co-stimulation with wheat amylase trypsin inhibitors and gliadin could
exacerbate the clinical symptoms and temperature associated with celiac disease in BALB/c
mice, aggravating the intestinal villi atrophy, crypt hyperplasia and inflammatory cell
infiltration of mice, as well as overexpressing tTG and IL-15 in intestinal tissues and shifting
the balance of Th1/Th2 lymphocyte subsets toward Th1 immunity in the spleen. Moreover,
the additional intervention of Poly:IC could aggravate intestinal damage and increase
the expression of tTG in the intestine of mice. Our results systematically expounded the
effects of ATI and adjuvants on the Gliadin diet in mice from the perspective of intestinal
inflammation. It not only demonstrated the role of wheat amylase trypsin inhibitors in the
pathogenesis of celiac disease, but also provided new ideas on the definition of a traditional
gluten-free diet.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods11111559/s1, Figure S1: Histological grading of the mice intestine.
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