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Oral tolerance and oral immunotherapy for food allergy: Evidence for 
common mechanisms? 
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A B S T R A C T   

Food allergies affect up to 10% of the US population, can be life-threatening, and have a significant negative impact on quality of life. Delayed dietary introduction of 
foods in childhood can hinder the induction of oral tolerance, an active regulatory response to foods that prevents the development of food allergy. Some children 
outgrow their food allergies naturally, while many others have persistent, lifelong food allergy for which there are few therapeutic options. Oral immunotherapy 
(OIT) is a therapeutic approach of giving increasing amounts of food to attempt to desensitize the allergic individual. In this review, we focus on the immune 
mechanisms common to oral tolerance and response to oral immunotherapy, with the objective of determining whether true tolerance can be achieved after food 
allergy has been established.   

1. Introduction 

Food allergies have been increasing at a rapid rate over the past 
decade and prevalence of food allergy has been reported to be as high as 
10 % in the United States [1], representing a significant public health 
concern. There is currently no cure for food allergy, and management or 
treatment options include avoidance of the allergic food, desensitization 
through oral immunotherapy (OIT), or self-injection of epinephrine if 
anaphylaxis occurs due to an accidental exposure to the allergen [2]. 
Peanut allergy, one of the most common food allergies in the US, is often 
severe and life-long, accounting for the majority of cases of anaphylaxis 
in all ages. 

Food allergy arises as a result of the inappropriate immune reactivity 
to food antigens. Food allergies can be IgE-mediated, non-IgE-mediated, 
or disorders with mixed IgE-mediated and cell-mediated immune re
actions. Oral tolerance is a state of systemic unresponsiveness or hypo
responsiveness that occurs in response to food antigens and is the default 
physiological immune response to food antigens. In subjects with food 
allergy, tolerance to food antigens can arise naturally if they outgrow the 
allergy, termed natural resolution. In the clinical setting, tolerance to 
allergenic foods is aimed to be induced through oral immunotherapy 
(OIT), with or without adjunct therapy. Presently, oral immunotherapy 
has been successful in inducing desensitization to food antigens, which 
is a transient reduced clinical reactivity. OIT has also been able to induce 
sustained clinical benefit, described as remission or sustained unre
sponsiveness, terms that have been used to describe individuals who can 
pass an oral food challenge (OFC) after stopping OIT, demonstrating 

relative protection from clinical allergic reactions [3]. The longer the 
period of avoidance, the fewer individuals maintain protection [4], 
suggesting a lack of true tolerance. Gaining a better understanding of 
oral tolerance and its mechanisms is crucial for the development of 
novel prevention and treatment strategies for food allergies. 

This review provides an overview of currently known mechanisms of 
oral tolerance in IgE-mediated food allergy from animal models and 
human in vitro assay studies. Next, we discuss known mechanisms of 
oral immunotherapy and natural resolution, which is achieved when a 
child outgrows their food allergy. Lastly, we discuss the differences 
between oral tolerance that is achieved through early exposure to 
allergen and that which is aimed to be achieved through oral immu
notherapy, further examining whether oral immunotherapy induces 
desensitization or true immune tolerance. We conclude with a consid
eration of future directions of oral immunotherapy. 

2. Oral tolerance in murine models 

Oral tolerance is a concept derived from experimental models. Oral 
exposure to an antigen renders the animal hyporesponsive to that an
tigen upon subsequent immunization. When Wells and Osborne first 
described oral tolerance, they reported that guinea pigs could not be 
induced to undergo anaphylaxis to antigens that were already present in 
their diet [5]. This phenomenon is thought to be the underlying mech
anism by which organisms tolerate the large quantities of foreign pro
teins they ingest daily. 

From murine models of food allergy, it has been demonstrated that 
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oral tolerance occurs through the following major mechanisms: T cell 
anergy and depletion, the induction of antigen-specific Tregs, and the 
production of IgG. Classically, exposure to high levels of food antigen 
has been shown to induce T cell anergy and depletion [6], while 
repeated low levels of antigen exposure induces regulatory T cells. 
However, evidence suggests they are not mutually exclusive [6]. Anergic 
T cells, despite an ability to bind antigen presenting cells, lack the ability 
to elicit immune responses. Upregulation of genes involved in T cell 
anergy is mediated by nuclear factor of activated T cells (NFAT) [7]. 
Further, effector T cells have been depleted upon high antigen exposure, 
contributing to oral tolerance. 

A role for induced Tregs in promoting oral tolerance was shown with 
depletion of regulatory T cell (DEREG) mice that have the diphtheria 
toxin receptor driven by the Foxp3 promoter, resulting in selective 
depletion of Tregs after injection of diphtheria toxin. Depletion of Tregs 
after oral antigen exposure, followed by a delay to allow Tregs to 
repopulate before immunizing abolished oral tolerance in murine 
models, demonstrating the role of antigen-specific Tregs in oral toler
ance and prevention of experimental food allergy [8]. This is consistent 
with earlier work that identified induced Tregs, rather than thymic 
Tregs, in the development of oral tolerance [9]. Further, Turner et al 
identified Treg-derived TGF-β1 as playing a major role in the prevention 
of food allergy, as a reduction in Treg-produced TGF-β1 through hap
loinsufficiency was sufficient to lead to food allergy while a complete 
loss of Treg-produced TGF-β1 led to autoimmunity [10]. Non-canonical 
T cells have also been identified to play a role in the development of oral 
tolerance. Hong et al recently showed that in addition to induction of 
Tregs, gliadin feeding induces a population of CD4 + T helper cells of 
undefined helper lineage with an anergic phenotype that are resistant to 
developing into effector T cells, but can develop into Tregs under the 
influence of IL-2 [11]. In addition to Tregs and anergic T cells, gliadin- 
feeding induced a small population of T follicular helper (Tfh) cells that 
supported a weak anti-gliadin IgG response. 

IgG has received less recognition as an important mechanism of oral 
tolerance in mouse models. IgG in breastmilk was shown to be an 
important factor in the transfer of tolerance from mother to offspring 
[12,13]. In murine models of oral tolerance, IgG has been shown to 
prevent mast cell degranulation by steric blockade and by crosslinking 
of cellular Fc receptors [14]. Burton et al showed that administration of 
allergen-specific IgG to allergy-prone mice before sensitization led to a 
significant reduction of food allergy through preventing IgE antibody 
development, and this was dependent on the interaction of IgG with 
inhibitory IgG receptor FcγRIIb on mast cells. Additionally, IgG 
administration in mice with established IgE-mediated food allergy led to 
Treg expansion and suppression of the Th2 response [15]. Under typical 
oral tolerance model conditions, where mice are fed with antigen for a 
short period of time (i.e. a week) before immunization, it is unlikely that 
IgG would play a significant role. However, in the context of chronic 
antigen exposure that mimics human dietary exposure, IgG antibodies 
may play a more critical role. 

3. Oral tolerance and prevention of food allergy in clinical trials 

Food allergy is often cited as a failure of oral tolerance, but reactions 
to foods such as peanuts and tree nuts most often occur on the first 
known ingestion of the food [16]. A growing body of evidence indicates 
that the site of exposure leading to allergic sensitization in early life is 
actually the skin, at least for allergens such as peanut [17]. Therefore, it 
was unclear if food allergy is a failure of oral tolerance, or a lack of 
opportunity to develop oral tolerance prior to the onset of sensitization. 
It was noted that rates of peanut allergy were much lower in Israel than 
among Jewish schoolchildren in London, and this lower prevalence was 
associated with common introduction of peanut into the diet in the first 
year of life [18]. To directly address whether early introduction of 
peanut protected from peanut allergy, the Learning Early about Peanuts 
(LEAP) study was a prospective, randomized clinical trial that enrolled 

640 infants with severe eczema, egg allergy, or both who were at high 
risk of developing peanut allergy [19]. This landmark clinical trial was 
the first to demonstrate that early introduction of peanut protein to the 
diet decreased the incidence of peanut allergy in children at 60 months 
of age by 81 % compared with infants who avoided oral ingestion of 
peanuts. To determine if the protection from peanut allergy was true 
tolerance, the Persistence of Oral Tolerance to Peanut (LEAP-ON) study 
evaluated the persistence of protection from peanut allergy in LEAP 
participants who avoided peanut for a full 12 months [20]. Results 
showed that after 12 months of peanut avoidance, only 4.8 % of the 
original peanut consumers were found to be allergic, compared to 18.6 
% of the original peanut avoiders, a highly significant difference. The 
induction of oral tolerance was allergen specific, as no impact of early 
peanut ingestion was found on development of egg allergy [21]. This 
shows that early introduction of allergens is highly effective at pre
venting the development of peanut allergy, even in children with a high 
risk of developing peanut allergy. Therefore, food allergy appears to be a 
result of a missed opportunity to establish oral tolerance rather than 
non-functional tolerance mechanisms. 

A number of other studies have examined the impact of early food 
introduction on preventing food allergy. The Enquiring About Tolerance 
(EAT) study explored the broad applicability of the LEAP study by 
investigating early introduction of six allergenic foods (peanut, egg, 
milk, sesame, fish, wheat) at the age of three months along with 
breastfeeding compared to exclusive breastfeeding in a cohort of infants 
in the UK without increased risk of food allergy [22]. Although early 
introduction of multiple foods was found to be challenging, it was 
determined to be safe and intention to treat analysis confirmed a pro
tective effect of early introduction of peanut and egg, with significant 
reduction of peanut and egg allergy prevalence in the early introduction 
group. 

Mechanisms of tolerance in the LEAP study have primarily focused 
on humoral immune responses. Although peanut-specific (ps) IgE levels 
rose in both consumption and avoidance groups, fewer individuals 
developed very high ps-IgE in the consumption group [19]. Levels of ps- 
IgG4 rose earlier and to a greater extent in the consumption group than 
the avoidance group. Suarez-Farinas et al examined the epitope-specific 
IgE and IgG4 response over time in the LEAP cohort [23]. Only those in 
the avoidance group developed significant levels of epitope-specific IgE, 
with early responses being restricted to whole proteins indicating 
conformational epitopes. In the consumption group, the epitope-specific 
IgG4 response was greater in magnitude and earlier than the avoidance 
group, as was the ps-IgG4 response. Presence of IgG antibodies have 
been shown to promote the development of oral tolerance in mouse 
models [15]. 

Regulation of the humoral immune response at the cellular level has 
not yet been examined in the LEAP cohort. Genetic associations with 
susceptibility to developing food allergy are beginning to be character
ized. In the LEAP cohort, sensitization in the peanut avoidance group 
was shown to be significantly associated with the mucosa-associated 
lymphoid tissue lymphoma translocation (MALT1) gene [24], which 
contributes to TCR signaling and is associated with the breadth of the 
peanut-specific IgE response. Carriers of the MALT1 variant were 
equally amenable to tolerance induction in the consumption group as 
non-carriers, indicating that this susceptibility to sensitization is not due 
to a defect in tolerance pathways. There are also genetic contributions to 
the IgG4 response to peanut, specifically the association of HLA alleles 
with the breadth of the IgG4 response to Ara h 2 that occurs with 
continued exposure to peanut protein [25]. The allele DQA1*01:02 that 
has previously been found to be associated with peanut allergy was also 
associated with the IgG4 response to peanut ingestion, indicating that it 
is likely permissive to binding of immunogenic peanut epitopes. 

In the absence of cellular studies from the LEAP cohort, a mouse 
model was developed to mimic the LEAP study [26]. Krempski et al 
showed that after intranasal or epicutaneous sensitization of mice to 
peanut antigen, naïve mice developed peanut allergy, while those who 
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had oral ingestion of peanut butter prior to sensitization effectively 
prevented the development of peanut allergy. This was due to regulation 
of the Tfh response by Tregs expressing elevated levels of Cytotoxic T- 
lymphocyte associated protein 4 (CTLA4), and blocking CTLA4 abol
ished the protective effect of oral peanut. The evolution of the peanut 
specific T cell response in early life, including Tfh cells and Treg cells, is 
poorly understood in humans and awaits study. However, it is known 
that loss of Tregs associated with Foxp3 mutations is associated with 
severe food allergy [27], underscoring the important role of Tregs in 
maintaining tolerance to foods. 

4. Natural resolution of food allergy 

Most children outgrow their milk or egg allergies, while allergies to 
peanut, tree nuts, fish and shellfish are more commonly lifelong. In a 
cohort of allergic children enrolled between 3 and 15 months, 50 % of 
children outgrew their milk allergy by 5 years of age [28], and 50 % 
outgrew their egg allergy by 6 years of age [29]. In the HealthNuts 
cohort based in Australia, 89 % of children outgrew their egg allergy by 
age 6 compared to 29 % who outgrew their peanut allergy [30]. Natural 
resolution through outgrowing food allergy is considered true tolerance 
due to rarity of allergy recurrence, but there have been few studies on 
the mechanisms underlying allergy resolution. It is also not understood 
why some food allergies are more readily outgrown, but this may relate 
to the intrinsic adjuvant activity of foods such as peanut [31]. 

Tregs and inhibitory cytokines have been shown to mediate the 
resolution of food allergy. Development of tolerance to milk in the 
context of non-IgE-mediated food allergy is associated with the expan
sion of circulating CD4 + CD25 + regulatory T cells [32]. Children who 
outgrew their allergy were shown to have higher numbers of circulating 
CD4 + CD25 + T cells and decreased in vitro proliferative responses to 
bovine β-lactoglobin in peripheral blood mononuclear cells (PBMCs) 
than children who had clinically active allergy. Furthermore, CD25 +
cell depletion in PBMCs of tolerant children lead to a 5-fold increase in in 
vitro proliferation against β-lactoglobin. Individuals who had naturally 
outgrown their egg allergy had lower levels of Th2 cytokines and higher 
levels of inhibitory cytokines IL-10 and IFN-γ from egg-restimulated 
PBMCs than allergic controls [33]. Qamar et al found that resting 
Tregs (CD3 + CD4 + Foxp3 + CD25 + CD127lo) were increased in those 
with recently outgrown peanut or egg allergy and that IL-10 production 
from total CD4 + T cells and Tregs was increased in response to allergen 
stimulation [34]. 

Studies have also focused on identifying risk factors associated with 
persistence of food allergy. While children often outgrow milk and egg 
allergies, allergies to peanuts and tree nuts are often persistent. Persis
tence of peanut allergy was associated with having early onset severe 
eczema at 1 year of age, sensitization to other foods, and having a lower 
symptom-eliciting dose during an oral food challenge [35,30]. In the 
context of egg allergy, having a more diverse anti-egg IgE repertoire 
(recognition of multiple egg allergens) was associated with persistence 
[36]. Neeland et al examined the role of innate immunity in egg allergy 
persistence and found an increased pro-inflammatory response to lipo
polysaccharide (LPS) stimulation in those with persistent disease [35]. 

Epigenetic changes have been described in children who had 
persistence of egg allergy compared to those who had resolution [37]. 
Methylation profiling analyses have highlighted the epigenetic modifi
cation of T cell activation pathways in children with egg allergy [38]. In 
children who failed to resolve egg allergy in later childhood, there were 
increases in epigenetic disruption at T cell activation genes and poor 
lymphoproliferative responses compared to children who had outgrown 
their food allergy [37]. Persistence of egg allergy was also associated 
with increased IFN-γ production, however Th2 cytokines were not re
ported so it is not known if the Th2/Th1 balance is altered in persistent 
egg allergy. In children with resolution of egg allergy, differences in 
DNA methylation were found to be stable in a core set of remodeled 
metabolic and inflammatory genes associated with food allergy [38]. 

More work is needed to study the T cell and B cell interactions 
involved in natural resolution of food allergy to determine how much of 
natural resolution is an active regulatory process similar to the gener
ation of oral tolerance. 

5. Oral immunotherapy 

Individuals with persistent food allergy need therapeutic options, 
which are very limited at this time. Allergen oral immunotherapy (OIT) 
is a disease modifying treatment strategy for food allergic individuals 
that has been studied over the past two decades. During OIT, small 
amounts of allergen are given to a confirmed allergic individual over 
time until they are able to safely tolerate higher amounts of allergen 
without evidence of clinical symptoms, which is termed desensitization 
[2]. The term tolerance has not been used in the context of food allergy 
immunotherapy trials due to the difficulty in demonstrating the 
permanence of the clinical protection. Sustained unresponsiveness (SU) 
has been used to describe clinical non-reactivity while avoiding foods/ 
therapy and is defined by passing an oral food challenge after periods of 
time ranging from 2 weeks up to 1 year of food avoidance following 
treatment. The term remission has recently been used in place of SU [3], 
which emphasizes the concept that the clinical benefit from OIT may not 
be permanent. In 2020, the oral drug Palforzia [Peanut (Arachis hypo
gaea) Allergen Powder- dnfp] containing standardized peanut protein 
gained approval by the US Food and Drug Administration as an OIT for 
the treatment of peanut allergy. 

It has been reported through various OIT studies that approximately 
80 % of participants have a successful response to OIT by achieving 
desensitization and of those approximately 30–50 % are able to achieve 
SU. Additionally, 10–15 % of participants do not achieve desensitization 
and may withdraw from OIT due to persistent dose-related adverse 
events such as gastrointestinal symptoms. Randomized controlled trials 
have indicated that intervention with OIT at earlier ages, ie age three 
and younger, has enhanced SU or remission outcomes and is able to 
disrupt peanut allergy with a shorter duration of treatment [3,39]. The 
choice of time interval with which to test SU is particularly important, as 
shown in the POISED study [4]. 35 % of those avoiding peanut 16 weeks 
after stopping OIT could pass a 4000 g challenge and could be classified 
as SU, compared to 13 % at one year after stopping OIT. The average age 
in the POISED trial was 11 years. In the IMPACT trial, which enrolled 
children age 12–48 months, the rate of SU/remission was 29 % at 12 
weeks post-OIT (by per-protocol analysis). However, when broken down 
by age groups the rate of remission was 71 % in 12–24 months, 35 % in 
24–36 months, and 19 % in 36–48 months. Limitations are the low 
number of individuals in the youngest age group (n = 7). This high rate 
of remission in the youngest group was proposed to be attributable to the 
lower average peanut specific IgE levels typically seen in young children 
and due to the plasticity of the immune response at younger ages. Here 
we use the term plasticity to refer to the capacity to restore the overall 
immune response to one of homeostasis, it is not used to refer to plas
ticity within cell types. No mechanisms have yet been attributed to the 
capacity of younger children to achieve remission. 

Immune mechanisms of OIT continue to be investigated and char
acterized. Humoral immune responses to OIT include an initial rise in 
specific IgE followed by a decrease over time [40,41]. Specific IgG4 
levels have been observed to rise over the course of OIT and IgA levels 
also increase in response to OIT [42,43]. Baseline values and changes in 
specific antibodies have been related to clinical outcomes. A low level of 
specific IgE at baseline before OIT has been shown to be predictive of SU 
or remission, however changes in IgE levels after treatment do not 
distinguish groups by outcome. In contrast, IgG4 at baseline is not 
informative of treatment outcome, but increases in IgG4 post-treatment 
are associated with SU. Mechanistically, in addition to functioning as a 
blocking antibody, IgG induced by OIT has been shown to suppress 
basophil activation through activity on FcγRIIb, which activates phos
phatases that inhibit FcεRI signaling. IgA, and specifically the IgA2 
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isotype, is increased in OIT treatment responders compared to non- 
responders [43]. IgA2 is more predominant at mucosal sites than in 
serum and is more stable than IgA1 and may reflect a local IgA response 
in the gastrointestinal mucosa during OIT. It is not known if the function 
of IgA is primarily in preventing mucosal antigen uptake or if there is 
another mechanism that may contribute to protection. 

Consistent with a drop in IgE, studies have demonstrated that OIT 
reduces the activation of basophils measured by basophil activation test 
(BAT) compared to placebo [44,45]. Furthermore, early changes in BAT 
are predictive of SU [46], despite the poor predictive value of IgE. This 
suggests that inhibition at the cellular level may be important for SU. 
IgG4 and Tregs may also contribute to this suppression of basophils 
independent of IgE, or the suppression may be intrinsic to the basophil. 
Although basophils have been suggested to contribute to peanut allergy 
in humans [47], these changes measured by BAT may also relate to 
changes at the level of tissue mast cells that play a key role in food al
lergy [48,49]. 

There has been considerable focus on understanding the response of 
T cells to OIT. Initial studies demonstrated a reduction in allergen- 
induced Th2 cytokine secretion during OIT [50,51] and this is consis
tent with studies showing a decrease in frequency of Type 2 T cell 
subsets post-OIT [52–54]. Using CD154-based approaches to detect 
allergen-specific T cells, a reduction in Type 2 T cell frequency did not 
discriminate between treatment outcomes, but a high frequency of these 
cells at baseline was predictive of treatment failure [54]. Monian et al 
used single cell RNA sequencing together with TCR analysis to track 
different T helper subsets over the course of OIT, and found that OIT was 
associated with a significant suppression of Th2A-like cells, which are 
terminally differentiated CD4 + T cells expressing CRTH2, CD49d, and 
CD161, but was not associated with a change in Tfh2 cells or Th2-like 
Tregs [55]. Interestingly, they found that the frequency of Th2A cells 
rebounded after OIT was terminated, indicating that the memory 
reservoir of these cells remained intact. Altogether, these studies support 
a mechanism of deletion such as was originally proposed for high dose 
oral tolerance. Studies that have specifically addressed the dose of an
tigen during OIT (high dose 3000 mg, low dose 300 mg) found no dif
ference in underlying immune mechanisms [56], although these may 
both constitute “high dose”. 

The contribution of Tregs to the response to OIT remains more 
controversial. Varshney et al reported an increase in Foxp3-high CD4+

CD25+ cells post-OIT [57]. A similar finding of increased frequency of 
global Tregs post-OIT only in individuals with SU was recently reported 
from individuals treated with egg OIT [58]. Further, using a combina
tion of CFSE-dilution and CD154-based detection of antigen-specific T 
cells, Syed et al found an increase in frequency of Foxp3+ CD4+ T cells 
and a demethylation of the Foxp3 locus in those with SU compared to 
desensitized individuals [59]. To profile T cells before and after OIT, 
Ryan et al used Ara h 2 tetramers to select peanut-specific T cells and 
used a single cell PCR-based profiling approach to [60]. They found an 
overall expansion of peanut-specific T cells after OIT, and a marked 
expansion of cells with an anergic phenotype, but there was no clear 
expansion of regulatory T cells identified through this approach. Simi
larly, Monian et al. used a single cell RNAseq analysis approach with 
cells captured using either CD154 or CD137 surface expression, and 
although they identified multiple Treg phenotypes, these cells were not 
changed in frequency or phenotype after OIT [55]. Wang et al. per
formed single cell targeted RNAseq analysis of peanut-specific T cells 
captured with the use of Ara h 2 dextramers [61]. They found an early 
increase in a population of activated Th2 cells (expressing high levels of 
STATs), followed by an increase in TGF-β expression particularly in 
those with treatment success. There was no cluster clearly identified as 
regulatory in phenotype. Zhang et al. had the unique opportunity to 
profile cells in the gastrointestinal tract of 3 individuals pre and post OIT 
[62]. They sorted γδ T cells, and identified regulatory transcripts IL-10 
and IL-2RA (CD25) among the differentially expressed genes post-OIT. 
The TGF-β signaling pathway was also significantly enriched, 

suggesting a regulatory mechanism at play. Overall, several studies have 
pointed to a role for regulatory pathways or Tregs in the response to OIT, 
yet a number of studies that selected antigen-specific T cells have failed 
to identify changes in Treg populations. Differences in findings likely 
relate to differences in methods to identify “antigen-specific” T cells. 
Only tetramer and dextramer selection can identify true antigen-specific 
cells without the issue of bystander activation, but they have their own 
limitations (MHC II restriction of use, and the profiling of only a few 
epitopes out of the wide range of epitopes that are functional in food 
allergies). This raises the question of true antigen specificity of cells with 
regulatory activity and the role of Tregs in response to OIT remains an 
area of active research. No T cell studies have been published yet from 
the LEAP or IMPACT studies that could help to elucidate how young 
children are more amenable to remission or tolerance than older 
children. 

6. Oral tolerance vs oral immunotherapy: Similarities and 
mechanistic divergences 

Key similarities we highlighted prior between oral tolerance and 
successful OIT outcomes include introduction of the allergen at a 
younger age, as demonstrated by clinical trials of early allergen intro
duction leading to oral tolerance and prevention of food allergy as well 
the demonstration that OIT is more effective in young infants ages 9–36 
months than in pre-school children. This suggests that earlier intro
duction is beneficial as the capacity of the immune system to return to 
homeostasis may be lost with age although the underlying immune 
characteristics of this are poorly understood. The increased success of 
OIT in early life may also be correlated with lower IgE levels present in 
younger individuals, but exact mechanisms continue to be investigated 
in clinical trials. Mechanistically, oral tolerance and OIT demonstrate a 
role of Tregs and IL-10-producing T cells in preventing reactivity to 
antigen, as well as an important role for T cell anergy. Furthermore, in 
oral tolerance there is low but detectable antigen-specific IgG to food 
allergens which may be particularly important in those with suscepti
bility to food allergy and low levels of IgE, and in OIT there also is 
generation of IgG4 antibodies which block IgE binding. 

A significant limitation of OIT is that subjects often experience loss of 
protective clinical effects. While some subjects experience longer pe
riods of clinical protection after OIT, termed SU or remission, SU 
particularly in older adolescents and adults may be closer in immuno
logic character to desensitization than true tolerance, as SU is often 
transient in older individuals [4]. Desensitization is dependent upon 
continued exposure to OIT. This may be due the important role for 
anergy of Type 2 T cell responses, which may recover over time when 
antigen is no longer being administered. 

7. Can tolerance be established therapeutically in the context of 
food allergy? 

The immune pathways involved in oral tolerance, food allergy, OIT, 
and natural resolution are summarized in Fig. 1. A key question in the 
field of food allergy is whether true tolerance or resolution of food al
lergy can be induced by oral immunotherapy. The LEAP and LEAP-ON 
studies showed that oral exposure even in infants who already had 
low levels of IgE led to long-lasting tolerance [19,20]. The IMPACT 
study showed a high level of remission in those treated in the first year of 
life [3]. Age appears to be critical for oral induction of tolerance when 
sensitization has already occurred. Natural resolution, which is more 
common for egg and milk, involves not only a loss of allergic pathways, 
but also appears to involve Tregs. Oral tolerance and OIT clearly share a 
protective mechanism of production of specific IgG4. It appears that in 
the context of low levels of IgE to primarily conformational epitopes- 
reflective of the response in young children or in the allergic response to 
foods such as egg- OIT is capable of providing longer term clinical 
benefit through sustained unresponsiveness. It is not clear if an IgG4 
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response is sufficient for protection in this context, or if Tregs have an 
important role. More data is needed on the evolution of the cellular (T 
cell and B cell) response to foods in early life in the context of allergy 
susceptibility and early intervention to understand the key barriers and 
mechanisms of successful OIT response. 

8. Future directions of oral immunotherapy 

There have been heterogenous patient responses to OIT in clinical 
trials and there is a need to unravel the immune mechanisms that un
derpin successful response to OIT. Standardization of endpoints across 
future clinical trials could yield more information about which OIT 
approaches are clinically useful for achieving sustained unresponsive
ness. Although some predictive biomarkers have been identified, there is 
a need for further characterization to predict which individuals will 
develop desensitization versus sustained unresponsiveness. There is also 
a need for identification of biomarkers that will predict adverse re
actions to OIT, such as anaphylaxis and eosinophilic esophagitis. 

Currently, the only widely-approved by regulatory agencies (i.e. 
FDA, NICE, EMA) OIT that exists is for peanut allergy, and there is a need 
for further research to develop standardized OIT for other major food 
allergens, particularly for those with a very low threshold of reactivity 
that cannot safely use measured quantities of foods. Further, combina
tion therapy in OIT is an emerging area of interest, particularly since 
individuals with high IgE levels have the least benefit from OIT. Studies 
are investigating anti-IgE monoclonal antibody omalizumab as mono
therapy and an adjunctive therapy for OIT and it has been shown to help 
reduce adverse effects and decrease time to achieve desensitization [63]. 
OIT for multiple food allergies using omalizumab induction treatment is 
currently being tested in a Phase 3 multicenter placebo-controlled 
clinical trial (NCT03881696). A key mechanism of treatment success 
appears to be the deletion or anergy of Type 2 CD4 + T cells. Biologics 

that could enhance targeting of Type 2 immunity, such as JAK-inhibitors 
(NCT05069831) and antibodies targeting Th2 cytokines 
(NCT03682770) are under investigation and may help to bring OIT 
outcomes closer to true tolerance. Finally, there is pre-clinical evidence 
that CTLA-4 may contribute to immune tolerance to foods [26,64,65], 
and the CTLA-4 agonist abatacept is currently being tested in a clinical 
trial as an adjunct to OIT (NCT04872218). 
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