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Food allergy is a common health problem in childhood since its prevalence was estimated to range from 6. 5 to 24.6% in European countries. Recently, a lot of research has focused on the impact of breastfeeding on oral tolerance induction. Since it was found that breast milk contains immunologically active food antigens, it would be very helpful to clarify the factors of antigen shedding that promotes oral tolerance. This narrative review aimed to summarize the latest evidence from experimental and human studies regarding allergen characteristics in human milk that may influence oral tolerance induction. A literature search in PubMed, MEDLINE, and Google Scholar was conducted. The diet of the mother was found to have a direct impact on allergen amount in the breastmilk, while antigens had different kinetics in human milk between women and depending on the antigen. The mode of antigen consumption, such as the cooking of an antigen, may also affect the allergenicity of the antigen in human milk. The dose of the antigen in human milk is in the range of nanograms per milliliter; however, it was found to have a tolerogenic effect. Furthermore, the presence of antigen-specific immunoglobulins, forming immune complexes with antigens, was found more tolerogenic compared to free allergens in experimental studies, and this is related to the immune status of the mother. While examining available data, this review highlights gaps in knowledge regarding allergen characteristics that may influence oral tolerance.
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INTRODUCTION

Food allergy is an adverse immune response to otherwise harmless food allergens that results in clinical symptoms and even in life-threatening anaphylaxis. The major food allergens are milk, egg, peanut, tree nuts, wheat, soy, fish, and crustacean shellfish (1). Food allergy has been found to affect nearly 8% of children, with evidence of increasing prevalence in recent years (2, 3). In Europe, the prevalence of self-reported food allergy ranges from 6.5 to 24.6% (4).

Through the last years, it has become evident that avoidance of food allergens in the first years of life did not lead to a decrease in food allergy prevalence, as was expected (5). On the contrary, data indicated that early introduction of food allergens had a beneficial effect in preventing food allergy in high-risk children (6), and this was more profound when allergens were consumed during breastfeeding (7). A recent meta-analysis and systematic review has concluded that maternal allergen consumption during lactation does not affect allergy risk in offspring (8). However, many available studies used maternal allergen consumption as a marker of antigen presence rather than a direct measure of antigen concentration in human milk (9).

Remarkable progress has been done regarding the evaluation of the role of breast milk in educating the developing immune system. Recent data have shown that breast milk shapes neonatal immune response through the transfer of various bioactive compounds and by influencing the composition of the gut microbiome (9–11). Since it was found that breast milk contains food antigens that are immunologically active (12–14), significant efforts have been made to establish which factors of antigen shedding in human milk can promote oral tolerance and reduction of food allergy prevalence (9, 10).

Recent reviews have proposed that the characteristics of antigens may play a role in oral tolerance induction (9, 10). In this study, a thorough literature search in PubMed, MEDLINE, and Google Scholar was done to identify the kinetics of an antigen in human milk after ingestion, the mode of allergen ingestion, and the necessary dose of an antigen to induce a tolerogenic effect. Furthermore, in the same line, the role of the specific antibodies or immunocomplexes in immune response was examined.



KINETICS OF FOOD ANTIGENS IN BREAST MILK AND MODE OF ANTIGEN CONSUMPTION

Consuming an allergen does not always lead to detectable levels of that allergen in breast milk. This is supported by the study of Metcalfe et al. (15) in which one-third of women on egg diet had no detectable ovalbumin (OVA) in their breast milk at any time through the intervention period, while in another study, OVA was detected in 28 out of 41 women on egg diet (16). This was also noticed for other allergens, Ara h1, Ara h2, and Ara h6, proteins of Arachis hypogaea (peanut or groundnut), which were detectable in less than half of lactating women on a peanut diet (17, 18). A possible explanation is that some women may not shed the antigen in the breast milk or that the antigen shedding may follow a different kinetic between women, so it is not always detected at the time of collection. On the other hand, women who followed an allergen avoidance diet had allergen occasionally detected in breast milk, but this might have been due to accidental ingestion of food allergens (15).

It was found that the diet of the mothers affected the antigen concentrations in breast milk if they had detectable levels of food antigens in their breast milk. This was proven for different food antigens, such as OVA (13, 15, 16), beta-lactoglobulin (BLG) (19, 20), and peanut allergens (17, 18). However, randomized controlled trials were only available for OVA. Specifically, it was proven that both the amount and the type (raw or cooked) of egg ingested had an impact on OVA concentration in human milk (15, 16). In more detail, a randomized controlled trial of 120 women found that the OVA concentration in human milk was increased 25% for each additional egg ingested per week in the first 6 weeks of lactation (15). The same result was also presented in another randomized interventional study, although it was conducted later during the 11–14th weeks of lactation. Interestingly, this study further found that cooked egg led to a higher concentration of OVA compared to raw egg (16). It was shown that cooked egg is better digested and absorbed in the small intestine than is raw egg, possibly explaining the greater concentration in human milk (21). It has also been suggested that the OVA concentration in breast milk may depend on other non-proteinic characteristics that interfere with the lipids in breast milk (22). However, the study of Palmer et al. (16) did not assess whether the allergenicity of OVA was different in women consuming raw compared to cooked eggs.

The mode of food antigen consumption may alter the allergenicity of food antigens (23, 24). In many studies, the type of cooked food antigen is not taken into consideration when assessing the tolerogenicity of the antigen. For example, in most available studies assessing peanuts as food allergens, subjects were tested using roasted peanuts (12, 17). Park et al. (25) showed that both roasted and raw peanuts had the same allergenic components; however, the processing of peanuts influences the allergenicity of peanut proteins. Specifically, the boiling of peanuts was found to decrease their allergenicity through the loss of low-molecular-weight allergens into water (26), while the roasting of peanuts was found to increase their allergenicity through the formation of neoepitopes of the main peanut allergens Ara h1 and Ara h2 (23). Therefore, it is clear that not only the mode of cooking but also food matrix interactions play a role in the allergenicity of antigens. Jeurink et al. (24) in their review, proposed that, because of these issues, mothers from different geographical locations may have different patterns of food allergens in their milk due to the different preparations of food. This is something that needs to be considered when interpreting study results.

Understanding the timing and duration of allergen shedding in breast milk is important to explain their effects on the immune response. Data regarding antigen kinetics in human milk are summarized here and are presented in Table 1. There is great variability in the kinetics of food allergens in human milk from woman to woman. The major peanut allergen Ara h6 was rapidly detected in breast milk, as soon as 10–20 min after ingestion, specifically when ingestion was on an empty stomach, indicating that consuming peanut with other food delayed the secretion of peanut proteins in human milk (12). The excretion was rapid, and the peak was early; however, the shedding was found to be long-lasting, for 24 to over 26 h (12). Most women were found to have a rapid excretion and clearance of the peanut allergens Ara h2, Ara h1, and Ara h6, while a minority of them had a more delayed excretion of Ara h2 and Ara h6 (17, 18, 27). While peanut allergens were detected at the same time in human milk, Ara h6 was in lower concentrations than Ara h2 (17). OVA was also detected in human milk within 6–8 h after ingestion (13, 16). BLG, the major allergen of cow's milk, was excreted in various rates among women, classifying them into rapid or slower metabolizers. Slower metabolizers had an allergen shedding of over a 24-h period (28). The BLG levels increased in human milk after ingestion of cow's milk and were 1.15 ng/ml on day 3 and 1.08 ng/ml on day 7 after ingestion. The mean BLG concentration in breast milk was similar in mothers of infants with cow's milk allergy and those with healthy infants. Interestingly, the peak levels of BLG were found at different times between women; Four women had peak levels in the first 24 h, 7 at 3 days, and 5 at 7 days (19). BLG may still be detected after 7 days, but this was not assessed in this study.


Table 1. Food allergen kinetics in human milk.
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The data concluded that the kinetics of food allergens was different between women and different allergens. That is to say, some allergens (peanuts) had a rapid shedding and clearance, while some others (e.g., BLG) had a more long-lasting shedding, and even some others (e.g., OVA) had a shedding of interim duration. These discrepancies could be attributed to the different study protocols. Specifically, the researchers measured the antigen concentrations in different intervals and for varied durations. Another important issue is that, although maternal diet influences antigen concentration, it is unreliable to precisely predict the presence and concentration of antigen in human milk. There is a need for more studies to assess the peak levels and the duration of shedding of different antigens in women and to assess the impact of slow or rapid shedding in oral tolerance induction.



DOSE OF ANTIGENS

Children who are breastfed are thought to be exposed to daily low doses of food allergens ingested by the mother until weaning. Food allergens are found in very small amounts in human milk in the range from picograms per milliliter to nanograms per milliliter (Table 1) (9, 15–18). Despite their low concentrations in human milk, antigens have been found able to elicit a tolerogenic response. In a study of 88 breastfed infants, OVA was detected in median concentrations of 0.15 ng/ml at 3 months and 0.173 ng/ml at 6 months of lactation. These infants had a reduced risk of egg allergy at 2.5 years of age compared to infants lactated with OVA-free breast milk (14). In the randomized controlled trial of Metcalfe et al. (15) the median OVA concentration was 0.20 ng/ml in women on a high-egg diet (>4 eggs per week) vs. 0.05 ng/ml on women on a low-egg or egg-free diet at 6 weeks of lactation. In this study, the levels of infant plasma egg-specific IgG4, a marker of possible immune tolerance, showed an average 22% increase per additional egg consumed per week. However, IgG4 was no longer detected after 16 weeks of lactation in infants receiving either a high- or a low-egg diet (15). Additionally, elimination of cow's milk from the maternal diet in the first 3 months of life was associated with lower levels of infant cow's milk-specific IgG4 and with increased risk for cow's milk allergy at 6 months of age (5).

An interesting observation is that the dose of food antigen in human milk varies widely between different individuals and different antigens (Table 1). As discussed earlier, except for the diet of the mother and the amount of antigen detected, other possible explanations for this large difference are the varying rates of antigen shedding and the different antigen kinetics between women and antigens. Moreover, Matangkasombut et al. (19) commented in their study that the variability in BLG secretion in breast milk may be due to the different rates of digestion of cow's milk, absorption, and excretion of BLG in breast milk, and they proposed that even the atopic status of the mother may affect the secretion of BLG in human milk. Available studies detected food antigens with different techniques, and this may also partly explain the differences in the results between studies. The use of sensitive and specific tests is important to detect a small number of food antigens in the lipid-rich milk matrix and to avoid cross-reactivity with other food allergens (17). Despite these hypotheses, the factors that affect the antigen concentration in human milk and the reason for the varying concentrations between women and between antigens are not fully clarified, and this is a limitation of the available studies. Future studies should address this issue and try to elucidate the factors influencing antigen concentrations between individuals.

In experimental studies, the administration of human milk containing small amounts of the peanut allergen Ara h6 and Ara h6 immune complexes in young mice led to partial oral tolerance rather than sensitization (12). This was also demonstrated in mice exposed to breast milk containing OVA in the range 180 ± 20 ng/ml, and this resulted in antigen-specific tolerance (29, 30). The amounts of OVA required for tolerance were 1,000 times lower than those needed when pups were directly fed (31, 32).

In animal studies, a single high dose of an antigen given orally led to sensitization, while frequent repeated low doses of oral antigens promoted tolerance (33, 34). Furthermore, immunotherapy relies on the tolerogenic effect of repeated exposures to a low dose of an antigen gradually increasing over time (35). Through breastmilk, infants are repeatedly exposed to small amounts of antigens, and this has been associated with a tolerogenic effect (Figure 1). This favors breastfeeding for acquiring oral tolerance compared to formula milk or diet, in which larger amounts of antigens are found. It would be very interesting for future studies to clarify the minimal effective dose eliciting a tolerogenic response and its duration.
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FIGURE 1. Antigen characteristics in human milk that may affect oral tolerance induction.




ANTIGEN-SPECIFIC IMMUNOGLOBULINS AND IMMUNE COMPLEXES


Animal Studies

Experimental studies showed that maternal immune status (naive, tolerant, or sensitized) to an antigen plays a role in oral tolerance induction in the offspring (36). In the study of Yamamoto et al. (37) allergic diarrhea was detected in 59.7% of mice breastfed by OVA-exposed non-sensitized mothers, in 24.6% breastfed by OVA-exposed sensitized mothers, and in 97.1% breastfed by OVA-non-sensitized and OVA-unexposed mothers. This study showed that prior sensitization of mice in conjunction with the consumption of the allergen during lactation (both sensitized and exposed mothers) provided the most potent and long-lasting protection against sensitization to this antigen in mice (38).

In experimental studies, both free allergens and specific antigen immunoglobulins were found in breast milk depending on the immune status of the mother (36, 38). Antigen-specific immunoglobulin A (IgA) and immunoglobulin G (IgG) were found in the breast milk of sensitized mothers and formed immune complexes with antigens (39, 40). In non-sensitized mothers, only free antigens were found in human milk (36). Food allergen immune complexes followed a different kinetic from that of free antigens, suggesting that they are excreted by a different mechanism (12).

Immune complexes of food antigen and maternal antigen-specific IgG in the breast milk were potent inducers of oral tolerance. OVA-specific IgG was found at significantly higher levels in milk from allergic mothers (37, 41). The large excess of OVA-specific immune complexes compared to antigen levels (100 μg/ml compared to 100 ng/ml) (37, 38) was found to be immunosuppressive (42). Antigens bound in IgA were also detected in human milk (39); however, in animal studies, IgA was not necessary for tolerance induction (29). The induction of tolerance was mediated by neonatal Fc receptor (FcRn)-dependent transfer of maternal OVA–IgG immune complexes via milk and the induction of allergen-specific regulatory T cells (Tregs) in offspring (38).

Similar studies were conducted for antigens other than OVA. BLG-specific IgG1 and IgA and BLG–IgG1 immune complexes were detected only in sensitized mothers, and the levels were higher with BLG exposure during lactation. Moderately sensitized mothers protected their offspring when they were exposed to cow's milk during lactation. In contrast, highly sensitized mothers provided protection against cow's milk allergy irrespective of BLG exposure (36).

Another study using human milk only from non-atopic peanut-tolerant mothers found the peanut antigen Ara h6 and Ara h6–IgG and Ara h6–IgA immune complexes, both reducing peanut-specific immune responses in lactating mice (12). However, data on peanut antigens and immune complexes are controversial. The study of Jarvinen et al. (43) proved that the transfer of maternal antibodies, the maternal immune status, and maternal exposure to peanuts had no significant impact on oral tolerance development.



Human Studies

The levels of cow's milk antigen-specific immunoglobulins, specifically the levels of casein IgA, BLG-specific IgA, BLG-specific IgG1, and BLG-specific IgG4, were lower in human milk of mothers on a cow's milk avoidance diet compared to those with no cow's milk restriction. This could raise the speculation that avoidance of a food antigen in a mother's diet could induce food allergy. In such cases, the lower levels of cow's milk-specific IgG4 and IgA were associated with infant cow's milk allergy (5).

These observations conclude that the mother's immune status plays a role in oral tolerance induction (Figure 1). Specifically, prior sensitization of mice and the presence of immune complexes may elicit a more potent and long-lasting immune response. However, it is worth mentioning that these data originated mainly from experimental studies and should be carefully interpreted since there are differences between mice and humans. The presence and the tolerogenic effects of free antigens and immune complexes need to be further studied in humans since most mothers are tolerant of food allergens. Furthermore, human milk, other than immunoglobulins and immune complexes, contains several bioactive factors such as immune cells, antibodies, microbiota, oligosaccharides, soluble receptors, and cytokines that have a role in immune system education and oral tolerance induction (44). This should be taken into consideration when trying to elucidate factors promoting food tolerance.




GAPS IN OUR KNOWLEDGE

Although a lot of research has been done on the field and there are many interesting and novel findings on breastfeeding properties and food allergy prevention, there are still some questions that need to be clarified regarding the antigen characteristics in human milk and their role in decreasing food allergy:

• What is the role of maternal diet in antigen shedding and, finally, in the concentrations of antigens in human milk?

• What is the dose range of an antigen able to promote a tolerogenic effect?

• Although the immune status of the mother affects the immune response of offspring in animal studies, is this also true in humans?

• What are the mechanisms by which the bioactive components of human milk, such as immune cells, oligosaccharides, cytokines, and soluble receptors, affect oral tolerance induction?



CONCLUSION

In conclusion, the tolerogenic effect of an allergen depends on the combination of the antigen's characteristics. Antigen shedding varies between women and antigens. Notably, a small dose of an antigen can promote a tolerogenic effect. Furthermore, the presence of antigen-specific immunoglobulins and immune complexes has a positive effect on allergy prevention, indicating that the mother's immune status should be taken into consideration when trying to develop strategies for food allergy prevention. This review detects gaps in knowledge regarding antigen characteristics in human milk that need to be taken into account when considering appropriate plans for restraining the development of food allergy.



AUTHOR CONTRIBUTIONS

CK performed the literature search and drafted the manuscript. DR and MK contributed to literature search and drafting the work. VG substantially contributed to the design of the work and critically revised it. DR and ES critically revised the manuscript. ST proposed the writing of the article, supervised, and critically revised the work. All authors provide approval for publication of the content and agree to be accountable for the content of the work.

[bookmark: h9]


REFERENCES

 1. Iweala OI, Choudhary SK, Commins SP. Food allergy. Curr Gastroenterol Rep. (2018) 20:17. doi: 10.1007/s11894-018-0624-y

 2. Sicherer SH, Sampson HA. Food allergy: epidemiology, pathogenesis, diagnosis, and treatment. J Allergy Clin Immunol. (2014) 13:291–307. doi: 10.1016/j.jaci.2013.11.020

 3. Mehaudy R, Parisi C, Petriz N, Eymann A, Jauregui MB, Orsi M. Prevalence of cow's milk protein allergy among children in a university community hospital. Arch Argent Pediatr. (2018) 116:219–23. doi: 10.5546/aap.2018.eng.219

 4. Lyons SA, Clausen M, Knulst AC, Ballmer-Weber BK, Fernandez-Rivas M, Barreales L, et al. Prevalence of food sensitization and food allergy in children across Europe. J Allergy Clin Immunol Pract. (2020) 8:2736–46. doi: 10.1016/j.jaip.2020.04.020

 5. Järvinen KM, Westfall JE, Seppo MS, James AK, Tsuang AJ, Feustel PJ, et al. Role of maternal elimination diets and human milk IgA in the development of cow's milk allergy in the infants. Clin Exp Allergy. (2014) 44:69–78. doi: 10.1111/cea.12228

 6. Du Toit G, Roberts G, Sayre PH, Bahnson HT, Radulovic S, Santos AF, et al. Randomized trial of peanut consumption in infants at risk for peanut allergy. N Engl J Med. (2015) 372:803–13. doi: 10.1056/NEJMoa1414850

 7. Pitt TJ, Becker AB, Chan-Yeung M, Chan ES, Watson WTA, Chooniedass R, et al. Reduced risk of peanut sensitization following exposure through breast-feeding and early peanut introduction. J Allergy Clin Immunol. (2018) 141:620–5. doi: 10.1016/j.jaci.2017.06.024

 8. de Silva D, Halken S. Preventing food allergy in infancy and childhood: Systematic review of randomised controlled trials. Pediatr Allergy Immunol. (2020) 31:813–26. doi: 10.1111/pai.13273

 9. Macchiaverni P, Rekima A, van den Elsen L, Renz H, Verhasselt V. Allergen shedding in human milk: could it be key for immune system education and allergy prevention? J Allergy Clin Immunol. (2021) 148:679–88. doi: 10.1016/j.jaci.2021.07.012

 10. Järvinen KM, Martin H, Oyoshi MK. Immunomodulatory effects of breast milk on food allergy. Ann Allergy Asthma Immuno. (2019) 123:133–43. doi: 10.1016/j.anai.2019.04.022

 11. Fujimura T, Lum SZC, Nagata Y, Kawamoto S, Oyoshi MK. Influences of maternal factors over offspring allergies and the application for food allergy. Front Immunol. (2019) 10:1933. doi: 10.3389/fimmu.2019.01933

 12. Bernard H, Ah-Leung S, Drumare MF, Feraudet-Tarisse C, Verhasselt V, Wal JM, et al. Peanut allergens are rapidly transferred in human breast milk and can prevent sensitization in mice. Allergy. (2014) 69:888–97. doi: 10.1111/all.12411

 13. Palmer DJ, Gold MS, Makrides M. Effect of maternal egg consumption on breast milk ovalbumin concentration. Clin Exp Allergy. (2008) 38:1186–91. doi: 10.1111/j.1365-2222.2008.03014.x

 14. Verhasselt V, Genuneit J. Ovalbumin in breastmilk is associated with a decreased risk of IgE-mediated egg allergy in children. Allergy. (2020) 75:1463–6. doi: 10.1111/all.14142

 15. Metcalfe JR, Marsh JA, D'Vaz N, Geddes DT, Lai CT, Prescott SL, et al. Effects of maternal dietary egg intake during early lactation on human milk ovalbumin concentration: a randomized controlled trial. Clin Exp Allergy. (2016) 46:1605–13. doi: 10.1111/cea.12806

 16. Palmer DJ, Gold MS, Makrides M. Effect of cooked and raw egg consumption on ovalbumin content of human milk: a randomized, double-blind, cross-over trial. Clin Exp Allergy. (2005) 35:173–8. doi: 10.1111/j.1365-2222.2005.02170.x

 17. Schocker F, Scharf A, Kull S, Jappe U. Detection of the peanut allergens ara h 2 and ara h 6 in human breast milk: development of 2 sensitive and specific sandwich ELISA assays. Int Arch Allergy Immunol. (2017) 174:17–25. doi: 10.1159/000479388

 18. Vadas P, Wai Y, Burks W, Perelman B. Detection of peanut allergens in breast milk of lactating women. JAMA. (2001) 285:1746–8. doi: 10.1001/jama.285.13.1746

 19. Matangkasombut P, Padungpak S, Thaloengsok S, Kamchaisatian W, Sasisakulporn C, Jotikasthira W, et al. Detection of β-lactoglobulin in human breast-milk 7 days after cow milk ingestion. Paediatr Int Child Health. (2017) 37:199–203. doi: 10.1080/20469047.2017.1289310

 20. Fukushima Y, Kawata Y, Onda T, Kitagawa M. Consumption of cow milk and egg by lactating women and the presence of beta-lactoglobulin and ovalbumin in breast milk. Am J Clin Nutr. (1997) 65:30–5. doi: 10.1093/ajcn/65.1.30

 21. Evenepoel P, Geypens B, Luypaerts A, Hiele M, Ghoos Y, Rutgeerts P. Digestibility of cooked and raw egg protein in humans as assessed by stable isotope techniques. J Nutr. (1998) 128:1716–22. doi: 10.1093/jn/128.10.1716

 22. López-Fandiño R. Role of dietary lipids in food allergy. Crit Rev Food Sci Nutr. (2020) 60:1797–814. doi: 10.1080/10408398.2019.1602025

 23. Benedé S, Lozano-Ojalvo D. New applications of advanced instrumental techniques for the characterization of food allergenic proteins. Crit Rev Food Sci Nutr. (2021) 1−17. doi: 10.1080/10408398.2021.1931806

 24. Jeurink PV, Knipping K, Wiens F, Barańska K, Stahl B, Garssen J, et al. Importance of maternal diet in the training of the infant's immune system during gestation and lactation. Crit Rev Food Sci Nutr. (2019) 59:1311–9. doi: 10.1080/10408398.2017.1405907

 25. Park CW, Kim GI, Lee CH. A comparison study on allergen components between Korean (Arachis fastigiata Shinpung) and American peanut (Arachis hypogaea Runner). J Korean Med Sci. (2000) 15:387–92. doi: 10.3346/jkms.2000.15.4.387

 26. Mondoulet L, Paty E, Drumare MF, Ah-Leung S, Scheinmann P, Willemot RM, et al. Influence of thermal processing on the allergenicity of peanut proteins. J Agric Food Chem. (2005) 53:4547–53. doi: 10.1021/jf050091p

 27. Schocker F, Baumert J, Kull S, Petersen A, Becker WM, Jappe U. Prospective investigation on the transfer of Ara h 2, the most potent peanut allergen, in human breast milk. Pediatr Allergy Immunol. (2016) 27:348–55. doi: 10.1111/pai.12533

 28. Sorva R, Mäkinen-Kiljunen S, Juntunen-Backman K. Beta-lactoglobulin secretion in human milk varies widely after cow's milk ingestion in mothers of infants with cow's milk allergy. J Allergy Clin Immunol. (1994) 93:787–92. doi: 10.1016/0091-6749(94)90259-3

 29. Verhasselt V, Milcent V, Cazareth J, Kanda A, Fleury S, Dombrowicz D, et al. Breast milk-mediated transfer of an antigen induces tolerance and protection from allergic asthma. Nat Med. (2008) 14:170–5. doi: 10.1038/nm1718

 30. Verhasselt V. Neonatal tolerance under breastfeeding influence: the presence of allergen and transforming growth factor-beta in breast milk protects the progeny from allergic asthma. J Pediatr. (2010) 156:S16–20. doi: 10.1016/j.jpeds.2009.11.015

 31. Strobel S. Neonatal oral tolerance. Ann N Y Acad Sci. (1996) 778:88–102. doi: 10.1111/j.1749-6632.1996.tb21118.x

 32. Verhasselt V. Oral tolerance in neonates: from basics to potential prevention of allergic disease. Mucosal Immunol. (2010) 3:326–33. doi: 10.1038/mi.2010.25

 33. Burks AW, Laubach S, Jones SM. Oral tolerance, food allergy, and immunotherapy: implications for future treatment. J Allergy Clin Immunol. (2008) 121:1344–50. doi: 10.1016/j.jaci.2008.02.037

 34. Vickery BP, Scurlock AM, Jones SM, Burks AW. Mechanisms of immune tolerance relevant to food allergy. J Allergy Clin Immunol. (2011) 127:576–84. doi: 10.1016/j.jaci.2010.12.1116

 35. Hussey Freeland DM, Fan-Minogue H, Spergel JM, Chatila TA, Nadeau KC. Advances in food allergy oral immunotherapy: toward tolerance. Curr Opin Immunol. (2016) 42:119–23. doi: 10.1016/j.coi.2016.08.002

 36. Adel-Patient K, Bernard H, Fenaille F, Hazebrouck S, Junot C, Verhasselt V. Prevention of allergy to a major cow's milk allergen by breastfeeding in mice depends on maternal immune status and oral exposure during lactation. Front Immunol. (2020) 11:1545. doi: 10.3389/fimmu.2020.01545

 37. Yamamoto T, Tsubota Y, Kodama T, Kageyama-Yahara N, Kadowaki M. Oral tolerance induced by transfer of food antigens via breast milk of allergic mothers prevents offspring from developing allergic symptoms in a mouse food allergy model. Clin Dev Immunol. (2012) 2012:721085. doi: 10.1155/2012/721085

 38. Ohsaki A, Venturelli N. Maternal IgG immune complexes induce food allergen-specific tolerance in offspring. J Exp Med. (2018) 215:91–113. doi: 10.1084/jem.20171163

 39. Hirose J, Ito S, Hirata N, Kido S, Kitabatake N, Narita H. Occurrence of the major food allergen, ovomucoid, in human breast milk as an immune complex. Biosci Biotechnol Biochem. (2001) 65:1438–40. doi: 10.1271/bbb.65.1438

 40. Mosconi E, Rekima A, Seitz-Polski B, Kanda A, Fleury S, Tissandie E, et al. Breast milk immune complexes are potent inducers of oral tolerance in neonates and prevent asthma development. Mucosal Immunol. (2010) 3:461–74. doi: 10.1038/mi.2010.23

 41. Rekima A, Macchiaverni P, Turfkruyer M, Holvoet S, Dupuis L, Baiz N, et al. Long-term reduction in food allergy susceptibility in mice by combining breastfeeding-induced tolerance and TGF-β-enriched formula after weaning. Clin Exp Allergy. (2017) 47:565–76. doi: 10.1111/cea.12864

 42. Caulfield MJ, Shaffer D. Immunoregulation by antigen/antibody complexes. I Specific immunosuppression induced in vivo with immune complexes formed in antibody excess. J Immunol. (1987) 138:3680–3.

 43. Järvinen KM, Westfall J, De Jesus M, Mantis NJ, Carroll JA, Metzger DW, et al. Role of maternal dietary peanut exposure in development of food allergy and oral tolerance. PLoS ONE. (2015) 10:e0143855. doi: 10.1371/journal.pone.0143855

 44. Dawod B, Marshall JS. Cytokines and soluble receptors in breast milk as enhancers of oral tolerance development. Front Immunol. (2019) 10:16. doi: 10.3389/fimmu.2019.00016

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kosmeri, Rallis, Kostara, Giapros, Siomou and Tsabouri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Characteristics of Exogenous Allergen in Breast Milk and Their Impact on Oral Tolerance Induction



		Introduction



		Kinetics of Food Antigens in Breast Milk and Mode of Antigen Consumption



		Dose of Antigens



		Antigen-Specific Immunoglobulins and Immune Complexes



		Animal Studies



		Human Studies







		Gaps in Our Knowledge



		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Characteristics of Exogenous
Allergen in Breast Milk and Their
Impact on Oral Tolerance Induction





OPS/images/fped-10-830718-g001.gif
e dose






OPS/images/fped-10-830718-t001.jpg
Allergen

Arahs
Arahg
Avah IgG
Arah6 IgA
Arah2

Arah2

Ara hi, Ara h2

OVA
OVA
BLG
BLG

BLG, beta-lactoglobulin; OVA, ovalbumin.

No. of women
with antigen
shedding/no.

of participants

2
9/40

9/32

14/40

11723

19/41

28/41

24/47
19

Ingestion in 1 day

30g roasted peanuts
100g roasted peanuts
30g roasted peanuts
30g roasted peanuts
100g roasted peanuts

100g roasted peanuts

50g roasted peanuts

Half a cooked egg
One cooked egg

400mi of fat-free cow's mik
240mi of pasteurized cow's milk

Concentration

1-8,370 pg/mi
1.1-79ng/ml

1-2,602 ng/ml

2.3-184ng/ml

120-430ng/mi

057-8.91ng/mi
1.41-4.91ng/ml
0.01-7.84ng/mi
0.58-1.23ng/ml

First detection
after
consumption

10-20min

20min

20min

Rapid, 1-4h;
delayed, 8-12h
1-4h (only 2
delayed
excretions,
8-12h)

1-3h

6-8h
6-8h
0-1h

Peak values

40-60 min

220 min
220min
2h

6-8h

6-8h

1-2h

3h, 24h, 3 days,
and 7 days

Duration

24h

Rapid
clearance
(most <
)

7 days

Study

(12)
17
(12)
(12)
@7

(17)

(18)

(16)
(16)
28)
(19)









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





