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Abstract: In the last decade, there has been increasing research dedicated to food immu-
notherapy to induce clinical desensitization and provide protection by increasing clinical
reaction thresholds. Results from recent food immunotherapy studies with differing routes of
administration (oral, sublingual, and epicutaneous) suggest that food immunotherapy can
induce clinical desensitization with varying levels of safety, however lasting tolerance has
not been demonstrated. Furthermore, treatment side effects and dosing logistics may make the
therapies difficult for some supporting the need for alternative treatment approaches. Peptide
immunotherapy and DNA vaccine approaches should in theory allow for safer administration
by decreasing allergenicity but proof of their clinical efficacy and immunogenicity remains to
be proven. Biologic agents may allow for increased safety and rapid up-dosing of immunother-
apy with the added benefit of treating multiple allergens simultaneously.
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Introduction

Food allergies impact approximately 11% of adults and 8% of children in the
United States resulting in significant impairment in quality of life (QOL) for
those affected and their families, as well as concern for life-threatening anaphy-
lactic reactions prompting emergency room visits and hospitalizations.'* The
most common parent-reported food allergies in children are to peanut (2.2%),
milk (1.9%), shellfish (1.3%), tree nut (1.2%), and egg (0.9%).” Furthermore,
multiple food allergies were reported by 40% of parents.” Food allergy con-
tinues to be of concern due to the above-mentioned and the fact that the
prevalence appears to be increasing prompting the need for further research
into prevention and treatment.’

The standard of care for food allergy is avoidance of allergens and the use of
epinephrine and antihistamines for treatment of allergic reactions. However, over
the past decade, there has been increasing research dedicated to potential immu-
notherapy options for food allergy that would result in desensitization and
a decreased frequency of allergic reactions after accidental ingestions. This
review article will discuss current immunotherapy options for food allergy with
a look toward future directions that may improve the safety and efficacy of food
allergy treatment such as peptide immunotherapy, DNA plasmid vaccines, and
biologic agents (as both monotherapy and as adjunct therapy to oral
immunotherapy).
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Food immunotherapy involves gradual administration of
increasing doses or fixed doses of the specific allergen
daily with the aim to increase the clinical reaction thresh-
old. Food allergy research groups have studied several
different ways to administer immunotherapy, including
epicutaneous (EPIT), sublingual (SLIT), and oral (OIT).
While immunotherapy to a number of allergenic foods
have been reported, the majority of recent research studies
have been specifically directed toward peanut immu-
notherapy given the number of people affected and the
propensity for anaphylactic reactions.

Oral Immunotherapy (OIT)

OIT is the ingestion of food allergen protein into the GI
tract to induce clinical desensitization. While OIT has
been reported for many different food allergies including
egg, milk and wheat, recent controlled clinical trials have
been primarily focused on the treatment of peanut aller-
gies. Studies have been conducted to evaluate for efficacy,
safety, appropriate dosing, and immune modulation.

In one of the most comprehensive systematic reviews
to date, Nurmatov, et al assessed 21 studies of food OIT
across peanut, milk, and egg, as well as two Italian studies
expanding therapy to apple, fish, peach, orange, corn, bean
and lettuce,” Over the 573 participants studied, a strong
desensitization effect was demonstrated with a risk ratio of
0.14 (95% CI 0.08, 0.24). This treatment effect was seen
for cow’s milk, egg and peanut OIT studies. However,
a subgroup analysis based on age suggested that the effi-
cacy was limited to participants’ age 18 years and younger.
Although complicated by varying reporting conventions
between the studies, there was an increased risk of experi-
encing both systemic as well as local reactions with OIT
when compared to controls. Although limited to one study,
it was noteworthy that no improvement in QOL was found
with OIT when compared to controls.

The 2019 PACE systematic review and meta-analysis
more specifically reviewed the safety and efficacy of pea-
nut OIT through December 2018 and included 12 rando-
mized controlled trials encompassing a combined 1041
enrolled participants.* Trial design varied across the stu-
dies with starting doses ranging from 0.1 to 2 mg peanut
protein, maintenance doses ranging from 125 to 4000 mg,
and treatment duration ranging from 6 months to 5 years.
Efficacy in protecting against allergic reactions and ana-
phylaxis as measured by in-clinic graded oral food

challenges (OFCs) was significantly more likely for those
on peanut OIT than those not on peanut OIT (RR 12.42
[95% CI 6.82-22.61]). However, this was counterbalanced
by markers of increased participant risk. Specifically, the
authors reported that peanut OIT increased the risk of
anaphylaxis (RR 3.12 95% CI [1.76-5.55]), risk of epi-
nephrine use (RR 2.21 95% CI [1.27-3.83]), and risk of
serious adverse events (SAEs) (RR 1.34 95% CI [1.12—
1.60]) compared with no peanut OIT. There was high
evidence of increased risk of gastrointestinal and mucocu-
taneous reactions with peanut OIT. Regarding gastrointest-
inal reactions, three participants across five trials (n=719)
were diagnosed with eosinophilic esophagitis after peanut
OIT. As seen in the Nurmatov review, despite the positive
efficacy of peanut OIT, improvement in QOL using stan-
dardized tools was not observed for participants across any
measures in the four studies reporting these results.
While the majority of studies have demonstrated short-
term efficacy with food OIT, the POISED study, a Phase 2
RCT, focused on the long-term sustained unresponsiveness
(SU) effect of peanut OIT to better understand the dur-
ability of desensitization after discontinuing therapy and
the potential for tolerance.” In this novel study design,
a 2-year buildup and maintenance period with 4000 mg
of peanut OIT versus placebo was followed by either
discontinuation of peanut OIT (Peanut-0) or continued
treatment with a lower maintenance dose of 300 mg
(Peanut-300) versus placebo. In a change from the typical
1-month avoidance period, assessments of SU were done
by double-blind, placebo-controlled food challenges
(DBPCFCs) at 3-month intervals up to 1 year. The primary
outcome of the study was met with 35% of Peanut-0
compared to 4% of placebo participants completing a -
4000 mg peanut protein DBPCFC without symptoms 3
months after discontinuing OIT. While there was not
a significant difference between Peanut-0 and placebo
participants 6, 9, and 12 months after discontinuing OIT,
there was a significant difference in Peanut-0 and Peanut-
300 participants at these time points with 13% of Peanut-0
versus 37% of Peanut-300 participants completing the
4000 mg DBPCFC 12 months after OIT discontinuation.
To date, it is unclear what OIT maintenance dose is
most effective at maintaining clinical desensitization with
minimal side effects. The data in the POISED study sug-
gested that OIT is able to desensitize as seen in previous
studies; however, discontinuation or even reduction of
dose to 300 mg peanut protein daily could result in an
increased likelihood of regaining clinical reactivity to large
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doses of peanut. The results suggest with the strongest data
to date that the desensitization effect is transient for most
participants and likely requires regular and possibly high
dose exposure to peanut to be maintained.’

While an in-depth review of biomarkers associated
with OIT is beyond the scope of this review, the
POISED study provided some additional insights into our
understanding of the immune mechanisms of OIT. In par-
ticular, lower baseline peanut-specific IgE and Ara h 2 IgE
was predictive of treatment success in both the Peanut-0
and Peanut-300 groups. Lower basophil activation and
higher peanut-specific [gG4/IgE ratio were also associated
with
Interestingly, the study found that a higher ratio of Ara

treatment success in the Peanut-0 group.
h 2 IgE to peanut-specific IgE was associated with treat-
ment failure. Somewhat surprisingly, no association was
seen with age, baseline peanut reaction threshold and pea-

nut skin prick testing.’

Epicutaneous Immunotherapy (EPIT)

EPIT involves placing an adhesive dermal patch contain-
ing food protein onto the skin with the goal of inducing
desensitization through a passive transfer of solubilized
protein through the skin. The low dose exposure and non-
oral administration route have been thought to provide
a level of improved safety with the treatment when com-
pared to OIT. Randomized controlled studies of EPIT have
focused on peanut allergy using the proprietary Viaskin®
patch system from DBV Technologies. A phase 2 multi-
center study of 75 DBPCFC confirmed peanut-allergic
participants conducted by the Consortium for Food
Allergy Research (CoFAR) was designed to compare two
peanut patches containing differing peanut protein
amounts (100 mcg and 250 mcg) with placebo for 12
months of treatment.® The study demonstrated that those
randomized to either peanut-containing patch were statis-
tically more likely than placebo to be responders as
defined by either completing the end of treatment
DBPCFC without dose-limiting symptoms or by increas-
ing their DBPCFC reaction threshold by at least 10-fold
from baseline through the end of treatment. Specifically,
45.8% of the 100 mcg peanut patch group and 48% in the
250 mcg peanut patch group were considered responders.
With successfully consumed dose (SCD) defined as the
cumulative amount of peanut protein ingested during
DBPCFC without symptoms, the change in median SCD
for the 100 mcg and 250 mcg groups after treatment was
43 mg and 130 mg of peanut protein, respectively. The

clinical results were supported by evidence of immune
modulation including increased peanut-specific I1gG4
levels and peanut-specific IgG4/IgE ratios when compared
to the placebo group. Importantly from this study, EPIT
(whether low or high dose) was shown to be safe with the
majority of reactions being mild and localized to the patch
site.

Sublingual Immunotherapy (SLIT)

Whereas EPIT involves placing a patch on the skin, SLIT
involves placing small amounts of the allergen via drops or
tablets under the tongue to induce desensitization. Like
EPIT, SLIT has been predicted to be well tolerated with
fewer dose-limiting side effects given its route of admin-
istration and the small amount of allergen per dose. Prior
studies demonstrated safety and efficacy in hazelnut’* and
peach allergy,” while recent studies have primarily focused
on peanut allergy. Following up the positive results of our
group’s initial double-blind study of peanut SLIT,'® parti-
cipants were continued in an unblinded, single arm, exten-
sion study receiving maintenance doses of peanut SLIT at
2 mg/day peanut protein for up to a total of five years."!
With extended therapy, SLIT remained well tolerated with
only 4.8% of doses associated with symptoms affecting
94% of participants. The majority of these symptoms were
reported as mild and self-resolving with transient orophar-
yngeal itching being the most common. Other less com-
mon symptoms included lip swelling, rhinorrhea, sneeze,
wheezing, cough, and mild gastrointestinal distress.
Importantly, eosinophilic esophagitis (EoE) was not
reported in this study and to date, while there have been
reports of EoE with environmental allergen SLIT,'*'?
there have been no reports from food allergen SLIT. In
addition to its reassuring safety profile, there was also
excellent compliance with 95.5% of doses successfully
administered supporting the simple administration of the
sublingual approach.

The 48 participants in our peanut SLIT extension study
were assessed for efficacy with a 5000 mg peanut protein
DBPCFC to assess for desensitization after completion of
SLIT dosing, then were instructed to stop treatment and
avoid peanuts for up to two to four weeks to assess for
SU."" Twelve participants completed the desensitization
DBPCFC without symptoms and discontinued SLIT. Of
those twelve, 10 participants completed the subsequent
DBPCFC without clinical symptoms demonstrating SU.
As reported with OIT and EPIT, there was an immune
modulatory effect with significantly decreased peanut-
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specific basophil activation, peanut skin testing, and pea-
nut-specific immunoglobulins from baseline to end of
treatment. It was also noted that two-thirds of participants
in this study were able to tolerate at least 750 mg peanut
protein with a median SCD of 1750 mg peanut protein for
the cohort. This suggested a clinically significant buffer
from accidental ingestions of peanut as increasing the
reaction threshold to even 300 mg peanut protein has
been estimated to provide up to a 95% reduction of risk
for peanut-allergic reactions after ingestion common pack-
aged goods.'* Further studies are needed to assess any
effects on QOL for patients and their families after SLIT
therapy.

Of interest to many practitioners is a comparison of the
different immunotherapy modalities; however, direct com-
parisons have been lacking. One novel, randomized, sin-
gle-center study by Narisety, et al directly compared OIT
with SLIT for peanut allergy.'” Participants were initially
treated with OIT or SLIT with those not achieving desen-
sitization then adding the alternative treatment as
a combined therapy. Although OIT appeared to increase
the reaction threshold greater than SLIT, 141-fold versus
22-fold, respectively, SLIT was still able to significantly
increase the reaction threshold from baseline with the
median SCD increasing from baseline of 21 mg peanut
protein to 496 mg peanut protein after 12 months of
treatment. In addition, there were less symptoms related
to SLIT doses (9% of doses affecting 90% of participants)
in comparison to OIT doses (43% of doses affecting 100%
of participants) and more oropharyngeal, respiratory and
gastrointestinal symptoms with OIT when compared to
SLIT.

Future Directions

Peptide Immunotherapy

OIT has demonstrated improved clinical desensitization to
an allergen and peanut OIT has recently been approved by
the FDA for peanut allergy; however, being administered
as an intact protein runs the risk of binding and cross-
linking IgE leading to increased allergic reactions. This
was shown by the 98.7% of active drug participants in the
PALISADE Phase 3 peanut OIT trial reporting adverse
events during the intervention period.'® Peptides, on the
other hand, are thought to be less likely to activate mast
cells or basophils, while maintaining the immunogenic
ability to be recognized by T cells.'” While the concept
of using non-intact proteins for immunotherapy has been

considered in the past, the potential safety benefits of the
approach have taken on a renewed level of importance as
OIT becomes poised to be offered broadly.

In a small Phase I study in Australia of 66 participants
who underwent intradermal injection with a product con-
sisting of several synthetic peptides derived from peanut
allergens (PVX108; Aravax, Melbourne, Australia), the
decreased allergenicity of peptide immunotherapy was
demonstrated by a lack of basophil activation to the
immunotherapy.'® During the study, there were no serious
adverse events and the AEs that did occur were mostly
self-resolving injection site reactions. Although the study
was limited by small sample size, the results indicated that
peptide immunotherapy may prove advantageous in
regards to reducing adverse reactions that may otherwise
preclude use by an allergic individual. As Phase I data
pertained to the safety profile, future studies would be
needed to ascertain if peptide immunotherapy is able to
induce clinical desensitization and if so, the degree and
duration of this desensitization effect.

DNA Vaccines

Another emerging therapy with a goal of maintaining
immunogenicity while limiting allergenicity is the devel-
opment of a single multivalent peanut (Ara hl, h2, h3)
lysosomal associated membrane protein DNA plasmid
vaccine that is currently undergoing Phase 1 trials for
safety.'”?% A plasmid DNA vaccine encoding allergens is
hypothesized to induce T-helper 1 and regulatory T cell
responses without activation of mast cells.?' This has the
potential to counteract allergic T-helper 2-biased reactions,
including those experienced with food allergy.

Monoclonal Antibody Therapies

Concurrent with the advances in EPIT, OIT and SLIT,
there has been increasing research exploring biologic
agents, e.g. omalizumab and dupilumab, with the hope of
improved safety, stronger benefit, and perhaps most impor-
tantly allergen non-specificity. Biologics have been studied
as both adjunctive therapy to OIT as well as in monother-
apy for food allergies.

Omalizumab is a monoclonal anti-IgE antibody with
FDA approval for the treatment of allergic asthma and
chronic idiopathic urticaria. As an investigational product,
it has been used in food allergy studies to facilitate rapid
desensitization with OIT by decreasing adverse reactions,
especially during up-dosing phases. A randomized, dou-
ble-blind, placebo-controlled, multi-center trial studied the
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effects of omalizumab versus placebo as an adjunct to
peanut OIT in 37 peanut-allergic participants with results
indicating that omalizumab allowed for rapid up-dosing of
peanut OIT.?* In comparison to the PALISADE trial where
it took participants seven months to escalate to an OIT
dose of 300 mg of peanut protein,'® of those in the oma-
lizumab group 85% (n= 23 of 27) escalated to an OIT dose
of 250 mg peanut protein on the first day. In comparison,
those in the placebo group reached a median OIT dose of
22.5 mg peanut protein on the first day. Dose escalation
progressed more quickly when compared to other peanut
OIT trials with 72% of the omalizumab group escalating to
2000 mg peanut protein by week 20 of the intervention. Of
participants on omalizumab, 85% (23 of 27) remained able
to tolerate the 2000 mg peanut OIT dose six weeks follow-
ing omalizumab discontinuation suggesting that desensiti-
zation to the peanut OIT was maintained in comparison to
12.5% (1 of 8) in the placebo group. There was a lower
percentage of OIT dosing reactions in the omalizumab
group versus placebo (7.8% vs 16.8%, respectively) but
this was not statistically significant. There were no signif-
icant reactions attributable to omalizumab indicating that
this may be a safe option to enable patients to reach
maintenance doses of OIT more quickly.

While the first study demonstrated sustained desensiti-
zation following discontinuation, a more recent study
investigating 23 peanut-allergic adolescents who received
omalizumab for eight weeks prior to initiating OIT and
then continued omalizumab as an adjunct to peanut OIT
until reaching the 2800 mg peanut protein maintenance
dose did not demonstrate a sustained response in
a majority of participants.”> As in the MacGinnitie study,
a strong omalizumab treatment effect was seen with all
participants able to reach the 2800 mg peanut OIT main-
tenance dose while receiving omalizumab in a median
time of 10 weeks. However, only 48% of participants
were able to continue tolerating the 2800 mg peanut OIT
dose 12 weeks after discontinuing omalizumab.
Interestingly, in looking at biomarker data, the group tol-
erating peanut OIT following omalizumab discontinuation
had lower median baseline IgE to peanut and components
Ara h 1-3, as well as significantly lower baseline 1gG4 to
Ara h 2 and 6 compared to the intolerant group. IgG4
levels to peanut increased during the maintenance phase;
however, levels for control allergen did not change sug-
gesting that the difference in biomarkers was induced by
peanut OIT rather than omalizumab. Basophil reactivity
was decreased during omalizumab pre-treatment but began

to increase as omalizumab doses were lowered or discon-
tinued indicating that there is not a sustained response
once the individual was no longer receiving omalizumab.
Importantly, preliminary data from long-term follow-up of
participants on peanut OIT demonstrated that allergic reac-
tions were less frequent and when reactions occurred it
was during times of worse compliance which may hint at
the need for continued patient education regarding the
goals and limitations of OIT.

The OUtMATCH study is a new multi-center, rando-
mized controlled trial that intends to further explore the
role of omalizumab as a monotherapy and an adjunct
therapy to OIT for individuals with multiple food allergies
(peanut plus at least two other foods).>* The study will be
performed in three stages: Stage 1 is four months of
omalizumab monotherapy versus placebo, Stage 2 is four-
teen months of extended therapy omalizumab versus oma-
lizumab-facilitated multi-food OIT, and Stage 3 is the
transition to real-world food forms to maintain the desen-
sitized state while expanding the diet. Of particular interest
with this study will be the potential for omalizumab to
treat multiple food allergies simultaneously.

A second biologic agent of interest for treatment of
food allergy is dupilumab, a human monoclonal antibody
that acts as a dual inhibitor of IL-4 and IL-13 signaling.*’
As IL-4 and IL-13 are cytokines that play an important
role in Ty2 allergic inflammation, there is hope that inhi-
bition of these cytokines may reduce or even eliminate
allergic reactions to allergens. Dupilumab is currently
approved for the treatment of atopic dermatitis, asthma,
and chronic rhinosinusitis with nasal polyposis; however,
there have been case reports of decreased reactions to food
allergens as well. There are several ongoing clinical trials
to evaluate dupilumab as either a monotherapy or as an
adjunct to OIT for peanut allergy.

In one current phase 2 trial, participants receive either
dupilumab or placebo in conjunction with peanut OIT to
determine whether dupilumab serves to improve desensi-
tization by increasing the proportion of participants that
are able to complete a 2044 mg peanut protein DBPCFC
without dose-limiting symptoms after dose escalation. It
will secondarily assess whether desensitization is main-
tained compared to placebo, what the immune modulatory
effects are, and its safety and tolerability profile.® In
parallel, dupilumab is being studied as monotherapy in
peanut-allergic children with the primary outcome asses-
sing the proportion of patients treated with dupilumab who
subsequently complete a 444 mg peanut protein DBPCFC
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without dose-limiting symptoms after 24 weeks of
therapy.?’

Beyond peanut allergy, a phase 2 randomized clinical
trial to evaluate dupilumab as an adjunct to milk OIT has
been developed with the hope of improving safety and
rates of desensitization.”® Those in the treatment arm will
receive dupilumab prior to and during up-dosing of milk
OIT followed by eight weeks of milk OIT without dupilu-
mab to evaluate the proportion of participants that are able
to tolerate at least 2040 mg cumulative cow’s milk protein
at week eighteen.

Discussion
Food allergy can result in life-threatening anaphylactic
reactions and significant impairment in quality of life
that has prompted research efforts to develop therapies
that will lead to clinical desensitization and protection
against accidental ingestions of food allergen colloquially
referred to as bite-proof protection. When discussing EPIT,
SLIT and OIT, efficacy has been typically measured by
reaction thresholds during DBPCFC. However, the level of
desensitization that provides clinically meaningful protec-
tion against accidental ingestions is a critical concept that
has remained poorly studied due to the inherently infre-
quent and unpredictable nature of accidental ingestions.
Food allergen ingestion modeling by Baumert, et al at the
University of Nebraska Food Allergy Research and
Resource Laboratory estimated that increasing a patient’s
reaction threshold to 300 mg of peanut protein could
provide a greater than 95% risk reduction from peanut-
allergic reactions after ingestion of common packaged
foods.'* While this data would support a level of efficacy
with all three modalities of immunotherapy, additional
factors that need to be considered include desire for
a buffer against larger exposures, ease of treatment admin-
istration, cost, and safety of the treatment. What these
factors make clear is that there is no single perfect treat-
ment for peanut allergy at this time. Furthermore, the best
approach for peanut may not be the best approach for other
foods. Each modality has its own specific strengths and
weaknesses that have to be aligned with the patient and
provider’s goals for therapy. With EPIT, SLIT and OIT
likely requiring long-term if not life-long treatment, even
small inconveniences and risks can become significant
over time highlighting the need for continued research
into peanut allergy treatments.

Peptide immunotherapy is one option that could be
beneficial as it would be expected to have similar immune

modulatory effects on T cells as with standard food immu-
notherapy but with a diminished risk of triggering immedi-
ate effector cells such as mast cells and basophils. DNA
plasmid vaccines have the similar advantage of bypassing
immediate effector cells with the added potential of mod-
ifying and reducing the allergic response. While the safety
of these treatments is anticipated, larger phase 2 studies
are needed to demonstrate the degree of desensitization
possible with these approaches.

There is current data to suggest a near-term future role
for biologic agents, specifically omalizumab and dupilu-
mab, in the treatment of food allergy. It has been shown
that omalizumab is able to facilitate rapid dose escalation
of peanut OIT, as well as improve the safety of OIT. The
OUtMATCH clinical trial is expected to provide additional
data on the use of omalizumab as an adjunctive therapy to
OIT, but more importantly, the trial seeks to show the
efficacy of omalizumab across multiple food allergens
simultaneously potentially providing a tremendous
advance in the treatment of food allergy. Given its Ty2
suppressive mechanism of action, dupilumab may also
prove effective both as an adjunctive therapy and as mono-
therapy. With their current availability for the treatment of
other atopic diseases, these biologics could reach patients
faster than novel therapeutics in development and are
a source of great anticipation for the near horizon; how-
ever, these benefits will need to be weighed against the
likely high cost of many of these treatments that may make
them cost-prohibitive for many allergic patients.

Conclusion

While clinical trials have shown clinical desensitization and
immune modulation with EPIT, SLIT and OIT for food
allergy, there are still many questions regarding safety and
tolerability as these therapies have not been shown to elicit
long-term tolerance. The development of alternative treat-
ment approaches for food allergy such as peptide immu-
notherapy, DNA vaccines and biologics hope to improve on
the safety of food allergy treatment while potentially provid-
ing additional benefits such as rapid desensitization, longer-
lasting efficacy, and treatment across multiple allergens
simultaneously. These advances give us a glimpse of the
future of food allergy treatment and continue to build on the
hope for the eventual cure for all food allergies.

Abbreviations
AE, adverse events; CoFAR, Consortium for Food Allergy
Research; DBPCFC, double-blind placebo-controlled food
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