International

Clinical Allergy - Research Article

Archives of Allergy
and Immunology

Int Arch Allergy Immunol
DOI: 10.1159/000512230

Received: July 27, 2020
Accepted: October 4, 2020
Published online: March 29, 2021

Sensitization against Fungi in Patients
with Airway Allergies over 20 Years in

Germany

Susann Forkel? Caroline Beutner?
Sidhi Gupta? Thomas Fuchs?

Timo Buhl?@ ¢

Silke S. Schroder@
Michael P. Schon? ¢

Oliver BaderP
Johannes Geier<d

aDepartment of Dermatology, Venereology, and Allergology, University Medical Center Géttingen, Gottingen,
Germany; PDepartment of Medical Microbiology, University Medical Center Géttingen, Géttingen, Germany;

‘Lower Saxony Institute of Occupational Dermatology, University Medical Center Gottingen, Gottingen, Germany;
dInformation Network of Department of Dermatology (IVDK), University Medical Center Géttingen, Géttingen, Germany

Keywords
Alternaria - Cladosporium - Penicillium - Aspergillus - Molds -
Fungi

Abstract

Background: Fungal spores are ubiquitous allergens. Severe
forms of asthma are particularly highly associated with fun-
gal sensitization. National and international asthma guide-
lines recommend the implementation of allergen immuno-
therapy if indicated. Thus, detection and treatment of rele-
vant allergies are key components of primary care of these
patients. Objectives: The aims of the study were (i) to inves-
tigate trends in the prevalence of sensitization to twelve fun-
giin central Germany over the last 20 years and (ii) to dissect
specific sensitization patterns among the 3 most important
fungi: Aspergillus, Alternaria, and Cladosporium. Methods:
This single-center study evaluated skin prick test (SPT) re-
sults of 3,358 patients with suspected airway allergies over a
period of 20 years (1998-2017). Results: While 19.2% of all
study patients had positive test results to at least 1 of the 3
fungi (Alternaria, Aspergillus, or Cladosporium) in the first
study decade, this rate increased to 22.5% in the second de-
cade. Slight increases in sensitization rates to almost all fun-

gi were observed over the 20-year period. In the last decade,
polysensitization to Alternaria, Aspergillus, and Cladosporium
increased significantly. Sensitization to fungi is age-depen-
dent and peaks in the age-group of 21-40 years during the
second decade. Conclusion: Fungi are relevant allergens for
perennial and seasonal allergy symptoms. We currently rec-
ommend including Aspergillus, Alternaria, and Cladosporium
in the standard series of SPTs for airway allergies.
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Published by S. Karger AG, Basel

Introduction

Fungi are ubiquitously occurring eukaryotic organ-
isms, and virtually all people are exposed to fungi. Fungal
spores are found as indoor and outdoor allergens, mainly
depending on humidity and climate conditions, and they
can cause both seasonal and perennial allergy symptoms.
The importance of fungi as relevant allergens in allergic
airway diseases has been underappreciated for many
years [1].

Edited by: O. Palomares, Madrid.

karger@karger.com © 2021 The Author(s).
www.karger.com/iaa Published by S. Karger AG, Basel
\'l This is an Open Access article licensed under the Creative Commons
K p— Attribution-NonCommercial-4.0 International License (CC BY-NC)
a rg ers (http://www.karger.com/Services/OpenAccessLicense), applicable to

the online version of the article only. Usage and distribution for com-

B OPEN ACCESS mercial purposes requires written permission.

Susann Forkel

Department of Dermatology, Venereology, and Allergology
University Medical Center, Georg August University
Robert Koch-Str. 40, DE-37075 Géttingen (Germany)
susann.forkel @ med.uni-goettingen.de



Genomic analyses have led to a reorganization of fun-
gal taxonomy in recent years [2]. The new classification
resulted in the renaming of several species and also in a
modified cladogram [1, 2] (see online suppl. Fig. 1; see-
www.karger.com/doi/10.1159/000512230 for all online
suppl. material). Currently, 8 phyla of fungi are being dif-
ferentiated, among which 3 are specifically relevant to al-
lergic reactions: Zygomycota, Ascomycota, and Basidio-
mycota [2]. Although at least 112 genera are suspected
allergen sources, the 4 genera most commonly associated
with the development of allergy are Alternaria, Cladospo-
rium, Penicillium, and Aspergillus [1]. The revised clado-
gram also seems to better reflect the close relationship
between phylogeny and IgE against fungi [3]. Common
medical terminology often uses the term “mold sensitiza-
tion” or “mold allergy.” However, the term “mold” is tax-
onomically imprecise, as it phenotypically describes a
large group of different genera across the fungal phylum
mainly growing in the form of hyphae [4]. It also does not
include fungal genera that are most frequently (albeit not
exclusively) found as yeasts but still harbors species elicit-
ing allergies such as Candida and Aureobasidium. There-
fore, we use the more global term “fungi” throughout this
article, even though most of the studied fungi indeed
form hyphae. The prevalence of sensitization to inhala-
tion allergens in Germany was examined in the popula-
tion-based “German Health Interview and Examination
Survey for Adults” (DEGS1) from 2008 to 2011 (n = 7,025
participants). Based on IgE analyses, 33.6% of the general
population was sensitized to one or more inhalant aller-
gens. Detailed prevalence analysis of fungal sensitization
(Aspergillus fumigatus, Alternaria alternata, and Clado-
sporium herbarum) revealed 4.6% to be sensitized among
the full cohort (3.2% of women and 6.1% of men). The
sensitization peaked in adults aged 18-29, with a preva-
lence of 7.2%. The most common serological finding was
sensitization to A. alternata at 3.0%, followed by A. fu-
migatus at 2.3% and C. herbarum at 1.3% [5]. In a large
Italian analysis of patients with suspected allergic diseas-
es (n = 4,962), skin prick tests (SPTs) were performed
with A. alternata, A. fumigatus, Candida albicans, C. her-
barum, Penicillium notatum, Trichophyton mentagro-
phytes, and Saccharomyces cerevisiae [6]. Two-thirds of
this cohort revealed a positive SPT for at least one inhala-
tion allergen, and 19.1% of those were sensitized to at least
1 fungal allergen. Among the fungal SPT-positive indi-
viduals, 77.6% were monosensitized to 1 fungus only,
whereas 12.4% displayed sensitization to more than 2
fungi. Most patients sensitized to only 1 fungal species
reacted to A. alternata, C. albicans, or T. mentagrophytes
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[6]. Fungal sensitization is also strongly associated with
the severity of asthma. Patients with severe asthma dem-
onstrate high sensitization rates to fungal allergens, be-
tween 35 and 75% [7]. In a subgroup analysis of patients
with life-threatening asthma, sensitization rates ranged
from 54 to 91%. Fatal asthma was previously found to be
specifically associated with Alternaria sensitization and
others [8]. Various studies have confirmed a connection
between high exposure to many outdoor fungal spores
and asthma hospitalization in children and adolescents
(e.g., [9, 10]).

A novel and potentially promising therapeutic concept
in allergen immunotherapy for airway allergies is treat-
ment with purified major allergens from fungal extracts.
A multicenter, randomized, double-blind, placebo-con-
trolled clinical trial of 2 different dosing options of Alt a
1, the predominant allergen of A. alternata, was conduct-
ed between 2012 and 2016 in Spain [11]. A total of 113
adolescents (>12 years of age) and adults with a history of
allergic rhinitis associated with fungal exposure, with or
without mild or moderate asthma, were included. Pa-
tients who received the higher dose of Alt a 1 (0.37 pg)
achieved a significant reduction in the combined symp-
tom and medication score compared to those who re-
ceived placebo after 12 months of treatment.

The German guidelines on indoor mold exposure
recommend early immunotherapy for allergic patients
[4]. However, fungal allergens are not regulated in the
German “Therapy Allergen Ordinance,” in contrast to,
for example, insect venom allergens or grass allergens;
thus, authorities possess only limited data on the qual-
ity and allergen composition of these individually pre-
pared fungal allergen immunotherapies. This heteroge-
neity of SPT extracts is a well-known issue. Detailed
analysis of different fungal SPT extracts revealed sub-
stantial diversity in protein patterns and antigen and
allergen contents [12]. Numerous factors may influence
the composition of the final test extract. The fungal
strain, its growth conditions, and the extraction proce-
dure are all relevant determinants [12, 13]. In order to
circumvent this problem, blood tests with purified or
recombinant allergens have been increasingly suggest-
ed in recent years. However, SPTs remain much more
affordable and sensitive than serological tests [14].
Thus, SPTs with fungal allergen extracts continue to be
the cornerstone of initial diagnostic procedures in test-
ing for airway allergies to fungi.

Larger studies to dissect sensitization rates to fungi in
greater detail are completely missing in Germany. Thus,
the primary aims of this study were to investigate preva-
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lence rates of allergic sensitization by SPT to various fun-
gi and to analyze changes in sensitization patterns over a
20-year period. These results should also help current
guidelines in which fungal allergens should be included
in screening test series. In addition, we analyzed cosensi-
tization rates among different genera of fungi.

Materials and Methods

Study Population

We compiled retrospective data on 3,358 patients who under-
went SPTs with inhalant allergens in our tertiary referral center at
the University Medical Center Géttingen. Goéttingen, a city of
135,000 inhabitants and a catchment area of approximately 1.5
million people, is located close to the geographical center of Ger-
many.

As the study period spanned the years 1998-2017, a subgroup
analysis was performed for the 2 decades: 1998-2007 (n = 2,018
patients) and 2008-2017 (n = 1,368 patients). Twenty-eight pa-
tients were tested in both decades. Additional subgroup analyses
were performed on patients who received SPT for Alternaria, As-
pergillus, and Cladosporium (1998-2007, n = 1,251; 2008-2017,
n =1,002). SPTs with fungal extracts were performed as part of an
extensive standard diagnostic panel. Hence, we can largely exclude
the possibility of selection bias due to changes in the specific indi-
cations for SPTs with fungi over the years. Briefly, test results of all
patients were recorded in local databases and, after anonymiza-
tion, transmitted to the IVDK central office at the University of
Gottingen. This retrospective study has been reviewed and ap-
proved by the local ethics committee at the University Medical
Center Gottingen.

Methods

SPTs were performed according to the national guidelines [15],
with sensitization being defined as a positive SPT. Commercially
available allergen extracts were used for all patients. Over the 20
years covered in this study, to our knowledge, fungal extracts were
purchased exclusively from Allergopharma (Reinbek, Germany).
The commercial SPT extracts were A. alternata (formerly Alter-
naria tenuis), Aspergillus sp., Aureobasidium pullulans (formerly
Pullularia pullulans), Botrytis cinerea, Cladosporium sp., Curvu-
laria sp., Fusarium sp., Helminthosporium sp., Mucor sp., Penicil-
lium sp., Rhizopus nigricans, and Serpula lacrymans. SPTs were
performed on the back or the forearm with standardized allergen
dilutions. Histamine hydrochloride (10 mg/mL) was used as the
positive control and saline solution as the negative control (both
from Allergopharma). A reaction with an average wheal diameter
>2 mm was considered positive, according to standards in the late
1990s [16, 17]. Especially within epidemiological studies, the inter-
pretation of wheal diameters of 2-3 mm as positive was explicitly
recommended at this time [18]. This parameter was changed to >3
mm in 2018 in our department; therefore, this convention of read-
ing average wheal diameters >2 mm as positive was consistent over
the 20 years covered in this study [15]. Use of the historical reading
parameter may lead to an overestimation of positive SPTs in our
study. Of note, only 3 different nurses performed the SPTs over
these 20 years, ruling out significant investigator bias.

Fungal Sensitization over 20 Years

Statistical Analysis

Data were analyzed using the statistical analysis software SAS®,
version 9.4 (SAS Institute, Cary, NC, USA), and the R statistical
software package (version 3.4.4, https://www.r-project.org/, RRID:
SCR_001905). Differences in proportions between patient sub-
groups were tested for significance using the x* test. Each figure or
table contains information on the significance levels in the legend:
*p <0.05,**p < 0.01, and ***p < 0.001 were considered significant.
Venn diagrams displaying overlapping sensitization patterns were
generated according to the SPT data. To create area-proportional
Venn diagrams, the software eulerAPE was used [19] (version
3.0.0, http://www.eulerdiagrams.org/eulerAPE).

Results

Sensitization Rates to Different Fungi Moderately

Increased from 1998-2007 to 2008-2017

SPT results of 3,358 patients with suspected allergic
rhinitis or bronchial asthma were retrospectively investi-
gated for fungal sensitization. To determine trends, the
study cohort was divided into 2 decades: 1998-2007
(2,018 patients) and 2008-2017 (1,368 patients). Age and
gender distributions remained largely unchanged over
time (online suppl. Fig. 2), with roughly a 2:1 female:male
ratio in both decades. Over the 2 decades, we found a
moderate increase in almost all sensitization rates to fun-
gi (Fig. la). Significant increases in sensitization rates
were seen for Alternaria, Aspergillus, Aureobasidium,
Curvularia, Penicillium, and Rhizopus. In both decades,
the highest rates were detected for Penicillium sensitiza-
tion, while Fusarium sensitization ranked lowest. During
1998-2007, sensitization rates to all fungi ranged from 6.3
(Fusarium) to 12.6% (Penicillium). In the second decade,
sensitization ranged from 7.2 (Fusarium) to 28.6% (Peni-
cillium). No substantial change was observed for Mucor
over time (7.5 vs. 9.9%). In-depth analysis of 5-year inter-
vals of our study period revealed the most prominent
change in sensitization rates of Curvularia and Penicilli-
um, which doubled from the first 5-year interval (1998-
2003) to the last (2013-2017) (Fig. 1b; extended data in
online suppl. Table 1).

Sensitization Rates to Fungi Are Highest in

Middle-Aged Patients

The 2011 German guidelines for skin tests of allergic
immediate-type reactions from [15] and the 2013 Euro-
pean baseline prick test series [20] suggest that all adult
patients undergo testing with the 3 fungal genera Alter-
naria, Aspergillus, and Cladosporium. For this reason,
further subanalyses were carried out with these 3 genera.
Individuals sensitized to Alternaria, Aspergillus, and
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Prevalence Prevalence Change
Allergen (Positive SPT/ (Positive SPT/ decade | X2-
total patients) total patients) to Level
decade Il
1998-2007 2008-2017
Alternaria 8.6 % (159/1,851) 11.7 % (156/1,338) +35.7% 0.001
Aspergillus 7.3 % (144/2,002) 10.3 % (140/1,355) +41.7% 0.004
Aureobasidium 10.9 % (62/569) 15.5 % (47/303) +42.2% 0.050
Botrytis cinerea 10.5 % (60/569) 11.8 % (36/305) +12.0% 0.571
Cladosporium 8.2 % (116/1,411) 10.0 % (104/1,040) +21.7% 0.128
Curvularia 8.6 % (49/569) 20.4 % (55/270) +136.6% <0.001
Fusarium 6.3 % (36/569) 7.2 % (22/305) +13.9% 0.616
Helminthosporium 9.5 % (54/569) 13.8 % (42/304) +45.3% 0.052
Mucor 7.5 % (43/570) 9.9 % (29/292) +3.7% 0.231
Penicillium 12.6 % (72/571) 28.6 % (59/306) +127.1% 0.008
Rhizopus 6.7 % (38/569) 10.5 % (32/305) +57.2% 0.048
Serpula 6.7 % (38/569) 9.2 % (28/304) +37.9% 0.178
a
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Fig. 1. Prevalence of sensitization rates to the investigated fungi,as  increase in prevalence from 1998-2007 to 2008-2017 is depicted
diagnosed by positive SPTs over 20 years. a Results are shown split  in the category “change.” b More detailed temporal sensitization
into 2 decades, 1998-2007 (n = 2,018 patients) and 2008-2017 trends to fungi among all patients (n = 3,358 patients), depicted
(n=1,368 patients), showing the total number of positive SPTsand  here in the 5-year intervals. Raw data can be found in online suppl.
the total number of tested patients to the respective allergen. The  Table 1. SPT, skin prick test.
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Fig. 2. Prevalence of positive SPTs to Alternaria, Aspergillus, and
Cladosporium according to age distribution (0-20, 21-40, 41-60,
and 61-80 years) during the 2 decades investigated. Total patient
numbers for the 2 decades 1998-2007 versus 2008-2017: Alter-
naria, n = 1,845 patients tested in 1998-2007 and n = 1,335 in

Cladosporium demonstrated a peak sensitization in 21- to
40-year-olds for all 3 genera in the second decade (Fig. 2).
In contrast, sensitization rates to Aspergillus were evenly
distributed over all age-groups in the first decade, ranging
from 6.6 to 7.6%. In the second decade, the sensitization
rates to Aspergillus nearly doubled, ranging from 7.6 to
13.6%, with the only substantial increase being in the age-
group of 21-40 years (p < 0.001). Alternaria sensitization
was most prevalent in the child/adolescent group during
the first decade, decreasing with increasing age. In the
second decade, the distribution shifted to a maximum in
the 21- to 40-year-olds. Interestingly, the sensitization
rate to Cladosporium decreased over time among chil-
dren and adolescents (11.4% in the first decade vs. 6.3%
in the second decade) and increased significantly (p <
0.01) in the age-group of 41-60 years by the second de-
cade.

A Trend toward Fungal Polysensitization over Time

In further subanalyses, we investigated the prevalence
of cosensitization to the most important fungi: Alternar-
ia, Aspergillus, and Cladosporium. These genera belong to
different orders of the phylum Ascomycota (online suppl.
Fig. 1). While 19.2% of all patients in the first decade had
positive test results for at least 1 of these 3 fungi, 22.5%
tested positive in the second decade. Our results indicate
that the majority of allergic patients were monosensitized
to one fungal genus (13.0% in the first decade vs. 13.7%
in the second decade) (Fig. 3). No relevant change was

Fungal Sensitization over 20 Years

2008-2017; Aspergillus, n = 1,995 and n = 1,352 patients; Cladospo-
rium, n = 1,408 patients and n = 1,037 patients. Significance levels
reflect comparisons within each age-group between the first and
second decades for each allergen. Significance levels: **p < 0.01,
**%p < 0.001. SPT, skin prick test.
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Fig. 3. Prevalence of positive SPTs to the 3 fungal genera Alter-
naria, Aspergillus, and Cladosporium in the patient subgroup who
received SPTs to all 3 fungi in the years 1998-2007 (n = 1,251) and
2008-2017 (n =1,002). In each column, the proportion of patients
with a positive SPT to 1, 2, or all 3 fungal genera is marked. SPT,
skin prick test.
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Fig. 4. Venn diagrams displaying the overlapping profiles of sen-
sitization to Alternaria, Aspergillus, and Cladosporium in the 2 de-
cades investigated. Data were extracted from subgroup analyses of
patients who underwent SPTs to all 3 fungal extracts and showed

observed in the distribution of sensitization to different
fungal genera among the monosensitized individuals.
Most of these patients were monosensitized to Alternaria
at a rate of 5.3% in the first decade. In the second decade,
this rate remained almost unchanged (5.7%). In both de-
cades, a minority was sensitized to all 3 fungal genera
(1.7% in the first decade vs. 3.7% in the second decade of
all patients tested). Of note, the increased sensitization
rates were significant for all 3 genera. The data were com-
piled in Venn diagrams to visualize overlapping sensitiza-
tions and their changes (Fig. 4). Cosensitization to Alter-
naria and Aspergillus was the most common sensitization
in the first decade. In the second decade, sensitization to
all 3 genera almost doubled (8.8% in the first decade vs.
16.4% in the second decade of all positively tested patients
to atleast 1 of the 3 fungi). Sensitization to Alternaria and
Aspergillus continued to be the most frequent pairing
among patients cosensitized to 2 different fungi. Unfor-
tunately, evaluation of cosensitizations between the other
fungi was not feasible due to the limited number of posi-
tive patients in the subgroups. However, the preliminary
analysis did not reveal a pattern that allowed the grouping
of positive SPTs according to allergic cross-reactivity.

6 Int Arch Allergy Immunol
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a positive reaction to at least one of them. a Sensitization profile
for the decade 1998-2007 (n = 240 patients). b Sensitization profile
for the decade 2008-2017 (n = 226 patients).

Discussion

Three of the 8 phyla from the kingdom Fungi produce
relevant allergens: Ascomycota, Basidiomycota, and Zy-
gomycota. We retrospectively analyzed SPT data from
1998 to 2017 for 12 different genera from these 3 phyla.
A slight increase in the rate of sensitization for almost all
analyzed fungi was detected from 1998-2007 to 2008-
2017. The most prominent increases in sensitization were
observed for Curvularia and Penicillium. In the first de-
cade, 19.2% of the patients with suspected airway allergies
were sensitized to at least one of the fungi Alternaria, As-
pergillus, and Cladosporium, compared to 22.5% in the
second decade (2008-2017). These slow increases in sen-
sitization rates to different fungi are in agreement with
the observed increasing rates of allergic sensitization for
various other airborne allergens [5, 21-23]. We primarily
focused on the latter 3 fungal allergens that are recom-
mended for routine testing by the European GA’LEN
consortium. However, our data show that for Penicillium
and Curvularia, sensitization rates increased significant-
ly, and probably also for Rhizopus. Due to the significant-
ly lower number of tested patients for the rarer allergens,
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we opted for a cautious interpretation of these results.
Furthermore, the production of SPT preparations for
most of the rarer fungi has been terminated due to insuf-
ficient reimbursement in Germany. Thus, sensitization of
especially rarer fungal allergens warrants further investi-
gation. Of note, Curvularia spores are described as rele-
vant allergens, with high prevalence in humid regions
such as India [24]. Studies on the cross-reactivity of Cur-
vularia to various other fungi have been published, in-
cluding Cladosporium, Alternaria, and Aspergillus [25].
However, we currently lack studies that provide evidence
for clinical relevance. In contrast, Penicillium belongs to
the fungi with proven clinical relevance and should be
considered for routine testing [1, 26]. With apparently
increasing sensitization rates to Penicillium, a possible
Penicillium allergy should also be taken into consider-
ation, if a fungal allergy is suspected [1, 26].

During the first decade, sensitization to Aspergillus, the
primary outdoor allergen, was equally distributed among
the age-groups (0-20, 21-40, 41-60, and 61-80 years).
Detailed analyses of age-dependent sensitization to Alter-
naria, Aspergillus, and Cladosporium demonstrated a peak
in the 21- to 40-year age-group in the second study. This
peak in sensitization in early adulthood is consistent with
previously published data on weed allergy [22]. Allergen-
specific differences in age were observed, and a general
trend toward sensitization rates peaking in 20- to 40-year-
old patients hasbeen described previously [22,27]. Among
previous studies comparable to ours, a German popula-
tion-based study randomly collected data and blood sam-
ples from 17,641 children aged 3-17 years in 2003-2006
[28], in which sensitization rates to C. herbarum and A.
fumigatus were specifically determined by IgE analysis. In
these children and adolescents, a steady age-dependent
increase was found in fungal sensitization. The lowest sen-
sitization rate was detected in children aged between 3 and
6 years (1.3%), while the highest rate was found in adoles-
cents aged between 14 and 17 years at 4.2% [28]. In an-
other study from the 1990s, the prevalence of inhalant al-
lergen sensitization peaked between ages 16 and 25 years,
independent of the type of allergen [29]. Moreover, a Dan-
ish study found no significant difference in sensitization
to fungi (Cladosporium and/or Alternaria), as measured
by specific IgE, according to children's upbringing in a
city, town, or rural area, or on a farm. In contrast, highly
significant differences were observed in sensitization rates
to grass and birch pollen for children who lived in a city
of >250,000 inhabitants.

In our cohort, most patients sensitized to Alternaria
were monosensitized. This result is in line with previous-

Fungal Sensitization over 20 Years

ly published data [6, 30]. The serological analysis demon-
strated that patients monosensitized to Alternaria pre-
dominantly reacted to the major allergen Alta 1 [6]. Alta
1 is localized within the cell wall of Alternaria spores, and
specific IgE to Alt a 1 was found in 80-90% of the Alter-
naria-sensitized patients [31, 32]. In our subgroup analy-
sis of the 3 most important fungal genera (Alternaria, As-
pergillus, and Cladosporium), the majority of patients
were sensitized to 1 fungus only. Similar findings were
seen in a Mexican cohort [33]. Regarding these 3 fungi,
monosensitization was always the most prevalent finding
in our cohorts. We found a positive SPT to all 3 major fun-
gal genera only in a minority of patients (1.7% in the first
decade vs. 3.7% in the second decade). It is assumed that
fungal sensitization is frequently observed in patients with
polysensitization to other inhalant allergens [34].

A limiting factor in fungal allergy diagnostics is the
lack of SPT extract standardization [35]. Nonetheless,
SPT remains a sensitive method for allergy diagnostics
and is a cost-effective and available diagnostic tool. Un-
fortunately, Germany is experiencing a rapid decline in
the availability of commercial test extracts for SPT due to
limited reimbursements and regulatory issues. Although
our study carries some limitations due to its retrospective
setting, the lack of patient serological samples, and the
referral situation for patients with suspected airway aller-
gies, our data reveal increasing sensitization rates and
broadening sensitization patterns for the most relevant
fungal allergens in Germany among symptomatic pa-
tients over the last 20 years. In addition, our data quality
is very good because test substances were purchased from
the same manufacturer over a very long period of time
and the test procedure was carried out by the same per-
sonnel in a standardized manner. Frequent confounding
factors were thus minimized.

From these data, we conclude that no single fungus
should be used in limited screening series as a proxy for
fungal allergies in general. The pan-European inhalant
allergen baseline series proposed by the GA?LEN consor-
tium recommends SPTs with Alternaria, Aspergillus, and
Cladosporium [20], as these 3 genera are highly associated
with asthma [14]. Additional testing with Penicillium
should also be considered [14]. Our data are in line with
these recommendations, and we describe a trend toward
higher sensitization rates to multiple fungi in our study
cohort. In order to correctly assess the clinical relevance
of sensitization, a detailed patient history is required,
along with challenge tests if necessary. In addition, the
diagnosis of fungal airway allergy should be supplement-
ed with serological analysis of recombinant allergens.
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Supplement

Table S1: Detailed SPT results of the fungi investigated from 1998 to 2017 in 5-year intervals.
Total patient numbers of each tested allergen as well as total and relative patients with positive

SPT are listed.

1998 - 2002
Allergen All tested patients n [positive SPT] % [positive SPT]
Alternaria 1327 103 7.8
Aspergillus 1464 84 5.7
Aureobasidium 399 46 11.5
Botrytis 399 36 9.0
Cladosporium 1017 77 7.6
Curvularia 399 27 6.8
Fusarium 399 22 5.5
Helminthosporium 399 40 10.0
Mucor 400 32 8.0
Penicillium 400 50 12.5
Rhizopus 399 24 6.0
Serpula 399 29 7.3

2003 - 2007
Alternaria 538 56 10.4
Aspergillus 554 60 10.8
Aureobasidium 171 16 9.4
Botrytis 171 24 14.0
Cladosporium 403 39 9.7
Curvularia 171 22 12.9
Fusarium 171 14 8.2
Helminthosporium 171 14 8.2
Mucor 171 11 6.4
Penicillium 172 22 12.8
Rhizopus 171 14 8.2
Serpula 171 9 5.3

2008 - 2012
Alternaria 632 79 12.5
Aspergillus 643 84 13.1
Aureobasidium 178 28 15.7
Botrytis 178 24 135
Cladosporium 481 56 11.6
Curvularia 178 36 20.2
Fusarium 178 12 6.7
Helminthosporium 178 27 15.2
Mucor 178 17 9.6
Penicillium 178 24 13.5




Rhizopus 178 21 11.8
Serpula 178 16 9.0
2013 - 2017
Alternaria 712 77 10.8
Aspergillus 720 56 7.8
Aureobasidium 127 19 15.0
Botrytis 129 12 9.3
Cladosporium 565 49 8.7
Curvularia 93 19 20.4
Fusarium 129 10 7.8
Helminthosporium 128 15 11.7
Mucor 116 12 10.3
Penicillium 130 35 26.9
Rhizopus 129 11 8.5
Serpula 128 12 9.4




Figure S1: Modified cladogram of fungi. Depicted are all investigated fungi in this study. This
classification is based on the latest recommendations of the WHO/IUIS Allergen Nomenclature
Sub-committee (http://allergen.org, last accessed on: May 19" 2020).

Fungal genera with close relationships are highlighted.

Kingdom Phylum Order Genus

Alternaria

Pleosporales Curvularia

Helminotho-
sporium

Capnodiales Cladosporium

Dothideales Aureobasidium

Aspergillus
Eurotiales

Hypocreales Fusarium

Sclerotiniales

Botrytis

Basidiomycota Boletales Serpula

Zygomycota Mucorales



Figure S2: Distribution of gender (left) and age (right) of all tested patients (n=3358).
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