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Summary 

Background The application of specific immunotherapy to stimulate oral tolerance towards food 

allergens is hampered by the high frequency of adverse side effects and the excessive duration of the 

treatments.  

Objective In this work, a hydrolysate of ovalbumin with pepsin (OP), selected for its low IgE 

reactivity and Th2-stimulating capacity, was assayed for its ability to prevent and treat allergy to egg 

white (EW).  

Methods As a first step, the safety of OP, in terms of the absence of sensitizing and eliciting potential, 

was evaluated in BALB/c mice. Then, its suitability for prophylactic and therapeutic applications was 

compared with that of the intact allergen, paying attention to the molecular and cellular mechanisms 

involved in the control of the allergic process. To this aim, IgE, IgG1, IgG2a and IgA levels, allergic 
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reactions, expression of genes related to Th1, Th2, Th17 and Treg responses, dendritic and T cell 

populations were assessed in intestinal tissues and spleens of EW-allergic mice, either untreated or 

treated with intact ovalbumin (OVA) or OP. 

Results OP was hypoallergenic, lacked sensitizing potential and offered preventive and therapeutic 

protection against allergy to EW through the induction of Treg cells and the upregulation of TGF-β, 

IL-10, IL-17, Foxp3 and RORγt in intestinal tissues. This restrained the expression of GATA3 and the 

differentiation of Th2 cells, leading to low cytokine responses following ex vivo spleen cell 

stimulation. As compared with intact OVA, OP was more effective against sensitization. In addition, 

in the therapeutic setting, OP provided quicker desensitization that lasted for at least 3 weeks after 

discontinuation of the therapy. 

Conclusions and Clinical Relevance This study provides evidence for the superior role of hydrolysed, 

as compared to intact allergens, in the prevention of allergy development and in the promotion of long 

term desensitization, as well as of intermolecular tolerance. 

 

Keywords peptide immunotherapy, hydrolysed ovalbumin, egg white, BALB/c, Foxp3, RORγt.  

 

Introduction 

Allergen-specific immunotherapy stands among the most promising approaches currently assayed 

against IgE-mediated allergic diseases, but despite continuous attempts to desensitize food allergic 

patients, there are still no validated therapies to induce tolerance, mainly because of the high 

frequency of adverse side effects and the excessive duration of the treatments [1]. This has prompted 

the investigation of strategies aimed at reducing the allergenicity of the treatment preparations, while 

maintaining their immunogenicity or even improving their immunomodulating potential, to stimulate 

oral tolerance towards food allergens or to prevent allergic sensitization [2]. Allergen-derived peptides 

can redirect the immune response of specific cell types and reduce inflammation, and thus, enhance 

the effectiveness of immunotherapy [3]. However, while the use of peptides has demonstrated 
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sustained tolerance with fewer adverse events than conventional allergen immunotherapy in clinical 

trials for cat, house dust mite and pollen allergy, it is in a much more exploratory stage in the field of 

food allergy [4]. Moreover, almost no studies compared the therapeutic efficacy of food peptides or 

hydrolysates with that of intact allergens or re-assessed protection from anaphylaxis after 

discontinuation of the treatment [5].  

The aim of this investigation was to estimate the applicability of a hydrolysate of the egg allergen 

ovalbumin (OVA) to prevent the development of allergic sensitization to whole egg white (EW) and 

to achieve sustainable desensitization once allergy was stablished in BALB/c mice. OVA hydrolysed 

with pepsin (OP) was beforehand a good candidate to be used for immunotherapy on the grounds of 

its low IgE reactivity and its potential to reduce Th2 responses induced by egg allergens on 

splenocytes from sensitized mice, but also to enhance Th1 responses [6, 7]. As a first step, the safety 

of OP, in terms of the absence of sensitizing and eliciting potential, was evaluated. The results showed 

that the preventive and therapeutic administration of OP was more effective than that of the intact 

allergen in promoting intermolecular tolerance to EW allergens by virtue of its low allergenicity and 

its ability to induce the development of regulatory T (Treg) cells. 

Materials and methods 

Proteins, hydrolysate and mice 

EW was obtained from fresh eggs. Bovine serum albumin (BSA), OVA grade VI and porcine pepsin 

(EC 3.4.23.1, 3440 U/mg) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and, when 

required, purified from lipopolysaccharide to less than 3 EU/mg by size exclusion chromatography 

[8]. OP was prepared by treating OVA with 172 U/mg of pepsin at pH 1.5 and 37ºC for 24 h, 

followed by neutralization to pH 7.0 and heating at 95ºC for 15 min. EW and OP were lyophilized and 

their protein content was determined by the Kjeldahl method. The peptide composition of the 

hydrolysate was reported in [6]. Female BALB/c mice were from Charles River Laboratories (Saint 

Germain sur l´Arbresle, Rhône, France). All protocols involving animals followed the European 
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legislation (Directive 2010/63/UE) and were approved by Comunidad de Madrid (Ref PROEX 

089/15). 

Experimental design 

The sensitizing and eliciting capacities of OP, as compared to those of EW, were evaluated in 6 week-

old mice subjected to a sensitizing protocol consisting of the oral administration of the amount 

equivalent to 5 mg of protein per mouse and 10 μg of cholera toxin (CT, List Biologicals, Campbell, 

CA, USA) during 3 consecutive days on the first week and once per week during the following 5 

weeks. Mice were distributed in 4 groups (n=5) (Supplementary Fig. 1 A), which received EW+CT (2 

groups), OP+CT (1 group) or just CT in PBS (sham-sensitized group). One week after the last 

sensitization dose, mice administered EW+CT were challenged with either EW or OP, mice 

administered OP+CT were challenged with OP and sham-sensitized mice were challenged with EW. 

Oral challenge (50 mg per mouse on a protein basis) was followed by an intraperitoneal (i.p.) 

challenge (100 µg per mouse) 90 min apart. 

The capacity of OVA and OP to prevent EW allergy was evaluated in 4 groups of 3 week-old mice 

(n=5) (Supplementary Fig. 1 B). Two groups were orally pre-treated with 5 mg of protein per mouse 

of either OVA or OP and 2 groups were administered PBS, 3 times per week during 3 weeks. One 

week after the last pre-treatment dose, the groups pre-treated with OVA and OP, as well as one group 

administered PBS, were sensitized to EW, while the remaining PBS group was sham-sensitized. All 

groups were orally and i.p. challenged with EW.  

Finally, the therapeutic capacity of OVA and OP was evaluated in 5 groups of 6 week-old mice (n=5) 

(Supplementary Fig. 1 C). Four groups were sensitized to EW and one group was sham-sensitized. 

One week apart, 2 groups of EW-sensitized mice were orally treated with 5 mg of protein per mouse 

of OVA or OP, 3 times per week during 3 weeks, while another group received 5 mg per mouse of a 

non-related protein, BSA, for comparison. The remaining EW-sensitized group and the sham-

sensitized group received PBS during the therapy. Three days after, all groups were orally and i.p. 

challenged with EW. Mice treated with OVA and OP, as well as EW- and sham-sensitized mice that 
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only received PBS, were kept for a further 3 weeks without any treatment, in order to re-evaluate the 

allergic status by new oral and i.p. challenges with EW. This experiment was repeated 3 times. 

Thirty min after each challenge, anaphylactic responses were evaluated by scoring clinical signs and 

rectal temperature [8]. After euthanasia by CO2 inhalation, samples from duodenum, Peyer’s Patches 

(PPs), mesenteric lymph nodes (MLNs) and spleens were collected. EW- and OP-specific antibodies: 

serum IgE, IgG1, IgG2a and fecal IgA were quantified by ELISA [8].  Mast cell degranulation was 

evaluated in sera collected after i.p. challenge by determining the concentration of mouse mast cell 

protease-1 (MCP-1) using a commercial ELISA kit (eBioscience, San Diego, CA, USA). Spleen cells 

(4×106 cells/mL) were stimulated with RPMI-1640, EW or OP (200 μg protein /mL) for 72 h at 37ºC 

in 5% CO2 and cytokines were analysed in the supernatants (Luminex, eBioscience). 

For the ex vivo co-culture systems of dendritic cells (DCs) and T cells, MLN CD11c+ and splenic 

CD4+ T cells were isolated using EasySep Negative selection kits (StemCell Technologies, 

Vancouver, Canada). 1x105 CD11c+ cells from sham-sensitized mice and EW-sensitized mice, either 

untreated (PBS) or treated with OP, were incubated with 1x106 CD4+ T cells derived from untreated 

EW-sensitized mice (Supplementary Fig. 1 C) in the absence (RPMI) or presence of EW (200 µg 

protein/mL). After 3 days, cultures were stimulated with 3 µg/mL of anti-CD3 and anti-CD28 

(eBioscience) for 3 additional days. The supernatants were collected and IL-5, IFN-γ and IL-10 were 

quantified by ELISA (eBioscience). 

Passive cutaneous anaphylaxis assay (PCA) 

Naïve BALB/c mice (2 per test) were injected intradermically in the ear pinna with 20 μL of either 

unheated or heat-inactivated (56ºC for 3 hours) [9] pooled serum from EW-sensitized mice and with 

pooled serum from sham-sensitized mice in the other ear pinna. Twenty four hours later, mice were 

injected intravenously with 200 μg of EW in 100 μL of 1% Evans blue dye (Sigma-Aldrich). One 

hour after, mice were euthanized, the ears were individually collected and incubated overnight in 

N,N-dimethylformamide (Sigma-Aldrich) and the absorbance of the supernatant was measured at 655 

nm.  
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Gene expression 

Total RNA was individually extracted by using NucleoSpin RNA Kit (Macherey-Nagel Gmbh & Co., 

Düren, Germany) and cDNA was synthesized using PrimeScript RT reagent kit (TaKaRa Bio Inc., 

Shiga, Japan). qPCR was performed in a real-time thermocycler (ViiA7 Real-Time PCR System, 

Applied Biosystems, Foster, USA) using SYBR Premix ExTaq II (TaKaRa). Primer pairs and 

optimized thermal cycling conditions are included in Supplementary Table 1. Relative gene 

expression was calculated by normalizing data to the expression of the reference gene β-actin, using 

the sham-sensitized group as calibrator [10]. 

 

T cell and dendritic cell subsets by flow cytometry 

Spleen and MLN cells were recovered in PBS containing 2% FBS and 1mM EDTA. Fc receptors 

were blocked using anti-CD16/CD32 (clone 2.4G2, BD Biosciences) and live cells determined with 

LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific, Walthman, US). 

Samples were stained with the antibodies listed in Supplementary Table 2. Approximately 1x105 cells 

were acquired using Gallios flow cytometer (Beckman Coulter, Krefeld, Germany) and analyses were 

performed with Kaluza Analysis software (version 1.3).  

 

Statistical analyses 

Results are presented as means ± SEM, excluding clinical signs, which are expressed as medians. 

Differences were determined by one-way ANOVA followed by Tukey post-hoc test, except for 

clinical sign scores and gene expression data, which were evaluated by Mann-Whitney U test. P< 0.05 

was considered statistically significant. Statistical analyses were performed using GraphPad Prism v5 

(GraphPad Software Inc., San Diego, USA). 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Results 

The hydrolysate of ovalbumin with pepsin lacks sensitizing and allergenic potential  

Negligible EW-specific IgE, IgG1, IgG2a or IgA levels were detected in mice administered OP+CT, 

although these antibodies were significantly increased in mice administered EW+CT (Fig. 1 A), thus 

showing that the hydrolysate did not hold sensitizing potential to the intact protein from which it 

derived, that constitutes 54% (w/w) of EW. Administration of OP+CT gave rise to low, but detectable 

OP-specific IgG2a, but not to OP-specific IgE, IgG1 or IgA responses, which is indicative of low 

immunogenicity (Supplementary Fig. 2). IgG1 and IgG2a present in serum from mice sensitized to 

EW cross-reacted to OP, probably because the administration of EW+CT generated antibodies 

directed towards products of gastric digestion of OVA (Supplementary Fig. 2). PCA tests were 

conducted to assess the participation of IgE and IgG1 in the development of allergic responses to EW. 

Heat-treatment of pooled serum from EW-sensitized mice before its intradermal injection into the ears 

of naïve mice significantly reduced the extent of dye extravasation following intravenous challenge 

with EW, although it did not eliminate it (Supplementary Fig. 3). This suggests that, in addition to 

heat-sensitive IgE antibodies, IgG1 antibodies also contributed to anaphylaxis in this model. 

Mice administered OP+CT did not present clinical signs or temperature changes following oral and 

subsequent i.p. challenges with OP, which reinforced that OP lacked sensitizing potential (Fig. 1 B). 

The assessment of the allergenic potential of the hydrolysate in mice sensitized to EW revealed that, 

while these animals experienced significant anaphylactic symptoms and rectal temperature drops upon 

challenge with EW, accompanied by the release of mast cell mediators, oral and i.p. challenges with 

OP did not cause allergic reactions (Fig. 1 B). 

The expression levels of the intestinal Th2-skewing cytokines IL-33, IL-25 and TSLP, as well as the 

transcription factors GATA3, T-bet, Foxp3 and RORγt, which specify, respectively, the development 

of Th2, Th1, Treg and Th17 cells, were assessed in the duodenum (Fig. 1 C and D). A significant 

upregulation of IL-33, IL-25 and TSLP was detected in mice administered EW+CT and challenged 

with EW, as compared with sham-sensitized mice (Fig. 1 C). The different responses induced by EW 
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and OP in EW-sensitized mice indicate that intestinal injury resulting from mast cell activation due to 

the oral challenge influenced the gene regulation of these cytokines. However, challenge with OP in 

mice previously administered OP+CT also boosted intestinal IL-33 and GATA3 expression in the 

absence of detectable allergic symptoms (Fig. 1 C and D). In fact, the expression of GATA3 was 

significantly enhanced in mice administered EW+CT and OP+CT with respect to sham-sensitized 

mice, although it was the highest in mice sensitized to EW and challenged with EW. On the other 

hand, T-bet was upregulated in the duodenum of mice sensitized to EW regardless of the challenge 

outcome, whereas no changes were observed in the expression levels of either Foxp3 or RORγt with 

respect to sham-sensitized mice (Fig. 1 D).  

 

In parallel with the regulation of the transcription factors GATA3, T-bet, Foxp3 and RORγt in the 

intestine, an increased percentage of activated Th2 and Th1 cells and no change in Treg cells were 

found in the spleen of mice administered EW+CT and challenged with EW, while challenge with OP 

led to significantly lower levels of activated Th2 cells. The proportion of activated Th2, Th1 and Treg 

cells was similar in the spleen of mice administered OP+CT and in sham-sensitized mice (Fig. 1 E). 

When the specific response of splenocytes from mice administered EW+CT and OP+CT was studied 

by re-stimulation with the protein preparation used to induce sensitization (Supplementary Fig. 4), a 

significant release of Th2 (IL-4 and IL-5), Th1 (IFN-γ), regulatory (IL-10) and Th17 (IL-17) 

cytokines was found in mice administered EW+CT; while no significant production of IL-4, IL-5, 

IFN-γ or IL-10 was detected from the spleen cells of mice administered OP+CT, which, however, 

released the highest levels of IL-17. Indeed, the spleen cells from mice administered OP+CT did not 

react to EW stimulation, except for the release of IL-17. On the other hand, mice administered 

EW+CT responded to re-stimulation with OP with lower levels of IL-4 and IL-5 than those induced 

by EW, but with equivalent levels of IFN-γ. Overall, OP was confirmed to be weakly immunogenic 

and hypoallergenic and to hold T cell epitopes that could help to prevent sensitization or restore 

tolerance to egg proteins. Therefore, we then explored the preventive potential of this hydrolysate. 
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The hydrolysate of ovalbumin with pepsin prevents more effectively than intact ovalbumin the 

development of allergy to egg white in mice 

Treatment with OVA or OP for 3 weeks, before administration of EW+CT, prevented sensitization, as 

judged by significantly lower concentrations of serum EW-specific IgE, IgG2a and IgA at the end of 

the experimental period, although only OP induced reduced levels of EW-specific IgG1 (Fig. 2 A). In 

addition, pre-treated mice did not experience anaphylaxis following oral challenge with EW. 

However, subsequent i.p. challenge led to significant clinical symptoms, temperature drops and 

release of MCP-1 in mice previously treated with OVA, while mice treated with OP were effectively 

protected against anaphylactic reactions (Fig. 2 B). 

Pre-treatment of mice with OVA or OP inhibited upregulation of duodenal Th2-skewing cytokines 

and of IL-9, a cytokine that influences mast cell recruitment and activation [11], following 

sensitization and challenge with EW (Fig. 2 C). In general terms, prevention of sensitization and 

anaphylaxis by OVA and its hydrolysate matched an increased expression of the regulatory cytokines 

IL-10 and TGF-β in the MLNs (Fig. 2 D). Of note was the upregulation of IL-17 in the duodenum, 

PPs and MLNs induced by both pre-treatments (Fig. 2 D). In parallel, we observed a decreased 

expression of GATA3 in the PPs and MLNs of the pre-treated animals, while T-bet was 

downregulated in the duodenum and upregulated in the PPs (Fig. 2 E). OP, which was most effective 

than OVA in inhibiting allergy development, distinctly upregulated IL-10 in PPs and TGF-β in the 

duodenum and PPs, leading to a significant increased expression of Foxp3 and RORγt in the intestinal 

tissues and to a further increase in that of T-bet in the MLNs (Fig. 2 E).  

Consequently, both pre-treatments reduced the percentage of activated Th2 cells in the MLNs, 

although no changes were detected in the percentage of activated Th1 and Treg cells, compared with 

the untreated mice (Fig. 3 A). The study of the phenotype of MLN DCs revealed no significant effects 

in the proportion of CD11c+ cells or of lamina propria-derived CD103+ cells (not shown). 

Interestingly, pre-treatments with OVA and OP depressed, in the MLNs, the expression of DC genes 

that promote Th2 differentiation, such as OX40L and Jagged-2, but they did not modify that of IL-
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12p40 or Delta-4, which prime T cells for Th1 responses [12, 13] (Fig. 3 B). Thus, pre-treatments 

with OVA and OP inhibited Th2-skewing in the MLNs induced by the subsequent administration of 

EW+CT and challenge with EW, an effect that could be traced to the downregulation of Th2-priming 

factors on DCs. In the spleen of pre-treated mice, OP concomitantly induced a decrease in activated 

Th2 cells and an increase in Treg cells (Fig. 3 C). Following incubation with EW, splenocytes from 

mice pre-treated with OVA and OP responded with significantly lower levels of IL-4, IL-5, INF-γ, IL-

10 and IL-17 (Supplementary Fig. 5).  

These results indicate that pre-treatment with OP prevented more effectively than intact OVA the 

development of allergy to EW in mice. Increased expression of the suppressor cytokines IL-10 and 

TGF-β, IL-17, as well as Foxp3 and RORγt in intestinal tissues, and modulation of DC genes that 

affect Th2 cell priming in the MLNs concurred with downregulation of GATA3 and reduction of Th2 

cells, hindrance of sensitization and clinical protection against anaphylaxis.  

The hydrolysate of ovalbumin with pepsin induces sustained desensitization to egg white in mice 

In these experiments, once allergy to EW was established in mice by the administration of EW+CT, 

these were treated with OVA and OP for 3 weeks and challenged with EW. A non-related protein, 

such as BSA, was also used to exclude the contribution of non-specific effects. Of note was the 

appearance of diarrhea (score 3), without other noticeable allergic signs, during the first week of OVA 

therapy in 4 out of 5 mice. Determination of serum antibodies 3 days after the last treatment dose 

(week 9) showed that OP reduced significantly the levels of EW-specific IgE and IgG1, whereas 

neither BSA nor OVA changed the concentration of these antibodies with respect to the untreated 

mice (Fig. 4 A). None of the treatments altered the concentration of EW-specific IgG2a, although 

therapy with OVA and OP led to significantly increased levels of fecal IgA (P< 0.05 with respect to 

week 6) (Fig. 4 A). Unlike BSA and OVA, which did not avoid anaphylaxis, the hydrolysate 

abolished clinical signs, temperature changes or increase in serum MCP-1 levels upon oral and 

subsequent i.p challenge with EW (Fig. 4 B).  
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Interestingly, reassessment of anaphylaxis 3 weeks after withdrawal of therapy with OVA and OP 

(week 12) revealed similar responses in mice treated with OP, while those treated with OVA 

experienced no symptoms or temperature drops upon oral challenge and milder, but still significant, 

signs upon subsequent i.p. challenge with EW (Fig. 4 B). These findings overlapped, in both cases, 

with lower levels of EW-specific IgE and IgG1, as compared with the point when the treatments were 

discontinued, and also lower concentrations of EW-specific IgG2a and IgA in the case of OP (P<0.05 

with respect to week 9) (Fig. 4 A), showing a continued depletion of circulating and intestinal specific 

antibodies. Of note is the observation that serum levels of EW-specific IgE and IgG1 were maintained 

in EW-sensitized mice treated with PBS up to week 12, but those of IgG2 and IgA decreased (P< 0.05 

with respect to week 6). 

 Examination of gene expression in intestinal tissues following the first challenge (week 9), revealed 

that treatments with OVA and OP reduced the expression of IL-33 and IL-25 in the duodenum 

induced by previous EW sensitization to levels which, in the case of IL-25, were equivalent to those 

of sham-sensitized mice, while they did not significantly change that of IL-9 (Fig. 4 C). The 

therapeutic effect of OP could be traced to the increased expression of IL-10 in PPs and of TGF-β in 

duodenum, PPs and MLNs observed in OP-treated mice in comparison with OVA-treated mice that, 

in general terms, concurred with the upregulation of IL-17 (Fig. 4 D). In fact, therapy with OP 

distinctively enhanced the expression of Foxp3 and RORγt in the intestinal tissues studied (Fig. 4 E). 

In particular, in the MLNs of the animals treated with OP, the expression of GATA3 and T-bet was 

deeply decreased, while the less effective OVA therapy did not exert any influence on the expression 

of these transcription factors (Fig. 4 E). This agreed with a reduced percentage of activated Th2 and 

Th1 cells and an increased percentage of Treg cells in the MLNs of mice from the OP-treated group 

(Fig. 5 A). 

Therapy with OVA and OP increased the proportion of MLN CD11c+ cells, but while OVA enhanced 

CD103- cells, OP augmented CD103+ cells and, particularly, the CD11b+ population within this subset 

(Supplementary Fig. 6). Both OVA and OP treatments, but mostly the latter, induced a significant 

downregulation of the expression of OX40L, Jagged-2 and Delta-4 in the MLNs (Fig. 5 B). In the 
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spleen, activated Th2 cells were reduced in both OVA and OP-treated mice, whereas activated Th1 

cells were unchanged. However, the percentage of Treg cells was only enhanced after therapy with 

OP (Fig. 5 C and Supplementary Fig. 7). Accordingly, following ex vivo stimulation with EW, 

splenocytes from treated mice responded with a significantly lower level of Th2 and Th1 cytokines. 

Noteworthy, EW-induced secretion of IL-10 and IL-17 from splenoctyes from OP-treated mice was 

higher than that from the spleen cells from the OVA-treated group (Supplementary Fig. 8). Hindrance 

of cytokine release from spleen cells upon EW stimulation was maintained in the OVA and OP 

groups 3 weeks after discontinuation of the respective therapies (Supplementary Fig. 8). Although 

splenocytes from PBS-treated sensitized mice produced less IL-4, IL-5 and IFN-γ than 3 weeks 

before, levels of Th2 and Th1 cytokines were still significantly higher than those produced by cells 

from OVA and OP-treated mice. 

In order to discern if DCs from tolerized animals could influence the immune response to EW of T 

cells from sensitized mice by inducing a regulatory environment, CD4+ T cells from spleens of mice 

sensitized to EW were cocultured with DCs isolated from the MLNs of sham-sensitized, untreated 

(PBS) or OP-treated or mice, and stimulated with EW (Supplementary Fig. 9). DCs from allergic 

(untreated) mice pulsed with EW induced a mixed response characterized by a significant release of 

IL-5, IFN-γ and IL-10 as compared with DCs from sham-sensitized mice. In the cocultures using DCs 

from tolerized (OP-treated) animals, we observed a significantly lower production of IL-5 (equivalent 

to the level induced by DCs from sham-sensitized mice) and IFN-γ, together with an increase in IL-

10. These results indicate that DCs from mice tolerized by treatment with OP attenuated Th2 and Th1 

cytokine responses to the allergen in CD4+T cells from sensitized mice, and that this effect was linked 

to the release of the regulatory cytokine IL-10. 

In general terms, OP provided effective immunotherapy with durable effects in EW allergic mice. 

Unlike OVA, OP decreased the levels of EW-specific IgE and IgG1 and avoided anaphylaxis upon 

oral and systemic changes. As it was the case of the preventive trial, enhanced intestinal expression of 

IL-10, TGF-β, IL-17, Foxp3 and RORγt, linked to increased Treg cell populations and reduced 

activated Th2 cells, appeared as responsible for the curative effects observed.  
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Discussion 

In this work, a hydrolysate of OVA with pepsin was assayed for its ability to prevent and treat allergy 

to EW using a mouse model of oral hypersensitivity. Its suitability for prophylactic and therapeutic 

applications was compared with that of the intact allergen, paying attention to the molecular and 

cellular mechanisms involved in the control of the allergic process. 

OP fulfilled the prerequisite of lacking sensitizing capacity in order to be used to prevent allergy 

development: OP administered orally with CT was weakly immunogenic and oral and i.p. challenges 

with OP did not induce allergic signs. Furthermore, administration of OP for 3 weeks avoided 

subsequent allergy to EW. It has been reported that partially hydrolysed cow’s milk proteins deliver 

protective responses against milk allergy in mice, although the intact proteins are more effective in 

preventing sensitization due to a more pronounced reduction in the levels of allergen-specific IgE or 

IgG1 [14-17]. Nevertheless, in our study, pre-treatment with OVA did not hinder anaphylaxis 

following i.p. challenge with EW, likely because of the absence of a significant lowering effect on 

serum IgG1 concentration. Through PCA experiments with heated and unheated sera from EW-

sensitized mice, we demonstrated that both specific IgE and IgG1 could participate in anaphylaxis in 

this model. Since much higher antibody and antigen concentrations are required to induce anaphylaxis 

by the IgG1-mediated pathway, parenteral administration of a relatively large quantity of antigen, as 

in our i.p. challenge tests, after CT-induced sensitization, would largely drive IgG1-mediated 

anaphylaxis [18].  

Our results associate the preventive effects of OVA and OP with a reduced expression, in mouse 

intestinal tissues, of GATA3, the transcription factor induces the development of Th2 and group 2 

innate lymphoid cells (ILC2s) [19]. This resulted in decreased numbers of activated Th2 cells in the 

MLNs and spleens, as well as in decreased Th2 responses upon stimulation of the splenocytes with 

the allergen used for sensitization, and explains the positive effects of the pre-treatments on serum 

concentrations of IgE and IgG1 antibodies, in agreement with similar approaches using hydrolysates 

or peptides [16, 17, 20]. However, changes in the Th1 response were less consistent, with upregulated 
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expression of T-bet in PPs and MLNs, but no change in the proportion of activated Th1 cells in the 

MLNs or spleen and diminished allergen-stimulated production of IFN-γ.  

Intestinal CD103+ DCs, bearing the integrin α-chain CD103 marker are crucial in the immune 

response to oral antigens. They migrate from the lamina propria to the MLNs, where they promote 

tolerance through the differentiation of gut homing Treg cells, mainly via production of TGF-β and 

the dietary metabolite retinoic acid [21]. However, CT-induced intestinal sensitization is also 

mediated by the active migration of CD103+ DCs expressing OX40L and Jagged-2 from the lamina 

propria to the MLNs [22]. Although we could not detect an effect of OVA and OP on the CD103+ DC 

population, the observed downregulation of the DC genes OX40L and Jagged-2 points out that the 

pre-treatments counteracted the influence of CT on intestinal DCs that leads to Th2-priming and 

allergic sensitization. In parallel, OP, unlike OVA, upregulated Foxp3 in intestinal lymphoid tissues 

and increased the percentage of Treg cells in the MLNs and spleens, in line with other studies that 

showed a key role of Treg cells in prevention of sensitization and development of food allergy [15, 

17, 20, 23]. 

As for its use as a therapeutic agent once EW allergy was established, assessment of the anaphylactic 

potential of OP by challenge to mice sensitized to EW confirmed that it was hypoallergenic. 

Moreover, when administered to EW-sensitized mice for 3 weeks, OP diminished adverse reactions 

upon oral and subsequent i.p. challenges with the allergen and protection was sustained 3 weeks after 

termination of the treatment, along with a gradual decrease in EW-specific IgE and IgG1 levels. 

Conversely, therapy with intact OVA for 3 weeks did not change the concentration of EW-specific 

IgE and IgG1, nor did it avoid anaphylaxis following challenge with EW. Of note was the observation 

that, in the animals treated with OVA, desensitization was observed after the 3 week off-therapy 

period, also in parallel with a reduction in the level of EW-specific antibodies, while the concentration 

of serum specific IgE and IgG1was maintained in untreated mice sensitized to EW, in agreement with 

[24]. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Successful desensitization with immunomodulatory hydrolysates or peptides is usually accompanied 

by a significant reduction in allergen-specific IgE levels [5, 25-28]. Furthermore, in view of the 

participation of IgG1 in anaphylaxis in our mouse model, decreased serum concentrations of this 

isotype are also likely to account for clinical benefits. On the other hand, effective therapy has been 

attributed to increases in allergen-specific IgG2a or IgA, which act as protective antibodies in the 

mouse [5, 26-28], although, evidence for induction of blocking antibodies through peptide 

immunotherapy is scarce, because, unlike intact allergens, short peptides hold a restricted potential to 

drive antibody production [29, 30]. In line with its weak immunogenicity, treatment with OP did not 

increase the concentration of IgG2a, albeit it enhanced fecal IgA. Nevertheless, the property of IgA to 

block systemic anaphylaxis by binding to allergens appears to belong to serum IgA and not to IgA 

contained in the gut lumen [31]. 

Whereas the role of blocking antibodies appears less important in peptide immunotherapy than in 

whole allergen immunotherapy; similarly to conventional immunotherapy, downregulation of Th2 

proliferative and cytokine responses to the allergen is usually reported [5, 25-28]. However, different 

studies refer either an associated increase in Th1 cytokines [26-28] or a concomitant Th1 decrease 

[25]. Treatment with both OVA and OP decreased the expression of GATA3 in the duodenum and 

PPs and the percentage of splenic activated Th2 cells, with no change in the percentage of activated 

Th1 cells. OP additionally increased the CD103+ CD11b+ subset of DCs in the MLN, and reduced the 

expression of the Th2 and Th1 skewing factors OX40L, Jagged-2 and Delta-4. Although, as 

mentioned, evidence so far argues against a functional specialization of DC subsets, the effects of OP 

on DCs could be linked to the downregulation of GATA3 and T-bet in the MLN and to the observed 

reduction in the percentage of activated Th2 and Th1 cells, indicating that OP balanced more 

efficiently than OVA the immunostimulating effects of CT, which leads to mixed Th2 and Th1 local 

and systemic responses [22]. Furthermore, upregulation of Foxp3 in intestinal tissues and of the 

percentage of Treg cells in the MLNs and spleens of mice treated with OP point to a crucial role of 

these cells in the inhibition of Th1 and Th2 responses and highlight induction of Treg cells as the 
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main mechanism underlying the efficacy of tolerance induction by food peptides [25, 26, 28], as also 

shown in ex vivo experiments.  

In contrast to our study, immunotherapy with pepsin-hydrolysed cashew was reported to work 

through the same mechanism as immunotherapy with the intact allergen due to the strong Th2-

stimulating properties of the hydrolyzate [5]. However, as it was previously shown, OP, in addition to 

low IgE-binding, exhibits comparable Th1 stimulating properties than OVA in the absence of Th2 

inducing capacity [7].  Furthermore, diarrhea during the first week of therapy with OVA was a 

symptomatic feature of IgE-mediated reactions, suggesting that OVA gavage during immunotherapy, 

unlike OP gavage, would have worked as a repeated oral challenge. It is known that stimulation of 

mouse mast cells by IgE cross-linking releases Th2-driving cytokines, promoting the expansion of 

mucosal ILC2s and the collaboration between these innate cells and allergen-specific Th2 cells, 

ultimately acting, through IL-4, as a Foxp3 inhibitor in Treg cell differentiation [11, 24, 32, 33]. 

Therefore, the lack of IgE-binding and Th2-priming capacity of OP may not only increase safety, but 

also efficacy of immunotherapy. 

In addition, therapy with OP provided extended desensitization. While this observation contrasts with 

other reports describing the reestablishment of clinical reactivity in mice once therapy is stopped, it is 

recognized that the induction of Treg cells can provide long lasting beneficial effects [34, 35]. 

Furthermore, it is noteworthy that peptides resulting from OVA fragmentation offered protection 

against challenge with whole EW. In this respect, it is also accepted that the most effective way to 

provide tolerance towards multiple epitopes within an allergen, or even towards other allergens 

normally co-exposed with it, is through the induction of a regulatory function in the T cells primed by 

the tolerogenic substance, as the regulatory environment can then be extended to T cells specific for 

other epitopes [36]. Indeed, there are cases of preventive and therapeutic uses of single food peptides 

that reduce sensitization and allergic responses to the whole intact protein in mice [23, 27]. However, 

this is, to the best of our knowledge, the first example of oral tolerance to non-cross reacting proteins 

not present in the therapy, an effect which was previously shown in peptide immunotherapy 

experiments in mouse models of allergic airways disease [37]. Still, whereas Treg cells can suppress 
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the effector responses of T cells with different antigen specificities, the generation of allergen-specific 

Treg cells is a requisite, as shown by the lack of effect of therapy with a non-related protein such as 

BSA. 

The superior potential of OP versus OVA for allergy prevention and therapy linked to Treg cell 

development paralleled a more efficient upregulation of the cytokines TGF-β and IL-10 in the 

intestinal tissues. In addition, it is noteworthy that IL-17 and RORγt, the Th17 master transcription 

factor, were also overexpressed. Treg and Th17 cells, which apparently exert opposite functions, as 

the latter are associated with pathogenic proinflammatory phenotypes, arise through a common 

intermediate that simultaneously upregulates both Foxp3 and RORγt [38]. Tregs that constitutively 

express Foxp3 and RORγt have been found in human and mice and it is postulated that they can 

contribute to the control of exacerbated Th2 responses [39-41]. Furthermore, while IL-17 signaling is 

required to develop allergic asthma, an inverse correlation between IL-17 levels and food allergy has 

been reported [42-44]. Therapy with OP increased the DC CD103+ CD11b+ population in the MLNs, 

which can promote the development of Treg cells through the production of TGF-β, but also produce 

of IL-6 that, besides inducing B cell activation to secrete IgA, leads to Th17 cells [45]. Therefore, it 

can be hypothesized that the concomitant upregulation of TGF-β, IL-10, IL-17, Foxp3 and RORγt 

observed in the intestinal tissues of mice, either preventive or therapeutically treated with OP, had a 

joined effect in the inhibition of Th2 and inflammatory responses contributing to a balanced immune 

protection. 

 

Disclosures 

The authors have no financial conflicts of interest. 

Acknowledgments 

Financial support was received from the project AGL2014-59771-R from MINECO (Spain). D. L-O 

and A. P-T and were recipients of FPI and FPU fellowships from MECD and MINECO (Spain). 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 REFERENCES  

1. Nowak-Wegrzyn A, Albin, S. Oral immunotherapy for food allergy: mechanisms and role in 

management. Clin Exp Allergy 2015; 45: 368-383. 

2. Jutel M, Agache I, Bonini S, Burks AW, Calderon M, Canonica W, Cox L, Demoly P, Frew 

AJ, O'Hehir R, Kleine-Tebbe J, Muraro A, Lack G, Larenas D, Levin M, Nelson H, Pawankar 

R, Pfaar O, van Ree R, Sampson H, Santos AF, Du Toit G, Werfel T, Gerth van Wijk R, 

Zhang L, Akdis, CA. International consensus on allergy immunotherapy. J Allergy Clin 

Immunol 2015; 136: 556-568. 

3. Lozano-Ojalvo D, López-Fandiño R. Immunomodulating peptides for food allergy prevention 

and treatment. Crit Rev Food Sci Nutrition 2017; doi: 10.1080/10408398.2016.1275519. 

4. Larché M. Mechanisms of peptide immunotherapy in allergic airways disease.  AnnalsATS 

2014; 11: S292-S296. 

5. Kulis M, Macqueen I, Li Y, Guo R, Zhong XP, Burks AW. Pepsinized cashew proteins are 

hypoallergenic and immunogenic and provide effective immunotherapy in mice with cashew 

allergy. J Allergy Clin Immunol 2012; 130: 716-723. 

6. Lozano-Ojalvo D, Molina E, López-Fandiño R. Regulation of exacerbated immune responses 

in human peripheral blood cells by hydrolysed egg white proteins. PloS One 2016; 11: 

e0151813. 

7. Lozano-Ojalvo, D., Molina, E., López-Fandiño, R. Hypoallergenic hydrolysates of egg white 

proteins modulate allergen responses induced ex vivo on spleen cells from sensitized mice. 

Food Res Int 2016; 89: 661-669. 

8. Pablos-Tanarro A,  López-Expósito I, Lozano-Ojalvo D, López-Fandiño R, Molina E. 

Antibody production, anaphylactic symptoms and T cell responses induced by oral 

sensitization with ovalbumin in BALB/c and C3H/HeOuJ mice. Allergy Asthma Immunol Res 

2016; 8: 239-245.  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

9. Li XM, Serebrisky D, Lee SY, Huang CK, Bardina L, Schofield BH, Stanley JS, Burks AW, 

Bannon GA, Sampson HA. A murine model of peanut anaphylaxis: T- and B-cell responses to 

a major peanut allergen mimic human responses. J Allergy Clin Immunol 2000; 106: 150-158. 

10. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2-ΔΔC
T Method. Methods 2001; 25: 402-408. 

11. Lee JB, Chen CY, Liu B, Mugge L, Angkasekwinai P, Facchinetti V, Dong C, Liu YJ, 

Rothenberg ME, Hogan SP, Finkelman FD, Wang YH. IL-25 and CD4(+) Th2 cells enhance 

type 2 innate lymphoid cell-derived IL-13 production, which promotes IgE-mediated 

experimental food allergy. J Allergy Clin Immunol 2016; 137: 1216-1225. 

12. Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo T, Flavell RA. Instruction of distinct CD4 

T helper cell fates by different notch ligands on antigen-presenting cells. Cell 2004; 117: 515-

526. 

13. Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N, Qin FX, Yao Z, Cao W, 

Liu YJ. TSLP-activated dendritic cells induce an inflammatory T helper type 2 cell response 

through OX40 ligand. J Exp Med 2005; 202: 1213-1223. 

14. Peng HJ, Su NH, Tsai JJ, Tsai LC, Kuo HL, Kuo SW. Effect of ingestion of cow's milk 

hydrolysed formulas on whey protein-specific Th2 immune responses in naïve and sensitized 

mice. Clin Exp Allergy 2004; 34: 663-670. 

15. Adel-Patient K, Wavrin S, Bernard H, Meziti N, Ah-Leung S, Wal, JM. Oral tolerance and 

Treg cells are induced in BALB/c mice after gavage with bovine β-lactoglobulin. Allergy 

2011; 66: 1312-1321.  

16. Adel-Patient K, Nutten S, Bernard H, Fritsché R, Ah-Leung S, Meziti N, Prioult G, Mercenier 

A, Wal JM. Immunomodulatory potential of partially hydrolyzed β-lactoglobulin and large 

synthetic peptides. J Agric Food Chem 2012; 60: 10858-10866. 

17. van Esch BC, Schouten B, de Kivit S, Hofman GA, Knippels LM, Willemsen LE, Garssen J. 

Oral tolerance induction by partially hydrolyzed whey protein in mice is associated with 

enhanced numbers of Foxp3+ regulatory T-cells in the mesenteric lymph nodes. Pediatr 

Allergy Immunol 2011; 22: 820-826. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

18. Strait RT, Morris SC, Finkelman FD. IgG-blocking antibodies inhibit IgE-mediated 

anaphylaxis in vivo through both antigen interception and FcγRIIb cross-linking. J Clin Invest 

2006; 116: 833-841. 

19. Mjösberg J, Bernink J, Golebski K, Karrich JJ, Peters CP, Blom B, te Velde AA, Fokkens WJ, 

van Drunen CM, Spits H. The transcription factor GATA3 is essential for the function of 

human type 2 innate lymphoid cells. Immunity 2012; 37: 649-659.  

20. Hacini-Rachinel F, Vissers YM, Doucet-Ladevéze R, Blanchard C, Demont A, Perrot M, 

Panchaud A, Prioult G, Mercenier A, Nutten S. Low-allergenic hydrolyzed egg induces oral 

tolerance in mice. Int Arch Allergy Immunol 2014; 164: 64-73. 

21. Coombes JL, Siddiqui KR, Arancibia-Cárcamo CV, Hall J, Sun CM, Belkaid Y, Powrie F. A 

functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells 

via a TGF-β and retinoic acid-dependent mechanism. J Exp Med 2007; 204: 1757-1764.  

22. Blázquez AB, Berin C. Gastrointestinal dendritic cells promote Th2 skewing via OX40L. J. 

Immunol 2008; 180: 4441-4450. 

23. Meulenbroek LA, van Esch BC, Hofman GA, den Hartog Jager CF, Nauta AJ, Willemsen LE, 

Bruijnzeel-Koomen CA, Garssen J, van Hoffen E, Knippels LM. Oral treatment with β-

lactoglobulin peptides prevents clinical symptoms in a mouse model for cow's milk allergy. 

Pediatr Allergy Immunol 2013; 24: 656-664. 

24. Jiménez-Saiz R, Chu DK, Mandur TS, Walker TD, Gordon ME, Chaudhary R, Koenig J, 

Saliba S, Galipeau HJ, Utley A, King IL, Lee K, Ettinger R, Waserman S, Kolbeck R, Jordana 

M. Lifelong memory responses perpetuate humoral TH2 immunity and anaphylaxis in patients 

with food allergy. J Allergy Clin Immunol 2017; doi: 10.1016/j.jaci.2017.01.018.  

25. Yang M, Yang C, Nau F, Pasco M, Juneja LR, Okubo T, Mine Y. Immunomodulatory effects 

of egg white enzymatic hydrolysates containing immunodominant epitopes in a BALB/c 

mouse model of egg allergy. J Agric Food Chem 2009; 57: 2241-2248.  

26. Yang M, Yang C, Mine Y. Multiple T cell epitope peptides suppress allergic responses in an 

egg allergy mouse model by the elicitation of forkhead box transcription factor 3- and 

transforming growth factor-β-associated mechanisms. Clin Exp Allergy 2010; 40: 668-678. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

27. Rupa P, Mine Y. Oral immunotherapy with immunodominant T-cell epitope peptides 

alleviates allergic reactions in a Balb/c mouse model of egg allergy. Allergy 2012; 67: 74-82. 

28. Wai CY, Leung NY, Leung PS, Chu KH. T cell epitope immunotherapy ameliorates allergic 

responses in a murine model of shrimp allergy. Clin Exp Allergy 2016; 46: 491-503. 

29. Prickett SR, Rolland JM, O'Hehir RE. (2015). Immunoregulatory T cell epitope peptides: the 

new frontier in allergy therapy. Clin Exp Allergy; 45: 1015-1026. 

30. Valenta R, Campana R, Focke-Tejkl M, Niederberger V. Vaccine development for allergen-

specific immunotherapy based on recombinant allergens and synthetic allergen peptides: 

Lessons from the past and novel mechanisms of action for the future. J Allergy Clin Immunol 

2016; 137: 351-357. 

31. Strait RT, Mahler A, Hogan S, Khodoun M, Shibuya A, Finkelman FD. Ingested allergens 

must be absorbed systemically to induce systemic anaphylaxis. J Allergy Clin Immunol 2011; 

127: 982-989. 

32. Burton OT, Noval Rivas M, Zhou JS, Logsdon SL, Darling AR, Koleoglou KJ, Roers A, 

Houshyar H, Crackower MA, Chatila TA, Oettgen HC. Immunoglobulin E signal inhibition 

during allergen ingestion leads to reversal of established food allergy and induction of 

regulatory T cells. Immunity 2014; 41:141-151.  

 

33. Noval Rivas M, Burton OT, Oettgen HC, Chatila T. IL-4 production by group 2 innate 

lymphoid cells promotes food allergy by blocking regulatory T-cell function. J Allergy Clin 

Immunol 2016; 138: 801-811.  

34. Leonard SA, Martos G, Wang W, Nowak-Węgrzyn A, Berin MC. Oral immunotherapy 

induces local protective mechanisms in the gastrointestinal mucosa. J Allergy Clin Immunol 

2012; 129: 1579-1587. 

35. Chinthrajah RS, Hernandez JD, Boyd SD, Galli SJ, Nadeau KC. Molecular and cellular 

mechanisms of food allergy and food tolerance. J Allergy Clin Immunol 2016; 137: 984-997.  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

36. Mackenzie KJ, Fitch PM, Leech MD, Ilchmann A, Wilson C, McFarlane AJ, Howie SE, 

Anderton SM, Schwarze J. Combination peptide immunotherapy based on T-cell epitope 

mapping reduces allergen-specific IgE and eosinophilia in allergic airway inflammation. 

Immunology 2013; 38: 258-268. 

37. Moldaver DM, Bharhani MS, Wattie JN, Ellis R, Neighbour H, Lloyd CM, Inman MD, Larché 

M. Amelioration of ovalbumin-induced allergic airway disease following Der p 1 peptide 

immunotherapy is not associated with induction of IL-35. Mucosal Immunol 2014; 7: 379-390.  

38. Lochner M, Wang A, Sparwasser T. The special relationship in the development and function 

of T helper 17 and regulatory T cells. In Progress in Molecular Biology and Translational 

Science vol 136. Elsevier Inc 2015; pp. 99-129. 

39. Ayyoub M, Deknuydt F, Raimbaud I, Dousset C, Leveque L, Bioley G, Valmori D. Human 

memory FOXP3+ Tregs secrete IL-17 ex vivo and constitutively express the TH17 lineage-

specific transcription factor RORγt. Proc Natl Acad Sci USA 2009;106: 8635-8640.  

40. Cortes-Perez NG, Lozano-Ojalvo D, Maiga MA, Hazebrouck S, Adel-Patient K. Intragastric 

administration of Lactobacillus casei BL23 induces regulatory FoxP3+RORγt+ T cells subset 

in mice. Benef Microbes 2017; 8: 433-438.  

41. Ohnmacht C, Park JH, Cording S, Wing JB, Atarashi K, Obata Y, Gaboriau-Routhiau V, 

Marques R, Dulauroy S, Fedoseeva M, Busslinger M, Cerf-Bensussan N, Boneca IG, 

Voehringer D, Hase K, Honda K, Sakaguchi S, Eberl G. The microbiota regulates type 2 

immunity through RORγt⁺  T cells. Science 2015; 349: 989-993. 

42. Massoud AH, Charbonnier LM, Lopez D, Pellegrini M, Phipatanakul W, Chatila TA An 

asthma-associated IL4R variant exacerbates airway inflammation by promoting conversion of 

regulatory T cells to TH17-like cells. Nat Med 2016; 22:1013-1022. 

43. Dhuban KB, d'Hennezel E, Ben-Shoshan M, McCusker C, Clarke A, Fiset P, Mazer B, 

Piccirillo CA. Altered T helper 17 responses in children with food allergy. Int Arch Allergy 

Immunol 2013; 162: 318-322.  

44. Frossard CP, Zimmerli SC, Rincon Garriz JM, Eigenmann PA. Food allergy in mice is 

modulated through the thymic stromal lymphopoietin pathway. Clin Transl Allergy 2016; 6: 2. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

45. Veldhoen M, Hocking R, Atkins C, Locksley RM, Stockinger B. TGF-β in the context of an 

inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. 

Immunity 2006; 24:179-189. 

 

LEGENDS TO THE FIGURES 

Figure 1. Sensitizing and eliciting capacity of OP. Mice were administered CT, EW+CT or OP+CT. 

(A) EW-specific IgE, IgG1, IgG2a and IgA antibodies. (B) Anaphylactic scores and body temperature 

after oral and i.p. challenges with EW or OP, and levels of MCP-1 in serum samples collected after 

sacrifice. Relative gene expression of (C) IL-33, IL-25 and TSLP; and (D) GATA3, T-bet, Foxp3 and 

RORγt determined in duodenum samples (the CT group, used as calibrator, is represented as a 

discontinuous line in the figure). (E) Activated Th2, Th1 and Treg cells within the CD4+ population in 

the spleens. Data are expressed as means ± SEM, except for clinical scores, that are represented as 

medians (n=5). Different letters indicate statistically significant differences (P< 0.05) and in (A) they 

designate differences between groups of mice at the same experimental point. * indicates differences 

(P< 0.05) compared with the calibrator. 

Figure 2. Prevention of allergy to EW by pre-treatment with OVA and OP. Mice were either 

treated with OVA or OP or left untreated (PBS), before being sensitized to EW or sham-sensitized 

(CT). (A) EW-specific IgE, IgG1, IgG2a and IgA antibodies. (B) Anaphylactic scores and body 

temperature after oral and i.p. challenges with EW, and levels of MCP-1 in serum samples collected 

after sacrifice. Relative gene expression of (C) IL-33, IL-25, TSLP and IL-9 determined in duodenum 

(DD); (D) IL-10, TGF-β and IL-17; and (E) GATA3, T-bet, Foxp3 and RORγt determined in DD, PPs 

and MLNs (the CT group, used as calibrator, is represented as a discontinuous line in the figure). Data 

are expressed as means ± SEM, except for clinical scores, that are represented as medians (n=5). 

Different letters indicate statistically significant differences (P< 0.05) and in (A) they designate 

differences between groups of mice at the same experimental point. * indicates differences (P< 0.05) 

compared with the calibrator. 
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Figure 3. Dendritic and T cell responses of mice pre-treated with OVA and OP before 

sensitisation to EW. Mice were either treated with OVA or OP or left untreated (PBS), before being 

sensitized to EW or sham-sensitized (CT). (A) Activated Th2, Th1 and Treg cells within the CD4+ 

population in MLNs. (B) Relative gene expression of OX40L, Jagged-2, IL-12p40 and Delta-4 in 

MLNs (the CT group, used as calibrator, is represented as a discontinuous line in the figure). (C) 

Activated Th2, Th1 and Treg cells within the CD4+ population in spleens. Data are expressed as 

means ± SEM (n=5). Different letters indicate statistically significant differences (P< 0.05). * 

indicates differences (P< 0.05) compared with the calibrator. 

Figure 4. Therapy of allergy to EW by treatment with OVA and OP. Mice were sensitized to EW 

or sham-sensitized (CT) before being treated with either BSA, OVA or OP or left untreated (PBS). 

(A) EW-specific IgE, IgG1, IgG2a and IgA antibodies. (B) Anaphylactic score and body temperature 

after oral and i.p. challenges with EW, and levels of MCP-1 in serum samples collected after sacrifice. 

Relative gene expression of (C) IL-33, IL-25, TSLP and IL-9 determined in duodenum (DD); (D) IL-

10, TGF-β, and IL-17; and (E) GATA3, T-bet, Foxp3 and RORγt determined in DD, PPs and MLNs 

(the CT group, used as calibrator, is represented as a discontinuous line in the figure). Different letters 

indicate statistically significant differences (P< 0.05) and in (A) they designate differences between 

groups of mice at the same experimental point. * indicates differences (P< 0.05) compared with the 

calibrator. This experiment was repeated 3 times with consistent results and data from a representative 

experiment are reported. 

Figure 5. Dendritic and T cell responses of mice sensitized to EW and treated with OVA and 

OP. Mice were sensitized to EW or sham-sensitized (CT) before being treated with either BSA, OVA 

or OP or left untreated (PBS). (A) Activated Th2, Th1 and T reg cells within the CD4+ population in 

MLNs. (B) Relative gene expression of OX40L, Jagged-2, IL-12p40 and Delta-4 in MLN samples 

(the CT group, used as calibrator, is represented as a discontinuous line in the figure). (C) Activated 

Th2, Th1 and Treg cells within the CD4+ population in spleens. Data are expressed as means ± SEM 

(n=5). Different letters indicate statistically significant differences (P< 0.05). * indicates differences 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

(P< 0.05) compared with the calibrator. This experiment was repeated 3 times with consistent results 

and data from a representative experiment are reported.  
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SUPPLEMENTARY MATERIALS 

Supplementary Table 1. Primer sequences used in RT-qPCR analyses of gene expression. 

Gene Primer pairs Reference Cycling conditions 

β-actin 
fw  5´ AGCTGCGTTTTACACCCTTT 3´ 

[1] 
Pre-Incubation 

2 min 50ºC 

 

Incubation 

10 min 95ºC 

 

40 cycles: 

 

Denaturation 

15 s 95ºC 

 

Annealing/Extension 

45 s 58ºC + 15 s 60ºC 

rv  5´ AAGCCATGCCAATGTTGTCT 3´ 

IL-10 
fw 5' GCCTTATCGGAAATGATCCA 3' 

[2] 
rv 5' AGGGGAGAAATCGATGACAG 3' 

IL-22 
fw 5' CATGCAGGAGGTGGTACCTT 3' 

[3] 
rv 5' CAGACGCAAGCATTTCTCAG3' 

OX40L 
fw 5' GGGATGCTTCTGTGCTTCATCT 3' 

[4] 
rv 5' TTTGGATTGGAGGGTCCTTTG 3' 

TGF-β 
fw 5' TTGCTTCAGCTCCACAGAGA 3' 

[2] 
rv 5' TACTGTGTGTCCAGGCTCCA 3' 

Delta-4 
fw 5' ACCTTTGGCAATGTCTCCAC 3' 

[5] 

Pre-Incubation 

2 min 50ºC 

 

Incubation 

10 min 95ºC 

 

40 cycles: 

 

Denaturation 

15 s 95ºC 

 

Annealing/Extension 

60 s 60ºC 

rv 5' TTGGATGATGATTTGGCTGA 3' 

Foxp3 
fw 5' ACAACCTGAGCCTGCACAAGT 3' 

[1] 
rv 5' GCCCACCTTTTCTTGGTTTTG 3' 

GATA3 
fw 5' CCTTAAAACTCTTGGCGTCC 3' 

[6] 
rv 5' AGACACATGTCATCCCTGAG 3' 

IL12p40 
fw 5' AGGTGCGTTCCTCGTAGAGA 3' 

[5] 
rv 5' AAAGCCAACCAAGCAGAAGA 3' 

IL-9 
fw 5' GTCCGTCCTTTTCCTGCGAA 3' This 

work rv 5' TCTGTCTTCATGGTCGGCTT  3' 

IL-17 
fw 5' TGCCTGTGGCACTGAAGTAG 3' 

[7] 
rv 5' TTCATGGCTGCAGTGAAAAG 3' 

IL-33 
fw 5' ATTTCCCCGGCAAAGTTCAG 3' 

[8] 
rv 5' AACGGAGTCTCATGCAGTAGA 3' 

IL-25 
fw 5' ACAGGGACTTGAATCGGGTC 3' 

[8] 
rv 5' TGGTAAAGTGGGACGGAGTTG 3' 

Jagged-2 
fw5' GGCAAAGAATGCAAAGAAGC 3' 

[5] 
rv 5' GCTCAGCATTGATGCAGGTA 3' 

RORt 
fw5' TCACCTGTGAGGGGTGCAAG 3' 

[9] 
rv 5' GTTCGGTCAATGGGGCAGTT 3' 

T-bet 
fw 5' GTATCCTGTTCCCAGCCGTTTC 3' 

[10] 
rv 5' ACTGTGTTCCCGAGGTGTCC 3' 

TSLP 
fw 5' AGGCTACCCTGAAACTGAGA 3' 

[11] 
rv 5' GGAGATTGCATGAAGGAATAC 3' 

fw, forward; rv, reverse 

 

 



 
 

REFERENCES  

1. Cardoso CR, Provinciatto PR, Godoi DF, Ferreira BR, Teixeira G, Rossi MA. IL-4 

regulates susceptibility to intestinal inflammation in murine food allergy. Am J Physiol 

Gastrointest Liver Physiol 2009; 296: 593-600. 

2. Yang M, Yang C, Nau F, Pasco M, Juneja LR, Okubo T, Mine Y. Immunomodulatory 

effects of egg white enzymatic hydrolysates containing immunodominant epitopes in a 

Balb/c mouse model of egg allergy. J Agric Food Chem 2009; 57: 2241-2248. 

3. Cha HR, Chang SY, Chang JH, Kim JO, Yang JY, Kim CH, Kweon MN. 

Downregulation of Th17 cells in the small intestine by disruption of gut flora in the 

absence of retinoic acid. J Immunol 2010; 184: 6799-6806. 

4. Mehta AK, Duan W, Doerner AM, Traves SL, Broide DH, Proud D, Zuraw BL, Croft 

M. Rhinovirus infection interferes with induction of tolerance to aeroantigens through 

OX40 ligand, thymic stromal lymphopoietin, and IL-33. J Allergy Clin Immunol 2016; 

137: 278-288. 

5. Blazquez AB, Berin C. Gastrointestinal Dendritic Cells Promote Th2 Skewing via 

OX40L. J Immunol 2008; 180: 4441-4450. 

6. Zhang C, Gui L, Xu Y, Wu T, Liu, D. Preventive effects of andrographolide on the 

development of diabetes in autoimmune diabetic NOD mice by inducing immune 

tolerance. Int Immunopharmacol 2013; 16: 451-456. 

7. Lenoir M, Del Carmen S, Cortes-Perez NG, Lozano-Ojalvo D, Muñoz-Provencio D, 

Chain F, Langella P, de Moreno de LeBlanc A, LeBlanc JG, Bermúdez-Humarán LG. 

Lactobacillus casei BL23 regulates Treg and Th17 T-cell populations and reduces 

DMH-associated colorectal cancer. J Gastroenterol 2016; 51: 862-873. 

8. Li J, Wang Y, Tang L, Villiers WJ, Cohen D, Woodward J, Finkelman FD, Eckhardt 

ER. Dietary medium-chain triglycerides promote oral allergic sensitization and orally 

induced anaphylaxis to peanut protein in mice. J Allergy Clin Immunol 2013; 131: 442-

450. 

9. Yoh K, Morito N, Ojima M, Shibuya K, Yamashita Y, Morishima Y, Ishii Y, Kusakabe 

M, Nishikii H, Fujita A, Matsunaga E, Okamura M, Hamada M, Suto A, Nakajima H, 

Shibuya A, Yamagata K, Takahashi S. Overexpression of RORγt under control of the 

CD2 promoter induces polyclonal plasmacytosis and autoantibody production in 

transgenic mice. Eur J Immunol 2012; 42: 1999-2009.  

10. Zhao A, Urban JF, Sun R, Stiltz J, Morimoto M, Notari L, Madden KB, Yang Z, 

Grinchuk V, Ramalingam TR, Wynn TA, Shea-Donohue T. Critical role of IL-25 in 

nematode infection-induced alterations in intestinal function. J Immunol 2010; 185: 

6921-6929.  

11. Negishi H, Miki S, Sarashina H, Taguchi-Atarashi N, Nakajima A, Matsuki K, Endo N, 

Yanai H, Nishio J, Honda K, Taniguchi T. Essential contribution of IRF3 to intestinal 

homeostasis and microbiota-mediated Tslp gene induction. Proc Natl Acad Sci USA 

2012; 109: 21016-21021.  

 

 



 
 

Supplementary Table 2.  Antibodies used for the assessment of T cell and dendritic cell 

subsets by flow cytometry. 

Antibody
a
 Clone Cell population 

Anti-CD4-Alexa Fluor 700 GK1.5 T cells 

Anti-CD69-PerCP-Cy5.5 H1.2F3 T cells 

Anti-CXCR3-APC CXCR3-173 Th1 cells 

Anti-ST2-PE RMST2-2 Th2 cells 

Anti-CD25-FITC 3C7 Treg cells 

Anti-CD39-PE-Cy7 Duha59 Treg cells 

Anti-CD11c-PE-Cy7 N418 DCs 

Anti-CD11b-Alexa Fluor 700 M1/70 DCs 

Anti-CD103-PE 2E7 DCs 
a 
All from Biolegend (San Diego, CA, USA)  

 

 



Supplementary figure 1. Experimental procedures followed in the study of the (A) sensitizing and eliciting 

capacity, and (B) preventive and (C) therapeutic effects of OP in BALB/c mice. 
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Supplementary figure 2. OP-specific IgG1 and IgG2a antibodies in mice administered CT, EW+CT or 

OP+CT. Data are expressed as means ± SEM (n=5) and different letters designate differences (P < 0.05) 

between groups of mice at the same experimental point. 
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Supplementary figure 3. PCA assay with unheated and heated (56°C for 3 h) pooled serum obtained at 

sacrifice (week 6) from mice administered EW+CT (n=5). Dye extravasation was calculated by correcting the 

absorbance induced by EW inoculation with the absorbance of the supernatant of the ear injected with pooled 

serum from sham sensitized mice, extrapolation from a reference curve with known amounts of Evans blue and 

normalization considering the weight of each ear. Data are means ± SEM (n= 2) and different letters indicate 

statistically significant differences (P < 0.05). 
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Supplementary figure 4. Effects of the ex vivo stimulation with EW and OP on the secretion of IL-4, IL-5, 

IFN-γ, IL-10 and IL-17 by splenocytes from mice administered CT, EW+CT and OP+CT. Data are expressed as 

means ± SEM (n=5) and different letters indicate statistically significant differences (P < 0.05). 
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Supplementary figure 5. Effects of the ex vivo stimulation with EW on the secretion of IL-4, IL-5, IFN-γ, IL-

10 and IL-17 by splenocytes from mice either treated with OVA or OP or non-treated (PBS), before being 

sensitized to EW or sham-sensitized (CT). Data are expressed as means ± SEM (n=5). Different letters indicate 

statistically significant differences (P < 0.05). 
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Supplementary figure 6. Distribution of dendritic cell (CD11c+) subsets (defined on the basis of the expression 

of surface markers CD103 and CD11b) in the MLNs of mice sensitized to EW or sham-sensitized (CT) before 

being treated with either OVA or OP or non-treated (PBS), estimated by flow cytometry. Data are expressed as 

means ± SEM (n=5). Different letters indicate statistically significant differences (P < 0.05). 
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Supplementary figure 7. Representative flow cytometry analyses of CD25+ CD39+ cells (Treg cells) within the 

CD4+ population in spleens from mice sensitized to EW or sham-sensitized (CT) before being treated with either 

OVA or OP or non-treated (PBS).  
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Supplementary figure 8. Effects of the ex vivo stimulation with EW on the secretion of IL-4, IL-5, IFN-γ, IL-

10 and IL-17 by splenocytes from mice sensitized to EW or sham-sensitized (CT) before being treated with 

either OVA or OP or non-treated (PBS), 3 days (week 9) and 3 weeks after the end of the treatment (week 12). 

Data are expressed as means ± SEM (n=5). Different letters indicate statistically significant differences (P < 

0.05). 
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Supplementary figure 9. Secretion of IL-5, IFN-γ and IL-10 by CD4+ T cells isolated from mice sensitized to EW 

co-cultured with DCs isolated from sham-sensitized mice (CT) and EW-sensitized mice, either untreated (PBS) or 

treated with OP and stimulated with EW. Data are expressed as means ± SEM (n=5). Different letters indicate 

statistically significant differences (P < 0.05). 
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