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IgE-mediated food allergies are caused by adverse immunologic responses to food
proteins. Allergic reactions may present locally in different tissues such as skin,
gastrointestinal and respiratory tract and may result is systemic life-threatening
reactions. During the last decades, the prevalence of food allergies has significantly
increased throughout the world, and considerable efforts have been made to develop
curative therapies. Food allergen immunotherapy is a promising therapeutic approach for
food allergies that is based on the administration of increasing doses of culprit food
extracts, or purified, and sometime modified food allergens. Different routes of
administration for food allergen immunotherapy including oral, sublingual, epicutaneous
and subcutaneous regimens are being evaluated. Although a wealth of data from clinical
org November 2020 | Volume 11 | Article 5685981
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food allergen immunotherapy trials has been obtained, a lack of consistency in assessed
clinical and immunological outcome measures presents a major hurdle for evaluating
these new treatments. Coordinated efforts are needed to establish standardized outcome
measures to be applied in food allergy immunotherapy studies, allowing for better
harmonization of data and setting the standards for the future research. Several
immunological parameters have been measured in food allergen immunotherapy,
including allergen-specific immunoglobulin levels, basophil activation, cytokines, and
other soluble biomarkers, T cell and B cell responses and skin prick tests. In this review
we discuss different immunological parameters and assess their applicability as potential
outcome measures for food allergen immunotherapy that may be included in such a
standardized set of outcome measures.
Keywords: food allergy, immunotherapy, tolerance, outcome measures, oral immunotherapy, immunology
INTRODUCTION

Food allergy (FA) affects a large number of children and adults
throughout the world, with more than 170 foods being reported
to cause food-induced allergic reactions. The development of
effective treatments, besides avoidance of food allergens and the
use of self-injectable epinephrine, is usually considered a top
priority for patients and their families, advocacy groups, funding
agencies, and research teams (1, 2).

Allergen-specific immunotherapy (AIT) is a treatment option
for immunoglobulin E- (IgE) mediated allergic diseases,
including FA. Food allergen immunotherapy (FA-AIT)
involves administration of increasing doses of a specific food
until achievement of maintenance dosage (1). So far, researchers
and clinicians have focused on four major application routes of
AIT, namely oral immunotherapy (OIT), sublingual
immunotherapy (SLIT), subcutaneous immunotherapy (SCIT)
and epicutaneous immunotherapy (EPIT) for the treatment of
food allergies. In most cases, different routes and/or doses of AIT
delivery results in similar immunologic changes (3, 4). During
the last decade, OIT, SCIT, and SLIT have been widely evaluated
in clinical trials for FA-AIT, while EPIT has been predominantly
tested in a preclinical setting (1, 5) until very recently when well-
powered clinical trials began to occur (6). Before, during and
after FA-AIT, an oral food challenge (OFC), either in open or
double-blind placebo-controlled (DBPCFC) format, can be used
to assess the allergen reactivity threshold and functional
tolerance (7). The cellular and molecular mechanisms that
determine successful change in threshold and/or sustained
unresponsiveness (SU) following long-term AIT in patients
with FA are not fully understood, and FA-AIT is often
unotherapy; BAT, basophil activation
ind placebo controlled food challenge;
food allergy; FA-AIT, food allergen
yl-leucyl-phenylalanine; HRQL, health
AT, mast cell activation test; OFC, oral
RCT, randomized clinical trials; SCIT,
IgE; SLIT, sublingual immunotherapy;
siveness; Treg, regulatory T cell.

org 2
accompanied by adverse reactions. Therefore, improvement of
the treatment protocols, application routes, and relevant
endpoints is warranted (1, 2).

Meta-analysis of different FA-AIT clinical trials is often
challenging because of the lack of consensus on the outcome
measures that are recorded. Our understanding of the cellular
and molecular mechanisms that take place during FA-AIT would
strongly benefit from standardized recording of a set of clinical
and surrogate endpoints in all FA-AIT trials.

This comprehensive review provides an overview of the
various immunological outcome measures for FA-AIT. The
data that are discussed in this paper are primarily derived from
the human clinical trials for FA-AIT (OIT, SLIT, SCIT, and
EPIT), with the aim to summarize the most important
immunological parameters that have been measured in FA-
AIT clinical trials, and to assess their value as potential
biomarkers for outcome prediction and disease monitoring in
FA-AIT.
IMMUNOLOGICAL MECHANISMS OF IGE-
MEDIATED FOOD ALLERGY

Allergic diseases are the result of TH2 skewed immune responses
to environmental antigens or allergens. In the case of IgE-
mediated FA, these allergens are typically food proteins. The
first step in the development of allergic disease is allergic
sensitization, during which allergen-specific T and B cells
become activated, clonally expanded and differentiated (8).
Allergic sensitization can occur through different routes of
exposure to food allergens. First reactions to common food
allergens such as peanut and tree nuts often occur after the
first ingestion, and previous research indicates that primary
sensitization through non-oral routes is not unusual (9).

Most of our knowledge on the mechanisms of allergic
sensitization and tolerance to food allergens comes from
mouse models. Oral exposure typically induces tolerance but
may also result in sensitization, especially when barrier-
damaging adjuvants such as staphylococcal enterotoxin B are
November 2020 | Volume 11 | Article 568598
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present (10). Allergen exposure through skin and respiratory
routes can also lead to sensitization to food allergens (11–13).
The relation between food allergies and an impaired skin barrier
is also illustrated by high prevalence of food allergies among
atopic dermatitis patients, particularly with severe forms (14, 15).

Food proteins can pass the intestinal epithelial barrier
through transcytosis, paracellular diffusion or endocytosis by
microfold (M)-cells (16, 17). In addition, intestinal epithelial cells
can express major histocompatibility complex (MHC)-II
molecules and thus may directly present allergen-derived
peptides to CD4+ T cells in the gut. Food proteins can also be
captured through transluminal processes by CX3CR1+ antigen
presenting cells (APCs) that can sample intestinal antigens by
extending transepithelial dendrites into the gut lumen. These
CX3CR1+ APCs appear to be non-migratory, unable to activate
naïve T cells and remain in the intestinal epithelium (18). These
cells may be able to transfer antigens to migratory dendritic cells
(DCs) that are present in the intestinal mucosa.

A healthy response to food antigens is characterized by
immune tolerance, which is driven by DC-mediated antigen
presentation in the gut. CD11c+CD103+ DCs are enriched in the
Peyer’s patches of the intestine. Upon antigen uptake, these DCs
can migrate to local lymph nodes where they exert classical DC
functions and drive adaptive responses to food antigens (18).
Dermal CD11b+ DCs as well as Langerhans cells play a central
role in the induction of tolerance to allergens in the skin (19–21).

As a result of tissue injury and inflammation, epithelial cells
produce TH2-inducing cytokines such as IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP). These cytokines act on
a variety of cells involved in TH2 responses including DCs, mast
cells, basophils, and innate lymphoid cells (22). IL-33 is critical
for upregulation of OX40 ligand (OX40L) on DCs in a murine
model of oral sensitization using cholera toxin, leading to TH2
differentiation of naïve T cells (23). When DCs that are
conditioned by these epithelial-derived factors, capture allergen
and migrate to lymph nodes, they interact with cognate T cells
leading to clonal expansion and differentiation to TH2 cells,
which are important effector cells that drive and perpetuate
allergic responses. TH2 cells are polarized towards production
of a distinct set of cytokines, including IL-4, IL-13, IL-5, and IL-9
(8). Of note, it still remains a matter of debate whether IL-9-
producing CD4+ T cells are a distinct TH cell subset called TH9
cells, or rather a subpopulation of TH2 cells (24, 25). IL-4 and IL-
13 are structurally and functionally related cytokines that play a
central role in allergic inflammation through induction of IgE
class switch recombination, smooth muscle cell contraction,
goblet cell hyperplasia and mucus production (26). IL-5
plays a central role in allergic inflammation through
eosinophil recruitment (27). While IL-5-mediated eosinophilic
inflammation has been clearly demonstrated in certain asthma
phenotypes, IL-5- and eosinophil-associated inflammation is less
apparent in IgE-mediated food allergies (28). Interestingly,
allergen-specific IL-5+ TH2 cells were only found in allergic
eosinophilic gastroenteritis patients, whereas peanut allergy was
associated with a dominant IL-5- TH2 response, indicating that
heterogeneity within TH2 responses may favor IgE-mediated or
Frontiers in Immunology | www.frontiersin.org 3
eosinophil-dominant gastrointestinal inflammation (29). IL-9
contributes to allergic disease through, mucus secretion and
chemokine release by epithelial cells, and mast cell
proliferation (30, 31) (Figure 1).

While TH2 cells have long been considered to be critical for
induction of IgE production by B cells, it has become increasingly
apparent during the last decade, that IgE production by B cells
requires interaction between B cells and follicular T helper (TFH)
cells rather than TH2 cells (32). Via secretion of mediators such
as IL-21, IL-4, and IL-13, TFH cells orchestrate B cells to
differentiate to plasma cells producing allergen-specific IgE,
which can bind to surface FcϵRIs on mast cells and basophils,
where crosslinking upon re-exposure to the allergen will result in
a type-I hypersensitivity reaction culminating in the clinical
manifestations of food allergy (33) (Figure 1). Interestingly, a
recent study demonstrated that the production of high affinity
IgE anaphylactogenic antibodies is dependent on a subset of TFH
cells, called TFH13 cells, which produce IL-13 in addition to IL-4
and IL-21 (34).

AIT has a wide range of effects on many components of the
immune system. These include: I) an early decrease in mast cell
and basophil activation (this can be observed within hours and
can be maintained for months after the start of AIT (35, 36), II)
generation of allergen-specific regulatory T cells (Tregs) and
regulatory B cells (this can be observed within weeks to months),
III) changes in allergen-specific antibodies often characterized by
an temporary increase followed by a decrease in specific IgE and
a gradual increase in specific IgG4 (37).

AIT in food allergy either delivered as OIT, SLIT, SCIT, or
EPIT is done with the aim to desensitize the patient in order to
raise the threshold for allergic reactions with the ultimate goal of
achieving SU, which for e.g., peanut OIT has been demonstrated
in some of the treated patients (38), however, long-term clinical
efficacy still remains largely unknown (39).
FOOD ALLERGEN IMMUNOTHERAPY IN
CLINICAL TRIALS

Over the past years, many patients have participated in
randomized clinical trials (RCT) of FA-AIT of which OIT is
the most widely used. Comparison of these clinical studies and
interpretation of the results are difficult, primarily due to lack of
standardization in protocols, dosing regimens and endpoint
analysis (38, 40, 41).

Efficacy in RCT and effectiveness in real life studies has
typically been determined by induction of a desensitized
condition. Desensitization is defined as a state of temporary
food allergen hypo-responsiveness or improvement in food
challenge outcomes after therapy and an increased threshold
for reactions compared with the pre-OIT threshold.
Desensitization also refers to a certain degree of protection
from anaphylaxis caused by unintentional ingestion of small
amounts of a food allergen. Desensitization can be lost when OIT
dosing is interrupted by nonadherence (irregular intake of
doses) (42).
November 2020 | Volume 11 | Article 568598
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In assessing the clinical impact of food immunotherapy, it is
important to distinguish desensitization from SU, remission, and
oral tolerance. SU refers to a lack of a clinical reaction to a food
allergen after an active therapy has been discontinued for a
period of time, while remission refers to a temporary condition
of non-responsiveness after active immunotherapy has been
completed. Finally, oral tolerance is defined as a complete lack
of clinical reactivity to a specific food allergen, as found in the
natural development of tolerance (43). In practice, SU is often
used as a substitute for permanent tolerance when reporting
results of clinical trials. It is unclear what time period defines
permanent tolerance to a specific food.

Comparison and interpretation of published clinical studies is
not only adversely impacted due to terminological differences,
but also due to the lack of criteria for evaluating clinical effects.
The latter is complex and often lacking. In fact, efficacy has
typically been measured in clinical trials using oral food
challenges, therefore it is not yet known whether or not
desensitization rates can protect patients from accidental
exposure in real-life settings or can prevent severe or life-
threatening allergic reactions or death (44).

Cow’s milk (CM), egg and peanut immunotherapy
desensitize approximately 60 to 80% of patients studied (45–
47). A majority of patients treated with food allergens
through application of immunotherapy are at least partially
Frontiers in Immunology | www.frontiersin.org 4
desensitized, but this desensitization does not translate into
decreased allergic reactions in real-life settings (48). It appears
that the desensitization rates for other foods, e.g. wheat,
sesame, hazelnut are not as high as those for CM, egg or
peanut, but knowledge is lacking due to a paucity of clinical
studies (49, 50).

SU has not been adequately studied to provide conclusive
data. CM and peanut have been found to induce SU in 30%–70%
of patients (43, 45). Interpretation of these data is difficult, as it is
mainly based on a number of unspecific variables such as the
patient’s age, delivery method, duration of active phase of
immunotherapy, length of time off therapy, etc. OIT and EPIT,
in their current form, are unlikely to induce a permanent or long-
lasting measurable immunological and clinical response (47, 51).

A recent meta-analysis of clinical RCTs analyzed more than a
thousand patients treated with peanut OIT followed up for a
median of 12 months and estimated that 40% of the active group
became desensitized compared with 3% of patients in the control
group. However, significant risks of side effects or severe adverse
events were observed in the treatment group (22%) versus the
placebo group (7%) (47), including use of adrenaline or reactions
defined as anaphylaxis. Furthermore, there was no evidence that
OIT with peanut significantly improved quality of life in the
participants compared with patients who continued to
avoid peanuts.
FIGURE 1 | Immunological mechanisms of allergic sensitization. Epithelial cells produce alarmins such as IL-25, IL-33, and TSLP in response to external insults.
These cytokines are central regulators of type 2 immunity, as they act on dendritic cells to induce TH2 responses and activate ILC2 cells leading to production of
IL-13 and IL-5. Allergens and pathogens that pass skin or mucosal epithelial barriers are captured and processed by dendritic cells (DCs), which in turn migrate to
draining lymph nodes, where they present allergen-derived peptides on MHC class II molecules to naïve T cells, which in turn (depending on co-stimulatory and
cytokine signals) can differentiate to TH2 cells or TFH cells. TH2 cells produce type 2 cytokines such as IL-4, IL-13, IL-5, and IL-9, and function as effector cells that
drive many aspects of allergic inflammatory responses. TFH cells produce IL-21, IL-4, and IL-13 and induce IgE class switch recombination in B cells, plasma cell
differentiation and allergen-specific IgE production. Plasma cell produce allergen-specific IgE antibodies that are released into circulation and can bind to FcϵRI
molecules on mast cells and basophils. Subsequent exposure to allergen can result in mast cell and basophil degranulation.
November 2020 | Volume 11 | Article 568598
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The first phase 3, placebo controlled, RCT of OIT was
published in 2018. It included 551 patients aged 4–55 years,
which responded at a maximum dose of 100 mg of peanut
protein before starting (38). The primary endpoint was tolerating
600 mg of peanut protein in a DBPCFC. Results showed that 67%
of the actively treated group tolerated 600 mg of peanut protein,
versus 4% of the placebo group (p<0.0001). The incidence of
serious adverse events was significantly higher in the active group
(4.3% vs. 0.8% of the placebo group).

Based on these results, the U.S. Food and Drug
Administration on January 31, 2020 approved PALFORZIA™

[Peanut (Arachishypogaea) Allergen Powder-dnfp], a
standardized OIT product for peanut allergy. The patient
needs to carry an autoinjector of adrenaline at all times and
initial dosing and up dosing phase has to be performed at a
facility capable of treating severe allergic reactions, and patients
have to go through a Risk Evaluation and Mitigation Strategy
before starting therapy. PALFORZIA is recommended in
combination with peanut avoidance and is contraindicated in
individuals with uncontrolled asthma, eosinophilic esophagitis,
and eosinophilic gastrointestinal disorders (38).

Sublingual immunotherapy (SLIT) may represent a safer
therapeutic option for patients with food allergy, especially for
those who want to protect themselves against more severe
allergic reactions. Some studies showed that during SLIT, a
statistically significant desensitization rate in comparison with
placebo was observed, however SLIT usually do not allow to
reach the same change in threshold as OIT. The median
threshold dose during SLIT increases approximately 20-fold, in
comparison with more than 300-fold with OIT. Although not as
effective, an advantage of SLIT over OIT is the higher safety
profile (52, 53).

Epicutaneous application of food allergens by patches that
release small amounts of food protein via the skin is also a
potentially safe delivery method of food allergen immunotherapy.
EPIT requires application of the patch to intact skin to ensure a
tolerogenic effect (6, 54, 55). The “Viaskin® Peanut’s Efficacy and
Safety” (VIPES) study and CoFAR 6 study were parallel phase 2
studies designed to investigate the efficacy and optimal dose of
EPIT for peanut (54, 55). In the VIPES study, a statistical difference
in responder rate was seen with the 250 µg but not with 50 or 100
µg patch. In the CoFAR 6 study, a statistically significant difference
was found in both the 250 and 100 µg patch, but efficacy
appeared to be stronger for the 250 µg patch. Local mild-to-
moderate skin reactions were common, but only 0.9% in the VIPES
study and 3.4% in the CoFAR 6 study withdrew due to local
skin reactions.

Other approaches under investigation include OIT with
multiple foods, OIT combined with biologics (omalizumab,
dupilumab) or probiotics, and OIT with altered allergens, all
with the aim of improving efficacy and reducing adverse events
(56–58). So far, published studies have only been conducted in
small patient samples.

Despite the risk of developing adverse events including severe
allergic reactions and anaphylaxis, some patients may be
motivated to attempt OIT rather than to continue using
Frontiers in Immunology | www.frontiersin.org 5
avoidance alone, because OIT has been found to mitigate the
anxiety of severe allergic reactions in the event of accidental
ingestion of specific food allergens (59). For such patients, it is
important to provide accurate and factual information based
upon the available data, not only on effectiveness, but also on the
risk of adverse events. If food immunotherapy is undertaken,
appropriate safety precautions, and ongoing communication
with patients (and with parents/caregivers) are crucial.
FUNCTIONAL IMMUNOLOGICAL TESTS

Skin Prick Test
Diagnosing FA can be challenging as symptoms can arise from
different organ systems, vary in severity and should be often
differentiated from other diseases. Therefore, an objective
diagnostic measurement is important and useful in the
diagnosis of FA. The skin prick test (SPT) is performed by
applying droplets of standard allergen extracts and/or fresh
foods, positive and negative controls on the volar forearm of
the patient. A sterile lancet is used to prick through the droplet
about 1 mm through the skin. The results can be directly assessed
after only 15 min. A wheal ≥3 mm in diameter to at least one
allergen is considered positive, in the context of a wheal ≥3 mm
to histamine (positive control) and no wheal to the negative
control. SPT is widely used in FA diagnostics and research,
however, self-reported FA incidence is normally higher than
SPT-diagnosed incidence (60).

Smaller SPT wheal diameter at baseline is considered a
predictor of successful desensitization. A retrospective study of
100 patients (<18 years) who underwent at least 6 months of
hazelnut OIT, revealed an association between successful
desensitization and smaller hazelnut SPT wheal diameter at
baseline (61). A similar pattern was also reported in a study
involving 82 patients (2–18 years) who underwent CM OIT for 5
years (62). In contrast, a study of 120 patients (7–55 years) who
underwent peanut OIT for a period of 2 years found no
association between SPT wheal diameter at baseline and
treatment success (63), which could be explained by the
recruitment of patients with SPT wheal ≥ 5 mm and not the ≥
3 mm conventionally interpreted as positive.

Emerging data suggest that SPT diameter seems to decrease
during AIT. In a study involving 48 patients (21–38 years) with
systemic allergic reactions to peach and/or peanut, from which 36
were treated with Pru p 3 SLIT for 12 months and 12 were non-
treated (control group), 91% of the treated patients were
successfully desensitized (64). The clinical efficacy of SLIT was
evaluated by SPT and DBPCFC to peach or peanut at baseline and
after 12 months of Pru p 3 SLIT. After 12 months of SLIT, treated
patients presented significantly decreased peach or peanut SPT
wheal area, as well as increased peach or peanut thresholds by
DBPCFC. These results are also in agreement with other reports
on fruit and peanut OIT available in the literature (42, 65, 66).

A peanut OIT involving 28 children (1–16 years), randomized
to receive either peanut OIT (4000 mg) or placebo, found that
peanut OIT was associated with increased peanut consumption
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compared to placebo after 12 months and decreased SPT size and
TH2 cytokine levels as well as with increased peanut-specific
IgG4 levels and regulatory T cells (Treg) (67). The findings were
similar in a CM OIT trial involving 20 children with CM allergy
(6–21 years) randomized to CM OIT (500 mg) vs. placebo OIT
(68), and an egg OIT trial involving 55 children with egg allergy
(5–11 years) randomized to egg OIT (2 g) vs. placebo OIT (69).

Maintenance therapy upon discontinuation of AIT may be
used in order to prolong the achieved tolerance in patients with
FA, but the maintenance doses vary greatly. Along with
DBPCFC, SPT may be used to test the induced tolerance in
patients undergoing OIT (53, 70–72).

Overall, OIT treatment success was associated with reduced
SPT responses after ended treatment, and smaller SPT at
initiation of treatment was predictive of better outcome of the
OIT. In general, it is considered that the SPT provides an “in
vivo” procedure for measuring the reactivity of sIgE -activated
mast cells and basophils. A rapid decrease in the number of mast
cells and basophils in skin, as determined by SPT, has been
observed in immunotherapy for both aeroallergens (73) and food
allergens (74).

Mast Cell and Basophil Activation Test
Mast cells and basophils play an important role in allergies as
major effector cells. Both cells have intracellular granules, in
which biologically active mediators and cytokines are stored,
which are released after activation (75). Mast cells are generally
present in the skin, gastrointestinal and respiratory tracts. In the
tissue, they reside as tissue resident cells and play a major role in
the first defense against invading pathogens (76). Basophils form
a small proportion (<1%) of leukocytes in the peripheral blood
and enter the peripheral tissues only after activation during
infection. Once activated, mast cells and basophils degranulate
and release different mediators and cytokines, playing a role in
defense against parasitic and bacterial infections (75, 77, 78).

For mast cell activation and/or degranulation, the most
important cytokine receptors are the IL-4, IL-18, and IL-33
receptor (79), while the IL-18 and IL-33 receptor are also
important for basophils (80). Both cell types express FcϵRI
receptors, which play a major role in allergen recognition and
subsequent induction of cell activation and/or degranulation (75).
Binding of antigen by IgE bound on membrane-bound high
affinity IgE receptor (FcϵRI), promotes cross-linking of at least
two FcϵRI receptors, activating a signaling cascade (81, 82), which
results in the release of different pro-inflammatory mediators (75).
Some of these are present in the pre-formed granules and can be
released within seconds or minutes after their activation, whereas
others are de novo synthesized (81, 83). These mediators can be
divided into different classes such as biogenic amines (e.g.,
histamine and basogranulin) proteases (e.g., tryptase, CPA3, and
chymase), proteoglycans (e.g., heparin), lipid mediators (e.g., PAF,
LTC4, and PGD2), cytokines (IL-4 and IL-13), chemokines (e.g.,
CCL2), peptides (e.g., endorphin), and other enzymes (e.g., b-
hexosaminidase). Some of the basophilic and/or mast cell
mediators have been associated with either (food) allergy or
anaphylaxis. These mediators include histamine, tryptase,
chymase, CPA3, PAF, PGD2, LTC4, basogranulin, heparin, and
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CCL2 (84–87). Besides secreted mediators also the expression of
CD203c (identification marker) and CD63 (marker for
anaphylactic degranulation), and phosphorylation of certain
intracellular molecules (MAPK and STAT5) can be measured to
assess basophil or mast cell activation (88).

The basophil activation test (BAT) is a functional assay in
which patients’ whole blood or peripheral blood mononuclear
cells (PBMCs), can be stimulated with the allergen. Basophils can
also be enriched from the PBMC fraction by negative selection
using magnetic beads. When the basophil is activated, different
activation markers (CD63, CD203c, histamine) can be measured
using flow-cytometry or fluorescent labelling (89). The whole
blood assay is considered to be more physiologically relevant,
because factors that are naturally present in the blood, such as
blocking antibodies, may play a role in phenotype of allergic or
non-allergic individuals (88). For the mast cell activation test
(MAT), mast cells from a LAD2 mast cell line are incubated with
patients’ sera and subsequently with the allergen. The
degranulation of the mast cells is assessed by flow cytometry
via measuring surface activation markers CD63 and CD107a,
and/or mediator release, such as b-hexosaminidase and
histamine (90). It has been shown that both BAT and MAT
detect food allergy with a higher specificity than the SPT or sIgE
measurements in serum, and could indicate severity of
allergic reactions (88–91). However, both tests need further
improvement, are still technically challenging (89, 90, 92) and
not used in routine clinical practice. Basophils are more
accessible than mast cells for ex vivo studies, which explains
why most studies apply BAT.

Since no studies reported the use of MAT in FA-AIT we
focused on BAT. There are numerous studies investigating BAT
as a measurement of efficacy of AIT during peanut, CM, egg,
peach, and apple OIT, SLIT, and EPIT (Supplementary Table
1), which generally show a reduction in the basophil activation.
However, in only seven studies the BAT was one of the main
outcome parameters (36, 93–99). Furthermore, correlation with
the clinical outcome was only assessed in five studies (63, 94, 98–
101). Here, we will focus on CD63, CD203c expression and
histamine release as basophil activation markers, as well as on
anti-IgE, fMLP, and IL-3 simulation on basophil function.

Basophil Marker CD63
Most studies used the CD63 activation marker for measuring
basophil activation. A significant reduction in allergen-induced
CD63 expression was observed in the majority of AIT studies
including peanut (36, 53, 98, 101–104), CM (94, 100), and egg
(95, 96, 105, 106) AIT.

In a large RDBPC phase 2 study (POISED study) 120
participants (7–55 years) were randomly assigned to peanut
OIT (N=95) or the placebo group (N=25). After 12 weeks of
OIT, the authors found a significant reduction in the %CD63+

basophils responding to anti-IgE alone or peanut (0–1000 ng), a
number that continued to decrease until week 117 (99).
Similarly, in most studies on egg AIT, a significant decrease of
CD63 expression was seen after OIT with egg, and in general,
most participants were tolerant after the OIT. A single center
study with 28 egg allergic children (5–10 years) showed that OIT
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with egg white was effective. Twenty-seven out of 28 children
became tolerant to egg and showed a significant decrease in
CD63 expression to egg white, ovalbumin and ovomucoid (95).
Another study with a combination of SLIT/OIT included 30 CM
allergic children (6–12 years). The CD63 expression increased
during SLIT build-up phase in those who did not become
tolerant, and CD63 expression decreased after de second phase
in those who became tolerant.

On the contrary, six studies showed no clear effect on basophil
activation during AIT; three peanut (42, 54, 57), 2 CM (107, 108),
and one apple (93). Importantly, five of these studies also showed
no clinical effect as which correlates with little change in BAT.
The one study showing effect, was a peanut OIT including 99
peanut allergic children (7–16 years) that showed a clear increase
in peanut threshold after the OIT, but no significant within-
patient differences after treatment for AUC or %CD63+ cells,
although there was a reduction in %CD63+ cells at lower peanut
concentrations after OIT (42).

In some cases basophil markers at baseline were excellent
predictors for a higher tolerated dose in DPFC and sustained
unresponsiveness after OIT (63, 94). The CM-omalizumab OIT
study showed that CD63 expression of more than the threshold
of 40% was likely to cause symptoms in the placebo group, but
not in the omalizumab group (94). However, a CM OIT with 30
CM allergic children (100) showed that CD63, CD203c
expression and histamine release at baseline could not predict
outcome of AIT (tolerance). However, the study did reveal that
CD63 and CD203c expression increased after SLIT build up
phase in those who did not become tolerant. In subjects who
became tolerant, CD63 expression was decreased, but the
CD203c expression did not change.

Two peanut AIT studies investigated SU after a period of
AIT followed by an avoidance period (98, 99). In both studies, a
sustained reduction in %CD63+ cells was correlated to SU. In
addition, one study showed, that SU after 13 weeks off OIT
therapy was achieved primarily in two groups of subjects, those
with lower basophil responses at study entrance and those who
underwent a substantial reduction (80%–90%) of their peanut
induced basophil activation after OIT (99). Furthermore,
participants who failed the DBPCFC after initial OIT showed
higher CD63 expressions at every time point (99).

Overall, it seems that the amount and duration of the
maintenance dose as well as the type of IT (OIT vs. SLIT)
could influence the basophil reactivity and subsequently the
probability of sustained unresponsiveness.

Basophil Marker CD203c
Thirteen studies also assessed the basophil marker CD203c,
including studies on peanut (36, 57, 98, 99, 101, 103, 104, 109),
egg (105, 106), and CM (95, 100, 108). Only four studies showed
a significant decrease in CD203c expression upon allergen
stimulation during or after the AIT protocol (36, 99, 105, 106).

A multicenter randomized egg AIT study with 45 egg allergic
children showed that the duration of the OIT is crucial for an
effect on CD203c expression. No effect was found after 3 months
of OIT, but after 12 months a reduction in CD203c expression
and tolerance was encountered (105).
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The remaining nine studies did not show a significant
reduction of CD203c expression. In two CM-AIT studies no
clinical effect was seen, which could explain the lack of
responsiveness to the OIT of the CD203c expression (95, 108).
The SLIT/OIT CM study, also described under CD63, showed
that CD203c expression increased during SLIT build up phase in
patients that did not became tolerant (comparable to CD63
expression), but in contrast to CD63 expression, CD203c
expression did not change in those who became tolerant after
OIT (100). This difference in CD63 and CD203c expression was
also seen for a peanut OIT study with 120 peanut allergic patients
(7–55 years) (99) and a SLIT/OIT peanut comparison study with
21 peanut allergic patients (6–21 years) (98). In both peanut
studies CD63 expression decreased significantly after AIT while
CD203c expression did not change. The four remaining studies
only included the marker CD203c in their gating strategy while
using CD63 as the primary marker for basophil activation (101,
104, 109, 110).

Histamine Release
Three studies measured histamine release; two with CM (94, 100)
and one with peanut (98). The CM OIT study with omalizumab
in 57 CM allergic patients (7–35 years) showed contradictory
results between %CD63+ cells (decreased after omalizumab
treatment) and histamine release (increased after omalizumab
treatment). Histamine release was determined in the washed
basophil-enriched fraction and %CD63+ in whole blood, which
might be the reason for the differences between studies. The use
of whole blood is preferred because the physiological in vivo
conditions, such as the presence of blood components (e.g., IgG4,
anti-IgE, complement factors), are better reflected. Moreover, the
cells are less activated due to centrifugation and other handling
steps (94). The SLIT/OIT CM study described under CD63
showed only a decrease in histamine release after SLIT/OIT
treatment and not after SLIT/SLIT, while CD63 expression was
reduced after both treatments. Also, in this study the histamine
release was measured in a basophil enriched fraction (100). The
peanut study compared a SLIT with OIT therapy in 21 peanut
allergic patients (6–21 years). Histamine release was reduced in
the OIT and SLIT groups compared with baseline, which was in
line with the CD63 result. However, after the maintenance dose
or off dose, the levels increased and where no longer significantly
decreased in the OIT group. This study also used basophil
enriched mononuclear cell fraction (98).

Anti-IgE, fMLP, and IL-3 Stimulation
Anti-IgE, N-Formyl-methionyl-leucyl-phenylalanine (fMLP),
and IL-3 stimulation of isolated basophils is less frequently
used to measure the responsiveness of the basophils at baseline
and after immune therapy. Four studies used anti-IgE
stimulation, including egg (95, 96), and peanut (36, 99), and
only one study stimulated the basophils with IL-3 and fMLP to
evaluate the effect of AIT (36). The OIT egg study with 28 egg-
allergic patients (5–9 years) showed no significant differences in
basophil activation levels after stimulation with anti-IgE before
or after OIT, while 27 patients became tolerant to egg after the
AIT (95). However, a smaller OIT study with only 10 egg allergic
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children (5–14 years) showed 30%–50% less reactive basophils
after IgE stimulation and tolerance to egg was achieved in nine
children. The randomized DBPC OIT peanut trial with 120
peanut allergic patients (7–55 years) showed that peanut OIT
significantly reduced %CD63+ cells after stimulation with anti-
IgE after 12 weeks. The second peanut OIT study with 28 peanut
allergic children (2–8 years) showed that CD63 and CD203c
expression on anti-IgE stimulated basophils was significantly
decreased after OIT (36). A possible explanation could be that
peanut OIT suppressed FcϵRI signaling. Upon stimulation with
fMLP and IL-3, the basophil expression of CD203c, but not the
expression of CD63 was suppressed after peanut IT. This
suggests that IL-3 can directly induce the upregulation of
basophil CD203c-expression, while FcϵRI triggering and fMLP
receptor activation causes further upregulation of this
marker (36).

Summary of Findings Related to Basophil
Activation Tests
CD63 is expressed in several cell types, such as basophils, mast
cells, macrophages and platelets, while CD203c is solely
expressed in basophils. Moreover, basophils are primed with
IL-3 to increase the sensitivity of CD63-based assays. In CD203c
based assays, priming with IL-3 causes a non-specific increase in
the test result. This might also explain the contradictory results
on CD203c and CD63 expression. The difference in CD63
expression and histamine release might be related to the
measurement of CD63 in a whole blood assay, while histamine
release was assessed in the enriched basophil fraction. The use of
whole blood mimics physiological in vivo conditions, such as the
presence of blood components (e.g., IgG4, anti-IgE, complement
factors) better. Overall, CD63 expression could be a suitable
marker for basophil activation and for determining the efficacy of
the AIT. However, the results were not always comparable,
probably due to differences in the study design of the AIT,
BAT, and blood collection. In summary, BAT may be a suitable
objective measure of desensitization in AIT trials if the following
factors are harmonized: type of allergen (extract or recombinant
protein), concentration of allergen, use of IL-3 priming, type of
biological sample (whole blood vs. enriched PBMCs), incubation
time, staining protocol, and data analysis (%, AUC, SI, EC-50,
CD-sens).
HUMORAL RESPONSES

IgE
Since the discovery of the novel class of antibodies in 1966, IgE
have been a hallmark of allergic disease (111). In vitro diagnosis
relies on the specific binding of IgE (sIgE) to allergen molecules
in order to determine the allergen source. However, the presence
of IgE and the titers of sIgE do not normally correlate with the
severity of the clinical reaction but rather represent reaction
probability. Several factors related to IgE, such as antibody
affinity, the ratio of sIgE to total IgE, the degree of antibody
polyclonality, the number of epitopes recognized in one allergen
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as well as the number of allergens recognized in an allergen
source, may all contribute to clinical reactivity in the patient.

sIgE has been reported to rise during the first few months of
AIT without eventually leading to an increase of allergic
symptoms (112). Upon prolonged immunotherapy, sIgE,
similar to SPT wheal diameter, decreases over time. This
observation seems to be independent of the administration
route: oral, sublingual or epicutaneous. In a peanut OIT with
24 patients (1–16 years), sIgE to single components was shown to
follow the same increase and decrease during the trial as sIgE to
whole peanut extract (43). In addition, patients with a successful
OIT (i.e. obtaining SU) had lower sIgE levels at baseline and at
the end of the study, as well as a lower sIgE/total IgE ratio (43).
The ratio of sIgE to total IgE has been analyzed in a large study of
161 children (11 months–18 years) in order to predict OFC
outcome. Participants who failed OFC had a higher ratio of sIgE
to total IgE than those who passed their challenge (113).
Markedly, this ratio was significantly higher for food
challenges related to more persistent allergies, such as peanut,
tree nuts, shellfish, and seeds.

Total IgE has been studied in 3 CM OIT trials. Two studies
reported no changes in total IgE during AIT (70, 114), and one
found an increase at the end of therapy (68). One study of 23
patients (3–14 years) undergoing peanut OIT (115) and another
DBPC study of 74 patients (4–25 years) undertaking peanut
EPIT showed no change in total IgE during therapy (54).Two
other studies (peanut SLIT and egg OIT) showed no difference in
total IgE in responders compared to non-responders (53, 116).

More recently, a study of OIT for CM allergy in 24 children
(13–22 years) also looked at potential biomarkers that could
predict long-term outcome of OIT. They showed that total IgE
measured at baseline and after 6 months of OIT proved to be not
useful to determine responsiveness to this intervention (117).

The role of specific IgE-binding epitopes has not yet been
thoroughly evaluated in the context of AIT. In a longitudinal
study comparing 35 children (3–68 months) with persistent CM
allergy to children that had naturally outgrown their allergy, it
was shown that children with persistent allergy had greater
intensity and broader diversity of IgE and IgG4 binding
epitopes than children with transient CM allergy. In addition,
children with transient CM allergy also had epitopes overlapping
between IgE and IgG4 (118).

Ara h1, Ara h 2 and Ara h 3 peptide epitopes have been
analyzed during a peanut OIT study including 22 patients (1–16
years). IgE peptide repertoire was broad at baseline and tended to
diminish during therapy. Although sIgE levels decreased, some
patients developed novel IgE specificities (119). Recently, a
peanut OIT trail in toddlers revealed that IgE-binding to
specific Ara h 2 epitopes, in addition to testing peanut extract,
is useful for stratifying patients, both in regard to food challenge
sensitivity prior to OIT and to prediction of OIT outcome (120).
In another study of CM OIT including 47 patients (7–35 years),
IgE and IgG4 binding to peptide epitopes of caseins and b-
lactoglobulin were analyzed before and after immunotherapy.
OIT was shown to significantly modify IgE and IgG4 binding to
milk allergen epitopes. The study suggests that the analysis of
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peptide binding epitopes at baseline could be used to predict
therapy outcome (121).

Overall, most AIT studies investigating sIgE have shown an
increase in sIgE level in the beginning of therapy, followed by a
decrease during prolonged therapy. Data also suggest that low
sIgE and sIgE/total IgE can predict successful treatment response
including SU. Total IgE has consistently shown no significant
changes during AIT levels or correlation with clinical response to
AIT. Peptide epitopes repertoire and binding seem to be
modified during AIT, and this is an area of great interest to
understand and predict therapy outcome.

IgG(4)
In healthy individuals IgG4 is the least abundant IgG isotype in
circulation. It has been extensively studied in the context of AIT
because of its potential protective effect against allergies. IgG4 is
considered an anti-inflammatory antibody isotype because,
unlike IgG1, IgG2 and IgG3, it cannot activate the classical
complement pathway (122, 123). In addition, IgG4 can
undergo a process called Fab arm exchange, during which Fab
arms are exchanged between different IgG4 molecules by
swapping a heavy chain and attached a light chain (124). This
results in the formation of functionally monovalent IgG4
antibodies that are bispecific because they are made up of the
heavy chains derived from two different IgG4 antibodies that
contain the variable regions. As a result, these antibodies have a
severely impaired capacity to form immune complexes and may
inhibit the immune complex formation by other isotypes. The
production of allergen-specific IgG4 is strongly induced in
response to prolonged exposure to high doses of soluble
protein antigens (125). Mechanistic studies on the regulation
of IgG4 production are hampered by the fact that no functional
analog of IgG4 exists in mice.

Changes in concentrations of specific IgG4 have been assessed
during OIT with CM (72, 126), peanut (38, 52, 58, 63, 99, 103,
119, 127–131), egg (69, 105, 106, 132–136), and wheat (49, 127).
Most of these studies were RCT or pilot studies involving small
numbers of patients, with or without placebo arms, and some
used omalizumab or probiotics as “adjuvants”. All of these
studies except one (103) reported an increase of specific IgG4
concentrations and/or IgG4/IgE ratio during or after OIT.
Increases in specific IgG4 concentrations were directly
associated to successfully consumed dose (49) and SU (69,
136) and IgG blocking activity was correlated with SU (131).
These results tend to relate the IgG4 increase to clinical outcomes
of OIT. Moreover, some studies evidenced that higher IgG4/IgE
ratio to some allergen components at baseline may be predictive
of OIT-induced SU (63, 132).

All but one study demonstrated that allergen-specific IgG
antibodies with new antigen specificities developed during AIT
(103). Some studies also suggest that specific IgG4 levels are
associated with successful up-dosing during AIT and SU. The
IgG4/IgE ratio may be more important than the absolute
quantity of IgG4 in relation to clinical outcomes (63, 91, 121,
132). No direct correlation between IgG4 concentrations and
allergen induced basophil activation has been found (99). This
could indicate that other inhibitory factors are involved (such as
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IgG1, IgA), and also that the inhibitory activity of OIT-induced
IgG may be more important than their absolute quantities (137).
It should be noted that the effect of IgG blocking activity is
dependent on the epitopes that are targeted by these antibodies.
IgG that target the same epitopes as IgE are more likely to
prevent IgE binding than IgG that target other epitopes,
especially if they have a higher affinity for their target than IgE
(138). Assessment of the blocking activity using in vitro models
of facilitated antigen presentation (139) and BAT (91, 99, 131,
140), may greatly improve the outcomes values of this
immunological parameter in relation to clinical response to OIT.

IgA
IgA is an antibody that plays a crucial role in the immune function
of mucous membranes (141). IgA has two subclasses (IgA1 and
IgA2) and it can be produced as monomeric and dimeric forms.
The monomeric molecules are predominantly of the IgA1
subclass, being produced mainly in the bone marrow, while in
external secretions most of the IgA, produced locally in mucosal
tissues, occurs in the polymeric configuration with a relatively
increased proportion of IgA2 molecules (142). The major
difference between IgA1 and IgA2 resides in the hinge region
that lies between the two Fab arms and the Fc region (143). While
IgA1 predominates in serum (~80%), IgA2 percentages are higher
in secretions (~35%). The IgA dimeric form is the most prevalent
and it is also called secretory IgA (sIgA). sIgA is the main
immunoglobulin found in mucous secretions, including tears,
saliva, sweat, colostrum, and secretions from the genitourinary
tract, gastrointestinal tract, prostate and respiratory epithelium,
although it is also found at small amounts in blood.

Our current knowledge suggests a regulatory role of IgA
responses in allergy and it has been proposed as a biomarker to
assess the effectiveness of food AIT (137). Several studies using
peanut (144), CM (116, 145), and egg (132, 146, 147) have assessed
allergen-specific IgA before, during and after OIT. One CM OIT
study of 40 patients (6–17 years) found that high specific IgA and
IgG-subclasses prior to OIT, appear to predict failure to achieve
desensitization (145) but this is contradicted by a CM OIT study of
15 patients (6–16 years) showing that high levels of IgA before OIT
were observed in responders (116). Several studies showed a
significant increase in food-specific IgA and IgA2 during and
directly after OIT, which were associated with clinical response to
OIT (116, 132, 146) following a decrease in IgA and IgA2 levels
during maintenance phase (116). In another study, the levels of
specific IgA and sIgA from saliva and serumwere investigated in 17
patients (1–11 years) undergoing either peanut SLIT or placebo, at
baseline and at the time of the challenge. Salivary and serum levels
of peanut-specific IgA increased significantly for subjects receiving
SLIT, but not for placebo (144). The same study suggested that
salivary IgA could be a prospective biomarker to follow throughout
therapy, being potentially useful in defining the efficacy of therapy
and in monitoring the progress of the treatment (144).

Most of the available literature suggests that increasing IgA
levels might be indicative of a positive response to AIT treatments.
However, some contrasting data were reported, in 52 children
(5–16 years) with persistent egg allergy who underwent either OIT
(N=28) or avoidance (N=24), the serum ovalbumin-sIgA and
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ovomucoid-sIgA did not change significantly over time,
suggesting that none of the serum IgA seems to be associated
with induced or natural tolerance to egg allergens (147).

In general, IgA levels of food allergic patients are lower
compared to control groups. Overall, most AIT studies
investigating IgA have shown an increase during therapy.
However, there is a lack of data with respect to the clinical value
of IgA assessments for predicting treatment response and SU.
T CELL RESPONSES

T cells play a key role for the immune response of the host upon
ingestion of foods both in the context of obtaining normal
homeostasis in a healthy host, i.e. tolerance to food allergens
and in the sensitization phase of developing food allergy. Tregs
are essential for regulating tolerance to foods as they, upon
exposure to food allergens, serve to maintain immune
homeostasis via secretion of anti-inflammatory mediators such
as IL-10 and TGF-b to immune cells and surrounding tissues
(148). In line with this, decreased numbers, lower rate of
activated Tregs and dysfunctional Tregs with subsequent
limited host immune suppressive capability upon ingestion of
foods, seem of importance for failure in immune tolerance and
susceptibility to develop food allergy (149). Due to the key roles
of Tregs and TH2 cells in immune tolerance to foods, it is
plausible that the number, phenotype and effector functions of
these T cell subsets may serve as biomarkers of FA-AIT
treatment response and aid the clinician to predict SU, which
would be valuable for the food allergic patient undergoing AIT as
it is a long-term treatment with a substantial risk of adverse
events and anaphylactic reactions (47).

Tregs
Despite the expectation that Tregs could be of importance for
predicting response to FA-AIT, there has only been few studies
addressing this topic. These studies were mostly peanut OIT
studies with low numbers of patients and a short follow up in
which Treg were analyzed quantitatively and not in terms of
suppressive capacity. In a small, DBPC trial investigating the
effectiveness of OIT for peanut allergy among 28 patients (1–16
years), the number of CD4+CD25+FOXP3+ Tregs was
significantly increased after 1 year of treatment compared to
baseline in peanut OIT patients (67). These results of increased
Treg numbers were subsequently replicated in a similarly small
numbered open-label randomized trial of peanut OIT with 1 year
of treatment among 22 patients (7–15 years) (150). Changes in
immune suppressive functions of Tregs during and after cessation
of food AIT has rarely been studied, but one study investigated this
via demethylation of FOXP3 CpG sites in Tregs of 23 peanut
allergic patients (5–45 years) undergoing OIT compared to 20 age-
matched controls on peanut avoidance diet (103). Three months
after cessation of peanut OIT the patients developing tolerance, i.e.
not reacting to an OFC with peanut, showed hypomethylation of
FOXP3 sites compared to patients not tolerant to peanut.
However, this increase in immune suppressive functions of
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Tregs was transient as four of seven initially peanut tolerant
patients were no longer peanut tolerant on an OFC and showed
increased FOXP3 methylation after an additional 3 months of
peanut OIT (103). This return to baseline is in line with findings
from an observational study without OIT among 1-year-old
peanut allergic (N=14) and peanut sensitized, i.e. tolerant infants
(N=15) from the HealthNuts study showing no difference in
FOXP3 methylation of Tregs between the groups (151).

One double-blind, placebo-controlled peanut SLIT study of
18 patients (1–11 years) showed no changes in numbers of Tregs
or IL-10 production after 1 year of therapy, although a significant
proportion of the SLIT-treated children had a positive treatment
response and were tolerant to an OFC (110). Treg number or
function has not been studied following peanut EPIT treatment,
but one double-blind, placebo-controlled study of 74 peanut
allergic patients (4–25 years) showed no difference in the
percentage of peanut-response CD4+IL10+ T cells following 1
year of treatment (54).

TH2 Cells
There are numerous studies investigating secreted levels of type 2
cytokines from TH2 cells during peanut, CM and egg OIT, SLIT,
and EPIT, which generally show transient suppressions after
therapy. However, only few immunotherapy studies have
reported on numbers of TH2 cells, which may be important as
a mechanism of successful AIT may include apoptosis of highly
differentiated CD27- allergen-specific TH2 cells that was first
demonstrated in studies of grass AIT (152). Since then, an
allergen-specific T cell subset of memory TH2 cells that are
CD4+CD45RO+CD27−CD45RB+CD161+CD49d+ have been
described of importance in peanut allergy (153). In a subset of
seven of 55 peanut allergic patients aged 4–26 years, who
participated in a DBPC peanut OIT it was demonstrated that
the number of TH2 cells decreased in patients on OIT therapy
compared to placebo (153). Another study of 20 patients (4–18
years), who were enrolled in a peanut OIT showed presence of
residual IL-4+ T cells in OIT treated patients initially achieving
desensitization based on OFC after 4 months maintenance
therapy. This specific T cell population may be re-activated
upon peanut exposure and thus serve as a biomarker of the
durability of SU following peanut OIT (154).

Overall, most AIT studies investigating Tregs have shown an
increase in numbers of Tregs and enhanced, but transient,
immunosuppressive Treg functions during therapy. However,
there is a lack of data with respect to the clinical value of Treg
assessments for predicting treatment response, particularly SU,
that is the most important from a patient perspective.
RESPONSES OF OTHER CELL TYPES

B Cells
B cells play a critical role both in the development and
persistence of allergies as well as in the induction of allergen
tolerance. The contribution of B cells to these processes is
primarily related to their unique capacity to produce
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antibodies. As discussed above, the heavy chain isotype,
specificity, and affinity of these antibodies determine their
function. B cells are also involved in the regulation of allergic
immune responses by means of their interaction with other cell
types through production of cytokines and the presentation of
allergen-derived peptides to CD4+ T cells.

Allergen-specific B cells can be found in circulation at very
low frequencies ranging from <0.03% of class-switched memory
B cells in peanut allergic individuals (150, 155) to <0.3% of class-
switched memory B cells in bee venom allergic patients (156) and
house-dust mite allergic patients (157). The frequencies of
circulating Ara h 1- and Ara h 2-specific B cells were found to
increase in response to OIT (150, 155). Interestingly, one study
reported that the increase of Ara h 2-binding memory B cells
peaked after 7 weeks of peanut OIT and then started to decline to
levels that were lower than before OIT (150).

Immunosuppressive regulatory B cells can suppress excessive
inflammatory response through production of anti-
inflammatory cytokines such as IL-10, IL-35, and TGF-b (37,
158). While the role of regulatory B cells has been studied in the
context of autoimmune diseases, cancer, transplantation,
infections and several allergies (158), no human studies have
been performed that focused on the cellular B cell responses in
food allergy immunotherapy.

While both qualitative (cell characteristics such as cytokine
production and cell surface markers) and quantitative (frequencies
of allergen-specific B cells) features of B cells have a potential to be
developed as future biomarkers, there are currently no data
available that indicate B cell-associated biomarkers that can be
used for as biomarkers of food immunotherapy.

Dendritic Cells
DCs play a key role in initiation of immune responses to food
allergens through antigen presentation and driving T cell
differentiation. Several mouse studies have been performed to
determine the role of DCs in the induction of tolerance to food
allergens. Food allergens can be sampled directly from the
intestinal lumen by CD103+ DCs (159, 160). After migration
to draining lymph nodes, CD103+ DCs can promote
development of Tregs through production of TGF-b and
retinoic acid (161, 162). These Tregs upregulate the gut
homing integrin a4b7 leading to their migration to the lamina
propria (163). There are indications that OIT has an effect on
circulating DCs, since the peripheral blood DCs after peanut OIT
suppressed methylation of Foxp3 in effector T cells (103).
Nevertheless, most data on the role of DCs in relation to food
allergy is derived from mouse models and immunophenotyping
of circulating no distinct DC subsets. So far, this has not
led to identification of applicable biomarkers for the use in
food OIT.

Innate Lymphoid Cells
Innate lymphoid cells (ILCs) are subgroups of lymphocytes
lacking lineage markers and antigen specific receptors for B
and T cells. ILCs have crucial roles in immune defense,
regulation of inflammation and tissue remodeling (164). ILCs
are primarily tissue resident cells and can be categorized into
Frontiers in Immunology | www.frontiersin.org 11
three groups: group 1 (ILC1 and natural killer (NK) cells, group 2
(ILC2), and group 3 (ILC3 and lymphoid tissue inducer cells),
with similar cytokine profiles to TH1, TH2, and Th17,
respectively (165). Group-2 ILCs are highly relevant in the
context of allergic inflammation, as they share many functional
similarities with TH2 cells (165–169). ILC2s, are mainly located
in the skin, airway and intestinal mucosa, and can respond to
nonspecific stimuli, such as IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP) (170).

In food allergy models, IL-33, but not IL-25 or TSLP, was
found to be the central cytokine during allergic sensitization (23).
IL-33 promotes food anaphylaxis in sensitized mice by targeting
mast cells (171) but it also synergizes with intestinal IL-25
production to drive the expansion and activation of ILC2s,
which promotes food anaphylaxis (172). Besides, IL-25
stimulates IL-13 production after repeated intragastric allergen
challenges (173). It has been postulated that food allergy can be
promoted as a result of allergen-specific Treg blockage by
stimulated ILC2s (174).

Although ILCs, in particular ILC2s, appear to play a central
role in allergic inflammation, so far neither qualitative, nor
quantitative measurements of ILCs have resulted in
identification of promising FA-AIT-related biomarker targets.
CYTOKINES AND OTHER POTENTIAL
SOLUBLE BIOMARKERS

Analysis of cytokine production in response to in vitro re-
stimulation of PBMCs with allergens has also been performed
in many studies. OIT studies using peanut, CM, and egg have
been reported, in which soluble biomarkers and cytokine
measurements were performed in serum or stimulated PMBCs.

Several studies have shown that serum TH2 cytokines are
reduced during peanut OIT therapy (67, 112). Moreover, IL-4,
IL-5, IL-10, and IL-2 produced by peanut-stimulated PBMCs
were reduced in peanut OIT (175). Serum levels of other
cytokines that showed significant reductions in response to
peanut OIT (49 patients aged 9–23 months) included IL-5, IL-
13, and IL-9 (130).

Similarly, a study of 20 egg allergic patients (5–15 years)
showed that, at baseline, OVA-re-stimulated PBMCs from
allergic patients produced significantly lower levels of IL-10
than healthy controls. After OIT, IL-10 production by allergic
patients showed a significant increase (176). While mainly TH2
cytokines are reduced during OIT, one study of 29 patients (1–
16 years) with peanut allergy observed that patients treated with
OIT had higher levels of IL-10, IL-5, IFN-g, and TNF-a from
peanut-stimulated PBMCs compared with controls (104).
Another study of 20 patients (4–18 years) undergoing peanut
OIT showed that the changes in cytokine production were
based on extended therapy and that pathogenic cytokine
producing T cells persisted despite clinical success (154).
Transient increases were seen in egg-induced IL-10 and TGF-
b levels, and the ratio of TH2/TH1 cytokine production was
decreased (177).
November 2020 | Volume 11 | Article 568598

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Schoos et al. Immunological Outcomes in Food AIT
In a study of CM allergy in children, b-casein-stimulated
PBMCs produced lower IL-5, IL-13, and IL-10 levels at baseline
in allergic compared to non-allergic subjects, but after OIT, these
differences were not observed (178). In another study, no
changes were found in IL-4, IL-5, IL-6, IL-10, and IL-12p70
cytokines or in eosinophil cationic protein, eosinophil-derived
neurotoxin, adipokines adiponectin, leptin, and resistin during
CM OIT (117). However, serum adipsin was significantly higher
in the group who failed OIT, which prompted the suggestion that
high serum adipsin after 6 months of increasing OIT doses might
predict poor outcome.

A downregulation of the angiogenesis factors platelet-derived
growth factor and the vascular endothelial growth factor was
found after rapid desensitization and oral immunotherapy in
children with CM allergy. Baseline levels of platelet-derived
growth factor and vascular endothelial growth factor in the
CM allergic patients were already different compared to non-
allergic subjects and a significant increase of platelet-derived
growth factor and vascular endothelial growth factor was seen in
children with a history of anaphylaxis (179). IgE-associated food
allergy mechanisms of pathogenesis include cross-linking of
mast cell- and basophil-bound IgE and immediate release of
inflammatory mediators. Histamine-releasing factor interacts
with a subset of IgE molecules and the histamine-releasing
factor dimer activates mast cells in a histamine-releasing
factor-reactive IgE-dependent manner. Successful OIT,
assessed by attaining a level of desensitization without showing
unbearable adverse effects, such as refractory gastroenteritis and/
or severe anaphylaxis in egg-allergy patients reduced histamine-
releasing factor-reactive IgE levels (180).

Besides using biomarkers from sera and ex vivo stimulation,
there are some metabolites found in the urine, which have
potential as soluble biomarkers for FA-AIT. One example is
tetranor-PGDM, which is a metabolite of prostaglandin D2
secreted by mast cells. One study showed that urinary
tetranor-PGDM concentration at 4 h after food intake is a
predictor of the effectiveness of OIT (181).

As it remains unclear whether these markers are predictive of
efficacy, computational approaches have been attempted to
compare mechanistic features of food allergies during OIT
to determine the biological relevance of biomarkers and have
led to promising clusters of biomarkers (182).

The lack of reproducibility and/or predictability of these
measurements make them difficult to rely upon. A major
problem of the use of serum and recall PBMC-stimulated
cytokines and other metabolites as predictive biomarkers is the
difficulty in selecting the best timing for measuring OIT
outcome. These values may have diurnal fluctuation and may
be modulated by a myriad of other factors in the subject or their
environment. It should also be noted that there are many
differences in the execution of the PBMC re-stimulation.
Stimulation periods vary from 48 h up to 7 days, some use
autologous serum/plasma in the medium and some report LPS-
free allergen extracts. These variables can all have impact on the
levels of produced cytokines. More research is needed to evaluate
these approaches for OIT outcome measures.
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AIT IN COMBINATION WITH OMALIZUMAB

To reduce adverse reactions during AIT, it has been suggested to
combine CM OIT with omalizumab treatment (183). In a
randomized DBPC study including 57 participants (7–32 years),
adverse reactions were found to be reduced during the escalation
phase, whereas sIgE to CM increased at month 4 (57). In this study,
omalizumab treatment significantly improved the safety of the OIT,
but not its efficacy. There was, however, the benefit of a reduced risk
of severe adverse effects during OIT. In another CM OIT study
including 57 patients (7–35 years), the ability of baseline markers to
predict which individuals would benefit from an omalizumab
therapy was explored (94). Participants whose basophils reacted
at greater extent than a threshold of 40% CM-induced CD63
expression were less likely to have symptoms if they received
adjunctive therapy. Thus, omalizumab treatment could be
beneficial for patients at high risk of adverse reactions.

Another small study included 14 children (3–13 years)
refractory to egg and CM OIT (184). These patients received
omalizumab treatment during the escalation phase, it was
stopped 2 months after reaching the final dose. Administration
of omalizumab permitted a safe and effective desensitization
treatment in these patients, however 60% of the CM treated
patients and 33% of the egg allergic patients relapsed after
omalizumab suspension. Clinical reactivity threshold decreased
at 2–4 months after suspending omalizumab.

Although omalizumab is currently only approved for
treatment of severe allergic diseases, small pilot studies have
shown promising results in conjunction with immunotherapy.
Larger studies are needed in order to determine biomarkers that
would identify those patients that would benefit the most from
combined therapy by substantially reducing adverse effects.
PATIENT RELATED OUTCOMES

It is important that the patient’s perspective is at the center of
new developments in AIT. Identification of predictors (both
clinical and psychosocial) could optimize treatment by helping to
implement appropriate, suitable and harmonized approaches
that will benefit patients and can inform standardization of
treatment protocols.

With AIT, the possibility of success must be weighed against
risk, for example the annual rate of severe reactions in peanut
allergy is 1.6% (185). However, in the clinical setting severe
reactions are anticipated, recognized and treated promptly. The
context of “expected” reactions in AIT differs from the uncertain
but potential accidental reactions with avoidance (186) and
caregivers have reported that trial participation decreased their
anxiety secondary to experiencing a severe allergic reaction that
was promptly treated.

AIT also mitigates severe reactions with accidental exposure
and is a major motivator for entering a child into a clinical trial.
Thus, when a patient threshold is raised, even if SU is not
achieved following treatment, benefit may still accrue. This
positive impact may have been reinforced by specialist
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consultation, personalized information, and interaction with
other children with food allergy during treatment.

Patient reported outcome measures, particularly health related
quality of life (HRQL) questionnaires, are increasingly being used
in AIT trials, as secondary outcome measures (187). HRQL is
useful in evaluating new policies, technologies, regulations or
clinical practices and for guiding decision making when there is
a trade-off between treatment and HRQL (188–190). The
measures have ensured that the impact of medical conditions
and/or treatments are now being evaluated from the perspective of
their impact on the specific patient’s everyday life.

Treatment success in AIT trials, may be defined not only by
desensitization or SU but by improved HRQL, or an interaction
between the two. Both may depend on tailoring interventions to
the characteristics and needs of patients. More data is needed to
determine whether the outcomes of SU and desensitization have
a different impact on HRQL.
DISCUSSION

The current literature comprises numerous reports of FA-AIT
trials in both pediatric and adult patient populations. The
increase in research in the field is dictated by the need to
effectively transition from traditional physician guidance on
allergen avoidance to active treatment. The ultimate goal of
this transition is to improve quality of life and to reduce the
severity of allergic reactions in FA patients. In the context of FA-
AIT trials, it is important to distinguish between the two major
objectives of immunological outcome measurements: 1) To
identify outcome measures that have predictive value for the
probability of successful AIT that can be assessed at baseline.
This may aid in the selection of patients that are more likely to
benefit from FA-AIT. 2) To monitor the immune response to the
intervention throughout FA-AIT, both in the short-term (i.e.
immediately after completion of AIT), and in the long long-term
(i.e. assessment of SU). Achieving these objectives remains a
challenge, in particular due to the absence of insufficient
standardization of outcome measures employed in different
clinical trials, and the high degree of uncertainty concerning
the informative value of these different outcome measures.

Immunological Changes During FA-AIT
Reduced basophil and mast cell reactivity are among the earliest
changes that occur during AIT. This response typically occurs
within the first months of AIT and precedes decreases in allergen
specific-IgE levels and therefore cannot be attributed to that.
During the initiation phase of FA-AIT, subthreshold dosing
induces IgE internalization and actin rearrangement causing
hyporesponsive effector cells. Other mechanisms that may drive
these early effects on include histamine receptor 2 upregulation in
basophils leading to suppression of basophil activation (35), and
piecemeal basophil and mast cell degranulation occurring early
during AIT, which may decrease their granule content and affect
their threshold for activation (191). Most studies reported reduced
SPT reactivity after the start of therapy.
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Changes in humoral responses during AIT include early
increases in allergen-sIgE levels, which are observed during the
first weeks and months of AIT, possibly resulting from an initial
boost of allergen-specific B cell activation. This is followed by a
reduction in allergen-sIgE and an increase in allergen-sIgG4 and
IgA during the following months.

T cell responses have traditionally been studied in FA-AIT
with an emphasis on cytokine production by in vitro allergen-
restimulated PBMCs. No consistent results emerged from these
experiments, and changes in the production of TH2, TH1, and
Treg-related cytokines differed substantially between studies.
Increases in Treg frequencies were observed 1 year after the
start of peanut OIT (67, 150), while a temporary increase in the
suppressive function of Tregs was reported in a small group of
patients, suggesting a possible effect of FA-AIT on Treg
suppressive capacity (103). On the other hand, it appears that
that allergen-specific TH2a cells decrease during peanut
OIT (153).

Changes in frequency and/or functionality of other cell types
such as B cell, DC, and ILC subsets have not been studied in
detail in the context of FA-AIT and their potential roles remain
to be determined.

It should be emphasized that FA-AIT-induced immunologic
changes may be temporary, even while patients receive
continued maintenance treatment, highlighting inter-individual
variability in immune suppression and clinical response.

The development of new technologies such as single-cell-
omics approaches and high-dimensional platforms for detection
of cell surface markers, allergen-specific antibodies as well as
soluble biomarkers combined with sophisticated bioinformatics
approaches, will enable the exploration of these mechanisms at
an unprecedented level of detail potentially revealing novel
candidates that may be used as immunological outcome
measures in FA-AIT.

The Value of Measuring Immunological
Outcomes in FA-AIT
In this review, we critically appraised the utility of different
immunological parameters as outcome measures in FA-AIT
clinical trials. Supplementary Table 1 provides an overview of
the FA-AIT trials discussed. Of the 38 FA-AIT studies listed in
Supplementary Table 1, 16 studies calculated a correlation
between one/more biomarkers and a clinical outcome (e.g.,
response vs. no response to AIT) (53, 63, 94, 98–102, 115–117,
132, 145–147, 153). Based on these studies, we have summarized
the following recommendations for biomarkers to be measured
before, during and after FA-AIT. The biomarkers are also listed in
Table 1.

The immunological parameters were grouped into four main
categories: 1) functional tests, 2) humoral responses, 3) cellular
responses, 4) cytokines, and other potential soluble biomarkers.

Functional Immunological Tests
BAT shows promise as a predictive biomarker for successful FA-
AIT. In most studies, BAT was assessed by measuring the
frequency of CD63+ basophils after in vitro allergen exposure.
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TABLE 1 | Immunological markers and their potential predictive value in food
AIT.

Biomarker Predictor
for

successful
AIT*

Marker during/
at the end of AIT

Marker for
SU

Functional tests
SPT + (↓) +++ (↓) +(↓)
CD63 (BAT) + (↓) +++ (↓) + (↓)
Humoral responses
sIgE + (↓) +++ (↑!↓)

Early increase followed by
decrease

+ (↓)

sIgE/total IgE ratio + (↓) (+)(↓) ++ (↓)
Specific IgG4 + (↑) +++ (↑) ++ (↑)
IgG4/IgE ratio (+)(↑) +++ (↑) ++ (↑)
IgA +/- (↑ and ↓) +++ (↑) (+) (↑)

*The smaller (↓) or higher (↑) the better chance of success.
+indicates the biomarker changes during AIT or differs between responders vs.
no-responders.
-indicates the biomarker does not change during AIT or does not differ between
responders vs. no-responders
+, one study/weak evidence.
++, two studies/medium level of evidence.
+++, at least three studies showing the same thing/strong evidence.
This table only lists immunological markers that were reported to have predictive value for
desensitization (successful AIT), sustained unresponsiveness (SU), or that showed
significant changers during AIT in at least two studies.

Schoos et al. Immunological Outcomes in Food AIT
Several studies found that lower allergen-induced CD63
expression at baseline correlated with successful AIT (63, 99)
and also with obtaining SU (98, 99). Most studies reported that
allergen-induced CD63 expression was generally reduced during
FA-AIT, both in patients showing clinical response to FA-AIT
and non-responders (6, 53, 98, 99, 192) except in one study
where no change was observed (100).

The magnitude of the SPT response at baseline was not
reported in any of the studies as having predictive value with
respect to the clinical outcome of FA-AIT. SPT may have value
for monitoring the immune response during therapy, as a SPT
response at the end of the AIT was associated with successful
AIT in several studies (101, 102), however one study found no
association between SPT and outcome of OIT (100).

Humoral Responses
FA-AIT studies in which allergen-specific IgE levels were
determined have yielded varying results. While some studies
found no correlation (54, 147), most studies observed a
negative correlation between specific IgE levels and success
of OIT (99, 100, 132, 145, 147). Total IgE consistently showed
no correlation with success of OIT (53, 116) while a lower
specific IgE:total IgE-ratio at baseline correlated with SU
(94, 99).

Most studies reported that increased specific IgG4 levels were
associated with a successful outcome (53, 132, 145), but one
study observed no difference between groups (146) and another
study even found a reverse association (99). However, an
increased ratio of sIgG4:sIgE was consistently associated with
successful outcome in several studies (99, 116, 132, 146).
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Studies in which allergen-specific IgA levels were determined
found contradictory results for baseline levels of specific IgA and
their correlation with a successful outcome of AIT (116, 145),
However, it was consistently found that allergen-specific IgA levels
increased during AIT (116) and this increase was often more
pronounced in responders than in non-responders (132, 145, 146).

Cellular Responses
There is a lack of data with respect to the clinical value of Treg
assessments for predicting response to OIT, particularly SU. It is
a major limitation that all evidence is based on small studies with
short follow-up periods, which are predominantly peanut OIT
trials. Therefore, although Treg assessment seems promising to
determine response to FA-AIT, there is a need for large-scale,
long-term studies to properly assess the value of Tregs. Most
promising is the assessment of TH2a cells and residual IL-4+ T
cells that may be clinically useful for monitoring response to
peanut OIT and durability of SU after peanut OIT, respectively.
Further studies of TH2 cells are needed to replicate these findings
and confirm a clinical applicability.

The role of other cell types such as B cell, DC, and ILC subsets
have not been studied in the context of predicting outcome of
FA-AIT.

Cytokines and Other Potential
Soluble Biomarkers
The lack of reproducibility and/or predictability of these
measurements make them difficult to rely upon. Only one
study looked at cytokines in relation to clinical outcome and
found no correlation with development of tolerance (115). As it
remains unclear whether these markers are predictive of efficacy,
machine learning approaches have been attempted to compare
mechanistic features of food allergies during OIT to determine
the biological relevance of biomarkers and have led to promising
clusters of biomarkers (182).

On the basis of currently available literature we conclude that
the immunological parameters with the strongest evidence
pertaining to both 1) predicting probability of successful FA-
AIT and 2) monitoring the immune response to the intervention,
both in the short-term (i.e. immediately after completion of FA-
AIT), and in the long long-term (i.e. assessment of SU), are
functional tests: SPT and BAT, and humoral responses: sIgE,
sIgE:total IgE-ratio, sIgG4, sIgG4:IgE ratio, and IgA.
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72. Alves-Correia M, Gaspar Â, Borrego L-M, Azevedo J, Martins C, Morais-
Almeida M. Successful oral desensitization in children with cow’s milk
anaphylaxis: Clinical and laboratory evaluation up to nine-years follow-up.
Allergol Immunopathol (Madr) (2019) 47:133–40. doi: 10.1016/
j.aller.2018.07.007

73. Shamji MH, Durham SR. Mechanisms of immunotherapy to aeroallergens.
Clin Exp Allergy (2011) 41:1235–46. doi: 10.1111/j.1365-2222.2011.03804.x

74. Prussin C, Griffith DT, Boesel KM, Lin H, Foster B, Casale TB. Omalizumab
treatment downregulates dendritic cell FcepsilonRI expression. J Allergy Clin
Immunol (2003) 112:1147–54. doi: 10.1016/j.jaci.2003.10.003

75. Kubo M. Mast cells and basophils in allergic inflammation. Curr Opin
Immunol (2018) 54:74–9. doi: 10.1016/j.coi.2018.06.006

76. Galli SJ. New concepts about the mast cell. N Engl J Med (1993) 328:257–65.
doi: 10.1056/NEJM199301283280408

77. Chirumbolo S, Bjørklund G, Sboarina A, Vella A. The role of basophils as
innate immune regulatory cells in allergy and immunotherapy. Hum Vaccin
Immunother (2018) 14:815–31. doi: 10.1080/21645515.2017.1417711

78. Karasuyama H, Miyake K, Yoshikawa S, Yamanishi Y. Multifaceted roles of
basophils in health and disease. J Allergy Clin Immunol (2018) 142:370–80.
doi: 10.1016/j.jaci.2017.10.042

79. Huber M, Cato ACB, Ainooson GK, Freichel M, Tsvilovskyy V, Jessberger R,
et al. Regulation of the pleiotropic effects of tissue-resident mast cells.
J Allergy Clin Immunol (2019) 144:S31–45. doi: 10.1016/j.jaci.2019.02.004
Frontiers in Immunology | www.frontiersin.org 17
80. Varricchi G, Raap U, Rivellese F, Marone G, Gibbs BF. Human mast cells
and basophils-How are they similar how are they different? Immunol Rev
(2018) 282:8–34. doi: 10.1111/imr.12627

81. da Silva EZM, Jamur MC, Oliver C. Mast cell function: a new vision of an old
cell. J Histochem Cytochem (2014) 62:698–738. doi: 10.1369/0022155414545334

82. Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation.
Nature (2008) 454:445–54. doi: 10.1038/nature07204
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dendritic cells sample antigens by extending dendrites through M cell-
specific transcellular pores. Gastroenterology (2012) 142:592–601.e3.
doi: 10.1053/j.gastro.2011.11.039

160. Farache J, Koren I, Milo I, Gurevich I, Kim K-W, Zigmond E, et al. Luminal
bacteria recruit CD103+ dendritic cells into the intestinal epithelium to
sample bacterial antigens for presentation. Immunity (2013) 38:581–95.
doi: 10.1016/j.immuni.2013.01.009

161. Coombes JL, Siddiqui KRR, Arancibia-Cárcamo CV, Hall J, Sun C-M, Belkaid Y,
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