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Abstract: Allergenicity of proteins is a subtle property encoded in their structures.
The prediction of allergenicity of novel proteins saves time and resources for
subsequent experimental work. In the host antigen-presenting cells, the allergens are
processed as antigens by the means of Human Leukocyte Antigens (HLA) class Il
proteins. Sometimes, people allergic to a given protein show allergic reaction to a
different protein, even when the two proteins have different routes of exposure. This
phenomenon is termed cross-reactivity. Here, we describe a server for allergenicity
and cross-reactivity prediction based on the abilities of allergenic proteins
to generate binders to HLA class Il proteins. The generated peptides are
compared to HLA binders originating from known allergens. As a result, the
server returns a list of common binders, origin proteins, and species.
Different species generate common HLA binders and this determines their cross-
reactivity. The server is named AllerScreener and is freely accessible at:
http//www.ddg-pharmfac.net/AllerScreener.
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1. Introduction

Allergy is abnormal reaction (hypersensitivity) of the immune system to typically
harmless substances in the environment [1]. Usually, allergens are soluble protein
components of larger particles such as pet dander or tree pollen [2].

The hypersensitivity is developing in two stages: the sensitization stage and the
effector (elicitation) stage [2]. In the sensitization stage allergens are recognized as
antigens by human T cells and B cells. Allergen-specific T cells drive allergen-
specific B cells to produce Immunoglobulin E (IgE). The specific IgE binds to the
surface of mast cells, basophils, and activates eosinophils. In the effector stage upon
subsequent re-exposure to the same allergen, the molecules of IgE on the cell surface
cross-link the allergen and thus activate the cells and induce inflammatory reactions.
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As a part of the immune mechanisms, binding of antigens to the Major
Histocompatibility Complex (MHC) class Il proteins is a crucial step in the process
of sensitization. It takes place in both antigen recognition by T cells and activation of
B cells. While the antigen evokes the immune system response, the T cells and B
cells do not bind to the entire protein, but only to a peptide fragment called epitope.
Not all of the peptides that bind to MHC class Il proteins become epitopes, but all of
the epitopes are MHC class Il binders. In humans, the MHC class Il protein complex
is encoded by the Human Leukocyte Antigen (HLA) gene complex. There are 3 major
MHC class Il loci encoded by HLA: HLA-DP, HLA-DQ, and HLA-DR. Human
MHC genes are highly polymorphic, i.e. each locus has many alleles. Due to their
polymorphism, HLA proteins bind to a large repertoire of antigen peptides. The
structure of the binding cleft on the HLA class Il proteins limits the length of the
binding peptide core to nine residues. Hence, in order to be recognized as an allergen
by the immune system, the sequence of a given protein should contain at least one
nonamer (9 amino acid long peptide) that binds to a HLA class Il protein.

The receptor, which is responsible for recognition of T cells is HLA restricted.
In general, HLA-DR seems to be the most prevalent restrictive molecule for
immunogenic peptides [3]. For allergens, restriction by HLA-DRB1, HLA-DRB3,
HLA-DP, and HLA-DQ has been demonstrated. Some T-cell epitopes are restricted
by some exclusive HLA class Il molecules, but many have been found to be
promiscuous and can be presented by diverse HLA class Il molecules [4].

At the population level, HLA associations with allergy have been mostly
investigated in relation to IgE responses. A lot of evidences for association of
hypersensitivity to different type of allergens and specific HLA alleles exist. Studies
on allergic rhinitis and asthma have discovered associations with different
HLA-DRB1, HLA-DP, and HLA-DQ alleles [5-17]. Studies on allergic
bronchopulmonary aspergillosis have found associations only with specific
HLA-DRB1 alleles [18-21]. However, in all of them DQB1*02:01 has been found to
be a protective marker. Three studies have found associations between specific
HLA-DQBL1 and HLA-DRBL1 alleles and peanut allergy [22-24].

Genome Wide Association Studies (GWAS) allow discovery of associations
between different genes and allergic-driven diseases. Associations have been found
between allergic asthma [25, 26], allergic rhinitis [27], grass sensitization [28], atopic
dermatitis [29] and specific HLA-DRB1, HLA-DP, and HLA-DQ alleles. Another
genetic study has identified HLA-DQBL1 as the only HLA allele associated with
allergic sensitization [30]. Associations have been described between peanut allergy
and HLA-DQB1 and HLA-DQA2 [31], between shrimp allergy and
HLA-DRB1*04:05 and HLA-DQB1*04:01, and between peach allergy and
HLA-DRB1*09:01 and HLA-DQB1*03:03 [32].

The sensitization of the human immune system to a specific allergenic protein
from a specific species is often related to a reaction to proteins from different species,
even with different routes of exposure. This phenomenon is due to cross-reactivity
between proteins of different origin. Cross-reactivity between antigens occurs when
an antigen-specific antibody binds to a different antigen. The two antigens have
similar three-dimensional structural regions, known as conformational epitopes,

176



which allow the antibody to be recognized by both antigens [33, 34]. Some studies
have found a strong connection between the reaction of the immune system to
allergens and T-cell epitope recognition [35, 36]. The involvement of HLA class Il
proteins in both T-cell epitope recognition and B-cell activation could be a key for
better understanding of cross-reactivity of allergens.

The existing tools for allergenicity prediction can be divided into two groups.
The first group is based on the Codex Alimentarius guidelines which state that a novel
protein can be considered as a putative allergen if it shares greater than 35% sequence
identity with a known allergen over a sliding window of at least 80 amino acids [37].
The tools in the second group use different bioinformatics approaches, statistical and
machine learning techniques and widely varying validation procedures. In a recent
study Maurer-Stroh et al. have made a comparison between the reported servers in
recent literature results [38]. Authors compare the predictive performance of six
methods: The Codex Alimentarius linear-window rule [37], AllerCatPro [38],
PREAL [39], AllerHunter [40], AllergenFP [41] and AllerTOPv2 [42], using
receiver operator characteristic parameters like specificity, sensitivity and accuracy.
AllergenFP and AllerTOPv2 are developed in our Lab. The major weakness of this
approach is the lack of conventional criteria for non-allergenic proteins [43]. To our
knowledge, there is no existing server for cross-reactivity prediction.

In this study we have compiled a database of binders to the most common HLA
alleles. The binders originate from known allergenic proteins of different species and
routes of exposure. The peptides have been classified according to the HLA allele
class Il protein they bind. A comprehensive screening of the database reveals that
different species share common HLA class Il binders. Moreover, some of these
binders are part of known linear IgE epitopes. The database and the searching
algorithm have been implemented in a web application named AllerScreener, which
is freely accessible at: http//www.ddg-pharmfac.net/AllerScreener. AllerScreener
searches for potential binders to HLA class Il alleles and predicts allergenicity and
cross-reactivity among known and novel proteins.

2. Databases and servers

2.1. Datasets

A set of allergenic proteins has been collected from four online databases: Allergome
[44], COMPARE (http://comparedatabase.org/), FARRP [45] and AllerBase [46].
Only proteins with known amino acid sequence have been chosen. Part of the protein
sequences have been derived from UniProt database [47], as some of the databases
do not contain information about the protein sequence of allergens.

Additionally, two sets of known linear B-cell epitopes and known T-cell
epitopes have been derived from IEDB database [48].

2.2. Servers for HLA binding prediction

Each of the collected allergenic proteins has been screened for potential binders to
HLA class Il alleles by two in-house web servers: EpiTOP [49] and EpiDOCK [50].
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In order to minimize the number of false positive binders, only peptides recognized
as binders by both servers have been selected.

EpiTOP uses proteochemometrics models for HLA class Il binding prediction.
The binding affinity is predicted as plCso value. Nonamers with plCsp>5.3
(1C50<5000nM) have been recognized as binders. EpiTOP predicts binding to 12
DRBL1 alleles: DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0404, DRB1*0405,
DRB1*0701, DRB1*0802, DRB1*0901, DRB1*1101, DRB1*1201, DRB1*1302,
DRB1*1501; 5 DQ alleles: DQA1*0101/DQB1*0501, DQA1*0102/DQB1*0602,
DQA1*0301/DQB1* 0302, DQA1*0401/DQB1*0402, DQA1*0501/DQB1*0301
and 7 DP alleles: DPA1*0103/DPB1*0201, DPA1*0103/DPB1*0401, DPA1*0103/
DPB1*0402, DPA1*0201/DPB1*0101, DPA1*0201/DPB1*0501.

EpiDOCK prediction is based on quantitative matrices, derived by docking of
combinatorial peptide libraries on HLA class Il proteins. EpiDOCK predicts binding
to the same alleles as EpiTOP and the additional DQA1*0501/DQB1*0201 allele.

2.3.Web implementation

The collected sets of binders to HLA alleles with their parent proteins and species,
T-cell and B-cell epitopes have been compiled in a PostgreSQL database. The
database is implemented on a web server using Django framework and Python.

3. Results and discussion

A dataset of known allergenic proteins has been collected from four databases:
Allerbase — 1596 allergens, COMPARE - 2080 allergens, Allergome — 1704
allergens, and Allergen Online — 1975 allergens. Duplicates and sequences with
unidentified residues have been removed. The final dataset contained 3961 allergenic
proteins from different species and route of exposure.

A second dataset of peptide binders to the most common 25 HLA alleles has
been compiled. The binders were generated by in silico prediction of the allergenic
proteins. Each of the proteins was presented as a set of overlapping nonamer peptides.
The affinities of the peptides to the HLA alleles have been predicted by EpiTOP and
EpiDOCK. Only peptides predicted as binders by both servers were selected.

Additionally, two sets of 4875 known linear B-cell epitopes and 4963 known
T-cell epitopes were collected. They are used to identify known epitopes among the
predicted HLA binders.

The datasets have been implemented on a web server for prediction of
allergenicity and cross-reactivity of proteins. The server is named AllerScreener.
AllerScreener predicts the presence of HLA class 11 binders in a tested protein and
finds common binders with proteins from other species (cross-reactivity). If known
T-cell and/or B-cell epitopes are available among the predicted HLA binders, they
are presented as well.

The workflow of AllerScreener is user-friendly and intuitive. There two options
for prediction: Screening for HLA binders, T-cell and B-cell epitopes and Cross-
reactivity prediction.
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The Screening option consists of three steps (Fig. 1):
1. Enter the protein sequence in one letter code.
2. Select a HLA allele.
3. Start screening.
The result page returns a table containing:
1. Position of the binder in the query sequence. The query sequence could be a
whole protein or a fragment of it.
Sequence of the binder.
UniProt ID of the parent protein.
Position of the binder in protein.
The species from which the protein originates.
Match in T-cell epitope dataset, if exists.
Match in B-cell epitope dataset, if exists.

Noookrwn

AllerScreener P
a tool for allergenicity and
cross-reactivity assessment

i

Home | Screening | Cross reactivity.

1. Enter the PROTEIN sequence in one letter code:

ERET T i———

Fig. 1. AllerScreener front page

An example of the result page from the screening of alpha-s1-casein is given in
Fig. 2. The result table lists the HLA binders in the query protein and the identical
binders in other proteins from the same or different species. The common HLA
binders underline the cross-reactivity between species. If the binder is present in any
of the known T-cell or/and B-cell epitope, the probability for the parent protein to act
as an allergen increases.

The cross-reactivity prediction also consists of three steps (Fig. 3):

1. Choose a species.

2. Chose a HLA allele.

3. Start screening.

AllerScreener returns a table containing:

1. Alist of species with common predicted HLA binders.

2. The number of common HLA binders.

An example of a result page from the search for cross-reactivity of the species
Acanthocheilonema viteae and HLA-DRB1*0101 allele is presented in Fig. 4. The
higher number of common binders between the two species corresponds to higher
probability of cross-reactivity between them.
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Pasition Found in Positien
in query Binder protein with in Match in T cell epitopes Matchin B cell epitopes
sequence id protein

SESTECDAMEDIKQMEAES], AMEDIKQMEA,
SESTEDQAMEDIKQMEAE,

FGKEKVNELSKDIGSESTEDQAMEDIKQMEAES,
Bos TEDGAMEDIKQMEAESIS.  EDQAMEDIKQMEAESISSSEEIVPNSVEQK,
L el B el laurus TEDQAMEDIKQMEAESIS, EDQAMEDIKQMEAESISSSEEIVR,
DIGSESTEDQAMEDIKQMEA,
SESTEDQAMEDIKQMEAES!,

TEDQAMEDIKQMEAESISSS,

SESTEGDAMEDIKQMEAES|, AMEDIKQMEA,
SESTEDQAMEDIKQMEAE,
FGKEKVNELSKDIGSESTEDQAMEDIKQMEAES,
Bos TEDQAMEDIKQMEAESIS . EDQAMEDIKQMEAESISSSEEIVPNSVEQK,

15 MEDIKQUEA AAASOATL 1 taurus TEDQAMEDIKQMEAESIS, EDQAMEDIKQMEAESISSSEEIVP,
DIGSESTEDQAMEDIKQMEA,
SESTEDQAMEDIKQMEAES|,
TEDQAMEDIKQMEAESISSS,

Fig. 2. AllerScreener result table for alpha-s1-casein and HLA-DRB1*0101 allele

AllerScreener
a tool for allergenicity and
cross-reactivity assessment

Home | Screening | Cross reactivity.

1. Choose species: 2. Choose an allete:;

DRB1+0301

1
DOQA1%0101/DQB1 0501
DOA1+0102/DOB1*0602
DOA1+0301/DOB1+0302

Fig. 3. AllerScreener cross-reactivity prediction front page

AllerScreener -
a tool for allergenicity and
cross-reactivity assessment

Home | Screen | Cross reactivity

Export The Results To CSV File |

Results for cross reactivity binders

Acanthocheilonema viteae DRBE1+0101

_ Bumber of sommean binders

Aedes aegypti 5
Angiostrongylus vasorum a
Anisakis simplex 1z
Ascaris lumbricoides 26
Ascaris suum 2
Balanus rostatus 1
Blattella germanica 4

Fig. 4. AllerScreener result table for cross-reactivity prediction of alpha-s1-casein
and HLA-DRB1*0101 allele

The test setused by Maurer-Stroh etal. [38] for the evaluation of six servers
for allergenicity prediction has been applied to evaluate the performance of
AllerScreener. It consists of 221 structurally non-redundant allergens and 221 likely
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non-allergens with the same as the allergens fold, derived from species like human,
rice, yeast or Escherichia coli. AllerScreener predicts a protein from the test set as an
allergen if there is at least one binder to an HLA allele. According to the study of
Maurer-Stroh et al. AllerCatPro shows best performance with 100% sensitivity, 67%
specificity and 84% overall accuracy, followed by AllerTOPV2 (82% sensitivity, 64%
specificity and 73% overall accuracy) and AllergenFP (85% sensitivity, 53%
specificity and 69% overall accuracy). AllerScreener recognized 218 of 221 allergens
reaching 99% sensitivity. However, only 44 of 221 likely non-allergens have been
recognized (20% specificity). For 55 of the rest 177 false positives, AllerScreener
found matches with known B-cell or T-cell epitopes. These matches cast doubt on
the quality of the negative set used by Maurer-Stroh etal. [38].

4. Conclusion

AllerScreener is a tool for allergenicity and cross-reactivity prediction based on the
abilities of allergenic proteins to generate binders to HLA class Il proteins. The
peptides being generated are compared to HLA binders originating from known
allergens. AllerScreener returns a list of common binders, origin proteins and species,
as well as known T-cell and linear B-cell epitopes matching the binders.

Proteins of different species generate common HLA binders and determine the
occurrence of cross-reactivity between them. AllerScreener allows searching for
common HLA binders between species.

AllerScreener is user-friendly and freely accessible at:

http//www.ddg-pharmfac.net/AllerScreener/.
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