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ABSTRACT

Aspergillus fumigatus is an ubiquitous, saprophytic mould that forms and releases airborne conidia which are inhaled by
humans on a daily basis. When the immune system is compromised (e.g. immunosuppressive therapy prior to organ
transplantation) or there is pre-existing pulmonary malfunction (e.g. asthma, cystic fibrosis, TB lesions), A. fumigatus
exploits weaknesses in the host defenses which can result in the development of saphrophytic, allergic or invasive
aspergillosis. If not effectively eliminated by the innate immune response, conidia germinate and form invasive hyphae
which can penetrate pulmonary tissues. The innate immune response to A. fumigatus is stage-specific and various
components of the host’s defenses are recruited to challenge the different cellular forms of the pathogen. In
immunocompetent hosts, anatomical barriers (e.g. the mucociliary elevator) and professional phagocytes such as alveolar
macrophages (AM) and neutrophils prevent the development of aspergillosis by inhibiting the growth of conidia and
hyphae. The recognition of inhaled conidia by AM leads to the intracellular degradation of the spores and the secretion of
proinflammatory mediators which recruit neutrophils to assist in fungal clearance. During the later stages of infection,
dendritic cells activate a protective A. fumigatus-specific adaptive immune response which is driven by Th1 CD4+ T cells.
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INTRODUCTION

Aspergillus fumigatus is an ubiquitous, saprophyticmould that re-
leases airborne conidia which are inhaled by humans on a daily
basis (Latgé 1999). Aspergillus fumigatus displays a variety of of-
fensive and defensive virulence factors that enable it to induce
a range of diseases in susceptible hosts (Latgé 1999; Daly and
Kavanagh 2001; Hohl and Feldmesser 2007; Dagenais and Keller
2009). Three forms of the disease are recognized: saprophytic as-
pergillosis is characterized by either airway colonization or the
development of aspergilloma (fungal ball) in pulmonary tissue.
The most common form of allergic aspergillosis is known as al-
lergic bronchopulmonary aspergillosis (ABPA) and it is charac-
terized by the induction of an immune response triggered by
the secretion of toxins and allergens from the developing fun-

gus (Fig. 1). Invasive pulmonary aspergillosis is characterized by
the proliferation of fungal hyphaewithin pulmonary tissues and
targets severely immunocompromised individuals including or-
gan transplant recipients and chemotherapy patients (Segal and
Walsh 2006) (Fig. 2). Although a number of Aspergillus species
have been associated with invasive aspergillosis (IA), including
A. nidulans andA. flavus,A. fumigatus accounts for approximately
90% of these cases (Denning 1998).

For immunocompetent individuals, inhaled conidia are
swiftly cleared by cells of the pulmonary immune system
(Table 1). Following inhalation, resting conidia becomemetabol-
ically active and begin to swell (Fig. 3a and b). If not effec-
tively eliminated by the innate immune system, conidia germi-
nate and form invasive hyphae which can penetrate pulmonary
tissues (Dagenais and Keller 2009) (Fig. 3c and d). The innate
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Figure 1. The immunocompromised lung, or the asthmatic and CF lung, provides an environment that is conducive to conidial growth. Poor quality mucous inhibits
access to conidia by immunological mediators, thus conidia germinate and penetrate through the alveolar surface. Hyphae produce gliotoxin and fumagillin which de-

activate the mucociliary elevator and inhibit neutrophil activity. An overexaggerated inflammatory response to A. fumigatusmediated by eosinophiles and neutrophils
contributes to tissue necrosis and severe pulmonary damage.

Figure 2. The severely immunocompromised host may experience invasive hyphal growth which can disseminate through the epithelial and endothelial cell mem-
branes due to a defenseless leukocyte-mediated immune response.

immune response against A. fumigatus is stage-specific and
various components of the host’s defenses are activated to chal-
lenge the different cellular forms of the pathogen. In immuno-
competent hosts, anatomical barriers and alveolarmacrophages
(AM) ensure that conidia do not proceed past the swelling stage

(Fig. 4). In the event of conidial germination, germ tubes are
quickly and effectively targeted by neutrophils. In addition,
dendritic cells (DCs) activate the adaptive immune response
which can rapidly mobilize a T cell-mediated defense against
the invading fungus. This review will examine our current
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Table 1. Various components of the innate immune response are involved in recognizing, inhibiting the growth of and/or killing different
morphological forms of A. fumigatus.

Morphology Resting conidia Swollen Conidia Germ tubes Hyphae

Recognition and
opsonization

? PTX3, SP-A and SP-D,
Ficolins, MBL

SP-D SP-D

Extrcellular recognition ? Dectin-1, Dectin-2, TLR2,
TLR4, DC-SIGN

Dectin-1, Dectin-2, TLR2,
TLR4,

Dectin-1, Dectin-2, TLR2,
TLR4

Intracellular recognition – TLR3, TLR9, Dectin-1 NOD2,
NLRP3

– –

Phagocytosis – AM, neutrophils, DCs,
monocytes

– –

Intracellular killing – AM, neutrophils, DCs,
monocytes

– –

Endocytosis ECs
Extracellular killing – Neutrophils NK cells, eosinophiles NK cells, neutrophils
Growth inhibition – – Neutrophils, NK cells Neutrophils, NK cells

Figure 3. The differing morphological stages of A. fumigatus growth; as time proceeds, resting conidia (3a) begin to swell (3b) and germinate (3c), eventually forming
hyphae (3d). [A. fumigatus conidia (1 × 107 ml) were added to minimal essential medium (Sigma) supplemented with 5% fetal calf serum and incubated at 37◦C. A 1
ml aliquot was withdrawn at the times indicated, diluted in ice cold PBS to halt any further development and representative images were captured using an Olympus

BX51 Colorview soft imaging system].

understanding of the role of the host immune system in pre-
venting pulmonary colonization by A. fumigatus and the devel-
opment of IA.

INITIAL INTERACTIONS WITH THE HOST
Anatomical barriers to Aspergillus infection

The airway epithelium and its secretions, the airway surface
liquid, represent the first point of contact for inhaled A. fumi-

gatus conidia, and these are involved in the initial immune re-
sponse to invading microorganisms (Fig. 4). The epithelium of
the upper respiratory tract consists of various cell types, in-
cluding mucous- secreting goblet cells and ciliated cells (Rogers
1994). Inhaled conidia become trapped in mucous, propelled to-
wards the oropharyngeal junction by ciliary beating and either
swallowed or exporated (Balloy and Chignard 2009). Developing
A. fumigatus colonies secrete toxins that inhibit the action of the
mucocilary elevator (Amitani et al. 1995) and thus may prevent
the expulsion of fungal tissue from the lung.
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Figure 4. In the immunocompetent lung, conidia are immediately met by a host of soluble recognition receptors including PTX3 and SP-D which bind to and enhance
conidial phagocytosis by AM. AM recognition and uptake of conidia is mediated by Dectin-1 and TLRs and leads to the induction of a proinflammatory response.

Conidia that have escaped attack by AM, germinate and penetrate through the alveolar surface. AM- and EC-derived proinflammatory mediators recruit neutrophils
to the site of infection. Neutrophils employ oxidative-dependent (ROS generation) and oxidative-independent (NET formation, degranulation and lactoferrin produc-
tion) mechanisms to inactivate germinating conidia and hyphae. At the site of infection, DCs phagocytose and process germinated conidia for subsequent antigen
presentation to naı̈ve T cells which in turn activate an adaptive immune response to A. fumigatus.

Respiratory epithelial cells (ECs) also secrete a broad range of
antimicrobial peptides, some of which possess activity against
A. fumigatus. This includes lactoferrin, which sequesters iron,
and β-defensins (HBD), the synthesis of which increases signif-
icantly upon EC exposure to A. fumigatus (Alekseeva et al. 2009;
Balloy and Chignard 2009). An anti-fungal role for the enzyme
chitinase has been demonstrated in vitro (Chen, Shen and Wu
2009). Chitinase is produced by ECs and macrophages, and de-
grades chitin a cell wall component of A. fumigatus. The secre-
tory leukoprotease inhibitor is produced by ECs and maintains
the protease–anti-protease balance within the airways but has
also fungicidal activities (Tomee et al. 1997; Doumas, Kolokotro-
nis and Stefanopoulos 2005). In cystic fibrosis (CF) patients,
poor quality mucus, abnormal airway surface liquid composi-
tion and impaired mucociliary clearance are characteristic fea-
tures which promote fungal colonization in the airways by pro-
viding an environment conducive to the growth of A. fumigatus
(Verkman, Song and Thiagarajah 2003) (Fig. 1).

Role of the airway epithelium in combatting Aspergillus

Type II alveolar ECs, tracheal ECs and A549 ECs internalize coni-
dia which are trafficked to late endosomes for processing in
acidic cellular compartments (Paris et al. 1997; Wasylnka and

Moore 2002; Filler and Sheppard 2006). However, in comparison
to professional phagocytes (e.g.macrophages), the fungicidal ac-
tivity of ECs is weaker, and in vitro studies have shown that coni-
dia are able to survive and germinate inside the acidic organelles
of these host cells (Wasylnka and Moore 2003). Previous studies
have demonstrated the ability of dihydroxynaphthalene (DHN)
melanin-producing spores to inhibit apoptosis of monocyte-
derived macrophages (MDM), and reduce the phagolysosomal
acidification of AM,MDM and neutrophils (Thywissen et al. 2011;
Volling et al. 2011). A recent study showed similar effects caused
by DHN melanin-producing conidia on alveolar EC; by inhibit-
ing caspase-3-dependent apoptosis and reducing phagolysoso-
mal acidification, these conidia, but not pksP, mutants could sur-
vivewithin A549 ECs in vitro (Amin et al. 2014). Interestingly, DHN
melanin-producing conidia are also more efficiently phagocy-
tosed by A549 ECs than non-melanized mutant spores (pksP)
(Amin et al. 2014). Thus, it is suggested that ECsmay be exploited
by conidia as an immune evasion mechanism, and their ability
to persist in ECs allows for their eventual germination into hy-
phae (Wasylnka and Moore 2003; Amin et al. 2014). However, it
appears that conidial survival within ECs is dependent on the
ability to produce DHNmelanin (Amin et al. 2014). A possible ex-
planation for this is that the lack of DHN melanin expose β(1,3)-
glucan (β-glucan) binding sites for Dectin-1 on the conidial cell
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surface, and this allows for the better uptake of pskP mutants
than melanin-producing conidia by macrophages (Luther et al.
2007).

Airway epithelium cells express a range of recognition recep-
tors including C-type lectin receptors (CLRs) and Toll-like recep-
tors (TLRs), with which they can detect A. fumigatus and respond
through the synthesis of proinflammatory mediators (Balloy
et al. 2008; Bellanger et al. 2009). A Dectin-1-mediated protec-
tive response against A. fumigatus by bronchiolar ECs has been
demonstrated (Sun et al. 2012). Interestingly, the generally low
expression of Dectin-1 on these cells was significantly upregu-
lated upon TLR2 activation byA. fumigatus conidia. Other studies
showed that (Gersuk et al. 2006; Luther et al. 2007) swollen but not
resting conidia triggered a proinflammatory response which in-
volved the induction of TNF-α, IL-8, HBD2, HBD9 and the produc-
tion of reactive oxygen species (ROS) (Sun et al. 2012). The ability
to distinguish between various morphological forms of conidia
is crucial for modulating a correct and proportionate pulmonary
inflammatory response. Upon entry into the lung, resting coni-
dia are rapidly ingested by AM, while ECs remain inactive. How-
ever, conidia which have escaped capture by AM, begin to swell
and can thus be detected by ECs, which, in the activated state
can mount a proinflammatory response that involves the syn-
thesis of the neutrophil chemoattractant, IL-8 (Balloy et al. 2008).

MOLECULAR RECOGNITION OF A. FUMIGATUS

By virtue of their small size (2–3μm),A. fumigatus conidia can by-
pass mucociliary clearance and penetrate the respiratory tract
to reach the bronchoalveolar space where they encounter AM
(Dagenais and Keller 2009). AM express soluble and surface
pattern recognition receptors (PRRs). These germline receptors,
which are also expressed by various other cell types, includ-
ing neutrophils, DCs and ECs, mediate conidial recognition via
pathogen-associated molecular patterns (PAMPs). The A. fumi-
gatus cell wall components β-glucan, chitins and mannans are
candidate PAMPs for particular PRRs, and their detection triggers
a sequence of events that leads to phagocytosis, conidial killing
and the production of proinflammatory and anti-inflammatory
cytokines and chemokines which when combined lead to ef-
fective clearance of the pathogen from the immunocompetent
lung (Park and Mehrad 2009; Levitz 2010) (Fig. 4). Several soluble
and membrane-bound PRRs are involved in the recognition and
killing of A. fumigatus (Table 1).

SOLUBLE RECEPTORS TARGETING
ASPERGILLUS

Pentraxins, complement proteins, ficolins and collectins belong
to the humoral arm of the innate immune system (Bottazzi
et al. 2009). Pentraxin 3 (PTX3) is a soluble recognition receptor
that has a non-redundant role in resistance against A. fumigatus
(Garlanda et al. 2002). PTX3 is secreted by a variety of cells includ-
ing neutrophils,mononuclear and pulmonary ECs in response to
conidia and inflammatory signals such as TNF-α and opsonizes
conidia for detection by AM (Garlanda et al. 2002; Han et al. 2005).
In vitro studies have indicated impaired uptake and killing of
conidia by AM in PTX3−/− mice compared to wild-type mice
(Garlanda et al. 2002).

The critical role of PTX3 in response to A. fumigatus infection
was demonstrated in vivo using otherwise immunocompetent
PTX3−/− micewhichwere rendered highly susceptible to IA upon
fungal challenge. Administration of exogenous PTX3 improved

phagocytic and fungicidal activities in these animals (Garlanda
et al. 2002). PTX3 was shown to enhance the recognition of coni-
dia and the phagocytic potential by neutrophils through the Fcγ
receptor II in vitro (Moalli et al. 2010). The role of the FcγRII
in A. fumigatus-induced PTX3 activity was demonstrated when,
upon treatment with exogenous PTX3, FcγR−/− mice displayed
increased fungal burden and heightened inflammation in com-
parison to their wild-type counterparts (Moalli et al. 2010). It has
been reported that degradation of PTX3 in CF airways may be a
contributing factor to inefficient fungal clearance (Hamon et al.
2013). Neutrophil elastases, which show persistence in the CF
lungs and A. fumigatus proteases, were found to be responsi-
ble for the degradation of the PTX3 N-terminal domain which
functions in conidial recognition (Moalli et al. 2010; Hamon et al.
2013).

The complement system is an important innate defense
mechanism mediated by approximately 30 serum-derived sol-
uble factors and membrane-bound receptors which act in a se-
quential manner to bring about the death of the pathogen ei-
ther directly or indirectly (Speth and Rambach 2012). The three
pathways of complement activation, the classical, alternative
and lectin pathway, converge on a common pathway in which
C3 convertase cleaves C3, the products of which can (a) op-
sonize pathogens for improved phagocytosis, (b) act as chemoat-
tractants for proinflammatory cells such as neutrophils and
eosinophiles and (c) produce a pore-forming membrane attack
complex resulting in osmotic lysis of the pathogen (Speth et al.
2004). Fungal killing is thought to be independent of the latter
process, most likely due to the thickness of the fungal cell wall
(Kozel 1996). Aspergillus fumigatus is known to activate all three
complement pathways, although initiation of each pathway ap-
pears to be dependent on the morphological form of the fungus
(Kozel et al. 1989). The alternative pathway is activated by resting
conidia and as spores mature, there is progressive involvement
of the classical pathway (Kozel 1996). This pattern of comple-
ment activation is likely due to the properties of resting conidia,
whose immunogenic nature may lead to lack of antibody pro-
duction (Kozel 1996; Aimanianda et al. 2009). Fungal maturation
exposes conidia to the immune system enabling antibody devel-
opment and activation of the classical pathway which is largely
driven by the interaction of the complement pattern recogni-
tion molecule, C1q with surface-bound IgG and IgM (Kozel 1996;
Ricklin et al. 2010). C1q can also activate the classical pathway
by interacting with long and short pentraxins such as PTX3 and
C-reactive protein, respectively (Bottazzi et al. 1997; Nauta et al.
2003). While C1q deficiency was shown to only marginally re-
duce phagocytosis of conidia in vitro, C1q−/− mice were more
susceptible to IA (Garlanda et al. 2002; Moalli et al. 2010). This
susceptibility was reverted upon treatment with exogenous
PTX3, demonstrating that PTX3 activity is independent of C1q
(Garlanda et al. 2002). PTX3 activity is however dependent on C3,
and C3−/− mice experienced significantly reduced PTX3-bound
conidial uptake by alveolar neutrophils (Moalli et al. 2010). More-
over, through the activation of the FcγRII, PTX3-bound coni-
dia were shown in vitro, to induce the activation of C3 receptor
(CR3), its recruitment to the phagocytic cup and CR3-dependent
phagocytosis (Moalli et al. 2010). Binding of C3b to C3 conver-
tase catalyzes the formation of a C5 convertase, which cleaves
C5 to generate C5a and C5b (Ricklin et al. 2010). C5a is a po-
tent chemoattractant for proinflammatory cells such as PMNs.
A/Sn and DBA2 mice deficient in the complement component
C5 have demonstrated increased susceptibility to IA in compar-
ison to C5-sufficient mice (Svirshchevskaya et al. 2009). Com-
pared to C5-sufficent mice, C5−/− murine models of IA showed

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article-abstract/39/5/670/530790/ by M
aynooth U

niversity user on 04 O
ctober 2019



Margalit and Kavanagh 675

decreased neutrophil influx into the lung upon infection with
A. fumigatus. However PMN influx and survival rates increased
upon treatment with complement-sufficient serum, thus indi-
cating an important role for complement during the early stages
of A. fumigatus infection (Svirshchevskaya et al. 2009).

Collectins are soluble CLRs that recognize and bind, in
a calcium-dependent manner, carbohydrate moieties such as
those found in the fungal cell wall (Turner 2003). The serum
protein mannan-binding lectins (MBL) are collectins that ac-
tivate the complement via the lectin pathway (Ricklin et al.
2010). Binding of MBL to its target structure activates MBL-
associated serine proteases (MASPs) which generates C4b2a, a
C3-convertase, through the cleavage of its substrate C4 and C2
(Møller-Kristensen et al. 2007). C4b2a cleaves C3 into C3a and
C3b. C3b and its inactive cleavage product, iC3b are potent op-
sonins and thus enhances conidial phagocytosis by AMand neu-
trophils (Speth et al. 2004). There is evidence to suggest that MBL
also initiates the alternative pathway by activating C3 via a C2-
bypass mechanism (Dumestre-Pérard et al. 2008). Kaur, Gupta
and Madan (2007) established a significant role for MBL in me-
diating innate immunity against IA. Treatment of immunosup-
pressed BALB/c mice with recombinant human MBL (rhMBL)
post-infection with A. fumigatus increased survival rates, re-
duced fungal loads in the lung, enhanced levels of TNF-α, IL-1β

and IFN-γ and reduced levels of IL-10 (Kaur, Gupta and Madan
2007). In the same study, in vitro analysis of the response by
PMNs upon exposure to A. fumigatus conidia showed increased
deposition of C4b, a product of C4, on PMNs when rhMBL was
added to MBL-deficient serum. Enhanced conidial uptake and
anti-fungal activity by PMNs also increased in rhMBL-sufficient
serum in comparison to MBL-deficient serum (Kaur, Gupta and
Madan 2007). Interestingly, MBL deficiency caused by mutations
in the mbl2 gene has been associated with deterioration in in-
dividuals with CF (Garred et al. 2002; Davies, Turner and Klein
2004).

Ficolins are lectins that, like MBL, form complexes with
MASPs and activate complement via the lectin pathway (Endo,
Matusushita and Fujita 2011). In vitro studies have established
a cooperative role for Ficolin-2 (L-ficolin) and PTX3 at the coni-
dial surface of A. fumigatus (Ma et al. 2009). Interestingly, PTX3
enhanced deposition of Ficolin-2 onto conidial surfaces, while
Ficolin-2 enhanced binding of PTX3 to conidia. Furthermore,
Ficolin-2 and PTX3 act synergistically by augmenting Ficolin-2-
mediated complement deposition on conidial surfaces of A. fu-
migatus (Ma et al. 2009).

Aspergillus fumigatus has developed several immune eva-
sion mechanisms to avoid death by complement (Speth and
Rambach 2012). The production of pigments regulated by arp1
and alb1 appears to be central in conferring conidial protection
against complement, and deletion of these genes rendered the
fungus more susceptible to C3 deposition and uptake by neu-
trophils in vitro (Tsai et al. 1997, 1998). In addition, the ability toA.
fumigatus conidia to bind soluble complement inhibitors such as
factor H, factor H-like protein 1 and factor H-related proteins is
thought to be a mechanism employed by the pathogen to down-
regulate an active complement system (Behnsen et al. 2008).

Pulmonary surfactant protein, SP-A and SP-D are collectins
secreted by type II alveolar ECs and Clara cells (Crouch 2000;
Balloy and Chignard 2009). In vitro studies have shown that bind-
ing of SP-A and SP-D to A. fumigatus conidia resulted in coni-
dial agglutination, enhanced phagocytic capacity and increased
fungicidal effects of AM and neutrophils (Madan et al. 1997). Fur-
thermore, SP-A and SP-D were shown to be potent chemotac-
tic agents for neutrophil recruitment (Madan et al. 1997). SP-D

also binds to hyphae in vitro thereby indicating a possible role
for this immune molecule during the later stages of fungal in-
fections (Geunes-Boyer et al. 2010). In an immunocompromised
murine model of IA, the role of SP-D was shown to be signifi-
cant, since the survival rate of mice challenged with otherwise
lethal doses of conidia, followed by treatment with SP-D, was
as high as 60% (Madan et al. 2001). This is consistent with an-
other study inwhichTHP-1 cells phagocytosed and killed serum-
opsonized conidia more efficiently than non-opsonized conidia
in vitro (Marr et al. 2001). However, in a separate study which
used murine bronchoalveolar lavage (BAL) fluid as a surfactant
to opsonize conidia, no significant conidial aggregation was in-
duced by opsonization (Faro-Trindade et al. 2012). Instead, coni-
dial recognition bymacrophages and the subsequent proinflam-
matory response was thought to occur through non-opsonic
mechanisms, primarily through Dectin-1-mediated activity. In-
deed, it has been demonstrated that non-opsonized conidia can
also be taken up by AM (Kan and Bennett 1988; Luther et al. 2008).
Thus, it would appear that conidial opsonization is a beneficial,
yet dispensable process for the recognition and uptake of coni-
dia by AM.

MEMBRANE BOUND PRRs
Recognition of A. fumigatus by Dectin-1

Following entry into the lung, conidia undergo maturation by
swelling before germinating into hyphae (Fig. 3). Swollen conidia
lose the thin hydrophobic RodA protein layer, a surface compo-
nent of A. fumigatus that masks the immunogenic constituents
of the cell wall. Loss of RodA thus exposes the β-glucan fractions
on the fungal cell wall (Hohl et al. 2005; Aimanianda et al. 2009).

The type II transmembrane protein, Dectin-1 is a CLR that
is highly expressed on macrophages, neutrophils and DCs in
both humans and mice and is crucial for mediating a proin-
flammatory response against A. fumigatus (Werner et al. 2009).
Dectin-1 recognizes β-glucan moieties on swollen and germi-
nating conidia but does not respond to resting conidia, thus al-
lowing macrophages to distinguish between the different mor-
phological forms of A. fumigatus (Gersuk et al. 2006). In vitro
studies have shown that swollen conidia are phagocytosed
by macrophages with greater efficiency than resting conidia
(Luther et al. 2007). However, masking the surface of conidia con-
taining β-glucan with β-glucan-specific factor G did not entirely
inhibit phagocytosis, thereby indicating that while this surface
structure is significant, it is not the only conidial surface com-
ponent recognized bymacrophage recognition receptors (Luther
et al. 2007). Dectin-1 recognition of swollen conidia can occur at
the cell surface or intracellularly (Hohl et al. 2005; Steele et al.
2005; Faro-Trindade et al. 2012). In vitro, a Dectin-1-dependent in-
flammatory response coincided with the recruitment of Dectin-
1 to, and its association with, phagolysosomes containing
swollen, but not resting, conidia (Faro-Trindade et al. 2012). How-
ever, it appears, at least in vitro, that Dectin-1-mediated cytokine
and chemokine production by AM does not require conidial in-
ternalization (Steele et al. 2005). Dectin-1 signals through Syk
kinase, and in part through CARD9, activating NF-κB and in-
ducing the expression of cytokines and chemokines includ-
ing TNF-α, IL-6, IL-1α, IL-1β, G-CSF, GM-CSF, MIP-1α and MIP-
1β (Steele et al. 2005; Werner et al. 2009; Faro-Trindade et al.
2012). IL-10, a key anti-inflammatory cytokine is also induced
in a Dectin-1-dependent manner, indicating the immunoreg-
ulatory role for Dectin-1 in modulating an inflammatory re-
sponse (Steele et al. 2005). In the context of an early immune
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response to A. fumigatus, Dectin-1 signaling through AM is crit-
ical. A significantly impaired neutrophil influx was observed in
the lungs of Dectin-1-deficient mice upon fungal challenge due
to depleted production of chemoattractants by unresponsive AM
(Werner et al. 2009).

Recognition of A. fumigatus by Dectin-2

Dectin-2 is a novel CLR that is primarily expressed in DCs and
macrophages and has recently been implicated in the host de-
fense against A. fumigatus (Saijo and Iwakura 2011; Sun et al.
2013). It has been established that the ligands for Dectin-2 are
α-mannans, fungal cell wall constituents that are found in the
outer layer, thereby masking β-glucan components of the cell
(Levitz 2010; Sun et al. 2014). As such, it is highly possible that
upon inhalation, conidia are more likely to be recognized by
Dectin-2 before detection by Dectin-1. Dectin-2 is expressed at
high levels by AM in the human lung in response to A. fumigatus
and was shown to mediate an NF-κB-dependent proinflamma-
tory response in a time-dependent manner against swollen, but
not resting conidia (Sun et al. 2013, 2014). Upon stimulation with
viable conidia, the production of IL-1β, IL-10, 1L-23p19 and TNF-
α increased as resting conidia germinated into hyphae in vitro
(Sun et al. 2014). This NF-κB-dependent cytokine production was
shown to be mediated by Syk kinase, and silencing Syk expres-
sion led to impaired cytokine expression and secretion. Further-
more, silencing Dectin-2 and Syk expression affected the respi-
ratory burst and resulted in significantly reduced conidial killing
by THP-1macrophages, thus further emphasizing the role of this
receptor in host defense against A. fumigatus (Sun et al. 2014).

The role of TLRs 2 and 4 in A. fumigatus recognition

TLRs are type I membrane receptors characterized by an extra-
cellular domain consisting of leucine-rich repeats that function
in the recognition of PAMPs and an intracellular TIR domain re-
quired for downstream signaling (Kawai and Akira 2007). TLR
recognition of pathogens triggers downstream signaling cas-
cades that result in the activation of transcription factors such as
NF-kB, whichmediate expression of pro- and anti-inflammatory
cytokines and chemokines (Kawai and Akira 2007). Several stud-
ies have implicated the plasma membrane receptors TLR2 and
TLR4 as key recognition components for host defense against A.
fumigatus.However, there are conflicting data on this subject be-
cause evidence for and against the role of these TLRs has been
reported. Discrepancies between these studiesmay be due to the
origin of cells used and variations in experimental approaches
but also because theA. fumigatus-associated PAMPs for TLR2 and
TLR4 remain undefined (Steele et al. 2005).

Hyphae and conidia of A. fumigatus were reported to stim-
ulate TLR2-mediated production of cytokines in murine peri-
toneal macrophages in vitro, whereas a TLR4-dependent proin-
flammatory response was induced by conidia only (Netea et al.
2003). Interestingly, TLR4 signaling was lost in response to hy-
phae, and hyphae but not conidia, stimulated TLR2 produc-
tion of anti-inflammatory IL-10 thereby indicating that a pheno-
typic switch from conidia to hyphae may be an immune evasion
mechanism of A. fumigatus (Netea et al. 2003; Chai et al. 2011). In
contrast, separate studies revealed reduced fungicidal activities
in TLR4−/− PMNs to both conidia and hyphae (Bellocchio et al.
2004).

An essential role for TLR2 and TLR4 in cytokine production
against A. fumigatus has been established in a number of in vitro
studies (Meier et al. 2003; Braedel et al. 2004; Rubino et al. 2012).

Using HEK293 cells expressing TLR-encoding plasmids, Meier
et al. (2003) reported TLR2- and TLR4-dependent cytokine pro-
duction via the NF-kB pathway but ruled out involvement of
all other TLRs, including a synergistic role for TLR2 with TLR1
and TLR6 (Meier et al. 2003). In contrast, using HEK293 cells
transfected with vectors expressing mouse and human TLR1
and TLR6,Rubino et al. (2012) showed that A. fumigatus detection
by TLR2 involves the formation of a heterodimer with TLR6 or
TLR1 in mice and TLR1 but not TLR6 in humans. In response to
RodA−/− and wild-type A. fumigatus conidia, reduced amounts
of IL-6, TNF-α, CXCL2 and IL-12p40 was produced by TLR1−/−

murine bonemarrow-derivedmacrophages, while cytokine pro-
duction was almost abolished in TLR2−/−, TLR4−/− and TLR6−/−

macrophages but not in TLR3−/− or wild-type macrophages. Al-
though TLR1 and TLR6 are important for contributing to a proin-
flammatory response, their role in survival is dispensable as
100% survival was observed in TLR1−/− and TLR6−/− C57BL/6
murine models of IA (Rubino et al. 2012). In a separate study,
Dubourdeau et al. (2006) observed that TLR2−/− and TLR4−/−

immunocompetent mice were no more susceptible to IA than
wild-typemice. Elsewhere, amoderately impaired but otherwise
intact inflammatory response in TLR2−/− murine AM upon stim-
ulationwith conidia in vitrowas reported, the authors suggesting
that TLR2 is not absolutely necessary for anA. fumigatus-induced
proinflammatory response (Steele et al. 2005).

The role of TLRs 3 and 9 in A. fumigatus recognition

Contrary to earlier reports (Meier et al. 2003; Bellocchio et al.
2004), TLR3 and TLR9 have recently been implicated in the
host defense against A. fumigatus. TLR3 localizes in endosomal
compartments of DCs and ECs primarily, and detects double-
stranded RNA which is released from conidia upon entering the
endosomal pathway (Beisswenger, Hess and Bals 2012). The role
of TLR3 in mediating an adaptive antifungal immune response
was demonstrated in vivo (Carvalho et al. 2012). The migratory
capacity of DCs through the lymph nodes of TLR3−/− C57BL/6
mice was reduced, thereby affecting the T-cell priming ability
of these cells (Carvalho et al. 2012). In line with this, TLR3−/−

mice appeared to be unable to activate a CD8+ T-cell response
to A. fumigatus infection (Carvalho et al. 2012). TLR3 regulates
fungal-induced inflammation by signaling through the adaptor
protein, TRIF (Kawai and Akira 2007; de Luca et al. 2010). In a
murine model of pulmonary aspergillosis, TRIF−/− mice showed
a persistent and exacerbated inflammatory response in compar-
ison to MyD88−/− and wild-type mice (de Luca et al. 2010). TLR3-
expressing ECs provide protection against A. fumigatus through
the activation of indoleamine 2,3-dioxygenase, a regulator of
T cell-mediated proinflammatory responses via the TLR3/TRIF
pathway (de Luca et al. 2010). Furthermore, EC transfection with
conidial RNA induced expression of IFN-β and IP-10 (CXCL10)
in a TRIF/RIP1/TBK1-dependent manner (Beisswenger, Hess and
Bals 2012). IFN-β and IP-10 are mediators of innate and adaptive
immunity, bridging the two arms of the immune system (Le Bon
and Tough 2002). Thus, in addition to providing a link between
innate and adaptive immunity, TLR3 appears to play a crucial
role in modulating a proinflammatory response against A. fumi-
gatus in the airways.

TLR9 is a receptor for unmethylated CpG DNA, a component
of A. fumigatus that becomes exposed during processing in the
phagolysososme (Ramirez-Oritz et al. 2008). In humans, TLR9 is
primarily found on pDCs and B cells, but is also expressed by
macrophages, andmonocytes inmice (Ramirez-Oritz et al. 2008).
Upon conidial DNA detection, TLR9 rapidly accumulates at the
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spore-containing phagosomes and undergoes proteolytic cleav-
age, a prerequisite for TLR9 signaling (Kasperkovitz, Cardenas
and Vyas 2010). TLR9 recruitment to the phagosome was found
to be independent of the conidial germination stage, an indi-
cation that the fungal component responsible for inducing this
activity is continuously present throughout the varying conidial
maturation stages (Kasperkovitz, Cardenas and Vyas 2010). TLR9
recruitment to fungal-containing phagosomes appears to be in-
dependent of downstream signaling by other TLRs, since TLR9
activity was unaffected in MyD88−/− and TRIF−/− bone marrow-
derived macrophages (Kasperkovitz, Cardenas and Vyas 2010).

TLR9 appears to play an immunoregulatory role during in-
nate defenses against A. fumigatus (Ramirez-Oritz et al. 2008;
Ramaprakash et al. 2009) as shown in TLR9−/− neutropenic mice
which exhibited reduced inflammatory response 2 days post-
fungal challenge and a significantly increased inflammatory re-
sponse 4 days post-infection as compared to their wild-type
counterparts (Ramaprakash et al. 2009). Thus, while TLR9 may
be required to initiate an inflammatory response, it is also re-
sponsible for preventing an excessive response which could re-
sult in tissue damage and ultimately facilitate the pathogen
(Ramaprakash et al. 2009). A correlation between TLR9 and
Dectin-1 expression has also been reported; Dectin-1 expression
was reduced in TLR9−/− mice when compared to wild-typemice,
a finding that may explain the inability of TLR9−/− mice to re-
spond to swollen conidia (Ramaprakash et al. 2009).

With the exception of TLR3, all TLRs signal through the uni-
versal adaptor, MyD88 (Ramaprakash et al. 2009). An important
role for TLR signaling through MyD88 in early inflammatory re-
sponses to A. fumigatus has been reported (Bretz et al. 2008). In
this study, MyD88−/− immunocompetent murine lungs experi-
enced a delayed fungal clearance and a poorly modulated in-
flammatory response which was reported to have normalized
3 days post-infection, thus indicating a role for other signaling
pathways inmediating inflammatory responses. Indeed, there is
strong evidence that A. fumigatus induces MyD88-independent
inflammatory responses (Marr et al. 2003), as appears to be the
case in an immunocompetent host (Dubourdeau et al. 2006). A
significant role for the MAPK (ERK) signaling pathway in early
inflammatory responses to A. fumigatus was demonstrated and
blocking the ERK pathway inhibited TNF-α production in AM in
response to conidial swelling (Dubourdeau et al. 2006). Further-
more, the previously reported A. fumigatus-induced Dectin-1-
dependent cytokine and chemokine production (Hohl et al. 2005)
may provide an explanation for the dispensable role for TLRs
andMyD88 reported by others (Marr et al. 2003; Dubourdeau et al.
2006). Thus, it is evident from these studies that in order to de-
velop a better understanding of the role played by the various
TLRs and their respective signaling pathways, further investiga-
tions are warranted.

Dectin-1–TLR interactions, DC-SIGN, NOD2 and NLRP3

Dectin-1–TLR2 collaborative responses to fungal stimuli are well
established, and it has been reported that TLR2 plays a syner-
gistic role with Dectin-1 to facilitate phagocytosis of A. fumiga-
tus conidia (Gantner et al. 2003; Luther et al. 2007; Dennehy et al.
2008; Ferwerda et al. 2008; Inoue and Shinohara 2014). In vitro,
TLR2- and MyD88 deficiency in murine macrophages signifi-
cantly reduced conidial uptake but not binding of swollen coni-
dia (Luther et al. 2007). This indicates thatwhile TLR2-dependent
MyD88 signaling promotes Dectin-1-mediated phagocytosis A.
fumigatus, TLR2 is dispensable for the initial conidial bind-
ing process (Luther et al. 2007). Elsewhere, it was reported

that, Dectin-1 signaling pathways synergize with MyD88 sig-
naling pathways to provide an optimum inflammatory re-
sponse against swollen, but not resting A. fumigatus conidia
(Hohl et al. 2005).

Dendritic cell-specific (DC-SIGN) ICAM-3-grabbing non-
integrin is a CLR that is expressed on DCs and AM (Serrano-
Gómez et al. 2004; Serrano-Gómez, Leal and Corbı́ 2005).
DC-SIGN may play an important role in the host defense
against IA, and in vitro studies have established the ability of
these cell surface receptors to recognize, bind and mediate the
internalization of A. fumigatus conidia on both pulmonary DCs
and AM (Serrano-Gómez et al. 2004).

The intracellular PRR, NOD2 (nucleotide-binding oligomer-
ization domain-2) has recently been implicated in the recogni-
tion of A. fumigatus (Li et al. 2012). In vitro, murine macrophages
showed increased expression of NOD2 and RIP2 kinase, a signal-
ing component of NODs, in response to conidia. Upon exposure
to conidia, upregulation of NF-κB was detected but was down-
regulated in NOD2-knockout cells, thus demonstrating a possi-
ble role for NOD2 in the host defense againstA. fumigatus (Li et al.
2012).

A role for the NLRP3 inflammasome in an A. fumigatus-
induced inflammatory response was demonstrated in vitro, and
hyphae but not conidia were shown to induce IL-1β production
which was significantly reduced in THP-1 cells carrying silenced
NLRP3 and ASC genes (Saı̈d-Sadier et al. 2010). A. fumigatus-
induced NLRP3 inflammasome activation was found to be de-
pendent on the production of ROS since the neutralization of
ROS with antioxidants inhibited both caspase-1 activation and
IL-1β secretion (Saı̈d-Sadier et al. 2010). Furthermore, depletion
of MyD88 and Syk resulted in decreased IL-1β gene expression,
although only Syk signaling seemed to be associated with the
activation of the NLRP3 inflammasome (Saı̈d-Sadier et al. 2010).
Thus, A. fumigatus induces an IL-1β-mediated inflammatory re-
sponse via the NLRP3 inflammasome, although this may not oc-
cur until some hours after conidial inhalation since hyphae but
not conidia induced this response (Saı̈d-Sadier et al. 2010).

IL-1β processing by the caspase-8 inflammasome was re-
ported to be dependent on Dectin-1 activation in response to
swollen A. fumigatus conidia. Since Dectin-1 detects extracellu-
lar PAMPs, fungal internalization is not required to activate the
caspase-8 inflammasome (Gringhuis et al. 2012). This allows for
a swift and immediate IL-1β response without the need for coni-
dial internalization, as is the case for NLRs.

CELLULAR RESPONSES TO A. FUMIGATUS
AM response to A. fumigatus

The principle role of AM is to phagocytose and kill conidia which
it does via oxidative mechanisms through the generation of ROS
such as superoxide anion (O2

−) and hydrogen peroxide (H2O2),
and by non-oxidative mechanisms involving phagosomal acid-
ification (Ibrahim-Granet et al. 2003; Philippe et al. 2003). Upon
entry into the lung, AM phagocytose A. fumigatus conidia rapidly
in an actin-dependent manner (Marr et al. 2001; Ibrahim-Granet
et al. 2003). PI-3-kinase is involved in coordinating the pseu-
dopod extensions that entrap conidia and when treated with
wortmannin, an inhibitor of phosphatidylinositol (PI) 3-kinase
activity, AM showed reduced conidial uptake (Cox et al. 1999;
Ibrahim-Granet et al. 2003). Members of the src family of tyro-
sine kinases andmyosinmotor proteins are also required for the
process of phagocytosis (Luther et al. 2008). Furthermore, the GT-
Pase dynamin which is responsible for endocytosis was shown
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to participate in conidial internalization, and blocking its activ-
ity with Dynasore inhibited the uptake of A. fumigatus conidia
by macrophages (Kasperkovitz, Cardenas and Vyas 2010). Thus,
phagocytosis of A. fumigatus conidia by AM is dependent upon
a series of complex coordinated cellular responses (Ibrahim-
Granet et al. 2003; Luther et al. 2008; Kasperkovitz, Cardenas and
Vyas 2010).

Internalized conidia are contained within a phagosome
which undergoesmaturation by fusingwith a lysosome, forming
a phagolysosome (Ibrahim-Granet et al. 2003). Vacuolar ATPase-
mediated acidification of the phagolysosome and activation of
hydrolytic enzymes such as cathepsin-D and chitinases con-
tribute to the degradation of the fungal cell wall and blocking
ATPase activity was shown to dramatically reduce fungal killing
(Ibrahim-Granet et al. 2003). Furthermore, phagosomal process-
ing of internalized conidia is a prerequisite for the activation of
the intracellular PRRs, Dectin-1 and TLR9 since it is here that
the respective ligands become exposed (Kasperkovitz, Cardenas
and Vyas 2010; Faro-Trindade et al. 2012). Thus, this compart-
ment appears to be central for innate recognition of A. fumigatus
(Faro-Trindade et al. 2012).

Aspergillus fumigatus conidia begin to swell approximately
three hours after engulfment (Marr et al. 2001; Philippe et al.
2003) (Fig. 3b). Coinciding with this event is the generation of
ROS, the production of which correlates directly to elevated lev-
els of fungal killing (Philippe et al. 2003). ROS production is trig-
gered in response to swollen, but not resting conidia through
the activation of nicotinamide adenine dinucleotide phosphate
reduced (NADPH) oxidase, which induces the single electron re-
duction of oxygen to superoxide anion (O2

−) (Babior, Kipnes and
Curnutte 1973; Forman and Torres 2002; Gersuk et al. 2006). The
cytosolic proteins, p47phox, p67phox, p40phox and the small GT-
Pase Rac1/Rac2 are recruited to the plasma membrane where
they complex with the membrane-bound flavocytochrome sub-
units, gp91phox and gp22phox, forming an active NADPH oxidase
(Forman and Torres 2002). The role of NADPH oxidase in AM
during A. fumigatus infection is a matter for debate. A num-
ber of studies have demonstrated an important fungicidal role
for the ROS-producing complex during A. fumigatus infection
(Philippe et al. 2003; Grimm et al. 2013). Others have suggested
that NADPH oxidase is a modulator of the inflammatory re-
sponse to A. fumigatus rather than being directly responsible for
fungal killing (Cornish et al. 2008). In vivo studies by Philippe
et al. (2003) demonstrated that inhibition of ROS production in
NADPH-inactive p47phox−/− mice suppress conidial killing. The
critical role of NADPH oxidase in AM-mediated defense against
A. fumigatus was recently highlighted by Grimm et al. (2013).
The authors of this study showed that even cyclophosamide-
treated (leukopenic) mice were less susceptible to IA than
non-leukopenic mice with a p47phox-deficiency. Furthermore, in
murine models of IA, NADPH oxidase−/− mice with targeted
expression of macrophage-restricted NADPH oxidase had in-
creased survival rates and reduced pulmonary inflammation in
comparison to globally NADPH oxidase−/− mice. Additionally, in
agreement with the findings of Philippe et al. (2003), p47phox−/−

AM, in contrast to wild-type AM, were unable to prevent growth
of phagocytosed conidia in vitro (Grimm et al. 2013). These stud-
ies indicate an important role for NADPH oxidase in confer-
ring protection againstA. fumigates.However, some studies have
suggested a dispensable role for ROS in resistance against this
pathogen. For example, Lessing et al. (2007) identified AfYap1
as the transcriptional regulator of genes associated with A. fu-
migatus resistance against ROS, and deletion of this gene re-

sulted in increased sensitivity to H2O2 but did not affect the vir-
ulence of the fungus in in vitro and in vivo models of IA. Cata-
lase is a scavenger of H2O2, and catalase-deficient strains of
A. fumigatus (�catA) experienced the same level of killing as
wild-type conidia by murine AM in vivo thereby indicating that
H2O2 is not the main ROS responsible for conidial killing (Paris
et al. 2003). Other studies have suggested a superior role for O2

−

than H2O2 in defense against A. fumigatus (Lamarre et al. 2007).
Using gp91phox−/− murine AM, Henriet et al. (2011) observed
higher growth inhibition of A. fumigatus conidia than wild-type
cells. Similarly, Cornish et al. (2008) observed equal inhibition of
conidial germination in vitro byAM fromgp91phox−/− andC57BL/6
mice. In this study, gene expression analysis of gp91phox−/− and
wild-typemice upon exposure toA. fumigatus conidia showed no
upregulation of transcripts encoding the cytosolic ormembrane-
bound subunits of the NADPH oxidase complex, or of genes en-
coding oxidant scavengers. However, genes involved in PMN re-
cruitment including Cxcl2 and Ccl3 were significantly upregu-
lated in wild-type mice compared to gp91phox−/− mice upon ex-
posure to conidia. The notable early expression of these genes
post-infection suggest the primary role for AM during early
A. fumigatus infection may be neutrophil recruitment (Cornish
et al. 2008). Another genewith higher expression inwild-typeAM
than gp91phox−/− AMwas Socs3, a negative regulator of the proin-
flammatory cytokine, IL-6. Indeed, several studies have outlined
the role of NADPH oxidase in regulating inflammation. Grimm et
al. (2013) reported that the lungs of globally NADPH oxidase−/−

mice experienced far greater zymosan-induced inflammation
than wild-type mice. In a separate study, zymosan-induced pul-
monary inflammation was significantly higher in p47phox−/− and
gp91phox−/− mice compared with wild-type mice and in compar-
ison to wild-type lungs, resolution of lung inflammation was
impaired in NADPH oxidase-defective mice (Segal et al. 2010).
In this study, p47phox−/− and gp91phox−/− mice showed increased
activity of the proinflammatory transcription factor NF-κB, and
reduced nuclear translocation of the anti-inflammatory tran-
scription factor Nrf2 compared towild-typemice. These findings
establish a role for NADPH oxidase as a modulator of a proin-
flammatory response by negatively regulating NF-κB, and acti-
vating of Nrf2.

In vivo studies using murine models of IA have shown that
A. fumigatus infection drives a rapid alternatively activated
macrophage-mediated response and depletion of AM resulted
in a significantly higher fungal burden than AM-sufficient mice
(Bhatia et al. 2011). Interestingly, the high number of PMNs re-
cruited to the AM-deficient lungs were unable to control the
fungal load on this occasion, thereby indicating the cooper-
ative role of AM and neutrophils that is necessary to elimi-
nate conidia post-inhalation (Bhatia et al. 2011). AM orches-
trate a robust inflammatory response through the activation of
PRRs and the secretion of cytokines and chemokines, amongst
which are key mediators of neutrophil recruitment, including
TNF-α and CXCR2 ligands: macrophage inflammatory protein-2
(MIP-2)/CXCL2 and keratinocyte-derived chemokine (KC/)CXCL1
(Bhatia et al. 2011). This is important because although AM have
the capacity to eliminate small inocula of conidia, larger doses
of conidia appear to necessitate the involvement of neutrophils
(Philippe et al. 2003). Conidia that escape macrophage killing be-
gin to germinate, forming germ tubes and hyphae which pen-
etrate through the alveolar surface (Dagenais and Keller 2009).
Hyphae are too large to be phagocytosed by AM, and neutrophils
are employed to eliminate the invasive fungal form (Bonnett,
Cornish and Burritt 2006) (Fig. 4).
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The role of TNF-α in A. fumigatus infection

Tumor-necrosis factor-α (TNF-α) enhances the host response to
the fungus during early and latter stages of infection by aug-
menting the phagocytic potential of AM and by promoting the
capacity of PMNs to generate oxidative burst metabolites in re-
sponse to hyphae, which ultimately improves PMN-induced hy-
phal damage (Roilides et al. 1998).

TNF-α indirectly mediates neutrophil deployment to the site
of infection by inducing expression of adhesion molecules on
endothelial cells thereby promoting neutrophil trafficking in the
lungs (Vieira et al. 2009). Histology of pulmonary tissue from im-
munocompetent mice that had been treated with anti-TNF-α
antibody revealed conidial and hyphal forms just 3 days after
challenge with A. fumigatus conidia whereas untreated murine
lungs contained conidia only (Mehrad, Strieter and Staniford
1999). Consistent with this, a reduced neutrophil influx was ob-
served in TNF-α-neutralized murine lungs (Mehrad, Strieter and
Staniford 1999). In a further study investigating the role of CXCR2
ligands in chemokine-mediated immunity againstA. fumigatus a
90%mortality rate was observed in anti-CXCR2 antibody-treated
mice, while histology of lung tissue revealed large quantities of
hyphae and a dramatically reduced neutrophil count as com-
pared to untreatedmice (Mehrad et al. 1999). Similarly, a delayed
PMN recruitment to and increased conidial germination in the
lungs of CXCR2−/− mice was observed by Bonnett, Cornish and
Burritt (2006). However neither mortality nor hyphal formation
was reported in this study, perhaps due to the use of BALB/c
mice, a less IA-susceptible strain than the C57BL/6 mice used
in the study by Mehrad et al. (1999) (Bonnett, Cornish and Burritt
2006).

Neutrophil response to A. fumigatus

The critical role of neutrophils in innate defense against
A. fumigatus has been highlighted in several studies which have
demonstrated that the outcome of neutrophil depletion in mice
is high mortality rates and the establishment of IA (Stephens-
Romero, Mednick and Feldmesser 2005; Mircescu et al. 2009).
In contrast to other studies (Bhatia et al. 2011), it has been
suggested that AM are dispensable for host defense against A.
fumigatus (Mircescu et al. 2009). In vivo studies have revealed
that neutrophil recruitment is not entirely dependent upon AM-
mediated signaling and support a role for a proinflammatory-
mediated response by other immune cells, such as epithe-
lial cells, endothelial cells, natural killer (NK) cells and DCs
(Mircescu et al. 2009).

Neutrophils employ a range of oxidative and non-oxidative
mechanisms that effectively eliminate germinating spores and
hyphal forms of A. fumigatus, including phagocytosis, NADPH-
oxidase-mediated generation of ROS, production of lactoferrin
and crucially, the discharge of antimicrobial proteases by de-
granulation (Feldmesser 2006; Zarember et al. 2007). The conidio-
cidal effect of lactoferrin onA. fumigatushas been demonstrated,
and a key role for this glycoprotein as a non-oxidative killing
mechanism deployed by neutrophils in early defense against
conidia has been proposed (Zarember et al. 2007).

The necessity of a functional NADPH oxidase in neutrophil-
mediated killing of A. fumigatus is evident in individuals with
chronic granulomatous disease (CGD). CGD is a syndrome char-
acterized by mutations in p47phox which affect the ability of
NADPHoxidase to generate ROS, thus leaving patients extremely
susceptible to IA (Grimm et al. 2011). In vivo studies showed
NADPH-oxidase-defective (gp91phox−/−) mice experienced de-

layed PMN recruitment and were unable to inhibit conidial
germination (Bonnett, Cornish and Burritt 2006). Lung tis-
sue samples obtained from these mice showed extensive hy-
phal proliferation and tissue invasion which was not observed
in the pulmonary tissue of wild-type (C57BL/6 and BALB/C)
mice (Bonnett, Cornish and Burritt 2006). Analysis of BAL fluid
from wild-type and gp91phox−/− mice following pulmonary ex-
posure to resting conidia revealed that PMN form aggregates
around the spores. In contrast to wild-type PMN aggregates,
those lacking gp91phox were unable to inhibit conidial germi-
nation. However, addition of exogenous H2O2 and hypochlor-
ous acid (HClO) to NADPH oxidase-defective cells halted coni-
dial germination in vitro, thus indicating the importance of
ROS in tackling A. fumigatus infection (Bonnett, Cornish and
Burritt 2006). In line with previous studies (Paris et al. 2003;
Lamarre et al. 2007), H2O2 appeared a less effective ROS, but in
this study it contributed to inhibition of conidial germination
nonetheless.

The A. fumigatus toxins, gliotoxin and fumagillin have
demonstrated the ability to inhibit the fungicidal activity of neu-
trophils by blocking the formation of a functional NADPH ox-
idase complex (Tsunawaki et al. 2004; Fallon, Reeves and Ka-
vanagh 2010) (Fig. 2). The immunosuppressive properties of
gliotoxin are well established as evidenced by the ability to
induce an immunosuppressive state in mice by injecting the
toxin (Sutton, Waring and Mullbacher 1996). Deletion of the gliP
gene which controls gliotoxin biosynthesis, disabled NADPH ox-
idase inhibition by mutant strains of A. fumiagtus and also re-
duced fungal virulence in immunosuppressed mice (Sugui et al.
2007). In vivo, gliotoxin appears to be dispensable for virulence
in neutropenic murine models of aspergillosis; however, when
exposed to gliP mutants, immunosuppressed non-neutropenic
mice were more resistant to A. fumigatus than non-neutropenic
mice exposed to wild-type spores (Spikes et al. 2008). This indi-
cates that neutrophils are a primary target for gliotoxin.

The formation of neutrophil extracellular traps (NETs) was
described by Brinkmann et al. (2004) as a novel form of
neutrophil-mediated antimicrobial defense and has since been
implicated in the host defense against A. fumigatus (Bruns et al.
2010; McCormick et al. 2010; Röhm et al. 2014). NETs are net-
works of extracellular fibers composed of decondensed nuclear
chromatin that bind histones and antimicrobial granular pro-
teins including neutrophil elastase, myeloperoxidase, cathepsin
G, lactoferrin and gelatinase (Brinkmann et al. 2004). NET forma-
tion (NETosis) is induced by a variety of microbes or proinflam-
matory mediators such as IL-8 and is particularly important for
defense against pathogens that are too large to be phagocytosed,
such as A. fumigatus hyphae (Brinkmann et al. 2004; Urban et al.
2006).

Aspergillus fumigatus conidia are a trigger for NET formation
(Jaillon et al. 2007). However, NET formation depends on coni-
dial morphology and in vitro, hyphal forms and rodA mutants of
resting conidia, but not wild-type resting conidia were able to
trigger NETosis (Bruns et al. 2010). NETs stimulated by swollen
conidia do not appear to inhibit germination although they do
inhibit the growth of, but do not kill hyphae, thereby indicating
a role for NETs during the latter stages of A. fumigatus infection
(McCormick et al. 2010). Calprotectin, a NET-associated protein
chelates zinc ions thereby starving the fungus of an essential nu-
trient, and evidence suggests that NET-mediated hyphal growth
inhibition is at least in part calprotectin dependent (McCormick
et al. 2010; Bianchi et al. 2011). Bianchi et al. (2011) observed in
vitro growth inhibition of A. nidulans which was reversed when
calprotectin was blocked.
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It has been established in vitro and in vivo, that NET forma-
tion is dependent on a functional NADPH oxidase and the gen-
eration of ROS (Fuchs et al. 2007; Bruns et al. 2010; Röhm et al.
2014). In a murine model of CGD, the neutrophils of p47phox−/−

of mice were unable to form NETs and, in contrast to wild-
type mice, were unable to control hyphal burden or stem in-
flammation in the lungs when exposed to A. fumigatus (Röhm
et al. 2014). In a patient with gp91phox−/− CGD, gene therapy was
shown to restore NADPH oxidase and NET activity (Bianchi et al.
2009). After gene therapy, gp91phox+ neutrophils were shown
to kill A. nidulans with greater efficiency than gp91phox−/− con-
trol neutrophils in vitro. Despite inhibition of NET formation by
treatment of gp91phox+ and gp91phox−/− neutrophils with MNase
neutrophil-mediated fungal killing was not prevented and was
comparable in gp91phox+ and gp91phox−/− neutrophils (Bianchi
et al. 2009). This indicates that neutrophils also inhibit hyphal
growth in a NET-independent manner, such as degranulation.
At least with respect to A. fumigatus, it appears that NETs have a
fungistatic effect rather than a fungicidal effect (Bruns et al. 2010;
McCormick et al. 2010). Indeed, when phagocytosis was inhibited
with cytochalasin-D, neutrophil killing of conidiawas abrogated,
indicating that phagocytic events and not NET formation is the
main killer of A. fumigatus by neutrophils (Bruns et al. 2010).

Neutrophil degranulation involves the discharge of fungici-
dal hydrolytic enzymes from primary (azurophil) granules into
the phagocytic vacuole and it is this non-oxidative mechanism
that is primarily responsible for A. fumigatus killing (Spitznagel
1990; Segal 2005). While the contents of azurophilic granules
mediates direct killing of A. fumigatus, NADPH oxidase-derived
ROS promotes neutrophil degranulation through the activation
of these granular proteases (Reeves et al. 2002; Feldmesser 2006).
Furthermore, myeloperoxidase (MPO), a component of primary
granules, catalyzes the conversion of H2O2 to HClO (Roos, van
Bruggen and Meischl 2003). Lefkowitz et al. (1996) reported a role
forMPOas an immunomodulator ofmacrophage activity against
Candida albicans by stimulating macrophage-associated respira-
tory burst and the secretion of TNF-α, a cytokine known to in-
duce neutrophil degranulation and release of MPO (Lefkowitz
et al. 1996). Thus, NADPH oxidase targets A. fumigatus directly
through the production of ROS, and indirectly through the for-
mation of NETs and by hydrolytic enzymes released during neu-
trophil degranulation.

There is no doubt that AM and neutrophils play the major
role in the first line of defense against A. fumigatus. However,
there is mounting evidence that acknowledges the roles played
by other innate immune cells in the fight against this fungal
pathogen.

Eosinophiles and mast cell response to A. fumigatus

The role of eosinophiles in ABPA is well documented and the
fungicidal activity of eosinophiles has been reported (Yoon
et al. 2008; Wark et al. 2000; Patterson and Strek 2010) (Fig. 1).
More recently, eosinophiles have been implicated specifically
in the host defense against A. fumigatus (Lilly et al. 2014).
Eosinophile-deficient but otherwise immunocompetent mice
experienced increased hyphal burden and impaired fungal
clearance from lungs as compared to wild-type mice (Lilly et al.
2014). Moreover, cytokine and chemokine production (IL-1β,
IL-6, IL-17A, G-CSF, GM-CSF and CXCL1/KC) was significantly re-
duced in eosinophile-deficientmice, correspondingwith the im-
paired pulmonary clearance of A. fumigatus (Lilly et al. 2014).
Eosinophiles, like neutrophils, possess granules that contain
antimicrobial proteins including eosinophile peroxidase (EPO)

and major basic protein (MBP). Upon stimulation, eosinophiles
respond by activating a respiratory burst, and discharge their
granular contents into the phagosome and extracellular fluid
(Henderson and Chi 1985). It has been suggested that decreased
levels of EPO and MBP may contribute to the increased fungal
burden found in eosinophile−/− lungs (Lilly et al. 2014).

The role of mast cells in fungal infection is not well doc-
umented (Urb and Sheppard 2012). Mast cell degranulation is
classically associated with antigen-specific IgE; however, in vitro
studies show that A. fumigatus hyphae, but not conidia or germ
tubes trigger degranulation events in an IgE-independent man-
ner (Urb et al. 2009). Sincemast cells were not associated directly
with fungal killing, their purpose in A. fumigatus-induced im-
mune responses appears to be limited to modulating a proin-
flammatory response (Urb et al. 2009).

The NK cell response to A. fumigatus

The influence of NK cells on the host defense against A. fumiga-
tus has been highlighted by several studies (Morrison et al. 2003;
Park et al. 2009; Bouzani et al. 2011; Schmidt et al. 2011). While
the mechanism of pathogen recognition is unclear, it has been
established that NK cells respond to germinating but not rest-
ing conidia (Bouzani et al. 2011; Schmidt et al. 2011). Antifun-
gal activity appears to bemultifactorial andmediated by soluble
factors, although it is uncertain as to whether the stimulation
of NK cells is contact dependent (Bouzani et al. 2011; Schmidt
et al. 2011, 2013). IL-2-producing cells play an important role in
promoting NK cell anti-fungal potential, and the fungal killing
ability of IL-2 pre-stimulated human NK cells was shown to be
significantly greater than non-stimulated cells in vitro (Bouzani
et al. 2011; Schmidt et al. 2011).

NK cells induce fungal killing through the release of per-
forins, and in vitro, increased perforin levels correlated with
increased killing activity of A. fumigatus (Schmidt et al. 2011).
Others have attributed the fungicidal effect to NK cell-derived
IFN-γ (Bouzani et al. 2011). The anti-fungal activity of IFN-γ ap-
pears to be related to its ability to prevent the growth of ger-
minating conidia into hyphal forms (Park et al. 2009; Bouzani
et al. 2011). The conidial-killing capacity of AM increased when
incubated with wild-type NK cells than when incubated alone
or with IFN-γ −/− NK cells (Park et al. 2009). Thus, in addition to
exhibiting direct fungicidal effects on hyphae, NK cell-derived
IFN-γ augments the killing capacity of AM (Park et al. 2009).

NK cell-derived IFN-γ has a significant effect on the pul-
monary expression on IFN-inducible chemokines, specifically
CXCL9, CXCL10 and CXCL11 (Park et al. 2009). These ligands me-
diate the influx of Th-1 CD4 T cells through their association
with their common receptor CXCR3 (Groom and Luster 2011).
Interestingly, NK cells also express CXCR3; thus, through the
production of CXCR3 ligands NK cells appear to promote a posi-
tive feedback cycle during fungal infection (Park et al. 2009; Pak-
Wittel et al. 2013).

In immunocompetent hosts, neutrophils form the first line
of defense against hyphal forms of A. fumigatus; therefore, the
majority of in vivo studies carried out to assess the influence
of NK cells as a host defense mechanism have been performed
in a neutropenic setting (Morrison et al. 2003; Park et al. 2009).
The mortality rate of NK cell-depleted neutropenic mice has
shown to be twice that of neutropenic mice models of IA (Mor-
rison et al. 2003). Thus, NK cells appear to form an ‘extra line’
of defense against the invasive form of A. fumigatus that ap-
pears to be particularly important for the neutropenic host.
In fact, it has been proposed that NK cells may potentially

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article-abstract/39/5/670/530790/ by M
aynooth U

niversity user on 04 O
ctober 2019



Margalit and Kavanagh 681

be employed in adoptive immunotherapy procedures in the
context of transplantation to reduce the risk of aspergillosis
(Schmidt et al. 2011).

The role of monocytes in response to A. fumigatus

In vitro analysis of the interplay between humanmonocytes and
A. fumigatus has identified distinct roles for two monoctye sub-
sets, CD14+ CD16+ and CD14+ CD16−, in defense against the
fungus (Serbina et al. 2009). Conidial germination and internal-
ization is a prerequisite for monocyte activation and while nei-
ther subset were able to kill conidia, CD14+ CD16− but not CD14+

CD16+ inhibited conidial germination into hyphae, although the
latter were found to secrete far more TNF-α upon exposure to
the pathogen (Serbina et al. 2009). Through in vitro coincubation
of A. fumigatus with human monocytes an induction in the ex-
pression of TNF-α, IL-1α, IL-1β, 1L-6, 1L-10, IL-8, CCL7, CCL2 and
CCL20 in response to germinating conidia and hyphae but not
resting conidia was observed (Loeffler et al. 2009). Cortez et al.
(2006) reported an increase in cytokine and chemokine expres-
sion by human monocytes which coincided with an increase in
conidial phagocytosis in vitro. Murine Ly6Chi monocytes (CCR2-
expressing inflammatorymonocytes) were shown tomediate an
adaptive immune response to A. fumigatus through the activa-
tion of CD4+ T cells (Hohl et al. 2009). Following conidial uptake,
Ly6Chi monocytes rapidly convert to CD11+ monocyte-derived
DCs (Mo-DCs) and transport conidia to the draining lymphnodes
of the lung where they prime A. fumigatus-specific CD4+ T cells.
Recruitment of CD11+ Mo-DCs to the mediastinal lymph nodes
was abrogated in CCR2-depleted mice and the increased fun-
gal burden correlated to a loss of CD4+ T cell-related responses
(Hohl et al. 2009).

Human monocytes use the lysosomal degradation pathway
(autophagy) to eliminate A. fumigatus conidia, a process me-
diated by the recruitment of autophagy protein, LC3 II to the
phagosome (Kyrmizi et al. 2013). β-glucan-mediated activation of
Dectin-1/Syk kinase/ROS signaling is required for recruitment of
LC3 II and phagosomal maturation, thus only swollen or germi-
nating, but not resting conidia can trigger this process (Kyrmizi
et al. 2013). The involvement of NADPH-derived ROS in recruit-
ment of LC3 II to conidia-containing phagosomes renders this
pathway defective in the monocytes of patients with CGD (Kyr-
mizi et al. 2013).

In vivo studies using C57BL/6 mice depleted of CCR2+ Mo
demonstrated a clear role for CCR2+ monocytes (Mo) and Mo-
DCs in resistance to A. fumigatus, and CCR2-depleter mice were
extremely susceptible to IA compared to CCR2+ Mo-sufficient
mice (Espinosa et al. 2014). In vitro, CCR2+ Mo significantly en-
hanced the conidiacidal effect of conidia-containing neutrophils
and are a potent source of proinflammatory mediators such as
TNF, IL-12 and PTX3. In contrast to previous studies which have
suggested a fungistatic rather than a fungicidal effect by mono-
cytes (Serbina et al. 2009), CCR2+ Mo and Mo-DCs were shown
to be involved in direct killing of A. fumigatus. Conidial uptake
coincided with the differentiation of CCR2+ Mo to Mo-DCs (Es-
pinosa et al. 2014).While both cell typeswere shown to eliminate
conidia, Mo-DCs have superior killing abilities which depends
in part on NADPH oxidase. Interestingly, while p47phox−/− mono-
cytes had reduced killing capacity compared to p47phox+/+ Mo,
some killing was maintained in p47phox−/− cells indicating an-
othermethod of fungicidal activity is employed bymonocytes to
destroy A. fumigatus (Espinosa et al. 2014). Thus, it would appear
that the distinct contribution of monocytes to defense against
A. fumigatus is subtype dependent.

The role of platelets in A. fumigatus infection

It is not unusual for thrombocytopenia to accompany neutrope-
nia in individuals receiving chemotherapy or organ transplan-
tation (Demetri 2001). Aspergillus fumigatus is angioinvasive and
hyphal invasion of blood vessels causes characteristic features
of IA such as thrombosis and vascular infarction (Bezerra and
Filler 2004). A number of in vitro studies have identified poten-
tial roles for platelets in defense against A. fumigatus, particu-
larly against the hyphal form of the fungus (Christin et al. 1998;
Rødland et al. 2010). In vitro, it was observed that human platelets
surround and adhere to the surface of opsonized conidia and
hyphae, but do not engulf fungal spores, perhaps due to the
large size of A. fumigatus conidia relative to platelets (Christin
et al. 1998; Perkhofer et al. 2008). While studies have reported
platelet activation to be contact dependent, Speth et al. (2013)
observed platelet activation when these cells were exposed to A.
fumigatus-derived serine proteases and purified gliotoxin in vitro
and when exposed to the supernatant of gliP mutants, platelets
failed to activate.

Activation of platelets is identified by cell surface expres-
sion of CD62P antigen and CD63, markers for platelet activation
which are released from α-granules and δ-granules, respectively
(Christin et al. 1998; Perkhofer et al. 2008; Rødland et al. 2010). Ac-
tivated platelets were shown to inhibit conidial germination and
reduce hyphal elongation, at least in part by damaging hyphal
cell wall (Christin et al. 1998; Speth et al. 2013). Platelets store
platelet microbicidal proteins (PMPs) in granules and release
these antimicrobial factors upon pathogen-induced activation
(Christin et al. 1998; Perkhofer et al. 2008). One of these PMPs,
serotonin (5- hydroxytryptamine; 5-HT) is stored in δ-granules
and was shown to have fungistatic effects on several Aspergillus
species, including A. fumigatus (Perkhofer et al. 2007).

Furthermore, activated platelets modulate an immune re-
sponse by recruiting and enhancing the effects of other cells
such as PMNs and monocytes (Weyrich and Zimmerman 2004).
Rødland et al. (2010) observed hyphal-dependent induction of
CCL5, CD40L and DKK-1. These soluble factors are released from
α-granules and mediate a diverse range of immune responses
including chemotaxis and inflammation (Wong and Fish 2003;
Elgueta et al. 2009; Ueland et al. 2009). Additionally, coincuba-
tion of hyphal-activated human platelets with THP-1 cells and
human adherent monocytes enhanced the expression of IL-8 in
monocytes in vitro (Rødland et al. 2010). Thus, platelets appear to
play an important role in mediating proinflammatory responses
against A. fumigatus, specifically during the later stages of IA
when the fungus has germinated and has begun producing my-
cotoxins such as gliotoxin (Speth et al. 2013). While platelet ac-
tivation may be beneficial in terms of enhancing an immune re-
sponse against A. fumigatus, it may also contribute to unwanted
inflammation (Rødland et al. 2010).

DCs mediate an adaptive immune response to
A. fumigatus.

DCs have a number of well-established roles in the host de-
fense against A. fumigatus. Immature DCs (iDCs) can phago-
cytose opsonized or unopsonized conidia and hyphae, which
are recognized through a host of PRRs including Dectin-1, DC-
SIGN, CR3 and FcγRII (Bozza et al. 2002; Serrano-Gómez, Leal and
Corbı́ 2005; Mezger et al. 2008). It has been suggested that DC
maturation is in fact triggered through the DC-SIGN-mediated
binding and internalization of A. fumigatus conidia by DCs and
that the induction of an iDC-mediated inflammatory response is
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primarily due to the activation of Dectin-1 (Serrano-Gómez et al.
2004; Mezger et al. 2008). Consistent with this, a recent study
demonstrated that in vitro, β-glucan stimulates DCs to increase
the production of pro-inflammatory mediators, specifically IL-
12 and IL-8 (Fidan et al. 2014). A more recent study claimed that
Dectin-2 was the primary recognition receptor for the hyphal
form of A. fumigatus and activates human pDCs by coupling to
Syk indirectly through association with the FcγR chain (Loures
et al. 2015).

TNF-α, IL-6, IL-12, IL-1α and IL-1β appear to be the main
proinflammatory cytokines produced by iDCs upon exposure to
A. fumigatus conidia and hyphae (Bozza et al. 2002; Mezger et al.
2008; Morton et al. 2011). The differential expression of proin-
flammatory cytokines appears to be relative to fungal morphol-
ogy. In vitro studies showed that TNF-α was produced in response
to conidia and hyphae, an IL-12-response to conidia only, and an
IL-4 and IL-10-response to hyphae but not conidia (Bozza et al.
2002). Furthermore, time-dependent increase in all measured
cytokines and chemokines upon exposure to A. fumigatus germ
tubes was observed (Mezger et al. 2008).

IL-8/CXCL8, a potent chemoattractant for neutrophils, was
found to be up-regulated in fungal-infected iDCs, and an in-
crease in IL-8 was observed to coincide with germ tube for-
mation (Gafa et al. 2007; Morton et al. 2011; Fidan et al. 2014).
Moreover, neutrophils are known to produce cytokines such as
CCL3/MIP-1α and CCL4/MIP-1β, which signal the recruitment of
iDCs (Scapini et al. 2000). Aspergillus fumigatus-stimulated DCs
also express a host of inflammatory chemokines involved in T-
cell recruitment (Gafa et al. 2007). The upregulation of the CCR5
ligands CCL3, CCL4 and CCL5 following coincubation with A. fu-
migatus indicates the involvement of DCs in the recruitment of
front-line effector cells such as AM and neutrophils while the
expression of CCL20 and CCL19 results in the recruitment of ef-
fector memory T cells and naı̈ve T cells expressing CCR6 and
CCR7, respectively (Gafa et al. 2007; Morton et al. 2011). DCs that
have internalized conidia express CCR7 and can migrate to sec-
ondary lymph nodes to activate naı̈ve T cells (Gafa et al. 2006).

The role of plasmacytoid DCs (pDCs) in the host defense
against a murine model of IA has recently been highlighted and
it appears to be fungistatic rather than fungicidal (Ramirez-Oritz
et al. 2011). The antifungal activity of pDCswas attributed in part,
to the zinc sequestering effect of calprotectin (Ramirez-Oritz
et al. 2011). Interestingly, a recent study provided evidence that
pDCs like neutrophils form extracellular traps when stimulated
by A. fumigatus hyphae and so-called pETs (pDC extracellular
traps) were observed surrounding the hyphae (Loures et al. 2015).
pDCs are major type I IFN producers and an in vivo role for IFNs
against aspergillosis was suggested since IFN-α/βR−/− micewere
more susceptible to aspergillosis than wild-type mice (Ramirez-
Ortiz et al. 2011). Consistent with this, pDC-depleted mice were
significantly more vulnerable to IA than pDC-sufficient mice.

The adaptive immune response to A. fumigatus

It is well established that Th1 CD4+ T cells confer protection to
the host against the invasive form of A. fumigatus (Cenci et al.
1998, 1999; Chai et al. 2010). In contrast, Th2-mediated responses
to IA may be detrimental to the host and (DBA/2) mice with
impaired Th2 responses were more resistant to IA than their
wild-type counterparts (Cenci et al. 1998, 1999). In vivo evidence
suggests that distinct CD4+ T-cell responses against A. fumiga-
tus are influenced by fungal cell morphology (Rivera et al. 2005).
Immunocompetent (C57BL/6J) mice infected with live conidia
produced increased levels of IFN-γ , the signature Th1 cytokine,

while mice infected with heat-killed conidia produced far lower
amounts of IFN-γ and increased amounts of IL-4, the cytokine
associated with differentiation of CD4+ T cells into the Th2 sub-
type (Rivera et al. 2005). Thus, the specific T-cell responses em-
ployed to challenge distinct forms of A. fumigatus indicate that
the adaptive immune system can distinguish between threat-
ening and non-threatening forms of the pathogen and subse-
quently mount a response appropriate to the invasive potential
of the fungus (Rivera et al. 2005).

The role for Th17 cells in IA is less clear. Conflicting reports
provide evidence for and against a protective role of Th17 cells in
murinemodels of IA (Werner et al. 2009; Zelante et al. 2007). How-
ever in humans,A. fumigatus does not appear to induce the same
Th17-associated inflammatory response as in mice (Chai et al.
2010). In vitro, exposure of live A. fumigatus conidia to human pe-
ripheral bloodmononuclear cells induced limited expression (in
comparison toC. albicans) of IL-17, the signature cytokine of Th17
cells (Chai et al. 2010). Furthermore, IL-17 levels in BALs taken
from patients at risk of IA and with IA were low and IL-17 con-
centrations in serum samples taken from patients with IA were
lower than controls. One explanation for this is the ability of A.
fumigatus to inhibit IL-17 release via the tryptophan metabolism
pathway, thereby preventing a Th17-mediated inflammatory re-
sponse against this fungus (Romani et al. 2009; Chai et al. 2010).

CONCLUSION

Aspergillosis can be a devastating disease and in its most lethal
form (IA) can have a mortality rate of over 80% (Latgé 1999;
Singh and Paterson 2005). Aspergillus fumigatus conidia are in-
haled daily, and the immune response is capable of dealing
effectively and rapidly with these and thus preventing fungal
growth and tissue invasion. This review has outlined the cen-
tral roles played by some key components of the human in-
nate immune system in protecting the host against A. fumigatus.
In a stage-specific manner, participants of the innate immune
system work in synergy, in a way that is not yet fully elucidated,
to ensure an effective clearance of A. fumigatus conidia from
the respiratory airways of immunocompetent individuals before
they have the opportunity to develop. Where there is disruption
to the anatomical barriers (e.g. excess mucus in CF patients), re-
duction in neutrophils (e.g. neutropenia) or the absence of an
adequate immune response (e.g. immunosuppression prior to
organ transplantation) conidia germination can occur and tis-
sue invasionmay commence. Fully understanding the role of the
immune response in dealing with A. fumigatus conidia may en-
able us to develop novel strategies to boost the immune response
in immunodeficient patients and so assist in limiting fungal
infection.
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