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The management of food allergy is complicated by the lack of
highly predictive biomarkers for diagnosis and prediction of
disease course. The measurement of food-specific IgE is a useful
tool together with clinical history but is an imprecise predictor
of clinical reactivity. The gold standard for diagnosis and clinical
research is a double-blind placebo-controlled food challenge.
Improvement in our understanding of immune mechanisms of
disease, development of high-throughput technologies, and
advances in bioinformatics have yielded a number of promising
new biomarkers of food allergy. In this review, we will discuss
advances in immunoglobulin measurements, the utility of the
basophil activation test, T-cell profiling, and the use of -omic
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The gold standard for the diagnosis of food allergy is the
double-blind placebo-controlled food challenge (DBPCFC). In

Conflicts of interest: S. U. Patil is supported through National Institutes of Health
NIAID grant K23AI121491. S. Bunyavanich declares no relevant conflicts of
interest. M. C. Berin serves on the Scientific Advisory Board of Prota Thera-
peutics, and is supported by National Institutes of Health NIAID grant
UI19AI136053.

Received for publication February 24, 2020; revised April 17, 2020; accepted for
publication April 18, 2020.

Corresponding author: Sarita U. Patil, MD, Massachusetts General Hospital, 55 Fruit
Street, Cox 201, Boston, MA 02114. E-mail: sarita.patil@mgh.harvard.edu.

* These authors contributed equally to this work.

2213-2198

© 2020 American Academy of Allergy, Asthma & Immunology

https://doi.org/10.1016/j.jaip.2020.04.054


http://www.jaci-inpractice.org/
http://www.jaci-inpractice.org/
http://www.jaci-inpractice.org/
mailto:sarita.patil@mgh.harvard.edu
https://doi.org/10.1016/j.jaip.2020.04.054
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaip.2020.04.054&domain=pdf

J ALLERGY CLIN IMMUNOL PRACT
VOLUME 8, NUMBER 8

Abbreviations used
BAT- Basophil activation testing
DBPCFC- Double-blind placebo-controlled food challenge
OFC- Oral food challenge
OIT- Oral immunotherapy
PAF- Platelet activating factor
PBMC- Peripheral blood mononuclear cell
TCR- T-cell receptor
Treg- T regulatory cell

the past decade, there has been considerable effort dedicated to
standardizing the DBPCFC, from procedureI to assessment and
interpretation.” The DBPCFC can be unpleasant for the patient
and carries a burden of time and resources to perform in a safe
manner that can make it difficult to offer in private practice. The
DBPCEFC is also the standard for determining efficacy in treat-
ment studies for food allergy and is used at a minimum before
and after treatment to assess the impact of treatment on
threshold of reactivity to the food. This is a barrier to conducting
clinical trials in food allergy. Furthermore, as studies move from
single-allergen immunotherapy to treatments for multifood al-
lergy, this requirement of entry and exit food challenges becomes
a major burden, limiting participant recruitment and ability of
clinical sites to participate in treatment trials. We are currently at
a time of rapid acceleration of treatment options, including novel
biologics, for testing in food allergy. There is a clear unmet need
for biomarkers to reduce the need for the DBPCFC for clinical
assessment. There is also a need for biomarkers informative of
key clinical parameters of food allergy, including threshold of
reactivity, risk of severe reactions, probability of natural resolu-
tion, and probability of successful treatment response to
immunotherapy. Figure 1 provides an overview to the biomarker
approaches discussed in this review.

IMMUNOGLOBULINS
Immunoglobulins and food allergy diagnosis

Food-specific IgE. The blood biomarker currently in use as a
guide to clinical decision making is allergen-specific IgE. The most
commonly used IgE lab test is InmunoCAP. Food-specific IgE is
measured in serum and values are reported as kilounits of antibody
per liter (kU/L) based on World Health Organization IgE standards.
Range of ImmunoCAP is 0.1 to 100 kU/L, and seraabove 100 kU/L
can be diluted to obtain an accurate measure of food-specific IgE.
The level of food-specific IgE can be a useful tool for estimating the
probability of clinical reactivity to some foods some foods.””
However, the predictive value of specific IgE measurement varies
by geography and age and is not predictive for all foods.

Allergen-specific IgE. Component-resolved diagnostics or
the measurement of IgE binding to food allergens (components)
provides improved predictive performance compared with IgE
levels to whole allergens. The best example of this is for peanut,
where binding to the Bet v 1 cross-reactive protein Ara h 8 can
contribute significantly to the peanut-specific IgE level in birch
pollen—allergic patients. Ara h 8 is not digestion stable and elicits
reactions primarily limited to the oral cavity. Ara h 9 is a lipid
transfer protein and, in many parts of the world, can be identified
more often in peanut-sensitized but tolerant individuals. In
contrast, the presence of IgE specific to the seed storage proteins
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(Arah 2, Ara h 1, Ara h 3, and Ara h 6) is more predictive of
peanut allergy,” with Ara h 2—specific IgE documented to have
greater predictive performance than peanut-specific IgE.”'"
Similarly, binding of IgE to the Cor a 14 allergen of hazelnut
was a better predictor of hazelnut allergy than IgE to hazelnut."’
There are significant age and geographic factors that contribute
to sensitization to food components with differing clinical sig-
nificance and therefore influence the performance of component
and food-specific IgE levels in prediction of clinical reactivity.

Epitope-specific IgE. Just as there are allergens with more or
less clinical relevance, there are epitopes (regions on the allergen)
for which IgE binding appears to have more clinical relevance.
Most of these data are derived from studies of linear epitopes, in
which IgE binding to sequential 15- to 20-amino-acid peptides
along the allergens is tested. Microarrays of epitopes bound to
glass slides were initially used,'>"? whereas next-generation for-
mats use epitopes bound to beads for efficient multiplexing ca-
pacity and advanced bioinformatics for identification of
informative epitopes. Epitope-specific IgE measured in multi-
plexed bead-based assay format has been found to outperform
food-specific and component-specific IgE in predicting pheno-
type of milk allergym and predicting reactivity versus sensitiza-
tion to peanut.'” Epitope-specific binding has also been used to
parse out clinically meaningful binding to shellfish epitopes from
cross-reactivity to inhaled mite and cockroach allergens.'®
Studies are needed to determine if predictive epitopes are
conserved across geographic regions and age groups.

Food-specific IgG and IgA. Measurements of food-specific
IgG, IgG4, or IgA are not useful for the diagnosis of food allergy
and do not predict clinical reactivity.'”"”

Immunoglobulins and prediction of threshold and
severity

Beyond the diagnosis of food allergy, a prediction of threshold
of clinical reactivity (ie, risk of reacting to contaminating
amounts of allergen) is useful for assessing risk. There is a wide
range of severity of clinical reactions. Therefore, identifying those
at risk of severe symptoms would be beneficial. Rolinck-
Werninghaus et al”’ reported on immune parameters associ-
ated with 1671 oral food challenges (OFCs) to milk, egg, soy,
and wheat. Elevated milk and egg-specific IgE were associated
with reactions at lower threshold of clinical reactivity and were
weakly associated with reaction severity. Specific IgE to the
peanut component Ara h 2 was associated with a lower threshold
of clinical reactivity to peanut on the DBPCFC.”" The mea-
surement of IgE binding to milk epitopes'” and peanut epi-
topes' ®** has also been identified as predicting threshold of
clinical reactivity on the DBPCFC. In addition to threshold, the
measurement of IgE binding to epitopes in milk can effectively
predict the milk allergy phenotype (tolerance of fermented or
baked forms of milk).]/l Thus, higher resolution of IgE binding is
predictive of the clinical presentation of food allergy.

Immunoglobulins and prediction of natural resolution
and response to treatment

Individuals who go on to outgrow their food allergy have
lower levels of IgE than those who have persistent food allergy. In
the CoFAR?2 longitudinal study and the HealthNuts study, low
IgE was the only immunoglobulin predictive of resolution to
milk, egg, and peanut.””*” Predictive calculators were generated
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FIGURE 1. Biomarkers in food allergy. Recent innovations have led to the discovery and integration of multiple biomarkers for both
diagnosis and prognosis for the management of IgE-mediated food allergies. Biomarkers include skin prick testing (SPT), specific im-
munoglobulins (sIgE), component-resolved diagnostics (CRD), epitope-specific IgE, basophil activation, allergen-specific T cells, tran-
scriptomics, epigenomics, microbiome, and metabolomics (created with Biorender.com).

to estimate the probability of milk and egg allergy resolution
based on clinical features and food-specific IgE. Low levels of
food-specific IgE are also predictive of successful response to
allergen immunotherapy.”®*’

As with diagnosis, information on the specificity of IgE
binding is predictive of natural history and response to therapy.
The HealthNuts study found that the diversity of the IgE
response to egg predicted persistence of allergy.”” IgE binding to
all 4 egg components measured (ovalbumin, ovomucoid, ovo-
transferrin, and egg yolk) was associated with 4-fold elevated risk
of persistence. A greater diversity of IgE binding to linear epi-
topes in caseins within milk was associated with natural milk
allergy persistence,”” and milk epitope binding is predictive of
response to milk oral immunotherapy (OIT).”"

Food-specific IgG and IgA are elevated in response to allergen
immunotherapy.””* Both isotypes can function as blocking
antibodies, and IgG can also provide inhibitory signaling to
basophils and mast cells through the IgG receptor FcyRIIb.**?
An early rise in egg-specific IgG4 was shown to be predictive
of later treatment success, defined as sustained unresponsiveness
to egg after a 2-week discontinuation of treatment’; however,
others have shown no significant difference in IgG4 levels and
long-term treatment success.”

BASOPHIL ACTIVATION TESTS

Activation of basophils, rare circulating allergen effector cells,
has been used as an ex vivo functional surrogate of in vivo allergen
reactivity.”” The high-affinity Fc epsilon receptor I on the surface
of basophils in allergic individuals is occupied by allergen-specific
IgE. Exposure of basophils to allergen cross-links the surface IgE,
leading to the release of inflammatory mediators, including his-
tamine. Histamine release has been correlated with the bimodal

expression of surface CDG63,’° later determined to be a

lysosomal-associated membrane protein. The cell surface marker
CD203c¢” is also upregulated with basophil activation, albeit
with more rapidity. Basophil activation is typically assessed using
a dose-response curve to increasing antigen doses.” Antigen
stimulation with whole allergen extract or specific allergen pro-
tein components have been studied in food allergy.

Two measures of basophil activation based on the dose
response can be assessed. Basophil reactivity is measured by the
maximal response of the dose response or by the area under the
curve of the dose-response curve. Basophil sensitivity is measured
as the ED50 (median effective dose) or CD-sens of the dose-
response curve, reflecting the antigen dose that corresponds to
50% of the maximal degranulation response.

Basophil activation testing in the diagnosis of food
allergy

Basophil activation testing (BAT) has been used in the diag-
nosis of IgE-mediated food allergies. In peanut allergy, basophil
activation to whole peanut extract has been shown to effectively
identify clinically reactive versus tolerant individuals.”” The use
of BAT in a step-wise approach improves the diagnostic accuracy
in children with equivocal skin frick testing and specific IgE to
peanut and its components.””"” Basophil reactivity to whole
peanut extract was associated with severity of reactions on OFC
to peanut, whereas basophil sensitivity was associated with the
threshold of peanut allergen that elicited a reaction on OFC."!
Subsequent work suggests that basophil activation to the
immunodominant allergen Ara h 2 is also an effective predictor
of peanut allergy in children.*

Similarly in milk allergy, increased basophil activation to
whole milk extract provided additional sensitivity and specificity
for the diagnosis of IgE-mediated cow’s milk allergy in young
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children.”” Basophil reactivity to milk protein has been shown to
be higher in mllk—aller ic children who react to baked milk versus
those who tolerate it.** Furthermore, basophil activation to cow’s
milk protein was found to be suppressed in those individuals who
passed an oral milk challenge, suggesting that basophil activation
may be a useful tool for monitoring the development of natural
tolerance over time."’

Basophil activation food
immunotherapy
Many clinical trials of food allergen immunotherapy to many

allergens, including egg’® and peanut,”®"”"

testing in allergen

°" have robustly
demonstrated that immunotherapy modulates basophil activa-
tion tests over time. Basophil suppressmn occurs in oral,”®*"!
sublingual,”””” and epicutaneous’® immunotherapy. During
active 1mmunotherapy, basophil reactivity is suppressed in pea-
nut’®” % and egg”® immunotherapy. This suppression occurs
in both high- and low-dose peanut immunotherapy” and in
multiallergen immunotherapy as well. However, studies exam-
ining the kinetics of basophil activation during OIT found that
suppression is partially transient during the maintenance phase of
OIT.”® The reproducibility of basophil suppression from base-
line across multiple forms and routes of active immunotherapy,
during chronic antigenic delivery, has made this test a particu-
larly useful biomarker in immunotherapy. Currently, the clinical
applications of BAT have been assessed in research settings.

BAT has been shown to be a biomarker of tolerance in
immunotherapy. The decrease in basophil sensitivity to Ara h 2
within the first 3 months was found to predict sustained unre-
sponsiveness after peanut OIT.** Basophil reactivity to Ara h 2
and whole peanut correlates with the return of clinical reactivity
after cessation of peanut OIT.”® Therefore, serial monitoring
with BAT may be a useful noninvasive and safe monitoring tool
in food allergen immunotherapy.

ALLERGEN-SPECIFIC T CELLS
Phenotype of allergen-responsive T cells in food
allergy

Food-responsive T cells have been measured primarily by
restimulating peripheral blood mononuclear cells (PBMCs) with
food extract or purified allergens. Proliferation was initially
measured by thymidine incorporation, and then the advent of
carboxyfluorescein succinimidyl ester to identify proliferated cells
allowed for simultaneous phenotypic analysis of food-responsive
T cells. More recently, the use of activation markers such as
CD154 (CD40L), CDG69, and CD137 has enabled the detection
of allergen-responsive cells without extensive time in culture
(minimizing culture artifact). Finally, tetramers comprising epi-
topes from food allergens have enabled identification of antigen-
specific T cells without the need for culture at all. All of these
approaches have determined that allergic individuals have a
greater frequency of food-responsive T cells than nonallergic
individuals, and the food-responsive T cells are predominantly
composed of Th2 cells expressing IL-4 and IL-13.””°" Peanut
allergy is associated with a population of highly differentiated
Th2 cells expressing IL-5 and IL-9, and expressing receptors for
IL-25 and IL-33.°°*** Highly differentiated memory Th2 cells
expressing CRTH2, CD161, and lacking CD27 expression have
been termed Th2A cells.”” These are common to a range of
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allergic disorders, and therefore antigen specificity is important to
their use as a biomarker for food allergy.

The association of allergen-responsive T cells in different
phenotypes of food allergy has been studied. Egg-responsive Th2
cells were identified in egg-allergic individuals who were reactive
or tolerant to heated forms of egg.”” Although heated egg-
reactive individuals tended to have higher Th2 responses, this
was not sufficient to discriminate between the 2 phenotypes of
egg allergy.®”® In peanut allergy, individuals with differing
thresholds of reactivity to peanut have been studied.””** Ruiter
et al®® studied peanut-sensitized individuals with a threshold of
reactivity above or below a cumulative dose of 443 mg of peanut.
Those with a lower threshold of reactivity had more peanut-
responsive T effector cells, no difference in peanut-responsive
T regulatory cells (Tregs), a greater T-cell receptor (TCR) di-
versity in T effector cells, more Th2 cytokine production, and a
unique transcriptional profile consistent with Th2A cells. They
also identified a population of cells with a transcriptome
consistent with Th17 cells that were enriched in those with a low
threshold of reactivity.

Utility of T cells as biomarkers of food allergy

Studies examining allergen-responsive T cells have primarily
been used to elucidate mechanisms underlying food allergy and
development of tolerance. Low levels of allergen-responsive T
cells expressing IL-4 were found to be predictive of natural res-
olution of milk allergy.”” Those with resolved allergy have a
greater frequency of allergen-responsive Tregs than those with
active food allergy.(”7 Allergen immunotherapy is generally asso-
ciated with a reduced frequency of Th2 cells,”®%% and a small
study showed an expansion of a subset of cells with an anergic
phenotype.”® The approaches used to identify and phenotype T
cells currently require a high level of laboratory expertise and are
labor and time intensive. Thus, it is unlikely that the type of
assays that have been used to study T cells in food allergy could
be readily translated to biomarkers. However, the identification
of TCR clones that are shared between peanut-allergic in-
dividuals, and the lack of shared clones between effector and
regulatory cells, suggests that it is possible to envision a simple
polymerase chain reaction—based blood test to quantify “path-
ogenic” clones of T cells in blood. o

TRANSCRIPTOMIC MARKERS OF FOOD ALLERGY

Transcriptomic profiling of food-allergic individuals has been
used to uncover other molecular underpinnings of food allergy.
Using an in vivo approach where transcriptomic profiling was
performed on peripheral blood samples obtained before, during,
and after reaction from peanut-allergic children undergoing the
DBPCEC to peanut, investigators identified genes with signifi-
cant changes in expression mduced by peanut but not placebo
during acute allergic reactions.”” These identified peanut reaction
genes were uniquely enriched in a gene coexpression module for
acute phase response and proinflammatory pathways, for which 6
key driver genes (LTB4R, PADI4, IL1R2, PPPIR3D, KLHL2,
ECHDC3) were predicted by probabilistic causal network anal-
ysis to causally modulate the state of this peanut reaction module
at the most upstream level.”” The results replicated in an inde-
pendent cohort and the identified key drivers could be targeted as
biomarkers of peanut-allergic reactions.”’

In a subsequent study of the same children, Do et al”” iden-

tified transcriptomic markers of reaction severity. The
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TABLE I. Summary of the utility of biomarkers in prediction of clinical reactivity and key clinical parameters

Biomarker Allergy Y/N Threshold Severity Natural resolution Response to IT
Food-specific IgE Fr + +/— + +
Component-specific IgE ++ — - + +
Food-specific 1gG = = = = +
Food-specific IgA - - - - +
Epitope-specific IgE Ar ND ND ND +4-
Basophil activation test +++ ++ ++ + ++
Food-specific T cell + + ND + +
Transcriptomics + ND + ND ND
Epigenomics + ND + ND ND
Microbiome + ND ND + ND
Metabolomics —/+ ND ND ND ND

— not predictive, + some evidence, +++ strong evidence, —/4 data for and against.

IT, immunotherapy; ND, not done.
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FIGURE 2. Utility of biomarkers in food allergy. Diagnostic biomarkers of food allergy include skin prick testing (SPT), specific immu-
noglobulins (slgE), component-resolved diagnostics (CRD), epitope-specific IgE, basophil activation, allergen-specific T cells, tran-
scriptomics, epigenomics, microbiome, and metabolomics. Biomarkers correlate with both the threshold and severity of reactions on oral
food challenge (OFC) (solid red outline) or have been correlated with only threshold (dashed red outline) or severity (dotted red outline).
Biomarkers of tolerance due to either natural tolerance of therapeutic intervention include slgE, CRD, basophil activation testing (BAT),
allergen-specific T cells, allergen-specific IgG and IgA, and microbiome. Biomarkers of both types of tolerance are outlined in blue, bio-
markers of therapeutic intervention are outlined in a purple dashed line, and biomarkers of natural resolution are outlined in a green dotted

line (created with Biorender.com).

investigators examined the symptoms experienced and reaction
eliciting doses for the peanut-allergic children undergoing the
DBPCFC to peanut to calculate threshold-weighted reaction
severity scores.”’ They identified and replicated 318 genes with
expression-level changes associated with reaction severity.”’ The
genes upregulated with increasing reaction severity were associ-
ated with neutrophil degranulation and neutrophil-mediated
immunity, and interaction networks for these severity-
associated genes revealed NFKBIA and ARG as hubs.”’

Gene expression studies have also identified signatures of
immature neonatal T-cell function in children who subsequently
develop food allergy. Specifically, peripheral blood CD4+ T cells
collected at birth and at age 1 year in children with and without
food allergy by age 1 year have been transcriptionally exam-
ined.”" Compared with the nonallergic group, the allergic group

at birth had fewer genes upregulated in response to anti-CD3
treatment, suggesting reduced capacity for T-cell prolifera-
tion.”" This differential response to polyclonal activation was not
seen at age 1 year, suggesting transience in this suboptimal
neonatal T-cell activation.”’

EPIGENOMIC MARKERS OF FOOD ALLERGY

As food allergy is mediated by genetic and environmental risk
factors, there has also been interest in epigenomic markers of
food allergy. Using methylation profiles from blood mononuclear
cells obtained from 29 egg- or peanut-allergic and 42 non—food-
allergic subjects, a supervised learning approach was used to
identify a classifier based on 96 CpG sites to classify OFC out-

comes.”” Testing of this classifier in an independent cohort of 12
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food-allergic and 12 non-allergic controls assayed at 2 time
points demonstrated accurate classification of the OFC result for
79.2% of the outcomes.””

In addition to identifying peripheral blood transcripts associ-
ated with reaction severity in peanut-allergic children as discussed
above in the “Transcriptomic Markers of Food Allergy” section,
Do et al’’ performed parallel genome-wide DNA methylation
profiling of peripheral blood CD4+ lymphocytes from these
children. From these methylome data, they identified 203 CpG
sites with differential methylation associated with reaction
severity.”” The identified CpG sites were replicated in an inde-
pendent cohort. Integrated analyses of the parallel transcriptional
and methylation signatures of reaction severity revealed that the
correlations between severity-associated CpG methylation and
gene expression were mostly negative (ie, lower CpG methylation
at baseline was associated with increased gene expression asso-
ciated with severity).”” Network analyses incorporating the
peanut severity genes and peanut severity CpGs highlighted
biological processes for chemotaxis, immune response, and
regulation of macroautophagy.”’ Causal mediation analyses
revealed that the associations between 2 CpGs and reaction
severity were each causally mediated by gene expression changes
of their respective genes (PHACTRI1 and ZNF121), suggesting
that CpG methylation may serve as an anchor on which gene
expression modulates reaction severity.”’

Also employing genome-wide DNA methylation and tran-
scriptional profiling, another group investigated naive CD4+ T-
cell activation in egg-allergic children and controls at age 12
months and at follow-up at age 2 or 4 years, when 59% had
resolved allergy.®”” In line with the group’s prior gene expres-
sion finding of reduced capacity for T-cell proliferation in neo-
nates who later develop food allergy,”" the investigators found
reduced lymphoproliferative responses to polyclonal activation of
naive CD4+ T cells in children with food allergy.”” The reduced
response was associated with lower expression of E2F and MYC
transcription factor networks and remodeling of DNA methyl-
ation at metabolic and inflammatory genes.”

MICROBIOME MARKERS OF FOOD ALLERGY

Accumulating findings about the gut microbiome and food
allergy suggest potential roles for microbial markers of food al-
lergy.”*”” Observational human cohort studies have demon-
strated differences in gut microbiota in individuals with and
without food allergy. For example, a multicenter study of infants
with egg allergy versus non—food-allergic controls revealed
compositional differences in their gut microbiota, with genera
from Lachnospiraceae and Streptococcaceae significantly more
abundant, and Leuconostocaceae significantly reduced, in the gut
microbiota of egg-allergic infants.”® Separately, studies of milk-
allergic infants have shown that their gut microbial community
structures are dominated by Lachnospiraceae and Ruminococcaceae
compared with healthy controls.””

Other studies have reported associations between gut micro-
biota and food-allergy trajectory over time, suggesting the pos-
sibility of microbial markers of food allergy course.”*”” A
multicenter study of 226 infants with milk allergy who were
followed up to age 8 years identified taxa associated with the
eventual resolution of milk allergy.”” Specifically, among infants
aged 3 to 6 months, taxa from the Firmicutes phylum, including
Clostridia, were enriched in the infant gut microbiota of subjects
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whose milk allergy later resolved by age 8 years, whereas taxa
from Bacteroidetes were more abundant in the infant gut
microbiota of subjects with persistent milk allergy.”” In another
population-based study of 166 infants, each quartile increase in
the ratio of Enterobacteriaceae to Bacteroidaceae at 3 months was
associated with 2-fold risk of sensitization to at least 1 common
food allergen by age 1 year.81 Separately, other investigators
found that lower relative abundances of Haemophilus, Dialister,
Dorea, and Clostridium in gut microbiota at age 3 to 6 months
were associated with sensitization to at least 1 food allergen at age
3 years.”

METABOLOMICS

Metabolomics is the untargeted measurement of small mole-
cule end products (metabolites) of cellular processes. This en-
compasses the measurement of a range of physically distinct
categories of molecules by liquid chromatography-mass spec-
trometry. The measurement of metabolites is a way to assess the
biological consequences of gene expression. Metabolomics is a
relatively young field, and the information pertaining to food
allergy remains sparse.

Obeso et al*’ studied PBMC transcriptomics together with
plasma metabolomics in a European cohort of patients with se-
vere allergy to profilin on oral challenge. Pathway analysis of
differentially expressed genes in those with severe versus mild, or
severe versus moderate allergy identified platelet activation
pathways. Metabolomics identified a number of differentially
expressed molecules related to platelet biology, including
sphingosine and lysophospholipids. This study is an example of a
hypothesis generating use of -omics in food allergy, pointing to
an important role of platelets in food-allergy severity. This is
consistent with previous findings, such as a positive association
between anaphylaxis severity and platelet activating factor
(PAF),**® and findings of basophil-platelet interactions in
peanut allergy.*®

Crestani et al®” recently compared the metabolomic profile of
70 individuals with food allergy & asthma. The well-
characterized cohort allowed for the analysis of food allergy,
asthma, anaphylaxis, multifood allergy, and food allergy severity
(through history of anaphylaxis). Comparing food allergics with
controls (healthy or asthmatic controls), sphingolipids, lyso-
phospholipids, and ceramides were found to be significantly
different in abundance.®” Multifood allergy was associated with
tryptophan, a key metabolite in the production of serotonin. A
metabolite upstream of PAF, 1-arachidonoyl-GPD, was found to
be significantly and inversely associated with food allergy.

From these 2 independent studies on diverse cohorts of food
allergy, we can conclude that pathways related to sphingolipids,
lysophospholipids, and platelet biology are altered in food allergy.
Furthermore, the consistent findings between the 2 studies
support the idea that the measurement of a panel of candidate
metabolites could be a useful biomarker of food allergy.

MULTIFACTORIAL PREDICTION MODELS
Combinatorial use of multiple biomarkers has been used to
design approaches for both reducing the need for OFCs and
predicting the severity of reactions. When basophil activation is
used in a stepwise approach along with specific IgE measure-

ment, the need for diagnostic challenges can be theoretically
39
reduced.””*
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Clinical tools to predict the severity of reactions on oral
challenge have used multivariate analyses for multiple foods,
including hazelnut,®® pcanut,s9 cow’s milk,”*’! and wheat.”” In
these approaches, the severity of clinical reactions was grouped
into a categorical variable, followed by the use of multiple bio-
markers and allergic comorbidities, such as atopic dermatitis,
asthma, specific IgE levels, skin prick testing, component IgE
testing, and basophil activation. In particular, this approach in-
creases the diagnostic accuracy with foods such as hazelnut, for
which individual biomarker performance is considerably less
accurate.”

CONCLUSIONS AND FUTURE DIRECTIONS

As reviewed here and summarized in Table I (Figure 2), there
has been a remarkable expansion in candidate biomarkers for use
in food allergy. Of these biomarkers, the basophil activation test
has been most widely tested in diverse clinical cohorts and has
the strongest supporting evidence for the potential to reduce the
clinical need for OFCs. At this point, there needs to be a shift to
testing the utility of this biomarker for use in guiding clinical care
rather than remaining a research tool. Epitope binding is simi-
larly close to testing as a biomarker for clinical setting.

As is the case for other biomarker candidates, the clinical
translation of biomarkers identified via -omics approaches will
involve development work to ensure that the particular features
sets identified via -omic approaches (eg, selected sets of genes,
CpG loci, microbiota, and/or metabolites) can be measured and
interpreted in clinical settings.
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