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REVIEW

Role of dendritic cells in peanut allergy
Raquel Aguilera-Insunza a, Luis F. Venegasb, Mirentxu Iruretagoyenaa, Leticia Rojasb and Arturo Borzutzky b,c

aDepartment of Immunology and Rheumatology, School of Medicine, Pontificia Universidad Católica de Chile, Santiago, Chile; bTranslational
Allergy and Immunology Laboratory, Department of Pediatric Infectious Diseases and Immunology, School of Medicine, Pontificia Universidad
Católica de Chile, Santiago, Chile; cMillennium Institute on Immunology and Immunotherapy, School of Medicine, Pontificia Universidad Católica
de Chile, Santiago, Chile

ABSTRACT
Introduction: The prevalence of peanut allergy (PA) has increased, affecting approximately 1.1% of
children in Western countries. PA causes life-threatening anaphylaxis and frequently persists for life.
There are no standardized curative therapies for PA, and avoidance of peanuts remains the main
therapeutic option. A better understanding of the pathogenesis of PA is essential to identify new
treatment strategies. Intestinal dendritic cells (DCs) are essential in the induction and maintenance of
food tolerance because they present dietary allergens to T cells, thereby directing subsequent immune
responses.
Areas covered: In this review, we discuss the factors related to the acquisition of oral tolerance to
peanut proteins. We focus on intestinal DC-related aspects, including the latest advances in the biology
of intestinal DC subtypes, effect of tolerance-inducing factors on DCs, effect of dietary components on
oral tolerance, and role of DCs in peanut sensitization.
Expert commentary: Given the increasing prevalence of PA, difficulty of avoiding peanut products, and
the potentially serious accidental reactions, the development of novel therapies for PA is needed. The
ability of DCs to trigger tolerance or immunity makes them an interesting target for new treatment
strategies against PA.
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1. Background

Food allergy (FA) is defined as a reproducible immunologi-
cally-mediated response against food [1]. FA affects 6%–8% of
children and 2%–4% of adults, representing a growing public
health concern worldwide [2]. Foods that generally cause FA
include milk, eggs, peanuts, soybeans, tree nuts, wheat, fish,
and crustaceans [3,4]; with peanuts as one of the most fre-
quent causes of FA in Western developed countries [2].

Onset of peanut allergy (PA) usually occurs in early child-
hood and, in 80% of affected individuals, it persists through-
out adult life [5]. The prevalence of PA has increased over the
last few years, affecting approximately 1.1% (3 million people)
of the United States (US) population [4,6]. In line with these
data, a recent study by our group showed that PA comprises
the most frequent FA among Chilean schoolchildren, with
1.1% prevalence [7]. PA is a common cause of severe allergic
reactions, and is responsible for approximately 81% of fatal-
ities due to food anaphylaxis in the US [8].

Currently, there are no standardized curative therapies for
PA, and strict avoidance of peanuts remains the main thera-
peutic option [1]. Given that avoidance of peanuts is difficult
and PA is a life-threatening and permanent condition, a
low-risk curative therapy for PA that provides long-term
immune tolerance to peanuts is required. A better under-
standing of the pathogenesis of PA is essential to identify
new strategies to restore peanut tolerance.

The intestinal immune system (gut-associated lymphoid
tissue, GALT) is constantly exposed to various antigens
(food, endogenous flora and enteropathogens), and can
mount a vigorous immune response when appropriate.
The homeostatic balance of tolerance and immunity is
modulated by many factors in the intestine and when per-
turbed, can result in a breach of tolerance and development
of inappropriate allergic sensitization to food proteins [9].
Intestinal dendritic cells (DCs) are essential in the induction
and maintenance of oral food tolerance by presenting diet-
ary allergens to T cells, and thereby directing subsequent
immune responses [10].

Alternatively, sensitization to food allergens may occur
via non-oral routes, including the skin. Epidemiological
data in children with atopic dermatitis have related the
use of moisturizing skin oils containing peanuts with an
increased risk of PA development [11]. Additionally, stu-
dies have shown that epicutaneous exposure of mice to
peanut allergens results in sensitization that is dependent
on tape stripping of the skin which leads to upregulation
of IL-21 and TSLP [12]. The importance of non-oral sensi-
tization in humans was also suggested by the high rates
of PA in high-risk children instructed to avoid dietary
peanut in the Learning Early about Peanut (LEAP) study
[13]. Nevertheless, although FA is more frequent in chil-
dren with atopic dermatitis, children with healthy skin also
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become sensitized to peanut. These data suggest that the
epicutaneous route may have a role in food sensitization,
however, it does not account for all the sensitization
mechanisms implicated in FA.

In this review, we discuss the factors that lead to the
acquisition of oral tolerance to peanuts, focusing on intestinal
DCs and the local factors that determine the development of
PA, as well as recent evidence of the effect of novel treatment
approaches on DCs.

2. Peanut allergens

Each food source contains a mixture of proteins with
allergic potential to which the intestinal immune system
is exposed, but less than 1% of these proteins induce
allergic sensitization in susceptible individuals [14].

Until now, 15 peanut allergens have been identified,
termed Arachis hypogaea (Ara h) 1 to Ara h 15 (Table 1)
[15-18]. Food allergens are classified into families and
superfamilies according to their amino acid sequences,
structure and function homology [14]. Most peanut aller-
gens are members of the seed storage protein families.
The major peanut allergens Ara h 1 and Ara h 2 are
members of the cupin and prolamin superfamilies, respec-
tively, and Ara h 2 is the most important member, with a
sensitization rate of 42%–100% in PA-affected patients
[19,20]. Ara h 8, a protein that is homologous to the
major birch pollen allergen Betula verrucosa 1 (Bet v 1),
is relevant in patients with combined birch pollen and PA,
especially in Northern Europe [21]. In contrast, Ara h 9 is a
lipid transfer protein, an important allergen in PA patients
from the Mediterranean area [21].

3. Immune tolerance to food antigens

Oral tolerance is the absence and/or suppression of
antigen-specific immune responses upon dietary intake of
a given food. However, the mechanisms involved in the
development of oral tolerance have not been fully eluci-
dated [22]. Active gastrointestinal tolerogenic mechanisms
appear to be important in preventing FA, in which DCs,
regulatory T cells (Tregs), retinoic acid (RA), vitamin D (VD),
and microbiota play central role (Figure 1) [23,24]. The
different mechanisms involved in the generation of food
tolerance are discussed below.

3.1. Role of intestinal immunity in oral tolerance to food

The main route of exposure to food components is through
the mucosal surface of the gastrointestinal tract. This mucosa
is lined by a monolayer of columnar intestinal epithelial cells
joined by tight junctions, which prevent paracellular traffic,
thus forming a barrier between the intestinal lumen and
connective tissue [25]. The intestinal immune system is the
largest and most complex part of the immune system, reach-
ing approximately 100 m2 [25]. GALT is composed of orga-
nized lymphoid structures and a densely packed population
of resident immune cells found in the epithelium and under-
lying lamina propria (LP). Organized structures of GALT
include Peyer´s patches (PPs) and isolated lymphoid follicles
that are located within the mucosal tissue, as well as mesen-
teric lymph nodes (MLNs) [23].

After food intake, potentially immunogenic proteins are
first subject to denaturation and degradation via digestion in
the gut. However, a small percentage of intact proteins escape
digestion processes and reach the intestinal lumen, where

Table 1. Classification and clinical implications of peanut allergen components.

Allergen Protein family Protein super family Clinical relevance Ref.

Ara h 1 Vicilin (7S globulin) Cupin Major peanut allergen. Structurally stable
molecule associated with severe symptoms.

[15,19]

Ara h 2 Conglutin (2S albumin) Prolamin Major peanut allergen. Structurally stable
molecule associated with severe symptoms.
Most important allergen in patients with PA in
North America.

[20,26]

Ara h 3 Glycinin (11S globulin) Cupin Structurally stable molecule associated with more
severe symptoms.

[18]

Ara h 4 Glycinin (11S globulin) Cupin Considerate the same allergen than Ara h 3. [15,18]
Ara h 5 Profilin Minor allergen. Related with mild symptoms,

mostly oral allergy syndrome. May account for
peanut sensitivity in pollen allergic patients.

[18]

Ara h 6 Conglutin (2S albumin) Prolamin Exhibits an identity with Ara h 2 of 59%. Heat and
digestion stable protein and allergenic potency
similar to that of Ara h 2.

[18]

Ara h 7 Conglutin (2S albumin) Prolamin 42% of identity with Ara h 2. Allergenic properties
have not been elucidated.

[15]

Ara h 8 Bet v 1 homologue Pathogenesis- related
proteins

May account for peanut sensitivity in patients
with birch pollen allergy.

[15]

Ara h 9 LTP Prolamin Major peanut allergen in patients from
Mediterranean area.

[26]

Ara h 10 and Ara h 11 Oleosin Associated with severe allergic symptoms.
In-shell roasting increase their allergenicity.

[17]

Ara h 12 and Ara h 13 Defensin Pathogenesis- related
proteins

Possibly associated with severe PA. [16]

Ara h 14 and Ara h 15 Oleosin Associated with severe allergic symptoms.
In-shell roasting increase their allergenicity.

[17]

Ara h: Arachis hipogaea; Bet v 1: Betula verrucosa 1; LTP: Lipid transfer protein; ref: reference; PA: peanut allergy.
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they can pass to the intestinal mucosa. In fact, it has been
estimated that 2% of intact proteins can pass into the epithe-
lial barrier via several mechanisms, including paracellular diffu-
sion, transcytosis through intestinal epithelial cells,
endocytosis by microfold cells (M cells), and sampling by
DCs (Figure 2) [26].

DCs are professional antigen-presenting cells that are essen-
tial for T-cell activation and play a fundamental role in main-
taining peripheral tolerance [27,28]. On the one hand, intestinal
DCs can induce tolerance to food antigens and commensal
bacteria, but on the other hand, they can also generate a
protective immune response against pathogens. In general,
DCs are divided into plasmacytoid (pDC) and myeloid DC
(mDC) [29]. Classification of DC subtypes is complex due to
variations in the expression of cellular surface markers and
genes associated to particular subsets, which often results in
an overlap of definitions of DC populations between human
and mice [30]. The most common classification of intestinal DCs
is based on the expression of the surface markers CX3CR1,
CD103 and CD11b (Table 2) [31-34]. On one hand,
CX3CR1−CD103+ DCs subtype express high levels of transform-
ing growth factor-β (TGF-β) and retinaldehyde dehydrogenase
2 (RALDH2), an enzyme that catalyzes the synthesis of RA from
ingested vitamin A (VA) [35]. These CX3CR1−CD103+ DCs
express CCR7 which allows them to migrate from the LP to
the draining MLNs, thereby inducing Foxp3+ Tregs [35]. On the
other hand, CX3CR1+CD103− DCs, derived from monocytes,
extend their cytoplasmic processes through the epithelium to

sample antigens in the gut lumen [36]. DCs from this subset do
not have the ability to migrate to MLNs to activate naïve T cells,
but are involved in the restimulation of activated effector T
cells [36].

Once a food allergen is captured, it can be phagocytosed
by DCs or macrophages resident in GALT [25]. The migratory
abilities of intestinal CX3CR1−CD103+ DCs allow them to mobi-
lize from the LP to the draining MLNs, inducing the differen-
tiation of naïve CD4+ T cells into Tregs [25,35]. In addition, DCs
residing within the LP and noninflammatory environment of
PPs produce IL-10, which favors the maintenance of intestinal
immune tolerance [24]. Subsequently, Tregs activated in the
MLNs upregulate expression of the gut-homing receptors
integrin α4β7 and chemokine receptor 9 (CCR9), which induce
migration of these activated Tregs through the lymphatic
vessels to the intestinal mucosa, interacting at the mucosal
surface with the mucosal addressin cell-adhesion molecule 1
(MAD-CAM1) and the chemokine CCL25, respectively [37].
These findings were confirmed in a murine model study that
demonstrated that mucosal tolerance requires IL-10 and
α4β7+CCR9+ T cells [38].

The induction of peripheral T-cell tolerance through the
generation of allergen-specific Tregs is important in the devel-
opment of healthy immune responses to allergens [39].
Several sub-types of Tregs related to intestinal immunity
have been identified, including CD4+ T cells, which secrete
TGF-β (Th3); IL-10-secreting type 1 regulatory T cells (Tr1);
CD4+CD25+Foxp3+ Tregs; CD8+ suppressor T cells; and γδ T

Figure 1. Cellular mechanisms involved in the induction of tolerogenic or activated dendritic cells.
Intestinal CD11c+CD103+ DCs can capture food allergens with the subsequent development of tolerance or allergy. In the tolerance process, intestinal DCs prime naïve CD4+ T cells through
major histocompatibility complex (MHC) class II (MHC-II)-inducing regulatory T cells (Tregs). Allergen presentation promotes the expression of co-stimulatory molecules, such as CD80, CD86,
and programming death ligand-1 (PDL-1), by DCs. These tolerogenic DCs produce the regulatory cytokines transforming growth factor- β (TGF-β) and interleukin-10 (IL-10). Retinaldehyde
dehydrogenase-2 (RALDH-2), expressed by intestinal DCs, enables them to convert vitamin A to retinoic acid (RA). RA released to the intestinal mucosal microenvironment act sin synergy
with TGF-β, promoting the differentiation of naïve CD4+ T cells into Foxp3+ Tregs, which release IL-10. Additionally, RA and Vitamin D stimulate the production of IL-10 through binding to
the nuclear receptors of RA (RAR-α) and Vitamin D receptors (VDR). On the other hand, in the development of food allergy, intestinal DCs prime T helper 2 cells (Th2) by up-regulating MHC-
II, CD40, CD80 and CD86 expression. Released IL-4 to the intestinal mucosal microenvironment, promotes naïve CD4+ T-cell differentiation into Th2 cells. These food allergen-specific Th2
cells secrete pro-inflammatory cytokines, such as IL-4, IL-5 and IL-13, generating the typical Th2 response.
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cells [22]. In a murine model of PA, Smaldini et al. showed that
the adoptive transfer of CD4+CD25+ Foxp3+ Tregs was protec-
tive against the development of FA and that depletion of
CD25+ T cells resulted in pronounced disease exacerbation
[40]. Additionally, oral feeding with high doses of peanuts
induced tolerance by increasing the percentage of
CD4+CD25+Foxp3+ in MLNs [41]. However, the role of each
individual Treg subtype in oral tolerance remains unclear [26].

3.2. Tolerogenic DC modulation by retinoic acid and
vitamin D

Different molecules at physiological and/or pharmacological
doses have been shown to induce tolerance in DCs, includ-
ing most notably RA and VD. VA intake comes from the diet
and is responsible for the formation and maintenance of
bone, nerve tissue, and retina. VA becomes RA, a molecule
with biological activity that exerts numerous effects on the
innate and adaptive immune system [42]. RA binds to the
RA receptor (RAR), a member of the nuclear receptor family
present in most cells of the immune system and other
tissues. In the bone marrow, RA induces the differentiation

of DC precursors to pre-mucosal DCs (pre-μDCs) by inducing
the expression of α4β7 integrin and CCR9, directing them
toward the intestinal LP [43,44]. Pre-μDCs are then differen-
tiated into CD103+ DCs, and they acquire the capacity to
metabolize VA to RA due to the expression of the RALDH2
enzyme [44]. In MLNs, RA derived from CD103+ DCs induces
the expression of gut-homing integrin α4β7 and CCR9 by
Tregs [45,46]. In addition, the development of Foxp3+ Tregs
has been attributed to the synergistic effects of RA derived
from CD103+ DCs and bystander TGF-β [47].

Evidence of Treg induction in oral tolerance was first
presented by Belkaid et al. [48]. This study showed that
the generation of ovalbumin (OVA)-specific Tregs in MLNs
was dependent on TGF-β, RA and CD103+ DCs [48]. The
effect of RA on Treg differentiation was mediated by RAR-
alpha (RAR-α), a nuclear receptor expressed by DCs and T
cells (Figure 1) [42]. Recent studies in murine models of PA
show CD103+ DC differentiation from bone marrow precur-
sors stimulated with RA in vitro [49]. In addition, these DCs
are able to inhibit peanut-specific T-cell proliferation by
secreting IL-10 and TGF-β, despite the stimulation of DCs
with lipopolysaccharide (LPS) [49].

Figure 2. Role of intestinal DCs in peanut tolerance and peanut allergy.
The epithelial cell layer forms the barrier between gut lumen and gut-associated lymphoid tissue (GALT). GALT is composed of organized Peyer´s patches (PPs) and mesenteric lymphoid
nodes (MLNs). Luminal peanut allergens (e.g. Ara h 1 and/or Ara h 2) can pass the epithelial barrier through paracellular diffusion, transcytosis through intestinal epithelial cells, endocytosis
by microfold cells (M cells), or sampling by luminal processes of CX3CR1+CD103− DCs. Peanut allergens that reach the intestinal mucosa can be captured by intestinal CX3CR1−CD103+ DCs.
(a) Tolerogenic mechanisms. Intestinal CX3CR1−CD103+ DCs migrate to the MLNs in a CCR7-dependent manner, where they present peanut-allergens derived peptides to naïve CD4+ T
cells. In a non-inflammatory environment, intestinal tolerogenic DCs (tol-DCs) prime naïve CD4+ T cells into Tregs. Tol-DCs promote Tregs in a mechanism dependent on TGF-β, IL-10, and
RA. Foxp3+CCR9+α4β7+ Tregs leave the MLNs in the intestinal mucosa, inducing tolerance to peanut proteins by secreting IL-10. Differentiated Tregs can also be re-stimulated by
CX3CR1+CD103− DCs in the lamina propria to inhibit the Th2 response. Commensal bacteria may contribute to the induction of Treg differentiation. However, a comprehensive mechanism
by which bacteria elicits a Treg response is still unknown. (b) Mechanisms of peanut allergy (PA). In the PPs, intestinal CX3CR1−CD103+ DCs capture the peanut allergen and migrate in a
CCR7-dependent mechanism to the MLNs. Activated CCR7+OX40L+CD103+ DCs present the peanut allergen to naïve CD4+ T cells inducing differentiation into Th2 cells in an IL-4-dependent
mechanism. CCR9+α4β7+ Th2 cells leave the MLNs to the intestinal mucosa. Peanut-specific Th2 cells promote Th2 immune responses by secreting cytokines such as IL-4, IL-5 and IL-13.
Additionally, CX3CR1+CD103− DCs can also present peanut-derived proteins to Th2 cells, increasing allergic responses. The lack of diversity of commensal bacteria may increase the Th2
response, however, it is still in doubt whether it is the cause or is a consequence of food allergy.
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Interestingly, RA has been related to the induction of
pathogen-specific pro-inflammatory Th1 and Th17-cell
responses. It appears that the regulation of T-cell differentia-
tion by RA depends on the accompanying signals, which
dictate whether a response ultimately becomes regulatory or
inflammatory [50].

VD, a hormone generally known for regulating calcium and
bone metabolism, also exerts immunoregulatory actions and is
capable of inducing immune tolerance [51]. VD binds to the
VDR, a member of the superfamily of nuclear receptors for
steroid hormones, present in most cells of the immune system
and other tissues [51]. VD deficiency has been associated with
an increased incidence of FA, including PA, in several epide-
miological and clinical studies [52]. A pilot study performed in
Australia showed that an inadequate VD status at birth may
contribute to PA in children, although further studies are
required to confirm these results [53].

The VD mechanisms that may contribute to immune toler-
ance include the induction of tolerogenic DCs (tol-DCs) and
Tregs [54]. Human monocyte-derived DCs treated with VD,
during LPS-induced maturation, fail to up-regulate the expres-
sion of the co-stimulatory molecules CD40 and CD86 [55]. In
addition, VD decreases the expression of pro-inflammatory
cytokines such as IL-12, and increases the expression of the
regulatory cytokine IL-10 via DCs, blocking T-cell activation
[55]. VD also stimulates the expression of the inhibitory recep-
tor immunoglobulin-like transcript 3 (ILT3) in DCs, inducing
anergy in CD4+ T cells [56]. Additionally, tolerogenic VD-trea-
ted DCs produce cytokines with suppressor activity and
include IL-10 and TGF-β, effectively inducing CD4+CD25+

Tregs, which can mediate transplantation tolerance [57].
A study in healthy subjects showed that high-dose oral VD

supplementation decreased the number of CD103+ DCs in the
colonic mucosa [58]. Nevertheless, in this study, VD increased
the expression of PD-L1 and TGF-β mRNA by T cells, suggest-
ing that DCs maintained their tolerogenic phenotype [58].

3.3. Immunological effect of microbiota on intestinal
DCs

In recent years, increasing data has emerged on the role the
microbiome plays on the pathogenesis of allergic diseases,
including FA. The microbiome consists of complex bacterial,
fungal, viral, and protozoan communities that colonize all
surfaces of the human body that interact with the outside

world, including the gastrointestinal tract, skin, respiratory
tract, and urogenital tract. Bacteria constitute most of the
gastrointestinal microbiome, with 1011–1012 bacteria in the
colon, and 105–109 bacteria in the small intestine [59].
Alteration of the intestinal microbial population may increase
host susceptibility to allergic reaction and other inflammatory
immune responses [60].

The colonization of the gut begins in utero and the
composition of the intestinal microbiome is constantly
changing, a process that is dependent on environmental
and dietary factors. Firmicutes and Bacteroidetes are the
predominant phyla in the intestine [59]. Because normal
gut microbial stimuli are required to develop and maintain
the immune system in neonates, a possible role of
microbes in achieving oral tolerance to food has been
proposed [60]. Mazmanian, et al. showed for the first time
in germ-free (GF) mice that commensal bacteria are neces-
sary for the proper development of GALT and to maintain
the balance of the Th1/Th2 response [61]. In the same line,
Kozakova, et al. proposed that a mixture of three different
lactobacillus strains (L. rhamnosus, L. rhamnosus, and L.
casei) in GF mice sensitized to the birch pollen allergen
Betula verrucosa 1 (Bet v 1), ameliorated the Th2 immune
response, reducing the Bet v 1-specific IgE serum detection
and the production of IL-4 and IL-5 [62]. These findings
were related with an improvement in the integrity of the
intestinal barrier, which was immature in the non-colonized
GF mice [62]. Additionally, microbiota characterized mainly
by Lactobacillaceae and Porphyromonadaceae has been
observed in FA-prone mice that have a gain-of-function
mutation in the IL-4 receptor α chain [63]. Further allergic
sensitization in these mice resulted in the emergence of a
FA gut microbiota profile that was significantly different
from that of sensitized wild-type mice [63]. Thus, gut dys-
biosis could contribute to FA pathogenesis. A similar obser-
vation has been reported in 5-year-old children with FA, in
whom a high relative abundance of Clostridium sensu stricto
was associated with an increased risk of FA [64].
Furthermore, another study assessed the richness of the
gut microbiota in food-sensitized 3-year-old children, in
whom an overrepresentation of Enterobacteiaceae was
observed [65]. The evidence suggests that the reduction
in the diversity of bacteria and/or increased growth of
some of these bacteria are implied in the susceptibility to
FA during childhood.

Table 2. Features of human and mouse intestinal DC subtypes.

Subtypes

Features Ref.Mouse Human

CX3CR1+ CD103−CD11b+ CD103− CD11b+ Non-migratory
Monocyte-derived
LP localization

[31,32]

CX3CR1− CD103+ CD11b+ CX3CR1− CD103+ Migratory capacity (CCR7+)
TGF-β production
RALDH2+ expression
Tolerogenic function
LP localization

[31]

CD103+ CD11b CD103+ CD11b PP localization [33]
e-cadherin+ - GALT localization [44]

LP: lamina propria; TGF-β: transforming growth factor β; RALDH2: retinaldehyde dehydrogenase 2; PP: Peyer´s Patches; GALT: Gut-associated lymphoid tissue.
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Dysbiosis not only affects infants, but also adults. An ana-
lysis of the American Gut Project, which evaluated the associa-
tion of self-reported allergy prevalence with the 16S rRNA
sequence from fecal bacteria, showed a decreased richness
of the fecal microbiota in allergic adults [66]. Interestingly, the
lowest diversity of microbiota was strongly associated with PA
compared to shellfish or tree nuts allergy [66]. Furthermore,
recent findings in a murine model of PA showed that the
dysbiosis induced by an antibiotic therapy could exacerbate
the immune response to peanuts allergens plus cholera toxin
(CT) [67]. Nonetheless, there is still controversy about whether
gut dysbiosis precedes FA or is a consequence of this allergic
disease.

4. Breakdown of oral tolerance and sensitization to
peanut allergens

FA results from a failure of oral tolerance and is characterized
by a Th2 immune response, although the full mechanisms
through which FA develops remain unclear [68]. The initial
exposure to food allergens occurs at the gastrointestinal
mucosa, where specialized epithelial cells transfer food aller-
gens to DCs, which process them and present allergen-
derived peptides to naïve CD4+ T cells via major histocom-
patibility complex (MHC) class II, inducing either Th2
responses (promoting FA) or alternatively, T regulatory
responses (promoting oral tolerance) (Figure 2) [22,35]. In
individuals with a genetic predisposition to develop allergic
diseases (atopic individuals), activation results in allergen-
specific Th2 responses, with concomitant secretion of various
cytokines, including IL-4, IL-5, IL-9, and IL-13, which stimulate
allergen-specific B cells to produce specific IgE against food
allergens, such as peanut proteins [69].

4.1. DCs in the induction of Th2 differentiation and food
allergy to peanuts

The importance of DCs in establishing a food-induced aller-
gic response has been shown using adoptive transfer of DCs
from mice with cow’s milk (CM) allergy into naïve recipients,
which developed CM-specific IgE and IgG responses in the
absence of previous immunization [70]. In addition, it has
been shown in murine models, that sensitization to peanut
allergens causes a decrease of mucosal tolerogenic CD103+

DCs and an increase in Th2 priming CD11c+CD11b+ DCs in
the intestinal compartments [35]. A recent study in children
with CM allergy showed that DC-CD4+ T-cell co-cultures from
CM-allergic children produced spontaneously larger quanti-
ties of Th2 cytokines (IL-5 and IL-13) compared with their
non-affected siblings [71].

The low capacity to orally sensitize with a food allergen in
the absence of an adjuvant in a murine model, suggests that
environmental factors that act as adjuvants are important in
allergy development [9]. One of the adjuvants that have been
used in experimental murine models of FA is CT [72]. The
possible underlying mechanism of the coadjuvant effect of
CT on DCs, could be the upregulation of the co-stimulatory
molecules CD80 and CD86, and the MHC class II molecule [73].
It has also been shown that IL-33, an epithelial Th2-promoting

cytokine, is critical in the development of FA in a CT-induced
mouse model of PA [74]. In fact, both CT and IL-33 up-regu-
lated the OX40 ligand (OX40L) on DCs, driving the differentia-
tion of naïve CD4+ T cells into Th2 cells [74].

There is evidence that some food antigens could have a
role in promoting allergic sensitization and type 2-immune
sensitization. Specific foods antigens act as adjuvants and
stimulate DCs to enhance allergen-specific Th2 differentia-
tion [75]. During PA, the Th2 response is mainly directed by
allergens such as Ara h 1 and Ara h 2 [76]. Thus, it was
demonstrated that Ara h 1 can bind to the DC-specific
C-type lectin receptor, intercellular adhesion molecule non-
integrin-gripper 3 (DC-SIGN or CD209), and induce phosphor-
ylation of extracellular signal-regulated kinase (Erk) 1/2 in
DCs [76]. Deglycosylated Ara h 1 does not have a Th2-skew-
ing effect, indicating that allergen-bound carbohydrate struc-
tures act as a Th2-skewing adjuvant [76]. Furthermore,
studies of peanut allergenicity have shown that dry roasting
of peanuts can increase sensitization to peanuts in mouse
models. Indeed, when the major peanut epitopes Ara h 1 and
Ara h 2 were subjected to Maillard reactions (a nonenzymatic
chemical reaction between amino acids and reducing sugars
occurring at high temperatures), they bound higher levels of
IgE from patients with PA and were resistant to digestion
[77]. It might be that the allergenicity of various proteins
from the environment and food operate in concert to induce
allergenic responses.

4.2. DCs and immunotherapy for peanut allergy

Allergen-specific immunotherapy (SIT) has been successfully
used to treat allergic asthma, allergic rhinitis and venom
hypersensitivity [78-81]. Although the exact underlying
mechanisms are still not fully understood, SIT is known to
induce allergen-specific Tregs together with an increase in
the levels of allergen-specific IgG4 antibodies and reduction
of mast cells and basophil activation [82]. Based on the proven
effectiveness of SIT for other allergic diseases, different types
of SIT strategies for FA treatment have been tested. The first
attempts to use SIT for PA utilized subcutaneous SIT but
resulted in an unacceptably high rate of systemic reactions
and, ultimately, abandonment [83]. Therefore, subsequent stu-
dies have focused on alternative routes of delivery of aller-
genic proteins, including oral-inducing tolerance (OIT),
sublingual SIT (SLIT), and more recently, epicutaneous immu-
notherapy (EPIT) [83,84].

One of the most studied desensitization strategies in PA
treatment is OIT, which consists of gradually increasing doses
of oral peanut consumption until tolerance is achieved.
However, desensitization depends on regular exposure to
food because if the dosage is interrupted, the protective effect
is lost. An increase in allergen-specific IgG4 antibodies can be
observed as early as 8 weeks after starting OIT, followed by a
decrease in specific IgE [85]. Peanut OIT induces hyporespon-
siveness in basophils, which could be secondary to the
decreased surface expression of high-affinity IgE receptors or
generation of IgG-blocking antibodies [85]. Regarding the effect
of OIT on DCs, Frischmeyer-Guerrerio et al. suggested in a pilot
study of children with cow´s milk allergy, an inhibiting effect of
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OIT and SLIT on DCs after treatment [86]. In this study, OIT
appeared to enhance the pDC secretion of IFN-alpha, while SLIT
decreased the TLR-induced IL-6 production by mDCs [87].
Increased Tregs have been observed from 9 to 32 months
after starting OIT, where successful OIT caused an expansion
of allergen-specific CD4+ T cells and a shift toward an anergic
Th2 phenotype, largely absent in pretreatment allergic subjects
and healthy controls [88]. Interestingly, Wisniewski et al. pro-
vided evidence that children following peanut OIT have a
residual effector IL-4+ T cell immune activation, similarly than
non-OIT treated children [89]. Suggesting that the Th2 suppres-
sion of OIT may not be complete or persistent. In any case,
more studies are needed to understand the immunological
mechanisms underlying peanut OIT, and if any of these para-
meters will be useful biomarkers for predicting clinical
outcomes.

On the other hand, EPIT utilizes novel antigen delivery
through the application of an allergen-containing patch on
the epidermis. In a murine model of PA, EPIT induced gut-
homing Foxp3+ Tregs [90]. A phase II clinical trial of EPIT for PA
was recently published, showing that 48% of patients on EPIT
containing 250 μg of peanut protein could tolerate a 10-fold
increase in their baseline successfully consumed dose (SCD)
[84]. Increases in peanut-specific IgG4 levels and IgG4/IgE
ratios were observed in peanut EPIT-treated participants,
along with trends toward reduced basophil activation and
peanut-specific TH2 cytokines [84]. A recent phase 2 trial
with 221 subjects showed results in the same line. Patients
with PA (6–55 years old) were randomized to 50, 100, or 250-
μg peanut proteins, or placebo [91]. The primary outcome was
passing a 1000 mg peanut protein oral food challenge or
achieving ≥10-fold increase in SCD from baseline to week 52.
At 12 month there was a significant difference in response rate
between the 250-μg group (50% of response) and the placebo
group (25% of response) [91]. Consistent with prior reports, by
stratifying by age only in the group of 6–11 years of age was a
significant difference between the 250-μg group versus the
placebo group, although this study was not designed to
detect an age effect independent of a treatment effect [91].

Alternatively, immunotherapy that specifically targets DCs
can be developed. DCs have been evaluated as a therapeutic
alternative for inducing tumor-specific immune responses.
DCs loaded with allogeneic tumor cell lysates have been
tested in several clinical trials for melanoma and other malig-
nancies [92]. This type of immunotherapy has proven to be
safe and well tolerated, but still clinical responses are not
enough to use as a single treatment, and more research is
needed to reach full potential of DCs therapy.

On the other hand, several protocols with different stimuli
to induce tolerogenic-DCs in vitro have been generated,
which include cytokines (IL-10, TGF-β) and immunosuppres-
sive drugs (corticosteroids, VD, RA, rapamycin, rosiglitazone,
among others) [93]. Targeting DCs for immune regulation by
preloading DCs with specific disease antigens, has been eval-
uated for tolerance induction in several autoimmune dis-
eases [94]. Studies show beneficial results in animal models
of rheumatoid arthritis, multiple sclerosis, and lupus [95].
Clinical trials are now ongoing to evaluate the effectiveness
of tol-DCs to treat rheumatoid arthritis, type 1 diabetes,

Crohn disease and multiple sclerosis [96]. Rheumavax is the
first study reported for the treatment of rheumatoid arthritis
with tolerogenic DCs generated by NF-kB inhibition, patients
received a single intradermal injection of DCs loaded with
citrullinated proteins [97]. The treatment was well tolerated
and safe, results show a 25% decrease in proinflamatory T
cells and a 25% increase in anti-inflammatory Treg cells at
one month of treatment, more important, disease activity
scores were decreased in some patients. One of the limita-
tions of inducing tolerance with DCs in autoimmune diseases
is selecting the proper immunodominant autoantigen [94]. In
autoimmune diseases, not all patients display uniform self-
antigens, and epitope spreading that has occurred at the
time of clinical disease, limits the autoreactive T cell popula-
tion that can be targeted by DCs [94]. In the setting of FA,
antigens are well known and limited, so targeting DCs for
immunotherapy in PA may be a promising alternative.

5. Conclusion

Given the increasing prevalence of PA, the difficulty of avoid-
ing peanut products, and the potential serious consequences
of accidental reactions, the development of novel therapies for
PA is greatly needed. Based on the currently available data
from both basic and clinical research that have demonstrated
the ability of intestinal DCs to trigger tolerance or immunity,
these cells are key interesting targets for new treatment stra-
tegies against PA. In addition, the recent discoveries describ-
ing the factors that mediate the tolerogenic status of DCs,
including RA, VD, and the intestinal microbiome, may provide
novel candidate molecules for the deliberate modulation of
DC activity.

6. Five year in review

Due to the pivotal role of DCs in FA and knowledge of the
different factors that can modulate their pro-tolerogenic state,
DCs promise to be an ideal target to develop new therapeutic
strategies against PA. Overall, over the next 5 years, additional
scientific information will provide important insights into the
mechanistic roles of the different subsets of human intestinal
DCs in the development of FA, and especially in PA due to its
high prevalence.

The most studied desensitization strategies include OIT,
SLIT, and recently, EPIT. Over the next years, further under-
standing of how SIT affects DCs and what strategy is more
effective in inducing a pro-tolerogenic state. In addition,
given the fact that DCs are probably key at the onset of
allergic sensitization and subsequent FA, additional strate-
gies to curb the FA pandemic should focus on inducing a
pro-tolerogenic state of DCs in children before FA develops.
It is possible that simple clinical interventions such as VD
supplementation may have an important effect on DC-
mediated tolerance at early ages. Clinical trials of VD supple-
mentation during pregnancy and infancy may provide clues
in this regard. Last, the interactions between gut immunity
and that of other epithelium, particularly skin, and the effect
of these interactions on DCs and induction of tolerance shall
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shed light on the precise roles of oral and skin sensitization
to peanut and other food allergens.

Future progress in our understanding of oral tolerance in
human subjects will advance considerably, allowing more
comprehensive analyses of the immune responses in the gut
that contribute to sensitization, desensitization, and tolerance.
Additionally, new research on the factors that mediate the
dialog among intestinal microbes and DCs will provide new
candidate molecules for the deliberate modulation of intest-
inal DC activity.

All these data will provide new lines to explore novel
strategies for the treatment of PA, possibly using DCs as a
target and the different factors that modulate them as tool to
direct the immune response toward oral tolerance.

7. Expert commentary

The prevalence of PA has increased over the last few years,
especially in Western developed countries [2,6]. Despite the sig-
nificant impact of PA on patients and health care systems, there
are currently no standardized treatments [1]. Understanding of
the immunological mechanisms that lead to the development of
FA or oral tolerance is essential to develop new effective treat-
ments for this disease.

The intestinal immune system is constantly exposed to a
variety of dietary antigens and commensal microorganisms to
which it does not respond. This mechanism, named oral tol-
erance, is now understood to consist of a complex of factors
that lead to the generation of immunosuppressive specific
responses. Intestinal DCs are essential in the mechanisms of
oral tolerance and FA by presenting dietary allergens to T cells,
thereby directing subsequent immune responses [10]. In fact,
in a murine model of CM allergy, adoptive transfer of DCs from
mice with CM allergy into control naïve recipients induces
CM-specific IgE and IgG responses in the absence of previous
sensitization, demonstrating the essential role of DCs in FA
[70]. However, the underlying mechanisms of human DCs are
still not well understood.

New data have emerged that provide more specific infor-
mation on how mucosal DCs have a special tendency to
facilitate the development of Tregs that then mediate oral
tolerance. For example, the expression of RALDH2 by intest-
inal CD103+ DCs allows them to synthesize RA from the
ingested VA [44,58]. Additionally, CD103+ DCs can migrate
to MLNs, where they can present food antigens to naïve T
cells. The secretion of RA and TGF-β by CD103+ DCs induces
the differentiation of CD25+Foxp3+ Tregs, which express gut-
homing signals, such as integrin α4β7 and CCR9 [45-47].
Interestingly, it was shown that the role of RA in naïve
CD4+ T cells goes beyond the induction of Tregs because
pathogen-specific proinflammatory T-cell responses also
depend on RA signaling a [50].

Another demonstrated tolerogenic factor that could modu-
late intestinal DCs is VD, the deficiency of which has been
associated with various allergic diseases [98]. Epidemiological
studies have suggested that an insufficiency of VD may con-
tribute to the failure of oral tolerance and subsequent FA in
infants [52]. There are different mechanisms by which VD can
contribute to immune tolerance responses, including induction

of tolerogenic monocyte-derived DCs [55], induction of Tregs
[55,56], and induction of anergy in CD4+ T cells [56]. However,
although it is now clear that VD has wide-ranging effects on the
immune system, how it modulates intestinal DCs in terms of FA
remains unclear.

To date, there is increasing evidence showing that altera-
tions affecting gut microbiome that promote underlying dys-
biosis, could raises the host´s susceptibility to allergic and
inflammatory responses [60]. For example, it has been shown
that GF-mice are more susceptible than wild-type mice to
allergic sensitization to CM [99]. Furthermore, recent results
from murine models of PA have shown that certain bacteria,
most notably those from the Clostridia class, can promote the
development of tolerance in the gut. In fact, the colonization
of GF/mice with Clostridia-enriched microbiota promotes IgA
production and Foxp3+ Tregs in the colon, preventing the
development of FA [67]. However, the underlying mechanisms
regarding how the microbiota modulate the intestinal
immune response are not clear, and more data from human
studies are needed.

On the other hand, there is some evidence that indicates
that food allergens play a role in promoting allergic sensitiza-
tion, probably by acting as adjuvants in DCs [75]. It has been
demonstrated that Ara h 1 can bind to DC209 on DCs and
activate them into a Th2 immune effector phenotype [100]. It
was suggested that the allergen-bound carbohydrate struc-
ture of Ara h 1 could be responsible for this binding, because
deglycosylated Ara h 1 did not have a Th2-skewing effect [76].
In addition, it was shown that thermal processing, such as the
Maillard reaction, may play an important role in enhancing the
allergenic properties of peanut allergens (Ara h 1 and Ara h 2),
favoring peanut sensitization [77]. These results suggest that
food antigen characteristics can modulate immune responses
and induce allergenic responses.

As described above, DCs play an important role in the
induction of allergen-specific Treg cells, a key event in SIT.
Regarding SIT for FA treatment, the efficacy of OIT and EPIT
could be related to their immunoregulatory effects on DCs.
However, the underlying mechanisms have not yet been elu-
cidated. Specific-food OIT has superior efficacy but causes
more adverse effects than EPIT [85]. Nevertheless, none of
these immunotherapeutic approaches have been proven to
uniformly cure FA.

Finally, in vitro-generated tol-DCs could potentially be used
to induce antigen-specific tolerance in various applications,
such as autoimmunity, allergy and other hypersensitivity dis-
eases. Several protocols with different stimuli to induce
tol-DCs in vitro have been developed and include cytokines
(IL-10, TGF-β) and immunosuppressive drugs (corticosteroids,
VD, RA, rapamycin, rosiglitazone, among others) [93]. Clinical
trials are now ongoing to evaluate the effectiveness of tol-DCs
to treat rheumatoid arthritis and multiple sclerosis [96]. One of
the limitations of inducing tolerance with DCs in autoimmune
diseases is selecting the proper immunodominant autoantigen
because autoimmune disease antigens are abundant [94]. In
the setting of FA, antigens are limited, so targeting DCs for
immunotherapy in PA is a very promising alternative.

Oral tolerance to food is a result of complicated interactions
among antigens from food intake, the intestinal microbiome,
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and specialized DCs and lymphocytes found in the GALT.
Failure to develop tolerance or breakdown in tolerance leading
to FA can occur at multiple points. Future progress in our
understanding of oral tolerance in human subjects should
offer crucial insights into the factors that determine the devel-
opment of natural or therapy-induced long-lasting tolerance.

Key issues

● The prevalence of peanut allergy (PA) has increased world-
wide, affecting about 1.1% of children in Western countries.

● PA may induce a broad spectrum of allergic symptoms,
from mild to fatal anaphylactic reactions.

● There is no treatment for PA and avoidance of its consump-
tion remains the main therapeutic option.

● Achievement of peanut tolerance is an active process that
occurs in the intestinal mucosa, specifically in GALT.

● Intestinal dendritic cells (DCs) have a key function in the
immune response to food allergens, directing the response
towards tolerance or allergy.

● There are different factors that affect the tolerogenic phe-
notype of DCs, such as the presence of retinoic acid (RA)
and vitamin D (VD), the intestinal environment, the diversity
of the gut microbiota, and the pro-inflammatory signals of
peanut allergens.

● Due to the pivotal role of DCs in the development of PA,
this cell type is interesting as a therapeutic target for the
development of new therapeutic strategies.
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