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SUMMARY

Calcium is an abundant intracellular ion and calcium homeostasis plays crucial roles in several
cellular processes. The calcineurin signaling cascade is one of the major pathways governed by
intracellular calcium. Calcineurin, a conserved protein from yeast to humans, is a calcium-
calmodulin-dependent serine/threonine-specific phosphatase that orchestrates cellular stress
responses.. In eukaryotic microbial pathogens, calcineurin controls essential virulence pathways,
such as the ability to grow at host temperature, morphogenesis to enable invasive hyphal growth,
drug tolerance and resistance, cell wall integrity, and sexual development. Therefore, the
calcineurin cascade is an attractive target in drug development against eukaryotic pathogens. In the
present review, we summarize and discuss the current knowledge on the roles of calcineurin in
eukaryotic microbial pathogens, focusing on fungi and parasitic protists.

INTRODUCTION

Eukaryotic microbial pathogens, including protists and fungi, are a major concern for human
health because of their prevalence and higher resistance rates against currently available
drugs (Fairlamb et al., 2016). Eukaryotic pathogens are more closely related to their hosts
than bacterial or viral pathogens, and this higher level of shared similarity poses significant
challenges to the development of novel drugs specific to eukaryotic pathogens with no or
minimal adverse effects on their hosts. It is necessary to understand both the eukaryotic
pathogen and host systems and their respective signal transduction mechanisms in order to
identify specific druggable targets and develop novel antimicrobial compounds.
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The calcium (Ca?*)-calcineurin signaling cascade has been extensively studied in eukaryotic
systems (Clapham, 2007) (Figure 1). Calcium is a key factor in myriad biological and
cellular processes that require the initiation of rapid responses and adaptation to diverse
environmental cues (Carafoli, 2002; Clapham, 2007). In response to internal or external
signals, cellular cytosolic calcium concentrations increase by influx through pumps in the
cell membrane or release from intracellular calcium reservoirs (i.e., vacuoles and the
endoplasmic reticulum) via channels (Carafoli, 2002). Cytosolic calcium ions bind to and
activate proteins containing the calcium-binding motif EF hands (Nowycky and Thomas,
2002). Calmodulin (calcium-modulated protein) is a representative sensor protein for
cytosolic calcium ions that transduces calcium signals into appropriate outputs through
calmodulin-binding proteins (including calcineurin), calmodulin-dependent protein kinases,
and histone deacetylases (Stull, 2001).

Calcineurin is a serine/threonine phosphatase that functions by dephosphorylating target
proteins in eukaryotes (Cyert, 2003; Rusnak and Mertz, 2000). In mammals, calcineurin
controls the activity of the key transcription factor NFAT (nuclear factor of activated T
cells), which is required for T-cell activation and interleukin (IL)-2 expression at the onset of
immune responses (Hogan et al., 2003). In addition, calcineurin is involved in many other
cellular processes, including differentiation of skeletal muscle, development of cardiac
valves, and regulation of neurodegeneration (Mukherjee and Soto, 2011; Schulz and Yutzey,
2004; Swoap et al., 2000). Importantly, calcineurin is the target of two immunosuppressants,
cyclosporine A (CsA, a cyclic peptide) and FK506 (tacrolimus, a macrolide), which are used
for organ transplant recipients. CsA and FK506 bind to the immunophilins cyclophilin A
and FKBP12, respectively, and each complex blocks access of the target proteins to the
active site of calcineurin (Ho et al., 1996).

The calcium-calcineurin signaling pathway is also conserved in eukaryotic microbial
organisms (Juvvadi et al., 2017). In fungi and protists, the calcium-calcineurin signaling
pathway is involved in biological processes, such as calcium homeostasis, stress responses,
maintenance of cell wall integrity, and flagellar motility. In pathogenic fungi and parasitic
protists, the calcium-calcineurin cascade is also involved in their virulence through a variety
of mechanisms, including adaptation to host and/or different environments, formation of
infectious propagules, and interaction with hosts (Table 1). In addition, calcineurin is
associated with antifungal drug resistance, suggesting that calcineurin is an attractive target
for the treatment of fungal infections (Juvvadi et al., 2017). Thus, a fuller understanding of
the components, functions, and molecular mechanisms of the calcium-calcineurin signaling
cascade will provide insights into host-pathogen interactions and facilitate development of
novel therapeutic approaches. Here, we describe and discuss the components of the calcium-
calcineurin pathway, highlighting the roles of this pathway in the virulence mechanisms of
eukaryotic microbial pathogens, pathogenic fungi and parasitic protists. We also discuss
strategies for the development of new drugs targeting the calcium-calcineurin pathway.

Components of the calcium-calcineurin signaling pathway

In most eukaryotic systems including major eukaryotic pathogens, the calcium-calcineurin
signaling pathway is composed of calcium channels, transporters, a calcium sensory protein
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(calmodulin), a calcium-calmodulin dependent phosphatase (calcineurin), and calcineurin
interacting proteins (i.e. cyclophilins).

Calcium pumps or transporters in the cell membrane or calcium storage organelles are
crucial for maintaining Ca2* homeostasis (Clapham, 2007), calcium-dependent signaling
pathways, and host-microbe interactions in pathogenic fungi and protists (Moreno et al.,
2011). In fungal cell membranes, the high-affinity Ca2* influx system (HACS) is the major
calcium entry route. HACS consists of two proteins, Cchl (calcium channel) and Midl
(mating-induced death), which interact to form calcium channels in the plasma membrane
and regulate calcium homeostasis, thereby impacting fungal growth, conidiation, and sexual
development. HACS is also required for virulence in the human pathogenic fungi Candida
albicans, Cryptococcus neoformans, and Aspergillus fumigatus (de Castro et al., 2014; Vu et
al., 2015). Along with the plasma membrane calcium influx system, calcium storage
organelles, such as vacuoles, the endoplasmic reticulum (ER), and the Golgi apparatus, are
involved in regulating calcium homeostasis in the cytosol (Gao et al., 2015). Vacuoles serve
as a primary Ca2* storage depot, and in yeast, the vacuolar membrane contains several Ca2*
transporters including Yvci (yeast vacuolar conductance), Vex1 (a H/Ca2* exchanger), and
Pmc1 (a Ca?*-ATPase). These transporters are involved in the control of intracellular Ca2*
concentrations, stress responses, and virulence of pathogenic fungi such as C. albicans and
A. fumigatus (Gao et al., 2015). In the Golgi and ER, the Ca?* pumps Pmr1, Cod1, and Ecal
also function to restore basal levels of cytosolic Ca2* and thus contribute to virulence (Gao
etal., 2015).

Increased cytosolic Ca* concentrations are sensed by calmodulin and other proteins
containing calcium-binding motifs (Stull, 2001). The Ca%*-calmodulin complex interacts
with targets that regulate cellular fuctions such as mitosis, growth, actin-based processes,
and stress responses in fungi and protists. Importantly, the Ca2* -calmodulin complex binds
to calmodulin-binding proteins, including calcineurin, calmodulin-dependent protein
kinases, and histone deacetylases. Calcineurin is a Ca2*/calmodulin-activated serine/
threonine-specific protein phosphatase that is a core member of the calcium-calcineurin
signaling cascade (Rusnak and Mertz, 2000). Calcineurin is a heterodimeric complex
consisting of a catalytic A (Cnal) subunit and a regulatory B subunit (Cnb1) (Steinbach et
al., 2007). The Cnal subunit contains an N-terminal catalytic domain, a C-terminal
regulatory domain for Cnb1 and calmodulin binding, and an autoinhibitory domain, which
together with the calmodulin-binding domain, controls calcineurin catalytic activity (Rusnak
and Mertz, 2000). At low calcium concentrations, the Cnb1 binding helix interacts with the
calmodulin-binding domain, and the autoinhibitory domain blocks the catalytic site of Cnal.
When Ca2* concentrations are high, calcium binds to calmodulin and Cnb1, resulting in a
conformational change of Cnb1. Calmodulin then binds to Cnal, releasing the autoinhibitory
domain from the substrate-binding site, thereby activating calcineurin to dephosphorylate
targets.

Several components of the calcineurin signaling cascade are similar between parasitic
protists and fungi. For example, most fungi and protists, with the exception of piroplasmids,
contain calcineurin and calmodulin orthologs with similar domains and functions. The
plasma membrane Ca2*-ATPase (PMCA) is a major channel for CaZ* influx from the
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extracellular milieu that plays a similar role in parasitic protists as the HACS channel in
fungi. However, unlike fungi, apicomplexan parasitic protists possess acidic calcium storage
organelles, acidocalcisomes and vacuoles related to those of plants. In these acidic
organelles, Ca2*-ATPases and Ca2*/H* exchangers play a central role in maintaining Ca2*
homeostasis (Moreno et al., 2011).

Downstream regulatory networks of the calcium-calcineurin signaling pathway

Although the core components of the calcium-calcineurin signaling pathway, such as
calmodulin and calcineurin, are conserved in eukaryotes, the functions of this pathway differ
between organisms. Indeed, downstream targets of this pathway, including calcineurin-
dependent transcription factors, are diverse in pathogenic fungi and may be missing
altogether in some parasitic protists (Table 2). The Crz1 transactivator, which contains one
or more C-terminal DNA binding C,H, zinc finger domains, is a conserved calcineurin
target in fungi and the calcineurin-Crz1 pathway is a major signaling module for calcium-
induced cellular responses in many pathogenic fungi (Thewes, 2014). Dephosphorylated
Crz1 translocates into the nucleus and activates the expression of Crz1-dependent genes,
including those involved in chitin synthesis (CHS7) and membrane transport (PMC1) (Chow
etal., 2017).

In the model budding yeast Saccharomyces cerevisiae, dephosphorylated Crz1 enters the
nucleus and binds to the calcineurin-dependent, Crz1-dependent response elements
(CDREs) in target promoters, regulating mRNA expression of genes such as FKSZ2, PMC1,
PMRI1, ENA1, GPXZ, and RCNI (Yoshimoto et al., 2002). These Crz1-dependent genes
have related functions, such as cell wall integrity, ion transport, and glucose metabolism.
Although Crz1-dependent genes have similar roles in different fungal species, a small subset
of calcineurin-Crz1-dependent genes is conserved among fungi. Some fungi, including S.
cerevisiae, A. fumigatus, and C. albicans, share similar CDRE motifs, but Crz1 orthologs in
other fungi recognize different CDRE sequence(s) (Chow et al., 2017). The function of Crz1
and its orthologs is apparently conserved, but Crz1 regulatory networks are plastic and
species-specific and respond differently to various stresses.

Although Crz1 and its orthologs are key calcineurin targets in many fungi, ¢rzZ mutant
strains have less severe phenotypes in terms of virulence or the pheromone response
compared to those of calcineurin mutant strains, indicating that calcineurin also coordinates
cellular functions in a Crzl-independent manner (Chow et al., 2017; Thewes, 2014). Putative
calcineurin targets that are involved in the calcineurin-Crz1-independent pathway have been
identified in two model organisms, S. cerevisiae and C. neoformans (Goldman et al., 2014;
Lietal., 2011; Park et al., 2016). In S. cerevisiae, calcineurin dephosphorylates its
substrates, including Crz1, Dig2, Rcnl, and Atgl3, thereby controlling many cellular
functions (Figure 2). Dig2, which is involved in pheromone responses during mating is one
such substrate in the calcineurin-Crz1-independent pathway. (Goldman et al., 2014).

In C. neoformans, 44 putative calcineurin targets, including Crz1 and several RNA-binding
proteins (Pbpl, Puf4, Pabl and Lhp1l), were identified by a phosphoproteomic analysis
during thermal stress (Park et al., 2016). Importantly, several targets, including Pbpl and
Puf4, colocalize with Cnal in P-bodies and stress granules in response to thermal stress,
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suggesting that calcineurin governs post-transcriptional processes that regulate stress
survival. Epistasis analysis has revealed that Crz1 and the RNA-binding proteins (Pbp1,
Puf4, and Lhp1) function in a branched pathway that orchestrates thermotolerance and
virulence (Park et al., 2016), and an RNA-seq analysis found 393 genes that are regulated by
calcineurin during thermal stress in a Crz1-independent manner (Chow et al., 2017). Overall,
these results indicate that calcineurin coordinates a branched signaling pathway to control its
targets at both the transcriptional and post-transcriptional levels (Chow et al., 2017; Park et
al., 2016). The calcineurin-Crz1-independent pathway also plays an essential role in various
cellular processes, but calcineurin substrates and regulatory networks have not been studied
in other eukaryotic pathogenic organisms.

Parasitic protists on the other hand, do not seem to have orthologs of yeast Crz1 and
mammalian NFAT in their known genomes. Interestingly, many protists appear to lack broad
classes of transcription factors (Balaji et al., 2005), suggesting that the calcineurin cascade
may operate in ways other than transcription factor mediated regulatory mechanisms
controlling virulence of parasitic protists. This could be due to the substantial evolutionary
distance between fungi and protists, leading to highly divergent rewiring of the calcineurin
pathway. Although direct targets of calcineurin remain to be identified in parasitic protists,
several potential targets have been proposed in the malaria parasite Plasmodium falciparum
including HSP90, actin-1, and phosphoglycerate kinase (Singh et al., 2014).

Additional studies are therefore needed to further illuminate the roles of calcineurin in
pathogenic fungi and to gain a thorough understanding of how this pathway operates to
control the virulence of parasitic protists. A combination of phospho-proteomic analysis and
genome wide CRISPR/Cas9 approaches will help identify additional calcineurin-Crz1
activated genes and Crz1-independent Calcineurin targets, and provide a more
comprehensive view of this signaling cascade (Goldman et al., 2014; Li et al., 2011; Park et
al., 2016).

Functions of the calcium-calcineurin signaling pathway in eukaryotic pathogens

Calcineurin plays a crucial role in the ability of eukaryotic pathogens to adapt to and survive
in the host and/or under certain environmental conditions. In most fungi, calcineurin
regulates mMRNA expression of genes associated with cell wall integrity. Second, calcineurin
is involved in the formation of infectious structures or propagules (spores or appressoria),
and during dimorphic transitions that play critical roles in many pathogenic fungi. For
example, calcineurin-defective fungal strains exhibit reduced formation of asexual spores
and sexual structures, and cannot complete the morphogenic transition (ie. yeast to hypha
and vice versa) (Cao et al., 2014; Choi et al., 2009; Huang et al., 2015; Juvvadi and
Steinbach, 2015; Lee et al., 2013). Calcineurin signaling pathway also controls host-
pathogen interactions in both fungi and protists, such as thehydrophobicity of spores, host
cell receptor engagement, actin depolymerization, and cell invasion (Alshahni et al., 2016;
Paul et al., 2015; Philip and Waters, 2015). In summary, calcineurin is involved in virulence
via multiple mechanisms, which we discuss in more detail below.
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Human/animal pathogenic fungi—C. neoformansis a global human fungal pathogen
and its ability to adapt to host environments is a prerequisite for its survival and virulence
(Cooney and Klein, 2008). In C. neoformans, calcineurin is essential for growth at host body
temperature (37°C), and is also required for survival in respon se to host environmental or
non-host environmental cues, such as osmotic and oxidative stresses (Cruz et al., 2001;
Odom et al., 1997). Calcineurin is also involved in hyphal elongation and survival during
mating and thus affects the production of infectious basidiospores that can readily
disseminate and can be inhaled to cause infection (Cruz et al., 2001; Kozubowski et al.,
2011). The calcineurin-Crz1 dependent pathway contributes to thermal stress survival, cell
wall integrity, small molecule transport, and virulence via transcriptional regulation (Chow
etal., 2017). In addition, Crz1-independent targets such as Puf4 and Lhp1 are involved in
controlling high-temperature growth and virulence (Park et al., 2016). Identification of Pbpl
as a calcineurin target also provides insight into how calcineurin regulates sexual
reproduction (Park et al., 2016). (Figure 2). The function of calcineurin has been
characterized in other basidiomycetous Cryptococcus species such as C. deneoformans (Fu
etal., 2018), C. gattii (Chen et al., 2013), and C. humicola (Zhang et al., 2017). Similar to its
role in C. neoformans, calcineurin is crucial for thermotolerance and virulence in these
species (Chen et al., 2013; Fu et al., 2018). Fu et al. examined the role of calcineurin in
unisexual reproduction and concluded that this process is affected at different stages of
sexual development via both Crz1- dependent and Crz1-independent pathways (Fu et al.,
2018).

Calcineurin plays a crucial role in cell wall integrity, stress response, asexual spore
production, and phosphate transfer, all of which are associated with the virulence of A.
fumigatus, a leading cause of invasive fungal infections (Steinbach et al., 2007). Several
studies have shown that deletion of the individual calcineurin A or B subunit or both
subunits in A. fumigatus results in defects in hyphal growth, conidial germination, stress
adaptation, septation, and cell wall formation (Juvvadi and Steinbach, 2015). In addition,
when compared to a wildtype strain, the calcineurin catalytic subunit AcnaA mutant is either
avirulent or exhibits attenuated virulence in animal models, where it shows decreased fungal
burden in lung tissues (Steinbach et al., 2007). Mutations in calcineurin cause inhibition of
hyphal extension during tissue invasions and as a result, decreased host mortality.

Candida species are components of the human microbiota that colonize the mucosal surfaces
of humans, and also cause superficial and invasive systemic fungal diseases (Pfaller and
Diekema, 2007). Calcineurin holds conserved roles in several Candida species including C.
albicans, C. glabrata, C. parapsilosis, C. tropicalis, and C. krusei, in which calcineurin is
required for morphogenesis (hyphal or pseudohyphal growth), cell wall integrity, and
responses to ER stress (Chen et al., 2011; Chen et al., 2012; Chen et al., 2014; Zhang, J. et
al., 2012). In addition, deletion of the calcineurin catalytic subunit causes attenuated
virulence of Candidaspp. in a murine systemic infection model, and other model systems,
suggesting that calcineurin is essential for fungal virulence (Chen et al., 2011; Chen et al.,
2013; Chen et al., 2014; Yu et al., 2015). Importantly, calcineurin mutants cannot survive in
sera, implying that calcineurin is required to survive in the host bloodstream(Steinbach et al.,
2007). Unlike other Candida species, C. glabrata calcineurin mutants only exhibit growth
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defects at human body temperature, which is similar to calcineurin mutants in C.
neoformans and C. gattii (Chen et al., 2012). The mechanisms underlying the species
specificity to temperature stress remain to be fully elucidated.

In Mucor circinelloides, one of the key Mucorales responsible for mucormycosis,
calcineurin coordinates the yeast-hyphal dimorphic transition and fungal spore size, which
are crucial processes that contribute to virulence (Lee et al., 2013) and alter host-pathogen
interactions (phagosome maturation and host cell death) (Lee et al., 2015). In Trichophyton
mentagrophytes (Arthroderma vanbreuseghemii), a dermatophyte species that causes skin
and nail infections in animals and humans, calcineurin is also involved in hyphal
morphogenesis, thermal stress resistance, and spore hydrophobicity (Alshahni et al., 2016).
Importantly, calcineurin inhibitors in combination with other antifungal agents against 7.
mentagrophytes and Mucorales showed synergistic effects, suggesting that calcineurin is an
attractive anti-fungal target (Shirazi and Kontoyiannis, 2013). These pathways and
calcineurin targets are summarized in Figure 2.

Plant pathogenic fungi—Similar to human pathogenic fungi, calcineurin plays important
roles in the pathogenicity of fungi that infect plants, which cause substantial economic
losses in agriculture and contribute to food shortages (Fisher et al., 2012). Calcineurin
controls fungal growth and spore formation, resulting in decreased production of asexual or
sexual spores, which are major infectious propagules. For example, deletion of the
calcineurin catalytic A subunit gene leads to the production of abnormal hyphae and the
absence of mature conidia in the citrus fungal pathogen A/ternaria alternate (Tsai and
Chung, 2014). In the soil borne pathogen \Verticillium dahliae, Crz1 is crucial for the
production of microsclerotia to survive in the environment (Xiong et al., 2015). In several
fungi, including Valsa pyri, Ustilago maydis, and Sclerotinia sclerotiorum, calcineurin
mutants produce abnormal or reduced sexual structures (Egan et al., 2009; Harel et al., 2006;
He et al., 2016). Calcineurin is also essential for fungi to penetrate plant hosts. The
appressorium is a specialized infectious structure in many plant pathogenic fungi and Acrz1
mutants of Magnaporthe oryzae, Magnaporthe grisea, and Botrytis cinerea exhibit abnormal
appressorium maturation and defects in host penetration, resulting in reduced pathogenicity
(Choi et al., 2009; Schumacher et al., 2008; Zhang et al., 2009). Further calcineurin
inhibition blocks appressorium formation in Cochliobolus miyabeanus (Ahn and Suh, 2007).
In Puccinia striiformisf. sp. tritici (Pst), calcineurin regulates the expression of
pathogenicity genes involved in the wheat-Pst interaction (Zhang, H. et al., 2012). Similar to
human pathogenic fungi, calcineurin is required for cell wall integrity and stress responses in
several plant pathogenic fungi. In S. sclerotiorum, inhibition of the calcineurin pathway
causes reduced p-1,3-glucan in the cell wall and thus increased sensitivity to glucan
synthase inhibitors and cell wall-degrading enzymes (Harel et al., 2006).

Insect pathogenic fungi—The roles of calcineurin have been studied in two
entomopathogenic fungi: Beauveria bassianaand Metarhizium acridum (Cao et al., 2014; Li
et al., 2015). Deletion of the calcineurin catalytic subunit leads to a decrease in the number
of conidia produced and an increased sensitivity to various stressful conditions in both
species. In addition, mutations in calcineurin lead to altered cell wall composition and a
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defect in conidial surface hydrophaobicity, resulting in a decreased ability to bind to
hydrophobic surfaces in B. bassiana or M. acridum. Calcineurin mutants produced weakened
cell walls and thus had increased susceptibility to host defenses. In addition, calcineurin
mutants were more sensitive to heat and other stresses. Calcineurin also regulates the
germination and appressorium formation required for cell invasion in insect hemocoels by
M. acridum. These results provide insights into the mechanistic roles of calcineurin in the
virulence of two insect pathogenic fungi.

Parasitic protists—As in fungi, the calcium-dependent calcineurin signaling cascade
plays diverse roles in the life and virulence cycles of protists (Billker et al., 2009).
Interestingly, the role of calcineurin in the pathogenicity of parasitic protists is similar to that
in plant-pathogenic fungal calcineurin, in that calcineurin is involved in host cell attachment
and invasion (Table 1). In the malaria-causing protist 2. falciparum, Singh et a/ found that
calcineurin controls actin depolymerization prior to actin-dependent entry into host cells,
and also modulates microneme exocytosis during erythrocyte invasion (Singh et al., 2014).
Furthermore, calcineurin regulates the ability of P falciparum to recognize and engage
surface receptors in diverse host cells (Paul et al., 2015). The function of calcineurin is
highly conserved in other apicomplexans, including 7oxoplasma gondii, in which depletion
of calcineurin results in a decrease in protist attachment to host cells and defects in cellular
entry (Paul et al., 2015). This was also observed in Plasmodium berghei, a protist that causes
malaria in certain rodents, where deletion of calcineurin causes reduced colonization of
diverse host cell types and impaired erythrocyte invasion (Philip and Waters, 2015). In
Trypanosoma cruzi, the causative agent of Chagas disease, inhibition of calcineurin leads to
reduced host cell entry, suggesting that calcineurin is required for cell invasion (Araya et al.,
2008). These results demonstrate that calcineurin plays essential roles in host cell attachment
and cell invasion in the pathogenesis of diverse protists.

Calcineurin has additional roles in the adaptation to environmental or host stresses in some
protists. Similar to the role of calcineurin in C. neoformans, calcineurin is required for
thermotolerance to host temperature and proper responses to environmental stresses in
Leishmania major (Naderer et al., 2011). In Leishmania donovani, calcineurin is involved in
pathogenesis by controlling flagellar motility and wave polarity (Mukhopadhyay and Dey,
2017). Overall, these studies illustrate that calcineurin plays a global role in virulence but via
distinct virulence mechanisms in different eukaryotic microbial pathogens.

Calcineurin as a potential drug target against pathogenic fungi and parasitic protists

Because the calcineurin pathway is important for fungal virulence, its components are
promising antifungal drug targets (Fox and Heitman, 2002). FK506 and CsA have potent
antifungal and immunosuppressive properties (Ho et al., 1996). These natural compounds
interact with the immunophilins FKBP12 and cyclophilin A (CypA) and form
immunophilin-immunosuppressant complexes (FK506-FKBP12 and CsA-CypA), which
bind to and inhibit calcineurin (Cardenas et al., 1995; Heitman et al., 1994). While these two
drugs are currently available as immunosuppressants, neither is effective for treating
systemic fungal infections because both show host cross-reactivity (Azzi et al., 2013).
Various strategies have been proposed to reduce the side effects and/or increase the
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antifungal activity of these calcineurin inhibitors. L-685,818 is an FK506 analog with
reduced immunosuppressive activity that exhibits antifungal activity against C. neoformans
and C. albicans (Del Poeta et al., 2000; Lee et al., 2018). Nambu and colleagues developed a
novel strategy using FK506 analogs that act as an antagonist by binding to FKBP12 (Nambu
etal., 2017). These analogs could enter mammalian, but not fungal, cells and did not inhibit
calcineurin activity in mammalian cells. The combination of excess antagonist with FK506
is not immunosuppressive and has potent antifungal activity against A. fumigatus (Nambu et
al., 2017).

Although calcineurin is essential for virulence in eukaryotic pathogens, its effects on the
pathogenicity of fungi and protists are somewhat varied. Mutants lacking calcineurin are
avirulent in mouse models in some fungal species such as C. neoformans (Odom et al.,
1997) and C. gattii (Chen et al., 2013), whereas absence of calcineurin results in significant
attenuation of virulence in other fungal species including A. fumigatus (Steinbach et al.,
2006), C. albicans (Blankenship et al., 2003), and M. circinelloides (Lee et al., 2013). These
results suggest that calcineurin inhibitors can be useful as combination antifungal therapy
with other antifungal agents (Johnson et al., 2004). A variety of studies demonstrated that
calcineurin inhibitors show synergistic effects with other anti-fungal agents (Azzi et al.,
2013). For example, FK506 is synergistic with fluconazole against C. neoformans (Del
Poeta et al., 2000), and calcineurin inhibitors have potent fungicidal activity against azole-
resistant A. fumigatus in combination with Hsp90 inhibitors (Cowen et al., 2009). Further,
FK506 and posaconazole exhibit synergistic efficacy in heterologous animal mucormycosis
model systems (Lewis et al., 2013). FK506 also exhibits synergistic growth inhibition in
combination with micafungin against M. circinelloides (Lee et al., 2015), and a lower
incidence of mucormycosis was observed among solid organ transplant recipients receiving
immunosuppressant FK506 treatment(Singh et al., 2009). In C. albicans, calcineurin
inhibitors can perturb biosynthesis of the membrane lipid ergosterol, and combination of
calcineurin inhibitors with membrane fluconazole is highly synergistic for fungicidal activity
(Cruz et al., 2002). These results suggest that combination treatment with calcineurin
inhibitors and other anti-fungal agents is a promising strategy.

Beyond the calcineurin complex, other components of the calcium signaling pathway, such
as calcium channels, pumps, and downstream calcineurin targets, are promising targets for
new antifungal agents (Gao et al., 2015). Notably, compounds that block calcium channels
or inhibit calmodulin activity show antifungal activity alone or in combination with other
antifungal agents (Butts et al., 2014; Spitzer et al., 2011). However, several components of
the calcium signaling pathway are conserved in the host and thus, it is necessary to identify
components unique to eukaryotic pathogens. Overall, the findings summarized here
highlight the importance of the calcineurin pathway as a promising target for novel
antifungal agents and for the treatment of invasive fungal infections.

Conclusions

Because the calcium-calcineurin signaling pathway plays crucial roles in fungal biology and
pathogenicity, it has been the subject of extensive studies over the past two decades. In
eukaryotic pathogens, calcineurin governs processes including morphogenesis, stress
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responses, drug tolerance, cell wall integrity, and mating. Importantly, the calcium-
calcineurin signaling cascade is associated with virulence via various mechanisms in fungi
and protists (Table 1). Therefore, the components of the calcineurin signaling pathway are
considered attractive targets for novel antifungal agents. Further elucidation of the molecular
mechanisms of the calcineurin signaling pathway is required to develop novel antifungal or
antiparasitic agents. In both mammals and fungi, the core components of the calcineurin
pathway are highly conserved, implying that inhibitors for these components may have host
cross-reactivity. However, downstream components of the pathway such as calcineurin
targets or calcineurin-Crz1-controlled genes are diverse between eukaryotic pathogens and
mammals. Further molecular and functional characterization of these calcineurin fungal-
specific targets could aid in the development of antifungal drugs with reduced host toxicity.
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In this Review, Park et al. provide an overview of the calcium-calmodulin-calcineurin
signaling pathways in eukaryotic microbial pathogens, with a focus on fungal pathogens
and parasitic protists. They highlight both the conserved and unique aspects of this
important pathway, and explore their potential role as therapeutic target against such
pathogens.
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Figure 1. The calcineurin signaling pathway in mammals, fungi, and protists.
In response to external or internal signals, intracellular calcium concentrations increase via

uptake from the extracellular milieu or by release from intracellular stores. Calcium ions
bind to the calcium binding protein calmodulin, which in turn binds to and stimulates
calcineurin protein phosphatase activity. Activated calcineurin dephosphorylates target
proteins, including NFAT and Crz1, enabling appropriate cellular responses.
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Figure 2. Functions of the calcineurin signaling pathway in S. cerevisiae, C. neoformans, A.
fumigatus, and C. albicans.

The phenotypes and functions attributed to calcineurin signaling in fungal species occur via
Crzl-dependent and Crz1-independent pathways. In each species, some calcineurin
functions are mediated via Crz1, while others are independent of Crz1 and mediated by
other calcineurin targets.
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Pathogenicity mechanisms of eukaryotic microbial pathogens controlled by calcineurin signaling.

Pathogenicity mechanisms Animal/human pathogenic Plant pathogenic fungi Insect pathogenic Protists
fungi fungi
Host/environment adaptation
Thermotolerance Cryptococcus neoformans* Metarhizium Leishmania major
acridum
Cryptococceus gattif* Beauveria bassiana
Cryptococcus deneoformans*
Candida glabrata
Arthroderma vanbreuseghemii
Growth in serum Candlida albicans
Candiaa dubliniensis
Candida lusitaniae
Candida tropicalis
Candida glabrata
Cell wall integrity Cryptococcus spp. Sclerotinia sclerotiorum  Metarhizium
acridum
Candida spp. Beauveria bassiana
Mucor circinelloides
Infectious structure formation
Dimorphic transitions Mucor circinelloides
Spore formation Aspergillus fumigatus Verticillium dahlia Metarhizium
acriadum
Valsa pyri Beauveria bassiana
Ustilago maydis
Sclerotinia sclerotiorum
Appressorium formation Magnaporthe oryzae Metarhizium
acridum
Magnaporthe grisea
Cochliobolus
miyabeanus
Host cell interaction
Host cell attachment Plasmodium bergher
Plasmodium
falciparum
Toxoplasma gondii
Host cell invasion Botrytis cinerea Plasmodium berghei
Magnaporthe oryzae Plasmodium
falciparum
Magnaporthe grisea Trypanosoma cruzi

Other
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Pathogenicity mechanisms Animal/human pathogenic Plant pathogenic fungi Insect pathogenic Protists
fungi fungi
Hyphal extension Aspergillus fumigatus
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Components of the calcium-calcineurin signaling pathway in C. neoformans, A. fumigatus, C. albicans, and P

falciparum.

Components Cryptococcus neoformans

Candida albicans

Aspergillus fumigatus

Plasmodium falciparum

Ca** pumps or channels

Cell membrane Mid1/Cchl Mid1/Cchl/Ec m7, Rchl, CchA/MidA, YvcA PMCA
Vacuolar Vexl Yvcl YvcA V-type H(+)-
Pmcl Vexl VCexA ATPase
Pmcl PmcA
Tfpl
Golgi Pmrl PmrA ND
Gdtl
ER Ecal Spfl ATP6
Calmodulin Caml Cmd1 CamA CmA
Calcineurin
Catalytic subunit Cnal Cnal/Cmpl CnaA/CalA CnA
Regulatory subunit Cnbl Cnbl CnaB CnB
Calcineurin binding proteins  Cbpl Renl CbpA Cyp
Calcineurin targets
Calcineurin-regulated TFs  Crz1/SP1 Crzl CrzA ND
Other calcineurin targets Pbpl, Puf4, Lhpl Actin#
Crz1 target genes CHS7 CHS7 chsA ND
PMCI1 PMCI PMCA

# .
Potential target

ND, Not determined.
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