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Abstract

The discovery of the Th17 lineage in 2005 triggered a major change in how immunity to
infectious diseases is viewed. Fungal infections, in particular, have long been a relatively
understudied area of investigation in terms of the host immune response. Candida albicans is a
commensal yeast that colonizes mucosal sites and skin. In healthy individuals it is hon-pathogenic,
but in conditions of immune deficiency, this organism can cause a variety of infections associated
with considerable morbidity. Candida can also cause disseminated infections that have a high
mortality rate and are a major clinical problem in hospital settings. Although immunity to Candida
albicans was long considered to be mediated by Th1 cells, new data in both rodent models and in
humans have revealed an essential role for the Th17 lineage, and in particular its signature
cytokine IL-17.
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Introduction

Th17 cells and IL-17: a brief history

Effector CD4+ T helper cells (Th) coordinate immune responses through the production of
cytokines, which in turn are instrumental in shaping the nature of the response that is
generated. In 1986 it was recognized that there are at least two distinct categories of Th cells
that induced different types of immune responses, termed “Th1” and Th2” (Fig. 1) (1). In
contrast to generation of the antigen-specific TCR, these subsets are not pre-committed, but
rather are generated depending on the microenvironment. Over time, it became clear that
naive Th cells exposed to IL-12 progressed along the Th1 differentiation pathway leading to
secretion of IFNy, a process dependent on the transcription factors STAT-4 and T-bet.
Conversely, IL-4 and the transcription factors STAT-6 and GATA-3 trigger a differentiation
program leading to Th2 generation, characterized by secretion of IL-4. These pathways are
mutually inhibitory and self-reinforcing.

In 2005, a third subset was identified that was clearly neither Th1 nor Th2. This Th lineage
could be generated in the absence of either STAT-6 or STAT-4, its development is inhibited
by IFNy and IL-4, and results in T cells that produce 1L-17 (also known as IL-17A) and
IL-17F (and later, IL-22) as their signature cytokines (Fig. 1) (2, 3). These IL-17-producing
T cells are generated in response to signals from TGFp, IL-6 and IL-1p, and require the
transcription factors STAT3, RORyt and RORa (reviewed in (4-6)). Dubbed “Th17,” the
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discovery of these cells resolved many of the discrepancies that were extant in the field,
detailed in many prior review articles (7-9). Th17 cells also produce additional cytokines,
including IL-17F, IL-22, 1L-21, IL-26 (in humans), and at least some cells can co-produce
IFNy (4). Although usually depicted as being separate lineages, there is considerable
plasticity and interconversion that can occur among subsets, which is an area of active
exploration in the field (10).

New findings have identified several other types of effector Th cells with different profiles
of cytokines such as Th9 cells and T follicular helper cells (Tgy), among others (11, 12).
Although this has led to inevitable complexity and some confusion, it is hardly surprising
that nuanced immune responses require complex responses. In addition to CD4+ effector
populations, there are subsets of CD8+ T cytotoxic cells characterized by differential
cytokine production, such as Tcl, Tc2, Tc17 (13). Collectively, these cells orchestrate
immune responses in ways that are still poorly defined and that differ by immunological
setting, and probably also by the genetic makeup of the host.

Although IL-17 was initially thought to be produced almost exclusively by T cells (14), it
has lately become appreciated that this cytokine is also made by a variety of innate cell
types. These include y5-T cells, NKT cells, lymphoid tissue inducer (LTi) cells,
macrophages, and possibly DCs and neutrophils (15). Whereas induction of IL-17 from T
cells requires signaling through the antigen specific TCR (16), induction of 1L-17 from these
other cell types is antigen-independent.

The functional roles and regulation of the three main Th subsets are still under intense
investigation, but it is now clear that their major activities are as follows: Th1 cells are the
primary mediators providing immunity against intracellular pathogens (viruses, intracellular
bacteria), Th2 cells mediate allergic responses and immunity to helminths, and Th17 cells
mediate pathology in autoimmunity and resistance to a variety of extracellular pathogens
(bacteria, some parasites and fungi) (5, 11). The focus of this review will be on Th17 cells
and IL-17, and immune responses to fungal infections caused by the yeast Candida albicans.

IL-17 and candidiasis

Candida albicans is a commensal fungus in humans, found mainly in the oropharynx, skin
and vaginal mucosa. In healthy individuals, it causes no pathology. Oropharyngeal
candidiasis (OPC, thrush) is an AIDS-defining illness, afflicting >90% of individuals with
HIV. OPC is also common in patients on chemotherapy, individuals at the extremes of age,
and other immunodeficient settings. OPC is associated with considerable morbidity, and in
infants can result in failure to thrive. Candida also causes chronic mucocutaneous (CMC)
infections of skin and fingernails (onychomycosis), as well as recurrent vaginal infections
(17). The most severe form of candidiaisis is disseminated candidemia, which is the fourth
most common nosocomial infection, and is associated with a high mortality rate (averaging
~40%). Strikingly, immunity to Candida appears to differ based on the anatomic
compartment. Whereas more the majority of HIV+ individuals experience OPC at least
once, vaginal candidiasis is far less common, and disseminated candidemia is not a risk in
these patients (17). Similarly, patients with congenital immunodeficiencies that are prone to
CMC and OPC (see below, Table 1) do not generally experience systemic infections (17).
This makes Candida albicans an ideal model organism with which to understand
compartment-specific immunity.

The most common murine model of candidiasis entails injection of conidial yeast forms of
Candida into the tail vein (18). Dissemination occurs to all major organs, predominantly
liver, and is fatal in high doses. Even before Th17 cells were recognized, IL-17RA-deficient
mice were shown to be more susceptible to disseminated Candida infections than WT mice,
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which could be ameliorated by administration of IL-17A. This high susceptibility was
associated with neutrophil defects (19, 20).

The high incidence of OPC in HIV/AIDS patients implicates CD4+ T cells in immunity.
Accordingly, for many years, Th1l cells were considered to be the dominant effector cells
involved in host defense. This was in part because IFNy is highly expressed at thrush
lesions, and studies in mice indicated that Th2-deficient mice (IL-4—/—) mice are resistant to
experimental OPC, whereas IL-12p40—/— mice are sensitive. However, IFNy—/— mice are
resistant to OPC (21). An possible explanation for this apparent paradox began with the
discovery that the IL-12p40 subunit, a constituent of the IL-12 heterodimer and required for
Th1 development, is shared with IL-23 (Fig 1) (22). IL-23 is required for the activity of
Th17 cells and their maintenance in vivo (15). Therefore, these findings could be better
explained if Th17 cells rather than Th1l cells — which are both absent in IL-12p40—/— mice —
are required for immunity to mucosal candidiasis.

Accordingly, using a quantitative mouse model of OPC (23), our group showed that
IL-12p35—/— mice (lacking IL-12 and Th1 cells but retaining 1L-23 and Th17 cells, Fig. 1)
are resistant to thrush, although these mice show delayed clearance of Candida (24, 25).
Moreover, IL-23—/— mice, IL-17 receptor-deficient mice and RORyt—/— mice are highly
sensitive to thrush (Refs. (25, 26); ACP and NHS, unpublished data). Strikingly, Treg cells
also promote immunity to OPC by virtue of enhancing Th17 responses, further verifying the
importance of this cytokine (27). Therefore, IL-23 and IL-17 signaling appear to be vital for
immunity to Candida, at least in a mouse model of oral candidiasis. Somewhat surprisingly,
IL-22—/— mice did not show high susceptibility to OPC in this model, despite reduced levels
of IL-22 in human CMC patients (28) and the generally high responsiveness of epithelial
cells to IL-22 (25, 29). Similar results were found in studies of skin candidiasis in mice (30).
Moreover, an experimental vaccine targeting Candida depends on intact Th17 responses for
efficacy in mice (31), which is also true in other fungal infection vaccine settings as well
(32). Intriguingly, Candida albicans appears to try to counteract the effects of IL-17 by
secreting an as-yet unidentified factor that skews the immune response away from a Th17-
biased response (33). Accordingly, IL-17 and IL-17 receptor signaling appear to be critical
for immunity to oral and skin forms of fungal infections in murine models.

Although the predominance of data in mice argues in favor of a protective role for IL-17,
collateral damage due to the inflammatory effects of IL-17 may also enhance disease. In a
gastric model of mucosal candidiasis, IL-17 appears to cause more harm than good, whereas
IL-22 and IFNYy serve as tissue-protective cytokines (34-36). Mouse models of vaginal
candidiasis have been problematic, but so far no data have been reported indicating a role
for IL-17 in this form of candidiasis (37, 38). Thus, immunity to Candida varies by mucosal
site.

The major mechanisms of IL-17-mediated immunity appear to be through activation of
neutrophils and regulation of anti-microbial peptides (AMPS) (24, 25). It has long been
recognized that IL-17 is a potent regulator of the neutrophil response. However, IL-17 does
not appear to act directly on neutrophils. Rather, activation of epithelial or mesenchymal
cells via IL-17 signaling leads to enhancement of ICAM-1, CXC chemokines (IL-8,
CXCL1/Groa, CXCL5, CXCL2) and G-CSF, which together promote recruitment,
chemotaxis and expansion of the neutrophil lineage. In a variety of mouse models, 1L-17-
deficiency results in severe neutrophil deficits (39, 40). In addition, IL-17 and IL-22 are
potent regulators of AMP expression. In skin, IL-22 and IL-17 cooperatively enhance
expression of AMPs such as S100A7, S100A8 and S100A9 as well as B-defensins (41). In
the OPC maodel, susceptibility is tightly linked to PMN defects but also defects in AMPs
such as S100A8/9 proteins, p-defensins and salivary histatins (25, 42, 43).
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C-type lectin receptors and Candida pattern recognition

The pattern recognition receptors (PRRs) for yeast have only recently been elucidated.
Although Toll-like receptors and the mannose receptor play roles in mediating immune
responses to Candida (44, 45), the C-type lectin receptors (CLRs) appear to be the dominant
PRRs implicated in C. albicans recognition (46, 47). These receptors are expressed on
antigen presenting cells and recognize components of the C. albicans cell wall such as
mannans and p-glucans. N-linked mannans, which are located in the outer portion of the cell
wall, are recognized by DC-SIGN, the macrophage mannose recognition receptor (MMR)
and Dectin-2 (47). B-glucans, located in the inner portion of the cell wall, are recognized by
Dectin-1 and Mincle (48). Engagement of these receptors by their corresponding ligands
results in the production of IL-6, TNFa, IL-23, and IL-17, which are important for Th17
development and homeostasis, or are products of the Th17 response (45, 49-51). One line of
Dectin-1-knockout mice did not exhibit susceptibility to disseminated candidemia (52), but a
different line did (48). Dectin-2-knockout and Mincle-knockout mice both exhibit sensitivity
to candidiasis, using disseminated and oral models, respectively (53, 54). Upon oral
infection of mice with Candida, there is strong upregulation of Candida-sensing CLRs,
including Dectin-1, Dectin-2 and Mincle. These CLRs are upregulated normally in
IL-17RA-deficient mice (25), thus placing IL-17 downstream of CLR signaling.

The cascade of events that precedes cytokine production and the induction of Th17
responses upon CLR engagement have not been described in detail. However, both Dectin-1
and Dectin-2 couple to spleen tyrosine kinase (Syk) and the adaptor molecule CARD-9 to
induce production of TNFa, IL-6 and 1L-23 (49, 51). In addition, studies implicate the
NRLP3 inflammasome and IL-1f in inducing responses to OPC, which is also a Th17-
inducing cytokine (55, 56). Clearly innate recognition of Candida is complex and mediated
by a number of pattern recognition receptors, and doubtless more details on this pathway
will emerge in the near future.

Candidiasis in humans with immunologic deficiencies

In addition to HIV, there are a number of rare primary genetic diseases in humans that cause
susceptibility to recurrent mucosal forms of candidiasis (Table 1). The genetic mutations
responsible for these syndromes can be segregated into two categories: (i) those affecting the
Th17 signaling pathway, and (ii) those affecting direct recognition of C. albicans by
immune cells. Of the mutations that affect the Th17/IL-17 pathway, mutations in the gene
encoding STAT3 are most common, and cause autosomal-dominant Hyper IgE Syndrome
(AD-HIES). AD-HIES is associated with a constellation of clinical features, particularly
mucocutaneous candidiasis, eczema, recurrent Staphylococcus aureus infections, high serum
IgE levels and characteristic facial and skeletal abnormalities. Although AD-HIES patients
suffer from recurrent OPC, disseminated candidiasis and other fungal infections are rare in
these patients (57-59). In the majority of patients with AD-HIES, dominant negative
mutations in the DNA binding or SH2 domains of STAT3 lead to over 50% reduction in
STAT3 activity. This reduction leads to Th17 and IL-17 deficiency due to defects in IL-6
and IL-23 signaling, which are required for induction and stabilization of the Th17 lineage
(60-63).

The autosomal recessive form of HIES (AR-HIES) is also characterized by increased
susceptibility to mucocutaneous candidiasis, increased IgE, severe eczematous rashes from
birth and recurrent skin and sinopulmonary infections. However, these patients do not
exhibit the characteristic facial or bony tissue abnormalities present in AD-HIES patients,
but do have a strong propensity for recurrent cutaneous viral infections. The genetic basis
for AR-HIES has not been characterized in all cases, but one patient with a documented
homozygous Tyk2 mutation who presented with an AR-HIES-like syndrome has been
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reported (64) (Table 1). Tyk2 is a Janus kinase family member that phosphorylates several
transcription factors, including STAT3. Tyk2 is downstream of IL-23 and type | interferons,
explaining susceptibility to both fungal and viral pathogens. Although this report prompted
further genetic examination of patients with AR-HIES, Tyk2 mutations were not found in
any of the patients screened to date (65).

Recently, Puel, et al. reported the first documented human deficiency in the IL-17 cytokine
family (IL-17F) and also the IL-17 receptor (IL-17RA) (66, 67). In these cases, the genetic
lesion in IL-17F is an autosomal dominant negative mutation, whereas the IL-17RA
deficiency is a loss of function, autosomal recessive allele (Table 1). Both present with
chronic mucocutaneous candidiasis (CMC). CMC presents clinically with recurrent C.
albicans infections at the mucosal surfaces, including the oral and genital tracts, and the
skin. These inborn defects in IL-17, as the only immunologic defects present in these two
patient populations were related to the IL-17 signaling pathway for both IL-17A and IL-17F.

Another striking correlation between IL-17 and CMC came from an unexpected study.
Namely, patients with mutations in the AIRE gene, which regulates central tolerance, also
suffer from CMC (66, 68, 69). Proper expression of AIRE in the thymus is essential for
presentation of peripheral self antigens and therefore maintaining immune tolerance.
Accordingly, mutations in AIRE result in the development of multi-system autoimmunity,
known as autoimmune polyendocrine syndrome type | (APS-1). However, molecular basis of
these patients’ increased susceptibility to CMC has long been obscure. A recent study by
two groups showed that APS-I patients universally demonstrated high titers of auto-
antibodies specific for the Th17 cytokines IL-17A, IL-17F and IL-22. These antibodies were
highly specific and strongly neutralizing for IL-17 signaling, supporting a major role for
IL-17 in preventing CMC in humans. Notably, such auto-antibodies were essentially
undetectable in both normal controls and in patients with autoimmune disorders other than
APS-I. Interestingly, antibodies against these Th17 cytokines were also found in a subset of
thymoma patients, who also had CMC. Thus, naturally occurring anti-Th17 antibodies
strongly predispose to infections with Candida albicans.

The other class of genetic deficiencies that are associated with increased susceptibility to C.
albicans infections are mutations in pathways responsible for pattern recognition of this
organism, specifically in Dectin-1 and its adaptor CARD-9 (70, 71). Mutations in Dectin-1,
which specifically recognizes C. albicans cell wall B-glucan moieties, are associated with
increased vulvovaginal candidiasis as well as increased risk of onchomycosis (70, 72).
Patients with these mutations demonstrate not only severe, recurrent mucosal C. albicans
infections, but also invasive systemic fungal infections, including candida meningitis (71).
Notably, patients with both Dectin-1 and CARD-9 mutations demonstrated defects in
generation of effective IL-17 responses. Specifically, patients with Dectin-1 deficiency had
reduced IL-6 and IL-17 production in monocytes and macrophages challenged with either -
glucan or heat-killed C. albicans, and patients with CARD-9 deficiencies exhibited defects
in Th17 differentiation. From these patient studies, it is clear that the role of PRRs are not
only essential for mounting a proper immune response to C. albicans, but that these PRRs
act in a cumulative manner, rather in isolation, to mount a Th17 response that protects not
only mucosal sites, but also from systemic infection.

Th17 in Candida vaccines

To date, there are no effective vaccines against fungi. However, some experimental vaccines
against Candida and other fungal pathogens have been shown to involve IL-17. Vaccination
studies using the N-terminus of Als3p, a Candida adhesion protein, have been demonstrated
to elicit both Thl and Th17 responses when administered subcutaneously (31, 73).

Interestingly, among both canonical CCR6-IL-17- Th1 cells and CCR6+IFNy— Th17 cells, a
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population of CCR6+ Th1/17 cells producing both IL-17 and IFNy were also induced by
vaccination. Vaccination-induced production of these Th1, Th17 and Th1/17 cells was
associated with increased survival under systemic C. albicans challenge as well as increased
expression of the neutrophil chemoattractants KC (CXCL1) and MIP-1a. These results
suggest that for a comprehensive vaccination approach to C. albicans, vaccines and their
adjuvants must jointly stimulate both a robust Th1 and a Th17 response. Similarly,
vaccination studies for several other endemic fungal infections have also been shown to
involve Th17 cells (32), indicating this may be a common mechanism of immunity to fungal
organisms.

Summary & perspectives

In summary, studies in the last several years have radically shifted our understanding of
immunity to Candida albicans, which is leading the way for studies on other fungal
pathogens as well. The involvement of C-type lectin receptors and the Th17 responses have
revealed a previously unappreciated pathway that appears to comprise the essential elements
of protection against cutaneous candidiasis. Taken together, these studies in animal models
and lessons from human primary immunodeficiencies demonstrate the crucial role of Th17
generation and specifically IL-17 signaling in the immunologic response to C. albicans.
These findings have direct clinical implications extending beyond rare congenital
immunodeficiency syndromes, as antibodies to IL-17 and its receptor are in clinical trials to
treat psoriasis, rheumatoid arthritis and other autoimmune diseases (74), which may
predispose patients to candidal infections.
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Figure 1. Diagram of major Th effector subsets

T cell precursors (Thp) can be induced to differentiate into different subsets depending on
the cytokine environment. IL-12 drives development of Thl cells through STAT-4 (and
other transcription factors, not shown). IL-4 promotes development of Th2 cells through
STATS6, and the combination of IL-1/IL-6/TGFp induce Th17 cell differentiation through
STATS3. The signature cytokines of each lineage are shown (note, IL-26 is only expressed in
humans).
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Disease Gene Product Nature of mutation | Mechanism related to IL-17 Reference
Hyper-l1gE Syndrome/Jobs STAT3 (signal transducer and DNP Failure to signal through IL-6, (61-63)
Syndrome (AD)& activator of transcription) IL-21, 1L-22, IL-23; severely
reduced Th17 cell numbers
Hyper-1gE Syndrome (AR)C Tyk2 (Janus tyrosine kinase) Lord Failure to signal through Type I | (64, 65)
IFNs and IL-23; reduced Th17
numbers
IL-17R-deficiency IL-17RA LOF Failure to signal in response to (66)
IL-17A, IL-17F, IL-17A/F
(possibly 1L-25?)
IL-17F-deficiency IL-17F DN Reduced signaling in response (66)
to IL-17A, IL-17A/F, IL-17F
Dectin-1-deficiency Dectin-1 LOF Loss of responsiveness to (70)
Candida, reduced IL-6 and
Th17 cell frequency
CARD9-deficiency CARD9 LOF Loss of signaling through (71)
Dectins, TCR, Mincle; reduced
Th17 differentiation
APS-1/APECED® Aire (autoimmune regulator) LOF Loss of central tolerance, Abs (68, 69)
against IL-17A, IL-17F, IL-22

a .
AD, autosomal dominant,

b . .
dominant negative;

c )
autosomal recessive;

dIoss of function;

e . .
autoimmune polyendocrine syndrome |
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