ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Microbiology

Host-microbe interactions: innate pattern recognition of fungal

pathogens

Frank L van de Veerdonk'?, Bart Jan Kullberg'?, Jos WM van der Meer'?,

Neil AR Gow® and Mihai G Netea'*?

The recognition of fungi is mediated by germline pattern
recognition receptors (PRRs) such as Toll-like receptors and
lectin receptors that interact with conserved structures of the
microorganisms, the pathogen-associated molecular patterns
(PAMPs). Subsequently, PRRs activate intracellular signals that
collaborate for the efficient activation of the host defense. The
specificity of these responses is achieved through the
activation of a particular mosaic of PRRs, that is determined by
the available fungal PAMPs and the innate immune cells
involved. This will determine a divergence of the final type of
reaction, and in this way the innate host defense has the
capability to deliver tailored responses to each pathogen.
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The essence of the innate defense mechanism is the
ability to recognize and eliminate microbial pathogens.
This is mediated by a limited arsenal of pattern recog-
nition receptors (PRRs) that are able to recognize con-
served structures of microorganisms called pathogen-
associated molecular patterns (PAMPs). Several classes
of PRRs have been described, among which Toll-like
receptors (TLRs), C-type lectin receptors (CLLRs), NOD-
like receptors, and Rigl-helicases. It is especially the first
two classes of these receptors that have been suggested to
play an important role in antifungal immunity.

Fungal PAMPs

Most components of the fungal cell wall are not found in
mammals, and therefore, represent an ideal target for
recognition as nonself. The fungal cell wall can be

described as a dynamic, highly organized organelle that
determines both the shape of the fungus and its viability.
In general, the core structure of the fungal cell wall, as
exemplified by the structure of Candida albicans cell wall,
is composed of a skeleton of polysaccharide fibrils com-
posed of B-(1,3)-glucan that is covalently linked to -
(1,6)-glucan and chitin (a B-(1,4)-linked polymer of V-
acetyl glucosamine), and is designed to function as a
scaffold for the external protein layer. This outer layer
consists of proteins that are mainly glycosylated through
N-linked [1] or O-linked mannosylation [2] (also called
mannans). Although this basic model of the fungal cell
wall is shared by many fungi, at the molecular level these
structures differ between fungal species. In Aspergilius
species an important component of the skeleton of the
cell wall is galactomannan, while the outermost cell wall
layer is composed of rodlet fascicles of hydrophobic
proteins (hydrophobins) that contribute to the shielding
properties of the cell wall [3]. In Cryprococcus, a thick
capsule of mannoproteins, galactoxylomannan and glu-
coronoxylomannan plays a crucial role for inhibiting
recognition and activation of host defense mechanisms
[4]. This diversity will result in different qualities of
PRR-ligand interactions and the activation of different
sets of PRRs, leading to specific host responses.

The role of PRRs in antifungal host defense
When the host encounters live pathogenic fungi, the
initial response by the innate immune system will be
determined by the recognition of fungal cell wall com-
ponents. Neutrophils, monocytes, and macrophages
represent the first line of defense against fungal patho-
gens. Later on, recognition of fungal structures by den-
dritic cells leads to the activation of specific immunity,
especially T-cell-mediated. These various cell popu-
lations differ in their expression of TLLRs and CLLRs on
the cell membrane, and are therefore capable of initiating
different responses.

TLRs

"The first suggestion for a role for TLRs in antifungal host
defense was made by Lemaitre e7 /., who observed that
Drosophila flies deficient in the Toll receptor rapidly
succumbed to Aspergillus fumigatus infection, because of
defective synthesis of the drosomycin defensin [5].
Ligand recognition by the functionally equivalent TLRs
induces the activation of kinase cascades in mammalian
cells, and the nuclear translocation of transcription factors
such as NF-kB, NF-AT, and IRF3, that induce gene
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expression and production of various chemokines and
cytokines [6]. Moreover, recently a human homolog of
drosomycin called drosomycin-like defensin has been
described, that has activity against a variety of filamentous
fungi, and is expressed mainly in the skin [7°]. Shortly
after the discovery of TLRs, TLR2 and TLR6 were
shown to be involved in the recognition of the fungal
structure zymosan derived from Saccharomyces cerevisiae
[8]. Moreover, the adaptor molecule MyD88, that is
shared by most TLRs, has proven to be crucial for
antifungal defense by several iz vivo studies [9-11],
strongly suggesting that TLRs play a crucial role in host
defense against fungi.

TLR4

TLR4 is one of the best studied PRRs, because of its role
as the main receptor of bacterial lipopolysaccharides. In a
murine experimental infection model of disseminated C.
albicans infection, it has been shown that the absence of
TLR4-mediated signaling resulted in increased suscepti-
bility to the infection, decreased chemokine production,
and impaired neutrophil recruitment [12]. The effects on
survival were challenged by a later study [13]. Wang ¢z /.
suggested for the first time a role for TLR4 in the
recognition of A. fumigarus [14], and subsequent studies
have shown that TLR4 is involved in signaling and
cytokine production in response to Aspergillus [9,15].
These data were supported by a study showing that
TLR4 ™/~ mice died significantly sooner when they were
infected with A. fumigarus conidia [9]. TLR4 is also
involved in the susceptibility to Preumocystis pneumonia,
with mice deficient in TLLR4 having a defective cytokine
production by alveolar macrophages leading to increased
susceptibility to Preumocystis infection [16]. By contrast,
the C. wneoformans component glucuronoxylomannan
binds to TLR4 and leads to translocation of NF-kB,
but not to induction of cytokine production [17], and
these findings were supported by the fact that TLLR4 does
not play a major role in cryptococcal host defense [18].

Only limited knowledge exists regarding the nature of the
fungal PAMPs that are recognized by TLR4. In addition
to the work described above reporting the recognition of
glucuronoxylomannan by TLR4, another study reported
that TLLR4 recognizes mannans from §. cerevisiae and C.
albicans [19]. A subsequent study found that short linear
O-bound mannans of C. albicans are recognized by TLR4
and induce proinflammatory cytokines such as TNF
[20°]. Overall, TLR4 appears to participate in antifungal
host defense by recognizing mannan structures and med-
iating proinflammatory responses.

TLR2

One of the first studies that investigated TLR2 in fungal
host defense reported that blocking of TLR2 by specific
antibodies resulted in decreased production of TNF and
IL-1B after stimulation of monocytes by C. a/bicans [12].

An additional study showed that TLLR2™/~ mice have a
decreased production of TNF and MIP-2, and reduced
neutrophil recruitment after a challenge with Candida
[21]. However, two other studies found that TLR2™/~
mice showed an increased resistance to disseminated
candidiasis that was accompanied by decreased pro-
duction of IL-10, and increased 11.-12 and INFwy pro-
duction [9,22]. In line with this, TLR2-deficient
macrophages have shown to have an increased ability
to contain C. albicans [23]. This immunomodulatory
effects induced by TLR2 were found to be mediated
through the generation of T-regulatory cells with immu-
nosuppressive potential [22,24°°]. Evidence for an anti-
inflammatory role for TLLR2 in antifungal host defense is
further supported by a recent study reporting that zymo-
san can tolerize DCs through a TLR2-mediated and
dectin-1-mediated pathway involving MAPK/ERK
[25°°]. A limited role for TLR1 and especially TLR®6,
two receptors known for forming heterodimers with
TLR2, has been recently reported in case of C. albicans
recognition [26].

In addition to recognition of C. albicans, TLLR2 has been
suggested to be involved in the recognition of A. fumigatus
[15]. However, TLR2/~ mice do not have an increased
susceptibility to aspergillosis [9], and Wang ez a/. reported
no role for T'LLR2Z in the recognition of Aspergi//us hyphae
[14]. The role of TLLR2 in the recognition of C. neoformans
is still not clear, because of differences in the results by
the various investigators: one study reported that TLR2
can bind cryptococcal glucuronoxylomannan, but this
does not lead to translocation of NF-kB [17]; an additional
study found that TLLR2 can mediate cytokine production
in response to C. neoformans [10]; by contrast, Yauch e a/.
found that TLR2Z was not involved in cryptococcal-
induced cytokine production [11].

In conclusion, TLLR2 seems to be involved in the recog-
nition of fungal pathogens, though disagreement persists
regarding the precise components recognized, and the
amplitude of the effects. Overall, TLLR2 ligands seem to
induce weaker proinflammatory effects than TLR4
ligands, and 'TLLR2 has also been shown to have immu-
nosuppressive effects, particularly in C. albicans host
defense, through promoting environments that favor
Th2-type or T-reg-type responses [22,24°°].

TLR9

Unmethylated CpG sequences are the natural ligands for
TLRY, and several reports have now suggested that
TLRY can recognize fungal DNA. Blocking of TLR9
in human monocytes and TLR9-deficient mouse macro-
phages stimulated with C. a/bicans leads to a reduced
production of cytokines, mainly I1.-10 [27]. Another study
showed that TLR9 detects A. fumigatus DNA, resulting in
the secretion of proinflammatory cytokines [28]. The
same observation has been made for C. neoformans
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DNA, which was able to trigger [1.-12p40 and expression
of CD40 upon stimulation in murine DCs [29]. This study
also found that cryptococcal DNA activated NF-kB in
TLRO9-transfected HEK239 cells. However, Bellocchio
et al. have reported that TLR9 ™™ mice produced less IL-
12 and more 1L.-4 and IL.-10, but this had little effects on
the overall mortality of the animals [9]. In conclusion,
most of the data available at this time suggest a role for
TLLR9 for the recognition of fungal DNA, but the mag-
nitude of this effect for the overall antifungal defense is
likely to be overshadowed by redundant signals induced
by other PRRs.

CLRs

CLRs comprise a large family of receptors, including
dectin-1, the macrophage mannose receptor (MR), the
dendritic cell-specific [CAM3-grabbing nonintegrin (DC-
SIGN), dectin-2, and the circulating mannose-binding
lectin (MBL). These receptors share one or more carbo-
hydrate recognition domains that were originally found in
the mannose-binding lectin and are evolutionary con-
served. Importantly, over the recent years these receptors
have been shown to be involved in fungal recognition and
the modulation of the innate immune response.

Dectin-1

Dectin-1 recognizes B-(1,3)-glucans through which med-
iates ligand uptake and phagocytosis, and is able to trigger
production of both proinflammatory and anti-inflamma-
tory cytokines [30]. Dectin-1 signals through the kinase
Syk and the adaptor CARDY, and this pathway has been
shown to induce I1.-2 and I1.-10 in DCs [31°°]. It has also
been demonstrated that infection with C. a/bicans induces
CARDO9-dependent Th-17 cells [31°°], and cytokine pro-
duction induced by C. a/bicans by both human peripheral
blood mononuclear cells and murine macrophages is de-
pendent on dectin-1 [32]. Although dectin-1 signaling
alone is sufficient to induce responses upon fungal recog-
nition, several studies have emphasized that it is also able
to cooperate with TLRs leading to synergistic proinflam-
matory responses. 'I'wo independent studies have shown
that dectin-1 in collaboration with TLR2 triggers proin-
flammatory responses upon stimulation with C. a/bicans
and zymosan [33,34], and recently dectin-1 has been
found to amplify TLR4-dependent pathways in a Syk-
dependent manner [35]. Furthermore, dectin-1 and
TLR2 collaborate for the phagocytosis of Aspergillus con-
idia [36], and A. fumigatus can activate the transcription
factor AP-1 through a dectin-1/Syk-dependent pathway
[37].

"T'he first 2z vivo evidence that dectin-1 plays an important
role in innate fungal host defense was reported by a study
showing that blocking dectin-1 leads to increased A.
fumigatus fungal burden in the lung [38]. Dectin-17/~
mice are more susceptible to infection with C. albicans,
resulting in lower survival and increased fungal burdens
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[39°]. However, another study using a different strain of
dectin-1-knockout mice could not confirm this for C.
albicans infection, but found an increased susceptibility
to Preumocystis infection [40°]. No role for dectin-1 for the
host defense to C. neoformans has been observed [41]. The
adaptor molecule CARDO, involved in the dectin-1-sig-
naling pathway, has also been shown to have a crucial role
in the survival during disseminated candidiasis [42°].
These data suggest an important role for dectin-1 in
antifungal immunity, either directly or through collabora-
tive signaling with TLR2 and/or TLR4.

Macrophage mannose receptor (MR)

MR has various domains that can recognize oligosacchar-
ides terminating in GIcNAc (chitin is a polymer of
GIcNAc), fucose, and mannose. The MR has been impli-
cated in the recognition of several fungi, including C.
neoformans, C. albicans, and Pneumocystis. Recently, the
role of the MR in C. albicans has been investigated using
mutant Candida strains defective in O-linked and N-
linked mannans [20°]. This study showed that the MR
recognizes branched N-bound mannans from C. a/bicans
and this extended the previous observation that the MR
preferentially recognizes branched a-linked oligomanno-
sides [43]. In response to Preumocystis and C. neoformans,
the MR activates NF-kB and leads to proinflammatory
cytokine production [44,45]. However, in the case of
Pneumocystis the mannose receptor is also capable of
inhibiting 'I'NF production, illustrating that the MR
can act as a double-edged sword [44].

In vivo data in mice defective for the MR are limited.
Although one study suggested only a minor role for MR
for the host defense against Candida infections [46], this
study employed an intraperitoneal model of infection
with relatively little relevance to the clinical situation.
Another iz vivo study on Preumocystis infection in MR ™/~
mice also showed no difference in survival and only small
defects in fungal resistance [47].

Other CLRs

DC-SIGN is primarily expressed on mature DCs and
recognizes high-mannose structures in a calcium-depend-
ent way. Recognition has been reported for the patho-
genic fungi C. albicans [48] and A. fumigatus [49] and it
mediates uptake and phagocytosis of fungal particles [48].
A recent study suggests an immunosuppressive effect
through stimulation of IL.-10 production. Dectin-2 is also
a member of the CLR family and is mainly present on
myeloid cells and maturing inflammatory monocytes,
which recognizes high-mannose structures [50] and inter-
acts with the FcyR to induce TNF in response to C.
albicans hyphae [51]. Dectin-2 can also recognize 17icho-
phyton rubrum and Microsporum audouinii with preference
to their hyphal components. Therefore, dectin-2 mainly
seems to play a role in hyphal recognition, and is the first
receptor described to produce proinflammatory cytokines
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The major pattern recognition pathways of fungal pathogens. Activation of host response by fungal pathogens at the level of the cell membrane is
mediated by Toll-like receptors (TLRs) and C-type lectin receptors (CLRs). TLR4 mainly induces proinflammatory signals through the MyD88-Mal-
mediated NF-kB and MAPK pathways, while stimulating type | interferons through IRF3. TLR2 has weaker proinflammatory effects, but induces strong
stimulation of the anti-inflammatory cytokines IL-10 and TGFB and can lead to immunological tolarization in DCs through an ERK/MAPK-dependent
mechanism. On the contrary, proinflammatory responses induced by TLR2 can be amplified by dectin-1 and galectin-3. Dectin-1 can also induce
cytokine production independently of TLR2, and can lead to Th-17 responses through the Syk-CARD9 pathway. The MR induces proinflammatory
cytokines such as IL-18 and TNF. DC-SIGN can modulate TLR responses and induces production of IL-10 in DCs. Dectin-2 mainly recognizes
mannans from hyphae and leads to the production of TNF.
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A general model of fungal pattern recognition. The recognition of the many fungal species is mediated by the interaction between conserved fungal
PAMPs and a limited number of PRRs from the TLR and CLR families. These signals further converge because of the use of common adaptor
molecules, intracellular pathways, and transcription factors. However, the specificity of the host response is maintained by the different mosaic of
receptors stimulated by certain fungi, as well as by the complex interactions between the various pathways. This will determine a divergence of the
final type of response elicited by each pathogenic microorganism, and in this way the innate host response has the capability of transforming

converging pathways into tailored responses.

in response to fungal hyphae [51]. Galectin-3 is a receptor
mainly expressed by macrophages, and it has been shown
to be crucial for the recognition of the B-mannosides of C.
albicans, in close collaboration with TLR2 [52]. Mannose-
binding lectin (MBL) is a soluble CLLR that is secreted by
the liver, which can bind to C. albicans [53] and A.
Sfumigatus [54]. MBL can also bind to acapsular crypto-
coccal strains at the level of the budding scar [55]. MBL is
mainly involved in fungal host defense because of its
ability to opsonize fungal yeasts by activating the comp-

lement system [56]. However, MBL-deficient mice do
not show decreased survival to infection with C. albicans
[57] or A. fumigatus [58], though a recent study has
demonstrated that MBL administration in a murine
model of invasive pulmonary aspergillosis can be pro-
tective [59]. Recently, a new C-type lectin, Mincle, has
been shown to participate in the recognition of C. a/bi-
cans by macrophages. This receptor localizes to the
phagocytic cup, but was not essential for phagocytosis.
However, knockout mice that lacked this receptor were
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hypersusceptible to Candida infection, and macrophages
in which the Mincle receptor was blocked generated
significantly reduced levels of TNF when stimulated by
Candida yeast cells. The nature of the PAMP that binds
to this LR is not yet known [60].

Interactions between PRRs

Initial studies already appreciated that fungi are able to
recruit different PRRs to activate specific arms of innate
host defense [12]. For example, recognition of C. a/bicans
by monocytes and macrophages has been shown to be
mediated by at least four recognition systems that sense
fungal PAMPs of the C. albicans cell wall: recognition of
N-linked mannans by MR, recognition of O-linked man-
nans by TLR4, recognition of B-glucans by dectin-1/
TLLR2, and recognition of B-mannosides by galectin-3/
TLR2 complexes [20°]. If the fungal cell wall is able to
trigger many different PRRs at the same, it is important to
realize that it is a complex interaction between the various
pathways that ultimately leads to the host response.

Several interactions between PRRs are well documented.
As mentioned earlier, dectin-1 is able to augment the
TLR2-mediated MAPK and NF-kB pathways leading to
proinflammatory responses [33,34], and to amplify TLLR4
responses through a Syk-dependent pathway [35]. Galec-
tin-3, a PRR which recognizes -(1,2)-mannosides, has
recently been shown to associate with TLR2, and this
leads to the ability to discriminate between the patho-
genic C. albicans and the nonpathogenic §. cerevisiae [52].
In addition, the TLR2 pathway itself is able to inhibit
TLR4-mediated production of IL.-12 through stabiliz-
ation of c-Fos [61]. Another study demonstrated that
when TLRs activate NF-kB, €. albicans can induce
DC-SIGN-dependent signals which subsequently lead
to acetylation of the NF-kB subunit p65 [62]. This results
in prolonged and increased IL.-10 production that shifts
the proinflammatory response induced by TLRs to a
more anti-inflammatory response [62]. All these obser-
vations imply that crosstalk between PRRs is essential to
the complexity and flexibility of the innate immune
response against fungi (Figure 1).

Convergence and specificity shape the fungal
innate immune response

Although we are still at the beginning of elucidating the
combinatorial use of innate defense mechanisms that
define the initial host response, a general concept of
the innate antifungal defense can be proposed. In order
to recognize and respond to the many different fungi the
organism encounters, the host evolved germline PRRs
that can identify conserved fungal cell wall com-
ponents — the fungal PAMPs. In this way, specific recog-
nition of fungal nonself is reduced to a handful of specific
pathways that interact with each other: the various man-
nan structures are recognized by TLR4, MR, DC-SIGN,
dectin-2, and galectin-3, while the B-glucans are detected

by dectin-1, TLR2, and CR3 [63°°]. These pathways
converge into a limited set of shared adaptor molecules
and transcription factors (Figure 2). One such example is
that of TLRs and CLRs sharing NF-kB during stimu-
lation of proinflammatory cytokines. However, despite
converging into certain pathways, the innate immune
response still maintains its specificity through the acti-
vation of a specific mosaic of PRRs that is determined by
the available fungal PAMPs and the innate immune cells
involved. In addition, specificity is also preserved by the
interactions between the PRR pathways (Figure 1). This
response will eventually lead to nuclear translocation of
transcription factors that have the competence to activate
specific genes. The specificity insured by these mechan-
isms will determine a divergence of the final type of
response. In this way, the innate host response has the
capability of transforming converging pathways into tai-
lored responses (Figure 2).

Conclusions

In this review, we have presented a synthesis of the
current knowledge on the recognition of fungal pathogens
by the innate immune system of the mammalian host.
The very active research of the past few years has greatly
improved our understanding of how the fungal pathogens
are recognized as nonself by the host defense. Our un-
derstanding how TLRs and CLLRs contribute and collab-
orate for the recognition of fungi permitted us to propose
an integrated model of innate pattern recognition of these
important human pathogens. We have also discussed and
speculated how the signals induced by these receptors are
integrated to bring about efficient activation of the host
innate response. This model that is pertinent concep-
tually to many host—fungal interactions, may permit in the
near future the design of new therapeutic strategies to
improve the outcome of patients suffering from these life-
threatening infections.
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