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Fungi are important yet understudied contributors to the microbial communities of the gastrointestinal tract. Starting at birth, the
intestinal mycobiome undergoes a period of dynamic maturation under the influence of microbial, host, and extrinsic influences,
with profound functional implications for immune development in early life, and regulation of immune homeostasis throughout
life. Candida albicans serves as a model organism for understanding the cross-talk between fungal colonization dynamics and
immunity, and exemplifies unique mechanisms of fungal-immune interactions, including fungal dimorphism, though our
understanding of other intestinal fungi is growing. Given the prominent role of the gut mycobiome in promoting immune
homeostasis, emerging evidence points to fungal dysbiosis as an influential contributor to immune dysregulation in a variety of
inflammatory and infectious diseases. Here we review current knowledge on the factors that govern host-fungi interactions in the
intestinal tract and immunological outcomes in both mucosal and systemic compartments.
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INTRODUCTION
The microbiome is a multi-kihngdom community of microorgan-
isms that colonizes all environmentally exposed epithelial and
mucosal surfaces of the body, with its greatest biomass and
diversity within the gastrointestinal (Gl) tract.'? The fungal
microbiome, also known as the mycobiome, is a fundamental
component of this community and its influence on host biology.?
The intestinal mycobiome begins at birth and undergoes dynamic
maturation alongside the bacterial and viral communities of the
gut.*”’ Recent advances in sequencing technology and curated
taxonomic databases have uncovered the richness and diversity of
fungal colonizers, yet the majority of research on fungal-immune
interactions to date have focused on a select number of
organisms. For example, Candida albicans is the most extensively
studied fungal species, from which we have gained a depth of
knowledge of the mechanisms of fungal colonization dynamics
and fungal-immune interactions in health and disease.>® As well,
research has begun to shed light on the role of other members of
the mycobiome, their cumulative impact on microbiome ecology,
and their roles in shaping the immune system of the gut and
extraintestinal compartments. With increasing sophistication of
multi-omics analysis in human cohorts and gnotobiotic animal
modeling, our understanding of the causal mechanisms of fungal
dysbiosis in immune, inflammatory, and infectious diseases is
expanding.

Herein, we review the impact of intestinal fungal colonization
on mucosal immunity in the gut, as well as its far-reaching impact

on immune development and function in extraintestinal sites.
Beginning with the establishment and development of the fungal
microbiome in early life, we review the mechanisms governing the
dynamic relationship between gut fungi, bacterial species, and
their role in shaping the developing immune system. Using C.
albicans as a model organism, we explore the unique impact of
dimorphic growth on colonization and persistence within the Gl
tract, and the implication of yeast versus hyphal growth
morphologies on immune homeostasis during eubiosis (the
microbiome state associated with host health), and disease
pathogenesis during dysbiosis (an altered microbiome state that
contributes to host disease). We describe the mechanisms by
which fungal dysbiosis contributes to chronic inflammatory
disease, with a focus on recent evidence of a key role for fungal
dysbiosis in the pathogenesis of inflammatory bowel disease (IBD),
as well as chronic mucosal inflammation in extraintestinal organs
like the lungs (e.g., asthma). Finally, we review evidence
implicating gut fungi as regulators of systemic anti-pathogen
immunity, including the emerging mechanism of trained immu-
nity against a variety of infections.

FUNGAL COLONIZATION DYNAMICS IN THE
GASTROINTESTINAL TRACT

Early life establishment of the mycobiome

Amongst the microorganisms that colonize the Gl tract, fungi are
much less abundant than bacteria, with recent estimates
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suggesting that fungi make up 1-3% of the total microbes in
human feces.” Despite their modest input to the biomass of the
gut microbiota, fungal colonizers make important contributions to
the development and regulation of local and systemic immune
responses in the host early in life.'® Similar to other body sites, the
gut mycobiome starts developing from birth, as fungi have been
detected in the gut of neonates as early as one day after
delivery."" Analysis of the fungal ecology of paired samples
between mothers and neonates supports vertical transmission as
an ecological mechanism for the establishment of the neonatal
mycobiome.* Using DNA fingerprinting to track C. albicans transfer
from mother to child at birth, Bliss et al. detected vertical
transmission in 65% of infants within the first week of life.'
Furthermore, distinct clusters of mycobiome composition have
been identified by fungal 18S rRNA sequencing between infants
born via Cesarean-section or vaginal delivery.'" Collectively, these
studies implicate vertical transmission as an important determi-
nant of pioneer fungal colonization in the gut. An additional
maternally derived source of fungal exposure in early life is breast
milk. Analysis of the fungal constituents in breast milk revealed
the presence of Candida, Alternaria, Rhodotorula, Malassezia,
Davidiella, Sistotrema, and Penicillium, all of which are known to
colonize the intestinal tract.>™'> Furthermore, culture-based
analysis of breast milk microbes confirmed the presence of viable
yeast cells, with a high concordance between fungal isolates from
breast milk samples and infant feces.'® Thus, there is supportive
evidence for maternal sources as a primary route of acquisition of
pioneer fungal microbes.

Beyond maternally derived factors, the early-life mycobiome is
influenced by a variety of host-intrinsic (e.g., genetics, sex,
and age) and extrinsic (e.g., drugs, food, and hygiene) factors
during infancy, which have been the topic of recent comprehen-
sive reviews.'”'® These factors help shape a community that shifts
during the first year of human life. Wampach and colleagues
performed 18S amplicon sequencing of the mycobiome in 15
healthy term Luxembourgish children in the first year of life and
observed considerable fungal diversity, with 45 fungal operational
taxonomic units (OTUs) detected, and high representation of
Saccharomyces cerevisiae reported in 9 sequenced samples from 1-
day-old babies."" Larger studies of the fecal mycobiome have
reported a reduction in alpha-diversity and shifts in major taxa
throughout infant development.'®?® A longitudinal study of 308
US infants found that mycobiome composition, surveyed through
ITS2 sequencing, significantly changed over time, with shifts in
fungal beta-diversity (community composition) linked to partici-
pant age, and a reduction in fungal alpha-diversity (community
richness and evenness) with increasing infant age.® The fecal
mycobiome shifted from being dominated by Malassezia and
Saccharomyces in neonates (~1 month old) to Saccharomyces and
Candida in infants (11 months old).?° The latter approximates the
mycobiome composition in healthy adults,>*' suggesting a more
mature fungal community composition after 1 year of age.

One common feature in mycobiome studies is a very high
degree of interindividual variability, with only a few core genera
consistently represented in most individuals including Candida,
Saccharomyces, and Malassezia.*>'" Beyond these abundant and
consistent taxa, a high degree of variability is seen in the
representation of other taxa including yeasts (e.g., Rhodotorula,
Pichia, and Trichosporon), filamentous fungi (e.g., Rhizopus, Phoma,
Penicillium, and Phanerochaete), and clinically relevant opportu-
nistic fungi (e.g., Aspergillus, Cryptococcus, and Cladosporium),
among many other genera*'" ? This suggests that the
recently reported strong immune modulation induced by the
mycobiome,'®?*?* may be driven by the most abundant or
commonly detected taxa (e.g., Candida and Saccharomyces), with
infrequently detected or less abundant taxa potentially being less
influential in immune development. However, extrinsic factors
leading to microbiome perturbations, such as antibiotic or
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antifungal treatment, provide an opportunity for rare fungal
species to emerge as immunologically dominant taxa, potentially
contributing to the development of immune-mediated disorders,
including allergic airway diseases.?®~%8

Intrinsic and extrinsic regulators of the gut mycobiome
Factors that influence bacterial microbiome development have
begun to be evaluated in terms of their influence on the gut
mycobiome. These can be categorized into intrinsic factors, such
as transkingdom ecological interactions, and extrinsic factors, such
as antimicrobials and diet.

Ecological interactions. Recent investigations into the ecological
mechanisms regulating transkingdom interactions have revealed
key roles for bacterial products as determinants of fungal growth,
colonization, and virulence in the gut. For example, short-chain
fatty acids (SCFA) produced by commensal bacteria can act on
neighboring fungi to influence their replication and morphogen-
esis. The SCFA butyrate inhibits C. albicans germ tube formation,*
which is required for epithelial adhesion and invasion.>® Acetate,
butyrate, and propionate have all been shown to inhibit growth
kinetics and hyphae formation of C. albicans and Pichia
kudriavzevii in vitro, which can impair stable colonization of the
gut3'3? Other bacterial metabolites such as lactic acid produced
by Lactobacillus spp. suppress C. albicans colonization of the gut
in vivo,>® while other Lactobacillus derived compounds have roles
in reducing viability and filamentation of C. albicans.3*3*

Additional transkingdom modulation of fungi in the gut is
mediated by bacterial cell wall components. Liberation of
peptidoglycan from bacteria in response to antibiotics potentiated
hyphae formation, mucosal invasion, and extraintestinal dissemi-
nation by C. albicans.*®*” Furthermore, certain strains of Escher-
ichia coli can release soluble factors that directly kill C. albicans,®
adding to the well-known role of this bacterium in inhibiting C.
albicans replication, biofilm formation, and intestinal coloniza-
tion.3**" While several microbial mechanisms that influence
mycobiome composition have been described, the metabolic
complexity within the gut microbiome likely harnesses additional
unknown mechanisms that help establish and maintain this
microbial ecosystem during eubiosis.

Antimicrobials. Although aimed to treat bacterial infections,
antibiotic administration also has the collateral effect of disrupting
the microbiota, promoting major compositional, functional, and
symbiotic changes to both bacterial and fungal communities.**™**
For example, depletion of SCFA-producing bacteria with anti-
biotics results in increased C. albicans colonization.®'** Similar to
antibiotic treatment, antifungals can also induce dysbiosis in the
mycobiome. Prolonged fluconazole administration to mice
induces the expansion of filamentous fungi Aspergillus, Wallemia,
and Epicoccum spp. and a decrease in Candida sp..*° Also, a study
of allogenic hematopoietic cell transplant patients receiving
prophylactic micafungin reported intestinal fungal expansion
and increased blood stream infection by species of the C
parapsilosis complex.*” These effects likely underscore intra- and
inter-kingdom interactions in regulating mycobiome composition,
with antimicrobial disruption directly impacting ecological inter-
actions maintained during eubiosis.

Diet. Dietary factors have started to be evaluated in mice and
humans. A high-fat diet resulted in a higher abundance of C.
albicans in mice, in contrast to a standard diet, which favored the
growth of S. cerevisiae.*® There is inter-experimental variability in
the findings of human studies which have looked at the effect of
western diets, animal-based diets, or vegetarian and plant-based
diets.'® Nonetheless, these studies provide strong evidence that
diet influences the community structure and composition of the
mycobiome. On that matter, obesity is also associated with a shift
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in mycobiome composition. Obese individuals have a consistent
decrease in fungal diversity compared to healthy controls, with
Mucor spp. being negatively associated with obesity in adults, and
S. cerevisiae and C. albicans being reduced in the gut mycobiome
of obese children.**° However, it is currently unknown if
mycobiome shifts are a result of an obesogenic diet, or contribute
to the disease process itself.

Fungal morphogenesis and microbe-host interactions

A unique characteristic of the mycobiome that distinguishes it
from the bacterial microbiome is the ability of some fungi, such as
Candida spp., to exist in several morphological growth forms. This
adds a fascinating layer of complexity to host-mycobiome
dynamics, in which fungi respond to the milieu of environmental
signals in the gastrointestinal environment through metabolic
shifts, similar to bacteria,® but also through the evolutionary
selection of morphological adaptations which ultimately support
the establishment and persistence of these fungi within their
niche.>**® Several host-associated fungi impressively overhaul
their transcriptional and phenotypic programs to achieve compe-
titive fitness in the gut microenvironment. This is best exemplified
by the dimorphic growth characteristic of C. albicans (Fig. 1a),
which can grow as a unicellular yeast or as filamentous hyphae in
response to a variety of gut stimuli (e.g, pH, O, CO, and
nutrients).>*>° It is now well established that the morphological
growth program of C. albicans engages in profound bi-directional
interactions with the gut microenvironment of the host, with
critical  implications for commensalism and pathogenic
potential®>>>> (Fig. 1b, c).

The yeast form of C. albicans is generally associated with
enhanced fitness for colonization and commensalism, whereas the
hyphal form is associated with virulence and invasiveness.
Mutated strains of C. albicans that are genetically locked in
a hyphal morphotype display reduced fitness to colonize the
gut.>” Furthermore, passaging of C. albicans through the gut of
mice favors the development of a yeast-locked phenotype with
enhanced fitness for gut colonization that is mediated by the
accumulation of mutations in genes that regulate the hyphal
morphogenesis program such as Efgl and Flo8.>° Alternatively,
passage through the mouse gut induces a unique host-adapted
morphogenesis program termed GUT (gastrointestinal induced
transition), through upregulation of Worl expression, that is
physiologically and metabolically adapted for intestinal coloniza-
tion and growth.>?

The enhanced fitness of yeast cells is also facilitated by selective
pressures from the gut microenvironment. For example, the
complexity of the bacterial community can influence C. albicans
growth morphology, with yeast forms predominating in gnoto-
biotic mice monocolonized with C. albicans, whereas colonization
of conventional mice results in a mixture of yeast and hyphal
forms.>"*® Mucosal immune responses can also provide selective
pressure that favors colonization by yeast morphotypes. Recent
work showed that mucosal IgA specific to hyphal-associated
epitopes neutralized hyphal cells and favored the vyeast
morphology.”®®° Collectively, these findings exemplify the multi-
directional cross-talk between fungi, bacteria, and host immunity
in the gut microenvironment to regulate fungal colonization
dynamics.

In addition to C. albicans, other fungal colonizers exhibit
complex morphogenetic programs, but the implications on gut
colonization and symbiotic relationships with the host have not
been explored. S. cerevisiae is a common member of the gut
mycobiome unable to form true hyphae and is often considered a
benign microbe, but has been shown to form pseudohyphae, an
intermediate growth form between the yeast and hyphal
morphologies associated with invasive infections.5'"®* Malassezia
spp. are common members of the skin mycobiome and are
predominantly found as yeast cells.>* Notably, some Malassezia
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species (M. furfur, M. globosa, M. restricta, and M. sympodialis) can
form hyphae in association with a shift to pathogenesis.5>%°
Cryptococcus neoformans, a common pathogenic fungus not
typically found as a commensal,®” can proliferate during dysbiosis
associated with Crohn's disease (CD), leading to adverse disease
outcomes.®® C. neoformans can also undergo a yeast to hyphal
switch during mating, yet the yeast form is most injurious to the
host.%7° Altogether, the morphological growth and secreted
factors of host-associated fungi is an integral factor to consider
when studying fungal alterations and dysbiosis. Continued
research in this field is necessary to further characterize the
regulation of polymorphism and the eubiotic morphogenic status
of fungi in the microbiome.

MUCOSAL MYCOBIOME-IMMUNE INTERACTIONS

As omnipresent members of the intestinal microbiome, fungi can
elicit homeostatic and detrimental immune responses in the
mammalian host?*7'~73 (Fig. 1). The following sections describe
the innate and adaptive mechanisms underlying the crosstalk
between intestinal fungi and the gut mucosal immune system in
both scenarios.

Intestinal fungi in mucosal immune homeostasis
Immune recognition of fungi in the intestine is initiated by the
engagement of innate pattern recognition receptors (PRR),
expressed by epithelial and myeloid cells, with their specific
microbial associated molecular pattern (MAMP) ligands.”* Among
PRR, C-type lectin receptors (CLR) play a primary role in antifungal
immunity due to specificity for various carbohydrate-rich motifs
present in fungal cell walls (reviewed in Refs. 37%7%) Deficiency of
the CLR dectin-1 (Clec7a) leads to recurrent mucosal infections
and enhanced fungal dissemination by dampened immune
responsiveness to pathobionts.”*”® Besides dectin-1, dectin-3
(Clec4d) and the soluble mannan-binding lectin (MBL) are also
important CLR involved in fungal recognition and intestinal
homeostasis.”*®° In addition, lamina propria C-X3-C motif
chemokine receptor 1-positive (CX3CR1%) mononuclear phago-
cytes (MNP) initiate and drive immune responses towards fungal
colonizers in murine models.?*®" Gut resident CX3CR1" MNP
upregulate expression of genes involved in fungal recognition,
including CLR dectin-1, dectin-2 (Clec6a), and Mincle (Clec4e), and
efficiently phagocytose C. albicans and other fungal species
in vivo.”™ Immune responses to fungi are also Toll-like receptor
(TLR) dependent, demonstrated by TLR-induced tolerogenic
responses in dendritic cells (DCs) and defective neutrophil
adherence and killing of C. albicans in TLR1~ and TLR2™/~
mice.8278* Deficiency in TLR2 further promotes increased coloniza-
tion and extraintestinal dissemination of C. albicans in immuno-
suppressed mice.®>% While other PRR (e.g, TLR4, NOD-like
receptors) may influence antifungal responses, they may play a
less influential role during homeostasis, and instead mediate
inflammatory responses during dysbiosis.”>?”~%2

Intestinal fungi are also critical for the induction of innate and
adaptive tolerogenic responses. Shortly after birth, fungal
colonization supports immune ontogeny by inducing the recruit-
ment of retinol dehydrogenase positive (RALDH™) DCs from the
intestinal lamina propria to secondary lymphoid organs (SLO).*
Fungal colonization-induced RALDH" DC trafficking supports gut-
associated lymphoid tissue (GALT) development, inducing lym-
phocyte gut homing to Peyer's Patches and mesenteric lymph
nodes (MLN).?> Besides GALT formation, the known role of RALDH
enzymes in the production of retinoic acid also supports
tolerogenic responses by this DC population.”®>™?> Work by
Bonifazi et al. also showed that Peyer's Patch-isolated DCs induce
tolerogenic responses to C. albicans by engagement of TLR4,
inducing TIR-domain-containing adapter-inducing interferon-f
(TRIF) and non-canonical nuclear factor-kappaB (NF-kB) pathway.5?
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Fig. 1 C. albicans-elicited immune responses during eubiosis and dysbiosis. a Antibiotic-treatment and microbiome perturbations
lead to fungal overgrowth and morphological changes in fungal colonizers. C. albicans morphological switch is mediated by master
transcription factors (e.g., Efg1 and Worl) that orchestrate gene expression and the transition from commensal yeast form to pathological
hyphal growth.’**®> Commensal bacteria and secreted metabolic products (e.g., SCFA) suppress hyphae formation and can induce
commensalism.?®3'323% Community disruption and release of bacterial cell wall components (e.g., peptidoglycans) allows for hyphal growth,
associated with intestinal inflammation and extraintestinal dissemination.>®*” b During eubiosis, fungal interactions with the mucosal
immune system induce tolerogenic and homeostatic immune responses. Fungal sensing by tolerogenic DCs induce IL-10 secretion and Tregs
in intestinal lamina propria.*®* Intestinal pathobionts also induce class switching and systemic release of antifungal IgG.>* Similarly, induced
Th17 responses, and secreted cytokines IL-17 and IL-22 further contribute to barrier integrity by supporting mucus production, antimicrobial
peptides (e.g., p-defensins), and immunoregulatory cytokines (e.g., TSLP and IL-6) released by epithelial cells.'®*1%%1427144 ¢ Following
microbiome disruption, hyphae formation allows for epithelial adhesion and cell damage, eliciting mucosal inflammation. Hyphae detection
by inflammatory DCs induces Th2 responses and eosinophilia.?? Intestinal fungi uptake by cDC2 and CX3CR1" MNP induces antibody class
switch and secretory IgA towards the mycobiome.®® Hyphal cell recognition by NLRP3 inflammasome releases pro-inflammatory cytokines
(e.g., IL-1p and IL-18) that support Th1 and Th17 differentiation.”’>''*"'> Additionally, candidalysin, the cytotoxic peptide secreted by C.
albicans hyphal cells, induces epithelial damage and release of alarmins, further supporting antifungal inflammatory responses and
neutrophilia in the intestinal lamina propria.'®*%*1%8112 SCFA short-chain fatty acids; PPG peptidoglycans; AMP antimicrobial peptides; DC
dendritic cells; MNP mononuclear phagocytes; Treg regulatory T cells; Th T helper cell responses (typel, type 2, and type 17); TSLP thymic
stromal lymphopoietin; Eos, eosinophils; Neut neutrophils; NLRP3 NOD-and pyrin domain-containing protein 3.
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Similarly, the yeast-derived fungal cell wall component zymosan
induces tolerogenic DCs via engagement of TLR2.% These
tolerogenic DCs show higher secretion of IL-10 and reduced
secretion of IL-6, IL-12(p40), IL-12(p70), and TNF-a pro-inflamma-
tory cytokines in a mitogen-activated protein kinase (MAPK)
signaling-dependent matter®® Altogether, these studies support
the role of pioneer fungal colonizers in inducing tolerogenic DCs
and regulatory T effector (Teff) responses in the gut.

Beyond mucosal tolerogenic responses, fungal colonization
influences the delicate network of the various Teff subsets in the
intestinal mucosa, which are critical for intestinal homeostasis by
preventing aberrant inflammation and maintaining barrier
integrity.”>” Eubiotic conditions favor constant luminal sampling
that results in heterogeneous Teff responses to fungal colonizers**
(Fig. 1b). T helper 17 (Th17) cells are the most abundant effector
response against C. albicans, which has been proposed to increase
Th17 proportions in the colon through epithelial cell
adherence.®*?® Although, C. albicans also induces lower propor-
tions of Th1 and Th2.*° Additionally, C. albicans can induce
differentiation of naive CD4" T cells to a non-conventional
Th1 subset, characterized by elevated production of IFN-y and
reduced IL-17A, IL-22, and IL-4.°° Mice colonized with a yeast-
locked C. albicans strain (flo8 mutant) induced IL-10 secretion by
DCs and macrophages, supporting survival and efflux of naive
CD4™ T cells from the thymus in a dectin-2-dependent matter.'®
This systemic priming with a flo8 mutant increased Th1-biased
immune response in subsequent infection models with C. albicans
and polymicrobial sepsis,'® supporting the role of yeast-induced
immune priming in triggering Teff responses and preventing
disseminated infections.

As with the bacterial microbiome, mycobiome-immune inter-
actions in the gut are bidirectional (Fig. 1b). The mycobiome is
shaped by selective pressure from mucosal immunoglobulins. As
mentioned above, secretory IgA produced in response to
intestinal colonization by C. albicans is preferentially directed
against the hyphal morphotype, producing a negative selective
pressure that favors colonization by the yeast form.>>%° Mucosal
phagocytes also contribute to shaping the mycobiome through
recognition of intestinal fungi and regulation of antifungal
humoral responses. Interestingly, while systemic antifungal IgG
responses seem to be dependent on CX3CR1* MNP only, luminal
IgA responses are significantly reduced in mice lacking both
CX3CR1"MNP and CD11c¢*CD11b*CD103* conventional DC
(cDC2), supporting the role of both cell populations in inducing
IgA responses in GALT.”?* It has been also shown that Cx3cr1 '~
mice harbor dysbiotic mycobiome, with overrepresentation of the
Ascomycota phylum, although no changes were observed in the
absence of cDC2 cells,** suggesting that CX3CR1" MNP are critical
to sustain fungal gut eubiosis. Further, antimicrobial peptides
(AMP) released by intestinal epithelial cells contribute to
colonization fitness as well as spatial distribution fungi in the
gut lumen.'" These examples highlight the intricate communica-
tion between the immune system and the mycobiome, in which
bidirectional interactions modulate homeostatic immune
responses and intestinal eubiotic conditions.

Fungal dysbiosis and intestinal immunopathology

Mycobiome perturbations can constitute dysbiotic states resulting
in pathological mucosal immune responses (Fig. 1c). Mechan-
istically, this is perhaps best exemplified by the consequences of
antibiotic-induced dysbiosis for Candida-immune interactions. By
disrupting homeostatic transkingdom interactions between com-
mensal bacteria and Candida, antibiotic treatment enables hyphal
morphogenesis. Hyphal Candida expresses adhesins and other
virulence factors that induce epithelial damage, barrier disruption,
immune activation, production of pro-inflammatory cytokines, and
the recruitment of inflammatory cells.>*'%?7'%* Fungal infection
and epithelial cell activation/damage can release alarmins, which
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further activate antigen presenting cells and exacerbate innate
and adaptive immune responses.'”® Yeast cells differentially
activate innate immune responses in epithelial cells, with hyphal
recognition and increased fungal burden being required for
second-phase MAPK signaling cascade and pro-inflammatory
responses.'® Moyes et al. demonstrated that NF-kB activation in
epithelial cells occurs independently of fungal morphology, yet the
hyphal growth induces the secondary MAPK signaling pathway,
leading to MKP1 and c-Fos activation, and stronger cytokine
and chemokine production, including G-CSG, GM-CSF, IL-1, and
IL-6."%*'% This enhanced pro-inflammatory response was only
initiated past a certain hyphal burden, suggesting tightly regulated
immune mechanisms able to differentially respond to colonizing
versus pathogenic fungal forms. Additionally, intestinal epithelial
cells exposed to hyphae result in increased secretion of IL-8, a pro-
inflammatory cytokine with notorious chemoattractant property on
neutrophils.'””~'% Overall, differential signaling pathways mediate
proinflammatory responses elicited by the hyphal morphology of C.
albicans during conditions of community disruption.

While its precise role in Gl colonization and extraintestinal
dissemination remains to be explored in vivo, the hyphae-secreted
peptide toxin candidalysin, induces cytotoxic damage in in vitro
models of oral,'® vaginal,''® and intestinal epithelial cells,'®
besides eliciting endothelial damage and supporting systemic
fungal infection in mice.'"" Candidalysin can also activate
proinflammatory pathways in mucosal phagocytes such as NOD-
and pyrin domain-containing protein 3 (NLRP3) inflammasome
and caspase-1 activation.''> While the yeast form of C. albicans is
unable to induce the inflammasome,''® hyphal sensing by the
NLRP3 inflammasome induces the release of IL-18 and IL-13 by
myeloid cells, and enhanced proinflammatory Teff responses (Th1
and Th17)."">""*'5 |n addition to promoting pathological
inflammation, activation of the NLRP3 inflammasome by C
albicans can also promote immune evasion of this pathobiont
by impairing phagocytosis and inducing cell death.''® Hyphal
outgrowth of Candida during antibiotic-induced dysbiosis can also
contribute to dysregulated intestinal inflammation through TLR
pathways. Candida-sensing via TLR4 induces pro-inflammatory
cytokine secretion in macrophages, including CXCL1, IL-1B, and
TNF-a.’" TLR4 is also important for controlling Candida dissemina-
tion and neutrophil recruitment to sites of infection.’’* TLR2
engagement in inflammatory DCs activates the myeloid differ-
entiation primary response 88 (MyD88) and canonical nuclear NF-
KB signaling, also leading to Th2 (CD4"GATA3™) cell accumulation
in mLN.22 The authors also reported a higher activation of reactive
oxygen species in hyphae-pulsed DCs, potentially involved in the
activation of the Jun N-terminal kinases 1 and 2 (JNK 1/2) signaling
pathway and Th2 induction by these inflammatory DCs.®?
Altogether, differential activation of DCs by yeast and hyphal
forms of C. albicans can mediate distinct immune responses in
intestinal tissue by inducing homeostatic and inflammatory DC
functions, respectively.

Fungal dysbiosis also elicits regulatory mechanisms that aid in
fungal immune control. During candidiasis, there is an expansion
of Tregs in murine intestinal tissue and draining mLN, which
dampens Th1/Th2 responses while boosting antifungal Th17
immunity 3211711 nterestingly, fungal interaction with indolea-
mine-2,3-deoxigenase (IDO)" DCs induced Treg responses that
controlled overt Th1/Th17 activity. However, yeast cells were not
able to stimulate IDO expression, suggesting hyphal cells are
uniquely capable of inducing Th17 effector responses via the
expansion of Tregs.''® Similarly, differential interaction of yeast
and hyphae cells with Peyer’'s Patch DCs affect local antifungal
responses. Yeast cell interaction with proinflammatory DCs
induced Th2 differentiation, while hyphae promoted Th1/Treg
differentiation to control fungal growth,®? further demonstrating
the intricate role of fungal morphology on ensuing immune
regulatory responses.
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Emerging evidence implicates mycobiome perturbations as an
important contributor to chronic intestinal inflammation. For
example, antifungal-induced expansion of the fungi Aspergillus
amstelodami, Epicoccum nigrum, and Wallemia sebi exacerbated
experimental models of colitis.*® However, the collateral
antimicrobial-induced shifts to the bacterial microbiome may
confound these results.*® Mycobiome dysbiosis may also con-
tribute to IBD pathogenesis in humans. Increased absolute
abundance of C. albicans has been associated with IBD flares,'?°
and its relative abundance is also predictive of clinical remission
after fecal microbiota transfer (FMT) treatment, which led to
decreased Candida sp. abundance."®' This work revealed the role
of mycobiome dysbiosis in chronic colitis development and
resolution, likely through a combination of immune and ecological
mechanisms.

Further evidence supporting the causal contribution of fungal
immune recognition mechanisms in IBD pathogenesis stems from
genome wide association studies (GWAS). These include the
association between Clec7a haplotype rs2078178-rs16910631 and
increased ulcerative colitis (UC) severity, and the CX3CR1 T280M
polymorphism linked to impaired antifungal antibody responses
in CD patients.**'?? Microbial-genotype association studies have
further elucidated fungal recognition immune functions with
specific fungal taxa that modulate disease severity. For instance,
the caspase recruitment domain-containing protein 9 (CARD9)*'?N
risk allele has been linked to increased abundance of the yeast M.
restricta in IBD patients.'> In contrast, Sokol et al. showed that the
dectin-1 Clec7a single nucleotide polymorphism (SNP) rs2078178
(also associated with medically refractory UC) was inversely
associated with a different Malassezia species, M. sympodialis
during IBD flares."®® Similarly, the IBD-associated CARD9 SNP
rs10781499 trended toward negative correlation (p = 0.072) with
the abundance of S. cerevisiae,'*® potentially supporting a
protective role of some fungal species in preventing intestinal
inflammation. Altogether, these studies portray the important
contributions of mycobiome-immune interactions to the devel-
opment and persistence of IBD.

Accordingly, several of the immune functions implicated in
GWAS have been evaluated in animal models. Dectin-1 deficiency
resulted in increased severity of dextran sulfate sodium (DSS)-
colitis and increased circulating anti-S. cerevisiae antibodies (ASCA)
IgG and IgM,'?? supporting a loss of tolerance against intestinal
fungi. Similarly, mice lacking intestinal CX3CR1" MNPs exhibit
increased susceptibility to DSS-induced colitis due to a failure to
mount protective antifungal immune responses.>* M. restricta was
found highly abundant in the inflamed intestinal mucosa of CD
patients and exacerbated the disease through CARD9-mediated
activation of macrophages and DCs.'?® Likewise, expansion of
Debaryomyces hansenii has been identified in mucosal wounds in
colitis models and CD patients, directly contributing to impaired
wound healing through induction of the type-1 IFN-CCL5 axis in
mucosal macrophages.'** However, activation of spleen tyrosine
kinase (Syk)-CARD9 signaling in myeloid cells, downstream of CLR
recognition of the gut mycobiome, protected against colitis and
colon cancer in an azoxymethane-DSS model.'*® This effect was
mediated by inflammasome activation and subsequent matura-
tion of IL-18, and reduced hyperplasia in colonic epithelia.'*®

Overall, these findings underline the delicate relationship
between the mycobiome and intestinal inflammation, whereby
the outcomes of immune interactions with these fungi is highly
dependent on context. Research to date has unveiled innate
detection of intestinal fungi as critical in maintaining appropriate
mucosal interactions and preventing the development of fungi-
associated inflammation. However, given the diversity of fungal
species associated with dysbiosis of the mycobiome,*® further
research is needed to understand the mechanisms by which other
fungal taxa contribute to intestinal immunopathology. In addition,
given the ecological effects of fungi on the bacterial
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microbiome,'%'?® future studies should also incorporate bacterial
microbiome analysis, as this may help explain divergent results
from animal studies colonized with fungal species.

MYCOBIOME-IMMUNE INTERACTIONS BEYOND THE GUT
Intestinal mycobiome in the gut-lung axis

The mycobiome can prime the immune system and modulate
inflammatory outcomes at extraintestinal mucosal sites, especially
in the airways (Fig. 2a). Using gnotobiotic mice, we determined a
causal contribution of fungal colonization on early-life immune
development and allergic airway disease, independently and in
combination with bacteria.'® Exclusive yeast colonization aug-
mented monocyte/macrophage lung infiltration in the airways in
response to allergic ovalbumin challenge.’® Similarly, antibiotic
treatment induced gut fungal overgrowth and alternative macro-
phage (M2) polarization in the airways, supporting allergic airway
inflammation.'?’ Further, P. kudriavzevii, a yeast found increased in
3-month-old infants who developed atopic wheeze at 5 years,
exacerbated house dust mite (HDM)-induced airway inflammation
in mice.?®3? These mice displayed increased type-2 and type-17
airway inflammation and elevated circulating IgE, highlighting the
ability of this yeast to prime adaptive immunity, despite only
transient colonization of young mice.>? Beyond the classical Th2-
induced allergic response, Th17 responses induced by C. albicans
can have off-target effects by increasing airway inflammation in
mice and humans.®'?® Intestinal colonization with C. albicans led
to immune cross reactivity with other fungal antigens via Th17
cells.2 Expansion of these Th17 cells resulted in enhanced chronic
immune responses against Aspergillus fumigatus in the airways of
patients with inflammatory respiratory diseases, including asthma,
chronic obstructive pulmonary disease, and cystic fibrosis.?
Ultimately, intestinal fungi have a role in priming immune
responses and increasing susceptibility to allergic airway inflam-
mation via Th2 and Th17 mechanisms.

Other less abundant members of the mycobiome have also
been implicated in intestinal immune priming of airway inflam-
mation. Wheeler et al. showed that colonization with A.
amstelodami, E. nigrum, and W. sebi was sufficient to recapitulate
the HDM-induced airway inflammation seen with antifungal-
induced expansion of these fungal species.®® It was later
determined that Syk signaling in CX3CR1" MNPs in the intestine
is necessary to induce the Th2 phenotype underlying the
exacerbated HDM-induced airway inflammation in this model.®’
Expanded intestinal Wallemia mellicola was also associated with
exacerbated airway disease in an HDM-induced airway inflamma-
tion model.>” HDM restimulation of mediastinal lymph nodes from
these mice resulted in elevated IL-13 expression by CD4*1 T cells,
but no differences in IFN-y or IL-17.2” This work suggests that
fungi-induced allergic airway inflammation can occur through
several immune mechanisms beyond the potent Th17 responses
elicited by C. albicans, and likely involves different fungal
colonizers, many of which remain to be studied.

Influence of mycobiome-immune interactions on systemic
defense against pathogens

Intestinal fungal colonization can increase protection against
infection through immune priming. C. albicans intestinal coloniza-
tion induces protective immune responses against invasive
candidiasis, mediated by elevated systemic anti-C. albicans Th17
cells and IL-17 responsive neutrophils'®® (Fig. 2b). However, it
remains unclear whether these responses would be protective
against infections by other fungal colonizers. C. albicans intestinal
colonization is also critical for the development of protective IgG
responses against disseminated infection of Candida auris to the
brain but not the kidneys.9 In contrast, common environmental,
skin, and food derived fungi, such as Cladosporium cladosporioides,
M. restricta, and S. cerevisiae, respectively, failed to elicit IgG
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Fig. 2 Immune modulation of the intestinal mycobiome at extraintestinal sites in mice. a The intestinal mycobiome has been associated
with increased susceptibility to airway inflammation. Th2 airway inflammation has been shown to be increased by various intestinal fungi,
including P. kudriavzevii, A. amstelodami, E. nigrum, and W. mellicola.”’***® C. albicans colonization leads to an expansion of C. albicans-specific and
cross-reactive Th17 cells, which promotes pathogenic inflammatory responses to A. fumigatus in the airways.2'*® Yeast colonization from early life
has been demonstrated to increase monocyte infiltration in the lungs during ovalbumin-induced inflammation in adulthood.’® Antibiotic
perturbation of the mycobiome, leads to C. albicans overgrowth and consequent increases in prostaglandin E2 (PGE2), leading to the polarization
and activation of pulmonary M2 macrophages.'?” Fungal colonization and antibiotic-induced fungal expansion also enhanced allergic responses
and eosinophilia in the airways.'®?*?”%! b Enhanced systemic immunity by the intestinal mycobiome provides protection from infection. C.
albicans colonization primes Th17 cells and enhances IL-17 responsive neutrophils, significantly contributing to anti-fungal defenses.'?® The wild
mycobiome is associated with increased circulating CD44™ T cells and neutrophils.”*® Through trained immunity, intestinal fungi may
epigenetically reprogram monocytes, leading to an increase in the secretion of canonical proinflammatory cytokines which are protective against
systemic infections.”>'3*3¢ |n addition, fungal colonization can increase IgG, with C. albicans colonization being integral to the production of
protective IgG responses against infection.’ Immune-responses elicited by C. albicans intestinal colonization protects the host from extraintestinal

dissemination, besides inducing cross-kingdom protection from infection (e.g., S. aureus and C. difficile).

responses in the host.® This reveals less potent immunogenicity in
these colonizers and suggests that cross protection against other
fungi implicates phylogenetically similar fungal taxa.

As with mucosal responses, innate immune detection is critical
for immune control of systemic infections. CARD9 signaling in
intestinal CX3CR1* MNPs is required for the development of anti-
C. albicans 1gG.° Individuals with mutant CARD? alleles suffering
from systemic candidiasis displayed reduced circulating anti-C.
albicans 1gG relative to wild-type individuals.® However, the
relative risk of systemic infections in individuals carrying mutant
CARD? alleles remains unknown. In addition, C. albicans coloniza-
tion resulted in more robust production and improved reactivity
of anti-Candida systemic IgG, than systemic C. albicans infection,®
emphasizing the importance of mucosal immune interactions in
driving these systemic responses.

Aside from enhancing protection against fungal infections, the
mycobiome can also promote protective immune responses
against heterologous pathogens (Fig. 2b). For example, C. albicans
colonization primed Teff responses that provided cross-kingdom
protection against systemic Staphylococcus aureus infection.'?®
Consistent with these findings, a vaccine against the N-terminus of
Candida adhesin Aslp3 was reported to provide T cell mediated
cross protection against both systemic candidiasis and S. aureus
infection in mice.'**"3° Additionally, C. albicans colonization prior
to Clostridium difficile infection mediated increased expression of
IL-17A in the colon in a protective manner."®" Therefore,
expansion of C. albicans in the gut, which is commonly associated
with mycobiome dysbiosis, may result in collateral beneficial
consequences for host responses to infection, and may provide a
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framework for effective cross-kingdom preventative strategies
against invasive pathogens.

The intestinal mycobiome may also influence host defenses by
eliciting trained immunity (Fig. 2b). While immunological memory
is a property usually associated with adaptive immunity,
epigenetic changes in innate immune cells have emerged as
another mechanism of immune memory induction, allowing for
faster responses to previously exposed pathogens.'3*'33 |t was
first discovered that trained immunity applied to antifungal
defense when low-dose C. albicans infection in Rag1~’~ mice
improved survival to subsequent lethal C. albicans infection.'* In
this study, dectin-1 recognition of C. albicans B-glucan elicited
epigenetic changes in monocytes, mediated by rapidly acceler-
ated fibrosarcoma protein 1 (Raf-1) signaling, ultimately leading to
enhanced IL-6 and TNF-a secretion and candidacidal activity.'**
This same pathway was also found to induce trained immunity in
human peripheral blood mononuclear cells (PBMC) to TLR ligands
and commensal bacteria in vitro,'*> supporting cross kingdom
priming of innate immunity by this fungal colonizer. Similarly, S.
cerevisiae has also been reported to induce trained immunity
mediated by chitin recognition in monocytes.”? Innate immune
training with chitin improved survival and fungal clearance in
systemic C. albicans infection, accompanied by increased IL-6,
TNF-q, IL-1B, and IL-10 in kidneys.”? This highlights an important
role in host defense by what is typically considered a benign and
minimally immunogenic member of the mycobiome. Interestingly,
gut evolved strains of C. albicans that lack hyphal formation have
an enhanced ability to induce trained immunity against systemic
C. albicans, A. fumigatus, Pseudomonas aeruginosa, and S. aureus
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infections.>® These results were obtained following systemic
immunization with an evolved C. albicans strain, suggesting that
evolutionary pressures that permit intestinal colonization may also
provide signals for both intra- and interkingdom protection
against infection. Notably, this protective immune training can
also be passed on transgenerationally, with non-lethal systemic C.
albicans infection or zymosan stimulation of parental mice
enhancing protection in offspring against systemic infection with
E. coli or Listeria monocytogenes, respectively.'®® This protection
was sustained up to the second (F2) generation and was
attributed to functional, transcriptional, and epigenetic changes
that primed myeloid cells to respond to future infections.'3®
Overall, fungi-induced trained immunity has important implica-
tions for the impact of intestinal colonization on host immuno-
logical fitness, displaying true co-evolutionary fitness between the
mycobiome and host. At least in principle, uptake of intestinal
fungi or mycobiome-secreted soluble factors (e.g., B-glucans and
chitin) at mucosal sites could lead to regional and systemic trained
immunity in myeloid cells. However, evidence for trained
immunity in intestinal immune cells in response to the commensal
mycobiome has not been illustrated, thus the exact role of
intestinal fungi in this process, and their implications in early-life
immune training warrants further exploration.

Finally, recent wild microbiome studies have highlighted a
pivotal role of indigenous fungi normally absent in laboratory
mice. Derived through C57BL/6 embryo transfer to wild dams,
wildling mice displayed increased cecal fungal load and a distinct
immunological landscape in the spleen and peripheral circulation
compared to lab mice.'”®” Additionally, wildling mice more
accurately recapitulated the immunological outcomes of clinical
trials for the CD28-superagonist monoclonal antibody and anti-
TNF-a treatment in sepsis.'*” In another study, lab mice released
into an outdoor enclosure, termed rewilded mice, displayed
elevated intestinal filamentous fungi.'*® Rewilded mice demon-
strated increased activation of the systemic immune system,
characterized by an increased proportion of circulating neutro-
phils and activated (CD44™) CD4"and CD8" T cells.”® These
findings suggest that laboratory microbial environments may be
masking fungi-derived immune functions with essential roles in
disease outcomes and responses to treatment, which may be key
to improved translatability of immunological research.

Results from wild microbiome studies further highlight the
double-edged immune outcomes from intestinal colonization with
fungi. On one hand, their immunogenic nature stimulates anti-
pathogen immunity at mucosal and systemic sites, enhancing
protection against a spectrum of pathogens. Simultaneously,
these more robust mechanisms of anti-pathogen immunity may
elicit off-target effects yielding collateral damage to host cells and
tissues, contributing to the pathogenesis of sepsis. In this context,
wildling mice may be a more suitable model of the immunological
balance between systemic host defense and collateral immune-
mediated organ injury, however, further experimentation must be
performed to test this hypothesis.

CONCLUDING REMARKS

With our emerging appreciation of the importance of intestinal
fungi towards mucosal and systemic immune regulation, and in
maintaining the balance between health and disease, a critical
outstanding question remains in the field: how should we define
mycobiome dysbiosis? Studies have clearly demonstrated that the
mechanisms of dysregulated fungi-immune interactions in
disease go far beyond simply observing shifts in fungal commu-
nities, and include important contributions of mycobiome
function (e.g., cellular morphogenesis, fungal products, and
metabolites), transkingdom interactions with other commensal
microbes, and how these contribute to bi-directional interactions
with the host."?%"3%71 Therefore, we propose a holistic
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framework for studying fungal dysbiosis in disease that integrates
taxonomic community shifts, functional mycobiology, morpholo-
gical shifts and transkingdom interactions, together with the
cellular and molecular mechanisms of immune dysregulation that
collectively mediate disease. This comprehensive framework for
dysbiosis will not only enable a deeper understanding of the role
of colonizing fungi in disease, but will be crucial to designing
precision-guided mycobiome-modifying therapies. Currently,
much of our understanding of fungi-immune interactions in the
gut have been derived from studies focused on a single organism,
C. albicans. While this model organism has uncovered ground-
breaking discoveries, much remains to be revealed about the role
of other fungi, as well as the cumulative functional impact of the
multikingdom interactions that contribute to fungal dysbiosis and
its impact on intestinal and extraintestinal diseases.
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