

[image: image1]
Integrated omics profiling of individual variations in intestinal damage to the soybean allergen in piglets
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Introduction: A small number of soybean allergens [including Glycinin (11S) and β-Conglycinin (7S)] in the commercially available corn-soybean meal diet can still cause allergy in some weaned piglets, which may be the result of the interaction of genetic, and nutrition, but the specific mechanism is still unclear.

Methods: In this study, 20 allergic piglets and 20 non-allergic piglets were selected from 92 weaned piglets by skin sensitization tests, which were used to examine the whole sequence genome. The indicators related to humoral and cellular immunity, transcriptomics, and metabolomics analysis were determined by randomly selecting 5 boars in the allergic group and non-allergic group and then performing a validation in vitro.

Results: The sensitization rate of soybean antigen in the corn-soybean meal diet was 21.74% and there was a gender difference with the sensitization rate of female pigs (31.34%) being higher than that of male pigs (13.23%). Moreover, the levels of inflammatory factors (IL-1β, IL-4, TNF-α) and antibodies (IgG, IgE, and specific IgG) in allergic piglets were significantly higher than those in non-allergic piglets (P < 0.05). Whole genome re-sequencing analysis revealed specific mutations in the exons and URT5 of TRAPPC2, PIR, CFP, and SOWAHD genes and showed significantly higher expression levels of related genes in the spleen of allergic piglets (P < 0.05). Transcriptome analysis identified IL17REL, CCL19, CD1E, CD1.1, etc. immune differential genes, metabolomics results showed that soybean antigen affected the utilization and metabolism of intestinal nutrients in piglets, mainly the digestion and absorption of protein and the synthesis and metabolism of amino acids. Transfection of CFP/TRAPPC2/CCL19 siRNA could partially alleviate the injury of RAW264.7 cells or IPEC-J2 cells induced by β-Conglycinin.

Conclusion: Therefore, the individual differences in intestinal damage induced by soybean antigen protein in the corn-soybean meal diet are closely related to PIR, CFP, TRAPPC2, SOWAHD, and CCL19 genes. Soybean antigens affect the intestinal nutrient utilization and metabolism of piglets, which provides a scientific reference for the study of soybean antigen sensitization mechanisms, precision nutrition, disease prevention, and control of piglets, and also lays a foundation for human foodborne diseases.
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1 Introduction

Soybean, a high-quality plant protein source for humans and livestock, is widely used in human food and animal feed. Soybean antigen, as an anti-nutritional factor with thermal stability, can change the morphology and damage the structure of small intestine tissues (1), and induce autophagy (2), and apoptosis (3) in small intestinal epithelial cells (4), and also negatively affect the content and composition of intestinal metabolites (5, 6), leading to digestion and absorption disorders, growth retardation and allergic diarrhea (7). Nevertheless, the immune-pathological mechanism of soybean allergy remains unclear and requires further exploration.

There is heterogeneity inherent in the anaphylaxis amongst allergen-sensitized individuals (8). Soybean antigens can induce allergy in piglets (9), calves (10), and rats (11), but piglets had a stronger sensitivity to β-conglycinin than the other animal species and presented different β-conglycinin-specific epitopes (12). Furthermore, a distinct sensitivity to soybeans was observed between breeds of pigs. For example, the sensitivity of Min pigs to soybeans was much lower than that of Landrace pigs (13), which might be ascribed to the genetic differences (8, 14, 15). Studies have suggested that immune genes such as MHC-I (16), IL-1, IL-10 (17), IL-17 (18) may be the genetic basis for allergic reactions. Additionally, gender may also play a role in the incidence of food allergies (19–21). Also, it was found that female mice are more susceptible to allergies (22). Therefore, there is a need to investigate the reasons for individual varied reactions to soybean allergens.

Soybean meal in a standard formula diet with the conventional procession still retains a small amount of soybean allergens that would cause transient hypersensitivity reactions in piglets, especially at the early weaning stage (23), but related research is scanty. In this study, a nutrigenomics-based multidimensional approach was utilized to determine the individual heterogeneity of soybean-induced allergy in weaned piglets fed continuously with corn-soybean meal diets. Then, based on the experimental results of variances of genomic resequencing, transcriptome, and metabolites between allergic piglets and non-allergic piglets, this study would provide a theoretical foundation for the mechanism of soybean allergy, and also better the precise nutrition and breeding of pigs.



2 Materials and methods


2.1 Animals

The animal experiment was approved by the Jilin Agricultural University Animal Care and Use Committee. In Hua Zheng pig farm, the 92 Landrace × Yorkshire piglets weaned at 27 days were obtained as the population. Based on the report measured the content of soybean antigen in the diet by competitive ELISA (24), containing 2.53% Glycinin and 1.99% β-Conglycinin. Piglets were fed a soybean diet for 7 days had free access to water and were all housed under the same environmental conditions. First, 20 allergic and 20 non-allergic piglets were differentiated by using the skin sensitization test, and then randomly selected from the 92 piglets for whole genome resequencing analysis. Second, from this group, 5 allergic and 5 non-allergic were randomly chosen from the 20 allergic and 20 non-allergic piglets for the follow-up experiments with the samples of serum and jejunum.



2.2 Skin sensitization test

The skin sensitization test was conducted to judge the sensitive response of the piglets to soybean allergens, the doses of Glycinin and β-Conglycinin in skin tests were referred to in the previous study (12). In detail, a 0.5 mL allergic protein (purified Glycinin or β-Conglycinin) in 0.9% sodium chloride solution was intradermally injected into the abdominal skin of piglets, and 0.5 mL 0.9% sodium chloride solution with the same volume injected at the control site. Thirty minutes after injection, the erythema diameters were measured using a vernier caliper. An erythema diameter of over 5 mm was regarded as an allergy.

The ear tissues from screened piglets, including 20 allergies and 20 non-allergies, were collected to analyze the whole-genome sequence. Five piglets, respectively, from the allergic or non-allergic group were selected and slaughtered, and their serum and jejunum tissue were collected to detect the immune indices, gene expression, and metabolites.



2.3 Analysis of serum biomarkers

The contents of total protein (TP), albumin (ALB), globulin (GLB), and alkaline phosphatase (AP) were determined by an automatic biochemical analyzer, and then the ratio of albumin and globulin (A/G) was calculated.



2.4 Analysis of cytokine levels by ELISA

Concentrations of interleukin 1-β (IL-1β), IL-4, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) in serum were determined using the swine ELISA kit according to the manufacturer's instructions.



2.5 Analysis of total IgG, IgE, IgM, sIgA in serum and mucosa and specific IgG levels by ELISA

Total IgG, IgE, IgM, and sIgA levels in serum and mucosa were determined by using swine ELISA kits according to the manufacturer's instructions. Glycinin-specific IgG and β-Conglycinin-specific IgG antibody levels were detected via an indirect ELISA as described by Sun et al. (25).



2.6 Variant detection by resequencing

Genomic DNA was extracted from ear tissues using a 2% CTAB-isopropyl alcohol precipitation, and DNA was detected using 0.8% agarose gels. TruSeq DNA PCR-free prep Kit (Paiseno Biotech Co., Ltd., Shanghai, China) was utilized to construct a sequencing library with an insert size of 400 bp, a representative library was built by each individual, and sequencing library quality inspection was performed using the Agilent High Sensitivity DNA Kit (Paiseno Biotech Co., Ltd., Shanghai, China). The Quant-iT PicoGreen dsDNA Assay Kit (Paiseno Biotech Co., Ltd., Shanghai, China) was used to quantify the library on the Paiseno Quanti Fluor fluorescence quantification system. High-quality data were obtained after raw data evaluation and filtering. The dataset was subsequently compared with the reference genome (Sscrofa 11.1) using BWA-MEM (0.7.12-r1039) (26). Duplicates were removed through the “MarkDuplicates” of the Picard software package to improve the accuracy of SNP prediction. GATK (27) and ANNOVAR (28) were used to detect and annotate SNPs and InDels (29).



2.7 Total RNA extraction and transcriptome analysis

Jejunal tissues were collected for RNA sequencing and transcriptomics, and the RNA extraction and sequencing transcriptomics were performed by Shanghai Personal Biotechnology Co., Itd. (Shanghai, China). Total RNA was extracted from the intestine samples and purified using the Trizol Reagent (Invitrogen, Carlsbad, CA) and the RNeasy mini kit (Qiagen, Venlo, Netherlands). Thereafter, RNA purity and integrity were assessed using the Nanodrop spectrophotometer (Thermo Scientific, USA) and the Agilent High Sensitivity RNA Kit of the Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA), and RNA library preparation was realized using the Illumina TruSeq Stranded Total RNA kit. Moreover, paired-end sequencing was performed on Illumina HiSeq X Ten, and transcriptomic data were aligned and mapped onto the complete genome of the reference genome (Sscrofa 11.1). Furthermore, differential gene expression analysis was normalized to reads per kilobases per million reads (RPKM) values, and the differential expressions of the genes were analyzed by DESeq (1.30.0) with screened conditions as follows: expression difference multiple |log2FoldChange| > 1, P < 0.05. Then all the genes to Terms in the Gene Ontology database, and to carry out the enrichment analysis of the KEGG pathway of differential genes, focusing on the significant enrichment pathway with P < 0.05.



2.8 Identification of metabolites and metabolomics analysis

The metabolites in the jejunum sample were detected via gas chromatography-mass spectrometry (GC-MS). Take about 100 mg of jejunum sample and add 1 mL of pre-cooled methanol: acetonitrile: Water (2:2:1, v/v), homogenate crushing (24 × 2, 6.0 M/S, the 20 s, 3 times) with MP homogenizer, stand at −20°C for 60 min, centrifuge at 13,000 g at 4°C for 15 min, supernatant (divided into 900 μL/tube), vacuum drying, The freeze-dried powder was stored at −80°C for use; during mass spectrum analysis, 100 μL acetonitrile aqueous solution (acetonitrile: water = 1:1, v/v) was added for resolution, vortex, then 14,000 g at 4°C for 15 min, and the supernatant was taken for metabolomic analysis. The supernatants were separated by Agilent 1290 Infinity LC ultra-high performance Liquid chromatography (UHPLC) HILIC column and detected by electrospray ionization (ESI) positive and negative ion modes, respectively. Then, the differential metabolites were identified based on variable importance in projection (VIP) ≥ 1 (generated by the OPLS-DA model) and P ≤ 0.05. Differential metabolites were mapped into the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database to analyze their metabolic pathway.



2.9 Cytokine levels of β-conglycinin-induced RAW264.7 cells and IPEC-J2 cells treated with effective siRNA

For further investigation of the relationship between candidate genes and β-Conglycinin, the siRNA technique employed in this study used cells. The RAW264.7 cells and IPEC-J2 cells were purchased from Shanghai EK-Bioscience Biotechnology Co., Ltd. The cells were inoculated in cell culture bottles and cultured in a DMEM/high glucose medium (Hyclone, USA) or DMEM/F12 medium (Hyclone, USA). The porcine jejunal cell line IPEC-J2 is a good model for studying intestinal health and the dose of β-Conglycinin in IPEC-J2 cell was referred to as Mi et al. (30), and the RAW264.7 cell is the main cell model for immunological research (31), and pre-experimentally screened the dose of RAW264.7 cells treated with β-Conglycinin. The cell culture and cell viability assay were conducted performed by adopting the methods Mi et al. (30), and Yi et al. (31).

The gene silencing experiment was divided into control (untreated cells), negative control (NC), 7S group (β-Conglycinin (7S)-treated cells), siCFP group (siCFP-treated cells), and 7S + siRNA group (7S + siCFP-treated cells). After being diluted in opti-MEM Medium (Invitrogen), siRNAs AND Lipofectamine were mixed and conducted following the Lipofectamine RNAi MAX Transfection Reagent Handbook (Invitrogen, USA), and siRNAs were transferred into RAW264.7 and IPEC-J2 cells at 37°C for 24 h. According to the instructions of the manufacturer, the concentrations of IL-1β, IL-6, IL-10, and TNF-α from RAW264.7 cells, and the levels of IL-6, IL-10, TNF-α, NF-κB, IFN-γ from IPEC-J2 cells were measured. Additionally, the relative mRNA expression level of related cytokines was determined by the qRT-PCR.



2.10 Qualitative real-time PCR (qRT-PCR)

Total RNA content was isolated from the cells, and the spleen of the allergic group and non-allergic group piglets using TRIzol reagent (Takara, Japan). After the DNase treatment, the RNA was reverse-transcribed to single-stranded cDNA using a Prime Script RT reagent kit (Takara, Japan, RR047A), and the stable housekeeping gene was used as the control. Quantitative real-time PCR (qRT-PCR) was performed using SYBR Green Premix Ex Taq (TRAN, AQ601; Takara, Japan, RR820A) on a StepOnePlusTM real-time PCR Detection System (BioRad, Hercules, CA, USA). The qRT-PCR primer pairs were observed for five genes (Supplementary Table 1). Using the comparative CT method (2−ΔΔCT method, (ΔΔCT = ΔCT(treated gene)−ΔCT(control), ΔCT = CT(target gene)−CT(reference gene))) was used to analyze the transcription levels of different genes.



2.11 Statistical analysis

Student's t-test was used to compare the data between the two groups, and data among three or more groups were analyzed with ANOVA followed by Duncan's multiple comparison test. SPSS 23.0 software (IBM Inc., Armonk, NY, USA). Data were presented as mean ± standard deviation. Differences were considered statistically significant when P < 0.05.




3 Results


3.1 Cutaneous hypersensitivity reactions

In the study, a typical skin response was observed in Figure 1A, while no significant change was observed in non-allergic piglets, as shown in Figure 1B. The erythema diameters in both allergic and non-allergic groups were recorded in Supplementary Table 2. Out of the 92 weaned piglets studied, 21.74% were found to have soybean-induced allergies. Interestingly, the allergy rate was higher in female piglets (31.34%) than in male piglets (13.23%).


[image: Figure 1]
FIGURE 1
 Results of skin prick test in piglets. (A) Allergic group; (B) Non-allergic group.




3.2 The serum biochemical indices levels

Compared with the non-allergic group, in serum, the levels of TP and ALB and the A/G ratio in the allergic group were significantly decreased (P < 0.05), meanwhile, the serum AP and globulin (GLB) levels of piglets in the allergic group were significantly higher than those in the non-allergic group (P < 0.05) (Figure 2). Our study found that piglets with allergies had higher GLB and AP levels, and lower ALB levels, indicating that inflammation response enhanced and impaired intestinal function in the piglets.


[image: Figure 2]
FIGURE 2
 The levels of biochemical indicators in serum. A, Allergic group; NA, Non-allergic group. (A–C) showed the levels of TP, ALB, GLB, A/G, and AP in serum. *P < 0.05.




3.3 The serum inflammation cytokine level

The results showed that in the serum, the IL-4, TNF-α, and IL-1β levels were significantly higher in the allergic group (P < 0.05), whereas there was no significant difference in the level of IFN-γ (P = 0.334) between the two groups (Figure 3). This indicated that soybean antigens increased inflammatory factor levels, and caused inflammation damage in piglets.


[image: Figure 3]
FIGURE 3
 The levels of inflammatory factors in serum. A, Allergic group; NA, Non-allergic group. (A–D) showed the levels of IL-1β, IL-4, TNF-α, and IFN-γ in serum. *P < 0.05.




3.4 Total serum and mucosa IgG, IgE, IgM, and sIgA and specific IgG levels

To explore the effects of soybean-induced allergy in sensitized pigs, the total serum and mucosa IgG, IgE, IgM, and sIgA levels in serum were determined (Figure 4). The total serum IgG and IgE were significantly higher in the allergic group (P < 0.05). In the mucosa, the non-allergic group had a higher IgM (P < 0.05), and the IgG level significantly decreased compared with the allergic group (P < 0.05), and the IgE level was some higher but not significantly in the allergic group than in the non-allergic-group (P = 0.093). The specific IgG levels are shown in Figure 5, Glycinin-specific IgG and β-conglycinin-specific IgG were significantly higher in the allergic group compared with the non-allergic group (P < 0.05). This indicated that soybean antigens increased immunoglobulin levels, and induced the immune response.


[image: Figure 4]
FIGURE 4
 The levels of total antibody in serum and mucosal. A, Allergic group; NA, Non-allergic group. (A–D) showed that the levels of IgM, sIgA, IgG, IgE in serum; (E–H) showed that the levels of IgM, sIgA, IgG, IgE in the mucosa. *P < 0.05.



[image: Figure 5]
FIGURE 5
 The levels of Glycinin and β-conglycinin-specific IgG in serum. A, Allergic group; NA, Non-allergic group. *P < 0.05.




3.5 Functional clustering of mutant genes

To clarify the genetic mechanisms involved in regulating the soybean antigen on pigs by the whole genomic resequencing. In Table 1, at GA and GNA groups, there are a total number of 28 specific Indels located in 4 genes, in which there were 21 Indels mutations in the UTR5 of the PIR and CFP genes in the GA group, and there were 2 Indels mutations in the exon which had the frameshift deletion in the LOC110257895 gene in GNA group.


TABLE 1 The functional Indels on specific genes.

[image: Table 1]

In Table 2, at GA and GNA groups, there are a total number of 4 specific SNPs located in the exon of 2 genes, of which 4 non-synonymous mutations were located in 2 genes. A total number of 11 special SNPs were located in the UTR5 of 4 genes. At the genomic level, there was only one specific SNP located in the non-synonymous mutation in the GA group, and in the GNA group, there were three specific SNPs in the non-synonymous mutations. The specific SNPs of allergy and non-allergic groups were mainly in trafficking protein particle complex subunit 2 (TRAPPC2), Pirin (PIR), complement factor properdin (CFP), and sosondowah ankyrin repeat domain family member D (SOWAHD), however only TRAPPC2 and PIR were non-synonymous mutations. We also found changes in amino acids located in genes and changes in bases at mutation sites.


TABLE 2 The functional SNPs on specific genes.
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3.6 Transcriptomic analysis

In Figure 6, the initial statistical analyses of the transcriptome data showed that a total of 212 genes were differentially expressed, including 166 up-regulated and 46 down-regulated genes (Figure 6A). In the allergic group, soybean antigen increased the expression of immune-related genes such as CD1.1, CD1E, IL17REL, CCL19, CSF2, CAPN6, CAPN8, and IL1R2 and increased the expression of genes related to intestinal barrier such as MUC5B, KRT18, CLDN18 and CLDN10 (P < 0.05) (Figure 6B). The largest quantity of differential expression genes (DEGs) was classified into the “cAMP signaling pathway,” “Calcium signaling pathway,” and “Cytokine-cytokine receptor interaction.” Moreover, genes involved in Insulin secretion, the Estrogen signaling pathway, the Drug metabolism-cytochrome P450 pathway, Phenylalanine metabolism, Histidine metabolism, Throsine metabolism, Glycine, serine and threonine metabolism were also differentially regulated (Figure 6C), indicating these pathways were part of the piglet response to soybean antigens.


[image: Figure 6]
FIGURE 6
 Intestinal transcriptomic analysis. (A) Statistics of differential gene expression results; (B) The genes related to immune and intestinal barrier; (C) Differential genes at KEGG pathway (top 20); Correlation analysis between candidate genes in intestine (D) or spleen (E) and immune responses. P < 0.05.


Transcriptome sequencing results showed that there were differences in the transcriptional levels of PIR, CFP, TRAPPC2, and SOWAHD genes in the intestinal tract of allergic and non-allergic piglets. Among them, the relative expression levels of PIR and CFP genes in the intestines of allergic piglets were higher than those of non-allergic piglets (Supplementary Table 3). The expression of PIR and CFP genes in the intestine and spleen was positively correlated with the level of immune-related genes in the intestine and the antibody in the serum, indicating that the expression of PIR and CFP genes could promote the immune response. However, the transcription levels of SOWAHD and TRAPPC2 genes in the intestine have no up-trend and are positively correlated with immune-related genes and antibody levels when expressed in the spleen, which may be related to their expression site or technical error (Figures 6D, E).



3.7 Metabonomic analysis

The metabolic profiles of the intestine samples between allergic and non-allergic groups were detected using untargeted metabolomics analysis (Figure 7). Initially, we found that the most important metabolites were lipid and lipid-like molecules, accounting for 27.706% of all metabolites. Organic acids and their derivatives followed closely behind, accounting for 26.882%. We discovered that 17 metabolites were significantly up-regulated and 33 metabolites were significantly down-regulated in positive mode. In negative mode, 20 metabolites were significantly up-regulated and 22 metabolites were significantly down-regulated. Some metabolites, such as phenylalanine, tryptophan, leucine, arginine, valine, glutamine, and hypoxanthine, were significantly increased in the allergic group (P < 0.05). The analysis of KEGG pathways showed that differential metabolites were enriched in the pathways of Central carbon metabolism in cancer, Protein digestion and absorption, Aminoacyl-tRNA biosynthesis, Biosynthesis of amino acids, ABC transporters, mTOR signaling pathway, Valine, leucine and isoleucine biosynthesis, and Pyrimidine metabolism. Most of the metabolites were enriched in the pathway of protein digestion and absorption, and biosynthesis of amino acid, suggesting that soybean antigen could affect the metabolism and utilization of nutrients in the intestine of piglets.


[image: Figure 7]
FIGURE 7
 The results with metabolomics analysis. (A) Chemical classification and attribution statistics of metabolites; (B) Negative ion mode volcano map; (C) Positive ion mode volcano map; (E) Statistics of the number of metabolites identified in the positive and negative ion mode; (D) The differential metabolites in positive ion mode; (F) The differential metabolites in negative ion mode volcano map; (G) The differential metabolites pathway.


The correlation analysis results showed that the synthesis and metabolism of amino acids were closely related to the body's immune function, while the pyrimidine metabolism pathway was negatively correlated with the immune ability (Supplementary Table 4).



3.8 Expression levels of the four specific genes in the spleen

To verify candidate genes for the whole-genome re-sequencing, the relative expression levels of related genes in the spleen of piglets in the allergic and non-allergic groups were analyzed by qualitative real-time PCR. As shown in Figure 8, the expression levels of the SOWAHD, TRAPPC2, PIR, and CFP in the allergic group were significantly higher than those in the non-allergic group (P < 0.05).


[image: Figure 8]
FIGURE 8
 The expression levels of different genes. A, Allergic group; NA, Non-allergic group. *P < 0.05.




3.9 Effects of the cytokine levels of β-conglycinin (7s)-induced RAW264.7 cells treated with effective CFP siRNA or TRAPPC2 siRNA

In Figure 9, after 7S + CFP-siRNA transfection, the contents of IL-1β, IL-6, IL-10, and the relative mRNA expression of IL-1β, IL-6, and IL-10 in 7S + CFP-siRNA group were significantly lower than those in 7S treatment group (P < 0.05). In Figure 10, the levels of IL-1β, IL-6, TNF-α, and the relative mRNA expression of IL-1β, IL-6, and TNF-α in the 7S + TRAPPC2-siRNA treatment group were significantly lower than those in the 7S treatment group (P < 0.05). However, the levels of IL-6 and IL-10 and the relative mRNA expression levels of IL-1β, IL-6, and IL-10 in the 7S + TRAPPC2-siRNA/CFP-siRNA treatment group were still significantly higher than those in the control group (P < 0.05). In conclusion, CFP and TRAPPC2 genes could regulate the immune response of RAW264.7 cells induced by β-Conglycinin, but could not completely alleviate the immune injury induced by soybean antigen.
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FIGURE 9
 Effects of the cytokine levels of β-Conglycinin-induced RAW264.7 cells treated with effective CFP siRNA. Control: untreated cells; 7S group: β-Conglycinin (7S)-treated cells; siCFP group: siCFP-treated cells; 7S + siCFP group: 7S + siCFP-treated cells. (A–D) The levels of inflammatory factor content (IL-1β, IL-6, IL-10, TNF-α) in the RAW264.7 cells supernatants. (E–H) The levels of inflammatory factor expression (IL-1β, IL-6, IL-10, TNF-α) in the RAW264.7 cells. a, b, cP < 0.05.
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FIGURE 10
 Effects of the cytokine levels of β-Conglycinin-induced RAW264.7 cells treated with effective TRAPPC2 siRNA. Control: untreated cells; 7S group: β-Conglycinin (7S)-treated cells; siTRAPPC2 group: siTRAPPC2-treated cells; 7S + siTRAPPC2 group: 7S + siTRAPPC2-treated cells. (A–D) The levels of inflammatory factor content (IL-1β, IL-6, IL-10, TNF-α) in the RAW264.7 cells supernatants. (E–H) The levels of inflammatory factor expression (IL-1β, IL-6, IL-10, TNF-α) in the RAW264.7 cells. a, b, cP < 0.05.




3.10 Effects of the cytokine levels of β-conglycinin-induced IPEC-J2 cells treated with effective CCL19 siRNA

In Figure 11, in vitro experiments showed that IPEC-J2 cells transfected with specific CCL19-siRNA, The levels of TNF-α, IL-6, IL-10, and the relative mRNA expression of TNF-α, IL-6, and NF-κB in 7S + CCL19-siRNA treatment group were significantly lower than those in 7S treatment group (P < 0.05). However, compared with the control group, the 7S + CCL19-siRNA group still had significantly higher levels of IL-10 and TNF-α and relative mRNA expression of IL-6 and TNF-α, and significantly lower content and relative mRNA expression of NF-κB (P < 0.05). These results indicate that the CCL19 gene can regulate the inflammatory response of IPEC-J2 cells induced by β-Conglycinin, but cannot completely alleviate the immune inflammatory injury induced by soy antigen.
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FIGURE 11
 Effects of the cytokine levels of β-Conglycinin-induced IPEC-J2 cells treated with effective CCL19 siRNA. Control: untreated cells; 7S group: β-Conglycinin (7S)-treated cells; siCCL19 group: siCCL19-treated cells; 7S + siCCL19 group: 7S + siCCL19-treated cells. (A–D) The levels of inflammatory factor content (IL-6, IL-10, TNF-α, IFN-γ) in the IPEC-J2 cells supernatants. (E–H) The levels of inflammatory factor expression (IL-6, IL-10, TNF-α, NF-κB) in the IPEC-J2 cells. a, b, cP < 0.05.





4 Discussion

Soybean is a valuable source of protein for both humans and animals, owing to its balanced amino acid composition and functional advantages (9). Nevertheless, soybean allergy is a severe health problem that occurs more frequently in early life (32). The skin sensitization test can be used to detect hypersensitivity reactions and immune status (33). Previously, Sun et al. found that feeding soybean antigen increased erythema area and diarrhea rate (25), which is similar to our experimental results, laying the groundwork for selecting allergic piglets for follow-up tests in the current study.

It was demonstrated in this study that the total serum IgG and IgE antibody levels were increased in the allergic group which was consistent with the findings from other studies (17, 25). The analysis of cytokines showed that piglets in the allergic group had higher IL-1β, IL-4, and TNF-α compared with the non-allergic group. The inflammation factor of IL-4 is secreted by Th2 cells, which stimulate the proliferation of B lymphocytes and generate IgE and IgG antibodies (17). IL-1β and TNF-α are mainly secreted by macrophages, activate NF-κB, increase intestinal epithelial permeability, destroy the intestinal tight junction barrier, and induce intestinal inflammation (34). Therefore, the soybean antigen-induced intestinal immune response of piglets is related to the upregulation of inflammatory factors, Th1/Th2 immune balance, and activation of NF-κB signaling pathway.

Epidemiological studies of food allergies have found that allergic reactions are not evenly distributed between men and women and with a higher risk in women (19, 20). Wang et al. also found that the female mice treated with ovalbumin (OVA) did exhibit more serious systemic anaphylaxis than male mice, and explored the potential reasons for gender differences in food allergy caused by estrogen (22). A harmful role for estrogen signaling in the setting of a food allergy is that an increased estrogen increases the level of immunoglobulin and impaired B cell function (35, 36), in addition, estrogen stimulates mast cells to release histamine and down-regulates the DAO enzyme that clears histamine, at the same time, histamine stimulates the ovaries to produce more estrogen (37, 38). Similarly, we also found that female piglets were more sensitive to soybean antigens than male piglets, and the specific SNPs of piglets in both allergic and non-allergic groups were mainly located in the X chromosome and the Estrogen signaling pathway had a significant change. Thus, the secretion of estrogen may be the reason for the strong sensitivity of female piglets to soybean antigens.

Nutrigenomics is the study of the interaction between nutrients and genes, encompassing genetics, nutrition, physiology, biochemistry, metabolomics, proteomics, and transcriptomics (39). PIR is called a paired immunoglobulin-like receptor, PIR-A is an activated receptor and PIR-B is an inhibitory receptor expressed on the surfaces of dendritic cells (DCs), B cells, mast cells, and macrophages. PIR-B inhibits Th1 cell response and induces Th2 cell differentiation cells, leading to the imbalance of Th1/Th2 cells. Some studies showed that the PIR-B disturbs the Th17/Treg balance to inhibit antitumor immunity (40–44). Complement factor properdin (CFP) plays an active role in regulating T cell immunity (45–47). It has been reported that mutations in the exon of the CFP gene on the X chromosome can cause meningitis (48). This finding is similar to our discovery that piglets with mutations in the CFP gene in the allergic group also exhibit symptoms of enteritis. The transfection of specific properdin siRNA can reduce properdin secretion by dendritic cells and limit the proliferation of T cells. Consequently, the secretion of TNF-α and IL-17 by T cells decreases (49). Similarly, our research indicates that silencing the CFP gene can reduce the secretion of IL-1β, IL-6, IL-8, and TNF-α levels induced by soybean antigens. Thus, the CFP gene may serve as a new therapeutic target for β-Conglycinin-induced immune injuries.

TRAPP is a protein that is important for secretory and endocytic pathways. TRAPPC2 is the main adaptor protein that helps the six core subunits of TRAPP interact with TRAPPC9 or TRAPPC8. If the TRAPPC2 protein is mutated, it can misfold and degrade, causing a loss of TRAPPC2 function. This means that it cannot interact with TRAPPC9 and TRAPPC8 (50), leading to a lack of immune response. Therefore, a mutation in the TRAPPC2 gene may be a reason for piglets being insensitive to soybean antigens. Additionally, inhibiting the expression of the TRAPPC2 gene can reduce the immune inflammatory damage caused by β-Conglycinin in RAW264.7 cells. However, there is almost no research on the SOWAHD gene, so we currently cannot know its relationship with soybean antigens. We have identified changes in amino acids within genes and changes in bases at mutation sites. These changes in amino acids are likely to affect the function and structure of genes, which in turn can impact the sensitivity of soybean antigens. Since we found that the expression abundance of PIR and SOWAHD genes in RAW264.7 cells was very low in our preliminary experiments, and the PCR technique was not easy to detect, it was difficult to carry out the next verification experiment. Therefore, we only selected CFP and TRAPPC2 genes with relatively high expression for further study. Based on our analysis, we believe that the TRAPPC2 and CFP genes may play a part in the differences in piglets' sensitivity to soybean antigens, but the roles of PIR and SOWAHD genes in soybean antigen-induced sensitivity differences in piglets remain to be verified.

Food allergy was once thought to be caused by Th1/Th2 imbalance (51), but later studies have shown IL-17 as a potential biological marker of food allergy (52, 53). IL-17C can increase the secretion of cytokines (TNF-α, IL-6, IL-1β), and chemokines (KC, CXCL2, CCL20) through the activation of NF-κB and MAPK signaling pathways (54, 55). In addition, chemokines are essential regulators of the immune response in the body. CCL19 can activate the PI3K/AKT signaling pathway, leading to the release of various inflammatory factors including NF-κB transcription factor. This can trigger an inflammatory response and also interact with CCL21 to regulate the Th1/Th2 immune balance (56). Studies have shown that inhibiting CCL21 expression can help alleviate clinical symptoms and intestinal tissue damage in mice with ulcerative colitis (UC) (57). Therefore, we chose to further verify the role of the CCL19 gene in soybean antigen-induced intestinal injury in piglets. Similarly, treating IPEC-J2 cells with CCL19 siRNA has also demonstrated that CCL19 plays an important role in regulating soybean antigen-induced intestinal inflammation.

Amino acids can indirectly regulate the intestinal immune response (58). Arginine and glutamine are key mediators of mTORC1 activation, which regulate key metabolic pathways in the intestinal barrier and have beneficial effects on the gut-related immune system (59). It was suggested that tryptophan metabolism plays an important role in allergic diseases, and tryptophan is a precursor to the synthesis of serotonin (5-hydroxytryptamine, 5-HT) and melatonin (n-acetyl-5-methoxytryptamine) (60). Tryptophan (Trp) is capable of producing a variety of aryl hydrocarbon receptor (AhR) ligands through several metabolic pathways (61). It was found that AhR inhibits IL-17-mediated inflammatory response through negative feedback loops, thus inhibiting the occurrence and development of Ulcerative colitis (UC) (62), and the activation of the AHR can suppress allergic sensitization by suppressing the absolute number of precursor and effector T cells and affecting DCs (63). Similarly, our results demonstrated that the contents of phenylalanine, tryptophan, leucine, arginine, valine, and glutamine in the intestinal metabolites of piglets in the allergic group were significantly increased, implying that soybean antigen affected the metabolism and utilization of amino acid in the intestine of piglets, caused the intestinal immune response of piglets, and finally induced the allergy.



5 Conclusion

In conclusion, there are individual differences in the allergic response of weanling piglets to soy antigens, and the rates of allergy show large differences between the genders. Meanwhile, the differentially expressed candidate genes PIR, CFP, TRAPPC2, SOWAHD, and CCL19 were found to be induced by soybean antigens in piglets. The genetic mechanism of soybean antigen-induced allergy in piglets was preliminarily revealed, and the intestinal damage of piglets induced by soybean antigen mainly affected the utilization and metabolism of intestinal nutrients, especially the digestion and absorption of protein and the synthesis and metabolism of amino acids. This study provides a scientific reference for the differential feeding, precision nutrition, disease prevention, and control of piglets, of piglets, and provides a theoretical basis for the study of the anti-nutritional mechanism of soybean antigen and lays a foundation for human foodborne diseases.
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