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BACKGROUND: Food allergies are usually managed by food avoidance. Hidden allergens in food, due to cross-contamination and/or allergenic additives added during production, place an important concern in today’s increasing food allergy cases worldwide. Previous studies showed that introduction of new food components, in an inflamed intestine, results in sensitization to this food. Thus, our aim was to evaluate the kinetics of multiple food allergy induction. METHODS: Adult male C57BL/6 mice were divided into five groups, four of which were submitted to an intestinal inflammation induction protocol to peanuts. Egg white (OVA) diluted 1:5 v/v in distilled water was instilled by gavage 6h-before (EXP-1), concomitant (EXP-2) and 6h-after (EXP-3) the onset of the peanut challenge diet. Positive control (POS CONT) and NEG CONT received saline per gavage. Finally, animals were challenged with subcutaneous injections of OVA. RESULTS: No changes in diet intake were observed. Anti-OVA total IgG antibody titers significantly increased in EXP-2. Flow cytometry revealed significant decrease in CD4+CD25+Foxp3+ and significant increase in TCD8+ in EXP-2. Histomorphometrically, EXP-2 and EXP-3 were classified as Infiltrative and Partial Destruction stages. EXP-1 was classified as Infiltrative, while POS CONT was classified as Partial Destruction. NEG CONT was classified as Normal. CONCLUSION: The introduction of a new food only a few hours before the initiation of a gut inflammation is able to induce oral tolerance, however the introduction of a new dietary protein concomitant to the onset or during an ongoing gut inflammation may induce multiple allergies. 
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Impact Statement

Food allergy is a disease that affects millions of people in the US and in many other countries. This disease negatively impacts not only patients’ lives, but also their families’, since one’s everyday eating habits are disturbed. One significant source of unknown allergenic components are food additives used by the industry in processed products, derived from both vegetable and animal proteins. Thus, one may have trouble avoiding unexpected contacts, especially children, to hidden allergens. Consequently, multiple allergies may develop in previously sensitized patients. We developed a novel approach to understand multiple allergies induction. To the best of our knowledge, this is the first report on the fine alterations that lead to multiple allergies in both serological and histological parameters, since such a fine time frame study for multiple food allergies induction has not yet been shown in the literature. We believe this study contributes to the development of novel treatments, which could help patients worldwide.


Introduction
	Food allergy, defined as an impaired reaction to food proteins by the immune system, has become a major public health concern, with symptoms varying drastically from mild to extreme1. Atopic patients, with genetic predisposition, activate specific immune reactions to allergens, some of which maintain or even increase their allergenicity even when cooked1.
	Studies have shown throughtout the last decade an increase in food allergy diagnosis around the globe, mostly in Western countries2,3. The reasons for this surge are not yet fully understood, although some researches have linked the increase of food allergies with lack of microbial exposure during infancy, resulting in immunological reactions to benign proteins, such as foods4.
Food allergies negatively impact not only patients’ health, but also their families’ life qualities, as everyday activities like grocery shopping, cooking and dining out can be affected4. Therefore, it is essential to develop novel methods to prevent immunological reactions altogether. Treatments often include oral immunotherapy, which is an attempt to nurture the immune system by progressively increasing doses of the allergen orally until reaching a target dose that is then ingested regularly5.
The amount of allergen taken cannot predict the severity of the symptoms6, this means that life-threatning symptons may develop due to even tracesof the allergen7. One important source of unknown allergenic components are food additives used by the industry in processed products, derived from both vegetable and animal proteins such as soy, egg white, milk, etc8. Therefore, one may have trouble avoiding unexpected contacts, especially children, to hidden allergens9. During processing, such as in mills, cross-contamination may occur resulting in hidden allergens that may not appear in the ingredients list6. Consequently, it is possible that one ingests food containing not only tolerated proteins, but also food allergens that can provoke immune reactions. Thus, our aim was to evaluate the kinetics of multiple food allergies induction and progression.
Methods 
Animals
C57Bl/6 adult (70 days old) inbred male mice bred at the Animal Facility of the Federal Fluminense University (Niteroi, RJ, Brazil) were given free access to mouse chow and acidified water (pH 2.5). They were kept in polypropylene cages with stainless steel covers (temperature of 22ºC, ~60% humidity and 12h light/12h dark cycle) and were not kept either under specific pathogens free or germ-free conditions.
They were monitored for one month prior to the experiment. Body weight was assessed weekly along with visual inspection of disease symptoms, like labored respiration or pilar erecti. This work was approved by the Institutional Animal Care and Use Committee (official name: Animal Research Ethics Committee - permit number 733/2016) and follows the national animal welfare committee and the ARRIVE guidelines10.
Food 
Commercial mouse chow (Nuvilab CR1 - NUVILAB-NUVITAL®, Sao Paulo, Brazil) without egg white or peanut proteins was offered conforming to the animal facility routine. Animals received challenge diets either composed of peanut in natura (P-CD) or inhouse OVA challenge diet (O-CD) according to AIN-93 (report of the American Institute of Nutrition that standardizes nutritional studies with experimental rodents11).
Antigenic proteins and Immunization protocols
Animals were immunized subcutaneously twice, (21-day interval), with 100μg of peanut protein extract (PPE)12 or OVA with (primary) or without (booster) 1mg of alum  adjuvant [Al(OH)3]. 
Gavages 
According to the experimental protocol (Figure 1) animals received 0.5mL of either 20mg/mL OVA solution (Sigma-Aldrich, Darmstadt, Germany) or physiological saline.
Antigen-specific inflammatory gut reaction 
P-CD or O-CD were used for 60 days to induce antigen specific inflammatory gut reaction according to the experimental timeline after PPE or OVA immunization. CONT groups continued to receive commercial mouse chow. Animals were bled 200μl from the retroorbital plexus 14 days after each immunization and at the end of both challenge diet periods. Sera were stored at -20ºC until analyses.
Ab levels
In-house serial dilution enzyme-linked immunosorbent assays (ELISA) were performed to detect specific anti-peanuts or anti-OVA IgG as previously described12.
Determination of T and B lymphocyte profile
Mesenteric lymph nodes (MLN) of each animal were collected. Cells were washed and re-suspended at 2x107 cells/mL in PBS and surface stained. After running the samples on BD®-C6 Flow Cytometer (Franklin Lakes, USA), all analyses were performed in the activated lymphocyte gate. We evaluated the following lymphocytes populations: TCD4+, TCD8+, TCD4+CD25+Foxp3+ and B-B220+CD3-CD25+.
Histomorphometry
Animals received an overdose of anesthetics (60 mg/kg of Xylazine+350 mg/kg of Ketamine, produced by Sespo Industries®, Paulinia, Sao Paulo, Brazil), after which intestinal segments were collected from each animal and were scanned with Aperio® Scanscope (Leica Microsystems GmbH, Wetzlar, Germany) and then analyzed with ImageScope software (version 11.2.0.780; Leica Microsystems GmbH, Wetzlar, Germany). We analyzed intestinal architecture integrity, number of villi per 8000μm of tissue, mean villus area and leukocyte infiltrates. Ratios between villus height/width (H/W) and intestinal epithelial cells/intraepithelial leukocytes (IEC/IEL) were established.
Jejunum Swiss Roll was also performed as previously described13. Based on duodenum and jejunum parameters, animals were classified according to the intestinal inflammation index developed by our group14.
All intestinal segments and flow cytometry samples were collected, processed and scanned under the same light and temperature conditions to avoid changes in cells and tissues optical properties, such as light absorption and scattering15.
Experimental groups and timeline

Figure 1

NEG CONT: sham immunized with 0.2 mL saline → saline gavage (n=10/group) sham immunized with 0.2 mL saline.
POS CONT: immunized with 100ug of PPE, → saline gavage (n=10/group), immunized with 100ug of OVA.
EXP-1: immunized with 100ug of PPE, →OVA gavage 6h prior to P-CD (n=10/group), immunized with 100ug of OVA.
EXP-2: immunized with 100ug of PPE, → OVA gavage concomitant to P-CD (n=10/group), immunized with 100ug of OVA.
EXP-3 immunized with 100ug of PPE, → OVA gavage 6h after PCD onset (n=10/group). immunized with 100ug of OVA.
Statistical analysis
Kolmogorov-Smirnov test was performed for normal distribution. Student T test when comparing two variables and one-way ANOVA with Bonferroni post-test for more than two variables were used to determine significant differences. Tests were performed using Graphpad Prism 6 Software (Graphpad Software, Inc., La Jolla, California, United States). P<0.05 was considered statistically significant. Results are displayed as mean+standard deviation (SD) and show data from a minimum of 10 animals for each assay. Exact P values are expressed.
Results
Anti-Peanut IgG Antibodies
All groups had significantly higher titers (p=0.009) (EXP-1: 2.18±0.37; EXP-2: 2.20±0.42; EXP-3 2.11±0.15 and POS CONT: 2.47±0.45) than NEG CONT (0.63±0.06). EXP-2 and EXP-3 maintained significant higher titers (p=0.03) even after weeks of PPE inoculation and P-CD when compared to EXP-1 and NEG CONT (Figure 2A).
Anti-OVA IgG Antibodies
[bookmark: _Hlk40941698]We observed significant differences in primary inoculation (p=0.001). Means of EXP (EXP-1: 1.28±0.51; EXP-2: 2.02±0.45; EXP-3: 1.70±0.64) and POS CONT (1.42±0.26) were significantly higher than NEG CONT (0.32±0.11). After OVA booster, NEG CONT (0.37±0.13) had the lowest titers (p=0.001); EXP-1 (1.21±0.32) had significantly lower titers (p=0.001) than EXP-2 (2.51±0.33), EXP-3 (2.23±0.19) and POS CONT (1.73±0.19). After O-CD, EXP-1 (1.22±0.25) showed significantly lower titers (p=0.01) than EXP-2 (2.21±0.40), EXP-3 (2,21±0.43) and POS CONT (1.96±0.36). NEG CONT (0.32±0.17) continued presenting the lowest titers (p=0.01) (Figure 2B).

Figure 2

Cell Phenotype in Plot
Effector Cells
We observed significantly higher amounts of TCD4+ compared to TCD8+ cells in EXP-1 and NEG CONT due to a significant increase (p=0.0111) in TCD8+ observed in EXP-2 (0.36±0.01), EXP-3 (0.34±0.04) and POS CONT (0.33±0.01) compared to the EXP-1 (0.21±0.01) and NEG CONT (0.19±0.01) with no significant differences in TCD4+ population among the groups (NEG CONT: 0.38±0.03; EXP-1: 0.36±0.04; EXP-2: 0.40±0.05; EXP-3: 0.39±0.01; POS CONT: 0.41±0.05) (Figure 3A).
Regulatory T Cells
EXP-1 (0.14±0.02) showed a significantly higher population (p=0.0034) when compared to all other groups: EXP-2 (0.12±0.02), EXP-3 (0.12±0.02), POS CONT (0.11±0.02) and NEG CONT (0.09±0.01) (Figure 3B).
B Lymphocytes
NEG CONT (0.06±0.01) and EXP-1 (0.07±0.01) had a significantly smaller population (p=0.0005) compared to EXP-3 (0.10±0.02) and POS CONT (0.10±0.02). and no significant difference between EXP-1 and EXP-2 (0.09±0.01) (Figure 3C).

Figure 3

Duodenum Histomorphometry
POS CONT (14.60±1.14) had a significantly lower mean villus number per 8000µm (p=0.0001) when compared to EXP-1 (18.80±3.11) and NEG CONT (23.00±2.73). EXP-2 (17.80±3.42) and EXP-3 (17.29±2.14) showed a significant (p=0.0001) lower villus number when compared to NEG CONT (Figure S2A).
Regarding villus area, EXP-1 (2.2x104±3.6x103µm2) and NEG CONT (2.4x104±3.9x103µm2) had significantly larger areas (p=0.01) when compared to EXP-2 (1.8x104±2.1x103µm2), EXP-3 (1.7x104±1.7x103µm2) and POS CONT (1.7x104±1.8x103µm2) (Figure S2B).
Verifying H/W ratio, NEG CONT (4.71±0.74) and EXP-1 (4.11±0.53) had significantly higher ratios when compared to EXP-2 (3.54±0.40), EXP-3 (3.57±0.54) and POS CONT (3.12±0.45) (p=0.0036) (Figure S2C).
NEG CONT (54.60±5.32) and EXP-1 (42.08±7.22) IEC/IEL ratios were significantly higher (p=0.0001) when compared to EXP-2 (30.91±6.78), EXP-3 (23.66±3.87) and POS CONT (20.64±3.16) (Figure S2D).
Jejunum Histomorphometry
No extensive morphological changes were observed among the groups. Reduced mean jejunum IEC/IEL ratio of the animals that presented an inflamed duodenum (EXP-2 [17.72±5.30], EXP-3 [18.30±3.88] and POS CONT [18.63±2.61]) compared to NEG CONT (25.67±4.11) and EXP-1 (23.33±2.60) was due to a significantly larger (p=0.04) infiltration of intraepithelial leukocytes (data not shown) (Figure S2E).
Classification of Intestinal Inflammatory State
EXP-2 and EXP-3 were classified as hybrids of Infiltrative and Partial Destruction stages. EXP-1 was classified in the Infiltrative stage, while POS CONT was classified in the Partial Destruction stage. Finally, NEG CONT was classified as Normal (Table 1 and Figures 4 and 5).
Table 1
Figure 4
Figure 5
Discussion
Here we further evaluated the timing of new food protein introduction during the induction of an antigen specific intestinal inflammation. Food allergies may develop with low expression or even absence of IgE antibodies16, thus leading to the current consensus in the literature that not all food allergies are caused by IgE antibodies17. Morita et al showed that there are three types of food allergies, from the immune response standpoint: “IgE-mediated,” “combined IgE- and cell-mediated” and “non-IgE-mediated18. In our model, using C57BL/6 mice, no IgE was found, thus our model correlates to Non–IgE-mediated gastrointestinal food-induced allergic disorders as also described for humans19.
Our group has shown an increase in anti-OVA antibodies in animals that received OVA while experiencing gut inflammation because of eating an allergen-containing diet20. This present work agrees with our previous paper; however, we here show that animals that received OVA concomitant to the initiation of the challenge diet (EXP-2) presented the highest overall anti-OVA IgG titers. Animals that received OVA six hours after the initiation of the challenge diet presented the same sensitization profile and both with higher antibody titers than the subcutaneous immunization induces. On the other hand, oral introduction of the new food only six hours before the initiation of P-CD is sufficient to induce oral tolerance. The antibody titers are comparable to NEG CONT.
In a scenario where the interaction with a new food protein is concomitant or shortly after the introduction of a protein to which one is already allergic may lead to bystander activation and not induce tolerance, even with a local low inflammatory cytokines profile21. Consequently, multiple allergies may be developed22. However, sensitization was blocked by feeding the novel food protein six hours prior to the initiation of the challenge diet. Therefore, we agree with Korte and collaborators, in which foods that share similar matrixes can cause cross responses, exacerbating immunological reactions (tolerance or sensitization)23. Though, it is not the case of this work, since the first sensitization was to a vegetable protein and the second to an animal protein that do not share a similar food matrix.
To better understand the characteristics of the immune response, phenotypic analysis of cells in MLN were performed. We noticed a significant increase in the percentage of TCD8+ lymphocytes in EXP-2. According to Dahlman-Hoglund and others, IFN-γ secreted by TCD8+ lymphocytes acts as a suppressor of antigen-specific TCD4+ Th2 cells in models using OVA. TCD8+ lymphocytes also secrete TGF-ß and IL-10, which are non-antigen-specific immune response suppressor molecules and that suppression can be induced in naïve animals through the transfer of TCD8+ lymphocytes24.
Analyzing the percentage of TCD4+CD25+Foxp3+ lymphocytes, our results showed an increase in EXP-1, which may be associated with a tolerogenic bystander suppression performed by these cells25. Previous studies have shown that increased Foxp3+ cells may indicate tolerance induction for different allergenic proteins26. B-B220+CD3-CD25+ cells titers were also assessed in our study. NEG CONT, EXP-1 and EXP-2 presented lower titers than EXP-3 and POS CONT. This can be explained by the highly effector activity of B-B220+CD3-CD25+ subpopulation27.
Villus number quantification aimed to demonstrate intestinal mucosa health or fragility/destruction. Our results agree to previous studies, which showed that damage to global architecture and epithelial barrier, consequent to the loss of cell-cell junctional integrity, is a common symptom in inflammatory processes28.
To ascertain, from the architectural point of view, that not only villus number is altered we continued our analysis by assessing villus area and H/W ratio. For both parameters, the group that received OVA six hours before P-CD (EXP-1) compares to NEG CONT but not to EXP 2, EXP-3 and POS CONT. These findings can be explained by the changes observed in the height and width of each villus. As villi become wider and shorter the absorption diminishes as the number of villi per area also diminishes per mm2. Villus area is a parameter still poorly described in the literature. Studies from our group have already proposed that this is an important aspect to be assessed since the identification of the occurrence of histological adaptation may indicate a change in the absorption surface of the small intestine13.
Serological and histological data correlate well in our experimental model. EXP-1 received OVA six hours prior to P-CD and showed low antibody titers and normal villus morphology which suggest tolerance induction to OVA. EXP-2 and EXP-3, which received the novel food protein at or after the onset of P-CD respectively and were challenged with both subcutaneous injections of OVA and O-CD, presented both high antibody titers and gut morphological alterations. These results agree with those found by other studies carried out in our lab12,20. The same was observed in villus IEC/IEL ratios, where EXP-2, EXP-3 and POS CONT showed significant lower ratios than NEG CONT and EXP-1. This IEC/IEL ratio reduction occurs due to increased leucocytes proliferation in the lamina propria and massive infiltration in the epithelium as already observed29.
Jejunum swiss rolls showed increased leucocyte infiltration in EXP-2, EXP-3 and POS CONT when compared to NEG CONT, i.e., one has a greater chance to present altered jejunum mucosa when the duodenum is also altered. This behavior was already verified by us13 and by others in the literature30.
Although it was possible to better understand the timing between the introduction of an allergenic food with new food proteins, other studies still need to be carried out. Here we confirm again that feeding a novel food protein in a physiological context of the gut mucosa induces tolerance to this protein even if shortly afterwards an inflammatory insult occurs. However, the introduction of a novel protein concomitant or after the initiation of an inflammatory process tends to induce food allergy. In conclusion, multiple food allergies may be the consequence of new food proteins introduction during a gut inflammation due to a prior food allergy, as frequently occurs in pediatric scenarios.
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Table 1 – Overview of duodenum and Jejunum parameters and classification of inflammatory state.
	Parameters
Groups
	Villus Number
	Villus Area in µm2
	H/W
	IEC/IEL
	Jejunum IEC/IEL
	Classification

	NEG CONT
	23.00±2.73
	2.4x104±3.9x103
	4.71±0.74
	54.60±5.32
	25.67±4.11
	Normal

	EXP-1
	18.80±3.11
	2.2x104±3.6x103
	4.11±0.53
	42.08±7.22
	23.33±2.60
	Infiltrative

	EXP-2
	17.80±3.42*
	1.8x104±2.1x103*
	3.54±0.40*
	30.91±6.78*
	17.72±5.30*
	Infiltrative/
Partial Destruction

	EXP-3
	17.29±2.14*
	1.7x104±1.7x103*
	3.57±0.54*
	23.66±3.87*
	18.30±3.88*
	

	POS CONT
	14.60±2.14*
	1.7x104±1.8x103*
	3.12±0.45*
	20.64±3.16*
	18.63±2.61*
	Partial Destruction


H/W: height/width ratio; IEC/IEL: intestinal epithelial cells/intraepithelial leukocytes ratio. * indicates statistically different from NEG CONT.

Figure Legends
Figure 1 – Timeline of experimental protocol. PPE: Peanut Protein Extract; OVA: Ovalbumin; P-CD: Peanut challenge diet; O-CD: OVA challenge diet.
Figure 2 – A: Mean group anti-peanuts IgG titers. All groups immunized with PPE showed significant higher titers when compared to NEG CONT, which was immunized with saline. POS CONT and EXP-1 presented lower IgG titers at the end of the experiment, while EXP-2 and EXP-3 maintained high IgG titers throughout the protocol: B: Mean Anti-OVA IgG titers ± SD per group after: primary inoculation with OVA: NEG CONT showed significant lower titers than EXP-2, EXP-3 and POS CONT; post OVA booster: NEG CONT and EXP-1 showed significant lower titers than EXP-2, EXP-3 and POS CONT; and post O-CD: NEG CONT and EXP-1 showed significant lower titers than EXP-2, EXP-3 and POS CONT. 
Figure 3 – A: Mean percentage of TCD4+ and TCD8+ cells in the plot ± SD per group. No significant differences were observed in TCD4+ cells, but NEG CONT and EXP-1 showed a significant lower percentage of TCD8+ cells than the other groups; B: Mean group percentage of TCD4+CD25+Foxp3+ cells from the TCD4+ gate ± SD. NEG CONT and EXP-1 showed significant higher percentages when compared to EXP-2, EXP-3 and POS CONT; C: Mean group percentage of effector B-B220+CD3-CD25+ cells ± SD. NEG CONT and EXP-1 had a significantly smaller population compared to EXP-3 and POS CONT. We did not observe significant differences between groups EXP-1 and EXP-2.
Figure 4 – Digital slide representative of each group showing general morphology of duodenum villi.
Figure 5 – Digital slide representative of each group showing general morphology of jejunum villi. The arrows show inflammatory cells in the epithelial layer, which can be an inflammatory marker.
Figure S1 - Mean caloric intake per gram of body weight per cage during OVA challenge diet ± SD per group. NEG CONT and EXP-1 showed a significant higher consumption than all other groups.
Figure S2 – A: Mean group villus number per 8000µm in the duodenum ± SD. EXP-1 showed a significant higher villi number than EXP-2, EXP-3 and POS CONT; B: Mean villus area + SD per group. NEG CONT and EXP-1 showed a significant higher area in each villus than the other groups; C: Mean group villus H/W ratio + SD. NEG CONT and EXP-1 showed a significant higher H/W ratio than the other groups; D: Mean group villus IEC/IEL ratio + SD per group. NEG CONT and EXP-1 showed a significant higher ratio than the other groups; E: Jejunal Mean villus IEC/IEL ratio + SD per group. NEG CONT showed a significant higher ratio than the other groups, except EXP-1.
