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Abstract

Background: Exposure to fungal allergens poses a serious
threat to human health, especially to mould-allergic individ-
uals. The prevalence of fungal allergic disease is increasing
globally but is poorly studied in Africa. Here, we aimed to
identify and characterize fungal proteins that were immuno-
reactive against serum samples from fungal-sensitized Zim-
babweans from Shamva district to inform the development
of diagnostics and therapeutics. Methods: Crude protein
extracts of the Ascomycota Aspergillus fumigatus, Alternaria
alternata, Cladosporium herbarum, Epicoccum nigrum, Peni-
cillium chrysogenum, and Saccharomyces cerevisiae as well as
mucoromycota Rhizopus nigricans were individually separat-
ed by one-dimensional gel electrophoresis for protein stain-

ing and immunoblotting. A pool of eight sera from fungi-
sensitive Zimbabwean children aged 3-5 years was used to
screen the crude extracts to determine theirimmunoreactiv-
ity. Protein bands recognized by the sera were subjected to
mass spectrometry to identify the individual proteins reac-
tive with the sera. Results: The pooled serum sample re-
acted with 20 bands, which resolved to 34 distinct proteins,
most of which were novel immunogens. The pool was most
reactive to A. alternata. The proteins identified included pep-
tidases (8/34), hydrolases (6/34), oxidoreductases (5/34),and
glucosidases (4/34), while 11/34 were unknown. Eight of the
proteins were predicted to be allergens using the Structural
Database of Allergenic Proteins (SDAP). Conclusions: We
identified novel immunogens from fungi expanding the
number of known fungal allergens. These form a potential
basis for diagnostics specific for the Zimbabwean popula-

Edited by: O. Palomares, Madrid.

Karger@karger.com
www.karger.com/iaa

© 2022 The Author(s).
Published by S. Karger AG, Basel

This is an Open Access article licensed under the Creative Commons
Attribution-NonCommercial-4.0 International License (CC BY-NC)
(http://www.karger.com/Services/OpenAccessLicense), applicable to
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.

il
Karger~

B OPEN ACCESS

Correspondence to:
Lorraine Tsitsi Pfavayi, lorraine.pfavayi @ kellogg.ox.ac.uk

G20z Asenuer 1. uo Jasn pIojxQ Jo Ausienun Aq ypd-| 2/ ¥25000/250222€/L001/6/€8 L /pd-ajole/eel/wod sab1es//:dpy woly papeojumoq



tion. Validation assays will now need to be carried out to fur-
ther evaluate the cross-reactivity of the identified allergen
candidates as well as investigate their potential recognition
in a larger cohort of patients. Furthermore, there is now a
need to conduct studies relating sensitization to these im-
munogens and clinical diseases in the population.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Allergic diseases associated with IgE-mediated sensiti-
zation to fungal allergens are increasing worldwide [1].
With global warming and climate change thought to fa-
vour the propagation of fungal spores, allergenicity to
fungi has become a serious health concern, triggering or
exacerbating respiratory allergic disorders [2, 3].

The prevalence of sensitization to allergens varies
across regions worldwide. However, due to a lack of im-
munological and allergological research facilities in most
African countries, there is paucity of allergen prevalence
datain this continent [4]. Though documentation is poor,
a wide range of aeroallergens has been observed across
the continent [5-12] and it has been suggested that there
are differences regarding sensitization to allergen mole-
cules in Africa versus Europe [13]. To date, several studies
have identified fungal allergens, yet the fungal allergen
repertoire has not yet been characterized in an African
population.

Fungi are associated with allergic respiratory diseases
in humans, such as asthma, rhinitis, allergic bronchopul-
monary mycoses, and hypersensitivity pneumonitis [14,
15]. These diseases can result from exposure to different
developmental stages of fungi, including spores or vege-
tative cells [16]. The different developmental stages of
fungi produce diverse proteins whose ability to bind to
immunoglobulin E (IgE) is heterogeneous [17, 18]. Con-
sequently, commercially available fungal extracts from
different suppliers generate discordant results in skin
tests and serologic examinations, resulting in pressing di-
agnostic and therapeutic challenges.

Currently, the management of allergies includes corti-
costeroids, antihistamines, and in acute cases, non-steroi-
dal anti-inflammatories which may have side effects. To
date, the only disease-modifying approach is allergen-
specific immunotherapy (AIT) in which allergy-inducing
molecules are used for vaccination [19]. AIT is widely
used for bee and wasp, house dust mites, pollen, and pet
allergies [20]. To date, there is limited evidence support-
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ing the use of AIT in the management of fungi-induced
asthma and allergic rhinitis. An exception is Alternaria
alternata as this is the only standardized allergen extract
available [21].

The standard diagnostic test for allergies has been a
skin prick test (SPT) using crude extract and/or detection
of allergen-specific serum IgE antibodies. However, spe-
cies-specific IgE reactivity is difficult to confirm due to
cross-reactivity between crude allergen extracts from dif-
ferent fungi, representing a significant problem for evalu-
ating IgE tests in clinical practice [22, 23]. Therefore,
there is a need to identify specific allergenic fungal pro-
teins that can be used to produce recombinant proteins
for therapy and diagnosis [24].

Furthermore, the characterization of the allergenic
molecules that an individual is sensitized to can help dis-
criminate between the likelihood of local versus systemic
reactions and the persistence of clinical symptoms [25].
For example, some allergens, such as storage proteins in
edible nuts (e.g., Ara h 2 and Cor a 9), have been shown
to be associated with severe reactions, while other aller-
gens cause sensitization mostly without a clinical reac-
tion.

Most fungi possess multiple and diverse allergens that
can be divided into several classes according to their func-
tion, e.g., protein hydrolysis (proteases, peptidases), car-
bohydrate hydrolases (chitinases, glucosidases), and an-
tioxidants (superoxide dismutase, catalases) [26]. These
have been described and officially named according to the
IUIS nomenclature (http://www.allergen.org), including
both major and minor allergens from Aspergillus fumiga-
tus, Penicillium chrysogenum, Cladosporium herbarum,
Rhizopus, Alternaria alternata, and Epicoccum nigrum
[27-36]. However, it has been suggested that many pa-
tients display IgE reactivity towards unknown proteins,
which may vary between populations [37]. As no studies
have been conducted characterizing fungal allergic sensi-
tization in a Zimbabwean population, the present study
was conducted to identify allergenic proteins from seven
tungal species (Aspergillus fumigatus, Alternaria alterna-
ta, Cladosporium herbarum, Epicoccum nigrum, Penicil-
lium chrysogenum, Rhizopus nigricans, and Saccharomy-
ces cerevisiae) in Zimbabwe.

Methodology

Study Population

This study was conducted in Shamva district, one of the seven
districts in the Mashonaland Central province of Zimbabwe. It was
part of a larger study investigating fungal sensitization in pre-
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school age children. The area was selected for this current study
because the prevalence of fungal sensitization was high, as deter-
mined by our previous study [38]. The inhabitants from the study
area are of similar ethnicity (Shona) and socioeconomic back-
ground (primarily subsistence farmers).

Ethical Approval and Consent

Ethical and institutional approval was obtained from the Med-
ical Research Council of Zimbabwe (MRCZ/A/1964) and the Uni-
versity of Edinburgh. Permission to conduct the study was ob-
tained from the Mashonaland Central Provincial Medical Direc-
tor. The study aims and procedures were explained to all
participants and their parents/guardians in their local language
(Shona) before obtaining consent. Written informed consent was
obtained from the participants’ parents/guardians and recruit-
ment was voluntary with participants free to withdraw from the
study at any stage.

Inclusion Criteria

To be included in the study cohort, participants had to meet all
of the following criteria: (1) provide a serum sample; (2) ELISA
results showing IgE-specific binding to different fungal species; (3)
be sensitive to fungi (i.e., IgE positive as determined by SPT). Eight
individuals met these criteria (3-5 years old).

Antigen

Freeze-dried crude extracts of Alternaria alternata, Aspergillus
fumigatus, Cladosporium herbarum, Epicoccum nigrum, Penicilli-
um chrysogenum, Rhizopus nigricans, and Saccharomyces cerevi-
siae were obtained from Stallergenes Greer (USA). These extracts
were individually reconstituted in Phosphate Buffered Saline and
separately run on sodium dodecyl sulphate-polyacrylamide gel
electrophoresis.

Gel Electrophoresis

One-dimensional gel separation was performed in two parallel
samples: one for protein identification and the other for Western
blotting. Gel electrophoresis was performed on a 12% polyacryl-
amide 13-cm gel in a Hoefer SE600 system using sodium dodecyl
sulphate (SDS) buffer. The proteins on the gel used for identifica-
tion were stained with Coomassie blue to visualize them whereas
proteins on the gel used for Western blot were transferred onto
nitrocellulose membrane as described below.

Immunoblotting

Proteins were transferred from the gel onto a nitrocellulose
membrane using semi-dry system (Hoefer) in transfer buffer (In-
vitrogen) containing 10% methanol at 30 V for 1 h. The membrane
was stained with Ponceau S solution to check transfer efficiency
and was then blocked at room temperature for 1 h in Tris-buffered
saline (TBS) blocking buffer and 0.05% Tween 20. After blocking,
the membrane was subjected to 2 separate 10-min washes with
TBS, 0.05% Tween, and 0.5% Triton-X 100 (TBS/TT). A pool of
serum samples (diluted 1:100 in blocking buffer) was added to the
membrane and the membrane was incubated overnight at 4°C and
then washed 3 times for 10 min each time in TBS/TT. Horseradish
peroxidase-conjugated rabbit anti-human IgE and IgG were di-
luted 1:1,000 and 1:4,000, respectively, in TBS blocking buffer. The
membrane was incubated at room temperature for 1 h and then
washed 4 times for 10 min in TBS/TT and 1 time for 10 min in TBS
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alone. The proteins were visualized using the chemiluminescence
product ECL Plus (Amersham), in accordance with manufactur-
er’s instructions. The blots were analysed using Gel Doc from Bio-
Rad Image Lab Software.

Image Analysis

The bands on the Coomassie blue-stained gel that matched
those on the Western blots were excised and then were analysed
by mass spectrometry (MS).

Mass Spectrometry

The excised bands were separately subjected to in-gel trypsin
digestion and the resulting peptides solubilized in 20-pL 5% ace-
tonitrile with 0.5% formic acid using the auto-sampler of a nano-
flow uHPLC system (Thermo Scientific RSLCnano). Online detec-
tion of peptide ions was by electrospray ionization-mass spec-
trometry MS/MS with an Orbitrap Elite MS (Thermo Scientific).
Data were submitted for an MS/MS ion search via the Mascot
search engine (http://www.matrixscience.com).

Database Search and Allergen Prediction

For protein identification, the MS/MS data were uploaded on
the Mascot search engine (v2.6.2, Matrix Science) and compared
against protein sequences in the NCBIprot database using taxono-
mies Alternaria alternata, Aspergillus fumigatus, Cladosporiaceae,
Epicoccum nigrum, Penicillium chrysogenum, Rhizopus stolonifera
(nigricans), and Saccharomyces cerevisiae. Searches were per-
formed using the following parameters: trypsin as the proteolytic
enzyme, allowing for one missed cleavage; for fixed and variable
modifications, carbamidomethylation of cysteine and methionine
oxidation were used, respectively. The precursor mass tolerance
was set at 10 ppm and 0.3 Da for MS/MS matching. Proteins iden-
tified with a Mascot score greater than 200 (significant at 95% con-
fidence interval) are reported.

To identify the likely allergen proteins present in the fungal
species, the recognized proteins were searched through the struc-
tural database of allergenic proteins (SDAP) (http://fermi.utmb.
edu/SDAP/index.html), a Web server that provides rapid, cross-
referenced access to the sequences, structures, and IgE epitopes of
allergenic proteins. The proteins were predicted under the follow-
ing conditions: (1) sequence similarity >35% between presently
obtained proteins and reported allergen proteins and (2) a mini-
mum of 80 amino acid overlap length [39, 40]. Furthermore, pre-
dictions for antigenicity were obtained using an online software
(http://imed.med.ucm.es/Tools/antigenic.pl) based on the algo-
rithm of Kolaskar and Tongaonkar [41] where the predictions are
based on a table that reflects the occurrence of amino acid residues
in experimentally known segmental epitopes. Segments are only
reported if they are at least eight residues. By these criteria, some
of the fungal proteins identified by the sera were classified as like-
ly corresponding to an allergenic protein.

Results

One-Dimensional Gel Electrophoresis Analysis
One-dimensional gel electrophoresis of crude extracts
from fungal cells resulted in separation of several proteins
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Fig. 1. Coomassie blue-stained one-dimen-
sional gel showing bands matched to the
Western blots. Bands on the gel were ex-
cised and identified. Molecular weight
markers (in kilodaltons) are given on the
left. M, marker; Aa, Alternaria alternata;
Af, Aspergillus fumigatus; Ch, Cladospori-
um herbarum; En, Epicoccum nigrum; Pc,
Penicillium chrysogenum; Rs, Rhizopus sto-
lonifer (nigricans); Sc, Saccharomyces cere-

visiae.
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Fig. 2. Western blot analyses of serological reactivity of serum samples. M, marker; Aa, Alternaria alternata; Af,
Aspergillus fumigatus; Ch, Cladosporium herbarum; En, Epicoccum nigrum; Pc, Penicillium chrysogenum; Rs, Rhi-
zopus stolonifer (nigricans); Sc, Saccharomyces cerevisiae.
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Table 2. Predicted allergen-related proteins in the fungal species investigated

Predicted allergens

Corresponding known allergens

band® accession No®  description AAC allergend accession noP AAS  bitscored  Escore®
1 XP_018381330.1 Glycoside hydrolase 798 Aspn 14 CAB06417 804  500.0 2.8e—142
(Alternaria alternata) Aspn 14 AAD13106 804  498.7 6.5e—142
4 XP_018384475.1 Subtilisin-like serine Aspf13 P28296 403 2125 2.2e-56
protease-like protein PR1A Aspv 13.0101 ADE74975 403  203.2 1.4e-53
(Alternaria alternata) Pen c 13.0101 AAD25926 397  203.0 1.6e-53
Pench 13 AAF23726 397  200.2 1.1e-52
Trir2.0101 AAD52013 412 197.1 1.0e-51
Asp fl protease ~ AAD47202 403  196.8 1.1e-51
Aspo 13 CAA35594 403 196.8 1.1e-51
Pench 18 AAF71379 494 186.1 2.4e-48
Cur14.0101 ACF19589 506 113.2 2.2e-26
Asp f18.0101 Y13338 495 108.9 4.2e-25
Peno 18 AAG44478 503 107.2 1.4e-24
5 XP_018385554.1 GroES-like protein 352 Canda1l AAA53300 350 307.0 6.3e—85
(Alternaria alternata) Candal P43067 350 3043 4.0e-84
6 GFF50131.1 Dipeptidyl-peptidase 5 721 Trir4.0101 AAD52012 726  666.6 1.5e-192
(Aspergillus lentulus)
7 XP_001260402.1 Secreted dipeptidyl Trir4.0101 AAD52012 726  677.2 9.5e-196
peptidase (Aspergillus
fischeri NRRL 181)
7 KAB8269428.1 Catalase B (Aspergillus Pen ¢ 30.0101 ABB89950 733 930.0 0.0e+00
minisclerotigenes)
12 XP_001273665.1 Catalase (Aspergillus 728 Aspf15 060022 152 224.0 1.4e-60
clavatus NRRL 1)
18 KZN92610.1 Putative dipeptidyl 772 Trir4.0101 AAD52012 726 530.8 1.2e-151
peptidase (Penicillium
chrysogenum)

2Band numbers indicated in Figure 1. Accession numbers according to NCBInr database. ¢ Amino acid sequence. ¢ Bit score-sequence

similarity. € E score-homology.

that were visible after staining (shown in Fig. 1). Of these,
20 bands reacted with human serum samples from fun-
gal-sensitized individuals as determined by anti-human
IgE/IgG immunoblotting (shown in Fig. 2; Table 1).

Immunogenic Protein Identities

The 20 bands identified as serologically reactive by
Western blot were excised from the Coomassie blue-
stained gel and were subjected to in-gel trypsin digestion.
Subsequently, the peptides were analysed by MS/MS and
the peptide data obtained were used to search NCBIprot
databases. Most of the bands were successfully matched
to specific fungal proteins and the identifications of these
bands are shown in Table 1. The identity given for each

1012 Int Arch Allergy Immunol 2022;183:1007-1016

DOI: 10.1159/000524771

band corresponding to the top hit score (the Mascot out-
put statistic) that had a score >200 (significant at 95%
confidence interval), the predicted MW, as well as the as-
sociated species are also provided in Table 1. The MS/MS
analysis revealed cases in which different bands were de-
rived from the same protein, for example, bands 2 and 3
(FAS1 domain-containing protein and eiotically up-reg-
ulated 157 protein) as well as 6 and 7 (secreted dipeptidyl
peptidase). The MS/MS analysis also revealed bands that
resolved to the same protein but with different accession
numbers (e.g., bands 1 and 5, both glycoside hydrolase).
The 20 bands recognized by serum samples gave rise to
34 protein identifications. Of the 34 proteins identified, 3
were hypothetical proteins, 11 had no known function,
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and the remaining 20 proteins could be grouped by mo-
lecular function (Table 1. The identified proteins includ-
ed enzymes and most of these proteins have not been pre-
viously shown to be immunogenic.

Prediction of Allergens Fungi (Alternaria alternata,
Aspergillus, Cladosporium herbarum, Epicoccum
nigrum, Penicillium chrysogenum, Rhizopus
stolonifera, and Saccharomyces cerevisiae)

Fungal species are known to contain several proteins
that act as allergens [42]. Using structural and sequence
predictive tools, eight fungal proteins were predicted to
be allergens (Table 2. Four of these corresponded with
serine proteases from various fungal species, sharing
39.9-58% sequence homology to known fungal allergen-
ic proteases.

The predicted antigenic peptides are shown in online
supplementary Figures S1-S4 (for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000524771). The
remaining proteins were not identified as allergens using
these tools.

Discussion

Many allergens have been reported from fungi, includ-
ing >40 from the fungal species investigated in this study.
These include allergens identified functionally as en-
zymes and regulatory proteins, proteases, enolases, and
heat shock proteins, while others currently have un-
known biochemical functions and activities [43]. Among
the recognized enzymes, the predominant allergens are
proteases, ribonuclease, chymotrypsin, catalase, and su-
peroxide dismutase [44, 45].

In this study, the pooled sera reacted mostly with A.
alternata; we were able to identify 34 immunogenic pro-
teins across the functional spectrum [46]. Among the
identified proteins, several were known allergens from
other fungal, plant, and insect species, e.g., catalase, chi-
tinase, subtilisin-like serine protease, beta glucosidase,
and dipeptidyl-peptidase 5 [47-49]. However, we also
identified novel IgE-binding proteins, i.e., allergens. For
example, M6 metalloprotease and cyclohexanone 1,2-mo-
nooxygenase from A. alternata as well as exo-beta-1,3-
glucanase and GPI-anchored cell wall beta 1,3 endoglu-
canase from A. fumigatus.

For the majority of detected proteins, there was a dis-
parity between the observed and theoretical molecular
weights. These discrepancies may have been due to post-
transcriptional modification and/or the structural sub-

Identification and Characterization of
Immunoreactive Fungal Proteins

units required for appropriate functioning [50]. Of the 34
proteins recognized by Zimbabwean sera, eight were
identified as putative allergens through the allergen-pre-
dicting software.

The sera in our study also reacted with Catalase B,
which is consistent with other studies that have identified
other fungal catalases as allergens including A. fumigatus
[51], Aspergillus versicolor [52], and Penicillium citrinum
[53]. In the present study, Catalase B exhibited high se-
quence identity (74.5%) with catalase from P. citrinum
(Pen ¢ 30.0101) [26]. The high sequence homology ob-
served between these enzymes may represent a conserved
allergenicity of the catalase protein. Catalases are ubiqui-
tous iron-containing enzymes that protect cells from ox-
idative damage through hydrogen peroxide hydrolysis
[54, 55]. However, in fungi, catalases have been suggested
to play additional roles in conidial germination [56],
sporulation [57], and pathogenesis [58], implying that
fungal catalases contain some unique epitopes that may
be immunogenic [59].

Of all the putative allergens identified here, only one,
which was a glycoside hydrolase, corresponded to an oc-
cupational (workplace-related) allergen (xylanase [Asp n
14]) from Aspergillus niger [60], which is typically associ-
ated with baking, farming, and cereal handling [61]. This
observation may be associated with para-occupational
exposure. Previous studies have shown that occupational
allergens can be transported home, presumably on con-
taminated clothing and skin, with subsequent sensitiza-
tion of other household residents, including children,
leading to severe allergic diseases in atopic patients if not
diagnosed and treated [62].

Cross-reactive proteins in fungal allergens complicate
the diagnosis and management of fungal allergy and this
limitation results in patients having allergic sensitization
to many biologically related fungi. In our study, several
immunoreactive protein bands of the crude extracts be-
longed to two main fungi, Alternaria and Aspergillus,
which are likely associated with cross-reactivity amongst
the fungal species, as this has been shown between phylo-
genetically close and even distant species [22]. While mo-
lecular diagnostics have improved the ability to identify
clinically relevant cross-reactivity, there is still a need to
understand the fungal-specific (degree of homology,
abundance) and patient-specific factors (immune re-
sponse, augmentation factors), as well as the epidemiol-
ogy of cross-reactivity that determines clinical relevance
[63].

To further proceed with this work, we will analyse the
samples individually for each patient in the study, which
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could provide some additional information about the sta-
tus and frequency of the specific recognition of these can-
didate allergens. In addition, we will conduct ELISA in-
hibition studies to further evaluate cross-reactivity of
these candidate allergens. Furthermore, research into the
potential recognition of these allergens in larger cohort
populations will be key in validating these allergens.

In summary, the fact that several immunogenic pro-
teins were novel allergens indicates a need to expand the
reference database for the allergen prediction software
and highlights potential population differences in genetic
variations in the major histocompatibility complex spec-
ificity. Therefore, there is need to consider these differ-
ences when developing diagnostics and therapeutics for
fungal allergy in African populations. The presence of
cross-reactivity of allergens amongst related fungal spe-
cies gives the potential for developing cross species thera-
peutics and diagnostics.

Conclusion

We identified 34 fungal proteins reactive with serum
from a population of Zimbabweans sensitized to fungi.
Based on the structural and sequence predictive tools,
eight of these were identified as putative allergens. Vali-
dation assays will now need to be carried out to further
evaluate the cross-reactivity of the identified allergen can-
didates as well as investigate their potential recognition in
a larger cohort of patients. Furthermore, there is need to
investigate the role of these immunogens in the aetiology
of allergic disease and mechanistic pathways to inform
the development of diagnostics and therapeutics appro-
priate for African populations.
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