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ABSTRACT: Innate and cell-mediated immunity are considered as the principal
defence lines against fungal infections in humans. Most opportunistic mycoses occur in
individuals with defective innate and/or adaptive cellular immunity. The morbidity and
mortality rates associated with infections caused by fungal pathogens are high, and
prevention, diagnosis and treatment of these infections remain quite difficult.
A variety of pathological conditions, including impaired immune function, are

believed to cause host susceptibility to fungal infections as well as to determine the
severity and characteristics of the associated pathology. Nonspecific cellular immunity,
mediated by macrophages, neutrophils and natural killer cells, provides efficient
protection against fungal infections in healthy individuals. A major reason for the
increase in systemic mycoses is undoubtedly related to an increased number of patients
with congenital or acquired immunodeficiencies.
However, there is increasing clinical and experimental evidence indicating that

antigen-specific cellular immunity may also play a critical role in host protection
against fungi. A better understanding of reciprocal regulation between innate, humoral
and adaptive immune responses in the development of an optimal antifungal immunity
and, in particular, the improved definition of fungal antigens, may lead to a clarification
of the mechanisms involved in host immunity to fungal infections.
Molecular cloning and characterization of fungal antigens reveals the involvement of

related cross-reactive molecular structures produced by different fungi as pathological
molecules involved in development of allergic reactions.
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Endemic and opportunistic fungal infections are
considered as an important clinical problem, con-
comitantly with increasing numbers of patients under-
going immunosuppresive medical treatment [1] and
with an increase in congenital and acquired immuno-
deficiencies [2]. The morbidity and mortality rates
caused by normally harmless fungal species (e.g.
Candida, Aspergillus, Fusarium and Trichosporum)
are relatively high [3]. Moreover, diagnosis and treat-
ment of these infections remain difficult and often
unreliable. Fungal invasion in humans is associated
with a wide variety of diseases, ranging from benign
colonization, superficial skin infections and allergy, to
life-threatening systemic mycoses [1].

Epidemiological data indicate that prolonged leuco-
penia and therapy with high doses of corticosteroids
are major risk factors for the development of invasive
mycoses [4, 5]. Other types of immunodeficiencies, for
example impaired T-cell function and humoral immu-
nity, are not of themselves sufficient risk factors for

the development of mycoses [6], but they do represent
predominant risk factors for the development of
opportunistic mycoses [1]. Accordingly, the investiga-
tion of a host9s normal resistance to fungal infection,
and a heightened awareness of fungal virulence factors
in relation to specific immune defects, are clearly
relevant in patients with mycoses. Such investigations
are fundamental in understanding the reciprocal
regulation between innate and adaptive cellular and
humoral immunity, and consequently host resistance
to fungal infections.

Exposure to fungal spores is ubiquitous and, there-
fore, of pivotal importance for mycoses acquired
through the respiratory tract. Consequently, innate
immunity plays a predominant role in clearance of
inhaled spores [7]. Antibody production does not
appears to contribute decisively to host defence [8].
Within the respiratory tract, the first line of defence
against fungal spores is formed by the mucociliary
clearance [7]. Remaining spores are ingested and killed
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by monocytes/macrophages [9]. Therefore, the innate
nonadaptive mucosal defence in the airway represents
a highly efficient primary defence system in the
elimination of these micro-organisms. At this stage,
independent of the cellular defence system, defence
effector proteins mediate the protection through
antimicrobial activity [10]. These defensive proteins
belong mainly to the family of cationic defensins.
Together with other enzymes, they constitute a pro-
tective environment in the lung [11]. In addition to
physical barriers and activation of adaptive immune
mechanisms involving alveolar macrophages, healthy
individuals can call upon a strong and independent
second line of defence, formed by neutrophilic granu-
locytes. They mainly attack hyphae, which are too
large for ingestion. These, in turn, are killed by
oxidative and nonoxidative mechanisms including
different defensins. Each of these two defence systems
is able alone to protect the host against large spores
over long time periods. Yeasts and moulds can cause
invasive disease only if both protective lines are
overstrained. Within the skin and lung of immuno-
competent hosts, antigen presentation by appropriate
antigen-presenting cells (APCs) results from phago-
cytosis of intact spores, fungal particles or soluble
antigens released from the growing fungus. The acti-
vation of T- and B-lymphocytes activates cellular and
humoral immune responses, which are able to support
the innate immunity [12].

Fungal infections and pathogenicity

Systemic mycoses can be divided into two groups
based on their ability to infect immunocompetent
hosts. Infectious fungi, the first group, are classified
as primary pathogens. These include Coccidioides
immitis, Histoplasma capsulatum, Blastomyces, and
Paracoccidioides [1]. The second group includes the
opportunistic pathogens such as Candida, Aspergillus,
Cryptococcus, Trichosporon and Fusarium. These
can cause invasive, deep infections only if additional
specific predisposing risk factors, such as immune
deficiency or other underlying severe disease, are

concomitantly present. In the past, most fungi could
be assigned to these two categories. However, recent
findings clearly show that these two categories do
not sufficiently discriminate among these species. For
example, Saccharomyces cerevisiae, considered to
be the least dangerous fungal species, was found to
be responsible for invasive, life-threatening infection
in several cases [13]. Fusarium, a well-known plant
pathogen, was also reported to cause severe infections
in humans, particularly in leukaemic patients [14].
Furthermore, Penicillium marneffei, a fungus endemic
in Asia and Japan, can cause disseminated fungal
infection, especially in human immunodeficiency virus
(HIV) patients [15]. Therefore, it appears that fungi,
previously regarded as nonpathogenic and harmless
in humans, can cause life-threatening mycoses and be
devastating in immunocompromised patients. Never-
theless, the precise nature of the immune defence
cascade to pathogenic fungi and moulds still needs
clarification. The association of fungal infections with
certain forms of immune adequacy will contribute
significantly to the understanding of natural defence
mechanisms against mycoses.

In addition to systemic and opportunistic mycoses,
various fungi are associated with a large number of
allergic disorders in humans that occur with increased
prevalence [1, 16]. Among these, allergic broncho-
pulmonary aspergillosis (ABPA), a life threatening
hypersensitivity disease associated with A. fumigatus
colonization of the bronchial airway, was described
as a lung disease with defined clinical, serological,
radiological and pathological features difficult to
diagnose especially in patients suffering from cystic
fibrosis (CF) [17]. The first four of the eight criteria
proposed for the diagnosis of ABPA (table 1) do not
cause significant problems to the experienced clini-
cian; however, they are not sufficient for reliable
diagnosis of the syndrome. Moreover, independent of
priority, not all of these criteria and symptoms must
be fulfilled. Therefore, to improve diagnosis, serology
should clearly contribute in order to either confirm
or exclude ABPA as suspected from the clinical signs.
It is evident that skin-test reactivity and serological
findings largely depend on the quality of the fungal
extract applied; indeed, there are significant batch-
to-batch variations in the content and quality of
allergenic components [18]. Recent progress in mole-
cular cloning of A. fumigatus allergens has not only
generated new diagnostic tools, but it has also clarified
the molecular background and nature of ABPA
[17–19]. In particular, molecular definition and recom-
binant production of major A. fumigatus allergens has
enabled easy serological discrimination of ABPA from
A. fumigatus-related allergic asthma by immuno-
globulin (Ig)-E-specific detection techniques [18, 19].
Increased levels of serum IgE against the two allergens
Asp f 4 and Asp f 6 clearly distinguishes ABPA from
A. fumigatus-allergic asthma [20, 21] (table 2).

The compromised host

A major reason for the increase in systemic mycoses
is undoubtedly related to immunodeficiency. There

Table 1. –Diagnostic criteria of allergic bronchopulmonary
aspergillosis (ABPA)#

Criteria

1. Asthma
2. Current or previous pulmonary infiltrate
3. Elevated total serum IgE 1000 ng?L-1

4. Peripheral blood eosinophilia 1000?mm-3

5. Immediate skin reactivity to Aspergillus}

6. Serum precipitins to Aspergillus}

7. Elevated specific serum IgE and serum IgG to
Aspergillus fumigatus}

8. Central bronchiectasis

Ig: immunoglobulin. #: according to reference [17]; }:
outcome strongly dependent on the quality of the extract
used. Not all of these features may be present in all cases of
ABPA because they vary with the activity and stage of the
disease. The minimal criteria for diagnosis are the presence
of criteria 1, 3, 5, and 7.
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are an increasing number of people with a suppressed
or weakened immune system due to underlying dis-
ease, or to medical treatment (e.g. as in organ
transplant recipients). Indeed, an increased prevalence
in invasive mycoses was observed in patients after
bone marrow or lung transplantation [5], and in
patients with leukaemia or other haematological
malignancies leading to neutropenia and granulocyto-
penia [4, 22]. Although infectious diseases caused by
primary pathogens might become epidemic in endemic
areas [23], it is the increase in opportunistic infections
which generates serious health problems. In principle,
the fungi have not changed their habitat, but the
surrounding factors that enable a saprophyte to turn
into a virulent pathogen have become more common
(e.g. in oropharyngeal candidiasis (OPC)). Before the
emergence of acquired immune deficiency syndrome
(AIDS), OPC outbreaks were relatively rare and
limited to infants, elderly people, individuals treated
with inhaled steroids and immunocompromised
patients. Nowadays, this disease is a common infec-
tion in HIV patients. It affectsy90% of HIV-infected
individuals, with a 60% recurrence rate within
3 months [24]. Extensive OPC has therefore become
one of the clinical marker disease of HIV/AIDS
infection. In recent years, more knowledge has been
accumulated regarding the specific risks to particular
patient groups and the human defence against fungal
infection. For example, it has been shown that alveo-
lar macrophages from humans treated with high doses
of cortisone lose their capacity to control and kill A.
fumigatus conidia growth in vitro [25]. This suppres-
sive effect is highly specific to corticosteroids, since
Cyclosporin A, a T-cell-suppressing agent, does not
affect the killing of A. fumigatus by macrophages [26].
Despite increased understanding of the host-fungus
interactions, further detailed studies are required to
fully understand the host defence mechanisms against
fungi. A particular challenge for the immune system
is related to yeasts and moulds able to grow under
different morphological conditions, depending on the

local environment, and thus capable of escaping the
lines of defence of the innate immunity.

Host defence mechanisms of the lung

Several factors can influence the host9s specific
immunity to fungal spores. In particular, it involves
mucociliary clearance, activation of alveolar macro-
phages and neutrophilic granulocytes, as well as
T-cell-mediated immune functions and humoral
immunity (fig. 1).

Mucus and mucociliary clearance

The airway mucus varies in amount, composition
and physical properties at different levels of the
airways. The mucus constitutes a physical, chemical
and biological barrier of secretory products from the
mucus membrane [7]. The airway fluid contains glyco-
proteins including mucins, proteoglycans, lipids,
secretory (s) IgA, lysozyme, peroxidase and other
substances (e.g. surfactant). Surface liquids provide an
efficient biological barrier by interacting with micro-
organisms, thereby preventing them from adhering
to and migrating through the airway epithelium.
Furthermore, destruction of the epithelial cell barrier
is rapidly followed by repair mechanisms, resulting in
the influx of serum proteins and extracellular matrix
proteins to the lumen site of the epithelium [27]. The
mucus layer of the airways facilitates the elimination
of inhaled particles, including fungal spores. Muco-
ciliary clearance is mediated by coordinated ciliary
movement that transports the epithelial fluid, together
with trapped material, out of the airways into the
pharynx. The anatomical and functional features of
mucociliary transport, combined with surface-lining
liquid absorption along the tracheobronchial tree, are
regarded as the basic mechanisms ensuring that mucus
does not accumulate within the central airways as it
is transported toward them from the periphery [28].

Table 2. –Serological discrimination of allergic bronchopulmonary aspergillosis (ABPA) from Aspergillus fumigatus
sensitization by using recombinant A. fumigatus allergens (r Asp f)

Patient group Patients n Allergens

rAsp f 1# rAsp f 3# rAsp f 4} rAsp f 6#

ABPA with
Allergic asthma 60 83 88 80 55
CF 20 100 100 80 70

A. fumigatus-sensitized with
Allergic asthma 40 45 53 0 0
CF 20 60 90 0 0

Controls
Healthy 20 0 0 0 0
CF-controlsz 10 0 0 0 0

Data are presented as percentages unless otherwise stated. CF: cystic fibrosis. #: these allergens are used for the diagnosis of A.
fumigatus sensitization. The overall sensitization to Asp f 1 and/or Asp f 3 was shown to be 86% in A. fumigatus-sensitized
individuals with or without APA [17, 20] and reached 97.5% in the group of CF patients [21]; }: these allergens are highly
specific for ABPA. They allow serological discrimination between ABPA and A. fumigatus allergy in A. fumigatus-sensitized
allergic asthmatics, with a specificity of 100% and a sensitivity of 90% [17, 20]. In CF patients, the sensitivity reached 100%
[21];z: CF-patients without sensitization to A. fumigatus [21].
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It is well established that physical and chemical injury
impairs airway mucociliary function, and that various
forms of airway disease are associated with mucocili-
ary dysfunction. A good example is CF, a genetic
disease associated with a defective transmembrane
regulator gene that leads to decreased chloride secre-
tion into the airway lumen. Increased sodium and
water re-adsorption from the lumen results in dehy-
drated, suboptimally-cleared mucus. CF patients are
prone to bronchopulmonary colonization with bac-
teria and suffer from a high incidence of A. fumigatus
colonization, correlated with disturbed neutrophilic
functions [29].

Alveolar macrophages and neutrophils

Phagocytosis and killing by phagocytic cells con-
stitute essential innate defence functions of the
airways against micro-organisms, similar to the
functions of polymorphonuclear cells and macro-
phages present in the mucus. Macrophages selectively

protect against fungal spores that have escaped
mucociliary clearance. Their importance in mediating
the first line of host defence against inhaled micro-
organisms has been clearly demonstrated. In vivo
studies in immunodeficient mice have shown that
resident pulmonary macrophages are responsible for
clearing the lung of inhaled conidia from A. fumigatus
by a first-order kinetic mechanism [30]. The phago-
cytic cells bear surface receptors that can recognize
surface structures of the micro-organisms in a non-
adaptive way, the so-called "pattern recognition
receptors" [31]. A critical surface structure of fungi is
fungal mannan, which is recognized by the mannan-
binding protein present on phagocytic cells, allow-
ing recognition and efficient phagocytosis even in
the absence of opsonizing complement or Igs. After
binding and phagocytosis, alveolar macrophages
secrete pro-inflammatory cytokines, such as inter-
leukin (IL)-1, IL-6, interferon (IFN)-c, and tumour
necrosis factor (TNF)-a, to prime and activate
different cells in the environment. These cytokines
are able to augment the phagocytic and killing capa-
city of phagocytes through enhanced oxygen free-
radical production. Moreover, IL-1, TNF-a, and
INF-c secreted at the site of infection activate
epithelial cells, resulting in additional production of
chemokines and pro-inflammatory cytokines [32].
This induces a second wave of phagocyte recruitment
in order to eliminate the micro-organisms from the
infected site. Complement components deposited on
the surface of micro-organisms at the site of inflam-
mation may enhance their phagocytosis and killing.
The importance of complement activation, particu-
larly of the opsonic component C3, was documented
in the antifungal defence [33]. In contrast, sIgA is
produced as the result of a specific adaptive immune
response. Binding of sIgA to the fungal surface
prevents binding of spores to the epithelial surface,
thus facilitating mucociliary clearance. Moreover, it
was demonstrated both in vitro and in vivo that
monocytes, alveolar macrophages and polymorpho-
nuclear cells are able to phagocytose fungal spores.
Conidia that have escaped the first line of cellular
defence may germinate and grow in the hyphal form.
There is experimental evidence that neutrophilic
granulocytes provide reliable protection against
hyphae. Indeed, neutropenia is considered the stron-
gest predisposing factor for invasive candidiasis
and invasive aspergillosis [5]. Moreover, it has been
demonstrated that mononuclear cells and polymor-
phonuclear phagocytes provide selective protection
against A. fumigatus conidiae and mycelia, respec-
tively [9]. Adhesion by these cells to hyphae too large
for phagocytosis, together with the release of toxic
oxygen radicals and cationic peptides, appear to be
key events that cause hyphal damage. In addition to
prolonged neutropenia, chronic septic granulo-
matosis, a disease with a hereditary defect of oxygen
free-radical formation by phagocytes, is associated
with an enhanced risk for invasive fungoses, thus
illustrating the importance of neutrophil-derived reac-
tive oxygen intermediates in the control of fungal
infections [5, 9].

Defence mechanisms against fungal infections

Spores, mycelia, antigens

Airway, skin

First line of defence

Infiltration/fungal colonization

Second line of defence

Phagocytosis

T-cell activation

sIgA + Complement Opsonization

Alveolar macrophages Phagocytosis

Mucociliary clearance

Mucus Barrier

Lesions

KillingAntigen release

Antigen-presenting cells

Cytokine release

Th1 responses
(Protection)

Th2 responses

(Allergy)

IL-2, INF-γ

IL-4, IL-5

Fig. 1. –Flow of the immune response against fungi in healthy
individuals. The first line of defence consisting of the mucus
barrier and alveolar macrophages is generally sufficient for the
efficient elimination of fungal spores. Breaching of the first line of
defence may result in an increased exposure to fungal antigens
eliciting a T-helper (Th)1-type response in normal individuals and
in a Th2-type response in atopic individuals. sIgA: secretory
immunoglobulin-A; IL: interleukin; INF: interferon.
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Cell-mediated adaptive immune functions

Nonspecific cellular immunity, mediated by macro-
phages and neutrophils, is considered to provide the
first two lines of defence against fungi and is part
of the innate resistance [1]. Cell-mediated immunity
provided by different T-helper (Th) cell subsets offers
new perspectives for understanding the adaptive
immunity to fungal infections [12]. The mechanisms
of innate resistance and adaptive immunity are inter-
dependent. Cellular interactions through cytokines,
antibodies, complement and their corresponding sur-
face receptors represent communication elements in
the cross-talk between the two types of pathogenic
resistance [34]. Fungal growth of spores in the lung or
the skin produces fungal particles and soluble anti-
gens that are presented by appropriate APCs as a
consequence of phagocytosis. This activates specific
T-cells and cytokine secretion, leading to antibody
production by B-cells. Thus, cellular and humoral
immune responses are generated. Depending on an
individual9s immunological status, either an equili-
brated cytokine profile or a predominantly Th1- or
Th2-like cytokine pattern may develop. Particular
cytokines, such as IL-4 or IL-12, prime the T-cells
either to differentiate into IL-4, IL-5 and IL-6,
producing Th2 cells that favour allergic inflammatory
responses and humoral immunity, or into IL-2 and
IFN-c, producing Th1 cells, favouring cell-mediated
responses and the production of opsonizing antibodies.

Protective and nonprotective T-cell responses to fungi

Innate and cell-mediated immune responses form
the most important protective mechanisms against
opportunistic fungal pathogens. Clinical evidence to
support this claim can be derived from subjects with
primary or acquired cell-mediated immune deficien-
cies as well as those who are particularly susceptible to
fungal infections [35]. Moreover, treatment with drugs
that suppress cell-mediated immunity, such as cortico-
steroids or other immunosuppressive agents, is recog-
nized as a major predisposing factor for fungal
diseases [26]. Within this framework, experimental
observation supports the protective role of Th1 cells
to fungal infection, as opposed to Th2 responses.
Acquired immunity to Candida albicans in oropharyn-
geal candidiasis is believed to prevent the mucosal
colonization of immunocompetent individuals from
progressing to symptomatic infection. Resistance to
Candida-related disease correlates with cell-mediated
immunity in vivo as well as Th1 cytokine secretion
in vitro [36]. However, clinical observations suggest that
in several disease states, including symptomatic infec-
tions, Candida antigens may trigger Th2-type cell
reactivity.

Humoral immunity

The immunological significance of antibodies
directed against circulating fungal antigens, as related
to the development of protective immunity and/or

pathology in fungal infections, is not yet completely
understood. It has been shown that the great majority
of patients suffering from chronic bronchitis, as well
as many normal, healthy individuals, develop serum
IgG against thermophilic actinomycetes and fungal
antigens. However, although the presence of these
antibodies is evidence of exposure, their role in the
pathogenesis of respective diseases is not entirely clear
[37]. Nonetheless, recent data strongly support the
existence of protective antibodies against Candida and
Cryptococcus, two of the major opportunistic fungal
infections [38]. Moreover, inhibition of adhesion to
the host9s receptor cells, inhibition of germ-tube
formation, opsonization and neutralization of viru-
lence enzymes were proposed as key events in the
protection. In humans, fungal infections can also be
associated with various allergic disorders character-
ized by high IgE responses [16]. In atopic individuals,
fungus-related obstructive airway diseases can be
differentiated, on the one hand, by the development
of asthmatic attacks due to transient high exposure to
fungal spores resulting in Th2-type response, IgE-
mediated reaction and eosinophilic inflammation. On
the other hand, a more complex asthmatic reactions
resulting from colonization of the mucus-epithelial
surface by virulent fungi, which is characterized by an
exaggerated immunological response with intense
eosinophil infiltration of the airways. Specific and
total serum IgE levels directed against Aspergillus
antigens are elevated in ABPA. In addition, peripheral
and lung eosinophilia were detected together with
increased specific CD4z Th2 cell frequency [39].
Allergen-specific T-cells from patients with ABPA
express a typical Th2-type cytokine pattern, with high
IL-4 and little or no IFN-c. However, IgE responses
in aspergillosis result in a complicated and patient-
specific sensitization pattern directed against various
fungal allergens [17–20]. Cloning, characterization
and production of recombinant A. fumigatus allergens
enabled the discovery of specific IgE antibody produc-
tion against disease-specific allergens and, in parti-
cular, to distinct allergens strictly specific for ABPA
[19, 21]. Serological investigations, involving A.
fumigatus-sensitized patients with asthma and/or CF
and suffering from ABPA, showed that the allergens
Asp f 1 and Asp f 3 together bind serum IgE of all
patients (table 2). However, the specific IgE levels to
Asp f 1 and Asp f 3 did not discriminate between these
diseases. In contrast, the recombinant allergens Asp f 4
and Asp f 6 allowed a clear-cut serological diagnosis
of ABPA in the respective patients (table 2). In all
cases, strong, positive skin tests to defined allergen
challenges correlated with the presence of allergen-
specific serum IgE, which demonstrates the biological
relevance of these allergens in vivo [19]. In addition
to diagnostic applications, pure and clearly-defined
recombinant allergens provide an excellent tool to
study the pathogenic mechanisms of fungal diseases.

Future approaches

Modern molecular biology has clearly elucidated a
whole array of fungal molecules involved in allergic
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reactions. The combination of the functional enrich-
ment of complementary deoxyribonucleic acid (cDNA)
libraries displayed on phage-surface and robotic-
based screening has allowed the rapid generation of
information on the repertoire of IgE-binding mole-
cules in complex allergen extracts [40, 41]. Sequence
information, obtained by the screening of libraries
constructed with the cDNA of A. fumigatus, Copri-
nus comatus, Cladosporium herbarum, Malassezia
furfur and C. albicans, has defined whole arrays of
structurally-conserved, immunologically-cross-reactive
allergens expressed by these fungi [40]. Among them,
thioredoxin, cyclophilins, manganese-dependent super-
oxide dismutase and the acidic ribosomal P2 protein
show a high degree of sequence identity to the related
human proteins [42–44]. IgE reactivity to the corre-
sponding human proteins could be demonstrated in
individuals sensitized to the respective fungal proteins
and to those suffering from ABPA or severe atopic
dermatitis. In chronic inflammation, this type of
autoimmune reaction probably contributes to tissue
damage at the site of inflammation. These reactions
need to be studied in detail to clarify their role in the
pathogenesis of severe and chronic atopic disorders. It
remains to be elucidated whether autoreactivity is as
a result of molecular mimicry between fungal antigens
and released (typically intracellularly) human pro-
teins or as a result of bystander sensitization by
epitope spreading. In this context, the detection of
autoimmune reactivity described in some candidal
diseases is certainly of importance [45].

Infection by pathogens or parasites can induce
differential immune responses in infected individuals.
To date, it has been unclear whether differential
immunoglobulin-E responses in clinically related
diseases can be elicited by a single pathogen. However,
the authors9 work with recombinant Aspergillus
fumigatus allergens has demonstrated that a fungus
can elicit different immunoglobulin-E responses in
patients suffering either from allergic broncho-
pulmonary aspergillosis or from Aspergillus fumigatus-
related asthma. Specific sensitization to proteins in
allergic bronchopulmonary aspergillosis suggests clear
differences in the pathway of fungal exposure and
immunological recognition by patients expressing
different fungus-related disease. Further work devoted
to the elucidation of the allergen repertoire of fungi will
substantially contribute to a better understanding of
fungal pathogenesis at the molecular level.
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