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Abstract

The incidence of food allergy, a disease characterized by adverse immune responses that can
render common foods life-threatening, is rising. Yet our current standard of care is simply
avoidance of allergenic foods and administration of emergency medications upon accidental
exposure. Significant advances have been made in food allergy oral immunotherapy, which is
emerging as a potential preventive and curative treatment for this disease. The fundamental
strategy of oral immunotherapy is to mitigate adverse immune responses to allergenic food
proteins through repeated exposure; reduced reactivity to food allergens (desensitization) often
results, but the establishment of sustained immune unresponsiveness or of permanent resolution
(tolerance) is not certain. This review examines exciting recent developments in oral
immunotherapy for food allergy.

Introduction

The worldwide prevalence of food allergy (FA) is 1-10% [1] and rising [2]. In the U.S.
alone the prevalence of FA is estimated at 8% among children under 18, and 30% of these
food allergic children suffer from multiple food allergies [3]. The burden of FA on patients,
their families, and healthcare systems is significant and growing. An estimated 203,000
food-allergy related emergency department visits occur in the U.S. each year, including

about 90,000 for food-induced anaphylaxis [4]. The ever-present threat of accidental

exposure to a food allergen that could trigger a potentially fatal allergic reaction produces a
significant negative impact on the psychosocial well being of FA patients and their families

[5,6]. Although FA is recognized as a major public health issue, FA patients have no

effective treatment options: the accepted standard of care is simply the strict avoidance of

allergenic foods, with rapid administration of emergency medication upon accidental
exposure.
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Novel therapeutic approaches are being developed to surmount the challenges of FA. The
fundamental strategy of FA oral immunotherapy (OIT) is to deliver gradually increasing
doses of specific food allergens with the goal of establishing desensitization and ‘immune
tolerance’ [7]. A preliminary double-blind, placebo-controlled oral food challenge
(DBPCFC) is used for screening to ascertain the food allergic status of a patient; the
DBPCEFC is the only definitive diagnostic test for FA, as other diagnostic tools (e.g., skin
prick tests and measurements of food-antigen-specific IgE levels (SIgE) in the plasma) are
susceptible to false positives. OIT then begins with an initial day dose escalation, in which
the patient is exposed to increasing amounts of food allergen under clinical supervision to
determine the highest tolerated dose. The resulting dose is then used to initiate the
subsequent dose-escalation phase, in which the dose is incremented weekly or biweekly
until a targeted maintenance dose is reached. The patient consumes the maintenance dose of
the food allergen daily throughout the maintenance phase, which ranges from months to
years. When the treatment period is complete, a final oral food challenge (OFC) is used to
evaluate the efficacy of the OIT protocol: success is defined by a statistically significant
increase in the tolerated food allergen dose to a level that protects the patient upon accidental
exposure. Desensitization, or reduced reactivity to food allergens that is maintained through
regular exposure, and is often achieved. Sustained unresponsiveness (SU) to food allergens
is reduced reactivity that persists indefinitely, even in the absence of regular food allergen
exposure. Tolerance is the resolution of FA, the ideal outcome of OIT that would be
measured as SU at an OFC at any point in the patient’s life after OIT, regardless of the
frequency of exposure; because an OFC does not provide information about a patient’s
future allergic status, the achievement of actual tolerance is not certain even when SU is
found.

This review highlights recent results from clinical studies of OIT. To ensure their focus on
true FA, we include only studies requiring a screening DBPCFC (sDBPCFC). We preferred
clinical studies having a placebo arm, clear and defined dosing, associated mechanistic
studies, and long-term follow up to evaluate sustained unresponsiveness, as well as peer
reviewed publication in a journal having an impact factor >4 (Table 1). We focus on the
contributions of these studies to addressing current challenges in FA OIT, including its
safety, efficacy, need for mechanistic understanding (Figure 1), and the complexity arising
from the variety of FA and the presence of multiple FAs in 30% of FA patients. The need to
address the heterogeneity among OIT trials has been excellently reviewed elsewhere [8]; and
standard guidelines for FA immunotherapy [9] and FA prevalence, prevention and
management are emerging [10,11,12].

Towards Predicting ‘Immune Tolerance’

A phase 1, single-site trial targeted the identification of specific immune mechanisms
associated with a tolerant clinical phenotype, where clinical ‘immune tolerance’ is defined
as having no detectable allergic reaction to an OFC after the withdrawal of therapy and
resumption of allergen avoidance [13e¢]. 23 patients with peanut allergy established by
sDBPCFC underwent OIT for 24 months, and were followed at 3 and 6 months thereafter.
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Peripheral blood was collected longitudinally and analyzed for levels of specific
immunoglobulins E (sIgE) and G4 (slgG4), basophil activation, immunophenotype profiles,
and methylation sites. 20 of 23 patients achieved desensitization at 24 months; 7 of these 20
achieved clinical ‘immune tolerance’ at 27 months, and 3 of these 7 retained clinical
‘immune tolerance’ at 30 months. While slgE, slgG4, and basophil activation did not
statistically differentiate between clinical ‘immune tolerance’ and its absence, reduced
methylation of forkhead box protein 3 (FOXP3) CpG sites in antigen-induced regulatory T
cells (aiTreg) were associated with clinical ‘immune tolerance.’ In tolerant participants who
regained sensitivity, FOXP3 CpG methylation in aiTregs increased. Thus, in peanut OIT,
epigenetic changes in aiTregs were shown to be predictive of clinical ‘immune tolerance.’
An additional mechanistic study of 10 subjects from this trial examined changes associated
with clinical ‘immune tolerance’ in peanut-specific CD4+ T cells [14]. Using single-cell
sorting and transcriptional profiling of individual T cells collected throughout OIT, this
study discovered the induction of anergic memory and nonallergic populations of peanut-
specific CD4+ T lymphocytes, which occurred only in clinical ‘immune tolerance.’

A study focused on predicting which FA patients are likely to avoid severe allergic reactions
during OIT retrospectively correlated reaction severity and frequency of patients having
sDBPCFC-confirmed FA with their initial sIgE levels, finding that sIgE levels below 8.85
kU/L were associated with a 77% probability of having reduced reactivity during OIT,
whereas having an sIgE level above this value indicated a 95% probability of persistent
reaction, some of which were severe enough to require discontinuation of OIT [15]. This
study demonstrated a correlation between baseline specific IgE and the safety of egg OIT.

A common target dose of cow’s milk OIT is 200 mL, although this dose often induces
severe reactions. To test the efficacy and safety of low-dose-induction OIT with cow’s milk,
a study enrolled children with positive screening OFC to 3 mL cow’s milk [16]. After 1 year,
58.3% of the OIT group and 13.8% of the control group tolerated 3 mL milk, and 33.3% of
the OIT group also tolerated 25 mL milk, whereas none of the control group did; the OIT
group also showed a significant decrease in casein sIgE levels. Adverse reactions were rare,
and most were mild. This study demonstrated that the use of a small dose of milk was as
effective as and safer than using a larger dose of milk to induce desensitization, even in a
high-risk group that had initially reacted to the smaller dose.

Although wheat is the third most common allergen to cause anaphylaxis in Japan, very few
studies have focused on wheat OIT. A study designed to determine the efficacy of wheat
OIT followed 16 subjects with wheat anaphylaxis confirmed by sDBPCFC with heated
wheat flour containing 1.3 g wheat protein [17]. After 2 years of wheat OIT with a target
dose of 200 g boiled udon containing 5.2 g wheat protein, OIT was terminated, and 2 weeks
later subjects underwent a final DBPCFC. 60% of the subjects passed the final DBPCFC and
were therefore deemed to have achieved ‘immune tolerance,” with a 10% reported adverse
reaction rate, suggesting that wheat OIT can be effective and safer than conventional milk
OIT.
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A phase 2 randomized controlled crossover trial was designed to determine the efficacy of
peanut OIT [18]. Patients who had passed a SDBPCFC were assigned either to an active OIT
group or to a control (peanut avoidance) group: 24 of 39 active group subjects achieved
desensitization to 1,400 mg peanut protein after 6 months of OIT, whereas none of the
control group did. Control group subjects then underwent OIT, with 54% tolerating a 1,400
mg peanut OFC after 6 months. Overall quality of life improved after OIT and the side
effects were mild, suggesting that peanut OIT can be safe and effective in inducing
desensitization.

To investigate whether baked milk oral immunotherapy could desensitize allergic patients to
unheated milk, children who had failed to complete a milk oral immunotherapy protocol and
were reactive to baked milk were studied [19]. Only 21% of the subjects were able to reach
the target dose of 1.3 g baked milk in 12 months, and these 3 experienced only a limited
increase in threshold dose of unheated milk to induce a reaction upon OFC. These results
suggest that OIT alone may not be sufficiently safe and effective to treat highly sensitive
individuals such as these.

OIT in Combination with Omalizumab

The possibility of desensitizing patients to multiple food allergens simultaneously and
rapidly was tested in a Phase I single site trial of OIT in combination with omalizumab, a
monoclonal antibody that binds free IgE [20¢]. 25 children with multiple food allergies
(each confirmed by sSDBPCFC) received OIT for up to 5 food allergens simultaneously, with
omalizumab administered as of 8 weeks before the initiation of OIT and continuing for 16
weeks. Participants reached the 4 g maintenance dose at a median of 18 weeks, whereas the
median time to reach this dose with OIT alone had been 85 weeks [21]. The median reaction
rate was 3.2 per 100 doses, with 94% of the reactions mild. This was the first study to use
OIT in combination with omalizumab for multiple food allergens simultaneously;
demonstrated that this “rush OIT” method could achieve desensitization to doses of 4 g per
food allergen as safely as could multi-allergen OIT alone, but 67 weeks earlier. A Phase Il
Peanut Reactivity Reduced by Oral Tolerance in an Anti-IgE Clinical Trial (PRROTECT) is
underway [22], as is a trial of early-intervention (at 9-36 months of age) peanut OIT [23].

A mechanistic study of a subset of these subjects (3 from the OIT group and 3 controls)
investigated T cell clonotype changes associated with rush OIT [24]. Next-generation
sequencing of peanut-proliferative TCR B from peripheral blood mononuclear cells collected
at 0, 9, and 18 months revealed an extremely diversified set of peanut-responsive T cell
clones, only 6 % of which persisted over time, regardless of treatment group. However, the
relative frequency of each clone in this persistent population did not change in the control
group, while it did change over the course of OIT, suggesting that T cell replacement may
contribute to the establishment of desensitization.

The safety and efficacy of OIT was compared with that of OIT + omalizumab in a double-
blind, placebo-controlled trial in which omalizumab treatment began 4 months before the
initiation of cow’s milk OIT [25]. At 28 months, omalizumab was discontinued and patients
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who passed OFC were considered desensitized and continued OIT for 2 more months. Those
who then passed OFC at 32 months were deemed to have achieved sustained
unresponsiveness (SU). While the percentage of patients achieving desensitization and SU
did not differ significantly between groups, adverse reaction rate and severity, and the
number of doses required to reach maintenance were significantly reduced with the addition
of omalizumab.

A pilot study targeting peanut-allergic patients at high risk of allergic reaction even to trace
amounts of peanut tested the safety and efficacy of desensitization via peanut OIT in
combination with omalizumab [26¢]. All 13 patients had high sIgE levels and had failed an
initial DBPCFC of <100 mg peanut flour. OIT was initiated after 12 weeks of treatment with
omalizumab: all subjects tolerated a cumulative dose of 992 mg peanut flour on the first day,
and 12 reached the maximum maintenance dose of 4 g in a median 8 weeks, when
omalizumab was discontinued. After 12 more weeks of OIT, all of these 12 tolerated an
OFC of 8 g peanut flour. This study indicates that the addition of omalizumab can make OIT
more quickly effective and safer for even high-risk peanut allergic patients.

To test whether sigG4 could be useful in mitigating FA, sera collected from these patients at
week 0 and week 52 of OIT were compared in their ability to enhance or suppress peanut-
induced basophil activation [27¢]. The ratio of 1gG4 to IgE was found to have increased
significantly after OIT, and pre-OIT sera sensitized basophils for activation, whereas post-
OIT sera suppressed basophil activation by pre-OIT sera; antibodies against FcyRIl block
this inhibition. Similar results were obtained from experiments run in parallel in a mouse
model of FA. These encouraging results suggest that slgGs induced during OIT inhibit IgE-
mediated FA reactions, and may be useful in FA treatment.

Conclusion

Mechanistic understanding of the immune system processes that give rise to desensitization
and SU are pointing the way towards the development of FA biomarkers and therapies, and
contributing to the correlation of in FA endotypes with clinical phenotypes. New findings
include the discovery that epigenetic changes in antigen-induced regulatory T cells can be
predictive of ‘immune tolerance’ in peanut OIT, the discovery of the induction of anergic
memory and nonallergic populations of peanut-specific CD4+ T lymphocytes in ‘immune
tolerance,” and the discovery that slgGs induced during OIT inhibit IgE-mediated FA
reactions and may be useful in FA treatment. The safety of FA OIT may be enhanced
without compromising effectiveness through the use of lower doses, and through
combination with omalizumab, which enables maintenance to be reached more rapidly than
in OIT alone, without compromising safety. Combination with omalizumab is shown to put
FA OIT within reach of even high-risk peanut allergic populations. In total, recent
developments in food allergy oral immunotherapy represent significant advances towards
tolerance.
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Highlights

. Clinical and mechanistic food allergy OIT studies point the way to
novel biomarkers and therapies.

. OIT with omalizumab can be more rapidly effective and safe even for
high-risk patients.

. First study of multiple food allergen OIT with omalizumab achieved
very rapid desensitization.

. Epigenetic changes in antigen-induced regulatory T cells may predict
‘immune tolerance.’

. Specific 1gGs induced during OIT inhibit IgE-mediated reactions and

may be useful in treatment.
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