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Innate immune system
The suite of host responses to 
microbial invaders that results 
in rapid defence without 
requiring prior stimulation. 
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Abstract | The innate immune response was once considered to be a limited set of responses 
that aimed to contain an infection by primitive ‘ingest and kill’ mechanisms, giving the host 
time to mount a specific humoral and cellular immune response. In the mid‑1990s, however, 
the discovery of Toll‑like receptors heralded a revolution in our understanding of how 
microorganisms are recognized by the innate immune system, and how this system is 
activated. Several major classes of pathogen‑recognition receptors have now been 
described, each with specific abilities to recognize conserved bacterial structures. The 
challenge ahead is to understand the level of complexity that underlies the response  
that is triggered by pathogen recognition. In this Review, we use the fungal pathogen 
Candida albicans as a model for the complex interaction that exists between the host 
pattern‑recognition systems and invading microbial pathogens.

The clinical spectrum of Candida spp. infections ranges 
from benign colonization of the skin and mucosal sur-
faces to mucocutaneous forms of candidiasis and sys-
temic infections (candidaemia and deep-seated organ 
candidiasis). Despite the fact that fungal infections are 
typically self-limiting, the number of life-threatening 
systemic fungal infections has risen steadily over the 
past three decades1, although this increase might now 
be reaching a plateau2. The increased prevalence of fungi 
as agents of disseminated infection has been restricted to 
patients in whom surgical or chemotherapeutic interven-
tions and/or underlying immunological deficiencies have 
allowed fungi to overwhelm the protective host defence 
mechanisms2. In healthy and immunologically normal 
individuals, the innate immune system is an efficient 
sentinel that provides protection from the thousands of 
fungal species that humans regularly encounter.

Candida albicans is a ubiquitous fungal organism that 
often colonizes the skin and the mucosal surfaces of nor-
mal individuals, without causing disease. However, when 
the normal host defence mechanisms are impaired (for 
example, in patients who are undergoing chemotherapy 
for malignancies, receiving immunosuppressants after 
an organ transplant, or patients with AIDS), C. albicans 
can become a pathogen. Candidaemia has an incidence 
of between 1.1 and 24 cases per 100,000 individuals, and 
an associated mortality of more than 30%3,4. It seems 

unlikely that antifungal agents will have an impact on the 
grim mortality statistics for systemic fungal infections 
without the aid of new clinical approaches, such as com-
bining chemotherapy with immunotherapy5. However, 
augmenting the ability of the immune system to elimi-
nate a pathogen requires a sophisticated understanding 
of the molecular mechanisms that are involved in patho-
gen recognition and in the host immune response. In 
this Review we describe the recent progress that has been 
made in research into the mechanisms that are involved 
in the recognition of fungal pathogens, and present 
how this progress has changed our understanding of 
the pathogenesis of infections in general, and invasive 
candidiasis in particular.

Innate immunity and host defence
Until recently, little was known about the ways in which 
neutrophils and macrophages, the major players in 
innate immunity, recognized C. albicans as a pathogenic 
microorganism, or how the fungal–leukocyte interaction 
triggers an inflammatory response. The dogma that had 
been blindly accepted over the past 50 years was that 
although effective, innate immunity was non-specific 
and “rather primitive and dumb” (Ref. 6). However, this 
simplistic model, in which innate immunity performs 
only simple ‘ingest and destroy’ tasks, could not explain 
how innate immune cells recognize microbial pathogens 
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Dendritic cells
‘Professional’ antigen-
presenting cells that are found 
in the T-cell areas of lymphoid 
tissues and as minor cellular 
components in most tissues. 
They have a branched or 
dendritic morphology and are 
important stimulators of T-cell 
responses.

as ‘non-self ’, or why different responses are triggered by 
different classes of microorganisms. only in the past 
decade has it become clear that the innate immune 
system not only specifically recognizes various classes 
of microorganisms, it also initiates and modulates the 
subsequent adaptive responses that are delivered by T-
cells and B cells through their interactions with antigen- 
presenting cells (especially dendritic cells (DCs))7. The 
tasks of recognizing an invading pathogen and acti-
vating the host response are accomplished by pattern- 
recognition receptors (PRRs), which recognize conserved 
microbial chemical signatures called pathogen-associated  
molecular patterns (PAmPs) (BOX 1).

The fungal cell wall
The fungal cell wall is an essential organelle that main-
tains the viability of fungal cells. The regulation of fungal 
cell wall biosynthesis and glycosylation has been exten-
sively reviewed elsewhere8–10, but a basic outline of the 
components of the cell wall is necessary to understand 
how it is recognized by the host immune system. To be 
strong, yet plastic, fungal cell walls combine skeletal and 
matrix components in a way that resembles the engineer-
ing principles that are involved in constructing elaborate 
structures, such as reinforced concrete buildings, that 
are made of mesh and mortar. The cells of the innate 
immune system recognize elements of both the skeletal 
and matrix components of the C. albicans cell wall.

The skeletal component of the cell wall of the major-
ity of fungal pathogens, including C. albicans, is based 
on a core structure of β-(1,3)-glucan covalently linked 
to β-(1,6)-glucan and chitin (a β-(1,4)-linked polymer of 
N-acetylglucosamine (GlcnAc)) (fIG.1). These polymers 
form hydrogen bonds between adjacent polysaccharide 

chains to form a tough three-dimensional network of 
microfibrils. most models suggest that the skeletal com-
ponents of the cell wall are found close to the cell mem-
brane in an inner layer, although some chitin and glucan 
can be present throughout the thickness of the wall. In 
budding yeast cells, a scar is left on the mother cell after 
separation of the bud, and at this site the components 
of the inner layers of the cell wall, such as chitin and 
β-(1,3)-glucan, can become exposed at the surface11.

In addition to the glucan and chitin skeleton, the  
C. albicans cell wall contains a matrix that mainly com-
prises glycosylated proteins. In C. albicans, the major 
class of cell wall proteins are glycosylphosphatidylinositol 
(GPI)-anchor-dependent cell wall proteins (GPI-CwPs), 
which are attached through a GPI remnant to β-(1,3)- 
glucan or chitin by a highly branched β-(1,6)-glucan 
linker. The CwPs are normally highly glycosylated with 
mannose-containing polysaccharides (sometimes called 
mannan), and carbohydrates can account for up to 90% 
of their molecular mass. many CwPs have a lollipop 
structure with a globular domain that is presented to 
the outside of the cell and a Ser/Thr-rich polypeptide 
stem-like domain that is stabilized in the cell wall by 
O-linked mannan side chains8. These ether-linked 
O-mannans are relatively short, linear polysaccharides 
that, in C. albicans, consist of one to five mannose (man) 
sugars that are almost exclusively α-(1,2)-linked (fIG. 1). 
N-mannan consists of a core man8GlcnAc2 trianten-
nary complex to which a highly branched structure is 
attached, comprising up to 150 mannose sugars arranged 
as an α-(1,6)-linked backbone with side chains of α-
(1,2)-, α-(1,3)-mannose and phosphomannan9 (fIG. 1). 
The mannan structures define many of the serotypes 
of Candida spp.12 For example, in serotype B strains  

 Box 1 | The recognition of microorganisms by pattern-recognition receptors

The innate recognition of pathogens is achieved through germ-line-encoded receptors, the pattern-recognition 
receptors (PRRs), which sense conserved chemical signatures called pathogen-associated molecular patterns (PAMPs). 
Four major classes of PRRs have been identified.
• Toll-like receptors (TLRs) are cell-membrane-associated (TLR1, TLR2, TLR4, TLR5 and TLR6) or intracellular (TLR3, TLR7, 

TLR8 and TLR9) receptors. Several TLRs have been implicated in the recognition of fungal components: TLR2 recognizes 
phospholipomannan, TLR4 recognizes O-linked mannans, TLR6 is involved in the recognition of zymosan and TLR9 
detects fungal DNA.

• C-type lectin receptors (CLRs) are mainly membrane-bound receptors that recognize polysaccharide structures from 
Candida albicans: dectin 1 recognizes β-glucans, whereas the macrophage mannose receptor (MR) and DC-SIGN 
recognize N-linked mannans.

• Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and retinoic-acid-inducible gene I (RIGI) 
receptors are intracellular receptors for bacterial peptidoglycans and viral nucleic acids. So far, no studies have 
documented the involvement of NLRs or RIGI receptors in the recognition of fungi.

• The blueprint for the structure of PRRs is represented by the extracellular pathogen-recognition domain (the Leu-rich 
repeat (LRR) domain in TLRs and the C-type lectin domain (CLD) in CLRs). The intracellular signalling domain (the TLR-
interleukin 1 receptor, TIR domain) of TLRs and the immunoreceptor Tyr-based activation-like motif (ITAM) from some 
CLRs, such as dectin 1, ultimately induce the intracellular signals responsible for the functional activity of the receptor.  

The four major classes of PRRs discussed here are restricted to families of mammalian molecules with a PRR 
function at a cellular level that have a proven signalling pathway that leads to activation of the innate host response. 
There are other classes of molecules with less well established functions as PRRs. (For example, peptidoglycan-
recognition proteins (PGRPs), which recognize peptidoglycans in insect and mammalian cells. Although PGRPs 
induce defensins in Drosophila melanogaster, their function in mammalian cells has not yet been established.) Some 
circulating proteins that bind bacterial structures (for example, pentraxins and mannose-binding lectin (MBL)), are 
also considered by some to be PRRs.
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Mannan
Cell wall protein
β-(1,6)-glucan
β-(1,3)-glucan
Chitin

N-acetylglucosamine
α-(1,3)-mannose
α-(1,2)-mannose
α-(1,6)-mannose
β-(1,2)-mannose
β-(1,4)-mannose
β-(1,6)-glucose
β-(1,3)-glucose

Cytokines
Biologically active molecules 
that are released by cells and 
that affect the function of other 
cells.

Fcg receptor
A surface molecule on various 
cells that binds to the fc 
regions of immunoglobulins, 
thereby initiating effector 
functions.

T helper 1
An immune response that is 
characterized by a subset of 
helper T-cells that secrete a 
particular set of cytokines, 
including interleukin 2, 
interferon-g and TNfα, the 
main function of which is to 
stimulate phagocytosis-
mediated defences against 
intracellular pathogens. 

C-type lectin
C-type lectins are largely 
calcium-dependent animal 
lectins that are carbohydrate-
binding proteins. The binding 
activity of C-type lectins is 
based on the structure of the 
carbohydrate-recognition 
domain, which is highly 
conserved in this family. 

β-(1,2)-mannose is found exclusively in the phospho-
mannan, whereas in serotype A strains β-(1,2)-mannose 
also occurs in the acid-stable side-chain fraction9.

Fungal recognition
owing to the localization of mannoproteins and man-
nans in the outermost part of the cell wall, mannan 
detection would be expected to be one of the first steps in 
the recognition of C. albicans by the host innate immune 
system. However, the presence of β-glucans and chitin, 
especially at the level of the bud scar, is also likely to 
influence the recognition of C. albicans by leukocytes. 
So how is the recognition of the C. albicans cell surface 
achieved by the immune system?

The main cells of the host innate immune response 
that recognize invading pathogens are monocytes and 
neutrophils in the circulation, together with macro-
phages in infected tissues. monocytes express high levels 
of Toll-like receptors (TlRs) on their cell membranes, as 
well as moderate levels of lectin receptors (lRs). During 
differentiation into macrophages, they retain expression 
of TlRs while strongly upregulating their expression of 
lRs. Important differences in the expression of several 
receptors have also been reported between resident and 
inflammatory macrophages, as the expression of PRRs 
can be modified by cytokines or microbial products. DCs, 
which are crucial for antigen processing and presenta-
tion, also express most of the PRRs that are important 
for the recognition of fungal pathogens. neutrophils 
show moderate expression of TlRs and strongly express 
phagocytic receptors such as complement receptor 3 
(CR3) and fcg receptors (FcgRs), but the expression of 
PRRs on T cells is much more restricted (fIG. 2). The 
mosaic of PRRs that is expressed by each of these cell 

types ultimately determines the type of response that is 
initiated following recognition of C. albicans.

Mannans and mannoproteins. Both mannans and man-
noproteins from the C. albicans cell wall have important 
immunostimulatory activities, ranging from stimulation 
of cytokine production13,14 to induction of DC matura-
tion15 and T-cell immunity16,17. mannoproteins induce 
mainly T helper 1 (TH1)-type cytokine profiles, which 
have protective effects against disseminated C. albicans 
infection18.

The first receptor on the surface of macrophages to 
be described as a mannan receptor was the C-type-lectin 
mannose receptor (mR)19,20. The mR recognizes oligosac-
charides that terminate in mannose, fucose and GlcnAc21, 
and this binding is mediated by carbohydrate-recognition 
domains (CRDs) 4 to 8 in the extracellular region of 
the receptor22. In vitro studies have shown that the mR 
preferentially recognizes α-linked oligomannoses with 
branched, rather than linear, structures23, and this was 
supported by data that demonstrated that in mono-
cytes and macrophages, the mR recognizes branched 
N-bound mannans from C. albicans24. By contrast, 
recognition of the shorter linear structures of O-bound 
mannan is performed by TlR4 (Ref. 24), and results in 
cytokine production25. Interestingly, TlR4 stimulation 
is lost during the germination of yeast into hyphae, 
which leads to a loss of interferon-g (IFng) production 
capacity26. on DCs, however, the binding of C. albicans 
mannans is mediated through the mR and DC-SIGn 
(DC-SIGn is a receptor that is specifically expressed on 
the cell membrane of DCs)27.

The α-linked mannose structures on the surface 
of C. albicans are recognized by the mR, TlR4 and 

Figure 1 |	The	structure	of	the	Candida albicans	cell	wall.	The schematic shows the major components of the cell wall 
and their distributions. β‑(1,3)‑glucan and chitin (poly‑β‑(1,4)‑N‑acetylglucosamine) are the main structural components, 
and these are located towards the inside of the cell wall. The outer layer is enriched with cell wall proteins (CWP) that are 
attached to this skeleton mainly via glycosylphosphatidylinositol remnants to β‑(1,6)‑glucan or, for mannoproteins with 
internal repeat domains (Pir‑CWP), via alkali‑sensitive linkages to β‑(1,3)‑glucan. The insets show the structure of the 
glucan and mannan components.
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DC-SIGn. By contrast, β-(1,2)-mannosides, which are 
present in the acid-stable and acid-labile components 
of mannoproteins and in phospholipomannan (Plm), 
are recognized by other mechanisms. on the one hand, 
Plm reportedly stimulates cytokine production through 
TlR2 (Ref. 28). on the other hand, it has been suggested 
that recognition of the acid-labile β-(1,2)-mannosides is 
redundant in human monocytes24, although it might play a 
role in tissue macrophages, particularly in the gut mucosa. 
In this respect, a recent study has shown that galectin 3 
on the surface of murine macrophages can discriminate 
between pathogenic C. albicans and non-pathogenic 
Saccharomyces cerevisiae, and that an association between 
galectin 3 and TlR2 is involved in this process29.

Another lectin family member, dectin 2, has also 
been described to function as a receptor for C. albicans 
mannans30, although this interaction is less well charac-
terized. Dectin 2 is mainly expressed on myeloid cells 
and maturing inflammatory monocytes31. owing to its 
short intracytoplasmic tail, dectin 2 must interact with 
the FcgR to induce intracellular signals and, interest-
ingly, seems to be mainly involved in the recognition of 
C. albicans hyphae32. Dectin 2 is encoded by a different 
gene cluster to the β-glucan receptor dectin 1 (see below) 
and does not recognize β-glucans32; rather, dectin 2 has 
binding specificity for mannose33.

β-glucans. The C. albicans cell wall consists of approxi-
mately 60% β-glucan34. Although initially thought to be 
buried beneath the mannoprotein layer, recent evidence 

suggests that β-glucans are exposed on the cell surface35, 
although possibly restricted to specific regions, such as 
bud scars11. β-glucans can stimulate leukocytes in vitro, 
which induces cytotoxic and antimicrobial activities as 
well as the production of pro-inflammatory mediators, 
cytokines and chemokines36. β-glucans are released into 
the circulation during systemic fungal infections37.

The recognition of β-glucans has primarily been 
ascribed to two receptors, CR3 and, more recently, 
dectin 1. Although other β-glucan receptors have been 
described, including lactosylceramide and scavenger 
receptors, the physiological role of these receptors is 
still unclear. CR3 is a widely expressed β2-integrin that 
recognizes several endogenous and exogenous ligands, 
pathogens that have been opsonized by iC3b (the inac-
tivated form of complement component C3b) and carbo-
hydrates, including β-glucans. Carbohydrate recognition 
is mediated by a lectin domain38,39, which is distinct from 
the normal ligand-binding site (the I domain) of CR3 
(Ref. 39). The lectin domain mediates recognition of both 
the yeast and hyphal forms of C. albicans40,41, as well as 
several other fungi. Recognition by CR3 does not trigger 
protective host responses, such as the respiratory burst42, 
and can repress pro-inflammatory signals43,44. 

Dectin 1 is a myeloid-expressed transmembrane 
receptor and possesses a single extracellular, non- 
classical C-type-lectin-like domain that specifically rec-
ognizes β-(1,3)-glucans. Dectin 1 can recognize several 
fungi, including C. albicans yeast, although it does not 
appear to recognize C. albicans hyphae11,45. The cyto-
plasmic tail of dectin 1 contains an immunoreceptor 
tyrosine-based activation-like motif (ITAm), which can 
mediate various protective responses through spleen 
tyrosine kinase and caspase recruitment domain pro-
tein 9 (Syk–CARD9)-dependent pathways, such as the 
stimulation of interleukin 2 (Il-2) and Il-10 (Ref. 46), 
Il-6 (Ref. 47), and Il-17 production48. Although Syk-
dependent signalling from dectin 1 is sufficient for 
these responses, stimulation of the mitogen-activated 
protein kinase (mAPK) and nuclear factor (nF)-κB 
pathways, with subsequent production of pro-inflam-
matory cytokines, such as tumour necrosis factor (TnF), 
requires collaborative signalling with the TlR2 recep-
tor49,50. The precise nature of the TlR2 ligand from C. 
albicans has not yet been completely elucidated, although 
Plm might be recognized by TlR2 and TlR6 (Ref. 28).

It has recently been suggested that phagocytosis of 
C. albicans by neutrophils can be mediated by the minor 
cell wall component β-(1,6)-glucan51. Beads coated with 
β-(1,6)-glucan are ingested by neutrophils, and the 
phagocytosis of yeast cells treated with β-(1,6)-glucanase 
is reduced. This recognition appears to be mediated by 
CR3 following opsonization by C3d fragments that bind 
β-(1,6)-glucan. 

Other C. albicans components. In addition to manno-
proteins, mannans and β-glucans, other structures of 
C. albicans can also be recognized as fungal PAmPs. 
Chitin, a less studied polysaccharide component of the 
C. albicans cell wall, is a β-(1,4)-linked homopolymer of 
GlcnAc that forms antiparallel hydrogen-bonded chains 

Figure 2 |	cell	populations	and	pattern-recognition	receptors	involved	in	
Candida albicans	recognition.	The main populations involved in the recognition  
of C. albicans during the innate immune response are the monocytes, neutrophils and 
macrophages. Dendritic cells are crucial for processing of, and antigen presentation to, 
T cells, and thus to activation of specific immunity. The differential expression of pattern‑
recognition receptors by these cell types is shown. CR3, complement receptor 3; FcgR, 
Fcg receptor; MR, mannose receptor; TLR, Toll‑like receptors. 
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Type I interferons
Interferons that are rapidly 
induced by virus replication, as 
well as by some bacterial and 
fungal infections.

TH2
A type of activated T helper 
cell that participates in 
phagocytosis-independent 
responses and that 
downregulates pro-
inflammatory responses that 
are induced by TH1 cells. TH2 
cells secrete interleukin 4  
(IL-4), IL-5, IL-6 and IL-10. 

Regulatory T-cell
A small population of CD4+  
T-cells that expresses the 
transcription factor forkhead 
box P3 and that has 
suppressor activity towards 
other T-cells either by cell–cell 
contact or cytokine release.

Zymosan
Particulate preparation of  
S. cerevisiae cell walls that is 
rich in β-glucans and mannan 
and that can be used to 
activate the innate immune 
system.

called microfibrils52. Recently, it has been demonstrated 
that chitin induces recruitment of immune cells that 
mainly release Il-4 and Il-13 (Ref. 53). little is known 
about the recognition pathways of chitin and its role dur-
ing C. albicans infections, and no recognition receptors 
for chitin have yet been described.

Bacterial and fungal DnA are poorly methylated, in 
contrast to mammalian DnA. This difference has been 
proposed to be instrumental in the recognition of non-
self DnA by TlR9 (Ref. 54). Although the recognition of 
fungal DnA has not been formally demonstrated, the 
involvement of TlR9 in the recognition of C. albicans is 
supported by the observation that cytokine production 
from CD4+ T-cells from TlR9–/– mice is skewed (higher 
Il-4, lower IFng) compared to cytokine production 
from CD4+ T cells from wild-type mice, upon challenge 
with C. albicans yeast55. As yet, no studies have investi-
gated the possible role of RnA recognition systems (that 
is, TlR3, and TlR7 and TlR8) in the host response to 
C. albicans infection.

Activation of host defence by PRRs 
At first glance, ligation of the various host immune 
receptors by C. albicans PAmPs appears to lead to a 
set of standard, and possibly redundant, pathways that 
stimulate cytokine production, phagocytosis and fun-
gal killing. However, this early model of a ‘standard’ 
PRR response has been refined over the past few years. 
various PRRs enable the innate immune system not 
only to recognize specific PAmPs, but also to specifi-
cally modulate the response that follows. In addition, by 
inducing specific cytokine profiles, PRRs bring a certain 
degree of specificity to the innate response.

C. albicans uptake. Phagocytosis of C. albicans is medi-
ated by the concerted action of several opsonic and non-
opsonic receptors. Complement binding and activation 
is mediated by the alternative pathway, and complement 
activation is mainly important for the chemotaxis and 
opsonization of C. albicans, but not for C. albicans lysis, 
which is prevented by the thick and complex cell wall56. 
Furthermore, although mannose-binding lectin does 
bind and recognize C. albicans, the lectin pathway of 
complement activation probably plays only a minor role 
in C. albicans uptake57.

Several membrane-bound receptors contribute to 
the phagocytosis of C. albicans, among which dectin 1 
(Ref. 58), the mR59,60 and DC-SIGn27 have been directly 
shown to mediate uptake of fungal particles in trans-
fected cell systems, although the ability of the mR to 
mediate phagocytosis has recently been questioned61. 
TlRs do not mediate fungal uptake, but they might be 
involved in directing the subsequent maturation of the 
phagosome62 and the presentation of antigens, although 
this is still controversial62.

C. albicans killing. Following uptake, killing of  
C. albicans occurs through both oxidative and non- 
oxidative mechanisms63. Although the receptors that are 
involved in triggering these events are largely unknown, 
dectin 1 induces the respiratory burst in response to 

fungi, an activity that can be enhanced by TlR signal-
ling50,64. The respiratory burst is an essential antifungal 
effector mechanism that results in the production of 
toxic oxidants65,66 and in the activation of granule pro-
teases that can kill C. albicans65–67. Killing of C. albicans 
also occurs extracellularly, through the as-yet-undefined 
actions of PRRs such as galectin 3 (Ref. 68).

Cytokine induction. more is known about the receptors 
that are involved in the induction of cytokine production 
by C. albicans. At least four TlRs (TlR2, TlR4, TlR6 
and TlR9) are involved in triggering these responses. 
Upon recognition of microbial structures, TlRs activate 
either the nF-κB or mAPK pathway, which lead to the 
stimulation of pro-inflammatory cytokine produc-
tion69. The balance between the signals that are induced 
by TlR2 and TlR4 seems to have a crucial role in the 
regulation of the immune response. TlR4 can strongly 
stimulate pro-inflammatory cytokines through two path-
ways: one involves the myeloid differentiation primary 
response gene 88 (myD88)–mal-mediated induction 
of the nF-κB-dependent release of pro-inflammatory 
cytokines and chemokines; the other involves the inter-
feron regulatory factor 3 (IRF3)-dependent release of 
type I interferons70, which induce the secondary production  
of TH1-type cytokines such as IFng  

26,55,71.
By contrast, several studies have demonstrated that 

although TlR2 ligation can induce pro-inflammatory 
cytokines, this effect is weaker than that mediated by 
TlR4 ligation72. moreover, TlR2 ligands fail to induce 
the release of Il-12 and TH1-type IFng, thus promoting 
conditions that are favourable for TH2- or regulatory T cell 
(TReg)-type responses73. Stabilization of the transcription 
factor c-Fos, which is a suppressor of Il-12 expression, 
is an important step in this process74. In support of 
this, a recent in vitro study has reported that zymosan 
induces the development of a tolerigenic DC population 
through TlR2 and dectin 1 (Ref. 75). The induction of 
this tolerigenic cytokine profile depends on extracel-
lular signal related kinase (eRK)/mAPK phosphoryla-
tion, a mechanism that is distinct from the p38/jun 
n-terminal kinase (jnK) pathway that is induced by 
TlR4 stimulation75,76. Also, in vivo studies have shown 
that knockout mice that lack TlR2 are more resistant 
to disseminated candidiasis, and this is accompanied 
by a TH1 bias55,77. C. albicans induces immunosuppres-
sion through TlR2-mediated Il-10 release, and this 
leads to the generation of CD4+CD25+ TReg cells with 
immunosuppressive potential77,78. Similar data have 
been reported in models of Schistosoma mansoni and 
Borrelia burgdorferi infection79,80.

The role of TlR6 and TlR9 in the induction of 
cytokines is less prominent. Although TlR2–TlR6 
heterodimers are involved in the recognition of 
zymosan81, cytokine production is only moderately 
reduced in TlR6–/– macrophages that are stimulated 
with C. albicans, and this does not result in increased 
susceptibility to disseminated candidiasis82. Similar to 
TlR2, the absence of TlR9 also results in a slight shift 
of the cytokine production that is induced by C. albicans 
towards a more anti-inflammatory profile55.
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Tetraspanin
A family of transmembrane 
proteins that have four 
transmembrane domains and 
two extracellular domains of 
different sizes. The function of 
tetraspanins is unclear, but 
they seem to interact with 
many other transmembrane 
proteins and form large 
multimeric protein networks.

TH17 response
The TH17 subpopulation are  
T-cells that release mainly  
IL-17, which has both 
neutrophil chemotactic activity 
and the potential to promote 
autoimmunity.

of the non-TlR receptors, dectin 1, dectin 2 and 
the mR have been implicated in initiating responses to  
C. albicans. not much is known about dectin 2, but this 
receptor does preferentially bind C. albicans hyphae 
and induces the production of TnFα and Il-1 receptor 
antagonist (Il-1Ra)32. Dectin 1 induces the production 
of numerous cytokines and chemokines in response 
to fungi, including TnFα, macrophage inflammatory 
protein 2 (mIP2), macrophage inflammatory protein 1α 
(mIP1α), granulocyte–macrophage colony-stimulating 
factor (Gm-CSF), granulocyte colony-stimulating fac-
tor (G-CSF), Il-10, Il-2, Il-1α, Il-1β, Il-23 and Il-6 
(RefS 46,50,83–86). whereas the production of Il-10, 
Il-6 and Il-2 can be mediated by dectin 1 directly87, the 
induction of pro-inflammatory cytokines and chem-
okines requires collaborative signalling with TlR2 
(RefS 50,83), although evidence suggests that dectin 1 is 
sufficient for these responses in certain cell types, such 
as alveolar macrophages85. By contrast, the interaction of 
dectin 1 with the tetraspanin CD37 seems to inhibit the 
function of dectin 1 and stimulation of Il-6 (Ref. 88).

The intracellular pathways that are activated by dec-
tin 1 for the induction of cytokines involve the recruit-
ment of Syk46 and downstream signalling via CARD9 
(Ref. 89). The dectin 1–Syk–CARD9 pathway induces 
DC maturation and directs TH17 responses that are inde-
pendent of the interaction with TlRs48, and this effect 
has been particularly linked with hyphal stimulation of 
DCs90. The role of Il-17 in the host response to dissemi-
nated candidiasis has been suggested to be protective, by 
inducing neutrophil recruitment91, whereas it exerts a 
predominantly inflammatory pathological effect in gas-
tric C. albicans infections92. In addition to its mediation 
of the dectin 1–Syk pathway, CARD9 is also a central 
adaptor molecule that mediates the pro-inflammatory 
signals that are induced by other classes of receptors, 
such as the nucleotide-binding oligomerization domain 
(noD)-like receptors93, ITAm-associated receptors and 
possibly the TlRs94. Recently it has also been suggested 
that TRIF-dependent pathways modulate the balance 
between deleterious TH17 responses and protective TReg 
cells in mice with gastric candidiasis95.

The receptors and intracellular pathways that are 
involved in the recognition of C. albicans by leukocytes 
are depicted in fIG. 3. Although all of these pathways have 
been demonstrated to be involved in the recognition of 
fungal components, it has not been verified that identical 
mechanisms are responsible for the recognition of intact, 
live C. albicans cells. For example, zymosan has been used 
extensively for immune stimulation, but the relationship 
between the response to zymosan and the response to 
native fungal cells has not yet been clarified. The spe-
cificity of the antifungal response is evident in differences 
between the kinetics of the various immunological effects 
and in the magnitude of each of these responses.

epithelial and endothelial surfaces also have PRRs 
that recognize surface PAmPs of invading and colonizing 
microorganisms such as C. albicans. Studies of the role of 
epithelial cell immunity have been significantly enhanced 
by the availability of model epithelial and endothelial tis-
sues in which a cell line of keratinocytes is grown on the 

surface of a polycarbonate support membrane. Immune 
cells such as polymorphonuclear leukocytes (Pmns) 
can be added to such ex vivo reconstituted human epi-
thelial (RHe) tissue cultures along with an inoculum of 
fungal cells. The expression of TlRs in RHe models is 
similar to the TlR expression profile in vivo96. Using such 
approaches, Pmns have been shown to be active in the 
innate immune response at these primary barriers to sys-
temic invasion97, and differences have been noted between 
the local immunity of the oral and vaginal mucosae97,98. For 
example, Pmns enhance an inflammatory TH1 response 
in the oral epithelia, which results in the induction of pro-
inflammatory cytokines, such as IFng and TnFα, effec-
tively mimicking the situation that is observed in vivo97. 
vaginal epithelial cells express TlR2 and TlR4 in vivo, 
and the presence of heat-inactivated C. albicans cells and 
zymosan induces these cells to secrete inflammatory 
cytokines, chemokines and to produce β-defensin 2 — an 
antimicrobial compound that also induces Pmn chemo-
taxis99. work to characterize fungal PAmPs and PRRs that 
induce local innate responses is ongoing. For example, it 
has recently been shown that human epithelial TlR4 is 
directly involved in the Pmn-dependent protection of 
oral mucosa96.

In vivo models in TLR- and LR-deficient mice
In vitro stimulation models that use either cell lines or 
primary cells have suggested specific roles for the various 
PRRs in the recognition of C. albicans, as detailed above. 
However, whether these pathways are indeed important 
for the antifungal host response in vivo can only be 
demonstrated in experimental models of infections in 
genetically modified mice that lack particular receptors, 
or in patients with specific immune defects.

Since the first observation that TlRs recognize 
C. albicans and activate the innate immune response74, 
additional studies have confirmed the important role 
that TlRs have in the recognition of C. albicans and the 
anti-candidal host response. A global role for TlRs in 
defence against disseminated candidiasis was demon-
strated by the increased susceptibility of myD88–/– mice 
to C. albicans infection55,100,101. A subsequent study 
reported increased susceptibility of TlR2–/– mice to 
disseminated candidiasis, and this effect was attributed 
to decreased production of TnF and chemokines102. 
However, the increased susceptibility of TlR2–/– mice 
to infection with C. albicans was not confirmed in two 
other studies, which found reduced mortality and a 
decreased fungal burden in TlR2–/– mice, accompanied 
by decreased production of Il-10 and increased pro-
duction of Il-12 and IFng 55,77. An additional in vitro 
study also confirmed the increased ability of macro-
phages from TlR2–/– mice to contain C. albicans103. 
These latter studies55,77,103 suggest that TlR2, by induc-
ing mainly an anti-inflammatory response, inhibits 
the innate immune response to C. albicans infections 
in certain circumstances.

It has also been suggested that TlR4 is involved in 
the recognition of C. albicans24,25,71, and TlR4-defective 
C3H/Hej mice have been reported to be more suscepti-
ble to disseminated candidiasis71. However, other studies 
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have observed variable results, with TlR4–/– mice being 
more susceptible in models of intragastric infection or 
intravenous re-infection55, not different from wild-
type animals in models of intravenous infection with 
C. albicans yeast104, or even surviving longer in a model 
of intravenous infection with C. albicans hyphae55. The 
differences between the experimental models and/or 
the C. albicans strains used are thought to be responsi-
ble for these differences.

Although no increased susceptibility of TlR9–/– mice 
to disseminated candidiasis has been observed, the 
fungal burden in the organs of TlR9-deficient animals 
tends to be lower than in control mice55. Although  
pro-inflammatory cytokine production was slightly 
lower in TlR9–/– macrophages that had been stimulated 
with C. albicans, this mild difference did not result in 

a deleterious outcome of infection, probably owing to 
compensatory pathways that are mediated either by 
other TlRs or by lR-dependent mechanisms.

The study of the role of lRs in the in vivo response 
to C. albicans infections is still in its infancy. Recently, it 
has been shown that dectin 1–/– mice are more susceptible 
to C. albicans infection, and infection results in increased 
fungal growth in the organs and accelerated death105. 
This is consistent with the increased susceptibility of 
CARD9–/– mice to disseminated candidiasis89. notably, 
all of the major components of antifungal defence 
— cytokine release, phagocyte recruitment, phagocytosis 
and microbial killing — are impaired in the knockout 
mice, which suggests an important role for dectin-1-
mediated recognition of β-glucans for anti-candidal 
defence in vivo105. However, these results are at odds with 

Figure 3 |	recognition	of	Candida albicans	at	the	membrane	level.	Recognition of C. albicans at the level of the cell 
membrane is mediated by TLRs and LRs. TLR4 induces mainly pro‑inflammatory signals in monocytic cell types 
(monocytes, macrophages and DCs) through the MyD88–Mal‑mediated NF‑κB and MAPK pathways, while stimulating TH1 
responses through IRF3‑dependent mechanisms mainly in plasmacytoid DCs. TLR2 stimulates the production of moderate 
amounts of pro‑inflammatory cytokines and strong IL‑10 and TGFβ responses. On the one hand, this leads to the induction 
of a tolerant phenotype in DCs, through an ERK/MAPK‑dependent mechanism121. On the other hand, in monocytes and 
macrophages it induces TGFβ and IL‑10, and subsequent proliferation of TReg cells and immunosuppression78. The pro‑
inflammatory effects of TLR2 can be amplified by dectin 1 and galectin 3 — the latter especially in macrophages. In 
addition to amplifying the effects of TLR2, the non‑classical lectin‑like receptor dectin 1 induces IL‑2, IL‑10 and TH17 
responses through a Syk–CARD9 cascade, independently of its interaction with TLR2. The classical lectin‑like receptor, the 
MR, induces pro‑inflammatory effects in monocytes and macrophages, whereas chitin‑dependent stimulation of these 
cells induces mainly TH2 responses122, although this effect has yet to be demonstrated for C. albicans, and the identity of 
the chitin receptor is unknown. Other less well characterized pathways include stimulation of TNF and IL‑1Ra by dectin 2, 
while engagement of DC‑SIGN in DCs induces production of the immunosuppressive cytokine IL‑10 . CARD9, caspase 
recruitment domain protein 9; DC, dendritic cell; ERK, extracellular signal related kinase; FcgR, Fcg receptor; IL, 
interleukin; IL‑1Ra, interleukin‑1 receptor antagonist; IFNg, interferon‑g; IRF3, interferon regulatory factor 3; JNK, Jun 
N‑terminal kinase; LR, lectin receptor; MAPK, mitogen‑activated protein kinase; MR, mannose receptor; MyD88, myeloid 
differentiation primary response gene 88; NF‑κB, nuclear factor κB; PLM, phospholipomannan; Syk, spleen tyrosine kinase; 
TGFβ, transforming growth factor‑β; TH, T helper; TLR, Toll‑like receptor; TNF, tumour necrosis factor; TReg, regulatory T‑cell. 
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another study in dectin 1–/– mice, which failed to discern 
increased susceptibility to candidiasis106. Differences in 
the experimental host or between different C. albicans 
strains might account for these discrepancies, and addi-
tional studies are needed to pinpoint the origin of these 
differences.

Studies on the in vivo roles of other lRs in the 
response to C. albicans defences are also scarce. In one 
study, intraperitoneal administration of C. albicans 
resulted in an increased fungal burden in the organs 
of mR–/– mice, compared to controls, although survival 
was not affected107. However, intraperitoneal injection 
of C. albicans is not an established experimental model 
of invasive candidiasis, as it mainly induces peritonitis 
rather than a disseminated infection108. A recent study 
has demonstrated an important role for galectin 3 in 
the recognition of C. albicans in the gut29, with β-(1,2)-
mannosides able to block colonization and invasion of 
C. albicans in the intestines9. Finally, like mice defective 
in TlR2, mice defective in CR3 or FcgR are more resistant 
to disseminated candidiasis, and display more vigorous 
cytokine release and antifungal killing, in line with the 
immunosuppressive effect of these receptor pathways on 
the inflammatory response60.

It has become clear that PRRs are important for the 
host response to C. albicans, with various TlRs and lRs 
having distinctive roles in innate immunity: some recep-
tors have a more pro-inflammatory role (for example, 
TlR4, dectin 1 and the mR), whereas others exert immu-
nosuppressive effects (for example, TlR2, CR3 and FcgR) 
(fIGS 3,4). In addition, the choice of experimental model 
and the C. albicans strain used might have an important 
impact on the outcome of infection. more work must 

still be done to fully understand the role of PRRs in the 
various types of C. albicans infections in vivo. Studies of 
disseminated candidiasis are more advanced, but little 
work has been done in other forms of C. albicans infec-
tion, such as oropharyngeal or vaginal candidiasis, and 
little attention has been paid to the mechanisms that lead 
to colonization rather than infection.

Escape mechanisms based on PRRs
As evidence supporting the important role of PRRs 
in the recognition of C. albicans for the induction 
of an immune response accumulates, data have also 
emerged to show that certain fungal pathogens have 
evolved strategies to curtail recognition by these recep-
tors, or to use it to their own advantage to evade the 
host response. For example, it was recently shown in 
Drosophila melanogaster that Gram-negative bind-
ing protein 3 (GnBP3) acts as a dectin-1-like lectin- 
recognition mechanism for fungal glucans, including 
that of C. albicans109. Certain fungal insect pathogens 
secrete proteases that degrade GnBP3 to avoid detec-
tion, but the D. melanogaster persophone protease is 
activated by the fungal protease virulence factor, which 
results in the bypass of GnBP3 and the activation of the 
Toll pathway downstream of the PRR. It remains to be 
seen whether there is a resonance of this co-evolution 
between recognition mechanisms and virulence factors 
in human–fungal interactions. 

In the mammalian host, inappropriate or premature 
activation of immunomodulatory receptors can be used 
as an escape route by C. albicans, as detailed above for 
the outcome of systemic candidiasis in TlR2–/– mice 
(fIG. 4a). modulation of DC function can also be a target 

Figure 4 |	Candida albicans	mechanisms	to	escape	the	innate	response	using	pattern-recognition	receptors.		
a | The balance between the signals that are induced by Toll‑like receptor 2 (TLR2) and TLR4 seems to have a crucial role in 
the regulation of the immune response. TLR2‑mediated signals are mainly anti‑inflammatory and can be deleterious when 
activated prematurely or excessively. TLR4‑mediated signals are mainly pro‑inflammatory. b | Shielding of the β‑glucans by 
mannans in hyphae prevents activation of the dectin 1 signalling pathways. c | Inhibitory signals from complement 
receptor 3 (CR3) and Fcg receptor II (FcgRII)/FcgRIII have inhibitory effects on the activation of the immune system via 
TLR4. ERK, extracellular signal related kinase; MyD88, myeloid differentiation primary response gene 88; NF‑κB, nuclear 
factor κB; Syk, spleen tyrosine kinase, TLR, Toll‑like receptor.
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for escape mechanisms, with the mR and DC-SIGn pos-
sibly inducing anti-inflammatory cytokine production 
and immunosuppression110,111. Thus it seems that the 
mR might have a dual role, either pro-inflammatory (in 
monocytes and macrophages) or immunosuppressive 
(in DCs), although this assumption is still controver-
sial. In addition, the recognition of β-glucans by CR3 
does not trigger protective host responses, such as the 
respiratory burst42, and can repress pro-inflammatory 
signals44 (fIG. 4). In line with these immunosuppressive 
effects in vitro, CR3-knockout mice are more resistant  
to disseminated candidiasis60, and are also more resist-
ant to Blastomyces dermatitidis infection43. Some studies 
have suggested that the differential activation of stimula-
tory and inhibitory receptors is caused by the dimorphic 
nature of C. albicans yeast and hyphae, which induce dif-
ferent DC activation profiles. The recognition of yeasts 
by DCs is mediated mainly by the mR, dectin 1 (Ref. 60) 
and DC-SIGn27,112, and hyphae are recognized mainly 
through dectin 2, CR3, FcgRII and FcgRIII60.

In addition to inducing direct anti-inflamma-
tory effects, C. albicans has developed strategies to 
either block or avoid recognition by stimulatory PRRs 
(fIG. 4b). The morphogenetic change of C. albicans 
from a yeast to a hyphal form, after adhesion of yeast 
cells to the intravascular endothelium and invasion of 
the surrounding tissue, might represent a mechanism 
whereby the pathogen can avoid recognition of β-glucans  
by the immune system113. Hyphal filaments lack surface-
exposed β-glucan and have a range of other cell-surface 
modifications that could influence immune detection11. 
In addition, the induction of the pro-inflammatory 
response through dectin 1 can be prevented, because the 
mannoprotein layer covers the β-glucan layer of the cell 
wall, thus blocking the β-glucan–dectin 1 interaction11. 
Accordingly, exposure of β-glucan through treatment 
with the antifungal caspofungin, by heat treatment of 
cells or by mutation of glycosylation genes that result 
in depletion of surface mannan all led to an enhanced 
dectin-1-mediated pro-inflammatory cytokine signal. 
This suggests that the mannoprotein layer is a mask that 
downregulates the pro-inflammatory dectin-1-mediated 
response114. As the exposed β-glucan of intact C. albicans 
yeast cells is thought to be presented mainly at the sur-
face of the wall as bud scars, the attenuation of dectin-1-
mediated recognition during germ tube evagination 
could be due to the expansion of the hyphal cell surface 
that lacks any bud scars. In line with this, Rappleye et al. 
showed that the β-glucan–dectin 1 interaction between 
Histoplasma capsulatum and macrophages can be 
shielded by a different cell wall component — α-(1,3)-
glucan115. The presence of α-(1,3)-glucan in yeast cells 
prevents recognition through dectin 1, and mutation of 
AGS1 (which encodes α-(1,3)-glucan synthase) results 
in greatly enhanced TnFα production115. Therefore, 
both mannans and α-glycans can act as shields that mask  
dectin-1-mediated immune responses.

It is important to note that mannans are in them-
selves immunostimulatory15,24,116–118. How can the 
immunostimulatory properties of mannans be recon-
ciled with the apparent inhibitory effect of masking 

the β-glucan–dectin 1 interactions? The answer to this 
paradox might reside in the complex interaction between 
TlRs and lRs. Although both mannans and glucans can 
induce pro-inflammatory signals, concomitant stimula-
tion of the mannan–TlR and β-glucan–dectin 1 path-
ways has a synergistic effect on the amplification of the 
immune response. Amplification mechanisms between 
dectin 1 and TlR2 (RefS 49,50), and between dectin 1 
and TlR4 (K. m. Dennehy and colleagues, unpublished 
observations) have recently been documented. If the 
interaction of β-glucans with dectin 1 is shielded by 
mannans, this synergism may be lost, with inefficient 
activation of host defence, despite recognition of man-
nans. It is therefore mainly the loss of synergistic effects, 
rather than the inhibition of an individual recognition 
pathway, that may lead to defective cytokine release.

An integrated model of innate recognition
Progress in our understanding of the mechanisms respon-
sible for C. albicans recognition, as described above, 
allows us to suggest an integrated view of how C. albicans 
is recognized and of how the host innate immune 
response is activated during candidiasis. Although we 
are still in the early stages of understanding the com-
plexity of fungal recognition, and there is still much 
to learn, there are several principles that characterize  
recognition of C. albicans.
• First, recognition depends on ‘tasting’ several 

PAmPs in the fungal cell wall. Specific receptor sys-
tems have evolved for the recognition of the major 
polysaccharide cell wall components, such as the 
mR and DC-SIGn for the recognition of branched 
N-linked mannan, TlR4 for linear O-linked mannan,  
galectin 3 for β-mannosides, dectin 1 and TlR2 for 
β-glucan and Plm, and CR3 for β-(1,6)-glucan. 

• Second, despite overlapping and sometimes redun-
dant functions, each ligand–receptor system activates 
specific intracellular signalling pathways, and this has 
distinct consequences for the activation of the various 
components of the host immune response. 

• Third, differential expression of the various PRRs is 
an important mechanism for the cell-type-specific 
response to fungal pathogens (fIG. 2). 

• Fourth, the fully integrated response to a specific 
pathogen depends on the mosaic of PRRs and recep-
tor complexes that are engaged. Co-stimulation via 
multiple PAmP–PRR interactions can increase both 
the sensitivity and the specificity of the immune rec-
ognition process. 
These four principles can be extrapolated to immune 

recognition of any microorganism. For example, the 
final response upon stimulation of monocytes by 
C. albicans depends on integrating the signals that are 
received from TlR2, dectin 1, TlR4 and the mR. This 
response differs from the stimulation that is induced 
by the Gram-negative bacterium Escherichia coli, which 
can be ascribed to recognition of lipopolysaccharide by 
TlR4, membrane lipopeptides by TlR2 and flagellin by 
TlR5. By contrast, Gram-positive bacteria are mainly rec-
ognized by TlR2 (which recognizes lipoteichoic acid) and 
noD2 (which recognizes peptidoglycans). The different 
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intracellular events that are stimulated by these pathways 
are ultimately responsible for the tailored innate response 
to infection by different classes of microorganisms.

From this perspective, although described here for 
C. albicans, these general principles can be considered 
as a blueprint for pattern recognition of all pathogenic 
microorganisms by the innate immune response.

Future directions
In parallel with the general renaissance in the field of 
innate immunity, our understanding of C. albicans rec-
ognition by the innate immune system has improved 
considerably over the past decade. Despite this progress, 
more challenges lie ahead. Although we have gained a 
much better understanding of the basal (polysaccharide) 
structures that are recognized by the PRRs, more work 
must be done to understand the details of the interac-
tions of these PAmPs with their receptors on the host 
cell membrane. Recent evidence, for example, demon-
strates that dectin 1 associates with tetraspanins, which 
suggests that dectin 1 forms receptor complexes on the 
cell surface that might be involved in regulating immune 
responses88. In addition, little is known about the recog-
nition of the other components of the C. albicans cell 
wall, such as the proteins themselves, or the possible 
sensing of products that are secreted by C. albicans.  
The differential recognition of the yeast and hyphal  
forms also promises to be a fertile area for future 
research.

An additional challenge is to provide evidence that the 
pattern-recognition pathways identified in experimental 
models are also applicable during C. albicans infections in 
humans. This challenge can be partly met by experiments 

in which human primary cells are exposed to C. albicans. 
However, valuable information can also be gathered from 
immunogenetic studies. For example, TlR4 polymor-
phisms have recently been identified as a susceptibility 
trait for systemic candidiasis, which supports a role for 
this receptor in the host immune response to C. albicans119. 
Studies of additional functional polymorphisms in larger 
cohorts of patients are needed to confirm the role of the 
various pathways in the pathogenesis of candidiasis

The ultimate ambition of research into the biology of 
host–fungus interactions is to be able to translate findings at 
the molecular level of the interactions into new treatments 
for patients who are vulnerable to lethal fungal infections. 
Although direct blockade or stimulation of PRRs might 
be problematic as a viable therapeutic approach, vaccine 
biology has become a domain in which our newly acquired 
knowledge of PRRs is already demonstrating potential120. 
The understanding of the modulation of DC function by 
PRRs has led to the design of novel and specific vaccine 
adjuvants, and this work is likely to have a major impact on 
the development of future antifungal vaccines.

In conclusion, in this Review we have presented  
an integrated model of innate pattern recognition  
of an important human pathogen, the fungus C. albicans, 
including a description of the PAmPs of C. albicans that 
are recognized by the host, to the receptor pathways  
that are stimulated by specific fungal molecular struc-
tures. we have also discussed and speculated on how these 
signals are integrated to bring about efficient activation 
of the host innate response. This model, which focuses 
on the interaction of C. albicans with host defences, 
could be conceptually pertinent to the modelling  
of various other host–pathogen interactions.
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