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Allergic reactions to fungi were described 300 years ago, but the importance of allergy to fungi has been underestimated for a long time. Allergens
from fungi mainly cause respiratory and skin symptoms in sensitized patients. In this review, we will focus on fungi and fungal allergens involved in
respiratory forms of allergy, such as allergic rhinitis and asthma. Fungi can act as indoor and outdoor respiratory allergen sources, and depending on
climate conditions, the rates of sensitization in individuals attending allergy clinics range from 5% to 20%. Due to the poor quality of natural fungal
allergen extracts, diagnosis of fungal allergy is hampered, and allergen-specific immunotherapy is rarely given. Several factors are responsible for
the poor quality of natural fungal extracts, among which the influence of culture conditions on allergen contents. However, molecular cloning tech-
niques have allowed us to isolate DNAs coding for fungal allergens and to produce a continuously growing panel of recombinant allergens for the
diagnosis of fungal allergy. Moreover, technologies are now available for the preparation of recombinant and synthetic fungal allergen derivatives

which can be used to develop safe vaccines for the treatment of fungal allergy.
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Already at the beginning of the 18th century, long before the
term “allergy” was coined by Clemens von Pirquet, fungal ex-
posure was recognized as a potential cause of adverse respira-
tory symptoms.' In 1726, Sir Floyer reported for the first time a
severe asthma attack in a patient who had visited a wine cellar
where must was fermenting.> More than 100 years later, Black-
ley described bronchial catarrh and chest tightness after inha-
lation of Penicillium glaucum spores.’ In 1924, Storm van Leeu-
wen suggested that inhaled fungal spores could cause asthma.

Although the first observation of fungal allergy dates back 300
years, the association between exposure to fungi and the occur-
rence of allergic symptoms has been discussed controversially
for a long time, and indeed fungi are still a neglected allergen
source."® Nowadays, data from several epidemiological studies
provide evidence for the important role of fungi in respiratory
disease in the indoor as well as in the outdoor environment.
Fungal sensitization is not only found more often in patients
with asthma but also may represent a risk factor for develop-
ment of asthma.”® Moldy odor, home dampness and visible
mould growth have been associated with the development of
asthma and the severity of respiratory symptoms in children.’
Indoor exposure to fungi was further found to be a risk factor
for the prevalence of coughing, increased peak expiratory flow
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variability, and asthma.'”** A correlation was found between
spore levels and the occurrence of hospital delivery and asth-
ma treatment, but also with asthma-related death. In Chicago,
for example, death from asthma was about twice as common
on days with a high total mold spore count as on days with low-
er spore counts.” In rural areas, respiratory symptoms have
been linked to increased amounts of spores during crop ripen-
ing, harvest, and storage.'®'® Furthermore, thunderstorm-relat-
ed asthma was found to be associated with increased spore
concentrations of fungal species from Ascomycota and Basid-
iomycota.”

The importance of molds to induce IgE-mediated reactions
was demonstrated by IgE binding experiments, the ability to in-
duce histamine release in basophils from sensitized patients
and by skin testing.”** Bronchial and nasal challenge tests with
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extracts of fungal spores or mycel were able to induce rhinitis,
asthma,** and late phase reactions including eosinophilic in-
filtration.”* The fact that extracts of spores and mycel are able
to efficiently induce allergic symptoms provided evidence that
relevant allergens are present in both spores and mycel.*** For
Alt a 1, the major Alternaria alternata allergen, the presence in
spores and mycel has further been demonstrated by immuno-
gold electron microscopy.>* Interestingly, fungi also activate
the innate immune system and may enhance inflammation
caused by unrelated allergens (e.g., grass pollen).***

A prerequisite for the development of allergic sensitization is
that individuals are exposed to the allergen source in clinically
relevant amounts. Fungal spores are an ever present compo-
nent of the atmosphere,'® constituting the largest proportion of
aerobiological particles in our environment® which even ex-
ceeds the concentration of pollen grains."” Due to the large
spectrum of mold species and the difficulty in identifying them
our knowledge of outdoor atmospheric mold spores and their
relevance in allergic disease is still incomplete. A recent study
identified a set of 40 potentially allergy-inducing genera in air
samples collected in Korea.*

Using DNA analysis differences in the relative abundance and
seasonal cycles of various groups of fungi in coarse and fine
particulate matter were found, with more plant pathogens in
the coarse fraction and more human pathogens and allergens
in the respirable fine particle fraction (<3 micron).*

The number of fungal spores in the atmosphere underlies
seasonal as well as interdural variations. Especially climatic fac-
tors (temperature, rainfall, relative humidity, and wind) and cir-
cadian patterns (darkness and sunlight) influence the spectrum
of fungal species and their concentrations in the environ-
ment.'******” The number of spores in the air rises in particular
in late summer and early autumn, when nutritional sources are
available, while they diminish in winter (Fig. 1).'** Considering
daily fluctuations, the highest spore counts can be found in the
afternoon and early evening.'
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Fig. 1. Seasonal variations influence the number of spores in the atmosphere.
The climatic conditions in summer and autumn favour the growth of certain
fungal species and the dispersal of spores. Exceptional high concentrations of
spores from the species Alternaria and Cladosporium as well as from species
of the phylum Basidiomycota can be found from June to October (modified af-
ter Lacey J, 1996).
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In general, exposure to fungi occurs via inhalation, skin con-
tact, or ingestion.” The inhalative route is with regard to respi-
ratory symptoms the most important one. Fungal spores show
a broad spectrum of different shapes and sizes, ranging from
less than 2 to 250 um. A substantial proportion of spores are
small enough to penetrate into the lower airways. The thresh-
old level necessary to elicit allergic symptoms in sensitized pa-
tients is not known and varies between different species. Spore
concentrations of Alternaria equal or greater than 100 spores/
m® are believed to evoke allergic symptoms,” whereas the ref-
erence value for Cladosporium is estimated to be 3,000 spores/
m?>.'** However, for 2 reasons the determination of spore con-
centrations is not a perfect method to quantify the exposure of
a sensitized individual. Using a Halogen Immunoassay (HIA), it
was shown that fungal fragments and submicron particles of
intra- and extracellular fungal structures contain detectable
amounts of allergens and may therefore function as aeroaller-
gen sources.” These particles are present in considerable larger
quantities than spores, and respiratory deposition models indi-
cate for some fungal species a much higher burden caused by
fragments than by spores.*" Second, there is evidence that air-
borne allergen levels do not always correspond to spore or par-
ticle counts.”* For example, it has been shown that depending
on the developmental status, spores from Alternaria alternata
release different amounts of the major allergen Alta 1.

Prevalence of sensitization

Fungi are ubiquitous and, as a consequence of this, sensitiza-
tion to fungi can be found throughout the world (Fig. 2). The
exact prevalence of mold sensitization is not known but is esti-
mated to range from 3% to 10% in the general population. Like-
wise, the prevalence of sensitization in atopic patients varies
depending on many factors as it was exemplified in several
large studies.** A multicenter study in 7 European countries
investigated the prevalence of Alternaria and Cladosporium
sensitization in 877 children and adults (5-60 years) with rhinits
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Fig. 2. Geographical distribution of fungal allergy. Fungal allergy represents a
worldwide health problem. The world map highlights in yellow all countries in
which sensitization to fungi has been described.
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and/or asthma. From these, approximately 9.5% were skin
prick positive to at least one or both fungal species. The highest
prevalence was found in Spain (20%), the lowest in Portugal
(3%).*° In another very recent multinational study (EPAAC, Ear-
ly Prevention of Asthma in Atopic Children) conducted in 10
European countries, Australia, and South Africa, specific IgE
antibodies to food and aeroallergens were determined in 2,184
infants (mean age: 17.6 months) with atopic eczema. The over-
all sensitization rate to Alternaria in this population was 3.7%,
but variations were observed between the different countries.
Children from Australia showed the highest sensitization rate
(7%), whereas in Belgium no sensitization to Alternaria was
found.” The third National Health and Nutrition Examination
Survey in the USA revealed that approximately 12.9% of the
population (6-59 years) showed positive skin prick results to Al-
ternaria alternata.” A survey performed by Global Allergy and
Asthma European Network in 16 European countries showed
general sensitization rates of 11.9% for Alternaria alternata and
5.8% for Cladosporium herbarum with the highest prevalence
in the UK, Ireland, and Northern Europe.” A study performed
with atopic patients in a tropic environment demonstrated the
importance of sensitization to basidiomycete Ganoderma ap-
planatum with the prevalence of 30%.> In those studies, popu-
lations from different countries have been investigated that var-
ied in age and clinical manifestations of allergy. Thus, it seems
that demographic and epidemiological factors contribute to
varying prevalence data. Based on studies that consider the age
of patients in the evaluation of prevalence data, it was assumed
that sensitization to fungi is an age-dependent process with a
higher prevalence in children.""*"*" It was further shown for al-
lergy to the species Alternaria that the course of the disease dif-
fered markedly from allergies to other common aeroallergens.®
Alternaria-specific IgE antibodies increase significantly in early
childhood until they reach a maximum level and then seem to
decline again with increasing age."">**® In contrast to this, spe-
cific IgE antibodies to house dust mite increase with age and re-
main constantly high during childhood." It is interesting that
monosensitization to fungi is quite rare and that specific IgE to
fungi are often associated with the presence of specific IgE to
other aeroallergens.** So far, the reason for this polysensitiza-
tion in connection with fungal sensitization is not known. A
study in 6,840 Italian children pointed also at the influence of
genetic factors, as 82.9% of mold-sensitized children had a pos-
itive family history of mold allergy.*

The varying prevalences of mold sensitization may also be as-
cribed to methodological limitations. Current methods for
identification of mold species rely especially on morphological
characteristics of spores, so they are time-consuming and re-
quire the skills of a trained person. As only a small number of
mold species have been identified, sensitization to unknown
fungi remains elusive. Furthermore, one has to be aware of the
fact that results of skin tests and in vitro measurements of spe-
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cific IgE antibodies are often not directly comparable.>**%" Fi-

nally, fungal allergen extracts used for diagnostic testing are of
poor quality and show high variability regarding allergen con-
tents.” Although at present the prevalence of sensitization to
fungi can only be estimated, many studies identify fungi as an
important cause of respiratory allergy.

Fungal allergens

It has been estimated that around 1 to 1.5 million fungal spe-
cies exist worldwide, but so far only 80,000 have been de-
scribed. From these, 112 genera are thought to be a source of
allergens. The 4 genera most commonly associated with the de-
velopment of allergy are Alternaria,* Cladosporium, Penicilli-
um, and Aspergillus. These genera belong to the phyllum Asco-
mycota, but allergens have also been described from Basidio-
mycota and Zygomycota. Overall, 107 allergens from 28 fungal
genera have been approved by the International Allergen No-
menclature Sub-committee (http://www.allergen.org/, Fig. 3),
but many fungal proteins have been shown to be IgE-reactive.
Bowyer et al.*® estimated that the most thoroughly studied al-
lergenic fungi have up to 20 well characterized allergens and
further 27 to 60 other less well characterized IgE binding pro-
teins. Recently, it was shown that IgE sensitization to fungal
species reflected well their phylogenetic relationship since IgE
reactivity correlated better in closely related molds compared
to phylogenetically distant molds.®® Supplementary Table 1
summarizes known fungal allergens and gives an overview on
their biological function, their prevalence of IgE recognition,
and their cross-reactivity.

Although molds produce a great variety of IgE-binding mole-
cules, not all of them are equally important. The first factor that
determines the importance of an allergen is the prevalence of
recognition among patients sensitized to the allergen source.
Based on this, an allergen can be classified as major (>50%) or
minor (<50%) allergen. However, it is known that IgE reactivity
of an allergen does not necessarily reflect its capacity to induce
allergic symptoms. Determination of the IgE-binding capacity
is therefore not sufficient for assessing the clinical relevance of
an allergen. It is rather the capability to induce strong IgE-me-
diated and T cell-mediated reactions that define the clinical rel-
evance. The ability of an allergen to induce IgE-mediated reac-
tions can be assessed by in vitro (basophil histamine release)
and in vivo tests (skin and provocation tests). Additionally, T-
cell proliferation assays (in vitro) and the atopy patch test (in
vivo) allow inferences on T cell-mediated processes.

The clinical relevance is further dictated by the frequency of
the allergen’s occurrence and the amount of allergen liberated
by a mold species. Molds and fragments thereof are not only a
constant component of our environment, but under certain
conditions that favor their growth (i.e. moisture, poor ventila-
tion, efc.) exposure may be exceptionally high. Antibody probes
against mold allergens are useful tools to determine the pres-
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C. cladosporioides
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—( Ascomycetes )——(

)—( Trichocomaceae

Eurotiales Aspergillus )
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A. oryzae
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P. chrysogenum
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P. oxalicum

_(
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F. proliferatum

Stachybotrys )

S. chartarum

mitosporic Hypocreales )_(

—( Tuberculariales )—( Tuberculariaceae )—(

Epicoccum )

E. purpurascens

—( Eurotiomycetes )—(

)—( Arthrodermataceae )—(

Onygenales Trichophyton )

T. rubrum
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C. albicans
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Schizophyllaceae )—( Schyzophyllum )
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)—( Sporidiobolaceae )—(

Sporidiales Rhodotorula )

R. mucilaginosa

—( Ustilaginomycetes )—( Malasseziales )—( incertae sedis )—(

Malassezia )
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Fig. 3. Fungal species as a source of type | allergy. The taxonomical tree includes all allergen producing fungal species that have been approved by the L.U.LS. Aller-
gen Nomenclature Sub-committee (http://www.allergen.org).

ence of a certain fungus and to measure the personal allergen

exposure.

The molecular nature of fungal allergens

Knowledge about the sequence and structure of an allergen
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forms the basis for the understanding of its immunological and
biological properties and ultimately is essential for the develop-
ment of new forms of diagnosis and treatment.* To study these
characteristics, the allergen needs to be available with a high
degree of purity. First allergen characterizations were carried
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out on natural allergens isolated from allergen extracts, but
complex and tedious purification processes hampered such
analysis for many allergen sources. With the introduction of re-
combinant DNA technology into the field of allergology, an on-
going progress in allergen characterization started more than
25 years ago. Today, many mold allergens have already been
cloned (Supplementary Table 1) and are available as recombi-
nant proteins. The amino acid sequence of an allergen deter-
mines its physiochemical characteristics and forms the basis of
the secondary and tertiary structures. So far, the 3 dimensional
structures of some mold allergens have been solved by X-ray
crystallography.”™ Computational structure prediction pro-
grams in principle allow predictions of the allergen’s conforma-
tion based on the amino acid sequence. Knowledge of the se-
quence further facilitates the identification of amino acids in-
volved in IgE binding and T-cell activation.” Currently increas-
ing numbers of B and T-cell epitopes of allergens from different
mould species are determined.””

Furthermore, the knowledge about similarities in sequence
and conformation also permits the identification of homolo-
gous proteins in related and unrelated species, which might
have cross-reactive potential. However, one has to be aware of
the fact that the degree of sequence identity between an aller-
gen and a homologous protein does not necessarily predict
cross-reactivity. Overall, cross-reactivity between proteins can
be due to common moieties in the protein sequence or to com-
mon carbohydrate structures (cross-reactive carbohydrate de-
terminant, CCD). It can thus occur between proteins from taxo-
nomically related, but also from distantly or non-related sourc-
es. Hence, cross-reactivity has been found within 1 fungal phy-
lum, between different fungal phyla and also to non-fungal al-
lergens of other allergen sources™ and even to human proteins.
The most prominent examples of cross-reactive fungal aller-
gens are enolases,””” manganese superoxide dismutases (Mn-
SOD),” cyclophilins,®*™® glutathione-S-transferases,” thiore-
doxins,*”* and transaldolases.” Beside these, serine proteases,
ribosomal proteins, heat shock proteins, and peroxisomal pro-
teins have found to be cross-reactive (see supplementary Table
1). Clinically, cross-reactive molecules are responsible for IgE-
mediated reactions to a variety of allergen sources. Cross-reac-
tive molecules with poor allergenic activity (e.g., CCDs) can in-
fluence the accuracy of diagnosis since tests based on IgE bind-
ing give positive results that do not reflect the clinical impor-
tance of the allergens. In addition, the relevance of CCDs in
eliciting IgE-mediated reactions is still a matter of controversy
and, although many mold species produce glycosylated pro-
teins that bind IgE in vitro, it is not clear whether the carbohy-
drate moiety contributes to the allergenicity of the molecule.
The lack of biological activity might be due to a limited epitope
valency of carbohydrates and/or a low affinity of IgE antibodies
for the corresponding glycan epitope.®*® In case of plant carbo-
hydrates, structures that are crucial for IgE antibody binding
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have been determined: asparagine-linked xylose and fucose
residues are mainly responsible for structural similarities which
cause cross-reactivity.**®® In contrast to plant carbohydrates,
mold proteins are highly mannosylated, indicating that plant
and fungal CCDs are not cross-reactive; however, further re-
search is required to address this issue.

Knowledge about an allergen’s sequence can give information
regarding the biological and biochemical properties of a pro-
tein. Since molds are heterotrophic organisms, they are depen-
dent on organic nutrients provided by other organisms. They
digest their food externally, excreting enzymes into the environ-
ment.” It is therefore not surprising that many fungal allergens
have enzymatic functions. However, enzymatic activity may
also have an influence on the allergenicity of an allergen source.
First, proteases of fungal extracts were shown to have Th2-in-
ducing properties® either by facilitating antigen access through
cleavage of tight junction proteins® or through direct activation
of epithelial cells.** Second, degradation processes can impair
the stability of other allergens present in an allergen source.

To summarize, the knowledge regarding the structures, immu-
nological and biological properties of mold allergens is increas-
ing, but there is a need for the systematic evaluation of the prev-
alence of IgE recognition of individual allergens in population
studies and of the allergenic activity of allergens to determine
their clinical relevance. Only on the basis of such systematic
studies, new forms of diagnosis and therapy can be developed.

Precise diagnosis of fungal allergy is the basis for immunotherapy

The first and most important step toward efficient allergen-
specific forms of treatment is the proper diagnosis of mold sen-
sitization and the evaluation of the clinical relevance of the sen-
sitizing allergens. Diagnosis of allergies, as routinely performed
today, is a stepwise process, including anamnesis, determina-
tion of total and allergen-specific IgE antibodies, skin tests and,
if necessary, other provocation tests.”* Anamnesis plays a deci-
sive role in the diagnosis of allergy and usually guides further
diagnostic steps, such as serological testing and provocation
testing. However, if fungal allergy is not considered, it may be
easily overlooked because fungal allergens often co-occur with
other frequent indoor (e.g., house dust mites, animal dander)
and outdoor allergens (grass and weed pollen). In fact, many of
the mold-sensitized patients have also specific IgE antibodies
to other inhalant allergen sources, and peak spore levels over-
lap with grass and weed pollen season, so mold sensitization
might be masked by other allergies (Fig. 4).

Allergen-specific IgE antibodies and their clinical relevance
are basically determined by serological investigations and skin
tests. In general, skin tests are more commonly found to corre-
late with clinical symptoms of allergy and are regarded as the
more sensitive tests, whereas serological investigations are con-
sidered more specific.” A combination of in vivo and in vitro
tests is therefore recommended for a reliable diagnosis of mold
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Fig. 4. Fungal spore seasons overlap with grass and weed pollen seasons. Diagnosis of fungal allergy is complicated by the fact that mould allergic patients are of-
ten polysensitized. Exacerbated allergic symptoms in summer and autumn might be due to fungal allergy, but can also arise from allergy to grasses and weeds like
mugwort (Artemisia), ragweed (Ambrosia) or Parietaria. The intensity of allergen exposure to grasses, weeds and moulds is displayed in red for high exposure, or-

ange for intermediate exposure and yellow for low exposure.

allergy.” A recent study on diagnosis of mold allergy compared
the sensitivity of an intradermal skin test with a serum assay for
specific IgE antibodies (ImmunoCAP test) and showed impres-
sively the gap between in vivo and in vitro results. Seventy-five
patients with rhinitis were tested with extracts of Candida, Al-
ternaria, Cladosporium, and Penicillium for their IgE reactivity.
The incidence of a positive test determined by skin tests in
comparison to the CAP analysis varied fewest for Cladospori-
um (4-fold) and the most for Alternaria (17.5-fold).** A multi-
center study from Spain which determined the prevalence of
Alternaria alternata sensitization revealed that in more than
one-third of patients, a positive in vivo result could not be con-
firmed with the in vitro tests.”

The discrepancy of diagnostic tests can partly be ascribed to
the poor quality of mold extracts.” Besides intrinsic factors, like
strain variabilities” ' and the tendency of molds for spontane-
ous mutation,'” the raw material (spores/mycelium)***"** and
manufacturing processes (culturing conditions, extracting pro-
cedures)?999100104105 affect the quality of mold allergen extracts.
As molds are enzyme-rich organisms, degradation processes
should also not be underestimated.”*'%1°*'** All these factors
may have an impact on the presence of certain allergens, pro-
tein/carbohydrate content, and allergenicity and antigenicity of
mold extracts.**"'**'**'% Martinez et al."”" reported high vari-
abilities in the expression of the major allergen Alta 1in 11 Al-
ternaria alternata strains that were cultured under identical
conditions. In the same mold species, Sdenz-de-Santamaria et
al.'” observed varying enzymatic activities in 14 strains. Port-
noy et al."* revealed that extraction time influences the elution
of certain allergens and that a longer extraction interval in-
creases the proportion of carbohydrates. We investigated the
influence of mold strains, growth medium, and growth time on
the expression of Alternaria alternata allergens. Four Alternar-
ia strains were cultured for 2 or 4 weeks on 3 media that dif-
fered in carbohydrate and protein content as well as in the pres-
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ence of additional nutrients. The immunblot in Fig. 5 displays
the enormous impact of the strains, nutritional sources, and
growth periods on the prescence of IgE-reactive proteins in the
allergen extracts. It also exemplifies the difficulties in defining
optimal growth conditions.

Although commercially available allergen solutions have to
pass through some company-internal standardization proce-
dures and quality controls, there are until now no generally ac-
cepted guidelines for the preparation of allergenic mould ex-
tracts. Determination of the protein content and measurement
of total IgE activity seem to be unsuitable, as protein concentra-
tion might not necessarily be correlated with the allergenicity of
the extract, since significant qualitative differences in allergen
composition have been described.**"**'* It is therefore not as-
tonishing that considerable differences in potency of mold ex-
tracts between manufacturers and even batch-to-batch varia-
tions can be found in these so-called “standardized ex-
tracts”®"'% Vailes et al.'"® determined the content of Alt a 1 and
Asp {1 in extracts of Alternaria alternata and Aspergillus fumig-
atus used for diagnosis in the United States. The extracts were
obtained in 2 consecutive years from 8 different manufactures.
Whereas Alt a 1 was detectable in all but 1 extract, the amount
of Asp f 1 was low or even undetectable in extracts of 4 compa-
nies. Furthermore, substantial variations within and between
companies were found for Asp f 1. Due to the problems with
standardization of mold extracts, only a limited number of them
are available for diagnosis. This has certainly contributed to the
fact that mold allergy has been underestimated for a long time.

Besides the inconsistency of allergen extracts, the presence of
carbohydrates and other cross-reactive components hampers
the precise identification of the disease eliciting mold species.
Molds are known to contain many glycosylated proteins that
might impair diagnostic tests. False positive results due to car-
bohydrates can be unveiled in in vivo provocation tests, since it
is assumed that anti-carbohydrate IgE antibodies lack biologi-

Allergy Asthma Immunol Res. 2015 May;7(3):205-220. http://dx.doi.org/10.4168/aair.2015.7.3.205



AAIR

CBS 103.33 CBS 795.72

Mold Allergens in Respiratory Allergy

ATCC 46582 ATCC 96154

2 weeks 4 weeks 2 weeks 4 weeks

2 weeks

4 weeks 2 weeks 4 weeks

C MES C MESC MES C MESC MES C ME S

C MES C MES

kDa kDa
250 — 250 — -
35— 100 —
100 — - - Ps
S . ] ‘
50 _P 37 —
37 — 25 —
25 — 20 —
20 — 15 —
L . 10 —
o n®

- 9

10 —

Fig. 5. Influence of strain variabilities and growth conditions on the presence of IgE binding proteins in extracts of Alternaria alternata. Four Alternaria strains,
achieved by the Centraalbureau voor Schimmelcultures (CBS 103.33, CBS 795.72) and the American Type Culture Collection (ATCC 46582 and ATCC 96154) were
grown on 3 different media (C, Czapek Dox agar; ME, Malt Extract agar; S, Sabauroud agar) for 2 or 4 weeks respectively. Protein extracts of the fungi were subject-
ed to SDS-PAGE, blotted onto nitrocellulose membranes and incubated with the serum of an Alternaria-sensitized patient. Bound IgE antibodies were detected with

'%]-|abelled anti-human IgE antibodies and visualized by autoradiography.

cal relevance. However, cross-reactive allergens from related
and unrelated allergen sources distract from the primary sensi-
tizing source. Especially in case of polysensitized patients, diag-
nosis based on extracts allows no discrimination between co-
and cross-sensitization. The need for an improved component-
resolved diagnosis is therefore evident, and it is clear that im-
provement can only come from the use of recombinant mold
allergens.

In fact, allergens from different mold species have been
cloned and produced as recombinant IgE-reactive proteins (see
supplementary Table 1). For some of them, the ability to induce
immediate-type reactions has been demonstrated by basophil
histamine release assays and skin prick tests.''” Recombinant
allergens with similar characteristics as their natural counter-
part are suited for in vitro and in vivo diagnosis. The applica-
tion of species-specific allergens (like Alta 1, Aspf1, Cop c 1, or
Mala s 1) allows the identification of genuine sensitization to a
single mold species. Recombinant mold allergens with known
cross-reactivity are additionally useful tools as marker allergens
to identify cross-sensitization. In this way, sensitivity as well as
specificity of diagnosis can be improved. This concept has been
tested in a small group of patients sensitized to Alternaria alter-
nata. A combination of the species-specific major allergen Alt a
1 with the cross-reactive enolase Alt a 6 (formerly Alt a 2) could
correctly diagnose sensitization in 7 tested patients.'® Recently,
a study including 80 European patients showed that rAlta 1 can
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be used to diagnose 98% of patients with allergy to Alternaria
alternata and that almost all specific IgE in these patients was
directed against Alt a 1.” This finding suggests that Alt a 1 can
be used as a reliable diagnostic marker allergen for genuine
sensitisation to Alternaria and could replace the Alternaria ex-
tract. However, another study suggested that a recently cloned
cross-reactive allergen from Alternaria alternata, namely Mn-
SOD, should be included together with Alta 1 and Alt a 6 in the
molecular array for the diagnosis of allergy to Pleosporaceae
since 2 out of 30 patients did not react to Alt a 1 nor to Alt a 6,
but they showed reactivity to MnSOD.'"° In another study, 2 re-
combinant proteins from Aspergillus fumigatus, rAsp f 4 and
rAsp f 6, were shown to allow the discrimination between aller-
gic bronchopulmonary aspergillosis and Aspergillus sensitiza-
tion.'” Sensitization to certain mold allergens may also be used
to predict the severity of clinical symptoms. Alternaria alterna-
ta sensitized patients were reported to be affected more fre-
quently by asthma than non-Alfernaria-sensitized patients."""

In summary, mold allergy has long been underestimated and
occurs more frequently than expected. Since mold allergic pa-
tients are often polysensitized, IgE antibodies to other allergen
sources might mask mold allergy. Therefore, the precise deter-
mination of the disease-causing allergen source is particularly
important for mold allergy and is the basis to correctly pre-
scribe the most appropriate specific forms of treatment.

http://e-aairorg 211



Twaroch etal.

Immunotherapy of mold allergy

Treatment of allergic disease is based on pharmacotherapy,
allergen avoidance and immunotherapy."” Whereas pharma-
ceutical drugs like steroids and antihistamines can solely abate
the symptoms of allergic disease, allergen avoidance is in case
of outdoor exposure difficult to achieve. In case of indoor ex-
posure, avoidance is possible under certain conditions, such as
visible mold growth."* Specific immunotherapy would be an
antigen-specific, long-lasting and disease-modifying approach
for the treatment of mold allergy. In 1998, the WHO published a
position paper with guidelines for safe and effective immuno-
therapy. These guidelines stressed the point that immunother-
apy should only be performed with well-defined vaccines in
carefully selected patients.'? In case of mold allergy, these crite-
ria are difficult to fulfill and therefore - strictly speaking - im-
munotherapy is currently not recommended for mold allergic
patients. First, mold allergen extracts remain ill-defined mix-
tures of allergenic and non-allergenic components. They con-
tain a very complex spectrum of proteins, glycoproteins, carbo-
hydrates, and other components that definitely do not contrib-
ute to the allergenicity of the whole extract but might lead to
impaired diagnostic tests or to side effects during treatment.
Second, the selection of patients for immunotherapy is im-
paired by the fact that many mould allergic patients suffer from
asthma and are sensitized to other common inhalant aller-
gens.> Although immunotherapy has been shown to be effec-
tive for the treatment of allergic asthma, especially this group of
patients is prone to develop adverse reactions during treatment.
Therefore, clinical manifestations of asthma have been consid-
ered rather as a contraindication for immunotherapy.'" Never-
theless, studies with mold extracts, predominately Alternaria
and Cladosporium species, have been performed (Table 1). We
found 6 studies which evaluated the safety of immunotherapy
using mold extracts."*'*! In 1982, Kaad and Ostergaard treated
38 children with an Alternaria iridis extract mixed with a Clado-
sporium herbarum extract over a period of 3.5 years. Nineteen
percent of the patients had to stop treatment because of severe
side reactions associated with the generation of precipitating
serum antibodies.""® Four years later, the same authors reported
more severe and even anaphylactic reactions to Alternaria and
Cladosporium extracts than to extracts of grass pollen, animal
dander, or house dust mite in asthmatic children resistant to
pharmacological treatment. Since 50% of patients had to be
withdrawn from treatment, the authors concluded that immu-
notherapy in asthmatics with mold allergy is not recommend-
ed."” These results were further confirmed by a retrospective
study with 83 adults and 46 children with rhinitis and/or bron-
chial asthma. Using a biologically standardized depot extract of
Alternaria tenuis, 39.5% of patients experienced adverse reac-
tions which were mainly systemic. Children and patients with
asthma were at higher risk of developing side effects.""® Moreno
et al.”™ investigated the safety of 4 different induction schedules
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in 108 patients (see Table 1). Only a few adverse reactions to an
extract of Alternaria tenuis were reported which were associat-
ed with only 1 induction schedule. Finally, Martinez-Canavate
et al.”" compared the tolerance of a conventional short regime
to a cluster regime in a pediatric population. Whereas more lo-
cal reactions were observed in the conventional regime, no sig-
nificant differences between the 2 regimes were found regard-
ing systemic reactions. In total, 10 (10.6%) out of 94 patients had
local or systemic reactions and 1 patient from the cluster regime
had to be withdrawn from treatment.

Based on the high incidence of adverse reactions, mold ex-
tracts were stated as “less tolerated” than other allergen ex-
tracts.""""® Therefore, only a few double-blind, placebo con-
trolled studies have been performed so far that analyze the clin-
ical and immunological efficacy of mold immunotherapy. In
1986, Dreborg et al.'** treated 16 children actively over a period
of 10 months with a standardized Cladosporium herbarum ex-
tract, while 14 children received a histamine placebo. All the
children were polysensitized and suffered from rhinoconjunc-
tivits and/or mold-induced asthma. Symptom scores and total
medication score remained unchanged in both groups after 6
months of treatment. Although skin reactivity, conjunctival
sensitivity, and peak expiratory flow improved, no significant
differences were found between the actively treated and place-
bo groups. However, a significant reduction in bronchial and
conjunctival sensitivity as well as a significant decrease in spe-
cific IgE antibodies could be observed in the extract-treated
group after 10 months of treatment. A drawback was the high
frequency of systemic side effects, which occurred in 81% of pa-
tients, especially during the peak of mold season.'”*'* In a simi-
lar approach with Cladosporium herbarum, the efficacy of im-
munotherapy was evaluated in 11 adult asthmatics. After 5 to 7
months of treatment, no differences were found between the
active and placebo-treated groups when the symptom and
medication score were evaluated separately. A combined eval-
uation revealed that 81% of the C. herbarum treated group and
27% of the placebo control group had unchanged or improved
symptoms.'** A significant decrease in bronchial and dermal
sensitivity as well as a significant increase in specific IgG, and
IgG; antibodies was observed in the actively treated group.'*'*
Furthermore, a significant decrease in histamine release was
reported from basophils isolated from patients of the actively
treated group.® Local side effects were reported in 70% and
systemic reactions in 100% of the C. herbarum treated group.'**
Immunotherapy with a standardized extract of Alternaria alter-
nata resulted in an improved symptom-medication score, an
increased tolerance in nasal provocation tests, and reduced
skin reactivity in the actively treated group. Specific IgG anti-
bodies increased significantly after 1 year of treatment, specific
IgE antibodies did not change in either group.'”® Criado Molina
et al.”® evaluated the efficacy and safety of immunotherapy
with Alternaria alternata in a sublingual approach. Nineteen
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Table 1A. Immunotherapy studies with fungal extracts

Design of study Mould species Schedule N(.)' of Sideeffects Wlth_drawal dueto Ref.
patients  |ocal  Systemic side-effects
Retrospective Alternaria alternata SIT, cluster 52 1 3 1 [21]
SIT, conventional short 42 4 2
Retrospective Alternaria tenuis SIT, cluster 108 0 [120]
4 visits/10 injections 60 1 2
4 visits/8 injections 9 0 0
3 visits/9 injections 6 0 0
3 visits/6 injections 33 0 0
Retrospective Alternaria tenuis SIT, conventional 129 3 48 nk. [119]
Prospective Alternaria iridis/alternata SIT, conventional 13 nk. n.k. 4 [117]
Cladosporium herbarum 13 n.k. nk.
Prospective Alternaria iridis mixed with SIT, conventional 38 nk. nk. 7 [116]
Cladosporium herbarum

SIT, specific immunotherapy.

Table 1B. Immunotherapy studies with fungal extracts

No. of patients Immunological  Side-effects

Design of study Mould species  Schedule active/placebo Clinical effect effects Local m Ref.
DB, PC C. herbarum  SIT, cluster 16/14 medication score| IgE{, 1gG1 4 13 [122,123]
bronchial sensitivity |
DB, PC C. herbarum  SIT, cluster 1/M symptom medication score IgE| 8 " [124-127]
PEFt lgG: and IgGst
skin reactivity|
DB, PC Alternariasp. ~ SIT, rush 13/11 global symptom medication score| IgGt 0 2 [128]
skin reactivity|
nasal tolerance?
DB, PC A alternata  SLIT 19/20 symptom medication score | 19Gst 8 [129]
skin reactivity
respiratory tolerance? (challenge)
DB, PC A. altemata  SIT, conventional 1414 conjunctival sensitivity| fo] ) 0 2 [131,132]
PEF? I9G, 1gGr and IgGs7
DB, PC A. alternata SIT, conventional 30/20 symptom medication score IgE| 7 0 [133]
nasal tolerance?
Case control A. tenuis SIT, conventional 39/40 Symptom score nk. + 0 [134]
medication score
Open control A. tenuis SIT, conventional 11 skin reactivity| IgE| 2 2 [39]
symtom score, IgG and IgGs1
medication score|
SuT 12 symtom score 0 0 [39]
medication score
nasal tolerance?
Open control A. alternata SIT, conventional 9/7 bronchial sensitivity| IgE| [135]

*number of reactions.
n.k., not known; DB, PC, double blind placebo-controlled; C. herbarum, Cladosporium herbarum;, Alternaria sp., Alternaria species; A. alternata, Alternaria altermata;
A. tenuis, Alternaria tenuis; SIT, subcutaneous immunotherapy; SLIT, sublingual immunotherapy; PEF, peak expiratory flow.
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out of 38 patients received over a period of 12 months oral im-
munotherapy, whereas the control group was symptomatically
treated. Eight adverse reactions occurred that were described
as mild to moderate. Skin and bronchial reactivity were signifi-
cantly improved in the actively treated group, and an increase
in specific IgGs antibodies was observed. Peak expiratory flow
and specific IgE antibody levels remained unchanged in both
groups. Another double-blind, placebo-controlled study was
carried out in 2008 and included 28 patients. Fourteen patients
were treated with a conventional schedule of subcutaneous im-
munotherapy, the control group received a histamine placebo.
The allergen extract applied was a biologically standardized
preparation of Alternaria alternata. The highest maintenance
dose that induces no systemic side reactions was evaluated in
an earlier study before the immunotherapy trial."*® Over a peri-
od of 12 months, no local but 2 systemic reactions were report-
ed in asthmatic patients. The major significant improvements
for the Alternaria-treated group were an increase in peak expi-
ratory flow and a decrease in severity of asthma.”' No changes
in nasal or ocular symptoms as well as in medication scores
could be observed. Allergen-specific IgE antibodies decreased,
whereas antibody titers of total and specific IgG (IgG: and 1gG.)
increased.” A double-blind, placebo-controlled study includ-
ed 50 children and adolescents (30 active group, 20 placebo
group) with A. alternata-related seasonal allergic rhinocon-
junctivitis and/or asthma. Standardized A. alternata extract
were injected over 3 years according to the conventional sched-
ule of subcutaneous immunotherapy. A group that received ac-
tive therapy resulted in improved quality of life regarding asth-
ma and decreased sensitivity upon nasal challenge. The com-
bined symptom medication score decreased in years 2 (38.7%)
and 3 (63.5%) of the study. No severe side effects were observed
while mild local reactions were reported in 7 patients."*
Besides these double-blind, placebo-controlled studies, a few
open studies have been performed. Thirty-nine children with
rhinitis and/or Alternaria-induced asthma were enrolled to-
gether with 40 age-matched controls in a prospective immuno-
therapy study. After 3 years of therapy, all patients in the active
group reported clinical improvement in a questionnaire, while
the symptoms worsened in 87.5% of control patients. The clini-
cal effect seemed to be dose-dependent as patients receiving
higher cumulative doses improved considerably."** Bernardis et
al®® compared the efficacy of subcutaneous immunotherapy
(SIT) to sublingual immunotherapy (SLIT) using an extract of
Alternaria tenuis. Eleven patients were randomized to the SIT
group and 12 to the SLIT group. Although SLIT was very well
tolerated, the SIT approach seemed to be more efficient. In
both approaches, patients subjectively reported an improve-
ment in symptom medication scores. The threshold to elicit al-
lergic symptoms by nasal provocation test increased in both
groups but reached only statistically significance in the SLIT
group. However, skin reactivity and IgE levels significantly de-
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creased only in the SIT group, whereas total IgG and specific
IgG4 levels increased. Nevertheless, side effects occurred in ap-
proximately 36.4% of patients treated with SIT. Recently, Kilic et
al'** evaluated efficacy of SIT in 16 children with bronchial
asthma monosensitized to Alternaria in a prospective, open
parallel group-controlled study. After 1 year of treatment with
Alternatia extracts, a reduction in bronchial responsiveness, a
reduction in eosinophil counts in sputum and a decrease in
specific IgE levels were found in the actively treated group. In
summary, improvements in symptoms have been observed in
SIT studies for mold allergy and one can therefore assume that
SIT should be effective for mold allergy as it is for many other
allergens. However, progress seems to be limited by natural al-
lergen extracts which induce side effects and are of poor quali-
ty. It will therefore be necessary to use recombinant mold aller-
gen derivatives with reduced allergenic activity or mold aller-
gen-derived peptides for treatment.

Strategies for the improvement of mold allergy immunotherapy

Available data suggests that the insufficient quality of natural
mold allergen extracts is the major bottleneck for the develop-
ment of safe and effective SIT for mold allergy. Especially dur-
ing the SIT of mold allergy, the occurrence of local and severe
systemic side reactions was found to hamper the application of
sufficiently high allergen doses needed for efficient therapy (see
Table 1). Improvements are therefore needed that allow the
safe administration of sufficiently high doses. Furthermore, all
disease-relevant allergens must be included in vaccines which
often cannot be achieved with allergen extracts that lack certain
allergens.

Recombinant allergens

The cDNA sequences of many mold allergens have already
been elucidated (see supplementary Table 1), and by using var-
ious expression systems recombinant molecules can be pro-
duced in large quantities and high purity. Recombinant wilde-
type allergens, which resemble immunologically their natural
counterpart, represent valuable tools for specific diagnosis, as
they can be used in diagnostic tests to determine the disease-
causing allergen source. Using component-resolved diagnosis,
relevant recombinant allergens can be selected for allergen SIT.
The feasibility of this approach has already been shown in case
of grass pollen and birch pollen allergens, but so far recombi-
nant allergens have not yet been evaluated for the treatment of
mould allergies.

However, when the use of recombinant wild-type allergens is
considered for SIT, one has to be aware that the administration
of a recombinant allergen mimicking the characteristics of the
natural allergen carries the risk of inducing allergic reactions
similar as with allergen extracts. Adverse reaction might partic-
ularly pose a problem in case of mold allergy, as many patients
suffer from severe symptoms. Therefore, the development of
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genetically modified allergen variants with reduced allergenic
activity (hypoallergenic derivatives) represents a desirable ap-
proach.”*"

Recombinant hypoallergenic allergen derivatives and peptide-
based allergen vaccines

The main strategy behind recombinant hypoallergens is the
elimination of IgE reactivity while retaining T-cell reactivity.
The disruption of IgE-binding epitopes can be achieved by (1)
introduction of point mutations, (2) deletion of IgE reactive
parts, (3) fragmentation of allergens, (4) reassembling of aller-
gens in the form of mosaic molecules, (5) oligomerisation of al-
lergens, and (6) chemical denaturation of allergens."*® Hypoal-
lergenic derivatives exhibit a reduced or even abolished IgE re-
activity and hence do not induce IgE-mediated side effects
when administered to the patient. Immunologically, they may
induce T-cell modulatory activities and the production of
blocking antibodies due to the presence of T-cell and B-cell epi-
topes.

In addition, there are currently 2 strategies based on the use of
allergen-derived peptides under investigation, which differ fun-
damentally in their immunological mode of action: a T-cell
and a B-cell epitope approach. Regarding the first, T cell epit-
ope-containing peptides (10-12 amino acids) are designed to
lack IgE-binding epitopes and are thought to act via the induc-
tion of tolerance or anergy. Administration of such peptides in
clinical studies proved the lack of IgE-mediated adverse events,
but a drawback was the occurrence of late-phase reactions.’**'*
For the second approach, peptides (20-40 amino acids) derived
from IgE-binding sites on the surface of the allergen are taken
and fused with an allergen-unrelated carrier molecule with the
aim to induce upon immunization IgG antibodies which are di-
rected toward IgE-binding sites on the allergen and hence
block IgE binding to the natural allergen.”™"*' They rely on the
principle that peptides which are taken from the IgE-binding
sites themselves do not react with IgE and therefore are unable
to trigger IgE-mediated side effects. The peptides are also se-
lected to contain as little as possible remaining allergen-specif-
ic T cell epitopes to also avoid the induction of late-phase reac-
tions due to activation of allergen-specific T cells upon admin-
istration to the patient."*'* To induce allergen-specific IgG, the
allergen-derived peptides are bound to carrier molecules that
provide T-cell help. In the beginning peptides were coupled
chemically to keyhole limpet hemocyanin (KLH), a protein
from the mollusc Megathura crenulata but the vaccines which
are currently in clinical trial are based on recombinant fusion
proteins consisting of a viral carrier proteins which are fused to
the allergen peptides to facilitate reproducible large-scale pro-
duction under good manufacturing practice (GMP)."*"'* The
latter strategy holds promise that vaccines can be developed
which can be given as few high dose injections (3-4 per year) to
patients without inducing severe systemic side effects and
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therefore may be particularly suitable for the treatment of
mold-sensitized patients, who often suffer from severe symp-
toms (e.g., asthma) and are at high risk of developing adverse
reactions.

Outlook: Vaccines for mold allergy

Although fungi have been underestimated allergen sources,
the sequences of an increasing number of mold allergens are
becoming available and in particular the major allergens from
some of the most important allergenic molds have been char-
acterized.>® Also our knowledge of IgE and T-cell epitopes of
mold allergens increases. By using short synthetic peptides,
IgE-binding epitopes of Alta 1,''*® Asp f2, Cla h 6, Pen ch 13,'"
and Pen n 18" have been determined. Based on this informa-
tion, hypoallergens or hypoallergenic derivatives can be devel-
oped. For example, deletion of amino acids from the N- and C-
terminus of Asp {2 abrogated IgE binding in sera from Aspergil-
lus-sensitized patients.'”® A lower IgE reactivity was also ob-
tained by site-directed mutagenesis of the Malassezia sympodi-
alis allergen Mala s 11" and the Penicillium crysogenum aller-
gen Pen ch 18."' The insertion of 2 mutations in an IgE-reactive
fragment of Alt a 13 resulted in a mutant with reduced IgE bind-
ing and reduced allergenic activity. Stimulation of PBMCs from
Alternaria-sensitized patients with this mutant revealed a re-
tained T-cell reactivity with reduced production of 1L-4."* We
recently identified Alt a 1-derived peptides without allergenic
activity, but with ability to induce Alt a 1 specific IgGs that could
inhibit allergic patients’ IgE binding to Alt a 1.” Based on these
results it should be possible to construct non-allergenic fusion
proteins consisting of the peptides and a suitable carrier pro-
tein for the development of a safe candidate vaccine for SIT of
Alternaria allergy which then can be evaluated in clinical stud-
ies. In order to advance progress in the field of mold allergy to
other allergenic molds, it will be also important to identify the
most relevant mold genera and their clinically relevant aller-
gens in population studies so that the prerequisites for vaccine
development are available.
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