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Innate immunostimulatory properties of allergens
and their relevance to food allergy
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Abstract Food allergy is an increasingly prevalent disease of
immune dysregulation directed to a small subset of proteins.
Shared structural and functional features of allergens, such as
glycosylation, lipid-binding and protease activity may provide
insight into the mechanisms involved in the induction of
primary Th2 immune responses. We review the literature of
innate Th2-type immune activation as a context for better
understanding the properties of allergens that contribute to
the induction of Th2-biased immune responses in at least a
subset of individuals. Th2-priming signals have been largely
identified in the context of parasite immunity and wound
healing. Some of the features of parasite antigens and the
innate immune responses to them are now understood to play
a role in allergic inflammation as well. These include both
exogenous and endogenous activators of innate immunity and
subsequent release of key cytokine mediators such as thymic
stromal lymphopoietin (TSLP), interleukin (IL)-25 and 1L-33.
Moreover, numerous innate immune cells including epitheli-
um, dendritic cells, basophils, innate lymphoid cells and others
all interact to shape the adaptive Th2 immune response. Prog-
ress toward understanding Th2-inducing innate immune
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signals more completely may lead to novel strategies for
primary prevention and therapy of respiratory and food
allergies.
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What is food allergy and how do we define a food
allergen?

Food allergy is broadly defined as the subset of adverse
reactions to foods that are immune-mediated. The most
common subset of these immune-mediated reactions, and
what is most typically meant by the use of the term, “food
allergy,” is the IgE-mediated or immediate hypersensitivity
subset of reactions. Even within this IgE-mediated classifi-
cation, however, there is heterogeneity. The most common
form of food allergy in adults and older children, for exam-
ple, is thought to be the result of a primary immune response
to inhalant, not ingested, allergens that subsequently pro-
vokes a secondary immune response to cross-reactive aller-
gens upon ingestion [1]. Therefore, while the simplest
definition of a food allergen is a substance that causes an
allergic reaction when ingested, the definition is vague as it
includes both primary and secondary “causes.”

In practical terms, allergens are usually defined as those that
are recognized by IgE in serum from affected patients. Some
allergens defined in this way may not be very potent at induc-
ing primary allergic immune responses, but if IgE capable of
binding them is present they may trigger cross-linking of IgE
receptors on mast cells and basophils with consequent signs
and symptoms of an allergic reaction. Furthermore, some
molecules, e.g., some glycans, may be inducers of IgE and
are recognized by IgE in binding assays, but may be weak
triggers of allergic responses. Therefore, a molecule with the
capacity to both induce sensitization and elicit reactions has
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been termed a “complete allergen” [2]. Ara h 2 from peanut
appears to meet this definition. Mal d 1 from apple, by contrast,
is an incomplete allergen because it can trigger reactions due to
its cross-reactivity with the dominant aeroallergen from birch
pollen, Bet v 1, but is not an important immunogen. It should
be noted that defining allergens purely on the basis of a
humoral immune response may overlook the potential impor-
tance of molecules that predominantly stimulate T cells or
other immune cells and what role that may have in the patho-
genesis of both IgE- and non-IgE-mediated food allergy.

What is a food allergen is greatly influenced by culture and
circumstance. Proteins that may not be important at all as food
allergens in one culture may be significant in another popula-
tion [3]. Moreover, proteins that are rarely described as food
allergens in patients may be capable of being an allergen under
unusual conditions or in experimental models—particularly
when combined with strong Th2 adjuvants. Even so, recog-
nizing the significant homology across many plant and animal
taxa that are sources of food, some protein families across
species are significantly overrepresented (e.g., prolamins) as
allergens and some species of plant or animal (e.g., peanut,
crustacean) are overrepresented as strongly polarizing allergen
sources in many cultures.

A subset of protein families are overrepresented
among allergens generally and food allergens
in particular

Though it seems not to be the case that simple primary or
secondary protein structural features are constrained among
allergens [2, 4], some protein families do appear to be over-
represented. Among the >400 described food allergens, 71
structural protein families (pfams) are represented from the
total known >13,000 protein families (0.6 %). The top 20 of
those families by abundance of described allergens—0.16 %
of the known pfams—account for 80 % of all described food
allergens [5, 6]. Although we must be cautious in the absence
of readily accessible systematic information on the diversity
and abundance of pfams in the human diet, this suggests that
there are structural and/or functional properties of certain
proteins that play a significant role in determining their aller-
genicity. Furthermore, this apparent constraint on protein fam-
ilies is not limited to food allergens: as of September 2011,
fewer than 300 pfams have been described as allergenic from
any route of exposure [5, 7].

Some of this constraint is likely due to structural features
affecting bioavailability, though it is daunting to try to esti-
mate how much. In the case of food allergens, bioavailability
is likely influenced by stability during food processing and
digestion. The food-pollen syndrome caused by sensitization
to Bet v 1 from birch supports this concept, as it has been
shown that the structural instability of the PR-10 family (to
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which Bet v 1 and homologous proteins in plant foods belong)
correlates with the observations that cooking readily destroys
their allergenicity and that ingestion of even undenatured PR-
10 allergens in raw food is rarely associated with systemic
reactions, presumably because of rapid degradation. However,
digestibility in general seems not to be a consistent predictor
of food allergenicity [8—11]. This poor correlation may be due
to the limitations of in vitro systems used to mimic digestion,
the effects of the food matrix—the macromolecular complex-
ity of a food that includes an allergen and may affect its
digestion, absorption and immune handling—which are lost
when assessing purified proteins, the alteration of protein
structure during protein preparation, the relative abundance
of proteins in whole food, or other reasons. However, regard-
less of the explanation, we know that IgE-mediated activation
of effector cells requires interaction of IgE with multi-valent
ligands to induce cross-linking of the high-affinity IgE receptor
(FceRI) and that can only be provided by a relatively complex
structure—not highly digested peptides, for example. There-
fore, in order for food allergens to provoke immune responses
they must either survive or bypass digestion in sufficient
amounts. Complete allergens must do this during primary
sensitization (i.e., in the absence of specific IgE) as well as
during the IgE-dependent secondary immune responses that
cause the signs/symptoms of clinical allergic disease.

Many food allergens are glycoproteins and protein gly-
cosylation may contribute to protein stability [12], as well as
enhance immunogenicity in other ways. The finding that
glycan-specific antibodies are common from human clinical
contexts as well as in murine models suggests that glycans
enhance immunogenicity [13, 14]. Bencurova et al. [15]
directly demonstrated this by creating neo-conjugates of
carrier proteins with specific glycans, which increased the
allergic immunogenicity of these proteins. Non-mammalian
glycans are antigenic structures that are distinct from endog-
enous glycans, and much like the glycans that underlie ABO
blood group incompatibility, responses to them are not
edited out during immune development. Recognition of
some glycans by C-type lectin receptors (CLRs) appears to
enhance or modulate their immunogenicity (see below).

A very common feature of both food and respiratory aller-
gens, including many prolamins (non-specific lipid transfer
proteins, 2S albumins, prolamin storage proteins and
«-amylase/trypsin inhibitors) as well as lipocalins and some
cupins, is lipid binding [16, 17]. This interaction with lipids
may protect allergens from degradation and enhance their
absorption from the GI tract [18]. The lipocalin milk allergen,
[3-lactoglobulin, has been shown to be more stable when lipid-
bound [19]. Other macromolecular aspects of protein structure
are also known to be relevant in the context of mucosal
immunity. For example, mammalian milk is a complex col-
loidal fluid in which caseins («, {3, k) are largely contained in
large micelles that are in suspension and are predominantly
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presented to the immune system via Peyer’s patches, while
whey proteins (e.g., [3-lactoglobulin and «-lactalbumin) are
highly soluble and rapidly transported across the intestinal
epithelium [20].

The hypothesis that follows from these observations is
that complete food allergens are the subset of ingested
proteins that are intrinsically, or by intimate association with
other molecules, immunogenic in a manner that favors IgE
production and allergic inflammation—in other words, stim-
ulating an allergen-specific Th2-skewed immune response.
While it is clear that food allergens induce Th2 immunity in
affected patients, whether allergens are generally potent
immunogens that are tolerated in healthy individuals
through regulatory mechanisms, versus weakly immuno-
genic molecules that are essentially ignored in the absence
of allergic immune dysregulation is still being defined;
however, evidence of the former view comes from the
prevalence of humoral (IgG) and cell-mediated responses
to several food allergens among healthy individuals [21].

Role of Th2 responses in immunity

Differentiation of naive T cells is induced by antigen-
presenting cells (APCs), most importantly dendritic cells
(DCs). Upon activation, naive CD4" T cells differentiate into
various subsets of T helper cells that can be divided into
categories based on their cytokine secretion and effector func-
tion. Thl cells secrete interferon (IFN)-y, and promote clear-
ance of intracellular pathogens. Th2 cells produce interleukin
(IL)-4, IL-5, and IL-13, and are important in the immune
response against extracellular, multicellular pathogens. Th17
cells secrete IL-17, enhance neutrophil responses and promote
clearance of extracellular bacteria. Regulatory T (Treg) cells
produce IL-10, transforming growth factor (TGF)-f3, or both,
and suppress the other T cell subsets to prevent excess or
damaging immune responses. In addition to their involvement
in immunity against extracellular parasites, Th2 cells play a
key role in sensitization and allergy. IL-4 is important in
driving Th2 cell differentiation and induces production of
allergen-specific IgE by B cells, which binds to FceRI on
mast cells and basophils [22]. These effector cells are crucial
in the immediate clinical symptoms upon re-exposure to
allergen. IL-13 functions as an effector molecule that mediates
eosinophilic inflammation, airway hyperresponsiveness, and
mucus hypersecretion [22]. IL-5 is the major eosinophil-active
cytokine, inducing eosinophil proliferation and differentiation
and acting as a costimulator for eosinophil activation [23].
Th2-type responses are strongly induced by extracellular,
multicellular parasites, such as helminths, and likely evolved
in response to them. Unlike bacteria, protozoa, fungi and
viruses, most helminths do not replicate in the mammalian
host. The infective stages must find an opportunity to establish

infection and then grow to sexual maturity, producing eggs or
live offspring for transmission to the next host. The adult
stages of these parasites can live for decades and withstand
immune-mediated attack. These distinct features, as well as
the multicellular nature of these pathogens, may explain why
helminths induce an immune response that is entirely different
from the Thl- or Thl7-dominated response to unicellular
pathogens. Key factors in the human immune response
against helminths are the Th2 cytokines IL-4, IL-5, and
IL-13, production of IgE, and expansion of eosinophils,
basophils, mast cells and alternatively activated macrophages
(AAMs) [24].

Th2 cells are central players in immune responses to
helminths, as has been shown in murine models, in which
immunity to the helminths Schistosoma mansoni and Nip-
postrongylus brasiliensis was found to be dependent on IL-
4-expressing CD4" T cells [25-27]. In addition, innate im-
mune cells such as basophils and the recently identified
innate lymphoid cells (ILCs) can produce Th2-type cyto-
kines and thereby contribute to the anti-parasite response.
Basophils armed with helminth-specific IgE produce high
levels of IL-4 during helminthiasis, and ILCs, which pro-
vide a first line of defense against helminths, produce IL-5
and IL-13 [28, 29]. These and other data indicate that mul-
tiple cell types contribute crucial cytokines to enhance Th2-
type immunity [30]. The involvement of various cell types is
likely to be driven by the large variety of parasites and their
finely evolved immune evasion strategies. Whereas IL-4 can
be produced by innate immune cells such as basophils, these
cells cannot substitute for IL-4-producing T cells in provid-
ing CD40-mediated co-stimulation of B cells, and induction
of IgE production. In humans, there is a strong positive
association between levels of helminth-specific IgE and
acquired protective immunity to helminth infections, indi-
cating the biological importance of IgE [31-35]. In mice,
however, contradictory data have been reported regarding
the protective effect of IgE. For example, IgE appears to
play an important role in immunity to the helminth 7richi-
nella spiralis [36], but not in immunity to N. brasiliensis
and S. mansoni [37, 38]. Other factors may contribute more
to anti-helminth immunity in mice, such as helminth-specific
IgG and IgA [39], and IgE-independent mast cell responses
[40]. Nevertheless, acquired immunity to ticks appears to be
dependent on IgE in mice, and FceRI-expressing basophils
are critically involved in the protective immune response to
these ectoparasites [41]. Tick bites also induce IgE responses
in humans, and an interesting study showed that this IgE is
specific to tick-derived proteins, as well as to the oligosaccha-
ride galactose--1,3-galactose (alpha-gal). Alpha-gal-specific
IgE is related to delayed anaphylaxis to red meat, which has a
known distribution similar to that of important tick popula-
tions, implicating that tick bites may be relevant triggers of
this type of food allergy [42].

@ Springer



Semin Immunopathol

Recent insights have yielded a better understanding of
how Th2-type immunity, including both innate and adaptive
components, has evolved to protect the host from fatal parasite
infection and the associated tissue damage. A consistent fea-
ture of mammalian infection with macropathogens is that
complete expulsion or killing of all parasites is rarely
achieved, presumably because the costs of achieving steriliz-
ing immunity exceed the benefits [43]. After all, as most
helminths do not replicate in the mammalian host, complete
eradication is in most cases not necessary for host survival.
The costs of sterilizing immunity include not only the energy
resources of the immune response itself but also the damage
associated with attempting to contain large parasites, which
themselves cause extensive tissue disruption while migrating
through the host. Thus, Th2-type immunity may have arisen
from our innate response to tissue injury, with repair responses
isolating and encapsulating macroparasites through the depo-
sition of extracellular matrix proteins while simultaneously
resolving localized damage [24].

In regard to energy management during helminth infection,
recent studies have reported an unexpected role for IL-4 in
regulation of peripheral nutrient metabolism and insulin sen-
sitivity. Activation of the STAT6 signaling pathway by IL-4
improves insulin action, resulting in a decrease in blood
glucose concentration [44]. Glucose homeostasis is main-
tained by AAMs in adipose tissues, and these macrophages
are activated by IL-4, which is mainly produced by eosino-
phils in white adipose tissue. Infection with the helminth N.
brasiliensis increases the number of eosinophils in adipose
tissue and decreases blood glucose levels [45]. In mice and
humans, bacterial infections trigger Toll-like receptor (TLR)
signaling, which interferes with insulin action in liver and
adipose tissue, leading to the release of glucose and fatty acids
to fuel the activated immune system. However, infection with
helminths poses distinct metabolic challenges because these
pathogens chronically parasitize host nutrients for their own
growth. The IL-4-induced decrease in blood glucose levels
during helminth infection may be directed toward inhibiting
the growth of helminths and the loss of nutrients to these
pathogens during chronic infection. Hence, Th2-type immu-
nity appears to have four major components: multicellular
parasite resistance, wound repair, inflammatory control, and
metabolic regulation [24].

An interesting recent paper provided a slightly different
perspective on the origin of Th2-type immunity, implicating
an important role for Th2-type responses in host defense
against noxious environmental substances such as venoms
and irritants, in addition to the functions described above.
The authors suggested that allergic hypersensitivity evolved
to elicit anticipatory responses and to promote avoidance of
suboptimal environments [46]. Whereas these arguments are
thought-provoking, protection against toxins and other envi-
ronmental stressors does not appear to be dependent on IgE,
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and nonatopic subjects are not less protected than atopic
individuals. Therefore, allergy and its detrimental aspects
seem to be the price we pay for the evolution of protection
against multicellular parasites [47].

Sensing of foreign and self antigens by the innate
immune system

The human immune system recognizes all foreign substances,
both pathogenic and benign. The nature of these substances
dictates whether an immune response should be aimed at
eradication, or rather at maintaining tolerance. Our immune
system decides which response is appropriate based on the
presence of pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs). PAMPs
are conserved microbial ligands, whereas DAMPs are endog-
enous ligands derived from cells that are stressed or damaged
by pathogens or other harmful substances. These patterns are
recognized by the innate immune system, which has evolved
to sense conserved molecular features and take appropriate
action, by activation of innate immune cells such as phago-
cytes and by inducing adaptive immune responses. Innate
immune cells include DCs, monocytes, macrophages, neutro-
phils, eosinophils, basophils, mast cells, and ILCs, as well as
nonprofessional immune cells such as epithelial cells, endo-
thelial cells and fibroblasts. PAMPs and DAMPs are recog-
nized by germline-encoded pattern recognition receptors
(PRRs), which are expressed by these cell types, although
innate immune cells show a wide variety in expression of
the various types of PRRs.

PRRs are expressed as surface receptors in the cell mem-
brane, as well as in various intracellular components, and as
secreted proteins. The best-characterized families of cellular
PRRs are TLRs, CLRs, retinoic acid-inducible gene (RIG)-
I-like receptors (RLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), scavenger receptors
(SRs), and protease-activated receptors (PARs) [48-50].
Some of these are transmembrane cell surface receptors
(TLR1, 2, 4, 5, 6, and all CLRs, SRs, and PARs), whereas
other PRRs are localized in the endolysosome (TLR3, 7, 8,
9, 10) or in the cytoplasm (all RLRs and NLRs). Secreted
PRRs include the complement proteins, collectins, mucins,
pentraxins, ficolins, and resolvins [51].

Foreign proteins vary widely in their capacity to induce an
immune response, and in the type of response that is initiated.
An important factor determining the immunogenicity of a
protein is the presence of an adjuvant. Immune adjuvants are
substances and formulations that have the capacity to increase
the immune response to an antigen. Common adjuvants in-
clude microbial products or particulate compounds such as
mineral salts, oil-in-water emulsions and microparticles. The
best-defined adjuvants interact with the innate immune system
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through PRRs, resulting in activation of innate immune cells
and initiation of adaptive immune responses [52, 53]. PRRs
recognize a wide range of products derived from bacteria,
viruses, fungi, protozoa, and parasites. Well-studied examples
of these products include lipopolysaccharide (LPS) from
Gram-negative bacteria, which binds to TLR4, bacterial and
viral unmethylated cytosine—guanine-rich nucleotide sequen-
ces (CpG DNA), which activates TLR9, and {3-glucan from
fungi, which binds to the CLRs Dectin-1 and Dectin-2. In
addition, particulate adjuvants such as alum target the NLRP3
inflammasome, which is formed by the PRR NLRP3 along
with ASC and Caspase-1, and is involved in sensing of
crystallized endogenous molecules [54]. The activity of adju-
vants, which are predominantly non-antigenic molecules, can
thus enhance the immune response to proteins that are asso-
ciated with them.

A large body of research has shown that activation of PRRs
generally results in the production of proinflammatory cyto-
kines such as tumor necrosis factor (TNF), IL-1, IL-6, IL-12,
and type I IFNs, giving rise to the induction of Th1, Th17, and
cytotoxic T cell differentiation and activation [53, 55]. In
contrast, relatively little is known of the mechanisms govern-
ing Th2 responses. Recently, this area has received consider-
able attention, and accumulating evidence indicates that PRRs
are also involved in orchestrating Th2-type immunity and
allergic inflammation. More knowledge of the innate immune
cells and receptors involved in sensing Th2-skewing patho-
gens and associated adjuvants may provide us with valuable
clues as to how Th2 responses to allergens are initiated.

Parasites and adjuvants inducing Th2-type responses
through innate immune activation

Differentiation of naive T cells into the various types of
regulatory and effector T cells is induced by professional
APCs, which include DCs, macrophages, and B cells. APCs
present antigen-derived peptides to T cells via major histo-
compatibility complex (MHC) I and MHC II molecules,
which are bound by the T cell receptor. A defining feature of
professional APCs is the expression of costimulatory mole-
cules, which are essential for activation of naive T cells. DCs
express the highest levels of MHC and costimulatory mole-
cules, and have a very large contact surface to their surround-
ings compared with overall cell volume. These features
facilitate their function as the most important APCs [56, 57].
Consistent with these observations, the adaptive Th2 response
to parasites is dependent on and driven by DCs [58, 59].
Soluble egg antigens (SEA) from S. mansoni have long been
known to induce strong Th2 responses, and have therefore
been studied to unravel mechanisms of Th2 immunity. Gly-
cans in SEA were observed to bind to DCs via the CLRs DC-
specific intercellular adhesion molecule-3-grabbing non-

integrin (DC-SIGN), macrophage galactose-type lectin
(MGL), mannose receptor (MR), and Dectin-2, resulting in
internalization of the antigens and DC-induced Th2 differen-
tiation [14, 60, 61]. In addition, the SEA-derived glycoprotein
and ribonuclease omega-1 was shown to activate DCs to
induce Th2-skewing, which was dependent on its enzymatic
activity [62, 63] (Fig. 1a).

Tick bites induce IgE responses in mice and humans, and
components in tick saliva have been observed to possess
Th2-skewing properties. Exposure of DCs to tick saliva
results in impaired expression of MHC I, MHC II, and
costimulatory molecules, as well as enhanced capacity to
promote Th2 differentiation [64]. Tick saliva was shown by a
different group to inhibit production of TNF and the pivotal
Thl-differentiating cytokine IL-12 by DCs, enhance secre-
tion of IL-10, and decrease expression of the costimulatory
molecules CD40 and CD86. Two components in tick saliva,
adenosine and prostaglandin E2 (PGE2), were found to
induce these effects in DCs by enhancing cyclic adenosine
monophosphate (cAMP) and activation of the enzyme pro-
tein kinase A [65]. Whereas these responses were suggested
by the authors to be immunomodulatory, other studies have
shown that similar effects can contribute to enhanced Th2
differentiation as well (see below).

In addition to DCs, other innate immune cells have been
observed to be activated by helminth-derived products and
contribute to Th2-type immune responses. An interesting
recent study reported that infection with the hookworm N.
brasiliensis induces production of trefoil factor 2 (TFF2) in
the lung and intestine. TFF2 is a secreted protein that is
mainly produced by epithelial cells and released within the
mucus gel layer upon infection-induced injury. It controls
the extent of lung injury caused by N. brasiliensis infection,
and induces production of the Th2-promoting cytokine IL-33
via the putative TFF2 receptor CXCR4 in lung epithelial cells,
alveolar macrophages, and inflammatory DCs. Moreover,
TFF2-treated macrophages induced Th2 differentiation in an
IL-33-dependent manner. Production of IL-33 was found to be
necessary for host immunity against N. brasiliensis. Also in this
study, increased expression of TFF2 was observed in the nasal
mucosa of children with acute asthma, suggesting that TFF2
and IL-33 play an important role in allergic asthma as well [66].

Thymic stromal lymphopoietin (TSLP) and IL-25 are two
other cytokines that are produced by innate immune cells and
have been shown to promote Th2 responses [67]. It was
observed that infection with N. brasiliensis upregulates ex-
pression of IL-25 mainly in intestinal epithelial cells, and that
immunity against N. brasiliensis is dependent on 1L-25 [68].
TSLP is also predominantly produced by epithelial cells, and
the expression of TSLP as well as IL-33 is induced by the
murine helminth 7 muris. Exogenous IL-33 also induces
TSLP expression [69]. Moreover, TSLP signaling is critical
for Th2 responses and immunity to 7. muris, and TSLP
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«Fig. 1 a Pathways of innate immune activation associated with hel-
minth infection. Epithelial cells of the respiratory and gastrointestinal
tract have been shown to produce several factors in response to hel-
minth infection, including trefoil factor 2 (TFF2), TSLP, IL-25, and IL-
33, all of which have been implicated in Th2 inflammation. In the
airways, TFF2 signals via the putative receptor CXCR4 on respiratory
epithelium, alveolar macrophages, and DC subsets. TSLP affects mul-
tiple cells, including basophils, DCs and lymphocytes to promote Th2
responses; on DCs, TSLP induces the expression of OX40L which can
subsequently lead to Th2 differentiation of naive T cells. [L-25 and IL-
33 have important effects as well on a number of cells, but have
particularly been shown to be involved in the activation of innate
lymphoid cells (ILCs) to produce IL-5 and IL-13. A number of mol-
ecules derived from eggs of the parasite S. mansoni have been shown
to directly stimulate innate immune cells, resulting in Th2-type
responses. This includes the glycoprotein IPSE/alpha-1, which acti-
vates basophils via a non-polymorphic domain of IgE, other glycans
that contribute to alternative activation of DCs via C-type lectin recep-
tors (CLRs), and the ribonuclease omega-1 which activates DCs
through an undefined receptor, resulting in Th2-skewing. A key event
in promoting Th2 differentiation appears to be inhibition of IL-12
production by DCs, which is mediated by TSLP, certain helminth-
derived products, as well as by CT and components in tick saliva,
which act through induction of cAMP. b Pathways of innate immune
activation associated with allergen exposure. Several of the same
signaling pathways observed to promote Th2 immunity in the context
of helminth infection are implicated in allergy. TSLP, IL-25 and IL-33
are induced by exposure to a variety of acorallergens including those of
house dust mite (HDM) and cockroach. Glycoallergens from HDM and
peanut are recognized by CLRs expressed on DCs to induce alternative
activation and promote Th2-skewing of CD4" T cells. The proteolytic
activity of Der p 1, papain and other allergens appears to be an
important Th2-inducing signal, as Der p 1 cleaves CD40 and CD25,
and protease allergens signal through protease-activated receptor 2
(PAR2) and other as yet unknown targets on epithelium and other
innate immune cells. HDM, Der p 2 and ragweed allergen signal
through TLR4 on epithelium, and several allergens inhibit production
of IL-12 via induction of TSLP, cAMP, or other pathways, resulting in
enhanced Th2 differentiation

inhibits production of IL-12 by DCs, which elucidates a
mechanism behind the Th2-promoting effect of TSLP [70].
Another effect of TSLP that contributes to induction of Th2
differentiation, as well as maintenance of Th2 memory cells, is
upregulation of the costimulatory molecule OX40 ligand
(OX40L) on DCs, which binds to OX40 on naive T cells [71,
72]. Products from various helminths have been shown to
induce expression of OX40L on DCs, and OX40L is necessary
for induction of Th2-type immunity and worm expulsion
[73-75]. Whereas TSLP is an important player in the devel-
opment of immune responses to some helminths, it has been
observed to be redundant for immunity to the helminths N.
brasiliensis and H. polygyrus [76]. In this study, it was shown
that excretory/secretory products derived from these helminths
were capable of directly suppressing DC production of IL-12,
thus bypassing the need for TSLP. This effect was independent
of signaling via TLR4, IL-10, or MyD88, which is a universal
adapter protein and a component of the signaling pathways of
all TLRs except TLR3. Together, these data indicate that the
innate Th2-promoting cytokines IL-25, IL-33, and TSLP are

involved in induction of Th2-type immunity against helminths
(Fig. 1a). Nevertheless, the receptors on epithelial cells in-
volved in sensing the helminth-derived products that trigger
production of these cytokines are not yet known.

Basophils have been implicated as important inducers of
Th2 responses to helminths and occupational allergens by
serving as an early source of IL-4 and, at the same time,
acting as APCs [77, 78]. More recent studies using superior
technical approaches have modified these views and have
demonstrated that DCs are the dominant APCs in induction
of Th2 immunity to helminths and allergens [58, 79, 80].
However, basophils are the major producers of IL-4 during
primary infection with N. brasiliensis, and are important
effector cells in the protective response upon secondary
infection with this helminth [81, 82]. In addition, the SEA-
derived glycoprotein IPSE/alpha-1 induces production of
IL-4 by basophils through crosslinking of FceRI in an
IgE-dependent manner, although the IgE does not have to
be specific for IPSE/alpha-1 or cross-reactive with this
protein. The IgE-dependent, antigen-nonspecific activation
of basophils constitutes an innate mechanism for S. mansoni
eggs to induce IL-4 production even before the generation
of S. mansoni-specific IgE, and is likely to amplify Th2
priming by DCs [83]. Chitin, a biopolymer present in
helminths as well as in fungi, crustaceans and insects, indu-
ces the accumulation in tissue of IL-4-expressing innate
immune cells, including eosinophils and basophils, in a
MyD88-independent manner. Recruitment of eosinophils
and basophils is dependent on leukotriene B4, which is
produced by chitin-induced AAMs, indicating that macro-
phages are involved in sensing of chitin [84]. In addition,
AAMs induced by Th2 cell-derived IL-4 were shown in a
different study to function as important effector cells in
protective Th2-type immunity and parasite elimination
[85]. During helminth infection, basophils may be activated
by IL-3, IL-18, IL-33, or TSLP, as well as directly by
helminth-derived products such as proteases and glycopro-
teins, although receptors involved in sensing these products
have not yet been found [86, 87]. Recently, multiple types of
ILCs have been identified, which are activated by IL-25 and
IL-33, and produce IL-5 and IL-13. ILCs are important in the
early response to helminth infection and the induction of Th2-
type immunity [29] (Fig. 1a). It is currently unknown whether
these cells are also directly activated by helminths.

Th2 responses can be induced by parasites, as well as by
certain commonly used adjuvants. Aluminum-containing
adjuvants, hereafter referred to as alum, have been used in
vaccines for over 80 years, and continue to be the most widely
used clinical adjuvants. Alum boosts humoral immunity by
enhancing APC activity, resulting in increased T cell help to
follicular B cells. Injection with alum promotes the local
release of uric acid, which activates recruited monocytes via
the NLRP3 inflammasome. These monocytes mature into
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inflammatory DCs, which induce a Th2-biased response
[88-90]. Moreover, the particulate nature of alum causes it
to stimulate production of the Th2-promoting PGE2 in macro-
phages [91]. A third mechanism by which alum induces Th2
responses is by causing cell death and the subsequent release
of host cell DNA, which acts as a potent endogenous immu-
nostimulatory signal [92]. Damage to host cells and tissues
appears to be a potent inducer of Th2 responses, as another
study has shown that mechanical injury upregulates TSLP
levels in the skin, which polarizes skin DCs to elicit Th2-
skewing [93]. The mucosal adjuvant cholera toxin (CT) is
widely used in murine models for food allergy. Feeding anti-
gens to mice without adjuvant normally gives rise to oral
tolerance, but a combination of antigens and CT administered
via the oral route results in antigen-specific Th2 responses and
allergic sensitization [94]. CT is composed of an A subunit
with ADP-ribosyl transferase activity and a pentameric B
subunit that mediates toxin binding to the cell membrane
through a high-affinity receptor, the ganglioside GM-1. Once
CT is internalized by the cells, the A subunit ADP-ribosylates
the o subunit of Gs protein, a GTP-binding protein which
regulates the activity of adenylate cyclase, and causes an
increase in intracellular cAMP [95]. CT activates monocytes
and DCs, upregulates expression of MHC and costimulatory
molecules such as OX40L, and induces differentiation of
monocytes into non-classical DCs which express high CD14
and low CD1a. Moreover, CT enhances production of IL-1f3,
IL-6, and IL-10, but inhibits release of TNF and IL-12 [73,
96-98].

Allergens inducing Th2-type responses through innate
immune activation

Allergens derive from a variety of environmental sources,
such as plants, fungi, arthropods, and mammals. Although
allergens represent a minute fraction of the proteins that
humans are routinely exposed to, allergenicity is a very public
phenomenon, with the identical proteins functioning as aller-
gens in a wide variety of allergic patients. These observations
suggest that allergens share uncommon structural or function-
al characteristics that play a significant role in determining
their allergenicity. As allergens are derived from complex
living organisms, they serve a broad range of functions in
their respective hosts, from structural to enzymatic. For in-
stance, the common house dust mite (HDM) allergens include
several enzymes such as cysteine proteases (Der p 1, Der p 3),
serine proteases (Der p 3, Der p 6, Der p 9), and chitinases
(Der p 15, Der p 18), as well as lipid-binding molecules (Der p
2), and structural molecules such as tropomyosin (Der p 10). It
should be kept in mind that natural exposure is not to single,
purified proteins, but to complex mixtures of molecules, in
which a given protein or non-protein-component may act as a
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Th2-skewing adjuvant and induce an IgE response to itself, or
rather facilitate sensitization to a (different) protein present in
the same mixture. All these factors appear to be important in
sensing of allergens by the innate immune system, and the
resulting Th2-type response [99, 100]. We will first discuss
the innate immune response to respiratory and occupational
allergens, and follow with food allergens.

Respiratory and occupational allergens

Clinically important respiratory allergens include those
derived from HDM, cockroach, grass and tree pollen, and
fungi such as Alternaria and Aspergillus. Of these allergens,
HDM extract and purified HDM allergens have been studied
most extensively. Glycans in HDM extract were shown to
induce Th2 differentiation in mice via binding to the CLR
Dectin-2 on DCs and subsequent induction of cysteinyl
leukotriene production [101]. The MR, another CLR, binds
to and mediates internalization of a variety of allergens, such
as Der p 1 and Der p 2, as well as the cockroach allergen Bla
g 2 and the peanut allergen Ara h 1. Moreover, MR medi-
ated Der p l-induced Th2-skewing by DCs derived from
HDM-sensitized donors through downregulation of indole-
amine 2,3-dioxygenase (IDO) activity [102]. Interestingly, a
different group reported that Der p 1 suppressed functional
IDO in DCs from HDM-sensitized patients with asthma but
enhanced IDO activity in DCs from nonatopic patients with
asthma. In this study, modulation of IDO activity was
dependent on the protease activity of Der p 1. Suppression
of IDO in Der p 1-pulsed DCs from HDM-sensitized patients
was maintained by the reciprocally induced IL-4 from cocul-
tured autologous Der p 1-specific T cells. Conversely, the
upregulation of IDO activity in DCs from nonatopic subjects
was maintained by IFN-y released from autologous Der p 1-
specific T cells [103]. HDM extract, Der p 1 and Der p 2 have
also been shown to bind to the CLR DC-SIGN, which facil-
itates their uptake by DCs [104-106]. HDM extract down-
regulates cell surface DC-SIGN due to endocytosis of the
HDM extract-DC-SIGN complex, and inhibits differentiation
of monocytes into CD14 CD1a" DCs [105]. Lastly, airway
epithelial cells stimulated with HDM extract showed
enhanced secretion of CCL20, a chemokine attractant for
immature DCs. This effect was not dependent on protease
activity or TLR2/TLR4 signaling, but relied on 3-glucan
moieties within the HDM extract. Upregulation of CCL20
was not mediated by the CLR Dectin-1, a known receptor
for (3-glucans, but was dependent on activation of spleen
tyrosine kinase (Syk), indicating that 3-glucans in HDM are
recognized by and signal through an immunoreceptor tyrosine-
based activation motif (ITAM) pathway [107]. In sum, these
data indicate that HDM glycoproteins and polysaccharides are
detected by multiple CLRs, resulting in enhanced allergen
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uptake by DCs, downregulation of IDO activity in DCs from
HDM-sensitized subjects, inhibition of DC maturation, recruit-
ment of immature DCs, and Th2-skewing (Fig. 1b).

In addition to CLRs, TLRs have been shown to be involved
in sensing respiratory allergens and induction of Th2-type
responses. Intriguingly, Der p 2 was observed to have structur-
al and functional homology with MD-2, the LPS-binding
component of the TLR4 signaling complex. Because of this
homology, Der p 2 in the presence of a very low concentration
of LPS signals directly through TLR4, which plays an essential
role in the induction of sensitization to Der p 2 and experimen-
tal allergic asthma [17]. HDM extract, which is naturally
contaminated with LPS, was shown in another important study
to activate lung epithelial cells through TLR4 and induce these
cells to produce the innate proallergic cytokines TSLP, granu-
locyte—macrophage colony-stimulating factor (GM-CSF), IL-
25, and IL-33. In contrast, activation with LPS alone induced
only GM-CSF and IL-33. Stimulation of lung epithelial cells
with HDM extract resulted in the recruitment and activation of
DCs, which initiated the HDM-specific Th2 response. Inter-
estingly, TLR4 expression on lung epithelial cells, but not on
DCs, was shown to be necessary and sufficient for DC activa-
tion and Th2 priming [108]. Recently, it was reported that
bronchial epithelial cells produce IL-1«, but not IL-1{3, upon
stimulation with HDM extract. This effect is dependent on
TLR4 signaling. IL-1x acts in an autocrine manner to trigger
the release of GM-CSF and IL-33 by epithelial cells, and all
three cytokines are crucial for the development of allergic
sensitization to HDM. These findings put IL-1o upstream in
the cytokine cascade leading to epithelial and DC activation in
response to inhaled HDM allergen [109]. A different allergen,
short ragweed pollen, has also been reported to stimulate
epithelial cells through TLR4. Activation of epithelium by
short ragweed pollen extract induced production of TSLP,
which was dependent on TLR4 and resulted in OX40L/
0X40 signaling and Th2 responses in the ocular mucosa and
draining cervical lymph nodes [110]. Another study indicated
that the structure of the HDM allergen Der p 7 has distant
homology to a family of proteins involved in recognition of
bacterial lipid products by the human innate immune system.
These structural features may also facilitate TLR signaling
[111].

Several respiratory allergens have cysteine or serine prote-
ase activity, and this enzymatic activity has been shown in
numerous studies to influence innate immune responses and
enhance allergenicity of these proteins [99]. For example, Der
p 1 cleaves the co-stimulatory molecule CD40 on human
monocyte-derived DCs (MoDCs), rendering the DCs less
responsive to stimulation by CD40 ligand (CD40L)-express-
ing T cells. This leads to downregulated production of IL-12
by DCs, and an increase in Th2 differentiation of cocultured
naive T cells [112]. Moreover, Der p 1 has been reported to act
directly on T cells, by cleaving the «-chain of the IL-2 receptor

(CD25). As aresult, T cells exposed to Der p 1 show markedly
reduced Thl cytokine production and enhanced Th2 cytokine
release [113]. Cleavage of CD25 might also alter regulatory
function, as IL-2 stimulation is required for the maintenance of
regulatory T cells in the periphery. The overall effect may be to
shift the balance of immune responses from a tolerogenic to a
Th2-dominated response.

Some allergenic proteases appear to exert Th2-skewing
effects through stimulation of the protease-activated receptor
2 (PAR2). This receptor is expressed by numerous cell types,
including airway epithelial cells, fibroblasts, DCs, macro-
phages, and mast cells. Intranasal administration of cockroach
extract has been observed to activate PAR2 in the airways,
which is necessary for the induction of allergic airway inflam-
mation. PAR2 activation by cockroach extract is dependent on
protease activity and acts as an adjuvant for allergic sensitiza-
tion even in the absence of functional TLR4 [114]. A different
study showed that adoptive transfer of cockroach allergen-
stimulated DCs from wild-type but not from PAR2-deficient
mice could induce Th2-type responses and allergic airway
inflammation in wild-type recipients [115]. Protease allergens
from the fungi Alternaria and Aspergillus also directly stim-
ulate DCs to induce Th2-skewing, which may be due to
relatively low IL-12 production and increased OX40L expres-
sion by these DCs [116, 117]. Moreover, airway epithelial
cells were reported to increase the expression of TSLP
through the activation of PAR2 when stimulated with Alter-
naria or the occupational allergen papain [118]. As TSLP
activates DCs to polarize naive T cells to a Th2 phenotype,
these results suggest that PAR2 activation serves as a link
between innate and adaptive immune responses. Interestingly,
a recent study showed that both murine and human naive
CD4" T cells also express PAR2 on the cell surface. Direct
activation of T cells through PAR2 by papain induced produc-
tion of IL-4 and the chemokines CCL17 and CCL22, which
are chemoattractants for basophils and Th2 cells [119]
(Fig. 1b). The role of PAR2 in sensing allergens appears to
be clinically relevant, as expression of PAR2 is increased in
bronchial epithelium of patients with asthma [120]. A single
polymorphism of PAR2 is positively associated with PAR2
expression, as well as with atopy, serum IgE levels, and total
eosinophil counts [121]. Furthermore, expression of PAR2 is
increased in submucosal glands of patients with allergic
rhinitis or chronic rhinosinusitis, and activation of PAR2 by
HDM extract induces glandular secretion of airway surface
fluid in these patients, but not in healthy controls [122].

The enzyme papain, also known as papaya proteinase 1,
is used in the food industry to break down tough meat fibers,
and is an important occupational allergen. Papain has re-
cently been extensively studied in murine models, and was
observed to trigger production of TSLP and IL-33 by lung
stromal cells, which activated ILCs in the lung to produce
IL-5 and IL-13. Wild-type mice and Ragl knockout mice,
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which produce no mature T cells or B cells, showed similar
levels of IL-5 and IL-13 after papain treatment. Thus, ILCs
appear to be an important T cell-independent early source of
IL-5 and IL-13 in protease allergen-induced lung inflamma-
tion [123]. Moreover, ILCs may be relevant in HDM-induced
allergic asthma, because the number of IL-5" and IL-13" ILCs
in the lungs after HDM challenge was shown to be in the same
range as found for Th2 cells [124]. In humans, ILCs are
present in the lung and gut and are enriched in nasal polyps
of patients with chronic rhinosinusitis, suggesting that ILCs
also play a role in human allergic inflammation [125]. In
addition to stimulating non-hematopoietic cells, papain has
been reported to directly activate basophils to produce 1L-4,
TSLP, and other Th2-associated cytokines and chemokines.
Basophils were found to be essential for Th2 responses in-
duced by papain, and appeared to function as APCs in the
induction of these responses [78, 126]. However, a more
recent study provided a different picture, by showing that
immunization with papain results in production of reactive
oxygen species in DCs and epithelial cells, which trigger
production of TSLP by epithelial cells and suppress release
of IL-12 by DCs. Basophils are recruited to the lymph node
upon immunization with papain, and cooperate with DCs in
induction of Th2 responses, with DCs presenting antigen and
basophils providing IL-4 [127] (Fig. 1b). These findings were
corroborated by a study showing that induction of Th2
responses to HDM allergen is dependent on inflammatory
DCs, although exposure to inhaled HDM extract leads to
recruitment of IL-4-competent basophils, and depletion of
basophils partially reduces Th2 immunity [80]. Furthermore,
recent studies have reported that human basophils do not act
as APCs in the induction of T cell responses to the major birch
pollen allergen, Bet v 1 [128, 129].

Birch pollen grains contain well-characterized protein
allergens, as well as bioactive lipids such as phytoprostanes.
It has been observed that pollen-derived El-phytoprostanes
inhibit IL-12 production by DCs, and that these lipids re-
semble endogenous PGE2 both structurally and functionally,
as they modulate human DC function in a fashion that favors
Th2 cell polarization [130]. The inhibitory effect of E1-
phytoprostanes on IL-12 production by DCs was shown to
be dependent on signaling via peroxisome proliferator-
activated receptor-y (PPAR-y), leading to inhibition of NF-
kB activation [131]. Another pollen-derived component,
adenosine, was found to inhibit IL-12 release by DCs through
induction of cAMP [132]. Interestingly, this effect mimics the
responses to tick saliva and the Th2-skewing adjuvant CT,
which also downregulate IL-12 production in DCs by increas-
ing cAMP [65, 133] (Fig. 1).

NLRs are present in the cytoplasm and are involved in
sensing microbe-derived products as well as endogenous
danger signals [134]. Immunization with antigen plus ago-
nists of Nod1 or Nod2 was reported to result in priming of
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Th2 responses. This effect was dependent on expression of
Nodl and Nod2 within the stromal compartment, TSLP
production by stromal cells, and upregulation of the costi-
mulatory molecule OX40L on DCs. Nod activation in DCs
did not initiate Th2 immunity but was required for antigen
presentation and optimal antigen-specific Th2 responses
[135]. So far, direct activation of NLRs by allergens has
not yet been reported. Lastly, inhalation of HDM allergen
has been shown to trigger the release of uric acid in the
airways of asthmatic patients and mice, where it is necessary
for mounting Th2 immunity. Uric acid crystals are known to
induce acute neutrophilic inflammation through stimulation
of the NLRP3 inflammasome and release of IL-1[3. Never-
theless, the Th2-skewing effect of uric acid was not depen-
dent on activation of the NLRP3 inflammasome. Rather,
uric acid induced Th2 cell immunity by triggering DC
activation in a Syk- and PI3-kinase 0-dependent manner
[136].

Food allergens

The most allergenic foods are cow’s milk, hen’s egg, peanut,
tree nuts, fish, shellfish, wheat, and soy, and these are the
cause of the large majority of food allergy cases in the
United States [21]. Relative to the wealth of information
on innate immunostimulatory properties of respiratory aller-
gens, our understanding of innate sensing of food proteins is
still fairly limited, although direct activation of innate im-
mune cells by food allergens has been reported. Our labo-
ratory observed that the glycoprotein Ara h 1, one of the
major peanut allergens, stimulates human MoDCs to induce
Th2 differentiation in naive T cells. Ara h 1 was further
shown to bind to the CLR DC-SIGN, and induce phosphor-
ylation of extracellular signal-regulated kinase (Erk) 1/2 in
DCs. Deglycosylated Ara h 1 did not have a Th2-skewing
effect, confirming that allergen-bound carbohydrate struc-
tures can act as a Th2-promoting adjuvant [137] (Fig. 1b). In
agreement with these findings, other studies have reported
that glycation of proteins enhances their uptake by DCs and
T cell immunogenicity, as well as their ability to induce Th2
differentiation [138—-140]. Incubation of DCs with antigen-
coupled Lewis-x trisaccharides suppressed production of IL-
12, which is probably important in the mechanism of Th2-
skewing induced by these glycans [140].

Whereas Ara h 1 has intrinsic adjuvant activity, whole
peanut extract possesses much higher immune-stimulating
capacity than the purified allergens Arah 1, Ara h 2, and Ara
h 6. Whole peanut extract injected into the footpad of mice
without exogenous adjuvant was shown to induce an increase
in cell number, cytokine production, and activation of APCs in
the popliteal lymph node. Furthermore, the presence of asso-
ciated components in peanut extract enhanced the immune
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response to the individual allergens. In contrast, injection with
the purified peanut allergens did not have these effects, indi-
cating that other molecules in peanut extract act as adjuvants to
promote immune responses to the individual peanut allergens
[141]. In this light, we recently observed that a previously
undescribed nonglycosylated peanut protein upregulates ex-
pression of the rate-limiting retinoic acid-producing enzyme
retinaldehyde dehydrogenase 2 (RALDH2) in human myeloid
DCs. Retinoic acid produced by these DCs acts on naive T
cells to induce expression of the gut-homing o437 integrin
and production of IL-5 [142]. The RALDH2-inducing peanut
protein is not a major allergen, and appears to be a member of
the plant glycine-rich protein superfamily [143]. Another as yet
unidentified component in peanut extract, probably of low
molecular weight (<5 kDa), has been shown to activate com-
plement in vitro in mice and humans, and the complement
component 3a (C3a) mediates peanut extract-induced anaphy-
lactic shock in susceptible mice. Platelet-activating factor, as
well as macrophages and basophils, play an important role in
peanut extract-induced shock. Whereas complement activation
by itself is not sufficient to induce shock in normal mice and
humans, peanut extract-induced C3a production may act syn-
ergistically with IgE/FceRI-dependent mast cell degranulation
to exacerbate anaphylaxis. Extracts from cashew nuts, walnuts,
and almonds also activated complement and induced shock,
whereas this effect was not observed with cow’s milk and hen’s
egg white. In contrast to peanuts and tree nuts, which are
associated with severe anaphylaxis, milk and egg white typi-
cally cause relatively mild allergic reactions. The association
between complement activation and induction of severe aller-
gic symptoms may reflect complement exacerbation of the
effector phase of anaphylaxis [144].

Innate Th2-type immune responses can also be induced by
components in cow’s milk. Invariant natural killer T (iNKT)
cells recognize lipid antigens presented via the nonpolymorphic
CD1d molecule on DCs and other APCs, and exhibit character-
istics that place them at the border between innate and adaptive
immunity. An interesting recent study reported that sphingoli-
pid isolated from cow’s milk induces iNKT cell proliferation
and secretion of IL-4, IL-5, and IL-13, whereas stimulation with
the well-described iNKT cell agonist o-galactosylceramide
results mainly in production of IFN-y. iNKT cells from children
with cow’s milk allergy produced more IL-4 and IL-13 in
response to cow’s milk sphingolipid than those from nonaller-
gic children [145]. Thus, cow’s milk sphingolipid-specific
iNKT cells could give rise to a proallergic microenvironment
which facilitates the induction of cow’s milk protein-specific
Th2 cells and sensitization to cow’s milk (Fig. 1b).

Whereas some food allergens have been shown to induce
innate immune responses that may add to their allergenicity,
other food components rather have an innate immunosup-
pressive effect. Isoflavones are anti-inflammatory molecules
that occur naturally in soybean. In a murine model for

peanut allergy, oral exposure to these isoflavones reduced
allergic symptoms upon challenge with peanut. Moreover,
isoflavones inhibited CT-induced DC maturation in the
mesenteric lymph nodes and in human MoDCs, and decreased
production of Th2 cytokines in cocultures of CT-primed DCs
and CD4" naive T cells. The immunosuppressive capacity of
isoflavones might account for the fact that soy is less aller-
genic than peanut, whereas proteins from both species share
extensive amino acid sequence homology [146].

In murine models for food allergy, a combination of antigen
with a Th2-skewing adjuvant, such as CT or staphylococcal
enterotoxin B (SEB), is generally used to establish food allergy
through the oral route of exposure. These adjuvants have
profound effects on innate immune cells in the gastrointestinal
tract, most importantly on DCs. DCs play a crucial role in the
development of food protein-specific Th2 responses and aller-
gy to food [147—-149]. Oral administration of CT induces
maturation and expression of OX40L in mesenteric lymph
node DCs. Binding of OX40L to OX40 on naive T cells is
necessary for CT-induced Th2 differentiation [98]. In addition,
both CT and SEB have been shown to increase expression of T
cell immunoglobulin and mucin domain-containing protein
(TIM)4 on DCs, and induction of Th2 responses to coadminis-
tered antigens is dependent on ligation of TIM4 with TIM1 on
naive T cells [150, 151]. Although it is currently unknown
whether certain food allergens can independently induce ex-
pression of OX40L and/or TIM4, these observations indicate
that induction of these surface molecules on DCs may be
important in the development of food allergy.

Conclusion

Th2 immunity is thought to have evolved primarily in
response to chronic parasitism by multicellular organisms
and perhaps because of this it is both complexly regulated
and integrated with other homeostatic processes such as
wound repair and metabolism. Understanding the multifar-
ious pathways that innate immune cells use to integrate
external and intrinsic signals to shape adaptive immunity,
as well as the intrinsically allergenic features of allergens or
intimately associated molecules that are recognized by those
cells, will likely provide new insights into primary preven-
tion and treatment of food allergy.
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