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Abstract

Background: Peanut allergy is a frequent and potentially
life-threatening food allergy. Despite the large taxonomic
distance between the plants, peanut-allergic patients often
react to tree nuts such as walnuts. While the allergens of pea-
nutand walnut have a high degree of homology in their ami-
no-acid sequences, it is unknown whether this similarity is
responsible for the observed co-reactivity. Therefore, we an-
alyzed the binding of specific IgE antibodies to sequential
epitopes of peanut and walnut in peanut-allergic patients
with and without walnut allergy. Methods: The IgE binding
to previously described sequential epitopes of peanut and
the homologous regions of walnut was assessed in 32 pea-
nut-allergic patients using a peptide microarray technology.
Twelve patients had a clinically relevant walnut allergy and
20 were tolerant to walnut. Inhibition assays with peanut
peptides and corresponding walnut sequences were per-

formed to show specific binding to sequential epitopes. Re-
sults: No differences in the recognition of sequential epi-
topes could be found between peanut-allergic patients with
or without walnut allergy. Only a few patients showed IgE
binding to walnut sequences that corresponded to sequen-
tial epitopes of peanut. In the inhibition assays, no relevant
cross-reacting IgE antibodies could be detected for the pep-
tides analyzed. Conclusion: Our results indicate that al-
though they share a rather high degree of homology with
the corresponding regions of walnut allergens, the sequence
stretches previously identified as sequential IgE binding
epitopes of Ara h 1, Ara h 2 and Ara h 3 have no IgE binding
equivalents in walnut allergens.

Copyright © 2011 S. Karger AG, Basel

Introduction

Peanut and tree nut allergies are common food aller-
gies [1]. In a countrywide computer-based telephone sur-
vey in the USA, a prevalence of 1% could be found for
peanut and tree nut allergy [2, 3], with a tendency to in-
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creasing prevalence [3-5]. Another characteristic of these
allergies is that they can elicit especially severe and po-
tentially life-threatening allergic reactions [6]. Among 32
fatal food-allergic reactions observed in the USA between
1994 and 1999, peanuts were the responsible allergen in
62% and tree nuts in 31% of the cases, respectively. The
danger of allergic reactions is especially high as doses
eliciting a reaction can be very low. It has been shown that
18% of patients react at doses <65 mg of peanut [7, 8]. An
aggravating factor is that these allergies are rarely out-
grown like other food allergies, but show a persistent
course in around 80% of patients [9]. It has been noted
that a number of peanut-allergic patients also react
against tree nuts [10]. Using the current in vitro diagnos-
tic methods, however, it is not possible to differentiate
reliably between tree nut-allergic and tree nut-tolerant
peanut-allergic patients [11]. Often peanut-allergic pa-
tients must avoid tree nuts in order to prevent possible
allergic reactions. Since many processed foods contain
nuts or carry a ‘may contain’ label, dietary measures are
often difficult. This leads to significant uncertainty and
danger for the patients.

Recently, a great deal of work has been done to develop
component-resolved diagnostics as a new paradigm for
diagnosing food allergies. The major allergenic proteins
of peanut and several tree nuts as well as the linear epi-
topes of peanut have been identified and characterized
[12-17]. Moreover, novel techniques, such as antigen ar-
rays, have facilitated the study of antibody binding to B-
cell epitopes.

These antigen arrays can be used to measure clonal
diversity [18]. As the antigenic complexity of each arrayed
element decreases, fewer epitopes are represented in each
array element. When using short peptides as array ele-
ments, these theoretically represent single sequential B-
cell epitopes that are recognized by defined antibody
clones. Several studies have provided evidence for a pos-
sible role of these sequential B-cell epitopes in the diag-
nosis of food allergies. Thus, correlations have been made
between antibody diversity and clinically relevant allergy
[19, 20]. In other studies, patients recognizing specific se-
quential epitopes of cow’s milk proteins are less likely to
outgrow cow’s milk allergy in comparison to those who
did not show antibody binding towards these IgE bind-
ing sites. Furthermore, a correlation between specific IgE
diversity and clinical severity as well as in vitro effector
cell function could be shown in peanut allergy confirm-
ing at the same time again the previously described linear
epitopes as relevant IgE binding sites [21]. These observa-
tions led to our hypothesis that antibody binding to
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shared sequential epitopes could also play a role in the
high degree of coincidence of peanut and tree nut allergy.

This hypothesis is based on the fact that despite their
taxonomic distance, peanuts and tree nuts have very
similar allergenic proteins [14]. These proteins belong to
the group of seed storage proteins such as the 2S albu-
mins, and the 7S and 11S globulins. Previous studies
have shown that peanut-specific IgE antibodies cross-re-
act with tree nut allergens in inhibition assays [22]. Al-
though the two 7S globulins, Ara h 1 of peanut and Jug
r 2 of walnut, were not significantly cross-reactive in in-
hibition immunoblotting experiments, pre-incubation
of walnut-allergic sera with peanut extract did result in
a significant decrease in IgE binding to walnut extract
[23].

While the sequential epitopes of peanut are known,
there is little direct evidence about the role of shared epi-
topes between peanuts and tree nuts to explain clinical
co-reactivity. To investigate whether peanut-allergic pa-
tients with walnut allergy recognize linear epitopes in
more conserved regions than walnut-tolerant ones, we
compared IgE binding to sequential epitopes of peanut
and walnut between peanut-allergic patients with and
without walnut allergy.

Material and Methods

Peptides, Reagents and Array Production

To study the role of sequence similarities between peanuts and
walnuts in clinically relevant co-reactivity, the peanut allergens
Arah 1, Arah 2 and Ara h 3 and the walnut allergens Jug r 1, Jug
r 2 and Jug r 4 were chosen. A set of peptides 15 amino acids in
length with an offset of 5 amino acids covering the previously de-
scribed sequential epitopes of the peanut allergens and the cor-
responding homologous peptides of the walnut allergens were
commercially synthesized (JPT Peptide Technologies, Berlin,
Germany) [15, 17, 24, 25] (see ‘alignment’ in online suppl. fig. 1,
www.karger.com/doi/10.1159/000327841). The sequence of Arah
1 was completely covered. To define the corresponding peptides,
the alignment of the primary structure of peanut and walnut al-
lergens was performed using Vector NTI Software (Invitrogen,
Carlsbad, Calif., USA). ‘Similarity’ was defined as similarity in
polarity or hydrophily of amino acids. So far, no IgE binding sites
have been identified for the basic subunit of Ara h 3. Therefore,
the whole basic subunit of Ara h 3 and the corresponding walnut
Jug r 4 were synthesized with an offset of 10 amino acids. Follow-
ing the recommendations of the manufacturer, the peptides were
stored at -80°C.

Working dilutions were made in protein printing buffer
(TeleChem, Sunnyvale, Calif., USA) to a final concentration of
0.67 wmol/ml and stored in 384-well polypropylene plates (Ma-
trix Technologies, Hudson, N.H., USA). Triplicate spots were
printed on epoxy-derivatized slides (SuperEpoxy Substrate,
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TeleChem) 350 nm apart using a NanoPrint LM60 Microarrayer
(Telechem). AlexaFluor-labeled protein was used to print posi-
tional reference controls. Negative control features (buffer alone
and non-binding peptides) were also printed. Anti-IgE mono-
clonal antibodies (Pharmingen, San Jose, Calif., USA) covalently
conjugated to fluorescent markers (AlexaFluor 647) were pre-
pared by reaction with activated N-hydroxysuccinimidyl-ester
fluorochromes according to the manufacturer’s protocol (Molec-
ular Probes, Eugene, Oreg., USA). The final molar ratio of fluoro-
chrome to immunoglobulin was 5:1.

Patients

Thirty patient sera with documented clinical reactivity to pea-
nut were retrieved from a study on peanuts and tree nuts con-
ducted at the Mount Sinai Pediatric Allergy Clinic [26] and 2 were
from the University Hospital Charité (Berlin, Germany). Twenty
of these patients were walnut tolerant (age 3-25 years, median 8
years) and 12 were walnut allergic (age 3-23 years, median 7
years). Patients referred for suspected peanut or tree nut allergies
answered a questionnaire about their perceived food allergies. Al-
lergen-specific diagnoses were based on the questionnaire, con-
vincing medical history of type 1 reactions, and serologic test ev-
idence of IgE-mediated allergy (ImmunoCAP, Phadia, Uppsala,
Sweden; table 1). A patient was considered to have a negative di-
agnosis if he or she could tolerate ingestion of the food. The pa-
tients in the Mount Sinai cohort were highly atopic (57% with
atopic dermatitis and 58% with asthma) [26]. Ten non-atopic con-
trol sera were taken from healthy volunteers with no history of
food allergy. The study protocol was approved by the Mount Sinai
Institutional Review Board and the Charité Ethical Commission.

Immunolabeling

An area around the printed grids was encircled with a hydro-
phobic PAP Pen (DAKO, Glostrup, Denmark) and blocked for
1 h with 400 p.1 PBS with 0.5% Tween 20 (PBS-T) with 1% human
serum albumin (HSA) at room temperature. Diluted patient se-
rum (1:5 in PBS-T/HSA) was applied to the array and was incu-
bated overnight on a rotator at 4°C and protected from light. Ti-
tration and kinetic experiments (data not shown) were previously
performed to determine optimum conditions. Slides were then
washed with PBS-T and incubated for 1 h with 250 wl anti-IgE
(1:10,000 PBS-T/HSA) at room temperature in the dark. All incu-
bations were performed in a humidity chamber (Binding Site, San
Diego, Calif., USA). Subsequently, the slides were washed 3 times
for 3 min in PBS-T in a washing station (TeleChem), rinsed with
distilled water and spun dry. The slides were scanned on a
ScanArray Gx Scanner (Perkin Elmer Life and Analytical Sci-
ences, Waltham, Mass., USA).

Inhibition Experiments

Immunolabeling was done according to the above-mentioned
protocol. In the inhibition experiments, we used pooled sera from
5 peanut- and walnut-allergic patients. Before applying the pooled
serum to the array area, it was pre-incubated with increasing
amounts of peptide. The molar ratio of peptide:peanut-specific
IgE antibody was calculated in the different dilutions from 1:1 up
t0 10,000:1. To test for potential cross-reactivity, the sera were pre-
incubated concomitant with different highly homologous peanut
and walnut peptides, with highly conserved regions with strong
binding to the peanut sequences being selected.
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Table 1. Patient sera with clinical manifestations

Pa-  Peanut Walnut Peanut ~ Walnut
tient symptoms symptoms IgE, kU/I IgE, kU/1
1A U/AE/F AE 7.4 6.79
2A U/F U/F/OA 38.20 11.80
3A  U/F/OA/E/C AE/F/OA/E/C >100 6.93
4A  U/OA/G/D/Bs/L  E/Co/D/Bs 24.20 15.80
5A U/AE/OA/E/D/Bs E/D/Bs >100 7.5
6A U/G/E/BP/S U/AE/F/R 100 32.1
7A  U/F U/OA 0.74 1.13
8A U/F/AE/AD/Co/D/ D/Bs 53.40 5.83
Bs/R/C/L
9A U OA >100 10.4
10A AD/Di U/E/Bs 6.29 42.7
11A  AE/F E 5.28 12
12A  AE U/BP 4.92 6.51
1B U/AE 0 2.34 <0.35
2B U/C 0 19.9 <0.35
3B U/F 0 34.3 <0.35
4B U/F 0 2.56 0.55
5B  U/AE 0 >100 1.31
6B U/AE 0 >100 1.13
7B Co/D/Bs 0 58.9 <0.35
8B F/E 0 2.62 0.56
9B U/AE 0 97.7 <0.35
10B  U/AE 0 18.7 <0.35
11B U/Co/Bs 0 27.7 <0.35
12B  AE/F/G/E/Di/Co 0 6.69 <0.35
13B  U/AE/F/E/Co 0 35.3 <0.35
14B  AE/D/R 0 >100
15B E 0 100 0.35
16B U 0 17.2 <0.35
17B U/AE/F/AD/OA/ 0 100 NA
E/D/Bs/L
18B  U/G/E/D/R/S 0 25.9 NA
19B  U/AE/OA/G/E/Co/ 0 100 NA
D/Bs/R/C/L/BP/S
20B U/AE/F/C 0 >100 <0.35

U = Urticaria; AE = angioedema; F = flush; AD = worsening
of eczema; OA = itching and tingling sensation on lips, oral cav-
ity and throat; G = gastric pain and/or burning abdominal pain;
E = emesis; Di = diarrhea; Co = cough; D = dyspnea; Bs = bron-
chospasm/wheezing; R = rhinitis; C = conjunctivitis; L = laryn-
goedema/throat tightness; BP = drop in blood pressure;
S = shock, passing out; NA = not assessed. All clinical reactions
were type 1 reactions and occurred within 2 h after ingestion of
the food.

Rosenfeld/Shreffler/Bardina/
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Table 2. Inhibition of IgE binding to peanut peptides

Sequence Similarity ~ Identical Inhibition
amino acids . .
peanut peptide walnut peptide
Arah 1.024 DLSNNFGKLFEVKPD o o
Jug r 2.024 SYSNQFGQFFEACPE 60% 40% * -
Ara h 1.032 KQAKDLAFPGSGEQV \ .
Jug r 2.032 REAKELSFNMPREEI 60% 33% * B
Ara h 2.021 QQFKRELPNLPQQCG . .
Jug r 1.021 EEMVQSARDLPNECQ 40% 33% * -
Arah 3.004 IFSGFTPEFLEQAFQ o o
Jug r 4.004 VFSGFDADFLADAFN 73% >3% * )
Arah 3.008 EEYDEDEYEYDEEDR o o
Jug r 4.008 RKERERERESESERR 40% 33% * -
Arah 3.024 VIDNLPEEVVANSYG 67% 47% + B

Jug r 4.024 AIRALPEEVLATAFQ

Analysis

The fluorescence signal was digitalized with ScanArray Ex-
press 4.0 software (Perkin Elmer) using the ‘adaptive threshold’
algorithm. Artifacts were manually eliminated. The subsequent
calculations were done by Excel (Microsoft, Renton, Wash., USA)
and a custom-made program (Contec Vision, Waltham, Mass.,
USA). This was used to relate the grid data to the corresponding
peptide identity and to calculate the means and SDs of the tripli-
cates. Array elements with coefficients of variation >30% were
excluded from the analysis. The mean plus 2 SD log-transformed
of the negative controls (buffer alone) was used as an intraslide
cutoff to establish background. An interslide cutoff was calcu-
lated as the mean plus 2 SD intensity of the corresponding signal
from the control sera. For calculation of the percentage of patients
with positive IgE binding, both intra- and interslide cutoffs had
to be exceeded.

The following analysis was done with SPSS 11 for Mac OS X.
Additional analysis and graphical display were performed using
Prism (GraphPad Software, San Diego, Calif., USA).

To compare the frequency of binding to peanut and walnut
peptides between walnut-allergic and walnut-tolerant patients, x>
tests were calculated for each peptide. We then performed a Bon-
ferroni correction for multiple testing. The number of peptides
recognized by the patients in the different groups was compared
and significance was tested by the Mann-Whitney U test.

Results

IgE antibodies from patients allergic to peanuts and
walnuts were compared to those allergic to peanut but not
walnut with respect to binding of certain peanut or cor-
responding walnut peptides (fig. 1). The two groups did

Walnut Allergy in Peanut-Allergic
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not show significant differences with respect to peanut-
specific IgE (in walnut-allergic patients: from 0.74 to >100
kU/], median: 31.2 kU/], and in walnut-tolerant ones: 2.34
to>100 kU/1, median: 34.8 kU/I). The walnut-specific IgE
was higher in the walnut-allergic group (in walnut-aller-
gic patients: 1.13-42.7 kU/], median 8.95 kU/], and in wal-
nut-tolerant ones: <0.35-1.31 kU/I, median: <0.35 kU/],
p <0.05).

Comparing the frequency of IgE binding to either pep-
tides of peanut allergens or walnut allergens, no peptide
could be identified that discriminated between the two
groups. Moreover, there was no difference in the number
of either peanut or walnut epitopes recognized by either
patient population (fig. 2). On the contrary, most of the
IgE binding to peanut peptides appeared in regions with
lower homology.

Walnut peptides had been chosen as they correspond-
ed to known peanut peptides. There was very little recog-
nition of these walnut peptides by either walnut-allergic
or walnut-tolerant patients. Only 1 walnut peptide (Jug r
1.013) was recognized by >20% of patients in either group
(tig. 1).

Inhibition experiments were also carried out to test for
potential cross-reactivity. While specific inhibition of
IgE binding to the peanut peptides could be obtained by
pre-incubating with peanut peptides, this was not possi-
ble with the corresponding walnut sequences for most of
the tested peptides (table 2). Only the walnut sequence
VESGFDADFLADAEN led to a dose-dependent inhibi-
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tion of IgE binding towards the corresponding peanut
sequence IFSGFTPEFLEQAFQ; 1,000-fold higher con-
centrations of walnut peptide were needed to obtain sim-
ilar inhibition compared to peanut peptide.

Discussion

We hypothesized that peanut-allergic patients with or
without walnut allergy could be distinguished by their
peptide binding patterns in the regions of the previously
described peanut epitopes. Peanut-allergic patients with
coincident walnut allergy were expected to bind to a
greater number of walnut sequential epitopes than those
without walnut reactivity. We expected these patients to
bind to epitopes with high sequence similarity in the pri-
mary structure. By identifying discriminating peptides,
we sought to provide a basis for a diagnostic in vitro test
that could differentiate between peanut-allergic patients
and in vitro evidence of walnut sensitivity with or with-
out accompanying clinical walnut allergy. However, in
our experiments, we were unable to show any significant
differences between the two groups.

Our results indicate that despite the rather high degree
of homology shared with the corresponding regions of

Walnut Allergy in Peanut-Allergic
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walnut allergens, the sequence stretches previously iden-
tified as sequential IgE binding epitopes of Ara h 1, Ara
h2and Arah 3 have no IgE binding equivalents in walnut
allergens.

However, linear epitopes located in other regions of the
protein may well be shared. As only previously described
sequential epitopes of peanut allergens and the corre-
sponding homologous peptides of the walnut allergens
were analyzed, there are some areas of Arah 2 and 3 and
the corresponding walnut peptides which are not covered
and which may contain cross-reactive IgE binding sites.
Furthermore, other peanut or walnut allergens beside the
major allergens or seed storage proteins could be respon-
sible for the coincidence of walnut and peanut allergy.

Cross-reaction between different nut extracts has been
shown, whereas the results for cross-reactivity between
peanuts and tree nuts are inhomogeneous [22, 27]. The 7S
globulins Ara h 1 and Jug r 2 showed no cross-reactivity
in inhibition experiments [23]. However, in a three-di-
mensional computer model, sequential epitopes on 7S
globulins of peanut and homologous regions of different
tree nuts show a similar three-dimensional conformation
which might enable clinical cross-reactivity [28]. We ex-
amined the whole sequences of Arah 1 and Jug r 2 and
found no evidence for shared sequential epitopes.

Similar computer models of the three-dimensional
structure of the 2S albumins support the lack of cross-
reactivity found in our study [29]. Immunoblot experi-
ments with whole 2S peanut and walnut proteins are
needed to investigate the cross-reactivity of whole pro-
teins.

IgE binding epitopes of Ara h 3 and Jug r 4 have also
been studied in a computer model [30]. The structural
homology found in this study might be responsible for
clinical cross-reactivity, but we could not find a correlate
to this in our experiments. The three-dimensional mod-
eling of the allergens supports the hypothesis that confor-
mational epitopes on the surface of the allergens built by
several linear epitopes might be responsible for the ob-
served common IgE binding activity instead of single lin-
ear IgE binding epitopes as exclusive basis for IgE cross-
reactivity.

Strong support for the hypothesis that linear epitopes
have little impact on the IgE binding capacity to the
whole allergen is given by Albrecht et al. [31]. Linear epi-
topes of Ara h 2 showed little contribution to the IgE
binding to the whole allergen in inhibition assays.

The IgE binding to sequential epitopes in our study as
well as the observed heterogeneity of binding are consis-
tent with other microarray studies [21, 24]. In our study,

Int Arch Allergy Immunol 2012;157:238-245 243



strongly binding epitopes have previously been described
as immunodominant epitopes in immunoblot experi-
ments [17]. The heterogeneity of binding observed in our
as well as other microarray studies might explain why we
do not find a single discriminating peptide that distin-
guishes between different patient groups.

The previously identified major linear epitope of Jug r
1 is represented by Jug r 1.019 in our experiments [32].
Even more patients bound to Jug r 1.013 (GYDEDN-
QRQHFRQCC). The pathogenetic role of this sequence is
however unclear as binding to this sequence was also ob-
served in walnut-tolerant patients.

reactions and serologic testing and not based on double-
blind placebo-controlled food challenges.

In summary, our data cannot show that the sequence
homologies in the regions of the known sequential epi-
topes of peanut and the basic subunit of Ara h 3 are re-
sponsible for a coincidence of clinical peanut and walnut
allergy.
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