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The innate immune system performs specific detection of molecules from infectious agents
through pattern recognition receptors. This recognition triggers inflammatory responses

and activation of microbicidal mechanisms by leukocytes. Infections caused by filamen-
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control and disease.

INTRODUCTION

Fungal infections are an important cause of morbidity and mor-
tality. Infections caused by filamentous fungi have increased in
incidence, especially in immunosuppressed individuals (Singh,
2001; Marr et al., 2002; Camilos et al., 2006; Enoch et al., 2006;
Segal and Walsh, 2006). Risk factors are generally associated with
immunosuppression and include therapy with corticoids or mye-
loablative drugs, neutropenia, and solid organ transplants (Marr
et al., 2002; Morgan et al., 2005; Camilos et al., 2006). Sporadic
cases of infection in immunocompetent individuals have also been
described, particularly in situations where traumatic inoculation
occurs, like the use of catheters, surgeries, or wounds (Pasqualotto
and Denning, 2006; Meersseman et al., 2008; Murray et al., 2008).

Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase
recruitment domain; BIR, baculovirus inhibitor of apoptosis protein repeat domain;
CARD, caspase activation and recruitment domain; C/EBP, CCAAT/enhancer biding
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tous fungi have increased in incidence and represent an important cause of mortality and
morbidity especially in individuals with immunosuppression. This review will discuss the
innate immune recognition of filamentous fungi molecules and its importance to infection
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Pathogenic fungi are variable in their biology, and can also include
commensal microorganisms such as Candida albicans, and oppor-
tunist filamentous fungi like Aspergillus fumigatus, Scedosporium
spp.» and Fusarium spp.

Filamentous fungi are saprophytic and widely distributed in
the environment. These fungi present multiseptated forms, the
hyphae, and forms of dispersion referred to as conidia. Conidia
are extremely small and are responsible for the establishment of
the infection once they reach deeper tissues, such as the lung alveoli
or wounds. In the absence of adequate removal by macrophages
and/or killing mediated by neutrophils, conidia germinate giving
rise to hyphae that promote tissue invasion and injury (Groll and
Walsh, 2001).

The pathogenesis of filamentous fungi is related to their ubiqui-
tous presence in the environment, their high capacity of dispersion
and small size of the conidia, which contribute to the access of these
structures to host tissues, like the respiratory tract. Filamentous
fungi are able to survive and grow in a wide range of tempera-
tures, varying from 25 to 37°C or even higher temperatures which,
in association with their low nutritional requirements, permits
host tissue colonization in a context of deficiencies in microbicidal
mechanisms of leukocytes and mobilization of the inflammatory
response (Groll and Walsh, 2001; Latgé, 2001).

Molecules from infectious agents are recognized by the innate
immune system triggering an inflammatory response that is fun-
damental to the initial control of infection. This early response
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dictates the activation of antigen specific lymphocytes, the hall-
mark of the adaptive immune response. Each microorganism is
composed of a peculiar set of molecules and ways to interact
with the host. The innate immune system also recognizes mol-
ecules from damaged host cells and tissues, promoting unique
immune/inflammatory responses.

The specific recognition of conserved microbial molecules from
infectious agents is performed by pattern recognition receptors
(PRRs; Akira et al., 2006; Medzhitov, 2007). Activation of these
receptors triggers intracellular signaling pathways resulting in
the production of cytokines, lipid mediators, and reactive oxy-
gen/nitrogen species. This activation of the immune system is
instrumental for pathogen killing but is also critically involved
in tissue damage (Nathan, 2002).

Toll like receptors (TLRs) and the C-type lectin receptors
(CLRs) are the best defined receptors involved in fungal recog-
nition. They couple pathogen detection to signaling cascades that
promote induction of pro-inflammatory mediators, phagocyto-
sis, and induction of adaptive immunity (Van de Veerdonk et al.,
2008).

Toll like receptors form a group of receptors that share homol-
ogy with Drosophila Toll receptor. Toll receptor was initially
demonstrated to be involved in immunity to fungal infections
in Drosophila through sensing of the protein Spitzle that is pro-
duced by proteolysis during the infection caused by A. fumiga-
tus (Lemaitre et al., 1996). Characterization of the Drosophila
Toll receptor opened the way for identification of mammalian
homologs designated TLRs which have been implicated in detec-
tion of microbial products and activation of innate immunity to
pathogens (Medzhitov, 2007).

TLR4 detects bacterial lipopolysaccharides (Poltorak et al.,
1998; Hoshino et al., 1999; Qureshi et al, 1999). TLR2
forms heterodimers with TLR1 or TLR6, recognizing diacylated
(TLR2/TLR6) and triacylated bacterial lipoproteins (TLR2/TLR1;
Takeuchi et al., 2000, 2001, 2002), lipoteichoic acid (TLR2/TLR6;
Schwandner et al., 1999; Schroder et al., 2003; Travassos et al.,
2004), lipoarabinomannans (TLR2/TLR1; Means et al., 1999; San-
dor et al.,, 2003; Tapping and Tobias, 2003), and GPI anchors
of protozoans (Campos et al., 2001; Krishnegowda et al., 2005;
Debierre-Grockiego et al., 2007). TLR5 recognizes bacterial fla-
gellin (Hayashi et al., 2001). TLR3, TLR7, TLRS, and TLR9
are present in endosomes and are involved in recognition of
internalized nucleic acids (Kawai and Akira, 2011). TLR3 senses
double-stranded RNA produced during viral infections (Alex-
opoulou et al,, 2001). TLR7/8 is responsible for detection of
single stranded RNA enriched in GU-containing sequences and
nucleotides analogs (Hemmi et al., 2002; Diebold et al., 2004; Heil
et al., 2004; Lund et al., 2004). TLRY recognizes DNA sequences
containing non-methylated CpG (Hemmi et al., 2000).

C-type lectin receptors are transmembrane proteins involved
in pathogen recognition by means of carbohydrate detection.
This group of receptors includes molecules involved in fungal
recognition such as Dectin-1 (CLEC7A), Dectin-2 (CLEC4n),
dendritic cell-specific ICAM3 grabbing non-integrin (DC-SIGN),
Macrophage-inducible C-type lectin (Mincle, CLEC4e), and man-
nose receptor (MR; Willment and Brown, 2008). Dectin-1, Min-
cle, and Dectin-2 recognize fungal products, and signal through

immunoreceptor tyrosine based motifs (ITAM), leading to acti-
vation of transcriptional factors such as NFAT and NF-kB and
induction of cytokines (Kerrigan and Brown, 2010). Furthermore,
some CLRs have been implicated in internalization of pathogens,
such as Dectin-1, DC-SIGN, and MR. Dectin-1 recognizes fun-
gal B-1,3-glucans (Brown and Gordon, 2001; Brown et al., 2003),
Dectin-2 is involved in cellular responses to mannans expressed
on fungal surfaces (Saijo et al., 2010). MR binds to polysaccha-
rides containing mannose and fucose residues and is involved
in recognition of many fungal pathogens (Kerrigan and Brown,
2009). Mincle senses mycobacterial glycolipid, trehalose dimyco-
late, and fungal molecules still uncharacterized, like C. albicans
(Miyake et al., 2010). DC-SIGN is involved in recognition of sev-
eral pathogens and has been implicated in internalization and
cellular infection by microorganisms like Mycobacterium tuber-
culosis, HIV, Dengue virus, and fungal pathogens (van Kooyk and
Geijtenbeek, 2003).

This review will discuss the receptors involved in innate
immune recognition of opportunist filamentous fungi and the
fungal surface molecules recognized by these receptors.

FUNGAL SURFACES AND MOLECULAR PATTERNS

Fungal pathogens have a thick cell wall that is essential for their
survival by providing protection against environmental stress and
allowing interaction with host cells and tissues. The distinct com-
position of the fungal surface in relation to the membrane of
mammalian cells offers a wide array of molecular patterns that
are important targets for recognition by the immune system and
impact the relationship between fungal pathogens and their hosts
(Latgé, 2010).

Zymosan, a particulate material obtained from the Saccha-
romyces cerevisiae cell wall, has been extensively used as a model
for investigation of the mechanisms of innate immune recognition
of fungal pathogens. Zymosan is composed mainly of polysaccha-
rides that include chitin, mannans, and B-glucans, in addition to
fatty acids and proteins (Di Carlo and Fiore, 1958). Zymosan is
promptly phagocytosed by macrophages and is a potent inducer
of pro-inflammatory cytokine release and reactive oxygen species
(ROS) production by macrophages and neutrophils (Murata et al.,
1987; Brown et al., 2003; Gantner et al., 2003).

Candida albicans is a well-studied fungal pathogen and its sur-
face has been characterized in detail. The C. albicans cell wall is
composed of an external coat of mannans and mannoproteins that
covers a deeper layer composed of B-glucans and chitin (Chaffin
etal., 1998; Masuoka, 2004). The mannans found in the C. albicans
surface are polymers of mannose linked by a-1,4, a-1,6, and a-1,2
bonds. The C. albicans cell wall also presents B-1,2 oligoman-
nosides joined to a-1,6 linked chains by phosphodiester bonds.
The surface linked proteins are heavily glycosylated with long
chains of mannans that are components of glycoproteins or gly-
colipids present in the surface. Internally, the C. albicans cell wall
is filled with a tough cross-linked layer of chitin and $-glucan with
glycolipids and glycoproteins anchored by glycosylphosphatidyli-
nositol groups. The core of the internal layer of the C. albicans
cell wall is formed by chains of B-glucans joined through f-1,3
and p-1,6 linkages. Chitin is a polymer of units of N-acetyl-p-
glucosamine linked by -1,4 bonds that is covalently linked to the
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net of B-glucans, thus conferring extensive cross-linking to the
B-glucan chains (Chaffin et al., 1998; Masuoka, 2004).

Filamentous fungi like A. fumigatus present a distinct com-
position in their surfaces in comparison with C. albicans. The
cell wall of A. fumigatus has an external coat covered with a-
1,3/a-1,4-glucans and galactomannans (Fontaine et al., 2000). In
contrast with yeasts, A. fumigatus presents peptidogalactoman-
nans containing oligomers of galactofurans linked to units of
a-1,2 mannoses and these polysaccharides are antigens released
during infection (Leitdo et al., 2003). Curiously, these mannans
are generally bound to glucans without a peptidic core (Fontaine
et al., 2000). As in yeasts, the A. fumigatus cell wall is consti-
tuted by a rigid insoluble layer of B-1,3-glucans that is branched
by B-1,6 linkages, but in the case of A. fumigatus, B-1,6 glu-
cans are not present and B-1,3/1,4 linear chains are part of the
cell wall (Fontaine et al., 2000). Chitin, galactomannans, and p-
1,3/1,4-glucans are covalently bound to the mesh of p-1,3-glucans
that forms the core of the cell wall (Fontaine et al., 2000). GPI-
anchored glycoproteins and polysaccharides are also present on
the A. fumigatus membrane (Fontaine et al., 2003; Costachel et al.,
2005).

Aspergillus fumigatus resting conidia present a hydrophobic
layer formed by the protein RodA. This layer masks B-glucans and
uncharacterized TLR activators, making resting conidia unable to
induce cytokine release by macrophages. During germination, the
rodlet layer of RodA is degraded and molecules that are recognized
by PRRs in macrophages and dendritic cells are then exposed and
promote cytokine production and expression of co-stimulatory
molecules. Similarly, other environmental non-pathogenic fungi
also express a layer of hydrophobins and their resting conidia
are also unable to induce dendritic cell activation, while chemical
removal of hydrophobins permits dendritic cell activation by the
resting conidia. Thus, the outermost hydrophobic layer of many
mold fungi prevents an undesired inflammatory response to rest-
ing conidia in what seems to be an evolutionary interplay between
environmental fungi and mammals. Thus the only morphologi-
cal stages that represent a real threat for host tissue invasion, like
germ tubes, swollen conidia, and hyphae, would be recognized by
the immune system (Aimanianda et al., 2009).

TOLL LIKE RECEPTORS AND RECOGNITION OF PATHOGENIC
FUNGI

TLR2 and TLR4 have been implicated in fungal recognition (Van
de Veerdonk et al., 2008). TLR2/TLR6 heterodimers are responsi-
ble for activation of NF-kB and cytokine induction by zymosan in
macrophages (Underhill et al., 1999; Ozinsky et al., 2000). TLR2
and TLR4 are involved in innate immune recognition of C. albicans
and A. fumigatus (Van de Veerdonk et al., 2008).

Mice with non-functional TLR4 (C3H/He]) present an
increased fungal load in the kidneys and deficiencies in neu-
trophil recruitment upon C. albicans challenge when compared
to TLR4 responsive mice (C3H/HeN; Netea et al., 2002). TLR4 is
required for the production of neutrophil chemoattractants MIP-
2/CXCL2 and KC/CXCLI1 by mouse macrophages stimulated with
heat-killed C. albicans blastoconidia, while TLR2 is required for
TNF-a and IL-1 release by human peripheral blood mononuclear
cells (Netea et al., 2002). T2~/ mice are more susceptible to

C. albicans infection showing a reduction in neutrophil mobiliza-
tion during infection. TLR2 is also required for MIP-2/CXCL2
and TNF-a release by murine macrophages in response to C.
albicans yeasts and hyphae (Villamoén et al., 2004). Bellocchio
et al. (2004) found that, in a model of gastric colonization by
C. albicans, Tlr4~'~, and TIr2~/~ mice display increased fun-
gal loads. These authors observed a reduced TNF-a release by
Tlr4~/~ macrophages, but not Tlr2~/~ macrophages, stimulated
with C. albicans yeasts or hyphae. On the other hand, these authors
did not observe any increase in the susceptibility of Tlr4~'~ or
TIr2~/~ mice to systemic C. albicans infection in regards to lethal-
ity and fungal load. Even though TLR2 and TLR4 have been clearly
demonstrated to recognize C. albicans, discrepancies among differ-
ent studies probably reflect heterogeneity of experimental settings.
Additionally, the differences in the experimental models of infec-
tion are most likely due to the different routes of infections used
in the study.

TLR2 and TLR4 are also involved in A. fumigatus recognition.
TLR2 is required for TNF-a release by macrophages in response to
A. fumigatus resting conidia and hyphae (Mambula et al., 2002).
In contrast, TLR4 deficiency does not impact TNF-a induction by
A. fumigatus in macrophages. Similar results were obtained with
HEK cells overexpressing TLR4 and TLR2, in which TLR2 expres-
sion promoted NF-kB activation in response to A. fumnigatus, while
TLR4 expression failed to do so (Mambula et al., 2002). Meier
et al. (2003) observed that A. fumigatus induces NF-kB activa-
tion in macrophages and overexpression of either TLR2 or TLR4
in HEK cells leads to NF-kB activation upon stimulation with
A. fumigatus conidia and hyphae (Meier et al., 2003). Further-
more, TLR4 but not TLR2 deficiency impaired cytokine release
by murine peritoneal macrophages stimulated with A. fumiga-
tus conidia and hyphae (Meier et al., 2003). Neutrophil recruit-
ment upon A. fumigatus challenge is reduced in C3H/He] mice,
and although a residual cytokine release and neutrophil recruit-
ment were still observed, C3H/He]/Tlr2~/~ mice show absence
of the cytokine release by macrophages and a greater reduction
in neutrophil mobilization in vivo, implying that both receptors
are involved in A. fumigatus recognition with TLR2 single defi-
ciency being compensated by TLR4 signaling (Meier et al., 2003).
Human polymorphisms in TLR4, TLR1, and TLR6 have been asso-
ciated with susceptibility to A. fumigatus infections in recipients
of hematopoietic transplants, indicating that these receptors are
involved in immunity to A. fumigatus (Kesh et al., 2005; Bochud
etal.,2008). Latter works demonstrated that innate immune recog-
nition of A. fumigatus requires germination of conidia. Resting
conidia are unable to induce cytokine release by macrophages, but
upon germination swollen conidia and germ tubes are recognized
by TLR2 and Dectin-1, thus triggering cytokine release and ROS
production by macrophages (Hohl et al., 2005; Steele et al., 2005;
Gersuk et al., 2006).

Toll like receptors are also involved in the innate recognition
of Pseudallescheria boydii, an important pathogenic filamentous
fungus. TLR4 is required for cytokine production by macrophages
in response to the stimulation with P. boydii conidia, while TLR2
seems to be dispensable. In contrast, induction of TNF-a by P.
boydii hyphae is independent of either TLR2 or TLR4 mediated
recognition (Figueiredo et al., 2010).
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Recognition of zymosan with subsequent cytokine production
by macrophages requires cooperation between TLR2 and Dectin-1
(Brown et al., 2003; Gantner et al., 2003). The capacity to activate
TLR2 is abolished by hot alkali treatment or oxidation of zymosan,
while Dectin-1 signaling is not impaired (Gantner et al., 2003; Saijo
etal.,2007). Macrophage activation by B-glucans is independent of
TLR signaling, but completely dependent on Dectin-1 triggering
(Rogers et al., 2005; Yoshitomi et al., 2005; Saijo et al., 2007). These
results indicate that different molecules are involved in zymosan
recognition by macrophages, with f-glucans inducing Dectin-1
activation and unknown molecules promoting TLR2 triggering.

Candida albicans phospholipomannans induce NF-kB activa-
tion and TNF-a release in murine macrophages by a mechanism
dependent on TLR2 activation that also requires TLR4 and TLR6
signaling for full-blown activation (Jouault et al., 2003). However,
it is uncertain if other pathogenic fungi express phospholipoman-
nans, in particular filamentous fungi. A phospholipomannan of
C. albicans was structurally characterized and shown to be com-
posed of B-1,2 oligomannosides linked to a phosphoinositol ring
that, in turn, is linked to a C18/C20 phytosphingosine and a ram-
ified C24/C25/C26 fatty acid (Trinel et al., 2002). However, the
structural requirements involved in TLR activation by phospho-
lipomannans are still unknown and direct interaction with TLR2,
TLR4, or TLR6 was not analyzed.

Glucuronoxylomannans (GXM) are central components of the
capsule present in the fungal pathogens Cryptococcus neoformans
and C. gattii. GXMs consist of polyanionic polysaccharides com-
posed of a-1,3 linked mannans, O-acetylated in some mannosyl
residues with substitutions of B-1,2 glucuronyl and p-1,2/8-1,4
xylosyl units (Rodrigues et al.,, 2011). GXM is recognized by
TLR4 (Shoham et al., 2001), TLR2/TLR1, and TLR2/TLR6 (Fon-
seca et al., 2010). Activation of TLR2/TLR1 and TLR2/TLR6
is associated with a smaller size of GXM particles (Fonseca
et al.,, 2010). Interaction of GXM with TLR4, TLR2/TLR1, or
TLR2/TLR6 promotes NF-kB activation (Shoham et al., 2001;
Fonseca et al., 2010), and expression of co-stimulatory molecules
by macrophages (Monari et al., 2005). However, in contrast to
prototypical TLR agonists, GXM does not induce TNF-a pro-
duction or activation of MAP kinases by macrophages (Shoham
et al., 2001; Monari et al., 2005). Nevertheless, other studies have
demonstrated the induction of cytokines by human neutrophils
and monocytes stimulated with GXM (Retini et al., 1996; Vec-
chiarelli etal., 1996; Delfino et al., 1997). Curiously, human mono-
cytes, like macrophages, do not produce the pro-inflammatory
cytokines TNF-a and IL-18 when stimulated with GXM (Retini
et al.,, 1996; Shoham et al., 2001; Monari et al., 2005). Although
TLR2 and TLR4 are clearly involved in recognition of GXM
particles, the structural determinants involved are still unchar-
acterized. In fact, GXMs are highly heterogeneous molecules and
it is possible that GXM recognition could trigger activation of
surface receptors other than TLRs that promote immunomodula-
tory effects distinct from those activated by TLR classical ligands.
Furthermore the heterogenicity of GXM composition could con-
tribute to the differences in the induction of cytokines, observed
in different works. The absence of induction of TNF-a by GXMs
in mononuclear phagocytes, in contrast to neutrophils, might
contribute to immune evasion of pathogenic Cryptococcus spp.,

since macrophages carry intracellular Cryptococcus yeasts during
infection.

Mannans isolated from C. albicans and Saccharomyces spp.
are inducers of cytokine release in macrophages through TLR4
recognition (Tada et al., 2002). Interestingly, TLR4 seems to coop-
erate with the MR. TLR4 recognizes O-linked mannans, while
N-linked mannans are recognized by MR (Netea et al., 2006).
TLR4 is also required for macrophage activation induced by P. boy-
dii conidia, and removal of mannans results in a great reduction
in TNF-a production by macrophages, indicating that mannans
play an important role in the innate immune recognition of P.
boydii. Rhamnomannans isolated from P. boydii are inducers of
cytokine production in macrophages through TLR4 activation.
Interestingly, mannans isolated from P. boydii present terminal
non-reducing units of rhamnose and chemical removal of these
units abolish cytokine induction, implying a role for these terminal
residues in recognition of P. boydii derived mannans (Figueiredo
et al., 2010).

P. boydii derived a-glucans induce cytokine production by
macrophages and dendritic cells, by means of recognition medi-
ated by TLR2 and CD14 (Bittencourt et al., 2006). Polysaccha-
rides extracted from the medicinal fungi Ganoderma lucidum
and Cordyceps sinensis are potent immunomodulators and have
antitumoral activity (Hsu et al., 2009). The ability of these poly-
saccharides to induce cytokine production and B cell activation
is dependent on TLR2 and TLR4 activation. Binding assays using
recombinant chimeric TLR4-Fcand TLR2-Fc demonstrated direct
binding to polysaccharides derived from G. lucidum. Further-
more, the binding of TLR4 and TLR2 to these polysaccharides
was inhibited by soluble mannans, indicating that TLR4 and TLR2
competitively bind both mannans and polysaccharides (Hsu et al.,
2009). It remains undefined how TLR4 and TLR2 detect fungal
molecules. Fungal polysaccharides such as mannans, a-glucans,
and GXMs are structurally distinct from the prototypical agonists
of TLR4 and TLR2. It is possible that fungal structures, particularly
complex polysaccharides or fragments of cell wall, could present
uncharacterized glycolipids anchored to their structures in such
a way that these compounds could act as true “agonists” of TLR4
and/or TLR2. To shed light into these questions, sensitive analyt-
ical techniques, including nuclear magnetic resonance and mass
spectrometry, could prove to be useful. In addition, complemen-
tary approaches like genetic models of deficiency in the synthesis
of specific molecules of fungal pathogens and selective inactivation
of investigated molecules (enzymatic treatments, selective chem-
ical reactions), in order to exclude contamination with bacterial
ligands or even the contribution of minor components of fungal
preparations. Direct binding of bacterial lipid A and lipopeptides
have been described for TLR4 and TLR2, respectively. In addi-
tion, crystallographic analysis of lipid A/TLR4/MD2 complex and
lipopeptides to TLR1/TLR2 or TLR6/TLR2 complexes have also
been obtained, indicating physical interaction between these lig-
ands and their receptor complexes (Jin et al., 2007; Kang et al,,
2009; Park et al., 2009). Thus it will be important to establish the
structural basis for TLR4 and TLR2 interaction with fungal mol-
ecules, which would help to understand how these receptors are
able to detect such distinct structures like LPS (Poltorak et al.,
1998; Hoshino et al., 1999; Qureshi et al., 1999) and lipoproteins
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(Takeuchi et al., 2000, 2001, 2002), as well as endogenous mam-
malian molecules such as carboxy alkyl pyrroles, hyaluronic acid,
heme, HMGB1, and heparan sulfate (Brunn et al., 2005; Figueiredo
etal., 2007; Taylor et al., 2007b; West et al., 2010; Yang et al., 2010).

Although TLR2 and TLR4 are involved in A. fumigatus recogni-
tion, the molecules involved in activation of these receptors were
not characterized. The A. fumigatus cell wall presents a-glucans
and mannans (Latgé, 2010) and, as it was found for P. boydii,
these molecules could be targets of recognition mediated by TLR2
and TLR4, respectively. Thus, it will be important to perform the
isolation and characterization of highly purified cell wall compo-
nents of A. fumigatus and other filamentous fungi, and screening
of such molecules for activation of selective PRRs including TLR4
and TLR2.

CD14 CONTRIBUTES TO TLR RECOGNITION OF FUNGAL
MOLECULES

CD14 was initially characterized as a receptor involved in LPS
binding to cell membrane and LPS-induced cellular responses.
CD14 is a glycosylphosphatidylinositol-anchored protein that
lacks an intracellular signaling domain (Wright et al., 1990). CD14
was implied in cellular responses to several microbial molecules,
such as lipoproteins (Schroder et al., 2004) and lipoteichoic acid
(Schroder et al., 2003). Although unable to trigger cellular signal-
ing, CD14 promotes loading of TLR4/MD2 and TLR2 with their
ligands, a mechanism that contributes to detection of these soluble
molecules in small amounts (Wright et al., 1990; Schroder et al.,
2004).

CD14 is involved in the recognition of filamentous fungi. CD14
overexpression in human cell lines results in increased NF-kB acti-
vation and TNF-a production in response to A. fumigatus. These
results, however, are in contrast with others showing no difference
in TNF-a production by Cd14~/~ and wild-type macrophages
stimulated with A. fumigatus, indicating that in the case of murine
macrophages CD14 is dispensable for A. fumigatus recognition
(Mambula et al., 2002). Activation of human monocytes by A.
fumigatus hyphae is dependent on recognition mediated by CD14
and TLR4, since blocking these receptors with monoclonal anti-
bodies results in reduction of TNF-a production (Wang et al.,
2001). Recognition of P. boydii conidia requires CD14, as demon-
strated by reduction in TNF-a release by Cd14~/~ macrophages
when compared with wild-type cells (Figueiredo et al., 2010). The
a-glucans isolated from P. boydii also require CD14 for cytokine
induction by murine macrophages (Bittencourt et al., 2006). Man-
nans derived from C. albicans and S. cerevisiae induce macrophage
activation with induction of pro-inflammatory cytokines in a
mechanism that is also dependent on CD14 recognition (Tada
etal.,2002). C. neoformans derived GXM induces macrophage and
epithelial cell activation by a mechanism requiring CD14 recog-
nition. Furthermore CD14 is involved in GXM internalization by
macrophages (Barbosa et al., 2007).

The mechanism by which CD14 promotes leukocyte activa-
tion in response to fungal molecules is still largely unknown. As
observed with bacterial activators of TLR2 and TLR4, CD14 is
probably involved in the transfer of fungal molecules to TLR2
or TLR4. Studies using isolated fungal molecules and measure-
ments of their binding to CD14 and TLR2/TLR4 and cellular

activation would be valuable in defining the role of CD14 in fungal
recognition.

ROLE OF C-TYPE LECTIN RECEPTORS ON FUNGI
RECOGNITION

Dectin-1 is a type II transmembrane protein with an extracel-
lular CLR domain and was identified by means of a search in a
cDNA library obtained from RAW264.7 cells for genes able to con-
fer B-glucan binding (Brown and Gordon, 2001). Dectin-1 binds
and promotes phagocytosis of particles containing f1,3-glucans
(Brown and Gordon, 2001; Brown et al., 2002). Dectin-1 cou-
ples detection of B-glucans to induction of phagocytosis, since
internalization, but not binding of zymosan, requires a functional
ITAM motif in its intracellular tail (Herre et al., 2004). Dectin-
1 presents an intracellular domain containing an hemi-ITAM
motif that is phosphorylated upon clustering of Dectin-1. The
hemi-ITAM present in the cytoplasmic tail of Dectin-1 recruits
Syk kinase and results in its activation, an upstream event in the
Dectin-1 signaling pathway (Rogers et al., 2005). Activation of
Dectin-1 induces NF-«kB and NFAT activation and the production
of cytokines in response to purified p-glucans, by a signaling path-
way requiring activation of Syk and the adaptor CARD9 (Rogers
et al., 2005; Gross et al., 2006; Goodridge et al., 2007; Hara et al.,
2007). As opposed to TLRs that recognize soluble ligands, Dectin-
1 signaling requires its clustering by aggregates of p-glucans in
order to promote Syk activation and exclusion of tyrosine phos-
phatases CD45 and CD48 (Goodridge et al., 2011). Dectin-1 is
absolutely required for macrophage recognition of B-glucans, since
macrophages obtained from Dectin-1 deficient mice are unable to
produce cytokines in response to B-glucans (Saijo et al., 2007;
Taylor et al., 2007a).

Dectin-1 cooperates with TLR2 in cell activation induced by
zymosan, amplifying NF-kB activation and cytokine production
by macrophages, and inducing generation of ROS (Brown et al.,
2003; Gantner et al., 2003). Zymosan submitted to hot alkali treat-
ment or oxidation with NaClO is unable to induce TLR2 signaling
but it still promotes Dectin-1 activation, indicating that Dectin-1
is able to induce macrophage activation independently of signaling
mediated by TLR2, although cooperation between these receptors
is required for cytokine production (Gantner et al., 2003; Saijo
etal., 2007).

Phagocytosis of C. albicans yeasts requires recognition of B-
glucans by Dectin-1. Interestingly, B-glucans are exposed on the
C. albicans surface during budding of yeasts, while hyphae have
a low expression of B-glucans on the cell surface (Gantner et al,,
2005). Dectin-1 is also involved in innate immune recognition of
A. fumigatus. During germination, exposure of 3-glucans on sur-
faces of A. fumigatus conidia promotes recognition mediated by
Dectin-1 (Gersuk et al., 2006; Luther et al., 2007). The pattern of
expression of B-glucans seems to influence the phagocytosis of A.
fumigatus conidia, since resting conidia show a reduced internal-
ization by macrophages when compared to swollen conidia that
have exposed B-glucans on the surface as a consequence of the
degradation of the hydrophobic layer during germination (Hohl
et al., 2005; Steele et al., 2005; Gersuk et al., 2006). Phagocyto-
sis of A. fumigatus resting conidia obtained from a pksP deficient
strain is increased, in comparison to the wild-type resting conidia.
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Resting conidia from pksP mutants are deficient in the synthesis
of melanin and show higher exposure of B-glucans on their sur-
face, thus implying exposure of B-glucans as a regulator of the
phagocytosis of A. fumigatus conidia (Luther et al., 2007).

Dectin-1 activation also triggers generation of ROS upon recog-
nition of fungal pathogens such as C. albicans yeasts, zymosan,
and A. fumigatus germ tubes (Gantner et al., 2003, 2005; Ger-
suk et al., 2006). Thus, Dectin-1 integrates fungal phagocytosis
and production of inflammatory mediators through recognition
of B-1,3-glucans exposed on the fungal surface.

Dectin-1 (also known as CLEC7A) is involved in innate
immune recognition of C. albicans (Gantner et al., 2005; Saijo
etal., 2007; Taylor et al., 2007a), Pneumocystis carinii (Steele et al.,
2003), and A. fumigatus (Hohl et al., 2005; Steele et al., 2005; Ger-
suk et al., 2006). However, discrepant results have been reported
in experimental models of infection with C. albicans that demon-
strated either a higher susceptibility of Clec7a™/~ mice to infection
or no role for Dectin-1 (Saijo et al., 2007; Taylor et al., 2007a). On
the other hand, Dectin-1 is absolutely necessary for the immune
response to A. fumigatus. Clec7a~/~ mice succumb to pulmonary
infection due to increased growth of A. fumigatus hyphae. This
increased susceptibility is associated with an impairment in micro-
bicidal activity and generation of ROS by neutrophils, as well a
reduction in neutrophil recruitment to the lungs. Clec7a™/~ mice
present a reduced production of pro-inflammatory cytokines dur-
ing the infection (Werner et al., 2009). It is interesting that A.
fumigatus, an opportunist pathogen, causes lethal infections in
Clec7a™'~ mice in the absence of immunosuppressive treatments,
aphenotype thatis not observed in TLR2, TLR4, or MyD88 knock-
out mice, indicating a critical role for Dectin-1 in innate immunity
to A. fumigatus (Dubourdeau et al., 2006; Bretz et al., 2008).

Dectin-2 (also known as CLEC4N) was initially identified by
the screening of a ¢cDNA library obtained from dendritic cells
(Ariizumi et al., 2000). Dectin-2 recognizes hyphae of C. albi-
cans, Trichophyton rubrum, and Microsporum audouinii (Sato etal.,
2006). Although Dectin-2 lacks intracellular signaling motifs, its
association with FcRy chain, which contains ITAM motifs, leads to
the activation of Syk kinase and recruitment of CARD9 (Sato et al.,
2006; Saijo et al., 2010). Activation of the Dectin-2 signaling path-
way results in activation of NF-kB thus promoting the induction
of transcription of pro-inflammatory cytokines (Bi et al., 2010;
Saijo et al., 2010).

A soluble recombinant version of Dectin-2 carbohydrate recog-
nition domain (CRD) binds mannans and fungal surfaces by
a mechanism dependent on Ca™2, and blocked by mannose or
fucose monosaccharides (McGreal et al., 2006). Glycan array
analysis reveals that Dectin-2 presents selectivity to structures
with a high content of mannosyl residues (McGreal et al., 2006).
Clec4n™'~ macrophages have impaired cytokine production and
fail to activate Syk, MAP kinases, and NF-kB in response to C.
albicans a-mannans or cell wall preparations. Clec4n™'~ mice
are susceptible to C. albicans infection presenting higher fungal
loads in kidneys than wild-type mice. Clec4n~/~ macrophages also
show impaired production of cytokines in response to C. albicans
yeasts or hyphae. Furthermore, Clec4n™'~ mice show a deficient
Th17 polarization whose induction with consequent production
of IL17A is essential to immunity and survival during infection
(Saijo et al., 2010).

The role of Dectin-2 in detection of filamentous fungi has not
been investigated. Since a-mannans constitute the core of polysac-
charides in many surface associated glycoconjugates from filamen-
tous fungi, Dectin-2 could be a receptor involved in innate immune
recognition of fungi like A. fumigatus and other mold fungi.

Mincle (also known as CLEC4E) was identified as a
downstream gene of C/EBPB, a member of the family of
CCAAT/enhancer binding protein (C/EBP) of transcription fac-
tors, by screening of a subtraction library in wild-type and
Cebpb™'~ macrophages (Matsumoto et al., 1999). Mincle is a type
I transmembrane receptor of the group of CLRs (Miyake et al.,
2010). Similarly to Dectin-2, Mincle engages signaling by recruit-
ment of FcRy chain, which leads to NFAT activation (Yamasaki
et al., 2008).

Soluble recombinant Mincle binds to C. albicans and S. cere-
visige (Bugarcic et al., 2008; Wells et al., 2008). In experimen-
tal models of C. albicans infection, Clec4e™~ mice present
higher fungal loads in kidneys than Clec4e™’+ mice. Clec4e™~
macrophages show impaired production of TNF-a in response
to C. albicans yeasts (Wells et al., 2008). Mincle also recognizes
Malassezia spp., a commensal yeast associated with dermatitis and
infections in newborns. Mincle binds to Malassezia spp. and this
involves a domain for recognition of mannoses. In a microarray
for glyconjugates, Mincle was demonstrated to bind to a-mannosyl
residues but not mannans, indicating recognition of terminal o-
mannoses (Yamasaki et al., 2009). Clec4e ™/~ macrophages present
impaired production of cytokines in response to M. pachyder-
matis. Furthermore Clec4e™'~ mice show impaired production
of cytokines and leukocyte recruitment during infection by M.
pachydermatis (Yamasaki et al., 2009).

The role of Mincle in the response to filamentous fungi is
unclear. Yamasaki et al. (2009) failed to observe Mincle medi-
ated responses to Aspergillus spp. or Scedosporium apiospermun
when Mincle expressing cells carrying a NFAT reporter system
were stimulated with these fungi (Yamasaki et al., 2009). However,
the use of Mincle overexpression systems could fail to mimic the
responses of cells that naturally express it, like macrophages or
dendritic cells. For example, C. albicans has been demonstrated to
require Mincle for macrophage activation, although in the NFAT
reporter system employed by Yamasaki et al. (2009) C. albicans
strains were not able to induce NFAT activation (Wells et al,,
2008). Fungal molecules responsible for Mincle activation are
still unknown. Although Mincle has been demonstrated to bind
a-mannosyl residues (Yamasaki et al., 2009), it remains to be estab-
lished if a-mannosyl residues expressed on fungal molecules are
the natural ligands of Mincle.

Denderitic cell-specific ICAM3 grabbing non-integrin is a type
II transmembrane protein that contains a C-type lectin extracel-
lular portion. DC-SIGN was initially characterized as a protein
able to bind to HIV-1 glycoprotein, gp120. Subsequent studies
demonstrated a role for DC-SIGN in interaction of dendritic cells
and macrophages with several pathogens such as M. tuberculosis,
Dengue virus, HIV, and Ebola virus (van Kooyk and Geijtenbeek,
2003).

Dendritic cell-specific ICAM3 grabbing non-integrin is
involved in C. albicans recognition by mediating C. albicans
binding to dendritic cells. Furthermore, DC-SIGN colocalizes with
C. albicans-containing phagosomes during its internalization by
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dendritic cells (Cambi et al., 2003). DC-SIGN mediates binding
and internalization of A. fumigatus conidia in macrophages and
dendritic cells. (Serrano-Goémez et al., 2004). Recognition of C.
albicans and A. fumigatus by DC-SIGN is blocked by soluble man-
nans, suggesting that these are the ligands for DC-SIGN on fungal
surfaces (Cambi et al., 2003; Serrano-Gémez et al., 2004).

The role of DC-SIGN in microbial phagocytosis is uncertain.
It is not clear whether DC-SIGN mediates only pathogen binding
or also signals microbial internalization. Mutations in two adja-
cent leucines in a conserved intracellular motif of DC-SIGN result
in a preserved binding to particles containing DC-SIGN ligands,
although internalization of these particles is impaired, thus indi-
cating a role for DC-SIGN in the activation of phagocytosis (Azad
et al., 2008). However, it remains to be defined whether DC-SIGN
is able to promote ingestion of pathogens in professional phago-
cytes, such as dendritic cells and macrophages, or if it is a receptor
that mediates microbial binding to phagocytes for internalization
mediated by phagocytic receptors.

Chimeric DC-SIGN-Fc protein binds to mannans, a-mannosyl,
and a-fucosyl residues but not to sialylated Lewis carbohydrates
(Lee et al., 2011). Thus, it seems that DC-SIGN is involved in the
recognition of a large spectrum of pathogens, including fungal
pathogens, by means of detection of mannose/fucose contain-
ing glycoconjugates. In contrast to other PRRs, like Dectin-1 and
TLRs, DC-SIGN has been described to inhibit production of pro-
inflammatory cytokines, particularly IL-12p70, while promoting
IL-10 production, which has been interpreted as a mechanism
for immune evasion of pathogens that express DC-SIGN ligands
(van Kooyk and Geijtenbeek, 2003). However it remains to be
established if fungal pathogens target DC-SIGN in order to evade
immune responses during infections.

Mannose receptor is a type I transmembrane protein contain-
ing an extracellular cysteine rich domain, a fibronectin type II
repeat, eight C-type lectin domains, and a stalk portion connecting
the extracellular domain to a short intracellular region. MR recog-
nizes mannose, fucose, or N-acetylglucosamine residues present
in glycoconjugates (Ezekowitz et al., 1990; Lee et al., 2011). MR
is a receptor for binding and internalization of several pathogens,
including M. tuberculosis, Leishmania spp., and fungi such as C.
albicans and P, carinii (Kerrigan and Brown, 2009).

Mannose receptor was the first phagocytic receptor described
that was able to mediate fungal internalization through recog-
nition of fungal derived molecules, in the absence of opsonins
(Ezekowitz et al., 1990). MR expression confers phagocytic capac-
ity to P. carinii, yeasts and zymosan in non-phagocytic cells, and
the ingestion of these particles is inhibited by soluble mannans
(Ezekowitz et al., 1990). The role of MR in phagocytosis is not
only due to particle binding, but involves signaling by its intracel-
lular portion, since chimeric proteins containing the extracellular
portion of FcyRI and transmembrane and intracellular regions of
MR are able to promote internalization of IgG-opsonized erythro-
cytes, thus indicating that intracellular motifs of MR are able to
couple detection of particles to activation of phagocytic machin-
ery (Kruskal et al., 1992). MR has been described as a receptor
mediating internalization of C. neoformans and P. carinii by den-
dritic cells and macrophages (Ezekowitz et al., 1990; Syme et al,,
2002; Zhang et al., 2005).

Cytokine production by macrophages in response to C. albicans
N-linked mannans is mediated by MR (Netea et al., 2006). Inter-
nalization and activation of dendritic cells by C. albicans requires
recognitions of N-linked mannans, by mechanisms involving
recognition by DC-SIGN and MR (Cambi et al., 2008). C. neofor-
mans mannoproteins promote dendritic cell activation thorough
MR detection (Tachado et al., 2007). MR mediates internaliza-
tion of P. carinii and IL-8/ CXCLS release by alveolar macrophages
in cooperation with TLR2 signaling, during P. carinii recognition
(Tachado et al., 2007). Although MR has been identified as a recep-
tor involved in the recognition of fungal pathogens, experimental
models of infection do not show increased susceptibility to C. albi-
cans or P. carinii infection in Mrc1™/~ mice. Still, Mrc1~/~ mice
show increased leukocyte recruitment and pulmonary pathology
during infection by P. carinii (Lee et al., 2003; Swain et al., 2003).
C. neoformans infection results in increased mortality and higher
fungal loads in Mrc1~/~ mice (Dan et al., 2008). In summary, MR
seems to be dispensable for immunity to some fungal pathogens,
possibly due to the recognition of mannans by other PRRs, like
Dectin-2 and TLR4 (Netea et al., 2006; Saijo et al., 2010). The role
of MR in recognition of mold fungi is unknown, but since man-
nans are present on the external layer of these fungi, MR must be
involved in immune recognition of these pathogens.

The growing knowledge on CLR biology has made clear the
involvement of these receptors in fungal recognition. The ability
of Dectin-1, Dectin-2, Mincle, DC-SIGN, and MR to recognize car-
bohydrates makes these proteins important sensors for fungi since
these are the major components of fungal surfaces. CLRs integrate
fungal detection to cellular events like phagocytosis, microbicidal
activity, and cytokine induction. In addition, they also cooperate
with other classes of PRRs such as TLRs. Thus, a better under-
standing of the role of CLRs in the recognition of fungal pathogens
should provide an important contribution to the comprehension
of the immunopathogenesis of fungal infections.

ACTIVATION OF CYTOSOLIC NOD-LIKE RECEPTORS BY
FUNGAL INFECTION

Soon after the discovery of the TLRs, it became clear that, despite
their key role in microbial detection, TLRs could not account for
full host protection. The apparent inability of TLRs to sense intra-
cellular pathogens led to the concept that other PRRs could be
involved in cytosolic microbial detection. Bioinformatic analyses
have identified the existence of more than 20 Nod-like receptors
(NLR) in the human genome. Due to the lack of signal pep-
tides and transmembrane domains, NLRs are thought to localize
in the cytosol, where they would continuously screen this com-
partment for the presence of microbes. A typical NLR protein
displays (i) a C-terminal leucine-rich repeat (LRR) domain that
is possibly involved in recognition of conserved microbial pat-
terns or other ligands; (ii) a centrally located NACHT domain
that mediates self-oligomerization and is essential for activation
of the NLRs, and (iii) a N-terminal effector domain, which is
responsible for protein—protein interaction with adapter mole-
cules that result in signal transduction. Based on the nature of
their N-terminal domain, the NLRs have been divided into sub-
families: the Nods (Nod1 and Nod2) and NLRC4 possess a caspase
recruitment domain (CARD), the NLRPs (NLRP1-14) display a
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pyrin domain (PYD), and Naip presents a baculovirus inhibitor of
apoptosis protein repeat domain (BIR). Like the TLRs, the NLRs
sense characteristic microbial products and possibly “danger sig-
nals” but to date only few have known ligands (Carneiro et al.,
2008).

Nod1 and Nod2 have been characterized as bacterial peptido-
glycan sensors. A putative role for Nod2 in response to A. fumigatus
conidia was suggested based on the observations that, in a mouse
model of intranasal inoculation of A. fumigatus conidia, Nod2
protein expression was upregulated in the lungs and that stimu-
lation with muramyl dipeptide (MDP) increased the secretion of
TNEF-a induced by A. fumigatus conidia (Zhang et al., 2008). On
the other hand, no role for Nod2 was observed in Candida infec-
tion — neither did the prevalence of Nod2 polymorphisms increase
in Candida infections nor was the pattern of cytokines produced
in response to Candida infection altered in individuals with Nod2
polymorphisms (Van der Graaf et al., 2006).

The NLRs involved in inflammasome assembly, on the other
hand, have been implicated in the innate immune response to a
variety of fungi, including C. albicans, A. fumigatus, and S. cere-
visiae. By definition, inflammasomes are multi-protein complexes
comprising the intracellular adaptor protein ASC (apoptosis-
associated speck-like protein containing a CARD, also known as
TMS1) and a “sensor NLR” that function as molecular scaffolds
for the activation of caspase-1. Several inflammasomes have been
characterized and each one is named upon the unique NLR pro-
tein that forms the molecular platform (NLRP1 inflammasome,
NLRP3 inflammasome, and the NLRC4 inflammasome; Davis

et al., 2011). In particular, the NLRP3 inflammasome has been
proposed to play an important role in antifungal host defense.

It has been shown that large particulate $1,3-glucans, including
curdlan, glucan from baker’s yeast, paramylon, and zymosan, acti-
vate the transcription of pro-IL-1f through a Dectin-1-dependent
pathway in human macrophages (Kankkunen et al., 2010). The
Dectin-1/Syk pathway is essential for B-glucan-induced IL-1f
mRNA expression (Kankkunen et al., 2010). Additionally, -
glucans activate the NLRP3 inflammasome resulting in IL-1f
processing and secretion. Interestingly, p-glucan appears to be
able to provide the double-hit necessary for IL-1f secretion, i.e.,
induce transcription of pro-IL-1f and promote IL-1p processing
and secretion by inducing inflammasome formation. This unique
ability seems to be related to its capacity to trigger the Dectin-
1/Syk pathway as well as inducing ROS formation and potassium
efflux (Kankkunen et al., 2010).

The first reports to demonstrate a role for the inflamma-
somes during fungal infection described the stimulation of the
NLRP3 inflammasome in the innate immune response to C. albi-
cans. Infection of macrophages and dendritic cells with C. albi-
cans results in activation of the NLRP3 inflammasome with the
resultant activation of caspase-1 and processing and secretion of
IL-1B. The known fungal PRRs TLR2 and Dectin-1 regulate IL-18
gene transcription, whereas the NLRP3 inflammasome controls
caspase-1 mediated cleavage of pro-IL-18. Together, these three
PRRs are essential for defense against dissemination of mucosal
infection and mortality in vivo (Gross et al., 2009; Hise et al,,
2009).

Aspergillus fumigatus

TNFa, MIP-2/CXCL2, IL-6

Pseudallescheria boydii

FIGURE 1 | TLR2, TLR4, Dectin-1, and CD14 are involved in innate immune
recognition of A. fumigatus developmental stages. A. fumigatus resting
conidia do not induce cytokine production by macrophages and dendritic
cells, but during the process of germination, swollen conidia, germ tubes, and
hyphae expose B-glucans, agonists of Dectin-1, and uncharacterized ligands
for TLR2, TLR4 which induce signaling pathways that culminate with cytokine

release by innate immune cells. Recognition of P boydii involves recognition
of a-glucans and rhamnomannans by TLR2 and TLR4, respectively. P boydii
conidia require CD14 and TLR4 activation for the induction of macrophage
activation, while activation of TLR2 or TLR4 is dispensable for macrophage
recognition by R boydii hyphae. The role of Dectin-1 in P boydii recognition is
still unknown.
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As mentioned above, Syk, operating downstream of the Dectin-
1/CARDY axis controls transcription of several cytokine genes,
upon fungal recognition, including pro-IL-1f. Interestingly, inhi-
bition of Syk not only results in inhibition of pro-IL-1f tran-
scription, as expected, but also affects the NLRP3 inflammasome
activation after cell stimulation with C. albicans. These results
suggest that the ability of C. albicans to induce both pro-IL-18
transcription and secretion rely on the activity of Syk. Whereas
Syk signaling for pro-IL-1f transcription selectively depends on
CARD?Y, the activation of the NLRP3 inflammasome involves
production of ROS and potassium efflux. These two events are
a common theme to many NLRP3 activators but the inhibi-
tion of Syk selectively abrogates inflammasome activation by
C. albicans and Dectin-1 and not other known NLRP3 activa-
tors (Gross et al., 2009; Kumar et al., 2009; Kankkunen et al.,
2010).

In addition to its role as a regulator of inflammation and innate
immunity, IL-1f also exerts its effects by controlling Th1 and Th17
adaptive responses. A recent study demonstrated a crucial role
of the inflammasome components ASC and caspase-1 in regu-
lating antifungal Th1/Th17 protective responses and preventing
increased fungal overgrowth and disseminated candidiasis. The
increased susceptibility of ASC- and caspase-1-deficient mice to
C. albicans infection is in line with the reports mentioned above
reporting increased susceptibility to candidiasis of NLRP3- and
IL-1B-deficient mice (Van de Veerdonk et al., 2011).The relevance
of the NLRP3 inflammasome in response to C. albicans infec-
tion is illustrated by experiments showing hyper-susceptibility of
NLRP3-deficient mice. NLRP3-deficient mice show diminished
concentrations of IL-1f in the sera, reduced survival, and higher
fungal burdens in kidney, spleen, liver, and lung following infection
(Gross etal.,2009; Hise et al., 2009; Van de Veerdonk et al., 2011).In
amucosal model of C. albicans challenge, inflammasome-deficient
mice show susceptibility to infection with higher fungal loads and
lethality, demonstrating that NLRP3, ASC, and caspase-1 mediate
C. albicans-induced IL-1p responses and antifungal defense in vivo
(Hise et al., 2009).

Aspergillus fumigatus induces secretion of IL-1f8 by the human
monocyte/macrophage cellline THP1 (Said-Sadler et al.,2010). Of
note, the morphological stage of these organisms seems to be crit-
ical for their ability to induce inflammasome activation providing
further evidence for a differential regulation of immune responses
based on the morphological forms of fungi (Netea et al., 2003).
A. fumigatus hyphae, but not conidia, induce inflammasome acti-
vation. As described for p-glucans and C. albicans, the ability of
A. fumigatus hyphae to activate the NLRP3 inflammasome in a
human monocyte cell line is dependent on potassium efflux, ROS
generation, and Syk mediated signaling pathways (Said-Sadler
et al., 2010). Thus, NLRs and inflammasomes have been shown
to be important modulators of the innate immune response to a
number of medically relevant fungi.

CONCLUDING REMARKS

Innate immune recognition of filamentous fungi is still poorly
understood. Even in the case of more studied pathogens such as
A. fumigatus, the molecules involved in the triggering of PRRs are
largely unknown. Figure 1 outlines the molecules and receptors

that have been implicated in recognition of the filamentous fungi
A. fumigatus and P. boydii by macrophages. Table 1 lists the PRRs
that have been described in the recognition of fungal molecules.
Comprehension of innate immune recognition of fungal mole-
cules is relevant to the understanding of the pathogenesis of fungal
infections. Characterization of the fungal molecules responsible
for the activation of PRRs and their roles in fungal recogni-
tion could uncover new possibilities to immunotherapy in fungal
infections, and help establish effectors mechanisms in immuno-
suppressed individuals. Alternatively, these molecules could also
be used as antigens or adjuvants to induce prophylactic immune
responses to fungal pathogens (Xin et al., 2008). On the other
hand, activation of innate immune receptors by fungal mole-
cules could be involved in immunopathogenesis by promoting
increased inflammation and tissue injury. Thus modulation of
innate immune receptor activation during fungal infections could

Table 1 | Pattern recognition receptors involved in detection of fungal

molecules.
Receptor Fungal molecules Fungal species
TLR4 O-linked mannans C. albicans
Mannans Saccharomyces spp.
Rhamnomannans P, boydii
Phospholipomannans C. albicans
? A. fumigatus
TLR2/TLR6 Phospholipomannans C. albicans
Glucuronoxylomannans C. neoformans
TLR2/TLR1 Glucuronoxylomannans C. neoformans
TLR2 al,4-glucans P, boydii
? A. fumigatus
MR N-linked mannans C. albicans
Mannans P, carinii
Mannoproteins C. neoformans
DC-SIGN Galactomannans A. fumigatus
Mannans C. albicans
Dectin-1 B1,3-glucans A. fumigatus
C. albicans
Saccharomyces spp.
Dectin-2 a-mannans C. albicans
Mincle Polysaccharides containing C. albicans
a-mannosyl residues? Malassezia spp.
CD14 Mannans Saccharomyces spp.
? A. fumigatus
al,4-glucans P boydii
NLRP3 B1,3-glucans C. albicans
inflammasome S. cerevisiae
A. fumigatus

The table summarizes PRRs that have been identified in recognition of fungal mol-
ecules, but in many cases the molecules responsible for activation are unknown.
Activation of the NLRP3 inflammasome by B-glucans and C. albicans is dependent
on Dectin-1. In this sense NLRP3 does not recognize fungal molecules directly
but instead it senses intracellular signals generated by activation of PRRs, like
Dectin-1. The question mark indicates that the fungal molecules recognized by
the indicated receptor are unknown.

www.frontiersin.org

December 2011 | Volume 2 | Article 248 | 9


http://www.frontiersin.org
http://www.frontiersin.org/Fungi_and_Their_Interactions/archive

Figueiredo et al.

Fungal recognition by innate immune receptors

be useful in order to increase the immune response or in some

cases prevent immunopathology.
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