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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.1 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.2 More than 100 years later, Black-
ley described bronchial catarrh and chest tightness after inha-
lation of Penicillium glaucum spores.3 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.4-6 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.7,8 Moldy odor, home dampness and visible 
mould growth have been associated with the development of 
asthma and the severity of respiratory symptoms in children.9 

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.10-14 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.15 In rural areas, respiratory symptoms have 
been linked to increased amounts of spores during crop ripen-
ing, harvest, and storage.16-18 Furthermore, thunderstorm-relat-
ed asthma was found to be associated with increased spore 
concentrations of fungal species from Ascomycota and Basid-
iomycota.19

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.20-23 Bronchial and nasal challenge tests with 
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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%).50 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.51 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.52 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.45 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%.53 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.11,51-57 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.58 
Alternaria-specific IgE antibodies increase significantly in early 
childhood until they reach a maximum level and then seem to 
decline again with increasing age.11,55-58 In contrast to this, spe-
cific IgE antibodies to house dust mite increase with age and re-
main constantly high during childhood.11 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.54,59 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.59

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-

cific IgE antibodies are often not directly comparable.57,60,61 Fi-
nally, fungal allergen extracts used for diagnostic testing are of 
poor quality and show high variability regarding allergen con-
tents.62 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,54 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.38 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.63 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, etc.) exposure may be exceptionally high. Antibody probes  
against mold allergens are useful tools to determine the pres-
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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 

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.64 To study these 
characteristics, the allergen needs to be available with a high 
degree of purity. First allergen characterizations were carried 

Kingdom Phylum Class Order Family Genus

Fig. 3. Fungal species as a source of type I allergy. The taxonomical tree includes all allergen producing fungal species that have been approved by the I.U.I.S. Aller-
gen Nomenclature Sub-committee (http://www.allergen.org).
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allergy.96 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).61 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.57

The discrepancy of diagnostic tests can partly be ascribed to 
the poor quality of mold extracts.95 Besides intrinsic factors, like 
strain variabilities97-102 and the tendency of molds for spontane-
ous mutation,103 the raw material (spores/mycelium)20,21,22 and 
manufacturing processes (culturing conditions, extracting pro-
cedures)28,97,99,100,104,105 affect the quality of mold allergen extracts. 
As molds are enzyme-rich organisms, degradation processes 
should also not be underestimated.97,99,100,102,104 All these factors 
may have an impact on the presence of certain allergens, pro-
tein/carbohydrate content, and allergenicity and antigenicity of 
mold extracts.28,97-100,104,105 Martínez et al.101 reported high vari-
abilities in the expression of the major allergen Alt a 1 in 11 Al-
ternaria alternata strains that were cultured under identical 
conditions. In the same mold species, Sáenz-de-Santamaria et 
al.102 observed varying enzymatic activities in 14 strains. Port-
noy et al.104 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-

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.21,97,98,104 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”.62,97,106 Vailes et al.106 determined the content of Alt a 1 and 
Asp f 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-

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.
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Immunotherapy of mold allergy
Treatment of allergic disease is based on pharmacotherapy, 

allergen avoidance and immunotherapy.112 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.113 In case of indoor ex-
posure, avoidance is possible under certain conditions, such as 
visible mold growth.114 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.112 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.54 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.115 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.116-121 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.116 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.117 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.119 Moreno 
et al.120 investigated the safety of 4 different induction schedules 

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, Martínez-Canavate 
et al.121 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.117,119 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.122 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.122,123 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.124 A significant decrease in bronchial and dermal 
sensitivity as well as a significant increase in specific IgG1 and 
IgG4 antibodies was observed in the actively treated group.125,126 
Furthermore, a significant decrease in histamine release was 
reported from basophils isolated from patients of the actively 
treated group.127 Local side effects were reported in 70% and 
systemic reactions in 100% of the C. herbarum treated group.124 
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.128 Criado Molina 
et al.129 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 No. of
patients

Side-effects Withdrawal due to 
side-effects Ref.

Local Systemic

Retrospective Alternaria alternata SIT, cluster 52 1 3 1 [121]
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 n.k. [119]
Prospective Alternaria iridis/alternata SIT, conventional 13 n.k. n.k. 4 [117]

Cladosporium herbarum 13 n.k. n.k. 9
Prospective Alternaria iridis mixed with 

   Cladosporium herbarum
SIT, conventional 38 n.k. n.k. 7 [116]

SIT, specific immunotherapy.

Table 1B. Immunotherapy studies with fungal extracts

Design of study Mould species Schedule No. of patients 
active/placebo Clinical effect Immunological 

effects
Side-effects

Ref.
Local Systemic

DB, PC C. herbarum SIT, cluster 16/14 medication scoreŹ IgEŹ, IgGŷ 4* 13 [122,123]
bronchial sensitivityŹ

DB, PC C. herbarum SIT, cluster 11/11 symptom medication scoreŹ IgEŹ 8 11 [124-127]

PEFŷ IgG1 and IgG4ŷ
skin reactivityŹ

DB, PC Alternaria sp. SIT, rush 13/11 global symptom medication scoreŹ IgGŷ 0 2 [128]

skin reactivityŹ
nasal toleranceŷ

DB, PC A. alternata SLIT 19/20 symptom medication scoreŹ IgG4ŷ 8 [129]

skin reactivityŹ
respiratory toleranceŷ (challenge)

DB, PC A. alternata SIT, conventional 14/14 conjunctival sensitivityŹ IgEŹ 0 2 [131,132]

PEFŷ IgG, IgG1 and IgG4ŷ
DB, PC A. alternata SIT, conventional 30/20 symptom medication scoreŹ IgEŹ 7 0 [133]

nasal toleranceŷ
Case control A. tenuis SIT, conventional 39/40 symptom scoreŹ n.k. + 0 [134]

medication scoreŹ
Open control A. tenuis SIT, conventional 11 skin reactivityŹ IgEŹ 2 2 [39]

symtom scoreŹ IgG and IgG4ŷ
medication scoreŹ

SLIT 12 symtom scoreŹ 0 0 [39]

medication scoreŹ
nasal toleranceŷ

Open control A. alternata SIT, conventional 9/7 bronchial sensitivityŹ IgEŹ [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 alternata; 
A. tenuis, Alternaria tenuis; SIT, subcutaneous immunotherapy; SLIT, sublingual immunotherapy; PEF, peak expiratory flow.
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