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IgE-mediated food allergy has an estimated prevalence of 6%–10% in developed countries. Allergen avoidance has long been the main focus in the prevention of food allergy and late solid food introduction after 6–12 months of age was recommended in high-risk infants. However, the rising prevalence of food allergy despite delayed exposure to allergens and the observations that IgE-mediated sensitization to food products could even occur before the introduction of solid foods resulted in a shift towards early solid food introduction as an attempt to prevent IgE-mediated food allergy. Since then, many trials focused on the clinical outcome of early allergen introduction and overall seem to point to a protective effect on the development of IgE-mediated food allergies. For non-IgE-mediated diseases of food allergy, evidence of early food introduction seems less clear. Moreover, data on the underlying immunological processes in early food introduction is lacking. The goal of this review is to summarize the available data of immunological changes in early food introduction to prevent IgE and non-IgE mediated food allergy.
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1. Introduction


1.1. Background

The prevalence of IgE-mediated and non-IgE-mediated food allergies (FAs) has increased significantly over the last years. Nowadays, in developed countries, the estimated prevalence of FA in children varies between 6%–10%. Cow’s milk, hen’s egg, soy, peanut, tree nuts, wheat, fish and seafood are the eight most common IgE-mediated food allergies in the pediatric population (1–4). In the 1990’s, strategies to prevent food allergy focused on the avoidance of food allergens in high-risk infants and in their mothers during pregnancy and breastfeeding (3). These recommendations were built on the findings that the immature intestinal immune system plays a pivotal role in the failure of tolerance acquisition during neonatal life and infancy (5). Indeed, at birth, gut barrier function is immature and the neonate is thought to be prone to develop allergic diseases. However, breastmilk contains different trophic factors such as TGF-β and butyrate, known to stimulate the maturation of the gut barrier and decrease the permeability of the intestinal epithelial to intact proteins (6, 7). Maternal milk is moreover of utmost importance to stimulate the gut microbiota formation of the newborn (6). Altogether, these factors have an important impact on the maturation of the immune function and the differentiation of Treg cells, potentially leading to the prevention of food allergies (6, 7). Food protein transfer via breast milk is the first exposure to food products for the infant. There is, however, only limited data on maternal food consumption and the subsequent appearance of food proteins and antigens in maternal milk and studies concerning the impact of breastfeeding on the prevention of food allergies show inconsistent results. A possible explanation for these inconsistent results in literature is the maternal variation in breast milk composition and thus allergen and allergen-specific immunoglobulin content, as well as the variation in the definition of exclusive breastfeeding used in those studies (6). Randomization between breastfeeding and formula feeding is ethically not acceptable so randomized controlled trials are lacking. A Cochrane meta-analysis dating from 2012 analyzed 23 independent studies and showed no long-term impact on the development of allergic diseases in children who were exclusively breastfed for 6 months in comparison to children who were initially exclusively breastfed for 3 or 4 months and continued partial breastfeeding afterwards (8). Although the impact of breastfeeding on food allergy prevention remains unclear, the World Health Organization (WHO) advices to exclusively breastfeed all infants until the age of 6 months and to start adequate complementary foods as of 6 months of age while continuing to breastfeed for up to 2 years, given the benefits of breastfeeding such as immune mediators and trophic factors besides its nutritional quality (9). On top of breast milk, timing of weaning has become more and more relevant in food allergy prevention. Studies showed the importance of early introduction of allergens in children at high risk of developing IgE-mediated food allergy. At present, the exact timing of solid food introduction is of great interest to prevent the development of early onset food allergy and more clinical data has become available over the last years. However, immunological data is still largely lacking and the humoral and cellular basis of early allergen introduction remains mostly unknown (10). The goal of this review is to summarize the findings of the immunological changes in early food introduction to prevent IgE and non-IgE-mediated food allergies. First, we will describe the most important findings of clinical research in early antigen introduction in the prevention of IgE-mediated food allergy. Second, we will discuss the immunological changes accompanying the development of tolerance to these food allergens. At last, we will focus on the immunological pathophysiology of non-IgE-mediated FAs, as literature in this field is scarce.



1.2. Shift from allergen avoidance guidelines to early introduction in allergy prevention

The avoidance of potential allergens has long been the main goal in primary (the prevention of the development of allergy), secondary (the prevention of disease progression) and tertiary (the prevention of symptoms in allergic subjects) prevention of allergic diseases. While allergen avoidance is still the gold standard for the prevention of allergic reactions, its role in primary prevention is debated (11).

Over the last decades, there have been important changes in recommendations concerning the timing of the introduction of solid foods to infants (11, 12). In the 1990’s allergen avoidance and late solid food introduction after 6 to 12 months of age was recommended in high-risk infants (i.e., familial predisposition, eczema) (3, 11, 12). This advice was based on the hypothesis of immaturity of the mucosal immunity during childhood, making sensitization towards food antigens easier (3). However, the rising prevalence of FA despite delayed exposure to allergens had led to a reconsideration of these recommendations (12). Since then, the WHO advocates to introduce solid foods to all infants from 6 months onwards in complementation of breast milk until 2 years of age (3, 9). However, this advice was not formulated for the prevention of food allergies, but merely to improve the benefits and protective effects of maternal milk against gastrointestinal and respiratory infections, as this still represents an important cause of mortality in developing countries (12). Moreover, several studies show early sensitization to food products, even before the introduction of solid foods. For example, the “Starting Time for Egg Protein” (STEP) trial was designed to study whether frequent consumption of hen’s egg from age 4–6 months reduces the risk of IgE-mediated hen’s egg allergy in infants with an atopic mother. In this study, 5% of the high-risk infants at randomization in 2010–2012 were sensitized to hen’s egg before any known ingestion of hen’s egg in solid foods (13). Also, the “Preventing Atopic Dermatitis and Allergies in children” (PreventADALL) study aimed to examine the effect of the regular use of skin emollients from the age of 2 weeks on and/or early complementary food introduction between the age of 12 and 16 weeks, on the development of atopic dermatitis at the age of 12 months and the sensitization status at the age of 3 months. This PreventADALL study showed that 7% of infants from a general population in 2015 to 2017 were sensitized to food allergens at the age of 3 months, thus before the introduction of solid foods (14–16). Therefore, earlier preventive measures seem necessary, although sensitization after this period can also certainly occur. The early introduction of allergens before 6 months of age is hypothesized to reduce the development of FA but seems to have no influence on the total duration of breastfeeding, supporting the evidence that early introduction of solids could coexist with the continuation of breastfeeding. Early food introduction might therefore not be in contrast to WHO recommendations (12). Furthermore, the European Academy of Allergy and Clinical Immunology (EAACI) advices against the avoidance of food allergens during pregnancy or breastfeeding. Also, EAACI counter advices cow’s milk formula as supplementary feeding for breastfed newborns in the first week of life or exclusive soy protein formula in the first 6 months of life to prevent FA. However, they recommend to all newborns the introduction of cooked egg from 4 to 6 months of life, as well as the introduction of peanut in the same window period in populations where there is a high prevalence of peanut allergy (17).




2. Methods

For this review, we examined available literature in Pubmed with one or with a combination of the following keywords: IgE-mediated food allergy, non-IgE-mediated food allergy, prevention, early food introduction, pediatric, tolerance, immunology. We included randomized controlled trials, reviews and observational prospective and retrospective studies from January 1, 2013 to June 1, 2022. For the topic of non-IgE-mediated food allergies, case reports were also included as literature was limited. Only English written publications with full text availability were retained, abstracts were excluded.



3. Clinical outcome of early solid food introduction

First, an important role of dietary factors in the development of allergies has been described. Roduit et al. studied the impact of a low food diversity score in the first year of life on the development of allergic diseases such as atopic dermatitis and food allergies. Food diversity score was based on the count of the different complementary food products introduced before the age of 1 year. These food products consisted out of the following allergenic items: cow’s milk, soy, hen’s eggs, nuts, vegetables or fruits, cereals, bread, meat and fish. A higher food diversity score (i.e., more different food products introduced before the age of 1 year) was inversely associated with the development of food allergy up to the age of 6 years and with sensitization to food allergens (IgE cutoff 3.5 kUA/L) at the age of 4.5 and 6 years (18). A follow-up study of the same study group showed that the continued consumption of dairy products and hen’s eggs within the second year of life was associated with a lower risk to develop allergic diseases (asthma, food allergy, atopic dermatitis) by 6 years of age (19). Although, these results can be compatible with a protective effect of early milk and hen’s egg consumption, children who avoid these food products might as well be early allergic and prone to start “the Atopic March”. Early allergy diagnosis might therefore be of utmost importance (20).

The skin prick test (SPT) is widely used as an objective diagnostic tool for IgE-mediated food sensitization in clinical settings (21, 22). SPT observations in early peanut introduction studies showed small wheal size in the early consumption group without prior peanut sensitization (SPT < 4 mm), whereas an increase in wheal size compared to baseline was seen in the avoidance group (23, 24). Furthermore, the “Enquiring about tolerance” (EAT) trial showed a 22% lower risk of a positive SPT to milk, peanut, hen’s egg, sesame, fish or wheat in the early introduction group vs. the standard introduction group at 12 months of age and a 12% lower risk at 36 months of age in the per protocol analysis. However, only 63% of the children in the total study population and hardly 37% of the children randomized in the early introduction group were able to adhere to the protocol (25).

The introduction of solid allergenic foods before the age of 6 months indeed seems overall beneficial to reduce the risk of IgE-mediated FA. An overview of published clinical studies concerning early solid food introduction since 2013 can be found in Supplementary Table S1 (13–16, 23–34).



4. Immunological changes in early solid food introduction in the prevention of food allergy


4.1. Prenatal start of tolerance induction

The development of FA can be influenced by genetic, epigenetic and environmental factors. There are hundreds of genes involved in the development of IgE-mediated FA. Environmental and epigenetic factors like DNA methylation, histone modification and microRNA’s can alter the expression of these genes. Studies regarding DNA methylation changes in cytokine genes such as interferon gamma (IFN-γ), interleukin-4 (IL-4) and IL-5 and in Forkhead box P3 (FoxP3) indicate that changes in DNA methylation may predispose IgE-mediated food sensitization or allergy in early childhood (35–38). Acevedo et al. studied the DNA methylation levels in mononuclear leukocytes from mothers and their children. In this study peripheral blood mononuclear cells (PBMC’s) were collected from mothers during pregnancy and from the offspring at birth via cord blood and at the age of 2 and 5 years. DNA methylation levels were compared at each timepoint between children with and without IgE sensitization to different allergens at the age of 5 years. Multiple differently methylated regions associated with IgE sensitization to food and aero-allergens were described. Furthermore, maternal DNA methylation status was associated with IgE sensitization in the offspring supporting early in utero effects on atopy predisposition (37). Also, Han et al. showed that DNA hypermethylation at 5′ cytosine-phosphate-guanine-3′ (CpG) sites at birth, measured in cord blood or Guthrie cards, was associated with higher IgE levels later on in childhood (38). Secondly, histone modification by phosphorylation, acetylation, methylation or ubiquitination alter DNA accessibility and leads to decompression or compression of chromatin which influences gene expression. Lastly, microRNAs are small non-coding RNAs that can modify post-transcriptional gene regulation via interaction with target mRNA (35, 36).

These studies support the hypothesis that early sensitization, even in utero, can occur (30, 37, 39, 40). The FONIA study of Bullens et al. showed that sensitization as early as at birth (total IgE levels of ≥0.35 kU/L) was significantly associated with the development of early allergy before the age of 2 years. Furthermore, FoxP3/CD3γ mRNA ratios were compared between healthy and allergic subjects. This ratio can be used to represent the fraction of regulatory T (Treg) cells amongst the T cell population. FoxP3/CD3γ mRNA ratios in cord blood were significantly lower in early allergic children than in healthy children. Late allergic children (who develop allergy between the ages of 2 and 6 years) however had similar cord blood FoxP3/CD3γ mRNA ratios as healthy children (39). Likewise, Prince et al. also described differences in Treg frequency associated with age. Young food allergic children (0–6 years of age) had significantly lower percentages of peripheral blood CD4+CD25hiCD127loFoxp3+ Treg cells in comparison to healthy controls of the same age (41). These data indicate that postnatal factors can also certainly influence allergy development.



4.2. Postnatal changes during tolerance induction


4.2.1. Environmental factors

As described above, environmental factors and epigenetic factors can alter gene expression leading to the development of FA. Vitamin D deficiency, for example, has been shown to predispose to the development of FA by alterations in DNA methylation of different genes associated with FA (35, 36). However, the role of vitamin D is still under debate as high levels of vitamin D have also been described to suppress Treg frequency through the methylation of FoxP3, leading to the development of FA (42). Also, methyl group donors, such as folic acid can predispose to allergic disease by the alteration of methylation patterns. Furthermore, butyrate, a short-chain fatty acid, has been described in the prevention of FA. It plays an important role in the absorption of electrolytes by the intestine, in the mucosal integrity and in local and systemic metabolic function (35, 36). Therefore, butyrate has a significant effect on the gut microbiome leading to the stimulation of regulatory immune responses and the gut microbiome itself also has an important effect on allergy development, as reviewed by Chernikova and colleagues (43).



4.2.2. IgE, IgG and IgG4 production and B-cell responses

In order to define the underlying immunological events associated with tolerance induction in relation to early food introduction, sensitization to food allergens as outcome measure has often been studied. Although the expectation was that food specific IgE (sIgE) levels might not be present in tolerant children, this was not necessarily the case. Indeed, as seen in oral immunotherapy (IT) trials for food allergy, during which a food allergic patient ingests increasing doses of their allergen to desensitize their immune system, the presence of oral tolerance during early solid food introduction is not necessarily associated with the absence of allergen-sIgE (21, 44). In allergen-specific IT, an early boost in allergen-specific B cell activation is seen. During the following months, this initial boost is followed by a reduction in allergen-sIgE and an increase in allergen-sIgG4 (21). Similarly in early food introduction, hen’s egg-sIgE levels in the STEP study were higher in the hen’s egg consumption group in comparison to the hen’s egg avoidance (control) group at age 12 months (13). Nishimura et al. also showed an increase in sIgE for egg white, milk, wheat, soybeans, buckwheat and peanut from baseline to 18 months in an early food introduction group and only the median egg white sIgE levels were lower in the intervention group than the placebo group (34). In contrast to this, the “Prevention of egg allergy with tiny amount intake trial” (PETIT study) showed a lower ovomucoid-sIgE concentration at 12 months of age in the hen’s egg group compared to the hen’s egg avoidance group (31). Similarly in the “Learning early about peanut allergy” (LEAP) study, the number of subjects with markedly elevated levels of peanut-sIgE titers at 60 months was lower in the peanut consumption than in the avoidance group (23).

In line with the latter, Roduit et al. studied whether food diversity in the first year of life had an impact on the expression of Cɛ germline transcripts in B-cells at the age of 6 years. The Cɛ germline transcript is a marker for antibody isotype switching to IgE and its inhibition seems to play a role in the inhibition of allergy development by Treg cells. Roduit et al. showed that among children with limited food diversity within the first year of life, the expression of the Cɛ germline transcript in B-cells at the age of 6 years is significantly increased in comparison to children with a high food diversity (18). Consequently, B cells will express IgE with various effector functions, but with retained antigen specificity, resulting in broader sensitization patterns and/or food allergy (45). Hence, early food introduction will probably lead to decreased IgE antibody isotype switching.

In contrast to the results related to allergen sIgE, allergen-specific IgG4 (sIgG4) is more consistently associated with oral tolerance (44). Allergen sIgG4 antibodies can compete with IgE for allergen binding to type II IgE receptor-expressing cells, such as basophils and mast cells leading to the blockage of this receptor. The production of both IgE and IgG4 antibodies is known to be up-regulated by IL-4 produced from activated Th2 cells. However, IL-10 secreted by Treg cells can suppress IgE production and simultaneously increase IgG4 production (Figure 1) (46, 47). Therefore, IgE and IgG4 production are not always similarly increased.
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FIGURE 1
Markers of tolerance development to food allergens. IL-10 secreting Breg cells, are known for being the main producers of IgG4. Through the secretion of IL-10, IL-35 and TGF-β, Breg cells suppress the activation and proliferation of effector T cells. Regulatory T cells inhibit mast cells, basophils, Th2 cells and B cells via the secretion of IL-10 and TGF-β.


In the LEAP study, the peanut consumption group showed a significantly greater and earlier increase in peanut specific IgG and IgG4 levels in comparison to the avoidance group. Furthermore, in the avoidance group, elevated peanut sIgG4 levels were associated with the absence of an allergic reaction to peanut upon consumption. These findings indicate that IgG4 could be associated with a protective role against allergy development (23). Likewise for hen’s egg, the “Solid timing for allergy research” (STAR) study showed a significant increase in hen’s egg specific IgG4 levels and IgG4/IgE ratios in infants with moderate to severe eczema who underwent early hen’s egg introduction (32). Also, the “Beating egg allergy” (BEAT) study demonstrated a similar response in infants with absent or mild eczema and extended the observations to the major hen’s egg protein components ovomucoid and ovalbumin at 12 months of age (28). The PETIT study showed a higher ovomucoid-specific IgG1, IgG4 and IgA concentration at 12 months of age in the hen’s egg consuming group than in the placebo group (31) and in the STEP study early ingestion of hen’s egg was also associated with higher egg-specific IgG4 levels at age 12 months (5).

Additionally, it seems that the timing of the effect of early food introduction on IgG4 levels is sooner detectable in comparison to the IgE levels. In the LEAP study for example, peanut-specific immunoglobulins were measured in serum of participants in the peanut-consumption group at baseline (between 4 and 11 months of age) and at 12, 30 and 60 months of age. Whereas peanut-specific IgG4 levels were elevated as early as month 12, a significant decrease in the mean levels of Ara h2-sIgE had only occurred by month 60 in this peanut-consumption population (24). This can possibly be explained by the initial rise in IgE after exposure to the allergen (21).

Not only are IgE and IgG4 important to predict reactivity to an allergen or to confirm food tolerance, also the ratio of IgE to IgG4 seems to play a key role (40, 46). Okamoto et al. studied the concentrations of hen’s egg sIgE and IgG4 antibodies during oral food challenges (OFC) with egg white in children sensitized to hen’s egg. During OFCs, gradually increasing amounts of the food to be tested, are eaten and symptom occurrence is observed under medical supervision. It remains the gold standard to accurately diagnose or rule out an allergy to the tested food. In the study of Okamoto et al., hen’s egg sIgE concentrations were higher in children with a positive OFC than in children with a negative OFC. On the other hand, the concentration of hen’s egg sIgG4 antibodies was higher in the negative OFC than in the positive food challenge. However, the ratio of IgE to IgG4 seemed to be an even more useful parameter than IgE or IgG4 alone to predict clinical reactivity during hen’s egg challenge as it also had a more accurate sensitivity and specificity (46, 47). Similarly for cow’s milk, Savilahti et al. showed higher levels of cow’s milk sIgE in cow’s milk allergic children compared with those who became tolerant by the age of 3 years, but cow’s milk sIgG4 serum concentrations were lower among patients with persistent cow’s milk allergy than among patients tolerating cow’s milk by the age of 3 years (47, 48).

Regulatory B (Breg) cells are immunosuppressive B cells, characterized by the production of IL-10, IL-35 and transforming growth factor beta (TGF-β). IL-10 secreting Breg (Br1) cells, are known for being the main producers of IgG4 (49). Through the secretion of IL-10, IL-35 and TGF-β, Breg cells are known to suppress the activation and proliferation of effector T cells, and also induce the differentiation of FoxP3+ regulatory T cells and type 1 regulatory (Tr1) cells (Figure 1). In the context of early food introduction, Lai et al. showed that the development of hen’s egg allergy during infancy was accompanied by a reduction in the frequency of ovalbumin-specific Breg cells, consistent with defective tolerance induction. They described a significant lower ovalbumin-specific IL-10+ CD19+ B cells and CD19+CD25+CD71+ Breg cells at the age of 12 months in hen’s egg allergic infants. This was not observed in non-hen’s egg sensitized or hen’s egg sensitized but tolerant infants after early hen’s egg exposure (4).



4.2.3. T cell responses

Allergic diseases are characterized by a Th2 immune response. However, Treg cells are a distinct subpopulation of CD4+ T cells that play an important role in the establishment and maintenance of immune homeostasis. The function of these Treg cells is to suppress the effector function of a wide range of cells and to prevent inadequate immune responses. They are categorized into natural Treg (nTreg) cells, produced in the thymus in response to self-antigens, and inducible Treg (iTreg) cells, generated in the periphery from naïve CD4+ T cells in response to foreign antigens (Figure 2). Natural Treg cells are identified as CD4+CD25+FoxP3+ cells that produce IL-10 and TGF-β. Their role in allergen-specific immune reactions include suppression of dendritic cells that support the generation of effector T cells. Furthermore, they inhibit the function and migration of effector Th1, Th2 and Th17 cells and they inhibit the production of allergen sIgE as well as induce IgG4 secretion. Furthermore, they suppress eosinophils, mast cells and basophils. Inducible Treg cells can be subdivided into three subsets: induced FoxP3+ Treg cells, Tr1 cells and T helper 3 cells (Th3 cells) (49). FoxP3+ Treg cells express CCR6 and have the capacity to produce IL-17 upon activation. They inhibit the proliferation of CD4+ responder T cells. Tr1 can transiently express FoxP3 upon stimulation, whereas Th3 cells do not express FoxP3 (50, 51). However, the transient expression of FoxP3 on Tr1 cells does not correlate with its suppressive function and FoxP3 independent mechanisms contribute to the suppressor functions of Tr1 cells (51). Furthermore, Tr1 cells can be distinguished by flow cytometry by the co-expression of the surface markers CD49b and LAG3 and the secretion of high levels of IL-10. They home to the lung and draining lymph nodes. In allergen-specific immune reactions, they inhibit the function and migration of effector Th2 cells and they suppress eosinophils, mast cells and basophils. Th3 on the other hand expresses TGF-β. Whether these subsets of iTreg cells are all distinct cell populations or perhaps have some overlapping stadia, is not entirely known (50).
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FIGURE 2
Classification and function of Treg cells. Treg cells can be classified in two categories: natural Treg cells (nTreg) and inducible Treg cells (iTreg). Natural Treg cells are produced in the thymus after contact with self-antigens, whereas iTregs are derived from the periphery after contact with foreign antigens. Natural Treg cells inhibit different effector cells and the production of allergen sIgE and they induce IgG4 by Br1 cells which further blocks IgE activity via the inhibition of plasma cells. Inducible Treg cells can be subdivided into three subsets: induced Foxp3+ Tregs, type 1 regulatory T cells (Tr1 cells) and T helper 3 cells (Th3 cells). They, in turn, inhibit CD4+ responder T cells, effector Th2 cells, mast cells, basophils, eosinophils and Th17 cells.


The Treg cell count was similar or even higher in infants compared to adolescents and adults, given their involvement in maternal-fetal tolerance. The immaturity and plasticity of the immune system, together with the maintained thymic functionality in children, could be decisive in both the onset of FA and the acquisition of tolerance to allergens (49). Treg cells can control the sensitization and effector phases of allergic reactions through multiple suppression mechanisms and both Treg cell deficiency and Treg cell dysfunction have been described in the process of allergy development (49, 52). Akdis et al. showed that higher frequencies of allergen-specific Treg cells were encountered in healthy patients and that Treg cells isolated from the blood of house dust mite or birch pollen allergic patients were less functional than Treg cells isolated from healthy subjects (53). Likewise in food allergy, the state of allergen sensitization can be associated with depletion of Treg cells following hen’s egg, cow’s milk or peanut exposure and the impaired capacity to regenerate the Treg pool is an important factor to determine clinical allergy versus a sensitized but tolerant state (49, 52).

One of the first reports examining the characterization of the immunological changes associated with tolerance in early allergen exposure focused on participants of the BEAT and STEP trial. Firstly, an age-related increase in ovalbumin-specific Treg cells (CD137+IL-10+ and CD137+FoxP3+ cells) was observed in infants who consumed hen’s egg on a regular basis early in life. This increase was not observed when the total FoxP3+ Treg population was examined, indicating that this change was hen’s egg specific. Furthermore, an age-related increase in ovalbumin-specific Treg cells was also observed between the ages of 5 and 12 months in subjects who did not develop hen’s egg allergy. This increase could not be observed in infants who developed hen’s egg allergy. Unfortunately, due to insufficient sample size, it could not be examined in subjects sensitized but tolerant to hen’s egg (10). Likewise, Roduit and colleagues also noticed a significantly lower level of gene expression for FoxP3 at the age of 6 years in children with a low food diversity score within the first 12 months of life (18).

Similar as with hen’s egg, most of the patients with cow’s milk allergy outgrow their allergy, making this disorder interesting for studies on the development of tolerance (54). Karlsson et al. studied the T cell responses in cow’s milk allergic children who, after a milk-free period, reintroduced cow’s milk to their diet. They observed that children who outgrew their allergy, had higher frequencies of circulating CD4+CD25+ Treg cells after in vivo milk exposure and that these cells suppressed the effector T cell function. Furthermore, PBMC’s showed higher proliferative activity against β-lactoglobulin in patients with an active cow’s milk allergy compared to children who became tolerant for cow’s milk (54).



4.2.4. Effector T cell-mediated cytokine responses

During prenatal life, there is a Th2-skewed immunity under the influence of pregnancy hormones such as progesterone, human chorionic gonadotrophin, estradiol and prostaglandin D2 (55). Allergen-specific responses have been demonstrated as early as at 22 weeks gestation and also cord blood mononuclear cells seem to be able to respond to environmental allergens (56). However, it is not clear whether these responses reflect conventional memory responses as they do not correlate well with either maternal exposure, nor with subsequent development of allergic disease or if these responses reflect a default response by thymic emigrants to first antigen encounter, which also leads to the activation of Treg cells (56, 57).

At birth, cytokine production is still dominated by Th2 cytokines and most aspects of neonatal immunity are immature including antigen presenting cells (APCs), Th1 cells, Th17 cells and Treg functioning. Postnatal microbial exposure provides an important source of immune stimulation and determines the fate of naïve CD4+ T cells. IL-12 advocates differentiation of Th1 cells. IL-6 and TGF-β promote differentiation of Th17 cells and IL-4 induces differentiation of Th2 cells. Furthermore, high concentrations of IL-6 and TNF-α promote degradation of Foxp3, the master transcription factor of nTreg. In the case of allergy, Il-6 and IL-1β have been shown to break allergen-specific CD4+ T cell tolerance (56, 58).

Early food introduction is hypothesized to influence this fate determination of naïve T cells. In the context of early solid food introduction, Metcalfe et al. compared the cytokine responses to hen’s egg proteins in infants with eczema in an early versus a delayed hen’s egg introduction group. The early intervention group received a daily dose of pasteurized raw whole egg powder from 4 to 8 months of age, followed by the introduction of cooked egg at 8 months of age after a medically supervised introduction of hard-boiled egg. The infants in the delayed introduction group did not introduce hen’s egg into their diet until the age of 8 months, after a passed medically supervised introduction of hard-boiled egg (32). This study showed the presence of baseline early Th2 responses to multiple hen’s egg proteins in a high proportion of infants with eczema by 4 months of age. This was prior to the introduction of hen’s egg in solid foods in any of these children. Furthermore, early introduction of hen’s egg from 4 months of age on was not associated with any significant effect on hen’s egg-specific IL-13, IL-5 and IL-10, IFN-γ or TNF-α responses by PBMC’s at the age of 12 months. However, high in vitro baseline IL-5 responses to lysozyme and IL-13 responses to both ovalbumin and lysozyme were associated with IgE-mediated hen’s egg allergy at 12 months of age. On the other hand, no negative nor positive association was found between IL-10, IFN- γ and TNF-α responses at 4 months of age in children with IgE-mediated hen’s egg allergy at age 12 months (59). Those cytokines could however be related to tolerance induction to aero-allergens, which might differ from food allergens (44).

A study of Neeland et al. examined the innate immune profiles associated with persistent hen’s egg allergy in comparison to children who had no hen’s egg allergy or to children who became tolerant to hen’s egg. In children with hen’s egg allergy at 1 year of age (baseline), they found an increased number of circulating dendritic cells and monocytes that produce more inflammatory cytokines (IL-8 in unstimulated media, and TNF-α, IL-6, IL-1β, IL-8 and IL-10 in LPS-stimulated cells), compared to non-allergic infants (60). In transient hen’s egg allergy (i.e., children who outgrow their allergy), there is an increase in the frequency of dendritic cells during follow-up but no significant increase was seen in children with persistent hen’s egg allergy during follow-up. Furthermore, children with persistent hen’s egg allergy continued to show higher levels of IL-6, IL-1β and IL-8 in unstimulated CD3-depleted cells compared to children who developed tolerance to hen’s egg at the end of follow-up. Following LPS stimulation, IL-6 and IL-1β production was more elevated in both persistent and transient hen’s egg allergy in comparison to healthy controls at follow-up but increased production of TNF-α and IL-8 was unique to infants with persistent hen’s egg allergy (60). These data indicate that in persistent food allergy increased inflammatory responses by APCs might be observed. If those could be silenced, tolerance induction could perhaps be achieved in this group as well.



4.2.5. T-cell attractant chemokine secretion

Thymus and Activation-Regulated Chemokine (TARC), also named CCL17 (CC chemokine ligand 17), is a CC-chemokine that is mostly known as the key regulator of Th2-mediated inflammation in allergic asthma and atopic dermatitis. It is synthesized by different cell types such as monocytes, dendritic cells, macrophages, eosinophils, keratinocytes, T cells and bronchial, alveolar and nasal epithelial cells. It binds to the C-C chemokine receptor type 4 (CCR4) expressed by CD4+ T-cells (61–63). In food allergy, TARC is not well studied. The PETIT trial of 2016 showed higher circulating TARC concentrations in the placebo group in comparison to the hen’s egg introduction group at baseline, without reaching significance. TARC concentration at 9 and 12 months of age seemed decreased from baseline in both groups (31). However, Nishumara et al. observed in 2022 similar TARC values at the age of 3–4 months (baseline) in the intervention (i.e., the introduction to mixed allergenic food powder containing egg, wheat, milk, soybean, peanuts and buckwheat during 12 weeks at the age of 3–4 months) and the placebo group (i.e., placebo powder during 12 weeks at the age of 3–4 months). Furthermore, at age 11–13 months, TARC concentrations were slightly higher in the placebo group than in the intervention group (34), suggesting more TARC and hence more Th2 orientation in late solid food introduction.





5. Immunological basis of non-IgE-mediated food allergy

In contrast to IgE-mediated food allergy, information regarding the immunological basis of non-IgE-mediated food allergy is scarcer in literature. Non-IgE-mediated food allergies can be subdivided into different entities: food protein-induced enterocolitis syndrome or FPIES, food protein-induced allergic proctocolitis or FPIAP, food protein-induced enterophathy or FPE, food protein-induced motility disorders (FPIMD) such as gastro-esophageal reflux disease (GERD), colic and constipation, and eosinophilic gastrointestinal disorders (EGIDs) such as eosinophilic esophagitis (EoE), eosinophilic gastroenteritis (EGE), eosinophilic enteritis and eosinophilic colitis (EC). The immunological pathophysiology varies depending on the subtype.


5.1. FPIES

FPIES is considered to be a non-IgE-mediated disorder, however in up to 30% of patients with FPIES low positive sIgE’s to food allergens are present (64). FPIES is a T-cell mediated disease in which antigen-specific T cells release high levels of TNF-α that acts synergistically with IFN-γ to increase intestinal permeability (64–66). This contributes to the influx of antigens into the submucosa which in turn activates antigen-specific T cells. Furthermore, TGF-β1 receptor in the intestinal epithelium is diminished leading to a cascade of inflammatory factors that weaken the integrity of the intestinal epithelial barrier (64, 65). Additionally, the cytokines IL-2 and IL-5 and chemokine IL-8 seem to be increased in serum of patients with FPIES to cow’s milk after a failed OFC with cow’s milk formula. Also, the innate immune system is involved in FPIES reactions and a dominant activation of monocytes in addition to natural killer cells, neutrophils and eosinophils is described (64).

Clinically findings suggest that most infants with FPIES outgrow their allergy over time and become tolerant to the culprit food. However, long-lasting FPIES has been described and is especially associated with the presence of sIgE towards the trigger foods (64–66). A case report of a 9-year old boy suffering from long-lasting hen’s egg FPIES was published in 2021. In this case report, oral desensitization to induce tolerance was performed and after 13.5 months, the boy could ingest a whole raw hen’s egg without adverse reactions. However, no data was collected in this case report to evaluate the immunologic process of tolerance development (67). Nonetheless, Karlsson et al. described a higher frequency of circulating antigen-specific CD4+CD25+ Treg cells in children with non-IgE-mediated hypersensitivity to cow’s milk who developed tolerance in comparison to children with active non-IgE-mediated hypersensitivity to cow’s milk (65, 66). Furthermore, another case report showed an increase in serum IL-10 levels after a negative rice OFC in comparison to IL-10 levels before the OFC in an 8-month old infant who had an allergic reaction to rice 6 months prior to the food challenge (68).



5.2. FPIAP, FPE and EGIDs

The immunological characteristics of FPIAP, FPE and EGIDs are even less known and data concerning the immunological changes accompanying tolerance acquisition is lacking. Similar to FPIES, TNF-α is highly secreted in FPIAP whereas TGF- β ligand and TGF-β1 receptor activity are decreased, leading to weakening of the epithelial barrier of the intestinal mucosa and promoting fluid shifts resulting in diarrhea. It is a non-IgE mediated disease, but patients with FPIAP have a two-fold risk of developing IgE-mediated food allergy. FPE on the other hand involves eosinophils, allergen specific T lymphocytes and specific cytokine profiles such as IL-4 and IFN-γ. The immunological pathogenesis of the EGIDs is poorly understood. In EoE it is known that single nucleotide polymorphisms (SNPs) in genes encoding for thymic stromal lymphopoietin (TSLP), calpain 14 protease (CAPN14), IL-1 family genes, serine peptidase inhibitors (SERPINs), serine protease inhibitors or Kazal-type-related inhibitors (SPINKs) are associated with an increased risk of EoE (64, 69). Furthermore, a localized Th2 inflammation plays an important role in the generation of the proinflammatory cytokine responses of IL-5 and IL-13. These cytokines induce the secretion of eotaxin-3 from epithelial cells, leading to the attraction of eosinophils to the esophagus. Furthermore, IL-13 can also reduce the expression levels of filaggrin, weakening the barrier function of the esophageal epithelium (64, 69). Tolerance induction in EoE does probably not occur. Early food introduction is most likely not related to EoE prevention. On the contrary, some EoE cases in oral IT trials for hen’s egg and/or cow’s milk have been described (70).



5.3. FPIMD

FPIMDs are mostly reported in non-IgE-mediated cow’s milk allergy, but can also occur with other food allergens, such as egg, wheat and soy (71). Similarly as for the other non-IgE-mediated entities, the pathophysiology of FPIMD remains poorly understood. The gastrointestinal motility is controlled by the enteric nervous system and there seems to be an interaction between different immune mediators such as mast cells, eosinophils and lymphocytes and this nervous system. When an allergic reaction occurs, the release of cytokines can affect the nervous system and cause motility dysfunction leading to constipation, colic or GERD (72–74). Immunological data concerning tolerance acquisition has also not yet been studied in FPIMD.




6. Discussion

This review shows an important shift in the clinical approach to prevent the development of documented IgE-mediated food allergies. Early food introduction seems to have beneficial effects in the prevention of these food allergies. However immunological data that supports this shift in clinical decision making is scarce and the processes of tolerance acquisition remain poorly understood. Humoral, cellular and chemokine responses all seem to play an important role in the immune mechanisms involved in tolerance acquisition.

More studies are necessary to further investigate the immunological basis of food allergy and tolerance development. Such studies however, often require repeated sampling of larger blood volumes which is often difficult to obtain in young children with only a limited circulating blood volume. Nonetheless, new techniques have become available requiring very small volumes of blood, for example the finger-prick tests, which could make the assessment of the immunological changes in early food introduction more feasible in the future.

In conclusion, early antigen introduction seems to have a protective effect on the development of food allergies. However, immunological evidence is necessary to completely understand the processes of tolerance acquisition in early food introduction in the prevention of IgE- and certainly non-IgE-mediated food allergy.



Author contributions

DB and LN conceptualized the review. LN drafted the article, which was critically revised and edited by all co-authors. All co-authors approved the final version of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

DB and RS are recipients of a senior research fellowship from the Fund for Scientific Research Flanders (FWO).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/falgy.2023.1111687/full#supplementary-material.



References

1. Nwaru BI, Hickstein L, Panesar SS, Roberts G, Muraro A, Sheikh A, on behalf of the EAACI Food Allergy and Anaphylaxis Guidelines Group. Prevalence of common food allergies in Europe: a systematic review and meta-analysis. Allergy. (2014) 69:992–1007. doi: 10.1111/all.12423

2. Allen KJ, Koplin JJ. The epidemiology of IgE-mediated food allergy and anaphylaxis. Immunol Allergy Clin North Am. (2012) 32:35–50. doi: 10.1016/j.iac.2011.11.008

3. Ferraro V, Zanconato S, Carraro S. Timing of food introduction and the risk of food allergy. Nutrients. (2019) 11:1131. doi: 10.3390/nu11051131

4. Barni S, Liccioli G, Sarti L, Giovannini M, Novembre E, Mori F. Immunoglobulin E (IgE)-mediated food allergy in children: epidemiology, pathogenesis, diagnosis, prevention, and management. Medicina. (2020) 56(3):111. doi: 10.3390/medicina56030111

5. Bailey M, Haverson K, Inman C, Harris C, Jones P, Corfield G, et al. The development of the mucosal immune system pre-and post-weaning: balancing regulatory and effector function. Proc Nutr Soc. (2005) 64:451–7. doi: 10.1079/PNS2005452

6. Munblit D, Verhasselt V. Allergy prevention by breastfeeding: possible mechanisms and evidence from human cohorts. Curr Opin Allergy Clin Immunol. (2016) 16(5):427–33. doi: 10.1097/ACI.0000000000000303

7. Paparo L, Nocerino R, CIaglia E, Di Scala C, De Caro C, Russo R, et al. Butyrate as a bioactive human milk protective component against food allergy. Allergy. (2021) 76(5):1398–415. doi: 10.1111/all.14625

8. Kramer S, Kakuma R. Optimal duration of exclusive breastfeeding. Cochrane Database Syst Rev. (2012) 2012(8):CD003517. doi: 10.1002/14651858.CD003517.pub2

9. WHO. who.int/health-topics/complementary-feeding#tab=tab_1 (Online geraadpleegd op May 16, 2022).

10. Lai CL, Campbell DE, Palmer DJ, Makrides M, Santner-Nanan B, Gold M, et al. Longitudinal egg-specific regulatory T- and B-cell development: insights from primary prevention clinical trials examining the timing of egg introduction. Allergy. (2021) 76(5):1385–97. doi: 10.1111/all.14621

11. Koplin JJ, Allen K. Early introduction of foods for food allergy prevention. Curr Treat Options Allergy. (2014) 1:107–16. doi: 10.1007/s40521-014-0017-x

12. Comberiati P, Costagliola G, D’Elios S, Peroni D. Prevention of food allergy: the significance of early introduction. Medicina. (2019) 55:323. doi: 10.3390/medicina55070323

13. Palmer DJ, Sullivan TR, Gold MS, Prescott S, Makrides M. Randomized controlled trial of early regular egg intake to prevent egg allergy. J Allergy Clin Immunol. (2017) 139(5):1600–7. doi: 10.1016/j.jaci.2016.06.052

14. Skjerven HO, Rehbinder EM, Vettukattil R, LeBlanc M, Granum B, Haugen G, et al. Skin emollient and early complementary feeding to prevent infant atopic dermatitis (PreventADALL): a factorial, multicentre, cluster-randomised trial. Lancet. (2020) 395(10228):951–61. doi: 10.1016/S0140-6736(19)32983-6

15. Carlsen KCL, Rehbinder EM, Skjerven HO, Carlsen MH, Aspelund Fatnes T, Fugelli P, et al. Preventing atopic dermatitis and ALLergies in children – the PreventADALL study. Allergy. (2018) 73(10):2063–70. doi: 10.1111/all.13468

16. Tedner SG, Söderhäll C, Konradsen JR, Bains KES, Borres MP, Carlsen KH. Extract and molecular-based early infant sensitization and associated factors – a PreventADALL study. Allergy. (2021) 76(9):2730–9. doi: 10.1111/all.14805

17. Halken S, Muraro A, De Silva D, Khaleva E, Angier E, Arasi S, et al. EAACI Guideline: preventing the development of food allergy in infants and young children (2020 update). Pediatr Allergy Immunol. (2021) 32(5):843–58. doi: 10.1111/pai.13496

18. Roduit C, Frei R, Depner M, Schaub B, Loss G, Genuneit J, et al. Increased food diversity in the first year of life is inversely associated with allergic diseases. J Allergy Clin Immunol. (2014) 133(4):1056–64. doi: 10.1016/j.jaci.2013.12.1044

19. Stampfli M, Frei R, Divaret-Chaveau A, Schmausser-Hechfellner E, Karvonen AM, Pekkanen J, et al. Inverse associations between food diversity in the second year of life and allergic diseases. Ann Allergy Asthma Immunol. (2022) 128(1):39–45. doi: 10.1016/j.anai.2021.10.005

20. Tsuge M, Ideda M, Matsumoto N, Yorifuji T, Tsukahara H. Current insights into Atopic March. Children (Basel). (2021) 8(11):1067. doi: 10.3390/children8111067

21. Schoos AMM, Bullens D, Chawes BL, Costa J, De Vlieger L, DunnGalvin A, et al. Immunological outcomes of allergen-specific immunotherapy in food allergy. Front Immunol. (2020) 11:568598. doi: 10.3389/fimmu.2020.568598

22. Anvari S, Miller J, Yeh CY, Davis CM. IgE-mediated food allergy. Clinic Rev Allergy Immunol. (2019) 57:244–60. doi: 10.1007/s12016-018-8710-3

23. 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(9):803–13. doi: 10.1056/NEJMoa1414850

24. Du Toit G, Sayre PH, Roberts G, Sever ML, Lawson K, Bahnson HT, et al. Effect of avoidance on peanut allergy after early peanut consumption. N Engl J Med. (2016) 374(15):1435–43. doi: 10.1056/NEJMoa1514209

25. Perkin MR, Logan K, Tseng A, Raji B, Ayis S, Peacock J, et al. Randomized trial of introduction of allergenic foods in breast-fed infants. N Engl J Med. (2016) 374(18):1733–43. doi: 10.1056/NEJMoa1514210

26. Greer FR, Sicherer SH, Burks AW. The effects of early nutritional interventions on the development of atopic disease in infants and children: the role of maternal dietary restriction, breastfeeding, hydrolyzed formulas and timing of introduction of allergenic complementary foods. Pediatrics. (2019) 143(4):e20190281. doi: 10.1542/peds.2019-0281

27. Chan ES, Abrams EM, Hildebrand KJ, Watson W. Early introduction of foods to prevent food allergy. Allergy Asthma Clin Immunol. (2018) 14(Suppl 2):57. doi: 10.1186/s13223-018-0286-1

28. Tan JWL, Valerio C, Barnes EH, Turner PJ, Van Asperen PA, Kakakios AM, et al. A randomized trial of egg introduction from 4 months of age in infants at risk for egg allergy. J Allergy Clin Immunol. (2017) 139(5):1621–8. doi: 10.1016/j.jaci.2016.08.035

29. Bellach J, Schwarz V, Ahrens B, Trendelenburg V, Aksünger O, Kalb B, et al. Randomized placebo-controlled trial of hen’s egg consumption for primary prevention in infants. J Allergy Clin Immunol. (2017) 139(5):1591–9. doi: 10.1016/j.jaci.2016.06.045

30. Grimshaw K, Logan K, O’Donovan S, Kiely M, Patient K, Van Bilsen J, et al. Modifying the infant’s diet to prevent food allergy. Arch Dis Child. (2017) 102(2):179–86. doi: 10.1136/archdischild-2015-309770

31. Natsume O, Kabashima S, Nakazato J, Yamamoto-Hanada K, Narita M, Kondo M, et al. Two-step egg introduction for prevention of egg allergy in high-risk infants with eczema (PETIT): a randomised, double-blind, placebo-controlled trial. Lancet. (2017) 389(10066):276–86. doi: 10.1016/S0140-6736(16)31418-0

32. Palmer DJ, Metcalfe J, Makrides M, Gold MS, Quinn P, West CE, et al. Early regular egg exposure in infants with eczema: a randomized controlled trial. J Allergy Clin Immunol. (2013) 132(2):387–92. doi: 10.1016/j.jaci.2013.05.002

33. Kalb B, Meixner L, Trendelenburg V, Unterleider N, Dobbertin-Welsch J, Heller S. Tolerance induction through early feeding to prevent food allergy in infants with eczema (TEFFA): rationale, study design, and methods of a randomized controlled trial. Trials. (2022) 23(1):210. doi: 10.1186/s13063-022-06126-x

34. Nishimura T, Fukazawa M, Fukuoka K, Okasora T, Yamada S, Kyo S, et al. Early introduction of very small amounts of multiple foods to infants: a randomized trial. Allergol Int. (2022) 71(3):345–53. doi: 10.1016/j.alit.2022.03.001

35. Cañas JA, Núñez R, Cruz-Amaya A, Gómez F, Torres MJ, Palomares F, et al. Epigenetics in food allergy and immunomodulation. Nutrients. (2021) 13:4345. doi: 10.3390/nu13124345

36. Chang C, Wu H, Lu Q. The epigenetics of food allergy. In: C Chang, Q Lu, editors. Epigenetics in allergy and autoimmunity. Advances in experimental medicine and biology. Singapore: Springer (2020). 1253 p.

37. Acevedo N, Scala G, Merid SD, Frumento P, Bruhn S, Andersson A. DNA Methylation levels in mononuclear leukocytes from the mother and her child are associated with IgE sensitization to allergens in early life. Int J Mol Sci. (2021) 22(2):801. doi: 10.3390/ijms22020801

38. Han L, Kaushal A, Zhang H, Kadalayil L, Duan J, Holloway JW, et al. DNA Methylation at birth is associated with childhood serum immunoglobulin E levels. Epigenet Insights. (2021) 14:25168657211008108. doi: 10.1177/25168657211008108

39. Bullens DMA, Seys S, Kasran A, Dilissen E, Dupont LJ, Ceuppens JL. Low cord blood Foxp3/CD3γ mRNA ratios: a marker of increased risk for allergy development. Clin Exp Allergy. (2015) 45(1):232–7. doi: 10.1111/cea.12389

40. Jiao L, Su CW, Cao T, Zheng S, Walker WA, Shi HN. Maternal influences and intervention strategies on the development of food allergy in offspring. Front Immunol. (2022) 13:817062. doi: 10.3389/fimmu.2022.817062

41. Prince BT, Devonshire AL, Erickson KA, Bergerson J, Fuleihan D, Szychlinski C, et al. Regulatory T cell populations in children are affected by age and food allergy diagnosis. J Allergy Clin Immunol. (2017) 140(4):1194–1196.e16. doi: 10.1016/j.jaci.2017.04.039

42. Paparo L, Nocerino R, Cosenza L, Aitoro R, D’Argenio V, Del Monaco V. Epigenetic features of FoxP3 in children with cow’s milk allergy. Clin Epigenetics. (2016) 8:86. doi: 10.1186/s13148-016-0252-z

43. Chernikova DA, Zhao MY, Jacobs JP. Microbiome therapeutics for food allergy. Nutrients. (2022) 14(23):5155. doi: 10.3390/nu14235155

44. Jay DC, Nadeau KC. Immune mechanisms of sublingual immunotherapy. Curr Allergy Asthma Rep. (2014) 14(11):473. doi: 10.1007/s11882-014-0473-1

45. Laurencikiene J, Tamosiunas V, Severinson E. Regulation of epsilon germline transcription and switch region mutations by IgH locus 3’ enhancers in transgenic mice. Blood. (2007) 109(1):159–67. doi: 10.1182/blood-2006-02-005355

46. Okamoto S, Taniuchi S, Sudo K, Hatano Y, Nakano K, Shimo T, et al. Predictive value of IgE/IgG4 antibody ratio in children with egg allergy. Allergy Asthma Clin Immunol. (2012) 8(1):9. doi: 10.1186/1710-1492-8-9

47. Savilahti EM, Rantanen V, Lin JS, Karinen S, Saarinen KM, Goldis M, et al. Early recovery from cow’s milk allergy is associated with decreasing IgE and increasing IgG4 binding to cow’s milk epitopes. J Allergy Clin Immunol. (2010) 125(6):1315–21.e9. doi: 10.1016/j.jaci.2010.03.025

48. Savilahti EM, Saarinen KM, Savilahti E. Duration of clinical reactivity in cow’s milk allergy is associated with levels of specific immunoglobulin G4 and immunoglobulin A antibodies to beta-lactoglobulin. Clin Exp Allergy. (2010) 40(2):251–6. doi: 10.1111/j.1365-2222.2009.03409.x

49. Bernaldo de Quiros E, Seoane-Reula E, Alonso-Lebrero E, Pion M, Correa-Rocha R. The role of regulatory T cells in the acquisition of tolerance to food allergens in children. Allergol Immunopathol (Madr). (2018) 46(6):612–8. doi: 10.1016/j.aller.2018.02.002

50. Zhang H, Kong H, Zeng X, Guo L, Sun X, He S. Subsets of regulatory T cells and their roles in allergy. J Transl Med. (2014) 12:125. doi: 10.1186/1479-5876-12-125

51. Roncarolo MG, Gregori S. Is FOXP3 a bona fide marker for human regulatory T cells? Eur J Immunol. (2008) 38(4):925–7. doi: 10.1002/eji.200838168

52. Dang TD, Allen KJ, Martino DJ, Koplin JJ, Licciardi PV, Tang MLK, et al. Food-allergic infants have impaired regulatory T-cell responses following in vivo allergen exposure. Pediatr Allergy Immunol. (2016) 27(1):35–43. doi: 10.1111/pai.12498

53. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri R, et al. Immune responses in healthy and allergic individuals are characterized by a fine balance between allergen-specific T regulatory 1 and T helper 2 cells. J Exp Med. (2004) 199(11):1567–75. doi: 10.1084/jem.20032058

54. Karlsson MR, Rugtveit J, Brandtzaeg P. Allergen-responsive CD4+CD25+ regulatory T cells in children who have outgrown cow’s milk allergy. J Exp Med. (2004) 199:1679–88. doi: 10.1084/jem.20032121

55. McFadden JP, Thyssen JP, Basketter DA, Puangpet P, Kimber I. T helper cell 2 immune skewing in pregnancy/early life: chemical exposure and the development of atopic disease and allergy. Br J Dermatol. (2015) 172(3):584–91. doi: 10.1111/bjd.13497

56. Prescott SL. Allergic disease: understanding how in utero events set the scene. Proc Nutr Soc. (2010) 69(3):366–72. doi: 10.1017/S0029665110001874

57. Holt PG. Prenatal versus postnatal priming of allergen specific immunologic memory: the debate continues. J Allergy Clin Immunol. (2008) 122(4):717–8. doi: 10.1016/j.jaci.2008.08.019

58. Zhang Y, Collier F, Naselli G, Saffery R, Tang MLK, Allen KJ. Cord blood monocyte-derived inflammatory cytokines suppress IL-2 and induce nonclassic “T(h)2-type” immunity associated with development of food allergy. Sci Transl Med. (2016) 8(321):321ra8. doi: 10.1126/scitranslmed.aad4322

59. Metcalfe JR, D’Vaz N, Makrides M, Gold MS, Quinn P, West CE, et al. Elevated IL-5 and IL-13 responses to egg proteins predate the introduction of egg in solid foods in infants with eczema. Clin Exp Allergy. (2016) 46(2):308–16. doi: 10.1111/cea.12608

60. Neeland MR, Koplin JJ, Dang TD, Dharmage SC, Tang ML, Prescott SL. Early life innate immune signatures of persistent food allergy. J Allergy Clin Immunol. (2018) 142(3):857–64.e3. doi: 10.1016/j.jaci.2017.10.024

61. Vestergaard C, Deleuran M, Gesser B, Larsen CG. Thymus-and activation-regulated chemokine (TARC/CCL17) induces a Th2-dominated inflammatory reaction on intradermal injection in mice. Exp Dermatol. (2004) 13(4):265–71. doi: 10.1111/j.0906-6705.2004.00149.x

62. Berin CM. The role of TARC in the pathogenesis of allergic asthma. Drug News Perspect. (2002) 15(1):10–6. doi: 10.1358/dnp.2002.15.1.660501

63. Julien C, Roufosse F. What does elevated TARC/CCL17 expression tel lus about eosinophilic disorders? Semin Immunopathol. (2021) 43(3):439–58. doi: 10.1007/s00281-021-00857-w

64. Zhang S, Sicherer S, Berin MC, Agyemang A. Pathophysiology of non-IgE-mediated food allergy. Immunotargets Ther. (2021) 10:431–46. doi: 10.2147/ITT.S284821

65. Caubet JC, Nowak-Wegrzyn A. Current understanding of the immune mechanisms of food protein-induced enterocolitis syndrome. Expert Rev Clin Immunol. (2011) 7(3):317–27. doi: 10.1586/eci.11.13

66. Berin MC. Advances in understanding immune mechanisms of food protein-induced enterocolitis syndrome. Ann Allergy Asthma Immunol. (2021) 126(5):478–81. doi: 10.1016/j.anai.2021.01.033

67. Sopo SM, Sinatti D, Gesomino M. Oral desensitization in egg acute food protein-induced enterocolitis syndrome. Eur Rev Med Pharmacol Sci. (2021) 25(18):5766–8. doi: 10.26355/eurrev_202109_26794

68. Mori F, Barni S, Cianferoni A, Pucci N, de Martino M, Novembre E. Cytokine expression in CD3+ cells in an infant with food protein-induced enterocolitis syndrome (FPIES): case report. Clin Dev Immunol. (2009) 2009:679381. doi: 10.1155/2009/679381

69. Ryu S, Hwa Lee K, Tizaoui K, Terrazzino S, Cargnin S, Effenberger M. Pathogenesis of eosinophilic esophagitis: a comprehensive review of the genetic and molecular aspects. Int J Mol Sci. (2020) 21(19):7253. doi: 10.3390/ijms21197253

70. Dellon ES, Hirano I. Epidemiology and natural history of eosinophilic esophagitis. Gastroenterology. (2018) 154(2):319–332.e3. doi: 10.1053/j.gastro.2017.06.067

71. Chehade M, Meyer R, Beauregard A. Feeding difficulties in children with non-IgE-mediated food allergic gastro-intestinal disorders. Ann Allergy Asthma Immunol. (2019) 122(6):603–9. doi: 10.1016/j.anai.2019.03.020

72. Meyer R, Chebar Lozinsky A, Fleischer DM, Vieira MC, Du Toit G, Vandenplas Y. et al. Diagnosis and management of non-IgE gastrointestinal allergies in breastfed infants – an EAACI position paper. Allergy. (2020) 75:14–32. doi: 10.1111/all.13947

73. Berni Canani R, Caffarelli C, Calvani M, Martelli A, Carucci L, Cozzolino T, et al. Diagnostic therapeutic care pathway for pediatric food allergies and intolerances in Italy: a joint position paper by the Italian Society for Pediatric Gastroenterology Hepatology and Nutrition (SIGENP) and the Italian Society for Pediatric Allergy and Immunology (SIAIP). Ital J Pediatr. (2022) 48(1):87. doi: 10.1186/s13052-022-01277-8

74. Heine RG. Pathophysiology, diagnosis and treatment of food protein-induced gastrointestinal diseases. Curr Opin Allergy Clin Immunol. (2004) 4(3):221–9. doi: 10.1097/00130832-200406000-00015



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The clinical and immunological basis of early food introduction in food allergy prevention

		1. Introduction



		1.1. Background



		1.2. Shift from allergen avoidance guidelines to early introduction in allergy prevention











		2. Methods



		3. Clinical outcome of early solid food introduction



		4. Immunological changes in early solid food introduction in the prevention of food allergy



		4.1. Prenatal start of tolerance induction



		4.2. Postnatal changes during tolerance induction



		4.2.1. Environmental factors



		4.2.2. IgE, IgG and IgG4 production and B-cell responses



		4.2.3. T cell responses



		4.2.4. Effector T cell-mediated cytokine responses



		4.2.5. T-cell attractant chemokine secretion



















		5. Immunological basis of non-IgE-mediated food allergy



		5.1. FPIES



		5.2. FPIAP, FPE and EGIDs



		5.3. FPIMD











		6. Discussion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Allergy

The clinical and immunological
basis of early food introduction in
food allergy prevention





OPS/images/falgy-04-1111687-g001.jpg





OPS/images/falgy-04-1111687-g002.jpg
110 \
Ms/"

1964 — g€

rcr-o\ 1L10, TGF-p, IL:35, IL-17
L2 —_—

1L10, TGF-B

110, TGFB.

—nE

Periphery









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Allergy





