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ABSTRACT: Alpha-lactalbumin (ALA), a significant allergen in cow's milk, requires urgent preventative and
therapeutic techniques. Peptide immunotherapy may modify allergic reactivity without cross-linking IgE, making it
crucial to milk allergy treatment. In the present study, tolerogenic peptides of a-lactalbumin have been identified by
constructing immune cells (MLN cells, splenocytes) from a mouse model of cow's milk allergy and co-culturing them
in vitro with candidate peptides. The allergy model demonstrated significant alterations in physiological and
biochemical indices within the experimental group. Subsequent co-culture of immune cells with candidate peptides
revealed that peptide ALA AA (1-19) induced the expansion of Treg cells and promoted a tolerogenic phenotype in
DCs. Taken together, these results led to the successful screening of ALA-tolerant peptides, which inhibited the
release of allergy-related cytokines and induced the differentiation of immune cells toward the tolerant phenotype.
This study provides a food-compatible peptide strategy for CMA management, with potential applications in
hypoallergenic dairy products. Meanwhile, these findings laid the foundation for further validation in subsequent in
vivo experiments.

Keywords: Functional food; Prevention of cow's milk allergy; Peptide-based immunotherapy; Oral tolerance; Mouse
model of cow's milk allergy; dietary therapy

1. Introduction

Cow’s milk allergy (CMA) is one of the most common food allergies due to frequent exposure to cow’s
milk early in life[1]. Avoidance of allergens remains the best treatment for food allergies. However, cow’s
milk contains more than 25 different types of proteins, of which the most important allergens are casein,
a-lactalbumin (ALA, Bos d 4), and B-lactoglobulin[2]. ALA is a globular calcium-binding protein with a
molecular weight of 14.4 kDa and four disulfide bonds to maintain its structural stability[3]. It is difficult to
be hydrolyzed by digestive proteolytic enzymes and therefore prone to allergy[4]. According to statistics,
about 35% of milk allergy patients worldwide have allergic reactions triggered by ALA[5]. The vast
majority of these are food allergies caused by unintentional contamination during food processing and
accidental ingestion[6]. In the food industry, ALA is a vital additive in infant formulas because it contains a

wide range of essential amino acids and has a variety of physiological functions[7], such as inhibition of
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colon carcinogenesis and anti-inflammatory activity[8,9]. “Avoiding allergenic foods is not a ”cure" for food
allergies, and it also reduces the quality of life of allergic people. The fundamental solution to food allergy is
for the body to develop an immune tolerance and become truly “immune” to the allergen.

The induction of antigen-specific immune tolerance represents the fundamental therapeutic goal for
managing food allergy. Although oral immunotherapy (OIT) with intact allergens can promote the
generation of regulatory T cells (Tregs) and alleviate allergic symptoms [10,11], its clinical application is
limited by a significant incidence of treatment-related adverse events [12—15]. Consequently, peptide-based
immunotherapy (PIT) has emerged as a promising alternative strategy. By employing short, linear epitopes
that are incapable of cross-linking IgE antibodies on effector cells, PIT is postulated to induce tolerance
primarily through T-cell mechanisms, such as anergy, deletion, or the induction of allergen-specific Tregs,
thereby presenting a improved safety profile [16]. The efficacy of this approach is supported by evidence
demonstrating that oral administration of immunodominant T-cell epitopes can suppress allergic responses
in murine models of egg allergy [10]. Immunodominant T-cell epitopes have also been reported to induce
oral tolerance to pollen allergy in mice[17] and humans[18]. Furthermore, the progression of a tolerogenic
peptide product for peanut allergy into phase II clinical trials underscores its translational potential [19].
Despite these advancements, the investigation of tolerogenic peptides derived from a-lactalbumin (ALA)—a
major cow's milk allergen implicated in approximately 35% of cases globally [5]—remains unreported,
highlighting a critical gap in the current research landscape.

In this study, we investigated all currently reported peptides against ALA (one of the major milk
proteins) and finally retained 16 peptides under the principle of covering the entire ALA protein sequence as
much as possible. First, an ALA allergy model was constructed. This model's primary immune cells
(splenocytes, mesenteric lymph node cells) were isolated, and these peptides were co-cultured with these two
types of immune cells, respectively (Fig. 1) . Subsequently, the tolerance response was assessed by antibodies,
cytokines, Treg populations and DC surface markers in order to screen the key peptides that mediate ALA

allergic tolerance and provide new ideas and targets for developing novel anti-allergy therapies and drugs.
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Fig. 1. Immunotolerance peptide screening methods.
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2. Methods

6-8-week-old SPF-grade male and female BALB/c mice were purchased from Charles River
Laboratories (Beijing, China) and housed under normal conditions at the Laboratory Animal Center of the
Chinese Academy of Quality and Inspection & Testing. Animal Experiment under the supervision and
assessment by the Laboratory Animal Welfare and Ethics Committee of Chinese Academy of Quality and
Inspection & Testing (NO. 2025-7-D-03-1). The requirements for the care and handling of laboratory animals

are in accordance with the EU Directive 2010/63 for the protection of animals used for scientific purposes.
2.1. Animal models, allergy sensitization, and immune response analysis

The sensitization and elicitation protocol for mice was referred to the method of Tomoaki et al. with
appropriate modifications[20—22]. Thirty SPF-grade BALB/c mice, half male and half female, 6-8 weeks old,
were selected and randomly divided into three groups (Fig.S1) . Mice arrived and acclimatized to the feeding
environment for 1 week (water with chow (no cow’s milk protein) was provided ad libitum). Gavage of 0.2
mL saline was performed on days 1, 2, 3, 8, 9, and 10 to provide the basis for subsequent mouse tolerance
model construction. After that, the mice were sensitized by intraperitoneal injection on days 15, 22, 29, and
36. Group A was sensitized and stimulated with 0.9% saline intraperitoneally as a negative control group;
group B was injected intraperitoneally with 0.2 mL of aluminum adjuvant solution (containing 2 mg of
aluminum adjuvant) as an adjuvant control group; and group C was injected intraperitoneally with saline
containing 2 mg of aluminum adjuvant and 50 pg of ALA (0.2 mL) was injected intraperitoneally. Finally, on
days 43, 45, and 47, groups B and C were sensitized three times by gavage of mice with 20 mg ALA protein
dissolved in 0.2 mL saline. Moreover, body weight and body temperature were monitored before each
challenge. Body temperature was measured 5, 10, 15, and 20 minutes after challenge, and symptoms were
observed between 20 and 50 minutes. Finally, mice were anesthetized with isoflurane and then executed by
cervical dislocation on day 48, and biological tissues such as serum, spleen, jejunum, and lymph nodes were

collected for further analysis.
2.1.1. Assessment of clinical symptoms

Seven days after the last sensitization, mice were injected intragastrically with 20 mg of ALA and were
observed by two independent observers in a blinded manner for the next 20-60 min. The models were
clinically scored according to the Allergy Symptoms Scale (which evaluated key dimensions including
scratching, swelling around the eyes and snout, decreased activity, and respiratory distress; for detailed
criteria, see Table S1) . The body temperature of the mice was recorded using an anal thermometer, and

weekly changes in body weight were recorded.
2.1.2. ELISA detection of serum ALA specific immunoglobulins

The collected mouse blood was centrifuged in 1.5 mL centrifuge tubes, tilted, and left to stand at 4 °C,

and the next day, the supernatant was gently aspirated by centrifugation at 4000 rpm for 20 min and dispensed
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and stored at -20 °C for spare use. Serum was tested for ALA-specific antibodies IgE, 1gG, IgG1, IgG2, IgA,
and HIS using previously reported methods[23].

2.1.3. Detection of cytokines in mouse splenocytes

Spleens were excised, and cell suspensions were prepared in RPMI medium containing 10% fetal bovine
serum and antibiotics. 1 mL of cells per well was taken in a 48-well cell culture plate, and 40 uL of ALA
protein (10 mg/mL) filtered through 0.22 pm filter membrane was added correspondingly to stimulate the
cells cultured in a cell incubator for 72 h. Concentrations of cytokines IFN-y (JL10967; Jianglai biology,
Shanghai), IL-4 (JL20266; Jianglai biology, Shanghai), IL-5 (JL20267; Jianglai biology, Shanghai), IL-13
(JL20247; Jianglai biology, Shanghai), IL-10 (JL20242; Jianglai biology, Shanghai), in the supernatant were

determined using an ELISA cytokine kit, following the manufacturer's instructions.
2.1.4. Mouse intestinal tissue H&E staining

After the mice were executed, the jejunum of mice was isolated in a sterile environment and fixed in
fixative solution, followed by paraffin section deparaffinization, hematoxylin and eosin staining, dehydration

sealing, and image acquisition and analysis under a microscope.
2.1.5. Expression of mast cells in the lamina propria of the mouse intestine

Small intestinal cells were resuspended in phosphate-buffered saline (PBS)-1 % bovine serum albumin
(BSA). A blank control was set up; required flow-through antibody information: FVS780-APC-cy7, Mouse
BD Fc Block TM, FITC-Lin, PE-cy7-CD45, PE-IgE, PerepCy5.5-CD117 (all from Biolegend). To exclude
dead cells, experimental wells were added with 50 pL of wash solution containing dead and live dyes (50 puL
PBS+0.1 uL FVD), incubated at room temperature for 15 min before adding 1 puL of Fc blocking agent (50 uL.
PBS+1 pL Fc blocking), and incubated for another 15 min, 100 puL of staining buffer containing surface
antibody was added to each well, and incubated for 30 min at 4°C away from light. Incubate for 30 min; after
incubation, add 0.9 mL TF Per/wash, shake at 400 g, centrifuge to remove supernatant, and add 0.3 mL of
wash solution to be on the machine. The results were collected by FACSCanto flow cytometer (BD

Biosciences, San Jose, CA, USA) and analyzed by Flowjo.v10 software (BD, USA) .
2.2. In vitro immune cell screening for tolerogenic peptides
2.2.1. Peptide

We thoroughly gathered the published ALA epitopes using the keywords "food allergy," "ALA," and
"peptide" throughout "Web of Science," "PubMed," and other literature search platforms. Sixteen candidate
peptides were integrated and selected for subsequent experiments based on the criteria of maintaining a length
of 17-20 amino acids and maximizing coverage of the entire protein sequence (Table S2). The selected peptide
segments are derived from linear T-cell epitopes reported in the literature, consistent with the T-cell targeting
strategy employed in peptide immunotherapy. The peptides mentioned were synthesized by Anhui Guoping

Pharmaceutical Company.

2.2.2. Isolation of cells from spleen, MLN
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Cells from the spleen and mesenteric lymph nodes (MLN) were extracted by homogenising the tissue
using 70 pum cell strainers. Red blood cells in splenocyte suspensions were eliminated by a 4-minute
incubation on ice with lysis buffer (8.3 g/L NH4Cl, 1 g/L KHCO3, and 37.2 mg/L EDTA). To isolate cells
from the mesenteric lymph nodes (MLN), rinsed in cold PBS. Following an initial wash in Hank’s Balanced
Salt Solution enriched with 15 mM HEPES at pH 7.2, fragments were incubated for 60 minutes in HBSS
containing 15 mM HEPES, five mM Na2-EDTA, 10% fetal bovine serum (FBS), and penicillin (100
U/mL)/streptomycin (100 pg/mL), pH 7.2. Samples were rinsed in RPMI 1640 enriched with 5% FBS and
penicillin (100 U/mL)/streptomycin (100 pg/mL) and incubated for two intervals of 45 minutes in RPMI 1640
containing 5% FBS, penicillin (100 U/mL)/streptomycin (100 pg/mL), and 0.5 mg/mL collagenase type VIII
(Sigma-Aldrich). Tissue pieces were vortexed for 10 seconds after each treatment and then poured over a 70
um cell strainer to isolate cells. Digestion was halted by adding 10% FBS and subsequent washing of cells in
HBSS/15 mM HEPES solution. Cells were then purified using Percoll gradient centrifugation. All splenocytes
and MLN cells used for the subsequent in vitro co-culture assays were isolated from ALA-sensitized mice
(Group C, a-ALA) to ensure the immune cells were primed and responsive to ALA-derived peptide

stimulation.
2.2.3. Co-culture of immune cells with peptides and cytokine assays

For the co-culture experiments, splenocytes and MLN cells from all mice within the same experimental
group (a-ALA) were pooled to obtain sufficient cell numbers for the high-throughput peptide screening.
Penicillin (100 U/mL) and streptomycin (100 pg/mL) were added to RPMI 1640, which was supplemented
with 10% FBS. Spleen and MLN cells were then resuspended in this particular medium. Then, 6x10°
splenocytes or 4x10° MLN cells (200 pL) per well were cultured in pointed-bottomed petri dishes with buffer
or 1 mg/mL synthetic peptide at 37 °C, 5% CO2 for 72 h. The supernatant was centrifuged to remove cell
debris, collected, and stored at -20 °C until further analysis. The concentrations of cytokines IL-4, IL-5, IL-10,
IL-13 and IFN-y in the supernatant were determined by ELISA according to the manufacturer's protocol
(Jianglai biology, Shanghai). Absorbance was measured at 450 nm on an enzyme labeling instrument
(Varioskan LUX, Thermo Fisher). To determine the peptide-induced cytokine response, the cytokine
concentration measured in the medium-stimulated wells was subtracted from the cytokine concentration

measured in the blank wells to reflect the level of cytokines induced by the peptide.
2.2.4. Treg cells, DC surface markers measured by flow cytometry

Cells from the spleen and MLN were resuspended in PBS containing 1% BSA. In the detection of DC
surface markers, Non-specific binding sites were obstructed by treating the cells for 15 minutes with
anti-mouse CD16/CD32 (Mouse BD Fc Block; Biolegend) in a PBS-1% BSA-5% FBS buffer. Dendritic cells
were labeled extracellularly for 30 minutes on ice with CD11c-PE, MHC class 11 (I-A/I-E)-BV421,
CD86-FITC, and CD103-APC (all sourced from Biolegend). In the assay of Treg cells, T cell subsets were
analyzed by first extracellularly staining the cells with CD4-FITC and CD25-APC (both from BioLegend).
Fixable viability dye Zombie Aqua-BV510 was used to exclude dead cells. To identify the Foxp3 transcription
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factor, cells were first fixed and permeabilized using the Foxp3 Staining Buffer Set per the manufacturer’s
instructions, followed by incubation with the Foxp3-PE antibody. Data were acquired using the FACSCanto
flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed by Flowjo.v10 software (BD, USA) .

2.3. Statistical analysis

All data were analyzed using the GraphPad Prism 10.0 program for Windows. One-way ANOVA,
accompanied by Bonferroni's multiple comparison post hoc test, was used for data analysis. When data were
not normally distributed or when there was high variation between the groups, a suitable data transformation
was implemented prior to the one-way ANOVA analysis. When the assumptions of ANOVA were not
satisfied post-transformation, the nonparametric Kruskal-Wallis test, accompanied by Dunn's post hoc test,
was used. Data are expressed as mean +S.E.M. for 10 animals per group, and immunoglobulin levels are

shown in the Chart of columns. P < 0.05 is deemed statistically significant.

3. Results and Discussion
3.1. Symptom scores and changes in body temperature and weight in a mouse model of allergy

Mouse allergy symptoms, body temperature, and weight are the key indicators for testing the success of
constructing mouse allergy models, and only when these physiological factors have changed in some way can
the next step of biochemical indicators be carried out. In order to demonstrate that the ALA allergy model was
indeed successful we first examined physiological changes. Group A (BLANK) served as a blank control with
saline used in both the sensitization and excitation phases; group B (a-alum) served as an adjuvant control
with only adjuvant and no a-lactalbumin in the sensitization phase, and only in the excitation phase; and group
C (0-ALA) served as an experimental group with adjuvant plus a-lactalbumin in the sensitization phase, and a
high dose of protein in the excitation phase as well. Clinical scores were determined 20-60 minutes after oral
administration (Fig. 2A). It can be seen that a-ALA showed highly significant sensitization symptoms
compared to a-alum, BLANK (P < 0.05), while a-alum showed no significant difference compared to
BLANK (P > 0.05), indicating that adjuvant by itself could not cause anaphylactic symptoms in mice. We
simultaneously recorded the body weight changes of the mice throughout the experimental cycle by setting the
initial body weight, the first excitation, the second series of excitation, and the third excitation to 0,1,2,3,
respectively (Fig. 2B); As can be seen from the data changes, there was no difference in the initial body
weights of the three groups of mice (P > 0.05), and the trend of increasing body weights from the first
excitation onward in the a-ALA compared with the a-alum, BLANK group slowed down significantly, and
the body weights measured in the three excitations in the a-ALA group were all highly significantly different
from the remaining two groups (P < 0.05).We also performed tests of body temperature, which were detected
and recorded before and after each excitation(Fig. 2C, D, E). All three measurements were extremely
significantly lower in the a-ALA group after excitation than in the a-ALA group before excitation (P < 0.05),

and also extremely significantly lower in the a-ALA group after excitation than in the a-alum, BLANK group
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after excitation (P < 0.05), but there was no significant difference between the two groups of a-ALA and
BLANK either before or after excitation (P > 0.05).

When performing animal sensitization tests, the selection of the appropriate strain of animal is essential
for the scientific results of the experimental study. Previously, researchers have conducted experiments on
different strains of mice and compared the responses of several strains of mice to the same or different
sensitizing proteins [24—27]. The comparative analyses showed that the immune responses of BALB/c mice
after ingesting sensitizing proteins are more similar to those produced by human beings after ingesting
sensitizing foods, which makes them more suitable for use in food sensitization studies. Therefore, we chose
BALB/c mice to optimize and construct an allergy model. The symptom scores revealed that the scores of the
a-ALA group were extremely significantly higher than those of the BLANK group and the a-alum group (P <
0.05), indicating the manifestation of obvious allergic symptoms. Meanwhile, the weight of the mice in the
a-ALA group was significantly lower than that of the BLANK and a-alum groups (P < 0.05), indicating that
the mice in the allergy group had damaged their digestive system, thus affecting the absorption of food, which
is reflected in the fact that the a-ALA group is the only group that has a lower body weight for the same
condition. It was also found that the body temperature of the a-ALA group decreased significantly before and
after the three excitations, whereas it remained in a relatively stable range with no significant difference
between the control groups (P > 0.05). All of these reactions revealed are typical clinical symptoms of allergic
reactions, based on which we can further explore the changes related to humoral and cellular immunity caused

by allergic reactions.
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Fig. 2. Physiological indices of ALA allergy mouse model. (A), allergy symptom score; (B), body weight change; (C), body
temperature change before and after the first stimulation; (D), body temperature change before and after the second
stimulation; (E), body temperature change before and after the third stimulation. Statistically significant difference with
one-way Anova followed by Bonferroni’s test: **** P < (0.0001, *** P < 0.001, ** P <0.01, * P < 0.05.

3.2. Detection of specific antibodies in mouse serum

In order to study the effect of ALA on the immune response in the allergy model, ALA-specific
immunoglobulins were measured in serum collected 24 hours after oral administration of ALA. Changes in

IgE, IgA, IgG, IgG, IgG1, IgG2a antibodies and HIS (Fig. 3) were detected separately. The data showed a
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highly significant increase in specific IgE, IgA, IgG, IgG1, and IgG2a antibodies and HIS in the a-ALA group
compared to the a-alum, BLAN (P < 0.05). In contrast, there was no significant difference in the a-alum
compared to the BLAN group (P > 0.05), suggesting that the a-ALA group enabled the expression of specific
antibodies by B cells significantly. In addition, increased HIS can also indicate the expression of clinical
Ssymptoms.

Food allergic reaction is mainly manifested in the humoral immunity of the organism as an increase in the
level of specific IgE, and the secretion of IgE from the immune cells of odontocetes is often accompanied by
the secretion of IgG1[28]. The IgG and IgA antibodies represent the degree to which the organism produces an
immune response, so food allergic reaction is also an abnormal immune response. By detecting the level of
specific antibodies in the serum of mice, there was a significant increase in particular antibodies IgE, IgG,
IgGi, I1gGaa, and IgA in the a-ALA group in the experiment (P < 0.05), which is consistent with the results of
previous studies[29,30]. Food allergy produces an accumulation of mast cells in the lamina propria and basal
lamina of the small intestine, which degranulate and release substances such as histamine and leukotriene
when the body is stimulated by a high dose of the allergen, impairing the normal functioning of the
body[31-33]. Therefore, we additionally examined the content of HIS in the serum and found that the content
of histamine in the a-ALA group was extremely significantly higher than that in the control group (P < 0.05),

which could explain why the mice in the a-ALA group showed apparent symptoms.
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3.3. Changes in cytokine secretion by mouse splenocytes

In order to test whether the ALA allergy model elicits a Th2-specific immune response, mouse splenic
single-cell suspensions were taken, and the supernatants were stimulated with ALA for 72 h. Cytokine assays

were performed on the supernatants. Among the Th2-specific cytokines, we found that IL-4, IL-5, and IL-13
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were significantly increased in the a-ALA group compared with the a-alum, BLAN group (P < 0.05), whereas
there was no significant difference between the two a-alum, BLAN groups (P > 0.05) (Fig. 4A, B, D). It was
illustrated that Th2-mediated immune response was elicited in mice in the a-ALA group. In addition, there
was also a significant decrease in Thl-related IFN-y and IL-10 in the a-ALA group (P < 0.05) (Fig. 4C, E).
These also further indicated that the Th1/Th2 balance was disrupted.

Food sensitization reactions are mainly the result of the presentation of antigenic determinants of
sensitizing proteins to T cells after processing by antigen-presenting cells (APCs), which activate the T cells to
become Th2-type cells[34], which secrete large quantities of cytokines such as IL-4, IL-5, and IL-10. As an
antibody conversion stimulator, IL-4 can stimulate B cells to secrete high levels of specific IgE[30,35], and
these antibodies bind to antigenic epitopes while binding to FceRI on mast cells so that when the body is
exposed to the same sensitizing agent again, a series of sensitization reactions will occur, and therefore, the
induction of Th2 cells is the initiation of sensitization reactions. In addition to differentiating into Th2 cells,
CD4+ T cells can also differentiate into Thl cells, and the related cytokine is IFNy[36,37]. Under normal
conditions, Th1 and Th2 cells can constrain each other in order to maintain the balance of the body's immune
status. In addition, some T cells also differentiate into Treg cells, and the related cytokine IL-10, which
regulates the level of Th1 and Th2 cells, specifically suppresses the immune response to protect the body from
damage[38]. The results of the present study showed that BALB/c mice in the a-ALA group produced
significantly higher levels of Th2 cells than the other treated groups, in contrast to their Th1 and Treg cell
levels, which were significantly lower than those of the other groups. It was hypothesized that oral
sensitization by ALA caused BALB/c mice to produce high levels of Th cells and, at the same time, disrupted
the induction and proliferation of Treg cells, resulting in a disproportionate ratio of Th1/Th2, which led to the

eventual anaphylactic reaction of the organism.
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3.4. Intestinal tissue changes in mice

In order to compare the histological changes in the three groups of mice, the small intestines of mice were
selected for tissue sections (Fig. S2). a-ALA group allergic reaction resulted in damage to the jejunal tissue of
the mice, which appeared to have irregularly aligned intestinal villi with breaks and breakage, as well as
chaotic, loose and irregular structure, and crypts were absent whereas the intestinal villi of mice from the
a-ALA group were regularly and neatly aligned with intestinal villi, and the structure of mice from the a-alum,
BLAN group were complete. This all indicates that the allergy model caused intestinal damage.

The intestinal tract efficiently absorbs nutrients, water, and electrolytes from food. At the same time, it
constitutes a tight barrier against harmful substances from the external environment and pathogens and their
toxins. Damage and dysfunction of the intestinal barrier are associated with susceptibility to and exacerbation
of a variety of conditions, including food allergies[39]. In the present study, we determined the damage of
small intestinal tissues through pathological sections of small intestinal tissues, and the results of H&E
staining showed that the mice in the a-ALA group showed severe intestinal damage, villi atrophy, and
infiltration of inflammatory cells compared with the mice in the BLANK and a-alum groups, whereas the
intestinal tracts of the BLANK and a-alum groups were more intact, and the villi were stretched out.
Inflammatory response occurred in the small intestine, and the severity of inflammation was closely related to
its degree of degranulation. In conclusion, H&E staining of small intestinal tissues showed that the a-ALA
group had the most severe damage to the intestinal barrier caused by allergic reactions. Whereas in the

BLANK group, the damage was less severe in the a-alum group.
3.5. Expression of mast cells in the lamina propria of the mouse intestine

Mast cells play an important role in the effector phase of allergic reactions, and to further understand the
mechanisms of their sensitization, we characterized gut-associated immune cells in an animal model of
sensitization. The intestinal lamina propria was first isolated and the levels of FceRI and IgE expressed on
mast cells were examined (Fig. 5). We detected a significant elevation of IgE c-kit" expression in the a-ALA
group compared to the a-alum, BLAN group (P < 0.05). Similarly, the expression level of FceRI" c-kit" was
significantly increased in the a-ALA group (P < 0.05). Thus, the success of constructing a mouse model of
cow's milk allergy was further validated by detecting the levels of these major surface markers of mast cells in

the intestinal lamina propria.
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Fig. 5. Mast cell surface markers in the lamina propria of the mouse intestine. (A), IgE+c-kit+; (B), FceRI+ c-kit+.
Statistically significant difference with one-way Anova followed by Bonferroni’s test: **** P < 0.0001, *** P < 0.001, ** P

<0.01, * P <0.05.
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Food allergy-mediated type I hypersensitivity is caused by the binding of IgE antibodies to Fc receptors
on the surface of effector cells, such as mast cells, and when the antigenic epitope re-enters the organism, it
binds to IgE on the surface of the cell and releases biologically active mediators to produce an allergic
reaction[39]. The expression of mast cells in food allergies is an effector cell that plays a key role in allergic
responses[39]. Several experiments have been performed to investigate this. Lopez et al. determined the effect
of processed proteins on sensitization in mice by flow assaying the expression of basophils (IgE"CD49b")[40];
similarly, Meng et al. found that irradiation reduces sensitization to ALA by the expression of mast cells
(FceRI'c-kit"). The present experiment was further judged to reflect the success of the allergy model by
characterizing the expression of mast cells in the small intestine of mice[41]. Significantly, the expression of
mast cells was significantly elevated in the sensitized group. Therefore, the multifaceted analysis all indicated
that ALA caused the most intense rapid-onset sensitization reaction (type I sensitization) in the animals and
could also indicate that our constructed mouse model of IgE-mediated type I hypersensitivity allergic reaction

was successful.
3.6. Changes in cytokines after peptide stimulation of splenocytes and MLN cells

The spleen, as the largest peripheral immune organ, is also the site of T and B cell settlement and immune
response[42]. After 72 hours of ALA stimulation, splenocytes were examined and supernatants were taken for
cytokine detection. As shown in Fig. 6A, Th2-related cytokine IL-4 was significantly decreased in peptides 1,
6, 8, 12 and 14 compared with the control group (cells cultured with medium alone) (P < 0.05). IL-5 was
significantly decreased in peptides 1, 4, 13, 14, 15 and 16 (P < 0.05) (Fig. 6B); IL-13 expression was
significantly reduced in peptides 1, 3, 8, 10, and 15 (P < 0.05) (Fig. 6C). The Treg cell-associated cytokine
IL-10 was significantly increased in peptides 1, 13, 14 and 15 (P < 0.05) (Fig. 6D). Thl cell-associated
cytokine IFNy was significantly increased in peptides 1, 8, 10, 14 and 16 compared with the control group (P
< 0.05) (Fig. 6E).

MLN single-cell suspensions from mice in the a-ALA group were taken and co-cultured with the
peptides for 72 h, and the supernatants were taken to detect changes in cytokines. Effector T cells secrete a
variety of cytokines, which are important bioactives that play different roles in cell induction. Fig. 6
demonstrates the changes of cytokines in cell supernatants. Compared with the control group, peptides 1, 6, 8,
13, and 14 could make IL-4 significantly decreased (P < 0.05) (Fig. 6F), IL-5 significantly decreased (P <
0.05) in peptides 1, 6, 8, 14, and 16 (Fig. 6G), and IL-13 significantly decreased (P < 0.05) in peptides 1, 6, 8,
14, and 16 (Fig. 6H). Based on these results, the above peptides significantly reduced Th2-related cytokines.
As shown in Fig. 6D, peptides 6, 10, 12, and 13 significantly increased (P < 0.05) the Treg-associated
cytokine IL-10, which is largely produced by Treg cells.

IL-4, IL-5, and IL-13 are Th2-associated cytokines that play an important role in the secretion of IgE and
IgG1[43]. Studies have shown that IL-10 has several anti-inflammatory effects[44], such as down-regulating
the level of IL-4 produced by Th2[37]. IL-10 can be produced by Treg cells[35]. In our results, peptides

1,6,8,14,15 stimulation of immune cells did not result in an increase in Th2 cytokines, while there was an
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increase in Thl- and Treg-related factors, suggesting that these peptides may have the potential to induce

tolerance, which may have a positive impact on the development of tolerance.
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Fig. 6. Changes in cytokine levels in spleen cells and MLN cells after co-culture with ALA peptides. The 'Control' group
represents unstimulated cells cultured with medium alone. Spleen cell: (A), IL-4; (B), IL-5; (C), IL-13; (D), IL-10; (E), IFN-y.
MLN cell: (F), IL-4; (G), IL-5; (H), IL-13; (I), IL-10; (J), IFN-y. Statistically significant difference with one-way Anova
followed by Bonferroni’s test: **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05.

3.7. Changes in Treg and dendritic cells (DC) surface markers after co-culture of splenocytes and MLN cells
with peptides

Treg cells play a very important role in the induction of tolerance and can inhibit the production of a wide
range of cells. The expression of CD4"CD25 Foxp3 Treg was detected in peptide-stimulated splenocytes
after 72 h. The results showed that peptides 1,8,14 significantly increased the expression of
CD4"CD25Foxp3Treg compared to the control (Fig. 7A). In Fig. 7B, we detected the expression of the DC
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surface marker CD103. Peptides 1, 4, 8, 11, and 16 significantly increased CD11¢"CD103"DC compared with
control, indicating that these peptides can induce the production of tolerogenic DCs.

Similarly, we also detected changes in the associated cells in MIN cells. The results of
CD4'CD25Foxp3‘Treg expression after peptide stimulation are shown in Fig. 7C. The results showed that
peptides 1, 5, 11, 15, and 16 significantly increased the expression of CD4"CD25 Foxp3Treg, which is
important for tolerance and maintenance of immune homeostasis. In Fig. 7D, the level of DC expression of
CD103 is demonstrated. Peptides 1, 6, and 14 can significantly increase CD11¢"CD103"DC expression
compared to control.

Tolerance begins in the MLN, and DCs have been shown to be critical to this process[45]. Oral tolerance
is initiated by CD103 DCs, which capture antigens in the lamina propria and migrate to the MLN, where they
induce naive T-cells to differentiate into Tregs through a mechanism that relies on TGF-f and retinoic acid
and suppress Th2 responses to induce tolerance[38]. Therefore, in the present study, DC surface markers were
detected and analyzed, and peptide 1,11 stimulated immune cells causing DC to differentiate towards a

tolerogenic phenotype with the potential to induce tolerance compared to controls.
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Fig. 7. Expression of Treg and DC surface markers in mouse splenocytes, MLN cells. The 'Control' group represents
unstimulated cells cultured with medium alone. (A), splenocyte-Treg; (B), spleen cells -CD103+; (C), MLN-Treg; (D),
MLN-CD103+. Statistically significant difference with one-way Anova followed by Bonferroni’s test: **** P < 0.0001, ***
P <0.001, ** P < 0.01, * P <0.05.

All results based on peptide stimulation of splenocytes and MLN cells are summarized in Table 1, and the
scoring criteria were scored as conversion to the tolerant state was recorded as plus one point (decrease in
Th2-related cytokines; increase in Thl-type-related cytokines; increase in Treg-type-related cytokines; and
CD103" increase in tolerant DC cells), and the remaining cases were not scored. Peptides 1,8,14 most notably

showed a decrease in Th2 cytokines after stimulation of the cells with a concomitant increase in Treg or Thl,
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so these peptides may have the potential to induce tolerance, which may have a positive effect on the
development of tolerance.
Table. 1. Cytokine changes and cell expression after co-culture of immune cells and peptides from a-lactalbumin

allergic mice. “1” represents a significant increase compared to the negative control; “|” represents a significant
decrease compared to the negative control.

Peptid Th2 Thil Treg Scor
e IL-4 IL-5 IL-13 IFNy IL-10 Foxp3 CD103 fl "
Numb Splee ML  Splee ML Splee ML Splee ML Splee ML Splee ML Splee ML '
er n N n N n N n N n N n N n N

1 ! ! ! ! ! ! i T T T T T 12

2 0

3 ! 1

4 ! 0 2

5 1 1

6 ! ! ! ! i T 6

7 0

8 ! ! ! ! ! i T T 8

9 0

10 ! t 1 3

1 1 0 2

12 1 1 2

13 Lo 1 1 4

14 ! ! ! ! ! i i T T 9

15 l ! 1 1 4

16 ! ! L1 1 6

We note that the increased frequency of regulatory T cells (Tregs) and tolerogenic dendritic cells (DCs)
observed in vitro likely reflects the activation and expansion of pre-existing, directionally differentiated cell
populations rather than the de novo differentiation of precursor cells. To formally establish the mechanism of
peptide-induced differentiation, future studies should employ purified precursor cells, such as using naive

CD4+ T cells for Treg polarization studies or bone marrow-derived cells for DC differentiation studies

4. Conclusion

In this study, the main allergen of cow's milk, a-lactalbumin, was used as the research object. Firstly, an
ALA allergy model was successfully constructed by mice, and the allergic effect of the model was verified in
terms of physiological indexes, humoral immunity and cellular immunity. Subsequently, bioinformatics and
in vitro cellular experiments were performed to screen for peptides (AA 1-19) that promoted a tolerogenic
immune phenotype, characterized by the expansion of Tregs in spleen and MLN cells, which might lead to the
development of tolerance. The identified tolerogenic peptides provide a basis for subsequent in vivo
experiments and a practical and safe method for inducing tolerance and preventing sensitization. In addition,

further more refined in vivo and ex vivo experiments are needed to investigate the complex mechanisms.
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