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I. Introduction

Most moulds propagate and disseminate via
release of airborne spores, but none surpass
the capacity of Aspergillus fumigatus to cause
human disease. A. fumigatus is a filamentous
fungus that is capable of saprophytic growth in
the natural environment and parasitic growth
in susceptible human and animal hosts. How
does the transition from saprophytic soil-
dweller to life-threatening pathogen come
about? As the quest for A. fumigatus virulence
factors continues apace, our understanding of
the pathogenic qualities expressed by this “acci-
dental pathogen” has reached a new, higher
order appreciation of the host–pathogen inter-
action and how this fragile interrelationship
might be tipped towards or against initiation
or resolution of disease.

A. fumigatus has the ability, more than any
other airborne fungal pathogen, to radically alter
the trade-off between parasitic growth rate and
host response in favour of fungal dominance. In
this chapter, wewill examine the pivotal processes
occurring after spore (or conidia) inhalation and
incorporate them into a three-step cause-and-
effect framework, comprising a comprehensive
overview of the host and pathogen factors that
drive disease.

The genus Aspergillus includes several hun-
dred species of filamentous, ascomycetous mould
fungi, whichdisseminate via spore release (Bennet
2010; Baker and Bennet 2008). Ubiquitous on
Earth, and occurring with a worldwide distribu-
tion, it is likely that all of these species contribute
to recycling of planetary carbon and nitrogen via
degradation of organic matter. Several species
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have evengreater significance tomankind, serving
as conventional workhorses of food production
or genetic study, or agents of devastating disease
in plants and animals (Bennet 2010; Baker and
Bennet 2008). A. fumigatus exerts, via a range of
infectious and inflammatory diseases, a huge toll
upon public health (Brown et al. 2012) and is the
most significantmould pathogenof humanbeings
(Latge 1999). Efforts to define the molecular basis
of A. fumigatus pathogenicity have been ongoing
for several decades and are continuing in the
post-genomic era. Multiple excellent reviews
have recently catalogued studies addressing
A. fumigatus attributes required for pathogenicity
and the host factors predisposing to disease
(Dagenais and Keller 2009; Hohl and Feldmesser
2007; Askew 2008; Abad et al. 2010). These works,
combined with an ever-increasing understanding
of immune responses to infectiousmicrobes, have
revealed the intricacy of the A. fumigatus host–
pathogen interaction and motivated the scientific
community to reach a consensus on the huge
significance of host factors in driving disease
(Romani 2011). Although it is clear that this path-
ogen can utilise efficiently the nutrients provided
by the mammalian niche and will do so in the
absence of an adequate immune challenge, it is
also clear that A. fumigatus draws upon multiple
physiological traits, operative at distinct stages of
the host–pathogen interaction, to exploit the
weakened host and accomplish longevity in the
host environment. Recent research has identi-
fied highly significant events that occur during
the establishment of disease and contribute
to the outcome of the host–pathogen interaction
at the level of the whole animal.

II. Aspergillus fumigatus: A Three-Step
Transition from Saprotroph
to Pathogen

There are many host and pathogen factors that
can drive initiation and establishment of human
Aspergillus-related disease. To fully understand
the pathogenic potential of A. fumigatus one
must integrate a plethora of experimental and
clinical data to compile a working model of
the host–pathogen interaction. Currently, it
remains difficult to assign relative measures of

significance to many of these factors, and a
more quantitative understanding will be required
if immunomodulatory interventions are to be
effectively implemented. Progress towards this
aim will also permit a more standardised
approach to the study of the host–pathogen inter-
action and place our understanding of it within a
context having relevance to all types of Aspergil-
lus-related disease.

To construct a fully panoramic view of the
pathogenic status of A. fumigatus the progression
from saprotroph to pathogen is here considered as
a series of three temporally distinct stages of the
host–pathogen interaction: (1) primary encoun-
ter, (2) persistence and (3) permanence (Fig. 2.1).
Crucially, for the transition from saprotroph to
pathogen to be realised all three stages must be
completed thereby leading to a permanent alter-
ation of host homeostasis. Within this framework,
the activities of both host and pathogen can be
readily incorporated as causes of disease (Fig. 2.1)
and events that impact the outcome of infection
are readily identifiable. In this chapter, the extent
to which each of these activities impacts upon
disease will be assessed within the context of the
available experimental evidence.

III. Primary Encounter

A. Spore Size, Abundance and Human
Exposure

A. fumigatus spores are a common component of
the airborne microflora and are usually more
abundant in outdoor, rather than indoor, air sam-
ples (Torpy et al. 2012). Despite seasonal varia-
tions in spore abundance, the estimated number
of viable A. fumigatus colony forming units per
square metre (CFU/m2) rarely exceeds 100, so A.
fumigatus spores are certainly not themost abun-
dant of those we normally breathe. Aspergillus
spp. are, however, the fungi most often cultured
from the lungs of chronically ill humans (Lass-
Florl et al. 1999) and since Cladosporium spores
greatly outnumber those of A. fumigatus in out-
door air (O’Gorman and Fuller 2008) the spec-
trum of disease-causing fungi is not reflected by
the results of air surveys. Clearly therefore, some
mould spores enjoy a positive advantage in
the host.
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A. fumigatus sporulates abundantly, pro-
ducing green pigmented, uninucleate, mitotic
spores of approximately 2 mm diameter
extruded as chains from aerial hyphae posi-
tioned high above the vegetative mycelial mass
(Fig. 2.2a). This organisation of newly generated
spores ensures efficient dispersal of spores in air
currents, wherein A. fumigatus spores remain
buoyant and viable for long periods of time.
Spore dispersal is influenced by air mass move-
ment, turbulence and thermal convection, with
physical characteristics such as size, shape, den-
sity and surface texture exacting comparatively
minor effects. Terminal velocity (or fall speed) is
the dominant physical property, and actinomy-
cete spores (approximating 2 mm diameter) are
estimated to fall very slowly at approximately
40 mm/s (Lacey and West 2007). According to
the scheme proposed by Lacey and West
(2007), their extremely small size promotes the
deepest possible penetration of the respiratory
tree (Fig. 2.2b).

Stored products, including hay, straw, grain, wood
chips and composts, represent sources of A. fumigatus
spores that can be aerosolised by human activities.
Incredibly, the immediate vicinity of combine harvest-
ers has been found to contain 200 million fungal spores
per cubic metre, a concentration capable of eliciting an
immediate hypersensitivity reaction (O’Gorman 2011).
The potential for exposure to airborne A. fumigatus
spores is heightened in the immediate vicinity of refuse
dumps and landfill sites, and associated hazards to
respiratory health have been formally assessed by
Swan et al. (2013). In a recent review of the risk
posed by A. fumigatus spores O’Gorman (2011) cites
guidelines issued by the UK Environment Agency in
2009 that state that total emissions of bacterial and
fungal spores from compost facilities not exceeding
103 CFU/m3 are within “acceptable levels”. Potential
environmental reservoirs governing everyday expo-
sures include dust, bedding, water supplies, air
handling systems, fresh and dried flowers, the soil of
ornamental plants, certain foods including tea,
biscuits, fruits and spices, particularly pepper, and the
smoking of tobacco and marijuana. Activities such as
grass cutting, digging, potting plants, building works
and household cleaning also aerosolise A. fumigatus
conidia (O’Gorman 2011).
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Fig. 2.1. Saprotroph to pathogen: a three-step cause-
and-effect framework. Diseases caused by A. fumigatus
arise as a result of both pathogen and host activities, and
the transition from saprotroph to pathogen can be consid-
ered as occurring in three stages: primary encounter,

persistence and permanence. A quantitative understand-
ing of the contributions made by each factor is currently
lacking; however, factors that can alter the outcome of the
host–pathogen interaction, at the level of the whole animal
host, are indicated in italicised, underlined text
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Fig. 2.2. Organisation of A. fumigatus colonies, conidial
structure and airway penetration by particle size. (a) A.
fumigatus is a prolific spore producer, generating
thousands of uninucleate mitotic spores (conidia) per

aerial hypha. Mitotic spores, approximately 2 mm in
size, are extruded from aerial hyphae and become air-
borne. (b) A. fumigatus spores are small enough to
achieve deepest possible penetration of the human airway
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Although initiation of hypersensitivity reac-
tions can be elicited by massive exposures to
A. fumigatus spores, infections of immuno-
compromised hosts are probably initiated by
single or repeated exposures to far fewer fungal
spores. The true relationship between Aspergillus
concentration in the air and the probability
of invasive aspergillosis is not quantitatively
known, and the circumstances surrounding
initiation of infection pose important unan-
swered questions. It is not certain whether
prior carriage of, or repeated exposure to,
A. fumigatus spores primes the host for
subsequent infection. Some have surmised
that large inocula of fungal spores may over-
whelm an otherwise adequately functioning
immune system (Hope et al. 2005) whereas
others have sought correlations between fungal
colonisation and subsequent invasive aspergil-
loses (IA) (Einsele et al. 1998).

Leleu and co-workers (Leleu et al. 2013)
used a combination of Bayesian modelling and
in vivo experiments to determine the relation-
ship between spore exposure and occurrence of
IA. This study determined that in immunosup-
pressed (neutropenic) mice, exposed by aerosol
to A. fumigatus spores, the median exposure
dose required to achieve fatal infection of 50%
of mice is 1.8–3.2�104 A. fumigatus spores.
Animals exposed to lower doses were unlikely
to contract infections causing death within
6 days of spore exposure. The authors acknowl-
edge that a single exposure to~104 spores is
unlikely to occur in humans, where a cumula-
tive dose over time is more likely. However, for
patients with prolonged neutropenia or under-
going other immunosuppressive therapies, a
significant cumulative infective exposure
could be reached within a few hours or days.
This study established, for the first time, a
direct correlation between aerosol spore bur-
dens and the probability of mammalian infec-
tion; however, the relevance of these data to
human disease remains speculative because of
the marked differences in the exposure condi-
tions and in the respiratory system of mice and
humans.

B. Physiological Traits That Favour
Pathogenicity

The primary route of infection with Aspergillus is
via the inhalation of airborne conidia, which are
deposited in the bronchioles or alveolar spaces
(Fig. 2.2b). The average size of A. fumigatus con-
idia (2–3 mm) is ideal for infiltrating deep into
the alveoli, whereas larger particles, including the
conidia of human pathogens such asA. flavus and
A. niger, could be removed more easily by muco-
ciliary clearance of the upper respiratory tract.
Evaluation of parameters influencing the germi-
nation of Aspergillus conidia revealed significant
differences in germination between differing
pathogenic species, whereby A. fumigatus germi-
natesmuchmore efficiently and in a shorter time
frame than Aspergillus flavus or Aspergillus niger
(Araujo and Rodrigues 2004). Following 12 h of
incubation in a nutritive medium, the average
germination rate of A. niger strains was about
36.5%. A similar rate was obtained more quickly
in A. flavus (8 h) and A. fumigatus (5.5 h). At
ambient temperatures of up to 30�C, germination
rates were similar for all three species; however, at
higher temperatures germination of A. flavus
decreased by 45%, and in the case of A. niger no
germination was possible for 24 h. Thus, among
pathogenic Aspergilli,A. fumigatus appears better
equipped for initiating growth in the mammalian
host.

The importance of thermotolerance for colonisation and
infection of mammals is supported by the attenuation of
virulence in amutant lacking the cgrA geneproduct, which
is involved in ribosome biogenesis. DcgrA mutants grow
normally at 25�C and are fully virulent in a Drosophila
insect model (25�C) of infection, but grow slower than the
wild-type progenitor isolate at 37�C and are attenuated for
virulence in mice (Bhabhra et al. 2004).

C. Host Susceptibility: How Does Immunity
Fail the Host?

The potency of A. fumigatus as a pathogen and
source of antigens is evidenced by the spectrumof
diseases it causes in humans (Fig. 2.3). For exam-
ple, in severely immunocompromised hosts
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inhaled spores remain largely unchallenged by
innate immune defences and tissue-invasive dis-
easepredominates.However, in atopic individuals
an over-exuberant response to spore and/or
hyphal antigens can prompt life-threatening
allergy or chronic pulmonary inflammation
(Zmeili and Soubani 2007). Thus, the problem
posed by A. fumigatus extends beyond the mere
ability to proliferate within the host environment.
The disparate outcomes resulting from spore
inhalation in immunologically distinct host set-
tings demonstrate the crucial contribution made
by the host environment to progression of disease.
In humans,Aspergillosis can be broadly grouped
into threemajor categories: invasive aspergillosis
(IA; with or without angioinvasion), chronic pul-
monary aspergillosis (CPA; including aspergil-
loma) and allergic bronchopulmonary
aspergillosis (ABPA; Fig. 2.3).

D. Invasive Aspergillosis

In an authoritative review of the clinical presen-
tations, risk factors and diagnosis of invasive
aspergillosis, Hope and Denning (Hope et al.
2005) described an entire spectrum of distinct
IA syndromes having differing pathophysiologi-
cal profiles. For simplicity we here consider IA to
include aspergillosis of both the angioinvasive
and non-angioinvasive types, among which inva-
sive pulmonary aspergillosis (IPA) is the com-
monest manifestation. Zmeili and Soubani
(2007) defined seven major risk factors for IA:
(i) prolonged neutropenia or neutrophil dysfunc-
tion (e.g., as seen in chronic granulomatous dis-
ease, CGD), (ii) organ or stem cell transplantation
(highest risk is with lung and haematopoietic
stem cell transplantation, HSCT), (iii) prolonged
(>3 weeks) and high-dose corticosteroid therapy,
(iv) haematological malignancy (risk is higher
with leukaemia), (v) chemotherapy and (vi)
advanced AIDS.

In humans, profound neutropenia (<100
neutrophils/mL) lasting more than 10–15 days
is the major risk factor for invasive mould infec-
tions (Portugal et al. 2009) and this provides the
major basis for assuming that neutrophils provide
the most important defence to the human host.
Hope and Denning (Hope et al. 2005) distinguish

a

b

c

Fig. 2.3. Outcomes of A. fumigatus spore inhalation in
humans. (a) Allergic bronchopulmonary aspergillosis
(ABPA). Patienthas longstandingABPAwith central bron-
chiectasis (white arrow). Total IgE is 500 times higher than
normal at 5,000 versus 100 IU/ml. Patient has undergone
itraconazole therapy for 7 years with stability and no
exacerbations (b) Invasive pulmonary aspergillosis
(IPA). Heart transplant recipient with a recent episode of
rejection requiring pulse corticosteroids in high dose, pre-
senting with chest complaints and headache. A cavitary
lesion is apparent (white arrow), and patient also had
multiple abscesses in the brain (c) Chronic pulmonary
aspergillosis (CPA). A 65-year-old patient with rheuma-
toid arthritis and rheumatoid lung disease who gradually
deteriorated, with weight loss and severe breathlessness
over severalmonths. A cavity is evident (white arrow) that
shows early signs of aspergilloma (fungus ball)
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between angioinvasive and non-angioinvasive
aspergilloses on the basis of both clinical presen-
tation, and predisposing risk factors whereby
angioinvasive disease occurs exclusively in the
neutropenic setting and is characterised by vas-
cular invasion by hyphal elements, coagulative
necrosis and haemorrhagic infarction. In con-
trast, non-angioinvasive disease lacks any evi-
dence of vascular invasion but is characterised
by any, all or some of: pyogranulomatous inflam-
matory infiltrate, inflammatory necrosis or cavi-
tation and occurs in multiple non-neutropenic
clinical settings, most significantly following cor-
ticosteroid therapy, non-neutropenic HSCT,
graft-versus-host disease (GVHD), HIV/AIDS,
CGD and solid organ transplantation. Murine
models approximating the progression of
angioinvasive, non-angioinvasive, CGD bone
marrow and solid organ transplantation have
provided a useful proxy for the study of the
host–pathogen interaction as in all instances the
major features of disease progression can be repli-
cated (Clemons and Stevens 2005; Lewis and
Wiederhold 2005; Balloy et al. 2005; Pollock
et al. 1995). Themajor drawback ofmurine exper-
imentation is the large infectious inocula that are
routinely employed to achieve measurable read-
outs of disease progression. Future advances in
bioimaging and mathematical modelling will
permit the detailed study of diseases resulting
from lower inocula.

E. Chronic Pulmonary Aspergillosis

Chronic forms of pulmonary aspergillosis are dis-
tinguishable from IA by the timescale of disease
progression (Hope et al. 2005). In contrast to IPA,
CPAs run a slowly progressive course over weeks
to months and include several syndromes, vari-
ously characterised by slowly progressive cavitary
lung disease, chronic respiratory symptoms and
the presence of precipitating antibodies to Asper-
gillus spp. Hope and Denning (Hope et al. 2005)
noted that chronic necrotising pulmonary asper-
gillosis (CPNA) may present with direct invasion
of pulmonary parenchyma by hyphal elements
but for the most part no clear evidence of paren-
chymal invasion can be secured, despite progres-
sive tissue damage. Prior structural lung disease

appears to be a crucial factor and defects in
systemic immunity may also be important.
The precise mechanism of new cavity formation
remains unclear, and where cavities are present
they may or may not contain fungus balls. The
presence, or not, of an aspergilloma provides
the basis upon which the distinction between
aspergilloma (fungus ball) and CPA (cavitating
disease) is made. Aspergillus tracheobronchitis
is a further variant of CPA, occurring frequently
in solid organ transplantations that incorporate
calcineurin inhibition regimens. Tracheobron-
chitis occurs higher in the respiratory tree and
involves profuse, but superficial inflammation
with a mucus exudate. The depth of infection
ranges from no, to extensive, involvement of
the bronchial wall (Herbst et al. 2013; Zmeili
and Soubani 2007).

F. Allergic Bronchopulmonary Aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA)
is an immunological disorder caused by hyper-
sensitivity to Aspergillus fumigatus and occurs
predominantly in people with asthma or cystic
fibrosis (Patterson and Strek 2010; Zmeili
and Soubani 2007). Sensitisation to Aspergillus
prompts activation of T helper 2 lymphocytes,
which play a key role in recruiting eosinophils
and other inflammatory mediators. Clinical pre-
sentations therefore include granulomatous
inflammation consisting of histiocytes, lympho-
cytes andeosinophils. Local inflammation results
in mucus production, airway hyperreactivity
and, ultimately, bronchiectasis in which fungal
hyphae may be seen, but without evidence of
tissue invasion. Early diagnosis and treatment is
likely to prevent disease progression, parenchy-
mal damage and loss of lung function. To this
end,ABPA is definedby a combination of clinical
and laboratory criteria that include asthma,
serum eosinophilia, elevated total IgE, pulmo-
nary opacity, bronchiectasis and sensitisation to
A. fumigatus antigens by skin testing. Treatment
with corticosteroids can be effective but may be
required indefinitely. The incidence of ABPA in
patients with asthma is approximately 2%, and
1–15% of cystic fibrosis sufferers develop ABPA
(Sorci et al. 2011;Agarwal 2009; Eaton et al. 2000).
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G. Aspergillosis in Animals

Aspergillosis is relatively uncommon in other
mammals, but dogs, horses, cows and dolphins
are susceptible andbirds are particularly suscep-
tible to infection. Avian aspergillosis affects both
immunocompetent and immunosuppressed
birds, in particular turkeys, penguins, raptors
and waterfowl. Immunosuppression caused by
forced production or physical exertion can pre-
dispose to infection. As in humans, A. fumigatus
is the major pathogen (Tell 2005).

H. Spore Composition

A. fumigatus spores are the particles with high-
est relevance to the primary encounter between
host and pathogen. Dependent upon the
immunosuppressive regimen adopted, germi-
nation ofA. fumigatus spores in murine airways
can take as little as 6–8 h (severely neutropenic
hosts) or more than 24 h (corticosteroid-treated
hosts) (Balloy et al. 2005). Spores can therefore
enter into extended interactions with host cells
prior to germination or elimination. This is a
key consideration in the study of the Aspergillus
host–pathogen interaction because (a) the anti-
genic identity of spores, swollen conidia and
hyphae differs considerably and (b) in contrast
to Candida albicans, which conditionally
undergoes filamentation in response to relevant
stimuli, A. fumigatus is obliged to undergo the
morphogenetic transition from uninucleate
single cells to multinucleate hyphae during
vegetative growth. During IA, this transition
might be rapid or slow, but it will always occur.

Concordant with a role for adhesion to host
cells during initiation of mammalian infection,
histological analysis of murine lung tissue at
early time-points of experimental murine
aspergillosis reveals the apparent adherence of
spores to alveolar and bronchial epithelial cells.
The molecular basis for such adhesion has been
probed via in vitro experimentation, revealing
that spores of A. fumigatus specifically bind to
extracellular matrix (ECM) components of
A549 epithelial cells. They also bind specifically
to fibrinogen, fibronectin, laminin, type I colla-
gen, and type IV collagen. Pre-incubation of

spores with an Arg-Gly-Asp tripeptide inhibits
binding to fibronectin and type I collagen by
50% (Tronchin et al. 1997; Bouchara et al. 1997;
Penalver et al. 1996; Gil et al. 1996). Both car-
bohydrate and protein molecules on the conid-
ial surface are involved in binding to host
proteins (Sheppard 2011).

The outermost cell-wall layer of the A. fumi-
gatus conidium is adorned with a mesh of inter-
woven rodlet proteins (Fig. 2.2a), including
an immunoprotective rodlet protein RodA,
which confers conidial hydrophobicity. A rodlet-
lacking A. fumigatusmutant, DrodA, (Thau et al.
1994) is defective in adherence to collagen and
albumin, but retains the capacity to bind host
cells (both in vivo and in vitro) and is fully viru-
lent. In a modified murine model of pulmonary
aspergillosis, using milder immunosuppressive
drug regimens, Shibuya and colleagues (Shibuya
et al. 1999) studied the inflammatory response to
infectionswithA. fumigatuswild-type andDrodA
conidia. In comparison to mice infected with the
wild-type isolate, pulmonary lesions induced by
the rodletlessmutant were limited and inflamma-
tory responses were weak. The mechanistic basis
of this pathogenic phenotype was proposed as
being due to RodA-mediated depletion of neutro-
phils and macrophages during the early stages of
infection. However, although this hypothesis has
not formally been disproved in whole animal
studies, it is now clear that the RodA hydropho-
bin acts by exerting an immunoprotective bar-
rier to recognition by host cells (Aimanianda
et al. 2009).

Early observations of the outermost conidial
surfaces, conducted via electron microscopy,
determined that spore swelling and germination
lead to alterations in surface characteristics and
adherence ofA. fumigatus conidia. Furthermore,
the cell wall was noted to undergo reorganisation
during swelling and germination (Tronchin et al.
1995). The ultrastructural appearance of the
conidial cell wall differs significantly from that
of hyphal cells (Bernard and Latge 2001)
whereby the conidial cell wall is composed of a
dense pigmented outer layer (containing mela-
nin) and a translucent inner layer (Fig. 2.2a).
Wasylnka and colleagues (Wasylnka et al. 2001)
showed that A. fumigatus conidia bind signifi-
cantly better than those of other Aspergillus
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species to intact lung cell basal lamina and, seek-
ing the mechanism of this binding, found that
neither desialylation nor complete deglycosyla-
tion of fibronectin decreased the binding of
A. fumigatus conidia. This suggested that fibro-
nectin binding was not oligosaccharide-
mediated, a finding that was further supported
by binding of A. fumigatus spores to a nonglyco-
sylated 40 kDa fragment of fibronectin contain-
ing the glycosaminoglycan (GAG)-binding
domain. Because binding could be inhibited by
negatively charged carbohydrates, the authors
proposed a novel mechanism of conidial attach-
ment whereby adherence to fibronectin (and
other basal lamina proteins) might be mediated
via negatively charged carbohydrates on the
conidial surface. In another study, the same
authors demonstrated that surface-localised
sialic acids, at an estimated density of 7�105

sialic acid residues per conidium,mediatedadhe-
sion of conidia to the positively charged polymer
poly(L-lysine) (Wasylnka and Moore 2000).
Thus, sialic acids on the conidial wall may be
involved in adhesion to fibronectin as such bind-
ing is strongly inhibited in the presence of a
sialylated glycoprotein. Sialic acids are terminal
components of many glycoproteins and glycoli-
pids, contributing to the structural properties of
these molecules and regulating cellular and
molecular interactions (Kelm and Schauer
1997). Sialic acid residues can act as, or to
mask, recognition sites such as subterminal car-
bohydrate structures or proteins. Although the
role of such residues in mediating the binding of
pathogens to host cells has been documented
over many years, the identity of the A. fumigatus
sialic acid-presenting moiety is unknown.

Levdansky and colleagues (Sharon et al. 2011) performed
amolecular genetic analysis of conidial cell wall integrity,
initially focusing upon the cell wall-associated protein
CspA, originally identified as one of four putatively
GPI-anchored cell wall proteins whose gene sequences
contained different numbers of DNA repeats in different
patient isolates. The predicted cpaA translation product
includes a long serine-threonine-proline-rich N-terminal
region, followed by a variably (18–47 repeats) large six-
amino-acid serine-proline [P-G-Q-P-S-(A/V)]-rich tan-
dem repeat region having significant homology to the
repeat domains found in mammalian type XXI collagen.

A myc-tagged cspA-encoded protein was detectable in
hydrofluoric acid extracts of conidial cell walls, suggest-
ing covalent linkage of CspA to cell wall glucan via a GPI
anchor. Further, discrepancy between predicted and
actual sizes of the protein suggests heavy glycosylation.
Immunofluorescence microscopy revealed a hyphal-
specific expression profile (6–12 h post-germination).
However, western blotting revealed an abundance of the
protein in dormant and swollen conidia. Taken together,
these observations suggest that CspA is located below the
cell wall surface and becomes unmasked as germination
proceeds. In support of this theory, sonication of conidia,
intended to remove the outer hydrophobin layer, signifi-
cantly heightened surface exposure of CspA. In combina-
tion with deletions of genes encoding the GPI-anchored
cell wall proteins ecm33 or gel2, cpsA deletion additively
affects conidal adhesion to culture-derived ECM, and
leads to morphological abnormality of the conidial cell
wall, which exhibits defective layering of melanin-rich
and carbohydrate-rich domains, and high levels of
exposed chitin, mannose and glucan. Although these
structural reorganisations of the cell wall could be corre-
latedwith increased internalisationof the doublemutants
by human monocyte-derived macrophages, and height-
ened susceptibility to hyphal damage mediated by poly-
morphonuclear monocytes, virulence was unaltered in
neutropenic mice.

I. Immunological Tolerance of Inhaled
Aspergillus fumigatus Spores

Hyperinflammatory responses to inhaled spores
occur in patients and mice suffering from CGD
(Song et al. 2011; Patterson and Strek 2010) or
ABPA (Patterson and Strek 2010). Clearly then,
A. fumigatus spores are potently capable of evok-
ing immune responses in the mammalian host
and, given the frequency with which A. fumigatus
spores enter the human pulmonary tract, mam-
malian immunity has evolved to cope with this
omnipotent challenge. In 2009, Aimanianda and
co-workers (Aimanianda et al. 2009), in attempt-
ing to dissect the reasons for the immunologically
inert nature of the dormant conidia, made some
findings that could explain this phenomenon.
Analysis of a hydrofluoric acid extract derived
fromA. fumigatus conidia identified three protein
species, the molecular weights of which (32, 16
and 14.5 kDa) corresponded, respectively, to the
dimeric form of the native RodA protein, native
RodA and partially degraded or processed
RodA. Crucially, RodAwas undetectable in fungal
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culture supernatant following conidial germina-
tion, indicating that the RodA rodlet layer, cova-
lently bound to the cell wall of dormant conidia
(Figs. 2.2 and 2.4), was shed upon spore germina-
tion. RodA extracted directly from A. fumigatus
condia was found to be immunologically inert.
This is in contrast to germinating conidia, which
prompt, in dendritic cells, significant expression
of co-stimulatory molecules (CD80, CD86, CD40
and CD83) and the antigen-presenting molecule
human leukocyte antigen DR (HLA-DR), and
secretion of pro- and inflammatory and anti-
inflammatory cytokines. The removal of RodA,
either chemically (using hydrofluoric acid),
genetically (DrodA mutant) or biologically (ger-
mination) resulted in immune activation. Thus,
the hydrophobic rodlet layer on the A. fumigatus
conidial cell surface acts as an “immunological
silencer”. A similar effect was documented in
murine alveolar macrophages where inflamma-
tory cytokines, chemokines and reactive oxygen
intermediates (produced in response to hydro-
fluoric acid-treated conidia, DrodA dormant con-
idia and germinated conidia) were undetectable
in macrophages exposed to dormant conidia or
RodA protein. The authors concluded that the
surface rodlet layer of the conidial cell wall makes
A. fumigatus conidia inert to both innate and
adaptive immunity. Evidence first documented
by Hohl et al. (2005) revealed a further layer of

immunomodulatory control, manifested by the
gradual exposure of cell surface b-glucan during
swelling and germination of A. fumigatus spores
(see subsequent discussions).

IV. Persistence

A. Spore Germination

In environments conducive to germination,
A. fumigatus spores become metabolically active
and increase in size, eventually germinating to
produce tip-extending elongated cells called
hyphae, a hallmark characteristic of filamentous
fungi. In most fungi, conidial germination is
governed by moisture, oxygen and nutrients
and, when dormancy is broken, A. fumigatus
conidia begin nuclear division andmorphological
development (Momany and Taylor 2000). This
morphological transition multiply impacts upon
A. fumigatus pathogenicity (Fig. 2.4), from shed-
ding of the RodA hydrophobic layer (Aimanianda
et al. 2009) to gradual exposure of pathogen-
associated molecular pattern molecules (PAMPs)
and activation of immune responses (Hohl et al.
2005) and invasion of the host epithelium (Kamai
et al. 2009).

Recognising that morphological landmarks
coincide with specific events in the S. cerevisiae

AIRWAY

ADHESION
INTERNALISATION

SWELLING

RodA
SHEDDING

BETA-GLUCAN
EXPOSURE

MACROPHAGE

NEUTROPHIL

MIP-2 TNF-α

IL8

IFN-β

Fig. 2.4. First encounter, immune evasion and fungal
persistence in the host. A. fumigatus spores, both rest-
ing and swollen, can prompt inflammatory responses in
epithelial cells (ECs). ECs internalise both resting and
swollen spores, eliciting differential responses to each

morphotype. A. fumigatus spores are adorned with a
layer of proteinaceous rodlets, which are shed upon
swelling to reveal cell-wall-associated polysaccharides,
some of which act as pathogen-associated molecular
patterns.Orange pentagons represent b-glucanmoieties
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cell cycle, Momany and Taylor (2000) sought
similar landmarks in the transition of A. fumiga-
tus and Aspergillus nidulans from conidia to
hyphae. To score A. fumigatus cells for mitotic
and morphological events, Hoechst 33258 and
calcofluor white, respectively, were used to stain
fungal cells. Following inoculation into rich
medium, the first nuclear division inA. fumigatus
occurs after a lag of just over 4 h, with subsequent
nuclear divisions every 45 min. This represents a
significantly faster rate of nuclear duplication
than that observed in A. nidulans, where nuclei
divide once per hour. Initially spherical, conidia
of both A. fumigatus and A. nidulans assume a
pear-type shape that indicates that an axis of
polarity has been established. This event often
(22%) happened prior to the first nuclear division
in A. fumigatus cells, which also differs signifi-
cantly from the less pathogenicA. nidulanswhere
only 12% were polarised after the first mitosis. A
further important difference between the mor-
phogenetic transitions of these two species
included a reduction in second germ tube emer-
gence in A. fumigatus (19% versus 98%) after the
fifthmitosis. The authors proposed that by direct-
ing growth primarily in one direction, the lower
percentage of second germ tubes allows A. fumi-
gatus to scavenge nutrients more efficiently in the
host.

Dague and colleagues (2008) used real-time
atomic force microscopy with a temperature-
controlled 37�C stage to probe the structural and
Physiochemical dynamics of single A. fumigatus
conidia during germination. By capturing images
of the same cell after 20, 60 and 120 min, signifi-
cant swelling could be quantified. Ultrastructural
alterations were imaged via high-resolution
images of the spore surface (Fig. 2.2a). At early
germination times, the spore surface was
observed to be covered with an array of 10 nm
diameter rodlets. Notably, dramatic changes in
cell surface structure were observed after 2 h of
germination, corresponding to the swelling of the
conidium. At this point the rodlet layer was found
to alter into a layer of amorphous material,
thereby buttressing the hypothesis that significant
remodelling of the cell surface, including shed-
ding of RodA (Aimanianda et al. 2009), represents
a significant restructuring event during spore ger-
mination.

From amolecular perspective, the regulatory
mechanisms that govern conidial germination in
A. fumigatus have not been fully described, and
much is extrapolated from studies in the model
ascomyceteA. nidulans. However, the number of
gene products that have been demonstrated as
important for conidial germination is rapidly
growing, and a plethora of functional categorisa-
tions have been implicated, from calcineurin-
mediated signalling (da Silva Ferreira et al.
2007; Steinbach et al. 2006) to MAPK signalling
(Liebmann et al. 2004; Xue et al. 2004; Zhao et al.
2006) and glucose metabolism (Fleck and Brock
2010). An integrated and hierarchical under-
standing of the process will gradually emerge
once functional genomics approaches reveal the
entire cohort of gene products involved.

Fortwendel et al. (2006) recently established
the mechanism by which a membrane-associated
Ras GTPase switch, RasA, governs morphological
transitions in A. fumigatus. Ras-GTPases regulate
a multiplicity of cellular processes in a highly
precise spatial and temporal manner, command-
ing control over differential pathway activation,
which is governed in part by post-translational
modification and consequent modulation of
subcellular localisation. Deletion of RasA in
A. fumigatus causes delayed germination and
subsequent formation of wide, blunted hyphae
that continually switch polarised growth axes.

A functional RasA-GFP translational fusion was used to
interrogate the correlation between RasA localisation and
morphogenesis. RasA was found to localise at the cell
periphery of emerging germ tubes and the outer edge of
hyphae, consistentwith a plasmamembrane associationof
the protein during polarised hyphal growth. Incubation
of fungal cultures with a nonreversible inhibitor of protein
palmitoylation inhibited hyphal growth in a dose-
dependent manner and prompted aberrant localisation
of GFP-RasA to internal foci. Taken together, these obser-
vations suggested that palmitoylation might be important
for proper RasA localisation and polarised hyphal growth.
The targeted double mutation (RasAC206/207S) of a con-
served RasA palmitoylation motif prevented full comple-
mentation of the RasA hyphal growth blockade and
resulted in a dramatic reduction of GFP signal at the
plasma membrane. GFP-RasAC206/207S was mislocalised
from the hyphal periphery and septa to the cytosol and
internal patches, presumably to compartments of the
endomembrane system. Both a RasA null mutant and the
GFP-RasAC206/207S mutant displayed low germination
rates and formed stunted, highly branched germlings
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during early phases of hyphal growth and displayed
heightened sensitivity to cell wall damaging agents and
aberrant deposition of b-glucan. To determine the con-
tribution of plasma membrane localisation of RasA to
A. fumigatus virulence, theDrasA and GFP-RasAC206/207S

mutants were compared to the wild-type strain in a
murine model of invasive aspergillosis. Virulence of
both the DrasA and GFP-RasAC206/207S mutants was
significantly attenuated (P<0.0001), with infected mice
displaying 25% and 20% mortality at 15 days postinocu-
lation, respectively. Appropriate RasA localisation to the
plasma membrane is therefore essential for full virulence
in A. fumigatus.

Several groups have applied functional geno-
mics techniques to the study of the conidial to
hyphal transition in A. fumigatus. Lamarre and
colleagues (2008) adopted a transcriptomic
approach to analyse the exit ofA. fumigatus spores
from dormancy, identifying a shift from fermen-
tative to respiratory metabolism and immediate
protein synthesis upon breaking dormancy. In
the first 30minutes of incubation in YPDmedium
at 37�C,modulation of expression of 787 genes (of
apossible 3,000)was observed in freshlyharvested
conidia. Downregulated genes encoded functions
involved in fermentative metabolism and oxido-
reductase activity whereas upregulated genes
indicated a heightened emphasis upon RNA and
phosphorus metabolism, amino acid and protein
biosynthesis and protein complex assembly. Con-
cordant with the predicted timing of mitosis in
germinating spores, the authors found no evi-
dence of upregulation of DNA processing/replica-
tion or cell cycle regulation. Additionally,
expression of multiple genes involved in amino
acid biosynthesis were upregulated during the
first 30 minutes of the study, perhaps reflecting
the rapid depletion of a pre-existing pool of free
amino acids. This trend was supported by
observed upregulation of genes in other pathways
leading to amino acid biosynthesis, including glu-
tamate dehydrogenase and glutamate synthase,
NADPH isocitrate and succinate dehydrogenase.
Downregulation of 28 mitochondrial genes, along
with genes encoding alcohol dehydrogenases, lac-
tate dehydrogenase, pyruvate decarboxylase and
phosphoenol pyruvate synthase suggested a shift
from a fermentative metabolism when the coni-
dium is in a dormant stage to a respirative meta-
bolism as soon as the germination process has
started. Combining microarray and quantitative

proteomic data, Cagas et al. (2011) were also able
to identify a trend towards protein biosynthesis in
time-series analyses of germinating conidia, dur-
ing 0–16 hours of growth. A further quantitative
proteomic analysis performed by Suh et al. (2012)
identified an abundance of small, lineage-specific
proteins amongst the conidial proteome. Teutsch-
bein and colleagues (2010) applied two-
dimensional polyacrylamide gel electrophoresis
to establish a reference map of conidial proteins,
identifying 449 different proteins, 57 of which
weremore abundant in conidia relative tomycelia.
These included enzymes involved in detoxifica-
tion of reactive oxygen intermediates, pigment
biosynthesis and conidial rodlet layer formation.
In agreement with the transcriptional analyses of
Lamarre et al. (2008), pyruvate decarboxylase and
alcohol dehydrogenase were detectable in dor-
mant conidia, further supporting the notion that
alcoholic fermentation plays a role during dor-
mancy or early germination.

These studies set the scene for analysing dif-
ferences betweengerminationundergone in vitro
and germination occurring during mammalian
infection. Although the technologies to analyse
the infecting fungal proteome thus far elude us,
the transcriptional data from murine infections
are already under analysis as part of our research
programme.

B. Thermotolerance

The ability to thrive at 37�C is characteristic of
all human pathogens and distinguishes A. fumi-
gatus from most other environmental moulds.
Relative to other Aspergillus spp., A. fumigatus
has a natural propensity for thermotolerance,
and in being capable of growth at temperatures
that approach the upper limit for all eukaryotes,
approximates an extremophilic mode of growth
in the human host (Bhabhra and Askew 2005;
Bhabhra et al. 2004). An intuitive hypothesis is
that mutants that fail to grow at 37�C will be
attenuated for virulence. This holds true in at
least once case as A. fumigatus mutants lacking
the cgrA gene product are attenuated for viru-
lence. CgrA is required for the synthesis of
ribosomes during conidial germination and

30 E. Bignell



has a distinct nucleolar localisation in A. fumi-
gatus.

Mutants deficient in trehalose biosynthesis
also demonstrate thermosensitive phenotypes in
A. fumigatus (Al-Bader et al. 2010). Contingent
with a role in stress tolerance, the trehalose con-
tent of A. fumigatus hyphae becomes elevated in
response to heat shock and two genes, tpsA and
tpsB, whose expression can be correlated with
heightened trehalose content, serve partially
redundant roles in trehalose accumulation during
development and heat shock. A DtpsAB double
mutant is devoid of trehalose and exhibits
delayed (by 2–3 h) germination at 37�C and is
nonviable at 50�C. However, virulence of the
double mutant was unabated in a murine model
of aspergillosis. Trehalose is regarded as an
important source of energy during fungal devel-
opment and acts to heighten stress tolerance by
preventing the aggregation of denatured proteins.
Being absent from mammalian cells it is of obvi-
ous therapeutic interest. It is intriguing that,
despite the prevailing belief that rapidity of
spore germination at 37�C provides a competitive
advantage for A. fumigatus in the face of the host
environment (Araujo and Rodrigues 2004), a
mutant such as the DtpsAB double mutant does
not suffer any deficit in the diseased mammalian
host. A plausible explanation put forward for this
involves aberrancy of cell wall biosynthesis in the
double mutant, which might exacerbate the
immune response sufficiently to worsen disease
outcome.

C. Adhesion

Adhesion is postulated, but not yet formally
proven, to be crucial for A. fumigatus virulence;
however, significant correlations between the
capacity to adhere to host proteins in vitro and
the ability to cause mammalian disease have
been documented (Sheppard 2011). The polysac-
charide galactosaminogalactan (GAG), discov-
ered in both cell wall extracts and culture media
(Fontaine et al. 2000), is a polymer of galactopyr-
anose linked to N-acetylgalactosamine. GAG is
implicated as an important component of the
A. fumigatus extracellular matrix, as evidenced
by analyses of human biopsy material (Muller

et al. 2011). In independent studies seeking
genes that govern biofilm formation and
adherence Gravelat et al. (2010) identified a
regulatory gene, medA, that acts to modulate
GAG synthesis. Transcriptomic analyses identi-
fied the genetic locus that directs GAG biosyn-
thesis as a cluster of genes on chromosome 3.
MedA was found to mediate biofilm formation
and adherence to several substrates including
fibronectin and pulmonary epithelial cells, and
aDmedAmutant was attenuated for virulence in
a murine model of disease. GAG-deficient
strains also exhibited a reduction in their ability
to injure and stimulate pulmonary epithelial
cells in vitro.

D. Host-Mediated Fungal Clearance and
Immune Evasion by Aspergillus fumigatus

In the immune-competent host, the respiratory
epitheliumand alveolarmacrophages present the
first host interface encountered by the fungal
pathogen (Fig. 2.4). Alveolar macrophages are
potent inactivators of A. fumigatus spores
in vitro and, following spore recognition and
internalisation, they efficiently kill ungerminated
spores.

In human and murine pulmonary macro-
phages, acidification of A. fumigatus phagolyso-
somes and phagocyte oxidase-derived reactive
oxygen intermediates (ROIs) are requisite for
killing of A. fumigatus spores (Ibrahim-Granet
et al. 2003; Philippe et al. 2003). Obligatory
morphological transitions undertaken by the
invading pathogen ensure that invasive, but
not dormant, fungal elements act as immuno-
stimulants for macrophages, a phenomenon
that is governed by the stage-specific cell surface
exposure of cell wall b-glucans (Fig. 2.4).

Macrophages secrete tumour necrosis
factor-a (TNF-a) and macrophage inflammatory
protein-2 (MIP-2) in response to metabolically
active, but not heat-killed spores (Hohl et al.
2005). Swollen spores, live or dead, recruit macro-
phages and neutrophils to themurine lung follow-
ing intratracheal infection (Hohl et al. 2005).

Unlike macrophages, neutrophils kill both
conidia and hyphae, the latter probably being
simply too large to be phagocytosed prior to
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killing. Human (McCormick et al. 2010) and
murine (Bonnett et al. 2006) neutrophils inhibit
germination of A. fumigatus conidia, and
delayed polymorphonuclear neutrophil (PMN)
recruitment leads to conidial germination in
murine lungs (Bonnett et al. 2006). Phagocytic
uptake of conidia by human neutrophils is cru-
cial for the observed inhibition of germination
(McCormick et al. 2010). Neutrophil extracellu-
lar traps (NETs) limit hyphal growth in vitro
but have minimal, if any, direct capacity for
killing hyphae (McCormick et al. 2010); how-
ever, the soluble pattern recognition receptor
(PRR) PTX3, which is nonredundant in whole
animals for defence against A. fumigatus infec-
tion, is localised in specific PMN granules and
is secreted in response to exposure to A. fumi-
gatus spores (Jaillon et al. 2007). Neutrophils
release ROIs onto A. fumigatus hyphae in a
NADPH oxidase-dependent manner, requiring
the class IA phosphatidylinositol 3-kinases
PI3Kb and PI3Kd, which have also been found
to regulate the spreading of neutrophils over
the hyphal surface. b2-Integrins play a major
role in the activation of the NADPH oxidase in
response to hyphae, whereas dectin-1 has only
a minor, redundant role. Neutrophil recruit-
ment in immunocompetent mice requires
CXCR2, neutralisation of which leads to
marked impairment of neutrophil influx and
severe IA with nearly 100%mortality. Similarly,
CXCR2-deficient animals challenged with intra-
pulmonary conidia suffer impaired recruitment
of neutrophils to the lungs, permitting conidial
germination. Pulmonary dendritic cells phago-
cytose conidia and hyphae via distinct recep-
tors and orchestrate differential cytokine
responses to each fungal morphology to
instruct local and peripheral Th1-type inflam-
matory responses (Bozza et al. 2002, 2003).
Release of cytokines by fungus-stimulated den-
dritic cell (DC) subsets recruits and activates
other immune cells, thereby boosting innate
responses and helping to initiate adaptive
immunity. Pulmonary DCs transport Aspergil-
lus conidia or hyphae to the draining lymph
nodes and spleens and mount differential
responses to the two distinct morphological
forms of the fungus. Whereas TNF-a is pro-
duced in response to either form, IL-12p70 is

produced upon exposure to conidia, but not to
hyphae, and IL-4 and IL-10 production is
prompted by phagocytosis of hyphae, but not
conidia.

Plasmacytoid DCs (pDCs), comprising 0.2–
0.8% of the total peripheral blood mononuclear
cells (PBMCs) link innate to adaptive immunity
by secreting cytokines such as IFN-a and TNF-
a and by differentiating into mature pDCs with
upregulated major histocompatibility com-
plexes (MHC) and co-stimulatory molecules
capable of priming naive T cells. Pulmonary
DCs are required for effective antifungal
defences in vivo, as mice depleted of pDCs are
hypersusceptible to invasive aspergillosis
(Ramirez-Ortiz et al. 2011).

Natural killer (NK) cells are directly cyto-
toxic to A. fumigatus spores and hyphae and
germinated A. fumigatus morphologies are
highly immunogenic, able to induce a Th1-like
response and capable of upregulating cytokines
such as IFN-g and TNF-a. NK cells do not
mediate anti-Aspergillus cytotoxicity through
degranulation of their cytotoxic proteins (per-
forin, granzymes, granulysine), but via IFN-g,
which directly damages A. fumigatus, attribut-
ing new properties to both human NK cells and
IFN-g and suggesting them as possible thera-
peutic tools against IA.

In addition to the RodA hydrophobin,
which prevents inhaled fungal spores from
immediately initiating inflammatory responses
in the host (Aimanianda et al. 2009), a further
layer of immunomodulatory control, documen-
ted simultaneously by Hohl et al. (2005) and
Steele et al. (2005), was revealed. This phenom-
enon is manifested by the gradual exposure of
cell surface b-glucan during swelling and ger-
mination of A. fumigatus spores (Fig. 2.4). In
contrast to dormant spores, germinating con-
idia induce neutrophil recruitment to the air-
ways and TNF-a/MIP-2 secretion by alveolar
macrophages, with fungal b-glucans acting as
the inflammatory trigger via their stage-
specific exposure on the surface of germinat-
ing conidia. Dectin-1, the innate immune
receptor that mediates this immune response
is recruited in vivo to alveolar macrophage
phagosomes that have internalised conidia
with exposed b-glucans.
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E. Interactions of Spores with Epithelial Cells:
Reservoirs for Fungal Persistence?

Airway epithelial cells (ECs) are central partici-
pants in innate and adaptive immune responses
as well as in mucosal inflammation and allergy.
At present, the contribution of epithelial cell
activities to defence against A. fumigatus is
unknown, but this is a highly active area of
current research (Osherov 2012) and present
theories implicate both immunomodulatory
and directly antimicrobial roles of epithelial
cells in anti-Aspergillus defence (Osherov
2012). Additionally, not conversely. The ability
of ECs to internalise and kill A. fumigatus
spores has prompted the suggestion that epi-
thelial cells might provide a reservoir in which
dormant A. fumigatus spores escape clearance
by innate immune cells.

Using electron microscopy, Paris et al.
(1997) were the first to show that epithelial
cells (of rabbit tracheal, rat alveolar and
human umbilical cord origins) internalise
A. fumigatus conidia. These observations were
replicated in several subsequent studies
(Wasylnka and Moore 2002, 2003). Germinat-
ing, but not resting, conidia were found to
induce production of interleukin (IL)-8 (Balloy
et al. 2008) in human bronchial epithelial cells
(HBECs). IL-8 production was found to be gov-
erned by phosphatidylinositol 3-kinase, p38
MAPK and ERK1/2 but was independent of
the TLR-MyD88 pathway. However, integrity
of the MyD88 pathway was found to be required
for A. fumigatus-mediated NF-kB activation,
suggesting that two independent signalling
pathways become activated in respiratory epi-
thelial cells by A. fumigatus.

Resting conidia are also recognised by, and
stimulate, differentiated HBECs in an
internalisation-dependent manner, resulting in
the activation of the interferon (IFN)-b signal-
ling pathway (Beisswenger et al. 2012). Conida-
derived double-stranded RNA was found to be
responsible for IFN-b and IP-10 expression
when it was transfected into HBECs, but not
when RNA was added directly to the culture
medium. This supports the theory that interna-

lisation and degradation of A. fumigatus spores
leads to RNA release and IFN-b signalling. The
observation that these responses to A. fumiga-
tus challenge require internalisation of spores
was substantiated by inhibition of endocytosis
using cytochalasin D, which prompted the
dose-dependent reduction of IFN-b and IP-10
expression.

In the epithelial cell line A549, and primary
respiratory epithelial cells, internalised conidia
are directed into the endosomal–lysosomal
compartment where they are acidified and
some are killed (Wasylnka and Moore 2003).
Internalisation of conidia by type II pneumo-
cytes such as A549 cells may be important in
the development of aspergillosis in vivo
because sequestration by these cells could
allow conidia to evade the immune response
of the host.

F. Melanin

A. fumigatus produces at least two types of mel-
anin, pyomelanin and dihydroxynaphthalene
(DHN)-melanin (Heinekamp et al. 2012), the
latter being a crucial contributor to fungal resil-
ience in the host environment. Detailed molecu-
lar genetic studies, (reviewed by Heinekamp
et al. 2012), employing a variety of mutants in
DHN biosynthesis have documented the contri-
bution of DHN-melanin to intracellular traf-
ficking of A. fumigatus in phagocytic cells and
also to mammalian virulence.

The phagocytosis and intracellular degrada-
tion of conidia by phagocytic cells contributes
to fungal and proinflammatory responses, thus
making a dual contribution to essential host
defences. Following phagocytosis, the intracel-
lular fusion of conidia-containing phagosomes
with lysosomes is a crucial step in microbial
killing because the resulting phagolysosome
provides an acidic environment conducive to
antimicrobial activities, including degrading
enzymes. Conidia of the A. fumigatus pksP
mutant, which lack DHN-melanin, produce
smooth white conidia and have a much higher
propensity than wild-type spores to localise
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in phagolysosomes (Thywissen et al. 2011).
DHN-melanin probably provides a further
morphotype-specific example of the host-
modulating potential of A. fumigatus particles
because resting or fixed conidia showed stron-
ger inhibition of phagolysosome acidification
than swollen conidia.

V. Permanence

A. Fungal Stress Tolerance and Nutrient
Acquisition

To identify fungal attributes preferentially
employed during adaptation to the host
niche, McDonagh et al. (2008) compared the
transcriptomes of developmentally matched
A. fumigatus isolates following laboratory cul-
ture or initiation of infection in the neutropenic
murine lung. This analysis unveiled a remark-
able level of co-ordinated gene expression dur-
ing mammalian pathogenesis, including
hallmarks of growth in alkaline, iron-limited
and nutrient-limiting environments. A mini-
mum of 11 siderophore biosynthesis/transport
genes were identified as having heightened rel-
evance during growth in the murine lung, as
well as 13 amino acid permease genes and the
general amino acid permease, Gap1. The func-
tional categories of ergosterol biosynthesis,
heme biosynthesis and aerobic respiration
were significant among genes underrepresented
during infection, relative to laboratory culture,
as well as multiple functional categories repre-
senting ribosome biogenesis and assembly, and
protein biosynthesis and processing. This may
reflect the poor nutritional value of murine
lung relative to YPD medium. A further
intriguing aspect of the host adapting tran-
scriptome was the co-ordinated expression of
multiple groups of physically clustered genes,
including genes known to direct biosynthesis of
siderophores, and two known secondary meta-
bolites, pseurotin and gliotoxin. These insights
have been borne out by a plethora of subsequent
studies addressing the role of stress tolerance
and nutrient acquisition, a selection of which
are discussed below.

B. Iron

Iron is an essential nutrient, the acquisition of
which is exquisitely regulated in A. fumigatus to
guard against the toxic effects of an excess of this
element [recently reviewed by Haas (2012)]. This
requires the co-ordinated activities of two tran-
scription factors, SreA and HapX. When iron is
in sufficient supply, SreA represses iron uptake
to exclude toxic effects. When iron is limiting for
growth, HapX acts to repress iron-consuming
pathways such as heme biosynthesis. With
respect to mammalian virulence, iron acquisi-
tion is a greater concern for the infecting fungus
because deficiency in HapX, but not in SreA,
attenuates virulence of A. fumigatus in a
murine model of aspergillosis (Schrettl et al.
2008, 2010). In a series of eloquent molecular
genetic analyses, Haas and colleagues have, to
date, identified and characterised 24 genes
involved in iron homeostasis in A. fumigatus
and/or A. nidulans. In 10 out of 19 described
A. fumigatus genes, knockout mutants proved to
be attenuated for murine virulence. When it
comes to iron acquisition, A. fumigatus differs
somewhat from A. nidulans in possessing an
additional capacity for high-affinity iron uptake
by reductive iron assimilation (RIA); however,
both organisms produce low molecular weight
chaperones called siderophores to assist with
high-affinity iron uptake. The first committed
step in the biosynthesis of siderophores, and in
A. fumigatus for RIA, is the hydroxylation of
ornithine catalysed by the ornithine monooxy-
genase SidA. Subsequently, the pathways for
biosynthesis of extra and intracellular sidero-
phores split but, crucially, in the absence of
sidA both RIA and siderophore biosynthesis
are abolished. This has catastrophic conse-
quences for A. fumigatus survival in the host,
and a SidA null mutant is completely attenuated
for virulence in neutropenic mice (Schrettl et al.
2004).

C. Hypoxia

Hypoxia ranks high amongst abiotic stimuli
and varies greatly between the natural and
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other environments colonised by A. fumigatus.
Variations in ambient oxygen concentrations
from 21% (atmospheric) through 14% (alveo-
lar) and 4% (human tissues) to 1.5% (compost)
are predicted as being well within the repertoire
of manageable stresses imposed upon the activ-
ities of this ubiquitous organism. In A. fumiga-
tus, the sterol-regulatory element binding
protein (SREBP) transcription factor governs
growth in hypoxic conditions and mammalian
virulence (Willger et al. 2008) but is not
required for oxidative stress resistance and
resistance to macrophage killing. Seeking to
verify the direct involvement of hypoxic micro-
environments upon observed attenuation of
SREB functionality, Grahl et al. (2011) used
1H-NMR metabolomics to forage for ethanol
production in the lungs of mice infected with
A. fumigatus, thus confirming, via a surrogate
marker of fungal anaerobic respiration, that
oxygen-depleted microenvironments occur
during murine infection. The additional use
of a chemical hypoxia reporter, pimonidazole
hydrochloride, confirmed via histopathologi-
cal investigations that hypoxia could be
observed during A. fumigatus infection of neu-
tropenic, X-CGD and corticosteroid-treated
mice. Relative to mice infected with a wild-
type isolate, animals infected with an alcohol
dehydrogenase-deficient mutant suffered
heightened inflammation and a reduction in
fungal burden. In conclusion, therefore, envi-
ronmental conditions encountered by A. fumi-
gatus in the mammalian host probably alter
fungal metabolism in a manner conducive to
effecting local modulation of the host immune
response.

D. Invasive Growth and Tissue Damage

It has long been assumed that fungal proteases
support the degradation of host lung tissue dur-
ing invasive aspergillosis. However, due to the
assumed redundancy of multiple such functions
in A. fumigatus, no mutant lacking a single
protease-encoding gene has ever demonstrated
attenuation of virulence in murine aspergillosis.
The assimilation of proteinaceous substrates is

an essential facet of the fungal lifestyle and mul-
tiple studies here, and elsewhere (Lamarre et al.
2008; Latge 1999; Abad et al. 2010; Dagenais and
Keller 2009; Krappmann et al. 2004; Oliver et al.
2012; McDonagh et al. 2008) documented have
identified a clear requirement for amino acid
acquisition/biosynthesis during germinative
growth in vitro and during murine virulence.
Two research groups (Sharon et al. 2009; Krapp-
mann et al. 2004) simultaneously assessed the
importance of extracellular proteases during
in vitro growth and virulence by assessing the
impact of PrtT (a transcriptional regulator that
acts to modulate the expression of secreted pro-
teases) on utilisation of alternative nitrogen
sources and in murine models of invasive asper-
gillosis. The DprtT strain proved unable to grow
on bovine serum albumin as the sole nitrogen
source, and in a number of other assays for
proteinaceous activity the mutant fared less
well than the wild-type progenitor. Concordant
with the phenotypic assays, transcriptomic ana-
lyses identified that the mutant was defective
in expressing six extracellular proteases; how-
ever, both groups, using three independent
approaches to virulence analysis, concluded
that the mutant is fully virulent. Although it is
tempting to conclude that the ability to degrade
extracellular protein is dispensable for viru-
lence, Sharon et al. (2009) duly noted that still
other secreted proteases might be crucial during
A. fumigatus lung infection. Indeed, of the pro-
teases upregulated in the transcriptome study of
McDonagh et al. (2008), an abundance of tran-
scripts for the secreted proteases MEP, Dpp4,
Dpp5, AFUA_6G10250 and AFUA_3G07850 was
uncovered. Of these, only MEP and Dpp4 exhib-
ited reduced transcription in the DprtT mutant.

Study of PrtT gathered further relevance when the
effects of the gene deletion on infection of epithelial
cells was investigated. Previous studies had shown that
A. fumigatus proteases disrupt A549 cell actin fibres
and focal adhesions, leading to cell detachment and
death. In a further study, culture filtrates derived from
the DprtTmutant were shown to cause significantly less
A549 cell detachment and cell death (Sharon et al.
2011). Comparing the A549 transcriptional and cell
signalling responses activated in the presence of
A. fumigatus wild-type and DprtT conidia and culture
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filtrates, differential phosphorylation, and therefore
activation, of JNK and ERK1/2 was observed in
response to challenge with the two isolates. Inhibition
of JNK or ERK1/2 kinase activity substantially
decreased CF-induced cell damage, including cell peel-
ing, actin-cytoskeleton damage, reduced metabolic
activity and necrotic death. Because deletion of PrtT
results primarily in the loss of secreted protease activ-
ity, it is likely that protease activity may be responsible
for the subsequent MAPK activation in the treated A549
cells. Inhibition of this effect might provide a route to
protecting the host against fungus-mediated damage
and resultant inflammation.

E. Mycotoxins

Like other filamentous fungi, A. fumigatus pro-
duces multiple small molecule compounds bio-
synthesised by secondary metabolism. The
demonstration that a wide domain regulator
of secondary metabolism gene expression,
LaeA, is required for fungal virulence affirms
the potential importance of secondary metab-
olite “cocktails” produced in the lung of the
infected host. Furthermore, a LaeA regulatory
signature, characterised by transcriptomic
analysis of a LaeA null mutant (Perrin et al.
2007) was found to be significantly similar to
that derived from analyses of fungal infection,
performed by McDonagh et al. (2008), and indi-
cates that the selective expression of a subset of
secondary metabolite loci might facilitate initi-
ation of mammalian infection. In the post-
genomic era, interest in secondary metabolism
has become refuelled as bioinformatic scrutiny
of the genome sequence has revealed interspe-
cies variation in secondary metabolism genes,
offering a plausible explanation for differential
virulence amongst Aspergillus spp. (Khaldi
et al. 2010; Nierman et al. 2005; Machida et al.
2005; Galagan et al. 2005).

At the time of its discovery, the DHN-
melanin gene cluster was the largest cluster of
fungal biosynthetic genes to be reported. Gene
deletionmutants lacking any of six open reading
frames, including those encoding a polyketide
synthase, scytalone dehydratase and HN reduc-
tase, lacked the typical blue-green spore pig-
mentation characteristic of A. fumigatus and
regulation of gene expression was observed
to be developmentally linked to sporulation

(Tsai et al. 1999). As discussed earlier in this
chapter, conidial pigment biosynthesis in
A. fumigatus appears to be an important viru-
lence factor in the establishment of infection.

The right subtelomere of A. fumigatus
chromosome 3 contains two predicted (Perrin
et al. 2007) secondary metabolism gene clus-
ters, Afu3g15200-Afu3g15340 and Afu3g14560-
Afu3g14760, whose biosynthetic products are
unknown. The former of the two gene clusters
contains a polyketide synthase encoding the
gene designated pes3, which has recently been
shown to affect murine virulence and insect
virulence (O’Hanlon et al. 2011). A Pes3 null
mutant was found to be increased for fungal
burden in corticosteroid-treated mice at 5 days
post-infection, a phenotype that was accompa-
nied by a more rapid germination of spores
within murine lung tissues and a reduction in
proinflammatory cytokine release, relative to
wild type, from macrophages exposed to
Dpes3 mutants in vitro. Subtelomeres 4 (left
and right arms), 5 (left) and 7 (left) collectively
accommodate five predicted (Perrin et al. 2007)
secondary metabolism gene clusters, the bio-
synthetic products of which are currently
unknown.

Subtelomere 8 (left) is exceptional because
it encodes genes for predominantly secondary
metabolism (n¼61), including multiple polyke-
tide synthase-encoding genes (Afu8g00370 and
Afu8g00890), a hybrid polyketide synthase/
NRPS-encoding gene (Afu8g00540) and a fur-
ther NRPS (Afu8g00170). Sheppard and collea-
gues noted the presence of genes in this region
that are known to be required for sterigmato-
cystin/aflatoxin biosynthesis, as well as genes
required for ergot alkaloid synthesis (Sheppard
et al. 2005). Intriguingly, this combination of
secondary metabolism genes is not found in
otherAspergillus species. Previous gene deletion
studies by Turner and colleagues have defined
the biosynthetic products of some subclusters
within this supercluster on chromosome 8,
including the pseurotin A gene cluster (Maiya
et al. 2007) and the fumitremorgin gene cluster
(Maiya et al. 2006). Work in my laboratory is
currently addressing the role of such metabo-
lites in murine virulence. Indications to date
are that loss of at least one of the metabolites
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whose biosynthesis is directed by genes resident
in the chromosome 8 supercluster can impact
virulence at whole animal level (Bignell, unpub-
lished observations). However, our recent ana-
lyses indicate only a partial requirement for
these metabolites during infection, as strain-
dependent variability is observed when similar
mutants are constructed in different genetic
backgrounds. Thus, further characterisation is
required before firm conclusions on the role of
the metabolites encoded by genes in this region
can be conclusively ascertained. A further cru-
cial point is that the combinatorial activity of A.
fumigatus secondary metabolites is a possibility
thus far unexplored. It is highly feasible that
certain secondary metabolites act in concert to
disable residual host immune defences. The
construction of mutants lacking multiple bio-
synthetic properties is therefore required to
address this important question.

The chemical structures of a large number
of metabolites have been well characterised,
e.g. gliotoxin, which impacts virulence of
A. fumigatus in corticosteroid, but not neutro-
penic mice (Sugui et al. 2007; Cramer et al. 2006;
Bok et al. 2006; Kupfahl et al. 2006; Spikes et al.
2008) Thus far, gliotoxin, which has multiple
toxic and inhibitory effects upon host cells is
the only toxic secondary metabolite to have
been isolated from the sera of rodents and
patients suffering from invasive aspergillosis.

Until recently, few data on the identity of other toxic
metabolites have been forthcoming and no attempt had
been made to evaluate the toxicity of these metabolites
on the respiratory tract. To address this, Gauthier and
co-workers (Gauthier et al. 2012) extracted metabolites
from the spores of A. fumigatus and evaluated their
cytotoxic activity towards A549 epithelial cells using
an MTT assay. The composition of each fraction
regarding other secondary metabolites produced by
Aspergillus fumigatus was determined by LC-MS analy-
sis. The most toxic fractions were those containing all
of the metabolite compounds. Sequential analyses of
toxic fractions, by a deductive process, identified toxic-
ity in several fractions that could be attributed to try-
pacidin and other fractions containing trypacidin
precursor compounds. Of all fractions tested, viability
of A549 cells exposed to spore extracts ranged from
92.5% (vehicle) to 0.2%. The use of cell lysis assays
demonstrated that 50 mm trypacidin reduced cell via-
bility by nearly 100% and triggered 85% cell lysis

whereas the other metabolites showed only slight or
no toxicity at this concentration. The question remains
whether trypacidin could be toxic to epithelial and
other cells in vivo.

F. Inflammation

Our advancing understanding of host–fungus
interactions has revealed that fungal elements
pose a potent antigenic stimulus (Romani
2011). For A. fumigatus, resting and germinat-
ing conidia and hyphae are recognised by host
PRRs on epithelial cells and, in various cell
types, induce the production of cytokines and
chemokines such as IL-6, TNF-a, IL-8 and IFN-
b. Importantly, amelioration of this inflamma-
tory response can be achieved via corticoste-
roid administration, providing support for the
importance of epithelial cells in directing host
responses and resolution of infection. Macro-
phages activate at least two receptor-mediated
signalling pathways in response to A. fumiga-
tus. Proinflammatory cytokine production fol-
lowing challenge of peritoneal macrophages
from TLR2 and TLR4 knockout mice revealed
that TLR4 plays an important role in TNF-a,
IL-1a and IL1-b production in response to con-
idia but that the stimulus for such production
during spore-to-hyphal conversions is lost.
TLR2, on the other hand, is required for
responses of both conidia and hyphae (Gersuk
et al. 2006; Netea et al. 2003).

Dectin-1, an innate immune receptor that
recognises fungal b-glucans, associates with
inhaled A. fumigatus conidia in a b-glucan-
dependent manner (Hohl et al. 2005) and the
production of TNF-a, IL-1a, IL-1b, IL-6,
CXCL2/MIP-2, CCL3/ MIP-1a, granulocyte-
colony stimulating factor (G-CSF), and granu-
locyte monocyte-CSF (GM-CSF), in response to
live A. fumigatus is dectin-1 dependent (Steele
et al. 2005). This complex inflammatory milieu
requires precise regulation in order to ensure
protection against host damage. Most likely, for
the A. fumigatus host–pathogen interaction,
deregulation of immune responses contribute
as much to host damage as do pathogen-
associated pathogenicity factors.
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In seeking a unifying framework within which to study
diseases caused by A. fumigatus, this working model
can be applied to all types of disease caused by this
mould. Allergic bronchopulmonary aspergillosis
(ABPA) is a good case in point; in this disease host
activities are probably more important than pathogen
activities in driving host damage since allergic inflam-
mation leads to infiltration of inflammatory cells and
injury and detachment of the epithelium. ABPA occurs
predominantly in asthmatic or cystic fibrosis (CF)
patients and up to 15% of CF patients mount an allergic
response, which is associated with exaggerated Th2
responses to the organism (Patterson and Strek 2010;
Eaton et al. 2000). In a study assessing ABPA in CF
patients, the binding and internalisation of A. fumiga-
tus spores by epithelial cells was monitored in normal
andmutated epithelial cells derived from both mice and
cell lines (Chaudhary et al. 2012). Cell lines and murine
tracheal epithelial cells (MTECS) that harbour defects
in the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) were found to bind, internalise and kill
conidia less well than control cells. Histological analysis
of murine infections (wild-type and CFTR null mice)
clearly showed invasion of the lung parenchyma at 24 h
in the absence of the CFTR channel. Proinflammatory
mediators were measured after MTEC exposure to inac-
tivated conidia and hyphal cells. Compared to wild-type
MTEC, unstimulated CFTR null cells demonstrated an
overall decreased production of MIP-2, IL-6 and IP-10.
These analyses demonstrated a defective uptake of A.
fumigatus conidia as well as aberrant inflammatory and
apoptotic responses to different forms of A. fumigatus,
thus contributing to altered pulmonary inflammation
in the setting of CF, at least in part associated with
ineffective epithelial cell clearance of conidia and
subsequent aberrant inflammatory responses to germi-
nated A. fumigatus morphotypes.

G. Perspectives

A unified model of the A. fumigatus host–
pathogen interaction is required to understand
the basis of diseases caused by this pathogen.
The outcome of disease can be equally impacted
by host and pathogen activities, and this must
be accommodated into the design of novel ther-
apeutic strategies. Although the administration
of harsh antifungal agents is the mainstay of the
current antifungal arsenal, it is likely that mod-
eration of the host immune response might be
equally effective and potentially less damaging
to the host. A quantitative understanding of the
host–pathogen interaction and the impact of
antifungal drugs upon host homeostasis will be

a necessary prerequisite to confidently apply the
next generation of interventative strategies.
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