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1. ABSTRACT

Toll-like receptors (TLRs) constitute a family of
pattern-recognition receptors (PRRs) that recognize
molecular signatures of microbial pathogens and function
as sensors for infection that induce the activation of the
innate immune responses as well as the subsequent
development of adaptive immune responses. It is well
established that TLRs, mainly TLR2 and TLR4, are
involved in the host interaction with Candida albicans and
play a significant role in the development of host immune
responses during candidiasis. Recognition of C. albicans by
TLRs on the phagocytic cells activates intracellular
signaling pathways that trigger production of
proinflammatory cytokines that are critical for innate host
defence and orchestrate the adaptive response. T helper
(Th) cell reactivity plays a central role in regulating
immune responses to C. albicans: Thl-response provides
control of fungal infectivity, although this proinflammatory
(Th1) host response needs to be counterbalanced through
Th2 and regulatory T (Treg) cells to ensure an optimal,
protective Thl response. Recently, a new subset of Th
cells, Th17, has been shown to play a role in antifungal
immunity, and TLRs may also contribute to the
polarization towards a proinflammatory Thl7 response.
Interaction of C. albicans with TLRs is a complex process
as (i) TLR2 may function as an homodimer or as
TLR2/TLR1 or TLR2/TLR6 heterodimers and may
collaborate with other non-TLR PRRs in recognizing
fungal ligands or in triggering intracellular signalling
pathways, and in addition (ii) expression of fungal ligands
is different at the surface of fungal cells, depending of the
morphotype (yeast cells or hyphae), a phenomenon that
influences the type of the induced host immune response.
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2. INTRODUCTION

Candida albicans is the major fungal pathogen
for the immunocompromised host. This species is present
as a commensal organism in healthy individuals, but when
the normal host defense is impaired, the delicate balance
between the host and this otherwise normal commensal
fungus may turn into a parasitic relationship in which C.
albicans acts as a serious agent of infection. The nature and
extent of the impairment of host immune responses
influence the manifestation and severity of candidiasis, a
term which includes superficial mucocutaneous infections
as well as severe, often fatal, disseminated infections.
Several factors contribute to the significant mortality rates
associated to disseminated candidiasis: (i) the lack of early
and accurate diagnostic procedures, as well as (ii) the
limited antifungal agents available, which in addition show
considerable side effects on patients, and the emergence of
resistances that parallels their clinical use (1-4). In addition
to the host status, the pathogenicity of the fungus also
depends on a complex set of fungal attributes that are
considered as putative virulence factors, whose expression
varies among strains and is often environmentally regulated
(1,5). Next sections of the Introduction summarize both
aspects, fungal virulence factors and host immune
response.

2.1. C. albicans: cell wall and virulence factors

C. albicans does not act as a passive element
during the infectious process but actively participates in the
establishment and progress of the infection by expressing a
set of putative virulence factors. These fungal attributes
include the yeast-to-hypha transition (morphogenetic
conversion from budding yeast to the filamentous growth
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form or hypha), the secretion of hydrolytic enzymes (such
as aspartyl proteases and phospholipases), phenotypic
switching (ability to switch between different cell
phenotypes), antigenic variability, adhesion to inert
(plastic) materials and host ligands and tissues, and
immunomodulation of host responses (1,5).

The fungal cell wall, as the outermost cellular
structure, plays a major role in the interactions between the
microorganism and the environment, including the host,
and therefore in the pathogenicity of the fungus (5-7). The
C. albicans cell wall is a complex and dynamic structure
composed by a network of -1,3 and B-1,6 glucans, chitin,
and mannoproteins. The interactions between these
components give rise to the mature cell wall structure, and
consequently determine the fungal morphology; in fact,
significant differences in cell wall organization and
composition have been described between budding yeasts
and hyphae (5,7,8). In addition, mannoproteins are known
to play a key role in these processes allowing the cell
surface to be adapted and remodeled constantly to cope
with environmental changes (9,10). Numerous cell wall
mannoproteins play a major role in host-fungus
relationship, participating in the yeast-to-hypha transition,
host tissues adhesion and invasion, immune response
modulation, etc., and therefore are considered as fungal
virulence factors. The C. albicans cell wall is a
multilayered structure: the microfibrillar polymers, glucan
and chitin, form a skeleton that accounts for the rigidity and
morphology of the cell wall. Glucans are the main
polysaccharide constituent, whereas chitin is a minor
component located in the internal layers of the cell wall,
close to the plasma membrane. Mannan, a complex
structure composed by polymers of mannose, is found in
covalent association with proteins (mannoproteins), that
expand the entire cell wall structure, from the periplasm to
the external surface where they are dominant, and some are
secreted to the extracellular medium (5,7,8). Lipids are
present in the phospholipomannan complex (PLM), a type
of extensively glycosylated glyscosphingolipid with
hydrophilic properties that plays a relevant role in host
interactions (11,12).

2.2. Host immune response and Toll-like receptors
Resistance  to  candidiasis  requires  the
coordinated action of both innate and adaptive host immune
response (13,14). Recognition of pathogen associated
molecular patterns (PAMPs) of invading fungi by the
innate immune system through pathogen recognition
receptors (PRRs) is the first step in activating a rapid
immunological response and ensuring survival after
infection. Host defense against systemic candidiasis
depends mainly on the ingestion and killing of fungal cells
by phagocytes (neutrophils, monocytes and macrophages).
Phagocytes can kill the pathogen via intracellular and
extracellular mechanisms, and macrophage activation
releases several key mediators, including proinflammatory
cytokines, such as tumor necrosis factor (TNF)-o,, which
are important for protecting the host against disseminated
candidiasis (13-15). Antifungal T helper (Th) 1-mediated
responses play a central role in anti-C. albicans defenses,
providing control of fungal infectivity through production
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of interferon (IFN)-y; this cytokine is required for optimal
activation of phagocytes and suppresses the induction of
the Th2 response (16). Th2 response is associated with the
susceptibility to systemic C. albicans infection and is
characterized by the production of anti-inflammatory
cytokines, such as interleukin (IL)-10 and IL-4 (17, 18).
Although protective immunity to C. albicans is mediated
by Thl cells, the proinflammatory Th1 host response needs
to be counterbalanced through secretion of some Th2
cytokines and Treg cells to ensure an optimal, balanced
non-deleterious  protective  Thl response (19,20).
Phagocytosis of the yeast form of the fungus induces
murine dendritic cells (DCs) to produce IL-12 and to prime
Thl lymphocytes, whereas ingestion of the hyphal form
results in IL-4 production, which favors Th2 cell priming
(21-23). It has been also reported that interaction of human
dendritic cells with yeast and germ-tubes forms of C.
albicans leads to efficient fungal processing, dendritic cell
maturation and acquisition of a Thl response-promoting
function, although germ-tubes induced significantly more
elevated levels of IL-10 than yeast cells (24). However, it
has been shown that germ-tubes of C. albicans cause
defective induction of IL-12 in human monocytes (25) and
that phagocytosis of yeast and germ-tubes forms has
profound and distinct effects on the differentiation pathway
of human monocytes, indicating that differentiation of
human monocytes into DCs appears to be tunable and
exploitable by C. albicans hyphae to elude immune
surveillance (26).

Recently, it has been shown that immune
recognition of C. albicans induces the differentiation of
proinflammatory Th17 cells and that this T-helper effector
subset is involved in antifungal defense. Th17 cells are
maintained in the presence of IL-23, whereas IL-17 induces
chemokine production at sites of infection and causes
recruitment of neutrophils. /n vitro development of Th17
response requires Treg cells, TGF-B, 11-6 and IL-23 and is
inhibited by IL-12. Production of IL-12 and IL-23 appear to
be dissociated during fungal recognition: C. albicans yeast
cells are able to induce more IL-12 than IL-23, and
therefore a strong Thl response, whereas hyphae induce
mainly IL-23 and a strong Th17 response (27-29).

C. albicans cells are sensed directly by host cells
through various PRRs, such as mannose receptor, dectin-1,
dectin-2, galectin-3, DC-SIGN, Toll-like receptors (TLRs)
and by complement and immunoglobulin Fc receptors
(CRs, FcRs) following opsonization, which trigger immune
responses (phagocytosis, production of cytokines, etc.)
(6,15,30-34). TLRs constitute a family of PRRs that
mediate recognition of microbes through PAMPs, induce
subsequent inflammatory responses and also regulate the
adaptive responses (35-39). TLRs are type I membrane
proteins characterized by an ectodomain containing
leucine-rich repeats that are responsible for recognition of
PAMPs and a cytoplasmic domain homologous to the
cytoplasmic region of the IL-1 receptor (TIR-domain)
which is required for downstream signaling. Twelve and
ten functional TLRs have been identified to date in mouse
an human respectively. TLRs can be classified into two
groups based on subcellular localization. One group, which
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includes TLR1, 2, 4, 5 and 6, are located at the plasma
membrane, whereas the second group, that includes TLR3,
7, 8, and 9, localize to intracellular compartments such as
endosomes. Intracellular TLRs sense microbial and viral
nucleic acids that are released following pathogen
endocytosis and degradation in late endosomes or
lysosomes (36, 38-40). Some TLRs, such as TLR2, are able
to detect a variety of microbial ligands that have nothing in
common in terms of their structure, suggesting the
involvement of accessory proteins, most of them yet to be
characterized, in ligand sensing by TLRs (41). Formation
of heterodimers of particular TLRs with other TLRs or
non-TLR PRRs may also serve for ligand discrimination.
TLR1/TLR2 and TLR2/TLR6 heterodimers recognize
several microbial products and discriminate different
bacterial lipopeptides (42,43); other TLR2 ligands do not
require TLR1 or TLR6 for signaling, suggesting that TLR2
may recognize some ligands as homodimers or
heterodimers with other non-TLR molecules (36,39). Upon
ligand recognition, TLRs activate intracellular signaling
pathways leading to the induction of inflammatory cytokine
genes, such as TNF-o, IL-1B, IL-6 and IL-12. Signal
transduction starts with the recruitment of a set of
intracellular TIR-domain-containing adaptors (MyDSS8,
TIRAP, TRIF, TRAM) that interact with the cytoplasmic
TIR domain of the TLRs. MyD88 (myeloid differentiation
factor 88) is the universal adaptor molecule, shared by all
TLRs except TLR3, that triggers inflammatory pathways
through activation of the transcription factor NF-xB that
induces the expression of inflammatory cytokine genes
(36,38-40). TLRs on DCs (a specialized family of antigen
presenting cells that link innate recognition of invading
pathogens to the generation of appropriate types of adaptive
responses) elicit the secretion of immunomodulatory
cytokines (IL-4, IL-10, IL-12), as well as the upregulation
of co-stimulatory molecules, an essential step in the
induction of pathogen-specific adaptive immune responses
(44). In addition, negative regulation of TLR-mediated
signaling is required to limit a deleterious excessive
inflammatory response, and several negative regulators of
TLR signaling have been identified; basically these
molecules either downregulate TLR expression or,
alternatively, negatively regulate TLR-mediated signaling
(36,38).

Extensive  information concerning  fungal
recognition and its the consequences on the host immune
responses, has been achieved since early reports showing
the capacity of TLR2 and TLR4 to sense zymosan (a cell
wall particle of the yeast Saccharomyces cerevisiae) as well
as fungal species such as Cryptococcus neoformans,
Aspergillus fumigatus and C. albicans (45-48). Therefore,
in this review we focus on the recognition of C. albicans by
TLRs, mainly TLR2 and TLR4.

3. TOLL-LIKE RECEPTORS AND HOST
PROTECTION AGAINST SYSTEMIC CANDIDIASIS

Most of the information about the involvement of
the TLR-mediated signaling pathways in host defenses
against C. albicans infections has been obtained following
(i) in vivo studies using murine models of infection in
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knockout mice for various genes, as well as (ii) in vitro
assays using different cell lines or immune cells from
knockout mice challenged with fungal stimuli to determine
the induced responses (production of cytokines,
phagocytosis and killing of fungal cells, etc.). First we deal
with the murine models of infection, and next with the
innate and adaptive immune responses elicited by C.
albicans.

3.1. Susceptibility to infection in mouse models

A global role for the TLRs in the host defense
against disseminated candidiasis was demonstrated by the
increased susceptibility of MyD88-/- mice to C. albicans
infection, determined both as survival curves and fungal
burden in kidney. The extremely high susceptibility of
these mice to infection, compared to control C57BL/6
mice, even with a low virulence C. albicans strain,
indicates an essential role of one or more TLRs in host
protection against candidiasis (49,50).

Early studies demonstrated a role of TLR2 in the
recognition of zymosan, as well as a role of TLR4 in
recognizing fungal species, such as A. fumigatus and C.
neoformans (45-47). Therefore studies on Candida-host
interactions focused on these TLRs.

Heterogeneous results have been reported
regarding the susceptibility of TLR2-/- mice to
disseminated candidiasis. Our group showed that TLR2
knockout mice experimentally infected with a high
virulence strain of C. albicans have a significant impaired
survival following primary infection, as compared with
control mice (51). Other authors have shown that TLR2-/-
are less susceptible to hematogenously disseminated
primary infection (52). A third study showed that TLR2-/-
mice are resistant, as are the control mice, to infection with
a low virulence C. albicans strain, whereas both mouse
types showed similar susceptibility to primary infection
with a high virulence strain (49); these results indicate that
TLR2-/- mice are not more resistant than control mice, and
do not preclude the possibility that the TLR2-/- mice could
show increased susceptibility using lower doses of C.
albicans cells leading to a longer survival of control mice.
Interestingly, two independent studies showed that,
following primary infection with a low-virulence C.
albicans strain, TLR2-/- were significantly protected
against secondary reinfection with a high virulence strain,
although to a lower extent than control mice (49,53).
Overall these results indicate that TLR2 plays a significant
role in the protection of mice against primary disseminated
C. albicans infections.

A first study using C3H/HeJ mice, which possess
a non-functional TLR4, suggested that these mice are more
susceptible to primary C. albicans infection than the
control C3H/HeN strain, based on fungal outgrowth in
kidneys (48). In a second study, TLR4-/-, in a C57BL/6
background, survived similarly to wild type mice when
intravenously infected with a low virulence C. albicans
strain, and susceptibility to virulent C. albicans infection
did not increase in TLR4-/- mice, which even survived
significantly longer than the C57BL/6 mice, although all
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succumbed to infection; in addition, no differences were
found concerning fungal outgrowth in kidneys (49).
Interestingly, following primary infection with a low
virulence strain, TLR4-/- mice showed an increased
susceptibility to reinfection with virulent fungal cells as
compared to control strain, although TLR4-/- mice were
also significantly protected, as compared with survival to
primary infection (49). A third study using both TLR4-/-
and C3H/HeJ mice has shown that the overall host
resistance to systemic candidiasis in TLR4 defective mice
is not different to that of control mice (54). Overall these
results suggest a minor role of TLR4 in host protection
against hematogenously disseminated candidiasis.

Susceptibility to disseminated candidiasis,
determined as survival of intravenously infected mice, was
found not to increase in TLR9 knockout animals compared
to control mice. TLR9-/- mice survived longer than
controls to primary infection and fungal burden in kidneys
of infected animals was diminished in these mice. In
addition, TLR9-/- mice were fully protected against
reinfection following primary infection with a low-
virulence C. albicans strain (49). These observations
suggest that TLRY is not required for resistance to
infection.

3.2. Innate responses

Effector and secretory responses of phagocytes
elicited by C. albicans are critical for the development of a
protective host response. Macrophages orchestrate innate
immunity by phagocytosing fungal cells and coordinating
inflammatory responses. Phagocytes use a variety of
surface receptors, such as PRRs (dectin-1, DC-SIGN,
mannose receptor) and receptors for opsonins (FcRs and
CRs), to internalize microbes (55). This internalization is
accompanied by inflammatory responses elicited by TLRs
that are recruited to phagosomes. Therefore, phagocytosis
and TLR signaling may be functionally linked: signaling by
TLRs can modulate phagocytosis, and signaling by
phagocytic receptors can modulate TLR signaling through
a crosstalk between both types of receptors (45,56,57).
Despite the functional overlap between TLRs and
phagocytic signaling, current data indicate that TLRs do
not function directly as phagocytic receptors and there is no
direct evidence showing that TLR-signaling modulates the
efficiency of internalization, although TLR-mediated
signaling activates transcription of a large number of genes,
and many of these gene products are known to participate
in phagocytosis (57). Phagocytic cells from MyD88-/- mice
showed impaired phagocytosis and intracellular killing of
C. albicans (49,58); however, targeted deletion of MyD88
or TLR2 had no effect on the ability to internalize zymosan
and expression of dominant negative forms of MyD88 and
TLR2 did not affect phagocytosis whereas inhibited
production of TNF-a in response to zymosan (45,58,59). In
addition, macrophages and neutrophils from TLR2-/- and
TLR4-/- mice did not show an impaired ability to
internalize and kill C. albicans cells (49,51). These results
indicate that TLR2 and TLR4 are not directly involved in
the phagocytosis of C. albicans, and that the defect in
phagocytosis observed in MyD88-/- cells may be an
indirect effect associated with impaired inflammatory
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signaling and/or through impairment of cellular
transcription of genes involved in phagocytosis (57,58).

The critical involvement of TLR-mediated
signaling in inducing cytokine production by myeloid cells
in response to C. albicans has been well established using
MyD88 deficient mice (49,50,58). However, the role of
individual TLRs in cytokine production upon recognition
of yeasts and hyphae of C. albicans is not as clear as in the
case of the MyD88 adaptor molecule (32,33,48,51-54,60-
65). An initial study showed that the in vitro induction of
proinflammatory cytokines by C. albicans is partially
mediated by TLR2, as blocking anti-TLR2 antibodies
caused a reduction of TNF-a and IL-Blproduction by
human peripheral blood mononuclear cells, whereas
blocking anti-TLR4 antibodies did not influence the
production of proinflammatory cytokines; similarly, in
vitro production of proinflammatory cytokines by
macrophages from C3H/HeJ, which possess a non-
functional TLR4, was similar to control cells, although
production of chemokines (KC and MIP-2) was impaired
(48). Our group has demonstrated that in vitro production
of proinflammatory cytokines, such as TNF-a and IL-
12p70, by macrophages in response to inactivated and
viable C. albicans yeasts and hyphal cells is partly
mediated by TLR2, as TLR2-/- cells showed a diminished
cytokine production elicited by fungal cells (32,51,65); no
defect in cytokine production was observed in TLR4-/- and
C3H/Hel macrophages, suggesting that this receptor plays
a secondary role in C. albicans recognition (32,54,65).
Further observations confirmed the relevant role of TLR2
in triggering cytokine production in response to C.
albicans, as well as a role for TLR4 (33,60,61,66-68). Both
receptors have been shown to mediate TNF-a production
by phagocytic cells in response to yeasts and hyphae,
although differential levels of cytokines are mediated
through TLR4- and TLR2-recognition: yeasts recognition
by TLR4 directs high levels of TNF-o and low levels of IL-
10, leading to a high proinflammatory response and
production of high levels of IFN-y, whereas TLR2
mediated recognition of both yeasts and hyphae leads to a
decreased proinflammatory response through a limited
production of TNF-a and an increased production of IL-10
(68).

Recruitment of neutrophils at the site of infection
following intraperitoneal injection of inactivated C.
albicans cells was found to be impaired in TLR2-/- but not
in TLR4-/- mice (C57BL/6 background), in agreement with
the impaired cytokine production observed in these mice
(51,54). However, also an impaired recruitment of
neutrophils was found in C3H/HeJ mice, in agreement with
the impaired chemokine production described in this mouse
strain in response to C. albicans (48).

Similarly to TLR2-/- and TLR4-/- knockout cells,
antifungal activity of neutrophils from TLR9-deficient mice
was either not affected (against C. albicans yeasts) or even
increased (against hyphae) as compared to control
neutrophils. TNF-a production in kidneys from infected
mice were similar in TLR9-deficient and control mice, and
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as above cited, TLR9-/- mice were particularly efficient in
restricting fungal growth upon primary candidiasis (49).

3.3. Adaptive responses

Protective immunity to C. albicans is mediated
by Thl cells, although some Th2 and Treg cells are
required for the maintenance of a balanced non-deleterious
proinflammatory Th1 response (13,14,17,18). Therefore, in
vitro production of Thl cytokines and quantification of
IFN-y producing cells has been used as a parameter to
determine Th1 response in mouse models of infection. The
in vitro production of Thl cytokines was determined in
splenocytes from mice infected with the low virulence
PCA2 strain which induces the development of a Thl-
protective immunity in mice (17,18). MyD88-/- cells
showed a fully impaired ability to produce TNF-a, IL-
12p70 and IFN-y, indicating the critical role of the TLR-
mediated signaling in the development of a protective Thl
response (50). TLR2-/-speloncytes showed a significant
impairment of Thl cytokine production, whereas TLR4
splenocytes showed similar levels than control cells
(32,53,54).

Splenocytes from MyD88-/- infected with a low
virulence C. albicans strain showed an strong impairment
of the frequency of IFN-y producing-CD4 T lymphocytes
upon in vitro challenge with C. albicans, thus confirming
that TLR signaling pathways are essential to generate a Thl
response (50). The frequency of IFN-y producing-CD4 T
lymphocytes was also significantly diminished in TLR2-/-
splenocytes, whereas TLR4-/- showed no differences with
control cells, in agreement with the results of the in vitro
Thl-cytokine production assays (32,54). In a different
study, the frequency of IFN-y producing CD4 T cells were
found to be impaired in both TLR2-/- and TLR4-/- mice
following intragastric infection with C. albicans, and this
effect was accompanied by and increase in the frequency of
IL-4 producing CD4+ T cells (49).

Dendritic cells are crucial in determining the
adaptive Th response by sensing and processing microbial
information and directing the differentiation of naive
lymphocytes to suitable effector cells against particular
types of infections (44). Differential response to C.
albicans yeasts and hyphae occurs following phagocytosis
of fungal cells by dendritic cells, as yeasts induce the
production of IL-12 and prime Thl lymphocytes, whereas
ingestion of the hyphal form results in IL-4 production
which favors Th2 cell priming (22). Production of IL-
12p70 and IL10 in response to C. albicans by purified
dendritic cells has been studied in MyD88 and TLRs
knockout mice. Dendritic cells from mutant mice were able
to phagocytose fungal cells in a similar manner than wild
type cells; however production of IL-12p70 was ablated in
MyDS88-/- mice, associated to an increased production of
IL-10 in response to both C. albicans yeasts and hyphae
(49). These observations confirm the essential role of the
MyD88-dependent signaling on dendritic cells for
antifungal Thl priming, and indicated that IL-10
production does not require signaling through MyDS88.
Interestingly, TLR2-/- dendritic cells showed an increased
production of IL-12p70 and a decrease in production of IL-
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10, particularly in response to yeasts. Production of IL-10
was also decreased in TLR4 -/- dendritic cells in response
to both yeasts and hyphae, whereas IL-12 production was
not significantly affected (49).

Regulatory T (Treg) cells maintain peripheral
tolerance and limit the effector responses to control
excessive proinflammatory responses leading to immune-
mediated tissue damage. Treg cells are able to suppress
both CD4+ and CD8+ lymphocytes and hinder the
induction of immune responses against pathogens (69-71).
Therefore, Treg cells play a central and dynamic role in the
immune responses to pathogens, including C. albicans
(13,14,71-73). Treg cells function in the maintenance of
tolerance to self-antigens but should not interfere with the
induction of pathogen-specific protective immune
responses. One mechanism that allows activation of
pathogen-specific T cells is the block of the suppressive
effects of Treg by TLR-activated DCs, which is mediated
by IL-6 and other factors produced by DCs in response to
TLR activation, and leads to a Thl response (44). The
release from Treg-mediated suppression in vivo requires
TLR MyD88-activation on DCs, and this signaling cannot
be replaced by DCs activation by inflammatory cytokines;
in addition, initial interactions of naive CD4 cells with
TLR-MyD88 activated dendritic cells appears to be
required for the in vivo generation of memory response,
since Thl cells induced in the absence of both MyD88 and
Treg fail to develop into memory cells (44,74-76).

It has been reported that TLR2 suppresses
immunity to C. albicans infection through induction of IL-
10 and Treg cells, and that this represent a novel
mechanism of immune evasion (52,77). This hypothesis is
far to be unequivocally demonstrated, as (i) TLR2-/- mice
appear to be more susceptible to infection according to
other studies above cited, (ii) underestimates the role of the
TLR2-mediated proinflammatory response to C. albicans,
and (iii) does not fit with the observation that production of
IL-10 by DCs is MyD88-independent. Induction of IL-10
and Treg cells mediated upon recognition of C. albicans
may simply indicate that TLR2-mediated signaling is also
involved in controlling a deleterious exacerbated
proinflammatory response. In addition, induction of Treg
cells by IL-10-producing DCs is required for long-lasting
memory antifungal immunity, and therefore, the Thl
hyporesponsiveness of TLR2-deficient mice may be, at
least partly, consequence of the decreased IL-10 production
by DCs (49,72).

Murine Treg cells express TLRs, including TLR2
and TLR4, and therefore, Treg cells can also sense
pathogens directly through TLRs (71,73,78). A crucial role
for TLR2 in regulating Treg cell expansion and function
has been recently shown: TLR2 participates, combined
with IL-2 and T cell receptor (TCR) ligation, in the
proliferation of otherwise anergic Treg cells both in vivo
and in vitro, and interestingly, in the presence of TLR2
ligand, the suppressive phenotype of Treg cells is
temporarily abrogated, enabling the enhancement of the
immune response in vitro and in an acute infection model
in vivo. TCR-triggered Treg cell lines were cultured in the
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presence of TLR2 ligands and upon removal of the TLR2
trigger, the in vitro-expanded Treg cells fully gained their
phenotype and suppressive capabilities (71,73). These data
suggest that TLR2 ligands, provided by a microbial
invasion (such as an invasive candidiasis) during acute
infection, mediate Treg expansion and abrogation of Treg-
mediated suppression, thus allowing the development of a
potent proinflammatory (Thl) immune response; after
infection, following pathogen clearing and declining of
TLR2 ligands, the expanded Treg cells regain their
immunosuppressive activity and participate to restore the
immune balance (71,73).

Despite its resistance to candidiasis, TLR9-
deficient mice have been shown to be incapable of
mounting a specific Thl response. TLR9-deficient mice
showed a decrease in IFN-y-producing Thl cells and an
increase in IL-4-producing Th2 cells following gastric
challenge with C. albicans. Dendritic cells form TLR9-/-
mice challenged in vitro with C. albicans yeasts showed an
increased production of IL-10 and a diminished production
of IL-12, whereas a decreased production of IL-10 was
observed against hyphae (49). CpG oligonucleotides, the
ligand for TLRY (see below), enhances innate effector and
Th1 responses improving host resistance to infection by a
variety of microbes, including fungal species such as 4.
fumigatus and C. neoformans (79-81). However, opposite
results have been reported on the protective role of CpG
administration against invasive candidiasis, as one report
showed increased susceptibility of treated mice (82),
whereas other authors have described a protective effect
(83). Another study also described that C. albicans double-
stranded DNA participates in the host defense against
disseminated candidiasis, providing protection against
infection in a murine model (84), thus supporting a
protective role for TLR9. Therefore, the role of TLR9
during candidiasis is far to be clearly established.

As above cited (see section 2.2) recent studies
have shown the involvement of non-TLR-mediated pattern
recognition in the induction and tailoring of adaptive T
helper responses. The glucan receptor dectin-1-mediated
immune recognition of C. albicans induces the
differentiation of IL-17-producing T helper cells (Th17)
that express chemokine receptors characteristic of mucosal
homing (27). IL-23 is critical for generation of Th17, and
IL-17 induces chemokine production at the sites of
infection and causes recruitment of neutrophils (29); IL-17-
deficient mice are more susceptible than control mice to
systemic candidiasis, probably due to the decreased influx
of neutrophils (85). Curland, a dectin-1 ligand, also induces
a Thl17 response, indicating that a non-TLR PRR is
sufficient to activate adaptive immunity (28). It has been
suggested that dectin-2, as well as dectin-1, tend to promote
IL-23 secretion and a Th-17 response against hyphae,
whereas yeasts, recognized by dectin-1 and TLRs induce a
strong Th1 response through production of more IL-12 than
IL-23. Signaling through TLRs induces both IL-12 and IL-
23 and therefore participates in the generation of Th
responses (27-29,37). It has been reported that TLR2- and
TLR4-mediated MyD88-dependent signaling participates in
IL-23 secretion and development of a Th17 response that
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promotes inflammation and impair antifungal immune
resistance; the IL-23/IL-17 pathway acts as a negative
regulator of the Thl-mediated immune resistance to fungi
and plays an inflammatory role previously attributed to
uncontrolled Th1 cell responses, promoting inflammation
and susceptibility in an infectious disease model (86). It
should be noted that most knowledge about the Thl7
response comes from results obtained in experimental
animal models, and findings emerging from humans
indicate that the human Thl17 differentiation process
appears to be different than mouse Th17 differentiation
(87); therefore, the mechanisms addressed for mouse Th17
response might be different in humans.

From the reported information above described,
which includes some discrepancies, a simplified
hypothetical model for Th-type immune responses induced
by C. albicans is shown in Figure 1. Acquired immune
responses to C. albicans depend on a delicate balance
between differential exposure of fungal ligands at the
surface of the yeast and hyphal forms of the fungus and
their interaction with PRRs, mainly dectins and TLRs.
Expression of fungal virulence factors as well as host
immune status also play a key role in eliciting Th-type
immune responses.

While the importance of TLRs in DCs and Treg
cells in regulating the immune response to pathogens,
including C. albicans, has been clearly demonstrated, much
less is known concerning the importance of direct
recognition of pathogens by T- and B-lymphocytes. Recent
studies have highlighted the importance of TLRs in
activation and function of lymphocytes. Expression of
several TLRs on B and T Ilymphocytes has been
demonstrated, as well as direct responses to their respective
ligands (74,76,88,89). T cell responses can be modulated
by TLR ligands by direct co-stimulatory effects on various
subsets of T cells, in addition to the modulation of the
suppressive activity of regulatory T cells. In this context, it
has been described that stimulation by TLR2, but not by
other TLRs, with pure synthetic ligands, directly triggers
Thl effector functions (90). Whether C. albicans cells are
able to show a similar TLR2-mediated direct effect on Thl
cells remains to be determined.

4. C. albicans
RECEPTORS

LIGANDS FOR TOLL-LIKE

Despite the wide evidence demonstrating a role
of TLRs in recognition of fungal pathogens by the host
immune cells, little is known concerning the nature of
specific fungal ligands that mediate this recognition. As
above mentioned, TLR-mediated recognition of pathogens
is a complex process that involves cooperation between
TLRs and other PRRs, as well as the participation of
accessory proteins that may contribute to the recognition of
diverse structural ligands by individual TLRs. The
functional significance of some of these proteins, such as
CD14 and MD2 is well characterized, but it is likely that
additional accessory proteins are involved in ligand sensing
by TLRs. In addition, although the initial recognition of
fungal cells by phagocytes involves cell wall-associated
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Figure 1. Simplified hypothetical model for Th-type immune responses induced by Candida albicans yeasts (A) and hyphae (B).
(A) Yeast cells are recognized by TLR2, which induces an early proinflammatory response, mediated by the MyD88-dependent
production of IL-12, leading to the development of a protective Th1 response. Other receptors, such as dectin-1, galectin-3 and
possibly other PRRs yet to be defined, collaborate with TLR2 in the elicitation of this immune response against yeasts. TLR4
also may contribute to development of this response. Dectin-1 may trigger, upon recognition of yeast cells, a MyD88-
independent pathway leading to production of IL-23, a cytokine that generates a Th17 response. The balance is biased towards
the Th1 response, which in turns inhibits Th17 and Th2 development. To avoid a deleterious exacerbated inflammatory response,
Thl response needs to be counterbalanced by late secretion of IL-10, a Th2 cytokine, and Treg cells. (B) TLR2 also mediates
recognition of hyphae, but in this case induces the development of a non-protective Th2 response, probably due to its
collaboration with PRRs that differentially recognize yeasts or hyphae (like dectin-1, that preferentially recognizes yeast cells)
and modulate the signaling pathway. TLR4 also may contribute to the response elicited upon hyphae recognition, although with a
minor extent than its role in yeast recognition. Dectin-2 preferentially interacts with hyphae and induces IL-23 production leading
to a Th17 response. As Th2 response is mediated by a low production of IL-12 and IFN-y, Th17 development is not inhibited
and, in addition, both Th17 and Th2 inhibit Thl response development. The final balance is the elicitation of Th2 or Th17
responses depending of multiple factors (cytokine environment, site of infection, fungal strain, host status, etc.) not well defined
yet; in any case, both responses are detrimental for the host, as anti-inflammatory Th2 response is non-protective, whereas Th17
response results in an enhanced deleterious inflammatory response that confers susceptibility to candidiasis. Modified from Gil
and Gozalbo, 2006 (32).

fungal PAMPs and TLRs located at the plasma membrane, production in response to PLM, but to a lower extent (93).
after phagocytosis, intracellular TLRs located at the Therefore =~ PLM, that triggers production of
endosomal membrane may also play a role in triggering proinflammatory mediators by cells of the myeloid lineage,
host responses by recognizing fungal ligands normally not has been considered as a fungal ligand for TLR2, a major
exposed at the cell surface (6,36,37,39,41). mediator of the proinflammatory signaling induced by C.
albicans (32,51,60). The structure of PLM consists of
PLM has been the first described C. albicans cell hydroxy fatty acid amide linked to phytosphingosine, with
wall-associated ligand for TLRs. Highly purified PLM a hydrophilic polysaccharide domain composed of a linear
triggers cytokine production in human and mouse cells chain of B-1,2-linked mannose residues (12). The precise
(12,91,92), and deletion of the TLR2 gene completely domain of the PLM molecule recognized by TLR2 as well
abolishes the secretory response; cells expressing TLR2, as the participation of accessory proteins in PLM
but not TLR4 or TLR6, also showed a decreased cytokine recognition are not yet characterized.
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C. albicans cell wall mannoproteins, and
particularly the mannan moieties, are well known important
elicitors of cytokine production by host cells (66). Netea et
al. (33) have demonstrated, using a combination of
mannosylation-defective C. albicans strains, anti-receptor
blocking antibodies and knockout mice, that TLR4
recognizes linear O-linked mannosyl residues, thus
identifying this domain as a ligand for TLR4. In the same
study, the highly branched N-linked mannosyl chains were
identified as ligands for the mannose receptor. It should be
mentioned here that the cell wall of C. albicans is an
extremely dynamic structure which may dramatically
change in terms of composition and immune recognition as
a consequence of defects in cell wall biogenesis induced
either by drug treatment, as demonstrated for the -glucan
biosynthesis inhibitor caspofungin, or by mutations in
genes involved in biosynthesis of cell wall components,
such as mannan and/or mannoproteins (94,95); therefore,
results concerning immune sensing of C. albicans strains
defective in mannosylation should be carefully interpreted
(64).

Other PRRs may collaborate with TLRs in
recognition of C. albicans yeasts and hyphae by host cells
and, therefore, in triggering a differential secretory
response to both fungal morphotypes. Hence, ligands for
these PRRs may also modulate signaling through TLRs in
response to C. albicans. Among all known non-TLR PRRs,
fungal ligands for dectin-1 and galectin-3 have been well
characterized.

B-glucan is the ligand of the phagocytic receptor
dectin-1 (96-98), a receptor that collaborates with TLR2 to
elicit a strong inflammatory response (59,97). Moreover, a
TLR2-independent function of dectin-1 has been reported
(99,100). As B-glucan is exposed at the surface of yeasts
cells, whereas surface of hyphal cells do not expose the -
glucan, failure of hyphae recognition by dectin-1 may
contribute to an impaired Th1 host response to C. albicans
(101). In an earlier study, differential chemokine response
of human monocytes to yeast and hyphal forms of C.
albicans was related to the lower surface expression of -
1,6 glucan in hyphae, suggesting that the formation of
hyphal filaments might facilitate C. albicans escaping from
host immunity by minimizing chemokine induction (102).

Fungal cell surface-associated -1,2 mannosides
bind to a host protein identified as the S-lectin galectin-3
(103). These mannosides are special types of glycans that
are expressed by C. albicans and are associated with both
mannan and PLM (6). It has been shown that specific
recognition of C. albicans by macrophages requires
galectin-3 to discriminate S. cerevisiae and needs
association with TLR2 for signaling (104), thus suggesting
that macrophages differentially sense C. albicans and S.
cerevisiae through a mechanism involving TLR2 and
galectin-3 (6,104).

TLR9 as well as other members of the TLR
family (TLR3, TLR7 and TLRS), localizes to intracellular
compartments such as endosomes, and senses viral and
microbial nucleic acids following endocytosis and pathogen
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degradation in late endosomes or lysosomes that causes
release of RNA and DNA. TLRY9 recognizes DNA
containing unmethylated CpG motifs and triggers MyDS88-
mediated signaling pathways leading to activation of
inflammatory cytokine genes, type I IFN genes and IFN
inducible genes (36, 38, 39). The high rate of methylation
and low frequency of CpG motifs in mammalian DNA
avoids its recognition by TLR, and in addition, as host
DNA, unlike microbial DNA, does not usually enter the
endosome, restriction of TLR9 to endosomal compartment
is critical for discriminating between self and non-self
DNA (36, 39, 105). Despite that CpG enhances innate
effector and Thl responses improving host resistance to a
variety of microbes, including fungal species as above
mentioned (79-81), the role of CpG during invasive
candidiasis is not clearly established yet (82,83).

5. PERSPECTIVE

In the last years the study of TLRs has emerged
as one of the most active areas of research in the field of
microbial infections, including fungal infections such as
candidiasis. Very important advances have been achieved
in our understanding on how host immune cells sense C.
albicans and trigger mechanisms aimed to control the
infectious process, although much still needs to be learned.
In addition, some of the reported data are conflicting and
the nature for these discrepancies need to be defined. The
complexity of the experimental model from both sides, the
host and the fungus, may partly explain the disparate results
reported. Most studies are based on single fungal strains,
and the ultrastructure, composition and biological
properties of the cell wall may change among strains and
also within single strains depending on growth conditions.
Therefore, some of the discrepancies between studies could
arise from fungal strain differences rather than from host
differences.

TLR2 and TLR4, as well as TLRY, appear to play
a role in determining host resistance to candidiasis by
triggering a balanced proinflammatory host response to C.
albicans that determines innate and adaptive responses. The
ultimate challenge of our understanding of how C. albicans
stimulate TLR-mediated immune responses is to translate
these achievements to the design of therapeutic strategies
for treatment and/or prevention of candidiasis in the various
groups of at-risk population. However, as the consequences
of fungal recognition by TLRs are very complex, further
studies will provide valuable information elucidating the
contribution of individual TLRs to host protection against
candidiasis: (i) TLRs are present in a wide variety of
immune cells, including both innate and adaptive immune
cells (such as professional phagocytes, dendritic cells, B
and T cells), as well as in non-immune cells (epithelial,
endothelial, stem cells, etc.), and therefore different
mechanisms of protection against infection may be induced
through TLRs; (ii) the inflammatory response to
candidiasis can be envisaged as a two-edged sword, as
excessive unbalanced inflammatory response may result
deleterious for host protection, and therefore TLR signaling
should be tightly controlled by a number of negative
regulators to terminate immune and inflammatory
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responses and prevent excessive inflammation; (iii) further
fungal ligands for TLRs should be identified and more
precisely defined to elucidate the molecular domains
involved in recognition, as well as their in vivo expression
in both C. albicans morphotypes, yeasts and hyphae, and
their contribution to the induction of morphotype-specific
immune responses; (iv) collaboration between TLRs and
other PRRs, such as dectin-1, galectin-3 and other
receptors, as well as interplay between phagocytosis (and
phagocytic receptors) and TLRs can modulate the effects
on host response, and therefore, our understanding of the
TLR-signaling function in response to C. albicans depends
also in the advances achieved with other PRRs and their
ligands.

6. ACKNOWLEDEGMENTS

This work was supported by Grants P103/06478,
P104/1472 (Instituto de Salud Carlos III; Ministerio de
Sanidad y Consumo, Spain), and ACOMP07/073
(Conselleria d’Empresa Universitat I Ciencia, Generalitat
Valenciana).

7. REFERENCES

1. R. Calderone: Candida and candidiasis. ASM Press, NY
(2001)

2. G. Garber: An overwiew of fungal infections. Drugs 61
(Suppl. 1), 1-12 (2001)

3. D. Sanglard and F.C. Odds: Resistance of Candida
species to antifungal agents: molecular mechanisms and
clinical consequences. Lancet Infect Dis 2, 73-85 (2002)

4. M. A. Pfaller and D. J. Diekema: Epidemiology of
invasive candidiasis: a persistent health problem. Clin
Microbiol Rev 20, 133-163 (2007)

5. D. Gozalbo, P. Roig, E. Villamén and M. L. Gil:
Candida and candidiasis: the cell wall as a potential
molecular target for antifungal therapy. Curr Drugs
Targets Infect Disord 4, 117-135 (2004)

6. D. Poulain and T. Jouault: Candida albicans cell wall
glycans, host receptors and responses: elements for a
decisive crosstalk. Curr Opin Microbiol 7, 342-349
(2004)

7. J. Ruiz-Herrera, M.V. Elorza, E. Valentin and R.
Sentandreu: Molecular organization of the cell wall of
Candida albicans and its relation to pathogenicity.
FEMS Yeast Res 6, 14-29 (2006)

8. F. M. Klis, P. W. de Groot and K. Hellingwerf:
Molecular organization of the cell wall of Candida
albicans. Med Mycol 39 (Suppl. 1), 1-8 (2001)

9. P. W. de Groot, A.F. Ram and F. M. Klis: Features
and functions of covalently linked proteins in fungal cell
walls. Fungal Genet Biol 42, 657-675 (2005)

578

10. M. L. Richard and A. Plaine: A comprehensive analysis
of GPI anchored proteins in Candida albicans. Eukaryotic
Cell 6, 119-133 (2007)

11. D. Poulain, C. Slomianny, T. Jouault, J. Gomez and P.
Trinel: Contribution of the phospholipomannan to surface
expression of B-1,2 oligomannosides in Candida albicans
and its presence in cell wall extracts. Infect Immun 70,
4323-4328 (2002)

12. P. Trinel, E. Maes, J. P. Zanetta, F. Delplace, B.
Coldeville, T. Jouault, G. Strecker and D. Poulain: Candida
albicans phospholipomannan, a new member of the fungal
mannose inositol phosphoceramide family. J Biol Chem
277, 37260-37271 (2002)

13. L. Romani: Immunity to fungal infections. Nat Rev
Immunol 4, 1-13 (2004)

14. L. Romani: Innate and adaptive immunity to systemic
Candida albicans infections. In: Fungal Immunology.
From an organ perspective, (P. L. Fidel and G.B.
Huffnagle, eds). New York: Springer (2005)

15. T. Zelante., C. Montagnoli, S. Bozza, R. Gaziano, S.
Bellochio, P. Bonifazi, F. Sepioni, F. Fallarino, P.
Puccetti and L. Romani: Receptors and pathways in
innate antifungal immunity: the implications for
tolerance and immunity to fungi. Adv Exp Med Biol 590,
209-221 (2007)

16. S. J. Szabo, B. M. Sullivan, S. L. Peng and L. H.
Glimcher: Molecular mechanisms regulating Thl
immune responses. Annu Rev Immunol 21, 713-758
(2003)

17. E. Cenci, L. Romani, A. Vecchiarelli, P. Puccetti
and F. Bistoni: T cell subsets and IFN-y production in

resistance to systemic candidosis in immunized mice. J
Immunol 144, 4333-4339 (1990)

18. L. Romani, S. Mocci, C. Bietta, L. Lanfaloni, P.
Puccetti and F. Bistoni: Thl and Th2 cytokine secretion
patterns in murine candidiasis: association of Thl
responses with acquired resistance. Infect Immun 59,
4647-4654 (1991)

19. A. Mencacci, G. del Sero, E. Cenci, C. Fe d’Ostiani,
A. Bacci, C. Montagnoli, M. Kopf and L. Romani:
Endogenous interleukin 4 is required for development of
protective CD4+ T helper type 1 cell responses to
Candida albicans. J Exp Med 187, 307-317 (1998)

20. A. Mencacci, E. Cenci, G. del Sero, C. Fe d’Ostiani,
P. Mosci, G. Trinchieri, L. Adorini and L. Romani: IL-
10 is required for development of protective Thl response
in IL-12-deficient mice upon Candida albicans infection. J
Immunol 161, 6228-6237 (1998)

21. L. Romani: Immunity to Candida albicans: Thl, Th2
cells and beyond. Curr Opin Microbiol 2, 363-367 (1999)



Role of Toll-like receptors in systemic Candida albicans infections

22. C. Fe d’Ostiani, G. del Sero, A. Bacci, C. Montagnoli,
A. Spreca, A. Mencacci, P. Ricciardi-Castagnoli and L.
Romani: Dendritic cells discriminate between yeasts
and hyphae of the fungus Candida albicans:
implications for initiation of T helper cell immunity
in vitro and in vivo. J Exp Med 191, 1661-1673
(2000)

23. L. Romani, C. Montagnoli, S. Bozza, K. Perruccio,
A. Spreca, P. Allavena, S. Verbeek, R.A. Calderone, F.
Bistoni and P. Puccetti: The exploitation of distinct
recognition receptors in dendritic cells determines the
full range of host immune relationships with Candida
albicans. Int Immunol 16, 149-161 (2004)

24. G. Romagnoli, R. Nisini, P. Chiani, S. Mariotti, R.
Teloni, A. Cassone and A. Torosantucci: The interaction
of human dendritic cells with yeast and germ-tube forms
of Candida albicans leads to efficient fungal processing,
dendritic cell maturation, and acquisition of a Thl
response-promoting function. J Leukoc Biol 75, 117-126
(2004)

25. P. Chiani, C. Bromuro and A. Torosantucci:
Defective induction of interleukin-12 in human
monocytes by germ-tube forms of Candida albicans.
Infect Immun 68, 5628-5634 (2000)

26. A. Torosantucci, G. Romagnoli, P. Chiani, A.
Stringaro, P. Crateri, S. Mariotti, R. Teloni, G. Arancia, A.
Cassone and R. Nisini: Candida albicans yeast and germ
tube forms interfere differently with human monocyte
differentiation into dendritic cells: a novel dimorphism-
dependent mechanism to escape the host's immune
response. Infect Immun 72, 833-843 (2004)

27. E. V. Acosta-Rodriguez, L. Rivino, J. Geginat, D.
Jarrossay, M. Gattorno, A. Lanzavecchia, F. Sallusto and
G. Napolitana: Surface phenotype and antigenic specificity
of human interleukin 17-producing T helper memory cells.
Nature Immunol 8, 639-646 (2007)

28. S. LeibundGut-Landmann, O. Grof, M.J. Robinson, F.
Osorio, E.C. Slack, S. V. Tsoni, E. Schweighoffer, V.
Tybulewicz, G.D. Brown and J. Ruland: Syk- and CARD9Y-
dependent coupling of innate immunity to the induction of
T helper cells that produce interleukin 17. Nature Immunol
8, 630-638 (2007)

29. N. W. Palm and R. Medzhitov: Antifungal defense
turns 17. Nature Immunol 6, 549-551 (2007)

30. S. L. Levitz: Interactions of Toll-like receptors with
fungi. Microb Infect 6, 1351-1355 (2004)

31. M. G. Netea, C. A. van der Graaf, J. W. van der Meer
and B. J. Kullberg: Recognition of fungal pathogens by
Toll-like receptors. Eur J Clin Microbiol Infect Dis 23,
672-676 (2004)

32. M. L. Gil and D. Gozalbo: TLR2, but not TLR4,
triggers cytokine production by murine macrophages in

579

response to Candida albicans yeasts and hyphae. Microb
Infect 8, 2299-2304 (2006)

33. M. G. Netea, N. A.Gow, C. A. Munro, S. Bates, C.
Collins, G. Ferwerda, R. P. Hobbson, G. Bertram, H. B.
Huhges, T. Jansen, L. Jacobs, E. T. Buurman, K. Gijzen, D.
L. Williams, R. Torensma, A. McKinon, D. M.
MacCallum, F. C. Odds, J .W. van der Meer, A. J. Brown
and B.J. Kullberg: Immune sensing of Candida albicans
requires cooperative recognition of mannans and glucans
by lectin and Toll-like receptors. J Clin Invest 16, 1642-
1650 (2006)

34. K. Sato, X. L. Yang, T. Yudate, J. S. Chung, J. Wu, K.
Luby-Phelps, R. P. Kimberly, D. Underhill, P. D. Cruz Jr
and K. Ariizumi: Dectin-2 is a pattern recognition receptor
for fungi that couples with the Fc receptor gamma chain to
induce innate immune responses. J Biol Chem 281, 38854-
38866 (2006)

35. S. Akira and K Takeda: Toll-like receptor signaling.
Nat Rev Immunol 4, 499-511 (2004)

36. A. P. West, A. A. Koblansky and S. Ghosh:
Recognition and signaling by Toll-like receptors. Annu Rev
Cell Dev Biol 22, 409-437 (2006)

37. D. Kabelitz and R. Medzhitov: Innate immunity: cross-
talk with adaptive immunity through pattern recognition
receptors and cytokines. Curr Opin Immunol 19, 1-3 (2007)

38. T. Kawai and S. Akira: TLR signaling. Sem Immunol
19, 24-32 (2007)

39. K. Miyake: Innate immune sensing of pathogens and
danger signals by cell surface Toll-like receptors. Sem
Immunol 19, 3-10 (2007)

40. S. Akira, S. Uetmatsu and O. Takeuchi: Pathogen
recognition and innate immunity. Cell 124: 783-801 (2006)

41. R. Medzhitov: TLR-mediated
recognition. Sem Immunol 19, 1-2 (2007)

innate immune

42. O. Takeuchi, T. Kawai, P. F. Muhlradt, M. Morr, J. D.
Radolf, A. Zychkinsky, K. Takeda and S. Akira:
Discrimination of bacterial lipoproteins by Toll-like
receptor 6. Int Immunol 13, 933-940 (2001)

43. O. Takeuchi, S. Sato, T. Horiuchi, K. Hoshino, K.
Takeda, Z. Dong, R. L. Modling and S. Akira: Cutting
edge: role of Toll-like receptor 1 in mediating immune
response to microbial lipoproteins. J Immunol 169, 10-14
(2002)

44. H. K. Lee and A. Iwasaki: Innate control of adaptive
immunity: dendritic cells and beyond. Sem Immunol 19, 48-
55 (2007)

45. D. M. Underhill, A. Ozinsky, A. M. Hajjar, A. Stevens,
C. B. Wilson, M. Bassetti and A. Aderem: The Toll-like
receptor 2 is recruited to macrophage phagosomes and



Role of Toll-like receptors in systemic Candida albicans infections

discriminates between pathogens. Nature 401, 811-815
(1999)

46. S. Shoham, C. Huang, J. M. Chen, D. T. Golembock
and S. M. Levitz: Toll-like receptor 4 mediates intracellular
signaling without TNF release in response to Cryptococcus
neoformans polysaccharide. J Immunol 166, 4620-4626
(2001)

47.]. E. Wang, A. Warris, E. A. Ellingsen, P. F. Jorgensen,
T. H. Flo, T. Espevik, R. Solberg, P. E. Verweij and A. O.
Aasen: Involvement of CD14 and Toll-like receptors in
activation of human monocytes by Aspergillus fumigatus.
Infect Immun 69, 2402-2406 (2001)

48. M. G. Netea, C. A. van der Graaf, A. G. Vonk, L
Verschueren, J. W. van der Meer and B. J. Kullberg: The
role of Toll-like receptor (TLR) 2 and TLR4 in host
defense against disseminated candidiasis. J Infect Dis 185,
1483-1489 (2002)

49. S. Bellocchio, C. Montagnoli, S. Bozza, R. Gaziano, G.
Rossi, S. S. Mambula, A. Vecchi, A. Mantovani, S. M.
Levitz and L. Romani: The contribution of the Toll-like/IL-
1 receptor superfamily to innate and adaptive immunity to
fungal pathogens in vivo. J Immunol 172, 3059-3069
(2004)

50. E. Villamén, D. Gozalbo, P. Roig, C. Murciano, J.
E. O’Connor, D. Fradelizi and M. L. Gil: Myeloid
differentiation factor 88 (MyDS888) is required for
murine resistance to Candida albicans an is critically
involved in Candida-induced production of cytokines.
Eur Cytokine Netw 15, 263-271 (2004)

51. E. Villamén, D. Gozalbo, P. Roig, J. E. O’Connor,
D. Fradelizi and M. L. Gil: Toll-like receptor 2 is
essential in murine defenses against Candida albicans
infections. Microb Infect 6, 1-7 (2004)

52. M. G. Netea, R. Sutmuller, C. Hermann, C. A. van
der Graaf, J. W. van der Meer, J. H. van Krieken, T.
Hartung, G. Adema and B. J. Kullberg: Toll-like
receptor 2 suppresses immunity against Candida
albicans through induction of IL-10 and regulatory T
cells. J Immunol 172, 3712-3718 (2004)

53. E. Villamén, D. Gozalbo, P. Roig, J. E. O’Connor,
M. L. Ferrandiz, D. Fradelizi and M. L. Gil: Toll-like
receptor 2 is dispensable for acquired host immune
resistance to Candida albicans in a murine model of
disseminated candidiasis. Microb Infect 6, 542-548
(2004)

54. C. Murciano, E. Villamén, D. Gozalbo, P. Roig, J.
E. O’Connor and M. L. Gil: Toll-like receptor 4
defective mice carrying point or null mutation do not
show increased susceptibility to Candida albicans in a
model of hematogenously disseminated infection. Med
Mycol 44, 149-157 (2006)

580

55. D. M. Underhill and A. Ozinsky: Phagocytosis of
microbes: complexity in action. Annu Rev Immunol 20,
825-852 (2002)

56. D. M. Underhill and A. Ozinsky: Toll-like receptors:
key mediators of microbe detection. Curr Opinion Immunol
14, 103-110 (2001)

57. D. M. Underhill and B. Gantner: Integration of Toll-
like receptor and phagocytic signaling for tailored
immunity. Microb Infect 6, 1368-1373 (2004)

58. K. A. Marr, S. A. Balajee, T. R. Hawn, A Ozinsky, U.
Pham, S. Akira, A. Aderem and W. C. Liles: Differential
role of MyD88 in macrophage-mediated responses to
opportunistic fungal pathogens. Infect Immun 71, 5280-
5286 (2003)

59. B. Gantner, R. M. Simmons, S. J. Canavera, S. Akira
and D. M. Underhill: Collaborative induction of
inflammatory responses by dectin-1 and Toll-like receptor
2. J Exp Med 197, 1107-1117 (2003)

60. A. Roeder, C. J. Kirschning, M. Schaller, G. Weindl, H.
Wagner, H. C. Korting and R. A. Rupec: Induction of
Nuclear Factor-«xf and c-Junc/Activator protein-1 via Toll-
like receptor 2 in macrophages by antimycotic-treated
Candida albicans. J Infect Dis 190, 1318-1326 (2004)

61. E. Blassi, A. Mucci, R. Neglia, F. Pezzini, B.
Colombari, D. Radzioch, A. Cossarizza, E. Lugli, D.
Volpini, G. del Giudici and S. Peppoloni: Biological
importance of the two Toll-like receptors, TLR2 and TLR4,
in macrophage response to infection with Candida
albicans. FEMS Immunol Med Microbiol 44, 69-79 (2005)

62. M. L. Gil, D. Fradelizi and D. Gozalbo: TLR2 : for or
against Candida albicans ? Infect Immun 7, 298-299 (2005)

63. M. G. Netea, J. W. van der Meer and B. J. Kullberg:
Both TLR2 and TLR4 are involved in the recognition of
Candida albicans. Microb Infect 8, 2821-2822 (2006)

64. M. L. Gil and D. Gozalbo: Candida albicans: to be or
not to be recognized by TLR4? Microb Infect 8, 2823-2824
(2006)

65. C. Murciano, A. Yanez, M.L. Gil and D. Gozalbo: Both
viable and killed Candida albicans cells induce in vitro
production of TNF-a and IFN-y in murine cells through a
TLR2-dependent signaling. Eur Cytokine Netw 18, 38-43
(2007)

66. H. Tada, E. Nemoto, H. Shimauchi, T. Watanabe, T.
Mikami, T. Matsumoto, N. Ohno, H. Tamura, K. Shibata,
S. Akashi, K. Miyake, S. Sugawara and H. Takada:
Saccharomyces cerevisiae- and Candida albicans-derived
mannan induced production of tumor necrosis factor alpha
by human monocytes in a CD14- and Toll-like receptor 4-
dependent manner. Microbiol Immunol 46, 503-512 (2002)



Role of Toll-like receptors in systemic Candida albicans infections

67. A. Roeder, C. J. Kirschning, R. A. Rupec, M. Schaller
and H. C. Korting: Toll-like receptors and innate antifungal
responses. Trends Microbiol 12, 44-49 (2004)

68. C. A. van der Graaf, M. G. Netea, I. Verschueren, J. W.
van der Meer and B. J. Kullberg: Differential cytokine
production and Toll-like receptor signaling pathways by
Candida albicans blastoconidia and hyphae. Infect Immun
73, 7458-7464 (2005)

69. S. Sakaguchi: Naturally arising CD4+ regulatory T
cells for immunologic self-tolerance and negative control
of immune responses. Annu Rev Immunol 22, 531-562
(2004)

70. Y. Belkaid and B. Y. Rouse: Natural regulatory T cells
in infectious disease. Nat Immunol 6, 353-360 (2005)

71. R. P. Sutmuller, M. E. Morgan, M. G. Netea, O. Grauer
and G. J. Adema: Toll-like receptors on regulatory T cells :

expanding immune recognition. Trends Immunol 27, 387-
393 (2006)

72. C. Montagnoli, A. Bacci, S. Bozza, R. Gaziano, P.
Mosci, A. H. Sharpe and L. Romani: B7/CD28-dependent
CD4+CD25+ regulatory T cells are essential components
of the memory-protective immunity to Candida albicans. J
Immunol. 69, 6298-6308 (2002)

73. R. P. Sutmuller, M. den Brok, M. Kramer, E. J.
Bennink, L. W. Toonen, B. J. Kullberg, L. A. Joosten, S.
Akira, M. G: Netea and G. J. Adema: Toll-like receptor 2
controls expansion and function of regulatory T cells. J
Clin Invest 116, 485-494 (2006)

74. C. Pasare and R. Medzhitov: Toll-dependent control
mechanisms of CD4 T cell activation. Immunity 21, 733-
741 (2004)

75. Y. Yang, C. T. Huang, X. Huang and D. M. Pardoll:
Persistent Toll-like receptor signals are required for
reversal of regulatory T cell-mediated CDS8 tolerance. Nat
Immunol 5, 508-515 (2004)

76. C. Pasare and R. Medzhitov: Toll-like receptors:
linking innate and adaptive immunity. Adv Exp Med Biol
560, 11-18 (2005)

77. M. G. Netea, J. W. van der Meer and B. J. Kullberg:
Toll-like receptors as an escape mechanism from the host
defense. Trends Microbiol 12, 484-488 (2004)

78. 1. Caramalho, T. Lopes-Carvalho, D. Ostler, S. Zelanay,
M. Haury and J. Demengeot: Regulatory T cells
selectively express Toll-like receptors and are activated by
lipopolysaccharide. J Exp Med 197, 403-411 (2003)

79. S. Bozza, R. Gaziano, G. B. Lipford, C. Montagnoli, A.
Bacci, P. di Francesco, V. P. Kurup, H. Wagner and L.
Romani: Vaccination of mice against invasive aspergillosis
with recombinant Aspergillus proteins and CpG

581

oligodeoxynucleotides as adjuvants. Microb Infect 4, 1281-
1290 (2002)

80. A. M. Krieg: CpG motifs in bacterial DNA and their
immune effects. Annu Rev Immunol 20, 709-760 (2002)

81. K. Miyagi, K. Kawakami, Y. Kinjo, K. Uezu, T. Kinjo,
K. Nakamura and A. Saito: CpG oligodeoxynucleotides
promote the host protective response against infection with
Cryptococcus neoformans through induction of interferon-
gamma production by CD4+ T cells. Clin Exp Immunol
140, 220-229 (2005)

82. S. Tto, J. Pedras-Vasconcelos and D. M. Klinman: CpG
oligodeoxynucleotides increase the susceptibility of normal
mice to infection by Candida albicans. Infect Immun 73,
6154-6156 (2005)

83. J. H. Choi, H. M. Ko, S. J. Park, K. J. Kim, S. H. Kim
and S. Y. Im: CpG oligodeoxynucleotides protect mice
from lethal challenge with Candida albicans via a pathway
involving tumor necrosis factor-a-dependent interleukin-12
induction. FEMS Immunol Med Microbiol 51, 155-162
(2007)

84. M. Yordanov, P. Dimitrova, S. Danova and N.
Ivanovska: Candida albicans double stranded DNA can
participate in the host defense against disseminated
candidiasis. Microb Infect 7, 178-186 (2005)

85. W. Huang, L. Na, P. L. Fidel and P. Schwarzenberger:
Requirement of interleukin-17A for systemic anti-Candida
albicans host defense in mice. J Infect Dis 190, 624-631
(2004)

86. T. Zelante, A. de Luca, P. Bonifazi, C. Montagnoli, S.
Bozza, S. Moretii, M. L. Belladona, C. Vacca, C. Conte, P.
Mosci, F. Bistoni, P. Puccetti, R. A. Kastelein, M. Kopf
and L. Romani: IL-23 and the Thl7 pathway promote
inflammation and impair antifungal immune resistance. Eur
J Immunol 37, 2695-26706 (2007)

87. F. Annunziato, L. Cosmi, V. Santarlasci, L. Maggi, F.
Liotta, B. Mazzinghi, E. Parente, L. Fili, S. Ferri, F.
Frosali, F. Giudici, P. Romagnani, P. Parronchi, F. Tonelli,
E. Maggi and S. Romagnani: Phenotypic and functional
features of human Th17 cells. J Exp Med 204, 1849-1861
(2007)

88. C. R. Ruprecht and A. Lanzavecchia: Toll-like receptor
stimulation as a third signal required for activation of
human naive B cells. Eur J Immunol 36, 810-816 (2006)

89. D. Kabelitz: Expression and function of Toll-like
receptors in T lymphocytes. Curr Opinion Immunol 19, 39-
45 (2007)

90. T. Imanishi, H. Hara, S. Suzuki, N. Suzuki, S. Akira
and T. Saito: Cutting edge: TLR2 directly triggers Thl
effector functions. J Immunol 178, 6715-6719 (2007)



Role of Toll-like receptors in systemic Candida albicans infections

91. T. Jouault, A. Bernigaud, G. Lepage, P. A. Trinel and
D. Poulain: The Candida albicans phospholipomannan
induces in vitro production of tumour necrosis factor-a

from human and murine macrophages. Immunology 83,
268-273 (1994)

92. T. Jouault, C. Fradin, P. A. Trinel, A. Bernigaud and D.
Poulain D: Early signal transduction induced by Candida
albicans in macrophages through shedding of a glycolipid.
J Infect Dis 178, 792-802 (1998)

93. T. Jouault, S. Ibata-Ombeta, O. Takeuchi, P. A. Trinel,
P. Sachetti, P. Lefebvre, S. Akira and D. Poulain: Candida
albicans phospholipomannan is sensed through Toll-like
receptors. J Infect Dis 188, 165-172 (2003)

94. R. T. Wheeler and G. R. Fink: A drug-sensitive genetic
network mask fungi from the immune system. PloS Pathog
2(4):e35. DOI: 10.171/Journal.ppat.0020035 (2006)

95. A. Plaine, A. Yanez, C. Murciano, C. Gaillardin, M. L.
Gil, M. L. Richard and D. Gozalbo: Enhanced
proinflammatory response to the Candida albicans gpi7
null mutant by murine cells. Microb Infect (in press) (2008)

96. G. D. Brown, P. R. Taylor, D. M. Reid, J. A. Willment,
D. L. Williams, L. Martinez-Pomares, S. Y. Wong and S.
Gordon: Dectin-1 is a major beta-glucan receptor on
macrophages. J Exp Med 196, 407-412 (2002)

97. G. D. Brown, J. Herre, D. L. Williams, J. A. Willment,
A. S. Marshall and S. Gordon: Dectin-1 mediates the
biological effects of beta-glucans. J Exp Med 197,1119-
1124 (2003)

98. J. Herre, S. Gordon and G. D. Brown: Dectin-1 and its
role in the recognition of -glucans by macrophages. Mol
Immunol 40, 869-876 (2004)

99. N. C. Rogers, E. C. Slack, A. D. Edwards, M. A. Nolte,
O. Schultz, E. Schweighoffer, D. L. Williams, S. Gordon,
V. L. Tybulewicz, G. D. Brown and C. Reis ¢ Sousa: Syk-
dependent cytokine induction by Dectin-1 reveals a novel
pattern recognition pathway for C-types lectins. Immunity
22, 507-517 (2005)

100. O. Gross, A. Gewies, K. Finger, M. Schéfer, T.
Sparwasser, C. Peschel, 1. Forster and J. Ruland: Card9
controls a non-TLR signaling pathway for innate anti-
fungal immunity. Nature 442, 651-656 (2006)

101. B. N. Gantner, R. M. Simmons and D.M. Underhill:
Dectin-1 mediates macrophage recognition of Candida
albicans yeast but not filaments. EMBO J 24, 1277-1286
(2005)

102. A. Torosantucci, P. Chiani and A. Cassone:
Differential chemokine response of human monocytes to
yeast and hyphal forms of Candida albicans and its relation
to the beta-1,6 glucan of the fungal cell wall. J Leukoc Biol
68, 923-932 (2000)

582

103. C. Fradin, D. Poulain and T. Jouault: B-1,2-linked
oligomannossides from Candida albicans bind to a 32-
kilodalton macrophage membrane protein homologous to
the mammalian galectin-3. Infect Immun 68, 4391-4398
(2000)

104. T. Jouault, M. El Abed-El Bedi, M. Martinez-Esparza,
L. Breuilh, P. A. Trinel, M. Chamaillard and D. Poulain:
Specific recognition of Candida albicans by macrophages
requires Galectin-3 to discriminate Saccharomyces
cerevisiae and needs association with TLR2 for signaling. J
Immunol 177, 4679-4687 (2006)

105. G. M. Barton, J. C. Kagan and R. Medzhitov:
Intracellular localization ot Toll-like receptor 9 prevents
recognition of self DNA but facilitates access to viral DNA.
Nat Immunol 7, 49-46 (2006)

Abbreviations: C. albicans: Candida albicans, IL:
interleukine, IFN-gamma: interferon-gamma, TNF-alpha:
tumour necrosis factor-alpha, PAMPs: pathogen-associated
molecular patterns, TLRs: Toll-like receptors, Treg: T
regulatory cells, DCs: dendritic cells, TCR: T cell receptor

Key Words Toll-like receptors, Candida albicans,
systemic candidiasis, innate and adaptive immunity

Send correspondence to: Daniel Gozalbo, Departament de
Microbiologia i Ecologia, Facultat de Farmacia, Universitat
de Valencia, Avda. Vicent Andres Estelles s/n, 46100
Burjassot, Valencia, Spain, Tel: 34 963543026, Fax: 34
963544543, E-mail: daniel.gozalbo@uv.es

http://www.bioscience.org/current/vol14.htm



