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A successful pathogen is one that is able to effectively survive and evade detection

by the host innate immune defense. Fungal pathogens have adopted strategies

which evade host defense and eventually cause disease in at-risk patients. Shielding

of stimulatory surface recognition molecules, shedding of decoy components,

induction of anti-inflammatory signals, complement evasion and resilient survival

capacity are successful evasion mechanisms employed by fungal pathogens.

Understanding these complex pathways of immune evasion can potentially

contribute to development of novel therapeutic strategies against fungal infections.
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Introduction

Fungal pathogens are invariably ubiquitous, and they

often colonize the human host. Most of the time

colonization is harmless under normal circumstances

and perceived virulence low. In the immunocompetent,

opportunistic fungal pathogens are systemically eradi-

cated by the host innate immune defense. However,

during immunosuppression induced either by disease

or iatrogenically, opportunistic pathogenic fungi to

have the capability to proliferate and eventually estab-

lish an ensuing disease. The reported mortality and

morbidity from invasive fungal infections under such

circumstances in the compromised host can be sub-

stantial [1,2].

The human innate immune system is the body’s first

line of defense against the foreign pathogen and is

pivotal in determining outcome of such a confronta-

tion. The ability of the pathogen to invade the human

host relies on its capacity to evade and circumvent host

defense mechanisms. These strategies, innovative yet

simple, aid the fungus’ survival in the host. As the

pathophysiology of fungal infections is slowly unra-

veled, we begin to understand the mechanisms leading
to the presence and persistence of the fungal pathogen

in the host. In this review, citing examples from our

current understanding on the biology of Candida,

Aspergillus, Cryptococcus and other fungal species, we

shall attempt to illustrate how fungal pathogens avoid

recognition or interfere with host innate systems to

enhance their viability during the course of infection.

Attachment to and colonization
of body surfaces

The skin and mucous membranes provide an anatomi-

cal barrier to fungi such as Candida spp. As a prelude to

potential invasion, colonization requires a successful

means of adherence to epithelial surfaces. To counter-

act removal by ciliary clearance on mucous membranes,

Candida spp. expresses attachment factors (so-called
adhesins) � surface proteins covalently linked to the

b-glucan of the cell wall, to aid adherence to epithelial

surfaces. Adhesins, such as the agglutinin-like sequence
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(ALS) protein and hyphal wall protein-1 (HWP1),

participate in biofilm formation by facilitating cell-to-
surface and cell-to-cell adherence [3,4]. Clinically,

implanted medical devices like central venous catheters

provide an entry for microbial penetration through a

break in epithelial surface. The formation of an over-

lying biofilm may shield the embedded Candida spp.

from therapeutic levels of antifungal medications and

provide a safe harbour for genetic variation to arise.

This facilitates the emergence of resistance and forms a
nidus for persistence or re-infection unless the implant

is fully removed [5,6].

Immune recognition and surveillance
of fungal pathogens

The activation of the host defense depends on appro-

priate detection of the invading pathogen. The mechan-
ism responsible for the recognition is regulated by host

pattern-recognition receptors (PRRs) that recognize

conserved pathogen-associated molecular patterns

(PAMPs) expressed by microbes, but not by the host.

This has been an area of intense research in recent years

and the interested reader is encouraged to refer to

comprehensive reviews on this topic [7�9]. Upon

recognition of microbial ligands by PRRs, the innate

defense system is activated. Firstly, a direct anti-fungal

response resulting in either a phagocytic process or

secretion of microbicidal compounds, and secondly, a

facilitative role through the production of proinflam-

matory mediators such as cytokines and chemokines is

initiated (Fig. 1). Finally, antigen uptake and presenta-

tion for the triggering of the adaptive immune system is

induced [10].

The role of recognition of fungal pathogens has first

been ascribed to a major class of PRRs, the Toll-like

receptors (TLRs). TLRs are expressed on various

immune and non-immune cell types. Within the TLR

family, TLR2 and TLR4 have been highlighted as being

involved in recognition of Candida and Aspergillus.

Fungal wall components � zymosan, phospholipoman-

nan and glucuronoxylomannan (GXM) have been

identified as ligands (or specific PAMPs) for TLR2,

while glucoronoxylomannan and O-linked mannan are

ligands for TLR4 [11,12]. Nonetheless, there have been

differences in reports on the relative importance and

role of either receptors in mediating recognition of

yeast and hyphal form of fungal pathogens. The

decreased resistance to invasive candidiasis in TLR2
�/� mice in a single study [13] was not supported by

Fig. 1 Pattern recognition of fungal pathogen

and representative signaling pathways.
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other studies that reported increased resistance to

infection and a reduced fungal burden in TLR2�/�

mice [14,15]. These latter studies attributed the ob-

servation to TLR2 as inducing the host immunity

towards an ‘anti-inflammatory’-type response. Like-

wise, studies with TLR4�/� mice had either demon-

strated increased [14,16] or similar susceptibility [17] to

C. albicans infections as compared to wild-type ani-

mals. Most of these differences are likely attributable to

the differences in the cell lines employed or variation in
methodologies in the respective studies. In addition

TLR6 and TLR9 are also reported to have supplemen-

tary roles in Candida recognition [14,18]. Recognition

of A. fumigatus conidia and hyphae have been attrib-

uted to both TLR2 and TLR4 although the relative

importance of the role of each receptor differ depend-

ing on the morphologic stadium of the fungus [14,

19�21].
A second class of PRRs involved in the recognition

of fungi is the C-type lectin receptors (CLR). Recently,

the CLR dectin-1, has been demonstrated to mediate

specific recognition of b-glucans found in the cell walls

of Candida and Aspergillus spp. [22�24]. Dectin-1 and

TLR2 may collaborate to augment proinflammatory

cytokine production. Phagocytosis of (blasto)conidia

can also be mediated by either dectin-1 or TLR2
[25,26]. Though dectin-1-deficient mice have shown

increased susceptibility to disseminated candidemia

[27], the actual importance of this receptor has been

debated in another study that did not validate its

anti-Candida effects using independently-developed

dectin-1�/� mice model [28]. Other CLRs, like the

macrophage mannose receptor and DC-SIGN have

also been implicated by recognizing N-linked branched
mannan structures of fungi [11,29,30].

The main cells in the host innate immune system

which are responsible for immune surveillance against

fungal pathogens are the circulating neutrophils and

monocytes as well as tissue macrophages. Dendritic

cells are involved in antigen-presentation and aid

initiation of host adaptive immunity [10]. The major

PRRs involved in fungal recognition: TLR2, TLR4 and
dectin-1 are found in all the above-mentioned cell

populations [9]. The relative importance of these

respective professional phagocytes in contributing to

the body’s innate armour depends on the invading

pathogen and its morphotype. Against Candida, neu-

trophils form an important frontline of the host

defense. Organs of granulocytopenic mice yielded

increased fungal burden following in vivo challenge
with C. albicans [31,32]. C. albicans yeasts exposed to

blood components including monocytes but devoid of

neutrophils still retained the capacity to germinate [33].

Nonetheless macrophages and monocytes also play

important roles especially in the absence of adequate
neutrophil function [34,35]. Against A. fumigatus, it is

believed that macrophages and monocytes form the

first line of defence against inhaled conidia, while

neutrophils target hyphal growth [10,36]. Targeted

non-phagocytic oxidative and non-oxidative modes of

hyphal damage by neutrophils have been demonstrated

for C. albicans and A. fumigatus [37�39].

Clinically, occurrence of invasive fungal infection is
usually associated with a quantitative or qualitative

deficiency in host immunity, especially with opportu-

nistic pathogens like Aspergillus and Cryptococcus.

Nonetheless, acquisition of disease is also determined

by pathogen virulence and its ability to effectively evade

host immune defense. The following are strategies

employed by fungal pathogens to evade host defense

mechanisms (Fig. 2):

1. Shielding of stimulatory PAMPs,

2. Modulation of inflammatory signals,
3. Shedding of decoy components,

4. Persistence in intracellular environments,

5. Complement evasion.

Stealth mechanisms: shielding
proinflammatory PAMPs

One important escape mechanism of the fungal patho-

gen is to shield its proinflammatory PAMPs from

recognition by PRRs (Fig. 2a). Dectin-1 has been

proposed as a pivotal PRR for recognition of fungal

pathogens, by sensing b-glucans, a common conserved
component in the fungal cell wall [40,41]. C. albicans is a

polymorphic fungi which is able to switch its phenotype

between yeast and filamentous forms pending environ-

mental pressures. After budding, the bud scars of

Candida yeast wall expose the otherwise concealed b-

glucan predisposing to dectin-1 recognition. It has been

demonstrated that during hyphal growth, C. albicans b-

glucans are obscured from recognition by dectin-1 by
outer wall components [24,42]. Dectin-1 also promotes

fungicidal activity of human neutrophils [43], which are

the important effector cells against hyphal morpholo-

gies. We postulate that b-glucan shielding in hyphal

growth, and the subsequent inability of dectin-1 to

detect the fungus, protects these larger morphologies

from being internalized. In dendritic cells, hyphal forms

also preferentially induced a T-helper cell type 2 (Th2)
rather than a protective T-helper cell type 1 (Th1)

immune response [44,45]. Hence, immune cells respond

differently to yeast and hyphal forms.
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Similar to Candida in which surface mannans shield

b-glucan from recognition by dectin-1, in Histoplasma

capsulatum the a-(1,3)-glucan present in its outer layer

cell wall contributes to pathogenesis by shielding its

immunostimulatory b-glucans. Proinflammatory tumor

necrosis factor-a (TNF-a) production by phagocytic

cells was demonstrated to be elevated in H. Capsulatum

strains which lack a-(1,3)-glucan in contrast to strains

which display in-situ a-(1,3)-glucan. Conversely, the

TNF-a level became suppressed with depletion of host

dectin-1 receptor for b-glucan [46]. Likewise, as Para-

coccidioides brasiliensis transforms into its pathogenic

yeast form, a change in its cell wall glucan polymer

linkage occurs from b-(1,3) to a-(1,3)-glucan [47].

Shielding of b-glucan exposure is one possible mechan-

ism of immune evasion, as a-(1,3)-glucan is not

recognized and does not stimulate any known PRR.

Cryptococcus neoformans masks its surface PAMPs

through the production of an extracellular capsule of

glucuronoxylomannan (GXM) which results in down-

regulation of proinflammatory TNF-a and interleukin-

1beta (IL-1b) production [48].
Another means of avoiding immune recognition is

illustrated by Coccidioides posadasii, a fungal respira-

tory pathogen, that is recognized by the host by its

immunodominant spherule outer wall glycoprotein

(SOWgp). During endospore differentiation, the fungus

secretes a metalloproteinase (Mep1) which digests

SOWgp [49]. The resultant down-regulation of SOWgp

during endospore formation enables the fungus to
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Fig. 2 Fungal strategies for overcoming innate defense system. (a) Avoiding

engagement of dectin-1 receptors by shielding of surface proinflammatory b-(1,3)-

glucans or an alternative non-stimulatory a-(1,3)-glucan cell wall. (b) Preferential

activation of TLR2 over TLR4 by certain fungal morphotypic PAMP stimulates a

Th2 humoral response over a Th1-dependent antifungal proinflammatory cytokine

production. (c) Shedding of surface protein gpA by Pneumocystis as decoy to

competitively inhibit mannose receptor (MR). Pneumocystis also induces MR loss

from macrophages. This blocks non-opsonic uptake by surface-attached MR. (d)

Post-phagocytosis intracellular persistence and immune escape. Upon internalization

by immune or non-phagocytic cells, Candida or Aspergillus can resist intracellular

killing, germinate and eventually escape. (e) Binding of complement-inhibitory C4

binding protein (C4BP) and Factor H on fungal surface.
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evade phagocytosis and killing at its vulnerable en-

dospore stage of development [50].
One way of masking its signature from the host

immune system is the ability of the fungus to exist in

different morphotypes and to reversibly switch from

one form to another during the course of infection

[10,51]. These polymorphic states are associated with

phenotypic switching and results in differential recog-

nition by PRRs. This capability has likely evolved to

optimize the survival of fungi in different environments.
As exemplified earlier in experiments in which C.

albicans filament, unlike its yeast-form, is able to escape

immune recognition by dectin-1 [24], differential re-

cognition of C. albicans blastoconidia and hyphae via

TLR-mediated cytokine production has also been

demonstrated. Whereas C. albicans blastoconidia acti-

vate both TLR2 and TLR4 in peripheral blood mono-

nuclear cells and peritoneal macrophages, the hyphal
form, which is responsible for tissue-invasive disease,

fails to be recognized by TLR4, the receptor which

activates interferon-gamma (IFN-g) production, a

critical cytokine in determining a successful outcome

against candidiasis [52]. Phenotypic switching during

germination, as such, may be an important escape

mechanism for the organism. Likewise, TLR4-

mediated signals are lost during A. fumigatus germina-
tion: whereas A. fumigatus conidia induce signals from

TLR2 and TLR4; during tissue invasion, the conidia

germinate into hyphae with loss of TLR4 stimulation,

leading to a less pronounced stimulation of proinflam-

matory cytokines [21]. TLR4-mediated proinflamma-

tory effects have been demonstrated to be important in

the protection against invasive aspergillosis [14].

Modulation of inflammatory signals

The activation of TLR2 versus TLR4 differs in terms of

nett pro- and anti-inflammatory cytokine effect, with

the induction of proinflammatory cytokines that is

weaker after TLR2 than TLR4 engagement [53] (Fig.

2b). Activation of dendritic cells using TLR4 agonists

specifically induced Th1-inducing cytokine responses,
while TLR2 stimulation induced a more pronounced

anti-inflammatory Th2 response [54].

The balance between Th1/Th2 responses is perceived

as critical in determining the outcome to infection [55�
57] as each effector arm evokes a distinct immune

response. On the one hand, the Th1 pathway produces

proinflammatory cytokines like IFN-g that induce cell-

mediated immune responses needed for phagocyte
activation and cytotoxicity � important against intra-

cellular and fungal pathogens. The Th2 pathway, on the

other hand, represented by cytokines such as IL-4, IL-5

and IL-10, stimulates a humoral response and in turn

inhibits the Th1-dependent cellular mechanisms [58].
During anti-fungal responses, Th2 cytokines can in-

hibit monocyte anti-hyphal activity and oxidative burst

[57]. Moreover, it has been demonstrated that C.

albicans can evade the host defense through TLR2-

derived signals: TLR2-deleted macrophages have been

found to have enhanced anti-candidal capabilities [59]

and in-vivo, TLR2�/� mice are relatively more resis-

tant to disseminated C. albicans infection [14,15].
Hence the tissue-invasive hyphal forms of C. albicans

and A. fumigatus, by means of evading TLR4 in favor

of a predominant TLR2 activation, are able to tilt the

balance towards a Th2 response.

Similar immunosuppressive potential has also been

exhibited by C. neoformans. The capsule of C. neofor-

mans, which is its main virulence factor, consists mainly

of the polysaccharide glucuronoxylomannan which has
been shown to be a potent inducer of the anti-

inflammatory cytokine IL-10 in human monocytes

and a pro-Th2 cytokine profiling [60,61]. Interestingly,

the melanin pigment, commonly produced in patho-

genic fungal species, has been linked to fungal virulence

and its immunomodulatory effect has been studied in

C. neoformans. Melanized strains of C. neoformans

induce higher pulmonary IL-4 levels polarizing the host
towards a Th2 immune response [62].

Likewise, Blastomyces dermatitidis which causes a

progressive pulmonary and systemic mycosis, has the

capability to induce ‘relative immunosuppression’ by

limiting the production of proinflammatory cytokine

TNF-a [63]. It does so through a Blastomyces surface

adhesin and established virulence factor BAD1 which

binds to complement receptor 3 on macrophages,
whose physiological role is to regulate excess TNF-a
production during clearance of apoptotic cells [64]. The

resultant ligation suppresses TNF-a release which

would have been detrimental to the survival of

B. dermatitidis.

Shedding of decoy components

Other strategies of evasion have been highlighted for

Pneumocystis, the cause of the opportunistic Pneumo-

cystis jiroveci (formerly mentioned carinii) pneumonia

(PCP) mainly in AIDS patients. Glycoprotein A (gpA)

complex is the principal protein antigen on the surface

of Pneumocystis, which is heavily glycosylated with

mannose, glucose and galactose-containing carbohy-

drate moieties [65]. These structures are recognized by
mannose receptors (MR) on alveolar macrophages

(AMs). By prematurely shedding its gpA as a decoy,

Pneumocystis seeks to competitively block MR on AMs
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and impair their phagocytic function [66]. In addition,

Pneumocystis has been shown to induce the depletion
of MR from the surface of AMs and consequently

block the non-opsonic uptake by surface-expressed

mannose receptor [67] (Fig. 2c).

Escape from phagocytic response

To escape from immune surveillance and phagocytosis,

fungi may resort to hiding in sanctuary sites within the
host (Fig. 2d). These niches can be host cells that are

functionally non-phagocytic by designation, such as

the host epithelial or endothelial cells, in which the

pathogen is protected from the hostile external envir-

onment.

It has been demonstrated that A. fumigatus conidia

can bind and become internalized by human epithelial

cell lines [68]. Although the invasion index may be
lower than professional phagocytes, the internalized

conidia within epithelial cells remained viable for

relatively longer periods compared to conidia within

macrophages [69]. Following inhalation, Aspergillus

conidia which become internalized by airway epithelial

cells can limit the induced levels of proinflammatory

cytokines IL-6 and IL-8 [70]. A. fumigatus conidia

endocytosed by type II pneumocytes can hide within
late endosomes. The conidia eventually germinate with

the potential to disseminate [71].

C. albicans can induce its own uptake via endo-

cytosis by endothelial cells through N-cadherin, a

surface protein [72]. C. neoformans can induce its own

endocytosis by microvascular endothelial cells and

subsequently cross the blood-brain barrier to cause

meningitis [73]. These findings provide evidence that
fungal pathogens may use their internalization by non-

phagocytic cells to hide from detection by professional

phagocytes, and when the opportunity presents, dis-

seminate from its reservoir within the host.

Persistence despite adversity

In confronting macrophages, some fungal pathogens
have also developed the capability to resist phagocy-

tosis as exemplified by C. neoformans, which can

undergo phenotypic switching to a mucoid colony

variant that produces a larger capsular polysaccharide

GXM (with altered biophysical and biochemical prop-

erties) thus reducing the phagocytic efficacy of alveolar

macrophages [74].

For pathogenic strains which fail to evade host
recognition, phagocytosis by immune cells does not

mean inevitable demise and the end of its life cycle as

the fungus may still be able to persist, despite the

adverse environment of the phagolysosome. Some

strains of C. albicans can resist intracellular killing,
develop hyphal forms and eventually escape from the

macrophage [75]. Against the oxygen free radicals and

reactive nitrogen molecules such as nitric oxide (NO)

produced by monocytes and macrophages upon con-

frontation, C. albicans possesses a highly specific,

readily inducible anti-NO defense mechanism involving

NO-scavenging flavohemoglobin genes which converts

NO to less toxic molecules [76]. Detailed morphologic
studies have demonstrated that despite phagocytosis by

macrophages, with rapid recruitment of lysosomes to

fuse with the phagosome, Candida yeast may still form

germ tubes, propagate and escape from the host cell

[77]. Phagocytosis induces C. albicans within the

macrophage to adopt a self-preserving state: a slower

growth rate, alternative carbon utilization and an

oxidative stress response as for a ‘hibernation mode’
for continued survival in the harsh environment until it

re-declares its presence with the eventual demise of

the macrophage [78]. Phagocytic activity alone may be

inadequate to contain the pathogen [79] and should be

augmented by Th1-type cytokines like IFN-g for

effective microbial killing capacity.

Likewise, C. neoformans may be viewed as practicing

a form of intracellular parasitism [80]. It has been
observed that the yeast can survive and replicate within

phagocytic cells during chronic infection [81,82]. In

addition to resisting intracellular killing, it is thought

that C. neoformans upon being phagocytosed, induces

disordered lysosomal trafficking and extensive host cell

cytoplasmic vacuolation with eventual host cell disrup-

tion [80]. H. capsulatum, another facultative intracel-

lular fungus, is known to be able to persist in the host
for long periods after initial infection and re-activate

when immunity wanes by surviving within macro-

phages [83,84]. After phagocytosis, Histoplasma is

able to inhibit phagolysosome fusion and actively

modulate phagosomal pH to optimize its survival

within phagosomes [85,86]. In addition, Histoplasma

can also inhibit the release of toxic superoxide radicals

detrimental to its survival [87].

Evasion of complement system

The complement system represents another arm of the

host innate immunity. This consists of intricate cas-

cades involving serum proteins via three biochemical

pathways � the classical, alternative and lectin activat-

ing pathways � resulting in antimicrobial activity via
opsonophagocytosis and recruitment of inflammatory

cells. The lectin pathway is thought to play a minor

anti-fungal role. Aspergillus and Candida are known to
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trigger complement activation through C3 deposition

on fungal surface facilitating opsonization and produc-
tion of chemoattractant C5a, which recruits leukocytes

to the site of infection [88�90]. Pigmentation on A.

fumigatus conidial surface has been shown to affect

virulence by limiting C3 complement deposition [91]

and neutrophil activation. Physiologically, the comple-

ment system is kept in check against excessive activa-

tion by regulatory proteins, such as Factor H

(alternative pathway), Factor H-like protein 1 (FHL-
1) and C4 binding protein (C4BP) for the classical

pathway. In attempting immune evasion, C. albicans,

and more recently, A. fumigatus have shown ability to

bind Factor H, FHL-1 and C4BP on their surface to

down-regulate the complement cascade [92�95] (Fig.

2e). Moreover the thick fungal cell wall is largely

resistant to direct lysis by the terminal membrane-

attack complex of the complement system [96].

Conclusion

The defense mechanisms in the immunocompetent host

are generally effective against fungal pathogens. How-

ever, it is not rare that the integrity of the innate

immune system is breached: iatrogenically with medical

procedures (e.g., central catheters, major surgery) or
immunosuppressive therapy (e.g., chemotherapy/ trans-

plant regimens leading to neutropenia and immune

depletion). Despite the varied capabilities possessed by

the fungal pathogen to evade host detection, it remains

to be highlighted that a normal host defense is

generally effective against most fungal infections and

a permissive immune suppressive state has first to exist

before the host becomes susceptible to opportunistic
pathogens. In endemic mycoses however, immune

suppression may not be a pre-requisite and the patho-

gen’s capability to evade host immune detection may

yet determine eventual disease acquisition. In the face

of significant morbidity and mortality rates, treatment

options for invasive fungal infections remain generally

limited by the range of anti-microbial medications

which act against the few established drug targets
known to date. In recent years, increased knowledge

on the mechanisms of fungal recognition by the host

immune system has become available. In addition to

understanding how the host defense is activated, it also

becomes clear that fungal pathogens do possess strate-

gies to evade recognition and inhibit anti-fungal

defenses, as presented in this review. As more is

understood of the pathogenesis of fungal diseases
from the perspectives of immunology, infectious dis-

eases and microbiology, it is hoped that this knowledge

will help direct the development of future therapeutics

and minimize risk of disease in the ever-increasing

population of immunocompromised patients seen in
medical practice today.
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