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Abstract Food allergies have increased in prevalence over
the past 20 years, now becoming an important public health
concern. Although there are no therapies currently available
for routine clinical care, recent reports have indicated that
immunotherapies targeting the mucosal immune system may
be effective. Oral immunotherapy is conducted by administer-
ing small, increasing amounts of food allergen; it has shown
promise for desensitizing individuals with peanut, egg, or
milk allergies. Sublingual immunotherapy also desensitizes
allergic patients to foods—two major studies have examined
the effects of sublingual immunotherapy in subjects with pea-
nut allergies. We review the complex nature of IgE-mediated
food allergies and the therapies being evaluated in clinical
trials. We focus on the diagnosis and management of food
allergies and investigational therapies.
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Abbreviations
Ab Antibody
Alpha-gal Galactose-alpha-1,3-galactose
DBPCFC Double-blind, placebo-controlled

food challenge
EPIT Epicutaneous immunotherapy
IgE Immunoglobulin E
mAb Monoclonal antibody
OFC Oral food challenge
OIT Oral immunotherapy
SCIT Subcutaneous immunotherapy
sIgE Antigen-specific IgE
SLIT Sublingual immunotherapy
SPT Skin prick test
Th T-helper

Introduction

Food allergies affect an estimated 15 million Americans and
17 million Europeans and carry a high risk of life-threatening
allergic reactions. According to the Centers for Disease
Control and Prevention, food allergies among children in-
creased approximately 50 % between 1997 and 2011, but
there is no clear answer as to why and no effective therapy.
Thus, strict avoidance of food allergens and early recognition
and management of allergic reactions to food are important
measures to prevent serious health consequences. Even with
appropriate dietary avoidance, however, half of peanut allergic
children reported accidental ingestion in the prior year.
Therefore, the need for food allergy treatments is of critical
importance. In this review, we seek to highlight key areas of
innovation and emerging approaches for the treatment of food
allergies as well as discuss the clinical implications.
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Investigational Therapies

Proactive therapies for food allergies are needed because
avoidance is not a long-term solution for the millions of indi-
viduals at risk for accidental reactions. Subcutaneous immu-
notherapy (SCIT) is effective and safe for the treatment of
allergies to environmental factors and insect stings, so this
therapy was tested for peanut allergy in the 1980s.While trials
did show some efficacy of SCIT for peanut allergy, there was
an unacceptably high rate of severe allergic reactions [1].
SCIT has not been tested for food allergies since these trials.
Instead, researchers have turned to other routes of administra-
tion for immunotherapy. It is important to note that the thera-
pies discussed here are investigational and not ready for rou-
tine clinical practice except where indicated [2].

A key concept in immunotherapy for food allergies is de-
sensitization vs sustained unresponsiveness (also referred to as
tolerance). Desensitization means increasing the allergen re-
activity threshold in subjects receiving daily immunotherapy.
Sustained unresponsiveness means retention of an increased
reactivity threshold after immunotherapy has been
discontinued for weeks or months [3•].

Oral Immunotherapy

Oral immunotherapy (OIT) typically is conducted in three
phases with allergens in a flour form and ingested with a food
vehicle. Phase 1 is a modified rush desensitization, starting
with minute quantities of allergen, which increases in dose
several times during a single day. Phase 2 is a buildup dosing
period in which subjects ingest daily doses of the allergens at
home. Doses increase approximately every 2 weeks under
clinical observation. Phase 3 is the maintenance dosing period
in which subjects ingest the target dose of allergen daily, at
home, for months or years. OITwas reported to induce desen-
sitization in some subjects in a preliminary case series of var-
ious food allergies, but rigorous studies were needed to show
safety, efficacy, and mechanism [4]. OIT trial outcomes now
have been reported for peanut, egg, and milk allergies—we
will focus on peanut allergy.

Peanut OIT

In 2009, the first findings from an open-label study of peanut
OIT performed in children in the USA were reported [5].
Subjects began taking 0.1 mg of peanut protein; the dose
increased for several months to a maintenance dose of
300 mg peanut protein daily. Twenty-seven of 29 subjects
subsequently were able to accept a peanut challenge of
3900 mg of peanut protein (approximately 13 whole peanut
kernels). Side effects occurred most often during the modified
rush and buildup phases [6]. Skin, gastrointestinal, and upper
respiratory symptoms were most common. Other open-label

studies since have reported findings from the UK and
Germany [7, 8]. Results from these trials and subsequent
others confirm that reactivity thresholds can be increased via
OIT (summarized in Table 1).

A multicenter, double-blind, randomized, placebo-
controlled trial of peanut OIT provided strong evidence that
this approach can desensitize children with peanut allergies
[9]. In subjects receiving peanut OIT, the peanut protein was
increased to a maintenance level of 4000 mg. After 12 months
of dosing, subjects underwent a double-blind, placebo-
controlled food challenge (DBPCFC) to 5000 mg of peanut
protein. All 16 of the subjects continuing on peanut OIT passed
the challenge, compared with none of the subjects given place-
bo (they could ingest only a median of 280 mg peanut protein).

The largest trial to date was the STOP II trial, a cross-over
study in the UK of 99 children with a peanut allergy (age, 7–
16 years) [12]. In phase 1, the subjects received OITwith pea-
nut protein or continued to avoid peanuts (standard of care,
controls). Then, in phase 2, subjects from the control group in
phase 1 were reallocated and received peanut OIT. Subjects
underwent 6 months of peanut OIT and then underwent a pea-
nut challenge. After this period, 84 % of subjects who received
OIT in phase 1 were able to ingest 800 mg of peanut (the daily
maintenance dose), as were 91 % of those who received OIT in
phase 2. In the food challenge outcome at the end of phase 1,
62 % of subjects who received OIT could tolerate 1400 mg of
peanut without symptoms, whereas none of the controls could
tolerate 1400 mg of peanut. These findings indicate that peanut
OIT can desensitize most patients within 6 months, but there
was no assessment of sustained unresponsiveness. Importantly,
side effects were deemed mild for most subjects.

Although in most studies of peanut OIT desensitization is
achieved, it was only recently reported that OIT also can lead
to sustained unresponsiveness. Vickery et al. reported findings
from an open-label study of 24 children who received daily
doses of peanut for up to 5 years, then stopped the OIT for
1 month and were challenged [3•]. After abstaining from pea-
nut OIT for 1 month, 50 % of subjects were still able to pass a
DBPCFC and were considered tolerant. It is important to note
that the patients who did not pass the tolerance challenge still
tolerated a median challenge dose of 3750 mg—which is
much greater than would be expected if the OIT effect had
subsided completely. This study shows that peanut OIT can
lead to sustained unresponsiveness, indicating that long-term
use of daily maintenance doses may not be necessary for all
subjects. In the future, it will be important to include a placebo
arm in order to determine the rate of subjects who spontane-
ously develop tolerance during the trial period.

Combination Therapies

Oral immunotherapy poses an inherent risk associated with
food allergic patients intentionally ingesting proteins that
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cause reactions. Therefore, it has been proposed that anti-IgE
therapies, such as omalizumab, could be given to bind free
circulating IgE before OIT, to increase safety and dose. The
highest dose of the humanized monoclonal antibody TNX-
901, given without concurrent OIT, was shown to reduce re-
actions to peanut protein in 75 % of subjects with a peanut
allergy [16]. Findings from a study of omalizumab plus peanut
OIT showed that all 13 subjects were able to achieve a 500 mg
dose of peanut on the first day of desensitization [17•]. Twelve
of 13 subjects reached a 4000 mg maintenance dose, in a
median time of only 8 weeks. Administration of omalizumab
before OIT therefore appears to allow subjects to ingest large
quantities of allergen faster than peanut OIT protocols without
omalizumab. Further studies, especially randomized, placebo-
controlled trials, are needed to better assess this strategy.

Sublingual Immunotherapy

Sublingual immunotherapy (SLIT) is performed by placing
allergen extract, in a liquid solution, under the tongue for as
long as several minutes; then, it is spit out or swallowed.
Langerhans cells in the oral mucosa take up the allergens
and are thought to induce tolerance. SLIT has been used to
reduce allergies to environmental allergens in Europe for sev-
eral decades and recently was approved in the USA for treat-
ment of grass pollen allergy. SLIT is thought to be safer than
OIT because smaller quantities of allergen are administered.

Kim and colleagues performed a randomized, double-
blind, placebo-controlled trial of SLIT for pediatric patients
with a peanut allergy [10]. The dose increased from 0.25 mg
peanut protein to 2000 mg in approximately 6 months.
Subjects then continued to receive 2000 mg of peanut protein
per day for the next 6 months. Twelve months after the trial
started, all subjects participated in a DBPCFC. The SLIT
group (n=11) tolerated a median of 1710 mg of peanut pro-
tein in the DBPCFC, whereas the placebo subjects (n=7)
tolerated only 85 mg.

The Consortium of Food Allergy Research conducted a
multicenter, double-blind, randomized, placebo-controlled tri-
al of SLIT in 40 subjects with a peanut allergy [11]. After
44 weeks, 70 % of subjects given SLIT could tolerate in-
creased levels of peanut protein, compared with only 15 %
of subjects given placebo. The median tolerated dose was
496 mg in subjects who received SLIT, compared with
3.5 mg at enrollment. After 68 weeks of SLIT, the median
tolerated dose among SLIT recipients increased to 996 mg,
which was much lower than the final doses tolerated after OIT
(typically several grams of allergen).

Sublingual and oral immunotherapy approaches both have
important advantages and limitations. SLIT may ultimately
represent a bridge to OIT to decrease side effects or as a safer
method of immunotherapy for patients with a history of severe
allergy who cannot tolerate OIT. Overall, it is difficult to

envision SLIT as the most effective or reliable method to in-
duce clinically meaningful desensitization or sustained unre-
sponsiveness due to the lower dosing. However, if in the fu-
ture, the allergen dose used in SLIT could be increased, then
the role for a sublingual approach may need to be re-evaluat-
ed. Peanut oral immunotherapy, alternatively, has been shown
in multiple studies to increase reaction thresholds and accu-
mulating evidence suggests OIT protocols lead to desensitiza-
tion and does so in a more efficacious manner than SLIT [15].
Although one might believe that desensitization would trans-
late into protection from reactions due to accidental ingestion,
there are no established data to prove this important parameter.
Moreover, peanut OIT has not been thoroughly studied in
subjects who have a history of severe anaphylaxis (typical
exclusion criterion), yet these patients might have the most
to benefit clinically.

Epicutaneous Immunotherapy

Epicutaneous immunotherapy (EPIT) is a new approach in
which a circular disk that contains dried allergens is applied
to intact skin. The allergen is solubilized by moisture from the
skin and taken up by dendritic cells. One proprietary
epicutaneous delivery system (EDS) has been successfully
developed in animal models and is being tested in humans
[18]. One advantage of EPITover other forms of immunother-
apy is that administration of small doses of allergen to the skin
could decrease the likelihood of systemic reactions, which can
occur after allergen ingestion. EPIT is effective in animal
models of food allergy and is being investigated in clinical
trials for food allergies. Findings from only one clinical trial
of EPIT for food allergies have been published, and there are
few peer-reviewed results published in the literature to date
[19•]. Adverse events were mostly mild skin symptoms.
Studies are underway in North America and Europe to inves-
tigate EPIT for peanut allergy, and results were reported in an
abstract detailing that after 1 year of therapy, half of the pa-
tients treated with the 250 ug patch tolerated at least 1 g of
peanut protein on food challenge [13]. Notably, the results that
have been released from pilot studies suggest that EPIT is
well-tolerated with very few systemic reactions and no reports
of anaphylaxis. In fact, the most common reactions reported
have been mild, cutaneous symptoms, and flares of atopic
dermatitis [19•].

If the ongoing studies with EPIT are successful, a
cutaneous approach may be a viable and safe treatment
option for food allergy—particularly as part of a more
comprehensive approach to treatment. A role for EPIT
might exist within the early phase of antigen exposure
to perform low-dose desensitization to young peanut
allergic subjects who might not otherwise be able to
tolerate (or cooperate for) daily dosing.
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Adjuvant Vaccines

As mentioned above, subcutaneous immunotherapy (SCIT)
for peanut allergy has been attempted in the past in 12 subjects
[1]. While some efficacy was established, the high rate of
systemic reactions was unacceptable. However, SCIT repre-
sents an effective approach for venom and environmental al-
lergens, and further exploration of a treatment vaccine or even
SCITapproach to peanut allergywould likely need to be based
upon modification of the allergen to eliminate systemic reac-
tions. Alternatively, an approach that does not target the IgE
response could offer a safer method yet allow for subcutane-
ous treatment. A combination approach with non-specific im-
munotherapy (omalizumab, food allergy herbal formula,
probiotics) may be feasible to reduce reactions to SCIT and
permit an allergen targeted approach.

Early Introduction of Peanut

In 2015, DuToit et al. reported the results of single-center,
open-label, randomized, controlled interventional study to
test the effect of timing of peanut introduction on the rate
of peanut allergy development [14••]. The authors found
that 17.2 % of subjects in the avoidance group developed
peanut allergy compared to 3.2 % of the early introduction
group. Upon careful examination of the data, there were
interesting within group differences related to the skin
prick test (SPT) positive vs negative subjects. The SPT
negative group had 13.7 % of the avoidance cohort devel-
op a peanut allergy compared to 1.9 % in the early intro-
duction group. In the SPT positive arm, 35.3 % of the
avoidance group developed peanut allergy whereas only
10.6 % of the early introduction group developed peanut
allergy. While formal consensus expert panel recommen-
dations are forthcoming, results from the LEAP trial may
suggest that early introduction of peanut in selected chil-
dren may protect against the development of peanut aller-
gy and represent a paradigm shift in the current approach
to food allergy management.

Redirecting Antibody Specificity

All immunocompetent humans have IgM and IgG antibod-
ies that are specific for the carbohydrate epitope galactose-
alpha-1, 3-galactose. The IgG antibody that recognizes the
galactose-alpha-1,3- galactose (or alpha-gal) epitope is re-
ferred to as anti-Gal. Since anti-Gal antibodies are both
ubiquitous and naturally occurring, these antibodies are
an ideal target for modification (Fig. 1). In fact, data show
that using synthetic peptides chemically linked to the
alpha-gal epitope can redirect the anti-Gal response. The
initial proof of concept was performed in vitro with HIV-1
infection using gp120 as the target. The results showed

that HIV-1 activity was neutralized through the gp120-
targeted, CD4-derived peptides in vitro [20]. Importantly,
the binding of the CD4-alpha-gal peptides to HIV-1-
infected cells conferred antibody-dependent cellular cyto-
toxicity after the addition of human sera. Taken together,
these data demonstrate a proof of concept that the speci-
ficity of naturally occurring antibodies can be temporarily
redirected. While we are not aware of any current trials
using this technology for the treatment of peanut allergy, it
is reasonable that a peptide array of modified peanut epi-
topes linked to alpha-gal could be used to redirect anti-Gal
specificity, leading to opsonization and destruction of pea-
nut IgE-bearing cells.

Conclusion

Immunotherapy in various forms remains a promising
area for future clinical treatment and intervention of
food allergy. Moreover, timing of dietary antigen expo-
sure may also represent an important aspect to consider
to prevent and/or treat food allergy. Continued investi-
gation is likely to reveal that one approach will not suit
all patients and that various algorithms may be needed
based on the particular allergen and each patient’s mo-
lecular profile of sensitization. Given the number of
unanswered questions regarding food allergy treatment,
research into the production and biology of IgE, allergic
mediators, and effector cells will provide the necessary
understanding to move forward with novel therapies and
new applications of existing techniques.
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Fig. 1 Depiction of anti-Gal antibody specificity re-directed through use
of an alpha-gal moiety linked to target the epitope of interest
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