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Abstract
Purpose of Review The prevalence of food allergy is increasing. At the current time, there are no approved treatments for food
allergy. Major limitations of immunotherapy are long treatment periods (months or years), frequent clinic visits, high costs,
increased risk of adverse events during treatment, and lack of durability of desensitization. Additionally, it is allergen-specific,
and in those allergic to multiple allergens, the length and cost of treatment are further increased. In this review, we summarize
recent developments in novel non-allergen-specific treatments for food allergy.
Recent Findings A number of monoclonal antibodies that block IgE or specific pro-allergenic cytokines or their receptors have
shown promise in clinical trials for food allergy.
Summary The insight we have gained through the use of one drug for the treatment of an atopic disease is quickly being
translated to other atopic diseases, including food allergy. The future for food allergy treatment with biologics looks bright.

Keywords Food allergy . Immunotherapy . Biologics . Atopy . Omalizumab . Dupilumab

Introduction

Food allergy (FA) is a growing public health issue, affecting
up to 8% of young children [1] and 10.8% of adults in the
USA alone [2]. Among adults, 45% are estimated to have
multiple food allergies [2]. It causes significant impairment
in quality of life (QoL) andmay lead to nutritional deficiencies
[3–5]. Foods generally responsible for FA include milk, eggs,
peanuts, soybeans, tree nuts, wheat, fish, and crustaceans [6].
Current guidelines recommend dietary avoidance of the im-
plicated food allergen(s) for management of FA, with admin-
istration of emergency medications in cases of accidental ex-
posure [7–9]. Despite these recommendations, approximately

50% and 75% of patients with food allergies have reported
accidental ingestion to their allergen within 5 and 10 years,
respectively. Among those with peanut allergy, nearly 50%
report accidental ingestion within the last 2 years [10].
Increases in food-induced emergency department visits have
seen an increase of 214% between 2005 and 2014 [11].
Symptoms of exposure range from mild to severe and may
include anaphylaxis, a severe and potentially life-threatening
allergic reaction that requires immediate treatment.

The first published and successful treatment for FAwas in
1908 for egg allergy using oral immunotherapy (OIT) [12];
however, it was not until a century later that there was renewed
interest in using immunotherapy for FA. Today, immunother-
apy is still an experimental therapy with no standardized pro-
tocols and mainly conducted in research centers or in a few
specialized allergy centers. Major limitations of immunother-
apy are long treatment periods (months or years), frequent
clinic visits, high cost, increased risk of adverse events during
treatment, and lack of durability of desensitization.
Additionally, it is allergen-specific and in those allergic to
multiple allergens, the length and cost of treatment are further
increased [13]. Non-allergen-specific treatments for FA, par-
ticularly for those with multiple food allergies, are desirable.

In this review, we discuss the fundamentals of immunother-
apy, basic mechanisms involved in FA, and the non-allergen-
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specific therapies that currently show promise as potential
treatments for FA.

Immunotherapy

To date, there are still no approved drugs or standardized im-
munotherapy protocols for the treatment of FA, and published
studies on immunotherapy vary with respect to allergen type,
dose, length, population studied, mode of administration,
drugs used for pre-treatment or as adjunctive treatment, and
clinical endpoints studied. The ultimate goal of FA immuno-
therapy is to establish tolerance, which indicates a cure,
whereby patients can consume the foods they were previously
allergic to at any time and in amounts similar to normal dietary
intakes; however, at this time, evidence suggests that although
immunotherapy can increase reaction thresholds to allergens,
continued ingestion of the allergen is necessary to maintain
increased reaction threshold levels. While these patients are
said to be desensitized, the allergy often returns and the pro-
tective effect is lost if allergen dosing is interrupted or
discontinued [13]. The criteria for desensitization vary be-
tween studies with reaction thresholds set to either amounts
that prevent reaction on accidental ingestion [14] or to near
normal dietary levels [15]. Data on tolerance is limited as
long-term studies (years) to measure tolerance are difficult to
conduct. As a surrogate for tolerance, studies measure
sustained unresponsiveness (SU), which indicates the persis-
tence of increased allergen threshold after successful immu-
notherapy and after discontinuation of allergen consumption
for a predefined period (varying with studies).

Routes of immunotherapy for FA include subcutaneous,
epicutaneous, oral, and sublingual immunotherapy (SCIT,
EPIT, OIT, and SLIT, respectively) [16]. SCIT, commonly
used for aeroallergens, has previously been abandoned as a
therapeutic approach due to unacceptably high rates of ad-
verse systemic reactions [17]. While EPIT, OIT, and SLIT
are relatively safer with promising rates of efficacy, each
method carries the risk of treatment-related adverse events.
OIT is the most commonly used method of immunotherapy,
followed by SLITand EPIT. Both OITand EPITare in phase 3
trials.

Systematic reviews and meta-analyses have evaluated the
collective evidence regarding efficacy and safety of OIT, with
OIT generally demonstrating clinically relevant benefits [13,
18–20]. The data suggest that desensitization is successfully
achieved in the majority of treated individuals who remain
compliant, with 28–75% of patients maintaining SU depend-
ing on the criteria used to define desensitization and SU [15,
18, 21–26, 27••]. While the evidence supporting the efficacy
of OIT in allergen-specific desensitization [16] to peanut,
cow’s milk, and egg [28] is strong, more information is needed
regarding long-term efficacy, QoL assessments, and cost-

effectiveness. Despite the general success of OIT, it is not
without risk. The majority of treatment-related adverse events
are mild-to-moderate in nature depending on dosing method-
ology, typically involving oropharyngeal pruritus and tran-
sient abdominal pain [21, 24, 28, 29]; however, more severe
adverse reactions are also occasionally observed, including,
but not limited to, wheezing, vomiting, urticaria, and angio-
edema [18]. Additional data suggest that the occurrence of
intolerable symptoms or severe allergic reactions may in-
crease rates of withdrawal from studies of OIT between 10
and 20% [29]. Severe cases of anaphylaxis have been docu-
mented to occur unpredictably, including to doses of allergen
previously tolerated, usually triggered by cofactors such as
infection, exercise, anxiety, or allergen co-exposure [20].
Additionally, while more work is needed to understand the
underlying mechanism, eosinophilic infiltration of the gastro-
intestinal tract (such as in eosinophilic esophagitis) has been
reported as a complicating disorder in 2.7% of OIT-treated
patients [13, 30, 31]. As expected, a recently published sys-
tematic review found significantly higher rates of overall al-
lergic reactions among patients receiving OIT as compared
with avoidance management [32].

Mechanisms

We have gained much insight into the mechanism of FA and
atopic diseases in the last decade, which has assisted with the
development of novel drugs [33, 34]. IgE-mediated food al-
lergies stem from an abnormal response to dietary antigens,
mainly proteins. It is estimated that approximately 2% of con-
sumed dietary proteins reach the gut [35, 36] and interact with
the intestinal immune system. Whether the interaction results
in a tolerogenic or pro-allergic response is dictated by a deli-
cate balance [37]. Sensitization, one of the first steps in the
development of FA, can occur not only through oral food
exposure but also via the skin. While decreases in gastrointes-
tinal tight junction integrity, alterations of stomach pH, and
variation in the gut microbiome have all been associated with
increased risk of FA, epidemiological studies and experimen-
tal mouse models have demonstrated that sensitization can
also start from defects in skin integrity, especially in cases of
eczema and atopic dermatitis (AD) [38, 39]. In addition to
epithelial exposure to stressors and damage, potential food
allergens passing through damaged epithelia and avoiding
normal mechanisms of transport have been shown to induce
the release of alarmins, a group of cytokines implicated in the
promotion of T helper 2 (Th2)–dominant immune responses
toward such allergens [40]. This group includes the alarmins
interleukin-25 (IL-25), IL-33, and thymic stromal
lymphopoietin (TSLP) (Fig. 1). IL-25 stimulates type 2 innate
lymphoid cells (ILC2s) to release both IL-13 and IL-5 and,
together with TSLP, induces T helper 9 cells which produce
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IL-9 [41]. IL-9 is a mast cell (MC) growth factor correlated
with intestinal mastocytosis and food-induced anaphylaxis
[35]. In addition to acting directly onMCs and promoting their
IgE-mediated activation, IL-33 has been shown to activate
ILC2s, in turn inducing the production of IL-13 and IL-4.
Both of these cytokines can enhance the release of IL-25,
which establishes a positive feedback loop with ILC2 in the
production of IL-13 and IL-4 [42, 43]. ILC2-released IL-4
suppresses allergen-specific induced-Treg cell differentiation
during FA [44, 45]. Similar to IL-25 and IL-33, TSLP is ca-
pable of inducing ILC2 expansion and IL-4 production. IL-4
is associated with B cell class-switching and synthesis of
antigen-specific immunoglobulin E (IgE), the suppression of
Treg induction in favor of Th2 differentiation, and the activa-
tion of MCs [35, 44, 46, 47]. Additionally, TSLP itself has
been shown to shift the differentiation of naïve CD4+ T cells
away from Tregs and toward Th2 cells while enhancing the
production of IgE frommemory B cells via an IL-4- and/or IL-
13-dependent mechanism [48]. Murine models of induced FA
have provided evidence for the role of TSLP in the onset of
FA, demonstrating that the absence of TSLP receptor in
knock-out mice results in a reduced Th2-type profile in favor
of a predominantly dendritic cell (DC)–induced Th1 profile
[49]. Additional murine models have demonstrated that all
three alarmins are needed to induce FA; however, the presence
of any of them was sufficient to maintain allergic inflamma-
tion [50]. The sum effects of the alarmins lead to an increased

production of IL-4, IL-5, and IL-13, in turn promoting and
maintaining a Th2-dominant phenotype typical of type-I hy-
persensitivity reactions. In addition to the functions previously
described, IL-4 drives intestinalMC expansion and activation,
IL-5 promotes eosinophil accumulation, and IL-13 prompts
CD103+ DC homing to the draining lymph nodes wherein
the DC promotes the differentiation of naïve CD4+ Tcells into
Th2 [19, 42, 51].

While OIT has remained the most studied method of de-
sensitization for FA, the underlying mechanisms are still not
completely understood. It has been observed that IgE serum
levels increase during initial phase of therapy followed by a
gradual decrease [13, 18, 26, 52, 53]. Levels of food-specific
IgG4, on the other hand, steadily increase throughout [29, 53].
Allergen-specific and type 1 regulatory T (Tr1) [54] cells in-
duced via repeated allergen exposure secrete IL-10, reducing
IgE production and promoting IgG4 production [53].
Moreover, allergen-induced Tregs are capable of inhibiting
DC-mediated induction of both pro-allergic Th2 cells and
MCs [19, 55, 56]. During OIT, basophils and MCs gradually
present with a reduced reactivity that can be observed in skin
prick and basophil activation tests. This can be explained by
the reduced levels of IgE and its receptor, as well as the pres-
ence of IgG4 antibodies with blocking properties [13, 19, 57].
During prolonged OIT, additional changes can be observed on
the epigenetic level. Gradual decreases in the methylation of
the FOXP3 gene within Treg cells result in a progressive

Fig. 1 Mediators of food sensitization and allergy. Alarmins, including
IL-25, IL-33, and TSLP, are released in response to cell injury or stress,
including exposure to viruses, bacteria, or alloantigens. These alarmins
broadly promote a downstream shift away from a tolerogenic, Th1-
dominant state and toward a pro-allergic, Th2-characterized response.
The inhibition of IL-33 via etokimab is currently under investigation for
the treatment of food allergy, with additional anti-alarmin agents under
similar consideration. Interleukins 4, 5, and 13 play critical roles in the
downstream mediation and maintenance of the pro-allergic response.
Agents directed against these mediators are hypothesized to provide

significant benefit in the treatment of food allergy, with studies evaluating
dupilumab for the treatment of peanut allergy currently underway. The
production of allergen-specific IgE is a net result of the upstream, pro-
inflammatory mediators. Free IgE ultimately binds to FcεRI receptors on
the surface of basophils and MCs, priming the cells for activation upon
subsequent allergen exposure. Omalizumab has shown considerable effi-
cacy in its ability to inhibit the binding of IgE to its receptor, leading to
significant reductions in surface-bound IgE and allergic responses follow-
ing food allergen exposure

Curr Allergy Asthma Rep            (2020) 20:3 Page 3 of 11     3 



increase in the Treg-mediated suppression of the pro-allergic
immune response and shifts in the Th2/Th1 balance toward a
Th1-characterized profile [18, 22].

A number of biologics that target key cytokines and anti-
bodies have been developed and approved for the treatment of
atopic diseases, such as asthma and AD (Table 1). These ther-
apies are non-allergen-specific. As indicated earlier, around
45% of adults with FA are allergic to multiple foods [2] with
over two-thirds having comorbid atopic conditions. Based on
our understanding of the key cells and cytokines in FA, these
non-allergen-specific treatments can potentially be used to
simultaneously desensitize multi-food allergic patients to their
multiple allergens.

As we have gained a deeper understanding of the mecha-
nisms involved in FA and the common mechanisms it shares
with other atopic diseases, such as AD, allergic rhinitis, and
allergic asthma, there has been increased development of vac-
cines, biologics, and other therapies for the treatment of these
diseases. Among these novel treatments, biologics stand out
as non-allergen treatments. In 2003, omalizumab was the first
biologic that was approved for an atopic disease (asthma). At
the current time, five biologics have been approved, primarily
for asthma but also for chronic idiopathic urticaria and AD
(Table 1). The insight that we have gained from the use of one
drug in the treatment of an atopic disease is quickly being
translated for other atopic diseases. For example, dupilumab
was first approved for AD and was then later approved for
asthma. Clinical trials evaluating dupilumab for the treatment
of FA are now underway. At the current time, there are no

approved biologics for the treatment of FA, but many are
being evaluated in clinical trials (Table 2).

Biologics

IgE-Targeted Therapies

Given the potential risks associated with immunotherapy for
FA, recent studies have begun to evaluate the use of biologic
agents as bothmonotherapies and adjuncts to allergen-specific
immunotherapy in an attempt to increase safety. The majority
of these biologics are characterized by their ability to inhibit
and suppress the pro-inflammatory pathways specific to food
allergies, potentially increasing the dose of allergen required
for an allergic reaction and decreasing the likelihood of aller-
gic reaction upon accidental allergen exposure. While the
agents themselves are typically unable to induce desensitiza-
tion when used alone given the lack of necessary allergen
exposure, it is hypothesized they may provide continuous pro-
tection against accidental allergen exposure when used as a
monotherapy, in addition to providing a safer environment in
which allergens can be introduced and escalated during
allergen-specific immunotherapywith a lower risk of reaction.
As desensitization is achieved through repeated allergen ex-
posure, the biologicmay likely be discontinued as the immune
system shifts toward a desensitized state.

Omalizumab is one of the most widely researched bio-
logics in the treatment of IgE-mediated FA. Omalizumab is

Table 1 Biologics currently approved for atopic diseases

Drug Target Approval
date

Disease Indications

Omalizumab (Xolair®) Anti-IgE 2003 Asthma Moderate-to-severe persistent allergic asthma in patients 6 years of
age or older not controlled by inhaled corticosteroids. Persistent
asthma; chronic idiopathic urticaria (CIU, chronic hives without a
known cause) in patients 12 years of age and older not controlled
by H1 antihistamine treatment.

Omalizumab (Xolair®) Anti-IgE 2014 Chronic idiopathic
urticaria

Chronic idiopathic urticaria (CIU, chronic hives without a known
cause) in patients 12 years of age and older not controlled by H1
antihistamine treatment.

Mepolizumab (Nucala®) Anti-IL-5 2015 Asthma Add-on maintenance treatment for patients 12 years and older with
severe eosinophilic asthma.

Reslizumab (Cinqair®) Anti-IL-5 2016 Asthma Add-on maintenance treatment of severe asthma in patients aged
18 years and older.

Benralizumab (Fasenra®) Anti-IL-5R 2017 Asthma Add-on maintenance treatment of patients 12 years and older with
severe eosinophilic asthma.

Dupilumab (Dupixent®) Anti-IL-4Rα 2017 Atopic dermatitis (AD) Dupixent is indicated for the treatment of patients 12 years and older
with moderate-to-severe AD whose disease is not adequately
controlled with topical prescription therapies or when those ther-
apies are not advisable.

Dupilumab (Dupixent®) Anti-IL-4Rα 2018 Asthma Patients aged 12 years and older with moderate-to-severe AD whose
disease is not adequately controlled with topical prescription
therapies or when those therapies are not advisable.
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a humanized anti-IgE monoclonal IgG1 antibody approved
for therapeutic use in severe allergic asthma and chronic
idiopathic urticaria [63]. The primary mechanism of action
involves the binding of free serum IgE, decreasing its
availability to bind the high-affinity IgE receptor, FcεRI,
expressed on MCs and basophils, in turn reducing their
potential for activation in the presence of allergen. The
binding of omalizumab additionally inhibits the binding
of IgE to CD23 on both B cells and antigen-presenting
cells [64]. As such, omalizumab has been evaluated as an
adjunct to immunotherapy across various allergic condi-
tions, particularly in its ability to reduce immunotherapy-
associated adverse reactions and/or enhance the effective-
ness of immunotherapy, independent of the specific aller-
gies being treated. In allergen immunotherapy for inhaled
allergens, the use of omalizumab as a pre-treatment or ad-
junct to immunotherapy was associated with a significant
reduction in allergic rhinitis symptoms scores and adverse
events, including local injection site redness and swelling,
compared with immunotherapy alone [65, 66]. Benefits
specific to the treatment of food allergies were initially
demonstrated in a study of talizumab (TNX-901), an anti-
IgE antibody similar to omalizumab, wherein its use was
associated with significant increases in the threshold of
peanut protein required to provoke allergic symptoms in
peanut-allergic individuals [67]. Omalizumab has since
been studied in FA both as a monotherapy [68] and as an
adjunct to OIT, demonstrating increased safety and effica-
cy compared with placebo [58, 61, 69••, 70–72]. Within
milk-OIT, these studies demonstrate significant reductions
in OIT-related adverse events while facilitating significant-
ly faster allergen dose escalation; however, its use did not
improve overall rates of desensitization or SU, potentially
due to the study duration allowing those on the placebo
enough time to escalate to the maximum OIT dose [63,
69••, 72]. Studies of peanut-OIT have demonstrated similar
benefits of adjunct omalizumab therapy, allowing for a
tenfold higher tolerated protein dose on the first day of
peanut exposure as well as a significant increase in the
tolerability of rapid peanut-OIT dose escalation [61].
Given the non-allergen-specific nature of omalizumab’s
IgE binding, it has also been studied in a number of
multi-allergen OIT trials [60••, 73••]. Similar to findings
for single-allergen therapy, adjunct omalizumab use fol-
lowing short-term pre-treatment with omalizumab alone
in multi-OIT has been associated with significantly faster
allergen dose escalations, significantly greater rates of de-
sensitization after 36 weeks of therapy, and significantly
lower median per-participant percentages of OIT doses as-
sociated with any adverse event when compared with the
placebo [70]. Despite promising reductions in adverse
events, a median 27% of OIT doses per-participant was
still associated with an adverse event, the most common

events being those affecting the gastrointestinal system
[60••, 73••].

Omalizumab is also being used adjunctive with enhanced
butanol-purified Food Allergy Herbal Formula-2 (E-B-FAHF-
2), a Chinese herbal formula (ClinicalTrials.gov,
NCT02879006). E-B-FAHF-2 is a 9-herb formula. FAHF-2
has been shown to block peanut-induced anaphylaxis in a
murine model [74]. In a phase I study, FAHF-2 was found to
be safe and well tolerated [75]. In vitro studies have shown
favorable immunomodulatory effects [76]. While OIT has
been shown to lead to desensitization, it is unclear whether it
can lead to lasting protection, and the study aims to determine
whether the combination of multi-allergen OIT, omalizumab,
and E-B-FAHF-2 can establish SU.

Studies investigating the immunological changes present in
patients treated with omalizumab and milk-OIT found that
those treated with omalizumab demonstrated lower basophil
CD63 expression after both omalizumab administration alone
and during omalizumab plus OIT when compared with con-
trols [30, 77••]. Following the cessation of treatment, basophil
responsiveness returned to baseline, suggesting that the effects
on basophil reactivity are dependent on active therapy and are
transient in nature. Additionally, there were no significant dif-
ferences in Treg levels between those receiving OIT plus
omalizumab compared with OIT alone; however, a subgroup
of patients was identified in which those with CD63 expres-
sion greater than 40% were more likely to benefit from the
administration of omalizumab and experience significant re-
ductions in rates of allergic adverse events compared with
those subjects with expression under 40% that experienced
similar rates of allergic adverse events regardless of whether
they received omalizumab or not. While additional studies are
needed to better identify those individuals most likely to ben-
efit from omalizumab in terms of both safety and efficacy
[77••, 78], the evidence supporting the general benefits of
omalizumab in FA is robust. Omalizumab has shown signifi-
cant promise in the ability to accelerate desensitization with
OIT, independent of the specific allergen(s) being treated, by
allowing patients to initiate allergen updosing at higher initial
doses than conventional OIT while shortening the escalation
phase by reducing the number of doses and time required to
reach the targeted OIT maintenance dose. In addition to con-
tributing toward the observed reductions in time-to-desensiti-
zation, reductions in the rate of OIT-related adverse events
may potentially serve to reduce rates of premature OIT dis-
continuation due to allergen intolerance and anaphylaxis.

IL-4- and IL-13-Targeted Therapies

With the observed benefits of omalizumab, a number of new
biologics have recently been investigated or proposed for the
treatment of FA, both as monotherapies and adjuncts to OIT,
typically targeting mechanisms further upstream in the pro-
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allergic pathway driving food allergies. Dupilumab is a re-
combinant human IgG4 monoclonal antibody directed against
the α-chain of the IL-4 receptor (IL-4Rα) [79], a receptor
common to both IL-4 and IL-13. The binding of IL-4 or 13
to IL-4Rα typically results in the activation of a signaling
pathway that promotes the differential expression of genes
involved in IgE class switching, Th2 cell differentiation, and
macrophage polarization into the pro-inflammatory (M2) phe-
notype [80]. By preventing this interaction, dupilumab is thus
able to target a large number of cells involved in the patho-
physiology of Th2 allergic responses, such as B lymphocytes,
eosinophils, DCs, monocytes/macrophages, basophils,
keratinocytes, bronchial epithelial cells, endothelial cells, fi-
broblasts, and airway smooth muscle cells [81]. Dupilumab is
currently approved by both the Food and DrugAdministration
(FDA) and European Medicines Agency for use as a biologic
treatment in moderate-to-severe AD [82]. It was recently ap-
proved by the FDA also for asthma [83]. The first report of its
efficacy in the field of FAwas a case report in which a patient
with severe AD receiving dupilumab became desensitized and
passed a confirmatory oral food challenge to two foods previ-
ously responsible for allergic reactions [84••]. In order to bet-
ter understand the potential safety and efficacy of dupilumab
in FA, three placebo-controlled studies are currently under-
way. Two of the trials are for peanut allergy (either as mono-
therapy or adjunctive therapy) and the third is for those with
multiple allergies (Table 2).

IL-5-Targeted Therapies

Similar to IL-4 and IL-13, IL-5 is another key mediator driv-
ing the Th2 state, playing a key role in eosinophil maturation,
proliferation, migration to site, and effector functions. It is
synthesized and secreted by various cells, such as eosinophils,
Th2 cells, MCs, natural killer T cells, and ILC2s [85]. This
latter population is involved in the pathogenesis of asthma but
may also act in the onset of FA via their ability to activate in
response to alarmins and produce IL-5 and IL-13 in response
to IL-25 [41, 86]. Moreover, a recent mouse model of FA
demonstrated that interactions between IgE-activated MCs
may be capable of inducing intestinal ILC2s that can, in turn,
enhance responsiveness to the mediators of anaphylaxis pro-
duced by MCs [87]. Mepolizumab and reslizumab are both
humanized monoclonal antibodies that bind to IL-5,
preventing its interaction with its receptor. Both agents are
FDA-approved as add-on therapy for patients with asthma of
an eosinophilic phenotype, with mepolizumab additionally
approved for the treatment of eosinophilic granulomatosis
with polyangiitis [88]. Mepolizumab has also been investigat-
ed for the treatment of eosinophilic esophagitis; however, pilot
study results were uncertain with a decrease in peripheral and
tissue eosinophilia in the absence of convincing clinical im-
provement [89, 90]. Benralizumab, a monoclonal antibody

that binds to the α-chain of IL-5 receptor on eosinophils and
basophils, is similarly approved as add-on maintenance ther-
apy for patients with severe asthma of an eosinophilic pheno-
type. Receptor blockade on eosinophils leads to cell apoptosis
and nearly complete depletion of eosinophils. Data suggest
promising efficacy both in reducing annual exacerbation rates
and increasing the glucocorticoid-sparing effect [88, 91, 92].
While the focus of anti-IL-5 agents has centered on the treat-
ment of eosinophil-related disease states, their potential appli-
cations as adjuncts to FA immunotherapy, particularly in the
prevention or treatment of concurrent eosinophilia, are likely
to be investigated in the future.

Alarmin-Targeted Therapies

As previously described, IL-33, IL-25, and TSLP play a broad
and critical role in the early development and maintenance of
FA. Recent efforts have begun to focus on these alarmins as
potential targets for the treatment of FA given their broad
influence. The inhibition of these upstream targets during
OIT could theoretically provide advantages over other agents,
such as anti-IgE and anti-IL-4Rα antibodies, that only block
downstream mediators of the allergic response. In addition,
the use of anti-alarmin agents could be leveraged to prevent
initial allergen sensitization, especially in high-risk patients
presenting with atopic conditions such as eczema or AD.

In a murine model of allergic rhinitis sensitized to ovalbu-
min, anti-IL-33 treatment was effective in improving allergic
symptoms and reducing both total and allergen-specific IgE in
the serum. This reduction is thought to result from the inhibi-
tion of Th2-type cytokine release and B cell activation, with
the resulting decrease in IgE reducing the likelihood of MC
degranulation and allergic reaction [93]. In an additional mu-
rine model of asthma, treatment with anti-IL-33 significantly
reduced serum IgE secretion; eosinophil and lymphocyte
count; and concentrations of IL-4, IL-5, and IL-13 in broncho-
alveolar lavage fluid compared with controls [94]. The treat-
ment was also associated with reductions in allergen-induced
lung eosinophilic inflammation and mucus hypersecretion in
lung biopsy. Etokimab, a humanized IgG1/kappa monoclonal
antibody, has been specifically developed to bind to and neu-
tralize the biological effects of human IL-33. It is currently
under investigation for a number of atopic conditions, includ-
ing a phase II study for adults with peanut allergy. The study
involves a single administration of etokimab, with double-
blind, placebo-controlled food challenges to peanut at baseline
and 14 days post-etokimab administration to evaluate changes
in tolerance and the occurrence of adverse events during chal-
lenge (Clinical trials NCT02920021) [95]. Etokimab is also
being evaluated in clinical trials for chronic rhinosinusitis with
nasal polyps (phase 2, NCT03614923), severe eosinophilic
asthma (proof of concept study, NCT03469934), and AD
(phase 2, NCT03533751).
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Similar to IL-33, an anti-TSLP antibody has also been de-
veloped for human use. Tezepelumab is the first humanmono-
clonal antibody that binds to TSLP and inhibits its interaction
with the TSLP receptor complex [96]. Studies investigating
the use of tezepelumab have demonstrated its significant ben-
efit not only in the reduction of asthma exacerbations in those
with moderate-to-severe asthma but also in the attenuation of
allergen-induced early and late asthmatic responses after bron-
chial allergen challenge in those with mild allergic asthma and
a sensitization to pollens [97, 98]. A study in healthy individ-
uals and in patients with AD found that the antibody is safe
and well tolerated. Additional clinical trials of tezepelumab
for treatment of asthma and AD are underway.

While studies investigating the blockade of IL-25 in
humans with FA are not yet underway, anti-IL-25 treatment
in a murine model of nasal polyposis (commonly associated
with those with chronic rhinosinusitis) reduced polyp forma-
tion, mucosal thickness, collagen deposition, and infiltration
of inflammatory cells, including eosinophils and neutrophils
[99]. Ovalbumin-sensitized IL-25 knockout mice had allevi-
ated ovalbumin-induced eosinophil infiltration in the airway
and newly formed eosinophils were reduced in the lung, sug-
gesting a potential role for IL-25 in allergen-induced traffick-
ing of eosinophil-lineage committed progenitor cells to the
airways and local differentiation promoting tissue eosinophilia
in asthmatic responses [100].

The role of alarmins in induction and maintenance of FA
was evaluated in a mouse model. Researchers found that in-
jection of monoclonal antibodies to all 3 alarmins strongly
inhibited FA development, although no single monoclonal
antibody could suppress established FA, and optimal FA sup-
pression required treatment with a mixture of monoclonal an-
tibodies to all 3 alarmins [50]. Antibodies toward alarmins are
showing promise as treatments for atopic diseases. Their safe-
ty and efficacy for the treatment of FA is yet to be determined.

Conclusion

As efforts to optimize the safety and efficacy of immunother-
apy continue, an increasing number of biologic agents are
under investigation for their potential applications in the treat-
ment and prevention of FA. Traditional forms of immunother-
apy, such as OIT, are often plagued by extensive treatment
durations while treating a single allergen at a time.
Additionally, the process is not without risk, with a portion
of patients prematurely discontinuing therapy due to
treatment-related adverse events. The use of biologics that
function through the inhibition of pathways specific to atopy
may hold the answer to these challenges, providing a safer
environment in which multiple allergens, regardless of aller-
gen type, may be administered simultaneously with a de-
creased risk of reaction as the immune system shifts toward

a tolerogenic state. While additional studies are certainly
needed to further understand how these biologics are best
administered and how they impact long-term SU, preliminary
data thus far holds promise.

Acknowledgments We thank Dr. Kari Nadeau for her critical review of
the paper.

Author Contributions AJL, MB, and VS performed the literature search
and drafted and critically revised the work. RSC drafted and critically
reviewed the work.

Funding Information This work was financially supported by the Sean
N. Parker Center for Allergy and Asthma Research at Stanford
University.

Compliance with Ethical Standards

Conflict of Interest Dr. Sharon Chinthrajah receives grant support from
CoFAR NIAID, Aimmune, DBV Technologies, Astellas, AnaptysBio,
Novartis, and Regeneron and is a scientific advisory board member for
Alladapt Immunotherapeutics. All other authors declare no conflict of
interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
•• Of major importance

1. Gupta RS, Warren CM, Smith BM, Blumenstock JA, Jiang J,
Davis MM, et al. The public health impact of parent-reported
childhood food allergies in the United States. Pediatrics.
2018;142.

2. Gupta RS, Warren CM, Smith BM, Jiang J, Blumenstock JA,
Davis MM, et al. Prevalence and severity of food allergies among
US adults. JAMA Netw Open. 2019;2:e185630.

3. Robbins KA, Uygungil B. Nutritional deficiencies and food aller-
gy. J Allergy Clin Immunol Pract. 2017;5:528–9.

4. Meyer R. Nutritional disorders resulting from food allergy in chil-
dren. Pediatr Allergy Immunol. 2018;29:689–704.

5. Greenhawt M. Food allergy quality of life and living with food
allergy. Curr Opin Allergy Clin Immunol. 2016;16:284–90.

6. Nwaru BI, Hickstein L, Panesar SS, Roberts G, Muraro A, Sheikh
A, et al. Prevalence of common food allergies in Europe: a sys-
tematic review and meta-analysis. Allergy. 2014;69:992–1007.

7. Muraro A, Werfel T, Hoffmann-Sommergruber K, Roberts G,
Beyer K, Bindslev-Jensen C, et al. EAACI food allergy and ana-
phylaxis guidelines: diagnosis and management of food allergy.
Allergy. 2014;69:1008–25.

8. Sicherer SH, Sampson HA. Food allergy: a review and update on
epidemiology, pathogenesis, diagnosis, prevention, and manage-
ment. J Allergy Clin Immunol. 2018;141:41–58.

9. Davis CM, Kelso JM. Food allergy management. Immunol
Allergy Clin N Am. 2018;38:53–64.

    3 Page 8 of 11 Curr Allergy Asthma Rep            (2020) 20:3 



10. Luyt D, Ball H, Kirk K, Stiefel G. Diagnosis and management of
food allergy in children. Paediatr Child Health. 2016;26:287–91.

11. Motosue MS, Bellolio MF, Van Houten HK, Shah ND, Campbell
RL. National trends in emergency department visits and hospital-
izations for food-induced anaphylaxis in US children. Pediatr
Allergy Immunol. 2018;29:538–44.

12. Schofield A. A case of egg poisoning. Lancet. 1908;1:716.
13. Gernez Y, Nowak-Wegrzyn A. Immunotherapy for food allergy:

are we there yet? J Allergy Clin Immunol Pract. 2017;5:250–72.
14. Fleischer DM, Greenhawt M, Sussman G, Begin P, Nowak-

Wegrzyn A, Petroni D, et al. Effect of epicutaneous immunother-
apy vs placebo on reaction to peanut protein ingestion among
children with peanut allergy: the PEPITES randomized clinical
trial. JAMA. 2019;321:946–55.

15. Vickery BP, Scurlock AM, Kulis M, Steele PH, Kamilaris J,
Berglund JP, et al. Sustained unresponsiveness to peanut in sub-
jects who have completed peanut oral immunotherapy. J Allergy
Clin Immunol. 2014;133:468–75.

16. Nurmatov U, Dhami S, Arasi S, Pajno GB, Fernandez-Rivas M,
Muraro A, et al. Allergen immunotherapy for IgE-mediated food
allergy: a systematic review and meta-analysis. Allergy. 2017;72:
1133–47.

17. Chiang D, BerinMC. An examination of clinical and immunolog-
ic outcomes in food allergen immunotherapy by route of admin-
istration. Curr Allergy Asthma Rep. 2015;15:35.

18. Wood RA. Food allergen immunotherapy: current status and pros-
pects for the future. J Allergy Clin Immunol. 2016;137:973–82.

19. Freeland DMH, Manohar M, Andorf S, Hobson BD, Zhang W,
Nadeau KC. Oral immunotherapy for food allergy. Semin
Immunol. 2017;30:36–44.

20. Wood RA. Oral immunotherapy for food allergy. J Investig
Allergol Clin Immunol. 2017;27:151–9.

21. Burks AW, Jones SM, Wood RA, Fleischer DM, Sicherer SH,
Lindblad RW, et al. Oral immunotherapy for treatment of egg
allergy in children. N Engl J Med. 2012;367:233–43.

22. Syed A, Garcia MA, Lyu SC, Bucayu R, Kohli A, Ishida S, et al.
Peanut oral immunotherapy results in increased antigen-induced
regulatory T-cell function and hypomethylation of forkhead box
protein 3 (FOXP3). J Allergy Clin Immunol. 2014;133:500–10.

23. Blumchen K, Ulbricht H, Staden U, Dobberstein K, Beschorner J,
de Oliveira LC, et al. Oral peanut immunotherapy in children with
peanut anaphylaxis. J Allergy Clin Immunol. 2010;126:83–91 e1.

24. Varshney P, Jones SM, Scurlock AM, Perry TT, Kemper A, Steele
P, et al. A randomized controlled study of peanut oral immuno-
therapy: clinical desensitization and modulation of the allergic
response. J Allergy Clin Immunol. 2011;127:654–60.

25. Keet CA, Frischmeyer-Guerrerio PA, Thyagarajan A, Schroeder
JT, Hamilton RG, Boden S, et al. The safety and efficacy of sub-
lingual and oral immunotherapy for milk allergy. J Allergy Clin
Immunol. 2012;129:448–55 55 e1–5.

26. Jones SM, Burks AW, Keet C, Vickery BP, Scurlock AM, Wood
RA, et al. Long-term treatment with egg oral immunotherapy en-
hances sustained unresponsiveness that persists after cessation of
therapy. J Allergy Clin Immunol. 2016;137:1117–27 e10.

27.•• Chinthrajah RS, Purington N, Andorf S, Long A, O’Laughlin KL,
Lyu SC, et al. Sustained outcomes in a large double-1 blind, pla-
cebo-controlled, randomized phase 2 study of peanut immuno-
therapy. Lancet. Accepted June 14,2019 In Press. 2019. OIT
could desensitize individuals with peanut allergy to 4000 mg
peanut protein but discontinuation, or even reduction to
300mg daily, could increase the likelihood of regaining clinical
reactivity to peanut.

28. Duca B, Patel N, Turner PJ. GRADE-ing the benefit/risk equation
in food immunotherapy. Curr Allergy Asthma Rep. 2019;19:30.

29. Scurlock AM. Oral and sublingual immunotherapy for treatment
of IgE-mediated food allergy. Clin Rev Allergy Immunol.
2018;55:139–52.

30. Lucendo AJ, Arias A, Tenias JM. Relation between eosinophilic
esophagitis and oral immunotherapy for food allergy: a systematic
review with meta-analysis. Ann Allergy Asthma Immunol.
2014;113:624–9.

31. Wright BL, Fernandez-Becker NQ, Kambham N, Purington N,
Tupa D, Zhang W, et al. Baseline gastrointestinal eosinophilia is
common in oral immunotherapy subjects with IgE-mediated pea-
nut allergy. Front Immunol. 2018;9:2624.

32. Chu DK, Wood RA, French S, Fiocchi A, Jordana M, Waserman
S, et al. Oral immunotherapy for peanut allergy (PACE): a system-
atic review and meta-analysis of efficacy and safety. Lancet. 2019.

33. Yu W, Freeland DMH, Nadeau KC. Food allergy: immune mech-
anisms, diagnosis and immunotherapy. Nat Rev Immunol.
2016;16:751–65.

34. Chinthrajah RS, Hernandez JD, Boyd SD, Galli SJ, Nadeau KC.
Molecular and cellular mechanisms of food allergy and food tol-
erance. J Allergy Clin Immunol. 2016;137:984–97.

35. Lozano-OjalvoD, Berin C, Tordesillas L. Immune basis of allergic
reactions to food. J Investig Allergol Clin Immunol. 2019;29:1–
14.

36. Brotons-Canto A, Martin-Arbella N, Gamazo C, Irache JM. New
pharmaceutical approaches for the treatment of food allergies.
Expert Opin Drug Deliv. 2018;15:675–86.

37. Aguilera-Insunza R, Venegas LF, Iruretagoyena M, Rojas L,
Borzutzky A. Role of dendritic cells in peanut allergy. Expert
Rev Clin Immunol. 2018;14:367–78.

38. Walker MT, Green JE, Ferrie RP, Queener AM, Kaplan MH,
Cook-Mills JM. Mechanism for initiation of food allergy: depen-
dence on skin barrier mutations and environmental allergen
costimulation. J Allergy Clin Immunol. 2018;141:1711–25 e9.

39. Tordesillas L, Goswami R, Benede S, Grishina G, Dunkin D,
Jarvinen KM, et al. Skin exposure promotes a Th2-dependent
sensitization to peanut allergens. J Clin Invest. 2014;124:4965–
75.

40. Divekar R, Kita H. Recent advances in epithelium-derived cyto-
kines (IL-33, IL-25, and thymic stromal lymphopoietin) and aller-
gic inflammation. Curr Opin Allergy Clin Immunol. 2015;15:98–
103.

41. Lee JB, Chen CY, Liu B, Mugge L, Angkasekwinai P, Facchinetti
V, et al. IL-25 and CD4(+) TH2 cells enhance type 2 innate lym-
phoid cell-derived IL-13 production, which promotes IgE-
mediated experimental food allergy. J Allergy Clin Immunol.
2016;137:1216–25 e5.

42. Leyva-Castillo JM, Galand C, Kam C, Burton O, Gurish M,
Musser MA, et al. Mechanical skin injury promotes food anaphy-
laxis by driving intestinal mast cell expansion. Immunity.
2019;50(5):1262–1275.e4.

43. Galand C, Leyva-Castillo JM, Yoon J, Han A, LeeMS, McKenzie
ANJ, et al. IL-33 promotes food anaphylaxis in epicutaneously
sensitized mice by targeting mast cells. J Allergy Clin Immunol.
2016;138:1356–66.

44. Noval Rivas M, Burton OT, Oettgen HC, Chatila T. IL-4 produc-
tion by group 2 innate lymphoid cells promotes food allergy by
blocking regulatory T-cell function. J Allergy Clin Immunol.
2016;138:801–11 e9.

45. Pasha MA, Patel G, Hopp R, Yang Q. Role of innate lymphoid
cells in allergic diseases. Allergy Asthma Proc. 2019;40:138–45.

46. Noval Rivas M, Burton OT,Wise P, Charbonnier LM, Georgiev P,
OettgenHC, et al. Regulatory Tcell reprogramming toward a Th2-
cell-like lineage impairs oral tolerance and promotes food allergy.
Immunity. 2015;42:512–23.

Curr Allergy Asthma Rep            (2020) 20:3 Page 9 of 11     3 



47. Silva-Filho JL, Caruso-Neves C, Pinheiro AAS. IL-4: an impor-
tant cytokine in determining the fate of T cells. Biophys Rev.
2014;6:111–8.

48. Pattarini L, Trichot C, Bogiatzi S, Grandclaudon M, Meller S,
Keuylian Z, et al. TSLP-activated dendritic cells induce human
T follicular helper cell differentiation through OX40-ligand. J Exp
Med. 2017;214:1529–46.

49. Frossard CP, Zimmerli SC, Rincon Garriz JM, Eigenmann PA.
Food allergy in mice is modulated through the thymic stromal
lymphopoietin pathway. Clin Transl Allergy. 2015;6:2.

50. Khodoun MV, Tomar S, Tocker JE, Wang YH, Finkelman FD.
Prevention of food allergy development and suppression of
established food allergy by neutralization of thymic stromal
lymphopoietin, IL-25, and IL-33. J Allergy Clin Immunol.
2018;141:171–9 e1.

51. Johnston LK, Hsu CL, Krier-Burris RA, Chhiba KD, Chien KB,
McKenzie A, et al. IL-33 precedes IL-5 in regulating eosinophil
commitment and is required for eosinophil homeostasis. J
Immunol. 2016;197:3445–53.

52. Wright BL, Kulis M, Orgel KA, Burks AW, Dawson P, Henning
AK, et al. Component-resolved analysis of IgA, IgE, and IgG4
during egg OIT identifies markers associated with sustained unre-
sponsiveness. Allergy. 2016;71:1552–60.

53. Sugimoto M, Kamemura N, Nagao M, Irahara M, Kagami S,
Fujisawa T, et al. Differential response in allergen-specific IgE,
IgGs, and IgA levels for predicting outcome of oral immunother-
apy. Pediatr Allergy Immunol. 2016;27:276–82.

54. Pellerin L, Jenks JA, Chinthrajah S, Dominguez T, BlockW, Zhou
X, et al. Peanut-specific type 1 regulatory T cells induced in vitro
from allergic subjects are functionally impaired. J Allergy Clin
Immunol. 2018;141:202–13 e8.

55. Ryan JF, Hovde R, Glanville J, Lyu SC, Ji X, Gupta S, et al.
Successful immunotherapy induces previously unidentified
allergen-specific CD4+ T-cell subsets. Proc Natl Acad Sci U S
A. 2016;113:E1286–95.

56. Gri G, Piconese S, Frossi B, Manfroi V, Merluzzi S, Tripodo C,
et al. CD4+CD25+ regulatory T cells suppress mast cell degranu-
lation and allergic responses through OX40-OX40L interaction.
Immunity. 2008;29:771–81.

57. Santos AF, James LK, Bahnson HT, Shamji MH, Couto-Francisco
NC, Islam S, et al. IgG4 inhibits peanut-induced basophil andmast
cell activation in peanut-tolerant children sensitized to peanut ma-
jor allergens. J Allergy Clin Immunol. 2015;135:1249–56.

58. Burks AW, Sampson HA, Plaut M, Lack G, Akdis CA. Treatment
for food allergy. J Allergy Clin Immunol. 2018;141:1–9.

59. Fiocchi A, Artesani MC, Riccardi C, Mennini M, Pecora V, Fierro
V, et al. Impact of omalizumab on food allergy in patients treated
for asthma: a real-life study. J Allergy Clin Immunol Pract.
2019;7:1901–9 e5.

60.•• Andorf S, Purington N, Kumar D, Long A, O’Laughlin KL,
Sicherer S, et al. A phase 2 randomized controlled multisite study
using omalizumab-facilitated rapid desensitization to test contin-
ued vs discontinued dosing in multifood allergic individuals.
EClinicalMedicine. 2019;7:27–38. Omalizumb with oral
immuotherapy shows promise and decreases time to desensi-
tization and simultaneously desensitizes to multiple allergens.

61. MacGinnitie AJ, Rachid R, Gragg H, Little SV, Lakin P,
Cianferoni A, et al. Omalizumab facilitates rapid oral desensitiza-
tion for peanut allergy. J Allergy Clin Immunol. 2017;139:873–81
e8.

62. Takahashi M, Soejima K, Taniuchi S, Hatano Y, Yamanouchi S,
Ishikawa H, et al. Oral immunotherapy combined with
omalizumab for high-risk cow’s milk allergy: a randomized con-
trolled trial. Sci Rep. 2017;7:17453.

63. Lin C, Lee IT, Sampath V, Dinakar C, DeKruyff RH, Schneider
LC, et al. Combining anti-IgE with oral immunotherapy. Pediatr
Allergy Immunol. 2017;28:619–27.

64. Davies AM, Allan EG, Keeble AH, Delgado J, Cossins BP,
Mitropoulou AN, et al. Allosteric mechanism of action of the
therapeutic anti-IgE antibody omalizumab. J Biol Chem.
2017;292:9975–87.

65. Dantzer JA, Wood RA. The use of omalizumab in allergen immu-
notherapy. Clin Exp Allergy. 2018;48:232–40.

66. Kamin W, Kopp MV, Erdnuess F, Schauer U, Zielen S, Wahn U.
Safety of anti-IgE treatment with omalizumab in children with
seasonal allergic rhinitis undergoing specific immunotherapy si-
multaneously. Pediatr Allergy Immunol. 2010;21:e160–5.

67. Leung DY, Sampson HA, Yunginger JW, Burks AW Jr, Schneider
LC, Wortel CH, et al. Effect of anti-IgE therapy in patients with
peanut allergy. N Engl J Med. 2003;348:986–93.

68. Sampson HA, Leung DY, Burks AW, Lack G, Bahna SL, Jones
SM, et al. A phase II, randomized, doubleblind, parallelgroup,
placebo-controlled oral food challenge trial of Xolair
(omalizumab) in peanut allergy. J Allergy Clin Immunol.
2011;127:1309–10 e1.

69.•• Wood RA, Kim JS, Lindblad R, Nadeau K, Henning AK, Dawson
P, et al. A randomized, double-blind, placebo-controlled study of
omalizumab combined with oral immunotherapy for the treatment
of cow’s milk allergy. J Allergy Clin Immunol. 2016;137:1103–10
e11. Measurements of safety significantly improved with ad-
junctive omalizumab in combination with food oral
immunotherapy.

70. Begin P, Dominguez T, Wilson SP, Bacal L, Mehrotra A, Kausch
B, et al. Phase 1 results of safety and tolerability in a rush oral
immunotherapy protocol to multiple foods using omalizumab.
Allergy, Asthma Clin Immunol. 2014;10:7.

71. Schneider LC, Rachid R, LeBovidge J, Blood E, Mittal M,
Umetsu DT. A pilot study of omalizumab to facilitate rapid oral
desensitization in high-risk peanut-allergic patients. J Allergy Clin
Immunol. 2013;132:1368–74.

72. Nadeau KC, Schneider LC, Hoyte L, Borras I, Umetsu DT. Rapid
oral desensitization in combination with omalizumab therapy in
patients with cow’s milk allergy. J Allergy Clin Immunol.
2011;127:1622–4.

73.•• Andorf S, Purington N, Block WM, Long AJ, Tupa D, Brittain E,
et al. Anti-IgE treatment with oral immunotherapy in multifood
allergic participants: a double-blind, randomised, controlled trial.
Lancet Gastroenterol Hepatol. 2018;3:85–94. In patients with
allergies to multiple foods, omalizumab improves the efficacy
of multifood oral immunotherapy and enables safe and rapid
desensitisation.

74. Srivastava KD, Song Y, Yang N, Liu C, Goldberg IE, Nowak-
Wegrzyn A, et al. B-FAHF-2 plus oral immunotherapy (OIT) is
safer and more effective than OIT alone in a murine model of
concurrent peanut/tree nut allergy. Clin Exp Allergy. 2017;47:
1038–49.

75. Patil SP, Wang J, Song Y, Noone S, Yang N, Wallenstein S, et al.
Clinical safety of Food Allergy Herbal Formula-2 (FAHF-2) and
inhibitory effect on basophils from patients with food allergy:
extended phase I study. J Allergy Clin Immunol. 2011;128:
1259–65 e2.

76. Wang J, Jones SM, Pongracic JA, Song Y, Yang N, Sicherer SH,
et al. Safety, clinical, and immunologic efficacy of a Chinese herb-
al medicine (Food Allergy Herbal Formula-2) for food allergy. J
Allergy Clin Immunol. 2015;136:962–70 e1.

77.•• Frischmeyer-Guerrerio PA, Masilamani M, Gu W, Brittain E,
Wood R, Kim J, et al. Mechanistic correlates of clinical responses
to omalizumab in the setting of oral immunotherapy for milk
allergy. J Allergy Clin Immunol. 2017;140:1043–53
e8. Baseline biomarkers (alterations in basophil reactivity)

    3 Page 10 of 11 Curr Allergy Asthma Rep            (2020) 20:3 



can identify subjects most likely to benefit from adjunctive
therapy with omalizumab.

78. Virkud YV, Wang J, Shreffler WG. Enhancing the safety and
efficacy of food allergy immunotherapy: a review of adjunctive
therapies. Clin Rev Allergy Immunol. 2018;55:172–89.

79. May RD, Fung M. Strategies targeting the IL-4/IL-13 axes in
disease. Cytokine. 2015;75:89–116.

80. Sastre J, Davila I. Dupilumab: a new paradigm for the treatment of
allergic diseases. J Investig Allergol Clin Immunol. 2018;28:139–
50.

81. Bao K, Reinhardt RL. The differential expression of IL-4 and IL-
13 and its impact on type-2 immunity. Cytokine. 2015;75:25–37.

82. Beck LA, Thaci D, Hamilton JD, Graham NM, Bieber T, Rocklin
R, et al. Dupilumab treatment in adults with moderate-to-severe
atopic dermatitis. N Engl J Med. 2014;371:130–9.

83. Dupilumab (Dupixent) for asthma. JAMA. 2019;321:1000–1.
84.•• Rial MJ, Barroso B, Sastre J. Dupilumab for treatment of food

allergy. J Allergy Clin Immunol Pract. 2019;7:673–4.Case study
that shows dupilumab may be a promising treatment for food
allergy.

85. Bagnasco D, FerrandoM, Varricchi G, Puggioni F, PassalacquaG,
Canonica GW. Anti-Interleukin 5 (IL-5) and IL-5Ra biological
drugs: efficacy, safety, and future perspectives in severe eosino-
philic asthma. Front Med (Lausanne). 2017;4:135.

86. Shik D, Tomar S, Lee JB, Chen CY, Smith A, Wang YH. IL-9-
producing cells in the development of IgE-mediated food allergy.
Semin Immunopathol. 2017;39:69–77.

87. Burton OT, Medina Tamayo J, Stranks AJ, Miller S, Koleoglou
KJ,Weinberg EO, et al. IgE promotes type 2 innate lymphoid cells
in murine food allergy. Clin Exp Allergy. 2018;48:288–96.

88. Desai M, Oppenheimer J, Lang DM. Immunomodulators and bi-
ologics: beyond stepped-care therapy. Clin Chest Med. 2019;40:
179–92.

89. Stone KD, Prussin C. Immunomodulatory therapy of eosinophil-
associated gastrointestinal diseases. Clin Exp Allergy. 2008;38:
1858–65.

90. Straumann A, Conus S, Grzonka P, Kita H, Kephart G, Bussmann
C, et al. Anti-interleukin-5 antibody treatment (mepolizumab) in

active eosinophilic oesophagitis: a randomised, placebo-con-
trolled, double-blind trial. Gut. 2010;59:21–30.

91. Bleecker ER, FitzGerald JM, Chanez P, Papi A, Weinstein SF,
Barker P, et al. Efficacy and safety of benralizumab for patients
with severe asthma uncontrolled with high-dosage inhaled corti-
costeroids and long-acting beta2-agonists (SIROCCO): a
randomised, multicentre, placebo-controlled phase 3 trial.
Lancet. 2016;388:2115–27.

92. Yang YH, Chiang BL. Novel approaches to food allergy. Clin Rev
Allergy Immunol. 2014;46:250–7.

93. Kim YH, Yang TY, Park CS, Ahn SH, Son BK, Kim JH, et al.
Anti-IL-33 antibody has a therapeutic effect in a murine model of
allergic rhinitis. Allergy. 2012;67:183–90.

94. Liu X, Li M, Wu Y, Zhou Y, Zeng L, Huang T. Anti-IL-33 anti-
body treatment inhibits airway inflammation in a murine model of
allergic asthma. Biochem Biophys Res Commun. 2009;386:181–
5.

95. Cherie Liu SC, Long A, Lyu S-C, Londei M, Nadeau KC.
Randomized controlled phase 2a study results using anti IL-33
in food allergy. J Immunol. 2019;202(1 Supplement):196.1.

96. Varricchi G, Pecoraro A, Marone G, Criscuolo G, Spadaro G,
Genovese A, et al. Thymic stromal lymphopoietin isoforms, in-
flammatory disorders, and cancer. Front Immunol. 2018;9:1595.

97. Corren J, Parnes JR, Wang L, Mo M, Roseti SL, Griffiths JM,
et al. Tezepelumab in adults with uncontrolled asthma. N Engl J
Med. 2017;377:936–46.

98. Gauvreau GM, O’Byrne PM, Boulet LP, Wang Y, Cockcroft D,
Bigler J, et al. Effects of an anti-TSLP antibody on allergen-
induced asthmatic responses. N Engl J Med. 2014;370:2102–10.

99. Shin HW, Kim DK, Park MH, Eun KM, Lee M, So D, et al. IL-25
as a novel therapeutic target in nasal polyps of patients with chron-
ic rhinosinusitis. J Allergy Clin Immunol. 2015;135:1476–85 e7.

100. Tang W, Smith SG, Du W, Gugilla A, Du J, Oliveria JP, et al.
Interleukin-25 and eosinophils progenitor cell mobilization in al-
lergic asthma. Clin Transl Allergy. 2018;8:5.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Curr Allergy Asthma Rep            (2020) 20:3 Page 11 of 11     3 


	New Developments in Non-allergen-specific Therapy for the Treatment of Food Allergy
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Immunotherapy
	Mechanisms
	Biologics
	IgE-Targeted Therapies
	IL-4- and IL-13-Targeted Therapies
	IL-5-Targeted Therapies
	Alarmin-Targeted Therapies

	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: •• Of major importance



