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SUMMARY 
 

Fungal diseases represent an important paradigm in immunology since they 
can result from either the lack of recognition or over-activation of the 
inflammatory response. Current understanding of the pathophysiology 
underlying fungal infections and diseases highlights the multiple cell 
populations and cell-signalling pathways involved in these complex condi-
tions. A systems biology approach that integrates investigations of immunity 
at the systems-level is required to generate novel insights into this complex-
ity and to decipher the dynamics of the host-fungus interaction. It is now 
clear that a three-way interaction between host, fungi, and microbiota dic-
tates the types of host-fungus relationship. Metagenomics has revealed the 
complex interactions between fungal and bacterial commensals that, either 
directly or through the participation of the host immune system, impact on 
immune homeostasis at mucosal surfaces that, in turn, lead to secondary 
fungal infections. Metabolomics has captured the dialogue between the 
mammalian host and its microbiota. The host tryptophan catabolic enzyme, 
indoleamine 2,3-dioxygenase 1 (IDO1) plays a dominant role in the inter-
play between tryptophan catabolism by microbial communities, the host’s 
own pathway of metabolite production, and the activation of the aryl 
hydrocarbon receptor (AhR)/IL-22 axis, eventually impacting on mucosal 
immune homeostasis and host/fungal symbiosis. Thus, the regulatory loop 
involving AhR and IDO1 may be exploited for the development of multi-
pronged-host- and microbiota-directed therapeutic approaches for mucosal 
and systemic fungal diseases. 

 
 

FUNGI ENTER THE METAGENOMIC ERA 
 
Fungi can interact with their hosts 
(plants, animals or humans) in multiple 
ways, establishing symbiotic, commen-
sal or pathogenic relationships. Most 
fungi, such as Aspergillus fumigatus, 
Cryptococcus neoformans, and the 
thermally dimorphic fungi (Histoplas-
ma capsulatum, Blastomyces derma-
titidis, Paracoccidioides brasiliensis, 
Coccidioides immitis, Penicillium 
marneffei, and Sporothrix schenckii), 

are ubiquitous in the environment and 
humans are exposed by inhaling spores 
or small yeast cells. As a result, they 
can interact with humans in multiple 
ways, establishing symbiotic, commen-
sal, latent or pathogenic relationships 

However, among eukaryotes, fungi 
are particularly prominent residents of 
the human body (Huffnagle and 
Noverr, 2013). More than 400 species 
of fungi associated with human beings 
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have been identified (Cui, et al., 2013). 
Very little is known about the biology 
of the members of the human “myco-
biome” (i.e., fungal microbiome) and 
even less about the interactions that 
they establish with the human host. 
Thus, an increased understanding of the 
importance of mycobiota in shaping the 
host’s immune and metabolic activities 
will render fungal interactions with 
their hosts more complex than previ-
ously appreciated (Romani, et al., 
2014). As a corollary, early diagnosis 
may no longer be a challenge for inva-
sive or chronic fungal diseases, as 

suggested (Schelenz, et al., 2015). In-
stead, the study of the human myco-
biota in the trans-omics era, with a 
focus on metagenomics and metabo-
nomics, is providing novel insights into 
the regulation of host/fungus immune 
homeostasis. Evidence is accumulating 
to support the exciting concept that the 
interaction between different biomes 
and between the host and the myco-
biome are critical in the pathogenesis 
of fungal infections and other human 
diseases (Cui, et al., 2013; Huffnagle 
and Noverr, 2013; Seed, 2014; 
Underhill and Iliev, 2014). 

 
 

THE HUMAN MYCOBIOME 
 
The development of culture-inde-
pendent methods has expanded our 
knowledge of the mycobiomes found in 
different body sites, their interface with 
other biomes and their association with 
human health and diseases (Cui et al., 
2013). Alterations in the mycobiome 
are frequently reported to be associated 
with various diseases such as cystic 
fibrosis (CF) (Delhaes et al., 2012), in-
flammatory bowel diseases (Ott et al., 
2008; Li et al., 2014;), atopic dermatitis 
(Zhang et al., 2011) or mucocutaneous 
candidiasis (Smeekens et al., 2014). 
However, it remains to be elucidated 
whether this variation is primary or 
secondary to an imbalanced bacterial 
microbiome. Indeed, interactions of 
fungi with bacteria in vitro have been 
described (reviewed in: Wang et al., 
2014) as well as the clinical relevance 
of these interactions (Peleg et al., 
2010), such as the occurrence of 
intractable candidiasis in association 
with antibiotic-induced dysbiosis 
(Krause et al., 2001) and of mixed 
fungal-bacterial species in biofilms 
(Peleg et al., 2010). Fungal-bacterial 
interactions can be antagonistic, 
synergistic or symbiotic; regardless 

they influence the physiological 
characteristics and survival of either 
one partner and, consequently, impact 
on host immune reactivity. Variations 
in the mycobiome can also be second-
ary to dysregulated host immune reac-
tivity. The traditional view of a single 
direction by which bacteria stimulate 
the immune system, leading to inflam-
mation or autoimmune disorders, has 
been challenged by a more complex 
view: the gut immune system does not 
simply protect from pathogens, but is 
actively involved in the maintenance of 
a rich and healthy community of gut 
bacteria (Kawamoto et al., 2014). 
Faults in the immune regulation lead to 
changes in the bacterial community 
that in turn feed back into the immune 
system. Similar to the microbiome, the 
host/mycobiome interactions also lead 
to mutual influences. Not only is the 
host affecting the mycobiome composi-
tion and variations by means of geno-
type, physiology, immune system, and 
lifestyle but the fungal microbiota may 
contribute to the balance of inflamma-
tion and tolerance at local mucosal sur-
faces and at distal sites (Noverr and 
Huffnagle, 2004). 



	 45 

RESISTANCE AND TOLERANCE MECHANISMS  
OF ANTIFUNGAL IMMUNITY 

 
As the immune system has evolved to 
accommodate colonization by symbi-
otic microbes while retaining the ca-
pacity to oppose their infectivity, a fine 
balance between pro- and anti-inflam-
matory signals is a prerequisite for a 
stable host/fungal relationship, the dis-
ruption of which may lead to pathologi-
cal consequences. Indeed, despite the 
occurrence of severe fungal infections 
in immunocompromised patients, clini-
cal evidence indicates that fungal dis-
eases also occur in the setting of a 
heightened inflammatory response, in 
which immunity occurs at the expense 
of host damage and pathogen eradica-
tion (Perfect, 2012). A number of fun-
gal diseases are critical examples of 
such bidirectional influences between 
infection and immune-related pathol-
ogy, a condition that highlights the bi-
polar nature of the inflammatory pro-
cess in infection. Early inflammation 
prevents or limits infection, but an un-
controlled response may eventually op-
pose disease eradication. This concep-
tual principle is best exemplified by the 
occurrence of severe fungal infections 
in patients with chronic granulomatous 
disease (Romani et al., 2008a), CF 
(Iannitti et al. 2013) or with immune 

reconstitution inflammatory syndrome 
(Singh and Perfect, 2007), an entity 
characterized by local and systemic in-
flammatory reactions that can result in 
quiescent or latent infections manifest-
ing as opportunistic mycoses. Chronic 
mucocutaneous candidiasis (CMC) and 
chronic disseminated candidiasis also 
belongs to the spectrum of fungus-
related immune reconstitution inflam-
matory syndrome (Legrand et al., 
2008). Thus, an immune response that 
limits both fungal infectivity and host 
collateral damage is required to main-
tain a homeostatic environment (Casa-
devall and Pirofski, 2003). This dual 
role has recently been accommodated 
within the conceptual framework of a 
two-component antifungal immune 
response, i.e., resistance (the ability to 
limit fungal burden) and tolerance (the 
ability to limit the host damage caused 
by either the immune response or other 
mechanisms). Resistance is meant to 
reduce pathogen burden through innate 
and adaptive immune mechanisms 
whereas a plethora of tolerance mecha-
nisms, despite less known relative to 
resistance mechanisms, protect the host 
from immune- or pathogen-induced 
damage (Saraiva and O'Garra, 2010).  

 
 

MICROBIOTA REGULATION OF RESISTANCE AND TOLERANCE  
TO FUNGI VIA TRYPTOPHAN METABOLISM 

 
The enzyme indoleamine 2,3-dioxy-
genase 1 (IDO1) and its downstream 
catabolites sustain the delicate balance 
between Th1/Th17 pathways and Treg 
cells, by providing the host with ade-
quate protective immune mechanisms 
without necessarily eliminating the 
pathogen or causing undesirable tissue 
damage (Zelante et al., 2009). As a 
result of their ability to induce 
differentiation of Treg cells and inhibit 

Th17 cells, IDO1 is critical to cell line-
age commitment in experimental fun-
gal infections and contributes to the 
overall outcome of inflammation, al-
lergy and Th17-driven inflammation in 
these infections. Under these circum-
stances, the Th17 pathway, by inhibit-
ing tryptophan catabolism, may instead 
favour pathology and provides evi-
dence 
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Figure 1: Resistance and tolerance to fungi and its regulation by tryptophan.  
The tryptophan metabolism pathway is exploited by the mammalian host and commensals 
(including fungi) to increase fitness in response to fungi through resistance and tolerance. At 
mucosal surfaces and skin, the fungal biota promotes the production IL-22, via IL-23 and aryl 
hydrocarbon receptor (AhR) ligands, by CD3–NKp46+retinoic acid-related orphan receptor-γt 
(RORγt)+AhR+ innate lymphoid cells. By contrast, NKp46- cells produce IL-17A. IL-22 targets 
epithelial cells, leading to activation of signal transducer and activator of transcription 3 (STAT3) 
and, together with IL-17A, to production of antimicrobial peptides. Various indole derivatives, 
which are generated through conversion from dietary tryptophan by commensal intestinal 
microorganisms, act as endogenous ligands for AhR, and thereby contribute to IL-22 production. 
Fungus-induced activation of tryptophan catabolism by indoleamine 2,3–dioxygenase (IDO1) 
expressed by dendritic cells and epithelial cells leads to the production of immunologically active 
compounds that induce the transcription of FOXP3 and suppress the transcription of RORγt. These 
findings support a model in which the AhR/IL-22/IL-17A axis control initial fungal growth (i.e., 
resistance) and epithelial cell homeostasis. By contrast, the exploitation of the IFN-γ/IDO1 axis for 
functional specialization of antifungal regulatory mechanisms (i.e. tolerance) may have allowed 
the fungal microbiota to evolve with the mammalian immune system, survive in conditions of 
inflammation and prevent dysregulated immunity. The balance between resistance and tolerance to 
fungi may accommodate the spectrum of host/fungus relationships, ranging from protection and 
immunopathology to fungal persistence and immunosuppression. 
 
 
accommodating the apparently para-
doxical association of chronic inflam-
mation with fungal disease (Romani et 

al., 2008a). IDO1 is a ‘metabolic’ en-
zyme conserved through the past 600 
million years of evolution. Initially 
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recognized in infection because of 
antimicrobial activity (‘tryptophan star-
vation’ of intracellular parasites), IDO1 
is now widely recognized as suppressor 
of acute inflammatory responses and 
regulator of mammalian immune ho-
meostasis (Zelante et al., 2009). Not 
surprising, IDO1 may represent an eva-
sion mechanism for microbes that 
establish commensalism or chronic 
infection (Zelante et al., 2009). In their 
capacity to induce Tregs and inhibit 
Th17, IDO1-expressing DCs and epi-
thelial cells and kynurenines revealed 
an unexpected potential in the control 
of inflammation, allergy and Th17-
driven inflammation in these infections 
(Grohmann et al., 2007; Romani et al., 
2008b). 

Commensal-driven mucosal respons-
es are up-regulated in IDO1 deficiency 
(Harrington et al., 2008) and IL-22 re-
sponses are up-regulated in conditions 
of defective adaptive immunity (De 
Luca et al., 2010) and IDO deficiency 
(Zelante et al., 2013). AhR is a ligand-
activated transcription factor that medi-
ates IL-22 production (Trifari et al., 
2009). A variety of indole derivatives 
act as endogenous ligands for AhR 
(Heath-Pagliuso et al., 1998) and are 
generated through conversion from die-
tary tryptophan by commensal intesti-
nal microbes (Bjeldanes et al., 1991). 
Recent evidence has shown that AhR is 
involved in the (patho)physiology of 
skin including the regulation of skin 
pigmentation, photocarcinogenesis, and 
skin inflammation (Esser et al., 2013; 
Di Meglio et al., 2014). Of interest is 
the ability of Malassezia-derived in-
doles to activate AhR correlated with 

local immunoregulation (Vlachos et al., 
2012) and pathogenicity in seborrhoeic 
dermatitis (Gaitanis et al., 2008). Simi-
larly, metabolomics has revealed that 
bioactive indoles with AhR agonist 
activity are also present in mice with 
candidiasis (Zelante et al., 2013). Thus, 
the trpyptophan metabolism pathway is 
exploited by commensals and the mam-
malian host to increase fitness in re-
sponse to fungi via induction of re-
sistance and tolerance at the skin and 
mucosal surface. The new findings sup-
port a mode (Figure 1) in which the IL-
22 axis controls the initial fungal 
growth (i.e., resistance) and epithelial 
cells homeostasis likely exploiting 
primitive anti-fungal effector defence 
mechanisms. In contrast, the exploita-
tion of the IFN-γ/IDO1 axis for func-
tional specialization of antifungal regu-
latory mechanisms (i.e. protective tol-
erance) may have allowed the fungal 
microbiota to co-evolute with the mam-
malian immune system, to survive in 
conditions of high-threat inflammation 
and to prevent dysregulated immunity 
(Zelante et al., 2009). The two path-
ways, although non-redundant, are re-
ciprocally regulated and compensate 
each other in the relative absence of 
either one (De Luca et al., 2010), con-
sistent with the theme that adaptive im-
munity depends on innate immunity 
but innate immunity requires adaptive 
regulation. This finding not only helps 
to explain the association of fungal 
infections with dysbiosis but also 
points to the essential help the microbi-
ota may provide in fungal colonization 
and pathogenicity in immunodeficient 
patients. 

 
 

ADVANCING HOST- AND MICROBIOTA-DIRECTED THERAPY  
FOR FUNGAL DISEASES ALONG THE AHR/IDO1 PATHWAY 

 
A plethora of preclinical models sug-
gests that the tryptophan to kynurenine 
immune tolerance pathway is active in 

cancer immunity, autoimmunity, infec-
tion, transplant rejection, and allergy. 
Drugs targeting this pathway are 
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already in clinical trials with the aim at 
reverting cancer-induced immunosup-
pression (Platten et al., 2014). How-
ever, the tryptophan to kynurenine 
pathway via IDO1 also plays a domi-
nant role in the interplay between tryp-
tophan catabolism by microbial com-
munities, the host’s own pathway of 
metabolite production, and the orches-
tration of AhR-dependent T-cell im-
mune homeostasis. As AhR stimulation 
may lead in turn to IDO1 activation via 
an autocrine AhR-IL6-STAT3 signal-
ling loop (Litzenburger et al., 2014), 
such a positive feed-forward loop be-
tween IDO1 and AhR may have al-
lowed the mycobiota to co-evolve with 
the mammalian immune system, to 

survive under conditions of high-threat 
inflammation and to prevent dysregu-
lated immunity in response to environ-
mental cues. This implicates that the 
AhR/IDO1 loop could be exploited for 
rational host- and microbial-directed 
therapies in high-risk patients and sug-
gests that antifungal therapy should 
consider inter-individual variations in 
the active human microbiome. Thus, 
challenging existing paradigms with 
new perspectives from the cross-talk 
between fungi, the immune system and 
the microbiota will eventually lead to-
ward the development of multi-pronged 
therapeutic approaches for mucosal and 
systemic fungal diseases.  
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