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Food allergy prevalence is increasing in the developed world. It’s estimated that each year in the US, anaphylaxis
to food results in 30,000 emergency room visits and 150 deaths. Over the past few decades, there has been a
tremendous effort to better understand the pathogenesis of food allergy and mechanisms of food tolerance. In
this article we review the structural of the gastrointestinal immune system and mechanisms of natural tolerance
to food. We then review the factors that may result in the IgE mediated hypersensitivity reaction to food al-

lergens resulting in clinical food allergy. Lastly, we provide a brief review of the efforts to induce immune
tolerance to patients with food allergy.

1. Introduction

Food allergy is believed to be rising in developed countries with
prevalence estimations more than 1-2% but less than 10% of the gen-
eral population [1]. Still, most people are tolerant to food antigens
which makes it reasonable to think of food allergy as a failure in the
inherent mechanisms of oral tolerance. A lot of work has been done to
answer the question why certain people are allergic to certain food
allergens. Although there is still much to be learned about tolerance and
food allergy, there is enough evidence to suggest that food allergy or
failure of oral tolerance is a multifactorial issue. Genetics, food aller-
genicity, food processing, environmental factors, microbiota, and other,
yet undiscovered, elements are all possible contributing factors.

Food allergy is defined as an immune mediated reaction to a food
allergen that is mediated by IgE antibodies. Food allergens were clas-
sically thought of as glycoproteins and reproducibility upon re-exposure
was seen as a hallmark for diagnosis but that understanding has been
challenged by the recent discovery of mammalian meat allergy. Food
intolerance is a term that is usually used for non-allergic (non-immune)
adverse reactions to food and symptoms of food intolerance are typi-
cally limited to the digestive system. Food tolerance can be defined as a
state of immune unresponsiveness to food antigens regardless of con-
tinuous exposure that can be mediated by deletion, anergy or induction
of regulatory T cells. It’s important to notice that we talk of oral tol-
erance to food not as an opposite of food intolerance but an opposite of
food allergy. A person may not be allergic to milk but still intolerant to
it e.g. due to lactase insufficiency.

In this review article, will discuss the current understanding of
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mechanisms of natural immune tolerance to food. Then we will discuss
the factors contributing to oral tolerance failure or developing of al-
lergy. Lastly, we will review the current attempts to induce food tol-
erance in patients with food allergy.

2. Structure of the gastrointestinal immune system

To understand the interaction between food as foreign antigens and
our immune system, we need to understand the features of the immune
system in the gastrointestinal tract. The gastrointestinal immune system
is the largest and most complex mucosal immune system (other systems
are cutaneous, bronchopulmonary and genitourinary).

In the gastrointestinal tract there is a single outer epithelial layer
sitting on a basement membrane with underlying connective tissue
(lamina propria) that contains blood vessels, lymphatic vessels and
lymphoid tissue. Beneath the lamina propria is a sub mucosal layer
surrounded by layers of smooth muscles (Fig. 1).

In the epithelial layer there are different types of intestinal epithe-
lial cells: mucus-secreting goblet cells, absorptive epithelial cells, an-
tigen-sampling M cells, and anti-bacterial peptide secreting Paneth cells
[2].

In the lamina propria there are different cells of the lymphoid tissue
involved in innate and adaptive immunity: macrophages, dendritic
cells, neutrophils and innate lymphoid cells are mainly involved in
innate immunity and communicate with T cells and B cells that are
involved mainly in adaptive immunity. These cells mainly involved in
adaptive immunity are organized either as collections of lymphocytes in
close association with the epithelial layer (MALT) or in lymphoid nodes
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Fig. 1. The gastrointestinal tract is lined by an epithelial layer
which contains M cells that sample antigens from the gas-
trointestinal lumen and deliver them to antigen presenting
cells in lamina propria. Some dendritic cells in lamina propria
also extended dendrites into the lumen to uptake antigens.
Antigen presenting cells present processed antigens to T cells
in Peyer’s patches and mesenteric lymph nodes. T cells home
back to lamina propria as CCR9 which is expressed by almost
all lymphocytes of the small intestine, is a receptor for the
chemokine CCL25 which is produced by epithelial cells of the
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that get lymphatic vessels from lamina propria (e.g., 100-150 mesen-
teric lymph nodes). The most prominent MALT anatomic structure is
Peyer’s patches in the distal ileum beside small aggregates of lymphoid
follicles in the appendix and colon. Lingual and palatine tonsils are
another organized part of MALT and they get antigens delivered from
the oral cavity. They are distinct in that they are separated from the oral
cavity by layers of squamous epithelial cells rather than one epithelial
cell layer like in Peyer’s patches. In our review we will focus on the
intestinal lymphoid tissue. These lymphoid follicles in MALT have
germinal centers containing B lymphocytes, follicular helper T cells,
follicular dendritic cells and macrophages. The germinal centers are
surrounded by naive follicular B cells. Because Peyer’s patches are
unencapsulated they don’t need lymphatic vessels to deliver antigens,
unlike germinal centers in the lymph nodes.

The major pathway of antigen delivery is through M cells in epi-
thelium. M cells have large fenestrations in their membrane to enhance
uptake of antigens from the gut lumen. They move the antigens through
endocytocytic vesicles across the cytosol and deliver them by exocytosis
at the basement membrane to dendritic cells close to Peyer’s patches
and lamina propria lymphoid follicles. Also other dendritic cells in la-
mina propria have extended cytoplasmic processes between the in-
testinal epithelial cells that sample allergens from the lumen. Then
antigen presenting cells present antigens to T cells in MALT or me-
senteric lymph nodes. Those naive T cells develop into effector or
regulatory T cells and home back to lamina propria through selective
integrins and chemokine receptors. That initial interaction between
antigen presenting cells and naive T cells will induce a certain type of
adaptive immune response which will for the most part determine if the
person will become tolerant or allergic to that antigen. If naive T cells
develop into Th2 type, they induce B cells to undergo class switching
and produce IgE antibodies against those food antigens possibly re-
sulting in clinical food allergy. On that other hand, it’s believed that
inducing a predominant regulatory T cells response will result in im-
mune tolerance. We assume that tolerance is the rule as it happens in
the majority of humans for the majority of food antigens while food
allergy is a failure of mechanisms involved in tolerance.

3. Mechanisms of oral tolerance
3.1. Role of dendritic cells

Dendritic cells play a crucial role in immune tolerance as they are
needed to present food antigens to naive T cells. Dendritic cells are the
major antigen presenting cells in the lamina propria of gastrointestinal
tract. Two types of distinct dendritic cells that express CD11c have been
identified in the intestinal mucosa. The first type is CX3CR1(+) and
CD103(—) dendritic cells: these cells express the chemokine receptor
CX3CR1 which is necessary for extending their dendrites into the lumen
of the intestine between the epithelial cells [3,4]. These cells are de-
rived from monocytes under the effect of macrophage colony stimu-
lating factor receptor and Fms-like thyrosine kinase 3 (F1t3) ligands [5].
These cells do not express CCR7 and therefore do not migrate [6]. The
other type is CX3CR1(—) and CD103(+) dendritic cells: these cells
express CCR7 and thus can migrate in lymph to mesenteric lymph nodes
where CCR7 ligands are expressed. Oral tolerance could not be induced
in mice deficient in CCR7 ligands which shows the important role of
CD103(+) dendritic cells migration in immune tolerance [7].

CX3CR1(+) dendritic cells sample antigens in the intestinal lumen
through their dendrites while CD103 (+) cells sample antigens by help
of M cells and goblet cells as antigens can pass through them from
lumen [8] or by help from CX3CR1(+) dendritic cells (and macro-
phages) via gap junctions [9] Fig. 2.

Viney JL et al. showed that expanding dendritic cells in the intestine by
treating mice with growth factor FIt3 ligand (FIt3L) induced systemic tol-
erance after mice were fed soluble antigen even with very low doses that
were ineffective in control animals [10]. Also transferring of dendritic cells
from lamina propria in tolerant mice to naive mice showed to induce a state
of hypo-responsiveness after a challenge to ova albumin [11].

3.2. Role of T cells
The mechanisms that affect tolerance to food antigens after that inter-

action between dendritic cells and naive T cells are likely similar to the
mechanisms involved in peripheral tolerance to other foreign antigens [12]:
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Fig. 2. Sampling of antigens in lumen can occur through dendrites of CX3CR1(+) cells.
Goblet cells may uptake small antigens and deliver them to CD103(+) cells in lamina
propria (not shown).

Reprinted from, Immunity, volume No. 40, Elisa Mazzini, Lucia Massimiliano, Giuseppe
Penna, Maria Rescigno, Oral Tolerance Can Be Established via Gap Junction Transfer of
Fed Antigens from CX3CR1+ Macrophages to CD103+ Dendritic Cells, Copyright
(2014), with permission from Elsevier.

- Deletion (dying by apoptosis): tolerance was shown to be mediated
by deletion of antigen specific T cells in mice [13].

- Anergy (incapability of activation by that antigen upon re-ex-
posure): exposure of naive T cells to antigens presented in the ab-
sence of co-stimulatory signals is believed to result in inactivation or
anergy of the responder cell. Mice with defects in genes involved in
anergy of T lymphocytes were not able to achieve oral tolerance
[14].

- Suppression by regulatory T cells: It’s believed that active suppres-
sion or regulatory effect plays a major role in oral tolerance to food
antigens as transfer of regulatory CD4 + cells (Treg) or CD8 + cells
induced tolerance in naive mice [15]. Several studies showed that
Treg transfer may induce oral tolerance in naive mice [16], although
there is conflicting data on role of different types of regulatory T
cells [17] as different subtypes of T cells were found to have a
regulatory function in the gut.

iTreg cells were the first type described of peripheral regulatory T
cells. After migration of dendritic cells CD103 (+) to mesenteric lymph
nodes they may induce a generation of antigen specific gut-homing
CD4+ FoxP3+ regulatory T cells from naive T cells [18]. These are
called induced Tregs (iTregs) and express Foxp3. Foxp3 is an important
regulatory protein that is necessary to develop induced regulatory T cells.
It’s important to notice that there are two distinct forms of regulatory
CDAT cells: both express Foxp3: those that are induced in thymus are
called natural regulatory T cells (nTreg) and those induced in the per-
iphery are called induced regulatory T cells (iTreg cells), so Foxp3 defects
should affect both sets of regulatory T cells. Low Foxp3 protein expres-
sion was found to develop severe allergic phenotype associated with
hyper IgE, eosinophilia, eczema and severe food allergy [19]. Food al-
lergy mediated by Th2 response is believed to be related to defects in the
peripheral phenotype. Actually, Josefowicz et al. did show that mice
deficient in iTreg cells but with normal numbers of nTreg developed
significant Th2 type pathologies in the gastrointestinal and respiratory
tracts mucosal surfaces with an increase in IgE levels [20].
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Another distinct type of peripheral regulatory CD4+ T cells are
called Th3 cells. They were found to play an important role in oral
tolerance as well. These cells are characterized by their expression of
latency associated peptide (LAP) that binds with TGF-b that could be
released from these cells. These cells are induced by oral antigen
feeding like iTreg but unlike iTreg they do not express Foxp3 and their
mechanism of tolerance is TGF-b dependent. Their secretion of TGF-b
seems to induce development of Fox3p + iTreg [21] so its mechanism of
inducing tolerance may not be independent of iTreg after all. This also
suggest a role of TGF-b in inducing oral tolerance as was shown in other
studies [22].

Gut homing iTreg cells need to undergo proliferation in the lamina
propria after they migrate to the gut. This proliferation is induced by
CX3CR1(+) macrophages and dendritic cells [23]. CX3CR1(+) mac-
rophages express IL-10 in response to intestinal microbiota which sig-
nifies a role of intestinal microbiota and IL-10 in oral tolerance too.
Although these iTreg migrate to both mesenteric lymph nodes and
MALT (e.g., Peyer’s patches [24]) through their expression of CXCRS5,
mesenteric lymph nodes likely play a more important role in oral tol-
erance than Peyer’s patches. That was suggested when surgical removal
of mesenteric lymph nodes showed a failure to develop oral tolerance
while removal of Peyer’s patches did not [25,26].

Studies have been done to identify the difference in other T cell
types in healthy controls and people with food allergy. Thl phenotype
is believed to exist in both groups as peanut specific T cells primarily of
Th1 phenotype were detected in groups with or without peanut allergy
but only peanut allergic patients had a prominent Th2 profile [27,28].
It’s likely that a predominant Th2 response would result in food allergy,
while a predominant Treg response would result in oral tolerance.
Several factors are important in determining which T cells response will
predominate and thereby whether there will be oral tolerance. These
will be discussed briefly below and include the role of food character-
istics, initial antigen presentation site, the role of adjuvants, the role of
microbiota and the role of diet.

4. Factors that affect oral immune tolerance
4.1. Role of food characteristics

Food allergens are not equal in their allergenicity and this may play
a key role in inducing immune tolerance or allergy to certain food. Food
allergens are known to be derived from either plants or animals. Most of
the food allergens were found to be derived from a small number of
protein families [29]. Even these food allergens may alter their aller-
genicity in response to different processing methods of food. For ex-
ample, roasting peanut has shown to make peanuts more allergenic
[30] while heating milk and egg has shown to make them less allergenic
[31]. It’s hypothesized that processing can change the structure of food
antigens to an extent that they can be recognized by antigen presenting
cells differently. We also used to believe that food allergens are proteins
but this generalization has been changed by the discovery of alpha gal
food allergy where patients react to a carbohydrate molecule, galactose-
alpha 1,3 galactoses in mammalian meat [32].

4.2. Role of an initial food antigens presentation site

Initial exposure to food antigens through different sites in the body
may influence different immune responses. Common sites of allergen
exposure include the gastrointestinal tract, skin, and respiratory tract.
Antigen presentation in the gastrointestinal tract usually results in oral
tolerance. This clinical oral tolerance seems to be mediated mostly by
Tregs as noted earlier. However, the gastrointestinal tract in addition to
its mucosal immune system that promote tolerance, has many digestive
enzymes that may change food antigens prior to their uptake by antigen
presenting cells. This may specifically affect conformational epitopes in
food making the food more likely to be tolerated. For example, in a
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study where mice were fed bovine serum albumin orally they became
tolerant but when it was injected in the ileum where it was not de-
graded by digestive enzymes they were less tolerant to that antigen
[33].

Epidemiological studies found that many people with food allergy
experienced their first allergic reaction to peanut on their first known
ingestion of peanut [34,35] suggesting an initial sensitization through
non oral route. That brought up an important question whether initial
non-oral site of antigen exposure may play a role in failure of tolerance
and development of food allergy. Two routes were suggested: either the
sensitization occurred in utero or through skin.

Sensitization through the skin was suggested in a few studies as-
sessing peanut allergy risk and household exposure or using of peanut
oil creams [36]. Studies in mice showed sensitization is possible
through skin independent of using adjuvants (which is typically used to
induce oral sensitization) suggesting that the skin inherently predis-
poses to sensitization comparing to gastrointestinal mucosa [37-39].
However, other studies showed that mechanical injury is what probably
caused dendritic cells in the skin to elicit a Th2 response in absence of
an adjuvant [40] and that epicutaneous administration of allergens
actually have the capacity to induce desensitization [41] which was
confirmed by Mondoulet et al. as they showed that epicutaneous im-
munotherapy elected reduced or reinforced Th2 systemic response de-
pending on whether skin barrier was intact or disrupted respectively
[42]. Therefore, there is a strong argument that sensitization to food
through disrupted skin barrier (e.g. eczema) predispose to Th2 response
and food allergy [43].

In utero sensitization to allergens occurs by transferring allergens
through placenta. There is conflicting data on whether there is an as-
sociation between maternal ingestion of peanut during pregnancy,
which may result in-utero sensitization, and peanut sensitization in
children [44,45].

Initial exposure to peanut through breast milk is not an in utero
sensitization and is just a form of oral exposure. There is controversy
whether food allergens appear in breast milk or induce sensitization in
infants [46]. A study on mice showed a possible protective role of food
allergen transfer via breast milk [47].

In conclusion, whether that non-oral initial sensitization to food via
skin or in-utero truly predisposes to food allergy is still a debatable
question and needs further investigation.

4.3. Role of adjuvants

Like in humans, it’s believed that the natural response to food anti-
gens in animals is a normal immune response resulting in oral tolerance.
In laboratory experiments, one method to break oral tolerance and to
induce food sensitivity involves the use of adjuvants. Cholera toxin given
orally is a common adjuvant used in mice to induce sensitization when
given with food antigens [48,49]. Cholera toxin was found to induce
dendritic cells in the lamina propria to mature and migrate to mesenteric
lymph nodes and Peyer’s patches, prime naive T cells to become Th2 cells
[50-52], and induced changes in dendritic cell subsets in the intestinal
mucosa [53]. Blazuez and Berin showed that CD 103 + dendritic cells in
mesenteric lymph nodes up regulate jagged-2 and OX40L in response to
cholera toxin and using anti-OX40L antibodies to neutralize the latter
eliminate the cholera toxin induced Th2 cytokine response suggesting
that Th2 skewing was mediated by OX40L [54]. Others use superantigen
staphylococcus enterotoxin as an adjuvant [55]. Ganeshan et al. showed
that oral administration of staphylococcus enterotoxin B caused a de-
crease in TGF-b and Foxp3 expression in splenocytes [56]. While cholera
toxin is unlikely to play a role in food allergy in humans, staphylococcal
enterotoxin B produced by some strains of staphylococcus aureus may
play a role in food sensitization in humans due to contaminating food or
colonizing the skin [57]. Whether food allergy is mediated by un-
discovered adjuvants in food or as part of the microbiota is an interesting
question that needs further investigation.
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4.4. Role of microbiota

Particular bacteria in the gastrointestinal tract like B. fragilis and
Clostridium species were found to enhance regulatory T cells [58,59]
and transferring healthy infant microbiota (mainly composed of Bifi-
dobacterium and Bacteroides) had a protective role against milk sen-
sitization in mice [60]. Rodriguez et al. showed that germ free mice (no
microbiome) are more likely to develop sensitization after oral antigen
exposure compared to conventional mice [61]. Noval Rivas et al. de-
monstrated that mice that experienced allergic reactions after oral
challenge with food allergen, had a distinct microbiota that differed
from allergen-sensitized but non-reactive mice [62]. Transfer of this
microbiota to germ-free mice promoted allergen-specific IgE sensitiza-
tion and allergic reactions after oral challenge which strongly suggest
an important role of the gut microbiota in food sensitization and food
allergy. One study compared the microbiota of a group of 20 infants
with atopic eczema (many with IgE sensitization to foods) to a control
group without atopy reported reduced diversity in the microbiome of
infants with atopic eczema [63]. These studies suggest a mixed role for
microbiota to either enhance sensitization or in other cases to induce
tolerance and incited a big interest in its effect on food allergy. A recent
study showed that alteration of microbiota in humans (dysbiosis)
through antibiotics use, gastric acidity inhibitors, cesarean delivery or
fiber diet have been associated with food sensitization and food allergy
[64]. Investigators are increasingly interested in the role of probiotics in
preventing food allergy or induction of oral tolerance [65] by altering
the gut microbiome. One randomized control trial showed that ad-
ministration of a probiotic and peanut oral immunotherapy was effec-
tive in inducing a state of no reactivity after allergen exposure [66].

4.5. Role of diet

4.5.1. Role of vitamin A

CD103+ dendritic cells express high levels of the enzyme RALDH2
(retinal dehydrogenase 2) which converts retinal to retinoic acid (both
are compounds of vitamin A). Since CD103+ dendritic cells induce
CD4+ Fox3+ regulatory T cells, this suggest a role for vitamin A in
oral tolerance. Also stromal cells of the mesenteric lymph nodes
themselves express high levels of retinoic acid and thus are thought to
be important for generating gut homing regulator T cells [67] Vitamin
A depleted mice lacked T cells and IgA secreting B cells in the intestinal
mucosa but not elsewhere in the body [68]. This suggest a role for vi-
tamin A in inducing effector T cells and B cells too. However, this effect
on immunologic mechanism may not reflect a real clinical significance
[69].

4.5.2. Role of vitamin D

Like retinoic acid, vitamin D has been suggested to have a role in
oral tolerance as it can influence T cells and B cells migration, and has
been shown to suppress the development of Th17 cells [70]. Vitamin D
is also important for the development of subset of intraepithelial
CD8aa-expressing T lymphocytes from the intestinal mucosa [71,72]
(CD8aa cells are believed to have a regulatory function). However, the
clinical effect of vitamin D on the immune system remains unclear.
While a few epidemiological studies suggested a protective role (in-
cidence of food allergy varies with latitude in Australia [73]), other
studies linked low vitamin D with elevated sensitization to peanut and
shrimp, but not milk or egg [74] giving a mixed picture. One clinical
trial actually showed a possible increase risk of food allergy after vi-
tamin D supplementation [75]. In the absence of clinical trials in hu-
mans on vitamin D effect in the mechanism or development of oral
tolerance, it’s hard to make any clinical correlation [76,77].

5. Resolution of food allergy: natural tolerance

Natural history of food allergy may differ between different
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Table 1

Summary of oral and sublingual immunotherapy trials:.
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Study Type of study Duration of study Percent achieved desensitization or sustained
unresponsiveness (SU)
No. of participants Daily maintenance dose
Age of participants
Peanut OIT
Blumchen et.al (2010) Open label Build up followed by 8 weeks of daily maintenance dose of ~ 14/22 participants were desensitized to 1 gm peanut
[100] N:23 children 500 mg/day followed by 2 weeks of avoidance. (vs.0.19 gm prior to treatment)

Jones et al. [89]

Varshney et al. (2011)
[101]

Anagostnou et al.
(2014)[102]

Vickery et al. (2014)
[103]

Egg OIT
Buchanan et al. (2007)
[104]

Burks et al. [88]

Caminiti et al. (2015)
[105]

Milk OIT
Longo et al. (2008)
[106]

Skripak et al. (2008)
[107]

OIT vs. SLIT (Peanut)
Narisety et. al (2015)
[108]

OIT vs. SLIT (milk)
Keet et al. (2012)[109]

Peanut SLIT
Fleischer et al. (2013)
[110]

Burks et al. (2015)
[111]

Age: 3-14 years.

Open label
N: 39

RCT
N: 28
Age: 1-16 years.

RCT

N:99
Age: 7-16 years.

Open label

N: 39 (24 completed
protocol)

Age: 1-16 years.

open label
N:7

RCT

N: 55

Age: 5-11 years.
RCT

N: 31

RCT

N: 97

age: = 5 years old
RCT

N: 20 (19 completed)
Age: 6-17 years

RCT

N: 21 (16 continued)
Age: 7-13 years.

RCT (SLIT alone vs. SLIT
followed by OIT)

N: 30

Age: 6-17 years.

RCT

N: 40

Age: 12-37 years.
N:40

Age: 12-40 years

Maintenance dose 300 mg peanut protein followed by OFC in
12 months. Then a daily OIT dose of 1800 mg peanut protein.
Total 36 months.

Build up (44 weeks) followed by daily maintenance dose of
4000 mg for one month. Challenge at 48 weeks.

Treatment group in first phase reached daily dose at 800 mg/
day for total of 26 weeks

Treatment group in second phase were the control group in
the first phase.

Maintenance dose of 4000 mg peanut protein/day
Duration: up to 5 years.

Duration: 24 months. Maintenance daily dose: 300 mg
powdered egg.

Duration: 22 months

Maintenance dose: up to 2 g of egg white powder/day.

Duration: 4 months followed by OFC.
Those desensitized continued another 6 months OIT followed
by avoidance for 3 months.

Duration: 1 year

Maintenance daily dose of 500 mg. Duration: 3-4 months on
maintenance.

Maintenance dose: 3.7 mg/d (SLIT) or 2000 mg/d (OIT)

Duration: 6-12 months of maintenance

Maintenance dose: 7 mg/d (SLIT alone), 2000 mg/d (OIT
alone), 1000 mg/d (SLIT then OIT)
Challenge at: 12 then 60 wks.

Duration: 44 weeks

Duration: 3 years
Minimum daily dose of 165 pug and max of 1386 ug protein
daily.

Overall 93% desensitized to 3900 mg peanut protein.

16/19 passed 5000 mg challenge (desensitized) (vs.
280 mg in placebo group)

62% desensitized to 1400 mg protein in first phase

(vs. 0% in placebo)
54% desensitized to 1400 mg protein in second phase
treatment group.

50% passed challenge for 5000 mg peanut protein at 1
month after stopping OIT (SU)

57% desensitized to 8 gm of egg protein. 28% achieved
SU when challenged in 3-4 months after OIT.

75% desensitized to 10 g of egg white powder and 28%
achieved SU after (4-6 weeks)
(Placebo 0% desensitized)

16/17 in treatment arm achieved desensitization and
31% achieved SU at 3 months (vs. 1/14 in placebo
group)

36% desensitized became completely tolerant.
54% partly desensitized (5-150 ml) (vs. 0% in placebo).

Median cumulative dose (5140 mg) in treatment group
vs. (40 mg) in placebo group.

Threshold of tolerance increase 141 fold in OIT vs. 22
fold in SLIT

SU checked after 4 weeks of avoidance. (achieved by 3
participants in OIT vs. 1 participant in SLIT)

Participants who passed 8 mg challenge (desensitized):

1/10 in SLIT alone group.

6/10 in SLIT/OIT group.

8/10 in OIT alone group.

SU checked at 1 and 6 weeks of avoidance:
3/6 in SLIT/OIT group.

3/8 of OIT alone group

70% of SLIT group were desensitized (5 gm challenge)
(vs. 15% of placebo)

Only 10.8% desensitization to 5 gm peanut protein and
they all achieved SU after 8 weeks of avoidance.

OIT: oral immunotherapy, SLIT: sublingual immunotherapy, RCT: randomized control trial, Number, OFC: open food challenge.

allergens. However, we know that a significant percentage of children
with milk [78], soy or egg [79] allergy outgrow their allergy [80]. A
smaller percentage, about 9%, of patients with tree nut allergy [81] and

21-22% of patients with peanut allergy [82,83] outgrow their allergy
as well. Therefore, clinical tolerance can develop spontaneously in
many allergic patients.
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Most patients who have food allergy and outgrow their allergies
experience a rise in 1gG4 levels, a decrease in their IgE levels and in-
crease in IL-10 levels [84,85] with no specific trend in serum IgA levels
[86]. The mechanisms that underlie this phenomenon is not entirely
understood. It’s debatable whether it’s an active process involving
regulatory T cells or a passive process involving loss of Th2 response.
But there is evidence that it’s more likely than not an active process
mediated by Tregs. Several studies showed a higher percentage of al-
lergen specific Tregs cells from patients who outgrew food allergy
comparing to those who are still allergic or control patients [31,87].
This strongly suggested that an expansion of allergen-specific Treg cells
is associated with the process of outgrowing food allergy.

What is driving that change in Treg proliferation, why it happens in
certain people or more likely to happen for certain allergens still needs
to be answered. Another important question is: can we intervene and
induce oral tolerance in people with food allergy? We will review some
of these efforts next.

6. Inducing oral tolerance (immunotherapy)

Immunotherapy is the administration of an allergen in increasing
amounts until a maintenance dose is reached then given periodically
with goal to achieve a state of unresponsiveness to that allergen. If the
allergen is given orally its called oral immunotherapy.

To achieve unresponsiveness temporarily while a patient is re-
ceiving immunotherapy is called desensitization. Oral tolerance can be
defined clinically as a state of clinical unresponsiveness that persists
regardless of allergen exposure. How long should the patient be off
immunotherapy before he is declared tolerant or what amount of al-
lergens he should tolerate is undefined yet. Therefore, some experts in
the field choose to use “sustained unresponsiveness” instead of toler-
ance [88] to define a patient who does not react to a certain amount of
allergen exposure after a certain duration of avoidance following
therapy.

Since immunotherapy was effective clinically in inducing desensi-
tization with or without sustained unresponsiveness, studies were also
done to identify immunologic changes induced by different methods of
immunotherapy. Because of Tregs role in natural tolerance, there was
an interest in detecting immunotherapy effect on Tregs. Studies in an-
imals showed that antigen specific iTreg cells increased while on im-
munotherapy [89], and were enhanced in mesenteric lymph nodes [90]
and others detected changes in FOXP3 methylation [91]. Other im-
munological biomarkers like levels of food specific IgE and IgG4 were
checked as well. Studies almost consistently showed a significant de-
crease in specific IgE levels with increase IgG4 (similar to trend noticed
in natural tolerance) although serum IgE levels tend to become higher
initially [92]. It was hypothesized that IgG4 and IgA function as
blocking antibodies preventing allergic reaction in sensitized patients
[3]. There is a belief that those immunologic effects induced by im-
munotherapy leading clinically to desensitization or sustained un-
responsiveness are temporary while patients receiving therapy [93].

Several factors seem to induce success of immunotherapy in indu-
cing clinical desensitization and sustained unresponsiveness including
route of therapy, dose of therapy, duration and frequency of therapy,
age of intervention among others [94]. Attempts to induce sustained
unresponsiveness have been done both orally and via non-oral route.
Non oral routes included: epicutaneous and subcutaneous routes in
humans. Trials trying subcutaneous route in the past were aborted due
to high rate of systemic effects [95]. Epicutaneous immunotherapy
studies are undergoing as well [96]. All routes of immunotherapy seem
to induce similar immunological changes although a recent study
comparing immune profile in response to oral immunotherapy, sub-
lingual immunotherapy and epicutaneous immunotherapy showed that
all immunotherapy routes induce Foxp3+ iTregs but different subsets
were induced in each one (OIT and EPIT increased number of LAP +
Tregs) [97]. Oral immunotherapy also seems to be more effective than
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epicutaneous immunotherapy or sublingual immunotherapy [98] al-
though side effects and compliance is something to be considered too.

Most studies of food immunotherapy in humans showed that most
patients achieve desensitization while on immunotherapy but only a
small percentage achieve sustained unresponsiveness. Table 1 below is
an attempt to summarize results of several trials done to achieve de-
sensitization or sustained unresponsiveness using different modes of
immunotherapy [99]:

7. Conclusion

Thinking of food allergy as a purely Th2 response to food antigens
and food tolerance as an active immune response mediated by iTreg is
likely an oversimplification of complicated immune mechanisms in the
skin or mucosal membranes that have the initial exposure to food al-
lergens. Nevertheless, clinical trials in food allergy in the past decade
proved that our understanding of mechanisms of oral tolerance to food
may help in preventing food allergy or inducing tolerance after its di-
agnosis. Current work done to investigate several types of im-
munotherapy (OIT, SLIT, EPIT, SCIT) shows their potential to induce
oral tolerance for variable durations and to variable amounts of food
allergens in many patients. Clinically such induced tolerance may re-
duce their risk of anaphylaxis and mortality, and improve their quality
of life. Whether these therapies are ready to be used by clinicians in
their daily practice is still under investigation.
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