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Objective—To identify IgE-binding linear epitopes of Ara h 6, compare them to those of Ara h 

2, and to stratify binding based on clinical histories.

Methods—Thirty highly peanut-allergic subjects were stratified by clinical history. Sera were 

diluted to contain the same amount of anti-peanut IgE. IgE binding to overlapping 20-mer peptides 

of Ara h 2 and Ara h 6 was assessed using microarrays.

Results—Each subject had a unique IgE-binding fingerprint to peptides; these data were 

coalesced into epitope binding. IgE from subjects with a history of more severe reactions (n = 19) 

had a smaller frequency of binding events (BEs) for both Ara h 2 (52 BEs of 152 (19×8epitopes) 

possible BEs and Ara h 6 (13 BEs of 133 (19×7 epitopes) possible BEs) compared to IgE from 

those with milder histories (n = 11) (Ara h 2: 47 BEs of 88 (11×8 epitopes) possible BEs, P < 

0.01; Ara h 6: 25 BEs of 77 (11×7 epitopes) possible BEs, P < 0.001). Using an unsupervised 

hierarchal cluster analysis, subjects with similar histories tended to cluster. We have tentatively 

identified a high-risk pattern of binding to peptides of Ara h 2 and Ara h 6, predominantly in 

subjects with a history of more severe reactions (OR = 12.6; 95% CI: 2.0–79.5; P < 0.01).

Conclusions and Clinical Relevance—IgE from patients with more severe clinical histories 

recognize fewer linear epitopes of Ara h 2 and Ara h 6 than do subjects with milder reactions and 

bind these epitopes in characteristic patterns. Close examination of IgE binding to epitopes of Ara 

h 2 and Ara h 6 may have prognostic value.
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Introduction

Peanuts are a major cause of severe IgE-mediated food allergy, which affects approximately 

1–2% of the population in the United States [1, 2]. Allergy to peanuts rarely resolves and 

persists in approximately 80% of peanut-allergic patients [3]. Levels of anti-peanut IgE > 14 

kU/mL and skin tests of > 5 mm are associated with a positive oral peanut challenge, while 

binding of IgE to Ara h 2 is associated with clinical reactivity to peanuts. However, there are 

no in vitro tests that correlate well with the severity of clinical history or responses to food 

challenges [4–8].

As of 2014, thirteen peanut allergens (Ara h 1–13) have been officially recognized by the 

International Union of Immunological Societies, Allergen Nomenclature Sub-Committee 

(http://www.allergen.org/search.php?allergensource=peanut&searchsource=Search). Of 

these, two 2S albumins, Ara h 2 and Ara h 6, together account for approximately 10% of the 

peanut proteome and are recognized by IgE from most peanut-allergic children and adults 

[9, 10]. Ara h 2 and Ara h 6 are moderately homologous in both their primary and secondary 

structure (4 and 5 disulphide bonds, respectively), are the most potent peanut allergens, and 

are substantially redundant in their biologic activity [11–21].

Microarray immunoassays with overlapping peptides that bind IgE have been described for 

a variety of food allergens. The potential utility of these assays has recently been reviewed 
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[6, 22–36]. Peptide-based microarrays have been used to distinguish truly peanut-allergic 

subjects from those who are sensitized but not clinically allergic [37].

Patients with a more severe clinical history have been reported to have IgE that recognizes a 

high number of linear epitopes of Ara h 1, 2, and 3 [29, 38]. In support of these findings, IgE 

from milk-allergic subjects with a higher grade of anaphylaxis following allergen challenge 

bound a greater number of milk peptides than did IgE from other milk-allergic subjects [32]. 

In contrast, other studies have demonstrated that epitope diversity correlates better with 

levels of food-specific IgE than with clinical history. For example, Ayuso et al. found that 

young age and higher shrimp-specific IgE, but not clinical history, was associated with more 

epitope diversity for shrimp allergen peptides [31]. Verada et al. [39] reported that epitope 

recognition for lentil allergen pep-tides, as well as respiratory symptoms, were associated 

with IgE levels, but did not find an association between epitope recognition and respiratory 

symptoms independent of IgE levels. Willumsen and colleagues reported that the 

complexity of the Der p 2-specific IgE repertoire increases with the concentration of Der p 

2-spe-cific IgE [40]. Thus, levels of allergen-specific IgE can be an important factor in 

interpretation of peptide-based microarray assays of IgE binding.

Given the potent effector activity and structural homology of Ara h 2 and Ara h 6, we have 

developed a microarray with Ara h 2 and Ara h 6 peptides to examine IgE binding to linear 

epitopes of these proteins. This assay, in which we normalize each serum to equivalent 

concentrations of peanut-specific IgE to remove the level of peanut-specific IgE as a 

confounding variable, demonstrates subtleties regarding IgE binding to linear epitopes of 

these two related proteins and an unexpected correspondence of these findings to the 

severity of clinical histories. This approach may have clinical utility in identifying subjects 

at risk for more severe clinical reactions.

Materials and methods

Subjects and their classification

We enrolled 47 subjects, ages 7–70 years, with a strong history of peanut-induced 

immediate hypersensitivity. These individuals were referred by local allergists, responded to 

university-wide emails, volunteered at a booth set-up at The Walk for Food Allergy, or were 

referred by other subjects. We also enrolled one subject with the hyper-IgE and recurrent 

infection syndrome (HIE) with a total IgE of 19 736 IU/mL. This serum was diluted 1 : 5, 

had undetectable anti-peanut IgE, and served as an IgE control. Of these 47 subjects 

enrolled, we identified 30 peanut-allergic subjects who met the following criteria: (i) 

physician-diagnosed peanut allergy and (ii) peanut-specific IgE ≥ 14 KAU/L (ImmunoCap, 

Phadia; Uppsala, Sweden) in serum collected within 6 months of this study, a finding that is 

consistent with 95% confidence of true peanut allergy [5]. Sera from these 30 subjects were 

used in these studies. These subjects, who were rigorously avoiding peanuts, had 

experienced their most recent reactions 5 ± 6 (mean ± SD) years (range, 0.5–10 years) 

before enrolment. All adult patients and the parents or guardians of minors signed informed 

consent. Minors who were > 6 years of age signed an assent. The University of Colorado 

Denver Institutional Review Board approved this study. Patients’ reported symptoms after 

naturally occurring exposure to peanuts were classified into grades of anaphylaxis according 
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to criteria established by the World Health Organization for evaluation of allergic reactions 

in the context of allergen-specific immunotherapy: grade I, cutaneous symptoms alone 

(angioedema, rash, hives); grade II, involvement of two organ systems (e.g. lower 

respiratory and cutaneous or gastrointestinal and lower respiratory); grade III, involvement 

of three or more organ systems and/or upper respiratory involvement (upper respiratory 

angioedema, stridor); grade IV, cardiovascular compromise (shock, decreased pulse, 

syncope) [41].

Proteins

Native Ara h 2 and Ara h 6 were purified as previously described [20].

Peptides for microarrays

A library of 77 peptides consisting of 20 amino acids (AAs) in length overlapping by 17 

AAs (offset of 3) and covering the entire sequence of Ara h 2.01 as well as Ara h 6 were 

synthesized at the same time on solid support (80–90% purity). These peptides were then 

cleaved, diluted to 250–500 µM in a DMSO-based buffer system, and immobilized on glass 

slides (JPT Peptide Technologies, Berlin, Germany) [42]. Random samples (5%) of the 

peptide library were analysed by liquid chromatography/mass spectrometry or matrix-

assisted laser desorption/ionization. The PepStar™ peptide microarray platform (JPT 

Peptide Technologies), which places a proprietary 403 Dalton linker arm (Ttds-linker) at the 

C-terminus of each peptide as a spacer between the support and the reactive ligand, was 

used to generate customized peptide microarrays on glass slides as described by Shreffler 

[38]. Purified native Ara h 2 and native Ara h 6 were also immobilized within each array on 

the slides. Empty spots served as negative controls. Approximately 40% of the peptides 

(variable among the sera) had low IgE binding that was indistinguishable from the empty 

spots. Peptides found in other isoforms of Ara h 2 and Ara h 6 were examined and had 

binding patterns that were similar to that seen with peptides derived from the parent isoform 

(data not shown).

Microarray printing

Triplicate spots were printed on APiX Protein Micro-array Slides coated with a proprietary 

optically clear nitrocellulose (Intuitive Biosciences, Madison, WI, USA). All slides were 

stored at 4°C and used within 6 months from the date of manufacture.

Immunoassay

Slides were placed in a SIMplexTM 64-well device (Intuitive Biosciences) and blocked with 

PBS containing 0.05% Tween 20 (PBST) and 1% BSA. In preliminary experiments, we 

determined that the assay had a 10- to 1000-fold signal-to-noise ratio when the sera were 

diluted to give peanut-specific IgE values of 8–12 kU/L (data not shown). In the 

experiments reported here, sera were diluted in PBST with 0.1% BSA to give a final 

concentration of peanut-specific IgE of 9 kU/L (22 ng/ mL), applied to each array, and 

incubated overnight at 4°C. Slides were washed, incubated with biotinylated murine 

monoclonal anti-human IgE (1 : 10 000) (Invi-trogen, Carlsbad, CA, USA), washed again, 

and developed with anti-biotin gold conjugate followed by SilverQuant® Reagents A and B 
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according to the manufacturer’s instructions (Intuitive Biosciences). After incubation with 

buffer or the serum from our HIE patient (diluted 1 : 5), backgrounds were 

indistinguishable. Duplicate samples of each serum were assayed twice with three replicates 

within each array.

Analysis of microarray data

Peptides—The slides were scanned in an APiX Scanner (Intuitive Biosciences). Peptide-

specific and background signals were determined. Z-scores were calculated as described by 

Lin and colleagues [43]. Briefly, the signal (S) for each spot containing a peptide was the 

log2 transformation of the ratio of the median signal of the spot to the median signal of 

empty spots within the specific microarray. A z-score for each spot was determined using 

the equation [43]:

The reported z-scores are the average of those from two independent assays carried out on 

separate days. Each assay included two arrays with triplicate spots of each peptide, duplicate 

spots of native Ara h 2 and Ara h 6, and 21 blank spots within each array. Binding to an 

individual peptide was considered to be positive if the z-score was > 3 [43]. A z-score of > 3 

indicates that the signal was significantly (P < 0.003) above the background [43]. For 

comparison, the data were also analysed by calculating the signal minus the mean of the 

background (empty spots) plus 3 or plus 4 standard deviations of the background data. In 

addition, the data were normalized based on relative binding to native Ara h 2 or Ara h 6 

(for the appropriate peptides) within each array.

Epitopes—An IgE-binding epitope was defined as a region containing the same 6–13 

amino acid sequence that was present in 3–5 contiguous peptides for which the mean z-score 

was > 3. This is similar to the approach described by Ayuso and colleagues [31].

Immunodominance—IgE-binding epitopes recognized by at least 50% of our peanut-

allergic subjects were considered immunodominant. This is similar to previously published 

criteria [26, 44, 45].

Competition experiments

Microarray assay: A pool of four sera (D64, D70, D80, and D103; normalized by anti-

peanut IgE content) was pre-incubated with a preparation containing native Ara h 2 and Ara 

h 6, then added to the microarray assay. These sera were chosen on the basis of having 

strong signals in the microarray assay. Subjects D64 and D80 reported clinical reactivity of 

grade II, whereas subjects D70 and D103 reported reactivity of grades IV and III, 

respectively (Table 1).

Cell release assay: Rat basophilic leukaemia (RBL-SX38) cells were grown, labelled with 

tritium-labelled serotonin (3H-5-HT), sensitized, and triggered with Ara h 2 or Ara h 6 as 

previously described [15]. For the competition experiments, cells were pre-incubated for 10 
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min with a 10 000–100 000 molar excess (limited by solubility) of purified 10–20-mer 

peptides containing dominant epitopes (described in the Results section) before addition of 

Ara h 2 or Ara h 6, and release of 3H-5-HT into the supernatant was measured as previously 

described [15].

Statistical analyses

In our initial analysis, we examined the raw signal for the binding of IgE to each peptide, the 

raw signal for the binding of IgE to each peptide normalized by binding to the parent 

molecule (Ara h 2 or Ara h 6), and binding of IgE to each peptide based on z-scores ranging 

from −2 to 28. Use of a validated statistical tool, a threshold of z > 3 for a positive signal, 

allowed us to analyse the data based on binary binding (yes, z > 3; no, z ≤ 3) to individual 

peptides and binary binding (yes, z > 3; no, z ≤ 3) to epitopes. We did this binary analysis 

because we hypothesized that the degree of binding of IgE to a peptide (size of the signal) is 

not as important as the fact that there is statistically significant binding.

After generating the final microarray data, heat maps and unsupervised hierarchical cluster 

analyses were performed with R-2.14.1 software for Windows (http://cran.r-project.org/bin/

windows/base/) to determine whether patients sorted into clusters based on clinical history. 

GraphPad Prism 5.0c for the Macintosh (GraphPad, La Jolla, CA, USA) was used to 

generate graphs and for statistical analysis. The following tests were used: Spearman rank-

order correlation coefficients for correlations; Mann-Whitney test for comparisons of the 

number of binding events; and Fisher’s exact test for comparing frequencies of two possible 

outcomes. All comparisons were two-tailed. Where multiple comparisons were performed, 

the Bonferroni correction was used and corrected P-values denoted as pc. P-values of < 0.05 

were considered to be significant.

Results

Clinical data

Sera from 30 peanut-allergic individuals were assessed. Serologic data and grades based on 

reported symptoms for each subject are shown in Table 1 with the subjects listed 

numerically to allow cross-referencing to other studies using some of the same subjects. 

Reported symptoms and grades of anaphylaxis for each subject are shown in Table S1. 

Three subjects (10%) were classified as grade I, 8 (27%) as grade II, 14 (47%) as grade III, 

and 5 (17%) as grade IV. The total IgE, peanut-specific IgE, the ratio of peanut IgE to total 

IgE, and the intensity of binding of IgE against Ara h 2 and Ara h 6 had no discernible 

relationship to the severity of the reported clinical reactions to peanuts (data not shown).

Identification of IgE-binding fingerprints to peptides of Ara h 2 and Ara h 6 for each 
individual

For each of the 30 sera, we determined the intensity of binding to the individual peptides, 

intact native Ara h 2 and Ara h 6, and blank spots (all on the array). Then, we calculated z-

scores. Each subject had a distinctive IgE-binding configuration: a fingerprint for the 

peptides of Ara h 2 and Ara h 6. Z-score data from 4 subjects, one with each grade of 

anaphylaxis, are shown in Fig. 1. The threshold for positive binding, a z-score > 3, is shown 
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as a horizontal line on each graph. Colour-coding in this and subsequent figures and tables 

denotes peptides containing specific epitopes.

Data for these 4 subjects are again presented in Fig. S1A (Ara h 2) and Fig. S1B (Ara h 6), 

in which the data are expressed as z-scores (Fig. S1A and S1B; graphs A, E, I, and M), as 

mean values minus the mean of the background +3 SD of the background (Fig. S1A and 

S1B; graphs B, F, J, and N), or as mean values minus the mean of the background +4 SD of 

the background (Fig. S1A and S1B; graphs C, G, K, and 0). Data are also presented after 

further normalization for binding to native Ara h 2 or native Ara h 6 for the Ara h 2 and Ara 

h 6 peptides, respectively (Fig. S1A and S1B; graphs D, H, L, and P). Regardless of the 

method of expressing the data, the patterns are consistent.

Binding values for each of the 30 sera for each of 41 peptides of Ara h 2 and for native Ara 

h 2 are shown in Tables S2A–F; binding values for 36 peptides of Ara h 6 and for native Ara 

h 6 are shown in Tables S3A–F. Even after adjusting the sera to contain the same amounts 

of peanut-specific IgE before each assay (see Materials and methods), there is considerable 

variability in the maximal binding to peptides with different sera. This variability was not 

reduced by further adjusting the binding based on that to native Ara h 2 or native Ara h 6 

(data not shown).

Hierarchical analyses of IgE binding to peptides

To analyse the binding of IgE to these peptides, we generated group-peptide plots for 

binding to Ara h 2 (Fig. S2A) and Ara h 6 (Fig. S2B) and performed an unsupervised 

hierarchal cluster analysis for the 30 subjects using the intensity of IgE binding (z-scores) to 

each peptide to Ara h 2 (Fig. S3A) and Ara h 6 (Fig. S3B). Patients with relatively severe 

clinical histories (shown in red numbers) did not significantly cluster into specific groups 

although, at the bottom of the heat map for Ara h 6, there appeared to be clustering of data 

from subjects with more severe clinical histories (Fig. S3B).

Analysis based on a binary (yes or no) binding to peptides

We therefore re-examined our data based on positive or negative binding (binary; yes, z > 3 

or no, z < 3) to the peptides of Ara h 2 (Fig. S4A) and Ara h 6 (Fig. S4B). We also 

performed unsupervised cluster analyses for Ara h 2 (Fig. S5A) and Ara h 6 (Fig. S5B). 

Using this dichotomous approach for IgE binding to peptides, there was a suggestion that 

subjects clustered into patterns, but we did not find any statistically significant relationships.

Ara h 2 and Ara h 6 share homologous linear epitopes

As stated in Materials and Methods, an IgE-binding epi-tope was defined as a region 

containing the same 6–13 amino acid sequence that was present in 3–5 contiguous peptides 

for which the mean z-score was > 3. For example, in Fig. 1, the binding pattern for serum 

D61 for Ara h 2 shows that there is binding to epitopes 1, 3, 5, 6, and 7 (see Fig. 2). These 

were determined to be epitopes because the average z-score for binding to peptides that 

contain a specific epitope (noted by different colours) was > 3. Overall, when all 30 sera 

were examined, eight IgE-binding epitopes were identified for Ara h 2 (Fig. 2a), which is 

consistent with published data [38, 46]. These epitopes of Ara h 2 are notated here as 
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epitopes 1–8 (Fig. 2b). Seven novel IgE-binding epitopes were identified for Ara h 6 (Fig. 

2a); these are notated as epitopes A-G (Fig. 2b). Three-dimensional images of these epitopes 

in the context of the intact molecule are shown in Fig. 2c and Fig. 2d for Ara h 2 and Ara h 

6, respectively.

As shown in Fig. 2a, two epitopes of Ara h 6 (A and C) are unique in that they have no 

significant homol-ogy to Ara h 2, whereas 5 epitopes (B, D, E, F, and G) are highly 

homologous (70–93%) to epitopes of Ara h 2 (2, 4, 5, 7, and 8, respectively). Epitope 6 in 

Ara h 2 shares homology to a corresponding sequence in Ara h 6 (67%). However, given a 

lack of significant IgE binding (mean z-score < 3), this region in Ara h 6 was not identified 

as an IgE-binding epitope.

Spearman rank correlation coefficients of IgE binding revealed a modest correlation for 

binding to epitope 1 of Ara h 2 and epitope A of Ara h 6 (Fig. 3a; homology = 0%; r = 0.37, 

P = 0.04, pc = ns); a strong correlation for binding to epitope 2 of Ara h 2 and epitope B of 

Ara h 6 (Fig. 3b; homology = 81%; r = 0.55, pc = 0.01); no significant correlation for 

binding to epitopes 3 of Ara h 2 and epitope C of Ara h 6 (Fig. 3c; homology = 0%; r = 

0.21, pc = ns); and strong correlations for binding to epitope 4 of Ara h 2 and epitope D of 

Ara h 6 (Fig. 3d; homology = 70%; r = 0.64, pc < 0.01), epitope 5 of Ara h 2 and epitope E 

of Ara h 6 (Fig. 3e; homology = 92%; r = 0.65, pc < 0.01), epitope 7 of Ara h 2 and epitope 

F of Ara h 6 (Fig. 3f; homology = 83%; r = 0.82, pc < 0.001), and epitope 8 of Ara h 2 and 

epitope G of Ara h 6 (Fig. 3g; homology = 85%; r = 0.90, pc < 0.001).

IgE binds to more linear epitopes of Ara h 2 than to those of Ara h 6

Linear epitopes are not able to cross-link IgE-FcεRI complexes [47, 48] and yet may be part 

of larger conformational complexes. We reasoned that the presence or absence of binding 

(yes or no) beyond a set threshold (z-score > 3) would be more informative than the relative 

intensities of binding to specific epitopes. Accordingly, we next examined our data based on 

positive or negative binding to linear epitopes rather than binding to peptides. We then 

generated group-epitope heat maps for Ara h 2 (Fig. 4a) and for Ara h 6 (Fig. 4b). Viewing 

the binding of IgE to linear epitopes in this way, we found that, regardless of clinical history, 

subjects’ IgE had more frequent positive binding (z > 3) to linear epitopes of Ara h 2 (Table 

2A) [median = 3 epitopes/serum (E/S)] than to the linear epitopes of Ara h 6 (Table 2B) 

(median = 1 E/S; P < 0.001). In Tables 2A and B, a ‘yes’ or ‘Y’ corresponds to a yellow 

box; the absence of ‘Y’ denotes lack of significant binding and corresponds to a blue box in 

Figs 4 and 5.

Because 30 sera could potentially bind to each of 8 epitopes of Ara h 2 and 7 epitopes of Ara 

h 6, we determined that there were, respectively, 240 and 210 potential binding events (BEs) 

for Ara h 2 and Ara h 6. For all 30 sera, there were 99 BEs for Ara h 2 (Table 2A) compared 

to 38 for Ara h 6 (Table 2B) (P < 0.0001). For Ara h 2, epitopes 1 (z > 3 for 23 sera), 3 (z > 

3 for 18 sera), and 7 (z > 3 for 17 sera) are immunodominant. For Ara h 6, only epitope F (z 

> 3 for 15 sera) was immunodominant.
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The frequency of IgE binding to linear epitopes of Ara h 2 and Ara h 6 corresponds to 
clinical histories

Characteristic patterns emerged when subjects’ IgE binding to linear epitopes was examined 

in the context of their histories of reaction to peanut exposure. For Ara h 2 (Table 2A), we 

found 52 BEs (34%) of 152 (19×8 epitopes) possible BEs for the 19 subjects with more 

severe histories (grades III + IV) compared to 47 BEs (53%) of 88 (11×8 epitopes) possible 

BEs (53%) for the 11 subjects with less severe histories (grades I + II) (P < 0.01). For Ara h 

6 (Table 2B), we found only 16 BEs (12%) of 133 (19×7 epitopes) possible BEs for the 19 

subjects with grades III + IV compared to 25 BEs (32%) of 77 (11×7 epitopes) possible BEs 

for the 11 subjects with histories of grade I + II reactivity (P < 0.001). When specific 

epitopes are examined individually, IgE from subjects with less severe histories (grades I 

and II) bind epitope 5 of Ara h 2 more frequently (7 of 11 sera) than does IgE from subjects 

with more severe histories (2 of 19 sera) (P = 0.004, pc = 0.03) (Table 2A). A similar trend 

was seen with binding to epitope G of Ara h 6 (Table 2B), but this did not achieve statistical 

significance after correction for multiple comparisons. IgE from 4 of 11 patients with less 

severe histories (grades I and II) bind epitope G of Ara h 6 compared to 1 of 19 subjects 

with more severe histories (grades III and IV) but this was not statistically significant (P = 

0.047, pc = 0.33). Thus, IgE from patients with relatively more severe clinical histories 

recognize fewer linear epitopes of both Ara h 2 and Ara h 6 when the epitopes are viewed as 

a whole.

Hierarchical analyses of IgE binding to linear epitopes

We also performed an unsupervised hierarchical cluster analysis (Fig. 5). For Ara h 2 (Fig. 

5a), 6 of 8 subjects who clustered together into nodes 1 and 2A had a history of grade I or II 

severity whereas, of the 22 remaining subjects who did not cluster to these nodes, 5 had 

grades I or II severity (Figs 5a and 6a; P = 0.028). For Ara h 6 (Fig. 5b), the largest single 

node, 2B2B1, contained 17 subjects, 14 of which had a history of grade III or IV severity. 

Of the 13 subjects who did not cluster into this node, 5 had severity grades of III or IV (Figs 

5b and 6b; P = 0.02). Thus, subjects with milder symptoms (grades I and II) clustered into 

nodes 1 and 2A of Ara h 2 node, while those with more severe symptoms (grades III and IV) 

clustered into node 2B2B1 of Ara h 6. Moreover, of the 17 individuals who clustered to 

node 2B2B1 of Ara h 6, only one subject, D105, clustered to either node 1 or 2A of Ara h 2, 

as compared with 16 who did not (Figs 5a, b, and 6c; P < 0.01).

Node 2B2B1 of Ara h 6 is characterized by lack of significant (z ≤ 3) binding to all epitopes 

of Ara h 6 or to only epitope F and is populated predominantly by individuals having a 

history of grades III or IV severity (Figs 5b and 6b). Taken together, subjects who cluster 

into this node do not cluster into nodes 1 and 2A of Ara h 2, which are characterized by 

significant (z > 3) binding to epitope 4 or to epitopes 2 and 5 of Ara h 2 and are 

predominantly populated by those having a history of grade I or II severity (Figs 5a, 6a). 

Thus, we have tentatively identified a high-risk pattern in which subjects with allergies 

having high grades of severity cluster to node IB3B of Ara h 6 but not to nodes 1 or 2A of 

Ara h 2. As shown in Fig. 6d, 16 subjects had this high-risk pattern; of these, 14 had a 

history of grades III or IV severity, whereas only two had a history of grade I or II severity. 
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Moreover, of the 14 subjects who did not demonstrate this high-risk pattern, nine had grade I 

or II severity (OR = 12.6; 95% CI = 2.0–79.5; P < 0.01).

Competition experiments with linear epitopes

To determine whether the binding of IgE to peptides in the microarray was specific, a pool 

of 4 sera, D64, D70, D80, and D103, normalized by anti-peanut IgE content, was pre-

incubated with native Ara h 2 or native Ara h 6. This resulted in > 90% inhibition of binding 

to their respective peptides (data not shown).

We also considered that the identified linear epitopes of Ara h 2 and Ara h 6 might 

effectively block IgE cross-linking of FcεRI and resultant activation of mast cells. In that, 

Albrecht and colleagues [48] have shown that peptides of Ara h 2 were unable to block 

cross-linking of IgE and cell activation by Ara h 2, and we performed similar experiments 

only with Ara h 6. In separate assays, we sensitized RBL SX-38 cells with IgE from each of 

three patients (D19, D64, and, D70) with a history of mild reactions (grade I or II) and 

evidence of predominant binding to epitopes E, F, and G of Ara h 6. We pre-incubated these 

sensitized cells with 10 000 molar excess of epitope E (limited by solubility) plus a 100 000 

molar excess of epitopes F and G and then added Ara h 6 as described in Materials and 

Methods. We were unable to detect a significant inhibitory effect (data not shown).

Discussion

In this study, we used peptide microarrays to examine IgE binding to linear peptides and 

then to epitopes of the highly potent peanut allergens, Ara h 2 and Ara h 6, for 30 subjects 

with strong histories and serologic evidence of clinically important peanut allergy. The eight 

epitopes identified for Ara h 2, that are similar to those previously reported, include the 

epitopes that have been recently shown to be responsible for cross-reactivity with Ara h 1 

and Ara h 3 [38, 46, 49]. Seven epitopes were newly identified for Ara h 6 (Fig. 2); six of 

these showed positive correlations for IgE binding to homologous epitopes of Ara h 2 (P < 

0.001) (Fig. 3). Unexpectedly, although it was not true for all sera, the intensity of binding to 

peptides of Ara h 2 was generally greater than the intensity of binding to peptides of Ara h 6 

(Figs 3, S1, S2, S3, S4, and S5).

Given that binding of IgE to denatured proteins (e.g. on immunoblots) does not reflect the 

importance of IgE to cell activation following allergen-IgE cross-linking (discussed in 

Zhuang and Dreskin, [21]), we hypothesized that the absolute or relative extent of binding of 

IgE to peptides may not accurately reflect the importance of that peptide’s contribution to 

the clinically important phenomenon of allergen-IgE cross-linking. For this reason, we 

focused on a dichotomous model in which a specific serum either did or did not have 

positive binding to a specific linear epitope. We defined a positive signal for an epitope if > 

50% of the peptides containing the putative epitope gave z-score of > 3 (see Materials and 

Methods).

Overall, individual IgE samples bound to linear epitopes of Ara h 2 more frequently than to 

epitopes of Ara h 6 (P < 0.002) (Fig. 4; Table 2). This was unexpected in that there is 

significant homology between IgE-binding linear epitopes of these two molecules, as well as 
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significant correlation of IgE binding (Fig. 2 and Fig. 3). We interpret this as evidence that 

conformational epitopes may be more important for Ara h 6 than for Ara h 2. We 

hypothesize that Ara h 6 is more tightly folded than Ara h 2 and that this leads to 

conformational IgE-binding epitopes that are less cross-reactive with the linear epitopes that 

may contribute to the conformational epitopes. This also explains the observation that the 

intensity of IgE binding to the peptides that contain the linear epitopes is also less for Ara h 

6 than for Ara h 2. This is compatible with the observation that Ara h 6 has 5 disulphide 

bonds compared with 4 disulphide bonds for Ara h 2 and with our experience that proper 

folding of recombi-nant Ara h 6 is particularly important to preserve aller-genic activity 

[21].

Also unexpectedly, IgE from subjects with histories of relatively severe allergic responses to 

peanut exposure recognized a significantly more limited breadth of linear epitopes of Ara h 

2 and Ara h 6 than did those from subjects who reported less severe responses to peanuts 

(Table 2). This result is contrary to several reports of more binding of IgE to linear epitopes 

of allergens with IgE from patients with severe histories [26, 29, 32, 38]. However, it is 

compatible with reports of a positive relationship between the amount of IgE binding to 

linear epitopes and allergen-specific IgE concentrations in the sera and no relationship to 

clinical history [31, 39, 40]. The most likely explanations of this finding are that, in contrast 

to most previous reports of IgE binding to peptides in microarrays [26, 29, 31, 32, 38, 39, 

50], we adjusted our sera to the same content of anti-peanut IgE to avoid bias due to 

differences in peanut-specific IgE levels and used a dichotomous model (discussed above) to 

determine statistically significant binding. Normalization based on peanut-specific IgE 

levels removes the confounding variable of differences in peanut-specific IgE among the 

samples. For example, without this normalization, sera with very high IgE levels may have 

statistically significant, but biologically unimportant, binding to minor epitopes. Of note, we 

found that further normalization of our data based on binding of IgE to native Ara h 2 and/or 

Ara h 6 within each microarray assay did not substantially change the final data (Fig. S1).

These observations that point towards the importance of conformational as opposed to linear 

epitopes are in line with recent observations that conformational epitopes rather than linear 

epitopes are critical for binding of IgE and for activation of IgE-sensitized basophils and/ or 

mast cells [48, 51, 52]. As reported by Albrecht and colleagues [48], peptides of Ara h 2 

were unable to block cross-linking of IgE and cell activation by Ara h 2. In our hands, 

peptides containing epitopes of Ara h 6 were unable to block IgE-mediated activation of 

sensitized RBL SX-38 cells by Ara h 6 (data not shown). Because Ara h 2 and Ara h 6 are 

stable to digestion, it is likely that conformational epitopes are important with regard not 

only to immediate reactivity (as is the experimental set-up for these studies), but also 

following ingestion and exposure to the digestive track. We propose that conformational 

epitopes are important for all IgE cross-linking activity by Ara h 2 and Ara h 6 and are most 

important for patients with relatively severe reactions. These epitopes likely have 

substantially greater affinity for IgE binding than do linear epitopes.

Finally, in an unsupervised hierarchical cluster analysis, we have tentatively identified a 

novel high-risk pattern in which patients with high grades of severity cluster to node 2B2B1 

of Ara h 6 (Fig. 5b) but not to nodes 1 or 2A of Ara h 2 (Figs 5a and 6d). Of note, node 
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2B2B1 of Ara h 6 is characterized by either binding only to epitope F (the only epitope of 

Ara h 6 that met our criteria of immunodominance) or no detectable binding above our 

predetermined threshold (z > 3) to any IgE-binding linear epitopes of Ara h 6 (Fig. 5b).

Weaknesses of this study include the use of historical clinical data rather than data obtained 

by double-blind placebo-controlled food challenge and the modest number of patients. 

Based on the data presented here, a post hoc power analysis (not shown) reveals that the 

analysis of the ‘high-risk pattern’ required only 24 subjects to have 90% power. Another 

issue is that the ‘high-risk pattern’ is associated with lower binding to Ara h 6. This can only 

be assessed in the context of control sera that have high levels of binding to both Ara h 2 and 

Ara h 6. Even given these limitations, our approach has yielded dramatic findings that may 

have significant clinical utility. However, this final observation needs to be repeated with an 

independent cohort.

In conclusion, subjects with a history of relatively severe clinical reactions have 

characteristic patterns of binding to linear epitopes of Ara h 2 and Ara h 6, which may be 

useful in predicting clinical reactions to future exposure to peanuts. The overall approach of 

focusing on IgE-binding epitopes of the most potent allergens identified in functional assays 

may also be useful for other IgE-mediated food allergies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Microarray analysis of IgE binding to overlapping 20-mer peptides of Ara h 2, left, and Ara 

h 6, right. Sera are from 4 of 30 representative patients with varying histories regarding the 

severity of reactivity. From top to bottom: D61, grade I (less severe); D71, grade II; D74 

grade III; and D60, grade IV (most severe). Linear peptide regions that bind peanut-specific 

IgE are colour-coded (see Fig. 2). The Y axis is a calculated z-score (see Methods). The 

established cut-off score of z = 3 is shown as a horizontal line.
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Fig. 2. 
Amino acid alignment is shown for Ara h 2 and Ara h 6 (a). Different colours denote 

epitopes for Ara h 2 and Ara h 6; these are listed (b). The asterisks (*) in A, denote linear 

sequences for Ara h 2 that have been previously identified [38, 46]. A colour-coded 3-D 

image is shown (c).
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Fig. 3. 
Correlation of IgE binding to linear epitopes. Spearman correlation analysis was performed 

with z-scores for each homologous pair of epitopes of Ara h 2 and Ara h 6 (horizontal and 

vertical axes, respectively): epitope 1 of Ara h 2 and epitope A of Ara h 6 (a, r = 0.37, P = 

0.04, pc = ns); epitope 2 of Ara h 2 and epitope B of Ara h 6 (b, r = 0.55, pc = 0.01); epitope 

3 of Ara h 2 and epitope C of Ara h 6 (c, r = 0.21, pc = ns); epitope 4 of Ara h 2 and epitope 

D of Ara h 6 (d, r = 0.64, pc < 0.01); epitope 5 of Ara h 2 and epitope E of Ara h 6 (e, r = 

0.65, pc < 0.01); epitope 7 of Ara h 2 and epitope F of Ara h 6 (f, r = 0.82, pc < 0.001); and 

epitope 8 of Ara h 2 and epitope G of Ara h 6 (g, r = 0.90, pc < 0.001).
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Fig. 4. 
Heat maps of binary (yes or no; z ≤ 3/z > 3) binding of IgE to epitopes for Ara h 2 (a) and 

Ara h 6 (b) for all 30 sera sorted according to grades of reaction based on clinical histories, 

‘yes’ is denoted by yellow and ‘no’ is denoted by blue.
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Fig. 5. 
Unsupervised cluster analysis of the data from Fig. 4 for Ara h 2 (a) and Ara h 6 (b). ‘yes’ is 

denoted by yellow; ‘no’ is denoted in blue. Sera from subjects with a history of grade I or II 

reactivity are in black. Those with a history of grade III or IV reactivity are in red.
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Fig. 6. 
Contingency plots of key data from the unsupervised cluster analysis shown in Fig. 5. Totals 

for each horizontal and vertical set of numbers are shown. For all plots, n = 30. (a) 

Frequency of subjects with a history of grades I or II severity cluster in either node 1 or 2A 

of Ara h 2 (P = 0.03); (b) frequency of subjects with a history of grades III or IV severity 

cluster in node 2B2B1 of Ara h 6 (P = 0.02); (c) frequency of subjects who cluster in node 

2B2B1 of Ara h 6 and do not cluster in either node 1 or 2A of Ara h 2 (P < 0.01); and (d) 

frequency of subjects having the high-risk pattern [h 6 (2B2B1), yes and h 2 (1 + 2A), no] 

(P < 0.01).
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Table 1

IgE values and grade of reaction

Subject Total IgE (IU/ml) Pnt IgE (kU/L) Rxn Grade

D19 136 59 2

D44 1015 65.3 3

D48 138 71.1 2

D50 538 37.8 3

D53 1185 74.7 3

D59 290 13.4 3

D60 454 159 4

D61 161 64 1

D63 3263 78.6 3

D64 2803 591 2

D65 2421 180 3

D66 186 77 3

D67 568 137 3

D68 212 25.2 4

D69 212 22.3 4

D70* 1423 500 2

D70B* 245 52.7 4

D71 4939 88.4 2

D72 474 14.1 1

D74 194 28.9 3

D77 505 48.7 3

D78 1325 62.6 2

D80 545 164 2

D81 268 67.5 3

D82 265 18.9 3

D98 80.5 16.1 4

D103 1797 787 3

D105 88.2 14 2

D107 199 65.3 3

D114 117 22.4 1

*
D70 and D70B are not related.
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