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1 | INTRODUCTION

| Mark A. Blankestijn?

| Andre C. Knulst? | Marco Klinge® |

Summary

In vitro allergy diagnostics are currently based on the detection of specific IgE bind-
ing on intact allergens or a mixture thereof. This approach has drawbacks as it may
yield false-negative and/or false-positive results. Thus, we reviewed the impact of
known B-cell epitopes of food allergens to predict transience or persistence, toler-
ance or allergy and the severity of an allergic reaction and to examine new epitope
mapping strategies meant to improve serum-based allergy diagnostics. Recent epi-
tope mapping approaches have been worthwhile in epitope identification and may
increase the specificity of allergy diagnostics by using epitopes predominately recog-
nized by allergic patients in some cases. However, these approaches did not lead to
discrimination between clinically relevant and irrelevant epitopes so far, since the
polyclonal serum IgE-binding epitope spectrum seems to be too individual, indepen-
dent of the disease status of the patients. New epitope mapping strategies are nec-
essary to overcome these obstacles. The use of patient-derived monoclonal
antibodies instead of patient sera for functional characterization of clinically relevant
and irrelevant epitope combinations, distinguished by their ability to induce degran-
ulation, might be a promising approach to gain more insight into the allergic reaction
and to improve serum-based allergy diagnostics.
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measurement might be improved by defining the epitope specificity,

affinity, critical amino acids, and antibody isotypes relevant for

Food allergy is currently diagnosed by careful history, food chal-
lenges, skin prick test (SPT), and measurement of specific IgE (sIgE).
The double-blind placebo-controlled food challenge (DBPCFC) is the
gold standard, but is a costly and burdensome procedure. Both SPT
and sIgE measurement, using entire foods or single allergenic compo-
nents, are hampered by false-positive test outcomes.® This might be
related to the presence of both clinically relevant and irrelevant anti-
bodies as it has been shown for serum-based diagnostics of anti-
neutrophilic cytoplasmic antibody-associated vasculitis.? Serum-based

allergy.

Extensive research has been carried out, especially for peanut®*°
and cow's milk,}*¢ to identify the IgE and 1gG, epitopes of food
allergens. Linear epitopes, composed of a continuous amino acid
sequence, have been detected by screening patient sera on sequen-
tial overlapping peptide libraries or allergen fragments. Conforma-
tional epitopes, composed of sterically closed amino acids upon
folding, were characterized by phage display technique or mass spec-

trometry partly in combination with B-cell epitope prediction web
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tools or software, although the use of these techniques still has to
be proven in future studies.®'”-?*

So far, it is impossible to discriminate between clinically relevant
and irrelevant epitopes or combinations using current approaches
and to use these differences as diagnostic or prognostic markers.
This review will discuss current knowledge, based on a relatively
small number of studies investigating linear as well as conformational
epitopes and comparing allergic and tolerant patients, and will pro-
pose alternative approaches for epitope mapping, focussing on epi-
tope specificity and how this might impact serum-based allergy

diagnostics.

2 | REQUIREMENTS FOR EFFECTOR CELL
DEGRANULATION BY FceRlI CROSS-LINKING

The major requirement for degranulation is the cross-linking of at least
two FceRI receptors. Cross-linking will only be feasible if two FceRI
receptors are spaced apart by 50-240 A. This range has been defined
by using artificial allergens and hence might be somewhat smaller or
larger for native allergens.?22* Consequently, the distance of two
functional IgE epitopes within one combination is restricted to the
required distance of two FceRI receptors. As an example, possible IgE
epitope combinations of Ara h 2.0201, based on a 3D model built with
the SWISS-MODEL web portal, are shown in Figure 1.2°2? Residue
distances greater than 35 A, calculated with Chimera,®® were consid-
ered as functional epitope combinations, highlighted on the 3D struc-
ture using Schrodinger Release 2018-1 (Maestro, Schrodinger, LLC,
New York, NY, 2018). Additionally, at least one epitope of the combi-
nation must be recognized with high affinity since the cross-linking
has to take place for at least 100 seconds. Moreover, at least 1000
cross-links of FceRI receptors on the surface of one effector cell have
to take place.332 If all these requirements for FceRI cross-linking are
met, the extent of degranulation is regulated by sIgE concentration,
affinity, the ratio of allergen slgE antibodies compared to total IgE,
and the specificity and number of epitopes recognized.3* These
requirements suggest that certain epitope/antibody combinations are
only present in allergic and not in tolerant patients. However, baso-
phils from 10% to 20% of the general population do not respond at all
due to low expression of syk and/or SHIP-1 resulting in the inhibition
of intracellular signalling.3>-8 Thus, different expression levels might

regulate the extent of degranulation.

3 | FOOD ALLERGENS AS ANTIGENS—
INFLUENCE OF PROCESSING AND
DIGESTION

Food allergens are modified by processing during industrial manufac-
turing or food preparation.* After processing, a fraction of these
antigens will enter the buccal mucosa unaltered and the remainder
will be reprocessed by human digestion before entering the tissue

and the bloodstream.*%-42

aa 79-96

lf aa 48-54

FIGURE 1 Determination of potentially relevant epitope
combinations of the major peanut allergen Ara h 2. The 3D structure
of Ara h 2 was obtained by SWISS-MODEL, and residues distances
were determined by creating a residue distance map. Since the
greatest distance was smaller than 50 A, distances between 40 and
45 A were considered as distances more likely to form relevant
epitope combinations (highlighted in green). Distances between 35
and 40 A were considered as possible epitope combinations but less
likely (highlighted in pink). Predicted conformational epitopes by
identified mimotopes are surrounded by red circles. A, One possible
relevant epitope combination (40-45 A) regarding the used model is
between the described epitope aa 1-9 and the epitope aa 42-54
highlighted in green. Additionally, a combination with the same
epitope aa 1-9 and the epitope aa 27-36 highlighted in pink is less
likely (35-40 A). B, Another possible relevant epitope combination
(40-45 A) regarding the used model is between the described
epitope aa 79-96 and the epitope aa 48-54 highlighted in green.
Additionally, a combination with the same epitope aa 79-96 and the
epitope aa 27-36 highlighted in pink is less likely (35-40 A).

They can be modified during industrial manufacturing, which can
lead to aggregation or modification of polysaccharide structures or
appropriate amino acid residues. Certainly, only a portion of the
same allergen is affected. One example is the roasting of peanuts,
which usually leads, by Maillard reaction, to the modification of
amino acids, especially the hydroxylation of prolines. In the study of
Bernard et al,**** the modification of the proline residue located in
the DPYSP®HS motif of Ara h 2 (aa 49-54 + 61-66 for Ara h 2.0201
and aa 49-54 for Ara h 2.0101) caused an increase in allergenicity.
The same increase in allergenicity has been observed for the peanut
allergen Ara h 143 Processing effects vary, so for example, aller-
genicity of the hen's egg allergen ovalbumin is decreased upon heat
treatment, as shown by patients reacting to raw hen's egg, but not
to cooked ones.*®> Modification by heating has also been observed
for the cow's milk, with allergens - and B-lactalbumin tending to
aggregate upon heat treatment although caseins stay unaffected.
However, testing in vitro-processed cow's milk allergens showed
inconsistent results between in vitro degranulation and the clinical
history of the patients, often showing tolerance to heated milk.*¢
Such observations of allergenicity changes require further research,

to define allergen features that lead to increase or decrease.
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Knowledge of these features might help to predict the potential
allergenicity of proteins even though different conditions of one pro-
cessing method will have a great impact.

After ingestion, a part of the allergen enters the buccal mucosa
and subsequently the bloodstream without being digested; however,
as demonstrated in studies with peanut, gastric processing seems to
further enhance the uptake and degranulation.*®*2 The influence of
digestion on food allergens has been estimated in several studies and
is dependent on the allergen structure. Stable proteins, including Ara h
2 and ovalbumin, remain unaffected by low pH and proteolysis,*’
whereas Ara h 1 and 3, more labile proteins, are fragmented by pepsin.
Upon entering the gut, peptides derived from digestion tend to aggre-

t,%850 which may lead either to

gate due to the basic pH in the gu
shielding of previously accessible epitopes or to the development of
new, presumably conformational epitopes. In short, industrial manu-
facturing, in combination with intestinal processing as well as matrix
effects (not discussed here), influences the allergenicity of food pro-
teins potentially by changing epitope profiles even though aggregation
can also affect the solubility of the allergen. Precipitated and non-solu-

ble allergen can falsely pretend no IgE binding in in vitro studies.

4 | IDENTIFICATION OF LINEAR AND
CONFORMATIONAL FOOD ALLERGEN
B-CELL EPITOPES

Linear epitopes of several food allergens have been identified, mostly
by overlapping peptide libraries, allergen fragments, or phage display
peptide libraries.”'?155152 These approaches were partly coupled
with B-cell epitope prediction software or webtools like ABCPred,
BepiPred 1.0, and DNASTAR Protean.?%>® Moreover, in the studies of
Zheng et al and Chen et al, the predicted B-cell epitopes were experi-
mentally confirmed with high accordance.?”>* However, no discrimi-
nation can be made between epitopes recognized by IgE, IgG, and IgA
probably important in the allergy context. So far, prediction models
cannot be used without experimental data to result in more accurate
diagnosis or immunotherapy since current prediction models do not
consider the special requirements of the allergic reaction described
above. In comparison with linear epitopes, the detection of conforma-
tional epitopes requires more sophisticated techniques, like X-ray
crystallography, mass spectrometry, or phage display libraries.>®> These
phage display libraries can consist of peptides deriving from the aller-
gen of interest or of random peptides. By using random libraries, pep-
tides recognized by allergen-specific antibodies have been shown to
consist of sequences mimicking a continuous or discontinuous epitope
of the allergen; such peptides are called mimotopes and can be
mapped on the 3D structure of the allergen by predictive webtools
like EpiSearch.1%%¢ A large drawback of these approaches is their fail-
ure to detect alterations in allergens caused by post-translational
modifications or processing, and specific antibodies can only be
detected against single epitopes and never in combination with
others. Additionally, the assignment of mimotopes to surface patches
of an allergen is solely based on in silico approaches and thus hampers
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the reliability of the outcome. Although mimotope mapping has been

performed for a few allergens with conclusive functional

10.57.58 it still has to be in context with inhibition and mutation

results,
studies using the full-length protein. The general limitation is the
requirement of a high-resolution structure for the allergen of interest,
constraining a broad application of this approach. Admittedly, mass
spectrometry can be used to investigate the influence of post-transla-
tional modification using native proteins, and X-ray crystallography to
detect epitope combinations. Co-crystallization studies have been per-
formed with murine monoclonal IgG antibodies being able to reduce
binding of human polyclonal IgE.>?"42 Continuatively, co-crystallization
has been carried out using monoclonal IgE antibodies generated by
combinatorial heavy and light chain libraries of allergic patients. How-
ever, it has not been proven whether these antibodies also occur nat-
urally.®®%% Information from these studies can help in understanding
the features being responsible for allergenicity and in defining critical
amino acids more precisely. This knowledge can support the creation
of more accurate serum-based diagnostics by modifying critical amino
acids recognized by clinically non-relevant IgE antibodies. Moreover, it
will give the opportunity to develop hypoallergenic variants for
immunotherapy and better (IgE) epitope prediction tools.®®> However,
the co-crystallization of polyclonal serum antibodies bound to the
allergen of interest is an almost insuperable bottleneck, making X-ray
crystallography a more theoretical approach for conformational epi-
tope mapping. These obstacles might be overcome by human-derived
monoclonal (IgE) antibodies.

5 | DISCRIMINATION BETWEEN
PERSISTENCE AND TRANSIENCE BY MEANS
OF IgE-BINDING EPITOPES

Most cow's milk allergic children outgrow their allergy by 3-4 years
of age, although 15% remain allergic. In comparison, HEA arises later
in childhood and 34% of these children will retain a persistent
allergy.®® Persistence has been studied through analysis of the epi-
tope recognition pattern in patient sera. In CMA, persistent allergy
was clearly associated with multiple IgE-binding epitopes on ag4-,
asp-, K-casein, a-, and B-lactalbumin as these were not recognized by
IgE antibodies of children with transient allergy. However, the recog-
nized epitopes do not coincide in different studies.*>*>%7%% In HEA,
four linear IgE-binding epitopes of ovomucoid have been associated
with persistent allergy since they were not recognized by IgE anti-
bodies of transient allergic children.”®”? In short, these data favour
the use of epitopes to predict persistence and to discriminate

between transience and persistence more precisely.

6 | DISCRIMINATION BETWEEN ALLERGY
AND TOLERANCE BY MEANS OF
IgE-BINDING EPITOPES

For allergies less likely to be outgrown, identification of epitopes/an-

tibodies discriminating between tolerance and allergy is essential to
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avoid unnecessary food elimination therapies. In cases of peanut
allergy, tolerant patients appeared to recognize the same IgE-binding
epitope spectrum on Ara h 2 (linear epitopes) as allergic patients,
although individual allergic patients recognized a higher number of
different epitopes with higher IgE titres.”? By means of the two key
marker epitopes Ara h 2_10 (aa 28-42) and Ara h 2_18 (aa 52-66),
allergic patients were correctly diagnosed with a sensitivity of 70%
and a specificity of 60%. Sensitivity and specificity rose to, respec-
tively, 90% and 95% by adding the IgE-binding epitopes Ara h 1_16
(aa 46-60) and Ara h3_140 (aa 418-432), which were recognized by
few allergic patients.”? In comparison, the sensitivity and specificity
of intact Ara h 2 were defined as, respectively, 60%-100% and 60%-
96%, showing no advantage using these two key marker epitopes.”®
Meanwhile, the conformational IgE-binding epitope pattern of Gly
m 4 showed no correlation with clinical reactivity at all.”* The impact
of linear or conformational epitopes remains restricted in terms of
ruling out tolerance or confirming allergy, as tolerant patients recog-
nize the same epitope spectrum, although less frequently. In sum-
mary, to date, no clear discrimination between allergic and tolerant

patients is feasible based on the detection of epitopes.

7 | SEVERITY PREDICTION OF AN
ALLERGIC REACTION BY MEANS OF
IgE-BINDING EPITOPES

Several studies have been performed to predict the severity of an
allergic reaction by using explicit or multiple IgE-binding epitopes of
one or multiple allergenic components. To assess whether the severity
of allergic reactions towards peanut is related to the type and number
of epitopes recognized, patients with different symptoms (ranging
from mild to severe and a sIgE level >14 kU/L) have been studied.’
Patients suffering from severe symptoms recognized fewer linear epi-
topes than patients with mild symptoms, suggesting that specific epi-
topes may be more relevant than the quantity of epitopes recognized.
This may relate to the requirements for effector cell degranulation or
suggest a greater relevance for conformational epitopes. However,
conformational B-cell epitopes did not contribute to severe symptoms
as assessed by mimotopes mapped to the surface of Ara h 2 and 6.1°
In CMA, the difference in IgE-binding epitope recognition pattern was
analysed by including patients allergic to all forms of milk, patients tol-
erating heated milk, and patients with an outgrown allergy. Patients
reactive to all forms of milk had a more diverse IgE- and IgG,4-epitope
recognition pattern, comparable to a study of Sackesen et al”® in
which patients with persistent CMA reacted to processed milk and
patient with transient tolerated processed milk. The IgE-binding pat-
tern of patients non-reactive to heated milk was comparable to the
recognition pattern of patients who had outgrown their allergy,
although the IgG4-binding pattern was comparable to patients being
allergic to all forms of milk. Patients tolerating heated milk had the
lowest slgG, level and possessed low-affinity IgE antibodies as the tol-
erant group did. In contrast, when investigated using a competition
assay, the allergic group exhibited low and high-affinity antibodies.”®

Low IgG,4 levels in heated milk tolerating patients suggest a direct
class switch from u to ¢ without a mature germinal centre and thus,
less somatic hypermutations and affinity maturation. High-affinity
antibodies might be generated by sequential class switching from u to
y4 and to a lesser extent by a subsequent class switch to e”7 In sev-
eral studies, auxiliary slgG,4 levels were similar between tolerant and
allergic patients.”®”? In conclusion, severity prediction can be made
regarding tolerance of processed or non-processed food since
transient patients do tolerate processed food and patients with
persistent CMA do not; recognizing specific epitopes not recognized
by transient patients. Thus, a more specified dietary advice might be
given based on recognized epitopes.

However, the prediction of symptom severity is not yet feasible
and due to a range of host-related factors will probably remain diffi-
cult.8%8? Maximum release and the sensitivity of mast cells and
basophils are dependent on intrinsic factors such as the regular
exposure to an antigen that influences the production of a his-
tamine-releasing factor interacting with surface-bound IgE. This
interaction might lead to a higher extent of degranulation and/or
spontaneously release without antigen exposure.®2 Additionally, dif-
ferent miRNAs have been implicated in up- or downregulation of
genes involved in key signalling of mast cells (inhibition by miR-155
and miR-223; enhancement by miR-142-3p and miR-221).8%8¢ More-
over, polymorphism of mediator degrading enzymes can influence
host-related mediator tolerance thresholds by increasing or decreas-
ing enzyme levels or metabolic capacity. Polymorphism of the his-
tamine-degrading enzyme N-methyltransferase was associated with a
higher risk of asthma, and patients showing SNP His645Asp on dia-
mine oxidase (DAO) metabolizing histamines were prone to develop
an allergic reaction at lower sIgE levels.88? Further, the polymor-
phism of platelet-activating factor acetyl hydrolase Thr198 and
Val397 leads to lower substrate affinity prolonging the activity of
platelet-activating factor,’® correlated positively with the severity of
systemic reactions and anaphylaxis.”>?2 Finally, mast cell priming
might be stimulated by medicines like beta-blockers and ACE inhibi-

tors, increasing the severity of an allergic reaction.”®

8 | IMPACT OF IgG-BINDING EPITOPES IN
ALLERGY PREDICTION

Investigations of the impact of epitopes in allergy prognostic and
diagnostic have been mostly based on IgE-binding epitopes, although
antibodies of different isotypes, mainly 1gG4, seem to play a role in
tolerance induction or retaining tolerance. In several studies, 1gG4
increases coincided with decreases in sIgE, after outgrowing allergy
or successful allergen immunotherapy (AIT).”8799% No statistically
significant association with 1gG, epitopes comparable to IgE epitope
pattern was found regarding persistence and transience, or severity
of symptoms for the investigated food allergens peanut and cow's
milk.6127276.9596 Moreover, conflictive results were obtained regard-
ing the overlap between IgE- and 1gG4-binding patterns. Caubet et al

have been shown that transience is associated with similar IgE- and
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IgG4-binding pattern while Savilahti et al found similar IgE- and
IgG4-binding pattern in patients with transient and persistent
CMA.%%?7 In contrast, ratios of IgE to 1gG,4 could, in some studies,
distinguish between peanut tolerant and allergic patients in children

and adults?®??

supporting the hypothesis that specific 1gG4 can
block IgE binding to definite epitopes. In a study with peanut-sensi-
tized children divided by tolerance and allergy, mast cell (LAD2 cells)
and basophil degranulation induced by sera from peanut allergic chil-
dren were inhibited by pre-incubation of the allergen with sera from
peanut tolerant children prior to stimulation. However, degranulation
was only partially restored using 1gGs-depleted sera.’® These results

can have several explanations:

1. sterical hindrance of pre-bound IgE antibodies from peanut tolerant
children

2. blocking of IgE binding from allergic children by pre-bound-specific
18G4

3. the binding of antigen by specific IgG bound by the FcyRIlb
(CD32b) receptor on the surface of basophils or mast cells
inhibiting degranulation by co-aggregation of the FceRl and
FcyRIIb1%©

4. or a mixture thereof.

For further investigation, the stimulation allergen can be pre-
incubated with different well-characterized (epitope specificity, affin-
ity) monoclonal IgG and IgE antibodies from peanut tolerant patients

or a mixture thereof instead of polyclonal sera.

9 | IMPACT OF IgE- AND IgG-BINDING
EPITOPES IN FOOD ALLERGY
IMMUNOTHERAPY MONITORING

In contrast to allergy prediction, the impact of 1gG-, especially 1gG4-,
binding epitopes in AIT monitoring has been investigated more
intensively. In general, patients, irrespective of the AIT outcome,
showed an increase in allergen-specific 1gG4 levels as well as a tem-
porary increase in IL-10 secreting FoxP3-positive Treg cells control-
ling a class switch to 1gG, and a decrease in sIgE levels.2°1"1%% |n a
peanut AIT trial, newly formed IgG, antibodies had specificities
partly identical to identified IgE-binding epitopes. Simultaneously,
the total sIgE decreased, although, as also shown in CMA AIT trials,
new IgE specificities were developed.”* Additionally, patients who
discontinued AIT due to adverse reactions showed an increase in
quantities and affinity of epitope sIgE paired with a greater diversity
of recognized IgE- and IgG4-binding epitopes with little overlap.1%®
Based on IgE-binding pattern prior starting AIT, a prediction model
for safety (=number of adverse reaction while AIT) and efficacy
(=time required to achieve desensitization) was developed. The
model included two sets of 16 IgE-binding regions of caseins to be
associated with safety and efficacy.%®

In further milk and peanut AIT trials, the induction of a hypore-
sponsive state of basophils was observed. This state was additionally
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applicable for hen's egg-sensitized patients in a population of peanut
allergic patients.'©”1%% A possible explanation is the 1gG epitope-spe-
cific co-aggregation of the inhibitory FcyRIlb (CD23b) and FceRI
receptor potentially inhibits the PI3k pathway by SHIP-1 activation
and subsequently loss of syk expression.'®® This might also explain
the risk reduction in high-risk infants to develop a peanut allergy by
early and regular introduction of peanut consumption as shown in
the LEAP and LEAP-On study. Infants in the consumption group,
compared to the avoidance group, showed higher specific 1gG,4 levels
and 1gG./IgE ratios.}1%1*? 1gG,-binding epitopes do not seem to have
a high impact in allergy prediction but do seem to be useful in food
AIT monitoring. However, further investigation on IgG- and IgE-bind-
ing epitope pattern in patients with a positive and negative outcome

must be performed.

10 | LIMITATIONS OF THESE
APPROACHES

For most IgE-binding epitopes, a limited number of studies were per-
formed to pinpoint epitopes to be used as diagnostic markers. These
attempts were only partly successful as allergy and tolerance still
cannot be predicted by using IgE B-cell epitopes. A fundamental limi-
tation is related to the use of polyclonal sera containing a mixture of
antibodies with multiple isotypes recognizing diagnostically relevant
and irrelevant epitopes. This heterogeneous antibody repertoire in
serum was confirmed by mutagenesis studies showing multiple
amino acids to be critical for one epitope in CMA.}*2113 Another
essential limitation is the restricted focus on IgE-binding epitopes
since the role of IgG- or IgA-binding epitopes is almost unknown.
Thus, for improving serum-based food allergy diagnostics, human
monoclonal antibodies instead of polyclonal patient sera might help
to define clinically relevant epitopes and to investigate the role of

antibodies with different isotypes, as explained below.

11 | DIFFERENT EPITOPE MAPPING
APPROACHES MAY INCREASE THE
CONTRIBUTION OF ALLERGEN-SPECIFIC
B-CELL EPITOPES

To overcome the limitations described in the previous paragraphs,
requirements for degranulation should be considered. Since cross-
linking of at least two FceRI receptors is crucial, an allergic subject
must feature IgE antibodies recognizing two epitopes with a distinct
distance on the cell surface, of which at least one with high affin-
ity.22 In contrast, two IgE antibodies, with low affinity recognizing a
relevant epitope combination, or one IgE-antibody recognizing one
epitope of a relevant epitope combination may occur in a tolerant
patient without causing degranulation. Current IgE serum-based
diagnostics cannot discriminate between high- and low-affinity anti-
bodies, impeding the discrimination between relevant and irrelevant
epitopes or combinations. Instead of polyclonal sera, a more distinct
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characterization of specific epitopes might be feasible by using
human monoclonal antibodies. This approach may also give precise
information about epitope specificity and affinity (illustrated in
Figure 2). Furthermore, co-crystallization of an epitope-specific mon-
oclonal antibody or a ScFv with an allergen of interest is significantly
more likely to be successful compared to the use of polyclonal sera,
which offers a chance to detect authentic conformational epitopes.
Since IgE-producing B-cells in blood are scarce, the first studies
with IgE monoclonal antibodies were performed with murine
allergen-specific antibodies, originally IgG but subsequently hetero-
logously expressed as IgE antibodies.>* In addition, human mono-
clonal IgE antibodies were obtained by construction of phage
display ScFv hybrid libraries with allergic donor-derived epsilon
heavy chain and synthetic variable regions for the light chain.11%115
However, these approaches did not address the whole allergen-

specific antibody repertoire of one subject. In studies by Hoh et al

(A)

Polyclonal
repertoire

Tolerant™ | Allergic

e X
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No o
degranulation Degranulation

Recognized epitope,
critical aa 2 and 6

and Patil et al,*'®*?” a part of the antibody repertoire was analysed
by single cell sequencing of the specific B-cell receptor. The lack of
sequenced receptors derived from IgE B-cells can be explained by
the small number of PBMCs used in these studies (1-10%10° cells/
experiment), whereas the frequency of Ara h 1- or Ara h 2-specific
B-cells was determined to be around 0.01% of the B-cell fraction in
allergic patients.}*” Due to this low frequency, we recommend the
use of a large volume of blood derived from allergic or tolerant
donors to increase the number of circulating allergen-specific
B-cells. These B-cells can be single cell sorted and expanded
in vitro, or the mRNA can be isolated directly.118 Moreover, specific
B-cell clones can be obtained by immortalization and limited dilu-
tion, but this approach may cause in vitro class switching or lead to
selection due to the expansion of the fittest clones. Additionally,
we propose, in contrast to Hecker et al,*'° the isolation of all aller-

gen-specific B-cells irrespective of the isotype produced as the role

Monoclonal
antibodies
Allergic
L ¥
‘{ © ;;_- > > © |2 & 2 7_'('
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FIGURE 2 Defining differences in epitope-binding pattern of tolerant but sensitized and allergic patients are hampered by similar appearing
polyclonal antibody repertoires (parts of the graphic from Servier Medical Art by Servier- http://smart.servier.com/). A, The polyclonal
repertoires in sera of tolerant but sensitized and allergic patients seem to be similar but only antibodies out of the repertoire from allergic
patients are able to induce an allergic reaction. B, The use of monoclonal antibodies enables a more extensive characterization of individual
antibodies responsible for the allergic reaction. Tolerant as well as allergic patients can possess antibodies with similar epitope specificities but

with different affinity.
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of different allergen-specific isotypes remains unclear. Finally, we
recommend the inclusion of tolerant and allergic patients sensitized
to the same allergen for the generation of specific monoclonal anti-
bodies. Monoclonal antibody repertoires within these two groups
may allow the discovery of differences in epitope specificity and
affinity. To ensure the capture of B-cells producing antibodies with
comparable affinity and epitope specificity as the polyclonal serum
repertoire, the plasma of the patients should be saved and analysed
for their epitope recognition spectrum and affinity. In addition,
competition assays with monoclonal antibodies and serum antibod-
ies can be performed to detect differences in affinity.

Potentially, these findings can contribute not only to the
improvement of food allergy diagnostics but also monitoring of
allergy immunotherapy. This epitope mapping strategy will be
restricted by the absence of short and long-living plasma cells in the
blood as well as the still discussed presence of IgE memory
B-cells.””119-122 |f re_stimulated 1gG memory B-cells are the source
of class-switched IgE-producing cells, instead of IgE memory B-cells,
the sequence of IgG B-cell receptors can be heterologously
expressed as IgE antibodies and functionally characterized as IgG
and IgE antibodies. Based on this hypothesis by Aalberse and Platts-
Mills, IgE B-cells class-switched from IgG memory cells are not able
to survive in the germinal centre where affinity maturation takes
place and the variable region of the IgE B-cell receptor do not
undergo further somatic hypermutations.”” Another aspect to take
into account is the expression of the low-affinity FceRIl (CD23) on
non-allergen specific translational B-cells in the blood stream.'?3124
The cells can bind allergen-specific IgE antibodies leading to the
selection of B-cells irrelevant for allergy. Non-specific antibodies can
be excluded through a specificity check, such as performing an
ELISA coated with the allergen of interest.

Another approach to enlarging the impact of B-cell epitopes in
food allergy diagnostics might be the development of improved com-
putational epitope prediction. To exceed the abilities of already avail-
able prediction software or webtools for B-cell epitopes,
computational approaches for predicting allergenic functionality must
meet, as described above, the special requirements for degranulation,
for example, the defined distance between two epitopes. Before
using these distances as a basis for prediction, they should be esti-
mated by natural and not, as now, by artificial allergens. Further-
more, new algorithms must consider the potential oligomerization of
allergenic proteins, since this can increase the number of possible

epitope combinations for triggering effector cell degranulation.

12 | CONCLUSION

The use of monoclonal antibodies might be a powerful tool to define
the allergen-specific antibody repertoire of tolerant and allergic
patients more precisely in terms of epitope specificity, affinity, and
feasible epitope combinations. This will produce more knowledge
about the reasons some sensitized patients can tolerate an allergen

with no symptoms while others will experience a (severe) allergic
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reaction. Differences in antibody repertoires can lead to improved sIgE
measurement by modifying critical amino acids recognized by clinically
irrelevant antibodies and thus preventing false-positive test results
and avoiding burdensome food challenges. In addition, the characteri-
zation of allergen-specific antibody repertoires during immunotherapy

may lead to a better understanding of the underlying mechanism.

ACKNOWLEDGEMENTS

We thank Dr. Edward F. Knol for critically reviewing the manuscript.
This review belongs to a project that is partially funded by EUROIM-
MUN AG, Liubeck, Germany.

CONFLICT OF INTEREST

The research position of A. Ehlers at the UMC Utrecht is partly
funded by EUROIMMUN. M. Klinge is employee of EUROIMMUN.
Others authors have no conflict of interest to declare. EUROIMMUN
was not involved in the overall design of the review.

ORCID

Anna M. Ehlers
Mark A. Blankestijn
Henny G. Otten

http://orcid.org/0000-0001-7833-2900
http://orcid.org/0000-0003-4163-0685
http://orcid.org/0000-0002-6927-2683

REFERENCES

1. Bird JA, Lack G, Perry TT. Clinical Management of Food Allergy. J
Allergy Clin Immunol Pract. 2015;3:1-11.

2. Roth AJ, Ooi JD, Hess JJ, et al. Epitope specificity determines
pathogenicity and detectability in ANCA-associated vasculitis. J Clin
Invest. 2013;123:1773-1783.

3. Burks AW, Shin D, Cockrell G, Stanley JS, Helm RM, Bannon GA.
Mapping and Mutational Analysis of the IgE-Binding Epitopes on
Ara h 1, a Legume Vicilin Protein and a Major Allergen in Peanut
Hypersensitivity. Eur J Biochem. 1997;245:334-339.

4. Shreffler WG, Beyer K, Chu TH, Burks AW, Sampson HA. Microar-
ray immunoassay: Association of clinical history, in vitro IgE func-
tion, and heterogeneity of allergenic peanut epitopes. J Allergy Clin
Immunol. 2004;113:776-782.

5. Stanley JS, King N, Burks AW, et al. Identification and mutational
analysis of the immunodominant IgE binding epitopes of the major
peanut allergen Ara h 2. Arch Biochem Biophys. 1997;342:244-253.

6. Shreffler WG, Lencer DA, Bardina L, Sampson HA. IgE and IgG4
epitope mapping by microarray immunoassay reveals the diversity
of immune response to the peanut allergen, Ara h 2. J Allergy Clin
Immunol. 2005;116:893-899.

7. Rougé P, Culerrier R, Sabatier V, Granier C, Rancé F, Barre A. Map-
ping and conformational analysis of IgE-binding epitopic regions on
the molecular surface of the major Ara h 3 legumin allergen of pea-
nut (Arachis hypogaea). Mol Immunol. 2009;46:1067-1075.

8. Baggh KL, Nielsen H, Eiwegger T, et al. IgE versus 1gG4 epitopes of
the peanut allergen Ara h 1 in patients with severe allergy. Mol
Immunol. 2014;58:169-176.

9. Otsu K, Guo R, Dreskin SC. Epitope analysis of Ara h 2 and Ara h
6: characteristic patterns of IgE-binding fingerprints among individu-
als with similar clinical histories. Clin Exp Allergy. 2015;45:471-484.


http://orcid.org/0000-0001-7833-2900
http://orcid.org/0000-0001-7833-2900
http://orcid.org/0000-0001-7833-2900
http://orcid.org/0000-0003-4163-0685
http://orcid.org/0000-0003-4163-0685
http://orcid.org/0000-0003-4163-0685
http://orcid.org/0000-0002-6927-2683
http://orcid.org/0000-0002-6927-2683
http://orcid.org/0000-0002-6927-2683

2 | WiLEY

10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.

28.

EHLERS ET AL.

Chen X, Negi SS, Liao S, Gao V, Braun W, Dreskin SC. Conforma-
tional IgE epitopes of peanut allergens Ara h 2 and Ara h 6. Clin
Exp Allergy. 2016;46:1120-1128.

Nakajima-Adachi H, Hachimura S, Ise W, et al. Determinant analysis
of IgE and IgG4 antibodies and T cells specific for bovine alpha(s)1-
casein from the same patients allergic to cow's milk: existence of
alpha(s)1-casein-specific B cells and T cells characteristic in cow's-
milk allergy. J Allergy Clin Immunol. 1998;101:660-671.

Chatchatee P, Jarvinen KM, Bardina L, Beyer K, Sampson HA. Iden-
tification of IgE- and IgG-binding epitopes on alpha(s1)-casein: dif-
ferences in patients with persistent and transient cow's milk allergy.
J Allergy Clin Immunol. 2001;107:379-383.

Heinzmann A, Blattmann S, Spuergin P, Forster J, Deichmann KA.
The Recognition Pattern of Sequential B Cell Epitopes of Beta-Lac-
toglobulin Does Not Vary with the Clinical Manifestations of Cow’s
Milk Allergy. Int Arch Allergy Immunol. 1999;120:280-286.

Spuergin P, Mueller H, Walter M, Schiltz E, Forster J. Allergenic
epitopes of bovine alpha S1-casein recognized by human IgE and
I1gG. Allergy. 1996;51:306-312.

Jarvinen KM, Chatchatee P, Bardina L, Beyer K, Sampson HA. IgE
and IgG binding epitopes on alpha-lactalbumin and beta-lactoglobu-
lin in cow's milk allergy. Int Arch Allergy Immunol. 2001;126:111-
118.

Lisson M, Erhardt G. Mapping of Epitopes Occurring in Bovine
a(s1)-Casein Variants by Peptide Microarray Immunoassay. Methods
Mol Biol. 2016;1352:279-296.

Chen JC, Chiu LL, Lee KL, et al. Identification of Critical Amino
Acids in an Immunodominant IgE Epitope of Pen ¢ 13, a Major
Allergen from Penicillium citrinum. PLoS ONE. 2012;7:e34627.

Satoh R, Koyano S, Takagi K, Nakamura R, Teshima R. Identification
of an IgE-Binding Epitope of a Major Buckwheat Allergen, BWp16,
by SPOTs Assay and Mimotope Screening. Int Arch Allergy Immunol.
2010;153:133-140.

Willison LN, Zhang Q, Su M, Teuber SS, Sathe SK, Roux KH. Con-
formational epitope mapping of Pru du 6, a major allergen almond
nut. Mol Immunol. 2013;55:253-263.

Guan X, Noble KA, Tao Y, et al. Epitope mapping of 7S cashew
antigen in complex with antibody by solution-phase H/D exchange
monitored by FIT-ICR mass spectrometry. J Mass Spectrom.
2015;50:812-819.

Mishra A, Gaur SN, Lavasa S, Arora N. In vitro assessment of aller-
genicity features and localization of probable IgE binding regions.
Food Chem Toxicol. 2015;84:181-187.

Knol EF. Requirements for effective IgE cross-linking on mast cells
and basophils. Mol Nutr Food Res. 2006;50:620-624.

Kane P, Holowka D, Baird B. Cross-linking of IgE-receptor com-
plexes by rigid bivalent antigens greater than 200 A in length trig-
gers cellular degranulation. J Cell Biol. 1988;107:969-980.

Kane P, Erickson J, Fewtrell C, Baird B, Holowka D. Cross-linking of
IgE-receptor complexes at the cell surface: Synthesis and character-
ization of a long bivalent hapten that is capable of triggering mast
cells and rat basophilic leukemia cells. Mol Immunol. 1986;23:783-
790.

Biasini M, Bienert S, Waterhouse A, et al. SWISS-MODEL: mod-
elling protein tertiary and quaternary structure using evolutionary
information. Nucleic Acids Res. 2014;42:W252-W258.

Bienert S, Waterhouse A, de Beer TA, et al. The SWISS-MODEL
Respiratory - new features and functionality. Nucleic Acids Res.
2017;45:D313-D319.

Guex N, Peitsch MC, Schwede T. Automated comparative protein
structure modeling with SWISS-MODEL and Swiss-PdbViewer: A
historical perspective. Electrophoresis. 2009;30:5162-5173.

Benkert P, Biasini M, Schwede T. Toward the estimation of the
absolute quality of individual protein structure models. Bioinformat-
ics. 2011;27:343-350.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bertoni M, Kiefer F, Biasini M, Bordoli L, Schwede T. Modeling pro-
tein quaternary structure of homo- and hetero-oligomers beyond
binary interactions by homology. Sci Rep. 2017;7:1-15.

Pettersen EF, Goddard TD, Huang CC, et al. UCSF Chimera - a
visualization system for exploratory research and analysis. J Comput
Chem. 2004;25:1605-1612.

Schweitzer-Stenner R, Pecht |. Parameters determining the stimula-
tory capacity of the type | FC epsilon-receptor. Immunol Lett.
1999;68:59-69.

Delisi C, Siraganian RP. Receptor cross-linking and histamine release.
I. The quantitative dependence of basophil degranulation on the
number of receptor doublets. J Immunol. 1979;122:2286-2292.
Collins AM, Basil M, Nguyen K, Thelian D. Rat basophil leukaemia
(RBL) cells sensitized with low affinity IgE respond to high valency
antigen. Clin Exp Allergy. 1996;26:964-970.

Christensen LH, Holm J, Lund G, Riise E, Lund K. Several distinct
properties of the IgE repertoire determine effector cell degranula-
tion in response to allergen challenge. J Allergy Clin Immunol.
2008;122:298-304.

Nguyen KL, Gillis S, MacGlashan DW Jr. A comparative study of
releasing and nonreleasing human basophils: nonreleasing basophils
lack early component of the signal transduction pathway that fol-
lows IgE cross-linking. J Allergy Clin Immunol. 1990;85:1020-1029.
Kepley CL, Youssef L, Andrews RP, Wilson BS, Oliver JM. Syk defi-
ciency in nonreleaser basophils. J Allergy Clin Immunol.
1999;104:279-284.

Knol EF, Koenderman L, Mul FP, Verhoeven AJ, Roos D. Differen-
tial activation of human basophils by anti-IgE and formyl-methionyl-
leucyl-phenylalanine. Indications for protein kinase C-dependent
and -independent activation pathways. Eur J Immunol. 1991;21:881-
885.

MacGlashan DW Jr. Relationship between spleen tyrosine kinase
and phosphatidylinositol 5° phosphatase expression and secretion
from human basophils in the general population. J Allergy Clin
Immunol. 2007;119:626-633.

Masthoff LJ, Hoff M, Verhoeckx KC, et al. A systematic review of
the effect of thermal processing on the allergenicity of tree nuts.
Allergy. 2013;68:983-993.

Untersmayr E, Vestergaard H, Malling HJ, et al. Incomplete diges-
tion of codfish represents a risk factor for anaphylaxis in patients
with allergy. J Allergy Clin Immunol. 2007;119:711-717.

Untersmayr E, Jensen-Jarolim E. The role of protein digestibility
and antacids on food allergy outcomes. J Allergy Clin Immunol.
2008;121:1301-1310.

Dirks CG, Pedersen MH, Platzer MH, Bindslev-Jensen C, Skov PS,
Poulsen LK. Does absorption across the buccal mucosa explain
early onset of food-induced allergic systemic reactions? J Allergy
Clin Immunol. 2005;115:1321-1323.

Nesbit JB, Hurlburt BK, Schein CH, Cheng H, Wei H, Maleki SJ.
Ara h 1 structure is retained after roasting and is important
for enhanced binding to IgE. Mol Nutr Food Res. 2012;56:1739-
1747.

Bernard H, Guillon B, Drumare MF, et al. Allergenicity of peanut
component Ara h 2: Contribution of conformational versus linear
hydroxyproline-containing epitopes. J Allergy Clin  Immunol.
2015;135:1267-1274.

Stanciuc N, Banu |, Turturica M, Aprodu I. pH and heat induced
structural changes of chicken ovalbumin in relation with antigenic
properties. Int J Biol Macromol. 2016;93:572-581.

Bloom KA, Huang FR, Bencharitiwong R, et al. Effect of heat treat-
ment on milk and egg proteins allergenicity. Pediatr Allergy Immunol.
2014;25:740-746.

Yoshino K, Sakai K, Mizuha Y, Shimizuike A, Yamamoto S. Peptic
digestibility of raw and heat-coagulated hen's egg white proteins at
acidic pH range. Int J Food Sci Nutr. 2004;55:635-640.



EHLERS ET AL.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Khan 1J, Di R, Patel P, Nanda V. Evaluating pH-induced gastroin-
testinal aggregation of Arachis hypogaea 1 fragments as potential
components of peanut allergy. J Agric Food Chem. 2013;61:8430-
8435.

van Boxtel EL, Koppelman SJ, van den Broek LA, Gruppen H.
Determination of Pepsin-Susceptible and Pepsin-Resistant Epitopes
in Native and Heat-Treated Peanut Allergen Ara h 1. J Agric Food
Chem. 2008;56:2223-2230.

Koppelman SJ, Hefle SL, Taylor SL, De Jong GA. Digestion of pea-
nut allergens Ara h 1, Ara h 2, Ara h 3, and Ara h 6: A comparative
in vitro study and partial characterization of digestion-resistant pep-
tides. Mol Nutr Food Res. 2010;54:1711-1721.

Sordet C, Culerrier R, Granier C, Didier A, Rougé P. IgE-binding epi-
topic peptide mapping on a three-dimensional model built for the
13S globulin allergen of buckwheat (Fagopyrum esculentum). Pep-
tides. 2009;30:1021-1027.

Lin J, Sampson HA. IgE Epitope Mapping Using Peptide Microarray
Immunoassay. In: Lin J, Alcocer M, eds. Food Allergens. Methods in
Molecular Biology, vol. 1592. New York, NY: Humana Press;
2017:177-187.

Sircar G, Jana K, Dassgupta A, Saha S, Bhattacharya S. Epitope
Mapping of Rhi o 1 and Generation of a Hypoallergenic Variant: A
CANDIDATE MOLECULE FOR FUNGAL ALLERGY VACCINES. J
Biol Chem. 2016;291:18016-18029.

Zheng LN, Lin H, Pawar R, Li ZX, Li MH. Mapping IgE binding epi-
topes of major shrimp (Penaeus monodon) allergen with immunoin-
formatics tools. Food Chem Toxicol. 2011;49:2954-2960.

Fedorov AA, Ball T, Mahoney NM, Valenta R, AlImo SC. The molec-
ular basis for allergen cross-reactivity: crystal structure and IgE-epi-
tope mapping of birch pollen profilin. Structure. 1997;5:33-45.

Chen X, Dreskin SC. Application of phage peptide display technol-
ogy for the study of food allergen epitopes. Mol Nutr Food Res.
2017;61: doi: 10.1002/mnfr.201600568.

Leung NY, Wai CY, Ho MH, et al. Screening and identification of
mimotopes of the major shrimp allergen tropomyosin using one-
bead-one-compound  peptide libraries. Cell Mol Immunol.
2017;14:308-318.

Hantusch B, Krieger S, Untersmayr E, et al. Mapping of conforma-
tional IgE epitopes on Phl p 5a by using mimotopes from a phage
display library. J Allergy Clin Immunol. 2004;114:1294-1300.

Sheriff S, Silverton EW, Padlan EA, et al. Three-dimensional struc-
ture of an antibody-antigen complex. Proc Natl Acad Sci U S A.
1987;84:8075-8079.

Padlan EA, Silverton EW, Sheriff S, Cohen GH, Smith-Gill SJ, Davies
DR. Structure of an antibody-antigen complex: crystal structure of
the HyHEL-10 Fab-lysozyme complex. Proc Natl Acad Sci U S A.
1989;86:5938-5942.

Braden BC, Souchon H, Eiselé JL, et al. Three-dimensional structure
of the free and the antigen-complexed Fab from monoclonal anti-
lysozyme antibody D44. J Mol Biol. 1994;243:767-781.

Li Y, Li H, Smith-Gill SJ, Mariuzza RA. Three-Dimensional Structures
of the Free and Antigen-Bound Fab from Monoclonal Antilysozyme
Antibody HyHEL-63. Biochemistry. 2000;39:6296-6309.

Niemi M, Jylhd S, Laukkanen ML, et al. Molecular Interactions
between a Recombinant IgE Antibody and the B-Lactoglobulin Aller-
gen. Structure. 2007;15:1413-1421.

Padavattan S, Flicker S, Schirmer T, et al. High-Affinity IgE Recogni-
tion of a Conformational Epitope of the Major Respiratory Allergen
Phl p 2 as Revealed by X-Ray Crystallography. J Immunol.
2009;182:2141-2151.

Pomés A, Relevant B. Relevant B Cell Epitopes in Allergic Disease.
Int Arch Allergy Immunol. 2010;152:1-11.

Sampson HA, Scanlon SM. Natural history of food hypersensitivity
in children with atopic dermatitis. J Pediatr. 1989;115:23-27.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

WILEY—-2

Vila L, Beyer K, Jarvinen KM, Chatchatee P, Bardina L, Sampson
HA. Role of conformational and linear epitopes in the achievement
of tolerance in cow's milk allergy. Clin Exp Allergy. 2001;31:1599-
1606.

Jarvinen KM, Beyer K, Vila L, Chatchatee P, Busse PJ, Sampson
HA. B-cell epitopes as a screening instrument for persistent cow's
milk allergy. J Allergy Clin Immunol. 2002;110:293-297.

Caubet JC, Lin J, Ahrens B, et al. Natural tolerance development in
cow's milk allergic children: IgE and 1gG4 epitope binding. Allergy.
2017;72:1677-1685.

Holen E, Bolann B, Elsayed S. Novel B and T cell epitopes of
chicken ovomucoid (Gal d 1) induce T cell secretion of IL-6, IL-13,
and IFN-gamma. Clin Exp Allergy. 2001;31:952-964.

Mine Y, Rupa P. Fine mapping and structural analysis of immun-
odominant IgE allergenic epitopes in chicken egg ovalbumin. Protein
Eng. 2003;16:747-752.

Lin J, Bruni FM, Fu Z, et al. A bioinformatics approach to identify
patients with symptomatic peanut allergy using peptide microarray
immunoassay. J Allergy Clin Immunol. 2012;129:1321-1328.

Klemans RJ, Van Os-Medendorp H, Blankestijn M, Bruijnzeel-Koo-
men CA, Knol EF, Knulst AC. Diagnostic accuracy of specific IgE to
components in diagnosing peanut allergy: a systematic review. Clin
Exp Allergy. 2015;45:720-730.

Husslik F, Nirnberg J, Seutter von Loetzen C, et al. The conforma-
tional IgE epitope profile of soya bean allergen Gly m 4. Clin Exp
Allergy. 2016;46:1484-1497.

Sackesen C, Suarez-Farifias M, Sillva R, et al. A new luminex-based
peptide assay to identify reactivity to baked, fermented and whole
milk. Allergy. 2018; doi: 10.1111/all.13581. PMID: 30058196.
Wang J, Lin J, Bardina L, et al. Correlation of IgE/IgG4 milk epitopes
and affinity of milk-specific IgE antibodies with different phenotypes
of clinical milk allergy. J Allergy Clin Inmunol. 2010;125:695-702.
Aalberse RC, Platts-Mills TA. How do we avoid developing allergy:
Modifications of the TH2 response from a B-cell perspective. J
Allergy Clin Immunol. 2004;113:983-986.

Ruiter B, Knol EF, van Neerven RJ, et al. Maintenance of tolerance
to cow's milk in atopic individuals is characterized by high leves of
specific immunoglobulin G4. Clin Exp Allergy. 2007;37:1103-1110.
Ahrens B, Lopes de Oliveira LC, Schulz G, et al. The role of hen's
egg-specific IgE, 1gG and IgG4 in the diagnostic procedure of hen's
egg allergy. Allergy. 2010;65:1554-1557.

Gieras A, Focke-Tejkl M, Ball T, et al. Molecular determinants of
allergen-induced effector cell degranulation. J Allergy Clin Immunol.
2007;119:384-390.

Fewtrell C, Metzger H. Larger oligomers of IgE are more effective
than dimers in stimulating rat basophilic leukemia cells. J Immunol.
1980;125:701-710.

Sampson HA, Broadbent KR, Bernhisel-Broadbent J. Spontaneous
Release of Histamine from Basophils and Histamine-Releasing Fac-
tor in Patients with Atopic Dermatitis and Food Hypersensitivity. N
Engl J Med. 1989;321:228-232.

Yamada Y, Kosaka K, Miyazawa T, Kurata-Miura K, Yoshida T. miR-
142-3p enhances FceRl-mediated degranulation in mast cells. Bio-
chem Biophys Res Commun. 2014;443:980-986.

Wang Q, Zhao DY, Xu H, et al. Down-Regulation of MicroRNA-223
Promotes Degranulation via the PI3K/Akt Pathway by Targeting
IGF-1R in Mast Cells. PLoS ONE 2015;10:e0123575.

Mayoral RJ, Deho L, Rusca N, et al. MiR-221 Influence Effector
Functions and Actin Cytoskeleton in Mast Cells. PLoS ONE 2011;6:
e26133.

Pua HH, Ansel KM. MicroRNA regulation of allergic inflammation
and asthma. Curr Opin Immunol. 2015;36:101-108.

Reber LL, Hernandez JD, Galli SJ. The pathophysiology of anaphy-
laxis. J Allergy Clin Immunol. 2017;140:335-348.


https://doi.org/10.1002/mnfr.201600568
https://doi.org/10.1111/all.13581

2 | WILEY

88.
89.
90.

91.

92.
93.

94.
95.
96.
97.
98.

99.
100.

101.
102.
103.
104.
105.

106.

107.

EHLERS ET AL.

Szczepankiewicz A, Breborowicz A, Sobkowiak P, Popiel A. Poly-
morphisms of two histamine-metabolizing enzymes genes and child-
hood allergic asthma: a case control study. Clin Mol Allergy.
2010;8:14.

Garcia-Martin E, Garcia-Menaya J, Sanchez B, Martinez C, Rosendo
R, Agundez JA. Polymorphisms of histamine-metabolizing enzymes
and clinical manifestations of asthma and allergic rhinitis. Clin Exp
Allergy. 2007;37:1175-1182.

Kruse S, Mao XQ, Heinzmann A, et al. The le198Thr and Ala379-
Val Variants of Plasmatic Paf-Acetylhydrolase Impair Catalytical
Activities and Are Associated with Atopy and Asthma. Am J Hum
Genet. 2000;66:1522-1530.

Vadas P, Gold M, Perelman B, et al. Platelet-Activating Factor, PAF
Acetylhydrolase, and Severe Anaphylaxis. N Engl J Med. 2008;358:28-
35.

Palgan K, Bartuzi Z. Platelet activating factor in allergies. Int J
Immunopathol Pharmacol. 2015;28:584-589.

Smith PK, Hourihane J, Lieberman P. Risk multipliers for severe
food anaphylaxis. World Allergy Organ J. 2015;8:30.

Vickery BP, Lin J, Kulis M, et al. Peanut oral immunotherapy modi-
fies IgE and IgG4 responses to major peanut allergens. J Allergy Clin
Immunol. 2013;131:128-134.

Bagh KL, Nielsen H, Madsen CB, et al. IgE epitopes of intact and
digested Ara h 1: a comparative study in humans and rats. Mol
Immunol. 2012;51:337-346.

Flinterman AE, Knol EF, Lencer DA, et al. Peanut epitopes for IgE
and 1gG4 in peanut-sensitized children in relation to severity of
peanut allergy. J Allergy Clin Immunol. 2008;121:737-743.

Savilahti EM, Rantanen V, Lin JS, et al. Early recovery from cow's milk
allergy is associated with decreasing IgE and increasing 1gG4 binding
to cow's milk epitopes. J Allergy Clin Immunol. 2010;125:1315-1321.
Cerecedo |, Zamora J, Shreffler W, et al. Mapping of the IgE and IgG4
sequential epitopes of milk allergens with a peptide microarray-based
immunoassay. J Allergy Clin Immunol. 2008;122(3):589-594.

Santos AF, James LK, Bahnson HT, et al. 1gG4 inhibits peanut-
induced basophil and mast cell activation in peanut-tolerant chil-
dren sensitized to peanut major allergens. J Allergy Clin Immunol.
2015;135:1249-1256.

Kepley CL, Taghavi S, Mackay G, et al. Co-aggregation of FcyRIl
with FceRI on Human Mast Cells Inhibits Antigen-induced Secretion
and Involves SHIP-Grb2-Dok Complexes. J Biol Chem.
2004;279:35139-35149.

Gepp B, Lengger N, Mabs C, et al. Monitoring the epitope recogni-
tion profiles of IgE, IgG1, and IgG4 during birch pollen immunother-
apy. J Allergy Clin Immunol. 2016;137:1600-1603.

Vickery BP, Pons L, Kulis M, Steele P, Jones SM, Burks AW. Individu-
alized IgE-based dosing of egg oral immunotherapy and the develop-
ment of tolerance. Ann Allergy Asthma Immunol. 2010;105:444-450.
Jones SM, Pons L, Roberts JL, et al. Clinical efficacy and immune
regulation with peanut oral immunotherapy. J Allergy Clin Immunol.
2009;124:292-300.

Wai CYY, Leung NYH, Leung PSC, Chu KH. Immunotherapy of
Food Allergy: a Comprehensive Review. Clin Rev Allergy Immunol.
2017; https://doi.org/10.1007/s12016-017-8647-y.

Savilahti EM, Kuitunen M, Valori M, et al. Use of IgE and 1gG4 epi-
tope binding to predict the outcome of oral immunotherapy in
cow's milk allergy. Pediatr Allergy Immunol. 2014;25:227-235.
Martinez-Botas J, Rodrl’guez—AIvarez M, Cerecedo |, et al. Identifi-
cation of novel peptide biomarkers to predict safety and efficacy of
cow's milk oral immunotherapy by peptide microarray. Clin Exp
Allergy. 2015;45:1071-1084.

Wanich N, Nowak-Wegrzyn A, Sampson HA, Shreffler WG. Aller-
gen-specific basophil suppression associated with clinical tolerance
in patients with milk allergy. J Allergy Clin Immunol. 2009;123:789-
794.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Thyagarajan A, Jones SM, Calatroni A, et al. Evidence of pathway-
specific basophil anergy induced by peanut oral immunotherapy in
peanut-allergic children. Clin Exp Allergy. 2012;42:1197-1205.
MacGlashan D Jr, Moore G, Muchhal U. Regulation of IgE-mediated
signalling in human basophils by CD32b and its role in Syk down-
regulation: basic mechanisms in allergic disease. Clin Exp Allergy.
2014,44:713-723.

Du Toit G, Roberts G, Sayre PH, et al. Randomized Trial of Peanut
Consumption in Infants at Risk for Peanut Allergy. N Engl J Med.
2015;372:803-813.

Du Toit G, Sayre PH, Roberts G, et al. Effect of Avoidance on Pea-
nut Allergy after Early Peanut Consumption. N Engl J Med.
2016;374:1435-1443.

Cocco RR, Jarvinen KM, Sampson HA, Beyer K. Mutational analysis
of major, sequential IgE-binding epitopes in asl-casein, a major
cow's milk allergen. J Allergy Clin Immunol. 2003;112:433-437.

Han N, Jarvinen KM, Cocco RR, Busse PJ, Sampson HA, Beyer K.
Identification of amino acids critical for IgE-binding to sequential
epitopes of bovine kappa-casein and the similarity of these epi-
topes to the corresponding human kappa-casein sequence. Allergy.
2008;63:198-204.

Hecker J, Diethers A, Etzold S, Seismann H, Michel Y, Plum M, et
al. Generation and epitope analysis of human monoclonal antibody
isotypes with specificity for the timothy grass major allergen Phl p
5. Mol Immunol. 2011;48:1236-1244.

Hecker J, Diethers A, Schulz D, et al. An IgE epitope of Bet v 1
and fagales PR10 proteins as defined by a human monoclonal IgE.
Allergy. 2012;67:1530-1537.

Patil SU, Ogunniyi AO, Calatroni A, et al. Peanut oral immunother-
apy transiently expands circulating Ara h 2-specific B cells with a
homologous repertoire in unrelated subjects. J Allergy Clin Immunol.
2015;136:125-134. e12.

Hoh RA, Joshi SA, Liu Y, et al. Single B-cell deconvolution of pea-
nut-specific antibody responses in allergic patients. J Allergy Clin
Immunol. 2016;137:157-167.

Tiller T, Meffre E, Yurasov S, Tsuiji M, Nussenzweig MC, Warde-
mann H. Efficient generation of monoclonal antibodies from single
human B cells by single cell RT-PCR and expression vector cloning.
J Immunol Methods. 2008;329:112-124.

Wong KJ, Timbrell V, Xi J, Upharn JW, Collins AM, Davies JM.
IgE+ B cells are scarce, but allergen-specific B cells with a memory
phenotype circulate in patients with allergic rhinitis. Allergy.
2015;70:420-428.

Davies JM, Platts-Mills TA, Aalberse RC. The enigma of IgE+ B-cell
memory in human subjects. J Allergy Clin Immunol. 2013;131:972-976.
Berkowska MA, Heeringa JJ, Hajdarbegovic E, et al. Human IgE* B
cells are derived from T cell-dependent and T cell-independent
pathways. J Allergy Clin Immunol. 2014;134:688-697.

Geha RS, Jabara HH, Brodeur SR. The regulation of immunoglobulin
E class-switched recombination. Nat Rev Immunol. 2003;3:721-732.
Caligaris-Cappio F, Bergui L, Tesio L, et al. Identification of malig-
nant plasma cell precursors in the bone marrow of multiple mye-
loma. J Clin Invest. 1985;76:1243-1251.

Allman D, Pillai S. Peripheral B cell subsets. Curr Opin Immunol.
2008;20:149-157.

How to cite this article: Ehlers AM, Blankestijn MA, Knulst
AC, Klinge M, Otten HG. Can alternative epitope mapping

approaches increase the impact of B-cell epitopes in food
allergy diagnostics?. Clin Exp Allergy. 2019;49:17-26.
https://doi.org/10.1111/cea.13291



https://doi.org/10.1007/s12016-017-8647-y
https://doi.org/10.1111/cea.13291

