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Abstract

Our understanding of the immune basis of food allergy has grown rapidly in parallel with the
development of new immune-targeted interventions for the treatment of food allergy. Local tissue
factors, including the composition of skin and gastrointestinal microbiota and production of
Th2-inducing cytokines (TSLP, IL-33, and IL-25) from barrier sites, have been shown not only

to contribute to the development of food allergy, but also to act as effective targets for treatment

in mice. Ongoing clinical trials are testing the targeting of these factors in human disease. There
is a growing understanding of the contribution of IL-13 to the induction of high-affinity IgE and
the need for continual T-cell help in the maintenance of long-lived IgE. This provides a strong
rationale to test biologics targeting both IL-4 and IL-13 in the treatment of established food
allergy. Various forms of allergen immunotherapy for food allergy have clearly shown that low
specific IgE and elevated specific 1gG4 are predictive of sustained treatment effect. Treatments
that mimic that immune response, for example, lowering IgE, with monoclonal antibodies such

as omalizumab, or administering allergen-specific 1gG, are in various stages of investigation. As
we gain more opportunities to use immune-modifying treatments for the treatment of food allergy,
studies of the immune and clinical response to those interventions will continue to rapidly advance
our understanding of the immune basis of food allergy and tolerance.
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1| INTRODUCTION

The evolution of our understanding of food allergy pathogenesis parallels the mechanisms
of action of emerging targeted therapies in the field. The goals of treatment for food allergy
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include desensitization and ultimately sustained unresponsiveness to the allergenic food(s),
thereby resulting in a decrease in the risk of life-threatening hypersensitivity reactions. The
first Food and Drug Administration-approved therapy for a food allergy in the United States,
Palforzia®, is a peanut flour-based oral immunotherapy that was approved in early 2020.1
Targeted biologic immunomodulators and probiotics are also being studied to treat food
allergy as stand-alone approaches or as adjuvants to oral or epicutaneous immunotherapies/
dietary preventions.2-5(P1).6-8

Mechanistic studies performed in conjunction with clinical trials or in mouse models
have provided new insights into the pathogenesis of food allergy and the induction of
desensitization and tolerance. Cellular and molecular biomarkers predictive of treatment
response have been identified in both the innate and adaptive immune system for food
allergy.9:10(P4).11(p4) | this review, our objective is to discuss future immunotherapies for
food allergy and the evidence for their potential utility in food allergy.

2| MECHANISMS OF PATHOGENESIS WITH RELEVANCE TO
IMMUNOTHERAPY

Microbiome:

Factors contributing to food allergy development include the skin and mucosal barrier

and their associated exposomes, including microbiomes, allergens, and pollutants (Figure
1).12-22

Specific skin and gut microbiome signatures have been correlated with atopic condition
development, resolution, and protection particularly for food allergy in human and mouse
studies.13-18.21.22 Non-lesional skin abundance of S aureus is increased in children

with food allergy and atopic dermatitis when compared to non-allergic children.13 In

the same study, skin barrier, characterized by transepidermal water loss, filaggrin, and
ceramide content, was also found to be more compromised in food-allergic children

with atopic dermatitis than in children with atopic dermatitis alone. Gastrointestinal
microbiome patterns as measured in stool have been characterized for specific food
allergen sensitizations, such as milk and egg.1416 In a study of milk-allergic children, a
specific microbiome composition consisting of enrichment for Clostridiaand Firmicutes was
associated with resolution of allergy. Metagenomic functional prediction of the signature
associated with resolution supported decreased fatty acid metabolism.22

Mouse models have provided more definitive evidence for microbial differences driving
allergy susceptibility. As in humans, mice that are genetically susceptible to allergy through
an overactive IL-4 receptor (114raF709 mice) demonstrated a distinct microbiome signature
after sensitization to egg.2! This allergy-associated microbiota transmitted the allergy
phenotype to germ-free mice. In an adjuvant-driven mouse model of food allergy, a high-
fiber diet promoted short-chain fatty acid (acetate and butyrate) release from gut microbiota
and protected against food allergy.1® Likewise, mice that were lacking SCFA receptors had
exacerbated food allergy responses. Two recent studies were able to extend these findings
by linking human microbial differences to food allergy susceptibility in mice. Human food
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allergy-associated microbiota transferred susceptibility to mice. More importantly from a
therapeutic perspective, microbiota from food-tolerant individuals could be used to protect
mice from the development of food allergy.217 These data on the effect of the microbiome
on the development and resolution of food allergy portend potential treatment mechanisms,
which will be discussed in the next section.

2.1| Barrier immunity and Th2 cytokines

The immune milieu of the site of initial allergen exposure determines the outcome of allergy
or tolerance. In humans, mutations in the skin structural protein filaggrin have been noted

to confer risk for allergic diseases, including food allergy.12 This was comprehensively
summarized in a systematic review of 24 studies. In mice, mechanical skin injury is used

to break tolerance to antigens and model the development of food allergy.23 In addition

to driving local cytokine and immune cell changes in the skin, skin tape stripping induces
distal changes in the gastrointestinal tract including an expansion of mast cells. In oral
sensitization models, adjuvants such as cholera toxin or Staphylococcal enterotoxin B are
used to break tolerance. Skin tape stripping and adjuvants act to drive the production of a
trio of Th2-inducing cytokines that are released from barrier sites. I1L-33, IL-25, and thymic
stromal lymphopoietin (TSLP) are secreted by epithelial cells in the skin and gastrointestinal
tract, leading to production of Th2-associated cytokines (IL-4, IL-5, IL-9, and IL-13) from
innate lymphoid cell type 2 (ILC2) and basophils. ILC2 have been linked to food allergy
pathogenesis in mice through production of Th2-associated cytokines.242% TSLP and IL-33
also act on dendritic cells (DCs) to change their phenotype including upregulation of the co-
stimulatory molecule 0X40 ligand that promotes Th2 polarization.26-29 Presentation of food
allergen by these modified DCs together with Th2 cytokine production by ILC2 drives the
generation and amplification of Th2-skewed CD4+ T-helper cells in draining lymph nodes.
Basophils and mast cells, in addition to their roles driving type | hypersensitivity reactions,
can also function as innate sources of Th2 cytokines similar to the role of ILC2s and
contribute to the sensitization phase of food allergy,39.3! Through their production of IL-4,
IL-13, and IL-9, these cells promote the generation of CD4+ Th2 cells, expand mucosal
mast cells, and suppress the generation of Tregs. Studies in humans with food allergy and
I14raF709 mice have shown that food allergy is associated with Th2 reprogramming of
regulatory T cells.32 These Th2 reprogrammed Tregs have diminished suppressive capacity
and in fact contribute to food allergy pathogenesis by producing IL-4.

The key mechanism by which CD4+ T cells producing Th2 cytokines contribute to food
allergy is through B-cell help and support for IgE class-switching. Cross-linking of allergen-
specific IgE bound to mast cells and basophils leads to activation of these effector cells and
release of stored granule contents and rapidly synthesized lipid mediators that contribute to
acute allergic symptoms. Although IgE has long been understood to be dependent on Th2
cytokines, recent studies have identified a unique cell subset critical to the development

of high-affinity IgE. T follicular helper cells (Tfh cells) express the chemokine receptor
CXCRS5 that is essential for guiding these cells to the B-cell follicle to provide B-cell
support. A subset of Tth cells that co-express IL-4 and IL-13, and express the transcription
factors BCL6 and GATA3 were found to be essential for the production of high-affinity IgE
in mice that could promote anaphylaxis. These cells, termed Tfh13 cells, were identified in
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peanut-allergic humans.33 Human food allergy is also associated with highly differentiated
Th2 cells, variously termed Th2A cells, or pathogenic effector Th2 cells.34-38 Their
contribution to disease pathogenesis is not clear.

Targeting of multiple cytokines in the Th2 pathway has been shown to effectively suppress
the development of food allergy in mice. Neutralization of IL-4, IL-13, IL-9, IL-25, TSLP,
and IL-33 have all demonstrated roles during the sensitization phase of food allergy.
Interestingly, simultaneous neutralization of all three barrier cytokines (IL-33, IL-25, and
TSLP) was able to suppress food-allergic reactions in established disease.3”

2.2 | IgE production and maintenance

Downstream of the allergen-specific CD4+ T-cell response are B cells that produce IgE. The
maintenance of allergen-specific IgE over a lifetime of careful allergen avoidance has been
a poorly understood phenomenon. Plasma cells producing IgE have been characterized as
short-lived compared with other immunoglobulin isotypes. Studies in mouse models have
shown that B cells require continual CD4+ T-cell help in order to maintain IgE production
and that IgE plasma cells are continually renewed from IgG1 + memory B cells in a
STAT6-dependent manner, again highlighting the continual need for Th2 cytokines.38 In
contrast, Asrat et al reported that chronic antigen exposure was necessary before IgE plasma
cells could be identified in the bone marrow, where they were maintained over a period of 8
months.3% Recent work in humans with peanut allergy showed that the gastrointestinal tract,
particularly the stomach and duodenum, was a reservoir of IgE plasma cells.#? Furthermore,
the co-localization of shared IgG and IgE clones within the gastrointestinal tract supports
the concept of sequential class-switching from IgG to IgE in the maintenance of IgE, and
suggests that this may occur at relevant sites outside of lymphoid tissues or bone marrow.

In addition to advances elucidating mechanisms of long-lived IgE memory, recent work

has uncovered new mechanisms that help to explain why individuals with the same level

of specific IgE can have differing clinical presentations of tolerance or allergy. Shade et

al studied glycosylation patterns of IgE comparing non-allergic individuals with those with
oral food challenge—confirmed peanut allergy and found that IgE from allergic individuals
had higher levels of sialylation.#? Removal of sialic acid content from IgE suppressed the
ability to induce anaphylaxis in mice, and removal of sialic acid from human IgE reduced
the ability to induce degranulation of the mast cell line LAD2. Targeting IgE sialylation in
vivo with a novel fusion protein of IgE constant regions with neuraminidase to remove sialic
acid could suppress anaphylaxis in vivo.

At each stage in the above review of food allergy pathogenesis, summarized in Figure 1,
there are opportunities for immunotherapeutic approaches, which will be described in the
next section. These are also listed by mechanism and phase of development in Table 1.

3| FUTURE TREATMENT OPPORTUNITIES BASED ON FOOD ALLERGY
PATHOGENESIS

There are a number of stages within the food allergy pathogenesis landscape to target with
new and developing therapeutic or prevention strategies (summarized in Figure 2 and Table
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1). This section will focus on the therapeutic strategies in development or discovery phases,
which target immunologic features of food allergy.

3.1| Allergen immunotherapy

The most advanced therapeutic approach is based on controlled allergen exposure (allergen
immunotherapy), given by different routes. Oral immunotherapy (OIT) for peanut allergy
has recently been approved by the FDA, while epicutaneous immunotherapy (EPIT) has
been granted breakthrough status by the FDA,*2 and sublingual immunotherapy (SLIT)

is currently under investigation. Subcutaneous immunotherapy with a chemically altered
peanut extract has completed a phase I, double-blind, placebo-controlled, multicenter trial
in 42 patients; results are still pending.#3 Food immunotherapy (OIT and SLIT) can lead to
sustained unresponsiveness (SU) in a subset of treated patients; EPIT has only achieved SU
in animal models.** Although natural skin exposure to peanut allergen is a risk factor for
development of peanut allergy (in those with eczema), EPIT as treatment induces tolerance
in mice and increases threshold of reactivity to peanut in children. Studies are ongoing for
milk and egg EPIT in clinical trials.>

Although allergen immunotherapy does not specifically target an immune pathway, many
studies have attempted to parse out the immune mechanism of treatment response by
studying the impact of treatment in clinical responders and non-responders. Theoretically,
administration of allergen without co-stimulation (adjuvant) is thought to induce production
of blocking antibodies (IgG4, IgA) and Tregs (producing IL-10 and TGF-B). The subgroup
of patients, in both OIT and SLIT, that achieve sustained unresponsiveness, have greater
levels of peanut slgG4 antibodies with treatment.%46 Furthermore, low baseline-specific

IgE levels are the best predictor of sustained unresponsiveness.#” These differences in IgE
and 1gG4 antibodies are reflected in differences in basophil activation, a functional readout
that integrates changes in IgE, 1gG4, and inherent basophil desensitization. Patients who

do not achieve sustained unresponsiveness to OIT demonstrate a rebound in their basophil
activation after treatment is stopped.® Food allergen immunotherapy is associated with a
reduction in allergen-specific Th2 cells, including reduced Th2A cells.3448 EPIT induces
unique hypermethylation patterns of the transcription factor Gata4 in Th2 cells, according to
a recent mouse study.*4 However, there is currently a lack of information on the relationship
between immunotherapy-associated T-cell responses and treatment outcome. It has been
described that suppression of allergen-specific Th2 responses with OIT is transient.4®

3.2 | Microbial therapeutics

Based on studies showing that ex vivo transfer of stool from food-allergic patients and
healthy patients could confer susceptibility and protection from food allergy in mouse
models,>17 fecal microbiota transplant (FMT) is being studied in food-allergic patients.>
Other microbial therapies are being combined with oral immunotherapy to promote a
tolerogenic mucosal immune environment while providing allergen. Probiotic therapy with
Lactobacillus rhamnosus in combination with peanut OIT (PRT100) for peanut allergy
induced sustained unresponsiveness in 80% of patients after 2-5 weeks of discontinuation

of therapy.* Studies comparing PRT100 with peanut OIT are pending to determine whether
there is a significant improvement with the addition of probiotic. Another approach is testing
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a combination of commensal bacteria provided in a capsule, together with the antibiotic
vancomycin to help the administered bacteria to colonize, together with peanut OIT. This is
an ongoing phase 1, randomized, double-blind trial of 40 peanut-allergic patients.>°

3.3 | Biologies targeting Th2 pathways

Cytokines that drive Th2 pathways including TSLP, IL-33, and IL-25 are secreted by
epithelial cells of the skin or gastrointestinal tract, and neutralization inhibits food allergy
in mice.3” TSLP and 1L-33 can be directly targeted by monoclonal antibodies, tezepelumab
(TSLP), etokimab (IL-33), and REGN3500 (IL-33). Inhibition of I1L-33 with etokimab
showed promising initial but unfortunately short-lived results in a small human study.*’
Seventy-three percent of patients treated with a single dose of etokimab could tolerate 275
mg of peanut protein after 15 days and 57% could at 45 days, in comparison with 0% of

5 patients given placebo. Etokimab led to a transient decrease in peanut-specific IgE and
peanut-specific 1L-4 and IL-5, with a more sustained suppression of peanut-specific IL-9,
IL-13, and ST2. REGN3500 has not been studied in food-allergic patients yet, but given

its promising results in phase 2 studies of asthma, it has similar potential as etokimab.5!

As indicated by studies in mice, combined neutralization of multiple pro-Th2 cytokines
may be required for treatment efficacy. Alternatively, targeting of these cytokines may be
required together with allergen administration to effectively reprogram the adaptive immune
response.

TSLP and 1L-33 upregulate OX40L on dendritic cells that drives Th2 skewing. There are
two human anti-OX40 antibodies in phase 2 trials for atopic dermatitis and asthma.52(P40).53
There is also an anti-OX40L antibody that was tested in asthma and did not prove
efficacious in decreasing asthma symptoms, but did significantly lower total IgE.>* Given
the role of OX40L in Th2 cytokine response in mouse models of food allergy, these OX40
and OX40L antibodies may be effective as an adjuvant to food immunotherapy protocols.28

Inhibition of Th2 cytokines is currently being tested as a monotherapy for peanut allergy
and together with oral immunotherapy.’-8:5556 Dupilumab is a neutralizing antibody for 1L-4
receptor alpha, thereby inhibiting both IL-4 and IL-13 signaling. Studies in chronic sinusitis
with nasal polyposis and allergic asthma showed a corresponding decrease in total IgE

with dupilumab treatment.57:28 Combined with results in mice showing that maintenance of
IgE requires continual Th2 help, this provides the rationale for the use of dupilumab for

the treatment of food allergy. Monoclonal antibodies have also been developed that target
IL-13 (lebrikizumab, anrukinzumab, and tralokinumab) but have not yet been tested in food
allergy.>®

Cytokines mediate their activity through receptors that signal through Janus kinases (JAKS).
Inhibitors of Jak (jakinibs) are currently being studied in atopic dermatitis with favorable
results in phase 2 studies and breakthrough status designation from the FDA.59 An early
jakinib, ruxolitinib, was tested in a mouse model of food allergy. Treatment was associated
with decreased allergic response, mast cell activation, and 1L-13 release.5! These preclinical
results suggest that JAKs are a potential target for food allergy treatment, particularly given
the development of newer and safer Jak inhibitors that have shown efficacy and safety in
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other atopic conditions. As with dupilumab, jakinibs may be effective as monotherapy or
immunotherapy-adjuvant treatment for food allergy.

IgE targeting

Targeting of Th2 pathways is hypothesized to be effective by having an end effect on
allergen-specific IgE. IgE has also been targeted directly. Omalizumab and the newer
higher-affinity monoclonal antibody, ligelizumab, bind free IgE and decrease its binding to
high-affinity and low-affinity IgE receptors, thereby abrogating the effector response to food
allergens in tissues.52 Omalizumab has been studied as both a monotherapy and an adjuvant
to food immunotherapy.53-71 A benefit of targeting IgE is the antigen non-specificity of

the approach. Reduction in IgE on the surface of cells should reduce allergic reactions to
any food. As an adjuvant to immunotherapy, anti-IgE therapy improves the safety profile

of immunotherapy, and it is hypothesized that the immunotherapy would have potentially
sustained immune-modifying activity such that treatment could potentially be stopped.
Omalizumab has been designated with breakthrough status by the FDA for food allergy,
given the promising results in human trials with increased threshold and tolerance of avoided
foods.’2

In addition to blocking IgE with an IgE-specific antibody, another approach is to compete
with IgE binding and cross-linking with an allergen. This conceivably could be achieved
with allergen-specific 1gG, which is shown to be predictive of clinical response in
immunotherapy trials. There is currently no food allergen—specific 1gG in the therapeutic
pipeline; however, Regeneron® is currently developing subcutaneously administered cat and
birch allergen—specific 1gG therapeutics, which suppress immediate allergic reactions in
humans in phase I and 11 trials, respectively.”3

Suppressing effector cells

Food-allergic reactions are mediated by IgE signaling through the high-affinity FceRI
receptor on mast cells and basophils. A cascade of kinases, including Lyn, Syk, and
Bruton’s tyrosine kinase (BTK), regulate calcium signaling and control cell degranulation.
Medications that inhibit BTK are currently being used to treat chronic lymphocytic leukemia
and non-Hodgkin lymphoma.” After a pilot in aeroallergen-sensitized patients showed
abrogation of skin test reactivity and basophil activation, a follow-up study in peanut- and
tree nut-allergic adults showed promising results after a short course (7 days) of treatment,
with a rapid rebound in reactivity.”® There are safety concerns with the use of ibrutinib,

and the challenge remains to identify signaling components downstream of the IgE receptor
that are not also essential for other key elements of the host immune response. However,

as a proof of principle, this study demonstrates that inhibition of a single kinase can
suppress allergic reactions in a rapid and reversible manner, which may be useful for
short-term treatment (eg, to provide safety during immunotherapy, or where risk of allergen
exposure may be unavoidably increased). Inhibition of BTK could also completely suppress
anaphylaxis mediated by human IgE in humanized mice.”®
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3.6 | Duration of treatment effect

The ideal treatment for food allergy would result in a long-lasting immune tolerance.
Allergen immunotherapy has allowed some individuals to incorporate the food into the

diet ad libitum,*8.77 but generally, the greater the duration of allergen avoidance after
treatment, the greater the rebound of clinical reactivity.”® Targeting of IL-4 and IL-13 does
not eliminate the source of Th2 cytokines and therefore would not be expected to result in
sustained effects. Similarly, targeting of IgE does not eliminate the cells producing the IgE.
It is likely that the reservoir of IgE memory (IgG+ memory B cells) and Th2 memory would
need to be extinguished to have disease-modifying effects. Our growing understanding of the
mechanisms involved in IgE maintenance may reveal new targets for durable treatment of
food allergy, as summarized in Table 1.

4| CONCLUSIONS

This review article summarizes the latest additions to the understanding of the immune

basis of food allergy pathogenesis and implications for future therapies. The testing of new
biologics for the treatment of food allergy, and the opportunity to study the immune basis

of treatment response, will accelerate our understanding of immune mechanisms of disease.
As illustrated in Figure 2, there are currently treatments at every phase of development, from
preclinical to FDA approval, with a variety of routes of administration. The landscape of
food allergy therapeutics is vast, and there are many new developments on the horizon to
potentially transform the quality of life for food allergy patients worldwide.
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Key Message

Our growing understanding of the immune mechanisms of allergy and tolerance to foods
supports the testing of immunomodulators in the treatment of food allergy, including IgE
targeting, type 2 cytokine targeting, and microbial therapeutics. In this review article,

we summarize recent advances in our immune understanding of food allergy and the
implications for the use of novel therapeutics.
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Cellular Mechanisms of Food Allergy Pathogenesis and Tolerance. Both external and

internal factors affect the skin and gut mucosal barriers to produce barrier cytokines, which
stimulate innate immune cells to produce Th2 or regulatory cytokines to therefore induce
tolerance or allergic cell degranulation
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