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Wheat flour, the most important source of food globally, is also one of the most common
causative agents of food allergy. Wheat gluten protein, which accounts for 80% of the total
wheat protein, is a major determinant of important wheat-related disorders. In this study,
the effects of Pediococcus acidilactici XZ31 against gluten-induced allergy were
investigated in a mouse model. The oral administration of P. acidilactici XZ31
attenuated clinical and intestinal allergic responses in allergic mice. Further results
showed that P. acidilactici XZ31 regulated Th1/Th2 immune balance toward Th1
polarization, which subsequently induced a reduction in gluten-specific IgE production.
We also found that P. acidilactici XZ31 modulated gut microbiota homeostasis by
balancing the Firmicutes/Bacteroidetes ratio and increasing bacterial diversity and the
abundance of butyrate-producing bacteria. Specifically, the abundance of Firmicutes and
Erysipelotrichaceae is positively correlated with concentrations of gluten-specific IgE and
may act as a fecal biomarker for diagnosis. The evidence for the role of P. acidilactici XZ31
in alleviating gluten-induced allergic responses sheds light on the application of
P. acidilactici XZ31 in treating wheat allergy.
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INTRODUCTION

Wheat flour is the most important source of food globally. However, in some predisposed individuals,
wheat sensitivity conditions represented by wheat allergy, celiac diseases, and wheat intolerance can be
triggered by different wheat proteins (Scherf, 2019).Wheat gluten proteins, which account for 80% of the
total wheat proteins, are major determinants of important wheat-related disorders (Akagawa et al.,
2007). The prevalence of wheat allergy is about 0.2–1.3%, and CD is known to affect approximately 1% of
Europeans (Nwaru et al., 2014; Czaja-Bulsa and Bulsa, 2017).Wheat is the most common cause of severe
allergic reactions in Chinese populations (Jiang et al., 2016).

Generally, food protein-induced allergic responses are primed in the intestinal mucosa, and the
immunological response is accompanied by cytokine production, intestinal tissue lesions, and mucosal
disorders (Nowak-Wegrzyn et al., 2017). In addition to host gastrointestinal cells, imbalances in
intestinal microorganisms in patients with allergy disease have been widely reported, such as the
gy | www.frontiersin.org April 2022 | Volume 12 | Article 8451421
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reduction of Lactobacillales, Bacteroidales, and Clostridiales and
changes in gut microbiota diversity (Goldberg et al., 2020; Joseph
et al., 2021). Probiotics, in general, have therefore emerged as
potential alternative therapeutics in the past decade. Current
knowledge suggests that the oral administration of probiotics may
contribute to antigen modification, repair of gut barrier function,
restoration of gut microbiota, and systemic immune regulation
(Nermes et al., 2013; Samak and Rao, 2013; Bunyavanich et al.,
2016; Fu et al., 2019; Joseph et al., 2021). To date, the anti-allergic
mechanism of probiotic treatment has not been fully elucidated,
thus limiting further clinical applications. Different types of food
allergies have been reported with different configurations of the gut
microbiota. A decreased abundance of Lactobacilli and an increased
abundance of Staphylococcus aureus seem to be associated with egg
and milk allergies in children. In a shrimp tropomyosin-sensitized
murine model, the population of Bacteroidetes decreased, but the
population of Firmicutes increased (Fu et al., 2019; Mauras et al.,
2019). Therefore, rigorous scientific efforts are still required to
screen specific probiotics for different types of food allergy.

Sourdough is a mixture of flour, water, and fermentation
strains represented by lactic acid bacteria and yeasts. Strains
isolated from sourdough have shown promising results for
hydrolyzing allergenic proteins in wheat, dairy, and soy (Scherf
et al., 2016; Rui et al., 2019). The nature of the sourdough
microbes, especially lactic acid bacteria associated with various
peptidases, is considered one of the most important factors
influencing food allergenicity (De Vuyst et al., 2009). We
previously reported that Pediococcus acidilactici XZ31 isolated
from Chinese traditional sourdough showed a higher proteolytic
activity on both casein and wheat protein substrates (Fu et al.,
2020b). Recently, we further demonstrated that dough
fermentation with P. acidilactici XZ31 can promote the
digestion of wheat proteins by pepsin and trypsin (Fu et al.,
2021) and reduce the in vitro antigenic reaction (unpublished).
Interestingly, P. acidilactici has been shown to attenuate
constipation and balance the altered intestinal microbiota in
BALB/c mice (Qiao et al., 2021). To date, it remains unclear if P.
acidilactici is of functional importance against intestinal
allergic responses.

Therefore, in the present study, we wish to assess the effect of
P. acidilactici XZ31 on alleviating gluten-induced food allergy
and investigate the underlying mechanisms. We established a
gluten-induced allergy mouse model and compared the
allergenic symptoms treated with or without P. acidilactici
XZ31. The underlying mechanism of the effect of P. acidilactici
XZ31 on the host was also evaluated, which laid a foundation for
further clinical application.
MATERIALS AND METHODS

Preparation of P. acidilactici XZ31
P. acidilactici XZ31 was isolated from Chinese traditional
sourdough as previously described (Fu et al., 2020b). P.
acidilactici XZ31 was cultured in fresh de Man, Rogosa, and
Sharpe broth at 38°C for 24 h. The bacteria pellets were collected
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
by centrifugation at 6,000 g for 10 min, freeze-dried, and then re-
suspended in phosphate-buffered saline (PBS) for oral
administration in the mouse model.

Animals and Gluten Sensitization
All experiments were approved by the Beijing Municipal Science
and Technology Commission of China. Female (3 weeks old)
specific pathogen-free BALB/c mice were purchased from Sipeifu
Biotechnology (Beijing, China) and housed in individual cages
under controlled conditions of temperature (23 ± 3°C), humidity
(50 ± 10%), and light (12/12-h light/dark cycle). The mice were
maintained on AIN-93M diet (wheat-free) before and
during sensitization.

In vivo sensitization to wheat gluten was performed by using
the protocol described by Caminero et al. with modifications
(Caminero et al., 2019). The protocol is illustrated in Figure 1A
and Supplementary Table S1. In brief, the mice were randomly
divided into the following groups (n = 10): gluten-sensitized and
challenged (WP), P. acidilactici XZ31-treated (Pa), non-
immunized negative control (Ctrl), and group injected with
adjuvant (Ad). Gluten from wheat (Shanghai Yuanye Bio-
Technology) was prepared as described previously (Galipeau
et al., 2011) with modifications. Briefly, gluten was dissolved in
artificial gastric juice (Yuanye Co., Ltd., Shanghai, China;
content: 0.2 N HCl, pH 1.5) for 2 h in 37°C water bath with
pepsin (Sigma-Aldrich, 2,240 U/ml). Subsequently, the mixture
was adjusted to pH 7.5 by the addition of 0.5 M NaHCO3.
Trypsin (Sigma-Aldrich, 125 U/ml) was added, followed by
shaking the mixture at 37°C for 1 h. Pepsin–trypsin (PT)-
digested gluten was freeze-dried and stored at −20°C. The
lypohilized samples were dissolved in PBS buffer (pH 7.0–7.2)
before use, and the protein concentration was quantified by
Bradford method (Akagawa et al., 2007).

Each mouse in the WP and Pa groups was sensitized by an
intraperitoneal injection of 150 ml PT-digested gluten together
with 50 ml aluminum adjuvant (Sigma-Aldrich). The total
amounts of gluten were 100 mg on days 21, 28, 35, and 42,
followed by a booster challenge with 600 mg gluten on day 50.
The Ctrl group received 200 ml sterile PBS, and the Ad group
received an equal amount of PBS containing 50 ml aluminum at
each sensitization and challenge point. The Pa group was orally
administered with a bacterial suspension (5 × 10 8 to 6 × 108

colony-forming units per mouse) once per day for 22 days from
day 28 to 49, while the other groups received the same volume of
sterile PBS. The mice were bled from the retro-orbital plexus on
day 51. Fresh blood samples were incubated at room temperature
for 30 min and centrifuged at 3,000 rpm for 10 min. The upper
serum was taken and stored at -80°C. All mice were sacrificed on
day 51, and organ and intestinal samples were collected for
further analysis.

Clinical Symptom Evaluation
The clinical symptoms of the mouse were observed within 60
min after an intraperitoneal challenge. The symptoms were
evaluated using a standardized scoring system as detailed in
Table 1 (Fu et al., 2020a). Rectal temperature was measured
April 2022 | Volume 12 | Article 845142
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before the gluten challenge and again at 30 and 60 min after the
intraperitoneal challenge.

Measurement of Gluten-Specific
Serum Antibody
Gluten-specific IgE and IgG2a in the serum were measured by
enzyme-linked immunosorbent (ELISA) assay as previously
described (Caminero et al., 2019). Briefly, 100 ml of diluted
proteins (5 mg/ml in 50 mM carbonate–bicarbonate buffer, pH
9.6) was coated onto a microplate and incubated overnight at 4°C.
The plates were blocked with bovine serum albumin (1% w/v in
0.02 M Tris-buffered saline) for 2 h at 37°C, followed by washing
three times with Tris-buffered saline-Tween 20, and incubated for
2 hours with 100 ml of mouse serum (diluted to 1:5 for IgE
measurement and 1:200 for IgG2a). After the washing cycles, the
plates were incubated with HRP-conjugated goat anti-mouse IgE
or IgG2a. The binding was assessed with a tetramethylbenzidine
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
substrate kit. The results were measured at 450 nm using a
microplate reader (Thermo Fisher Multiskan FC).

Histological Analysis of Intestinal
Tissue Sections
At sacrifice, the duodenum and colon were collected in 4%
paraformaldehyde. The tissues were processed, paraffin-
embedded, and stained with hematoxylin and eosin (H&E) for
evaluation of tissue morphology. Mast cells and goblet cells were
determined on paraffin-embedded sections after staining with
toluidine blue and periodic acid–Schiff (PAS), respectively.
Histological scoring was performed according to a scoring system
described by Fu et al. (2018; 2020a) and by Ding and Wen (2018)
with modifications (Table 2). The number of mast cells was
quantified in at least five mice per group using ImageJ software.

Flow Cytometry
Spleen from the mouse was excised and kept in cold RPMI 1640
medium containing 10% fetal bovine serum. Single-cell
suspensions were prepared and re-stimulated with Cell
Stimulation Cocktail for 6 h (eBioscience, USA). T help (Th)
cells were stained with FITC-conjugated anti-CD4, APC-
conjugated anti-IFN-g , and PE-conjugated anti-IL-4
(eBioscience, USA) according to the manufacturer’s instructions.
The stained cell samples were detected using BD LSRII flow
cytometry. FACS Diva8.0 software was used to analyze the data.

Analysis of Intestinal Microbiota
Fecal samples were collected under sterile conditions and stored at
−80°C until processing for DNA isolation. Total genome DNA
A

B C

FIGURE 1 | (A) Experimental design of in vivo immunization. (B) Assessment of clinical symptom after the last challenge. (C) Assessment of rectal temperature. Ctrl,
non-immunized negative control; WP, group injected with gluten and adjuvant; Pa, treated with Pediococcus acidilactici XZ31; Ad, group injected with adjuvant. Data
are shown as the mean value ± standard error of the mean of 10 independent experiments. The asterisk indicates a statistically significant difference (P < 0.05).
TABLE 1 | Clinical anaphylaxis symptom scoring system of mice.

Score Symptoms

0 No symptoms
1 Repetitive mouth/ear scratching and ear canal digging with hind legs
2 Decreased activity, self-isolation, and puffiness around the eyes and/or

mouth
3 Periods of motionlessness for more than 1 min, lying prone on stomach,

and decreased activity
4 No response to whisker stimuli and reduced or no response to probing
5 Tremor, convulsion, and death
April 2022 | Volume 12 | Article 845142
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from samples was extracted using the cationic detergent cetyl-
trimethylammonium bromide method (Stewart and Via, 1993).
DNA purity was monitored on 1% agarose gels (Sambrook, 2008).
According to the concentration, DNA was diluted to 1 ng/ml using
sterile water. 16S rRNA genes of distinct regions (16S V3 and V4)
were amplified using specific primers with barcodes. The amplified
products were mixed in equidensity ratios and purified with
Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing
libraries were generated using TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, USA) following the manufacturer’s
recommendations. The library concentrations and quality were
checked using Qubit@ 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system, respectively. Lastly, the library
was sequenced on Illumina NovaSeq platform. The original data
was spliced and filtered out to get high-quality-tag sequences. The
optimized sequences, with a limit of 3% distance, were gathered
into operational taxonomic units (OTU) (Edgar, 2013), and the
representative sequences were aligned against Silva database
(http://www.arb-silva.de). Community richness and the diversity
of each sample were determined by alpha diversity using the index
of Chao and Shannon, which were calculated with QIIME
(Version 1.7.0) and displayed with R software (version 2.15.3).
Beta diversity analysis was calculated by QIIME software (version
1.9.1) and used as a comparative analysis of microbial
communities in different samples.

Statistical Analysis
Data are expressed as mean ± standard error of mean for each
group. As noted, the statistical analysis was performed with
Graph Prism using ANOVA test. P <0.05 was considered
statistically significant.
RESULTS

Clinical Symptom Observations of
BALB/c Mice
We firstly examined the clinical allergenic response (Figures 1B, C).
After the gluten intraperitoneal challenge, the WP group showed
the highest anaphylaxis score and a persistent decrease of rectal
temperature within 60 min, providing preliminary evidence of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
validity of the model. The anaphylaxis score was significantly lower
in the Pa group than in the WP group, and the rectal temperature
recovered slightly after 60 min. The fluctuation of the rectal
temperature was small in the Ctrl and Ad groups, and no
obvious clinical reaction was observed.

Morphological and Histological
Observations of Intestinal Inflammation
Previous studies have shown that food allergy is always
accompanied by gastrointestinal manifestations. We performed
histopathological analyses of blinded tissue sections for the
duodenum and colon from each group. H&E and PAS staining
were performed to observe the intestinal morphology. As shown
in Table 2, we examined the villus height, crypt depth, mucosal
degeneration, and goblet cell distribution. The colonic
infiltration of immune cells was also evaluated. Villus height
and crypt depth correlated with the pathological score and
demonstrated shedding of intestinal villi in tissues with greater
pathological changes. Representative H&E staining results are
shown in Figures 2A, 3A. In the Ctrl and Ad groups, the
duodenum showed a well-differentiated brush border structure.
There was no significant difference in the histological score of the
duodenum between the Ctrl group, Ad group, and Pa group
(Figure 2C). In the WP group, gluten caused the duodenum villi
to become shorter and disordered (Figures 2A, B, black box).
Dysplastic glands invaded through the muscularis mucosa into
the submucosa and tunica muscularis (Figure 2A, red arrow).
Reduced crypt depth and extensive inflammatory infiltration
were also observed in the colon of the mice in the WP group
(Figure 3B, black box). In the Ctrl, Ad, and Pa groups, a large
number of goblet cells were distributed evenly in the duodenum
and colon (Figures 2B, 3B, black arrow). The gut sections were
also stained with toluidine blue for mast cells. As we can see in
Figures 4A, B, a higher number of mast cells and extensive
inflammatory cell infiltration (Figure 4B, black box) were
observed mainly in the colon of the WP group. The
inflammatory cell infiltration in the Pa group was less than
that in the WP group. These results further demonstrated the
role of P. acidilactici XZ31 in alleviating gluten-induced
allergic responses.

Effect of P. acidilactici XZ31 Strain on T
Cell Subtypes in Mice
To explore the mechanism of P. acidilactici XZ31 in alleviating
an allergenic reaction, we further characterize T cell
differentiation in the spleen (anti-mouse IFN-g for Th1
polarization and anti-mouse IL-4 for Th2 polarization). The
IL-4 and IFN-g production of splenic CD4 T cells is shown in
Supplementary Figure S1. The production of IFN-g was
significantly lower in the WP group compared with that in the
Ctrl group, and the production of IL-4 was higher and of IFN-g
was lower in theWP group than in the Pa group (Figures 5C, D).
Food allergy is commonly a Th2-dependent disease and
mediated by IgE, and the imbalance of Th1 and Th2 is an
effective indicator of food allergy (Lee et al., 2018). As shown in
Figure 5E, the Th1/Th2 ratio was significantly lower in the WP
TABLE 2 | Mice intestinal histological scoring system.

Score Tissue damage

Duodenum Colon

0 No No
1 Disorder of intestinal villus Loss of goblets (slight)
2 Mucosal thickening Loss of goblets

(moderate)
3 Shedding of intestinal villus, loss of goblets

(slight)
Loss of goblets
(severe)

4 Shedding of intestinal villus, loss of goblets
(moderate)

Absence of crypts,
mucosal thickening
(slight)

5 Shedding of intestinal villus, loss of goblets
(severe)

Absence of crypts,
extensive inflammatory
infiltration (severe)
April 2022 | Volume 12 | Article 845142
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group. By contrast, we found that the ratio of Th1/Th2 increased
significantly in the Pa group, indicating that the Th1/Th2 balance
drifted to Th1 after P. acidilactici XZ31 administration. As
shown in Figures 5A, B, the levels of IgG2a and IgE were
lower in the Ctrl and Ad groups. Gluten challenge resulted in a
significant increase in gluten-specific IgE. The application of P.
acidilactici XZ31 significantly reduced the concentration of
gluten-specific IgE. In contrast, the production of gluten-
specific IgG2a was promoted by P. acidilactici XZ31 compared
to the WP group. These results show that P. acidilactici XZ31
regulated the Th1/Th2 immune balance toward Th1
polarization, which subsequently induced a reduction in
gluten-specific IgE production.

Effect of P. acidilactici XZ31 Strain on the
Homeostasis of the Gut Microbiota
It is increasingly evident that intestinal bacteria are critical for
regulating allergic responses to dietary antigens (Nermes et al.,
2013; Iweala and Nagler, 2019). Gut microbial community
composition was assessed to test the effect of the intervention of
P. acidilactici XZ31 on the intestinal microbiota homeostasis. The
number of effective tags was more than 74% of the paired-end
reads in all samples (Supplementary Table S2). The sequences
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
that showed more than 97% similarity were assigned to the same
OTU. The OTU coverage (≥0.999) indicated that a lower
abundance of OTU has also been covered, which could
accurately reveal the gut bacterial community structure of these
samples (Supplementary Figure S2). At the phylum level
(Figure 6A), Bacteroidota and Firmicutes are predominant in all
groups. The proportion of Bacteroidota decreased slightly in the
gluten sensitization group, while the proportion of Firmicutes
increased compared with the Ad and Ctrl groups. The intake of P.
acidilactici XZ31 reduced the ratio of Firmicutes/Bacteroidota in
the intestinal microbiota. At the family level (Figure 6B), the
abundance of Akkermansiaceae and Erysipelotrichaceae was most
affected by gluten and the P. acidilactici XZ31 treatment. In short,
the abundance of Akkermansiaceae and Lactobacillaceae in the Pa
group was higher than that in the WP group. The increase in
Caulobacteraceae and Erysipelotrichaceae after gluten sensitization
was balanced by the administration of P. acidilactici XZ31.
Additionally, the administration of P. acidilactici XZ31 favored
an increase of buryrate-producing bacteria, such as
Faecalibacterium prausnitzii and Collinsella aerofaciens
(Supplementary Figures S3, S4).

The bacterial community diversity and richness were assessed
using the Shannon index and Chao index, respectively. The larger
A B

C

FIGURE 2 | (A) Hematoxylin and eosin-stained duodenum in non-immunized negative control (Ctrl), group injected with adjuvant (Ad), group injected with gluten and
adjuvant (WP), and treated with Pediococcus acidilactici XZ31 (Pa). (B) Periodic acid–Schiff-stained duodenum in Ctrl, Ad, WP, and Pa. (C) Histological analysis of
the duodenum. n = at least 5 mice per group. The results are presented as the mean value ± standard error of mean. The asterisk indicates a statistically significant
difference (P < 0.05). The stained gut sections were photographed with a Leica microscope at ×100 magnification. The black box indicates shedding of the intestinal
villus. The black line represents the villus height and crypt depth (mm). The red arrow indicates muscle damage. The black arrows indicate goblet cells (red pot).
April 2022 | Volume 12 | Article 845142
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Shannon and Chao index values indicate higher diversity and
richness of the sample. As shown in Figures 6C, D, there was no
significant difference in community richness between the different
groups. The P. acidilactici XZ31 administration suppressed gluten-
induced decline in intestinal microbiota diversity.

Linear regression analysis was performed to reveal the
correlation between bacterial community in the gut and
allergenic reaction. The results (Figures 6E, F) showed that the
concentration of gluten-specific IgE antibody was positively
related to the relative abundance of Erysipelotrichaceae and
Firmicutes. Similar results were also found in Pearson analysis,
of which the increase of gluten-specific IgE is accompanied by an
increase in the relative abundance of Erysipelotrichaceae and
Firmicutes (Pearson correlation analysis: r = 0.6608, P = 0.0039;
r = 0.5365, P = 0.0264).

Beta diversity was used as a comparative analysis of microbial
communities in different samples. Principal coordinate analysis
(PCoA) revealed the correlation between gluten sensitization, Pa
administration, and microbiota composition (Figure 7). Points
spaced closer together are more similar in microbiota
composition (Minchin, 1987). The WP group was far from the
Pa group, implying a lower similarity in bacterial composition
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
between them. Interestingly, the separation with the Ctrl and Ad
groups increased in the Pa group compared to the WP group.
The present results demonstrate that the administration of P.
acidilactici XZ3 can diminish gastrointestinal inflammation and
allergic responses and increase the abundance of beneficial
microbiota in the gut. We speculate that P. acidilactici XZ3
may exhibit more beneficial effects in different types of
intestinal homeostasis.
DISCUSSION

Previous studies have shown a promising outlook on the
potential of probiotics, but the mechanism underlying the
therapeutic or preventive effect of probiotics against food
allergy remains unclear (Nermes et al., 2013; Pratap et al.,
2020). In addition, the probiotic potential of specific strains
varies, and there are currently no mixed or single culture for anti-
allergic use. Thus, rigorous scientific efforts are still required to
select specific strains with anti-allergenic potential and to reveal
its potential mechanism for further clinical applications. We
A B

C

FIGURE 3 | (A) Hematoxylin and eosin-stained colon in non-immunized negative control (Ctrl), group injected with adjuvant (Ad), group injected with gluten and
adjuvant (WP), and treated with Pediococcus acidilactici XZ31 (Pa). (B) Periodic acid–Schiff-stained colon in Ctrl, Ad, WP, and Pa. (C) Histological analysis of the
colon. n = at least 5 mice per group. The results are presented as the mean value ± standard error of mean. The asterisk indicates a statistically significant difference
(P < 0.05). The stained gut sections were photographed with a Leica microscope at ×100 magnification. The black line represents the crypt depth (mm). The black
box indicates infiltration of inflammatory cells. The black arrows indicate goblet cells (red pot).
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have previously reported that P. acidilactici XZ31 fermentation
degrades wheat toxic/immunogenic peptides and promote
pepsin–trypsin digestion of wheat protein (Fu et al., 2021).
Herein we studied the immunomodulatory potential of P.
acidilactici XZ31 in vivo to further explore its probiotic
characters and the underlying mechanisms. Toward this aim, a
gluten-induced food allergy mouse model was established, and P.
acidilactici XZ31 was introduced. Because gluten is hard to
dissolve and quantify in PBS buffers, we injected the mice with
digested gluten. Unlike our study, Caminero et al. performed
intragastric administration of the digested protein to the mice
(Caminero et al., 2019). We believe that this would cause a
secondary digestion of gluten and might affect its allergenicity. In
addition, studies in mice have shown that injections are more
effective than intragastric administration to establish a food
allergy model (Chen et al., 2017). We found that the gluten
challenge resulted in poor performance status and impaired
intestinal homeostasis, indicating the successful establishment
of an allergy mouse model.

The intestinal epithelial barrier serves as the dynamic
interface between the host and the external environment and
plays an important role in maintaining intestinal homeostasis
(Moreno, 2006). Epithelium, mucus, and microbiota are required
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
for the establishment of an intestinal barrier. Mucus secreted by
goblet cells forms a physical barrier that impacts the adhesive
interactions between intestinal epithelial cells and diverse
antigens (Mowat and Agace, 2014). We found allergic mucosal
disorders, such as reduced villus height and crypt depth, in the
gluten sensitization mouse model. Loss of goblet cells is a
potential cause of barrier dysfunction during gluten
sensitization. Mast cells are considered as key effector cells in
the elicitation of allergic symptoms. Previous reports have shown
that the number of mast cells is closely related to the occurrence
and development of intestinal inflammation (Feyerabend et al.,
2011; Luo et al., 2019). Consistently, we also found an increase in
the number of mast cells and inflammatory cell infiltration in the
colon during gluten sensitization. Notably, oral administration
with P. acidilactici XZ31 attenuated the clinical allergic
symptoms and intestinal injury in mouse.

The most common type of food allergy is an IgE-mediated
reaction, which is a Th2-dependent disorder. Th2-cell cytokine-
IL-4 is essential for IgE class switching, while Th1-cell cytokine
IFN-g is associated with IgG2a class switching. Thus, Th1/Th2
cytokine balance is crucial in food allergy, and a shift of Th1/Th2
immuno-dominance towards Th1 responses has been proposed
as a strategy to correct the aberrant T cell immunity associated
A B

C

FIGURE 4 | The mast cells in the duodenum (A) and colon (B) were stained with toluidine blue. The red arrow indicates infiltration of inflammatory cells. The total
number of mast cells in the duodenum and colon is shown in (C). n = at least 5 mice per group. Data are shown as the mean value ± standard error of mean. The
asterisk indicates a statistically significant difference (P < 0.05). The stained gut sections were photographed with a Leica microscope at ×100 magnification. The
black box indicates infiltration of inflammatory cells. The black arrows indicate mast cells (red pot).
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with food allergy (Coffman et al., 1989). The administration of P.
acidilactici XZ31 increased the proportion of Th1 cells in the
spleen as well as reduced the concentration of gluten-specific IgE,
suggesting that P. acidilactici XZ31 can alleviate food allergy by
suppressing the differentiation of allergic T cells.

In recent years, many studies have deciphered the
relationship between probiotics and food allergy from the gut
microbiota perspective. Probiotics alleviate food allergy by
strengthening the epithelium and modulating the gut
microbiota (Nermes et al., 2013; Pratap et al., 2020). However,
the specific role of probiotics on the gut microbiota is
controversial, as different types of food-induced allergies may
show different gut microbiota disturbances. In an ovalbumin-
sensitized mouse model, the administration of Bifidobacterium
infantis attenuated ovalbumin-induced allergic mucosal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
disorders and increased the abundance of Bacteroidetes,
Firmicutes (phylum level) , Lachnospiraceae S24-7 ,
Rikenellaceae, and Ruminococcaceae (family level) (Bo et al.,
2017). Another study on the intervention of B. infantis on a
shrimp tropomyosin-sensitized mouse model showed that the
attenuation of the allergic reaction was accompanied by a
decrease in the ratio of Firmicutes/Bacteroidete in the intestinal
microbiota (Fu et al., 2017). Wheat allergy is among the most
common food allergies, and the true prevalence of wheat allergy
is often underestimated due to the lack of assessment methods.
Currently, no major achievements have been made in
understanding the role of probiotics on the wheat-induced
imbalance of the mucosal ecosystem. In the present study, we
found that the OUT enrichment in both healthy and allergic
mice was largely taxa from Firmicutes and Bcteroidota phyla. P.
A B

D

E

C

FIGURE 5 | Serum gluten-specific IgG2a (A) and IgE (B) concentrations were measured by ELISA. The percentages of Th1 (C) and Th2 (D) in the spleens from
different groups of mice were determined by FACS. (E) Th1/Th2 index. Data are shown as the mean value ± standard error of the mean (n ≥ 5). The asterisk
indicates a statistically significant difference (P < 0.05).
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acidilactici XZ31 balanced the microbiota homeostasis by
strengthening the Bcteroidota/Firmicutes ratio. Firmicutes and
Erysipelotrichaceae were positively correlated with the
concentrations of gluten-specific IgE and of particular interest
for their potential as readily measurable fecal biomarkers for
diagnosis. Additionally, oral administration with P. acidilactici
XZ31 not only modulated the properties of aberrant indigenous
microbiota but also increased the abundance of beneficial
bacteria, such as the genera Alistipes and Akkermansiaceae.
Previous studies have shown the potential protective effect of
Alistipes against colitis (Parker et al., 2020). Akkermansiaceae is
known for its anti-inflammatory properties, including
accelerating the development of intestinal epithelium and
promoting T helper and T regulatory responses (Zhai et al.,
2019; Ansaldo et al., 2021; Kim et al., 2021). Interestingly,
buryrate-producing bacteria, including Faecalibacterium
prausnitzii and Collinsella aerofaciens species, were increased
by 79.5- and 32-fold, respectively, in the Pa group compared with
the WP group (Supplementary Figures S3, S4). Butyrate is an
energy source for the colonic epithelium. Besides this, butyrate
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
was shown to induce the differentiation of Treg cells, thereby
contributing to intestinal immune homeostasis (Arpaia et al.,
2013). Of note is that P. acidilactici XZ31 supplementation did
not significantly increase its proportion but induced changes in the
bacterial composition of gut microbiota. These results were in
agreement with some previous studies showing an indirect
function of probiotics in modulating the gut microbiota (Fu et al.,
2017) but inconsistent with others suggesting that the role of
probiotics is to compete successfully with other bacteria in the gut
(Huang et al., 2017). The interaction between probiotics and
intestinal microbiota is intriguing and deserves further investigation.

Taken together, the administration of P. acidilactici XZ31
suppresses gluten-induced allergy possibly via the following
ways: on the one hand, P. acidilactici XZ31 attenuates gluten-
specific IgE production by shifting the Th1/Th2 immune
balance toward Th1 polarization; on the other hand,
P. acidilactici XZ31 alleviates intestinal inflammation by
promoting the differentiation of goblet cells and increasing
the abundance of beneficial intestinal bacteria. We previously
reported the higher proteolytic activity on the wheat allergens
A B

D

E F

C

FIGURE 6 | Bacterial composition of mouse gut at the phylum (A) and genus (B) levels. Significance test of Shannon index (C) and Chao index (D). Correlation
analysis of gluten-specific IgE concentration and abundance of two representative bacteria (E, F). The dashed lines in (E, F) are the 95% confidence intervals of
linear models (solid lines). RA, relative abundance. Data are shown as the mean value ± standard error of the mean of five independent experiments. The asterisk
indicates a statistically significant difference (P < 0.05).
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of P. acidilactici XZ31. The evidence for the role of P.
acidilactici XZ31 in degrading wheat allergens in vitro and
alleviating gluten-induced allergic responses in vivo shed light
on the application of P. acidilactici XZ31 in treating
wheat allergy.
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