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Abstract

Aim: As new foods introduced to an inflamed gut may result in sensitization, 
our aim was to assess the time lapse required for recovery of the physiological 
milieu in order to, once again, develop tolerance to new proteins after a gut 
inflammation. 

Methods: Male C57BL/6 (n=30) were immunized with 100μg-peanut protein 
followed by a 30-day chow (controls - C) or raw-peanut (experimental-EXP) 
challenge diet. On day 30 each group was split in three and received sweetened 
Egg White (EW) (20%-egg white, 5%-sucralose, H2Ov/v/v) orally as of day 0 
(EXP-1/CONT-1), day 10 (EXP-2/CONT-2) or day 20 (EXP-3/CONT-3) post-
challenge diet for 7 days. Body weight, food intake, antibodies, T cell phenotype 
of mesenteric lymph nodes (MLN) and spleen were assessed. 

Results: OVA consumption was significantly lower in EXP-1 (3.2±1.0ml) 
compared to EXP-2 (6.5±1.19ml), EXP-3 (6.8±2.3ml) and CONT (7.5±1.7ml). 
MLN showed a significant increase of CD8+T cells in EXP-1 (29.5±4.1%) 
and EXP-2 (31.72±4.0%) compared to EXP-3 (21.5±3.6%) and CONT 
(25.7±5.4%) with no significant difference in CD4+T cells and CD4+CD25+T 
cells. Splenic CD4+T cells increased in EXP-1 (38.67±2.5%) compared to EXP-
2 (25.93±3.48%), EXP-3 (24.48±5.9%) and CONT (26.25±12.2%). Only EXP-1 
showed gut inflammation after oral OVA challenge diet, presenting increased 
intraepithelial leukocytes, villi destruction/flattening and decreased goblet cells. 
EXP-2 and EXP-3 were similar to CONT. 

Conclusion: In our model, 10 days is the time lapse required for the 
recovery of an inflamed gut to develop tolerance to novel proteins.

Keywords: Gut inflammation; Oral tolerance; Regulatory T cells; Food 
allergy

so has the risk of developing food hypersensitivities [2,3]. Although 
the term “food hypersensitivity” was coined as an umbrella-term 
to incorporate both clinically diagnosed and self-reported adverse 
reactions to food including food allergies and intolerance [4,5], this 
term has not been accepted by the mainstream medical community. 
In this paper we will use the term “food allergy”, as proposed by 
the European Academy of Allergy and Clinical Immunology. “All 
hypersensitivity reactions initiated by immunologic mechanisms 
mediated by humoral (IgG or IgE) and/or cellular mechanisms 
should be named food allergy” [5-11]. 

The impact of food allergy may be greater than previously 
reported. A randomized, cross-sectional survey [12] evidenced that 
approximately 8.7% of the surveyed children presented food allergy. 
Among these, 38.7% presented severe-reactions and 30.4% multiple-
food allergies. Although most of what is eaten is digested and is 
absorbed at the mucosal layer of the gastrointestinal tract as amino 
acids, glycose and small lipids (which are immunologically inactive), 
part of what is eaten is absorbed as molecules able to interact with 
the Mucosal Associated Immune Tissue (MALT) harbored in the gut. 
MALT is a complex and tightly regulated system that distinguishes 
innocuous from potentially harmful antigens, leading to either 
mucosal tolerance or systemic sensitization. An intense activation 
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Introduction
The most common ingredients used in human nutrition are 

widely tolerated by the general population. However, 4-8% of 
humans present some type of food allergy [1]. In theory, any food can 
cause allergic reactions, leading to harmless or severe life-threatening 
symptoms. Yet, over 90% of the medical reports are related to eight 
foods, called the “Big 8” allergenic foods, which include cow’s milk, 
crustaceans, fish, eggs, ground nuts, tree nuts, soy, and wheat [2]. In 
our multicultural society, with greater access to traveling and new food 
trends, the diversity of consumed food has broadened and therefore, 

 Research Article

Reestablishment of the Physiologic Tolerogenic Milieu 
after a Gut Inflammation is Time Dependent
Pereira e Silva A1,2, Campos SMN1,2, Pedruzzi 
MB1,2, Guimaraes IM1,2, De Mattos TM1,2, Vericimo 
MA1,2 and Teixeira GAPB1,2*
1Departamento de Imunobiologia, Instituto de Biologia, 
Brazil
2Programa de Pós-Graduação em Patologia, Hospital 
Universitário Antonio Pedro, Brazil

*Corresponding author: Gerlinde Agate Platais Brasil 
Teixeira, Departamento de Imunobiologia, Instituto 
Biologia, UFF, Alameda Barros Terra s/n, Centro, Niterói, 
RJ, Brazil

Received: September 16, 2016; Accepted: November 
07, 2016; Published: November 09, 2016



Austin Immunol 1(2): id1009 (2016)  - Page - 02

Teixeira GAPB Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

of the local immune system is necessary to obtain either outcome. 
Although a variety of T and B lymphocytes, including those with a 
regulatory profile and the epithelial barrier (intact or disrupted) are 
involved, the exact mechanisms governing this regulation remain 
to be elucidated [13-16]. During contact with specific antigens the 
establishment of tolerance induces a non-inflammatory response 
concomitant with low levels of systemic specific antibodies. 
Conversely, sensitization and food allergy leads to acute and/or 
chronic inflammation with high levels of allergen-specific antibodies 
[17,18]. Common clinical manifestations associated to food allergy 
are diarrhea, asthma, otitis, rhinitis, urticaria, dermatitis and eczema; 
laryngeal edema and anaphylactic shock [11]. Diagnosis is not 
obvious and the detection of food-specific antibodies does not always 
translate in clinical allergy. Therefore, a better understanding of the 
pathogenic mechanisms is strongly needed [19].

In experimental conditions, mucosal tolerance or allergy to novel 
food-proteins can be obtained by its introduction in the diet of an 
animal with a normal or inflamed gut, respectively implying that 
timing can be more important than allergenicity for the induction of 
food allergies [20,21]. Submitting allergic but not tolerant or normal 
animals to a challenge diet containing the corresponding allergen 
induces inflammatory architectural alterations of the gut mucosa 
[20,22,23]. Considering that the first contact with novel-diet proteins 
most often occurs in the early stages of life and that if this first contact 
occurs during an inflammatory gut process, it can lead to sensitization 
and not tolerance, an adequate timing of the introduction of novel 
diet-proteins is of high relevance in the clinical setting [20]. Thus, in 
this study our aim was to evaluate the necessary recovery time-lapse 
from an intestinal inflammatory process in order to safely introduce 
new diet-proteins and develop oral tolerance and not sensitization 
(allergy). 

Material and Methods 
Animals

Adult male C57BL/6 mice bred in the local Animal Facility 
of Universidade Federal Fluminense (originally obtained from 
the Jackson Laboratory in the 70’s) were given free access to food 
and water. Body weight was evaluated weekly. To perform paired 
statistical analysis all animals were individually numbered. 

Food 
According to the experimental protocol, (Figure 1) animals 

received commercial mouse chow (C-CD) (Nuvilab CR1 - NUVILAB-
NUVITAL®) without peanut or egg white proteins, Egg White diluted 
in Distilled Water 1:5 v/v, with 5% sucralose (EW-CD), Peanut in 
Natura Challenge Diet (P-CD), Ovalbumin Challenge Diet (O-CD). 
Food intake was measured three times a week and the mean caloric 
intake was calculated per gram of body weight per cage. 

Immunization protocols
Animals were immunized subcutaneously twice, (21-day 

interval), with 100μg of the specific protein (preparation as described 
by Campos [23] [Peanut Protein Extract (PPE) or Ovalbumin (OVA)] 
with (primary) or without (booster) adjuvant [1mg of Al(OH)3].

Induction of the antigen-specific inflammatory gut 
reaction

After PPE immunization, animals were randomly divided into 
2 groups (n=18 per group): allergic-control group (CONT), which 
continued to receive C-CD, allergic-experimental group (EXP) which 
received P-CD for 30 days. 

Egg white feeding 
Mice of the CONT and EXP groups were subdivided into 

three groups (n=6 per group) on the day of P-CD withdrawal and 
reintroduction of C-CD to the EXP-group. Water and EW were 
offered daily in separate drinking bottles for voluntary intake during 
7 consecutive days starting on: day 0 for the EXP-1/CONT-1 groups; 
day 10 for EXP-2/CONT-2 groups and day 20 for EXP-3/CONT-3 
groups. After 7 days of OVA intake, half of each group received a 
lethal dose of anesthetic for specimen collection (intestinal segments, 
spleen and mesenteric lymph nodes). The remaining half was 
submitted to the OVA immunization protocol followed by 30-days 
of O-CD (Figure 1). 

Bleeding
Animals were bled 200μl from the retrorbital plexus 14 days after 

each immunization and at the end of the CD periods. The sera were 
collected and stored at -20ºC until analyses.

Determination of Ab levels
Enzyme-linked immunosorbent assays (ELISA) were performed 

to detect specific IgG. Briefly, 96-well microplates (Alfa. Brazil) were 
coated with 4µg of antigen in 0.1M PBS per well overnight at 4ºC, 
then blocked with 1% PBS-gelatin for one hour. Serum samples were 
added and a threefold serial dilution was performed. After 3h of 

Figure 1: Timeline of the experimental protocol.
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incubation at room temperature detection was performed with goat 
anti-mouse IgG HRP (as recommended by Sigma-Aldrich®) and OPD 
(o-Phenylenediamine. Sigma-Aldrich®). The reaction was interrupted 
with 0.1M sulphuric acid and read at 492 nm using a microplate-
reader (Thermo Plate® – model 4200108). Results correspond to the 
area under the dilution curve of each serum. 

Determination of T and B lymphocyte profile
At the different end-points (7, 17 or 27 days after P-CD removal 

or 30 days of O-CD) mesenteric lymph nodes (MLN) and the spleen 
of each animal were collected. Cells were washed, and re-suspended 
at 2x107 cells/ml in PBS and surface stained with αTCD4, αTCD8, 
αCD25, αFoxp3 and/or αB220 according to the manufacturer’s 

(Biolegend®) instructions. After running the samples on BD®-C6 
Flow Cytometer, the activated lymphocyte region was determined. 
This was the gate in which all the remaining analysis were performed 
to evaluated TCD4+, TCD8+, TCD3+CD25+, TCD4+CD25+Foxp3+, 
TCD8+CD25+Foxp3+ and B-B220+CD25+ Lymphocytes populations.

Histomorphometry
At the different end-points intestinal segments were collected 

from each animal. These were immediately fixed with 10% buffered 
formaldehyde (PBS + 10% formaldehyde. Sigma-Aldrich®) processed 
and stained with Hematoxylin-Eosin (HE) or Alcian Blue. The 
histological sections were scanned with an Aperio® system and 
then analyzed with the aid of Imagescope software to quantify the 

Figure 2: Daily consumption of egg white solution (ml/group (n=6)) by inflamed and control groups. The EXP-1 group drank significantly less solution than the 
other groups (p<0.001) (Data from 1 experiment).

Figure 3: Means of weekly animal weight in each group in grams. The EXP did not gain weight as compared to the CONT group in the P-CD. The EXP-1 group lost 
significantly more weight when compared to the EXP-3 and CONT groups in the new protein period (p<0.05). The EXP-1 and EXP-2 group lost significantly more 
weight when compared to the EXP-3 and CONT groups in the O-CD period (p<0.001 and p<0.01, respectively). The EXP-3 group showed no significant differences 
to the CONT groups during the experiment (Data from 1 experiment).
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Figure 4: Area under the dilution curve of each serum anti-Peanuts and anti-OVA IgG titers. We observed no differences between the EXP and CONT groups after 
sensitization and P-CD. After sensitization with OVA, the EXP-1 group showed higher anti-OVA antibodies titers when compared to the other inflamed and control 
groups (p<0.001) (Data from 1 experiment).

Peanut Challenge Diet 
A B 

  
OVA Challenge Diet 

C D 

  

Figure 5: (A) Mean of T-CD3+CD25+ and B-B220+CD25+ cell percentage of the EXP and control group in mesenteric lymph nodes and spleen. In MLN, the EXP-1 
group showed higher T-CD3+CD25+ cells when compared to the other groups (p<0.01). In the spleen we observed no differences between the groups. (B) Mean 
of TCD4+CD25+Foxp3+ cell percentage of the Inflamed and control group in mesenteric lymph nodes and spleen. In MLN, the EXP-2 and EXP-3 groups showed 
higher TCD4+CD25+Foxp3+ cells when compared to the other groups (p<0.05). In the spleen we observed no differences between the groups. (C) After OVA CD: 
Mean of T-CD3+CD25+ and B-B220+CD25+ cell percentage of the EXP and control groups in mesenteric lymph nodes and spleen. No significant differences were 
observed. (D) Mean of TCD4+CD25+Foxp3+ cell percentage of the EXP and control groups in mesenteric lymph nodes and spleen. In the spleen we observed 
no significant differences between the groups, but in the MLN the EXP-1 showed a significant decrease (p<0.05) when compared to the EXP-2, EXP-3 and CONT 
groups, that were similar to each other (Data from 1 experiment).
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histological parameters of the duodenum. For the purpose of this 
study the integrity of the intestinal architecture, the number of villi 
per 4000μm of intestinal tissue, mean villi area, leukocyte infiltrate 
and goblet cells per villus was analyzed. The ratios between villi 
height/width and intestinal epithelial cells/intraepithelial leukocytes 
(IEC/IEL) were then established.

Statistical analysis
Statistical analysis was performed using GraphPad InStat 

software by GraphPad Software Inc® and PASW Statistic software by 
Polar Engineering and Consulting Inc®. Mean ± Standard Deviation 
(SD), Pearson Correlation Test and ANOVA with Bonferroni or 
Tukey post-test were used. The minimum significance difference was 
considered for P value <0.05. 

Results and Discussion
We observed an irregular behavior between groups on the first 

day of EW consumption. Half of the groups, irrespective of the gut 
condition, (EXP-1, EXP-3 and CONT-1) drank only small amounts 
(between 1-4 ml/group) while the other groups drank 3-7 fold of EW. 
As of the second day, groups with no inflammatory disease (CONT-1 
and CONT-3), which started with small amounts, steadily increased 
their EW consumption while the group with an inflamed gut (EXP-1) 
maintained a low consumption profile (between 2-4ml/day) (Figure 
2).

During the challenge diet period, irrespective of the diet (C-CD 
or P-CD), neither allergic nor control mice gained or lost significant 
weight. However, during EW intake, after removal of P-CD and 
reintroduction of C-CD, EXP-1 group presented a significant 
(p<0.05) weight loss (-1.03±0.98g), while the EXP-2 (4.16±2.03g) 
and EXP-3 (2.93±1.59g) groups gained more weight than control 
groups (1.57±0.62g). During the immunization period, no significant 
alterations in weight were observed. Nevertheless, after the 30-day 
O-CD period a significant weight loss (p<0.01) was observed in EXP-
1 (-8.71±3.67g) (p<0.001) and EXP-2 (-2.75±1.24g) groups while 
EXP-3 (1.58±0.81g) and CONT (1.04±0.45g) groups continued to 
gain weight (Figure 3). 

Macroscopic analysis of the abdominal cavity
The macroscopic examination of the peritoneum of all EXP 

groups during the P-CD recovery period showed a pale coloring of 
the organs and a frail consistency of the intestinal tissue in contrast to 
the control groups. These characteristics were less intense in the EXP-
2 and EXP-3 groups. After the O-CD, the macroscopic examination 
of the peritoneum showed a pale coloring of the organs and frail 
consistency of the intestinal tissue only of EXP-1 group. All other 
groups presented normal macroscopic morphology.

Evaluation of total IgG titers
While anti-peanut IgG titers were high in both EXP (3.85±0.59) 

and CONT (3.92±0.92) groups, anti-OVA IgG antibodies were high 
only in the EXP-1 group (3.35±1.21) (p<0.001), EXP-2 (0.54±0.16), 
EXP-3 (1.27±0.39) and CONT (1.11±0.42) (Figure 4).

Lymphocyte profile
After the 30-day O-CD period: although not significant, more 

TCD3+CD25+ than B-B220+CD25+ lymphocytes were retrieved from 
both the spleen and MLN of all groups (Figure 5A). Comparing, the 
MLN T cell compartment between groups, a significantly higher 
percentage was observed in the EXP-1 (0.106±0.02%) (p<0.01) when 
compared to the EXP-2 (0.074±0.010%), EXP-3 (0.076±0.011%) 
and CONT (0.060±0.011%). The same comparison for the splenic 
TCD3+CD25+ population showed no significant differences (Figure 
5A). The percentage of MLN TCD4+CD25+Foxp3+ population was 
significantly higher (p<0.05) in the EXP-2 (0.15±0.01%) and EXP-3 
(0.15±0.02%) when compared to EXP-1 (0.12±0.02%) and CONT 
(0.12±0.009%) groups. No significant difference was observed in 
the splenic TCD4+CD25+Foxp3+ population (Figure 5B). No Fopx3 
expression was observed within the TCD8+CD25+ cells from either 
MLN or spleen.

After the 30-day O-CD period
The T cell population is larger than the B cell in the MLN, but not 

in the spleen of all groups. No inter-group differences were observed 
in the TCD3+CD25+ population (Figure 5C). However, significantly 
less (p<0.05) TCD4+CD25+Foxp3+ cells were retrieved from the MLN 
of the EXP-1 (0.13±0.01%) group compared to all other groups (EXP-
2 (0.22±0.01%), EXP-3 (0.25±0.01%) CONT (0.25±0.01%)) with no 
significant inter-group differences in splenic cells (Figure 5D). 

Parameter Sensit. EXP-1 EXP-2 EXP-3 CONT

H
is

to
m

or
ph

om
et

ry

Number of Villi
PEANUTS 12.6±1.5 16.7±1.2 17.5±2.3 20.3±2.1

OVA 19.6±4.0 19.5±3.5 19.0±3.6 17.0±3.2

Area (μm2x102)
PEANUTS 193.1±53.0 200.0±66.8 215.6±28.3 253.7±46.6

OVA 174.3±5.6 204.4±9.7 213.4±25.1 199.8±26.4

Height / Width
PEANUTS 1.7±0.64 3.08±0.57 3.48±0.27 4.83±0.66

OVA 2.98±0.02 3.88±0.51 3.74±0.04 3.45±0.20

IEC / IEL
PEANUTS 27.3±12.8 42.5±21.6 45.2±23.4 71.8±27.7

OVA 23.6±4.75 34.23±3.06 39.57±6.96 40.63±2.26

Number of Goblet Cells
PEANUTS 2.95±0.52 3.24±0.27 3.76±0.50 4.26±0.45

OVA 3.65±0.13 7.32±0.17 7.36±0.48 6.76±0.18

Table 1: Comparison between the two stages of histomorphometric analysis.

Summary showing the comparison between the two stages of Histomorphometric analysis. Bold values mean statistically significance when compared to the control 
group (p<0.05). EXP-1: Received OVA on 1st week after P-CD. EXP-2: Received OVA on 2nd week after P-CD. EXP-3: Received OVA on 3rd week after P-CD. Then, 
all groups were immunized with OVA and received the O-CD (Data from 1 experiment).
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Microscopic analysis of the intestine
After oral EW: The mean villus area of the CONT groups 

(2.5x104±0.47x104µm2) is significantly higher (p<0.001) when 
compared to all EXP groups. No significant difference was 
observed in between EXP-1 (1.9x104±0.53x104µm2); EXP-2 

Villi/field Area Height/Width IEC/IEL Number of
Goblet Cells

INFL 1 ↓ Same as CONT ↓ ↓ ↓

INFL 2 Same as CONT Same as CONT ↓ ↓ ↓

INFL 3 Same as CONT Same as CONT ↓ ↓ Same as CONT

Table 2: Summary of Intestinal Parameters of the inflamed groups compared to the control group after P-CD.

The arrows indicate statistically significance when compared to the control group (p<0.05). EXP-1: Received OVA on 1st week after P-CD. EXP-2: Received OVA on 
2nd week after P-CD. EXP-3: Received OVA on 3rd week after P-CD.

Figure 6: Representative photomicrographs of the small intestine showing a time-dependent improvement after removal of the challenge diet (CD) and a time 
dependent correlation of sensitization to a non-related antigen. (A) Control group - peanut allergic animals after mouse-chow CD. (B, C, D) Peanut allergic animals 
one, two or three weeks after removal of peanut challenge diet respectively (P-CD) (B) after one-week of P-CD removal there is a great destruction of the villi, 
presence of edema and cell infiltrate. (C) After the two-weeks of P-CD removal an improvement of the villi architecture can be seen (less edema). (D) After three-
week of P-CD removal an almost normal duodenum with minor IEL number is observed. (E, F, G) peanut allergic animals that ingested OVA during the 1st, 2nd 
and 3rd week after removal of P-CD and were submitted two a second challenge diet containing OVA (O-CD). (E) OVA ingestion during the 1st week post-P-CD 
removal shows that O-CD induced a discrete inflammatory process. (F) And (G) OVA ingestion during the 2nd and 3rd week post-P-CD removal respectively does 
not sensitize the animals and the O-CD did not inflame the gut. These were considered normal tissues (Data from 1 experiment).

(2.0x104±0.67x104µm2); EXP-3 (2.1x104±2.8x103µm2), although 
a positive time vs. area correlation exists (Table 1). The number of 
villi per 4000µm of duodenum was significantly smaller (p<0.01) in 
the EXP-1 (12.6±1.5) when compared to all other groups. Although 
without significant difference between the remaining groups, a steady 
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time-dependent growth of villi number occurs (Correlation = p<0.05) 
i.e. EXP-2 (16.7±1.2), EXP-3 (17.5±2.3) and CONT (20.3±2.1) 
(Table 1). The villi height/width ratio, of CONT (4.83±0.66), was 
significantly higher (p<0.01) than EXP-1 (1.7±0.64) (p<0.001); EXP-
2 (3.08±0.57) (p<0.01); and EXP-3 (3.48±0.27) with a time dependent 
recovery correlation (p<0.05) (Table 1).

After O-CD: the mean villus area of the EXP-1 group 
(1.7x104±0.56x104µm2) was significantly smaller (p<0.05) 
when compared to the CONT (1.9x104±0.26x104µm2), EXP-2 
(2.4x104±0.97x104µm2) and EXP-3 (2.1x104±0.25x104µm2) (Table 
1). No significant differences intra and inter-group were observed 
for the number of villi per 4000µm in the duodenum (EXP-1: 
19.6±4.0; EXP-2: 19.5±3.5; EXP-3: 19.0±3.6) and CONT: 17.0±3.2 
(Table 1). The height/width ratio of the villi of the EXP-1 (2.98±0.02) 
was significantly smaller (p<0.01) when compared to the CONT 
(3.45±0.20), EXP-2 (3.88±0.51), EXP-3 (3.74±0.04) groups (Table 1).

After oral EW, the number of IEC per villus did not vary 
significantly within groups. Nevertheless, the number of IEL 
correlates positively with the intensity of the inflammatory process, 
i.e. IEL count is higher in the most inflamed groups (data not shown). 
Thus, when compared to the CONT group (1.97±0.10) the most 
significant decrease in the IEC/IEL ratio per villus was observed in 
the EXP-1 (1.26±0.30) (p<0.01) followed by EXP-2 (1.59±0.30) and 
EXP-3 (1.61±0.33) groups (p<0.05) with a positive time dependent 
recuperation correlation (p<0.05) (Table 1). The same positive 
time dependent correlation was observed for goblet cells per villus. 
EXP-1 (2.95±0.52) and EXP-2 (3.24±0.27) presented significantly 
lower goblet cells (p<0.01) than the EXP-3 (3.76±0.50) and CONT 
(4.26±0.45) groups. 

After the O-CD, no changes in the IEC count were observed and 
IEL only increased in the group that received EW during the first week 
of P-CD removal (data not shown), thus affecting the IEC/IEL ratio 
of the EXP-1 (23.6±4.75) (p<0.05) which is significantly lower than 
EXP-2 (34.23±3.06), EXP-3 (39.57±6.96) and CONT (40.63±2.26) 
groups (Table 1). As for the goblet cells, again only EXP-1 (3.65±0.13) 
group presented significantly lower goblet cell count, (p<0.001). EXP-
2 (7.32±0.17), EXP-3 (7.36±0.48) and CONT (6.76±0.18) (Table 1).

(Table 2) depicts the comparison of the histomorphometric 
analysis between each inflamed group when compared to the control 
group after the P-CD and recovery weeks, thus giving a clear sight of 
time-dependent recovery. (Figure 6) shows the intestinal mucosa of 
each group after P-CD, C-CD and O-CD.

The similarity of the kinetics between animal food allergy models 
and human patients has attracted research interest [24]. Knowing 
that: 1) the introduction of an unknown protein in an inflamed gut 
induces a new allergy characterized by a systemic sensitization [20] 
and 2) that in physiological conditions, the entry of food in the gut 
induces tolerance, we proposed to determine the necessary recovery-
time after the removal of pro-inflammatory agents in order to regain 
the ability to induce oral tolerance to new proteins. We began our 
analysis with the assessment of the sensitization process. All animals 
showed similar levels of anti-peanut antibody titers, comparable to 
previous work of our group [23], indicating that a successful allergy 
induction to peanuts was achieved. Although this is not the natural 
route by which allergy is normally established, for experimental 

protocols it is a strategy that permits the exact quantification of the 
amount of antigen to be introduced. As previously established, high 
and low doses of antigens tend to trigger different lymphocyte profiles 
and the induction of a predominance of IgE [24,25] or IgG [26,27] 
allergy. In our model we use a high antigen dose and encounter 
predominantly specific IgG in the C56BL6 mice that are Th1 prone 
[28]. As for allergic humans, in our experimental model high antibody 
titers are not enough for the induction of gut inflammation. Thus, no 
inflammation of the gut develops either in the allergic animals that do 
not eat the challenge diet or in celiac patients that do not eat gluten 
or its derivatives.

However, when the offending protein (challenge diet containing 
exclusively the allergenic protein) is introduced in the diet of 
individuals producing high antibody levels a time-dependent 
inflammatory process of the gut develops. As previously described, 
for humans [29] and mouse [20] this inflammation is characterized 
by an initial hypertrophy due to cell infiltration, followed by villi 
widening and shortening with a concomitant edematous process. 
If the offending stimulus continues, the flattening of the villi may 
be observed. Other pathological processes such as hemorrhage, 
enlargement of the Peyer’s patches, alteration in the goblet cell 
numbers and mucous production are also observed with an increasing 
time-dependent intensity. This is the typical scenario for non-
treated human Celiac Disease and for the antigen specific chronic 
gut inflammation described by our group [20,30]. The opposite 
is also true: after removal of the antigenic stimulus (offending diet 
component), recovery is also time dependent, as seen in this work 
and in the clinical setting [31].

Our results suggest that a tolerance induction milieu is not 
regained immediately after the removal of the offending antigens. 
A recovery period is necessary before the introduction of new diet 
proteins induce tolerance again. Those animals that ingested EW as 
the newly introduced diet protein during the first week after P-CD 
removal presented significantly higher anti-OVA antibody levels 
when compared to all other groups (EW ingestion during the 2nd and 
3rd week after P-CD removal and those who ingested EW with no 
gut inflammation), suggesting a systemic sensitization even though 
these animals ingested significantly less EW than animals of the 2nd 
and 3rd week. We argue that the introduction of a novel protein while 
the animals are still feeling sick may induce an aversion to the new 
food. However, the small amount of ingested protein was sufficient 
to induce systemic sensitization. These data are in accordance with 
previous studies that showed that systemically sensitized mice 
[32,33] or mice with an antigen specific gut inflammation present 
aversion to the corresponding food [18]. On the other hand, we can 
also argue that the replacement of an offending diet with a diet that 
causes wellbeing (diminishing inflammation) may initially deviate 
the animal’s attention from the unknown new food, although they 
avidly drink sweetened EW in physiological conditions [32]. Thus, 
as all control animals (with a normal gut) and those groups that 
had access as of the 2nd week drank all the offered EW, we inferred 
that the residual inflammation was no longer effective in deviating 
the animals’ liking for EW. Taking these data together, it is possible 
to argue that the link between the immunological and the nervous 
systems may act as a protection against the development of multiple 
allergies. 
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The regulation of the immune response in our experimental 
model is mediated with a predominance of T cells over B cells in both 
mesenteric lymph nodes and spleen, as shown by flow cytometry after 
the 30-day P-CD. On the other hand, we observed similar percentages 
of T and B cells after the O-CD. These data agree with those of Noh 
[34], which showed that there is an increase of the regulatory T cell 
population in both inflammatory and tolerant milieus in the spleen 
of patients sensitized to casein. Although the literature has tried 
to elucidate the role of B-lymphocytes in the regulatory responses, 
further studies are still needed to correlate their actions with the 
induction and maintenance of oral tolerance and food allergies. 
In the MLN we found a significant increase of T cells in the EXP-
1 group when compared to the other groups. Although this change 
may seem small numerically, it is proven to be biologically significant 
as observed by other works in the literature, since TCD3+CD25+ cells 
are just a small percentage of the whole T cell population in the body 
[35,36].

The Histomorphometric analysis of the gut showed that the 
intensity of the inflammatory parameters are inversely proportional 
to the time elapsed after removal of the P-CD, reaching almost 
normal parameters within three weeks, agreeing with previous 
studies [23,37,38]. The clinical implications for these findings are that 
the inflammatory milieu may be one of the triggers of food allergies. 
Thus, the correct timing of food introduction after a gut inflammation 
(allergic or infectious) is of great importance, especially in children 
that may become sensitized and therefore can develop allergy to new 
foods [39].

The exclusion of the offending allergens in allergic individuals 
with gut inflammation appears to be important. In fact, the most 
effective strategy for the recovery of the mucosa in active celiac 
disease is total gluten exclusion. The recovery of the patients’ body 
weight, general state and biochemical parameters can be observed as 
the inflammatory process decreases [40,41]. As previously shown [37] 
in our experiments, we find the same kinetics. In this work we suggest 
that the presence of dietary Tolerogenic substances may accelerate 
recovery of the gut mucosa.

Correlating the state of the intestinal mucosa and the 
consequences of the introduction of the new food showed interesting 
results. Our findings presented here show that in our mouse model, 
during the 1st week of mucosal recovery, it is not possible to induce 
oral tolerance. Instead, a new allergy was established. However, after 
a week of recovery, allergy is no longer induced. We hypothesize that 
a shift in the cytokine profile from a Th1/Th2 to a regulatory or Th3 
response rapidly occurs and we believe that the return to a TGF-β rich 
milieu is responsible for the reestablishment of tolerance induction. 
We are currently investigating this hypothesis. Another fact that we 
still need to determine is the exact amount of time that is needed after 
the removal of an inflammatory insult to reestablish the physiological 
reactivity to food from the immunological standpoint. These facts 
can be of great relevance to the clinical setting and especially to 
pediatricians, since most foods are introduced for the first time in 
the diet during early childhood, after weaning and when the mothers’ 
protection is no longer present. 

Conclusion
As conclusion, in this gut inflammation model, 10 days is the 

time-lapse required for the recovery of an inflamed gut to develop 
tolerance to novel proteins.
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