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Abstract

Purpose of Review IgE-mediated food allergies are an increasing health concern, and current management includes food avoid-
ance and use of emergency medications. Effective treatment of food allergy is highly desirable. Next generation approaches for
the treatment of food allergy aim to improve both safety and efficacy, potentially including long-term tolerance.

Recent Findings Oral immunotherapy (OIT) and epicutaneous immunotherapy (EPIT) will likely be integrated into clinical
practice as part of food allergy management in the near future. Newer approaches, such as sublingual immunotherapy (SLIT),
modified proteins, lysosomal-associated membrane protein DNA (LAMP DNA) vaccines, and the use of immunomodulatory
agents, are early in development and depending on results, could also become important treatment options.

Summary This is a review of novel approaches to the treatment of food allergy that are currently under investigation, including
the use of SLIT, modified proteins, probiotics, Chinese herbal supplements, biologic therapies, and DNA vaccines, as well as a

summary of the current status of OIT and EPIT.
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Introduction

IgE-mediated food allergies are an increasing health concern
and are reported to affect 6 to 8% of children and 1-2% of
adults in the USA [1-4]. Allergies to peanut, tree nuts, and
shellfish have low rates of resolution, and a substantial pro-
portion of milk and egg allergy will persist into adolescence
and adulthood [5]. To date, standard management is food
avoidance and use of emergency medications as needed [1].
Rates of adverse reactions vary but can be severe and have
been shown to occur frequently and to a variety of food prod-
ucts [6—10]. Furthermore, food allergy has been shown to
negatively impact quality of life and nutrition [11-14]. For
all these reasons, effective treatment of food allergy is highly
desirable.

Research on potential treatments for food allergy is a rap-
idly expanding field, and it is highly likely that there will be an
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FDA-approved product for the treatment of peanut allergy
within the next few years. Clinical trials have primarily fo-
cused on the use of allergen-specific immunotherapy (AIT),
which utilizes exposure to an allergen in gradually increasing
doses with the goal of inducing desensitization and possibly
tolerance. Oral (OIT), epicutancous (EPIT), sublingual
(SLIT), and subcutaneous (SCIT) routes of AIT are currently
under investigation. Currently, these approaches remain ex-
perimental; however, OIT and EPIT for peanut allergy have
completed phase III trials (NCT03211247, NCT02635776).
Next-generation approaches aim to improve both safety and
efficacy, potentially including long-term tolerance. Here, we
review novel approaches to the treatment of food allergy that
are currently under investigation, including the use of SLIT,
modified proteins, probiotics, Chinese herbal supplements,
biologic therapies, and DNA vaccines, as well as a summary
of the current status of OIT and EPIT (Table 1).

Oral Inmunotherapy

Oral immunotherapy (OIT) involves ingestion of an allergen
that is typically mixed in some food vehicle and then ingested
daily. Protocols differ, but most OIT trials use a maintenance
dose of 300 to 4000 mg of food protein daily [15, 16].
Numerous foods have been studied, but the majority of studies
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Table 1

Novel approaches to food allergy treatment

Therapy

Immunologic mechanism

Benefits

Limitations

Additional comments

Oral immunotherapy

Antigen presentation to
mucosal sites can lead to
desensitization and possibly
tolerance.

Associated with changes in Th2
phenotype

Most patients who tolerate
therapy can be successfully
desensitized.

Possible sustained
unresponsiveness (SU)

Sublingual Well tolerated.
immunotherapy Can lead to modest
desensitization
Epicutaneous Antigen presented through the Shown to increase reaction
immunotherapy skin is taken up by dendritic threshold
cells and can lead to Best safety profile compared to
desensitization. OIT or SLIT.
Associated with changes in Th2
phenotype
Anti-IgE Binds to the C;3 domain of the Shown to increase dose
free IgE molecule and threshold. Used in
prevents IgE from binding to ~ combination with OIT, can
effector cells and decrease time required to
cross-linking. reach maintenance and
adverse events
Modified proteins Allergenic proteins are altered  Possibly safer than
in a way to still induce immunotherapy with native
desensitization, but lower protein
risk of IgE-mediated
reaction.
DNA vaccine Induction of Thl cellular and ~ Phase 1 trial underway
humoral responses in murine
models
Chinese herbal In murine models, led to Murine models showed that
supplements decreased Th2 response with ~ FAHF-2 prevented
allergen exposure and food-induced anaphylaxis and
decreased mast cell that OIT plus FAHF-2
degranulation and histamine decreased number of adverse
release events.
Human studies have not shown
efficacy
Adjuncts to OIT Varies based on adjunct Goal of reducing side effects and

improving efficacy

Immunologic changes
may be temporary.

High rate of adverse
reactions.

Lesser effect than OIT
for efficacy and
immune response.

Effect on tolerance/SU
is unclear.

More modest effect
than OIT or SLIT

No data on SU

Dosing limitations
based on weight,
IgE, and age.

Limited studies

Appeared to be safe in
murine models

Limited studies.
Appears to be safe

Limited studies

Studied as single and multi-food
monotherapy and in
combination with various
adjuvants

ARI101 for peanut allergy granted
FDA Breakthrough Therapy
Designation status.

Studied in peanut, milk, hazelnut,
and fruits

Studied for peanut and milk.

Viaskin patch peanut allergy
granted FDA Breakthrough
Therapy Designation status and
submitted to the FDA for drug
approval in October 2018.

Limited number of clinical trials
Being investigated as monotherapy
and in combination with OIT.

Not food-specific

Currently under investigation:

-HAL-MPEI peanut extract

-mCYP for fish allergy

-PVX108—synthetic peptides for
peanut allergy

ASP0892 is in phase 1 trials for the
treatment of peanut allergy

FAHF-2 is a combination of nine
Chinese herbs that has been
used as monotherapy and with
OIT

-CpG-coated polynanoparticles
plus peanut OIT

- FAHF-2

- Biologics

- probiotics

have focused on single-allergen OIT with milk, egg, or peanut
[17-25, 26¢, 27+]. OIT trials have shown that most patients
who tolerate therapy can be successfully desensitized, but lon-
ger term tolerance or sustained unresponsiveness (SU) ap-
pears to be uncommon [28, 29+¢]. Safety remains a major
concern with OIT given that it is associated with high rates
of adverse reactions [15, 28]. Most reactions are mild with
abdominal pain being the most common symptom.
However, more severe reactions can occur. More severe reac-
tions are more common during buildup, but they can occur at
any time point and most concerning, many are unpredictable
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and occur to a previously tolerated dose [15, 28]. In addition,
about 10-20% of patients drop out of OIT trials with the most
common complaint being chronic abdominal pain [15].
Furthermore, eosinophilic esophagitis has been documented,
although the true incidence of OIT-triggered eosinophilic
esophagitis remains unknown [15, 30, 31].

ARI101 is a novel drug powder that is being investigated in
OIT studies for the treatment of peanut allergy in children and
adolescents. In September 2014, AR101 received the U. S
Food and Drug administration (FDA) Fast Track
Designation. Results of the phase 2 trial of AR101 were
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published in March 2018 [27¢]. Seventy-nine percent of the
AR101 group compared to 19% of the placebo group tolerated
>443 mg of peanut protein at exit double-blind placebo-con-
trolled food challenge (DBPCFC) with no or mild symptoms
(p<0.0001) [27+°]. In June 2018, the FDA granted
Breakthrough Therapy Designation Status to AR101. Phase
3 trials of AR101 were recently completed (NCT02635776,
NCTO03126227) and a third is underway in Europe
(NCT03201003).

Newer approaches have investigated OIT combined with
an adjuvant or an immunomodulatory agent [32-36]. In 2016,
Srivastava et al. published a preclinical, mouse model study of
peanut OIT using CpG-coated polynanoparticles (CgG/PN-
NPs) [36]. The investigators found that mice with peanut al-
lergy treated with CpG/PN-NPs were significantly protected
from anaphylaxis during oral peanut challenges, compared to
untreated control mice [36]. The authors conclude the peanut
OIT with CpG/PN-NPs might be useful approach in humans.

FA herbal formula-2 (FAHF-2) is a combination of nine
Chinese herbs that has been explored as monotherapy and in
combination with OIT as a treatment for food allergy. Murine
models demonstrated that FAHF-2 prevented peanut-, egg-,
and fish-induced anaphylaxis [37, 38]. Another pre-clinical
trial combined peanut, walnut, or cashew OIT with the
Chinese herbal formula B-FAHF-2 and found that OIT + B-
FAHF-2 mice had significantly fewer and less severe adverse
reactions than mice treated with OIT alone [39]. In 2015,
Wang et al. published the results of a phase 1 study that eval-
uated the safety and effectiveness of FAHF-2 as treatment for
peanut, tree nut, sesame, fish, and/or shellfish allergy. After
6 months of treatment, FAHF-2 appeared to be safe, but did
not appear to increase tolerance to a food [40]. Currently, a
phase 2 study of E-B-FAHF-2 plus multi-food OIT and
omalizumab is underway with estimated study completion in
2021 (NCT02879006).

The co-administration of probiotics with OIT has been in-
vestigated as a newer treatment option for food allergy. Tang
et al. performed a double-blind, placebo-controlled trial of
Lactobacillus rhamnosus CGMCC and peanut OIT (PPOIT)
in children with peanut allergy [34]. The primary outcome
was sustained unresponsiveness 2 to 5 weeks after stopping
treatment. 82.1% in the PPOIT group compared to 3.6% re-
ceiving placebo had possible sustained unresponsiveness. The
group found that PPOIT was associated with an improvement
in food allergy quality of life at 3 and 12 months post-
treatment with improvement in scores related to achievement
of sustained unresponsiveness [41].

Omalizumab is a recombinant, monoclonal antibody that
selectively binds to human IgE [42]. It has been explored as
both pre-treatment and in conjunction with OIT for the treat-
ment of milk, egg, peanut, and multi-food allergies [43, 44,
45-47]. Studies have shown that omalizumab decreases ad-
verse events and can significantly decrease the time required

to reach maintenance dosing [33]. As noted earlier, a phase 2
study of Chinese herbs, multi-food OIT, and omalizumab is
underway (NCT02879006).

Epicutaneous Inmunotherapy

Epicutaneous immunotherapy (EPIT) involves delivering al-
lergen via a small patch that is applied to the skin and then
changed approximately every 24 h [16, 48+, 49, 50].
Typically, protocols start with patch application for a few
hours a day with a gradual increase to 24 h per day [51].
The patch applied can contain 50-500 pg of food protein.
EPIT has been investigated for the treatment of peanut and
milk allergy [48e, 49, 50]. EPIT has been shown to increase
reaction threshold, with the greatest effect seen in younger
children, but with a more modest effect than OIT or SLIT
[50, 51]. To date, EPIT has been very well tolerated with most
adverse events limited to local erythema or eczema at the
patch application site [49, 50]. EPIT has the best safety profile
compared to OIT or SLIT [51].

Viaskin is a peanut patch that received FDA Fast Track
Designation in 2012 and granted Breakthrough Therapy
Designation Status in 2015. The phase 2 study compared
2 doses of Viaskin peanut (VP100 and VP250) to placebo
in children and young adults [48<¢]. The primary end point
was the proportion of participants who after 52 weeks
passed a DBPCFC with 5044 mg of peanut protein or
had a > 10-fold increase in the successfully consumed dose
of peanut protein compared with the baseline oral food
challenge (OFC). The primary end point was met in 12%
of the placebo group, 45.8% of the VP100 group, and 48%
of the VP250 group. The effect of treatment was greater in
the younger age group with little or no improvement in
those over 11 years. A second phase 2 trial demonstrated
similar results except that the 100 mcg dose was no longer
superior to placebo [52]. There is an ongoing, open-label,
follow-up study of subjects who participated in earlier pea-
nut patch study with the goal to evaluate the safety and
long-term efficacy of the product (NCT03013517).
EPITOPE is an ongoing study of the safety and efficacy
of Viaskin peanut patch in 1- to 3-year-old children
(NCT03211247).

The company has announced preliminary results of phase 3
trials that showed a 35.3% response rate in those on Viaskin
peanut 250 pg for 12 months compared to 13.6% of patients
in the placebo arm. However, the study’s statistical analysis
plan (SAP) submitted to the FDA proposed a 15% difference
in the 95% confidence interval response rates between the
active and placebo arms, and the study did not reach the
15% lower bound of the confidence interval. Nonetheless, in
October 2018, the company applied for FDA license for
Viaskin peanut patch therapy.
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Sublingual Immunotherapy

Sublingual immunotherapy (SLIT) involves placing a liquid
extract with the food allergen sublingually for 2-3 min and
then swallowing daily. Typical maintenance doses are 1 to
10 mg and limited by extract concentration and volume [15].
SLIT studies have focused predominately on peanut, milk,
hazelnut, and fresh fruits [S3—60]. SLIT has been shown to
provide moderate desensitization, defined in most studies as
an increase in oral food challenge threshold, without long-
term SU [15, 16]. Studies have shown that SLIT is well toler-
ated, with adverse reactions mainly limited to itching and
tingling of the oropharynx and few systemic side effects
[29ee].

In 2011, Kim et al. published the first double-blind place-
bo-controlled (DBPC) trial of SLIT for the treatment of peanut
allergy [55]. During this trial, 18 children (1-11 years) com-
pleted 6 months of SLIT dose escalation and 6 months of
maintenance dosing and then a DBPC peanut OFC. The treat-
ment group tolerated 20 times more peanut protein (median,
1710 mg) than the placebo group (median, 85 mg), p=0.11.
Investigators also noted immunologic changes with peanut
SLIT.

A larger, DBPC peanut SLIT study of 40 subjects, age
12-37 years, was published in 2013 by Fleischer et al. [56].
During phase 1, subjects who had a 2-g baseline peanut
OFC were randomized to peanut or placebo SLIT for
44 weeks and then competed a 5-g peanut powder (2.5 g
peanut protein) OFC. The second phase of the study was an
unblinded additional 120 weeks of lower-dose peanut SLIT
for the initial active treatment group and 164 weeks of
higher-dose peanut SLIT for the placebo subjects who
crossed over to active. Three subjects withdrew (2 peanut,
1 placebo). A responder was defined as one who could
consume without dose-limiting symptoms a (1) cumulative
dose of 5 g of peanut powder at the week-44 OFC or a (2)
10-fold increase in the amount of peanut powder tolerated
at week 44 compared to baseline. Seventy percent of the
peanut SLIT group compared to 15% of the placebo group
was responders after 44 weeks of SLIT. The median suc-
cessfully consumed dose-increased in the peanut-SLIT re-
sponders from 3.5 to 496 mg. This median dose further
increased after 68 weeks of SLIT to 996 mg. Overall,
SLIT was well tolerated with the most common symptoms
being oral/pharyngeal.

A 3-year, long-term study from this trial showed 98% of
doses were tolerated without adverse reactions; however >
50% of subjects discontinued therapy [57]. After 3 years of
treatment with SLIT, treatment was stopped for 8 weeks and
then a 10-g OFC and open feeding of peanut butter were
completed. At the end of the study, 4/37 (10.8%) of SLIT-
treated subjects tolerated 10 g of peanut powder and those 4
had sustained unresponsiveness [57].

@ Springer

SAR439794 is a peanut extract with glucopyranosyl! lipid
A (GLA) that is currently in phase 1 trials for the treatment of
peanut allergy (NCT0343135).

In a more recent study published in 2018, Kinaciyan et al.
evaluated the use of recombinant birch pollen allergen (rBet
v1) SLIT or recombinant major apple allergen (rtMal d1) SLIT
to treat birch pollen—related apple allergy [60]. Only SLIT
with rMal d1 significantly improved apple allergy. Both ex-
tracts appeared to be safe.

There have been limited studies comparing SLIT and OIT.
Narisety et al. completed a randomized, DBPC pilot study of
SLIT compared to OIT for the treatment of peanut allergy
[53]. Twenty-one subjects age 7—13 years were randomized
and 16/21 discontinued therapy during the first year. The in-
vestigators found that all 16 subjects had a > 10-fold increase
in challenge threshold after 12 months of OIT or SLIT, but that
the increase in dose was significantly greater in the active OIT
group (141-fold vs 22-fold, p=0.01). Reactions were more
common in the OIT group.

Keet et al. compared the safety and efficacy of SLIT alone
compared to SLIT followed by OIT for the treatment of milk
allergy [54]. Thirty children age 6 to 17 years were enrolled.
More subjects in the SLIT/OIT group passed the 8-g end-of-
treatment challenge compared to the SLIT-alone group (6/10
vs 1/10, p=0.002). Overall reaction rates were similar be-
tween groups; however, systemic reactions were more com-
mon during OIT.

Biologics

Over the past several years, multiple biologics have been ap-
proved for the treatment of allergic diseases and many others
are currently in development [61]. Omalizumab is approved
for the treatment of allergic asthma and chronic idiopathic
urticaria, and over the past decade, it has been explored as a
potential treatment for food allergy. In addition to its use as an
adjunct to OIT, omalizumab and its analog TNX-901 have
been shown to have potential as a monotherapy treatment
for food allergy [62, 63]. In the study of TNX-901 by Leung
et al., a dose-related effect on peanut challenge was demon-
strated, with the highest dose (450 mg) leading to an increase
in the threshold dose from 178 to 2805 mg of peanut flour
[62]. Savage et al. studied the effects of omalizumab in peanut
allergic adults and found a significant and rapid effect, with
the median cumulative threshold dose of peanut protein in-
creasing from 80 mg at baseline to 6500 mg at weeks 4-8 [64].
Of further note in this regard, Genentech recently announced
that the U.S. Food and Drug Administration (FDA) has
granted Breakthrough Therapy Designation for omalizumab
for the prevention of severe allergic reactions following acci-
dental exposure to one or more foods in people with allergies.
An additional line of evidence supporting the effect of
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omalizumab on acute food-allergic reactions emerges from the
many studies demonstrating the ability to rapidly increase OIT
doses under the protection of omalizumab [43, 44¢, 45-47].

IL-33 is a member of the IL-1 cytokine family, and mouse
models have shown that IL-33 appears to be necessary for
inducing IgE-dependent anaphylaxis in the gut [65].
ANBO020 is a monoclonal anti-IL 33 antibody that is under
investigation for the treatment of peanut allergy. A phase 1
study of ANB020 in healthy volunteers showed that ANB020
was well tolerated and the pharmacokinetic profiles were ex-
plored for intravenous and subcutaneous regimens [66]. A
phase 2, multi-center, randomized, double-blind, placebo-
controlled proof-of-concept study on the safety and efficacy
of ANBO020 in peanut allergic adults was recently completed
in March 2018 (NCT02920021). To date, results have not
been published.

Dupilumab is a monoclonal antibody that targets IL-4 re-
ceptor alpha that is approved for the treatment of asthma and
atopic dermatitis. A phase 2 trial is planned to evaluate the
efficacy and safety of dupilumab as adjunct to AR101 peanut
oral immunotherapy (NCT03682770).

Modified Proteins

As an attempt to improve the safety of food allergy immuno-
therapy, a newer approach is to use modified allergenic pro-
teins that have been altered so that they can still induce desen-
sitization, but with a lower risk of IgE-mediated reactions. In
2013, a phase 1 trial explored the use of EMP-123, a vaccine
consisting of 3 recombinant peanut antigens (Ara hl, Ara h2,
Ara h3), encapsulated within heat/phenol inactivated E. coli
(NCT00850668) [67]. Healthy (n = 5) and then peanut allergic
(n=10) patients were given weekly, escalating doses as a
rectal suspension. Investigators found that adverse reactions
were common in peanut allergic subjects and 5/10 (50%)
could not complete dosing and 2/10 (20%) had severe allergic
reactions. The authors concluded that this product would re-
quire changes in route of administration and/or dosing scheme
in future studies.

Subcutaneous immunotherapy (SCIT) delivers allergen by
subcutaneous injections given under clinical supervision.
HAL-MPE! is a chemically modified, aluminum
hydroxide—adsorbed peanut extract for subcutaneous admin-
istration. In 2015, a first-in-human, randomized, double-blind,
placebo-controlled trial in Denmark established the safety of
HAL-MPEI in 17 peanut allergic adults (NCT02163018).
Patients were randomized to receive 4-5 months of increasing
doses of HAL-MPEI (n = 11) or placebo (n = 6). Preliminary
results showed HAL-MPE1 was generally well tolerated [68].
A phase 1 randomized, double-blind, placebo-controlled,
multi-center study is currently underway in the USA and
Canada (NCT02991885). The aim of this study is to assess

the safety and tolerability of HAL-MPE1 SCIT in peanut al-
lergic adults, and then adolescents and children.

Zuidmeer-Jongejan et al. selected a mutant CYP (mCYP)
cl to create an alum-adsorbed, hypoallergenic parvalbumin
vaccine for SCIT in those with fish allergy [69]. Preclinical
trials showed that mCyp c1 had significantly reduced aller-
genic activity with an average 1000-fold reduction compared
to recombinant Cyp (rCyp). These results led to a phase 1
study of the recombinant mCyp c1 vaccine (FAST-Fish-
Food Allergy Specific Treatment for Food Allergy), which
was completed in October 2014 (NCT02017626), and the
FASTIIDb trial was a phase IIb clinical trial using recombinant
hypoallergenic parvalbumin (mCyp c1), which was complet-
ed in April 2017 (NCT02382718). As of the time of this pub-
lication, results were not published for either study.

PVX108 is a product composed of synthetic peptides
representing T cell epitope sequences from Ara hl and Ara
h2 [70]. PVX108 is administered by intradermal injection
with the goal that it will induce tolerance to peanut without
the risk of immediate allergic reactions. A two-stage first-in-
human trial is now underway in Australia (Australian New
Zealand Clinical Trials Registry #ACTRN12617000692336)
during which investigators will assess the safety of a single
dose of PVX108 (stage 1) and then up to 6 escalating doses
given every 2 weeks for up to 16 weeks (stage 2) in peanut
allergic individuals.

DNA Vaccine

Another new approach to the treatment of peanut allergy is use
of a DNA vaccine. ASP0892 (ARA LAMP Vax) is single
multivalent peanut (Ara hl, h2, h3) lysosomal-associated
membrane protein (LAMP) DNA plasmid vaccine. Su et al.
designed a LMP DNA vaccine for Japanese Red Cedar allergy
and showed the CryJ-LAMP vaccine seemed to induce aThl
response in mice [71]. The phase 1 trial indicated that the
CryJ2-LAMP DNA vaccine is safe [72]. A phase 1 random-
ized, placebo-controlled trial is currently evaluating the safety
and tolerability of ASP0892 after intramuscular or intradermal
injection in adults with peanut allergy (NCT02851277).
Participants receive (1) low-dose ASP0892 intradermal, (2)
high-dose ASP0892 intradermal, (3) placebo intradermal, (4)
high-dose ASP0892 intramuscular, or (5) placebo intramus-
cular. All groups receive an injection once every 2 weeks for a
total of 4 doses.

Conclusions
Research on potential treatments for food allergy is a rapidly

expanding field and multiple trials are currently underway. To
date, these treatments have had variable levels of success, but
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none have led to a cure. Compared to EPIT and SLIT, OIT has
shown the most promising regarding the efficacy and the abil-
ity to increase the eliciting dose threshold; however, OIT also
has a higher rate of adverse events [28, 53, 54, 73]. Peanut
OIT and EPIT products have now been submitted for FDA
licensing. The Food and Drug Administration has designated
AR101 peanut OIT therapy and Viaskin peanut patch as a
“breakthrough therapy,” which will accelerate the develop-
ment and review of this treatment. OIT and EPIT will likely
be integrated into clinical practice as part of food allergy man-
agement in the near future. The use of biologics is also under
investigation, and omalizumab has been granted
Breakthrough Therapy Designation for the prevention of se-
vere allergic reactions following accidental exposure to one or
more foods in people with allergies. Newer approaches, such
as SLIT, modified proteins, LAMP DNA vaccines, and the use
of immunomodulatory agents, are early in development and
depending on results, could also become important treatment
options.
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