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Abstract: Updated notions about the so-called hygiene hypothesis consider now that helminths
may have influence in the training of the immune system during childhood. Considering the
similar type of immune response between helminth infections and allergic illnesses, the objective
of this study was to evaluate how structural and functional conservation between house-dust mite
allergens and their helminth orthologs might contribute to the cross-induction of IgE responses
in allergies and helminthiasis. Amino acid sequences from group-1, -2, -5, -9, -10, -18, -21, and
-23 allergens of the house dust mite Dermatophagoides pteronyssinus were retrieved from curated
databases, and orthologs were identified in other mite species and different helminth parasites.
We also assessed structural, conservational, functional, and immunologic relationships between
these major mite allergens and their helminth counterparts. De novo 3D-modelling, B-cell epitopes
prediction, structural conservation, and docking analyses were analyzed by Robetta platform, ElliPro
and CBTope, RaptorX, and Z-Dock, respectively. Our results extend previous findings on structural
conservations between major allergens and parasite proteins and show that these conservations
go beyond the well-known conservations and may account for the observed immunological cross-
reactions. This understanding can contribute in the near future to the development of more specific
serological testing for mite-induced allergies and helminthiasis.
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1. Introduction

An allergen can be defined as a component able to induce hypersensitivity reactions
and take part in the immune reactions of allergy [1]. It is suggested that allergens usually
lead to type 2 immunity (Th2), though recent reports showed that Th17 cells, as well as
GATA-3+ type 2 innate lymphoid cells (ILC2s), are also involved in the development of
allergies [2–4]. House dust mites (HDM) are important sources of allergens, and among
them, Dermatophagoides pteronyssinus is the most widespread species worldwide, with up
to 34 acknowledged allergens [5] and thereby have a well-established role in the induction
of persistent allergic diseases [6,7].

Current knowledge suggests the existence of more than one single factor leading to
the successful induction of an allergic response [8,9]. Among these factors, some are related
to the allergen itself, such as molecular size, structure, charge, stability, biological function,
and resistance to denaturation [8,10,11]. These particular features are found within only a
small portion of all known protein families and therefore represent a very limited number
of biochemical functions [12]. On the other hand, there are factors related to the patients,
such as genetic and environmental factors and concomitant or previous diseases, that play
a significant role in the development of allergic reactions and diseases like asthma [13].
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Exactly 35 years ago, an inverse association between hay fever and the number of
older siblings was observed by David Strachan [14]. The outcome was defined as the
so-called ‘hygiene hypothesis’, which was widely adopted in subsequent years to explain
the rise of allergic and autoimmune diseases as a consequence of lifestyle changes in
industrialized countries [15]. Over the past few years, associations with protection from
allergic diseases in both humans and experimental models have been proposed for some
viral [16], bacterial [17,18], protozoan [19], and helminth infections [20,21].

The particular case of helminth infections is intriguing, as some parasites are able to
modulate allergic responses even though they promote Th2 responses with production of
pro-allergenic interleukins and IgE [21–23]. Therefore, one might expect an enhancement
of allergic reactions in these infections. However, these parasites, having co-evolved with
mammals for millions of years, have developed mechanisms to modulate their hosts’
immune systems, shaping not only immune features but also hosts’ microbiota, raising, in
turn, this anti-inflammatory aspect of chronic parasitism; this mechanism allows them to
survive in their host while causing minimal or no disease [1,10]. Nevertheless, helminths
are a source of allergens, which are highly cross-reactive with mite-allergen orthologs
but may be responsible for cross-reactivity with seafood allergens, such as shrimps, as
well [24–26].

Not surprisingly, it has been proposed that the immunological cross-reactivity be-
tween allergens from commonly analyzed sources and their helminth-protein orthologs
contributes to allergic sensitization associated with the acute and early stages of helminthi-
asis [25,27–29]. This cross-reactivity has been observed not only with helminth proteins,
but also with other invertebrates, which increases the associated problems not only for
respiratory allergies, but also for food allergies [30–32]. This fact has crucial impacts on
allergy diagnosis, as was thoroughly shown by other authors, leading to false positive
results in allergy tests [25,27,33]. Although cross-reactivity between HDM and helminths
tropomyosins has dominated the discussion about cross-sensitization, several other aller-
gens have orthologs in helminths that may be involved in this phenomenon [29,34]. An
important point to consider in understanding these cross-reactions is the identification of
IgE epitopes from both sources of allergens. While IgE epitopes for mite allergens have
been identified by some authors [35–39], for helminth allergens, this type of experiment is
still scarce [40].

In order to clarify the relationship between HDM allergens and helminth orthologs
in the cross-sensitization process, in silico tools may aid in elucidating the evolutionary
and structural relationships between these proteins [10,41]. Furthermore, refined analysis
can be performed due to the growing number of available protein sequences and the
advancements in bioinformatics methods [12,42,43]. In particular, protein family databases
that are linked to protein sequence databases, such as the UniProtKB-InterPro integrated
database, provide the basis for improved classifications of allergens [44,45]. In this study,
we employed a structural bioinformatics approach to analyze the levels of structural and
functional conservation between major HDM allergens and helminth proteins. Our results
suggest a link between structural, functional, and molecular levels and cross-reactivity
between HDM allergens and helminth proteins.

2. Materials and Methods
2.1. Identification of Most Relevant Groups of Mite Allergens

The identification and selection of relevant groups of mite allergens were performed
through a literature search of studies involving allergens and the prevalence of IgE reactivity
in different populations [34,46–49]. Moreover, we also included previous studies that have
assessed cross-reactivity between allergens and helminth proteins [25,26,28,29]. The HDM
allergen groups chosen for study were groups 1, 2, 5, 9, 10, 11, 18, 21, and 23.
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2.2. Protein Sequences Retrieval and Functional Analysis

Database entries containing information about Dermatophagoides pteronyssinus allergens
(groups 1, 2, 5, 9, 11, 18, 21, 23) were searched on the relational database Allergome, a
platform for allergen knowledge [43] (http://www.allergome.org/, accessed on 14 June
2020). The entries in Allergome contain links to the sequences in the curated protein
database UniProtKB [50] (http://www.uniprot.org/, accessed on 20 June 2020) which
is integrated with the motifs and function database InterPro [51] (https://www.ebi.ac.
uk/interpro/, accessed on 20 June 2020). InterPro allows access to information about
function, protein motifs, and signal peptides. Protein sequences present in the form
of pre-propeptides or propeptides were manually trimmed using UniProtKB/InterPro
annotations.

2.3. Search for Orthologs in other Organisms

The search for orthologs was performed using the allergens of Dermatophagoides
pteronyssinus as queries with tools based on hidden Markov models (HMM), Hmmer
(https://www.ebi.ac.uk/Tools/hmmer/, accessed on 15 July 2020), and JackHmmer (https:
//www.ebi.ac.uk/Tools/hmmer/search/jackhmmer, accessed on 15 July 2020) [52], both
with default parameters. The E-value cut-offs were set to 1 × 10−3 for Hmmer and
1 × 10−10 for JackHmmer. The Hmmer server provides results with higher e-values,
but when no hits were found in the search for orthologs in helminths, the search was
performed on the JackHmmer server, which uses an iterative approach. Both tools are
linked to UniProtKB, which has direct links to the sequences of mite allergens and helminth
orthologs. On these platforms, the sequences previously obtained from Dermatophagoides
pteronyssinus were used to perform custom searches in the genomes of the following or-
ganisms: Dermatophagoides farinae, Blomia tropicalis, Ascaris lumbricoides, Loa loa, Schistosoma
mansoni, Toxocara canis, and Trichuris trichiura. The helminth species were chosen based on
the prevalence of their infections in the Brazilian population (except for Loa loa, which is
rare in Brazil) [27,53–55].

2.4. Sequence Alignment and Similarity Levels

Multiple protein-sequence alignments were performed through the PRABI (NPS@)
Server [56] (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html,
accessed on 30 July 2020) and the T-Coffee server [57] (http://tcoffee.crg.cat/apps/tcoffee/
index.html, accessed on 30 July 2020); alignments were analyzed in the ESPript 3.0 server [58]
(http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi, accessed on 5 August 2020), which
gives information about amino acid consensus. Similarity levels were calculated with SIAS
(Sequence Identity and Similarity) (http://imed.med.ucm.es/Tools/sias.html, accessed on
20 August 2020) using the BLOSUM62 Matrix and default parameters.

2.5. Post Translational Modifications and Analysis of Evolutionary Conservation

Previous studies have shown that post-translational modifications (PTM) enhance the
allergenicity of allergens derived from fungi and plants [59,60]. D. pteronyssinus allergen
sequences were analyzed with ScanProsite [61] (http://prosite.expasy.org/scanprosite/,
accessed on 10 September 2020) to identify any possible PTM and determine their conserva-
tion level and presence in the epitope regions. Analysis of evolutionary conservation was
performed using Protein Residue Conservation Prediction (http://compbio.cs.princeton.
edu/conservation/index.html, accessed on 25 September 2020) [62]. Results are shown as
a score ranging from 0 (no conservation) to 1 (conserved) in a line chart.

2.6. Prediction, Refinement, Validation, Structural Alignment, and Visualizationof Protein
Tertiary Structure

All sequences of D. pteronyssinus allergens and their orthologs in other mites and
helminths were submitted to protein-tertiary-structure-prediction server Robetta (de novo
modeling) [63] (http://robetta.bakerlab.org/, accessed on 8 October 2020). The resulting
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file is a protein structure in high resolution in the pdb format, which has yet to be refined.
The refinement was performed with the interactive platform FoldIt Standalone [64], which
refines both sidechains and backbone based on free energy/score in kcal/mol. Structure
quality assessment and validation were carried out in the QMEAN (Qualitative Model
Energy ANalysis) server [65] (https://swissmodel.expasy.org/qmean/, accessed on 2
February 2021). QMEAN searches for proteins with similar size and molecular weight in
the protein databank RCSB (https://www.rcsb.org/pdb/home/home.do, accessed on 2
February 2021) were carried out to evaluate the quality of the model. A normal distribution
was generated with the data for the known proteins, and the server native cut-off (QMEAN4
value) at which models were considered validated is between 2 and −2. Protein-structure
alignment was executed to evaluate the structural conservation between mite allergens
and helminth orthologs. Analysis and measurement of the RMSD (root-mean-square
deviation of atomic positions) values were carried out using RaptorX multiple-structure
alignment [66] (http://raptorx.uchicago.edu/DeepAlign/submit/, accessed on 14 March
2021). RMSD values below 3Å show proteins with conserved structure and function. Above
this value, further analyses were needed. Refined 3D structures were visualized with FoldIt
Standalone and with PyMOL Molecular Graphics System (https://pymol.org/, accessed
on 30 April 2020).

2.7. B Cell Epitope Prediction and Representation

Prediction of B cell epitopes was performed using two different servers, the results
of which were combined to produce a consensus. D. pteronyssinus allergens sequences
were submitted to ElliPro [67] (http://tools.iedb.org/ellipro/, accessed on 15 April 2021)
which utilizes parameters such as ellipsoid propensity and protein regions density; and
to CBTope [68] (http://osddlinux.osdd.net/raghava/cbtope/submit.php, accessed on 17
April 2021), which utilizes physicochemical parameters such as amino acid proportion,
charge and accessibility to solvents. After a consensus was established, similarity levels
were determined for the previously generated alignments. A cut-off value of 0.600 was
used for ElliPro results. In order to represent nucleic-acid conservation in epitope regions
between proteins from helminths and HDM, we submitted alignments to the WebLogo 3
server (http://weblogo.threeplusone.com/, accessed on 3 July 2021) [69].

2.8. Computational Docking of Mite and Helminth Proteins with Antibodies

To confirm that our predictions correctly identified antibody-binding regions that
could contribute to cross-reactivity, we performed molecular-docking analyses. Specifi-
cally, we used Z-Dock server (https://zdock.wenglab.org/, accessed on 17 May 2024) [70]
with the default setup, testing the binding capacity of an antibody against two pro-
teins in silico. The tertiary structure of this antibody was previously determined by
crystallography [37,39], and we used the pbd file of a modelled antibody. Specifically, we
tested only the binding capacity of the 4C1 antibody [37,39] against Der p 1 and its Ascaris
lumbricoides orthologue, using the pbd file of the modelled two proteins. The retrieved pdb
file from Z-Dock was then visualized in Mol* 3D Viewer (https://www.rcsb.org/3d-view,
accessed on 17 May 2024) to better identify the amino acid residues forming the cross-
reactive regions.

3. Results
3.1. Allergens with Protease Activity (Groups 1 and 9)

Group 1 and 9 allergens possess cysteine-protease and serine-protease activities, re-
spectively. Signal-peptide and protease active-site inhibitors were found in both groups,
but no post-translational modifications were identified. Der p 1, Der p 9 and their orthologs’
sequence accession numbers are shown in Table 1. The evolutionary conservation results
for Der p 1 (Figure 1A), Der p 9 (Figure 2A) and the corresponding orthologs showed
predicted epitopes in conserved areas for both allergen groups and high similarity levels
among the helminth orthologs (around 40%). SIAS results (Table 1) show a high level of
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similarity among Der p 1, Der p 9 and their orthologs in helminths, ranging from around
37 to 41% and from 39% to 41%, respectively. There was also a high level of structural
conservation, with RMSD values of 1.40Å for Der p 1 and its orthologs and 1.29Å for Der p
9 and its orthologs in multiple structural alignments (Table 1; Figure 1B,C and Figure 2B,C).

Table 1. Dermatophagoides pteronyssinus orthologs in helminths species and other house dust mites.

Allergen 1/
Accession
Number 2

Orthologs Accession Numbers 2 Annotated Domain 2 Similarity to Der p
Allergen 3

RMSD Value between all
PDB and Number of

Residues (Cα) Aligned 4

Der p 1
P08176

Der f 1
Dermatophagoides farinae A1YW13

Cysteine
Protease

85.84%

1.40 Å
194 residues

Blo t 1
Blomia tropicalis A1KXI0 42.92%

Peptidase C1
Trichuris trichiura A0A077Z108 39.15%

Fibroinase
Loa loa A0A1S0TN97 37.93%

Peptidase C1 family
Schistosoma mansoni G4LUT7 39.52%

Putative cysteine
proteinase

Toxocara canis
A0A0B2V1K6 41.03%

Uncharacterized
protein

Ascaris lumbricoides
A0A0M3IAW1 41.50%

Der p 2
A6XEP9

Der f 2
Dermatophagoides farinae Q5TIW1

Lipid binding
domain—NPC2

91.52%

3.01Å
100 residues

Blo t 2
Blomia tropicalis A6XEN9 54.23%

E1 DerP2 DerF2
domain containing

protein
Trichuris trichiura

A0A077ZES0 29.66%

Uncharacterized
protein
Loa loa

A0A1I7VNT1 34.74%

Uncharacterized
protein

Toxocara canis
A0A0B2USJ2 33.89%

Der p 9
Q7Z163

Der f 9
Dermatophagoides farinae A0A088SCQ8

Serine protease

90.41%

1.29 Å
212 residues

Blo t 9
Blomia tropicalis A1KXI5 69.40%

Transmembrane
protease serine 9
Trichuris trichiura

A0A077Z3H4 40.63%

Uncharacterized
protein
Loa loa

A0A1I7V6N8 38.35%

Serine protease 3
Schistosoma mansoni G4M1A6 41.09%

Transmembrane
protease serine 9

Toxocara canis
A0A0B2VCY3 41.09%

Uncharacterized
protein

Ascaris lumbricoides
A0A0M3HRF9 41.55%
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Table 1. Cont.

Allergen 1/
Accession
Number 2

Orthologs Accession Numbers
2 Annotated Domain 2 Similarity to Der p

Allergen 3

RMSD Value between all
PDB and Number of

Residues (Cα) Aligned 4

Der p 10
Q304Y3

Der f 10
Dermatophagoides farinae A7XZI8

Tropomyosin

98.22%

1.9 Å
174 residues

Blo t 10
Blomia tropicalis A7XZI4 95.37%

Tropomyosin
Trichuris trichiura A0A077ZIM1 80.78%

Tropomyosin
Loa loa A0A1S0UJV8 80.42%

Tropomyosin
Schistosoma mansoni G4VN74 69.75%

Tropomyosin
Toxocara canis A0A0B2VDB8 56.66%

Tropomyosin
Ascaris lumbricoides C0L3K2 81.13%

Der p 18
Q4JK71

Der f 18
Dermatophagoides farinae Q86R84

Chitin metabolic
process (Chitinase)

94.27%

1.67 Å
293 residues

Blo t 18
Blomia tropicalis A1KXI8 71.85%

Acidic mammalian
chitinase

Trichuris trichiura
A0A077Z8H9 37.29%

Uncharacterized
protein
Loa loa

A0A1I7W393 33.24%

Putative endochitinase
Toxocara canis A0A0B2V5U4 30.66%

Uncharacterized
protein

Ascaris lumbricoides
A0A0M3I4H8 32.72%

Lower RMSD values indicates higher structure conservation.1 Nomenclature of allergen (WHO/IUIS). 2 Accession
number from UniprotKB/TrEMBL database. 3 Results from SIAS (Sequence Identity and Similarity) using
Blosum62 matrix. 4 Results from RaptorX structure alignment.

3.2. Lipid-Binding Proteins (Group 2)

Der p 2 and its orthologs sequences accession numbers from UniProtKB are found in
the Table 1. Results from group-2 allergens show low conservation levels among helminths.
No hit was found between Der p 2 and any possible homologs in helminths using pHm-
mer. Further searches were performed with the JackHmmer server, which showed lower
e-values; however, no hit was found on Ascaris lumbricoides and Schistosoma mansoni. Scan-
Prosite did not find post-translational modification sites. Evolutionary conservation results
(Figure 3A) show epitopes with conserved residues; however, structural-alignment results
present a high value of RMSD (Table 1). SIAS results (Table 1) show a moderate level of
similarity between Der p 2 and its orthologs in helminths, ranging from around 29 to 33%.
Structural and epitope regions are compared in Figure 3B,C.

3.3. Unknown-Function Proteins (Groups 5 and 21)

The primary sequences and structures of allergens from groups 5 and 21 are very
similar. A search for orthologs in helminths was performed, but we were not able to identify
related proteins in any of target organisms.
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alignment of HDM allergens from group 1 and their orthologs in helminths. Conservation in epitope 
regions is shown as WebLogo format. Domain regions are shown as boxes. (B) Tertiary structure 
representation of predicted IgE epitope region of Der p 1. (C) Tertiary structure representation of 
the predicted IgE epitope region of Der p1 in the corresponding ortholog in Ascaris lumbricoides. 
Epitope regions are shown.5. 

Figure 1. Evolutionary-conservation analysis and predicted B-cell epitopes in group-1 allergens and
their orthologs. (A)Evolutionary-conservation analysis shows conservation throughout the protein
alignment of HDM allergens from group 1 and their orthologs in helminths. Conservation in epitope
regions is shown as WebLogo format. Domain regions are shown as boxes. (B) Tertiary structure
representation of predicted IgE epitope region of Der p 1. (C) Tertiary structure representation of the
predicted IgE epitope region of Der p1 in the corresponding ortholog in Ascaris lumbricoides. Epitope
regions are shown.5.

3.4. Tropomyosins (Group 10)

Tropomyosins are the most-studied allergen group in terms of cross-reactivity with
helminth orthologs. It is involved in invertebrate muscle contractions. Accession numbers
for sequences of Der p 10 and its orthologs from UniProtKB are found in Table 1. This aller-
gen group showed the highest levels of similarity between mite allergens and its helminth
orthologs; no post-translational modification sites were identified. In this particular case,
epitopes were mapped but different results were found, as shown in Table S1. However, at
least one of the five common IgE epitopes for these pan-allergens were identified by our
search. We found only one IgE epitope (RLEDELVHEKEKYKSISDELDQTFSVQKLQK) that
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was also conserved in the C-terminal region based on previous experimental determination
of IgE epitopes for Der p 10. However, our prediction failed to find other IgE epitopes that
were highly conserved in shrimp tropomyosin, such as VAALNRRIQLLEEDLERSEER and
ESKIVELEEELRVVG.

Given the predicted epitope regions of the mite allergens from groups 10 and 11,
structural conservation between them and helminth orthologs was quantified (RMSD < 2),
and similarity results are presented in Table 1. SIAS results show a high level of similarity
between Der p 10 and its orthologs in helminths, ranging from around 56 to 81%.
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Figure 2. Evolutionary-conservation analysis and predicted B-cell epitopes in group-9 allergens and
their orthologs. (A) Evolutionary-conservation analysis shows conservation throughout the protein
alignment of HDM allergens from group 9 and their orthologs in helminths. Conservation in epitope
regions is shown in WebLogo format. Domain regions are shown as boxes. (B) Tertiary structure
representation of the predicted IgE epitope region of Blo t 9. (C) Tertiary structure representation of
predicted IgE epitope region of Blo t 9 in the correspondent ortholog in Trichuris trichiura. Epitope
regions are shown.
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tify related proteins in any of target organisms. 

3.4. Tropomyosins (Group 10) 
Tropomyosins are the most-studied allergen group in terms of cross-reactivity with 

helminth orthologs. It is involved in invertebrate muscle contractions. Accession numbers 
for sequences of Der p 10 and its orthologs from UniProtKB are found in Table 1. This 
allergen group showed the highest levels of similarity between mite allergens and its hel-
minth orthologs; no post-translational modification sites were identified. In this particular 
case, epitopes were mapped but different results were found, as shown in Table S1. 

Figure 3. Evolutionary-conservation analysis and predicted B-cell epitopes in group-2 allergens and
their orthologs. (A) Evolutionary-conservation analysis shows conservation throughout the protein
alignment of HDM allergens from group 2 and their orthologs in helminths. Conservation in epitope
regions is shown in WebLogo format. Domain regions are shown as boxes. (B) Tertiary-structure
representation of the predicted IgE epitope region of Der f 2. (C)Tertiary-structure representation of
the predicted IgE epitope region of Der f 2 in the correspondent ortholog in Toxocara canis. Epitope
regions are shown.

3.5. Chitin-Binding Domains (Groups 18 and 23)

Both groups of allergens have a chitin-binding domain but very different functions.
ScanProsite did not find post-translational modification sites in either allergen group.
Epitope regions were found within conserved and non-conserved regions in Der p 18
(Figure 4A–C), and with Der p 23, the prediction was compromised due to its small size of
70 amino acids. SIAS results (Table 1) show a high level of similarity between Der p 18 and
its orthologs in helminths, ranging from 30 to 37% and taking into account the size of this
class of protein (500–600 amino acids).
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Figure 4. Evolutionary-conservation analysis and predicted B-cell epitopes in group-18 allergens and
its orthologs. (A) Evolutionary-conservation analysis shows conservation throughout the protein
alignment of HDM allergens from group 18 and their orthologs in helminths. Conserved areas in
epitope regions are shown in WebLogo format. Domain regions are shown as boxes. (B) Tertiary-
structure representation of the predicted IgE epitope region of Der f 18. (C) Tertiary-structure
representation of predicted IgE epitope region of Der f 18 in the corresponding ortholog in Trichuris
trichiura. Epitope regions are shown.

Group-23 allergens are peritrophin-like proteins, with most of the ortholog proteins
in found in insects but none found in helminths. Moreover, the searches performed with
Hmmer and JackHmmer showed no significant results. Peritrophin-like proteins have
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a chitin-biding domain, and the protein group that has this domain in helminths is the
chitinases (already studied with group-18 allergens).

3.6. Confirmation of Predicted Regions by Docking Analyses

Figure 5 shows that the predicted epitope regions for both Der p 1 and its A. lumbri-
coides orthologue (Figure 1) interacted with the crystallographically determined structure
of the 4C1 antibody, whose binding has been reported to overlap partially with the IgE-
binding epitopes of the mite allergen. As displayed in Figure 5B,C, the interaction of Der p 1
with the 4C1 antibody occurred through some amino acid residues, but especially with Arg
159 and Asp 208, a finding that agrees with previous determinations. Figure 5E,F shows
that compared to Der p 1, for the A. lumbricoides orthologues, the first region seemed to
display more interactions. Moreover, the substitutions in the orthologue were highlighted,
showing interactions with residues Gly 159 and Met 208 (Figure 5E,F).
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Figure 5. Computational docking of the 4C1 antibody with Der p 1 and its ortholog protein in A.
lumbricoides. (A) Modelled tertiary structure of in silico interaction between 4C1 antibody (light chain
in orange and heavy chain in green) and Der p 1 (purple). Zoomed-in view of the first (B) and second
(C) predicted region for cross-reactivity in Der p 1. The predicted amino acid residues are below
the zoomed-in tertiary structure and the key residues (Arg 159 and Asp 208), with highlights in red
(tertiary structure) and bold (sequence). (D) Modelled tertiary structure of in silico interaction between
the 4C1 antibody (light chain in orange and heavy chain in green) and Der p 1 (purple). Zoomed-
on view of the first (E) and second (F) predicted regions for cross-reactivity to an A. lumbricoides
orthologue. The predicted amino acid residues are below the zoomed tertiary structure and possible
key residues (Gly 159 and Met 208), with highlights in red (tertiary structure) and bold (sequence).

4. Discussion

Helminth infections and allergy have evolutionary and clinical relationships. Our
results showed the high levels of structural and evolutionary conservation between selected
HDM allergens and their orthologs in helminths. However, it was only observed in protein
groups that are conserved among other species as well, suggesting that conservation is
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inherent to the protein function. Among the allergens analyzed in this study, group -1,
-9, -10, and -18 allergen orthologs are known to play a role in eliciting IgE cross-reactivity
due to their high conservation in both amino acid sequence and structural conformation.
Nevertheless, the percentage similarities determined in this study were not always high (>
80%), although lower similarity would not lead to cross-reactivity. For sure, higher similar-
ity would increase the chance of finding cross-reactive regions, but sequence similarity is
sometimes more important in certain regions, such as the one containing exposed amino
acid residues.

Allergens from group 10 (tropomyosin) are the most-studied examples of cross-
reactivity between mites, helminths and other organisms and give insight into our result
regarding its functional conservation. Allergens with such features are specially classi-
fied as pan-allergens [71,72]. Tropomyosins from HDM have significant homology with
tropomyosins from different species and are frequently characterized as involved in the
cross-reactivity between mites, shrimp, insects, and helminths [26,28,29,34,47,48,72]. A
study in Brazil found patients who were highly IgE-reactive to shrimp tropomyosin but
had never eaten shrimp or other crustaceans [73]. This study showed how tropomyosins
are conserved and relevant in the cross-reactivity process.

In our group-10 epitope-mapping analyses, we found only one epitope for Der
p 10 [74], which has also highly conserved counterparts in shrimp [75–77]. However,
our prediction failed to find other IgE epitopes that were highly conserved in shrimp
tropomyosin [75,76]. Therefore, it is highly unlikely that those identical sequences are not
Der p 10 IgE epitopes too, highlighting that ElliPro and CBTope may have difficulties in
finding epitopes from a single coil structure due to the use of surface-exposure criteria.
However, experimental determination will be needed to confirm our inferences by using
peptides from both allergenic sources and sera of sensitized patients.

Aside from tropomyosins, proteases (allergens from groups 1 and 9) show conserved
function and structures along with some different domains; this may be due to each
protease, organism, and specific substrate [78,79]. Nevertheless, structural conservation
between proteases from different organisms can also play a relevant role in the cross-
reactivity process. In fact, our predictions of cross-reactive epitopes of group-1 mite
allergens and other cysteine proteases has found at least two regions, which were previously
determined by crystallography to contain residues involved in IgE epitopes for Der p
1 [37,39]. Our prediction confirms that residues Arg 156 and Asp 198 of Der p 1 [37,39]
were conserved in the sequences of all evaluated mites, Trichuris trichiura, and Schistosoma
mansoni. Of note, our docking analyses confirmed the interaction with the 4C1 antibody,
even in the case of non-conserved amino acid residues, as was the case for the Ascaris
lumbricoides orthologue. These findings with molecular docking contribute to validation of
epitope predictions.

Allergens from group 2 belong to the ML-domain lipid-binding protein family, which
also includes the Neimann-Pick type C2 (NPC2) proteins [49], but its function remains
yet to be elucidated. Moreover, our results show that cross-reactivity may occur with
less conserved proteins like the group-2 allergens. However, our prediction has failed
to find the same epitope regions for group-2 mite allergens, which had been previously
identified as the ones involved in IgE binding [35,36,38]. As related before, functional
conservation is believed to be a crucial factor in the cross-reactivity process, and proteins
with strict functions in mites (or related organisms such as insects) do not have orthologs
in other organisms. Results from groups 5, 21 and 23 suggest that proteins with strict
functions play no role in the cross-reactivity process and are good candidates for inclusion
in hypoallergenic cross-reactivity-free immunotherapy and diagnosis.

Besides the factors previously cited as conserved in structure, epitopes, and function,
there are other factors to be considered. In a recent study in the USA, scientists analyzed
the cross-reactivity between HDM glutathione S-transferase allergens (group 8), cockroach
GST, and helminth GST. The results showed a lack of significant IgE cross-reactivity among
the GSTs, a finding in agreement with the low shared amino acid identity at the molecular
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surfaces of these proteins [80]. Meanwhile, in the tropics, several studies showed that GSTs
from helminths, cockroaches, and mites show high levels of cross-reactivity [25,34,81]. Both
results suggest that geographic location and the human population might influence the
results.

Although in silico methods for epitope prediction have limitations, tools for analyzing
conservation of amino acid sequences and structures provide important information that
contributes to the accurate investigation of the similarity between allergens and helminth
proteins. Our study shows how function and structural conservation may be key factors in
IgE cross-reactivity. Further studies can be done with novel allergens and organisms, like
cockroaches, storage dust mites, and shrimps, and have the potential to support analysis
of the different allergen structural groups to identify meaningful thresholds for shared
similarity, as it remains to be identified whether there is a single shared feature of proteins
that makes them allergens.

5. Conclusions

Our results extend previous findings on structural conservations among allergenic
proteins from mites and helminths. In particular, we found epitope regions in helminth
orthologs of mite allergens that correlate well with predicted IgE-epitope regions of the
allergens, even in the absence of a high overall sequence similarity between the proteins.
The real contribution to IgE-cross-reactivity of these identified helminth proteins and
epitope sequences remains to be determined by future studies.
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