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Abstract

Fungi are the cause of more than a billion infections in humans every year,

although their interactions with the host are still neglected compared to

bacteria. Major systemic fungal infections are very unusual in the healthy pop-

ulation, due to the long history of coevolution with the human host. Humans

are routinely exposed to environmental fungi and can host a commensal

mycobiota, which is increasingly considered as a key player in health and dis-

ease. Here, we review the current knowledge on host-fungi coevolution and

the factors that regulate their interaction. On one hand, fungi have learned to

survive and inhabit the host organisms as a natural ecosystem, on the other

hand, the host immune system finely tunes the response toward fungi. In turn,

recognition of fungi as commensals or pathogens regulates the host immune

balance in health and disease. In the human gut ecosystem, yeasts provide a

fingerprint of the transient microbiota. Their status as passengers or colonizers

is related to the integrity of the gut barrier and the risk of multiple disorders.

Thus, the study of this less known component of the microbiota could unravel

the rules of the transition from passengers to colonizers and invaders, as well

as their dependence on the innate component of the host's immune response.
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1 | INTRODUCTION

Fungi and mammals share a long history of coevolution that has led to the establishment of several different types of
relationships (Casadevall, 2012). Exposure to fungi is constant thanks to the environment and diet, which are the main
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sources (Fiers et al., 2019). Fungi, and especially Ascomycota yeasts, have learned to survive in host organisms, includ-
ing humans. Their characterization, role, and functional contribution, as part of the human microbiota, have been
undervalued for decades, since bacteria numerically outweigh fungi and molecular techniques are not yet able to prop-
erly identify the fungal richness in the complex microbial community inhabiting the human host (“Stop Neglecting
Fungi,” 2017). Furthermore, it was always believed that major systemic fungal infections are rare in the healthy popula-
tion (Kwon-Chung & Bennett, 1992). Currently, there is not a scientific consensus on the existence of a proper core fun-
gal community (or mycobiota) that stably colonizes the human microbiota (Sharon et al., 2022).

Although the sources and the stability of fungal communities within human microbiota are still a matter of debate,
they represent one of the largest eukaryotic kingdoms including opportunistic species that can display pathogenic
behaviors especially in non-immune competent hosts (Fisher et al., 2020). The balance between commensalism and
pathogenicity relies not only on the genetic features evolved by fungi, but also on the several interactions with the host
immune system. Since each fungal cell exposes a surface area to the host that is typically 100 times larger than a
bacterial cell, their importance in interacting with the host immune system should not be understated (Naglik
et al., 2017; Patin et al., 2019). This evidence, together with insights on deleterious effects of fungi in dysbiosis (Iliev &
Leonardi, 2017) and in diseases onset (Köhler et al., 2017), as well as the poorly investigated beneficial role toward host
immunity (Jiang et al., 2017; Rizzetto et al., 2010, 2016), suggest that fungi play a fundamental role in the relationships
with the human holobiont (Lai et al., 2019). Overall, given these interactions, the human immune system has evolved a
fine-tuned mechanism to respond to fungi and tolerate them, discerning self from non-self through the detection of
fungal cell components by the innate immune system, followed by a cascade of signaling pathways that leads to activa-
tion of gene expression and, ultimately, giving rise to adaptive immunity (Romani, 2011).

In this review, we introduce: (i) the possible evolutionary mechanisms subtending the fungi–host relationships;
(ii) the multiple relationships between fungi and human hosts; and (iii) the mechanisms of recognition of fungi by the
host immune system and their transition as passengers, invaders, and colonizers.

2 | HOST–FUNGI COEVOLUTION

Since fungi diverged from animals, about 1 billion years ago (Hedges et al., 2004; J. W. Taylor & Berbee, 2006), they
have become one of the most important sources of genetic diversity on Earth (Peay et al., 2016; Wainright et al., 1993).
Moreover, they coevolved with animals as part of holobiont ecosystems. Fungi could establish different types of rela-
tionships with the host, ranging from mutual to commensal and parasitic/pathogenic interactions, (Gnat et al., 2021;
Seyedmousavi et al., 2018).

Nonetheless, fungi are drastically understudied, such that they have been referred to as the “hidden kingdom”
(Fisher et al., 2020). Only in the last 5 years, several research groups have raised the attention on the urge to deepen the
knowledge about fungal biology in order to tackle the threats coming from emerging pathogens (Fisher et al., 2016;
“Stop Neglecting Fungi,” 2017). One of the reasons why this kingdom has been historically understudied could be the
fact that humans, and mammals in general, are biologically less prone to lethal fungal infections with respect to other
classes of animals (Canny & Gamble, 2003; Connole et al., 2000; Kwon-Chung & Bennett, 1992; Pollock, 2003). Until
the middle of the last century, systemic diseases in humans were considered rare and nowadays they usually do not
occur unless in cases of impaired immune function, exposure to large inocula, use of immunosuppressive drugs, integu-
ment compromise by catheters and surgery and disruption of the microbiota and dysbiosis (Deshaw & Pirofski, 1995;
Edwards, 1991; Fessel, 1993; Fisher et al., 2000; Gupta & Kogan, 2004; J. I. Ward et al., 1979).

The relatively low abundance of diseases caused by fungi, despite their ubiquitous presence in every environment, sug-
gests that mammals were evolutionarily selected to defend themselves against these microorganisms. Specifically, evi-
dence suggests that the most important characteristics of mammals for avoiding lethal fungal infections are the
combination of a high basal temperature and an advanced immune system (Kwon-Chung & Bennett, 1992). In contrast,
fungal diseases have a greater impact in terms of frequency and lethality for a huge variety of ectothermic animals (Berger
et al., 1998; Daszak et al., 1999; Fisher et al., 2012), while mammals can succumb to usually non-lethal fungal infections
when they take place in cooler body sites or at a cooler time of the year (Blehert et al., 2009; Perfect et al., 1980). The
importance of host–fungi interactions in balancing the rates and causes of mortality among different classes in the animal
kingdom has been stressed to the point that an evolutionary hypothesis concerning the emergence of mammals over rep-
tiles at the Cretaceous–Paleogene (K–Pg) boundary (formerly known as the Cretaceous–Tertiary boundary) was proposed
(Casadevall, 2005), discussed (Casadevall, 2012), and recently revisited (Casadevall & Damman, 2020). In that era, an
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asteroid impact (Schulte et al., 2010) triggered a mass extinction, followed by deforestation (Vajda et al., 2001) and an
ubiquitous fungal bloom (Vajda & McLoughlin, 2004). The up-to-date hypothesis, called “fungal infection-mammalian
selection” (FIMS) by Casadevall and Damman (2020), states that, despite their more energetically expensive bodies and
lifestyle, mammals survived the catastrophe better than reptiles because their endothermy would have protected them
from fungal diseases. In contrast, the rapid global cooling would have negatively selected ectothermic animals in terms of
reproduction and sustenance, as well as deadly fungal infections that proliferate at low temperatures. In this scenario,
mammals began to dominate the current Cenozoic era, together with the ubiquity of microorganisms, including fungi.
Since several different types of stable relationships between mammals (in particular humans) and fungi are known, it is
reasonable to infer that both groups have evolved in a way that, on one hand, enabled fungi to survive in the hostile mam-
mal microbiota environment and, on the other hand, enabled mammals to tolerate their presence, both as commensal
and opportunistic dwellers. A graphic illustration of the FIMS theory is depicted in Figure 1.

FIGURE 1 Representation of “fungal infection-mammalian selection” (FIMS) evolutionary theory as formulated by Casadevall and

Damman (2020).
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2.1 | Fungi: Transients or colonizers?

Some authors have attempted to discern between what is considered the core mycobiota and a transient fungal coloni-
zation that most likely comes from environmental species. Currently, there is still not sufficient evidence of the exis-
tence of a core mycobiota in each human body district (Sharon et al., 2022). The observed interindividual and
intraindividual variability of the mycobiota could suggest a high functional redundancy among fungal residents or
could be due to technical artifacts arising from the low absolute abundance of fungi compared to bacteria.

A small-scale study by Auchtung et al. (2018) sought to identify a possible core mycobiota of the human gastrointes-
tinal (GI) tract analyzing stool samples of healthy volunteers. For their investigation, the authors considered that, in
other studies on mycobiota, low longitudinal stability across samples from a single individual was recurrent and that
most commonly detected fungal genera are also present in food and the oral cavity (Ghannoum et al., 2010; Hallen-
Adams & Suhr, 2017; Oh et al., 2014). Since the alleged core gut mycobiota could be obscured in metagenomic analysis
from diet-related fungi, the authors conducted an experiment where volunteers of diverse geographical areas and with
different dietary habits followed four controlled diets as representative of major food groups and relatively low fungal
load. An extremely low fungal abundance was found compared to the bacterial community (from 0.001% to 0.01%).
Candida albicans and Saccharomyces were the unique Ascomycetes yeasts present in each sample. Furthermore, follow-
ing a Saccharomyces cerevisiae-free diet, the Saccharomyces operational taxonomic unit dropped below the limit of
detection within a few days. Moreover, they tried to verify whether Candida species found in the human gut derive
from the swallowing of saliva. They observed that when a healthy adult volunteer increased the frequency of cleaning
of teeth, the abundance of C. albicans in stool was lowered 10- to 100-fold. Therefore, the authors concluded that in
healthy adults of Western society there are few or no fungal species that colonize the GI tract.

Conversely, a more recent study by van Tilburg Bernardes et al. (2020) sought to determine the role of colonizing
fungi using a gnotobiotic mouse model. Results showed that, in the absence of bacteria, fungi can be cultivated from
fecal samples several weeks after initial inoculation. The authors concluded that fungi are gut dwellers and that they do
not require bacterial communities to engraft in the mouse gut. Moreover, when bacteria and fungi coexist, the fungal
concentration is lower, but the fungal community is rich, revealing not only interkingdom competition or antagonism
but also beneficial relationships.

Other studies focused on specific body sites to assess the nature of human mycobiota. Kramer et al. (2015) showed
that the mycobiota of the upper respiratory tract was dominated by transient species, and that there is not enough sci-
entific evidence to distinguish between resident and transient components of airway mycobiota.

Regarding oral mycobiota, there are indications of both resident and transient fungi (Santus et al., 2021). Ascomy-
cetes yeasts of Candida and Saccharomyces genera have been found in several studies, but only Candida is recognized
to date as an active colonizer of the mouth, especially C. albicans that has been identified in both culture-dependent
and -independent studies (Monteiro-da-Silva et al., 2014; Zaura et al., 2009).

As far as the gut mycobiota is concerned, studies in mice and humans showed that the gut ecosystem could be popu-
lated by both a transient, and a resident community of fungi (Santus et al., 2021). The Human Microbiome Project data
showed that the most abundant Ascomycetes yeasts are Saccharomyces (Fröhlich-Wyder et al., 2019; Heitmann
et al., 2018; Nielsen, 2019; Shankar, 2021), Candida and Cyberlindnera (Buerth et al., 2016). These genera are compo-
nents of several fermented food and beverages, such as Saccharomyces, or food additives, such as Cyberlindnera (Nash
et al., 2017). As already mentioned, Candida is the most abundant fungal genus of oral mycobiota, and almost certainly
the main colonizers of several human body districts, including the gut ecosystem.

In general, the scientific consensus agrees on the fact that the great intraindividual and interindividual variability
observed in the human gut mycobiota (Human Microbiome Project Consortium, 2012) suggests that the most represen-
tative fungal genera could be introduced through food since fungi are usually present in most of the human diets and
fermented foods (Fiers et al., 2019; Graves & Hesseltine, 1966; Raimondi et al., 2019; Tournas & Niazi, 2018). However,
studies on in vivo mouse models through a culture-independent approach (Aykut et al., 2019; Heisel et al., 2017; Qiu
et al., 2015; Rosshart et al., 2019; Scupham et al., 2006; Yeung et al., 2020) showed a different scenario. On one hand,
Candida and Saccharomyces genera were found in mouse feces but not in chow, and on the other hand, their abun-
dance was a lot higher in the feces, or a high percentage (80%–90%) of the taxa identified in the feces were not present
in chow (Heisel et al., 2017; Iliev et al., 2012; Qiu et al., 2015; Scupham et al., 2006).

Altogether, these studies suggest that the investigation of the core gut mycobiota needs to be further deepened. The
discrepancies found can almost certainly be attributed to the different models used (human and mouse), to the culture-
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dependent or culture-independent approaches, or to not yet perfected sequencing analysis methods. Figure 2 shows a
schematic representation of the different forms of human–fungi interactions.

2.2 | Fungal evolution toward pathogenesis

Within the large number of identified fungal species, only a few are known to be true pathogens, although it is becom-
ing evident that probably some fungi (included the harmless ones, such as S. cerevisiae) can be opportunistic or acciden-
tally pathogens in the presence of a non-immune competent host. Pathogenicity has evolved within the fungal
kingdom through different mechanisms and genetic variations. Genes associated with fungal pathogenicity show a
degree of heterogeneity not only at the species level, but also at the strain level. However, little is known regarding the
extent of this variability. Indeed, pathogenic fungi are not a monophyletic group and the characteristics they have
developed have probably evolved to survive in conditions independent of successful infection of the human host
(Bowman et al., 1996; Rizzetto & Cavalieri, 2011). It has been proposed that the traits associated with pathogenicity are
the same ones that have enabled them to survive in nature by adapting to a wide range of even extreme conditions
(Casadevall & Pirofski, 2007; Gostinčar et al., 2018). For example, it has been observed that Ascomycetes tend to be
more thermotolerant and present in different environments than other fungal phyla. This may explain at least part of
the abundance of human pathogens, but also commensals, within Ascomycota (Robert et al., 2015; Rokas, 2022). How-
ever, fungal adaptive strategies within the human host may diverge from their natural habitat. This is evident when
comparing S. cerevisiae natural and clinical strains, the latter show increased levels of heterozygosity and pseudohyphal
development and a reduction of sexual reproduction (Magwene et al., 2011; Strope et al., 2015). These microorganisms
have developed pathogenicity as a consequence of complex interactions between themselves, their host, and the envi-
ronment (Casadevall, 2017). The use of an ecological-evolutionary approach, coupled with recent technological innova-
tions, is currently making it possible to understand and deepen the mechanisms underlying fungal pathogenicity. To be
able to infect humans, fungi must have four characteristics: human body temperature resistance (e.g. fever, >37�C),
avoidance or breakthrough of surface barriers, tissue lysis and penetration, and immune defense resistance (Köhler
et al., 2017). These conditions are only met by a small number of species which differ considerably in terms of adapta-
tion to pathogenicity.

In the context of Ascomycetes yeasts, Candida genus include the most prevalent human commensals. However, this
genus also includes the most common human pathogens, such as C. albicans, Candida glabrata, Candida parapsilosis,
Candida tropicalis, Candida krusei, and the emerging Candida auris. These species are responsible for a large number
of diseases, ranging from minor mucosal infection, such as vulvocandidiasis and oropharyngeal thrush to potentially
fatal diseases, including disseminated hematogenous and invasive candidiasis (Pfaller & Diekema, 2007). Thanks to its
major ability of adaptation to human host, C. albicans is the dominant species among commensals and pathogens

FIGURE 2 Interaction between fungi and human hosts. Three scenarios are represented in the gut environment: (i) commensal fungi

and bacteria coexist and can persist into the gut ecosystem as colonizers; (ii) opportunistic or accidental fungal pathogens can invade the gut

barrier. Here, the host immune response is ready to trigger an appropriate immune response to fight the invaders and to maintain

homeostasis; (iii) food-borne and environmental fungi can be transient microorganisms and leave the human body.
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accounting for almost half of disseminated illness and an even higher proportion of mucosal infections. Its pathogenic-
ity is mainly linked to morphological plasticity that enables it to reversibly switch from yeast to hyphal growth (Chow
et al., 2021). Recently, the chromatin-mediated epigenetic regulation of this switching mechanism has been reported by
Iracane et al. (2021) that highlight the role of environmental stimuli in triggering pathogenic behavior. It is interesting
to note that cryptic species, such as C. albicans and Candida dubliniensis, even though they share several phenotypic
traits and do not have major disparities in the gene content (Jackson et al., 2009), are quite different in terms of viru-
lence. However, looking at orthologous genes' expression levels, a systematic comparison highlighted main differences
in 15 genes involved in glycolysis that are less expressed in C. dubliniensis. In the same study (Singh-Babak et al., 2021),
after genetically engineering C. dubliniensis to overexpress these genes, an increase in virulence of the species was
observed. Thus, recent evidence shows both gene variation and regulation of expression levels are mechanisms capable
of inducing and modulating pathogenicity in fungi. As previously mentioned, temperature is a selective pressure factor
to which fungi are able to respond promptly. It has been assumed that current climate change, and the consequent
global warming, are selecting thermotolerant fungi able to become human pathogens (Garcia-Solache &
Casadevall, 2010; Nnadi & Carter, 2021). This is the case of the recently discovered C. auris, which has an environmen-
tal reservoir (Arora et al., 2021). This species has caused simultaneous nosocomial infections in more than 30 countries
in the last 10 years, probably representing the first pathogen selected by global warming (Casadevall et al., 2021). With
the same mechanism, in the last three decades also C. glabrata infections have become more frequent (Gabald�on &
Carreté, 2016), thanks to its ability to tolerate temperatures superior to 37�C, to withstand various types of stress includ-
ing prolonged starvation and to have great adherence to host tissue. Nevertheless, from an evolutionary point of view,
this species represents an outlier since it is more linked to S. cerevisiae than to other Candida species. These two species
in fact belong to the same Saccharomycetaceae clade which is characterized using the classic genetic code
(Mühlhausen & Kollmar, 2014)—in contrast to the Candida CTG clade, in which CUG encodes the amino acid serine
instead of leucine (Santos et al., 2011) and both have a duplicated genome as a result of the inheritance of an ancient
common ancestor (Wolfe & Shields, 1997). Along with C. glabrata, C. krusei is the other clinically isolated species not
included in the CTG clade, but little is known about the virulence mechanisms of this species, although the number of
nosocomial infections has increased in recent years (G�omez-Gaviria & Mora-Montes, 2020). To date, it is well known
that there are important physiological differences between C. glabrata and C. albicans since they do not even share a
large number of protein-coding genes. It has been noticed that even in the case in which they share some orthologous
genes, the functional divergence may be of such magnitude that it leads to completely different outcomes in terms of
virulence, as reported for instance by MacCallum et al. (2006). Null mutations in the transcription factor ACE2 result
in reduced virulence in C. albicans and increased virulence in C. glabrata. However, C. glabrata ability to reshape its
metabolism in response to phagocytosis is a similar characteristic known for C. albicans (Kaur et al., 2007). In contrast,
its closest relative, S. cerevisiae, does not appear to be able to provide as robust a response (Lorenz et al., 2004).

S. cerevisiae has long been considered a non-pathogenic microorganism. However, a comparison of environmental
and clinical strains showed that the latter are mosaic strains characterized by heterogeneous gene content due to out-
crossing between different subpopulations (Cavalieri, 2010; Magwene, 2014). Clinical strains in fact generally show a
reduced capacity for sexual reproduction, increased pseudohyphal development and copper resistance (Strope
et al., 2015). Since S. cerevisiae lacks homologous genes for adhesin and shows lower adhesion levels to human tissue
compared to Candida species, it has been proposed that it can behave like an opportunistic pathogen only when host
barriers integrity has been formerly compromised (Pérez-Torrado et al., 2015).

Due to the increasing number of immunocompromised individuals and as a consequence of climate change and
globalization, we are witnessing a progressive increase in the number of emerging pathogenic fungi. It therefore
becomes crucial to understand the ecology and evolutionary history of these microorganisms in order to systematically
classify them. A better understanding of the molecular mechanisms underlying fungal pathogenicity and virulence
could make it possible not only to predict the emergence of new pathogens, but also to develop targeted therapies.

3 | FUNGI AND THE HOST IMMUNE SYSTEM

Healthy populations live surrounded by environmental fungi and harbor a rich mycobiota without frequently incurring
harmful infections. This is possible thanks to a strong immune system that has evolved to respond to fungi and tolerate
them. Since fungi are ubiquitous and range across several mechanisms of interactions with other microorganisms,
nearly all immunity types of the host are involved in the process of achieving balance with the fungal community.
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Immune homeostasis is exerted on barrier surfaces, such as mucous membranes, and constantly shapes immunity. A
proper immune response relies on the host's ability to discern self from non-self, starting with the detection of fungal
cell components by the innate immune system, followed by a cascade of signaling pathways that leads to the activation
of gene expression and, ultimately, giving rise to adaptive immunity (Figure 3). Although mycobiota have been
neglected for a long time, in the last 10 years numerous studies have focused on the impact of fungal species on the host
immune system and vice versa (Cui et al., 2013; Hohl, 2014; Iliev & Leonardi, 2017; Lai et al., 2019; Lionakis
et al., 2017; Netea et al., 2015; Rizzetto et al., 2014; Romani, 2011; Santus et al., 2021; Underhill & Iliev, 2014;
Underhill & Pearlman, 2015; Wheeler et al., 2017; X. Zhang et al., 2020). These comprehensive reviews deepen all
aspects of the immunological response toward fungal communities, and therefore the following subsections will provide
a brief overview of the current knowledge, focusing on the most important features that allow human bodies to both
tolerate and control the mycobiota.

3.1 | Fungal recognition by host immune system

The response to fungi begins with their recognition by innate immunity, followed by downstream signaling pathways
that drive innate, adaptive, and humoral responses. In particular, fungi are recognized by host immune cells' pattern
recognition receptors (PRRs) that sense pathogen-associated molecular patterns (PAMPs) of fungi (Figure 3a). Fungal
PAMPs are mostly components of the cell wall, such as glucans, mannans, and the chitin monomer N-
acetylglucosamine (Doering, 2009; Erwig & Gow, 2016; Hatinguais et al., 2020; Lee & Sheppard, 2016; Netea
et al., 2008). The most important PRRs that can identify fungi are Toll-like receptors (TLRs), C-type lectin receptors
(CLRs), NOD-like receptors (NLRs), and galectin-3, extensively reviewed elsewhere (Iliev & Leonardi, 2017;
Romani, 2011; Underhill & Pearlman, 2015; Wheeler et al., 2017; X. Zhang et al., 2020). Through differential recogni-
tion by several types of PRRs, the immune system can discriminate between commensal, passenger, opportunistic, and
pathogenic fungi in order to orchestrate a proper reaction and maintain homeostasis between all the microbial
populations. The importance of PRRs in immune homeostasis is underlined by the effects of mutations in these recep-
tors, which lead to increased infections, tissue burden, and exacerbated inflammation (Ifrim et al., 2015, p. 201; Iliev
et al., 2012; Netea et al., 2002). Among PRRs, CLRs such as dectin-1, dectin-2, dectin-3, macrophage inducible Ca2

+-
dependent lectin receptor (Mincle), and the mannose receptor likely play the most central role in fungal recognition,
activating several pathways, including the Syk-Card9 pathway, which leads to different signaling cascades and an
inflammatory reaction (Brown & Gordon, 2003; Dambuza & Brown, 2015; Drummond & Brown, 2013; Geijtenbeek &
Gringhuis, 2009; Plato et al., 2015; Sancho & Reis e Sousa, 2012; Smeekens et al., 2014; P. R. Taylor et al., 2007). Also,
TLRs are essential parts of fungal sensing, specifically TLR2 and TLR4 for cell wall components, whereas TL3, TLR7,
and TLR9 (which are expressed intracellularly) for exogenous RNA and DNA (Bourgeois & Kuchler, 2012; Elieh Ali
Komi et al., 2018). Sensitivity to fungal infections is strongly influenced by mutations in both CLR (Gross et al., 2006;
Saijo et al., 2007; P. R. Taylor et al., 2007; Whitney et al., 2014) and TLR genes (Bochud et al., 2008; Carvalho
et al., 2008; Netea et al., 2002). Although fungal NLR ligands are not fully defined yet, the NLRP3 inflammasome pro-
cess has been shown to influence the defense against mycobiota (Gross et al., 2009). PRRs on immune cells initiate
downstream intracellular events that eventually lead to the clearance or tolerance of fungal cells within the body
(Figure 3b). The choice between innate or adaptive immune response depends on the cell type involved (Patin
et al., 2019). In addition, humoral immune mechanisms, such as the complement and specific antibodies against fungi,
play an important role in antifungal immunity (Casadevall & Pirofski, 2012; Netea et al., 2015; Speth et al., 2008).

3.2 | Innate response

An innate immune response is the first essential step for fungal clearance and the initiation of adaptive responses
through cell–cell crosstalk. Several studies deeply reviewed all the known aspects of this defense mechanism (Dambuza
et al., 2017; Drummond et al., 2014; Salazar & Brown, 2018; Underhill & Pearlman, 2015). Therefore, here we will pro-
vide a brief overview in order to summarize the most important features regarding the factors that drive the shift
between innate and adaptive responses (Figure 3b). Among all immune cells, neutrophils are shown to be the most
effective in fungal clearance for their ability in killing them through oxidative bursts after phagocytosis or through
NETs, secrete antifungal molecules and prevent yeast to hyphal transition (Branzk et al., 2014; Brown, 2011; Ermert
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FIGURE 3 Fungi and the host immune system. (a) Schematic representation of fungal recognition mechanisms by innate immunity.

The principal pattern recognition receptors (PPRs) and the pathogen-associated molecular patterns (PAMPs), mainly of the fungal cell wall,

are reported. (b) Schematic representation of fungal recognition mechanisms by innate and adaptive immunity. An innate immune response

is the first essential step for fungal clearance. Neutrophils and natural killer (NK) cells are able to kill fungi through different mechanisms,

including oxidative bursts after phagocytosis or through neutrophil extracellular traps (NETs), secretion of antifungal molecules that prevent

yeast to hyphal transition, and the initiation of adaptive responses. Also, monocytes and macrophages can kill fungi, although less efficiently

than neutrophils and NK cells. Dendritic cells (DCs), after exposure with fungal PAMPs, module cytokines production, as well as activation

markers, migrating to lymph nodes and priming T cells to initiate an adaptive response.
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et al., 2013; Missall et al., 2004; Urban et al., 2009; Warnatsch et al., 2017; Wozniok et al., 2008), and also the most cru-
cial because of the increased risk of invasive fungal infections due to neutropenia (Koh et al., 2008; Uzun et al., 2001) or
mutations in genes associated with neutrophil activity (Lehrer & Cline, 1969; Swamydas et al., 2016; Winkelstein
et al., 2000). Also, monocytes and macrophages can kill fungi, even if less effectively than neutrophils (Hünniger
et al., 2014). They exert an important antifungal activity in peripheral organs (Ngo et al., 2014) and fungal infections
are enhanced after their depletion (Qian et al., 1994) or mutations involving the chemokine receptor CX3CR1 (Lionakis
et al., 2013; Lionakis & Levitz, 2018). Other major contributors to the immune response to fungi come from epithelial
cells, which release antimicrobial peptides (AMPs) and represent the first barrier for environmental fungi (Kolls
et al., 2008), natural killer (NK) cells, which are primarily active against hyphal forms trough cytotoxicity (S. S. Li
et al., 2013; Mody et al., 2019). They have also been shown to regulate other immune cells through cytokines production
(Campbell & Hasegawa, 2013; Schmidt et al., 2017), other innate lymphoid cells (Gladiator et al., 2013; Y. Huang
et al., 2015; Mear et al., 2014) and innate-like lymphocytes such as γδ T cells (Albacker et al., 2013; Cohen et al., 2011).
Finally, DCs, considered as a bridge between innate and adaptive immunity, play a fundamental role in shaping the
proper immune reaction toward fungi (Paul, 2011; Steinman & Hemmi, 2006). After exposure to fungal PAMPs, DC
module cytokine production, as well as activation markers, migrating to lymph nodes and priming T cells to initiate an
adaptive response (Kashem et al., 2015; Ramirez-Ortiz & Means, 2012; R. M. Roy & Klein, 2012) (Figure 3b). The most
studied signaling pathway of immune activation is the “spleen tyrosine kinase - caspase recruitment domain-containing
protein 9” (SYK-CARD9), which is downstream of fungal PAMP recognition by CLRs and induce a large range of cyto-
kine gene expression (Geijtenbeek & Gringhuis, 2009; Hardison & Brown, 2012; LeibundGut-Landmann et al., 2007).
The organization of innate and adaptive responses to fungi is tuned by the production of cytokines by immune cells,
already comprehensively reviewed elsewhere (Becker et al., 2015; Underhill & Pearlman, 2015; R. A. Ward &
Vyas, 2020).

3.3 | Adaptive response

The central role of cytokines produced by immune cells after fungal recognition is especially highlighted in the activa-
tion of the adaptive immunity, a mechanism that involves primarily DCs, although macrophages could also be part of
it. DCs primes naïve CD4+ and CD8+ T cells through fungal antigen presentation and release various panels of cyto-
kines in order to drive the differentiation of T-cell subsets (Iwasaki & Medzhitov, 2010) (Figure 3b). Although CD8+ T
cells have been shown to participate in antifungal response (Hern�andez-Santos et al., 2013; Leibundgut-Landmann
et al., 2008; Lindell et al., 2005), especially in case of CD4+ deficiency (Nanjappa et al., 2012), the pivotal role in anti-
fungal adaptive response is played by T-helper cells (Th), which derive from CD4+. Once differentiated, the principal
effector function of Th cells is the release of cytokines that allow the host to properly respond to the fungal presence.
As well as for the innate form, antifungal adaptive immunity has already been extensively reviewed (Speakman
et al., 2020; Verma et al., 2014; Wüthrich et al., 2012), thus here we will summarize the most important Th responses in
the context of fungal presence. Th1 immunity is mainly directed toward defense against fungal pathogens through the
production of interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and granulocyte/monocyte colony-stimulating fac-
tor (GM-CSF), which lead to the classical pathway of macrophages activation and antibody class switching to IgG2, as
well as the enhancement of phagocytosis and activity of antigen-presenting cells (Beaman, 1987; Novak & Koh, 2013;
Schroder et al., 2004; Shalaby et al., 1985; Snapper & Paul, 1987; Subramanian Vignesh et al., 2013). Th2 immunity has
shown to be mostly implicated in allergic response to fungi through the production of interleukin (IL)-4, IL-5, and IL-
13, which drive an alternative activation to macrophages, and induction of IgE expression, therefore resulting in a detri-
mental influence on host health during fungal infections (Cenci et al., 1993; Müller et al., 2013; Voelz et al., 2009;
Z. Zhang et al., 2017), although a protective role of Th2 cells has been described in Pneumocystis pneumonia (Nelson
et al., 2011; Perez-Nazario et al., 2013). Similarly, Th9 cells have been associated with enhanced fungal asthma,
increased severity of chronic airway hyperreactivity and impairments in gut fungal dissemination and inflammation
(Kerzerho et al., 2013; H. Li et al., 2018; Renga et al., 2018). Th17 immunity plays, together with Th1, a central role in
fungal response. Th17 differentiation and expansion are prompted by IL-6, IL-21, and IL-23 (Aggarwal et al., 2003; Korn
et al., 2007; Nurieva et al., 2007), while both IL-1 and transforming growth factor beta (TGF-β) have been shown to pro-
duce controversial effects (Das et al., 2009; Mangan et al., 2006). This T-cell subset is identified by the production of IL-
17A, IL-17F, and IL-22, and their antifungal activity is carried out by two main mechanisms: in systemic infections by
the recruitment of neutrophils, and in mucosal infections by the induction of AMPs and β-defensins from epithelial
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cells and keratinocytes (Conti et al., 2011; De Luca et al., 2010; Hern�andez-Santos & Gaffen, 2012). Moreover, studies
have shown that Th17 cells enhance the production of IgA (Cao et al., 2012; Hirota et al., 2013) and that Th17 cells
induced by gut C. albicans could become cross-reactive to other fungi in different body districts, indicating that a single
member of the mycobiota can elicit a systemic antifungal response, with potential risks for inflammatory and autoim-
mune diseases (Bacher et al., 2019). Regulatory T cells (Treg), which are composed of different subsets, contribute to an
appropriate regulation of the antifungal response in order to limit damage to the host. They exert this role by
(i) secretion of inhibitory cytokines such as IL-10, TGF-β, or IL-35, (ii) repression of IL-2 production and (iii) down-
modulation of antigen-presenting cells (Goodman et al., 2012). It is still not fully understood how they are generated in
response to fungal infections, but some studies have shown that FoxP3+ Tregs promote immune responses against
Candida in mice (Feng et al., 2011), whereas a fungal stimulation of human peripheral blood mononuclear cells stimu-
lates a Treg but not an effector T-cell response, highlighting the tolerogenic potential of the firsts through an inflamma-
tion dampening mechanism (Bacher et al., 2014). Therefore, other studies are required to clarify the role of Tregs in the
context of fungal commensalism and pathogenesis. Finally, although early studies concluded that humoral immunity is
not necessary for antifungal response (Carrow et al., 1984; Hurd & Drake, 1953; Monga et al., 1979), more recent works
showed that immunoglobulins directly target antigens of the fungal cell wall (Casadevall & Pirofski, 2012) and exert a
protective immune response both binding to the fungal surface (a role mostly played by IgA) and enhancing the micro-
bicidal potential of effector cells (Brena et al., 2011; Cao et al., 2012; McClelland et al., 2010; Nabavi & Murphy, 1986).
Nevertheless, the investigation of B cells during fungal infections is still in its early stages.

3.4 | Immune system adaptive mechanisms: Fungal-mediated immune enhancing and
trained immunity

Yeasts resident in the intestinal tract constantly interact with the immune system; however, they do not necessarily rep-
resent a threat for the host inducing an inflammatory response. Some studies have better defined the role of yeasts in
host–microbe interaction (Di Paola et al., 2020; Hall & Noverr, 2017). The exposure of non-pathogenic yeasts, such as
S. cerevisiae and C. albicans, induces the activation of human monocyte cells causing a Th17-mediated differential
response (Rizzetto et al., 2010, 2014). The yeast C. albicans is extensively studied for its ability to switch from a com-
mensal to a parasitic microorganism. C. albicans is commonly tolerated by the host as a commensal organism as it does
not activate innate immune responses that cause inflammation. However, following dysbiosis and/or immune suppres-
sion, C. albicans can proliferate, inducing hyphae development and thus activating innate immune responses with con-
sequent inflammatory process (Hall & Noverr, 2017). The continuous recruitment of immune cells by C. albicans into
the vaginal mucosa causes an increased activity of neutrophils, damaging the mucosa and causing symptomatic candi-
diasis (Bradford & Ravel, 2017; Fidel et al., 2004). The role of S. cerevisiae has also been widely discussed since the pres-
ence of circulating ASCAs is associated with the incidence of several human chronic inflammatory and autoimmune
diseases (Barclay et al., 1992; Kaul et al., 2012; Mankaï et al., 2013; Shor et al., 2012). According to these studies,
S. cerevisiae shows negative immunogenic activity capable of threatening human health. However, Saccharomyces
boulardii is used as a probiotic for the treatment of GI disorders showing traits of a mutualistic symbiont (Abid
et al., 2022; Szajewska et al., 2016). Given this controversial evidence, the role of yeasts has not been completely
resolved yet and probably the immunogenic activity drastically depends on the strain-specific wall structure rather than
taxonomic species (Briard et al., 2021; Marakalala et al., 2013).

It is clear that the role of yeasts in the human immune system homeostasis implicates a level of complexity that goes
beyond the commensal interaction and that the relationship between commensal yeasts and their human host has
crossed several coevolution steps. It has been proposed that trained immunity (Figure 4) represents a mechanism that
provides the host an evolutionary advantage. It is defined as a long-term functional modification of innate immune cells
which leads to a greater response to a second unrelated immune challenge (Netea et al., 2020) (Figure 4). Trained
immunity was initially referred to bacteria only, exerted through lipopolysaccharides recognition (Netea et al., 2011),
but also fungi have been shown to participate (Quintin et al., 2012) and its role during mucosal diseases has been
recently reviewed (Yu et al., 2022). Systemic infection of mice with a non-pathogenic strain of C. albicans PCA-2 con-
ferred protection against subsequent infection with lethal concentrations of the C. albicans pathogenic strain CA-6
and/or Staphylococcus aureus (Bistoni et al., 1986). These mechanisms were not regulated by the adaptive immune
response, but by a T-independent functional reprogramming operated by fungal cell wall β-glucans (Bistoni et al., 1988,
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p. 88; Quintin et al., 2012). The PCA-2 strain was able to induce increased levels of GM-CSF, TNF-α, IL-1, and IFN-γ in
mice model, and these levels persisted for several days after infection (Vecchiarelli et al., 1989).

S. cerevisiae has been proven to induce trained immunity in human monocytes in a strain-dependent manner,
resulting in increased production of TNF-α and IL-6 upon secondary stimulation with TLRs ligands. Moreover, the dif-
ferential activation of the immune system strictly depends on the strain used due to the different chitin content of the
cell wall (Rizzetto et al., 2016). Dectin-1 was depicted as a target receptor involved in the fungal wall, through recogni-
tion of β-glucans (Moerings et al., 2021; Walachowski et al., 2017). Exposure of mice lacking functional T and B lym-
phocytes to C. albicans and fungal cell wall β-glucans resulted in protection against C. albicans reinfection through a
process that directly involved the Dectin-1 receptor pathway and the Raf-1 mediator leading to histone H3K4
trimethylation resulting in a functional epigenetic reassortment of monocytes (Quintin et al., 2012). According to these
studies, the role of yeasts seems crucial in the modulation of the human immune system, and it is evident that this
mechanism is dependent on the strain-specific cell wall variability.

Adaptive traits of the innate immune system have been proven for invertebrates (Conrath et al., 2015; Gourbal
et al., 2018; Kurtz, 2005). These insights are out of the scope of this review, but given the importance of the trained
immunity in the fungi–host research field from a conceptual and applicative point of view, we highlighted some inter-
esting examples. In particular, the activity of β-glucans in increasing the immune activity of shrimps toward pathogen
infections has suggested their use in aquacultures (Amparyup et al., 2012; S. Roy et al., 2020). In insects, strains belong-
ing to the species S. cerevisiae and C. albicans were proven to enhance the immune response against C. albicans reinfec-
tion in Galleria mellonella insect model (Bergin et al., 2006). G. mellonella also showed immune enhancement
following the immune system exposure with the cell wall of Aspergillus fumigatus (Fallon et al., 2011; Mowlds
et al., 2008, 2010; Mowlds & Kavanagh, 2008) and C. glabrata (X.-W. Huang et al., 2020). Similarly, in social wasp
Polistes dominula an immune enhancing mechanism against generic pathogen Escherichia coli following exposure with
S. cerevisiae was highlighted (Meriggi et al., 2019). Fungal-mediated immune priming was also depicted in Drosophila
melanogaster following treatment with the entomopathogenic fungus Beauveria bassiana (Pham et al., 2007). These
immune mechanisms are considered a crucial evolutionary strategy for insect survival (Cooper & Eleftherianos, 2017),
and highlights the evolutionary convergence in the mechanisms of tolerance and defense toward the resident fungal
community or pathogens. Moreover, these studies provide evidence that helps in understanding the molecular mecha-
nisms underlying adaptive traits of innate immunity.

4 | CONCLUSION

Fungi have accompanied human evolution, spreading into the environment and becoming part of our diet since the
advent of the Neolithic Revolution and the production of fermented beverages.

FIGURE 4 Trained immunity induced by fungi. A primary fungal infection (represented by exposure to fungal cell wall components)

induces an initial innate immune response. The innate immune cells (natural killers, macrophages, neutrophils) are epigenetically

reprogrammed during exposure to microorganisms, allowing an enhanced response upon a second infection by fungi, bacteria, or virus.
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Within the fungal kingdom, Ascomycota phylum contains the larger number of species described to interact with
the human host, either as beneficial or pathogenic microorganisms. Ascomycota yeasts, such as Saccharomyces species,
can act as probiotics promoting our health or they can be pathogens capable of threatening humans and animals. At
the same time, Candida species are known to colonize multiple body sites, both as commensals and pathogens.
Together with these two predominant genera, many other fungal species create a close relationship with the host,
influencing its physiology, functions, and overall health. Cell wall components play a central role in the modulation of
host immune response ranging from innate to cell-mediated and humoral adaptive forms. The recent discovery
of immune enhancement mediated by fungal trained immunity reveals a new concept in immunity, helping us to
understand the beneficial role of yeasts, but also showing that yeasts can exploit the immune system of the host to fight
other yeasts or bacteria. The findings discussed in this review show the importance of investigating the interactions
between the yeast component of the microbiota and their host in a holistic way. Only using evolution as a magnifying
lens together with modern systems level analyses we will be able to understand their transition from passengers to colo-
nizers and invaders, and unravel the subtle networks discriminating the role of the mycobiota in health from disease.
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Gostinčar, C., Zajc, J., Lenassi, M., Plemenitaš, A., de Hoog, S., Al-Hatmi, A. M. S., & Gunde-Cimerman, N. (2018). Fungi between
extremotolerance and opportunistic pathogenicity on humans. Fungal Diversity, 93(1), 195–213. https://doi.org/10.1007/s13225-018-0414-8

Gourbal, B., Pinaud, S., Beckers, G. J. M., Van Der Meer, J. W. M., Conrath, U., & Netea, M. G. (2018). Innate immune memory: An evolu-
tionary perspective. Immunological Reviews, 283(1), 21–40. https://doi.org/10.1111/imr.12647

Graves, R. R., & Hesseltine, C. W. (1966). Fungi in flour and refrigerated dough products. Mycopathologia et Mycologia Applicata, 29(3), 277–
290. https://doi.org/10.1007/BF02128456

Gross, O., Gewies, A., Finger, K., Schäfer, M., Sparwasser, T., Peschel, C., Förster, I., & Ruland, J. (2006). Card9 controls a non-TLR signal-
ling pathway for innate anti-fungal immunity. Nature, 442(7103), 651–656. https://doi.org/10.1038/nature04926

Gross, O., Poeck, H., Bscheider, M., Dostert, C., Hannesschläger, N., Endres, S., Hartmann, G., Tardivel, A., Schweighoffer, E.,
Tybulewicz, V., Mocsai, A., Tschopp, J., & Ruland, J. (2009). Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal
host defence. Nature, 459(7245), 433–436. https://doi.org/10.1038/nature07965

Gupta, A. K., & Kogan, N. (2004). Seborrhoeic dermatitis: Current treatment practices. Expert Opinion on Pharmacotherapy, 5(8), 1755–1765.
https://doi.org/10.1517/14656566.5.8.1755

Hall, R. A., & Noverr, M. C. (2017). Fungal interactions with the human host: Exploring the spectrum of symbiosis. Current Opinion in
Microbiology, 40, 58–64. https://doi.org/10.1016/j.mib.2017.10.020

Hallen-Adams, H. E., & Suhr, M. J. (2017). Fungi in the healthy human gastrointestinal tract. Virulence, 8(3), 352–358. https://doi.org/10.
1080/21505594.2016.1247140

Hardison, S. E., & Brown, G. D. (2012). C-type lectin receptors orchestrate antifungal immunity. Nature Immunology, 13(9), 817–822. https://
doi.org/10.1038/ni.2369

Hatinguais, R., Willment, J. A., & Brown, G. D. (2020). PAMPs of the fungal cell wall and mammalian PRRs. Current Topics in Microbiology
and Immunology, 425, 187–223. https://doi.org/10.1007/82_2020_201

Hedges, S. B., Blair, J. E., Venturi, M. L., & Shoe, J. L. (2004). A molecular timescale of eukaryote evolution and the rise of complex mul-
ticellular life. BioMed Central Evolutionary Biology, 4(1), 2. https://doi.org/10.1186/1471-2148-4-2

Heisel, T., Montassier, E., Johnson, A., Al-Ghalith, G., Lin, Y.-W., Wei, L.-N., Knights, D., & Gale, C. A. (2017). High-fat diet changes fungal
microbiomes and interkingdom relationships in the murine gut. mSphere, 2(5), 22. https://doi.org/10.1128/mSphere.00351-17

Heitmann, M., Zannini, E., & Arendt, E. (2018). Impact of Saccharomyces cerevisiae metabolites produced during fermentation on bread
quality parameters: A review. Critical Reviews in Food Science and Nutrition, 58(7), 1152–1164. https://doi.org/10.1080/10408398.2016.
1244153

Hern�andez-Santos, N., & Gaffen, S. L. (2012). Th17 cells in immunity to Candida albicans. Cell Host & Microbe, 11(5), 425–435. https://doi.
org/10.1016/j.chom.2012.04.008

Hern�andez-Santos, N., Huppler, A. R., Peterson, A. C., Khader, S. A., McKenna, K. C., & Gaffen, S. L. (2013). Th17 cells confer long-term
adaptive immunity to oral mucosal Candida albicans infections. Mucosal Immunology, 6(5), 900–910. https://doi.org/10.1038/mi.
2012.128

Hirota, K., Turner, J.-E., Villa, M., Duarte, J. H., Demengeot, J., Steinmetz, O. M., & Stockinger, B. (2013). Plasticity of Th17 cells in Peyer's
patches is responsible for the induction of T cell-dependent IgA responses. Nature Immunology, 14(4), 372–379. https://doi.org/10.1038/
ni.2552

Hohl, T. M. (2014). Overview of vertebrate animal models of fungal infection. Journal of Immunological Methods, 410, 100–112. https://doi.
org/10.1016/j.jim.2014.03.022

Huang, X.-W., Xu, M.-N., Zheng, H.-X., Wang, M.-L., Li, L., Zeng, K., & Li, D.-D. (2020). Pre-exposure to Candida glabrata protects Galleria
mellonella against subsequent lethal fungal infections. Virulence, 11(1), 1674–1684. https://doi.org/10.1080/21505594.2020.1848107

Huang, Y., Guo, L., Qiu, J., Chen, X., Hu-Li, J., Siebenlist, U., Williamson, P. R., Urban, J. F., & Paul, W. E. (2015). IL-25-responsive, lineage-
negative KLRG1(hi) cells are multipotential “inflammatory” type 2 innate lymphoid cells. Nature Immunology, 16(2), 161–169. https://
doi.org/10.1038/ni.3078

Human Microbiome Project Consortium. (2012). Structure, function and diversity of the healthy human microbiome. Nature, 486(7402),
207–214. https://doi.org/10.1038/nature11234

Hünniger, K., Lehnert, T., Bieber, K., Martin, R., Figge, M. T., & Kurzai, O. (2014). A virtual infection model quantifies innate effector mech-
anisms and Candida albicans immune escape in human blood. PLoS Computational Biology, 10(2), e1003479. https://doi.org/10.1371/
journal.pcbi.1003479

Hurd, R. C., & Drake, C. H. (1953). Candida albicans infections in actively and passively immunized animals. Mycopathologia et Mycologia
Applicata, 6(4), 290–297. https://doi.org/10.1007/BF02056710

Ifrim, D. C., Quintin, J., Meerstein-Kessel, L., Plantinga, T. S., Joosten, L. a. B., van der Meer, J. W. M., van de Veerdonk, F. L., &
Netea, M. G. (2015). Defective trained immunity in patients with STAT-1-dependent chronic mucocutaneaous candidiasis. Clinical and
Experimental Immunology, 181(3), 434–440. https://doi.org/10.1111/cei.12642

16 of 23 NENCIARINI ET AL.

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jam.15032
https://doi.org/10.2147/IDR.S247944
https://doi.org/10.1007/s13225-018-0414-8
https://doi.org/10.1111/imr.12647
https://doi.org/10.1007/BF02128456
https://doi.org/10.1038/nature04926
https://doi.org/10.1038/nature07965
https://doi.org/10.1517/14656566.5.8.1755
https://doi.org/10.1016/j.mib.2017.10.020
https://doi.org/10.1080/21505594.2016.1247140
https://doi.org/10.1080/21505594.2016.1247140
https://doi.org/10.1038/ni.2369
https://doi.org/10.1038/ni.2369
https://doi.org/10.1007/82_2020_201
https://doi.org/10.1186/1471-2148-4-2
https://doi.org/10.1128/mSphere.00351-17
https://doi.org/10.1080/10408398.2016.1244153
https://doi.org/10.1080/10408398.2016.1244153
https://doi.org/10.1016/j.chom.2012.04.008
https://doi.org/10.1016/j.chom.2012.04.008
https://doi.org/10.1038/mi.2012.128
https://doi.org/10.1038/mi.2012.128
https://doi.org/10.1038/ni.2552
https://doi.org/10.1038/ni.2552
https://doi.org/10.1016/j.jim.2014.03.022
https://doi.org/10.1016/j.jim.2014.03.022
https://doi.org/10.1080/21505594.2020.1848107
https://doi.org/10.1038/ni.3078
https://doi.org/10.1038/ni.3078
https://doi.org/10.1038/nature11234
https://doi.org/10.1371/journal.pcbi.1003479
https://doi.org/10.1371/journal.pcbi.1003479
https://doi.org/10.1007/BF02056710
https://doi.org/10.1111/cei.12642


Iliev, I. D., Funari, V. A., Taylor, K. D., Nguyen, Q., Reyes, C. N., Strom, S. P., Brown, J., Becker, C. A., Fleshner, P. R., Dubinsky, M.,
Rotter, J. I., Wang, H. L., McGovern, D. P. B., Brown, G. D., & Underhill, D. M. (2012). Interactions between commensal fungi and the
C-type lectin receptor Dectin-1 influence colitis. Science, 336(6086), 1314–1317. https://doi.org/10.1126/science.1221789

Iliev, I. D., & Leonardi, I. (2017). Fungal dysbiosis: Immunity and interactions at mucosal barriers. Nature Reviews Immunology, 17(10), 635–
646. https://doi.org/10.1038/nri.2017.55

Iracane, E., Vega-Estévez, S., & Buscaino, A. (2021). On and off: Epigenetic regulation of C. albicans morphological switches. Pathogens,
10(11), 1463. https://doi.org/10.3390/pathogens10111463

Iwasaki, A., & Medzhitov, R. (2010). Regulation of adaptive immunity by the innate immune system. Science, 327(5963), 291–295. https://
doi.org/10.1126/science.1183021

Jackson, A. P., Gamble, J. A., Yeomans, T., Moran, G. P., Saunders, D., Harris, D., Aslett, M., Barrell, J. F., Butler, G., Citiulo, F.,
Coleman, D. C., de Groot, P. W. J., Goodwin, T. J., Quail, M. A., McQuillan, J., Munro, C. A., Pain, A., Poulter, R. T., Rajandream, M.-A.,
… Berriman, M. (2009). Comparative genomics of the fungal pathogens Candida dubliniensis and Candida albicans. Genome Research,
19(12), 2231–2244. https://doi.org/10.1101/gr.097501.109

Jiang, T. T., Shao, T.-Y., Ang, W. X. G., Kinder, J. M., Turner, L. H., Pham, G., Whitt, J., Alenghat, T., & Way, S. S. (2017). Commensal fungi
recapitulate the protective benefits of intestinal bacteria. Cell Host & Microbe, 22(6), 809–816.e4. https://doi.org/10.1016/j.chom.2017.
10.013

Kashem, S. W., Igyarto, B. Z., Gerami-Nejad, M., Kumamoto, Y., Mohammed, J. A., Jarrett, E., Drummond, R. A., Zurawski, S. M.,
Zurawski, G., Berman, J., Iwasaki, A., Brown, G. D., & Kaplan, D. H. (2015). Candida albicans morphology and dendritic cell subsets
determine T helper cell differentiation. Immunity, 42(2), 356–366. https://doi.org/10.1016/j.immuni.2015.01.008

Kaul, A., Hutfless, S., Liu, L., Bayless, T. M., Marohn, M. R., & Li, X. (2012). Serum anti-glycan antibody biomarkers for inflammatory bowel
disease diagnosis and progression: A systematic review and meta-analysis. Inflammatory Bowel Diseases, 18(10), 1872–1884. https://doi.
org/10.1002/ibd.22862

Kaur, R., Ma, B., & Cormack, B. P. (2007). A family of glycosylphosphatidylinositol-linked aspartyl proteases is required for virulence of Can-
dida glabrata. Proceedings of the National Academy of Sciences of the United States of America, 104(18), 7628–7633. https://doi.org/10.
1073/pnas.0611195104

Kerzerho, J., Maazi, H., Speak, A. O., Szely, N., Lombardi, V., Khoo, B., Geryak, S., Lam, J., Soroosh, P., Van Snick, J., & Akbari, O. (2013).
Programmed cell death ligand 2 regulates TH9 differentiation and induction of chronic airway hyperreactivity. The Journal of Allergy
and Clinical Immunology, 131(4), 1048–1057.e2. https://doi.org/10.1016/j.jaci.2012.09.027

Koh, A. Y., Köhler, J. R., Coggshall, K. T., Van Rooijen, N., & Pier, G. B. (2008). Mucosal damage and neutropenia are required for Candida
albicans dissemination. PLoS Pathogens, 4(2), e35. https://doi.org/10.1371/journal.ppat.0040035

Köhler, J. R., Hube, B., Puccia, R., Casadevall, A., & Perfect, J. R. (2017). Fungi that infect humans. Microbiology Spectrum, 5(3), 9. https://
doi.org/10.1128/microbiolspec.FUNK-0014-2016

Kolls, J. K., McCray, P. B., & Chan, Y. R. (2008). Cytokine-mediated regulation of antimicrobial proteins. Nature Reviews Immunology, 8(11),
829–835. https://doi.org/10.1038/nri2433

Korn, T., Bettelli, E., Gao, W., Awasthi, A., Jäger, A., Strom, T. B., Oukka, M., & Kuchroo, V. K. (2007). IL-21 initiates an alternative pathway
to induce proinflammatory T(H)17 cells. Nature, 448(7152), 484–487. https://doi.org/10.1038/nature05970

Kramer, R., Sauer-Heilborn, A., Welte, T., Guzman, C. A., Abraham, W.-R., & Höfle, M. G. (2015). Cohort study of airway mycobiome in
adult cystic fibrosis patients: Differences in community structure between fungi and bacteria reveal predominance of transient fungal
elements. Journal of Clinical Microbiology, 53(9), 2900–2907. https://doi.org/10.1128/JCM.01094-15

Kurtz, J. (2005). Specific memory within innate immune systems. Trends in Immunology, 26(4), 186–192. https://doi.org/10.1016/j.it.2005.
02.001

Kwon-Chung, K. J., & Bennett, J. E. (1992). Medical mycology. Lea & Febiger. http://www.gbv.de/dms/bowker/toc/9780812114638.pdf
Lai, G. C., Tan, T. G., & Pavelka, N. (2019). The mammalian mycobiome: A complex system in a dynamic relationship with the host. Wiley

Interdisciplinary Reviews. Systems Biology and Medicine, 11(1), e1438. https://doi.org/10.1002/wsbm.1438
Lee, M. J., & Sheppard, D. C. (2016). Recent advances in the understanding of the Aspergillus fumigatus cell wall. Journal of Microbiology,

54(3), 232–242. https://doi.org/10.1007/s12275-016-6045-4
Lehrer, R. I., & Cline, M. J. (1969). Leukocyte myeloperoxidase deficiency and disseminated candidiasis: The role of myeloperoxidase in resis-

tance to Candida infection. The Journal of Clinical Investigation, 48(8), 1478–1488. https://doi.org/10.1172/JCI106114
LeibundGut-Landmann, S., Gross, O., Robinson, M. J., Osorio, F., Slack, E. C., Tsoni, S. V., Schweighoffer, E., Tybulewicz, V., Brown, G. D.,

Ruland, J., & Reis e Sousa, C. (2007). Syk- and CARD9-dependent coupling of innate immunity to the induction of T helper cells that
produce interleukin 17. Nature Immunology, 8(6), 630–638. https://doi.org/10.1038/ni1460

Leibundgut-Landmann, S., Osorio, F., Brown, G. D., & Reis e Sousa, C. (2008). Stimulation of dendritic cells via the dectin-1/Syk pathway
allows priming of cytotoxic T-cell responses. Blood, 112(13), 4971–4980. https://doi.org/10.1182/blood-2008-05-158469

Li, H., Goh, B. N., Teh, W. K., Jiang, Z., Goh, J. P. Z., Goh, A., Wu, G., Hoon, S. S., Raida, M., Camattari, A., Yang, L., O'Donoghue, A. J., &
Dawson, T. L. (2018). Skin commensal Malassezia globosa secreted protease attenuates Staphylococcus aureus biofilm formation. The
Journal of Investigative Dermatology, 138(5), 1137–1145. https://doi.org/10.1016/j.jid.2017.11.034

Li, S. S., Kyei, S. K., Timm-McCann, M., Ogbomo, H., Jones, G. J., Shi, M., Xiang, R. F., Oykhman, P., Huston, S. M., Islam, A., Gill, M. J.,
Robbins, S. M., & Mody, C. H. (2013). The NK receptor NKp30 mediates direct fungal recognition and killing and is diminished in NK
cells from HIV-infected patients. Cell Host & Microbe, 14(4), 387–397. https://doi.org/10.1016/j.chom.2013.09.007

NENCIARINI ET AL. 17 of 23

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1126/science.1221789
https://doi.org/10.1038/nri.2017.55
https://doi.org/10.3390/pathogens10111463
https://doi.org/10.1126/science.1183021
https://doi.org/10.1126/science.1183021
https://doi.org/10.1101/gr.097501.109
https://doi.org/10.1016/j.chom.2017.10.013
https://doi.org/10.1016/j.chom.2017.10.013
https://doi.org/10.1016/j.immuni.2015.01.008
https://doi.org/10.1002/ibd.22862
https://doi.org/10.1002/ibd.22862
https://doi.org/10.1073/pnas.0611195104
https://doi.org/10.1073/pnas.0611195104
https://doi.org/10.1016/j.jaci.2012.09.027
https://doi.org/10.1371/journal.ppat.0040035
https://doi.org/10.1128/microbiolspec.FUNK-0014-2016
https://doi.org/10.1128/microbiolspec.FUNK-0014-2016
https://doi.org/10.1038/nri2433
https://doi.org/10.1038/nature05970
https://doi.org/10.1128/JCM.01094-15
https://doi.org/10.1016/j.it.2005.02.001
https://doi.org/10.1016/j.it.2005.02.001
http://www.gbv.de/dms/bowker/toc/9780812114638.pdf
https://doi.org/10.1002/wsbm.1438
https://doi.org/10.1007/s12275-016-6045-4
https://doi.org/10.1172/JCI106114
https://doi.org/10.1038/ni1460
https://doi.org/10.1182/blood-2008-05-158469
https://doi.org/10.1016/j.jid.2017.11.034
https://doi.org/10.1016/j.chom.2013.09.007


Lindell, D. M., Moore, T. A., McDonald, R. A., Toews, G. B., & Huffnagle, G. B. (2005). Generation of antifungal effector CD8+ T cells in the
absence of CD4+ T cells during Cryptococcus neoformans infection. Journal of Immunology, 174(12), 7920–7928. https://doi.org/10.4049/
jimmunol.174.12.7920

Lionakis, M. S., Iliev, I. D., & Hohl, T. M. (2017). Immunity against fungi. Journal of Clinical Investigation Insight, 2(11), 1. https://doi.org/10.
1172/jci.insight.93156

Lionakis, M. S., & Levitz, S. M. (2018). Host control of fungal infections: Lessons from basic studies and human cohorts. Annual Review of
Immunology, 36, 157–191. https://doi.org/10.1146/annurev-immunol-042617-053318

Lionakis, M. S., Swamydas, M., Fischer, B. G., Plantinga, T. S., Johnson, M. D., Jaeger, M., Green, N. M., Masedunskas, A., Weigert, R.,
Mikelis, C., Wan, W., Lee, C.-C. R., Lim, J. K., Rivollier, A., Yang, J. C., Laird, G. M., Wheeler, R. T., Alexander, B. D., Perfect, J. R., …
Murphy, P. M. (2013). CX3CR1-dependent renal macrophage survival promotes Candida control and host survival. The Journal of Clini-
cal Investigation, 123(12), 5035–5051. https://doi.org/10.1172/JCI71307

Lorenz, M. C., Bender, J. A., & Fink, G. R. (2004). Transcriptional response of Candida albicans upon internalization by macrophages.
Eukaryotic Cell, 3(5), 1076–1087. https://doi.org/10.1128/EC.3.5.1076-1087.2004

MacCallum, D. M., Findon, H., Kenny, C. C., Butler, G., Haynes, K., & Odds, F. C. (2006). Different consequences of ACE2 and SWI5 gene
disruptions for virulence of pathogenic and nonpathogenic yeasts. Infection and Immunity, 74(9), 5244–5248. https://doi.org/10.1128/IAI.
00817-06

Magwene, P. M. (2014). Revisiting Mortimer's genome renewal hypothesis: Heterozygosity, homothallism, and the potential for adaptation
in yeast. Advances in Experimental Medicine and Biology, 781, 37–48. https://doi.org/10.1007/978-94-007-7347-9_3

Magwene, P. M., Kayıkçı, Ö., Granek, J. A., Reininga, J. M., Scholl, Z., & Murray, D. (2011). Outcrossing, mitotic recombination, and life-
history trade-offs shape genome evolution in Saccharomyces cerevisiae. Proceedings of the National Academy of Sciences of the
United States of America, 108(5), 1987–1992. https://doi.org/10.1073/pnas.1012544108

Mangan, P. R., Harrington, L. E., O'Quinn, D. B., Helms, W. S., Bullard, D. C., Elson, C. O., Hatton, R. D., Wahl, S. M., Schoeb, T. R., &
Weaver, C. T. (2006). Transforming growth factor-beta induces development of the T(H)17 lineage. Nature, 441(7090), 231–234. https://
doi.org/10.1038/nature04754

Mankaï, A., Sakly, W., Thabet, Y., Achour, A., Manoubi, W., & Ghedira, I. (2013). Anti-Saccharomyces cerevisiae antibodies in patients with
systemic lupus erythematosus. Rheumatology International, 33(3), 665–669. https://doi.org/10.1007/s00296-012-2431-3

Marakalala, M. J., Vautier, S., Potrykus, J., Walker, L. A., Shepardson, K. M., Hopke, A., Mora-Montes, H. M., Kerrigan, A., Netea, M. G.,
Murray, G. I., MacCallum, D. M., Wheeler, R., Munro, C. A., Gow, N. A., Cramer, R. A., Brown, A. J., & Brown, G. D. (2013). Differential
adaptation of Candida albicans in vivo modulates immune recognition by dectin-1. PLoS Pathogens, 9(4), e1003315.

McClelland, E. E., Nicola, A. M., Prados-Rosales, R., & Casadevall, A. (2010). Ab binding alters gene expression in Cryptococcus neoformans
and directly modulates fungal metabolism. The Journal of Clinical Investigation, 120(4), 1355–1361. https://doi.org/10.1172/JCI38322

Mear, J. B., Gosset, P., Kipnis, E., Faure, E., Dessein, R., Jawhara, S., Fradin, C., Faure, K., Poulain, D., Sendid, B., & Guery, B. (2014). Can-
dida albicans airway exposure primes the lung innate immune response against Pseudomonas aeruginosa infection through innate lym-
phoid cell recruitment and Interleukin-22-associated mucosal response. Infection and Immunity, 82(1), 306–315. https://doi.org/10.1128/
IAI.01085-13

Meriggi, N., Di Paola, M., Vitali, F., Rivero, D., Cappa, F., Turillazzi, F., Gori, A., Dapporto, L., Beani, L., Turillazzi, S., & Cavalieri, D.
(2019). Saccharomyces cerevisiae induces immune enhancing and shapes gut microbiota in social wasps. Frontiers in Microbiology, 10,
2320. https://doi.org/10.3389/fmicb.2019.02320

Missall, T. A., Lodge, J. K., & McEwen, J. E. (2004). Mechanisms of resistance to oxidative and nitrosative stress: Implications for fungal sur-
vival in mammalian hosts. Eukaryotic Cell, 3(4), 835–846. https://doi.org/10.1128/EC.3.4.835-846.2004

Mody, C. H., Ogbomo, H., Xiang, R. F., Kyei, S. K., Feehan, D., Islam, A., & Li, S. S. (2019). Microbial killing by NK cells. Journal of Leukocyte
Biology, 105(6), 1285–1296. https://doi.org/10.1002/JLB.MR0718-298R

Moerings, B. G. J., de Graaff, P., Furber, M., Witkamp, R. F., Debets, R., Mes, J. J., van Bergenhenegouwen, J., & Govers, C. (2021). Continu-
ous exposure to non-soluble β-glucans induces trained immunity in M-CSF-differentiated macrophages. Frontiers in Immunology, 12,
672796. https://doi.org/10.3389/fimmu.2021.672796

Monga, D. P., Kumar, R., Mohapatra, L. N., & Malaviya, A. N. (1979). Experimental cryptococcosis in normal and B-cell-deficient mice. Infec-
tion and Immunity, 26(1), 1–3. https://doi.org/10.1128/iai.26.1.1-3.1979

Monteiro-da-Silva, F., Araujo, R., & Sampaio-Maia, B. (2014). Interindividual variability and intraindividual stability of oral fungal micro-
biota over time. Medical Mycology, 52(5), 498–505. https://doi.org/10.1093/mmy/myu027

Mowlds, P., Barron, A., & Kavanagh, K. (2008). Physical stress primes the immune response of Galleria mellonella larvae to infection by Can-
dida albicans. Microbes and Infection, 10(6), 628–634. https://doi.org/10.1016/j.micinf.2008.02.011

Mowlds, P., Coates, C., Renwick, J., & Kavanagh, K. (2010). Dose-dependent cellular and humoral responses in Galleria mellonella larvae fol-
lowing beta-glucan inoculation. Microbes and Infection, 12(2), 146–153. https://doi.org/10.1016/j.micinf.2009.11.004

Mowlds, P., & Kavanagh, K. (2008). Effect of pre-incubation temperature on susceptibility of Galleria mellonella larvae to infection by Can-
dida albicans. Mycopathologia, 165(1), 5–12. https://doi.org/10.1007/s11046-007-9069-9

Mühlhausen, S., & Kollmar, M. (2014). Molecular phylogeny of sequenced Saccharomycetes reveals polyphyly of the alternative yeast codon
usage. Genome Biology and Evolution, 6(12), 3222–3237. https://doi.org/10.1093/gbe/evu152

Müller, U., Stenzel, W., Piehler, D., Grahnert, A., Protschka, M., Köhler, G., Frey, O., Held, J., Richter, T., Eschke, M., Kamradt, T.,
Brombacher, F., & Alber, G. (2013). Abrogation of IL-4 receptor-α-dependent alternatively activated macrophages is sufficient to confer

18 of 23 NENCIARINI ET AL.

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.4049/jimmunol.174.12.7920
https://doi.org/10.4049/jimmunol.174.12.7920
https://doi.org/10.1172/jci.insight.93156
https://doi.org/10.1172/jci.insight.93156
https://doi.org/10.1146/annurev-immunol-042617-053318
https://doi.org/10.1172/JCI71307
https://doi.org/10.1128/EC.3.5.1076-1087.2004
https://doi.org/10.1128/IAI.00817-06
https://doi.org/10.1128/IAI.00817-06
https://doi.org/10.1007/978-94-007-7347-9_3
https://doi.org/10.1073/pnas.1012544108
https://doi.org/10.1038/nature04754
https://doi.org/10.1038/nature04754
https://doi.org/10.1007/s00296-012-2431-3
https://doi.org/10.1172/JCI38322
https://doi.org/10.1128/IAI.01085-13
https://doi.org/10.1128/IAI.01085-13
https://doi.org/10.3389/fmicb.2019.02320
https://doi.org/10.1128/EC.3.4.835-846.2004
https://doi.org/10.1002/JLB.MR0718-298R
https://doi.org/10.3389/fimmu.2021.672796
https://doi.org/10.1128/iai.26.1.1-3.1979
https://doi.org/10.1093/mmy/myu027
https://doi.org/10.1016/j.micinf.2008.02.011
https://doi.org/10.1016/j.micinf.2009.11.004
https://doi.org/10.1007/s11046-007-9069-9
https://doi.org/10.1093/gbe/evu152


resistance against pulmonary cryptococcosis despite an ongoing Th2 response. International Immunology, 25(8), 459–470. https://doi.
org/10.1093/intimm/dxt003

Nabavi, N., & Murphy, J. W. (1986). Antibody-dependent natural killer cell-mediated growth inhibition of Cryptococcus neoformans. Infection
and Immunity, 51(2), 556–562. https://doi.org/10.1128/iai.51.2.556-562.1986

Naglik, J. R., König, A., Hube, B., & Gaffen, S. L. (2017). Candida albicans-epithelial interactions and induction of mucosal innate immunity.
Current Opinion in Microbiology, 40, 104–112. https://doi.org/10.1016/j.mib.2017.10.030

Nanjappa, S. G., Heninger, E., Wüthrich, M., Sullivan, T., & Klein, B. (2012). Protective antifungal memory CD8(+) T cells are maintained in
the absence of CD4(+) T cell help and cognate antigen in mice. The Journal of Clinical Investigation, 122(3), 987–999. https://doi.org/10.
1172/JCI58762

Nash, A. K., Auchtung, T. A., Wong, M. C., Smith, D. P., Gesell, J. R., Ross, M. C., Stewart, C. J., Metcalf, G. A., Muzny, D. M., Gibbs, R. A.,
Ajami, N. J., & Petrosino, J. F. (2017). The gut mycobiome of the human microbiome project healthy cohort. Microbiome, 5(1), 153.
https://doi.org/10.1186/s40168-017-0373-4

Nelson, M. P., Christmann, B. S., Werner, J. L., Metz, A. E., Trevor, J. L., Lowell, C. A., & Steele, C. (2011). IL-33 and M2a alveolar macro-
phages promote lung defense against the atypical fungal pathogen Pneumocystis murina. Journal of Immunology, 186(4), 2372–2381.
https://doi.org/10.4049/jimmunol.1002558

Netea, M. G., Brown, G. D., Kullberg, B. J., & Gow, N. A. R. (2008). An integrated model of the recognition of Candida albicans by the innate
immune system. Nature Reviews. Microbiology, 6(1), 67–78. https://doi.org/10.1038/nrmicro1815

Netea, M. G., Domínguez-Andrés, J., Barreiro, L. B., Chavakis, T., Divangahi, M., Fuchs, E., Joosten, L. A. B., van der Meer, J. W. M.,
Mhlanga, M. M., Mulder, W. J. M., Riksen, N. P., Schlitzer, A., Schultze, J. L., Stabell Benn, C., Sun, J. C., Xavier, R. J., & Latz, E. (2020).
Defining trained immunity and its role in health and disease. Nature Reviews Immunology, 20(6), 375–388. https://doi.org/10.1038/
s41577-020-0285-6

Netea, M. G., Joosten, L. A. B., van der Meer, J. W. M., Kullberg, B.-J., & van de Veerdonk, F. L. (2015). Immune defence against Candida
fungal infections. Nature Reviews Immunology, 15(10), 630–642. https://doi.org/10.1038/nri3897

Netea, M. G., Quintin, J., & van der Meer, J. W. M. (2011). Trained immunity: A memory for innate host defense. Cell Host & Microbe, 9(5),
355–361. https://doi.org/10.1016/j.chom.2011.04.006

Netea, M. G., Van Der Graaf, C. A. A., Vonk, A. G., Verschueren, I., Van Der Meer, J. W. M., & Kullberg, B. J. (2002). The role of toll-like
receptor (TLR) 2 and TLR4 in the host defense against disseminated candidiasis. The Journal of Infectious Diseases, 185(10), 1483–1489.
https://doi.org/10.1086/340511

Ngo, L. Y., Kasahara, S., Kumasaka, D. K., Knoblaugh, S. E., Jhingran, A., & Hohl, T. M. (2014). Inflammatory monocytes mediate early and
organ-specific innate defense during systemic candidiasis. The Journal of Infectious Diseases, 209(1), 109–119. https://doi.org/10.1093/
infdis/jit413

Nielsen, J. (2019). Yeast systems biology: Model organism and cell factory. Biotechnology Journal, 14(9), e1800421. https://doi.org/10.1002/
biot.201800421

Nnadi, N. E., & Carter, D. A. (2021). Climate change and the emergence of fungal pathogens. PLoS Pathogens, 17(4), e1009503. https://doi.
org/10.1371/journal.ppat.1009503

Novak, M. L., & Koh, T. J. (2013). Macrophage phenotypes during tissue repair. Journal of Leukocyte Biology, 93(6), 875–881. https://doi.org/
10.1189/jlb.1012512

Nurieva, R., Yang, X. O., Martinez, G., Zhang, Y., Panopoulos, A. D., Ma, L., Schluns, K., Tian, Q., Watowich, S. S., Jetten, A. M., & Dong, C.
(2007). Essential autocrine regulation by IL-21 in the generation of inflammatory T cells. Nature, 448(7152), 480–483. https://doi.org/10.
1038/nature05969

Oh, J., Byrd, A. L., Deming, C., Conlan, S., Kong, H. H., & Segre, J. A. (2014). Biogeography and individuality shape function in the human
skin metagenome. Nature, 514(7520), 59–64. https://doi.org/10.1038/nature13786

Patin, E. C., Thompson, A., & Orr, S. J. (2019). Pattern recognition receptors in fungal immunity. Seminars in Cell & Developmental Biology,
89, 24–33. https://doi.org/10.1016/j.semcdb.2018.03.003

Paul, W. E. (2011). Bridging innate and adaptive immunity. Cell, 147(6), 1212–1215. https://doi.org/10.1016/j.cell.2011.11.036
Peay, K. G., Kennedy, P. G., & Talbot, J. M. (2016). Dimensions of biodiversity in the Earth mycobiome. Nature Reviews Microbiology, 14(7),

434–447. https://doi.org/10.1038/nrmicro.2016.59
Perez-Nazario, N., Rangel-Moreno, J., O'Reilly, M. A., Pasparakis, M., Gigliotti, F., & Wright, T. W. (2013). Selective ablation of lung epithe-

lial IKK2 impairs pulmonary Th17 responses and delays the clearance of Pneumocystis. Journal of Immunology, 191(9), 4720–4730.
https://doi.org/10.4049/jimmunol.1301679

Pérez-Torrado, R., Llopis, S., Perrone, B., G�omez-Pastor, R., Hube, B., & Querol, A. (2015). Comparative genomic analysis reveals a critical
role of de novo nucleotide biosynthesis for Saccharomyces cerevisiae virulence. PLoS One, 10(3), e0122382. https://doi.org/10.1371/
journal.pone.0122382

Perfect, J. R., Lang, S. D., & Durack, D. T. (1980). Chronic cryptococcal meningitis: A new experimental model in rabbits. The American Jour-
nal of Pathology, 101(1), 177–194.

Pfaller, M. A., & Diekema, D. J. (2007). Epidemiology of invasive candidiasis: A persistent public health problem. Clinical Microbiology
Reviews, 20(1), 133–163. https://doi.org/10.1128/CMR.00029-06

Pham, L. N., Dionne, M. S., Shirasu-Hiza, M., & Schneider, D. S. (2007). A specific primed immune response in drosophila is dependent on
phagocytes. PLoS Pathogens, 3(3), e26. https://doi.org/10.1371/journal.ppat.0030026

NENCIARINI ET AL. 19 of 23

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/intimm/dxt003
https://doi.org/10.1093/intimm/dxt003
https://doi.org/10.1128/iai.51.2.556-562.1986
https://doi.org/10.1016/j.mib.2017.10.030
https://doi.org/10.1172/JCI58762
https://doi.org/10.1172/JCI58762
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.4049/jimmunol.1002558
https://doi.org/10.1038/nrmicro1815
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/nri3897
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1086/340511
https://doi.org/10.1093/infdis/jit413
https://doi.org/10.1093/infdis/jit413
https://doi.org/10.1002/biot.201800421
https://doi.org/10.1002/biot.201800421
https://doi.org/10.1371/journal.ppat.1009503
https://doi.org/10.1371/journal.ppat.1009503
https://doi.org/10.1189/jlb.1012512
https://doi.org/10.1189/jlb.1012512
https://doi.org/10.1038/nature05969
https://doi.org/10.1038/nature05969
https://doi.org/10.1038/nature13786
https://doi.org/10.1016/j.semcdb.2018.03.003
https://doi.org/10.1016/j.cell.2011.11.036
https://doi.org/10.1038/nrmicro.2016.59
https://doi.org/10.4049/jimmunol.1301679
https://doi.org/10.1371/journal.pone.0122382
https://doi.org/10.1371/journal.pone.0122382
https://doi.org/10.1128/CMR.00029-06
https://doi.org/10.1371/journal.ppat.0030026


Plato, A., Hardison, S. E., & Brown, G. D. (2015). Pattern recognition receptors in antifungal immunity. Seminars in Immunopathology,
37(2), 97–106. https://doi.org/10.1007/s00281-014-0462-4

Pollock, C. (2003). Fungal diseases of laboratory rodents. Veterinary Clinics of North America: Exotic Animal Practice, 6(2), 401–413. https://
doi.org/10.1016/S1094-9194(03)00012-4

Qian, Q., Jutila, M. A., Van Rooijen, N., & Cutler, J. E. (1994). Elimination of mouse splenic macrophages correlates with increased suscepti-
bility to experimental disseminated candidiasis. Journal of Immunology, 152(10), 5000–5008.

Qiu, X., Zhang, F., Yang, X., Wu, N., Jiang, W., Li, X., Li, X., & Liu, Y. (2015). Changes in the composition of intestinal fungi and their role
in mice with dextran sulfate sodium-induced colitis. Scientific Reports, 5(1), 10416. https://doi.org/10.1038/srep10416

Quintin, J., Saeed, S., Martens, J. H. A., Giamarellos-Bourboulis, E. J., Ifrim, D. C., Logie, C., Jacobs, L., Jansen, T., Kullberg, B.-J.,
Wijmenga, C., Joosten, L. A. B., Xavier, R. J., van der Meer, J. W. M., Stunnenberg, H. G., & Netea, M. G. (2012). Candida albicans infec-
tion affords protection against reinfection via functional reprogramming of monocytes. Cell Host & Microbe, 12(2), 223–232. https://doi.
org/10.1016/j.chom.2012.06.006

Raimondi, S., Amaretti, A., Gozzoli, C., Simone, M., Righini, L., Candeliere, F., Brun, P., Ardizzoni, A., Colombari, B., Paulone, S.,
Castagliuolo, I., Cavalieri, D., Blasi, E., Rossi, M., & Peppoloni, S. (2019). Longitudinal survey of fungi in the human gut: ITS profiling,
phenotyping, and colonization. Frontiers in Microbiology, 10, 1575. https://doi.org/10.3389/fmicb.2019.01575

Ramirez-Ortiz, Z. G., & Means, T. K. (2012). The role of dendritic cells in the innate recognition of pathogenic fungi (A. fumigatus, C. neo-
formans and C. albicans). Virulence, 3(7), 635–646. https://doi.org/10.4161/viru.22295

Renga, G., Moretti, S., Oikonomou, V., Borghi, M., Zelante, T., Paolicelli, G., Costantini, C., De Zuani, M., Villella, V. R., Raia, V., Del
Sordo, R., Bartoli, A., Baldoni, M., Renauld, J.-C., Sidoni, A., Garaci, E., Maiuri, L., Pucillo, C., & Romani, L. (2018). IL-9 and mast cells
are key players of Candida albicans commensalism and pathogenesis in the gut. Cell Reports, 23(6), 1767–1778. https://doi.org/10.1016/j.
celrep.2018.04.034

Rizzetto, L., & Cavalieri, D. (2011). Friend or foe: Using systems biology to elucidate interactions between fungi and their hosts. Trends in
Microbiology, 19(10), 509–515. https://doi.org/10.1016/j.tim.2011.07.007

Rizzetto, L., De Filippo, C., & Cavalieri, D. (2014). Richness and diversity of mammalian fungal communities shape innate and adaptive
immunity in health and disease. European Journal of Immunology, 44(11), 3166–3181. https://doi.org/10.1002/eji.201344403

Rizzetto, L., Ifrim, D. C., Moretti, S., Tocci, N., Cheng, S.-C., Quintin, J., Renga, G., Oikonomou, V., De Filippo, C., Weil, T., Blok, B. A.,
Lenucci, M. S., Santos, M. A. S., Romani, L., Netea, M. G., & Cavalieri, D. (2016). Fungal chitin induces trained immunity in human
monocytes during cross-talk of the host with Saccharomyces cerevisiae. The Journal of Biological Chemistry, 291(15), 7961–7972. https://
doi.org/10.1074/jbc.M115.699645

Rizzetto, L., Kuka, M., De Filippo, C., Cambi, A., Netea, M. G., Beltrame, L., Napolitani, G., Torcia, M. G., D'Oro, U., & Cavalieri, D. (2010).
Differential IL-17 production and mannan recognition contribute to fungal pathogenicity and commensalism. The Journal of Immunol-
ogy, 184(8), 4258–4268. https://doi.org/10.4049/jimmunol.0902972

Robert, V., Cardinali, G., & Casadevall, A. (2015). Distribution and impact of yeast thermal tolerance permissive for mammalian infection.
BioMed Central Biology, 13(1), 18. https://doi.org/10.1186/s12915-015-0127-3

Rokas, A. (2022). Evolution of the human pathogenic lifestyle in fungi. Nature Microbiology, 7(5), 607–619. https://doi.org/10.1038/s41564-
022-01112-0

Romani, L. (2011). Immunity to fungal infections. Nature Reviews Immunology, 11(4), 275–288. https://doi.org/10.1038/nri2939
Rosshart, S. P., Herz, J., Vassallo, B. G., Hunter, A., Wall, M. K., Badger, J. H., McCulloch, J. A., Anastasakis, D. G., Sarshad, A. A.,

Leonardi, I., Collins, N., Blatter, J. A., Han, S.-J., Tamoutounour, S., Potapova, S., Foster St Claire, M. B., Yuan, W., Sen, S. K.,
Dreier, M. S., … Rehermann, B. (2019). Laboratory mice born to wild mice have natural microbiota and model human immune
responses. Science, 365(6452), 42. https://doi.org/10.1126/science.aaw4361

Roy, R. M., & Klein, B. S. (2012). Dendritic cells in anti-fungal immunity and vaccine design. Cell Host & Microbe, 11(5), 436–446. https://doi.
org/10.1016/j.chom.2012.04.005

Roy, S., Bossier, P., Norouzitallab, P., & Vanrompay, D. (2020). Trained immunity and perspectives for shrimp aquaculture. Reviews in Aqua-
culture, 12(4), 2351–2370. https://doi.org/10.1111/raq.12438

Saijo, S., Fujikado, N., Furuta, T., Chung, S., Kotaki, H., Seki, K., Sudo, K., Akira, S., Adachi, Y., Ohno, N., Kinjo, T., Nakamura, K.,
Kawakami, K., & Iwakura, Y. (2007). Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans.
Nature Immunology, 8(1), 39–46. https://doi.org/10.1038/ni1425

Salazar, F., & Brown, G. D. (2018). Antifungal innate immunity: A perspective from the last 10 years. Journal of Innate Immunity, 10(5–6),
373–397. https://doi.org/10.1159/000488539

Sancho, D., & Reis e Sousa, C. (2012). Signaling by myeloid C-type lectin receptors in immunity and homeostasis. Annual Review of Immu-
nology, 30, 491–529. https://doi.org/10.1146/annurev-immunol-031210-101352

Santos, M. A. S., Gomes, A. C., Santos, M. C., Carreto, L. C., & Moura, G. R. (2011). The genetic code of the fungal CTG clade. Comptes
Rendus Biologies, 334(8–9), 607–611. https://doi.org/10.1016/j.crvi.2011.05.008

Santus, W., Devlin, J. R., & Behnsen, J. (2021). Crossing kingdoms: How the mycobiota and fungal-bacterial interactions impact host health
and disease. Infection and Immunity, 89(4), 8. https://doi.org/10.1128/IAI.00648-20

Schmidt, S., Tramsen, L., & Lehrnbecher, T. (2017). Natural killer cells in antifungal immunity. Frontiers in Immunology, 8, 1623. https://doi.
org/10.3389/fimmu.2017.01623

20 of 23 NENCIARINI ET AL.

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00281-014-0462-4
https://doi.org/10.1016/S1094-9194(03)00012-4
https://doi.org/10.1016/S1094-9194(03)00012-4
https://doi.org/10.1038/srep10416
https://doi.org/10.1016/j.chom.2012.06.006
https://doi.org/10.1016/j.chom.2012.06.006
https://doi.org/10.3389/fmicb.2019.01575
https://doi.org/10.4161/viru.22295
https://doi.org/10.1016/j.celrep.2018.04.034
https://doi.org/10.1016/j.celrep.2018.04.034
https://doi.org/10.1016/j.tim.2011.07.007
https://doi.org/10.1002/eji.201344403
https://doi.org/10.1074/jbc.M115.699645
https://doi.org/10.1074/jbc.M115.699645
https://doi.org/10.4049/jimmunol.0902972
https://doi.org/10.1186/s12915-015-0127-3
https://doi.org/10.1038/s41564-022-01112-0
https://doi.org/10.1038/s41564-022-01112-0
https://doi.org/10.1038/nri2939
https://doi.org/10.1126/science.aaw4361
https://doi.org/10.1016/j.chom.2012.04.005
https://doi.org/10.1016/j.chom.2012.04.005
https://doi.org/10.1111/raq.12438
https://doi.org/10.1038/ni1425
https://doi.org/10.1159/000488539
https://doi.org/10.1146/annurev-immunol-031210-101352
https://doi.org/10.1016/j.crvi.2011.05.008
https://doi.org/10.1128/IAI.00648-20
https://doi.org/10.3389/fimmu.2017.01623
https://doi.org/10.3389/fimmu.2017.01623


Schroder, K., Hertzog, P. J., Ravasi, T., & Hume, D. A. (2004). Interferon-gamma: An overview of signals, mechanisms and functions. Journal
of Leukocyte Biology, 75(2), 163–189. https://doi.org/10.1189/jlb.0603252

Schulte, P., Alegret, L., Arenillas, I., Arz, J. A., Barton, P. J., Bown, P. R., Bralower, T. J., Christeson, G. L., Claeys, P., Cockell, C. S.,
Collins, G. S., Deutsch, A., Goldin, T. J., Goto, K., Grajales-Nishimura, J. M., Grieve, R. A. F., Gulick, S. P. S., Johnson, K. R.,
Kiessling, W., … Willumsen, P. S. (2010). The Chicxulub asteroid impact and mass extinction at the Cretaceous–Paleogene boundary. Sci-
ence, 327(5970), 1214–1218. https://doi.org/10.1126/science.1177265

Scupham, A. J., Presley, L. L., Wei, B., Bent, E., Griffith, N., McPherson, M., Zhu, F., Oluwadara, O., Rao, N., Braun, J., & Borneman, J.
(2006). Abundant and diverse fungal microbiota in the murine intestine. Applied and Environmental Microbiology, 72(1), 793–801.
https://doi.org/10.1128/AEM.72.1.793-801.2006

Seyedmousavi, S., Bosco, S. d. M. G., de Hoog, S., Ebel, F., Elad, D., Gomes, R. R., Jacobsen, I. D., Jensen, H. E., Martel, A., Mignon, B.,
Pasmans, F., Pieckov�a, E., Rodrigues, A. M., Singh, K., Vicente, V. A., Wibbelt, G., Wiederhold, N. P., & Guillot, J. (2018). Fungal infec-
tions in animals: A patchwork of different situations. Medical Mycology, 56(Suppl 1), 165–187. https://doi.org/10.1093/mmy/myx104

Shalaby, M. R., Aggarwal, B. B., Rinderknecht, E., Svedersky, L. P., Finkle, B. S., & Palladino, M. A. (1985). Activation of human polymor-
phonuclear neutrophil functions by interferon-gamma and tumor necrosis factors. Journal of Immunology, 135(3), 2069–2073.

Shankar, J. (2021). Food habit associated mycobiota composition and their impact on human health. Frontiers in Nutrition, 8, 773577.
https://doi.org/10.3389/fnut.2021.773577

Sharon, I., Quijada, N. M., Pasolli, E., Fabbrini, M., Vitali, F., Agamennone, V., Dötsch, A., Selberherr, E., Grau, J. H., Meixner, M., Liere, K.,
Ercolini, D., de Filippo, C., Caderni, G., Brigidi, P., & Turroni, S. (2022). The core human microbiome: Does it exist and how can we find
it? A critical review of the concept. Nutrients, 14(14), 2872. https://doi.org/10.3390/nu14142872

Shor, D. B.-A., Orbach, H., Boaz, M., Altman, A., Anaya, J.-M., Bizzaro, N., Tincani, A., Cervera, R., Espinosa, G., Stojanovich, L.,
Rozman, B., Bombardieri, S., Vita, S. D., Damoiseaux, J., Villalta, D., Tonutti, E., Tozzoli, R., Barzilai, O., Ram, M., … Shoenfeld, Y.
(2012). Gastrointestinal-associated autoantibodies in different autoimmune diseases. American Journal of Clinical and Experimental
Immunology, 1(1), 49–55.

Singh-Babak, S. D., Babak, T., Fraser, H. B., & Johnson, A. D. (2021). Lineage-specific selection and the evolution of virulence in the Candida
clade. Proceedings of the National Academy of Sciences of the United States of America, 118(12), 87. https://doi.org/10.1073/pnas.
2016818118

Smeekens, S. P., Huttenhower, C., Riza, A., van de Veerdonk, F. L., Zeeuwen, P. L. J. M., Schalkwijk, J., van der Meer, J. W. M., Xavier, R. J.,
Netea, M. G., & Gevers, D. (2014). Skin microbiome imbalance in patients with STAT1/STAT3 defects impairs innate host defense
responses. Journal of Innate Immunity, 6(3), 253–262. https://doi.org/10.1159/000351912

Snapper, C. M., & Paul, W. E. (1987). Interferon-gamma and B cell stimulatory factor-1 reciprocally regulate Ig isotype production. Science,
236(4804), 944–947. https://doi.org/10.1126/science.3107127

Speakman, E. A., Dambuza, I. M., Salazar, F., & Brown, G. D. (2020). T cell antifungal immunity and the role of C-type lectin receptors.
Trends in Immunology, 41(1), 61–76. https://doi.org/10.1016/j.it.2019.11.007

Speth, C., Rambach, G., Würzner, R., & Lass-Flörl, C. (2008). Complement and fungal pathogens: An update. Mycoses, 51(6), 477–496.
https://doi.org/10.1111/j.1439-0507.2008.01597.x

Steinman, R. M., & Hemmi, H. (2006). Dendritic cells: Translating innate to adaptive immunity. Current Topics in Microbiology and Immu-
nology, 311, 17–58. https://doi.org/10.1007/3-540-32636-7_2

Stop neglecting fungi. (2017). Nature Microbiology, 2(8), 17120. https://doi.org/10.1038/nmicrobiol.2017.120
Strope, P. K., Skelly, D. A., Kozmin, S. G., Mahadevan, G., Stone, E. A., Magwene, P. M., Dietrich, F. S., & McCusker, J. H. (2015). The

100-genomes strains, an S. cerevisiae resource that illuminates its natural phenotypic and genotypic variation and emergence as an
opportunistic pathogen. Genome Research, 25(5), 762–774. https://doi.org/10.1101/gr.185538.114

Subramanian Vignesh, K., Landero Figueroa, J. A., Porollo, A., Caruso, J. A., & Deepe, G. S. (2013). Granulocyte macrophage-colony stimu-
lating factor induced Zn sequestration enhances macrophage superoxide and limits intracellular pathogen survival. Immunity, 39(4),
697–710. https://doi.org/10.1016/j.immuni.2013.09.006

Swamydas, M., Gao, J.-L., Break, T. J., Johnson, M. D., Jaeger, M., Rodriguez, C. A., Lim, J. K., Green, N. M., Collar, A. L., Fischer, B. G.,
Lee, C.-C. R., Perfect, J. R., Alexander, B. D., Kullberg, B.-J., Netea, M. G., Murphy, P. M., & Lionakis, M. S. (2016). CXCR1-mediated
neutrophil degranulation and fungal killing promote Candida clearance and host survival. Science Translational Medicine, 8(322),
322ra10. https://doi.org/10.1126/scitranslmed.aac7718

Szajewska, H., Konarska, Z., & Kołodziej, M. (2016). Probiotic bacterial and fungal strains: Claims with evidence. Digestive Diseases, 34(3),
251–259. https://doi.org/10.1159/000443359

Taylor, J. W., & Berbee, M. L. (2006). Dating divergences in the fungal tree of life: Review and new analyses. Mycologia, 98(6), 838–849.
https://doi.org/10.3852/mycologia.98.6.838

Taylor, P. R., Tsoni, S. V., Willment, J. A., Dennehy, K. M., Rosas, M., Findon, H., Haynes, K., Steele, C., Botto, M., Gordon, S., &
Brown, G. D. (2007). Dectin-1 is required for beta-glucan recognition and control of fungal infection. Nature Immunology, 8(1), 31–38.
https://doi.org/10.1038/ni1408

Tournas, V. H., & Niazi, N. S. (2018). Potentially toxigenic fungi from selected grains and grain products. Journal of Food Safety, 38(1), 47.
https://doi.org/10.1111/jfs.12422

Underhill, D. M., & Iliev, I. D. (2014). The mycobiota: Interactions between commensal fungi and the host immune system. Nature Reviews.
Immunology, 14(6), 405–416. https://doi.org/10.1038/nri3684

NENCIARINI ET AL. 21 of 23

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1189/jlb.0603252
https://doi.org/10.1126/science.1177265
https://doi.org/10.1128/AEM.72.1.793-801.2006
https://doi.org/10.1093/mmy/myx104
https://doi.org/10.3389/fnut.2021.773577
https://doi.org/10.3390/nu14142872
https://doi.org/10.1073/pnas.2016818118
https://doi.org/10.1073/pnas.2016818118
https://doi.org/10.1159/000351912
https://doi.org/10.1126/science.3107127
https://doi.org/10.1016/j.it.2019.11.007
https://doi.org/10.1111/j.1439-0507.2008.01597.x
https://doi.org/10.1007/3-540-32636-7_2
https://doi.org/10.1038/nmicrobiol.2017.120
https://doi.org/10.1101/gr.185538.114
https://doi.org/10.1016/j.immuni.2013.09.006
https://doi.org/10.1126/scitranslmed.aac7718
https://doi.org/10.1159/000443359
https://doi.org/10.3852/mycologia.98.6.838
https://doi.org/10.1038/ni1408
https://doi.org/10.1111/jfs.12422
https://doi.org/10.1038/nri3684


Underhill, D. M., & Pearlman, E. (2015). Immune interactions with pathogenic and commensal fungi: A two-way street. Immunity, 43(5),
845–858. https://doi.org/10.1016/j.immuni.2015.10.023

Urban, C. F., Ermert, D., Schmid, M., Abu-Abed, U., Goosmann, C., Nacken, W., Brinkmann, V., Jungblut, P. R., & Zychlinsky, A. (2009).
Neutrophil extracellular traps contain calprotectin, a cytosolic protein complex involved in host defense against Candida albicans. PLoS
Pathogens, 5(10), e1000639. https://doi.org/10.1371/journal.ppat.1000639

Uzun, O., Ascioglu, S., Anaissie, E. J., & Rex, J. H. (2001). Risk factors and predictors of outcome in patients with cancer and breakthrough
candidemia. Clinical Infectious Diseases: An Official Publication of the Infectious Diseases Society of America, 32(12), 1713–1717. https://
doi.org/10.1086/320757

Vajda, V., & McLoughlin, S. (2004). Fungal proliferation at the cretaceous–tertiary boundary. Science, 303(5663), 1489. https://doi.org/10.
1126/science.1093807

Vajda, V., Raine, J. I., & Hollis, C. J. (2001). Indication of global deforestation at the cretaceous-tertiary boundary by New Zealand fern spike.
Science, 294(5547), 1700–1702. https://doi.org/10.1126/science.1064706

van Tilburg Bernardes, E., Pettersen, V. K., Gutierrez, M. W., Laforest-Lapointe, I., Jendzjowsky, N. G., Cavin, J.-B., Vicentini, F. A.,
Keenan, C. M., Ramay, H. R., Samara, J., MacNaughton, W. K., Wilson, R. J. A., Kelly, M. M., McCoy, K. D., Sharkey, K. A., &
Arrieta, M.-C. (2020). Intestinal fungi are causally implicated in microbiome assembly and immune development in mice. Nature Com-
munications, 11(1), 2577. https://doi.org/10.1038/s41467-020-16431-1

Vecchiarelli, A., Cenci, E., Puliti, M., Blasi, E., Puccetti, P., Cassone, A., & Bistoni, F. (1989). Protective immunity induced by low-virulence
Candida albicans: Cytokine production in the development of the anti-infectious state. Cellular Immunology, 124(2), 334–344. https://
doi.org/10.1016/0008-8749(89)90135-4

Verma, A., Wüthrich, M., Deepe, G., & Klein, B. (2014). Adaptive immunity to fungi. Cold Spring Harbor Perspectives in Medicine, 5(3),
a019612. https://doi.org/10.1101/cshperspect.a019612

Voelz, K., Lammas, D. A., & May, R. C. (2009). Cytokine signaling regulates the outcome of intracellular macrophage parasitism by Crypto-
coccus neoformans. Infection and Immunity, 77(8), 3450–3457. https://doi.org/10.1128/IAI.00297-09

Wainright, P. O., Hinkle, G., Sogin, M. L., & Stickel, S. K. (1993). Monophyletic origins of the metazoa: An evolutionary link with fungi. Sci-
ence, 260(5106), 340–342. https://doi.org/10.1126/science.8469985

Walachowski, S., Tabouret, G., Fabre, M., & Foucras, G. (2017). Molecular analysis of a short-term model of β-glucans-trained immunity
highlights the accessory contribution of GM-CSF in priming mouse macrophages response. Frontiers in Immunology, 8, 1089. https://doi.
org/10.3389/fimmu.2017.01089

Ward, J. I., Weeks, M., Allen, D., Hutcheson, R. H., Anderson, R., Fraser, D. W., Kaufman, L., Ajello, L., & Spickard, A. (1979). Acute histo-
plasmosis: Clinical, epidemiologic and serologic findings of an outbreak associated with exposure to a fallen tree. The American Journal
of Medicine, 66(4), 587–595. https://doi.org/10.1016/0002-9343(79)91168-9

Ward, R. A., & Vyas, J. M. (2020). The first line of defense: Effector pathways of anti-fungal innate immunity. Current Opinion in Microbiol-
ogy, 58, 160–165. https://doi.org/10.1016/j.mib.2020.10.003

Warnatsch, A., Tsourouktsoglou, T.-D., Branzk, N., Wang, Q., Reincke, S., Herbst, S., Gutierrez, M., & Papayannopoulos, V. (2017). Reactive
oxygen species localization programs inflammation to clear microbes of different size. Immunity, 46(3), 421–432. https://doi.org/10.1016/
j.immuni.2017.02.013

Wheeler, M. L., Limon, J. J., & Underhill, D. M. (2017). Immunity to commensal fungi: Detente and disease. Annual Review of Pathology, 12,
359–385. https://doi.org/10.1146/annurev-pathol-052016-100342

Whitney, P. G., Bär, E., Osorio, F., Rogers, N. C., Schraml, B. U., Deddouche, S., LeibundGut-Landmann, S., & e Sousa, C. R. (2014). Syk sig-
naling in dendritic cells orchestrates innate resistance to systemic fungal infection. PLoS Pathogens, 10(7), e1004276. https://doi.org/10.
1371/journal.ppat.1004276

Winkelstein, J. A., Marino, M. C., Johnston, R. B., Boyle, J., Curnutte, J., Gallin, J. I., Malech, H. L., Holland, S. M., Ochs, H., Quie, P.,
Buckley, R. H., Foster, C. B., Chanock, S. J., & Dickler, H. (2000). Chronic granulomatous disease. Report on a national registry of
368 patients. Medicine, 79(3), 155–169. https://doi.org/10.1097/00005792-200005000-00003

Wolfe, K. H., & Shields, D. C. (1997). Molecular evidence for an ancient duplication of the entire yeast genome. Nature, 387(6634), 708–713.
https://doi.org/10.1038/42711

Wozniok, I., Hornbach, A., Schmitt, C., Frosch, M., Einsele, H., Hube, B., Löffler, J., & Kurzai, O. (2008). Induction of ERK-kinase signalling
triggers morphotype-specific killing of Candida albicans filaments by human neutrophils. Cellular Microbiology, 10(3), 807–820. https://
doi.org/10.1111/j.1462-5822.2007.01086.x

Wüthrich, M., Deepe, G. S., & Klein, B. (2012). Adaptive immunity to fungi. Annual Review of Immunology, 30, 115–148. https://doi.org/10.
1146/annurev-immunol-020711-074958

Yeung, F., Chen, Y. H., Lin, J. D., Leung, J. M., McCauley, C., Devlin, J. C., Hansen, C., Cronkite, A., Stephens, Z., Drake-Dunn, C.,
Fulmer, Y., Shopsin, B., Ruggles, K. V., Round, J. L., Loke, P., Graham, A. L., & Cadwell, K. (2020). Altered immunity of laboratory mice
in the natural environment is associated with fungal colonization. Cell Host and Microbe, 27(5), 809–822.e6. https://doi.org/10.1016/j.
chom.2020.02.015

Yu, D., Zhang, J., & Wang, S. (2022). Trained immunity in the mucosal diseases. Wiley Interdisciplinary Reviews Mechanisms of Disease,
14(2), e1543. https://doi.org/10.1002/wsbm.1543

Zaura, E., Keijser, B. J., Huse, S. M., & Crielaard, W. (2009). Defining the healthy “core microbiome” of oral microbial communities. BioMed
Central Microbiology, 9(1), 259. https://doi.org/10.1186/1471-2180-9-259

22 of 23 NENCIARINI ET AL.

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.immuni.2015.10.023
https://doi.org/10.1371/journal.ppat.1000639
https://doi.org/10.1086/320757
https://doi.org/10.1086/320757
https://doi.org/10.1126/science.1093807
https://doi.org/10.1126/science.1093807
https://doi.org/10.1126/science.1064706
https://doi.org/10.1038/s41467-020-16431-1
https://doi.org/10.1016/0008-8749(89)90135-4
https://doi.org/10.1016/0008-8749(89)90135-4
https://doi.org/10.1101/cshperspect.a019612
https://doi.org/10.1128/IAI.00297-09
https://doi.org/10.1126/science.8469985
https://doi.org/10.3389/fimmu.2017.01089
https://doi.org/10.3389/fimmu.2017.01089
https://doi.org/10.1016/0002-9343(79)91168-9
https://doi.org/10.1016/j.mib.2020.10.003
https://doi.org/10.1016/j.immuni.2017.02.013
https://doi.org/10.1016/j.immuni.2017.02.013
https://doi.org/10.1146/annurev-pathol-052016-100342
https://doi.org/10.1371/journal.ppat.1004276
https://doi.org/10.1371/journal.ppat.1004276
https://doi.org/10.1097/00005792-200005000-00003
https://doi.org/10.1038/42711
https://doi.org/10.1111/j.1462-5822.2007.01086.x
https://doi.org/10.1111/j.1462-5822.2007.01086.x
https://doi.org/10.1146/annurev-immunol-020711-074958
https://doi.org/10.1146/annurev-immunol-020711-074958
https://doi.org/10.1016/j.chom.2020.02.015
https://doi.org/10.1016/j.chom.2020.02.015
https://doi.org/10.1002/wsbm.1543
https://doi.org/10.1186/1471-2180-9-259


Zhang, X., Pan, L.-Y., Zhang, Z., Zhou, Y.-Y., Jiang, H.-Y., & Ruan, B. (2020). Analysis of gut mycobiota in first-episode, drug-naïve Chinese
patients with schizophrenia: A pilot study. Behavioural Brain Research, 379, 112374. https://doi.org/10.1016/j.bbr.2019.112374

Zhang, Z., Biagini Myers, J. M., Brandt, E. B., Ryan, P. H., Lindsey, M., Mintz-Cole, R. A., Reponen, T., Vesper, S. J., Forde, F., Ruff, B.,
Bass, S. A., LeMasters, G. K., Bernstein, D. I., Lockey, J., Budelsky, A. L., & Khurana Hershey, G. K. (2017). β-Glucan exacerbates allergic
asthma independent of fungal sensitization and promotes steroid resistant TH2/TH17 responses. The Journal of Allergy and Clinical
Immunology, 139(1), 54–65.e8. https://doi.org/10.1016/j.jaci.2016.02.031

How to cite this article: Nenciarini, S., Renzi, S., di Paola, M., Meriggi, N., & Cavalieri, D. (2024). The yeast–
human coevolution: Fungal transition from passengers, colonizers, and invaders. WIREs Mechanisms of Disease,
16(3), e1639. https://doi.org/10.1002/wsbm.1639

NENCIARINI ET AL. 23 of 23

 26929368, 2024, 3, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
sbm

.1639 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.bbr.2019.112374
https://doi.org/10.1016/j.jaci.2016.02.031
https://doi.org/10.1002/wsbm.1639

	The yeast-human coevolution: Fungal transition from passengers, colonizers, and invaders
	1  INTRODUCTION
	2  HOST-FUNGI COEVOLUTION
	2.1  Fungi: Transients or colonizers?
	2.2  Fungal evolution toward pathogenesis

	3  FUNGI AND THE HOST IMMUNE SYSTEM
	3.1  Fungal recognition by host immune system
	3.2  Innate response
	3.3  Adaptive response
	3.4  Immune system adaptive mechanisms: Fungal-mediated immune enhancing and trained immunity

	4  CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	RELATED WIREs ARTICLES
	REFERENCES


