
Review article

Computational tools for the study of allergens

Allergic responses result from activation of immune
pathways involving interactions between multiple molecu-
lar and cellular components. Better understanding of such
pathways is crucial for understanding the nature of allergic
responses and, in particular, for the development of new
allergy treatments. Genetic studies show that multiple
genes are involved in allergy susceptibility and the chro-
mosomal locations of some allergy-related genes have been
identified (1, 2). Genomic and proteomic technologies that
have been applied to allergy research include gene expres-
sion arrays (3) and proteomics (4). The number of
characterized protein allergens is increasing rapidly. The
Allergen Nomenclature Sub-Committee of the Interna-
tional Union of Immunological Societies (IUIS) maintains
a list of �certified� protein allergens (5). By December 2002,
some 420 protein allergens had been classified. While this
list contains numerous allergens it is not exhaustive as
unlisted allergens can be found in the existing literature.
Furthermore, although an additional 190 isoforms of
protein allergens are included on the official allergen list,
this may represent only a small fraction of the total as
individual allergens may have tens of isoforms (6, 7).
The assessment of protein allergenic potential focuses

on three main aspects: inherent protein allergenicity,

cross-reactivity, and clinical symptoms (8). Inherent
allergenicity refers to the likelihood of an immunoglob-
ulin E (IgE) antibody or T-cell response to a particular
allergen. Studies of B-cell (9, 10) and T-cell (11, 12)
epitopes focus on defining recognition sites on allergens.
Cross-reactivity refers to the ability of an IgE clonotype
or a T-cell clone, which were previously induced by one
allergen, to react with another allergen. Studies of
stinging insect venom allergens have shown that cross-
reactivity between allergens having <70% sequence
identity is uncommon (13). Studies of inherent allerge-
nicity and cross-reactivity have applications in the devel-
opment of allergy immunotherapies and vaccines (14–16).
Clinical and functional data for common allergens have
been reported extensively and public databases contain
entries of allergen sequences (17, 18), structures (19), or
T-cell epitopes (20, 21). However, these data sources are
neither complete nor up-to-date.

Modern research requires rapid access to rich data
sources and advanced tools for data analysis. Unfortu-
nately, allergen-related data are currently scattered
across various publicly accessible molecular databases.
A detailed description of allergen databases was given in
a recent review (22).

Allergy is a major cause of morbidity worldwide. The number of characterized
allergens and related information is increasing rapidly creating demands for
advanced information storage, retrieval and analysis. Bioinformatics provides
useful tools for analysing allergens and these are complementary to traditional
laboratory techniques for the study of allergens. Specific applications include
structural analysis of allergens, identification of B- and T-cell epitopes,
assessment of allergenicity and cross-reactivity, and genome analysis. In this
paper, the most important bioinformatic tools and methods with relevance to the
study of allergy have been reviewed.
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The computational and bioinformatic tools used to
probe databases and data repositories belong to various
categories: sequence analysis and comparison, predic-
tion and structural analysis. The sequence analysis and
comparison tools focus on classification and character-
ization of genes and proteins of confirmed and putative
allergens (23, 24). Prediction tools focus on functional
and structural analysis of genes and proteins leading to
identification of those with allergenic potential. High
accuracy predictions can guide experimental design,
facilitating fast and cost-effective experimental valid-
ation of potential allergens. Bioinformatic tools are
available for prediction of allergenicity (25), allergen
cross-reactivity (26), and T-cell epitopes (12). Structural
analysis tools help identify structural properties of
proteins, such as secondary structure (27), or tertiary
structure (8, 28) that may impart allergenicity, e.g.
through affecting IgE binding sites.
In this paper, we provide an overview of bioinformatic

applications available for allergy research and discuss
bioinformatic advances needed to fulfil current and future
allergy research needs with a focus on protein allergens.
We propose that a systematic approach to allergen data
management would create immediate benefits for both
basic allergen research and clinical allergology.

Bioinformatic tools

Multiple bioinformatic tools have been used in the study
of allergy. The allergic cascade is a series of chemical
reactions that start with allergen recognition by T- and
B-cells which eventually results in the release of histam-
ines and other inflammatory molecules from the mast
cells. The bioinformatic tools and applications that assist
the study of specific steps in the allergic cascade have been
shown in Fig. 1.

Common bioinformatic tools

The common characteristics of allergens such as struc-
tural, functional, or biochemical properties that explain
their ability to elicit allergic responses remain unclear.
Both general and specialized bioinformatic tools have
been used in allergy-related studies. Standard protein
sequence analysis is commonly used for characterization
of DNA and protein sequences of allergens, and identi-
fication of their common features. Standard techniques
use sequence comparison, sequence alignment, database
searching, motif and pattern searching, or identification
of various properties of protein sequences. Homologous
proteins often have similar 3-D structures, and similar
shape may imply similar function. Proteins with similar
function often display some level of similarity in their
primary sequences, typically with more than 20–35%
identity. The first step in the study of a novel protein is
normally a search of public databases for homologous
sequences. The most popular methods for searching
sequence databases are the FASTA (29) and BLAST
(30) programs. A number of specialized sequence align-
ment algorithms such as Smith–Waterman (31) (which is
considered more accurate but slower) or PropSearch (32)
(suitable for finding distant homologues) provide more
detailed analyses. Another important set of bioinformatic
tools uses pairwise alignment of sequences, aimed at
exploring the similarity of a query sequence with a
number of preselected target sequences. The task of
producing an optimal local or global alignment of
multiple sequences is mathematically difficult, but has a
great utility in molecular biology. Multiple sequence
alignment programs include those that focus on optimal
global alignment [such as ClustalW (33)] or local align-
ment [such as PIMA (34)].

While DNA sequence analysis focuses largely on
characterization of DNA sequences and genes, protein

Figure 1. Bioinformatics tools and applications used in the study of specific steps in the allergic cascade.
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sequence analysis focuses on solving the following prob-
lems (35):

• Finding conserved patterns of sequence in related
proteins that may correspond to functional domains.

• Prediction of protein secondary structure by multiple
alignment or from its primary sequence.

• Prediction of 3-D structure from sequence either by
homology to a known molecular structure or de novo,
from first principles, using knowledge of fundamental
atomic interactions.

• Prediction of function of whole molecules or their
domains, either by homology to proteins of known
function or de novo analysis.

Some examples of sequence comparison and analysis in
the study of allergens include molecular characterization
of an allergen group from dust mites (36), characteriza-
tion of a superfamily of proteins containing the allergenic
lipid transfer proteins (37), structural characterization of
a rice allergen (38), cross-reactivity studies of allergens
(27, 39), analysis of mutations of pollen allergens (23),
study of structural and molecular basis of allergenicity
(25), and identification of characteristic motifs in cat (40)
or cockroach (24) allergens.

Structural motifs and 3-D structure analysis

More advanced bioinformatic analyses of allergens require
more specialized tools. A selection of representative,
although not exhaustive, bioinformatic tools is available
at the ExPASy (http://www.expasy.ch) server. Applica-
tions include identification of specific sequence motifs,
structural motifs or characteristic patterns in allergen
sequences. Advanced bioinformatic tools have been used
for various predictions including secondary structure,
allergenicity, sensitization, cross-reactivity, T- and B-cell
epitopes and active sites in allergens. Secondary structure
prediction of a selection of pollen, fruit and vegetable
allergens using PredictProtein (41) software helped the
identification of very similar structural elements and, in
particular, the �P-loop� region as a common domain of
pollen and related food allergens (27). This group of
sequences displayed strong allergenic cross-reactivity and
the presence of common and specific epitopes. Third
generation software such as PredictProtein or Jpred2 (41)
accurately predictmore than 75%of amino acids that form
a-helices, b-sheets, or coils. Structuralmotif analysis can be
useful in studies of specific protein properties, e.g. it
successfully revealed the presence of coiled-coil helices in
the group 5 allergen Der p 5 from the house dust mite (42).
Bioinformatic analysis of this allergen explained the
mechanism of allergen filament formation. In this study,
the programs PAIRCOIL (43) and COILS (44) were used
for prediction of coil structure, and PSORT (45) for
prediction of protein localization sites in cells.
Less than 50 allergen structures, representing approxi-

mately a dozen structural groups, are available in the

PDB database as of December 2002 (19). The deposited
structures include those of ovalbumin, milk allergens (a-
lactalbumin, b-lactoglobulin, and lactoferrin), lysozymes,
lipocalins, profilins, other pollen allergens, insect venom
allergens, dust mite, horse, and fungal allergens.

Protein allergenicity is determined by 3-D structure and
structural knowledge can, therefore, help provide an
insight into the molecular basis of allergenicity. For
example, a common structural motif comprising a groove
located inside an alpha–beta motif has been identified
within diverse allergens (dust mite allergen Der p 1,
cysteine protease papain, lipocalin Mus m 1, and ragweed
allergen Amb a 5) (25). The unknown 3-D structure of
allergens can be deduced from homology to proteins
whose structure is known. For example, the Der p 1 dust
mite allergen was modelled upon the known structure of
cysteine proteinases (46), and cat cystatin was modelled
upon human cystatin structure (40). and the Blo t 13
allergen of the Blomia tropicalis mite was modelled upon
cytosolic lipid transport proteins (47).

Although structural similarities and differences are
important for establishing the basis for understanding
immunogenicity and cross-reactivity of allergens, a study
of known protein folds of 40 allergens suggested that a
general structural feature that conferred allergenicity did
not exist (8). The same study provided a description of
four major structural families that potentially conferred
allergenicity (Fig. 2): (A) antiparallel beta-strands: the
immunoglobulin-fold family (grass group 2, mite group
2), serine proteases (mite groups 3, 6, and 9), and soya
bean-type trypsin inhibitor (Ole e 1, grass group 11); (B)
antiparallel beta-sheets intimately associated with one or
more alpha-helices: tree group 1, lipocalin, profilin,
aspartate protease (cockroach group 2); (C) (alpha +
beta) structures, in which the alpha- and beta-structural
elements are not intimately associated: mite group 1,
lysozyme/lactalbumin, vespid group 5; and (D) alpha-
helical: nonspecific lipid transfer protein, seed 2S pro-
tein, insect haemoglobin, fish parvalbumin, pollen cal-
modulin, mellitin from bee venom, Fel d 1 chain 1, and
serum albumin. However, experimentally determined
structures alone cannot sufficiently resolve fine details
required for accurate prediction of the dynamics of
protein interactions. Molecular dynamics simulation
tools (48) provide atomic-level descriptions of molecular
interactions. Study of antigen–antibody interactions
using molecular dynamics simulations enabled reliable
quantification of structural changes over long periods of
simulation (49). The accumulation of allergen data, both
structural and functional, will provide an increasingly
important resource for detailed bioinformatic studies of
allergens.

Genomics

�Genomics� refers to the investigation of the structure,
function, regulation and interaction of multiple genes.
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The vast quantity of data produced by structural,
functional, and comparative genomics cannot be fully
interpreted without bioinformatic analyses. Study of the
genetic factors that contribute to atopy and asthma has
identified a high degree of sequence variation in the
eotaxin gene (50). This study focused on classification
of differentially expressed genes from activated T-helper
(Th2) cells into biologically relevant functional categ-
ories (i.e. receptor, signal transduction pathways, tran-
scription, and translation). Further studies have
focussed on identification of differentially expressed
genes and the comparison of gene expression in Th1
and Th2 clones (51, 52). Microarrays of multiple
allergens have been used for detection of allergen-
specific IgE in patient samples (53). Expression studies
of pulmonary genes helped identify the complement
factor 5 locus as a susceptibility gene for allergen-
induced asthma in a mouse model (54). Oligonucleotide
probe microarrays were used to study the complete
transcript of human mast cells thereby identifying
selective expression of 89 transcripts that may be
important in allergic inflammation (55).
The comparison of specific cDNA with genomic

sequences is useful for identification of variants (iso-
forms) of members of gene families. This type of analysis
helped characterize a major peanut allergen Ara h 2 (56).
Given the explosion of sequence data on a plethora of
genomes, genomics applications will continue to grow in
importance in allergy research.

Bioinformatic applications

Prediction of allergenicity

Several criteria can be used for bioinformatic assessment of
allergenic potential of a protein. The molecular basis of
allergenicity of a protein can be studied through the
analysis of its sequence, structure, B- or T-cell epitopes
(57). The recognition of allergens by IgE and IgG
antibodies involves binding to linear or conformational
epitopes on allergen surface (58, 59). Identification ofB-cell
epitopes is important for characterization of allergens and
for better understanding of complex allergic reactions.
Synthetic overlapping peptides have been used for
identification of B-cell epitopes in several food allergens
(60). Experimental epitope mapping requires large number
of binding studies andhas limited value for identification of
discontinuous conformational B-cell epitopes. The com-
plementarity of molecular shape and amino acid charge
was observed in B-cell epitopes of a knownDer p 1 epitope
(28). Nuclearmagnetic resonance studies indicate that only
a small number of residues within an epitope are function-
ally important for antibody binding (9). Alanine replace-
ments of single amino acids of B-cell epitopes showed that
IgE binding can be reduced or eliminated by point
mutation of a protein (61). Several bioinformatic methods
for identification of potential B-cell epitope candidates
have been reported. Early methods used hydrophilicity
scans (62), properties of amino acids (63), or combination
thereof (64) [e.g. in the identification of viral B-cell epitopes

Figure 2. Structural groups of allergens as defined in (8): (A) Phl p 2, timothy grass pollen allergen group 2 (PDB code 1WHP), (B)
Ara t 8, mouse-ear cress profilin I (PDB code 1A0K), (C) Ves v 5, wasp venom allergen 5 (PDB code 1QNX), (D) Zea m 14, maize lipid
transfer protein (PDB code 1AFH).
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(65, 66)].More recentmethods have used knowledge-based
homology modelling and prediction of 3-D structure in
addition to the earlier strategies. For example, a study of
Japanese encephalitis virus showed that both conforma-
tional and linear B-cell epitopes can be predicted using a
combined approach that also allowed for identification of
critical residues (67). Knowledge of the structural require-
ments for effector cell activation may also be used for
conversion of allergens into hypoallergenic immunother-
apeutics by reorientation of IgE epitopes (68). A relatively
small number of characterized 3-D structures and compu-
tationally intensive methodology currently prevent the use
of these methods for systematic prediction of protein
allergenicity.
Contrary to CD4+ Th1 cells, which produce cytokines

that activate macrophages and are involved in delayed-
type hypersensitivity, Th2 cells mediate strong antibody
responses (69), including IgE-mediated allergic inflam-
matory responses. Allergen-specific T-cell clones have
been studied in patients allergic to eggs, milk, nuts, apple,
pollen, and latex, amongst others and T-cell epitopes
have been identified for a variety of allergens (70).
However, some of these data are of limited use because
the human leucocyte antigen (HLA) specificity of these
T-cell epitopes has not been identified. More than 500
variants of HLA-DR, -DP, and -DQ molecules have been
characterized, to date (71). Because individuals have
different combinations of HLA molecules, their T-cell
responses will involve different T-cell epitopes. In addi-
tion, presence of certain HLA alleles may confer suscep-
tibility or protection against specific allergies (72).
Experimental T-cell epitope mapping involves binding
or functional assays of multiple overlapping peptides.
T-cell epitope mapping of an allergen requires a signifi-
cant experimental effort even for a single HLA molecule
and the systematic experimental characterization of all
T-cell epitopes of a particular allergen is generally not
practical. However, highly promiscuous HLA allele-
specific T-cell epitopes have been identified in allergens
(11). Promiscuous T-cell epitopes may have clinical
applications in the design of immunotherapies for allergy.
Computational prediction methods can dramatically

reduce the number of experiments required to identify
relevant T-cell epitopes. Binding of peptide to a HLA
molecule is a prerequisite for T-cell recognition and thus
can be used for prediction of candidate T-cell epitopes (73,
74). Methods for prediction of HLA-binding peptides
include those based on binding motifs (75), quantitative
matrices (76) or sophisticated artificial intelligence meth-
ods [artificial neural networks (77) or hidden Markov
models (78)]. Prediction of HLA class II binding peptides
has successfully been used for identification and charac-
terization of T-cell epitopes in autoimmunity (79), cancer
(80), infectious diseases (81), and allergy (12, 82). Recent
developments of predictive technologies allow the predic-
tion of peptide binding to a wide range of HLA-DR
molecules and identification of promiscuous or patient-

specific T-cell epitopes (83). Molecular modelling (84) or
molecular dynamic simulations (85) have also beenused for
modelling and prediction of candidate HLA-class II
binders, but being computationally intensive these meth-
ods cannot be routinely applied to large-scale screening.

A method for the assessment of the allergenic potential
of proteins, using a decision tree that classifies the source
of the protein, has been described (86). The decision
components in this approach combine the measurements
of in vivo and in vitro immunological responses and
include a sequence comparison step. The FAO/WHO
current recommendations (87) for identification of poten-
tial epitopes include searches for any eight or more
contiguous amino acids that are identical to any segment
of any known allergen (food, inhalant, or contact). The
eight amino acid identity between two proteins rarely
occurs by chance (88) and such an occurrence may have
biological significance. However, it is not clear what level
of sequence similarity is appropriate to account for
possibly similar conformational epitopes. Two criteria
have been proposed: 35% identity over an 80-amino acid
segment (8) (for prediction of allergic cross-reactivity,
described in the following section), or any match of six
contiguous amino acids (unlikely to be used because of its
low specificity). Current in silico analyses for the assess-
ment of allergenicity are based only on sequence com-
parisons to known allergen proteins using FASTA or
BLAST searches. This approach can be improved by the
use of an appropriate bioinformatic infrastructure inclu-
ding a reference allergen database and custom-made
advanced bioinformatic tools.

Prediction of allergic cross-reactivity

Patterns of allergic cross-reactivity, are important
because they may reflect (a) the pattern of clinical
sensitivities, (b) regulation of allergic sensitization via
B- and T-cell epitope cross-reactivity and (c) the need for
screening of novel foods for allergenicity (89). A large
proportion of patients with pollen allergies show hyper-
sensitivity after eating fresh fruit or vegetables. For
example, the cross-reactivity of the major allergens of
birch pollen (Bet v 1a), sweet cherry (Pru a 1), apple
(Mal d 1), pear (Pyr c 1), celery tuber (Api g 1) and carrot
(Dau c 1) were traced to high structural and amino acid
sequence similarities (27). The cross-reactivity of IgE
epitopes was traced down to a single amino acid and
mutation studies showed that small changes in amino
acid sequence can result in a significant reduction of
allergenicity. Similar results were found in the study of
cross-reactivity of profilins from birch and celery (90).
Individual patients demonstrate variable B-cell epitope
recognition, often responding against several epitopes
from the same allergen. Studies with the latex allergen
Hev b 5 indicate that amino acid substitutions in multiple
epitopes are necessary for reduction in IgE binding (91).
In some cases high sequence homology is related to
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pan-allergenicity [as in lipid transfer proteins (92)], while
in other cases high homology does not result in cross-
reactivity [as in birch and carrot cyclophylins (93)]. Non-
anaphylactic allergen fragments or variants of the IgE-
reactive pollen allergens may serve as useful tools for new
immunotherapies (27). The FAO/WHO expert recom-
mendations provide guidelines for the assessment of
potential cross-reactive allergenicity of food proteins
(87). These include sequence comparison and several
steps of homology search against protein databases and
multiple sequence analysis. According to the recommen-
dations, cross-reactivity has to be considered if there is
>35% homology with any known allergen across any
80-amino acid window of a query protein, or if there is an
identity of six or more contiguous amino acids. However,
similarity in short stretches of a linear amino acid
sequence is unlikely to result in cross-reactivity between
two proteins unless they share similar protein folding
(82). Searching for the presence of common structural
motifs (25, 83, 94) is likely to improve the quality of
assessment of cross-reactivity and allergenicity. More
advanced methods of establishing the structure–activity
relationship will provide further insight into the molecu-
lar basis of allergenicity.

Other applications

A number of specialized computational tools have been
developed and applied in the field of allergy. One example
is the allergen avoidance database tool (95) which, when
queried, produces an extensive list of skin-care products
that do not contain known allergens specific for a given
patient. Another tool predicts sensitization to flour aller-
gens in bakers using a stepwise logic regression method
(96). That model correlates allergologic variables (such as
measurements of total IgE or allergen-specific IgE) to
sensitization. We can anticipate that more specialist
bioinformatic tools will appear in the future to support
research, clinical practice and the screening of novel
synthetic or genetically manipulated foods and products.

Current needs

The growth of allergy-related data is entering an
exponential phase because of advances in genomic,
proteomic, and molecular biology techniques. Bioinfor-
matics provides tools for managing this avalanche of
data and is complementary to wet-lab research. The
purpose of allergy-related databases is to facilitate the
collection, retrieval, and analysis of such data. An ideal
allergy-related molecular database – a �reference data-
base� – should have a comprehensive, accurate and
expert-annotated content. It should also contain a set
of specialist tools that provide for extraction of
complex information. Such databases and correspond-
ing search tools must be accurate and robust.

Bioinformatic tools of higher sophistication will be
needed for deeper analysis of the allergic properties of
proteins. Tools for the analysis of allergens will be based
on both relatively simple sequence comparison and motif
extraction techniques and advanced statistical and artifi-
cial intelligence methods. The tools that will facilitate the
use of the allergen databases may include:

• Clustering tools for grouping allergens into specific
structure–function groups; these tools will use mul-
tiple sequence analysis, motif identification, and
advanced clustering techniques (97, 98).

• Structural analysis tools for B-cell epitope identifi-
cation (99).

• Advanced predictive tools for T-cell epitope identifi-
cation (76–78).

• Sophisticated pattern recognition tools for prediction
of allergenicity, using machine learning tools
(100, 101), for search, classification, and modelling
relationships.

Conclusion

New technologies enable the improvement of agronomic
characteristics (such as resistance to insects, herbicides, or
diseases) or quality (such as improved taste and texture,
shelf life, and nutritional value) and an increasing number
of foods are being developed and produced using
biotechnology approaches. Genetically manipulated sta-
ples such as soya beans, canola, corn, or potatoes, are
already reaching mass-market consumers (102). Novel
foods, as well as nutraceuticals, cosmetics, and other
products need to be carefully assessed for safety before
they reach consumers to ensure they are not more
allergenic than traditional products. The requirements
for the safety assessment of such products are growing
increasingly complex.

Rapidly increasing amounts of data and the accumu-
lating knowledge in the field of allergy provide rich
sources of data for aiding safety assessment of novel
foods as well as data to support basic and applied allergy
research. A significant amount of work has already taken
place in allergy-related data management. In applying
bioinformatic tools to this data it is critical that we
understand the strengths and drawbacks of individual
methods. The obvious next step is the integration of
allergy data resources and the creation of a bioinformatic
infrastructure to allow the systematic management of
allergen data. A reference allergen database integrated
with specialist search and analysis tools could provide an
ideal core resource for the study of allergens. This would,
in turn, enhance the growth and development of other
allergy-related databases that focus on specialized aspects
of allergens.

Combined with experimental methodology validated
on animal models that has been extensively used for
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allergenicity testing (103), a bioinformatics approach will
help define a more efficient and comprehensive approach
to both the assessment of allergenicity and assist towards
better understanding of the biological and medical basis
of allergy.
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