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Summary
Background Despite the frequency and severity of peanut allergy, the only approved treat-
ment is strict avoidance. Different types of immunotherapy with crude peanut extract are not
universally effective and have been associated with relatively high adverse reaction rates.
Objective We sought to determine whether in silico predictive algorithms were useful in
identifying candidate peptides for an Ara h 2 peptide-based vaccine using peanut-allergic
patients’ peripheral blood mononuclear cells (PBMCs) in vitro. A human leucocyte antigen
(HLA) distribution analysis was also performed.
Methods Major histocompatibility complex (MHC)-class II-binding peptides were predicted
using NetMHCIIpan-2.0 and NetMHCII-2.2 algorithms. PBMCs from 80 peanut-allergic
patients were stimulated with overlapping 20-mer Ara h 2 peptides. Cell supernatant cyto-
kine profiles were evaluated by multiplex assays. HLA-DRB1* and HLA-DQB1* typing
were performed.
Results Four regions of overlapping sequences induced PBMC proliferation and predomi-
nant Th2 cytokine production. HLA genotyping showed 30 different DRB1* allele specific-
ities and eight DQ serological specificities. The in silico analysis revealed similar relevant
regions and predicted identical or similar core 9-mer epitopes to those identified in vitro.
If relevant peptides, as determined by either in vitro or in silico analysis (15 peptides and
9 core epitopes respectively), were used in a peptide-based vaccine, they would cover vir-
tually all subjects in the cohort studied.
Conclusions and Clinical Relevance Four dominant regions in Ara h 2 have been identi-
fied, containing sequences that could serve as potential candidates for peptide-based
immunotherapy. MHC-class II-based T cell epitope prediction algorithms for HLA-DR and
-DQ loci accurately predicted Ara h 2 T cell epitopes in peanut-allergic subjects, suggest-
ing their potential utility in a peptide-based vaccine design for food allergy.
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Introduction

Peanut allergy is a common and potentially life-threat-
ening condition that considerably compromises the
quality of life of many patients. Clinical symptoms may
range from mild oropharyngeal pruritus to life-threat-
ening anaphylaxis, although symptoms are often more
severe, explaining why peanut allergy is the leading
cause of emergency-department visits for food-induced

anaphylaxis in the United States [1]. Peanut allergy is
generally life long with only approximately 20% of
young peanut-allergic children outgrowing their allergy
by school age [2, 3]. Most patients are sensitized to at
least one of the three major peanut allergens, Ara h 1,
Ara h 2 and Ara h 3. IgE antibodies to Ara h 2 have
been shown to correlate most closely with clinical reac-
tivity [4] and Ara h 2-specific IgE is found in more
than 90% of peanut-allergic patients in North America
[5]. Both Ara h 2 and its homologue, Ara h 6, have
been described to be more potent inducers of basophil
degranulation in vitro than Ara h 1 and Ara h 3 [6, 7].*Authors contributed equally.



Avoidance of peanut remains the mainstay of treat-
ment for peanut allergy, although it does not seem to
change its natural history [3]. Therefore, major efforts
have focused on the development of an effective immu-
notherapeutic approach to modify this IgE-mediated
disorder. Unfortunately, conventional subcutaneous
immunotherapy for peanut allergy using crude peanut
extract has been shown to have an unacceptably high
risk of anaphylaxis [8, 9]. One alternative approach to
traditional immunotherapy is the use of peptide frag-
ments corresponding to T cell epitopes of the allergen
of interest [10]. These peptides retain immunogenicity,
but are of insufficient length to cross-link allergen-spe-
cific IgE on mast cells and basophils [11]. Modulation
of immune responses and reduction of early- and late-
phase reactions following short courses of immunother-
apy with Fel d 1 for cat-allergic subjects [12] and phos-
pholipase A2 for bee venom-allergic patients [13] have
been shown to desensitize affected patients. Reports on
CD4+ T cell responses to individual peptides spanning
whole peanut allergens are limited in the literature [14–
17]. Recently, Prickett et al. [18] identified five domi-
nant CD4+ T cell epitopes on Ara h 2 that collectively
show diverse human leucocyte antigen (HLA) class II
restriction, using Ara h 2-specific CD4+ T cell lines
derived from 16 Caucasian peanut-allergic adults.

During the last decade, several groups have attempted
to develop predictive algorithms for identifying T cell
epitopes based on computer simulation, known as in sil-
ico analysis. As binding to major histocompatibility
complex (MHC) class II is a prerequisite for an extracel-
lular peptide to stimulate T lymphocyte responses, T cell
epitopes may be predicted indirectly by the identifica-
tion of MHC-binding molecules. In this context, many
different methods have been described and used for pre-
dicting MHC–peptide binding [19]. In particular, MHC-
class II-binding predictions have been widely used for
epitope identification on infectious agents, with the
intent of developing peptide-based vaccines using these
bioinformatics approaches [20]. This pioneering method-
ology has not yet been widely applied to allergy.

This study focused on the identification of Ara h 2
peptides that can serve as potential candidates for a
peptide-based vaccine. Peripheral blood mononuclear
cells (PBMCs) from peanut-allergic children were stimu-
lated with consecutive 20-mer peptides with a 15-
amino acid overlap (offset of five), spanning the entire
Ara h 2 protein and the HLA distribution of the pep-
tide-specific immune responses was evaluated. In silico
computational algorithms to predict T cell epitopes were
utilized to evaluate not only the 20-mers tested in vitro,
but also all possible theoretical Ara h 2 20-mer peptides
(offset of one) to identify the relevant epitopes. These
predicted peptides were evaluated and compared with
current and previous experimental findings. Population

coverage analysis was performed to identify the most
relevant Ara h 2 peptides to be included in a peptide-
based vaccine for peanut allergy.

Methods

Subjects

All subjects were recruited from the outpatient clinic at
the Jaffe Food Allergy Institute at the Mount Sinai
School of Medicine. Subjects were eligible for enrolment
if they had a convincing clinical history of an immedi-
ate-type reaction to peanut and a positive skin-prick test
(SPT) and/or positive serum IgE to peanut; or if they
had a peanut-specific serum IgE level > 15 kUA/L [21].
Exclusion criteria included use of omalizumab within
the past 12 months, enrolment in any food allergy inter-
ventional trial in the past 12 months and current treat-
ment with immunotherapy (IT) for any allergen in the
up-dosing phase. A total of 14 controls were included.
The Mount Sinai Program for the Protection of Human
Subjects approved the study (MSSM Study ID 08-1314)
and informed consent was obtained from all patients.

Antigens

Ara h 2 peptides. Peptides spanning the entire length
of Ara h 2.01 allergen (ACN62248.1) (peptides #1 to
#30: 20-mers, 15-amino acids overlap; peptide #31: 7-
mer; JPT Peptide Technologies, GmbH, Berlin, Germany)
were reconstituted in the appropriate solvent [dimethyl
sulfoxide (DMSO) for peptide#1, DMSO 50% in AIM-V®

Medium (Invitrogen by Life Technologies, Grand Island,
NY, USA) for for peptide #2 or AIM-V® Medium alone
for peptides #3 to #31] and plated in 96-U-well plates
to reach a final concentration of 20 lg/mL in 200 lL
of PBMCs for the proliferation assay. Plates were stored
at �80°C until used.

Crude peanut extract (CPE). A peanut (Arachis hypo-
gaea) extract was prepared as previously described [22].
Two different concentrations were utilized in the prolif-
eration assay (50 lg/mL and 100 lg/mL).

Anti-CD3/CD28 beads (Dynabeads® human T-activator
CD3/CD28; Invitrogen Inc). One microlitre of reagent
was used per 200 lL of PBMCs as a positive control of
proliferation.

T cell proliferation assay

T cell proliferation assays were performed with PBMCs
from peanut-allergic individuals and controls. PBMCs
were separated from 25 mL venous blood by density
ficoll centrifugation, washed and resuspended in
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AIM-V® Medium. A total of 1 9 106 PBMCs were cul-
tured for 4 days in 96-U-well plates with CPE, anti-CD3/
CD28 beads or Ara h 2 peptides. On day 4, 100-lL aliqu-
ots of the culture supernatant were removed and stored at
�80°C and 100 lL of fresh AIM-V medium added to the
cells. Cultures were then pulsed with tritiated thymidine
(1 lCi) and cultured for an additional 48 h, harvested on
glass fibre filters and incorporated radioactivity mea-
sured in counts per minute (cpm) by scintillation spec-
troscopy. Individual cpm for Ara h 2 peptides, CPE and
anti-CD3/CD28 beads culture wells were compared with
those containing medium alone (unstimulated cells)
plated in triplicates. The within-subject variability of the
cpms measured among these triplicates was calculated
and used to estimate the per-individual coefficient of
variation (CV). T cell responses were considered signifi-
cant if the Stimulation Index (SI; cpm of antigen-stimu-
lated T cells divided by cpm of unstimulated) exceeded
the estimated maximum CV (> 1 + CVmax), otherwise
they were regarded as negligible (zero). Peptides induc-
ing positive proliferative responses (SI � 1.5) in at least
25% of the recruited subjects were considered signifi-
cant. A heat map showing the magnitude of the prolifer-
ative responses represented by SI values was generated
using TIGR Multiexperiment Viewer (www.tm4.org/mev).

Cytokine profile analysis

Concentrations of IL-5, IL-13, TNF-a and IFN-c secreted
into cell culture supernatants collected after 4 days of
stimulation were evaluated using the cytometric bead
array (CBA) kit (BDTM CBA Human Soluble Protein Flex
Set Assay; BD Biosciences, San Jose, CA, USA) follow-
ing the manufacturer’s protocol. The fold change of
cytokine levels measured from supernatants of stimu-
lated cells compared to unstimulated cells was consid-
ered significant if > 1 and negligible if � 1.

HLA-class II genotyping

Genomic DNA was isolated from venous blood (QIAamp
DNA Mini Kit; Qiagen, Valencia, CA, USA) and used to
perform high-resolution HLA-DRB1* typing (by Lumin-
ex technology – Biosynthesis Inc., Lewisville, TX, USA)
and single specific primer-PCR (SSP-PCR)-based low-
resolution HLA-DQB1* typing (FASTYPE Class II DQB1
Low Resolution SSP Typing Kit; Biosynthesis Inc).
Allele frequency (number of copies of the allele) and
phenotype frequency (number of individuals who carry
the allele) were calculated in our cohort.

In silico T cell epitope prediction

T cell epitopes are principally predicted indirectly by
identifying the binding of peptide fragments to the

MHC complexes. Development of accurate predictive
algorithms for MHC-class II binding is complicated not
only because the binding grooves of MCH-II molecules
are open at both ends, allowing peptides with different
lengths to bind, but also because the same MHC mole-
cule can accommodate a great variety of different
binding sequences. However, it has been reported that
a sequence 9-amino acids in length (9-mer), known as
a core peptide, is essential for MHC-class II binding
[23] (further details are provided in the online reposi-
tory).

For HLA-DR-based T cell epitope prediction, the arti-
ficial neural network-based alignment (NN-align)
method NetMHCIIpan-2.0 was applied. This method is a
hybrid of an earlier published pan-specific method for
MHC-class II binding, NetMHCIIpan [24], and the NN-
align method for allele-specific MHC-class II-binding
predictions [25]. NetMHCIIpan-2.0 was selected as it
has been shown to significantly outperform NetMHCII-
pan [24], NN-align [25] and TEPITOPE [26] methods,
which comprise the top performing methods in current
use [27]. NetMHCIIpan-2.0 provides predictions only for
some of the most commonly found HLA-DR alleles. For
HLA-DQ alleles, NetMHCII-2.2 was used [25]. Although
limited binding-affinity data are available for HLA-DQ,
it was recently reported to provide the best performance
in predicting this locus [28]. Ara h 2 was not included
in ‘training and evaluation’ data sets for NetMHCIIpan-
2.0 and NetMHCII-2.2 development. Both are available
publicly online on web-based servers [25, 27].

For the prediction process, all possible 20-mer pep-
tides spanning the full Ara h 2 sequence were tested
separately for each HLA allele found in the current
cohort. The peptides predicted to be significant binders
by at least one allele examined, comprised the ‘signifi-
cant peptides’. The binding significance of each peptide
to a given MHC molecule is based on the estimated
strength of binding exhibited by a predicted nested core
peptide at a set threshold level. Based on the estimated
strength of binding, the peptides (and their predicted
core 9-mers) are characterized as significant (weak or
strong) or non-significant. Each predicted core 9-mer
sequence represents the predicted putative T cell epitope
within each peptide examined (for more information
see the online repository).

Population coverage analysis

A given T cell epitope elicits a significant response only
in subjects expressing MHC-class II molecules able to
recognize and bind this particular epitope. MHC-class II
molecules (HLA-DR, -DQ and -DP) have codominant
expression, are highly polymorphic, especially the
DRB1* locus, and coexist on the surface of antigen-pre-
senting cells. Given the polymorphic nature of MHC
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molecules, a single T cell epitope can bind more than
one MHC molecule and hence the fraction of the popula-
tion of interest expected to respond to a given epitope
set is dependent on their HLA genotypes and the HLA
genotype frequencies. This calculation can be done using
the Population Coverage Calculation program when the
HLA genotype frequencies and the existing MHC/peptide
recognition patterns are known. This tool, hosted at the
Immuno Epitope Database (IEDB) web site [29], has been
used to calculate the current cohort coverage afforded
by the peptides found to induce significant proliferation
in PBMC cultures and by those found to be significant
binders according to predictive algorithms.

Statistical analysis

Descriptive statistics of non-normally distributed, con-
tinuous variables are presented as medians and inter-
quartile range and/or range. For comparisons of the
fold-change in cytokine concentrations and prolifera-
tion levels, the Mann–Whitney test was used. Chi
square (v2) and chi square goodness of fit tests were
used to compare HLA allele distributions observed in
each of the Ara h 2 regions inducing significant prolif-
eration and to compare the HLA distribution between
subjects and controls. All reported P-values are based
on two-sided tests and compared with a significance
level of 5%. Stata 9.1 for Windows (Stata Corp LP, Col-
lege Station, TX, USA) was used for all statistical calcu-
lations and plots.

Results

Demographics

A total of 80 subjects (52 boys) were included in the
study. The majority were Caucasians (90%). The med-
ian age at enrolment was 10.9 years. Most patients
(92.5%) were atopic, with or without atopic eczema,
asthma, allergic rhinitis and other food allergies
(Table 1). Their median peanut-specific serum IgE level
was 78.2 kUA/L (< 0.35 – > 100 kUA/L) with a median
SPT weal size of 8 mm (3–18 mm). The majority of
subjects (82.5%) had at least one past reaction to pea-
nut. A total of 14 controls (seven males) were tested.
Six controls reported having either respiratory allergies
or food allergies other than peanut, and none were
sensitized to peanut. Eight controls were non-atopic;
most were Caucasians (79%) with a median age of
32.5 years (22–45 years).

Dominant CD4+ T cell epitopes of Ara h 2

T cell proliferation assays were performed with PBMCs from
peanut-allergic individuals (n = 80) and controls (n = 14).

The within-subject CV in cpms from the unstimulated wells
was 0.121 cpm (range 0.006–0.493 cpm). Consequently, a
SI � 1.5 (1 + CVmax = 1 + 0.493) was considered posi-
tive. Peptides inducing positive proliferative responses
(SI � 1.5) in at least 25% (20 patients) of the study subjects
included peptide # 2, 5, 6, 7, 8, 9, 10, 17, 18, 19, 20, 21, 22,
25 and 26. These peptides were further grouped into four
regions within Ara h 2: region A (aa #6–25) included peptide
#2; region B (aa #21–65), peptides 5–10; region C (aa #81–
125), peptides 17–22; and region D (aa #121–145), peptides
25 and 26. The number of patients with a positive response
(SI � 1.5) to each peptide expressed as percentage of all
subjects recruited is shown in Fig. 1. Seven of the 80
(8.75%) subjects did not have a positive response to any
peptide, although they all had a positive response to CPE
and anti-CD3/CD28 beads. Proliferation was found to be sig-
nificant (SI � 1.5) in more than 25% of controls following
stimulation with peptides # 3 (5/14), 26 (4/14) and 27 (4/14).
The magnitude of proliferative responses for all subjects and
controls to all peptides tested is shown in Figure S1.

HLA-DRB1* and -DQB1* alleles: frequencies observed

Genomic DNA extraction and HLA-DRB1* and DQB1*
loci genotyping was successfully achieved in 77 of the
80 recruited subjects and in all controls (Table S1).
Among the 77 genotyped, 30 different HLA-DRB1*
alleles and eight different DQB1* alleles were identified.
Tables 2a and 2b show the allele and phenotype fre-

Table 1. Subject demographics and background history

Variable Result

Male n = 52 (65.0%)

Age 10.9 years [3.1–41]

Ethnicity

Caucasian n = 72 (90.0%)

Asian n = 4 (5.0%)

Other n = 4 (5.0%)

Atopic History

Allergic Rhinitis n = 53 (66.25%)

Asthma n = 51 (63.75%)

Atopic eczema n = 45 (56.25%)

Other food

allergies

n = 63 (78.75%)

Peanut Allergy history

History of reaction

to peanut

n = 66 (82.5%)

Peanut-specific serum

IgE level

78.2 kUA/L [< 0.35 – > 100]

SPT weal size 8 mm [3–18]

Age, IgE level, and SPT weal size are reported in medians with

ranges.
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quencies’ for all HLA specificities found in the allergic
individuals with a positive proliferative response (i.e.,
stimulation index above 1.5) in each region (A–D). The

HLA-DR or -DQ allele specificity frequencies were simi-
lar among the four regions identified (P-values > 0.700).
The HLA distribution frequency of the seven subjects

Fig. 1. Percentage of subjects with a significant positive response to each Ara h 2 peptide. Number of peanut-allergic subjects (in%, n = 80) with

a significant positive response (SI � 1.5) for each Ara h 2 peptide. Proliferation in � 25% of the subjects is considered to be significant in terms

of prevalence.

Table 2a. HLA DRB1* allele frequencies and phenotype frequencies

DRB1*
All Patients Region A Region B Region C Region D

Allele

Ph.F A.F Ph.F A.F Ph.F A.F Ph.F A.F Ph.F A.F

(n = 77) (n = 154) (n = 18) (n = 36) (n = 45) (n = 90) (n = 57) (n = 114) (n = 35) (n = 70)

*0101 5.2% 2.6% 11.1% 5.6% 2.2% 1.1% 3.5% 1.8% 5.7% 2.9%

*0102 7.8% 3.9% 5.6% 2.8% 8.9% 4.4% 8.8% 4.4% 5.7% 2.9%

*0301 13.0% 6.5% 27.8% 13.9% 6.7% 3.3% 12.3% 6.1% 11.4% 5.7%

*0401 6.5% 3.9% 0.0% 0.0% 6.7% 4.4% 3.5% 2.6% 0.0% 0.0%

*0402 14.3% 8.4% 11.1% 8.3% 11.1% 6.7% 17.5% 10.5% 14.3% 8.6%

*0403 5.2% 2.6% 5.6% 2.8% 6.7% 3.3% 5.3% 2.6% 2.9% 1.4%

*0404 2.6% 1.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.9% 1.4%

*0405 2.6% 1.3% 0.0% 0.0% 2.2% 1.1% 3.5% 1.8% 2.9% 1.4%

*0406 1.3% 0.6% 5.6% 2.8% 0.0% 0.0% 1.8% 0.9% 0.0% 0.0%

*0407 2.6% 1.3% 5.6% 2.8% 2.2% 1.1% 3.5% 1.8% 2.9% 1.4%

*0701 19.5% 11.0% 5.6% 2.8% 22.2% 12.2% 24.6% 14,0% 22.9% 12.9%

*0801 2.6% 1.3% 5.6% 2.8% 4.4% 2.2% 0.0% 0.0% 0.0% 0.0%

*0804 1.3% 0.6% 0.0% 0.0% 0.0% 0.0% 1.8% 0.9% 0.0% 0.0%

*0901 1.3% 0.6% 0.0% 0.0% 2.2% 1.1% 1.8% 0.9% 2.9% 1.4%

*1001 1.3% 0.6% 0.0% 0.0% 2.2% 1.1% 1.8% 0.9% 2.9% 1.4%

*1101 7.8% 3.9% 5.6% 2.8% 11.1% 5.6% 8.8% 4.4% 8.6% 4.3%

*1102 1.3% 0.6% 0.0% 0.0% 2.2% 1.1% 0.0% 0.0% 0.0% 0.0%

*1104 13.0% 6.5% 11.1% 5.6% 8.9% 4.4% 15.8% 7.9% 22.9% 11.4%

*1201 6.5% 3.2% 0.0% 0.0% 8.9% 4.4% 5.3% 2.6% 5.7% 2.9%

*1202 2.6% 1.3% 5.6% 2.8% 4.4% 2.2% 3.5% 1.8% 5.7% 2.9%

*1301 9.1% 4.5% 5.6% 2.8% 13.3% 6.7% 7.0% 3.5% 8.6% 4.3%

*1302 24.7% 12.3% 38.9% 19.4% 24.4% 12.2% 22.8% 11.4% 22.9% 11.4%

*1303 1.3% 0.6% 0.0% 0.0% 2.2% 1.1% 0.0% 0.0% 0.0% 0.0%

*1305 2.6% 1.3% 5.6% 2.8% 4.4% 2.2% 3.5% 1.8% 5.7% 2.9%

*1401 7.8% 3.9% 5.6% 2.8% 8.9% 4.4% 8.8% 4.4% 5.7% 2.9%

*1404 1.3% 0.6% 0.0% 0.0% 2.2% 1.1% 1.8% 0.9% 2.9% 1.4%

*1501 16.9% 8.4% 11.1% 5.6% 13.3% 6.7% 14.0% 7,0% 11.4% 5.7%

*1502 6.5% 3.2% 5.6% 2.8% 4.4% 2.2% 5.3% 2.6% 8.6% 4.3%

*1601 2.6% 1.3% 5.6% 2.8% 2.2% 1.1% 1.8% 0.9% 2.9% 1.4%

*1602 2.6% 1.3% 11.1% 5.6% 4.4% 2.2% 3.5% 1.8% 5.7% 2.9%

A.F, Allele Frequency; Ph.F, Phenotype Frequency.
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that showed no significant proliferation to any peptide
did not differ from the rest of the 73 patients who did
proliferate to at least one peptide (P-value = 0.787).

Cytokine profile induced by Ara h 2 peptides

The secreted cytokine profiles in vitro were measured in
33 randomly selected subjects with significant prolifera-
tive responses (SI � 1.5) and sufficient supernatant to
analyse (Figure S2). These 33 subjects did not differ sig-
nificantly from the 40 subjects not analysed with
respect to their HLA frequencies (P-value = 0.254) or in
their magnitude of proliferation per peptide (P-values
> 0.1). Cytokine profiles were compared with five con-
trols (Table 3). TNF-a responses were negligible in all
samples. A dominant Th2 cytokine response (IL-5 and
IL-13) was clearly demonstrated for most of the pep-
tides belonging to regions B and C in peanut-allergic
subjects, whereas the same regions in controls showed
or had a trend towards a Th1 cytokine profile. A similar
trend was also observed for the peptides of region D,
whereas no particular trend was evident for region A
(Table 3). Cytokine levels were negligible in superna-
tants when no significant proliferation (SI < 1.5) was
identified.

Ara h 2 epitope prediction

Ara h 2 has 137 theoretical 20-mers (offset of one) plus
one 7-mer. The two epitope-prediction algorithms, Net-
MHCIIpan-2.0 and NetMHCII-2.2, were used to identify
significant 20-mers and core 9-mer peptides in the 31
peptides that were utilized in the assays (thirty 20-mers
and one 7-mer) and in the 107 additional theoretical
20-mers that were not synthesized (Fig. 2). All estima-
tions were based on the HLA-DRB1* alleles found in
the study cohort. For HLA-DQ alleles, only DQB1*0201,
*0402, *0501, *0602 were examined as these were the
only ones available for the in silico analysis.

Peptides #1–4, 5–9, 17–22 and 24–27 (peptide ID
based on current experiment) were identified as relevant
binders (predicted IC50 < 500 nM, weak or strong) cov-
ering the corresponding four regions. In particular, pep-
tides #1–3, 19–21 and 25–26 were predicted to be
strong binders (predicted IC50 < 500 nM). These results
are consistent with the four regions that were experi-
mentally identified as significant in the proliferation
studies (Fig. 2).

In the overall analysis using both algorithms, Ara h 2
was predicted to have 21 significant (9 strong and 12
weak binders) putative 9-mer core epitope sequences.
These epitopes were clustered in four regions of Ara h 2
(amino acid #): region I (7–23), region II (24–52), region
III (91–117) and region IV (126–141) (Fig. 2 and
Table 4), which correspond to the sequences identified
in the proliferation assays (aa # 7–23 vs. 6–25, 24–52
vs. 21–65, 91–117 vs. 81–125 and 126–141 vs. 121–
145 respectively), as well as with previously published
epitopes [17, 18]. Likewise, the core nine-mer epitopes
identified computationally were similar to previously
described epitopes (aa# 32–44 vs. 32–40/34–42, 37–47
vs. 34–42/39–47, 91–102 vs. 91–99/95–103, 95–107 vs.
95–103/101–109 and 128–141 vs. 126–134/130–138/
133–141 respectively), although some new epitopes
were also predicted in Ara h 2 (aa #7–23) (Table 4).
These core peptides are located within the newly identi-
fied significant region A (Fig. 2). When analysing the
predicted significant epitopes separately for either all
examined DR alleles or all available DQ alleles, exactly
the same epitopes were identified.

Population coverage analysis

The Population Coverage Calculation program was uti-
lized based on the HLA genotypic frequencies and the
MHC/peptide-specific recognition patterns found in our
study cohort. All subjects studied (100%) are expected
to respond significantly to peptides belonging to at

Table 2b. HLA DQB1* allele frequencies and phenotype frequencies

DQB1*Allele

All Patients Region A Region B Region C Region D

Ph.F A.F Ph.F A.F Ph.F A.F Ph.F A.F Ph.F A.F

(n = 77) (n = 154) (n = 18) (n = 36) (n = 45) (n = 90) (n = 57) (n = 114) (n = 35) (n = 70)

DQ2 (0201/0202) 26.0% 14.3% 27.8% 13.9% 24.4% 13.3% 29.8% 16.7% 25.7% 14.3%

DQ2 (0203) 3.9% 1.9% 5.6% 2.8% 2.2% 1.1% 3.5% 1.8% 5.7% 2.9%

DQ4 (0401/0402) 7.8% 3.9% 11.1% 5.6% 6.7% 3.3% 5.3% 2.6% 2.9% 1.4%

DQ5 (050101-0504) 27.3% 14.3% 33.3% 19.4% 28.9% 15.6% 28.1% 14.9% 28.6% 15.7%

DQ6(060101/0620) 49.4% 28.6% 55.6% 30.6% 48.9% 27.8% 42.1% 24.6% 42.9% 25.7%

DQ7 (0301/0309-10/0313) 40.3% 20.8% 33.3% 16.7% 44.4% 23.3% 42.1% 21.1% 48.6% 24.3%

DQ7(0304) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

DQ8 (0302/0307-08/0311) 24.7% 13.6% 16.7% 11.1% 22.2% 12.2% 26.3% 14.9% 20.0% 11.4%

DQ9 (0303/0306) 5.2% 2.6% 0.0% 0.0% 6.7% 3.3% 7.0% 3.5% 8.6% 4.3%

A.F, Allele Frequency; Ph.F, Phenotype Frequency.

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 43 : 116–127

In silico prediction of Ara h 2 T cell epitopes 121



least one of the four regions that were identified as sig-
nificant in the proliferation assays, and almost all of
them (99.88%) to those predicted from the in silico
analysis of significant 20-mers. The population cover-
age on a per-region per-allele basis is presented in
Table S2. Based on this analysis, a vaccine containing
at least four peptides (� 20 amino acids in length)
from the predicted significant Ara h 2 regions (regions I
–IV, Table 4 and Fig. 2c) would cover 99.85% of the
participating subjects (calculations are based on the sig-
nificance of the core 9-mer with the existing HLA
alleles shown). The Population Coverage Calculation
program does not provide standard errors for compar-
ing the estimated percentage coverage between the
experimental and in silico approaches.

Discussion

Despite significant progress in our understanding of the
underlying pathophysiological mechanisms of food
allergy in recent years, strict avoidance and treatment
of accidental exposures remain the only approved
therapeutic option. Several different types of immuno-
therapy, such as oral (OIT), sublingual (SLIT) and epicu-
taneous immunotherapy (EPIT) [30] are being studied
for the treatment of food allergy. OIT represents a
promising therapeutic intervention for peanut allergy
[31–34], although adverse reaction rates are high and
about 15–20% of patients cannot tolerate this form of
therapy. Similar observations have been reported for
OIT with milk [35] and egg [36], and recently experts
concluded that OIT for food allergy is not yet ready for
general clinical use [37, 38]. However, long-term toler-
ance has not been demonstrated and further studies are
needed. An alternative approach that has garnered

increasing interest is the use of peptide-based-immuno-
therapy for food allergy [39–43].

In the last 3–4 years, in silico-derived algorithms
have substantially improved their accuracy to predict T
cell epitopes. Until now, most of these algorithms have
targeted HLA-DR molecules and not HLA-DP and -DQ
molecules, even though they are likely important for
antigen presentation. NetMHCpan-2.0 has recently been
evaluated and shown to have a per-allele mean accu-
racy of 0.854 (1.0 being 100% accurate, and 0.5 of no
significance) [27]. In another recent publication, the
per-allele mean prediction accuracy of NN-align, was
0.882 and in particular for DQ, 0.927 [28]. The afore-
mentioned values have been estimated after using a
large dataset that covers HLA-DP molecules, as well.

Despite the high accuracy of these predictions, this
approach has not yet been applied to peptide-based
vaccine development for allergic diseases. To our
knowledge, this is the first report to utilize this tech-
nique for predicting food-allergen epitopes. In this
study, we have used two MHC-class II-based applica-
tions to validate their ability to identify significant
MHC binders. The results of the peptide predictions
were compared with in vitro T cell proliferation from a
cohort of peanut-allergic patients to select peptide can-
didates for the development of a peanut allergy vaccine.
We found that both NetMHCIIpan-2.0 and NetMHCII-
2.2 performed well in predicting Ara h 2 peptides that
induced significant T cell proliferation in vitro (Fig. 2).
While not intending to replace the in vitro assays, this
bioinformatics approach provides the opportunity to
analyse additional theoretical peptides that are not
included in the proliferation assays (offset of 1 vs. off-
set of 5). Moreover, these theoretical peptides can be
divided into significant or non-significant peptides by

Table 3. Cytokine fold change from baseline: peptide based comparison between patients and controls

Region

Peptide

ID

Patients Controls

IFN-c IL-5 P-value IL-13 P-value IFN-c P-value IL-5 IL-13

A 2 1.08 (1.49) 1.19 (12.76) 1.04 (7.45) 1 (0) 1.09 (0.04) 1 (0)

B 5 1 (0.25) 10.3 (59.63)* 0.040 8.74 (19.94) 3.35 (4.69) 1.07 (0.01) 1.11 (0.15)

6 1.07 (0.28) 7.69 (14.85)* 0.039 4.12 (11.5) 6.94 (7.84) 1.1 (0.2) 2.76 (2.72)

7 1.12 (0.14) 11.34 (34.06)* 0.049 5.84 (23.83) 2.76 (2.43)* 0.035 1.02 (0.01) 1.21 (0.41)

8 1.06 (0.2) 14.65 (66.55)* 0.047 7.11 (44.21) 3.39 (4.79) 1.04 (0.08) 1.11 (0.22)

9 1.07 (0.57) 1.63 (14.08) 1.87 (10.21) 6.7 (2.54)* 0.034 1.25 (0.48) 1.64 (0.77)

10 1.04 (0.09) 15.18 (50.89)* 0.016 11.48 (48.82)* 0.018 1.28 (1.17) 1 (0.05) 1 (0)

C 17 1.03 (0.16) 4.97 (46.46)* 0.034 3.5 (11.75) 1.68 (1.37) 1.07 (0.14) 1.16 (0.2)

18 1 (0) 8.31 (26.86) 5.31 (9.85) 2.96 (3.92) 1.01 (0.02) 1.96 (1.72)

19 1.04 (0.1) 11.5 (47.11)* 0.036 8.45 (31.02) 3.49 (0.44)* 0.035 1 (0) 1.54 (0.79)

20 1.06 (0.14) 1.59 (12.7)* 0.036 1.46 (12.21) 2.36 (2.73) 1 (0) 1 (0)

21 1.04 (0.46) 6.16 (44.57)* 0.030 3.97 (21.28) 2.67 (3.35) 1.07 (0.12) 1.2 (0.22)

22 1 (0.19) 1.28 (3.55) 1.44 (2.05) 3.95 (2.84) 1.46 (0.4) 3.68 (3.24)

D 25 1.08 (0.16) 3.1 (22.73) 2.5 (21.75) 3.04 (4.07) 1.17 (0.13) 1.76 (0.91)

26 1.09 (0.12) 1.65 (2.36) 1.56 (3.66) 4.47 (6.93) 1.03 (0.06) 1.2 (0.4)

*statistically significant (P-value < 0.05) higher levels after comparing the same cytokine between patients and control.
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the prediction software, which can additionally identify
putative 9-mer cores that enable the generation of a
shortlist of the most important peptides needed for
inclusion in a peptide vaccine [24, 25]. The predicted
putative core peptides of Ara h 2 identified using these
programs coincided or were very similar to those
recently described [18].

We also sought to associate the in vitro responses
with particular HLA-DRB1* and -DQB1* alleles. Four
regions defined by 15 Ara h 2 peptides (20-mers) were
found to significantly induce PBMC proliferation. Three
of these peptide regions (aa #21–65, #81–125 and #121
–145) have been described previously using peanut-
specific T cell lines [17, 18]. An additional region (aa
#6–25) was identified for the first time (Fig. 2). Interest-
ingly, part of this sequence (aa #6–21) corresponds to
the Ara h 2 signal peptide (aa #1–21). The signal pep-
tide is not believed to be secreted, but thought to

Table 4. Predicted significant 9-mer core peptides for Ara h 2 selected

on the basis of significant HLA binding, clustered in four epitopic sets

Ara h 2 Aa#

Region I

(7–23)

Region II

(24–52)

Region III

(91–117)

Region IV

(126–141)

Strong-binding

core peptides

(predicted IC50

< 50 nM)

9–17

10–18

11–19

12–20

– 101–109

102–110

109–117

126–134

130–138

Weak-binding

core peptides

(predicted IC50

� 500 nM)

7–15

15–23

24–32

31–39

32–40

34–42

39–47

42–50

44–52

91–99

95–103

133–141

IC50, half maximal inhibitory concentration.

Fig. 2. Schematic representation of dominant regions of proliferation identified experimentally (a) and predicted after in silico analysis ones:

Major histocompatibility complex (MHC) binding prediction based on weak and strong (bold) binding 20-mer peptides (b) and MHC binding

prediction based on weak and strong (bold) binding core epitopes (c). At the top, the entire sequence of Ara h 2 used (ACN62248.1). Sequences

provided in the figure represent the whole group of short overlapping peptides that configure each region of proliferation identified either

experimentally [region A (Aa #6–25), peptide #2; region B (Aa #21–65), peptides 5–10; region C (Aa #81–125), peptides 17–22; and region D (Aa

#121–145), peptides 25 and 26] or through in silico predictions.
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remain and be processed inside the endoplasmic reticu-
lum [44]. However, our in vitro proliferation results
indicate that this peptide is either secreted and recog-
nizable by patient T cells, or is cross-reactive with other
non-signal peptides, which seems unlikely.

T cell epitope mapping can be performed through
proliferation assays (primary PBMCs, T cell lines or
clones), cytokine detection (by flow cytometry or ELI-
SPOT) [45, 46] and more recently with the Tetramer-
Guided Epitope Mapping (TGEM) approach [47–50].
Proliferation assays are an easy and relatively rapid
mapping technique; however, the low frequency of
allergen-specific CD4+ T cells requires large numbers of
PBMCs to test all potential allergens and obtain suffi-
cient signal for detection. Therefore, most mapping
studies use allergen-specific T cell lines or clones [45,
46]. Although T cell lines or clones overcome the fre-
quency limitation, cells are analysed following in vitro
expansion, which can alter cell phenotypes [47]. In
addition, they represent a repertoire potentially biased
by prior in vitro selection of the rapidly proliferating
clones, which may skew the results [51, 52].

When designing peptide-based vaccines, it is very
important to ensure that the epitope repertoire is gener-
ated from a diverse and representative sample of
patients containing MHC-class II types relevant to the
population of interest. This was the case in our in vitro
study, as the HLA genotyping showed 30 different allele
specificities for the DRB1* locus and eight serological
specificities for DQ in our patient cohort. The HLA-
allele profile observed in our cohort is predominantly
represented in Caucasian North American populations
[53]. Our findings also suggest that the selected T cell
epitopes are promiscuous and able to bind to several
alleles.

The use of small peptides for immunotherapy is
intended to avoid systemic allergic reactions due to
cross-linking IgE present on the surface of effector cells
[54]. Based on Ara h 2 immunodominant regions for
IgE antibody binding reported in the literature [55–58],
some B-cell epitopes appear to overlap T cell epitope
regions, as determined by proliferation assays and in
silico predictions. However, preliminary data from baso-
phil activation assays with blood samples from peanut-
allergic individuals using these Ara h 2 peptides showed
no degranulation above baseline (medium-only control)
(unpublished observations). This suggests that the clini-
cal significance of this overlap between B and T cell
epitopes is unlikely to be relevant.

The population coverage calculation program is also
useful for designing peptide-based vaccines. The HLA
genotypic frequencies were analysed to associate them
with the MHC/peptide-specific recognition patterns
found in our study cohort and to compare them with the
in silico-predicted data. The expected high coverage of

the in vitro cohort data were compared for each region
with the coverage indicated by the in silico DR and DQ
analysis alone, as well as the combined information
from both molecules’ binding patterns (Table S2). Inter-
estingly, regions A and C had a similar high coverage
with that indicated by the in vitro data when both esti-
mations from DR and DQ alleles were used. This was not
the case for region B and D, as this coverage was under-
estimated compared to the in silico data. This may be
explained by the fact that not all existing DR and DQ
alleles were available in our cohort, to be utilized for
the population coverage calculation based on the in sil-
ico results. Analysis of additional alleles is expected to
increase coverage. It is also possible that significant DP
alleles (that were not genotyped) in our cohort contrib-
ute to T cell proliferation in response to peptides from
region B and D. The in vitro results take into account all
possible DR, DQ and DP alleles (including those not
genotyped in our cohort) that might play an important
role in the observed proliferation. The fact that predic-
tion analysis revealed the same significant peptides with
those identified in vitro suggests that predictions based
on either DR alone or DQ alone may be sufficient for
identifying significant peptides and core epitopes that
‘cover’ the majority of peanut-allergic individuals.

As expected, a dominant Th2 cytokine profile was
found in the supernatants of allergic subjects’ PBMCs
following stimulation with most of the peptides identi-
fied as significant. On the other hand, the same peptides
in control subjects induced or showed a trend towards a
Th1 cytokine profile (Table 3). Interestingly, only pep-
tides from regions B and C elicited Th2 cytokines. A
lack of statistical power may have precluded the identi-
fication of peptides from regions A and D as Th2 induc-
ers, or in fact these peptides may not induce Th2
cytokines, but could still play a role in regulating
immune responses.

In control subjects, some peptides (#3, #26 and #27)
were also found to generate significant proliferation.
Two of the peptides (#3 and #27) did not induce signif-
icant responses in peanut-allergic subjects, whereas
peptide #26 induced significant proliferation in both
controls and peanut-allergic subjects. Interestingly, this
peptide induced a Th1 cytokine profile in both.

In conclusion, using primary PBMC cultures from a
large cohort of peanut-allergic children, we have identi-
fied four dominant regions in Ara h 2 as potential can-
didates for peptide-based immunotherapy and
demonstrated the utility of in silico algorithms for pre-
dicting Ara h 2 T cell epitopes in peanut-allergic
patients. Our findings strongly suggest that the in silico
approach may be useful in predicting the significant
MHC-binding peptides from large major allergens (e.g.
Ara h 1 and Ara h 3) with a high degree of certainty
and thus provide information to carefully select candi-
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date peptides for in vitro assay validation and possibly
for inclusion in an immunotherapeutic vaccine.
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Figure S1. Heat map generated from T cell prolifera-
tion responses after stimulation with Ara h 2 peptides.

Ara h 2 peptides are represented in columns (1–31).
Subjects (S#, n = 80) and controls [atopic (Ca#,n = 6)
and non-atopic (C# = 10)] are shown in rows and the
SI is in grading scale, ranging from less than 1.5 (black)
to 5 or greater (yellow)
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Figure S2. Cytokine profiles from cell culture super-
natants of peanut allergic individuals.

Table S1. Demographics, clinical characteristics and
HLA genotyping of patients recruited.

Table S2. Population coverage calculations per sig-

nificant region for DR and/or DQ alleles based on in vi-
tro and in silico data.

Data S1. Stimulation index and raw proliferation
data per peptide for each patient.
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SUPPLEMENTARY DATA – ONLINE REPOSITORY

SUPPLEMENTARY INFORMATION:

METHODS: T cell Epitope Prediction

The different methodologies used for predicting peptide-MHC class II binding are

“trained” with known registered binding sequences in an allele-specific manner. These methods

can exploit known peptide binding data to generate predictions for sequences not included in the

training set.

The peptide binding strength is estimated by using the predicted half maximal inhibitory

concentration (IC50) values. Based on the binding strength of the 9-mer cores, both methods

distinguish between significant and non-significant binding 9-mer core peptides, and

corresponding 20-mer peptides. Significantly binding core and 20-mer peptides are further

subdivided into strong (predicted IC50<50 nM) and weak (IC50<500 nM) binders. Non-

significant peptides have IC50>500 nM [25].

SUPPLEMENTARY TABLES:

Table E1 – Online Repository. Demographics, clinical characteristics and HLA genotyping of

patients recruited.

Table E2 – Online Repository. Population coverage calculations per significant region for DR

and/or DQ alleles based on in vitro and in silico data.



SUPPLEMENTARY FIGURES:

Figure S1 – Online Repository. Heat map generated from T cell proliferation responses after

stimulation with Ara h 2 peptides.

Ara h 2 peptides are represented in columns (1 to 31). Subjects (S#) and Controls (atopic (Ca#)

and non-atopic (C#) are shown in rows. The magnitude of the proliferative response is

represented by stimulation index (SI) value, in grading scale ranging from less than 1.5 (black) to

5 or greater (yellow).

Figure S2 – Online Repository. Cytokine profiles from cell culture supernatants of peanut

allergic individuals.



Table E1 – Online Repository. Demographics, clinical characteristics and HLA genotyping of patients

recruited.

ID
Age

(months)
Gender Ethnicity

Specific

IgE
AE Asthma AR Other FAs

HLA Genotyping

DRB1 Allele DQB1 Allele

1 2 1 2

S1 77 F C >100 x y *07:01 DQ2*02:01,02:02

S2 150 M C 8.45 x y NA

S3 188 M C 39.10 x x y *04:04 *15:02 DQ6 DQ8

S4 201 F C 20.20 x x x y *13:02 *16:02 DQ5 DQ6

S5 150 F C >100 x x y NA

S6 141 F I 4.97 x x x y *07:01 *13:01 DQ6 DQ2*02:01,02:02

S7 84 M C 56.10 x x x n *01:01 *13:02 DQ5 DQ6

S8 230 F C 1.20 x x y *03:01 *0406 DQ4 DQ2*02:01,02:02

S9 60 M C >100 x x y *07:01 DQ2*02:01,02:02

S10 151 F A >100 x x y *09:01 *12:02 DQ7 DQ9

S11 98 M C >100 n *04:01 DQ7 DQ8

S12 141 F C 2.68 x x y *07:01 *15:02 DQ6 DQ2*02:01,02:02

S13 492 M C 36.70 x x y *13:02 *14:01 DQ5 DQ6

S14 95 M C >100 x x n *03:01 *04:02 DQ8 DQ2*02:01,02:02

S15 130 M C >100 x x x y *03:01 *11:04 DQ7 DQ2*02:01,02:02

S16 59 M C >100 x x x y *07:01 *11:04 DQ7 DQ2*02:01,02:02

S17 57 M C 29.80 x x y *04:02 DQ8

S18 131 F C >100 x x x n *08:01 *13:01 DQ4 DQ6

S19 137 M A 99.90 x x x y *12:02 *16:02 DQ5 DQ7

S20 130 M C >100 x x y *11:01 *14:01 DQ5 DQ7

S21 191 F P/Am 1.27 x y *04:02 *13:02 DQ6 DQ8

S22 237 M C >100 x x x y *01:02 *13:05 DQ5 DQ7

S23 181 F C >100 x x x y *15:01 *15:02 DQ6

S24 103 M C >100 x n *04:02 *11:04 DQ8 DQ7

S25 129 M C >100 x x x y *03:01 *15:01 DQ2 DQ6

S26 80 M C >100 x x x y *03:01 *15:01 DQ2 DQ6

S27 259 F C 9.09 x y *08:01 *04:02 DQ4 DQ8



S28 145 M C 6.50 x n *15:01 *13:02 DQ6

S29 98 M C 97.50 x x y *13:02 *04:03 DQ4 DQ6

S30 168 M C 46.60 x x x y *15:01 *07:01 DQ6 DQ2*02:01,02:02

S31 53 M C >100 x y *15:01 *11:04 DQ6 DQ7

S32 141 F C 67.9 x x x y *08:04 *04:05 DQ4 DQ8

S33 156 M C 16.5 x y *11:01 *0102 DQ5 DQ7

S34 134 M C 84.2 x x x y *07:01 *04:03 DQ8 DQ2*02:01,02:02

S35 107 F C 9.17 x y *03:01 *01:01 DQ5 DQ2*02:01,02:02

S36 160 F C >100 x x y *03:01 *01:01 DQ5 DQ2*02:01,02:02

S37 248 M C 3.24 x x x y *15:01 *13:02 DQ6

S38 111 M C 22.70 x x x y *11:04 *07:01 DQ7 DQ2

S39 139 M C >100 x n *15:01 *13:01 DQ6

S40 217 M C 43.60 x x x y *04:02 *03:01 DQ8 DQ2*02:01,02:02

S41 121 M C >100 x x y *13:02 *04:07 DQ6 DQ7

S42 195 M C 1.09 x x x y *15:01 *13:02 DQ6

S43 104 F C >100 x x y *13:02 *04:07 DQ6 DQ7

S44 114 M A/C >100 x x x y *12:01 *10:01 DQ5 DQ9

S45 218 M C 27.50 x y *0402 *0301 DQ8 DQ2*0201,0202

S46 83 M C >100 x x y *13:02 *11:04 DQ6 DQ7

S47 91 M C >100 n *13:05 *07:01 DQ7 DQ2*02:01,02:02

S48 188 F C 4.92 n *13:01 *04:01 DQ6 DQ7

S49 101 F C 68.30 x x x y *13:02 *11:04 DQ6 DQ7

S50 147 F C >100 x x y *12:01 *07:01 DQ2*02:01,02:02 DQ7

S51 160 M C 17.50 x x y *16:01 *14:01 DQ5

S52 38 M C 6.11 x x y *14:01 *04:01 DQ5 DQ7

S53 259 M C 69.40 x x y *04:03 *04:02 DQ4 DQ8

S54 80 M C 8.34 x x y *14:01 *07:01 DQ9 DQ5

S55 216 F C >100 x x y *13:02 *11:01 DQ7 DQ6

S56 188 M C <0.35 n *11:04 *07:01 DQ7 DQ2*02:01,02:02

S57 132 M C >100 x x x y *13:02 *11:01 DQ7 DQ6

S58 154 F I >100 x x y *14:04 *13:01 DQ6 DQ5

S59 167 M C 63.50 x x x n *11:04 *04:02 DQ7 DQ8

S60 65 F C 55.90 n *11:04 *04:05 DQ7 DQ8

S61 172 M C 0.41 x x y *15:01 *07:01 DQ2*02:01,02:02 DQ6

S62 77 F C 30.10 x n *13:02 *04:03 DQ8 DQ6



S63 99 F A 3.64 x x n NA

S64 177 F C >100 x x y *12:01 *01:02 DQ7 DQ5

S65 156 M AA >100 x x y *12:01 *11:02 DQ7

S66 61 M C >100 x n *04:02 DQ8

S67 120 F C >100 x y *15:01 *01:01 DQ6 DQ5

S68 102 M C 33.60 x x y *16:01 *15:02 DQ6 DQ5

S69 123 M C >100 x x y *13:01 *11:01 DQ7 DQ6

S70 115 M C 9.36 x x y *03:01 *12:01 DQ7 DQ2*02:01,02:02

S71 134 F C >100 y *04:01 *07:01 DQ8 DQ2*02:01,02:02

S72 128 M C >100 x y *13:02 *13:03 DQ6 DQ7

S73 150 M C >100 x x y *04:04 *13:01 DQ6 DQ8

S74 38 M C >100 x x y *01:02 *11:01 DQ5 DQ7

S75 48 M C 7.50 x y *13:02 *14:01 DQ5 DQ6

S76 63 M C 72.20 x x x y *04:01 *15:01 DQ6 DQ7

S77 93 F C 1.95 n *04:02 *07:01 DQ8 DQ9

S78 37 M C <0.35 y *13:02 *15:01 DQ6

S79 82 M C >100 x x n *01:02 *15:02 DQ6 DQ5

S80 87 F C 46.20 y *01:02 *13:02 DQ5 DQ6

Abbreviations used: FA: Food Allergy; AE: Atopic Eczema; AR: Allergic Rhinitis; Ethnicity: C: Caucasian; A: Asian;
P/Am: Pakistani/American; I: Indian; AA: African-American; NA: Not available.



Table E2 – Online Repository. Population coverage calculations per significant region for DR and/or DQ

alleles based on in vitro and in silico data.

Alleles Region A Region B Region C Region D

In vitro data

All alleles 99.73% 99.94% 99.88% 99.87%

In silico data

DR 99.46% 34.07% 59.17% 74.70%

DQ 71.7% 49.02% 84.87% 49.02%

DR+DQ 98.72% 66.36% 93.82% 87.1%
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