Food and Nutrition Sciences, 2015, 6, 221-233
Published Online February 2015 in SciRes. http://www.scirp.org/journal/fns
http://dx.doi.org/10.4236/fns.2015.62023

Induction of Oral Tolerance in Neonatal
Mice by Transfer of Food Allergens
as IgA-Immune Complexes in Breast Milk
Kumiko Kizu1, Ayu Matsunaga2, Junko Hirose3, Akihiro Kimura4, Hiroshi Narita2
1

Department of Life and Living, Osaka Seikei College, Osaka, Japan
Department of Food and Nutrition, Kyoto Women’s University, Kyoto, Japan
3
Department of Food Science and Nutrition, School of Human Cultures, The University of Shiga Prefecture,
Hikone, Japan
4
Itayado Clinic, Kobe, Japan
Email: narita@kyoto-wu.ac.jp
2

Received 16 January 2015; accepted 3 February 2015; published 11 February 2015
Copyright © 2015 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract
Various opinions have been presented on the merits and demerits that breastfeeding gives for the
allergic onset of the babies. In this report, we focused on whether food proteins eaten by mother
mice and secreted into breast milk as IgA-immune complexes contribute to the allergy prevention
through oral tolerance in infants who ingest the milk. BALB/c mice were divided into two groups;
E-group fed only egg white proteins and M-group fed only cow’s milk proteins as a dietary protein
source. After immunizing M-group infants fed their own mother’s milk with ovalbumin/alum, diarrhea associated with experimental Th2 intestinal inflammation was induced by oral administration of ovalbumin. The diarrhea was dramatically suppressed in E-group infants. Concomitantly, low level of serum anti-ovalbumin- and ovomucoid-IgG1 and IgE, suppression of IL-4 synthesis by spleen cells, and low incidence of anaphylactic death after intravenous injection of ovalbumin were observed preferentially in E-infants. Immune complexes of respective dietary proteins and IgA were found in the breast milk obtained from each group of mother. Oral administration of pseudo immune complex chemically synthesized with ovalbumin and monoclonal mouse
IgA in advance effectively suppressed anti-ovalbumin-IgG1 synthesis in adult mice after immunization with ovalbumin. The tolerance induced by the pseudo immune complex of ovalbumin diminished spontaneously while mice did not take egg white proteins. Thus, immune tolerance and
then prevention of allergic disorder against dietary proteins were acquired via breastfeeding by
mothers feeding the relevant proteins, probably through the immune complexes of dietary proteins and sIgAs secreted into breast milk.
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1. Introduction
Breastfeeding is just the fundamental biological behavior for mammals. Therefore, breast milk is reasonably
considered to be the most appropriate food for infants providing nutritional, developmental, psychological, social, economical, and environmental benefits [1]. In addition, there are extensive observations supporting another key role of breastfeeding in protecting infants from infectious diseases [2] [3]. The protection mainly relies
on the passive immunity due to the transfer of large amount of microbe-specific IgA acquired from breast milk
to compensate for the reduction of immunoglobulin from umbilical cord blood and the deficiency of its self-synthesis during the first year of life [4]. IgA also functions as a protective factor against allergic diseases, as expected from inverse relationship between IgA production and incidence of allergy [5] [6]. It interrupts the penetration of antigens (microbes and food proteins) from the surface of intestinal mucosal membrane. However,
conflicting results have been proposed epidemiologically about the influence of breastfeeding on the allergic responsiveness in progeny [7]-[10]. Variations in many factors such as genetics, kinds of allergens and allergies,
routes and timing of allergen exposure, and maturation of mucosal immunity may affect on the allergic risks in
progeny. Even under the appropriate experimental conditions in mice, breast milk may be protective [11] or
susceptible [12] to the development of allergic asthma in progeny.
Food proteins eaten by mothers are known to be secreted into breast milk at ng~μg/ml. Concerning food allergy, whether they are promotive (sensitization) or suppressive (tolerance) against food allergy is the critical
matter for infants [13]. Mother’s oral allergen avoidance is successfully introduced as the cure for food allergy
of infants, especially for atopic dermatitis. However, it has recently proved that the effect might be due to the
block not of oral exposure but of cutaneous one [14]. In addition, since rigorous dietary egg exclusion could not
eliminate trans-placental and trans-breast milk egg allergen passage, maternal preventive dietary restriction has
been thought to be fruitless exercise [7] [15], so is not recommended now in the world [16]. Then, why breast
milk contains allergens? Are those nothing more than leak or do they have an unknown physiological function?
We have revealed occurrence of the major food allergen, ovomucoid, in human breast milk as an immune complex (IC) with specific IgA [17]. IgA-IC is reported to be effectively internalized by M cell, a specialized epithelial cell located on Peyer’s patch in intestine, through its specific IgA receptor [18], delivering antigens to intraepithelial and subepithelial dendritic cells and lymphocytes for subsequent IgA production [19]. Then, we have
expected some positive function in allergy prevention from IgA-IC in breast milk.
In this report, we describe the evidence indicating that food proteins eaten by mothers and secreted into breast
milk as IgA-IC contribute to the allergy prevention through oral tolerance in infants who ingest the milk. Preliminary results suggesting induction of oral tolerance through breastfeeding were obtained also in rats [20]. If
tolerance can be induced in infants by breastfeeding with usual maternal eating habit without any special medical treatment, it becomes possible to give a new and great breakthrough to the prevention and therapy against
allergic diseases and then to the promotion of breastfeeding itself.

2. Materials and Methods
2.1. Materials
Ovomucoid (OM) was purified from egg white [21]. Egg white protein or soy protein was a gift from Q.P. Corporation (Ibaraki, Japan) or Fuji Oil Co., LTD. (Osaka, Japan) and used after supplementation with 0.00125% of
biotin or 0.46% of methionine, respectively. The following materials were obtained from the sources indicated:
plates for enzyme linked immunosorbent assays (ELISAs) (MaxiSorp; Nunc, Roskilde, Denmark); PD-10 column (GE Healthcare, Buckinghamshire, UK); Imject Alum Adjuvant, mouse IL-4 ELISA Kit, Sulfosuccinimidyl 6-[3’-(2-pyridyldithio)-propionamido]hexanoate (Sulfo-LC-SPDP), and Protein G and L agarose (Thermo
Fisher, Rockford, USA); Mouse/Rat/Porcine/Canine TGF-β1 Immunoassay (R&D Systems Inc., Minneapolis,
USA); Freund’s complete and incomplete adjuvants (Difco, MI, USA); BSA, Ovalbumin (OVA; grade V), red
blood cell lysing buffer and oxytocin (Sigma-Aldrich, St. Louis, USA); OVA-free bovine milk whey proteins
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(Morinaga Milk Industry Co., LTD., Kanagawa, Japan). All other chemicals used were of the highest purity
available.

2.2. Mice
Female BALB/c mice (8 weeks old) were obtained from Japan SLC (Shizuoka, Japan) and fed commercially
available mouse diet and water ad libitum. At the start of experiments (10 - 12 weeks old), diet was changed to
the AIN-93G based purified diet, in which protein was replaced with OVA-free bovine milk whey proteins
(M-mice) or egg white proteins (E-mice). M- and E-mice were bred in each group and pups were breastfed by
relevant mothers (M- and E-pups). To prevent pups from eating mother’s diets and feces after 10 days of age,
mothers and pups were housed separately and breastfeeding was done only in pup’s cages at night. After weaning at 21 days, both pups were fed with the purified diet, in which protein was replaced with soy proteins. All
experiments were approved by the Animal Experiment Committee of Kyoto Women’s University.

2.3. OVA-Induced Diarrhea
E- and M-pups were sensitized twice, 2 weeks apart, with 20 μg of OVA in the presence of 1 mg of alum by intraperitoneal (i.p.) injection. Two weeks later, they were orally administered 200 μl of sterile saline containing
20 mg of OVA with intragastric feeding needles 8 times for every 2 - 3 days. Before each intragastric challenge,
mice were deprived of food for 3 - 4 hours. Diarrhea was assessed by visual monitoring of mice for up to one hour
following intragastric challenge. Mice demonstrating profuse liquid stool were recorded as diarrhea-positive
animals.

2.4. Systemic Anaphylaxis and Cytokine Determination
One day after the final diarrhea experiment, systemic anaphylaxis was induced to a part of mice by intravenous
injection of 40 μg of OVA in 50 μl of PBS (0.15 M NaCl in 10 mM NaPi buffer, pH 7.4). The number of mice
died within an hour was counted. Spleens were removed from the rest of the mice and 2 × 106 spleen cells
treated with red blood cell lysing buffer (Sigma) were cultured in triplicate for 72 h with or without 10 μg of
OVA in RPMI 1640 medium containing 10% fetal calf serum. Concentrations of IL-4 and TGF-β1 in the culture
medium were determined by the commercial ELISA kits according to the manufacturer’s recommendations.

2.5. Mouse Serum and Milk
Blood samples obtained from mice were centrifuged at 3000 × g for 5 min at 4˚C to remove particulate materials.
Sera were subdivided into sterile containers, and stored at –20˚C until use. Repetitive freeze and thaw was
avoided.
Milk samples were collected from mother mice on days 14 after delivery. They were separated from pups for
16 h before milking. To facilitate the collection, a single injection of one IU of oxytocin was given subcutaneously 5 min before milking. Between 100 - 500 μl of milk were collected from each mother, with a milking apparatus for experimental animals (WAT-2001, Little Leonardo, Japan) and were centrifuged at 10,000 × g for 10
min at 4˚C after adding equal volume of PBS. The top lipid layer and the bottom precipitate were discarded and
the clear whey was subdivided into sterile containers and stored at –20˚C until use. Repetitive freeze and thaw
was avoided.

2.6. Specific IgG1 and IgE in Sera
OVA- or OM-specific IgG1 in sera was determined by respective ELISA. Briefly, ELISA plate was coated with
50 μl of 2 μg/ml each antigen, blocked with 200 μl of 1% BSA in PBS, and incubated with serial dilutions of
serum samples followed by Alkaline phosphatase (ALP)-conjugated anti-mouse IgG1 (BETHYL, Montgomery,
USA). At each step, wells were washed well with a washing buffer (0.1% BSA, 0.05% Tween-20, and 0.15M
NaCl in 10 mM Tris-HCl Buffer, pH 7.4). Finally, 100 μl of 1mg/ml ρ-nitrophenyl phosphate was added. ALP
reaction was carried out at 37˚C and was monitored with absorbance at 405 nm using a microplate reader (BioRad, Munich, Germany). The standard curve was drawn on the same plate for test samples. Wells were first
coated with 50 μl of 5 μg/ml anti-mouse IgG1 (BETHYL), blocked with 200 μl of 1% BSA in PBS, and incubated with serial dilutions of the standard mouse IgG1 (Southern Biotech, Birmingham, USA) followed by ALP-
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conjugated anti-mouse IgG1.
After removal of excess amount of serum IgG with Protein G agarose (Thermo), OVA-specific IgE was
measured as like as OVA-specific IgG1 by using horse radish peroxidase (HRP)-conjugated anti-mouse IgE
(Binding Site, Birmingham, UK) and tetramethylbenzidine. The standard curve was drawn with anti-mouse IgE
(CALTAG, Burlingame, USA) and mouse IgE (Southern Biotech). Enzymatic reaction was carried out at 37˚C
and monitored with absorbance at 450 nm after stopping with sulfuric acid.

2.7. IgA- or IgG-Immune Complex in Breast Milk
Immune complex of OVA was determined with sandwich ELISAs constructed with anti-OVA and anti-IgA or
IgG. ELISA plates were coated with 50 μl of 5 μg/ml of anti-OVA (CAPPEL/ICN MP Biomedicals, OH, USA),
blocked with 200 μl of 1% BSA in PBS, and incubated with serial dilutions of mouse breast milk followed by
ALP-conjugated anti-mouse IgA (α) (BETHYL) or anti-mouse IgG (American Qualex). The standard curve was
drawn with anti-mouse IgA or IgG as the solid antibody and mouse IgA or IgG as a standard. ALP reaction was
carried out as stated above. Immune complex of OM was measured as like as that of OVA with plates coated
with anti-OM (Morinaga Institute of Biological Science Inc., Yokohama, Japan).

2.8. Preparation of Pseudo-Immune Complex and Its Administration
A monoclonal IgA producing cell was established according to the methods described previously by the fusion
of myeloma P3U1 cells and mesentery lymph node cells obtained from a BALB/c mouse fed with egg protein
diet [21]. The light chain of the monoclonal IgA was κ, then it was purified by Protein L column from serum
free-culture media of the hybridoma. The antigen specificity of the IgA could not be identified, but it did not react with major food proteins in chicken egg white and cow’s milk. The IgA showed a broad peak around 200 400 kDa on a gel-filtration analysis, and molecular weight of its heavy chain was estimated to be about 60 kDa
on reduced SDS-PAGE, suggesting dimer formation (data not shown) [19].
OVA was coupled to the purified IgA with SPDP according to the manufacturer’s procedure. To 3.5 mg of
OVA dissolved in 1 ml of PBS containing 1 mM EDTA, 42 μl of 20 mM SPDP was added and kept for 30 min
at room temperature. After removal of free SPDP with PD-10 column, 2.0 mg of the IgA was added to the solution and incubated overnight at room temperature. The resulting solution was applied to a Protein L agarose column. More than 80% of OVA added were collected in through fraction and the bound proteins were eluted with
0.1 M Glycine-HCl buffer pH3.0 and immediately neutralized with 0.1 M Tris-HCl buffer pH 9.6. After dialysis
against PBS, the bound fraction was designated as OVA-pseudo IC, which was confirmed and determined by
the ELISA used for OVA-IC in breast milk. Therefore, its amount was expressed as IgA unit. One ng of OVApseudo IC as IgA was considered to contain no more than 1.75 ng of free OVA, providing all of OVA added
was coupled to IgA and recovered in the OVA-pseudo IC fraction during its preparation.
Varying amounts of OVA-pseudo IC were administered orally for successive 6 days to 8 weeks old BALB/c
mice fed casein-based commercially available mouse diet. At day 7, they were immunized with 50 μg of egg
white proteins with Freund’s complete adjuvant and boosted twice at day 21 and 49 with 50 μg of egg white
proteins with Freund’s incomplete adjuvant. Blood was drawn from orbital vein at day 35 and by cardiac puncture at day 63 and serum OVA- and OM-specific IgG1s were measured.

2.9. Statistical Analysis
The statistical difference was determined by two-sided Student’s t test, Welch’s t test, or Mann-Whitney’s U test
depending on the distribution pattern of the data. Difference with p < 0.05 was considered significant.

3. Results
3.1. Induction of Oral Tolerance in Infants by Maternal Dietary Proteins
In order to reveal the effects of maternal dietary proteins on the development of food allergy in their progeny,
BALB/c mice were allocated into two groups; E-mice fed only egg white proteins and M-mice fed only cow’s
milk proteins as a dietary protein source. Pups born from and breastfed by E-mothers are referred as “E-pups”
and those born from and breastfed by M-mothers as “M-pups” hereafter. They were carefully raised as exclusive
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breastfed animals for 21 days as stated in Materials and Methods. When infants were immunized twice with
OVA by using Freund’s adjuvants after weaning and their serum OVA-specific IgG1 levels were measured,
dramatic reduction was observed in E-pups compared to M-pups (Figure 1). It was dose-dependent; the higher
the content of egg white proteins in maternal diet, the lower the serum OVA-specific IgG1 levels in infants.
When E-100 pups were immunized with casein, they showed strong IgG1 production against casein (data not
shown), indicating that their IgG producing ability itself was normal and suppression was specific to the maternal dietary proteins. When alum was used as an adjuvant, serum OVA-specific IgE was not enough to be measured at this age (7 weeks old). We used Freund’s adjuvants here because they are known to elicit IgG response
stronger than alum and the level of IgG1 changes parallel to that of IgE.

3.2. Protection of Oral Allergen-Induced Diarrhea in Infants by Maternal Dietary Proteins
To assess the application of this result for the prevention of food allergy, we introduced a murine model of oral
allergen-induced intestinal inflammation accompanied by strong local and systemic Th2 responses [22]. In this
model, antigen-specific and dose-dependent acute diarrhea can be introduced by repeated doses of intragastric
OVA after intraperitoneal sensitization of BALB/c mice with OVA/alum (Figure 2(a)). When M-pups were applied to the protocol, they developed acute diarrhea about 15 - 30 minutes after the third oral OVA challenge
(Figure 2(b)). In contrast, E-pups were resistant to the oral OVA challenges. Diarrhea was also confirmed by
direct observation of the colon and cecum that the liquid stool was seen in M-pups contrasted with the solid pellets in E-pups (Figure 2(c)). Loss of Body weight was seen in M-pups before and after the oral OVA challenges
(Figure 2(d)). Furthermore, when lethal anaphylactic shock was induced by the intravenous injection of OVA to
the pups after oral OVA challenges, five of six died in M-pups but only one of nine in E-pups within an hour.
Figure 2(e) showed the survival curve drawn according to the method of Kaplan-Meier. There was statistically
significant difference between both groups (p < 0.01) [23]. Collectively in other words, neonates can acquire
oral tolerance against maternal dietary proteins through breast feeding, suggesting that breast milk act as a natural drinkable vaccine against food allergy in neonates.
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Figure 1. Dose-dependent reduction of serum OVA-specific IgG1 in infants by maternal dietary egg white proteins. Female BALB/c mice (10
weeks old) were fed with the diets containing cow’s milk proteins and egg
white proteins at different ratios (M: 100% milk proteins, E-25, -50, -75,
-100: 25%, 50%, 75%, 100% egg white proteins compensated with milk
proteins, respectively). Pups born from and breastfed by each mother were
immunized intraperitoneally by 10 μg of OVA with Freund’s complete
adjuvant at weaning and boosted two weeks later by the same amount of
OVA with Freund’s incomplete adjuvant. Their blood samples were drawn
two weeks later and the serum OVA-specific IgG1 levels were measured.
Individual results were presented in five groups of 8 pups for M, 5 for E25, 6 for E-50, 5 for E-75, and 8 for E-100. Crossbars are the mean values.
*p > 0.05, **p < 0.05, ***p < 0.01 compared to M-pups.
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Figure 2. Oral OVA-induced diarrhea in infants breastfed by mother mice fed with egg white
proteins. (a) Schematic representation of the experimental schedule. Female BALB/c mice were
fed only with cow’s milk proteins (M-mice) or egg white proteins (E-mice) as a dietary protein
source. Pups born from and breastfed by E-mothers (E-pups: n = 16, 4 males and 12 females) and
those by M-mothers (M-pups: n = 14, 7 males and 7 females) were intraperitoneally (i.p.) immunized twice, 2 weeks apart, with 20 μg of OVA in alum after weaning and subsequently treated
with intragastric (i.g.) OVA challenges (20 mg each) 8 times for every 2-3 days; (b) Diarrhea
occurrence in E-pups (circles) and M-pups (triangles) was assessed 15 - 60 minutes after each intragastric OVA challenge; (c) Representative photographs of the cecum and colon extirpated
from E-pups (upper) or M-pups (lower) 60 minutes after 8 intragastric OVA challenges; (d) Loss
of body weights before and after 8 intragastric OVA challenges in individual E-pups (circles) and
M-pups (triangles). Crossbars are the mean values. *p < 0.01 between both groups; (e) Systemic
anaphylaxis was induced in E-pups (solid line, n = 9) and M-pups (broken line, n = 6) by intravenous injection (i.v.) of 40 μg of OVA after 8 intragastric OVA challenges. Survival curve was
drawn according to the method of Kaplan-Meier and the log-rank test was used to compare two
groups of survival times [23].
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3.3. Antibody and Cytokine Responses in Infants

OVA-induced diarrhea seen above is known to be associated with other immunological manifestations of allergy,
such as antibody production and cytokine profile. OVA/alum immunization of the E-pups after weaning resulted
in markedly reduced serum levels of OVA-specific IgG1 as compared to M-pups before and during diarrhea induction (Figure 3(a)). Although serum OVA-specific IgE was not enough to measure before diarrhea induction,
significantly lower levels were determined in E-pups than in M-pups after diarrhea induction (Figure 3(b)). It
resulted in the high incidence of anaphylactic death only in M-pups (Figure 2(e)). The mouse showed the highest serum IgE level in E-pups was the only one died in E-pups by anaphylactic shock. To assess the cytokine
profile regulated by T cells, spleen cells of infants after diarrhea induction were isolated and cultured in vitro in
the presence or the absence of OVA. TGF-β is the representative cytokine known to be suppressive against IgE
production and IL-4 is the one known to be promotive. While OVA-dependent production of TGF-β by spleen
cells was slightly higher in E-pups than in M-pups (p = 0.09) (Figure 3(c)), that of IL-4 was greatly inhibited in
E-pups (p = 0.04) (Figure 3(d)), consistent with the lower level of serum IgE in E-pups (Figure 3(b)) and suggesting the suppression of Th2 response by breastfeeding.
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Figure 3. Association of oral OVA-induced diarrhea with antibody and cytokine
responses in infants. Before intragastric OVA challenges (Before) and after 4
and 8 times challenges (After-4 and -8) in Figure 2(a), blood was drawn from
orbital vein and OVA-specific IgG1 (a) and IgE (b) were measured in individual
E-pups (circles, n = 16) and M-pups (triangles, n = 14). OVA-dependent secretion of TGF-β1 (c) and IL-4 (d) were analyzed with spleen cells obtained from 5
mice of each group after 8 times challenges. Differences of the values obtained
with or without OVA were expressed. Crossbars are the mean values. *p > 0.05,
**p < 0.05, ***p < 0.01 between both groups.
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3.4. Maternal Factors in Breast Milk Influencing to Immune System of Progeny

Preliminary experiments showed that the dietary proteins of fathers and mothers before pregnancy did not relate
to the results obtained in Figure 1 (data not shown). Therefore, the development of progeny’s immune system is
influenced predominantly by the maternal factors that could be transferred from the mother to the progeny in
utero and/or after birth (i.e. through breastfeeding). To elucidate the contribution of breastfeeding on the protective effects seen above, we had changed the diet of M-mother to that of egg white proteins only during pregnancy (EM-mother) or breastfeeding (ME-mother). The marked decrease of serum OVA-specific IgG1 levels
was also observed in EM- and ME-pups by the immunization with egg white proteins/alum after weaning as like
as in E-pups (Figure 4(a)). Ovomucoid (OM), another major allergen in egg white [21], exhibited stronger antigenecity to IgG production than OVA (Figure 4(a) and Figure 4(b)). OM-specific IgG1 levels were concomitantly reduced in EM- and ME-pups compared to M-pups (Figure 4(b)). It is certainly notable that the sufficient
immune tolerance against food proteins could be acquired in ME-pups breastfed by mothers who ate the egg
white proteins only during breastfeeding, indicating the predominant importance of some factor secreted into
breast milk. Decrease of OVA- and OM-specific IgG1 production in EM-pups might be therefore explained by
formation of the factor during pregnancy and secreted into breast milk late after delivery.
Because immunological responses including oral tolerance seen above are the events specific to antigens,
something specific to maternal food protein such as protein itself, specific antibody, and/or specific lymphocyte
in breast milk is the candidate for the factor transferred from mother to progeny. According to our finding that
OM is present in human breast milk as an immune complex (IC) with OM-specific secretory IgA [17], IgA-ICs
for OVA and OM were determined in breast milk of mice by specific ELISAs. As expected, both IgA-ICs were
detected specifically only in the milk samples obtained from E-mothers (Figure 5(a) and Figure 5(b)). While
OM exhibited over 10-fold stronger antigenecity to mucosal IgA production than OVA did as like as to IgG
production (Figure 4 and Figure 5), neither IgG-IC was detected in the breast milk of mice (data not shown).
IgA-IC was confirmed to be more plausible factor for the induction of oral tolerance than IgG-IC in normal
breast milk of mice.
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Figure 4. Effect of maternal dietary egg white proteins before and after delivery on serum OVA-specific IgG1 in infants. Female BALB/c mice (12 weeks
old) were fed with the diet containing cow’s milk proteins throughout the experiment (M-mother). The diet of M-mother was changed to that of egg white
proteins only during pregnancy (EM-mother) or lactation (ME-mother). Pups
born from and breastfed by each mother were intraperitoneally (i.p.) immunized twice, 2 weeks apart, with 10 μg of egg white proteins in alum after weaning. Their blood samples were drawn two weeks later and the serum OVAspecific (a) and OM-specific (b) IgG1 levels were measured. Individual results
were presented in three groups of 30 mice for M, 4 for EM, and 15 for ME.
Crossbars are the mean values. *p > 0.05, **p < 0.01 compared to M-mice.
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Figure 5. IgA-immune complexes for OVA and OM in mouse breast
milk. IgA-immune complexes for OVA (a) and OM (b) in mouse breast
milk were measured with specific ELISAs. Results were presented as μg
of IgA/ml in individual E-milk (circles, n = 13) and M-milk (triangles, n
= 12). Crossbars are the mean values. *p < 0.05, **p < 0.01 between
both groups.

3.5. Suppression of Serum OVA-Specific IgG1 Production by Oral Administration of
Pseudo-Immune Complex Chemically Synthesized with OVA and Mouse Monoclonal
IgA
To clarify the direct effect of IgA-IC in breast milk towards the induction of oral tolerance in infants, a mass
preparation of mouse IgA was necessary. Then, we established an IgA producing hybridoma and got a large
amount of homogeneous IgA. OVA was coupled to the monoclonal IgA with hetero-bifunctional crosslinking
reagent, SPDP, to make OVA-pseudo IC (see Materials and Methods). Its formation was confirmed by the
sandwich ELISA with anti-OVA antibody and ALP-conjugated anti-mouse IgA (α) antibody (data not shown).
When OVA-pseudo IC was orally administered to mice fed casein-based commercial diet, dose dependent
suppression of serum OVA-specific IgG1 production was observed after the first boost of egg white proteins
(Figure 6(a)). The maximum dose of OVA-pseudo IC (500 ng/day) was selected based on the concentration of
OVA-IC in breast milk (Figure 5(a)) and a volume of milk ingested in a day as one ml. Because precise molecular feature of OVA-pseudo IC was unknown, the amount of free OVA (875 ng) in the control experiment
was the estimated maximum value calculated from the maximum dose of OVA-pseudo IC. Probably, it was
about ten times more than the real amount of bound OVA and could induce tolerance slightly. The suppression
was specific to the protein coupled to IgA because OM-specific IgG1 production after the first boost of egg
white proteins was unchanged by OVA-pseudo IC administration (Figure 6(b)). However, the suppression observed in OVA-IgG1 production after the first boost was not seen after the second boost, indicating that the tolerance induced by pseudo IC was reversible and canceled during three weeks between two boosts (Figure 6(c)).

4. Discussion
Dietary proteins that escaped from luminal digestion subsequently contact with the epithelium, under which
mucosal immune system lies, to generate a wide range of immunological responses. After uptake and processing
of antigens by an array of different types of cells in mucosal immune system, secretory IgA is synthesized and
secreted as an exclusion antibody and IgE production is suppressed to induce oral tolerance, specifically to the
antigens. It is postulated that depression or breakdown of this system results in food allergy [24] and that its
immaturity is one of the reasons for the prevalence of food allergy in neonates and involvement of breast milk,
especially allergens in it is the other. We have revealed in this paper, however, that oral immune tolerance
against maternal dietary proteins is acquired in neonatal mice by breastfeeding and incidence of allergic disorder
such as allergen-induced diarrhea is suppressed (Figures 1-3). It was the event taken place during lactation by
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Figure 6. Reversible suppression of serum OVA-specific IgG1 production by oral administration of
pseudo-immune complex. OVA-pseudo IC (100, 200, or 500 ng as IgA unit) was administered
orally to 8 weeks old BALB/c mice fed casein-based diet for successive 6 days. Free OVA (875 ng)
was administered as the control. At day 7, they were immunized with 50 μg of egg white proteins
with Freund’s complete adjuvant and boosted twice at day 21 and 49 with 50 μg of egg white proteins with Freund’s incomplete adjuvant. Blood was drawn from orbital vein at day 35 and by cardiac puncture at day 63 and serum OVA- and OM-specific IgG1s were measured. (a) OVA; (b) OM
specific IgG1 after the first boost; and (c) OVA-specific IgG1 after the second boost. Crossbar is the
mean of each group of 5 mice. *p > 0.05, **p < 0.05 compared to the control.

breastfeeding, because sufficient tolerance against egg proteins was induced even when the mother ate them
only during lactation (Figure 4). Suppression of IgG1 production against OVA or casein in infants was also observed in rats when E- or M-pups were immunized with egg white or milk whey proteins respectively [20].
Therefore, induction of tolerance by breastfeeding in infants is supposed to occur in general beyond the kind of
proteins, foods, and animals, and was too natural to be noticed in human so far. Then, we propose a hypothesis
here that breast milk acts as a natural drinkable vaccine against food allergy in neonates.
Significantly high level of TGF-β in human milk [25] and its possible function in oral tolerance are reported
[11] [26]. Because tolerance is the event specific to antigen, involvement of antigen is essential in tolerance induction. TGF-β in breast milk, therefore, might act as a potentiator. Then, some common components present
both in mother’s diet and in breast milk are thought to be the factor inducing the tolerance. We have previously
revealed occurrence of OM as IgA-IC in human and rat breast milk [17] [20] and found OVA and OM IgA-IC in
breast milk this time from mouse mother fed with egg white proteins (Figure 5). Recently, IgA-IC has been reported to work as the transporter of antigens through specific IgA receptor and promotes subsequent IgA production and maturation of mucosal immune system [18] [19] [27]. Furthermore, it was also found that the antigen binding to secretory IgA results in decreased sensitivity to intestinal proteases and increased binding to cellular Fc receptors [28], implying the physiological importance of IgA-IC formation. These findings indicated
that IgA-IC in breast milk is the most plausible candidate for the inducer of the tolerance in neonates. To obtain
the direct evidence to prove the function, we prepared OVA IgA-IC artificially, named pseudo IC and showed
suppression of serum OVA IgG1 synthesis by the oral administration of OVA pseudo IC to mice in advance
(Figure 6(a) and Figure 6(b)). Now we have confirmed the occurrence of food proteins as IgA-IC in human, rat
and mouse breast milk, depending on dietary history, amount of intake, condition and constitution of individual
mother. It will be necessary hereafter to investigate the relationship between IgA-IC in breast milk and clinical
manifestations of infants ingested it.
Three kinds of mechanism were proposed for the induction of oral immune tolerance [24]. Lymphocyte anergy and clonal deletion are induced with high doses of oral antigen. Anergy can occur through T cell receptor
cross-linking in the absence of co-stimulatory signals. Clonal deletion occurs by means of FAS-mediated apoptosis. Low doses of oral antigen favor tolerance driven by regulatory T cells, which suppress immune responses
through soluble or cell-surface associated suppressive cytokines such as TGF-β. The mechanism for the toler-
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ance induced by breastfeeding in this study may be the active suppression of Th2 response by regulatory T cells
due to the low concentration of IgA-IC in breast milk. In fact, tolerance induced by breastfeeding in rats [20]
and by pseudo IC in mice in this paper (Figure 6(c)) was canceled while animals did not take the relevant antigens by themselves. In general, there are many cases reported that start of weaning is postponed or particular
protein or food is removed from baby food for fear of allergic sensitization, preventively without doctoral direction. It seems necessary to start weaning while tolerance acquired by breastfeeding is effective [29]. Thus,
breastfeeding should be accomplished after having understood its potential physiological significance well.
In contrast to IgA, existence of a neonatal IgG Fc receptor-dependent shuttle was reported, by which IgG once
secreted out from epithelial cells into intestine formed IgG-IC with antigen there and returned inside again to
stimulate mucosal immune system [30]. Involvement of this pathway has been noticed lately in the induction of
oral tolerance by breastfeeding in neonates and prevention of asthma development [31] [32]. However, neither
OVA nor OM IgG-IC was detected in our mouse milk samples (data not shown), probably due to the suppression of IgG synthesis in mother mice by the diet-induced oral tolerance. Furthermore in the IgG system, mother
mice were made allergic by intraperitoneal antigen sensitization and then exposed to antigen aerosols during
lactation to increase IgG-IC in breast milk. Although breast milk even from allergic mothers may protect offspring from allergic airway inflammation in mice, such a treatment is not applicable to human therapy. Our system is just eating in contrast. We have revealed a new insight here that tolerance could be acquired in infants
potentially by breastfeeding dependent on the natural maternal eating habit without any special medical treatment.
Recently, sublingual immunotherapy (SLIT) or specific oral tolerance induction (SOTI) is noticed and introduced clinically [33]. After knowing the physiological importance of IgA-IC in breast milk, application of natural and pseudo IC to these new therapies is hopeful. Breast milk is the only food originally present for infants of
individual mammals and also is the natural drinkable vaccine against food proteins that infants will encounter
near future. We hope this work provides a chance to reassess the power of breastfeeding by standing on the origin of mammals.
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