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Allergic diseases affect millions worldwide, with growing
evidence of an increase in allergy occurrence over the past few
decades. Current treatments for allergy include corticosteroids to
reduce inflammation and allergen immunotherapy; however,
some subjects experience treatment-resistant inflammation or
adverse reactions to these treatments, and there are currently no
approved therapeutics for the treatment of food allergy. There is a
dire need for new therapeutic approaches for patients with poorly
controlled atopic diseases and a need to improve the safety and
effectiveness of allergen immunotherapy. Improved
understanding of allergy through animal models and clinical
trials has unveiled potential targets for new therapies, leading to
the development of several biologics to treat allergic diseases. This
review focuses on the mechanisms that contribute to allergy, with
an emphasis on future targets for biologics for the treatment of
food allergy. These biologics include immunotherapy with novel
anti-IgE antibodies and analogs, small-molecule inhibitors of cell
signaling, anti–type 2 cytokine mAbs, and TH1-promoting
adjuvants. (J Allergy Clin Immunol 2015;135:312-23.)
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Discuss this article on the JACI Journal Club blog: www.jaci-
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Hundreds of millions of persons worldwide are affected by
atopic diseases, including atopic dermatitis, allergic rhinitis, food
allergy, and allergic asthma, and the frequency has continued to
increase over the past several decades.1,2 A clear progression from
early-life atopic dermatitis to later allergic rhinitis, food allergy,
and asthma has been commonly observed and is now termed
the atopic march.2 Atopy links these diseases, manifesting as
excessive production of IgE antibodies and hypersensitivity to
environmental and food triggers.
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Current standard therapies for atopic diseases involve treat-
ment with corticosteroids to reduce inflammation, antihistamines
and leukotriene inhibitors, allergen immunotherapy (AIT),
and allergen avoidance.3-6 Although these therapies control
symptoms for the majority of patients, some patients experience
treatment-resistant inflammation or adverse reactions. Thus there
is a pressing need for new therapeutic approaches to treat patients
with poorly controlled atopic diseases.

Current research is focused on identifying new targets for the
development of biologics, or biopharmaceuticals derived from
natural sources such as human subjects, animals, or microorgan-
isms, to treat atopic diseases.7Most current biologic treatments are
mAbs directed against IgE and cytokines, such as IL-4 and IL-5
produced by TH2 cells, eosinophils, mast cells, innate lymphoid
cells (ILCs), and basophils, which promote allergic inflammation.8

Omalizumab, an IgE-targeted mAb, is the only approved biologic
for treatment of allergic disease but presently only for use in
patients with asthma or chronic urticaria.9,10 Responses to
cytokine-directed therapies have been variable, likely because of
the heterogeneity of allergy and asthma phenotypes, but therapies
targeting specific patient populations, such as anti–IL-4 receptora
antibodies in patients with persistent TH2-driven asthma, have
proved more successful.11 Thus there is interest in molecular
phenotyping and development of biologics that might improve
options for personalized medicine approaches to allergy.

The status of biological agents for the treatment of asthma
and atopic dermatitis is reviewed elsewhere in this issue of the
Journal of Allergy and Clinical Immunology. Here we will
review the general mechanisms that contribute to atopy with
an emphasis on food allergy and discuss future targets for
biologics to treat food allergy, a disease lacking any approved
therapeutic options.
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FOOD ALLERGY OVERVIEW
Food allergy is as an immune-mediated response to food

proteins leading to symptoms affecting the skin, gastrointestinal
tract, or respiratory tract. Up to 8% of children and 5% of adults
self-reported an allergy to at least 1 food.12 The incidence of food
allergy has steadily increased bymore than 18% between 1997 and
2007, suggesting that environmental influences might promote
food allergy.13 The term food allergy encompasses both IgE and
non–IgE-mediated diseases, including eosinophilic esophagitis
(EoE) and food protein–induced enterocolitis syndrome. This
review will focus on IgE-mediated food allergies. Other recent
reviews have covered non–IgE-mediated disorders.14,15

Despite the increasing prevalence of food allergy, there are
currently no approved treatments beyond allergen avoidance and
treatment of reactions to accidental ingestion. The reported rates
of reaction to accidental ingestion vary widely, with some reports
indicating 5% per year for peanut allergy and 42% per year for
milk allergy.16,17 Although the incidence of food allergy-related
mortality is low, avoidance and fear of accidental ingestion
significantly impair quality of life for children with food allergy
and their caregivers.18

Oral and sublingual AIT for the treatment of food allergy is an
area of active investigation.19-21 AIT involves the gradual increase
of exposure to food allergens to induce desensitization and
promote permanent immunologic tolerance to the food allergen.22

Although the efficacy of AIT for food allergy is still being actively
investigated, the considerable rate of adverse reactions, the
lengthy time required for therapy, and evidence of rapidly waning
protection on cessation of active therapy for many patients are
already emerging as significant limitations.23,24 Thus there is a
need for new alternatives or adjunctive therapies that improve
the safety and effectiveness of AIT.
GLOSSARY

ANERGY: A state of immune unresponsiveness induced when a T-cell

receptor is stimulated without a second signal from an antigen-

presenting cell.

ANTIGEN-PRESENTING CELLS (APCs): Cells that present foreign

antigens through MHCs on their surfaces to T cells through T-cell

receptors.

TH3 CELLS: T cells that protect mucosal surfaces in the gut from

nonpathogenic non–self-antigens by secreting the anti-inflammatory

cytokines TGF-b and IL-10. TH3 cells inhibit TH1 and TH2 cells.

B-CELL CLASS-SWITCHING: A mechanism that changes the antibody

production of B cells to a different isotype.

CpG OLIGODEOXYNUCLEOTIDES: Short single-stranded synthetic

DNA molecule motifs that act as immunostimulants when unmethy-

lated. CpG motifs are considered pathogen-associated molecular

patterns recognized by the pattern recognition receptor Toll-like recep-

tor 9, which is constitutively expressed only in B cells and plasmacytoid

dendritic cells.

C-TYPE LECTIN RECEPTORS (CLRs): A large family of receptors that

bind to carbohydrates in a calcium-dependent manner. These receptors

are expressed on most cell types, including macrophages and dendritic

cells, and are involved in fungal recognition and modulation of the

innate immune response.

FCεRI: The high-affinity receptor for the Fc region of IgE, an antibody

isotype involved in allergic diseases and parasitic immunity.

FCεRII (CD23): The low-affinity receptor for IgE involved in the regulation

of IgE levels. Unlike many of the antibody receptors, CD23 is a C-type
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Recently, there has been increased interest in the use of biologics
for the treatment of allergic diseases, particularly asthma.
Relatively few studies have investigated applications of biologics
for the treatment of food allergy. Below we will outline the
pathophysiology of allergy in the context of food allergy and
current or proposed targets for the development of future biologics.

MECHANISMS OF ALLERGY
Allergy is characterized by pronounced type 2 inflammatory

responses and circulating and cell-bound allergen-specific IgE.
The pathophysiology of allergy is thought to involve 3 main
mechanisms: breakdown of tolerance, allergen sensitization, and
allergen reactivity leading to anaphylaxis.

Tolerance
Tolerance is the mechanism by which potentially antigenic

substances do not elicit an immune response.25 Tolerance is
mediated by several immune cells, including antigen-presenting
cells, such as dendritic cells (DCs) and macrophages, and
regulatory T (Treg) cells, which are important suppressors of
cellular and humoral immune responses (Fig 1). DCs at mucosal
surfaces sample luminal contents through the epithelium, receive
antigens delivered by goblet cells, or internalize or acquire
antigen at secondary lymphoid tissues.26-28 After antigen
recognition, DCs migrate to lymph nodes for antigen presentation
to T cells, which is thought to be crucial for the development of
tolerance. For example, CX3CR1

2CD1031 DCs in the gut
home to the mesenteric lymph nodes, where they induce the
generation of CD41 forkhead box protein 3 (Foxp3)–positive
Treg cells and IL-10–producing type 1 regulatory (TR1) cells
through production of retinoic acid and TGF-b.29-31 Notably, a
lectin found on mature B cells, activated macrophages, eosinophils,

follicular dendritic cells, and platelets.

IL-4 RECEPTOR a: A receptor that can bind IL-4 and IL-13 to regulate IgE

antibody production in B cells and promote differentiation of TH2 cells.

IL-25: A cytokine known to be involved in gut immunity that induces the

type 2 cytokines IL-4, IL-5, and IL-13.

IL-33: From the IL-1 family of cytokines, IL-33 potently drives

production of type 2 cytokines. It is also a ligand for IL33R (IL1RL1), an

IL-1 family receptor that is selectively expressed on TH2 cells and mast

cells.

PLATELET-ACTIVATING FACTOR (PAF): A potent mediator of inflam-

matory responses that is a regulator of anaphylaxis. Studies have

indicated that blocking the effects of PAF prevents fatal anaphylaxis.

PBMC: Blood cells consisting of lymphocytes (T, B, and NK cells),

monocytes, and dendritic cells characterized by a round nucleus.

SPLEEN TYROSINE KINASE: An enzyme expressed in a variety of

tissues that can transmit signals from the B-cell and T-cell receptors, as

well as a variety of other cell-surface receptors.

THYMIC STROMAL LYMPHOPOIETIN (TSLP): A cytokine linked to

allergic disease that stimulates the maturation of T cells through

activation of antigen-presenting cells, such as dendritic cells and

macrophages.

TOLL-LIKE RECEPTORS (TLRs): A class of receptors expressed on

macrophages and dendritic cells that recognize conserved microbial

particles that can activate an immune response.

ary.



FIG 1. Oral tolerance. In patients with oral tolerance, antigen is recognized by the immune system but does

not induce adverse immune reactions. DCs sample luminal contents, recognize antigen, and traffic to lymph

nodes. Activated tolerogenic DCs andmacrophages secrete regulatory mediators, such as IL-10, TGF-b, and

retinoic acid (RA). Tolerogenic DCs migrate to the lymph nodes to present antigens to naive T lymphocytes

(TH0) and promote differentiation of Treg cells. Treg cells secrete IL-10 and reduce effector CD41 and CD81

T-cell responses.
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recent study has suggested that lymph node–resident DCs, but not
migratory DCs, might have a more critical tolerogenic role after
antigen exposure.32,33

Treg cells are important mediators of tolerance and suppress
immune responses through production of immune-regulating
cytokines, such as IL-10 and TGF-b, and cell-mediated inhibition
of naive T-cell proliferation and differentiation into effector and
memory CD41 and CD81 T cells.34,35 Treg cells, together with
suppressor CD81T cells, B cells, TR1 cells,TH3 cells, and natural
killer T (NKT) cells mediate oral tolerance after repeated
low-dose exposure to antigens, whereas high-dose exposure to
allergen promotes oral tolerance by inducing lymphocyte
anergy.36-40 Presently, studies indicate that Treg and TR1 cells
and their production of TGF-b and IL-10 might be important
for tolerance induction during AIT for food allergy, but more
in-depth studies and studies of other tolerogenic cell types are
needed.41
Breakdown of tolerance and antigen sensitization
Perturbation of tolerance promotes allergen sensitization

characterized by TH2-dominant immune responses and B-cell
class-switching toward IgE and IgG (Fig 2). TH2-driven
inflammation is associated with increased IL-4, IL-5, and IL-13
levels.42 IL-4 induces TH2 proliferation, B-cell isotype
switching, and mast cell development.43-45 IL-5 drives the
growth, maturation, recruitment, and activation of eosinophils.46,47

IL-13 induces IgE synthesis, eosinophil and basophil
recruitment, and epithelial cell (EC) mucus production and
activity.48-51 Loss of oral tolerance is associated with diminished
Treg cell responses, as exemplified by patients with immune
dysregulation–polyendocrinopathy–enteropathy–X-linked syn-
drome, who have mutations in the FOXP3 locus and in whom
several severe allergic disorders develop.52,53 Induction of Treg
cell expansion and regulatory activity is associated with tolerance
to allergens during successful immunotherapy.40,41,54-59

The epithelium is also a key player in allergy development. ECs
at multiple sites, including the skin, lung, and gut, serve as a
barrier against foreign proteins, and increased epithelial
permeability is associated with antigen sensitization and allergy
development.60,61 ECs at multiple tissue sites produce cytokines
and chemokines that promote TH2 skewing by DCs, including
thymic stromal lymphopoietin (TSLP), IL-25, and IL-33. For
example, in murine models of allergic asthma and food allergy,
IL-33 production by intestinal epithelial cells (IECs) after
sensitization promoted interactions between DCs and T cells,
which augmented TH2 cell expansion and inhibition of Treg
cell activity.62 TSLP, IL-25, and IL-33 from ECs also activate
ILCs, which then also produce TH2 cytokines.

63-65 These findings
indicate the active contribution of ECs to the development of
allergic diseases.

Food allergy is commonly associated with atopic dermatitis,
implicating the skin as a possible route for food allergen
sensitization.2,66,67 Mutations in the filaggrin gene, which encodes
the epidermal filament–aggregating protein, is associated with
decreased keratinocyte barrier function and an increased risk for
development of food allergy.68-70 The skin is likely not the only
way for allergen sensitization to occur for food allergy because
a recent study has found that lung DCs, similar to CD1031 DCs
in the gut, can induce migration of T cells to the gastrointestinal
tract after intranasal immunization.71 Thus conceivably there
could be other tissue sites for allergen sensitization to occur to



FIG 2. Breakdown of tolerance. Allergy is associated with a breakdown in tolerance that promotes antigen

sensitization. Increased EC permeability permits access of allergens to the underlyingmucosa. ECs produce

cytokines, such as TSLP, IL-33, and IL-25, that skew DC phenotype, activate ILCs, and promote type 2 (TH2)

immunity. DCs recognize food antigen and migrate to the lymph node, where they present allergens to

naive T lymphocytes (TH0) in the presence of TH2-polarizing mediators (eg, IL-4) to promote the

development of TH2 lymphocytes. TH2 lymphocytes secrete additional type 2 cytokines (IL-4, IL-5, and

IL-13) and promote B-cell isotype switching and IgE production. IgE binds to FcεRI/II receptors expressed

by cells, such as mast cells and basophils, to promote inflammatory allergic responses.
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food allergens aside from the skin. These findings suggest that
allergen sensitization and the development or perturbation of
tolerance might be more nuanced in patients with food allergy,
varying by compartment and route of antigen exposure and mak-
ing it unclear which routes andmechanisms aremost important for
the development of food allergy over other allergic diseases.

Reactivity to allergen
After allergen sensitization, re-exposure to allergens can cause

anaphylaxis at both local and systemic sites.72 Anaphylaxis
occurs in 2 phases after allergen exposure: an acute reaction
that occurs within minutes caused by cellular release of
preformed mediators and a late-phase response that occurs hours
later and is mediated by the influx of inflammatory cells (Fig 3).73

The acute-phase response occurs when IgE antibodies bound by
the high-affinity receptor FcεRI expressed on mast cells and baso-
phils recognizes allergens and then induces cross-linking and down-
stream activation of signaling events.72,74-76Mast cells and basophils
release a number of preformed mediators, including histamine,
platelet-activating factor (PAF), and 5-hydroxytryptamine.72,77

Histamine and PAF induce vasodilation, vascular permeability,
bronchoconstriction, increased heart rate, cardiac contraction,
glandular secretion, and leukocyte recruitment.77-79Other preformed
mast cell– and basophil-derived mediators include proteases, lipid
mediators, and several cytokines.80 Anaphylaxis mediated by IgG
has also been described in the mouse, although it has not been
demonstrated in human subjects.81,82

In some patients a late-phase anaphylactic reaction can occur
after allergen exposure.77,83 The late-phase reaction is induced by
the secretionofmediators from immune cells recruited from the cir-
culation, including eosinophils, basophils, monocytes, and Tand B
cells, as well as tissue-resident cells, such as mast cells and ECs.83

These cells further produce inflammatory mediators and proteases
that can damage tissue and induce anaphylactic symptoms.

Therapeutic implications for food allergy
Improved understanding of the cellular and molecular

mechanisms that lead to altered immune tolerance and reactivity
to food allergens might have important therapeutic implications.
Blockage of IgE with omalizumab has been of much interest for
the treatment of food allergy,84 but alterations in TH1/TH2
cytokine balance, EC function, and other components of the
IgE pathway also represent interesting targets. The current and
potential therapeutics discussed below are listed in Table I.
MODULATING THE TH1/TH2 IMBALANCE

Anticytokine therapy
TH2-driven inflammatory responses are a key characteristic of

allergic diseases, such as food allergy.42 Several studies have



FIG 3. Early- and late-phase anaphylaxis. Anaphylactic reactions to allergens occur as an early and a late

phase. In the early phase IgE-allergen complexes are recognized by FcεRI/II expressed by cells, such as mast

cells and basophils. Activation through FcεRI/II promotes the release of preformed mediators, such as

PAF, histamine, cytokines and chemokines, leukotrienes, and proteases. These mediators induce

immediate anaphylactic symptoms, including vasodilation, vascular permeability, and bronchoconstriction,

and promote leukocyte recruitment from circulation. During the late-phase reaction, recruited

leukocytes, including basophils, eosinophils, T lymphocytes, and monocytes/macrophages, produce

inflammatory cytokines, proteases, and cytotoxic mediators that can damage tissue and induce anaphylactic

symptoms.
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found increased levels of the TH2-associated cytokines IL-4, IL-5,
and IL-13 in patients with food allergy and mouse models of food
allergy.85-89 Additionally, mutations in IL-4 receptor a and IL13
are associated with increased risk of food allergy, highlighting
the importance of TH2 cytokine signaling in patients with food
allergy.90,91 Blockade of IL-4 and IL-13 signaling with the
anti–IL-4 receptor a antibody dupilumab successfully improved
the clinical symptoms of patients with asthma or atopic
dermatitis, although other therapies blocking IL-4, IL-13, or
IL-5 individually have been less effective.11,92-94 Anticytokine
therapies against a single cytokine seem to be less effective at
managing clinical symptoms, possibly because of the redundant
mechanisms of action of other TH2 cytokines. To date, no reported
clinical trials have investigated the effectiveness of anti-TH2
cytokine treatments in the context of IgE-mediated food allergy.
However, in patients with EoE, a non–IgE-mediated form of
food allergy characterized by high levels of eosinophils in the
esophagus after ingestion of a food allergen, treatment with the
anti–IL-5 antibodies mepolizumab and reslizumab reduced
eosinophilia but had mixed effects on clinical symptoms.95-97

Studies of anticytokine therapies have been performed as
monotherapies and not in conjunction with AIT. Thus using
anticytokine treatment against multiple TH2 cytokines as an
adjunctive therapy with AIT is needed to determine whether
anticytokine treatment can help promote the clinical efficacy,
safety, or both of AIT.
TLR agonist, natural polymer, and cell-based

adjuvants
Another approach to altering TH1/TH2 imbalance is

combining food AIT with TH1-promoting immune adju-
vants.42,98 Adjuvants can promote DC antigen internalization
and TH1 polarization, restoring the TH1/TH2 balance in patients
with TH2-driven allergic diseases. These adjuvants mimic
pathogen-associated molecular patterns that bind to pattern
recognition receptors, such as the Toll-like receptors (TLRs)
or C-type lectin receptors. For example, in a mouse model of
asthma, treatment with the TLR7 agonist R848 as monotherapy
alleviated airway inflammation by targeting NKT cells, a source
of TH2 cytokines during allergic inflammation, and promoted
TH1 cytokine production by NKT cells.99 In contrast to anticyto-
kine therapy studies, TLR agonists have been used as adjuvants
in conjunction with AIT. Treatment with CpG oligodeoxynu-
cleotides, which are recognized by TLR9, coupled to a ragweed
allergen improved clinical symptoms in patients with allergic
rhinitis.100,101 Use of the TLR4 agonist monophosphoryl lipid
A, an LPS-derivative, as a TH1-promoting adjuvant in AIT
successfully improved the clinical symptoms of allergic
rhinoconjunctivitis in patients undergoing short-course
immunotherapy for grass pollen and ragweed.102-104 Because
TLR agonists strongly enhance TH1 responses, there is some
concern whether TLR agonists might also diminish Treg cell
induction during efficacious AIT.105 However, there is some



TABLE I. Potential biologics for the treatment of food allergies

Treatment Drug/agent Company Mechanism Development

Omalizumab (Xolair) Anti-IgE mAb Genentech GlaxoSmithKline Reduces free plasma IgE

levels, prevents IgE

binding to FcεRI/II

FDA approved for allergic

asthma and chronic

urticaria, several phase I/II/

III/IV studies

QGE031 (ligelizumab) Anti-IgE mAb Novartis Reduces free plasma IgE

levels, prevents IgE

binding to FcεRI/II

Phase I/II studies

IgGg1 Fc region

allergen fusion

Anti-FcgRIIb, anti-IgE NA Cross-links FcgRIIb to

inhibit downstream IgE

signaling

NA

Quilizumab Anti-M19 Genentech Binds to IgE-expressing B

cells and induces apoptosis

Phase II study

Lumiliximab Anti-CD23 Biogen Blocks CD23, reducing IgE

production and transport

Phase I study

DARPin (E2_79, bi53_79) Analog targeting IgE-FcεRI

interaction

NA High-affinity disruptor of IgE

binding to FcεRI

NA

Mepolizumab (Bosatria) Anti–IL-5 mAb GlaxoSmithKline Blocks IL-5 Phase III study

Reslizumab (Cinquil) Anti–IL-5 mAb Teva Pharmaceuticals Blocks IL-5 Phase II/III studies

Benralizumab Anti–IL-5Ra MedImmune Blocks IL-5 binding to

IL-5Ra

Phase II/III studies

AMG-317 Anti IL-4Ra mAb Amgen Blocks binding of IL-4 and

IL-13 to IL-4Ra

Phase II study

Dupilumab Anti–IL-4Ra mAb Regeneron Pharmaceuticals Blocks IL-4 and IL-13

binding to IL-4Ra

Phase II/III studies

Lebrikizumab Anti–IL-13 Genentech Blocks IL-13 Phase II/III studies

Tralokinumab Anti–IL-13 Cambridge Antibody

Technology

Blocks IL-13 Phase II/III studies

AMG-157 Anti-TSLP Amgen Blocks TSLP Phase I/II studies

AIC (CpG conjugated

to Amb a 1)

TLR9 agonist (adjuvant) NIH Immune Tolerance

Network

Stimulates TLR9 and TH1

responses during ragweed

IT

Phase II study

R848 (Resiquimod) TLR7 agonist NA Stimulates TLR-7 and

promotes TH1 responses

NA

Monophosphoryl lipid A TLR4 agonist (adjuvant) Allergy Therapeutics Stimulates TLR4 and

promotes TH1 responses

Phase II study

OMP-16 Unlipidated outer membrane

protein from Brucella

species

NA Broadly polarizes TH1

responses

NA

Chitin/chitosan NA Universidade do Porto Promotes TH1 responses Phase II study

IL-4Ra, IL-4 receptor alpha; IT, immunotherapy; NA, not applicable; NIH, National Institutes of Health; TLR, Toll-like receptor.
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indication that Treg cells induced during immunotherapy might
actually work in concert with TLR agonists to suppress adverse
TH2 responses.106 This might have implications for more
effective AIT for the treatment of food allergy. Long-term and
detailed cellular studies of TLR agonists as adjuvants with
AIT are needed to determine their effect on the development
of tolerance.

Other TH1 adjuvants have also been proposed, including
chitosan, a fungal cell wall component, andOMP-16, amembrane
protein from Brucella abortus. Treatment of mice with peanut
allergen bound to chitosan or cow’s milk protein bound to
OMP-16 reduced allergen-specific IgE antibody responses and
promoted TH1 responses.107,108 These studies further suggest
that promoting TH1 polarization might be an effective adjunctive
therapy for the treatment of food allergy.

A final interesting alternative to AIT is to administer antigen-
coupled splenocytes to alter TH1/TH2 imbalance and promote
tolerance.109 Antigen-coupled splenocytes have been shown to
undergo apoptosis and are captured by host antigen-presenting
cells and presented to T cells in a tolerogenic manner.110

Treatment of mice with peanut extract–coupled splenocytes
before peanut sensitization reduced TH2 responses and induced
Treg cells.109 Clinical trials are underway to assess the safety
and efficacy of these compounds for the induction of tolerance
in the treatment of multiple sclerosis (EudraCT no. 2008-
004408-29). Furthermore, modulation of oral tolerance by
cellular therapies that introduce patient-derived regulatory cells,
such as Foxp31 Treg cells, into the host have been proposed for
the treatment of allergic diseases by inhibiting adverse TH2
responses and promoting tolerance, although studies are needed
to test the safety and efficacy of these treatments.54
EC targets
In addition to serving as a barrier, IECs actively contribute to

the pathology of food allergy by interacting with allergens
and secreting TH2-promoting mediators that influence DC
activity.111-113 Although no specific EC therapeutics have been



J ALLERGY CLIN IMMUNOL

FEBRUARY 2015

318 BAUER ET AL
developed for the treatment of food allergy, we propose several
candidates for future therapeutics.

IECs express CD23 (FcεRII), a low-affinity IgE receptor that
transports antigen-bound IgE across the epithelium to the
underlying tissue.114,115 Newly synthesized IgE is also
transported back to the lumen by CD23 to be bound by
allergens.116 Interestingly, CD23 expression by IECs is
upregulated by IL-4, and soluble CD23 levels are increased in
stool samples from patients with food allergy, suggesting a role
for CD23 in food allergy.116-118 In human cells, studies found
that treatment with CD23 blocking antibodies prevents IgE
transport by IECs.116 Although additional studies are necessary,
the above findings suggest that CD23 is a promising target for
inhibiting IgE transport by IECs in patients with food allergy.

In response to allergens, the epithelium actively produces
cytokines and chemokines, including TSLP and IL-33, which
promote DC activation and TH2 polarization.

112,113,119 Mutations
in TSLP are associated with EoE, and mouse models suggest that
TSLP is necessary for the development of EoE.120,121

Interestingly, the function of TSLP might differ depending on
the anatomic location of the response. Epicutaneous sensitization
to food allergen through skin lesions was shown to induce TLSP
secretion by keratinocytes, which promoted basophil expansion
and TH2 inflammation.122 In the gut TLSP is constitutively
secreted by IECs and contributes to both tissue homeostasis and
promotion of TH2 responses.123 Recently, TLSP was shown to
be unnecessary for TH2-driven inflammation in the gut or oral
sensitization to peanut allergen in a mouse model of food
allergy.62 These studies suggest that TSLP plays a complicated
tissue-specific role in the development and progression food
allergy. Whether blocking antibodies to TSLP would improve
food allergy symptoms remains unclear, although early clinical
trials for AMG 157, an mAb directed against TLSP, showed a
positive effect in reducing allergen-induced asthma responses
and eosinophilia.124

Contrary to findings for TSLP, IL-33 was shown to be
necessary for sensitization to peanut allergens and allergic
responses in mouse models of food allergy.62,125 IL-33 promotes
both mucosal permeability and TH2 skewing by DCs and
ILCs.62,126-128 Two studies using mouse models of allergic
rhinitis or asthma have found that allergic inflammation can be
attenuated by treatment with antibodies against IL-33, identifying
IL-33 as a promising candidate for food allergy therapy.129,130
IgE PATHWAY TARGETS

IgE production and availability
Binding of food allergen to FcεRI-bound IgE on the surfaces of

FcεRI-expressing immune cells, such as basophils and mast cells,
induces cross-linking and triggers their activation and effector
function, which can induce anaphylaxis. Thus free and
receptor-bound IgE antibodies represent therapeutic targets in
the design of novel strategies to treat food allergy.131 Several
clinical trials have successfully used the anti-IgE mAb
omalizumab as an adjunctive therapy to food allergen
AIT.40,132-135 Omalizumab binds IgE, thereby preventing its
binding to FcεRI and reducing serum IgE levels by 99%.136 By
decreasing serum IgE levels, omalizumab also indirectly reduces
FcεRI expression on basophils, mast cells, and DCs,
thereby diminishing degranulation and histamine release by baso-
phils and mast cells and allergen presentation by DCs.137-141
Omalizumab is one of the most promising therapeutics for the
treatment of food allergy, allowing the use of rapid dose-
escalation protocols for AIT in patients with food allergy,
although larger clinical trials are needed to assess overall efficacy
and safety.132,135 However, omalizumab binds IgE at the same site
as FcεRI and thus cannot directly interact with FcεRI-bound IgE,
rendering omalizumab ineffective for disrupting IgE bound by
FcεRI on the surfaces of immune cells.142 In addition, although
omalizumab is approved for the treatment of asthmatic patients
with serum IgE levels between 30 and 700 IU/mL, its efficacy
in patients with asthma or atopic dermatitis with very high IgE
levels (>700 IU/mL) is unclear.143,144 Thus other therapeutics
targeting IgE production and availability are being developed.

Similar to omalizumab, QGE031 (ligelizumab) is a new
anti-IgE antibody that binds free serum IgE but with up to 12
times higher affinity, making it much more potent.145 QGE031
was shown to be safe and to mediate greater suppression of free
IgE and downregulation of FcεRI expression on basophils in
treated atopic subjects compared with omalizumab.145

Although omalizumab suppresses IgE on the order of 99%,
FcεRI-expressing cells, such as basophils, are remarkably
sensitive to IgE-mediated stimulation.146 Thus having an
anti-IgE therapeutic with a much higher binding affinity than
omalizumab is attractive to further control IgE availability. This
might greatly benefit patients with food allergies who are either
unresponsive to or unable to be treated with omalizumab,
particularly those patients with very high serum IgE levels. Phase
II trials are planned to assess the clinical efficacy of QGE031 in
patients with atopic dermatitis and asthma (NCT01552629;
NCT01716754).

In addition to mediating IgE transport by IECs (described
above), the low-affinity IgE receptor CD23 (FcεRII) controls the
synthesis, homeostasis, and transport of IgE in B cells, making it a
potential target to regulate serum IgE.147 In vitro treatment of
PBMCs with anti-CD23 reduced IgE production by B cells,
proliferation of T cells, and production of IL-5, indicating that
it might be a promising treatment for TH2-mediated allergic
diseases.148,149 Intranasal anti-CD23 treatment significantly
decreased serum levels of allergen-specific IgE and IL-4 and
partially inhibited TH2 responses in a mouse model of allergic
rhinitis.150 In a phase I trial a single dose of the anti-CD23
blocking antibody lumiliximab significantly reduced serum IgE
levels in asthmatic patients but had no effect on FEV1, a clinical
marker of asthma symptoms.151 However, this might be because
of the heterogeneity of asthma in the study subjects. These
findings indicate that anti-CD23 treatment might be an interesting
substitute for omalizumab in food allergy therapy through its
regulation of IgE production. However, it remains to be
determined whether anti-CD23 treatment will also improve the
clinical symptoms of food allergy or be helpful as an adjunctive
therapy in AIT.

In another novel approach antibodies have been developed that
bind to the extracellular sequence M19, which exists only on
human membrane-bound IgE and not free serum IgE.152 M19 is
expressed exclusively by IgE-switched B cells, making it ideal
for the specific targeting of IgE-expressing B cells. On
cross-linking M19, apoptosis is induced in IgE-producing B cells,
which then reduces serum IgE levels.153,154 When the anti-M19
antibody quilizumab was tested in patients with moderate-to-
severe allergic asthma, reductions in allergen-specific serum
IgE levels and asthmatic responses were observed.155 These
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findings indicate that deletion of IgE-producing B cells might also
be effective for the treatment of food allergy. However, further
studies are needed.
Inhibitory receptors, IgE and FcεRI disruption, and

signaling blockade
Multiple human bispecific antibodies have been generated that

cross-link and aggregate FcεRI with FcgRIIb, an inhibitory
receptor specific for IgE. Binding to FcgRIIb suppresses
downstream IgE signaling events, which has been shown to
inhibit basophil and mast cell activation and degranulation.156,157

Bispecific antibody approaches where the allergen is fused to the
human IgGg1 Fc region successfully inhibited degranulation of
basophils from donors allergic to cat dander and blocked systemic
and skin reactivity in a mouse model of cat dander–induced
allergic airway hypersensitivity.158,159 Administration of another
recombinant heterobivalent construct composed of the major
peanut allergen Ara h 2 and human IgG Fcg1 inhibited histamine
release and anaphylaxis in a murine model of peanut allergy.160

Thus bispecific reagents might be effective substitutes to
omalizumab as an adjunctive treatment, although it can be tedious
and costly to make bispecific reagents for individual allergens,
particularly when several epitopes might be recognized in an
allergic subject.161 In addition, IgG antibodies induced after
AIT have been shown to bind to FcgRIIb to suppress
IgE-mediated hypersensitivity, implying that passive immuniza-
tion with polyclonal food-specific IgG could be another
alternative biologic in food allergy therapy.162

Furthermore, researchers have actively explored small-
molecule inhibitors and natural product analogs to target the
FcεRI-IgE interaction.163 Designed ankyrin repeat proteins
(DARPins) are high-affinity inhibitors of IgE-FcεRI binding, as
well as disruptors of preformed IgE-FcεRI complexes.164 In a
recent study treatment with a novel DARPin (E2_79) rapidly dis-
rupted IgE-FcεRI complexes on the surfaces of basophils and
blocked IgE-dependent responses in a humanized mouse model
of passive anaphylaxis.165 In the same study treatment with a
bivalent DARPin (bi53_79), or 2 DARPins fused together, was
more efficacious in reducing anaphylaxis than omalizumab.
Although studies of DARPins in the treatment of allergy are in
their infancy and future clinical trials are needed to test their
safety and efficacy, these disruptive IgE inhibitors might be ideal
therapeutics because of their potency and potential to reduce
allergic symptoms.

Inhibitors of signaling molecules downstream of IgE-FcεRI
might also represent interesting targets. In a mouse model of
peanut allergy, blockade of spleen tyrosine kinase, which is
downstream of FcεRI, prevented peanut allergen sensitization
and facilitated desensitization, partially through induction of
Treg cells.166 Spleen tyrosine kinase inhibition is not only a
promising therapeutic but highlights the importance of IgE
signaling in the promotion of TH2 and regulatory responses in
patients with food allergy.
Mast cell anergy
In an interesting twist to traditional oral AIT, administration of

increasing doses of anti-IgE or anti-FcεRIa mAb has been
proposed. In mouse models of antigen and anti–IgE-induced
anaphylaxis, mice are injected with a single large dose of anti-IgE
or anti-FcεRIa, which induces anaphylaxis.167 However, when
escalating doses of anti-IgE or anti-FcεRIa were administered,
rapid desensitization was induced that prevented anaphylaxis.168

Rapid desensitization with anti-FcεRIa was found to promote
mast cell anergy and also to quickly remove FcεRI-bound IgE
from mast cells, thus preventing any adverse effects mediated
by IgE already bound by FcεRIa before the rapid desensitization
protocol began. However, this induced mast cell anergy was short
lived. Clever bioengineering of anti-FcεRIa antibodies that
prolong mast cell anergy might make this an interesting
adjunctive approach for rapid desensitization of allergic subjects
undergoing oral immunotherapy.
CONCLUSION
Despite the increasing prevalence of food allergy and adverse

effect on human health and quality of life, there is an unmet need
for effective therapeutic options to treat food allergy. Biologics
represent a new avenue for the development of therapies that
inhibit specific mechanisms of food allergy and perhaps prevent
sensitization to food allergen in the first place. However, most
studies of biologics for the treatment of allergic diseases have
focused on asthma, allergic rhinitis, and atopic dermatitis, and
future studies are necessary to test the efficacy of these
therapeutics in patients with food allergy. Current biologics
inhibiting TH2 cytokines and free IgE through treatment with
mAbs have had mixed success in allergic patients. Recent basic
and clinical studies have identified attractive new targets for
food allergy therapeutics, including EC-derived mediators
(eg, IL-33 and TSLP), IgE-binding receptors (eg, CD23), and
IgE signaling pathways. Continued advancement in the
mechanistic understanding of food allergy gives hope that
effective treatments will soon be available for this difficult-to-
treat disease.
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