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Abstract
Background—Peanut allergy is relatively common, typically permanent, and often severe.
Double-blind, placebo-controlled food challenge is considered the gold standard for the diagnosis
of food allergy–related disorders. However, the complexity and potential of double-blind, placebo-
controlled food challenge to cause life-threatening allergic reactions affects its clinical application.
A laboratory test that could accurately diagnose symptomatic peanut allergy would greatly
facilitate clinical practice.

Objective—We sought to develop an allergy diagnostic method that could correctly predict
symptomatic peanut allergy by using peptide microarray immunoassays and bioinformatic
methods.

Methods—Microarray immunoassays were performed by using the sera from 62 patients (31
with symptomatic peanut allergy and 31 who had outgrown their peanut allergy or were sensitized
but were clinically tolerant to peanut). Specific IgE and IgG4 binding to 419 overlapping peptides
(15 mers, 3 offset) covering the amino acid sequences of Ara h 1, Ara h 2, and Ara h 3 were
measured by using a peptide microarray immunoassay. Bioinformatic methods were applied for
data analysis.

Results—Individuals with peanut allergy showed significantly greater IgE binding and broader
epitope diversity than did peanut-tolerant individuals. No significant difference in IgG4 binding
was found between groups. By using machine learning methods, 4 peptide biomarkers were
identified and prediction models that can predict the outcome of double-blind, placebo-controlled
food challenges with high accuracy were developed by using a combination of the biomarkers.

Conclusions—In this study, we developed a novel diagnostic approach that can predict peanut
allergy with high accuracy by combining the results of a peptide microarray immunoassay and
bioinformatic methods. Further studies are needed to validate the efficacy of this assay in clinical
practice.
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Peanut (Arachis hypogea) allergy is one of the most common food allergies, and recent
studies from North America and the United Kingdom place the prevalence of peanut allergy
among children at slightly more than 1%.1-3 As opposed to many other childhood food
allergies (milk, egg, soy, etc) that most patients outgrow, peanut allergy tends to persist
throughout life with only approximately 20% of the children allergic to peanuts
“outgrowing” their allergy.4-6

Many peanut allergens (designated Ara h 1-11)7 have been characterized, and sequential
IgE-binding epitopes have been defined for some.8-12 Several studies have shown in both
peanut-allergic patients and sensitized animals that the majority of the IgE response is
directed at Ara h 1, Ara h 2, Ara h 3, and Ara h 6.13,14 Previous studies mapping IgE
epitopes on Ara h 1, Ara h 2, and Ara h 3 have found a positive correlation between IgE
epitope diversity, as represented by the number of epitopes recognized, and the severity of
patients' clinical reactivity.12,15

Double-blind, placebo-controlled food challenges (DBPCFCs) are the “gold standard” for
diagnosing food allergy,16 but they are time-consuming, expensive, and stressful for the
patient. In addition, they place the patient at risk for a potentially life-threatening
anaphylactic reaction.17 The skin prick test (SPT) has also been used to diagnose clinical
peanut allergy.18,19 For example, Sporik et al19 have reported a SPT wheal diameter of 8
mm or more to be 100% specific in predicting positive challenges to peanut in young
children attending an Allergy Clinic in Melbourne, Australia. However, other studies have
not found this value to be very predictive.20 Several studies have evaluated the measurement
of serum food specific-IgE (sIgE) levels as a method for predicting the outcome of a food
challenge.21,22 In particular, a peanut sIgE level of 15 kUA/L was found to have a more than
95% predictive value for a positive oral peanut challenge in a study of children with atopic
dermatitis.16 However, large numbers of patients still require oral food challenges, because
their peanut sIgE level or SPT wheal diameter is below the established diagnostic decision
levels. In addition, high levels of sIgE or a larger wheal diameter do not necessarily
associate with clinical allergy while patients with very low sIgE levels or a small wheal
diameter may have severe allergic reactions.

As a novel epitope mapping tool, the peptide microarray immunoassay has been utilized
more frequently in the past few years and applied in several studies of milk and peanut
allergy.12,15,23-25 Compared with SPTand the measurement of allergen sIgE levels,
determining epitope sIgE levels by using peptide microarrays appears to provide more
information about the patient's clinical condition and thus may be more useful in the
diagnosis/prognosis of food allergy. However, similar to SPT and the measurement of
allergen sIgE levels, the epitope-binding patterns are heterogeneous between patients and
there is an overlap between epitope sIgE values from different subject groups.9,12 A
combination of several epitope biomarkers may be more informative. Bioinformatic
methods, such as supervised machine learning and classification, may be useful in
identifying epitope biomarkers and developing prediction models by using a combination of
these biomarkers.

The purpose of our study was to use the peptide microarray immunoassay to compare IgE
and IgG4 binding to the peptides of 3 major peanut allergens (Ara h 1, Ara h 2, and Ara h 3)
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between patients with symptomatic peanut allergy and patients who had outgrown their
allergy or were sensitized but clinically tolerant to peanut ingestion. More importantly, we
sought to develop a novel allergy diagnostic method that could correctly identify patients
with symptomatic peanut allergy by applying bioinformatic analyses on peptide microarray
data.

Methods
Study population

Sixty-two children and adolescents were recruited selectively from a larger group of patients
referred to the Mount Sinai Allergy Clinic for the evaluation of peanut allergy by using
DBPCFC between 2001 and 2007. All study subjects had an evaluation that consisted of an
extensive history, physical examination, SPT, and measurement of serum peanut sIgE levels.
Patients with a positive history of reacting to peanut, patients who had avoided peanut in the
diet because of a positive family history of peanut allergy, patients who had a positive SPT
to peanut, and/or patients with a sIgE level of 0.35 kUA/L or more to peanut were recruited.
Patients with relatively low serum peanut sIgE levels obtained within 1 year of performing
the DBPCFC were selected. Eleven nonatopic individuals (no history of allergic symptoms,
negative serum peanut sIgE level) were included in the study as negative controls. All
parents gave written informed consent before enrollment in the study. The study was
reviewed and approved by Mount Sinai's Institutional Review Board.

Peanut sIgE levels, SPTs, DBPCFCs, and Immuno Solid-phase Allergen Chip (ISAC)
Peanut sIgE levels were determined for each sample by using Phadia UniCAP system
according to manufacturer's instructions (Phadia, Uppsala, Sweden). sIgE level of more than
0.35 kUA/L was considered positive. SPTs and DBPCFCs were performed as previously
described.26-29 Serum sIgE levels to peanut component allergens—Ara h 1, Ara h 2, and Ara
h 3— were determined by using ISAC (ImmunoCAP ISAC Assay kit IgE, Phadia)
according to manufacturer's instructions. More details can be found in this article's Online
Repository at www.jacionline.org.

Peptide microarray
A library of overlapping peptides, consisting of 15 amino acids with an offset of 3,
corresponding to the amino acid sequence of Ara h 1, Ara h 2, and Ara h 3, was printed in 2
sets of duplicates onto Arrayit SuperEpoxy glass slides (Arrayit Corporation, Sunnyvale,
Calif) as previously described.15

Immunolabeling was performed as previously described with some modifications.30,31 In
brief, the slides were blocked with 400 μL of 1% human serum albumin (HSA) in PBS
containing 0.05% Tween 20 (PBS-T) for 60 minutes at room temperature, then incubated
with 250 μL of patient serum diluted 1:5 in PBS-T/HSA for 24 hours at 4°C, followed by
incubation for 24 hours at 4°C with a cocktail of several mAbs including 1 monoclonal anti-
human IgG4-fluorescein isothiocyanate (SouthernBiotech, Birmingham, Ala), diluted 1:500,
and3 monoclonal biotinylated anti-human IgE antibodies: 1 from Invitrogen (Carlsbad,
Calif), diluted 1:250; 1 from BD Biosciences Pharmingen (San Jose, Calif), diluted 1:250;
and 1 as a gift from Phadia, biotinylated in our laboratory and diluted 1:1000 in PBS-T/
HSA. Slides were then incubated for 3 hours at 31°C with a cocktail of Anti-
Biotin_Dendrimer_Oyster 550 (350) and Anti-fluorescein isothiocyanate_
Dendrimer_Oyster 650 (350) in Dendrimer buffer (Genisphere, Hatfield, Pa), both at 0.6 μg/
mL with the addition of 0.02 μg/mL of salmon sperm DNA (Invitrogen), followed by a
wash with PBS-T, 15 mM Tris, 0.1× PBS, and 0.05× PBS. Slides were centrifuge dried and
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then scanned by using a ScanArrayGx (PerkinElmer, Waltham, Mass). Images were saved
as TIF files.

Data analysis
The fluorescence signal of each spot was digitized with the Scan Array Express Microarray
Analysis System (PerkinElmer), exported as comma-delimited files, and transformed into
robust Z scores, as previously described with minor modifications.31 In brief, Z scores of
each peptide were calibrated (for IgE only) by subtracting the median Z score of the same
peptide of the negative controls run in the same experiment and smoothed by using the
weighted average of the peptide itself and the 2 flanking peptides, by using the formula Z =
0.25Z−1 + 0.5Z0 + 0.25Z+1. An individual peptide is considered positive if its weighted
average Z score is more than 3, meaning that the signal was above the background with P
value of less than .003.

Comparison of IgE and IgG4 binding diversity was done by using the Mann-Whitney test.
IgE and IgG4 binding epitopes were identified by using TileMap, a tool for tiling array
analysis,32 on the basis of a hierarchical empirical Bayes model with moving average
method.33 As hundreds of peptides were analyzed simultaneously, the false discovery rate
was calculated to adjust for multiple comparisons.

Supervised machine learning was employed to determine the boundary between allergic and
tolerant groups as follows: IgE reactions (represented as Z scores) to all peptides were
imported into the LNKnet software (MIT Lincoln Laboratory, Lexington, Mass). Two
machine learning methods—decision tree34 and support vector machine35,36—were used
separately to develop/train the prediction models and select a combination of the least
number of peptides with the highest accuracy in classifying patients. The parameters of the
machine learning methods were trained and tuned through an iterative process, and 5-fold
cross-validation was used to evaluate the prediction performances. The end products are the
prediction models for patient classification that are based on IgE reactions to a selected set
of peptide biomarkers. The prediction models could be applied for new patient
classification.

The performance of the method was represented as overall accuracy Q2 = p/N, where p is
the total number of correctly predicted cases and N is the total number of cases. In addition,
the diagnostic performance of the machine learning method was evaluated and compared
with that of other methods by using receiver operating characteristics (ROC) curves.37,38

Details of the machine learning methods are posted in this article's Online Repository at
www.jacionline.org.

Results
Demographic and clinical characteristics of the 62 patients included in this study are listed
in Table I. During the oral challenge, 31 patients reacted to peanut (defined as peanut-
allergic group) and 31 did not react (defined as peanut-tolerant group). Thirteen of the 31
peanut-tolerant patients had a convincing history of a previous acute reaction following
peanut consumption, but they apparently outgrew their allergy, whereas the remaining 18
patients had positive peanut sIgE levels (16 of them had a positive SPT result) but never had
clinical reactions following peanut consumption. Peanut-allergic individuals had
significantly larger wheal diameters (P < .0001) than did peanut-tolerant subjects, but their
peanut sIgE levels were not significantly different. Overall, all the 62 patients reacted to at
least 1 peptide of Ara h 1, Ara h 2, and Ara h 3 with either IgE or IgG4 antibodies or both
antibodies. IgE and IgG4 binding to all individual peptides from peanut-tolerant and peanut-
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allergic subjects was visualized by using heatmap shown in Fig E1 (see this article's Online
Repository at www.jacionline.org).

IgE binding and identification of informative IgE epitopes
Both peanut-allergic and peanut-tolerant individuals had positive IgE binding to peptides of
Ara h 1, Ara h 2, and Ara h 3. However, peanut-allergic individuals bound significantly
more peptides (median IgE peptides bound = 78 vs 15; P <.01) than did peanut-tolerant
ones, especially for Ara h 2 (median IgE peptides bound = 10 vs 0; P <.001) (Fig 1). Most
peanut-allergic individuals (84%) showed positive binding to peptides of Ara h 2, whereas
more than half of peanut-tolerant ones (65%) showed no binding.

In addition to broader epitope diversity, peanut-allergic individuals showed significantly
more intense IgE binding to peanut epitopes than did peanut-tolerant ones. Thirty-one IgE-
binding regions containing multiple epitopes (Ara h 1, 14 regions; Ara h 2, 4 regions; Ara h
3, 13 regions) were identified by using TileMap (Fig 2). These epitopes were informative
epitopes; they had significantly greater IgE binding (P < .01; false discovery rate < 0.01) in
the clinically allergic individuals compared with both tolerant and nonatopic groups. A
comparison of the informative epitopes with the epitopes and immunodominant regions
identified in previous studies8,11,12,39 is indicated in Fig 2.

Some of the above-identified binding regions/epitopes were selected for a peptide inhibition
assay to test the specificity of IgE binding. As shown in Fig E2 in this article's Online
Repository at www.jacionline.org, the complete or partial inhibition of IgE binding by the
same peptide indicated that the detected binding was due to epitope sIgE antibodies.

IgG4 binding
Compared with the IgE binding from peanut-allergic individuals, all individuals had
relatively weaker IgG4 binding to peanut peptides (Fig 2); 24% and 29% of the IgE positive
peptides from peanut-tolerant and peanut-allergic groups, respectively, were bound by IgG4
antibodies. No significant differences in either the diversity or the intensity of IgG4 binding
between peanut-allergic and peanut-tolerant groups were observed (Figs 1 and 2). However,
peanut-allergic patients tended to bind more pep-tides with IgG4 (median IgG4 peptides
bound = 27 vs 13; P = .17). Similar to IgE, the difference in IgG4 binding diversity between
groups was more obvious with Ara h 2 peptides (median IgG4 peptides bound = 4 vs 0; P = .
026) (Fig 1).

A comparison of the patients who outgrew peanut allergy (n = 13) and the sensitized patients
who never had clinical reactions to peanut (n = 18) showed no significant differences
between their IgG4-binding patterns (median IgG4 peptides bound = 13 vs 16; P = .76) (Fig
E1).

Peptide biomarkers identified by using the machine learning method
Within the identified informative epitopes, epitopes corresponding to Ara h 2 peptide
numbers 8 to 10 had the highest classification power, but it reached only approximately 70%
sensitivity and approximately 80% specificity in distinguishing between peanut-allergic and
peanut-tolerant groups. A machine learning method was used to identify a combination of
peptides that complemented each other to increase the overall diagnostic accuracy. IgG4 data
were not incorporated into the prediction models since no significant differences in IgG4
binding were observed between peanut-allergic and peanut-tolerant groups.

Three peptides—Ara h 2 peptide number 10 (Ara h 2_10, AA28-42), Ara h 2 peptide
number 18 (Ara h 2_18, AA52-66), and Ara h 1 peptide number 16 (Ara h 1_16, AA46-60)
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—were identified as peptide biomarkers by using both machine learning methods, decision
tree and support vector machine. For support vector machine, 1 additional peptide biomarker
—Ara h 3 peptide number 140 (Ara h 3_140, AA418-432)—was added. Among the
identified peptide biomarkers, Ara h 2_10 and Ara h 2_18, each demonstrating more than
70% sensitivity and 60% specificity, were the 2 key biomarkers. The other 2 biomarkers—
Ara h 1_16 and Ara h 3_140—bound by only a few patients, were selected by the models
because they increased the prediction performance when combined with the key Ara h 2
biomarkers. When the 4 biomarkers were combined in the prediction models, the overall
accuracy in 5-fold cross-validation reached more than 90% with approximately 90%
sensitivity and approximately 95% specificity (Table II).

The developed decision tree, one of the end products of machine learning analysis, is shown
in Fig 3: 62 individuals were sorted on the basis of their IgE reactions to the selected peptide
biomarkers. Thirty of 31(96.8%) peanut-allergic and 29 of 31 (93.5%) peanut-tolerant
individuals could be correctly identified by using this decision tree.

Comparison of the bioinformatic allergy diagnostic method with other methods
The diagnostic performance of this allergy test method was compared with that of other
methods (SPT and UniCAP) by using ROC curves (Fig 4),38,40 which display the
relationship between sensitivity and 1–specificity at different thresholds. The area under the
ROC curve indicates the diagnostic accuracy/performance of the test methods; the greater
the area under the curve, the more precise the method. The diagnostic performances of the
peptide microarray data without machine learning analysis, such as IgE-binding diversity
and epitope sIgE levels, are also presented in order to demonstrate the usefulness of machine
learning.

As shown in Fig 4, the prediction model developed by using machine learning methods has
the best diagnostic performance. Although Ara h 2_10 was the key peptide biomarker with
the highest predictive power, the measurement of IgE binding to Ara h 2_10 had lower
diagnostic performance than did the developed model combining 4 peptide biomarkers. The
measurement of IgE binding to Ara h 2 had similar diagnostic performance as SPT and was
better than the measurement of IgE binding to Ara h 1 or Ara h 3. Peanut sIgE level
measurements by UniCAP had very low predictive power in this cohort, which is close to a
random guess (diagonal line). This is because only patients with relatively low peanut sIgE
levels were included and there is no significant difference in the peanut sIgE levels between
the 2 groups.

In addition, comparison of this approach with the ImmunoCAP ISAC data of 54 patients
(87% of study subjects) showed that the prediction model had higher diagnostic sensitivity
(90% vs 74%) with similar specificity (see this article's Online Repository at
www.jacionline.org).

Discussion
Currently, the most definitive diagnostic test for peanut allergy is the DBPCFC.16 However,
the complexity and potential of DBPCFC to cause life-threatening allergic reactions affects
its clinical application.17 Several studies have investigated the possibility of measuring the
the sIgE level to peanut allergens in predicting the outcome of an oral food challenge.21,22

For example, a study in United Kingdom using a component-resolved diagnostic assay
found that children with peanut allergy had a higher response to Ara h 1, Ara h 2, and Ara h
3, especially Ara h 2, than did tolerant children, suggesting that the measurement of IgE
binding to Ara h 2 may be a useful tool in predicting peanut allergy.41 Similar findings were
reported in a recent study in which the measurement of Ara h 2 sIgE levels instead of peanut
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sIgE levels could correctly distinguish between most peanut-allergic and peanut-tolerant
patients.42

Compared with the component-resolved diagnostics using peanut allergens, the
measurement of IgE specific for allergenic epitopes provides more insight into the molecular
basis of the antibody-allergen interaction, which reflects the patients' allergic status and may
become a more accurate allergy diagnostic tool. Previous studies have found that IgE
diversity to sequential epitopes of Ara h 1, Ara h 2, and Ara h 3 correlated with clinical
severity and IgE binding to certain epitopes was significantly different between children
with and without symptomatic peanut allergy.9,15

In this study, we compared IgE and IgG4 binding to sequential epitopes of Ara h 1, Ara h 2,
and Ara h 3 in 31 patients with symptomatic peanut allergy and 31 clinically tolerant
patients who had outgrown their allergy or who were sensitized but never had clinical
reactions. We sought to identify peptide biomarkers for the development of a more accurate
allergy diagnostic method. IgE and IgG4 binding to peptides from Ara h 1, Ara h 2, and Ara
h 3 was measured simultaneously by using 2 distinct fluorescence channels. As there were
largely excessive amounts of each peptide printed onto the slides, the competition effect
between IgE and IgG4 was not significant.

Sensitivity of the peptide microarray platform
In previous studies of peanut allergy,8,11,12,39 IgE-binding epitopes in patients with a low
peanut sIgE level, especially patients with an sIgE level of less than 0.35 kUA/L, have not
been studied because of the limitation of previous detection systems. However, patients with
peanut sIgE levels of less than 0.35 kUA/L may still be clinically reactive. Therefore, we
focused on patients with suspected peanut allergy and relatively low peanut sIgE levels in
this study.

To increase the sensitivity for patients with very low sIgE levels, we modified the original
immunolabeling method and added 1 more step of incubation with a Dendrimer amplifier.
The improved platform was capable of detecting IgE binding from the highly diluted serum
pool with sIgE levels as low as 0.068 kUA/L, while binding to negative control remained
negative (see Fig E3 in this article's Online Repository at www.jacionline.org). In this study,
IgE binding to peanut epitopes was detectable by using the upgraded peptide microarray in 9
of the 10 patients with sIgE levels of less than 0.35 kUA/L.

IgG4 binding
Studies on peanut-allergic patients who underwent immunotherapy have found that
immunotherapy induces a progressive epitope-specific polyclonal shift from IgE to
IgG4.43,44 Decreased epitope binding by IgE and a concurrent increase in corresponding
epitope binding by IgG4 has also been reported in patients attaining tolerance to milk
allergy.45 We therefore expected greater IgG4 binding in the tolerant group. However, both
peanut-allergic and peanut-tolerant patients appeared to produce low levels of IgG4
antibodies to IgE-bound peptides, and there was no significant difference in IgG4 binding
between peanut-allergic and peanut-tolerant groups. As reported in a recently published
grass pollen immunotherapy study,46 allergen specific IgG4 levels increased significantly
during immunotherapy but decreased to near preimmunotherapy baseline levels 2 years after
discontinuing immunotherapy, although the subjects remained clinically tolerant. This is
consistent with the low IgG4 binding in the peanut-tolerant group.
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Comparison of the epitopes identified between studies
Although most of the previously identified epitopes and immunodominant epitopes
overlapped with the informative epitopes identified in this study, there are some
discrepancies between them. One reason is the increased sensitivity of the current assay. By
using the dendrimer detection system, we identified several new epitopes not found in
previous studies, especially in Ara h 3, which had only 4 epitopes reported previously.

The second reason is the difference in the patient group selected as negative controls.
Previously reported epitopes were identified by comparing either peanut-sensitive or peanut-
allergic patients with nonatopic individuals. IgE binding from peanut-sensitive patients who
can tolerate peanut was not considered. In this study, we included peanut-sensitized but
peanut-tolerant patients as negative controls and demonstrated (Fig 2) that they also had
binding to some peanut peptides. As a result, several previously identified epitopes (ie,
epitopes at the c-terminal end of Ara h 1) were not regarded as informative epitopes in this
article, because they were bound by both peanut-allergic and peanut-tolerant patients with
similar levels of IgE and had no clinical relevance to symptomatic peanut allergy.

Bioinformatic analysis
We used TileMap, a bioinformatics software,32 to identify informative epitopes by
comparing the peanut-allergic individuals with both peanut-tolerant and negative
individuals. TileMap was developed for DNA tiling microarray to identify binding sites of
transcription factors across the genome by using overlapping probes. It is more advanced
and sensitive than other commonly used statistical tests because it takes into account the
overlapping feature of the spotted probes and significantly increased the sensitivity of the
analysis.

The machine learning method, another bioinformatics tool, was applied to develop
prediction models and identify the combination of peptide biomarkers that maximized
diagnostic/prediction power. Fivefold cross-validation was used to avoid overfitting the
prediction model. Since the patients' data used for performance assessment were unseen
during the training phase of machine learning (see this article's Online Repository at
www.jacionline.org), the overall accuracy and ROC curves (Table II and Fig 4) can be
considered an unbiased assessment of the prediction models and they might be generalized
to other independent patient groups. The prediction models are expected to achieve high
accuracy in allergy diagnosis for new patients not included in this study.

Importance of Ara h 2 and its peptides
The importance of Ara h 2 over other peanut allergens in predicting clinical sensitivity to
peanut has been demonstrated in previous studies with various test platforms.9,14,41,42 Our
findings were in good agreement with those studies and showed that for both IgE and IgG4,
the differences in epitope diversity between peanut-allergic and peanut-tolerant groups were
more obvious in Ara h 2. SIgE bindings to Ara h 1 and Ara h 3 were less predictive of
clinical allergy, as demonstrated by using ROC curves.

Epitopes of Ara h 2 also have higher predictive power than do those of Ara h 1 and Ara h 3.
Two key peptide biomarkers with the highest predictive power were identified in Ara h 2.
These 2 peptides mainly overlapped with the 2 previously identified immunodominant IgE-
binding epitopes by Stanley et al,8 which was recognized by all the allergic patients tested.
In a subsequent study conducted by Beyer et al,9 these 2 immunodominant epitopes in Ara h
2 were recognized by most of the patients with symptomatic peanut allergy but by less than
10% of the peanut-tolerant patients and demonstrated the most striking difference within the
8 immunodominant epitopes in Ara h 1, Ara h 2, and Ara h 3.
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In addition, preliminary data from our collaborative project on patients treated with peanut
oral immunotherapy showed that 2 regions corresponding to these 2 peptide biomarkers
were immunodominant in this cohort of peanut-allergic patients. Twenty-two of 23 peanut-
allergic patients recognized at least 1 of the 2 regions and 19 recognized both regions. For
immunotherapy-treated subjects (n = 12), the binding patterns at these 2 regions shifted from
IgE to IgG4 over time (manuscript in preparation). This confirms the usefulness of the
identified peptide biomarkers in the diagnosis of clinical peanut allergy and prediction of
tolerance.

In conclusion, we developed an allergy diagnostic approach with high accuracy by
combining highly sensitive peptide microarray immunoassays and bioinformatics. Since the
patients included in this study had relatively low peanut sIgE levels, further investigation in
a larger study population with a wider range of peanut sIgE levels is required before
applying this approach for general clinical allergy testing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Clinical implications

A novel peanut allergy diagnostic approach with higher accuracy than current allergy
tests was developed by employing peptide microarray immunoassays and bioinformatics.
This method may be useful for clinical allergy testing in the future.
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Fig 1.
Comparison of IgE (A) and IgG4(B) binding diversity to peanut allergens Ara h 1, Ara h 2,
and Ara h 3, and binding diversity to individual allergen Ara h 1, Ara h 2, and Ara h 3
between peanut-allergic and peanut-tolerant groups. Antibody binding diversity was
measured as the number of positive peptides (robust Z score > 3) determined by using
peptide microarray immunoassay.
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Fig 2.
Comparison of IgE (above x-axis line) and IgG4 binding (below x-axis line) to peptides of
Ara h 1, Ara h 2, and Ara h 3 between peanut-allergic (red lines) and peanut-tolerant (blue
lines) groups. The bottom x-axis shows the overlapping peptides, and the top x-axis shows
the corresponding amino acid number of the peptide. The y-axis shows the percentage of
patients within each group showing positive binding to each peptide. IgE-binding regions/
epitopes identified by using TileMap and the key peptide biomarkers identified by using
machine learning methods are indicated with red circles and asterisks, respectively. The
previously identified epitopes and immunodominant epitopes are indicated with gray and
blue diamonds, respectively.
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Fig 3.
Decision tree built for classifying peanut-allergic and peanut-tolerant individuals. Sixty-two
individuals were sorted from root (top circle) to leaf nodes (rectangles), based on their IgE
reaction to a panel of peanut peptide biomarkers defined at each node (circle), which
represent the splitting points. The peptides selected for each splitting point are listed under
the circles, and the splitting threshold (Z score) appears in the circle. At each splitting point,
individuals with IgE reactions to the selected peptide at or above the threshold are assigned
to the right branch and below the threshold to the left. The value on the branch shows the
number of individuals passing through. The percentage value under the leaf nodes represents
the calculated accuracy.
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Fig 4.
Comparison of the diagnostic performance of different allergy tests and analysis methods in
predicting the outcome of DBPCFC. The area under the ROC curve indicates how well a
test method can distinguish between 2 diagnostic groups (peanut allergic vs peanut tolerant).
The diagonal line indicates a completely random guess. Both IgE binding diversity
(expressed as the number of positive peptides) and intensity (express as Z score) were
measured by using peptide microarray.
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Table I
Patients' demographic and clinical characteristics*

Peanut-allergic group Peanut-tolerant group P value

No. of patients 31 31

Age (y) 7.1 ± 3.7 [3-17] 7.9 ± 3.7 [3-17] NS

Males (n) 19 (61.1%) 20 (67.7%) NS

Wheal diameter (mm) 7.2 ± 3.8 [3-13] 3.8 ± 2.1 [0-8] <.0001

sIgE (kUA/L) 2 ± 2.7 [0.35-15.1] 2.4 ± 2.9 [0.35-13.4] NS

Other food allergy 21 (67.7%) 23 (74.1%) NS

Atopic dermatitis 22 (70.6%) 21 (67.7%) NS

Asthma 15 (48.3%) 15 (48.3%) NS

Allergic rhinitis 21 (67.7%) 23 (74.1%) NS

Urticaria 3 (9.6%) 0 (0%) NS

NS, Not significant.

*
Values are expressed as mean ± SD, median [range], or number (%).
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Table II
Performance of decision tree and support vector machine classifier for predicting the
patients' allergic status by 5-fold cross-validation*

Decision tree Support vector machines

Specificity 0.94 (0.04) 0.97 (0.03)

Sensitivity 0.87 (0.06) 0.90 (0.05)

Overall accuracy Q2† 0.90 (0.04) 0.94 (0.03)

*
SEs are shown in parentheses. The overall accuracy calculated here indicates the performance of predicting new peanut-allergic individuals in the

test data set.

†
Overall accuracy Q2 = p/N, where p is the total number of correctly predicted cases and N is the total number of cases.

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 May 01.


