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Deciphering cellular and molecular mechanisms that maintain host immune homeostasis
with fungi and the breakdown of this homeostatic tolerance during fungal infections
disease is a challenge in medical mycology. In fact, the virulence of fungi may be determined by the interaction between fungi and the host immune status and its classification
as a commensal microorganism or a pathogen may shift depending on the balance. In
addition to the central role of the IL-12/IFN-c-dependent Th1 responses in cell-mediated
immune protection against fungi, Th17 cells provide protection and inflammation at
mucosal surfaces, and Tregs fine-tune immune responses to prevent damage to the host.
Recent evidence indicates that IL-22-producing cells, employing primitive antifungal
effector mechanisms, contribute to antifungal resistance at mucosal surfaces under
conditions of defective adaptive immunity. The fact that IL-22 production is driven by
commensals points to the need of an integrated, systems biology approach to improve
our understanding of the inherent and intimate mechanisms underlying multilevel
host–fungus interactions.
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Introduction
The most serious of the infections caused by fungi are the
opportunistic fungal infections that occur in patients with
defective immunity, including recipients of solid or hematopoietic
stem cell transplant or patients with hematological malignancies.
Others include mucosal infections (i.e. thrush, chronic mucocutaneous candidiasis (CMC), recurrent vulvovaginal candidiasis,
atopic eczema/dermatitis syndrome), IgE and eosinophilia-driven
hypersensitivity diseases, including many cases of severe asthma,
allergic bronchopulmonary mycoses, hypersensitivity pneumonitis, gut inflammation and the severe fungal infections occurring
in patients with immune reconstitution inflammatory syndrome,
an entity characterized by local and systemic inflammatory
reactions that can result in quiescent or latent infections
manifesting as opportunistic mycoses. The occurrence of fungal
diseases in patients with primary immune deficiencies supports
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the notion that impaired immunity leads to susceptibility to
fungal infections and diseases [1, 2].
A fine balance between pro- and anti-inflammatory signals is a
prerequisite for a stable host/fungal relationship; the disruption
of which may lead to pathological manifestations. This implicates
the existence of complex mechanisms of immune adaptations
and, of sophisticated mechanisms to antagonize immunity and
inflammation– the exploitation of which may contribute to the
immune plasticity of the fungal biota [3–5]. In this context,
the immunopathogenesis of fungal diseases represents an
important paradigm in immunology, which fits within the
conceptual framework that modules of immunity have evolved to
provide both resistance (i.e. the ability to limit fungal burden),
or tolerance (i.e. the ability to limit immune response-associated
host damage) [6]. The concept implies that the interaction
with the host immune system may determine whether
innocuous but opportunistic fungal pathogens maintain
‘‘friendly’’ or ‘‘pathogenic’’ relationships under different settings.
In this review, we discuss new findings on the IL-22-dependent
pathway, focusing on IL-22’s role in the regulation of host-fungus
interactions at mucosal surfaces. We highlight recent studies

www.eji-journal.eu

Eur. J. Immunol. 2011. 41: 270–275

linking signals from commensal microbes to the functionality of
IL-22-secreting cells.

The interaction of fungi with mammalian
hosts: A delicate balance
Studies on non-mammalian hosts have provided means to
examine the molecular elements of fungal virulence and host
innate immunity [7–9]. In higher organisms however, innate
sensing mechanisms are capable of distinguishing between
different fungal morphotypes and are equipped to activate
distinct adaptive immune responses with protective and nonprotective functions against the different fungal species. It has
been suggested that a memory-based immune mechanism may
have evolved in vertebrates to accommodate colonization by
symbiotic microbes while retaining the capacity to oppose their
infectivity [10]. This suggests that the adaptive immune system
has co-evolved with ubiquitous or commensal fungi, with a price
to be paid for this permissiveness.
Stimulation of different antigen presenting cells leads to
activation and recruitment of lymphocytes, and the development
of distinct types of T helper cell subsets, namely Th1, Th2 and
Th17 (Fig. 1). Through cell-bound molecules and secretion of
cytokines and other soluble mediators, Th cells may act as
immune effectors and, more importantly, as regulators of the
appropriate inflammatory and effector responses by immune and
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Figure 1. Th cell subsets in fungal infections. The figure shows the
orchestration of CD41 Th and Treg differentiation, their cytokine
production and possible functions by innate immune receptors and the
intestinal microbiota. Through elaboration of distinct sets of cytokines
and other mediators, these cells may act as immune effectors but,
more importantly, as master regulators of the inflammatory and
barrier activity of innate cells, including epithelial cells that are target
of IL-22 (inner circles). The figure also shows the possible consequences of dysregulated Th/Treg immunity (outer circle).
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‘‘non-immune’’ cells of the innate antifungal resistance cascade.
Th1 cells are instrumental in the optimal activation of phagocytes
at the sites of infection and the development of protective
immunity to antifungal vaccines. By dampening protective Th1
responses and promoting the alternative pathway of macrophage
activation, Th2 cells may favor fungal infections, allergy and
disease relapse; however, Th2-dependent humoral immunity may
afford some protection, in part by promoting Th1 immunity and
by altering fungal gene expression and intracellular trafficking
[11]. Th17 cells appear to have a dichotomous role in antifungal
immunity in that they exhibit important effector and regulatory
functions in response to fungi at mucosal surfaces, but may also
promote pathogenic inflammation (reviewed in [12]).
A side effect of the powerful immune mechanisms of protection against fungi found in higher organisms is inflammation and
the associated collateral damage to the host (reviewed in [12]).
At this stage, whether ‘‘unwanted’’ immune responses against self,
environmental antigens and commensal microorganisms also
occur during antifungal immune responses is not well defined,
although there is evidence suggesting that fungal sensitization
contributes to autoreactivity against self-antigens as a result of
shared epitopes with homologous fungal allergens [13].
These side effects may be more devastating than infection itself.
Indeed, evidence highlights the dichotomous nature of the
inflammatory process during fungal infections. Early inflammation is beneficial, but an uncontrolled inflammatory response may
eventually be associated with failure to eradicate the infection
and disease progression. An excellent example of this is recent
findings in mice with chronic granulomatous disease. In these
animals, an intrinsic, genetically determined failure to control
inflammation to sterile fungal components determines the
animals’ inability to resolve infection with A. fumigatus [14]. The
data have direct implications for the treatment of fungal infections in the clinic: it is likely that the exaggerated inflammatory
response compromises the ability of the host to cope with
infecting/colonizing fungi, and not an ‘‘intrinsic’’ susceptibility to
infection that determines a state of chronic or uncontrolled
disease.
A protective immune response to fungi must oppose fungal
infectivity and ensure survival, while limiting collateral damage
and restoring a homeostatic environment (also referred to as
‘‘protective tolerance’’) [15]. This can be achieved through the
ability to control both the type and the magnitude of the immune
responses and involves numerous mechanisms, among which
Treg-mediated suppression of inflammation associated with
infection plays a prominent role. As critical gatekeepers in
immune homeostasis, Tregs have become an integral component
of the antifungal immune response. Through Tregs’ capacity to
inhibit innate and adaptive antifungal immunity, Tregs are
strictly required for the generation of protective tolerance;
however, as Tregs dampen the efficacy of protective immunity,
fungal persistence may be a consequence of Treg activity (Fig. 1).
It is not surprising that fungi have evolved mechanisms to hijack
or manipulate the regulatory network of the host, thereby operating by stealth to generate conditions that secure their survival
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by limiting the immune response (also as a consequence, reduced
damage to the host) [16, 17]. In doing so, similar to symbionts,
the commensal yeasts have been shown to contribute to the
balance of inflammation and tolerance at mucosal surfaces and at
distant sites to the benefit of the mammalian host [18].

IL-22-producing cells
Epithelial cells are a central component of the mucosal immune
system of the gut and the lung. The release of epithelial cytokines
and chemokines are important events in initiating mucosal
inflammatory responses. Epithelial cells express receptors for
microbial-associated molecular patterns and thus respond to
signals delivered by the microbiota. These receptors activate
signaling pathways that finely modulate epithelial cell production
of antimicrobial products and chemokines. IL-22, a member
of the IL-10 cytokine family, is one such dedicated signal
–it plays a crucial role in the innate immune defense and
mucosal protection from damage. Produced by Th22, Th1, Th17,
NK22 (identified by CD127, CD56 and NKp44 expression in
humans [19]), NKT, gd1 T cells and lymphoid tissue-inducer cells
[20], IL-22 regulates intestinal and skin homeostasis
and mucosal wound healing via activation of the JAK/STAT
pathway, which results in tyrosine phosphorylation of epithelial
STAT3 [20, 21]. IL-22 receptor expression is restricted to the
tissues and not on cells of the innate immune system, providing a
way by which the immune system exerts control over tissue
homeostasis.
Another cytokine that is crucial in the antifungal immune
cascade is IL-23. It is known that IL-23 can increase the pathogenic potential of Th17 cells in vivo, but IL-23 can also operate
independently of Th17. The finding that IL-23 exhibited antifungal protection in condition of IFN-g deficiency [22] suggests
that IL-23 may operate beyond the production of IL-17A/IL-17F.
It has recently been described that IL-23 is crucial for the
production of IL-22, which provides protective antibacterial
immunity in the absence of IL-12 [20]. Through the exploitation
of primitive antifungal defense mechanisms, IL-22 is crucially
involved in the control of Candida growth at mucosal sites in
conditions of Th1 and Th17 deficiency [23]. Thus, by expanding
Th17 effector cells [22] and IL-22-producing cells [23], IL-23 has
a dual role in infection.
As mentioned, IL-22 can be produced by gut DC,
NKp461 (referred to as NCR22 in mice, [24]) and CD41
T cells, and directly targets gut epithelial cells to induce STAT3
phosphorylation and the release of S100A8 and S100A9 peptides,
which are endowed with antifungal and anti-inflammatory
effects [23]. Thus, due to dominant-negative mutations of
STAT3, patients with autosomal dominant hyper-IgE syndrome
(AD-HIES) have a defective Th17 response [25], which is likely to
be amplified on epithelial cells where STAT3 mutation compromises the effects of IL-22. Vaginal epithelial cells also produced
S100A8 and S100A9 following interaction with Candida [26],
suggesting the possible involvement of IL-22 in vaginal candi-
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diasis. Not only are naturally occurring IL-221 cells highly enriched at mucosal sites, where continuous exposure to fungi
occurs, but also memory C. albicans-specific IL-221CD41 cells are
present in the human T-cell repertoire [27] and are defective in
patients with CMC [28–30]. Autoantibodies against IL-22, in
addition to IL-17A and IL-17F, were observed in patients with
CMC and considered to be associated with susceptibility to CMC
[31, 32]. We detected high levels of autoantibodies to IL-22 in
nearly all, and autoantibodies to IL-17A and IL-17F in 20% of the
sera from APS-1 patients with CMC [33]. Thus, it is likely that
inhibition of IL-22 may dampen antifungal resistance in these
patients, eventually leading to enhanced IL-17A secretion as a
consequence of chronic stimulation caused by defective yeast
clearance. In fact, Th17 responses are either decreased, along
with Th1 responses [25, 29], or increased in patients with CMC
[29, 33]. Thus, although autoantibodies to IL-22 and/or IL-17 is
correlated with susceptibility to CMC, this correlation could be
either the primary cause of candidiasis or a consequence of an
enhanced Th17 response. It has been shown that autoantibodies
to pro-inflammatory cytokines may be considered as ‘‘beneficial’’
autoimmunity in their ability to dampen pro-inflammatory
mediators and restrict self-destructive immunity [34]. Therefore,
a direct connection between anti-cytokine antibodies, inhibition
of antifungal immunity and susceptibility to CMC remains to be
demonstrated.
The new findings suggest that IL-221 cells, employing primitive antifungal effector mechanisms, contribute to antifungal
resistance at mucosal surfaces under conditions of defective
adaptive immunity. The findings also support a model in which
the IL-23/IL-22 axis controls the initial fungal growth and tissue
homeostasis, while adaptive Th1/Treg prevent fungal dissemination and provide memory and tolerance [6]. The two pathways
are non-redundant, reciprocally regulated and compensate for
each other in the relative absence of one another, consistent with
the theme that adaptive immunity depends on innate immunity
but innate immunity also requires adaptive regulation. In the
presence of a functional Th1 pathway, the IL-23/IL-22 axis is
dispensable, and this may account for the mild susceptibility to
candidiasis seen in otherwise immunocompetent IL-22-deficient
mice [23, 35, 36]. However, in condition of defective Th1 pathway, an innate IL-22-driven response accounts for resistance to
low-infective fungal exposure. While IL-22 can be produced by
Th17 cells and shares activities with members of the IL-17 family,
IL-22 may also work independently of Th17 cells, as shown by the
ability of IL-22 to compensate for IL-17RA deficiency in mice with
mucosal candidiasis [23]. It is of interest in this regard that the
IL-22 pathway is exploited by non-pathogenic yeasts, such as
C. krusei and Saccharomyces cerevisiae [23] and also Cryptococcus
neoformans, against which a protective effect of IL-23 has been
demonstrated [37]. Considering the burden of nosocomial
infections by opportunistic yeast species, the new finding may
offer new interpretative clues to explain why some individuals
are at high risk of yeast infections. Table 1 reports the available
findings supporting a role for IL-22 in antifungal defense at
mucosal surfaces.
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Table 1. A summary of the role of IL-22 in antifungal host defense at mucosal surfaces

Role of IL-22

Reference

IL-22 contributes to antifungal resistance at mucosal surfaces under conditions of
defective Th-adaptive immunity. The two pathways are non-redundant, reciprocally
regulated and compensate each other in the relative absence of either one

[23]

In the presence of a functional Th1 pathway, IL-22 is dispensable, and this may
account for the mild susceptibility to cutaneous or oropharyngeal candidiasis seen
in otherwise immunocompetent IL-22-deficient mice

[23, 35, 36]

Although produced by Th17 cells and sharing activities with members of the IL-17
family, IL-22 compensates for IL-17A deficiency in mice with mucosal candidiasis

[23]

Blockade of IL-22 exacerbates pulmonary aspergillosis in mice

(Our unpublished observations)

Distinct levels of IL-22 correlate with pattern of susceptibility and resistance to vaginal
candidiasis in mice

(Our unpublished observations)

Microbiota–immune system–fungi
interaction: A ménage à trois
As mentioned, IL-22 production can occur in the relative absence
of Th17 cells [23], a finding clearly pointing to mechanisms of
IL-22 production outside of the Th17 pathway. The microbiota
impacts host nutrition, protection and tissue development.
Alterations in microbiota composition are associated with
susceptibility to various infections and both local and systemic
pathological immune responses [38]. Early alterations of
airway microbiota in infants have been correlated with
development of respiratory allergy later in life [39]. The fact
that IL-22 production in the gut is driven by commensals
may provide novel mechanistic insights on how intestinal
dysbiosis following antibiotic therapy, radiation or metabolic
inflammation, predisposes individuals to candidiasis and, more
generally, how bacterial–fungal population dynamics impacts
homeostasis and inflammatory diseases at mucosal surfaces. The
aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that mediates IL-22 production [40]. A variety of
indole derivatives act as endogenous ligands for AhR [41] and are
generated through conversion from dietary tryptophan by
commensal intestinal microbes [42, 43]. Thus, the tryptophan
metabolism pathway is likely exploited by commensals and the
mammalian host to increase immunological fitness in response
to fungi.

Th17-dependent antifungal immunity in response to fungi at
different sites within the host. Ultimately, defining the ‘‘friendly’’
versus the ‘‘pathogenic’’ signature of fungi at the multifaceted
interface with the mammalian host will define how immune
dysregulation may lead to progressive fungal infections and/or
how the fungal biota impacts the burst and perpetration of
pathogenic inflammation and, possibly, autoimmunity in the
modern era [44].
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