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A B S T R A C T   

Wasp pupa protein has triggered allergies in certain consumers. In this study, we investigated the allergenicity of 
alcohol-soluble wasp pupa protein (ACWP) and its effect on the gut microbiota of mice in vivo. It was found that 
ACWP caused skin erythema and diarrhea in mice, the up-regulation of HIS, IgE, IL-4, IL-22, and IL-17A, and 
down-regulation of IgG2a, IgA, and IL-2 in serum. The results also revealed that the thymus, spleen, and small 
intestine structures in mice also altered significantly, and the intestinal wall structure was disrupted. Fluorescein 
isothiocyanate (FITC) labeled dextran intestinal permeability test depicted that the intestinal permeability of 
mice in the ACWP group increased significantly. The gut microbiota analysis in mice depicted that five bacterial 
strains in the ACWP group, including s_Candidatus_Arthromitus_sp._SFB_mice_Japa, were up-regulated, and nine 
low-abundant strains, including s_unclassified_g_norank_f_Ruminococcaceae, were down-regulated. The association 
analysis of gut microbiota and serum factors showed that eight serum biochemical factors were significantly 
correlated with 11 strains. The results revealed that ACWP could cause disturbance of gut microbiota and its 
metabolism, change the integrity and permeability of the intestinal tract, destroy the intestinal mucosal immune 
system, and then cause skin erythema and diarrhea as the primary manifestations.   

1. Introduction 

The Vespidae are members of the order Hymenoptera of the super
family Vespoidea [1]. The Wasp pupal proteins are high-yielding and 
high-quality resources, which are highly edible and have medicinal and 
health benefits [2]. Our preliminary study observed that the amino acid 
score of wasp pupal proteins was close to 100, much higher than the 
current model proteins. Many countries eat wasp larvae and pupae 
worldwide, and Vespidae species have the potential to become the most 
promising edible insects [3–5]. In Yunnan, China, there are >12 com
mon species of edible Vespidae [4,6,7]. Wasp pupae feed on pests in the 
forest, and their cultivation promotes positive effects on the ecological 
cycle [3,5]. Therefore, wasps can be developed into a new edible animal 
protein source worldwide. However, edible insects may contain aller
gens, toxic substances, anti-nutritional substances, and pathogens. Many 
reports exist of food poisoning and even death caused by wasp pupae 
consumption across the country, which is more frequent in the Yunnan 
Province [8]. Although most of these are consumed as wild bee pupae, 
assessing the allergic risk to determine the safety of consuming artifi
cially cultured wasp pupae is necessary. In our previous study, four 

proteins, viz., water-soluble apisin (WWP), salt-soluble apisin (SWP), 
alcohol-soluble (ACWP), and alkaline-soluble apisin (AKWP), were 
extracted from the wasp pupae. Our study revealed that ACWP could 
cause an allergic reaction. Alcohol-soluble proteins accounted for only 
0.18% of the total protein, with >100-kDa accounting for 19.24%, 
50–100-kDa for 11.27, 30–50-kDa for 6.65%, 10–30-kDa for 21.31%, 
3–10-kDa for 13.73% and < 3-kDa for 27.8%. However, little is known 
about its allergic reaction and sensitization mechanism in vivo or how 
ACWP affects allergenicity and gut microbiota. 

Clinical symptoms of food allergies (F.A) include slight abdominal 
discomfort and life-threatening anaphylactic shock [7]. Type II helper T 
cells (Th2) polarization-related inflammation involves the over
production of antigen (Ag)-specific IgE, Th2 cytokines (e.g., interleukin 
[IL-4, IL-5, and IL-13]), and profound infiltration of eosinophils and 
mast cells in tissues. Therefore, they are the fundamental F.A with 
pathological changes. First, Th2 cytokines, especially IL-4, induce 
plasma cells to produce IgE [9]. Then, IgE binds to the high-affinity IgE 
receptors on the mast cell surface, then sensitized. Re-exposure to the 
specific Ags triggers the sensitized mast cells to release utilized chemical 
mediators (e.g., histamine and leukotrienes) for evoking allergy attacks 
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in the tissues [10]. Similarly, allergens can change the abundance of gut 
microbiota, alter intestinal permeability, destroy mucosal immunity, 
and cause allergic reactions leading to intestinal discomfort [11]. 

The current study evaluated the allergenicity of ACWP and its impact 
on the gut microbiota in vivo. 

2. Materials and methods 

2.1. Materials 

Female BALB/c mice were obtained from Hunan Sleek Jingda 
Experimental Animal Co. Ltd. [Experimental animal production license: 
SCXK-(Xiang) 2019–0004] (Hunan, China). The histamine (HIS) ELISA 
kit was purchased from the Nanjing Jiancheng Biotechnology Co., LTD 
(Nanjing, Jiangsu, China). Interleukin-2 (IL-2), interleukin-4 (IL-4), 
Interleukin-22 (IL-22), Interleukin-17A(IL-17A), Immunoglobulin E 
(IgE), Immunoglobulin G2a (IgG2a), Immunoglobulin A (IgA), and 
Interferon-γ (IFN-gamma) ELISA kits were acquired from the Neo
biocisence Biotechnology Co., LTD (Shenzhen, China). The cholera toxin 
B subunit (CTB) and fluorescein isothiocyanate (FITC) labeled dextran 
(FITC: Glucose = 1:250, 4 k Da) were obtained from Sigma-Aldrich 
Trading Co., Ltd. (St.Louis MO, USA). 

2.2. Preparation of the alcohol-soluble wasp pupal proteins (ACWP) 

After the wall of wasp pupae was broken, the 1:5 solid-liquid ratio 
was added to − 20 ◦C for pre-cooling acetone. The wasp pupae were 
defatted at 4 ◦C for 24 h. Then, the liquid was stirred several times until 
the acetone was clarified and centrifuged (5424r, Eppendorf Germany) 
at 3000 rpm for 30 min. Then, the supernatant was discarded, the filtrate 
residue was collected, acetone was dried in a fume hood, and the total 
wasp pupae protein (TWP) was prepared. At TWP, 0.5002 g was accu
rately weighed, and 70% ethanol solution was added at the 1:20 ratio of 
material to liquid (m/V), heated to 37 ◦C, extracted for 1 h, and then 

centrifuged at 3500 rpm for 20 min. Finally, the supernatant was 
collected to obtain ACWP, and the protein content was evaluated. 

2.3. Murine allergenicity model 

2.3.1. Mice sensitization and challenge 
The sensitization and challenge of BALB/c mice (female, six weeks 

old) were kept at the animal center of the Yunnan University of Chinese 
Medicine (Kunming, China). The approval number for animal testing 
was 2019-09-15. Mice were randomized into four groups (15 per group): 
PBS negative control [cholera toxin (CTB) in PBS served as an adjuvant], 
OVA (Chicken Ovalbumin) positive control [7], ACWP high-dose control 
(HDG-ACWP), and ACWP low-dose control (LDG-ACWP) groups. After 
one week of acclimation, the PBS-negative control mice were treated 
with gavage using 0.2 mL of PBS containing CTB (10 μg/mice). In the 
OVA, HDG-ACWP, and LDG-ACWP groups, the mice were sensitized 
with gavage using 0.2 mL of PBS containing CTB (10 μg/mice) and OVA 
(1 mg/mice), ACWP (2 mg/mice) or ACWP (1 mg/mice), on days 6, 7, 8, 
13, 14 and 15. The mice were sensitized through gavage of 0.2 mL of PBS 
containing OVA (10 mg/mice) or ACWP (20 mg/mice) or ACWP (10 
mg/mice) on days 20 and 25 (Fig. 1). Finally, the mice were anes
thetized and killed through cervical dislocation, and the whole blood 
was collected [12]. The mice serum was separated from the whole blood 
through centrifugation at 3000 g for 10 min (4 ◦C) and stored at − 80 ◦C 
(Haier, China). 

All the animal experiments complied with the ARRIVE guidelines 
and were carried out following the U.K. Animals (Scientific Procedures) 
Act, 1986, along with the associated guidelines of the E.U. Directive 
2010/63/E.U. 

2.3.2. Organ index of determination 
The mice were weighed every seven days. The thymus, spleen, lung, 

kidney, liver, and small intestine tissues were harvested in sterile con
ditions, washed with 0.9% saline, weighed, and determined the organ 
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Fig. 1. Experimental design of mouse sensitization and challenge.  

Y. Ma et al.                                                                                                                                                                                                                                      



Clinical Immunology 241 (2022) 109069

3

index [13]. 

2.3.3. Allergy symptoms and serum biochemical analysis 
Allergy symptoms were evaluated using an established scoring sys

tem. The histamine ELISA kit evaluated the serum histamine level using 
the multi-function enzyme label instrument (Tecanm200 Pro, TECAN, 
Switzerland). The serum antibodies (IgE, IgA, and IgG) were determined 
through ELISA. The standard, sample, and blank wells were set up, and 
the absorbance was measured at 450 nm (Tecanm200 Pro, TECAN, 
Switzerland) using the ELISA kit instructions. The content of the sample 
was calculated using the standard curve. 

2.3.4. Histopathological analysis 
Thymus, spleen, and small intestine tissues were isolated from the 

mice group, then fixed in 10% paraformaldehyde solution, followed by 
dehydration, embedding in paraffin, and sectioning into 5 μm slices. 
Then, the sections were stained with hematoxylin and eosin [7]. After 
that, slides were examined under an upright microscope to assess the 
histopathological damage (DS-U3, NIKON, Japan) [14]. 

2.3.5. Intestinal permeability analysis 
Three mice were randomly selected from each group for the final 

intragastric administration and were deprived of food and water for 12 h 
(overnight). During the second day, 0.2 mL of FITC-labeled dextran 
solution dissolved in PBS was given to the mice through intragastric 
administration of 40 mg/mL of FITC. Later, blood samples were 
collected from the eyeballs after 4 h of intragastric administration, and 
an anticoagulant was introduced into the blood vessels. After standing 
for 2 h, the blood samples were centrifuged (4 ◦C, 3000 rpm, 20 min), 
and the upper serum was collected. Each group absorbed a 100 μL serum 
sample into the 96-well plates. The blank holes were created using the 
mice serum fed the same amount of PBS instead of FITC, and the stan
dard curves (1, 2, 4, 8, 16, 32, 64 g/mL) were prepared. The fluorescence 
values were calculated at 518 nm for excitation at 493 nm (10 M, Tecan 
SparkTM, Switzerland) [15,16]. 

2.3.6. Serum cytokine analysis 
At the end of the stimulation, after 4 h from the last gavage, the mice 

were intraperitoneally anesthetized with 5% chloral hydrate, and the 
eyeballs were removed for blood collection. Later, the blood from the E. 
P. tube was allowed to stand for 2 h and then spiked for 20 min at 4 ◦C 
and 3000 rpm. The upper serum layer was frozen at − 80 ◦C for storage. 
IL-2, IL-4, IFN-gamma, IL-22, and IL-17A levels were determined using 
the ELISA kits from the serum. 

2.3.7. Small intestine cecal contents DNA extraction and high-throughput 
sequencing 

We collected the small intestine cecal contents of mice from each 
group using the aseptic method. The cecal contents were kept in sterile 
centrifuge tubes with sterilized tweezers, and liquid nitrogen was 
immediately used to quick-freeze them. Finally, they were placed in an 
80 ◦C refrigerator to be tested. Based on the manufacturer's instructions, 
genomic DNA of the microbial community was extracted from the cecal 
content sample using the E.Z.N.A.® soil DNA kit (Omega Bio-Tek, 
Norcross, Georgia, USA). We amplified the bacterial 16 S rDNA in the 
highly variable region of the v3-V4 gene using the primer pairs 338 F (5′- 
ACTCCTACGGGAGGCAGCAG-3′) and 806 R (5′-GGACTACHVGGG 
TWTCTAAT-3′) with the help of the ABIGeneAmp® 9700 PCR thermal 
cycler (ABI, CA). High-throughput sequencing was undergone following 
the standard protocol of Majorbio Bio-Pharm Technology Co. Ltd. 
(Shanghai, China) [17]. 

2.4. Statistical analysis 

All the data were represented using mean and standard deviation (S. 
D.). A general linear model and a one-way ANOVA were used to analyze 

the data. Duncan's multiple range test evaluated the differences between 
the groups using the SPSS software (SPSS Inc., Version 21, I.L., USA). 
The difference was statistically significant with P < 0.05 and highly 
significant at P < 0.01. 

3. Results 

3.1. Effects of ACWP on body weight, water intake, food intake, and 
organ index in the mice 

As shown in Fig. 2, HDG-ACWP reduced the food intake and lung 
index while improving the thymus, spleen, and liver indexes (P < 0.05). 
LDG-ACWP showed the same trend as HDG-ACWP, but the difference 
was insignificant. The results revealed that ACWP could cause hyper
activity within the immune-related organs of mice. 

3.2. Effects of ACWP on allergy symptoms and immune cytokine in mice 

As shown in Fig. 3A-D, ACWP mainly caused diarrhea and skin er
ythema as phenotypes of food allergic reactions. Compared with the PBS 
negative group, the mice allergy symptoms in the HDG-ACWP and OVA 
groups were exacerbated upon subsequent challenges. As depicted in 
Fig. 3E and G, after ACWP sensitization and challenge, serum histamine 
and Th2-dependent antibodies (IgE) levels were significantly elevated in 
the mice of the HDG-ACWP and LDG-ACWP groups than in the N.G. 
group. In contrast, the IgG2a level was slightly reduced. The HDG-ACWP 
and LDG-ACWP groups had more severe anaphylactic symptoms than 
the mice from the OVA group. This data revealed that ACWP could cause 
a more severe allergic reaction than OVA. Furthermore, the balance 
between the Th1/Th2 cells and Treg/Th17 balance immunity is crucial 
in immune stability. IFN-gamma and IL-2 are Th1 cytokines, while IL-4 
is a Th2 cytokine. Compared with the mice from the N.G. group, the IL-4 
level was significantly up-regulated, while the IL-2 level was signifi
cantly downregulated in the HDG-ACWP and LDG-ACWP groups 
(Fig. 3I-J). The Th1 cytokine (IFN-gamma) seemed to have no significant 
participants. These results indicated that ACWP could lead to Th1, Th2- 
related factor release imbalance and up-regulate the Th2 cytokine 
release, Th2-dominated status, triggering IgE mediated F.A. Moreover, 
the IgA secretion promoted immune tolerance in the system, and the 
clostridium intestine in healthy people stimulated ILC3s to produce IL- 
22 to maintain the integrity of the epithelial barrier. IL-22 also pro
moted mucus secretion by goblet cells and antimicrobial peptide 
secretion by paneth cells, thereby reducing the ability of food allergens 
in body circulation [18]. The activity of IL-17A is strongly related to the 
innate immune response cells. This cytokine is essential for protection 
against numerous extra-cellular pathogens. IL-17A can induce the 
expression of innumerable inflammatory reaction mediators by partici
pating in the proliferation, maturation, and chemotaxis of neutrophils, 
essential elements of non-specific immune responses [19,20]. As shown 
in Fig. 3K-M, the IL-22 level was significantly up-regulated than the N.G. 
group. In contrast, the IgA level was downregulated significantly within 
the HDG-ACWP, LDG-ACWP, and OVA groups. The IL-17A level was 
significantly up-regulated in the HDG-ACWP and LDG-ACWP groups. 

3.3. Effects of ACWP on thymus spleen and small intestine tissue 
morphology in mice 

The immune function of the thymus is depicted by the width of the 
medulla region, the boundary between the thymus cortex and the me
dulla, and the number and structure of the thymus corpuscles in mice. 
The staining of thymus HE slices (Fig. 4 A) revealed that in mice of the 
OVA, HDG-ACWP, and LDG-ACWP groups, the thymus medulla region 
was widened. Moreover, the boundary between the thymus cortex and 
medulla was clear, the volume of the thymus corpuscle was increased, 
and the number of lymphocytes in the medulla region was elevated 
compared with those in the N.G. group. These results suggested that 
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pupa gliadin induced changes in the thymus tissue and enhanced T cell 
immunity in mice. 

The staining of spleen HE slices (Fig. 4 B) revealed that the area of 
splenic white pulp, periarterial lymphatic sheath, and splenic nodule in 
the OVA group enhanced lymphocyte-mediated immune response in 
OVA mice compared with the N.G. group. In the HDG-ACWP group, the 
area of the splenic white pulp, periarterial lymphatic sheath, splenic 
noknol, and lymphocyte enlargement were all elevated. The size and 
number of cells were greater than those in the OVA group, indicating 
that the enhanced lymphocyte-mediated immune response within the 
HDG-ACWP group was more robust than that in the OVA one. In the 
LDG-ACWP group, no significant change was observed in the size and 
number of spleen white pulp areas, periarterial lymphocyte sheath, or 
the splenic noole, depicting that the food allergic reaction caused by 

pupae gliadin was positively associated with dose. 
The staining of spleen HE slices (Fig. 4 C) revealed that mice in the N. 

G. group had a complete intestinal mucosa with transparent layers, 
orderly villi, precise epithelial cells with goblet cells, orderly intestinal 
glands, and no significant inflammatory cell infiltration in the lamina 
propria. In the OVA, HDG-ACWP, and LDG-ACWP groups, the small 
intestinal wall was thinner, and the mucosa tissue structure was clear 
and complete compared with the N.G. group. The villi were long and 
orderly, and the small intestinal glands were orderly. The epithelial cells 
were clear in contour and rich in cup cells. No obvious inflammatory cell 
infiltration in the lamina propria was observed. 
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Fig. 2. The effects of wasp pupal proteins on changes in body weight (A) water intake(B), food intake (C) and organ index in mice. (D) thymus index (E) spleen index 
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P < 0.01; # indicated the significant difference compared with the compared with OVA group, # P < 0.05, ## P < 0.01. 
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3.4. Effect of ACWP on intestinal permeability in mice 

The normal intestinal wall vessels of mice in the N.G. group showed a 
specific permeability to FITC-glucan (Fig. 5). Compared with the N.G. 
group, the fluorescence value of FITC-glucan in the mice serum in the 
OVA and HDG-ACWP groups was significantly increased (P < 0.0001), 
indicating an enhancement of the intestinal wall permeability. The 
fluorescence value of the FITC-glucan in the serum of the LDG-ACWP 
group was not significantly enhanced (P > 0.05). Compared with the 
OVA group, the fluorescence value of FITC-glucan in the mice serum in 
the HDG-ACWP group was significantly elevated (P < 0.0001), and that 
in the LDG-ACWP group was significantly reduced (P < 0.0001). FITC is 
a fluorescent dye. After the mice have been gavaged with FITC-labeled 
dextran (FITC-dextran), it enters the bloodstream through the intes
tine. The FITC-dextran quantity in the serum (fluorescence value) can be 
analyzed to reflect the permeability of the intestinal wall. The above 
data on intestinal wall permeability in vivo revealed that the alcohol- 
soluble wasp pupal proteins could significantly enhance intestinal wall 
permeability based on proportional dosage. 

3.5. Effect of ACWP on the gut microbiota of mice 

3.5.1. ACWP decreased the overall diversity of gut microbiota in mice 
As shown in Table 1, Sobs, Shannon's, Chao's, and P.D. indexes were 

significantly decreased (P < 0.05) in the HDG-ACWP group than in the 
N.G. group. The results revealed that pupae gliadin reduced the diversity 
of fecal flora in mice, indicating that this could be one reason for food 
allergy. (See Table 2.) 

The OTUs samples with a similar level of 97% were selected for Venn 
diagram analysis to understand better the number of common and 
unique species between each group (Fig. 6 A). The number of OTUs 
shared between the N.G. and OVA groups (21) was more than that of 
OTUs shared between the N.G. and HDG-ACWP groups (11). It depicted 
that the gut microbiota in the OVA group was similar to that in the N.G. 
group. The result indicated that ACWP could cause mouse gut micro
biota disorders. Consistent with the PCoA chart, a sample-level cluster 
analysis revealed that the HDG-ACWP and the LDG-ACWP groups 
clustered together. In contrast, the HDG-ACWP, OVA, and N.G. groups 
clustered separately (Fig. 6 B, C). 

The structure of the gut microbiotas within the N.G. and the HDG- 
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ACWP, LDG-ACWP, and OVA groups were significantly different. The 
above results indicate that ACWP induced the disorders of the gut 
microbiota within mice. 

3.5.2. ACWP broke the balance of gut microbiota in mice 
At the phylum level, the relative abundance of Verrucomicrobia, 

unclassified_k_norank_d_Bacteria, and Cyanobacteria inside the gut 

microbiota of mice in the HDG-ACWP group increased significantly 
compared with the N.G. group (P < 0.05), while the Epsilonbacteraeota 
decreased. 

Food allergy caused by wasp pupa protein may be related to Firmi
cutes/Bacteroidetes ratio imbalance. 

At the genus level, the relative abundance of Candidatus_Arthromitus, 
Clostridium_sensu_stricto_1, and Enterococcus inside the gut microbiota of 
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mice in the HDG-ACWP group increased significantly compared with the 
N.G. group (P < 0.05), while the Parabacteroides, Bacteroides, Akker
mansia, Parasutterella, unclassified_k__norank_d__Bacteria, and unclassifie
d_o__Bacteroidales decreased (Fig. 6 D). 

At the species level, the relative abundance of Lactobacillus_intesti
nalis, Lactobacillus_reuteri, uncultured_bacterium_g_Desulfovibrio, Candi
datus_Arthromitus_sp._SFB_mice_Japan and unclassified_g_Streptococcus 
in the gut microbiota of mice belonging to the HDG-ACWP group 
increased significantly (P < 0.01) compared with the NG group. In 
contrast, uncultured_bacterium_g_norank_f_Muribaculaceae, unclassi
fied_g_Alistipes, uncultured_bacterium_g_Parasutterella, gut_metageno
me_g_Eubacterium_coprostanoligenes_group, 

uncultured_bacterium_g_Ruminococcaceae_UCG-014, unclassified_g_nor
ank_f_Erysipelotrichaceae, unclassified_g_norank_f_Ruminococcaceae, 
unclassified_g_Parabacteroides and unclassified_g_Bacteroides decreased 
(P < 0.05, P < 0.01) (Fig. 6 E). However, the impact on the strains in the 
LDG-ACPW group was similar to the trend in HDG-ACPW but not 
significantly. 

Comprehensive analysis revealed that ACWP-induced food allergies 
were correlated with the significantly increased abundance of five spe
cies and decreased abundance of nine species. The correlation was 
proportional to dose, which meant that the more significant the change 
in strain abundance, the more severe the allergic degree. 

3.5.3. Correlation between the abundance of gut microbes and biochemical 
parameters 

Spearman correlation analyzed the correlation between changes in 
serum biochemical factors and changes in gut microbiota. As shown in 
Fig. 7, it was observed that the relative abundance of multiple species 
had a very significant correlation with the biochemical parameters. The 
IL-22, HIS, IgE, IgG, IL-4, and IL-17A levels were positively associated 

A

NG                    OVA                 LDG-ACWP         HDG-ACWP

B

NG                   OVA                 LDG-ACWP          HDG-ACWP

C

Fig. 4. Pathological analysis of thymus spleen and small intestine. (A) HE staining of thymus; (B) HE staining of spleen; (C) HE staining of small intestine.  
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Fig. 5. The effect of ACWP on intestinal permeability in mice. Data were 
presented as mean ± SD. * indicated the significant difference compared with 
the NG group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; # 
indicated the significant difference compared with the OVA group, # P < 0.05, 
## P < 0.01 ### P < 0.001, #### P < 0.0001. 

Table 1 
Comparison of Alpha diversity of gut flora of mice in each group (X ± s, n = 4, 3, 
5,5).   

NG HDG_ACWP LDG_ACWP OVA 

Sobs 264.25 ±
28.61 

194.33 ±
32.18* 

252.80 ±
11.35 

257.80 ±
8.15 

Chao1 308.09 ±
16.30 

229.97 ±
15.06* 

294.01 ±
18.86 

295.17 ±
36.21 

Shannon's 2.89 ± 0.30 2.35 ± 0.37* 3.35 ± 0.33 3.37 ± 0.22 
PD 21.29 ± 1.06 17.15 ± 1.48* 20.18 ± 0.45 20.49 ± 2.37 

coverage 
0.9989 ±
0.0002 

0.9992 ±
0.0001 

0.9989 ±
0.0002 

0.9989 ±
0.0002 

* indicated the significant difference compared with the NG group, * P < 0.05. 
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with Lactobacillus_ reuteri, Lactobacillus_intestinalis, uncultured_bacter
ium_g_Desulfovibrio, unclassified_g_norank_f_Erysipelotrichaceae, and Can
didatus_Arthromitus_sp_SFB_mouse_Japan. On the contrary, a 
significantly negative correlation was observed between the biochem
ical parameters and uncultured_bacterium_g_Ruminococcaceae_UCG- 
014, unclassified_g_norank_f_Erysipelotrichaceae, unclassified_g_Par
abacteroides, unclassified_g_Bacteroides and unclassified_g_Alistipes. The 
IL-2 level was positively correlated with the unclassified_g_norank_
f_Ruminococcaceae, while negatively associated with unclassi
fied_g_Parabacteroides. The IFN-gamma level was positively correlated 
with uncultured_bacterium_g_Desulfovibrio, whereas it was negatively 
correlated with Lactobacillus_ reuteri and Lactobacillus_intestinalis. 

4. Discussion 

The current study proved that ACWP caused diarrhea and skin ery
thema as phenotypes of food allergic reactions for the first time. More
over, ACWP could cause hyperactivity within the immune-related 
organs of mice and induce gut microbiota disorders simultaneously. The 
ACWP-induced food allergies were correlated with the significantly 
increased abundance of five species and decreased abundance of nine 
species. The data on intestinal wall permeability in vivo revealed that 
ACWP could significantly enhance intestinal wall permeability 
depending on the proportional dosage. 

We found erythema and necrosis of varying degrees in the tail of the 
ACWP-interfered mice through animal experiments, accompanied by 

adverse intestinal diarrhea. Therefore, the main target organs of the 
mice are the skin and intestinal tract without causing severe systemic 
sensitization. Based on the allergy and diarrhea degrees scores, the al
lergy degree score of ACWP was 2–3, belonging to moderate and mild 
food allergies and diarrhea, and 60% to 80% of the sample presented 
with diarrhea symptoms. The degree of allergy was proportional to the 
dose. 

The mechanism of food allergy could be divided into IgE-mediated 
and non-IgE-mediated F.A. 

Food allergies are adverse immune responses to food proteins 
resulting in typical clinical symptoms of the dermatological, respiratory, 
gastrointestinal, cardiovascular, and neurological systems. The IgE- 
mediated food-allergic disease differs from non-IgE-mediated disease 
because the pathophysiology activates the immune system, causing a T 
helper 2 response. Thus, IgE binding to Fcε receptors on effector cells 
causes mast cells and basophils. The activation of these cells releases the 
histamine and other mediators and rapid symptom onset [20]. The 
process was divided into two stages. During the allergic sensitization 
phase, the first contact with the allergen occurs with an initial immu
nological response, breaking the tolerance, followed by specific IgE 
production [21]. After that, IgE anchors to the high-affinity Fc fragment 
receptor on the membrane of tissue mast cells and circulating basophils 
[22]. The cytoplasm of these cells contains vasoactive substances and 
anaphylaxis mediators like histamine. Therefore, these cells become 
sensitized and activate and degranulate on the second contact with that 
allergen, releasing anaphylactic mediators in the tissues and the blood 

Table 2 
The effect of ACWP on the level of phylum, family, genus and species of mice gut flora, n = 4,3,5,5.  

Microbes NG HDG_ACWP LDG_ACWP OVA 

p_Firmicutes 73.14 ± 21.5 65.55 ± 3.40 54.51 ± 7.07* 20.08 ± 8.93 
p_Bacteroidetes 13.46 ± 3.72 17.77 ± 4.73 23.61 ± 2.41 63.09 ± 5.84* 
p_Verrucomicrobia 0.0594 ± 0.0020 2.44 ± 0.05* 0.2812 ± 0.07 4.31 ± 0.96 
p_unclassified_k_norank_d_Bacteria 0.0041 ± 0.0007 0.0775 ± 0.0047* 0.1333 ± 0.078* 0.0655 ± 0.0011 
p_Epsilonbacteraeota 0.0400 ± 0.0056 0.0007 ± 0.0001* 0.0198 ± 0.0081 0.0581 ± 0.0072 
p_Cyanobacteria 0.0058 ± 0.0005 0.0109 ± 0.0090* 0.0041 ± 0.0004 0.0092 ± 0.0113 
f_Lactobacillaceae 42.17 ± 1.92 59.23 ± 4.78 41.85 ± 2.22 10.51 ± 0.59** 
f_Muribaculaceae 9.62 ± 3.71 12.45 ± 2.34 16.02 ± 1.12 36.38 ± 0.21* 
f_Erysipelotrichaceae 8.35 ± 0.54 0.57 ± 0.093* 1.37 ± 0.80 1.83 ± 0.19 
f_Bacteroidaceae 3.65 ± 0.04 0.0845 ± 0.0072* 2.22 ± 0.18 11.80 ± 0.78 
f_Akkermansiaceae 2.44 ± 0.05 0.0593 ± 0.0010* 0.28 ± 0.05 4.31 ± 0.96 
f_Burkholderiaceae 0.14 ± 0.06 0.06 ± 0.0030* 0.77 ± 0.02* 1.88 ± 0.37* 
f_Tannerellaceae 0.26 ± 0.02 0.0139 ± 0.0019 0.85 ± 0.09 1.65 ± 0.09* 
f_Enterobacteriaceae 0.0015 ± 0.0002 0.0029 ± 0.0002 0.0748 ± 0.0016 0.55 ± 0.04* 
f_Clostridiaceae_1 0.0088 ± 0.0008 1.013 ± 0.17* 0.1014 ± 0.05** 0.0170 ± 0.0012 
f_unclassified_k_norank_d_Bacteria 0.0775 ± 0.0047 0.0041 ± 0.0007* 0.0653 ± 0.0024* 0.29 ± 0.04 
f_Enterococcaceae 0.0006 ± 0.0001 0.0015 ± 0.0006* 0.0038 ± 0.0001* 0.0008 ± 0.0001 
g_Bacteroides 3.65 ± 0.04 0.08 ± 0.01* 2.22 ± 0.18 11.88 ± 0.78 
g_Akkermansia 2.44 ± 0.49 0.06 ± 0.01** 0.28 ± 0.05 4.31 ± 0.96 
g_Parasutterella 0.14 ± 0.06 0.0098 ± 0.0009* 0.77 ± 0.02** 1.88 ± 0.37* 
g_unclassified_k_norank_d_Bacteria 0.08 ± 0.01 0.0041 ± 0.0007* 0.13 ± 0.03 0.07 ± 0.05 
g_unclassified_o_Bacteroidales 0.02 ± 0.0070 0.0014 ± 0.0002** 0.0153 ± 0.0023* 0.29 ± 0.01 
g_Candidatus_Arthromitus 0.0067 ± 0.0009 1.00 ± 0.07** 0.0526 ± 0.0028** 0.0040 ± 0.0002 
g_Clostridium_sensu_stricto_1 0.0022 ± 0.0009 0.0488 ± 0.0071* 0.0084 ± 0.0002 0.0132 ± 0.0021 
g_Enterococcus 0.0006 ± 0.0005 0.0015 ± 0.0003** 0.0038 ± 0.0008** 0.0008 ± 0.0000 
g_Parabacteroides 0.26 ± 0.02 0.0139 ± 0.0028** 0.85 ± 0.02 1.65 ± 0.94* 
s_Lactobacillus_intestinalis 0.45 ± 0.08 18.00 ± 1.99** 5.58 ± 0.28** 3.00 ± 0.18* 
s_Lactobacillus_reuteri 1.29 ± 0.24 16.47 ± 1.65** 8.27 ± 0.32** 2.54 ± 0.13 
s_uncultured_bacterium_g_norank_f_Muribaculaceae 5.71 ± 0.16 1.01 ± 0.29** 5.14 ± 0.57 14.05 ± 0.98 
s_uncultured_bacterium_g_Desulfovibrio 0.27 ± 0.09 4.08 ± 0.62** 0.88 ± 0.01 0.20 ± 0.03 
s_Candidatus_Arthromitus_sp._SFB_mice_Japan 0.0067 ± 0.0006 1.00 ± 0.17** 0.05258 ± 0.0023** 0.0040 ± 0.0002 
s_unclassified_g_Alistipes 0.9576 ± 0.08 0.0389 ± 0.0047* 0.57 ± 0.01 2.92 ± 0.29 
s_uncultured_bacterium_g_Parasutterella 0.1374 ± 0.06 0.00978 ± 0.0009* 0.77 ± 0.02** 1.88 ± 0.14* 
s_gut_metagenome_g_Eubacterium_coprostanoligenes_group 0.0186 ± 0.0030 0.0022 ± 0.0009** 0.03 ± 0.02 0.25 ± 0.07 
s_uncultured_bacterium_g_Ruminococcaceae_UCG-014 0.31 ± 0.03 0.0119 ± 0.0037* 0.0247 ± 0.0012* 0.14 ± 0.03 
s_unclassified_g_Streptococcus 0.0817 ± 0.0037 0.17 ± 0.04** 0.03625 ± 0.0098* 0.0238 ± 0.0016* 
s_unclassified_g_norank_f_Erysipelotrichaceae 0.0150 ± 0.0019 0.0028 ± 0.0004** 0.00831 ± 0.0038* 0.0299 ± 0.0014 
s_unclassified_o_Bacteroidales 0.0153 ± 0.0017 0.0014 ± 0.0002** 0.0095 ± 0.0024** 0.29 ± 0.05 
s_unclassified_g_norank_f_Ruminococcaceae 0.0565 ± 0.0041 0.0098 ± 0.0008* 0.0480 ± 0.0004 0.0162 ± 0.0025 
s_unclassified_g_Parabacteroides 0.22 ± ±0.02 0.0076 ± 0.0002** 0.22 ± 0.02 1.34 ± 0.84* 
s_unclassified_g_Bacteroides 1.273 ± 0.21 0.0294 ± 0.0024* 0.48 ± 0.03 3.81 ± 0.26 

* indicated the significant difference compared with the NG group, * P < 0.05; ** P < 0.01. 
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flow. The “de novo” production of other immunological mediators also 
occurs following effector cell degranulation, including the platelet 
activation factor (PAF), leukotrienes, and cytokines like IL-4, IL-5, and 
others, causing allergic inflammation [23]. 

Our study discovered that ACWP significantly elevated histamine, 
IgE, IL-4, IL-22, and IL-17A, slightly reduced IgG2a, significantly 
decreased IgA and IL-2, and had no effect on IFN-gamma. IgA 

downregulation facilitated the breaking of immune tolerance, causing 
IgE release, which binds to the effector cells and releases histamine and 
IL4, leading to allergic inflammation. Particularly, IL-17A, an effector 
factor of Th17 cells, was released abundantly in the early stages of 
allergic inflammation. IL-17 effectively mediates the excitatory process 
of neutrophil mobilization, thus controlling the tissue-specific inflam
matory response. The Th1-dependent antibody IgG2a was significantly 

Fig. 6. ACWP improved the overall structure of gut bacteria in mice. (A) Venn diagram based on OTU level; (B) PCoA on OTU level; (C) Sample-level cluster analysis. 
Compared with the NG group; (D) Genus-level cluster analysis. Compared with the NG group; (E) Species-level cluster analysis. Compared with the NG group, *P <
0.05, **P < 0.01; vs OVA group, #P < 0.05, ##P < 0.01. 
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down-regulated in the late stage of allergic inflammation, and the Th1- 
related factor IL-2. IFN-gamma was not significantly involved. The Th2- 
related factor IL-4 was significantly up-regulated, depicting disruption 
in the Th1/Th2 cell balance and the status developed toward Th2- 
dominated, with a slow and long-term allergic inflammatory response. 
However, IL-22 was significantly up-regulated to maintain the integrity 
of the tissue barrier. As a result, the entry of allergens into the systemic 
circulation was reduced, and severe systemic allergic reactions caused 
by ACWP were avoided. 

Furthermore, ACWP reduced food intake and lung index and 
elevated the thymus, spleen, and liver indexes (P < 0.05). In addition, 
we also observed the pathological morphology of the thymus, spleen, 
and small intestine in mice. It was found that ACWP led to a clear 

boundary between the thymus cortex and medulla, a significant increase 
in thymus corpuscle volume and number, causing a close distribution 
and increasing number of lymphocytes within the medulla. In mice, 
there was an increase in the area of spleen white pulp, the size and 
thickness of the periarterial lymphatic sheath, the size and number of 
splenic nodules, and the number of T lymphocytes, accompanied by the 
T lymphocyte differentiation. These results depicted that ACWP 
elevated the immune response regulated by T lymphocytes in the 
thymus and spleen of mice. 

Emerging evidence indicates that the increasing prevalence of food 
allergies is associated with compositional and functional changes within 
the gut microbiota. The gut barrier dysfunction can contribute to the 
development of F.A. Both innate and adaptive immune cells, and 

Fig. 6. (continued). 
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epithelial cells combine to maintain immunological homeostasis at the 
mucosal barriers. Thus, the role of the microbiota in establishing and 
maintaining food tolerance is substantially emerging in this complex 
signaling network [24]. 

The intestinal microbiota affects the delicate balance between 
immunological tolerance and allergic sensitization within the gut. The 
microbiota is crucial in maintaining a tolerance toward food antigens 
[25]. The microorganisms colonizing the intestine impact the matura
tion of the immune system and influence food tolerance. Intestinal 
composition changes are associated with F.A, and a protective effect of 
probiotics has been demonstrated [26]. Clostridia species derived from 
the human gut microbiota attenuate allergic responses and inhibit F.A. 
development by promoting Treg cell generation or inhibiting systemic 
absorption of major food allergens. The B regulatory cells Breg promo
tion and tolerance induction by Clostridium butyricum in association with 
immunotherapy has also been described. Allergic infants exhibit a gut 
microbial community led by the Firmicutes phylum, Ruminococcaceae, 
and Lachnospiraceae. Bacteroidales and Clostridiales strains inhibit F.A. 
by inducing ROR-gammat1 Treg lymphocytes, enhancing IgA, and 
suppressing GATA-31 Treg cells and IgE. Therefore, certain bacterial 
strains and the microbial diversity support Treg lymphocyte maturation 
and facilitate food antigen tolerance. In contrast, antibiotic overuse 
could destroy the diversity of the microbiota, thereby promoting allergic 
occurrence [9,24]. 

Therefore, we investigated the effect of ACWP on intestinal barrier 
function and observed the pathological sections of the small intestine in 
mice. It was observed that ACWP would change the small intestine 
structure in mice. The mucosal layer of the small intestine would be 
thinned or even destroyed, thus increasing the permeability and easing 
the entry of foreign substances into the small intestine. With the small 
intestinal villi being damaged, both the gland of lamina propria and the 
pan's cells in the small intestinal gland maintaining the intestinal 
mucosal barrier function were significantly reduced, thereby breaking 
the intestinal mucosal barrier. The intestinal permeability of mice was 
detected using the FITC-Dextrang tracer method. The results also 
revealed that ACWP could enhance the intestinal permeability of mice, 
suggesting that the protein of the wasp's pupa could break the intestinal 
mucosal barrier by elevating the intestinal mucosal permeability and 
releasing inflammatory factors causing food allergy. 

Based on the α -diversity analysis, SobS, Shannon's, Chao's, and P.D. 
indexes in the HDG-ACWP group were significantly decreased. 

Similarly, the indexes in the LDG-ACWP group were reduced. However, 
a significant level was not achieved, indicating that ACWP can reduce 
the microbial richness and diversity in mice. In addition, the microbial 
richness and diversity become lower with a higher dose. 

At the phylum level, ACWP caused food allergy associated with 
elevated Verrucomicrobia, ran to fied_k__norank_d__bacteria, Cyano
bacteria, and decreased Epsilonbacteraeota abundance. Comprehensive 
analysis of species differences revealed that F.A induced by 
ACWP was related to the abundance of Lactobacillus_intestinalis, Lacto
bacillus_reuteri, uncultured_bacterium_g_Desulfovibrio, Candidatus_Ar
thromitus_sp._SFB_mice_Japan, and unclassified_g_Streptococcus. The 
abundance of nine species reduced significantly, and the correlation was 
proportional to dosage. The severity of allergy degree depended on the 
significant change in strain abundance. These results indicated that food 
allergies induced by ACWP could be closely associated with reduced 
low-abundance strains. 

Spearman correlation analysis revealed that the levels of IL-22, 
HIS, IgE, IgG, IL-4, and IL-17A were positively associated with 
Lactobacillus_ reuteri, Lactobacillus_intestinalis, and Candidatus_Ar
thromitus_sp_SFB_mouse_Japan. On the contrary, the above biochemical 
parameters were negatively associated with uncultured_bacterium_
g_Ruminococcaceae_UCG-014, unclassified_g_norank_f_Erysipelotrichaceae, 
unclassified_g_Parabacteroides, unclassified_g_Bacteroides, and unclassi
fied_g_Alistipes. IL-2 levels in unclassified_g_norank_f_Ruminococcaceae were 
positively correlated, whereas the unclassified_g_Parabacteroides had a 
significantly negative correlation. The IFN-gamma levels were positively 
correlated with uncultured_bacterium_g_Desulfovibrio. In contrast, they 
were significantly negatively correlated with Lactobacillus_ reuteri, and 
Lactobacillus_intestinalis. 

It was further confirmed that gut microflora could be involved in 
activating and degranulating host immune effector cells. Moreover, they 
help differentiate T cells and release cytokines, thus playing an essential 
role in developing ACWP-induced food allergies. Therefore, the plan is 
to use metabolomics and microbial diversity association analysis to 
establish that the gut microbiota is involved in activating and degra
nulating host immune effector cells. 

5. Conclusions 

ACWP led to allergic symptoms of skin erythema and diarrhea in 
mice. ACWP prompted plasma cells to secrete IgE by breaking the 

Fig. 7. The correlation between the abundance of the main species of the intestine feces and biochemical indicators in different groups. The bottom is the 
biochemical indicators, and the right is the flora. 
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immune tolerance of the body, which combines with mast cells and 
basophils to degranulate them. Thus, histamine and other substances 
were released, inducing allergic inflammatory reactions. Further dif
ferentiation of T cells toward Th2 broke the Th1/Th2 balance and 
released corresponding cytokines, including the high expression of IL- 
17A, IL-4, and IL-22. The factors released by allergic inflammatory re
actions could destroy the intestinal barrier function and the small in
testinal wall structure, increase intestinal permeability, and contribute 
to gut microbiota structural changes, thus resulting in intestinal allergic 
reactions such as diarrhea. 
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