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Abstract
Oral tolerance is a state of systemic unresponsiveness that is the default response to food antigens in the gastrointestinal tract,
although immune tolerance can also be induced by other routes, such as the skin or inhalation. Antigen can be acquired directly
by intestinal phagocytes, or pass through enterocytes or goblet cell-associated passages prior to capture by dendritic cells (DCs) in
the lamina propria. Mucin from goblet cells acts on DCs to render themmore tolerogenic. A subset of regulatory DCs expressing
CD103 is responsible for delivery of antigen to the draining lymph node and induction of Tregs. These DCs also imprint
gastrointestinal homing capacity, allowing the recently primed Tregs to home back to the lamina propria where they interact
with macrophages that produce IL-10 and expand. Tregs induced by dietary antigen include Foxp3+ Tregs and Foxp3− Tregs. In
addition to Tregs, T cell anergy can also contribute to oral tolerance. The microbiota plays a key role in the development of oral
tolerance, through regulation of macrophages and innate lymphoid cells that contribute to the regulatory phenotype of gastro-
intestinal dendritic cells. Absence of microbiota is associated with a susceptibility to food allergy, while presence of Clostridia
strains can suppress development of food allergy through enhancement of Tregs and intestinal barrier function. It is not clear if
feeding of antigens can also induce true immune tolerance after a memory immune response has been generated, but mechanistic
studies of oral immunotherapy trials demonstrate shared pathways in oral tolerance and oral immunotherapy, with a role for Tregs
and anergy. An important role for IgA and IgG antibodies in development of immune tolerance is also supported by studies of
oral tolerance in humans. The elucidation of key pathways in oral tolerance could identify new strategies to increase efficacy of
immunotherapy treatments for food allergy.

Keywords Oral tolerance . Regulatory Tcells . Antigen-presenting cells . Immunotherapy . Food allergy .Microbiota

Introduction

Oral tolerance is defined as the active suppression of specific
immune responses to antigens first encountered in the gastro-
intestinal tract. This process protects from inappropriate im-
mune responses to the plethora of foreign antigens derived
from food or commensal organisms normally encountered in
the gastrointestinal tract. When oral tolerance does not occur,
immune reactivity to food or microbes can lead to food allergy
or inflammatory bowel disease, respectively. In mouse models,
oral tolerance is commonly induced by feeding antigen before

immunization, with one single high dose (50–100 mg) or con-
secutive doses of 0.5–1 mg of antigen for 5 to 7 days. Oral
tolerance is measured by decreased antigen-specific antibod-
ies, reduced cytokine production by lymph node cells after
antigen restimulation in vitro, or reduction of allergic symp-
toms or delayed hypersensitivity reaction after allergen chal-
lenge in vivo. In humans, induction of oral tolerance to a
neoantigen has also been measured by decreased antibody pro-
duction and T cell proliferation after immunization [1, 2].
There is growing interest and support for the application of
oral tolerance in the prevention and treatment of food allergy.

Gastrointestinal Antigen Uptake

Dietary antigens are subjected to digestion into peptides and
amino acids. However, a small fraction can reach the immune
system underlying the gut epithelium in an intact form, being
able to interact with antigen-presenting cells. Disruption of

* M. Cecilia Berin
cecilia.berin@mssm.edu

1 Jaffe Food Allergy Institute, Immunology Institute, Mindich Child
Health Institute, Icahn School of Medicine at Mount Sinai, New
York, NY, USA

2 Department of Pediatrics, Icahn School of Medicine at Mount Sinai,
Box 1198, One Gustave L. Levy Place, New York, NY 10029, USA

Clinical Reviews in Allergy & Immunology
https://doi.org/10.1007/s12016-018-8680-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s12016-018-8680-5&domain=pdf
http://orcid.org/0000-0002-9051-9249
mailto:cecilia.berin@mssm.edu


digestion of dietary proteins with antacids has been related
with increased induction of IgE to antigens in the diet [3, 4].

Antigen that reaches the intestinal epithelium can be
transported by different routes dependent on its properties,
such as size and solubility, which could lead to the induction
of tolerance or immunity [5]. Microfold or M cells are flat-
tened epithelial cells overlying the Peyer’s patches, which are
organized lymphoid structures distributed along the mucosal
tissue. M cells are specialized in the uptake of particulate
antigens such as viruses and bacteria. Sampling through M
cells has been associated with induction of IgA production
[6], which contributes to immune exclusion by neutralizing
antigens in the lumen.

Soluble antigen is absorbed by enterocytes and transported
following two major routes, the transcellular route (in vesi-
cles) and the paracellular route (between cells). Epithelial cells
sample antigen from the lumen, and during transcytosis, it is
degraded in lysosomal compartments, although some antigen
can be released into the basolateral space. Partially degraded
antigens within endocytic vesicles can be loaded onto MHCII
and these exosomes are released from the basolateral mem-
brane, to interact with dendritic cells (DCs) [7, 8]. Under ho-
meostatic conditions, tight junctions between enterocytes pre-
vent the paracellular passing of antigens. An increased trans-
port of intact antigen through epithelial cells has been related
to its allergenic activity [9, 10].

Goblet cells also have an important role in the transport of
soluble antigen. Low molecular weight soluble antigen
injected into the intestinal lumen in vivo preferentially filled
a subset of epithelial cells corresponding to goblet cells, pro-
ducing goblet cell-associated antigen passages (GAPs) [11].
The se GAPs de l i v e r ed an t i g en exc l u s i v e l y t o

CD103+CX3CR1− lamina propria DCs, a DC subset that has
been associated with development of a tolerance response.
Increased mucin secretion by goblet cells induced increased
frequency of GAPs and higher amount of antigen delivery.
Thus, antigen delivery pathways favoring interaction with
CD103+ DCs or IgA production could be related with induc-
tion of oral tolerance (e.g., through Peyer’s patches, goblet
cells, or exosomes) while a higher resistance to proteolytic
digestion and increased paracellular transport would be related
with sensitization, although the contribution of each of these
pathways to tolerance and immunization still needs to be
determined.

In addition to transport through the epithelium, intes-
tinal phagocytes such as macrophages and DCs extend
dendrites between enterocytes and sample antigen di-
rectly from the lumen without disrupting tight junctions
between cells [12, 13]. Soluble antigen is efficiently
taken up from the intestinal lumen by CX3CR1+ mac-
rophages. They send protrusions to sample antigen in a
mechanism dependent on the expression of CX3CR1
[12, 14]. By contrast, CD103+ DCs are less efficient
in sampling soluble antigen [12, 15], although they have
been shown to capture bacteria by using intraepithelial
dendrites [15]. CX3CR1high macrophages do not migrate
to the mesenteric lymph nodes (MLN) under steady-
s t a t e cond i t i ons , and a coope r a t i on be tween
CX3CR1high cells and migratory CD103+ DCs was
identified [12]. After antigen uptake, CX3CR1+ macro-
phages transfer peptide-MHCII complexes via gap junc-
tions to CD103+ DCs, which migrate to the MLN and
present antigen to naïve T cells [12]. In Fig. 1, different
routes of antigen uptake are summarized.

Fig. 1 Transport of dietary antigen through the intestinal epithelium.
Soluble antigen that reaches the small intestine is absorbed by
enterocytes (transcellular route). Antigen is usually degraded into small
peptides inside vesicles. Peptides can be loaded into MHCII in
endosomes and be released to be taken up by CD103+ DCs. Antigens
with resistance to proteolysis can reach the basolateral membrane in an
intact form. Inflammation increases permeability and paracellular

transport of soluble antigen. Goblet cells absorb antigens through goblet
cell-associated antigen passages for delivery to CD103+ DCs. CXC3R1+
macrophages extent their dendrites through the intestinal epithelium to
sample antigen from the lumen, and transfer antigen to CD103+ for
transport to the MLN. Particulate antigen, such as bacteria or virus, is
taken up through M cells that overlie Peyer’s patches
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Induction of Tolerance in the Intestine

Role of Regulatory T Cells

The role of T cells in mediating oral tolerance was shown by
depleting CD4+ T cells [16] or transferring tolerance by adop-
tive transfer of CD4+ T cells [17]. Although thymic-derived
regulatory T cells (Tregs) are not required for oral tolerance
[18, 19], peripherally induced antigen-specific CD4+CD25+

Foxp3+ Tregs are necessary for oral tolerance [18].
Mutations in the Foxp3 locus are associated with a loss of
peripheral tolerance and development of severe food allergy
in humans [20], and specific depletion of Foxp3+ cells abro-
gates oral tolerance [21]. Altogether, these results support a
key role of induced Foxp3+ Tregs in oral tolerance.

Other Treg populations have been described in the context
of oral tolerance, including Th3 and Tr1 cells. Th3 cells ex-
pressing TGFβ (detected by surface expression of latency-
activated peptide or LAP) are induced after antigen feeding,
or by oral anti-CD3 antibody administration [17, 22, 23]. The
relationship between Foxp3+ and LAP/Th3 cells is not clear.
Both suppress through a mechanism dependent on TGFβ, and
Th3 cells can induce Foxp3+ cells by TGFβ production [24].
Furthermore, activated Foxp3+ Tregs can express LAP on
their surface [25]. Thus, it is possible that there is some plas-
ticity between these Treg subsets and that they present an
overlapping function. Tr1 cells suppress immune responses
through IL10. Tr1 cells play a key role in prevention of colitis
[26, 27], but their role in oral tolerance is not clear, with
studies showing conflicting results [18, 28, 29]. Nature of
antigen [29] or the experimental model used in these studies
could determine the phenotype of Tregs involved in the oral
tolerance response. The relationship between different Treg
subsets is not clear as they all have the capacity to produce
IL-10 and they present overlapping surface markers. Foxp3+

Tregs can condition DCs to induce IL-10-secreting Tr1 cells
by a mechanism dependent on IL-27 [30], again showing the
potential interaction between these Treg subsets.

Apart from the induction of Tregs, anergy and T cell deple-
tion have also been shown as mechanisms of oral tolerance.
Anergy refers to T cell unresponsiveness to the antigen, while
depletion is the apoptosis of antigen-specific T cells. High-
dose antigen exposure induces anergy or depletion while
low-dose antigen leads to induction of Tregs [31, 32].
Although much of the focus in the oral tolerance field has
focused on active suppression by Tregs, the role of T cell
anergy and deletion in immune tolerance is supported by re-
cent human studies which will be discussed later.

Induction of Tregs by DCs in the Intestine

The site of oral tolerance induction has been identified as
the MLN [33], while Peyer’s patches are not necessary as

oral tolerance could be established in the absence of these
structures [34, 35].

Oral tolerance is initiated by CD103+ DCs that capture
antigen in the lamina propria and migrate to the MLN, where
they induce differentiation of naïve T cells into Tregs, through
a mechanism dependent on TGFβ and retinoic acid [36–38].
CD103+ DCs express high levels of RALDH2, an enzyme
that metabolizes retinal into retinoic acid. Retinoic acid is also
required to program newly primed T cells to home to the
intestine through expression of the chemokine receptor
CCR9 and the integrin α4β7 [39]. Stromal cells from MLN
also express high levels of RALDH2 and they were found to
be required in vivo to induce gut-homing T cells [40]. In
addition, CD103+ DCs express high levels of indoleamine
2,3-dioxygenase (IDO), an enzyme involved in tryptophan
catabolism, that is involved in induction of Foxp3+ Tregs
[41]. After the induction of Tregs in the MLN, antigen-
specific Tregs migrate to the lamina propria where they are
expanded [21]. Migration of Tregs to the lamina propria is
necessary for successful induction of oral tolerance, as mice
deficient in β7 integrin and MADCAM as well as CCR9-
deficient mice, markers necessary for T cell migration to the
lamina propria, have impaired oral tolerance [21, 42].
CX3CR1+ macrophages expressing high levels of IL-10 are
necessary for expansion of Tregs in the lamina propria, and
failure of this tissue T cell expansion impairs development of
oral tolerance. In Fig. 2, a schematic representation of the
mechanism of oral tolerance is shown.

To determine the requirement of CD103+ DCs in oral tol-
erance, Esterhazy et al. used a variety of mouse models to
specifically ablate myeloid lineage-specific APC during oral
antigen exposure [43]. Classical DCs were required for oral
tolerance and peripheral Treg induction, while macrophages
and monocyte-derived cells were dispensable. Migratory
IRF8-dependent CD103+CD11b− DCs had the highest ex-
pression of Aldh1a2, Tgfb2, and Itgb8 (coding for
RALDH2, TGF-β2 and integrin beta-8, respectively) and oth-
er genes related with Treg generation and gut homing, and had
the highest capacity to induce Foxp3+ Tregs. IRF8-dependent
cDCs (containing migratory CD103+CD11b− and resident
CD8α+CD11blow) were required for peripheral Foxp3+ Treg
polarization upon oral antigen in vivo, but depletion of these
cells had no effect on oral tolerance. These findings suggest
that although CD103+CD11b− may be uniquely involved in
the polarization of Foxp3+ Tregs, there is redundancy in the
contribution of DC subsets to the phenomenon of oral
tolerance.

Other Sites Implicated in Oral Tolerance Induction

A complementary role of the liver and MLN has been identi-
fied. After high doses of antigen exposure, oral tolerance can
be induced by deletion of antigen-specific CD8+ and CD4+ T
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cells [44, 45]. This mechanism is mediated by plasmacytoid
DCs (pDCs) present in the liver and MLN, and occurs in the
liver [45]. As an early site of exposure, pDCs in the liver are
involved in a rapid deletion of antigen-specific Tcells traffick-
ing from the blood, followed by generation of Tregs in the
MLN by CD103+ DCs leading to complete suppression of
delayed-type contact hypersensitivity [45]. A role for tonsils,
which are secondary lymphoid organs located in the orophar-
ynx and nasopharynx, has also been proposed in the develop-
ment of oral tolerance due to their privileged anatomical loca-
tion [46]. Human tonsils are highly enriched in total CD4+

Foxp3+ Tregs as well as allergen-specific Tregs. Among the
different DC subsets present in tonsils, pDCs induce Foxp3+

Tregs in vitro with suppressive capacity, and the number of
tonsil pDCs was found to be decreased in atopic donors com-
pared to non-atopic individuals [46]. DCs from the mouse oral
mucosa and submucosa are also capable of generating sup-
pressive Tregs expressing IFNg and IL10 in the cervical
lymph nodes [47]. These results suggest that DCs from tonsils
and sublingual mucosa can also participate in the first step of
oral tolerance induction to food and aeroallergens.

Factors Involved in Induction of Oral
Tolerance

The local gut immune environment presents factors that pro-
mote the development of a tolerance response. As stated be-
fore, mucin secretion can favor the induction of Tregs by
increasing antigen transport by goblet cells and uptake by
tolerogenic CD103+ DCs [11]. In addition, hyperglycosylated
mucin MUC2 conditions CD103+ DCs and intestinal epithe-
lial cells toward a regulatory phenotype. MUC2 suppresses
the expression of inflammatory cytokines and increases
TGF-β, IL-10, and RALDH expression by inducing the tran-
scription factor β-catenin via dectin-1 [48]. Another factor
that affects the development of oral tolerance is the secretion
of GM-CSF by intestinal RORγt+ innate lymphoid cells
(ILC3) that promotes Treg homeostasis [49]. GM-CSF pro-
duction is regulated by microbial signals, through a cross talk
between IL1β-producing macrophages and ILC3 in the intes-
tinal mucosa, and acts on gut DCs and macrophages, promot-
ing their tolerogenic phenotype. In the infant acquiring nutri-
tion through breastfeeding, differences in milk composition,

Fig. 2 Mechanism of oral tolerance. Dietary antigen is transported to the
MLN by CD103+ DCs, that express high levels of RALDH, IDO, and
TGF-β facilitating naïve T cells to differentiate to Tregs. Tregs express
gut-homing markers CCR9 and α4β7, and migrate back to the lamina
propria. There, expansion of Tregs is induced by high levels of IL-10
produced by macrophages. GM-CSF produced by ILC3 also
contributes to homeostasis of Tregs, by acting on DCs and

macrophages. GM-CSF production is dependent on microbiota signals,
in a mechanism mediated by IL1-b production by macrophages.
Absorbed antigen also reaches the liver through the portal vein, where
it is presented by plasmacytoid DCs that induce deletion of antigen-
specific T cells. Deletion and anergy are also induced in the MLN in
response to high dose of antigen

Clinic Rev Allerg Immunol



such as levels of cytokines or presence of immunoglobulins
could promote the development of tolerance to antigens pres-
ent in breastmilk. In mice, presence of immunoglobulins in
breastmilk enhanced uptake of antigen by the pups through
the neonatal Fc Receptor, and enhanced the generation of
Tregs [50]. TGF-β present in the milk also enhanced the gen-
eration of tolerance to antigens carried in the breastmilk [51].

Non-oral Routes of Tolerance Induction

Induction of immune tolerance is not restricted to the oral and
gastrointestinal mucosa, and can be induced by other routes
such as airways or skin. Inhaled antigen can induce tolerance
and generation of antigen-specific Tregs. DCs isolated from
the lung after respiratory exposure to OVA induce IL-10-
producing Tr1 cells, and can transfer tolerance in adoptive
transfer experiments in an IL-10-dependent manner [52].
Nasal administration of anti-CD3 was shown to attenuate
autoantibody production and lupus development by the induc-
tion of IL-10-producing LAP+ T cells, which had the pheno-
type of Th3 cells but suppressed both in an IL-10 and TGFβ-
dependent mechanism [53]. A role of Foxp3+ Tregs in the
development of tolerance via respiratory route has also been
identified [54]. Both LAP+ Foxp3− and Foxp3+ Tregs were
found to be induced by inhalant antigen in lung-draining
lymph nodes and were able to block subsequent antigen sen-
sitization to OVA after priming, and lung inflammation after
challenge [55]. In another study, Foxp3+ Tregs were induced
in the spleen after inhaled OVA and suppression of subsequent
sensitization was found to be dependent on TGF-β but not IL-
10 [56]. In summary, different Treg subsets have been identi-
fied to play a role in airway tolerance. Different findings on
the contribution of each subset may be due to different toler-
ance protocols or compartments analyzed, but clearly there is
functional overlap between Treg subsets. Induction of toler-
ance to inhaled allergens is dependent on migratory DCs,
which transport antigen from the airway mucosa to the tho-
racic lymph nodes [57] [58]. A role of pDCs in mediating
protection against inhalant antigen has also been demon-
strated, as depletion of pDCs increase antigen-specific
Th2 responses and transfer of pDCs before sensitization
prevented asthma [59, 60].

Induction of tolerance to food antigens can also be
achieved through intact skin. Although skin antigen exposure
has been associated with sensitization (reviewed in [61]), ex-
posure of the skin to food allergens such as milk can generate
tolerance [62]. Factors that break immune tolerance through
the skin include damage to the skin (tape stripping), microbial
adjuvants such as staphylococcus enterotoxin B, or endoge-
nous adjuvant activity within foods such as peanut [63, 64].
All of these factors induce an innate inflammatory response in
the skin that contributes to sensitization. However, the

presence of adjuvant activity within foods does not preclude
tolerance induction through the skin. Immune tolerance can be
generated by epicutaneous peanut or OVA [65, 66]. Thus,
many natural routes of exposure to allergens have the capacity
to generate immune tolerance in the absence of adjuvant fac-
tors or inflammation.

Microbiota and Diet

Several studies in mice have demonstrated an association be-
tween altered intestinal microbiota and impaired oral toler-
ance, shown by the development of food allergy. Mice treated
with antibiotics, and germ-free mice or mice with low-
diversity microbiota have increased basal levels of IgE and
enhanced sensitization to food allergens [67, 68]. Transfer of
microbiota to germ-free mice early in life protects against
subsequent development of food allergy [67]. Transgenic
mice carrying a gain-of-function mutation resulting in suscep-
tibility to food allergy by oral exposure (Il4raF709mice) have
a different gut microbiota signature compared to wild-type
mice [69] and transfer of gut microbiota from Il4raF709mice
to germ-free mice can transfer food allergy susceptibility.
Moreover, in a study where responders and non-responders
to food allergy development were found among genetically
identical mice using a mouse model of OVA sensitization
under gastric acid suppression, those that were protected from
food allergy presented distinct microbiota composition from
susceptible mice [70]. Although it is unknown if a particular
microbiota species promotes food allergy, some species such
as Clostridia, Bifidobacterium, and Bacteroides have been re-
lated with suppression of food allergy in mouse studies [68,
71–73]. Most studies have focused on the role of gut micro-
biota, but the skin is also rich in microbiota that modulate skin
immunity [74]. Due to the increasing evidence that points to
the skin as the main site of sensitization to food antigens [61],
it is probable that skin microbiota regulates susceptibility to
food allergy.

Tregs play a prominent role in the regulation of oral toler-
ance by the microbiota. Tregs are induced by Clostridia spe-
cies and other bacterial strains [68, 71, 72, 75, 76]. A subset of
RORγt-expressing Tregs is induced by microbiota, and is
required to suppress Th2 responses [76, 77]. Vitamin A from
the diet is required for the generation of Rorγt+ Tregs [76].
Microbial generation of Tregs has been shown to occur by
both MyD88-dependent and independent mechanisms [78],
indicating pathways in addition to TLR recognition may be
required. Microbial suppression of IgE production is also de-
pendent on MyD88 signaling in B cells [79]. Non-TLR path-
ways include the generation by microbiota of short-chain fatty
acids, in particular acetate and butyrate, induced by fermenta-
tion of dietary fiber [80–82]. High-fiber diet in mice can pro-
tect from food allergy through the production of short-chain
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fatty acids and vitamin A metabolism [83]. Thus, there is a
close association between diet and microbiota. Dietary factors
can shape gut microbiota [84, 85], and thereby Tregs and
development of oral tolerance. Tregs in the intestine are de-
pendent not only on stimulation from the microbiota, but an-
tigens derived from the diet also are necessary for mainte-
nance of intestinal Tregs [86].

Another mechanism of microbiota-induced tolerance is
through maintenance of the integrity of intestinal epithelial
barrier. Colonization of germ-free micewith Clostridia species
upregulates IL-22 production by RORγt+ innate lymphoid
cells and T cells in the lamina propria of the intestine, which
contributes to a reduced permeability to oral antigens [68].
Antibody isotype class-switching to IgA is also induced by
Clostridia colonization [68, 71, 72] which can further suppress
antigen uptake.

Therapeutic Application of Immune Tolerance

Induced tolerance, whether oral or by other routes, can effec-
tively prevent immune responses including food allergy.
There is a great deal of interest in determining whether the
process of immune tolerance can suppress an existing immune
response, which is critical for immune tolerance to be used
therapeutically. Low-dose allergen immunotherapy has been
used for many years for venom and aeroallergens, and is ac-
tively being tested for the treatment of IgE-mediated food
allergies using oral, sublingual, epicutaneous, and subcutane-
ous routes. A key question is whether allergen immunothera-
py induces desensitization, a transient state of reduced clinical
reactivity, or true immune tolerance. Clinical trial test for the
presence of sustained unresponsiveness, defined as clinical
protection after a period of discontinuation of treatment.
There is disagreement about the length of treatment avoidance
required to determine if true tolerance has occurred. We will
review the evidence that immune pathways known to contrib-
ute to oral tolerance contribute to immunotherapy-induced
clinical improvement in the context of food allergy.

Induction of Tregs Versus Anergy and Deletion

While Tregs are required for oral tolerance, generation of
Tregs during immunotherapy for food allergy is not clear.
Reduction of allergen-specific Th2 cytokine production is ob-
served after oral immunotherapy [87–89]. However, this has
been mainly attributed to T cell anergy [90]. Using tetramers
to identify antigen-specific CD4+ T cells and single-cell gene-
expression profiling, Ryan and colleagues showed that in
peanut-allergic individuals showing sustained tolerance after
OIT, there was an expansion of anergic memory (low
expression of CD28, Ki-67, CD69, and CD45RA) and non-
allergic (high expression of CD27 and low expression of IL-4

and IL-13) antigen-specific CD4+ T cells [91], but no induc-
tion of antigen-specific Tregs. Other studies using
proliferation-based approaches or examining bulk Tregs
(identified as Foxp3+) have shown hypomethylation of
Foxp3 leading to enhanced Foxp3 expression [92], and in-
creased frequency of Foxp3+ T cells [88], in peanut-allergic
patients in OIT-induced tolerance. Differences between stud-
ies in the finding of Treg induction could be related with the
use of different strategies to identify antigen-specific T cells in
patients. For example, tetramers may identify cells with high-
affinity TCR interaction while proliferation-based assays may
allow for a wider range of TCR affinities, as well as identifi-
cation of bystander-activated T cells. A limitation of human
studies is lack of access to tissue sites such as gastrointestinal
mucosa, and studies in blood may not fully reflect
immunotherapy-induced immune changes.

Preclinical models of food allergy and immunotherapy
have identified several novel regulatory mechanisms contrib-
uting to therapeutic immune tolerance. Allergic mice have
been shown to have impaired Treg generation in response to
OIT [23, 93]. One contributing mechanism of Treg suppres-
sion is IgE-mediated activation and IL-4 production by mast
cells, and blockade of IgE during OIT can enhance generation
of Tregs and clinical tolerance [93]. Susceptible Il4raF709
mice have Th2-reprogrammed Tregs that produce IL-4 and
contribute to disease, and transfer of healthy Tregs can sup-
press disease [94]. These results support the hypothesis that
oral tolerance pathways are impaired in allergic patients re-
ceiving OIT, and suggest that additional immunomodulation
is required for effective tolerance induction.

Induction of therapeutic tolerance to foods by epicutaneous
or sublingual routes is also being explored. In mouse models,
epicutaneous immunotherapy (EPIT) using Viaskin® patches
is effective in inducing protection against allergic gastrointes-
tinal inflammation and anaphylaxis [23, 95], and EPIT can
generate a population of gut-homing LAP+ Tregs that sup-
press mast cell activation and food-induced anaphylaxis by a
TGF-β-dependent mechanism [23]. Alternative routes of im-
munotherapy that bypass the intestine may therefore be an
effective strategy for generation of Tregs and induction of
immune tolerance.

Role of Antibodies in Tolerance

The role of antibodies in immune tolerance is poorly under-
stood. Mouse models of oral tolerance use the suppression of
immunization-induced antibody and T cell responses as a
read-out of tolerance. However, it is known that antigen feed-
ing can induce the production of IgA antibodies that contrib-
ute to tolerance at mucosal sites through immune exclusion.
Healthy human subjects often have detectable antigen-specific
IgG to food allergens in the absence of clinical symptoms
[96]. Early introduction of peanut in children resulting in
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protection from peanut allergy was associated with a substan-
tial increase of peanut-specific IgG4 [97], suggesting that
IgGs could have an important role in development of oral
tolerance. In response to allergen immunotherapy, there is also
an elevation of allergen-specific IgA and IgG responses.
Patients receiving peanut OIT have a polyclonal expansion
and increased somatic mutation of IgG4 antibodies [98, 99]
indicating that an increased affinity of IgG antibodies could
effectively block IgE binding. In addition to blocking mecha-
nisms, IgG antibodies induced during OIT can actively sup-
press mast cell and basophil activation by acting on FcγRII
[100]. IgG antibodies can also suppress IgE-mediated IL-4
production by mast cells, thus releasing the brake on Treg
generation [101].

Conclusion

Immune mechanisms including peripherally induced antigen-
specific Tregs of various phenotypes, T cell anergy or dele-
tion, and production of IgA and IgG antibodies contribute to
the state of immune non-responsiveness known as oral toler-
ance. It is becoming evident that these same immune path-
ways can be induced by allergen immunotherapy, although
the induction of tolerance is less effective when applied as a
treatment than as prevention. New strategies focused on max-
imizing the regulatory environment in which oral tolerance is
induced may improve the efficacy of immunotherapy treat-
ments. Modulation of the microbiota to promote strains asso-
ciated with gastrointestinal Tregs, production of short-chain
fatty acids, and increased barrier integrity could potentially
generate a milieu prone to develop a tolerance response during
immunotherapy. Alternative routes to oral exposure, such as
the skin, may also be effective in bypassing the altered gut
immune environment to induce a regulatory response in aller-
gic patients.
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