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Abstract

Candida albicans causes mucosal and disseminated candidiasis, which represent serious problems
for the rapidly expanding immunocompromised population. Until recently, Th1l-mediated immunity
was thought to confer the primary protection, particularly for oral candidiasis. However, emerging
data indicate that the newly-defined Th17 compartment appears to play the predominant role in
mucosal candidiasis.
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1. Candida albicans causes a variety of distinct disease forms

Candida albicans is a dimorphic fungus responsible for multiple disease states in humans.
Normally, C. albicans is a commensal organism found in the gastrointestinal and reproductive
mucosa, and can be isolated from the oral cavity of up to 80% of healthy individuals [1].
However, in immunocompromised settings, C. albicans infections lead to oral and
oropharyngeal (OPC), vulvovaginal (VVC), mucocutaneous or disseminated candidiasis. The
immune responses to these different forms of disease are quite distinct, revealing the
complexity of the anatomical basis for host defenses against fungi.

Mucosal and systemic C. albicans infections are a serious problem for immunocompromised
populations, such as HIV+ individuals, those receiving cancer chemotherapeutics, neutropenic
patients and transplant recipients [2]. OPC is one of the first clinical signs of HIV infection,
and is diagnosed in up to 95% of HIV+ patients before onset of full-blown AIDS [3]. OPC is
also common in neonates, the elderly, individuals with xerostomia (dry mouth) and Sjogren's
Syndrome (SjS) patients (reviewed in [2]). Similarly, individuals with inherited
immunodeficiency diseases such as chronic granulomatous disease (CGD), hyper-IgE
syndrome (HIES) and autoimmune polyendocrinopathy candidiasis ectodermal dystrophy
(APECED) present with persistent oral and mucocutaneous Candida infections [4-6].
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Additionally, Candida species are the fourth most common microbe isolated from nosocomial
bloodstream infections in U.S. hospitals, with a mortality rate around 40% [7]. VVC affects
up to 75% of reproductive-age women at least once. In addition to the treatment costs, these
episodes cause a significant decrease in quality of life [8]. Chronic mucocutaneous candidiasis
(CMC) is a spectrum of chronic or recurrent diseases involving the skin, nails (onchomycosis)
and mucous membranes [9]. In many cases CMC is secondary to autoimmune
endocrinopathies, though this link is not fully understood [10].

2. Immune response to Candida albicans: Lessons from animal models

In order to define disease progression and understand specific cellular and molecular
components involved in immunity to Candida, animal models of both mucosal and systemic
candidiasis have been developed. While primates, rabbits and rats were commonly used in the
past, mouse models of candidiasis now predominate due to their economic value and the
availability of numerous “knockout” and transgenic strains, allowing gene-by-gene dissection
of specific host components [11]. The following sections describe some of the major murine
models of candidiasis and their major strengths and weaknesses (summarized in Table 1).

2A. Disseminated candidiasis models

2B. Mucosal

Disseminated candidiasis induced through intravenous injection of yeast cells is lethal in wild
type (WT) mice, and is the most common model used to evaluate susceptibility to C.
albicans [11,12]. Although this model has been informative for defining both Candida
virulence genes and host components involved in immunity, the immune response differs from
that which occurs in mucosal candidiasis, an issue that is often overlooked. This is exemplified
in HIV+ individuals and HIES patients, who are highly susceptible to oral thrush but rarely
develop systemic candidemia [2]. It is still debated whether systemic candidiasis in humans
arises from localized mucosal colonization or from an exogenous source directly entering the
bloodstream, such as an indwelling catheter. However, data from immunocompromised
cohorts argue against the former [13]. Accordingly, direct administration of Candida cells into
circulation may not reflect bona fide disease progression or the immune components naturally
at play in the context of mucosal disease.

candidiasis models

In contrast to humans, immunocompetent rodents are not naturally colonized by C. albicans.
However, mucosal candidiasis can be induced experimentally following immunosuppression
or the use of estrogen [11,14], analogous to immunocompromised settings. Vaginal candidiasis
models have been developed in rats and mice under pseudoestrus conditions (reviewed in
[11,15]) These models have helped to elucidate the hormonal component of susceptibility, as
estrogen is necessary for infection in this system [15]. To address this concern, in vitro studies
using reconstituted human vaginal epithelia have been developed, that have also been
informative in elucidating host-pathogen interactions [15]. Nonetheless, the latter model is
limited since only local inflammatory events at the epithelial milieu can be evaluated.

For OPC, several oral models of candidiasis have been employed, which differ in the way
colonization is initiated. These include (i) applying Candida yeast cells directly to the oral
cavity and evaluating disease semi-quantitatively by oral swabbing, (ii) placing a cotton plug
saturated with a Candida yeast suspension sublingually during sedation or anesthesia (Filler
model) and evaluating fungal burden by CFU of tongue tissue, or (iii) an invasive model in
which the tongue is scored and yeast-soaked cotton packed into the mouth for an extended
period followed by CFU analysis [16-18]. Variations among the specific models may alter the
course of the immune response significantly. For example, scoring the tongue before the
inoculum is placed in the oral cavity may augment or fundamentally alter the inflammatory

Microbes Infect. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conti and Gaffen

Page 3

environment. Differences in the inoculum size may influence immune responses, and large
bolus infections may not accurately approximate normal oral infections in humans [19].
Generally speaking, however, similar conclusions regarding Th cell biology have been found
with each model (see Section 4).

While the oral models differ in some respects, each introduces C. albicans at its natural portal
of entry into the body. This contrasts with a model that has been developed by Romani and
colleagues to study the progression of disease in the gastrointestinal mucosa in order to
approximate the inflammation seen in chronic mucocutaneous candidiasis (CMC) [11]. While
C. albicans colonizes the gastrointestinal tract in low numbers, humans are not thought to
develop gastric candidiasis due to the inhospitable environment of the stomach and intestine
[20,21]. The claim that the gastric model mimics the inflammation seen in CMC may not be
justified, since most CMC patients suffer from oral and skin manifestations of disease, rarely
esophageal candidiasis and never gastric candidiasis [9]. Moreover, inflammatory events in
the gut mucosa are not necessarily reflected in other mucosal sites.

3. Innate and Adaptive Immune Mechanisms at the Mucosal-Fungal Interface

The innate and adaptive arms of the immune response play key roles in immunity to
Candida. Innate immunity in mucosal infection involves many cell types: neutrophils,
monocytes/macrophages, Natural Killer (NK) cells, dendritic cells (DC), certain CD4* and
CD8* T cells, non-MHC restricted T cells such as y5-T-cells, mucosal epithelial cells, stromal
cells and keratinocytes [2]. One function of these cells is to provide a primary protective effect
via direct anti-fungal activities such as phagocytosis or secretion of microbicidal compounds
that neutralize fungal particles. In addition, innate cells also instruct the adaptive arm of the
immune response via production of pro-inflammatory cytokines and chemokines, co-
stimulatory signals and antigen uptake and presentation [2,22].

Saliva is a highly important, often unappreciated element of innate protection against the
overgrowth of C. albicans in the oral cavity. Saliva is produced from salivary glands as well
asthe buccal mucosa and gingival crevices, and is comprised of proteins from all these locations
[23]. Salivary flow provides an important physical force to flush microbes through swallowing,
thereby preventing pathogen adhesion to mucosal and dental surfaces. Saliva is also a major
source of IgA antibodies (see below), many of which recognize Candida albicans and other
potential pathogens. Saliva is highly enriched in antimicrobial proteins such as lysozyme,
lactoferrin, histatins, cathelicidins, calprotectins and defensins, which are key factors that help
to control C. albicans growth and attachment to the oral epithelium [24,25]. Indeed a newly-
recognized evasion strategy employed by Candida albicans involves protelotyic cleavage of
Histatin-5 by a secreted aspartic protease [26]. The importance of saliva as a defense element
in the oral cavity is starkly exemplified by the increased prevalence of OPC in individuals
suffering from xerostomia due to certain medications, head-neck irradiation or SjS [27].

The adaptive arm of the immune system is also vital to prevent OPC, although the T cell
compartment appears to dominate. C. albicans elicits an antibody response, yet a protective
role for humoral immunity has not been strongly implicated. Secretory IgA (sIgA) is the most
abundant Ig isotype found in saliva, and Candida-specific slgA interacts with cell wall
mannoproteins. Data conflict with regards to whether sIgA levels are altered during oral
Candida infection. Some studies in healthy subjects suggested a protective role for IgA in
inhibiting Candida colonization, yet no anti-Candida antibodies found in saliva were able to
directly interfere with adherence to buccal mucosa [2]. Analysis in HIV+ individuals showed
no correlation between IgA levels and OPC status. Conversely, other reports suggest that there
are increased anti-Candida antibody levels in individuals with OPC, but it remains unclear
why such antibodies are apparently not sufficient to prevent disease [2]. Moreover, patients
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with selective IgA deficiency do not normally present with oral candidiasis, arguing against a
major role for this isotype [27]. Overall, most studies identify no protective role for Candida-
specific antibodies at the mucosal surface during overt disease [2,28]. Obviously, a lack of
effective Ab responses has direct implications for vaccine development, suggesting that it may
be hard to develop such prophylactic Abs by standard immunization strategies.

The relative contributions of innate and adaptive immunity appear to be tissue- and
compartment-specific. Neutrophils are strongly implicated in defense against systemic
candidiasis, since neutropenic patients are strongly prone to disseminated as well as mucosal
candidiasis [29]. In contrast, a human live challenge model showed that susceptibility to VVC
appears to be linked to an uncontrolled neutrophil influx, which provokes and amplifies
pathogenic inflammation, rather than providing protection. Moreover, studies of women with
VVC and an experimental murine animal model thereof demonstrated no protective role for
cell-mediated immunity (CMI). Rather, studies indicate the importance of innate mechanisms
mediated directly by vaginal mucosal epithelial cells [30]. A prevailing model states that in
the vaginal mucosa, an undisturbed epithelial layer with an appropriately balanced vaginal
microflora interacts with C. albicans through unknown mechanisms resulting in avoidance of
this neutrophil response. The importance of maintaining the microflora may also explain the
prevalence of VVC in women on antibiotic treatment [30].

Like vaginal candidiasis, OPC involves infection of mucosal tissue, but CMI is crucial for
protection in the oral cavity. The importance of CD4+ T cells is strikingly illustrated in HIV+
patients, who are highly susceptible to OPC but generally not systemic candidiasis or VVC
[3]. An effective neutrophil response in OPC is also necessary, but appears to be instructed by
the CD4+ T cell compartment. Recent studies have demonstrated that a major mechanism of
the crosstalk between neutrophils and CD4+ T cells is mediated by IL-17, the hallmark cytokine
of Th17 cells (discussed in detail below). In summary, elements of the immune response
interact differently against a common organism, depending on the anatomic location of the
infection.

4. The Th17 paradigm: A new view of mucosal host defense

The transition from healthy to pathogenic state occurs at the mucosal-fungal interface, so
understanding the host defense mechanisms employed at this junction is vital. In the last few
years there has been a major shift in our understanding of the adaptive and innate immune
components that confer resistance to candidiasis. Traditionally, protective adaptive responses
against Candida were thought to be mediated by CD4+ Th1l-effector cells [2,31]. This view
was reasonable at the time, because adaptive immunity was viewed through the lens of the
Th1-Th2 paradigm put forth by Mossman and Coffman in 1986 [32]. The Th1/Th2 model
posits that naive Th-precursor cells develop into Thl cells in the presence of 1L-12, and Th2
cells in the presence of IL-4. Th1 cells are defined by their production of IFN-y, through which
they promote CMI. Th2 cells produce IL-4, IL-5 and IL-13 and promote allergy and protection
against helminthes (Figure 1A).

Within the constraints of the Th1/Th2 paradigm, Th1l cells were believed to confer resistance
to most extracellular microbes including C. albicans, even when experimental evidence was
inconsistent with this view [7]. In 2006, Farah et al. reported that mice deficient in IFN-y, the
signature Th1l cytokine, are not susceptible to oral candidiasis, using the model in which
infection is evaluated semi-quantiatively by oral swabbing [17]. IL-12, which drives Thl
development, is a dimeric cytokine composed of two subunits, 1L-12p35 and 1L-12p40; for
many years the 1L-12p40-/- mouse strain was used to evaluate the role of the Thl lineage in
disease (reviewed in [33]). In surprising contrast to IFNy-/- mice, IL-12p40-/- deficient mice
were susceptible to OPC, and so Farah et al. concluded that Th1l cells act to protect the host
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from Candida through some sort of IFN-y-independent mechanism. However, even at the time,
it was known that IL-12p40 comprises part of another dimeric cytokine, IL-23, which was not
considered in that report [34]. Hence, the stage was set for re-thinking the role of the Th1 cell
in candidiasis based solely on data from the IL-12p40-knockout mouse.

In 2005, a major overhaul in understanding of T helper cell biology was made with the
discovery of a new Th subset distinct from conventional Th1/Th2 populations, which centers
around the shared I1L-12p40 subunit (Figure 1). Termed “Th17 cells” due to production of IL-17
(a.k.a., IL-17A), these cells are generated following exposure to IL-1, IL-6 and TGF-f [35].
Notably, although IL-23 is not an inductive cytokine for the Th17 subset, it is nonetheless
required for the expansion, maintenance and downstream effector functions of Th17 cells.
Hence, in the absence of IL-23, no Th17 cells and very few other IL-17-producing cells are
made [36]. As noted above, IL-23 is composed of IL-12p40 paired with a unique 1L-23p19
component. IL-23 binds to a receptor composed of IL-12RB1 paired with a related but distinct
IL-23R subunit, which is induced on activated Th17 cells during the process of Th17
differentiation [35]. The discovery of IL-23 explains why Th1 cells were erroneously
implicated in many disease settings, including candidiasis as outlined below. [37].

In 2004 (prior to the discovery of Th17 cells per se), the IL-17 receptor (IL-17RA, the common
receptor for IL-17A and IL-17F) was reported to be necessary for host protection in the
disseminated candidiasis mouse model [38], which was recently confirmed by an independent
group [39]. This susceptibility correlated with defects in the neutrophil compartment, and was
among the first publications to link IL-17 to the PMN response to fungal infections. Combined
with many emerging studies of IL-12 versus I1L-23, an alternative and more plausible
explanation of the results obtained bin the oral candidiasis model using 1L-12p40-/- mice
[L17]wasthat IL-23/Th17 cells, rather than IL-12/Th1 cells, are required for host defense against
OPC. In a more direct test of this hypothesis, Conti et al. evaluated OPC in mice deficient in
IL-12p35 (i.e., Thl-deficient) or IL-23p19 (Th17-deficient) in the Filler model of OPC [16,
40]. Confirming a dominant role of IL-23 rather than IL-12, these studies revealed that
IL-23p19-/- mice experienced high fungal burdens of Candida in the oral cavity and showed
signs of overt disease such as hyphal lesions and weight loss. In contrast, IL-12p35-/- mice
showed only mild increases in oral fungal burden with no evidence of fungal thrush lesions or
weight loss. Consistently, mice deficient in IL-17RA were also highly susceptible to OPC.
Therefore, in mouse models at least, the Th1 subset does not appear to play an essential role
in preventing the transition of C. albicans to a pathogenic form, whereas IL-17 and Th17 cells
are vital.

The timing of Th-mediated events in mouse models of OPC is curious, since protection in this
setting is conferred within 5 days, rather than the 2-3 week time frame generally required for
typical adaptive responses. Although Th17 cells are part of the adaptive immune response, they
serve mainly to regulate innate immune responses [41]. The dual nature of IL-23 is also
indicated by the role it plays in the expansion of other more innate type cells, including those
that express yd T cell receptors (TCR). Under the influence of 1L-23, y5-T cells produce a
“Th17-like” cytokine profile and function in a capacity similar to Th17 cells, generally at early
time frames consistent with innate responses [42,43]. However, in murine OPC, the o3+ TCR
subset of IL-17-producing cells appears to be more important than the yd+ subset, and y3-T
cells are only found in low numbers in the oral mucosa [44]. Recently, “natural” Th17 (nTh17)
cells have been identified that are also an important source of IL-17A and IFN-y, acting prior
to the establishment of adaptive immunity. This memory-like T cell subset has been implicated
in early phases of pulmonary host defense, and is likely to play a role in protection at other
mucosal surfaces [45]. Intriguingly, Th17 cells are lost preferentially during HIV and SIV
infection [46], although studies have focused on the gut mucosa rather than the oral cavity.
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5. Th17 cells coordinate mucosal immune responses

Mucosal immune mechanisms are vital to prevent the systemic spread of pathogens from a
localized infection. The discovery of the Th17 pathway has resolved many of the discrepancies
existing in the CD4+ T cell field in mucosal infections. As illustration, IFN-y-producing CD4
+ T cells found at a site of infection were broadly deemed Th1 cells, when in fact they probably
included IFN-y and IL-17 double-producing Th17 cells [37]. These findings also align with
the recently described and expanding role of Th17 cells in barrier immunity against
microorganisms at epithelial and mucosal surfaces [47,48]. Th17 cells express the chemokine
receptors CCR6 and CCR4, which targets them to mucosal areas [7]. Subsequently, cytokines
produced by these Th17 or Th17-like cells act upon mucosal epithelial cells to mediate various
host defense mechanisms. IL-17 and IL-22, in particular, drive production of pro-inflammatory
cytokines, chemokines and antimicrobial proteins by epithelial and stromal cells (reviewed in
[49]). Initially the protective mechanism of IL-17 at mucosal surfaces was shown to be
mediated through the production of chemoattractants, such as CXCL1, CXCL5and IL-8, which
contribute to a targeted neutrophil response [41]. While the essential activity of the neutrophil
response to candidiasis is indicated by the susceptibility of neutropenic patients or mice lacking
a proper neutrophil response, it is apparent that an appropriate mucosa-specific response also
requires the action of various antimicrobial proteins such as B-defensins, cathelicidins and S100
proteins (calprotectins), which can directly kill fungi and other pathogens [16]. Thus, Th17
cells and the cytokines they produce serve as a link between the adaptive and epithelial host
defense responses.

Susceptibility to mucosal infections is also dependent on the availability of niches to allow
colonization. Commensal flora in the oral, Gl and vaginal tracts play a vital role in limiting
infections. It is well known, for example, that antibiotic use predisposes to VVC and OPC. In
this regard, Th17 cells play a central role in controlling the composition of commensal flora
in the gut [50], and hence may indirectly influence Candida colonization by virtue of altering
local flora at mucosal surfaces.

6. Th1l7-derived cytokines: IL-17 and IL-22

The IL-17 family comprises six cytokines (IL-17A through IL-17F) and five receptors
(IL-17RA through IL-17RD) [51]. IL-17A and IL-17F are 50% homologous, and both signal
through a heteromeric complex of IL-17RA and IL-17RC. IL-17A and IL-17F homodimers
and heterodimers have been identified, though the in vivo importance of the heterodimer has
not been completely delineated. Although IL-17A and IL-17F signal through the same receptor
subunits, they display unique biological attributes. IL-17A appears more pathogenic than
IL-17F in autoimmune settings, likely due to stronger signaling strength through IL-17RA
[51]. IL-17F displays a stronger affinity for IL-17RC [52], and IL-17F-/- mice are more
susceptible to Staphylococcal infections [53,54]. IL-17RA has also been shown to associate
with IL-17RB and IL-17RD, although the consequences of this interaction are not well
understood [55]. IL-17E (IL-25) is a Th2 cytokine that signals through IL-17RB, and
expression of IL-9 is controlled by IL-25, leading to enhanced allergic responses in lung [56].

Th17 cellsare normally associated with production of IL-17 (IL-17A), but are also an important
source of IL-22, an IL-10-family cytokine that is enriched at mucosal areas [57]. IL-22 binds
to a hematopoietic receptor complex composed of 1L-22R1 and IL-10R2 [58]. Notably,
whereas the IL-17R activates typical innate inflammatory signals such as NF-xB and C/EBP
transcription factors, 1L-22 activates the JAK/STAT3 and MAPK pathways [51]. Nonetheless,
subsequent signaling through both the IL-17 and I1L-22 receptors results in the cooperative
upregulation of neutrophil chemokines, antimicrobial peptides, and other pro-inflammatory
cytokines. Collectively, these downstream effector molecules provide a means by which the
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Th17 pathway mediates clearance of extracellular pathogens. Interestingly, IL-22 has been
shown to play a more vital role than IL-17 in host defense against certain gut and lung mucosal
pathogens [57]. Surprisingly, however, studies in the IL-22-/- mouse suggest that this cytokine
plays a relatively minor role in protection in the oral cavity in OPC, at least in the mouse model
[16]. However, an important role for IL-22 in antifungal mechanisms may exist, because CD4
+ memory T cells specific for C. albicans have been detected in humans [59], and neutralizing
antibodies to IL-22 are found at high levels in humans with APECED-induced candidiasis
[5,6].

7.1L-23/Th17 pathway is protective in candidiasis: From pattern recognition
receptors to antimicrobial proteins

A precipitous increase in publications related to antifungal responses has begun to delineate
more clearly the early events in anti-Candida immunity. Balanced recognition of the myriad
of microorganisms found at mucosal surfaces is managed by various pattern recognition
receptors (PRRs) expressed on host cells. PRRs recognize pathogen associated molecular
patterns (PAMPSs) found on or within microbes, and help to shape the magnitude and nature
of the host inflammatory response.

Recognition of C. albicans by the host involves the cooperation of many different PRRs, and
how their various downstream signaling pathways augment a protective response continues to
be investigated. The outer layer of the cell wall of C. albicans contains protein and carbohydrate
PAMPs, such as p1,3- and B1,6-glucans, chitin, and mannose derivatives. Two families of
PRRs that have been implicated in fungal immunity are the toll-like receptors (TLRs) and the
C-type lectin receptors (CLRs). PRRs can be distinguished between those that are involved in
immediate immune effector functions and those that are capable of regulating gene expression.
The TLRs have previously been shown to couple innate and adaptive immunity by regulating
the expression of innate response genes, such as those encoding co-stimulatory molecules,
cytokines and chemokines. Various TLRs (namely, TLR2, TLR4 TLR6 and TLR9) have been
linked to recognition of C. albicans [60,61]. Most TLRs (except TLR3) transduce a signal
using the downstream adaptor molecule, MyD88 (myeloid differentiation primary response
gene 88). TLR3 and TLR4 also signal independently of Myd88, using the adaptor TRIF (TIR-
domain-containing adapter-inducing interferon-p) instead. It appears that Myd88-dependent
and Myd88-independent TLR signaling alone cannot fully account for the response to fungal
microorganisms. [62].

More recently it has been demonstrated that Candida activates the C-type lectin receptors
(CLRs) dectin-1, dectin-2 and Mincle, via the carbohydrate components of the yeast cell wall,
although there remains some controversy about whether Dectin-1 is required for disseminated
candidiasis protection [63-66]. These receptors couple downstream directly or indirectly to the
spleen tyrosine kinase (Syk), which engages the signaling complex Card9, ultimately
promoting a Th17-skewed response [67,68]. The importance of a coordinated response was
also substantiated by a report showing the macrophage mannose receptor, in conjunction with
TLR2/dectin-1 signaling, is important for inducing IL-17 in response to Candida cell wall
mannan moieties [69]. In addition, human studies verify that DECTIN-1 and CARD9
polymorphisms are linked to susceptibility to Candida infections [70,71].

The integrated recognition of C. albicans involves other PRRs. Several groups have recently
demonstrated a role for the NOD-like receptor (NLR) NLRP3 in defense against C. albicans
infection in mice [18,72,73]. Engagement of the NLRP3 mobilizes the inflammasome, a multi-
protein complex composed of multiple adaptors and signaling intermediates (reviewed in

[74]). Engagement of the inflammasome leads to activation of caspase-1, which cleaves pro-
IL-1p leading to its secretion. IL-1, of course, is an important proinflammatory cytokine that
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is upstream of Th17 activation as well as a myriad of inflammatory events [75]. The NLRP3/
inflammasome was previously understood to be important in the recognition of various
bacterial and viral species, but this is the first time fungi have been shown to activate this
pathway. Interestingly, the hyphal form of C. albicans preferentially activated the NLRP3
inflammasome, perhaps serving as a pathogenic signal for induction of inflammation [18,72,
73]. Similar to dectin-1 and dectin-2, NLRP3 inflammasome-mediated protection is dependent
on the Syk/CARD9-signaling axis, illustrating the centrality of these signaling mediators in
antifungal defense [72]. It should be noted, however, that one group has found no role for the
NLRP3 inflammasome pathway in candidiasis, and therefore its significance is still
controversial (T. Kanneganti, personal communication). In sum, the response to C. albicans
appears to be initiated by various recognition systems that work collaboratively to direct a
protective response dominated by various innate and Th17-dominated adaptive mechanisms
(Figure 1B).

8. IL-23/Th17 pathway is protective in candidiasis: Evidence from human

studies

HIV+ patients provided the first indication that CD4+ T cells, which of course include Th17
cells, play a particularly important role in defense against C. albicans infection in the oral
cavity. More direct evidence regarding the importance of Th17 cells comes from two rare
genetic immunodeficiency syndromes: hyperimmunoglobulin-E syndrome (HIES) and
APECED (autoimmune polyendocrinopathy candidiasis ectodermal dystrophy, also known as
autoimmune polyendocrine syndrome 1, APS-1). Autosomal dominant (AD)-HIES (also
known as Job's syndrome) is a primary immunodeficiency disorder characterized by both
immunological and non-immunological defects [4]. HIES patients suffer from elevated serum
IgE levels, eczema, and recurrent skin and lung infections, and are particularly susceptible to
staphylococcal infections and oral and mucocutaneous candidiasis. The major genetic lesion
leading to HIES was initially defined as dominant-negative mutations in the transcription
factor, STAT3 [76-78]. STAT3 functions promiscuously but has been shown to be necessary
for signaling downstream of IL-6, IL-21 and IL-23 as well as expression of IL-17 [79,80]. A
subsequent series of publications indicated that an assortment of STAT3 genetic lesions results
in impairment of Th17 cell differentiation in these patient cohorts. This finding verifies the
role of Th17 cells in human mucosal candidiasis, and dovetails well with the contemporaneous
data in mouse systems (Table 1) [77,81,82].

APECED is a rare, severe autoimmune syndrome arising from mutations in the autoimmune
regulator (AIRE), mutations in which result in aberrant thymic self-tolerance mechanisms and
multi-organ autoimmune disease. Although the basis for multi-organ autoimmunity was
clarified with the recognition that AIRE governs expression of self-antigens within the thymus,
itwas unclear why CMC is the first sign of disease in the majority of these patients. New studies
reveal that the susceptibility to Candida infections appears to be due to high levels of
neutralizing autoantibodies to Th17-related cytokines, including IL-17A, IL-17F and 1L-22
[5,6]. These studies provide compelling new evidence for the protective role of the Th17-
pathway in CMC, and are also the first to demonstrate an autoimmune component to fungal
infection susceptibility. Interestingly, anti-IL-17 and anti-IL-22 Abs are also found in certain
thymoma patients, correlating tightly with susceptibility to candidiasis. Finally, genetic studies
corroborating the animal studies outlined above show that dectin-1 polymorphisms are linked
to susceptibility to mucocutaneous and invasive Candida infections [71,83], and CARD9
mutations were found in a consanguineous family with persistent fungal infections [70].

Th17 cells and IL-17 can be protective or pathogenic depending on the context. Just as the
Th17 pathway is pathogenic in autoimmune settings, it may play a negative role in antifungal
mechanisms in the stomach and gut. IL-23 and IL-17 appear to be counterproductive in a
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murine gastric model of candidiasis. Evidence in this setting suggests that the Th17 pathway
limits protective IFN-y/IL-12 (Th1) responses, leading to an exacerbated state of inflammation
which promotes disease progression [84]. Although the relevance to other forms of mucosal
candidiasis is unclear, the IL-23/Th17 pathway does promote deleterious inflammation in gut,
and humans with polymorphisms in the IL-23R are protected from inflammatory bowel disease
[85]. Since the development of candidiasis is compartment-dependent, the immune response
in gastric versus the other forms of infection may not proceed identically. Thus, if the disparate
results surrounding the Th17 pathway cannot be explained by model differences, it must be
considered that the protective role carried out by the Th17 cell in host defense to C. albicans
in the oral cavity is not applicable to all mucosal surfaces.

9. Summary and Perspectives

Investigations in both mice and humans have provided strong evidence for a protective role of
the Th17 pathway in antifungal immunity at most mucosal and epithelial surfaces, particularly
the oral cavity and skin. Overall, a well-balanced response to C. albicans appears to be initiated
by recognition systems that work collaboratively to direct a protective response involving
Th17-dominated innate and adaptive mechanisms. An understanding of how C. albicans is
recognized by the host has direct implications for vaccine development. Differential expression
of PRRs may lead to compartment- or tissue-specific responses that optimally keep fungal
overgrowth at bay. Effective vaccines would need to selectively initiate these protective
pathways, though this remains a considerable challenge.

OPC is already a major problem for immunocompromised humans, and the studies outlined
here predict other segments of the population may also be affected due to impending treatments
strategies aimed at limiting Th17-mediated pathology. Since IL-17 is pathogenic in
autoimmune settings, it is considered an attractive target for therapeutic blocking agents, which
have proven clinically effective thus far [86]. However, the studies outlined here suggest that
when these drugs are used to dampen the Th17 response, protective antifungal qualities will
also be compromised.
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APECED autoimmune polyendocrinopathy candidiasis ectodermal dystrophy
APS-1 also known as autoimmune polyendocrine syndrome 1

BD B defensin

CMC chronic mucocutaneous candidiasis

CLR C-type lectin receptor

CMmI cell mediated immunity

HIES hyper-1gE syndrome

JAK Janus kinase

NLR NOD-like receptor

Microbes Infect. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conti and Gaffen

Page 10

OPC oropharyngeal candidiasis
PAMP pathogen associated molecular pattern
PRR pattern recognition receptor
SjS Sjogren's Syndrome
STAT signal transducer and activator of transcription
TLR toll-like receptor
VVC vulvovaginal candidiasis
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Figure 1. T-helper cell differentiation

(A) Upon activation by signaling through the T-cell receptor and co-stimulatory molecules,
naive CD4+ Th precursor (Thp) cells can differentiate into three lineages of effector T helper
(Th) cells, Th1, Th2 or Th17 cells depending on the local cytokine milieu. Each subset produces
different cytokines that mediate distinct effector mechanisms. I1L-12 is an important cytokine
for the development of Th1 cells, which produce IFN-y, through which they promote CMI and
protection against intracellular pathogens. IL-4 promotes the expansion of Th2 cells, which
produce IL-4, IL-5 and IL-13 and are important in allergy and protection against helminthes.
On the other hand, Th17 cells develop in the presence of IL-1, IL-6 and TGF-B, while IL-23
is important for the expansion, maintenance and function of Th17 cells. Th17 cells are
implicated in autoimmunity and protect against extracellular microbes, including C.
albicans, arole that was erroneously ascribed to Th1 cells in many instances. The transcription
factor STATS3 is very important at many steps exclusively along the Th17-development
pathway. (B) C. albicans is recognized, taken up by antigen presenting cells (APCs), such as
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macrophages and dendritic cells (DCs), processed and presented to T cells. A balanced
response to Candida includes the cooperation of many PRRs. Upon recognition of C.
albicans yeast and hyphae, CLRs (dectin-1, dectin-2, and the MR) and the NLRP3
inflammasome are important in the generation of a protective Th17-response through the
induction of IL-1p, IL-6, and TGF-f.
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