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Food allergy affects up to 10% of the population. The
identification of modifiable risk factors including skin barrier
dysfunction, vitamin D deficiency, microbiome, and route and
timing of allergen exposure is leading to effective prevention
strategies, and some of which are now included in public health
guidelines. An increasing understanding of the
pathophysiology has improved diagnostic options and
revealed novel manifestations such as delayed anaphylaxis to
mammalian meat related to sensitization to a sugar moiety
triggered by tick bites. Current diagnosis has improved with the
commercialization of allergen component testing, and the
diagnostics pipeline shows imminent advances for predicting
reactivity, threshold and severity. The first FDA-approved food
allergy therapy has come to fruition with superb additional
approaches under investigation.
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Introduction

Food allergy is a common disorder, with an increasing
prevalence [1]. Over the past few decades, there has been
a rapid accumulation of knowledge on the epidemiology,
natural course, pathogenesis, diagnosis, and management/
treatment of food allergy. The past several years have
witnessed an explosion in discovery, with practical trans-
lation to clinical interventions that are improving the lives
of those affected and preventing new cases. The current
review highlights some of the most recent findings and
advances in food allergy, with particular emphasis on the
new developments in prevention and treatment that
supersede the traditionally recommended avoidance of
allergens and management of allergic reactions after
accidental exposure.

L))

Check for
updates

Epidemiology and natural history

Estimates of food allergy prevalence rates vary by age,
geographic location, and study methodologies, but a
general conclusion is that the disease is common, and
the prevalence has been increasing [1]. Some estimates
suggest that up to 10% of some populations are affected
[1,2,3°,4]. The most common food allergens are peanut,
tree nuts, cow’s milk, hen’s egg, fish, shellfish, wheat, soy,

and seeds [1,2].

The identification of risk factors for food allergy may
inform prevention and treatment approaches. Studies
have identified dietary, environmental, genetic [5,6],
and combinations of factors [1,7], including epigenetic
mechanisms [8,9]. Some risk factors are modifiable [1,7],
such as skin barrier dysfunction [10-12], vitamin D insuf-
ficiency, microbiome [12-14], route and timing of first
exposure to the foods [11], maternal dietary habits [15],
absence of early exposure to particular environmental
allergens [10], while others [5,10], such as male gender,
racial background or family history, are underlying non-
modifiable risks [1].

"T'he natural course of food allergy is variable for different
foods/food groups. For example, resolution of peanut
(around 20% for 4-year-olds), tree nuts (about 10%), fish,
shellfish and seeds is less common than it is for egg, milk,
wheat, and soy that show resolution rates of 45-50% or
higher by age 5-10 years old, with continued resolution
into adulthood [1,16]. For foods such as hen’s egg and
cow’s milk, there are data supporting the ingestion of
baked egg [17] and baked milk [18] as a factor contribut-
ing to a faster resolution of egg and milk allergy, respec-
tively. It is interesting to note that adult-onset food
allergy to milk, egg, wheat, and soy is reported by over
20% (per food) of adults with food allergy, indicating that
these classically pediatric allergies that typically resolve
are emerging in adults [3°].

Pathogenesis and mechanisms

Food allergy is a result of immune dysregulation and an
abrogation of normal oral tolerance. Elucidating the
mechanisms that lead to food allergy or tolerance is a
significant research priority [12,19]. Normally, the anti-
gens present in the food are presented to CD103+
dendritic cells (DC) in the gastrointestinal tract and
after these cells migrate to regional lymph nodes, they
promote immune tolerance, in part by the induction
of T regulatory cells (Tregs) [20]. In food allergy,
Th2-type responses characterize the immune response.
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For example, interleukin-4 (IL.-4), produced by several
cell types, including basophils, natural killer T cells, and
innate lymphoid cells, drive responses [19,21]. Skin
basophils, in mouse models of atopic dermatitis, partici-
pate in sensitization to food allergens through the skin,
leading, through IL.-4, to IgE-mediated hypersensitivity
[21]. The loss of integrity of the skin barrier, commonly
present in patients with atopic dermatitis, is now under-
stood as a mechanism to develop food allergy through
environmental exposure, particularly when oral exposure
is insufficient. This ‘dual allergen exposure hypothesis,’
initially proposed by Lack may explain the high rates of
food allergy in children with atopic dermatitis, especially
if they are not ingesting the food allergens early in life
[12,19,20,22].

The study of the microbiome in the development of
immune tolerance or food allergy has also been the
subject of intense research, as it is thought that microbial
interaction with the immune system may have an impor-
tant role in immune tolerance and antigen sensitization
[14,23,24]. Specific signatures of bacterial intestinal colo-
nization have been identified in patients with food
sensitization and food allergy [25°,26], with the changes
in the microbiome appearing to precede the development

of food allergy [27].

Diagnosis

The diagnosis of food allergy relies most heavily on the
clinical history to determine whether the symptoms are
related to allergy or other mechanisms and to identify
culprit foods, while tests such as skin prick tests (SPT)
and serum food-specific IgE measurements (sIgE) pro-
vide additional diagnostic information [1,28]. Skin and
serum tests are very sensitive but not very specific and the
most accurate test is the oral food challenge (OFC), a
procedure that unfortunately carries concerns of trigger-
ing severe allergic reactions [29].

Tests such as SPT and sIgE are not relevant for disorders
that are not mediated primarily by IgE, such as food
protein-induced enterocolitis syndrome (FPIES). FPIES
is characterized by repetitive delayed vomiting, with
progression in many cases to dehydration and lethargy
[30]. Eosinophilic esophagitis (EoE) [31] is an inflamma-
tory condition presenting with dysphagia and associated
with eosinophilic inflammation in the esophagus. The
diagnosis is suspected when there is difficulty in swallow-
ing specific foods that are bulkier, such as steak. The
disorder is not typically diagnosed by SPT or sIgE as
foods such as milk or wheat may trigger the inflammation
despite negative tests. An interesting emerging allergy
regards IgE responses to alpha-gal, a sugar moiety in
mammalian meat [32°°], with the clinical manifestation
of allergic reactions starting several hours after ingestion
of the culprit food and related to initial allergic sensitiza-
tion to antigens from tick bites.

The cross-reactivity of food allergens with environmental
allergens (pollens, cockroach, dust mite) may confound
the interpretation of SP'T and sIgE because the tests will
detect proteins that do not typically trigger systemic
reactions [1,33]. A major advance is the emerging use
of component-resolved diagnostics (CRD) that can
potentially refine the interpretation of SP'T" and sIgE that
use multi-protein extracts because CRD measures
responses to individual proteins, although clear cutoff
values for those components are not yet available [34].
Another emerging test is the basophil activation test
(BAT), which has shown excellent sensitivity and speci-
ficity and may add to diagnostic utility but is not yet
commercialized [28,35]. Additional next generation tests
that may help improve prediction of allergy, threshold,
and severity include evaluation of IgE epitope binding,
affinity [36,37], histamine release assay [38], mast cell
activation test (MA'T) [39], transcriptomics, epigenomics,
and other biomarkers [40°41,42]. The attempt to create
predictive models and algorithms, using data from several
of the above also show promise [43]. Table 1 summarizes
some of the potential future diagnostic tests.

Prevention

Major advances in research about prevention of food
allergy have resulted in worldwide changes in feeding
recommendations [44]. The milestone Learning Early
About Peanut (LEAP) study in 2015 showed carly die-
tary introduction of peanut in infants with severe
eczema, egg allergy, or both, resulted in a 70% (in
patients with initial positive SPT) and 86% (in patients
with negative initial SP'T’) reduction in peanut allergy
60 months later [45], promoting recommendations for
the early dietary introduction of peanut in high-risk
infants [46]. Prior notions and recommendations that
high-risk families should delay introduction of allergens
have been supplanted by recommendations to introduce
peanut early in infants showing signs of allergy, and not
treating common allergens any differently than other
foods when deciding upon solid food introduction for
infants in general [44].

Additional avenues of prevention besides early introduc-
tion are being evaluated, including alterations of the
maternal diet, altering the microbiome, vaginal seeding
of infants born by caesarian section (ongoing trial -
ClinicalTrials.gov  registration NCT03567707), ecarly
use of treatments to improve the skin barrier function
and others [44]. The PEBBLES study is an ongoing phase
3 randomized controlled trial in 760 infants with family
history of atopy, to assess the impact on food allergy and
atopic dermatitis of the application of skin emollient
twice a day during the first year of life [47], with a recently
published study not showing evidence of an impact of
daily emollient in the prevention of eczema at two-years
of age in a similar population [48].
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Examples of future food allergy diagnostic tests

Test

Concept

Advantages

Disadvantages/limitations

BAT (basophil
activation test)
[28,35,42]

Histamine release
assay [38,42]

MAT (mast cell
activation test)
[39,42]

IgE epitope
mapping
[36,37,42]

Transcriptomics/
epigenomics
[40]

Flow cytometry-based assay
measuring cell surface
expression of CD63 (and
CD203c) on exposure to allergen

Whole blood incubated with
allergen extract or anti-IgE,
promoting release of histamine,
that is quantified through
fluorometry; can also be
performed with patient serum
(passive HR assay)

Test uses cultured human mast
cells obtained from blood c-kit
+ CD34+ precursor myeloblasts,
that are mixed with allergic
patient’s serum, with
measurement of cell surface
expression of CD63 (and
CD107a) and function
(prostaglandin D2 and beta-
hexosaminidase release) on
exposure to allergen

Peptide microarray
immunoassay performing large-
scale IgE epitope mapping for
food allergens (may be refined
by measuring epitope antibody
affinity)

Analysis of whole blood
transcriptome and T-cell
epigenome profiles to identify
patterns of molecular signature
associated with severity of
reaction

- High specificity and sensitivity, which may
allow BAT to substitute for OFC in some
patients (especially useful to test for high doses
of allergen)

- Only 1 mL of peripheral blood required

- Safe

- Antihistamines do not interfere with test
outcome

- If done with serum, may allow the use of
stored samples, reducing time-sensitivity and
the need for fresh blood samples

- Diagnostic performance may be superior to
test modalities such as CRD and BAT

- Serum samples from patients can be frozen
and analyzed in batches, not time-sensitive like
BAT

- Patterns of response may have a correlation
with severity of the reaction to the particular
allergen

- Mast cells are the main effector cells in allergic
reactions (basophils have unclear role as
effector cells)

- May improve ability to predict clinical
reactivity, severity and tolerance

- May be useful for clinical diagnosis but also
add data regarding prognosis

- May allow to identify molecular signatures
associated with severity of reaction to a
particular allergen

- The identification of molecular signatures may
also have an impact in the future to predict
which therapy could have the most impact in
the treatment of a particular individual

- considerable portion of patients
(up to 10%) may be BAT non-
responders, due to ‘basophil
anergy’

- Requires specialized training and
not scaled to commercial settings
yet

- Needs to be performed within 24
hours of collection (ideally within 4
hours)

- Needs validation in large cohorts

- Less sensitivity than BAT

- Passive HR assay may have
clinical use to confirm allergy, but
high rate of false negatives, so less
useful to rule out allergy

- Needs validation in large cohorts

- More time-consuming than BAT,
due to the need to culture and
differentiate human mast cells

- Requires specialized training,
particularly in the differentiation of
human mast cells from donor
peripheral blood myeloblasts

- Needs validation in large cohorts

- Positive allergen IgE binding shows
sensitization but does not equal in
vivo cross-link of IgE to mast cells or
basophils

- Needs validation in large cohorts

- Needs specialized center and
analysis in a center with robust tools
for transcriptome and epigenome
analysis

- Needs validation in large cohorts

Treatment

Until recently, the management of food allergy has been
strict allergen avoidance and prompt reactive treatment
with emergency medications in the event of an allergic

reaction [1,49]. Remarkably, the first (January 2020) FDA

approved treatment, a peanut oral immunotherapy (OI'T)
product, was approved for the mitigation of allergic reac-
tions in children ages 4 to 17-years-old [50].
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Table 2

Examples of future therapies for food allergy

Therapy

Concept

Comments

Allergen-specific [62-65]
Alum-adsorbed
immunotherapy [63]

Vaccines [63,64]

Modified recombinant
proteins [65]

TLR-9 agonists (CpG
oligonucleotides)
[62,63]

TLR-4 Agonists (MPL/
GLA) [62,63]

Interferon-gamma
[62,63]

Nanoparticles [62,63]

Allergen non-specific [62,63,66]
Biologics [66]

SCIT with chemically modified, aluminum
hydroxide adsorbed-allergen, with the goal of
increasing tolerance to allergen

- Intramuscular/Intradermal LAMP-DNA vaccine:
allergen DNA combined with LAMP (lysosome-
associated DNA proteins) sequences and inserted
into plasmid vector DNA; plasmid vector DNA
processed by APCs with goal of acquiring
tolerance to allergen

- VLP: single peanut allergens coupled to virus-like
particles to generate allergen-specific vaccines

- PVX-108: synthetic peptides that represent T-cell
epitopes for major peanut allergens, with goal of
targeting T cells specific for allergen

Use modified allergens/peptides that lost
allergenicity (IgE interaction properties), but
maintain immunogenicity (T cell interaction), with
the goal of inducing Th1 and Treg responses to the
allergen

CpG oligonucleotides administered as adjuvant of
allergen immunotherapy, in order to stimulate Th1
and Treg immune responses, by binding to TLR-9

MPL (LPS derived from Salmonella) and GLA
(synthetic form) used as adjuvants of allergen
immunotherapy, in order to stimulate Th1 and Treg
responses, as both are TLR-4 agonists

Cytokine promoting Th1 responses and
suppressing Th2 responses

System that can be used to deliver allergens in a
way that reduces degradation in the Gl tract and
increases uptake efficiency; nanoparticles
containing allergen can be coated with CpG, to
promote Th1/Treg responses

- Anti-IgE (Omalizumab): monoclonal antibody
binds free serum IgE, reducing its ability to bind
mast cell and basophil IgE receptors

- Anti-IL-4Ra (Dupilumab): monoclonal antibody
blocks IL4-Ra blocking the action of IL-4 and IL-13,
cytokines involved in the promotion of Th2
responses

- Anti-IL-33 (Etokimab): monoclonal antibody
blocks IL-33, an upstream cytokine (alarmin)
involved in the promotion of Th2 responses

- Pilot study for peanut reporting safe and well
tolerated therapy

- Early studies for fish (NCT02382718) and
peanut (NCT02991885) are ongoing

- In murine models, reduction of allergic
symptoms during peanut challenge and
reduction of peanut sIgE were observed

- Ongoing phase | clinical trial with multivalent
peanut allergy LAMP-DNA vaccine
(NCT03755713)

- PVX-108 undergoing double-blind placebo-
controlled randomized trials

- Potential to be safer, due to reduced
allergenicity

- Phase | trial in humans with high rate of
adverse events (including anaphylaxis)

- Shown in murine models of peanut allergy,
with decreased anaphylactic reactions with
immunotherapy

- Th1 stimulation may have a potential side
effect of autoimmunity

- Lower rates of anaphylaxis in murine models
- Phase | trials with peanut ongoing

- Th1 stimulation may have a potential side
effect of autoimmunity

- Potential to allow for faster buildups of
allergen immunotherapy

- Th1 stimulation may have a potential side
effect of autoimmunity

- Peanut CpG nanoparticle delivery was well
tolerated in murine model and showed
favorable cytokine signature

- Only animal data for use in food allergy; need
further studies and better definition of kinetics
of particle release and delivery to avoid sudden
release of large amounts of allergen

- Omalizumab: prior studies with a different
anti-IgE agent had shown significant increases
in reaction threshold to peanut protein.
Ongoing trials with omalizumab as
monotherapy, adjunct to oral immunotherapy
and comparison between the two modes and
placebo (OUtMATCH phase 3 clinical trial
Clinicatrials.gov NCT03881696)

- Dupilumab: ongoing phase 2 studies with
dupilumab as monotherapy and as adjunct for
oral immunotherapy in patients with peanut
allergy

- Etokimab: ongoing phase 2 studies with
etokimab as monotherapy in patients with
peanut allergy
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Table 2 (Continued)

Therapy Concept

Comments

Chinese Traditional
Medicine [66]

degranulation

Probiotics [62,63,66]

A Chinese herbal formula — Food Allergy Herbal
Formula-2 (FAHF-2) has shown to decrease Th2
responses and to reduce IgE-mediated mast cell

As gut microbiome dysbiosis has been linked as a
possible factor in the pathogenesis of food allergy,
probiotics have been proposed as a potential
therapy in the induction of immune tolerance

- Phase 1 clinical trials showed it as safe and
well tolerated

- Clinical trials done as monotherapy and
ongoing phase 2 trials as an adjunct for oral
immunotherapy in patients with multiple food
allergies

- Probiotics have been studied as adjuvants for
peanut OIT, with initial trials showing high levels
of desensitization and sustained
unresponsiveness at 4-year follow-up, when
compared to placebo

Indeed, OIT has been the most studied food allergy
treatment approach [51]. For peanut OIT, after a phase
2 study showing an acceptable safety profile [52], the
product underwent a phase 3 study with 551 participants
between 4 and 17 years of age. The results showed 67.2%
of the patients in the treatment group were able to
tolerate a dose of 600 mg of peanut at the study exit food
challenge, compared with 4.0% of the patients in the
placebo group [53°°]. Although the product was approved,
it is being highly regulated because, on average, those
under therapy experienced more allergic reactions and
anaphylaxis than those on placebo with both groups
instructed on peanut avoidance (aside from the doses
taken). A systematic review and meta-analysis of peanut
OIT [54°] that included 12 trials, showed an increased
anaphylaxis risk of 3.12 (risk ratio; 95% confidence inter-
val [CI] 1.76-5.5); number needed to treat to harm 7
(3-19)) both during the build-up and the maintenance
phases of the protocols. Given a trade-off of increased
reactions versus a higher threshold of reactivity, this
therapy (and others in the pipeline) requires an extensive
shared decision-making effort between the medical pro-
vider and patient/family, to identify the best candidates
for the currently approved treatment. The long-term
benefits of OIT are also uncertain. A phase 2 study
following peanut OI'T subjects over three years and
altering dosing regimens over time, suggested that
patients under OI'T maintained their level of desensiti-
zation, but that stopping the treatment or lowering the
daily dose is associated with a recurrence of previous
thresholds of clinical reactivity to the allergen [55]. Long-
term adverse events are also still under further research,
with current data suggesting a possible increased rate of
EoE in patients undergoing OI'T [56], and that risk seems
to be also present in patients on sublingual immunother-
apy (SLIT, another approach being studied) both for
food and aeroallergens [57]. Of note, history of EoE is
one of the package insert-listed contraindications for the
approved peanut OI'T product [50].

Epicutaneous immunotherapy (EPIT) is another
approach that has been studied for desensitization. A
phase 3 trial was published in 2019, on 356 peanut-allergic

patients, ages ranging from 4 to 11 years old, treated daily
for 12 months with a peanut patch versus placebo, with
35.3% responders in the treatment group versus 13.6% in
the placebo group [58°]. Although EPIT trials show a
favorable side effect profile, mild localized symptoms in
the area of administration (erythema, pruritus, swelling)
are relatively common [59]. Overall, and pending addi-
tional data and larger studies, data suggest that OI'T may
have a more robust therapeutic effect than EPIT, but
with a greater risk of adverse events, though the direct
comparison of the two approaches is unlikely to be
studied for some time.

With FDA approval of therapies that are not curative,
continued allergen avoidance and readiness to recognize
and treat allergic reactions is imperative. Advice about the
day-to-day management of food allergy continues to be a
crucial part of the treatment of patients and families.
Clinical management includes counseling on issues such
as ingredient labeling, allergic symptom recognition and
threshold changes with eliciting factors such as exercise,
alcohol use or acute illness and many other topics. Most
patients and families experience anxiety related to food
allergy, but there is a lack of dedicated mental health
support, even at the majority of referral centers [60].
Some widespread issues, such as suffering bullying at
school, which happens in 35-45% of children with food
allergy, are not frequently addressed, as shown in a recent
survey of allergists, with significant room for improve-
ment in this and other areas [61].

Future therapies

In addition to OIT, EPIT, and SLIT, other allergen-
specific approaches are being evaluated [62,63], including
chemically modified aluminum-hydroxide adsorbed aller-
gens, vaccines (DNA, virus-like particles, PVX-108) [64]
and modified proteins [65].

Other adjuvants and adjunctive therapies [62,63] include
Toll-Like Receptor (TLLR) agonists (such as CpG oligo-
nucleotides — TLLR-9 — or monophosporyl lipid A (MPL)
and glucopyranosyl lipid A (GLLA) — both TLR-4 ago-
nists), cytokines (interferon-y), and nanoparticles, a

www.sciencedirect.com

Current Opinion in Immunology 2020, 66:57-64



62 Allergy and hypersensitivity

delivery system with the potential of improving delivery
and uptake of the allergens, as well as drugs or other
adjunctive therapies such as CpG oligonucleotides
[62,63].

Approaches that are not allergen-specific [62,63,66]
include biologics currently approved for other atopic
disorders, such as asthma and atopic dermatitis, such as
omalizumab (anti-IgE) and dupilumab (IL-4Ra blocker,
blocking IL.-4 and IL-13 pathways) among other pro-
spects. These biologic agents have the potential to be
used in an isolated fashion, with the goal of increasing
the threshold dose for an allergic reaction (which theo-
retically may be particularly useful for patients with
multiple allergies), but also the potential to be used as
adjuvants during immunotherapy protocols, in an attempt
to reduce the side effects of immunotherapy, particularly
during the initial build-up phase, and those concepts are
in the basis of several ongoing clinical trials (Table 2).
Chinese herbal medicines and probiotics are other poten-
tial therapeutic tools that have been investigated.

Conclusions

The increasing prevalence of food allergy is worrisome,
with all the impact this has on the patients and their
families, but it is matched by relentless and exciting
advances on the different areas of the study of food
allergy, from a better understanding of its pathogenic
mechanisms, to better and further refined diagnostic
tools, meaningful approaches to prevention and to new
treatment that open the door to a future where the hope is
to move from an isolated recommendation of allergen
avoidance to a possibility of treatment.
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