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ABSTRACT

In the past three decades invasive mycoses have globally emerged as a persistent source
of healthcare-associated infections. The cell wall surrounding the fungal cell opposes
the turgor pressure that otherwise could produce cell lysis. Thus, the cell wall is
essential for maintaining fungal cell shape and integrity. Given that this structure is
absent in host mammalian cells, it stands as an important target when developing
selective compounds for the treatment of fungal infections. Consequently, treatment
with echinocandins, a family of antifungal agents that specifically inhibits the
biosynthesis of cell wall (1-3)p-D-glucan, has been established as an alternative and
effective antifungal therapy. However, the existence of many pathogenic fungi resistant
to single or multiple antifungal families, together with the limited arsenal of available
antifungal compounds, critically affects the effectiveness of treatments against these
life-threatening infections. Thus, new antifungal therapies are required. Here we review
the fungal cell wall and its relevance in biotechnology as a target for the development of
new antifungal compounds, disclosing the most promising cell wall inhibitors that are
currently in experimental or clinical development for the treatment of some invasive

MyCoses.
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1. Introduction

Invasive mycoses have been growing during the past several decades, becoming a
major threat for public health. The cause of this is mainly due to the vulnerable
immunocompromised population created by the advances in modern medicine (organ
transplantation and chemotherapy) and the HIV/AIDS syndrome (Hopke et al., 2018;
Perfect, 2017). In addition, outbursts of mycetomas, a disease of subcutaneous fungal
infections endemic of tropical and subtropical regions, present multiple medical, health
and socioeconomic adversities for affected patients (Bakhiet et al., 2018). Over 300
million people suffer from severe fungal diseases, which can cause chronic illness and
death in the most severe cases. As a result, over 1.6 million people die annually because
of mycoses (Denning, 2017; Editorial, 2017; LIFE, 2017). The problem of invasive
mycoses is also aggravated by the emergence of fungi resistant to the available
antifungal treatments. lIsavuconazole, from the azol class, was the last compound
approved for the treatment of some mycoses in 2015; however, no new antifungal
classes have been authorized for medical practice since 2006 (reviewed by Denning and
Bromley, 2015; McCarthy et al., 2017; Perfect, 2017).

The discovery of new antifungals is challenging because as eukaryotes, fungi
contain relatively few differential targets with respect to human host cells that can be
employed for developing new antifungal compounds (McCarthy et al., 2017). Currently,
four major classes of antifungal agents are utilized as a remedy for invasive mycoses:
triazoles that block the synthesis of the plasma membrane ergosterol; the polyene
amphotericin B that disrupts the fungal plasma membrane by binding ergosterol; the
pyrimidine analogue flucytosine, which blocks the synthesis of both DNA and RNA,;
and echinocandins that bind to and inhibit the enzyme responsible for the synthesis of
the (1-3)B-D-glucan present in the fungal cell wall (reviewed by Denning and Bromley,
2015; Perfect, 2017).

The most common human pathogenic microorganisms responsible for fungal
diseases are species from the genera Aspergillus and Candida, Cryptococcus
neoformans, Pneumocystis jirovecii and several dimorphic fungal species such as
Histoplasma capsulatum (Table 1). Recent global analyses have estimated the annual
incidence of fungal diseases in >300,000 cases of invasive aspergillosis, >3,000,000 of
chronic pulmonary aspergillosis, >750,000 of invasive candidiasis, >1,000,000 of

cryptococcosis and ~500,000 of pneumonia due to P. jirovecii (Table 1) (Bongomin et



al., 2017; Brown et al., 2012a; GAFFI). Despite the effectiveness of some antifungal
treatments, the mortality rates from invasive mycoses remain significantly high,
reaching approximately 20-40% for invasive candidiasis and 20-30% for invasive
aspergillosis, and being even higher (>50%) for other invasive fungal infections caused
by other molds (Andes et al., 2012; Marr et al., 2015; Perfect, 2017). Studies analyzing
Cryptococcus isolates collected from different countries have led to estimate the rate of
mortality for disseminated cryptococcosis in a range of 15-70% (Bratton et al., 2012;
Brown et al., 2012a; Nyazika et al., 2016; Park et al., 2009). Therefore, there is a critical
necessity for discovering and improving new more effective and cheaper antifungals
with a more rapid fungicidal action and a broader-spectrum of activity, including
against highly resistant fungi (Brown et al., 2012b; Perfect, 2017).

For hospitalized patients, the main life-threatening nosocomial infections are
invasive candidiasis (candidemia) and to a lower extent, invasive aspergillosis and
Pneumocystis pneumonia. Globally, nosocomial infections suppose an estimated annual
burden of 1,200,000 cases with an estimated annual mortality of >35% (GAFFI, 2015).
Candida bloodstream infection (candidemia) is an indicator of invasive candidiasis that
is found in about 40% of the cases (GAFFI, 2015). A global study has shown that from
256,882 Candida isolates collected in 142 hospitals from 41 countries and over a 11-
year period from 1997 to 2007, more than 90% of infections were caused by five
Candida species, C albicans (65%), C. glabrata (11%), C. tropicalis (7%), C.
parapsilosis (6%) and C. krusei (2%) (Alangaden, 2011; Pfaller et al., 2010). Similarly,
from 24,179 cases of nosocomial bloodstream infections analyzed in 49 hospitals from
the United States between 1995 and 2002, 1,980 cases were candidemia with the most
frequent isolated species being C. albicans (54%), C. glabrata (19%), C. tropicalis
(11%), C. parapsilosis (11%) and C. krusei (2%) (Alangaden, 2011; Wisplinghoff et al.,
2004). The percentage of crude mortality related to candidemia was 47%, with the
lowest one caused by C. parapsilosis (28%) and the highest one by C. krusei (59%)
(Alangaden, 2011; Wisplinghoff et al., 2004). More recent studies have shown that the
annual incidence rates for candidemia oscillate in a range from 2 per 100,000 to 26 per
100,000. Considering a low average rate of 5 per 100,000 (Rodriguez-Tudela et al.,
2015) and a global population of 7 billion, it has been estimated 350,000 candidemia
and 875,000 invasive candidiasis cases per year (GAFFI, 2015). In intensive care units,
the rates of candidemia are much higher being reported 6.5 cases per 1,000 admissions
in hospitals from India (Chakrabarti et al., 2015; GAFFI, 2015). These data show that



the number of cases each year in India could reach approximately 676,000, with an
estimated mortality of about 50%. In France, the rates of candidemia are rising every
year, with the mortality associated to candidemia remaining above 50% (Bitar et al.,
2014; GAFFI, 2015; Lortholary et al., 2014).

The biotechnological and bioeconomic appeal of the fungal cell wall lies in its
importance in the development and improvement of new and existing antifungal
strategies against a wide-spectrum of human-pathogenic fungi (Meyer et al., 2016). The
cell wall is not only essential for the survival of the fungus, but is absent from human
host cells (Fig. 1). Consequently, the enzymes that synthetize the essential cell wall
components have been traditionally considered as an outstanding target for developing
specific antifungal agents (Fig. 2) (reviewed by Debono and Gordee, 1994;
Georgopapadakou and Tkacz, 1995). In addition to the newest echinocandins clinically
in use (caspofungin, micafungin, and anidulafungin; Fig. 2 and Table 2), which inhibit
the synthesis of cell wall (1-3)p-D-glucan, in this review we discuss the new classes of
cell wall antifungals and their mode of action, with a special focus on the most
encouraging candidates that are undergoing clinical trials for combating infectious
diseases caused by invasive fungal species (Fig. 2 and Table 3). Moreover, we will also
describe the new and existing naturally derived, synthetic and semi-synthetic
antifungals that target cell wall synthesis and can be active against the most infective

fungi responsible for life-threatening mycoses (Fig. 2 and Table 4).

2. The fungal cell wall

The cell wall is a structure that encases the fungal cell, protecting it against the
osmotic pressure inside the cell, thus conferring mechanical protection and maintaining
the cellular shape. Disruption of the cell wall structure has a large impact on fungal cell
survival, causing the rupture of the plasma membrane and cell lysis. However, the cell
wall structure is more than a simple rigid shell; instead, it is a highly changing structure
that performs a major task allowing diverse morphogenesic processes such as cell
growth, cytokinesis and the development of specialized types of fungal cells (reviewed
by Free, 2013; Gow et al., 2017; Hopke et al., 2018; Levin, 2011).

In fungal infections the cell wall is the structure where the pathogen and host
establish contact, being essential for fungal pathogenicity and virulence (reviewed by

Geoghegan et al., 2017). The cell wall provides adherent properties vital for the



invasion of the host tissues and protects against the defensive machinery of the host
(reviewed by Lipke, 2018). Since the main elements of the cell wall of all fungal
pathogens are absent in animal cells including humans and other mammals, the cell wall
promotes adaptive and innate immune responses of the host (reviewed by Erwig and
Gow, 2016; Hopke et al., 2018). As a result, the cell wall is the source of most antigens
used in the diagnosis of human mycoses (reviewed by Farhour et al., 2018; Gow et al.,
2017; Ostrosky-Zeichner, 2012), and given its essential role in fungal cell integrity, it is
considered an outstanding target for the discovery and improvement of new antifungal
drugs (reviewed by Debono and Gordee, 1994; Georgopapadakou and Tkacz, 1995;
Ribas et al., 2014).

2.1. Composition and structure of the fungal cell wall

The fungal cell wall is built of matrix components embedded and linked to
microfibers comprising long chains of polysaccharides (Fig. 1 and Fig. 2) (Chaffin,
2008; Gow et al., 2017; Klis et al., 2014; Latge and Beauvais, 2014; Orlean, 2012;
Wang et al., 2018). The cell wall contains an inner layer that in most fungi is composed
of branched (1-3)p-D-glucan, with both (1-6)B-D-glucan and some of the chitin
connected to the non-reducing ends of the (1-3)p-D-glucan, and an outer layer of
glycoproteins (Fig. 1 and Fig. 2) (Cabib and Arroyo, 2013; James et al., 1990; Klis et
al., 2001; Klis et al., 2002; Latge, 2007; Lesage and Bussey, 2006). All of these
polymers are connected to one another building a strong network that prevents the
release of glycoproteins to the extracellular environment (reviewed by Chaffin, 2008;
Gow et al., 2017; Klis et al., 2014; Latge and Beauvais, 2014; Orlean, 2012; Wang et
al., 2018). When examined through transmission electron microscopy, the fungal cell
wall structure exhibits an external electron-dense layer and an internal electron-
transparent layer (Kitajima, 2001; Osumi, 1998; Sipiczki, 2016; Walker et al., 2018).
Depending on the fungus, the edge of the outer layer of glycoproteins can exhibit a
brush-like appearance (Osumi, 2012; Reese et al., 2007; Walker et al., 2018; Walther et
al., 1984). Examination of the ultrastructure of regenerating cell walls originated from
protoplasts of Saccharomyces cerevisiae, C. albicans and Schizosaccharomyces pombe
showed fibrous structures constituted of microfibrils of (1-3)B-D-glucan, surrounded by

a large number of granular particles (Kopecka and Kreger, 1986; Osumi, 2012). In the



case of the fission yeast S. pombe, the interfibrillar space of the emerging cell wall is
filled up with amorphous particles of galactomannan (Osumi, 2012).

The main cell wall glucan is the (1-3)p-D-glucan (65-90% of the total cell wall -
glucans), whose content in the cell wall varies from 50-55% in S. pombe and S.
cerevisiae to 25-30% in the filamentous fungus Aspergillus fumigatus (Gastebois et al.,
2009; Lipke and Ovalle, 1998; Orlean, 2012; Pérez et al., 2016). This glucan is made up
of glucose monomers linked by (1-3)B bonds, although there are also (1-6)B-, (1-3)a-
and (1-4)a-D-glucans. Typically the (1-3)B-D-glucan is composed by a main backbone
made of (1-3)B-D-glucan and branched with (1-6)p-linked (1-3)B-D-glucan side chains.
The proportion of (1-6)p branches varies depending on the organism. The other [-
glucan of the fungal cell wall is the (1-6)B-D-glucan that accounts for 5-12% in S.
cerevisiae cell walls and 21% in C. albicans cell walls (Klis et al., 1997; Lesage and
Bussey, 2006; Lipke and Ovalle, 1998; Manners et al., 1973b; Orlean, 2012). In an
acapsular C. neoformans mutant strain the cell wall seems to be enriched in (1-6)p-D-
linked glucose residues (Gilbert et al., 2010; Wang et al., 2018). The structure of this
polysaccharide varies among fungi, with the most branched (1-6)B-D-glucan being
detected in S. pombe. The (1-6)B-D-glucan chains are shorter than those of (1-3)B-D-
glucan and do not exhibit a fibrillar conformation (Magnelli et al., 2005; Manners et al.,
1973a; Manners et al., 1973b). Chitin is a polymer of N-acetylglucosamine monomers
linked by (1-4)p bonds that makes microfibrils stabilized through hydrogen-bonds,
which exhibit a huge tensile strength (Cabib and Kang, 1987). This polysaccharide
appears in the cell wall of all fungal species examined so far, except in S. pombe, and
probably the rest of Schizosaccharomyces species. Chitin only constitutes
approximately 1-3% of the S. cerevisiae cell wall polysaccharides and 10-20% of the A.
fumigatus and Neurospora crassa cell walls (Bowman and Free, 2006; Kapteyn et al.,
1997; Lesage and Bussey, 2006). The chitin present in the basidiomycetous yeast C.
neoformans is mostly deacetylated to chitosan (Gow et al., 2017). In addition, this
fungus has a layer of melanin that may assemble near the chitin/chitosan layer, although
its precise location is still unknown (Gow et al., 2017). Branched (1-3)B-D-glucan is
connected to other a- and B-glucans, to chitin and to glycoproteins (Fig. 2) conferring
mechanical strength to the cell wall, which is vital for maintaining the integrity of the
fungal cell. (1-6)B-D-glucan, on the other hand, act as cement within the network by
covalently binding to (1-3)B-D-glucan, chitin, and glycoproteins (Fontaine et al., 2000;
lorio et al., 2008; Kapteyn et al., 1996; Kollar et al., 1995; Kollar et al., 1997).



The internal layer of the cell wall of the yeasts S. pombe and C. neoformans and
several filamentous and dimorphic fungi also contains linear (1-3)(1-4)a-D-glucan
attached to the (1-3)B-D-glucan (Fig. 1) (Bacon et al., 1968; Edwards et al., 2011; Grun
et al., 2005; Henry et al., 2011; Yoshimi et al., 2017). Budding yeasts like S. cerevisiae
or C. albicans do not contain this polysaccharide. This linear (1-3)(1-4)a-D-glucan is
constituted of approximately 260 glucose units, comprising two linear chains, each
constituted of about 120-130 monomers of glucose linked by (1-3)a bonds and
connected at the reducing end by a bridge of approximately 10 units of (1-4)a-D-linked
glucose (Grun et al., 2005). The total content of this polymer in the cell wall accounts
for 35-40% in A. fumigatus, 35-46% in the virulent yeast C. neoformans and dimorphic
fungi Paracoccidioides brasiliensis, H. capsulatum, Blastomyces dermatitidis, and 28-
32% in S. pombe (Grun et al., 2005; Henry et al., 2011; Pérez et al., 2016). Solid-state
NMR spectroscopy combined with dynamic nuclear polarization and analysis of the
glycosyl linkages of the cell walls of A. fumigatus and Aspergillus niger revealed the
distribution of (1-3)a-D-glucan in all cell wall layers (Kang et al., 2018). The inner wall
core comprises a hydrophobic and rigid scaffold of chitin and (1-3)a-D-glucan that is
covered by a hydrated and soft matrix of interconnected (1-3)a-D-glucan, (1-3)B-D-
glucan and (1-6)B-D-glucan. The outer wall region is formed by a dynamic layer of
glycoproteins and a minor fraction of (1-3)a-D-glucan (Kang et al., 2018). The (1-3)a-
D-glucan is crucial for the virulence of several fungal pathogens. Thus, the absence of
(1-3)a-D-glucan causes the loss of the surface capsule in C. neoformans (Reese and
Doering, 2003) and also prevents fungal pathogenesis (Reese et al., 2007). There is also
a correlation between the content of (1-3)a-D-glucan and the virulence of several
dimorphic fungal species (Hogan and Klein, 1994; Klimpel and Goldman, 1988;
Rappleye and Goldman, 2006; San-Blas et al., 1977). The (1-3)a-D-glucan of H.
capsulatum hyphae prevents the efficient immune recognition by the host receptor
Dectin-1 of the underlying (1-3)p-D-glucan (Gow et al., 2017; Rappleye et al., 2007).
Furthermore, the (1-3)a-D-glucan is important as a factor of aggregation for Aspergillus
(Fontaine et al., 2010; Yoshimi et al., 2013). In S. pombe the (1-3)a-D-glucan possess a
vital structural function providing rigidity to the cell wall (Alfa et al., 1993). Similar to
the (1-3)B-D-glucan, the (1-3)a-D-glucan of S. pombe is vital for the integrity of the cell
(Cortés et al., 2012; Hochstenbach et al., 1998; Katayama et al., 1999). During cell wall
biogenesis, this polymer could be implicated in the general development of glucan

bundles (Osumi et al., 1989). In addition, the (1-3)a-D-glucan is essential for conferring



to the primary septum the adhesion strength required to counteract the internal turgor
pressure during septum degradation and cell separation (Cortés et al., 2012). The (1-3)a-
D-glucan presents some similarities with the pectin of plants, as both are vital for cell
wall adhesion and cell separation, preserving the association between polymers in
equivalent structures, the primary septum of fungal cells and the middle lamella of plant
cells (Cortés et al., 2012; Iwai et al., 2002; Roberts and Gonzalez-Carranza, 2007).

The external layer of the cell wall is more heterogeneous than the internal layer
when compared between organisms (Fig. 1). In budding yeasts S. cerevisiae and in C.
albicans the external layer contains a large amount of highly mannosylated proteins that
are mainly connected to the (1-6)p-D-glucan and to the (1-3)B-D-glucan-chitin core
through a glycosylphosphatidylinositol (GPI) remnant. Other proteins containing
internal repeats (PIR) are covalently associated to (1-3)B-D-glucan via an alkali-soluble
linkage (Fig. 2) (Ecker et al., 2006; Klis et al., 2010; Klis et al., 2001; Mrsa et al., 1997,
Mrsa and Tanner, 1999; Ruiz-Herrera et al., 2006). The cell wall glycoproteins are
extensively modified with carbohydrates both N-and O-linked, which are principally or
entirely composed by mannose units to form a polymer known as mannan (Gow et al.,
2017). Glycoproteins constitute 30-50% of the cell wall dry weight of S. cerevisiae or
C. albicans. In some fungi the backbone of mannan contains single units or branches of
diverse surgars such as galactomannan, rhamnomannan, rhamnogalactomannan,
glucogalactomannan, etc. (Bowman and Free, 2006; Leal et al., 2010). S. pombe and A.
fumigatus glycoproteins represent around 15-20% of the cell wall dry weight and
contain galactomannans instead of mannans (Ballou et al., 1994; Beauvais et al., 2014;
Fontaine et al., 2000; Horisberger et al., 1978). In addition, the hyphae of A. fumigatus
also contain galactosaminoglycan (Gow et al., 2017). Since a reduction in the content of
S. pombe (1-3)a- or (1-3)B-D-glucan causes the loss or reduction of the outer layer of
galactomannan (Cortés et al., 2012; Ribas et al., 1991b), the glycoprotein layer might be
also connected to the underlying glucan fibrils in this yeast. C. neoformans exhibits an
external capsule required for virulence that is composed of glucuronoxylomannan and
glucuronoxylomannogalactan and is connected to the internal (1-3)a-D-glucan (Heiss et
al., 2009; Reese et al., 2007). In this sense, several C. neoformans capsule-deficient
strains exhibiting reduced virulence have been also reported (Bulmer et al., 1967;
Fromtling et al., 1982; Jacobson et al., 1982).

2.2. Biosynthesis of the cell wall polysaccharides



When the cell wall is weakened, the internal turgor pressure of the fungal cells can
cause cell lysis and release of the cytoplasmic content; thus, cell wall integrity must
always be preserved to ensure the survival of the fungal cell (Cabib and Arroyo, 2013).
During the distinct morphogenesis phases of the life cycle, the fungal wall must be
continuously reconstructed, which involves the rupture of the old cross-linkages, the
insertion into the cell wall of new synthetized chains of polysaccharides and proteins
and the formation of new cross-linkages (Cabib and Arroyo, 2013). Polysaccharides
such as chitin, (1-3)B-D-glucan and (1-3)a-D-glucan are synthesized in the plasma
membrane by transmembrane enzymes or enzymatic complexes. The synthesis of (1-
6)B-D-glucan appears to be more intricate and is not well known. Glycoproteins initiate
their synthesis in the endoplasmic reticulum, are extended in the Golgi and then
exported to the plasma membrane and cell wall by the secretory pathway (Cabib and
Arroyo, 2013; Gow et al., 2017; Orlean, 2012). All synthases use nucleoside
diphosphate sugars as substrate and catalyze the donation of a monosaccharide unit to
the growing chains of new polysaccharides (reviewed by Cabib and Arroyo, 2013; Gow
etal., 2017; Orlean, 2012).

2.2.1. (1-3)p-D-glucan

Fungal (1-3)B-D-glucan chains are synthesized by the enzyme complex (1-3)p-D-
glucan  synthase (GS) (EC 2.4.1.34, UDP-glucose:1,3-p-D-glucan  3-f-
glucosyltransferase). Then, the synthesized (1-3)B-D-glucan chains are extruded to the
periplasmic space located between plasma membrane and cell wall, where they are
incorporated into the cell wall (Cabib and Kang, 1987; Maligie and Selitrennikoff,
2005; Orlean, 1982; Shematek et al., 1980; Taft and Selitrennikoff, 1988). The GS
activity can be extracted from the plasma membrane and fractionated into soluble and
membrane-bound insoluble fractions, containing the guanosine triphosphate (GTP)-
binding regulatory and the catalytic subunits, respectively. Each fraction alone is
inactive, but when both fractions are mixed the activity is reconstituted (Kang and
Cabib, 1986). The GTPase Rhol acts as the regulatory subunit that when linked to GTP
triggers the activation of the catalytic subunit, and Rhol is regulated by switching
between an inactive GDP-linked status and an active GTP-linked status (Arellano et al.,
1996; Drgonova et al., 1996). To activate the GS catalytic subunit, Rhol must be



attached to the plasma membrane via a C-terminal prenylated modification tail of the
protein (Arellano et al., 1998; Diaz et al., 1993; Inoue et al., 1999).

The antifungal family of echinocandins bind the GS catalytic subunit directly
inhibiting the biosynthesis of (1-3)pB-D-glucan (Fig. 2) (Bartizal et al., 1992; Cassone et
al., 1981; Debono and Gordee, 1994; Douglas et al., 1994b; Sawistowska-Schroder et
al., 1984). The FKS/GSC genes encoding the putative catalytic subunit of the GS were
first isolated in S. cerevisiae through different cloning strategies that identified two FKS
genes (Castro et al., 1995; Douglas et al., 1994a; Douglas et al., 1994b; El-Sherbeini
and Clemas, 1995; Garrett-Engele et al., 1995; Inoue et al., 1995; Mazur et al., 1995;
Parent et al., 1993; Ram et al., 1995). Later on, a third FKS gene was found (Dijkgraaf
et al., 2002; Ishihara et al., 2007; Lesage et al., 2004). Although none of the FKS genes
are essential in the budding yeast, the combined absence of FKS1 and FKS2 causes cell
lethality (Inoue et al., 1995; Mazur et al., 1995). The fungal GS Fks and the plant
callose synthase CalS proteins form a well-conserved GS family present in both fungi
and plants. Fungal and plant GS enzymes share a high sequence homology (54%
similarity and 25% identity) and both are responsible for the synthesis of a (1-3)B-D-
glucan polymer, which in plants is named callose and presents a very specialized
localization and function (Cortés et al., 2002; Chen and Kim, 2009; Hong et al., 2001).
Thus, all Fks/CalS GS are large integral membrane proteins with an estimated
molecular weight of more than 200 kDa. These proteins contain 15-16 predicted
transmembrane domains divided into two hydrophobic regions separated through a
highly conserved central hydrophilic region, which exhibits an identity of >80% among
all studied Fks proteins (Johnson and Edlind, 2012). Orthologues of the FKS genes have
been identified in all the analyzed fungi, encoding proteins whose degree of identity
varies from 56% (C. neoformans) to 83% (C. glabrata) (reviewed by Hori and Shibuya,
2018; Latge, 2007; Lesage and Bussey, 2006; Pérez and Ribas, 2004). Aspergillus
species and C. neoformans contain a single and essential FKS1 gene (Beauvais et al.,
2001; Douglas et al., 1994a; Kelly et al., 1996; Staab et al., 2010; Thompson et al.,
1999). In C. albicans and C. glabrata three FKS/GSC/GSL orthologues have been
described (Katiyar et al., 2006; Mio et al., 1997). GSC1/FKSL1 is the only essential gene
in C. albicans, suggesting that this gene might be coding the major GS, with
GSL1/FKS2 carrying out a dispensable or different function and with the expression of
GSL2 mRNA not being detected (Douglas et al., 1997; Thompson et al., 1999), while
FKS1 and FKS2 have overlapping roles in C. glabrata (Katiyar et al., 2006).



S. pombe genome contains four bgs/fks genes. In contrast to budding yeast and
other fungi, where the GS catalytic subunits have partially overlapping roles, the four
bgs genes code for essential proteins. Bgsl, Bgs3 and Bgs4 act throughout vegetative
growth, while Bgs2 acts only throughout the sexual phase of the life cycle. The
localization of the three vegetative Bgs proteins is restricted to the growing ends during
polarized growth and to the cell middle during cell division (reviewed by Cortés et al.,
2016; Pérez et al., 2016). Phenotypic analyses of several bgs1™ mutants, combined with
the ultrastructural observation of the septa built in cells coming from the germination of
spores lacking Bgsl, proved that Bgsl is responsible for the synthesis of the linear (1-
3)B-D-glucan and the formation of the primary septum structure (Cortés et al., 2002;
Cortés et al., 2007; Ishiguro et al., 1997; Le Goff et al., 1999; Liu et al., 2002; Liu et al.,
1999). The Bgs2-dependent GS activity results vital for maturation of the spore wall
(Liu et al., 2000; Martin et al., 2000). The function of Bgs3 is not yet known, although it
may have a role during polarized cell growth (Martin et al., 2003). Most of the GS
activity detected in vitro is due to Bgs4, which synthetizes the branched (1-3)B-D-
glucan of the cell wall. This Bgs4-dependent B-glucan is vital for the cell integrity and
the construction of both primary and secondary septum (Cortés et al., 2005; Martins et
al., 2011; Mufoz et al., 2013). Currently, Bgs4 is the only GS of S. pombe whose
mutants exhibit reduced levels of both in vitro GS activity and the corresponding in vivo
cell wall B-glucan (Ribas et al., 1991a). Because their non-overlapping roles, the Bgs
proteins are excellent molecules for developing new inhibitors of the (1-3)B-D-glucan
synthesis.

2.2.2. (1-6)#-D-glucan

Both the site and mechanism of biosynthesis of (1-6)B-D-glucan are largely
unidentified. Immunoelectron microscopy in S. pombe led to suggest that the synthesis
of the backbone of (1-6)p-D-glucan starts in the endoplasmic reticulum, follows in the
Golgi and is concluded at the plasma membrane (Humbel et al., 2001). In contrast, in S.
cerevisiae (1-6)B-D-glucan is mostly detected at the plasma membrane, suggesting that
the synthesis of this polymer occurs mainly at the cell surface (Aimanianda et al., 2009;
Montijn et al., 1999; Vink et al., 2004). The genes involved in the (1-6)p-D-glucan
synthesis were first studied in S. cerevisiae through the identification of the KRE

mutants, able to survive and grow in the presence of the K1 killer toxin. The killer toxin



kills the cells by binding to the cell wall (1-6)B-D-glucan as the primary target,
subsequently altering the plasma membrane (Kasahara et al., 1994a; Kasahara et al.,
1994b; Page et al., 2003). To date many KRE genes and their paralogues, SKN1 and
KNHL1, have been related to the (1-6)B-D-glucan synthesis in S. cerevisiae and some
fungal pathogens (Aimanianda et al., 2009; Gilbert et al., 2010; Herrero et al., 2004;
Lussier et al., 1998; Nagahashi et al., 1998; Shahinian and Bussey, 2000). In S.
cerevisiae, KRE5 and KRE9 seem to play a major role in the synthesis of (1-6)B-D-
glucan (Brown and Bussey, 1993; Meaden et al., 1990; Shahinian and Bussey, 2000). C.
neoformans KRES5, KRE6, and SKN1 encode proteins that are also implicated in the
synthesis of (1-6)p-D-glucan (Gilbert et al., 2010). In C. albicans the absence of CaBigl
protein, which is similar to S. cerevisiae Bigl, induces a decrease in the amount of (1-
6)B-D-glucan in the cell wall (Umeyama et al., 2006). S. cerevisiae KRE genes have
been also implicated in the synthesis of (1-3)B-D-glucan and FKS genes in the synthesis
of (1-6)B-D-glucan (Dijkgraaf et al., 2002). Similarly, S. pombe Sbgl, which is
paralogous to S. cerevisiae Kre6 and Sknl, has been also implicated in the synthesis of

the linear (1-3)B-D-glucan of the primary septum during cytokinesis (Sethi et al., 2016).

2.2.3. Chitin

The enzyme chitin synthase uses UDP-N-acetylglucosamine as substrate to
synthetize microfibrils of chitin that are extruded to the periplasmic space (Fig. 2). In S.
cerevisiae three chitin synthase activities (chitin synthase I, chitin synthase 11, and chitin
synthase I1l) have been described, with the subsequent catalytic subunits being the
integral membrane proteins Chsl, Chs2 and Chs3, respectively (reviewed by Cabib and
Arroyo, 2013; Cabib et al., 2001; Roncero and Sanchez, 2010; Schmidt et al., 2002).
The chitin provided by Chsl is required as a replacement for preserving cell integrity
during cell separation (Cabib et al., 1989; Cabib et al., 1992). Chs2 synthetizes the
chitin found in the primary septum during septation (Shaw et al., 1991) and Chs3
synthesizes the chitin of both a ring at the site where bud emergence occurs and the cell
wall, and is also required for the synthesis of the remedial septum formed in the absence
of Chs2 (Cabib and Schmidt, 2003; Kollar et al., 1995).

Chs3 is also required for the accumulation of chitin in response to cell wall stress
(reviewed by Popolo et al., 2001). Several S. cerevisiae cell wall mutants have been

reported to exhibit increased levels of chitin as a compensatory mechanism to



reestablish the cell wall integrity (Bulik et al., 2003; Kapteyn et al., 1999a; Kapteyn et
al., 1999b; Popolo et al., 1997; Ram et al., 1998). Because the absence of Chs3 causes a
reduction in the content of chitin in some of these cell wall mutants (Bulik et al., 2003;
Carotti et al., 2002; Garcia-Rodriguez et al., 2000; Valdivieso et al., 2000), it has been
proposed that Chs3 is responsible for the compensatory increase of chitin levels in
response to cell wall damage (Popolo et al., 2001). Similarly, C. albicans cells treated
with echinocandin display high levels of cell wall chitin (Walker et al., 2008). This
increase in the content of cell wall chitin confers some resistance to echinocandin both
in cell cultures and infected mice (Lee et al., 2012; Plaine et al., 2008). In addition, it
has been hypothesized that the high levels of chitin induced by the presence of
echinocandin may favor the acquisition or selection of mutations in the FKS genes
(Munro, 2012). In agreement, C. albicans cells with high levels of chitin and recovered
from infected mice had acquired at low frequency a point mutation that confers
echinocandin resistance to the GS catalytic subunit Fksl, suggesting that the reduced
echinocandin susceptibility of C. albicans cells in mice models could be due to either
the high content of cell wall chitin or the acquisition of FKS1 point mutations (Lee et
al., 2012).

Based on the evolution of their sequences of amino acids, two families of fungal
chitin synthases, which are divided into seven chitin synthase classes, have been
identified (Gow et al., 2017; Morozov and Likhoshway, 2016; Roncero, 2002), although
only four classes have been found in filamentous fungi (Bowen et al., 1992; Fernandes
et al., 2016). Depending on the fungus, the number of CHS genes fluctuates from 1 to
20. A. fumigatus, Aspergillus nidulans and C. neoformans have eight non-essential CHS
genes encoding putative chitin synthases (Lenardon et al., 2010). In contrast, C.
albicans contains four CHS genes, but only CHS1 is vital for cell survival (Munro et al.,
2001). Although chitin has not been detected in the cell wall of S. pombe (Bush et al.,
1974), its genome contains two homologous chs genes. Chs2 homolog is required for
the actomyosin ring integrity during cytokinesis (Martin-Garcia and Valdivieso, 2006),
while Chsl participates in the synthesis of the chitosan required for proper maturation

of the ascospores produced through sexual differentiation (Arellano et al., 2000).

2.2.4. (1-3)a-D-glucan



The (1-3)a-D-glucan synthase catalytic subunit is @ multidomain protein containing
a putative synthase domain located in the cytoplasm, numerous transmembrane domains
and a transglycosylase domain located in the periplasmic space (Grun et al., 2005; Vos
et al., 2007). The first gene coding for the (1-3)a-D-glucan synthase was detected in S.
pombe and named ags1*/mok1* (Hochstenbach et al., 1998; Katayama et al., 1999). The
protein Ags1l/Mok1 is essential for the integrity of the cell during both polar growth and
mainly cell separation, and for maintaining the primary septum adhesion during cell
separation (Cortés et al., 2012). S. pombe contains four more genes encoding (1-3)a-D-
glucan synthases, of which at least three, together with Agsl, play different roles
throughout sexual differentiation (Cortés et al., 2012; Garcia et al., 2006). N. crassa has
exclusively one (1-3)a-D-glucan synthase, Agsl, whose absence causes defects in the
conidial cell wall (Fu et al., 2014). Deletion of C. neoformans AGS1 removes the
capsule material and causes the loss of fungal virulence (Reese and Doering, 2003;
Reese et al., 2007). In H. capsulatum deletion of the single AGS1 gene depletes the cell
wall (1-3)a-D-glucan and reduces virulence (Edwards et al., 2011; Rappleye et al.,
2004). In this fungus, the synthesis of (1-3)a-D-glucan also requires the functions of the
predicted a-amylase Amyl1 and the UTP-glucose-1-phosphate uridylyltransferase Ugpl
(Marion et al., 2006). A. fumigatus presents three Ags proteins (Beauvais et al., 2005;
Maubon et al., 2006), and although their simultaneous absence is dispensable, it affects

the conidial cell wall and fungal virulence (Beauvais et al., 2013; Henry et al., 2011).

2.2.5. Glycoproteins

The proteins, covalently and non-covalently linked or associated to the cell wall,
can be modified with N-glycans, O-manno-oligosaccharides and a GPI anchor as they
traverse the endoplasmic reticulum-to-Golgi pathway of secretion (reviewed by Orlean,
2012). These structures are initially attached to the proteins in the lumen of the
endoplasmic reticulum and are later extended and processed in the Golgi to form the
glycoproteins that will be either placed in the plasma membrane or secreted to the
periplasmic space to be incorporated together with the rest of polysaccharides of the cell
wall (reviewed by Orlean, 2012). The proteins of the outer layer of the cell walls of S.
cerevisiae and C. albicans are highly glycosylated via the incorporation of a- and (-
linked oligomannosyl monomers by the action of Golgi mannosyltransferases using

GDP-mannose as substrate (reviewed by Gow et al., 2017; Orlean, 2012). Many



glycoproteins carry N-linked glycans, with the endoplasmic reticulum-made core
structure Man(10-14)-GIcNAc(2)-Asn being similar in all eukaryotes. The outer chains
comprise 50-200 additional a-linked mannose monomers, with a long (1-6)a-D-linked
backbone branched with short side chains with (1-2)a- and (1-3)a-D linkages (Gow et
al., 2017; Lipke and Ovalle, 1998). The O-linked sugars are short linear chains of -
linked mannose residues. The structure of mannan can be significantly different
depending on the fungi. However, a comparative genomic analysis has shown that
orthologues of the S. cerevisiae (1-6)a-D-mannosyltransferase OCH1 gene are found in
the genomes of A. fumigatus and other filamentous fungi (Lambou et al., 2010).
Filamentous fungi and fission yeast cell wall glycoproteins are distinctive because they
contain galactose in addition to the mannose found in all fungal glycoproteins (Fontaine
et al., 2000; Simpson et al., 1972; Walther et al., 1988). Galactose units are found in the
terminal positions of the N-glycan structural core and of the outer chains of a-linked
mannose. S. pombe O-linked sugars consist of small tri- and tetrasaccharides of a(l,2)-
linked mannosylmannose and a(l,2)-linked galactosylmannose (Ballou et al., 1994). S.
pombe O-mannosyltransferases are crucial for cell wall integrity, septation and cell
viability (Willer et al., 2005). Furthermore, the absence of S. pombe Gmd3/Algll,
which is homologous to the S. cerevisiae mannosyltransferase Algll, causes a general
reduction in both mannose and galactose residues of the outer layer of glycoproteins
(Umeda et al., 2000). The capsule of C. neoformans is mainly composed of
glucuronoxylomannan forming a backbone of (1-3)a-D-linked mannose units with
branches of glucuronic acid in (1-2)p linkage and xylose in (1-2)p and (1-4)B linkages
(Wang et al.,, 2018). The capsule is also composed of a smaller polymer of
glucuronoxylomannogalactan, which is formed by a backbone of (1-6)a-D-linked
galactose units with branches of galactose, mannose and a variable number of B-linked

glucuronic acid and xylose residues (Heiss et al., 2009; Wang et al., 2018).

2.3. Biosynthesis of the GPI precursor and remodeling of the protein-linked GPIs

The glycosylphosphatidylinositol (GPI) is a posttranslational modification to attach
cell surface proteins to the plasma membrane and is well conserved in all eukaryotes
(Umemura et al., 2003). In fungi, the GPI facilitates the cell wall cross-linkages
between glycoproteins and (1-6)p-D-glucan (Kapteyn et al., 1995; Kapteyn et al., 1996;
Kollar et al., 1995; Lu et al., 1995; Van Der Vaart et al., 1996). GPI cross-linkage to



glycoproteins is essential for fungi survival (Leidich et al., 1995; Lipke and Ovalle,
1998; Vossen et al., 1997), providing a valuable target for developing new antifungal
agents (Fig. 2). Furthermore, restricted GPI synthesis leads to aberrant wall biogenesis
and limited growth (Vossen et al., 1997).

Briefly, GPI synthesis begins in the cytoplasmic side of the membrane of the
endoplasmic reticulum. Once synthetized, GIcNAc-PI is de-N-acetylated, and probably
translocated to the luminal side of the endoplasmic reticulum membrane (reviewed by
Orlean, 2012). Next, the inositol ring in GIcN-PI is acylated by the essential
acyltransferase Gwtl, making it resistant to cleavage by Pl-specific phospholipase C.
The GWT1 gene was identified in C. albicans as a dosage-dependent suppressor of the
phenotypes produced by 1-[4-butylbenzyl] isoquinoline (BIQ), a compound that blocks
the incorporation of GPI proteins into the cell wall (Tsukahara et al., 2003; Umemura et
al., 2003). Next, the GIcN-(acyl)PI is extended by addition of four a(l,2)- and a(1,6)-
linked mannoses, and at the same time Etn-P moieties are added to three of the four
mannoses by Mcd4 and other ethanolamine phosphotransferases (Orlean, 2012;
Wiedman et al., 2007). Then, the resulting structure is transferred by transamidation to
proteins containing a GPI-signal anchor domain at the C-terminus (reviewed by Orlean,
2012). The final remodeling of protein-bound GPIs continues in the endoplasmic
reticulum lumen and includes the removal of the inositol palmitoyl group and the sn-2
acyl chain of diacylglycerol, the addition of a Cze:0 acyl chain to the sn-2 position and
the replacement of diphosphatidic acid with ceramide phosphate or of diacylglycerol
with ceramide. Following on, new o(1,2)- or a(l,3)-linked mannoses are added to the
previous four in the Golgi, before the GPI protein reaches the cell surface to be
integrated into the cell wall (reviewed by Orlean, 2012).

The fungal Gwtl enzyme is an excellent target for the design of new antifungals
because it displays low homology (<30% amino acid sequence identity) with its closest
mammalian orthologue, and its function is critical to maintain the cell wall integrity and
to enable the fungal cell adhesion (Hata et al., 2011; Mutz and Roemer, 2016). As a
consequence, one of the new cell wall-specific antifungal classes that is currently
undergoing clinical development for the treatment of invasive mycoses (see below),
specifically Gwtl targets for blocking the incorporation of GPI-linked proteins to the
cell wall (Fig. 2) (Hager et al., 2018; Shaw et al., 2018). Similarly, because inhibition of
Mcd4 blocks the cell growth of a wide-range of pathogenic fungi, inhibitors of this



ethanolamine phosphotransferase have the potential to be developed as new antifungal
drugs (Mann et al., 2015).

3. Echinocandin derivatives approved for therapeutic use

The echinocandins are the novel class of approved antifungal compounds to treat
invasive mycoses. Echinocandins bind in a non-competitively fashion to the catalytic
subunit of GS to block the biosynthesis of the essential (1-3)p-D-glucan of fungal cell
walls (Fig. 2) (Douglas et al., 1994b; Huttel, 2017; Pérez et al., 1981; Yamaguchi et al.,
1985). Natural echinocandins are produced by several fungi that cannot be used in
clinical practice because of their toxicity and low solubility. Thus, marketable
caspofungin, micafungin and anidulafungin are semisynthetic chemical derivatives of
natural echinocandins (Table 2) (Denning, 2003; Huttel, 2017).

Echinocandins are non-ribosomal cyclic hexapeptides differentiated by the acyl
lipid side chain N-linked to the dihydroxyornithine residue (Huttel, 2017). Caspofungin
contains a fatty acid side chain and is originated from pneumocandin BO through a
chemical modification of the hexapeptide scaffold. Micafungin is generated from the
echinocandin B FR901379 by replacement of the fatty acid side chain with an aromatic
complex side chain. Anidulafungin is echinocandin B with the fatty acid side chain
replaced with an alkoxytriphenyl chain (Table 2) (Denning, 2003; Vicente et al., 2003).
The position and conformation of these fatty acid side chains is critical for their
antifungal activity, presumably because this side chain is intercalated with the bilayer of
phospholipids of the fungal plasma membrane (Denning, 2003; Odds et al., 2003).

Although there is no doubt that echinocandins bind to the GS catalytic subunit,
their effects inhibiting the synthesis of (1-3)B-D-glucan do not certainly imply a direct
inhibition of the catalytic subunit itself. Likewise, it is not known whether they bind to
the GS enzyme in the extracellular or cytoplasmic side of the cell membrane (Odds et
al., 2003). Echinocandins binding to the plasma membrane domains that concentrate GS
could influence (1-3)pB-D-glucan production. This is supported by the fact that
disruption of the fungal plasma membrane by the action of theonellamides, which
specifically bind to the sterol-rich domains of the cell membrane, highly increases the
cell wall (1-3)pB-D-glucan in a Bgsl- and Rhol-dependent manner (Nishimura et al.,
2010). Echinocandins exhibit different fungicidal activity that depends on the fungal

species, displaying a broad fungicidal spectrum against most Candida species and a



fungistatic activity with A. fumigatus. Due to their impressive safety profile and potent
killing activity, echinocandins have emerged as the primary treatment for systemic
candidiasis (Emri et al., 2013; Geddes-McAlister and Shapiro, 2018; Kathiravan et al.,
2012; Pappas et al., 2016a, b).

4. Mechanisms of fungal resistance to echinocandins

Therapies for invasive mycoses are extremely limited (Geddes-McAlister and
Shapiro, 2018; Healey and Perlin, 2018). Traditionally, the azole antifungals have been
used as the first-line therapy to treat C. albicans infections. However, the emergence of
non-albicans Candida species that quickly develop resistance to azoles (C. glabrata) or
are naturally azole-resistant (C. krusei) has conducted to the extensive utilization of
echinocandins (Geddes-McAlister and Shapiro, 2018; Healey and Perlin, 2018). The
emergence of echinocandin resistances threatens the effective treatment of mycoses.
Although the incidence of echinocandin resistance among C. albicans and other
Candida species is still moderately rare, it is progressively encountered (Ben-Ami and
Kontoyiannis, 2012; Castanheira et al., 2010; Dannaoui et al., 2012; Pfaller et al.,
2011a). C. glabrata and Candida auris infections have increased considerably,
supposing a serious public health problem because many isolates exhibit resistance to
both azoles and echinocandins (Geddes-McAlister and Shapiro, 2018; Healey and
Perlin, 2018; Perlin et al., 2017; Sharma et al., 2016). The rise of azole resistance
among A. fumigatus isolates is also a significant concern (Chowdhary et al., 2017;
Guinea et al., 2018; Verwelij et al., 2009). Similarly, Aspergillus terreus is intrinsically
resistant to amphotericin B and exhibits high rates of azoles and echinocandins
resistance both in vitro and in vivo (Geddes-McAlister and Shapiro, 2018). To decrease
the emergence of these highly drug-resistant fungal species, an improved combination
of therapeutic compounds is required. However, given the restricted arsenal of available
antifungals, the discovery and development of new antifungals is an urgent need
(Geddes-McAlister and Shapiro, 2018).

Echinocandin resistance is related to recurrent or continued drug treatments, though
the resistance can be also developed after short periods (Lewis et al., 2013). One of the
most common mechanisms by which microorganisms acquire resistance to
antimicrobials is through gene mutations that alter the encoded drug target conformation

thus reduce drug binding and efficacy (reviewed by Cowen et al., 2014; Revie et al.,



2018; Robbins et al., 2017). Clinical fungal resistance to echinocandins involves
modifications of the GS Fks subunits through mutations in two “hot spot” regions
highly conserved of the Fks proteins (Fig. 3) (Park et al., 2005; Perlin, 2007; Rocha et
al., 2007; Walker et al., 2010).

The adaptation of the fungus to sub-lethal doses of antimicrobial drug is another
mechanism that can also lead to the emergence of drug resistance. In the case of
echinocandins, a specific type of adaptation termed the paradoxical effect, whereby cell
growth is reestablished at echinocandin concentrations considerably higher than the
reported minimal inhibitory concentration (Stevens et al., 2005; Wiederhold et al.,
2005). The result is a cell growth inhibition at lower drug concentrations, followed by
drug adaptation and fungal cell survival at higher concentrations of drug, and again a
new inhibitory effect when the echinocandin concentration continues increasing. Cell
adaptation to echinocandins does not depend on FKS mutations (Fleischhacker et al.,
2008; Wiederhold, 2007), but eventually spontaneous resistance mutations can be
generated in those fungal cells that live long enough (Healey and Perlin, 2018). In A.
fumigatus and C. albicans this mechanism seems to be due, at least partially, to the
transcription increase of chitin synthases upon echinocandin exposure (Robbins et al.,
2017). Activation of multiple pathways within the fungal cell in response to a cell
stress, including the activation of the cell wall integrity signaling mediated via protein
kinase C (PKC), the phosphatase calcineurin and the molecular chaperone Hsp90, is
vital in order to enable echinocandin adaptation and compensatory mechanisms such as
the upregulation of chitin synthases (Fig. 3) (reviewed by Cowen et al., 2014; Revie et
al., 2018; Robbins et al., 2017). Thus, combined treatment of inhibitors of the chitin
synthase and echinocandins is clearly more efficient than treatment of each compound
individually (Lenardon et al., 2010; Munro, 2013; Walker et al., 2008).

Although the echinocandins and other semisynthetic GS inhibitors possess a broad-
spectrum of activity, acting against an extensive range of species of Aspergillus,
Candida and other pathogenic fungi (Debono and Gordee, 1994; Emri et al., 2013;
Thompson et al., 1999), all (1-3)B-D-glucan synthesis inhibitors developed so far are
inactive against C. neoformans assayed in vivo in animal models (Thompson et al.,
1999). The fact that the Fks1 protein of this fungus is essential, has led to propose that
its GS enzyme could be intrinsically resistant to the inhibition by echinocandins.
However, the in vitro analysis of the C. neoformans GS has shown that its GS activity is

very susceptible to the echinocandins caspofungin and cilofungin, indicating that the



natural echinocandin resistance of this fungus is due to other mechanisms distinct from
Fks resistance (Coelho and Casadevall, 2016; Feldmesser et al., 2000; Maligie and
Selitrennikoff, 2005).

S. pombe vegetative cells require three vital Bgs/Fks GS (see above) and are
susceptible to the main classes of GS antifungals, acidic terpenoids (enfumafungin),
echinocandins  (caspofungin, pneumocandin and aculeacin) and glycolipids
(papulacandin B) (Castro et al., 1995; Font de Mora et al., 1990; Martins et al., 2011;
Miyata et al., 1980; Varona et al., 1983). All Bgs present in their conserved hot spots
sequences the amino acids associated with natural susceptibility to antifungals.
However, in this yeast the resistance to antifungals is specifically caused by mutations
in the hot spots of bgs4* while maintaining the wild-type bgsl™ and bgs3™ sequences.
Also, the absence of mutants of bgsl* and bgs3™ among all of the isolated mutants
exhibiting resistance to GS antifungals, suggests that Bgs1 and Bgs3 might be naturally
occurring intrinsic resistant subunits (Castro et al., 1995; Martins et al., 2011). The
study of bgs4* mutations conferring cellular resistance to papulacandins, acidic
terpenoids and echinocandins extended the resistance to a larger hot spot region and to a
third new hot spot region (Martins et al., 2011). Further analysis of these novel
mutations will aid to better understand the mechanism of action of GS inhibitors and the

fungal resistance to GS inhibitors.

5. Combination therapy

Overcoming the current emergence of multidrug-resistant fungi is challenging
because of the lack of novel antifungal drugs being developed. Simultaneous treatment
with two antifungal drugs is a promising therapeutic strategy of either additive or
synergistic - effect, expanding both therapeutic range and longevity of available
antifungals by increasing the drug efficacy and reducing the acquisition of drug
resistance (reviewed by Revie et al., 2018; Robbins et al., 2017). Fungal biofilms
exhibit increased resistance to most antifungal drugs. Combination of multiple
antifungal agents displays some efficacy at disrupting biofilms in cell cultures,
therefore, enhancing the antifungal activity to impair the emergence of resistance
(Tobudic et al., 2010; Zeng et al., 2014).

Drug combinations can also target the mechanisms for paradoxical effect involved

in drug adaptation and that could lead to the emergence of drug resistance. For example,



inhibition of the cellular response to stress by targeting the phosphatase complex
calcineurin or the chaperone protein Hsp90 with non-antifungal drugs has a promising
therapeutic potential, because it induces a synergic effect that increases the activity of
both azoles and echinocandins while weakening the acquisition of mutations that confer
fungal drug resistance (Cordeiro Rde et al., 2014; Cowen and Lindquist, 2005; Cruz et
al., 2002). The calcineurin pathway is necessary for cell wall integrity in C. neoformans
and for both germination of conidia and growth of hyphae in A. fumigatus. Accordingly,
the calcineurin inhibitor FK506 (tacrolimus) displays an efficient antifungal activity
against a broad-spectrum of pathogenic fungal species. FK506 cannot be used as an
antifungal compound because of its strong immunosuppressive activity, but several
FK506 analogs (9D-, 9DP-, 310D-, and 9D310D-FK506) with lower cytotoxicity and
immunosuppressive activity have been developed (Lee, Y. et al., 2018). These analogs,
except 9DP-FK506, display an efficient antifungal activity against A. fumigatus, C.
albicans and C. neoformans, and 310D- and 9D310D-FK506 are also synergistic with
fluconazole. Thus, in a mice model of systemic cryptococcosis, combination of
9D310D-FK506 with fluconazole significantly extends the survival of infected mice
(Lee, Y. et al., 2018). It would be interesting to know whether these FK506 analogs can
also show some synergism with the echinocandins.

The novel class of GPI biosynthesis inhibitors (see below) exhibit in vivo synergies
with multiple echinocandins. This synergistic effect could be caused because the GS-
containing plasma membrane would be more accessible to echinocandin molecules in
the absence of the cell wall outer layer of GPI-linked glycoproteins (Mutz and Roemer,
2016). The discovery of new compounds that show inhibitory addition or synergy with
existing antifungals could help to identify new therapeutic combinations. As a result, it
was found that, through a large-scale screening for pharmacologically active
compounds, the diethylenetriaminepentaacetic acid (DTPA) chelator increases the
activity of echinocandins against resistant isolates of C. albicans (Polvi et al., 2016).
Similarly, a large-scale screening of chemicals identified a synergistic inhibitory effect
between the antibiotic colistin, which is a drug that increases the yeast membrane
permeability, and aminocandin (see below) against several Candida species (Zeidler et
al., 2013).

6. Inhibitors of the fungal cell wall in clinical development for therapeutic use



The clinical use of echinocandins (caspofungin, micafungin and anidulafungin) is
highly valuable because they do not exhibit the toxicity and drug-drug interactions of
polyenes and azoles (Wiederhold, 2018). However, lipopeptide echinocandins cannot be
administered orally as they exhibit both a high molecular weight and high instability at
low pH (Kofla and Ruhnke, 2011). Echinocandins have not been approved for topical
formulation due to reduced chemical stability, preventing the treatment of some
Candida infections such as vulvovaginal candidiasis (Locke et al., 2018). Therefore,
successful echinocandin treatment requires daily intravenous administration, which can
be problematic for those patients suitable for the treatment with oral drugs but affected
by an azole-resistant fungus, and that in addition reside outside of the healthcare
facilities. In an attempt to solve these problems, compounds with longer half-lives that
could be administered more sporadically or suitable for oral formulation are currently
under development (Wiederhold, 2018).

6.1. CD101 (rezafungin)

CD101 (rezafungin) is an echinocandin derivative currently being developed by
Cidara Therapeutics (San Diego, CA, USA), which has a modification in the choline
moiety at the cyclic echinocandin core (Fig. 2 and Table 3). This modification confers
increased solubility and remarkable chemical and metabolic stability, opening up the
possibility of a more sporadic administration and also enables topical formulations for
skin and vaginal infections (Gonzéalez-Lara et al., 2017; Krishnan et al., 2017; Locke et
al., 2018). The spectrum of antifungal activity of CD101 is similar to that of currently
approved echinocandins, exhibiting potent activity against both Aspergillus and
Candida species (Hall et al., 2017; Pfaller et al., 2017; Pfaller et al., 2016). Like
caspofungin and anidulafungin, CD101 exhibits a low potential for the acquisition of
FKS mutations that confer echinocandin resistance in several Candida species (Locke et
al., 2016). Also, CD101 and micafungin exhibit comparable inhibition of the in vitro GS
activity on wild-type and several isolates resistant to echinocandin of both C. albicans
and C. glabatra (Zhao et al., 2016).

6.2. SCY-078 (ibrexafungerp)



The acidic terpenoid enfumafungin is a hemiacetal triterpene glycoside derivative
that was first identified by Merck Sharp & Dohme (MSD, Whitehouse Station, NJ,
USA) as a specific inhibitor of GS (Pelaez et al., 2000). A program developed to
identify and evaluate derivatives of enfumafungin, conducted by MSD in collaboration
with Scynexis (Jersey City, NJ, USA), led to the production of several semi-synthetic
derivatives and the selection of SCY-078 (formerly MK-3118), which is presently in
clinical trials at its phase 3 (Table 3) (Apgar et al., 2015; Heasley et al., 2012). SCY-
078 and enfumafungin-derived inhibitors have the benefit of both oral and intravenous
formulations. SCY-078 is a potent inhibitor of fungal GS modified from enfumafungin
by tethering its alkyl groups proximal to the basic amino group C3 side chain to prevent
oxidative N-demethylation (Gonzalez-Lara et al., 2017; Heasley et al., 2012; Hector and
Bierer, 2011). Given that SCY-078 and other enfumafungin derivatives are structurally
different from echinocandins, the FKS mutations conferring drug resistance to
echinocandins cause, in some cases, a different result with enfumafungin derivatives.
SCY-078 exhibits an excellent in vitro GS inhibition efficacy in wild-type Candida
species and in both wild-type and azole-resistant Aspergillus species, but is more
variable against non-Aspergillus molds (Jiménez-Ortigosa et al., 2014; Lamoth and
Alexander, 2015; Pfaller et al., 2013a, b; Walker et al., 2011). Preclinical results show
an equivalent level of efficacy of SCY-078 against Candida species with respect to
caspofungin, while the in vivo inhibitory activity against aspergillosis presents a slightly
inferior response compared to that of caspofungin (Hector and Bierer, 2011; Lepak et
al., 2015).

6.3. Nikkomycin Z

Given that chitin is vital for maintaining the integrity of the fungal cell wall, its
inhibition is an appealing objective for developing novel antifungal treatments.
Nikkomycin Z was originally isolated by Bayer Pharmaceutical (Berlin, Germany) in
the decade of 1970, and later developed by the now closed Shaman Pharmaceuticals
(San Francisco, CA, USA) (Nix et al., 2009). Its development was renewed again in
2007 by the University of Arizona, but the conducted clinical trials were prematurely
terminated because of recruitment challenges and the lack of financial funding (Table
3). Nikkomycins and polyoxins are structural analogs of the UDP-N-acetylglucosamine

that competitively inhibit chitin synthases by binding to their catalytic sites (Cabib,



1991). Orally administered to mice, nikkomycin Z exhibits a potent fungicidal activity
against B. dermatitidis, Coccidioides immitis and H. capsulatum (Hector et al., 1990).
Nikkomycin Z exhibits low antifungal activity against A. fumigatus (Fortwendel et al.,
2009), while it is able to inhibit the cell growth of C. albicans (Becker et al., 1983;
Chapman et al., 1992). Interestingly, the combined treatment of nikkomycin Z and
caspofungin shows a synergistic inhibitory effect against A. fumigatus and C. albicans,
highlighting the potential of combination therapies to enhance fungicidal activity

against yeasts and molds (Fortwendel et al., 2009; Walker et al., 2008).

6.4. APX001

APX001/E1211 (Amplyx Pharmaceuticals, San Diego, CA, USA) is a broad-
spectrum antifungal agent with both intravenous and oral bioavailability. This
compound is an N-phosphonooxymethyl pro-drug which is quickly and entirely
metabolized to the active moiety APX001A/E1210 (initially discovered by Eisai Co.,
Tokyo, Japan) by the action of systemic alkaline phosphatases. The antifungal action of
APXO001 is fungistatic, exhibiting low toxicity levels like those of fluconazole. APX001
displays highly selective antifungal activity by targeting the fungal Gwtl protein to
inhibit the synthesis of GPI and linkage of essential mannoproteins to the surface of the
cell wall (Fig. 2 and Table 3) (Hata et al., 2011; Watanabe et al., 2012). This antifungal
agent displays an excellent efficacy in in vivo cell culture assays against species of
Candida, including some fluconazole-resistant isolates, Aspergillus, Cryptococcus and
some mold species that are problematic to handle (Castanheira et al., 2012; Miyazaki et
al., 2011; Pfaller et al., 2011b; Pfaller et al., 2011c; Shaw et al., 2018; Zhao et al.,
2018). In animal models, APX001 administered orally has proven to be highly effective
against disseminated candidiasis produced by azole-resistant C. albicans and C.
tropicalis, aspergillosis caused by Aspergillus flavus (combined with voriconazole or
caspofungin) and A. fumigatus and disseminated fusariosis caused by Fusarium solani
(Hata et al., 2011). In a cryptococcal meningitis model, APX001 and other analogs have

also shown some effectiveness when combined with fluconazole (Shaw et al., 2018).

7. Current inhibitors of (1-3)p-D-glucan synthesis in development



In the past years several (1-3)B-D-glucan synthesis inhibitors, presenting a wide-
range of activity against the major infectious fungal species and oral bioavailability,
have emerged as potential candidates for clinical development (Hector and Bierer,
2011). In addition, the existing GS inhibitors may also be used as initial scaffolds for

synthetically creating more efficient and useful antifungal compounds.

7.1. Echinocandin B derivatives

New semi-synthetic echinocandin derivatives are the focus of some patents issued
to Aventis Pharma (Mumbai, India). These patents state that aculeacin, cilofungin,
echinocandin B, pneumocandin Ao, pneumocandin Bo and pneumocandin Co might be
exploited as synthetic starting points for synthetizing new echinocandin derivative
inhibitors (Hector and Bierer, 2011). The efficiency of semi-synthetic compounds
against several Aspergillus, Candida and Cryptococcus strains has been cited, but
biological data has not been provided. It has been also claimed that several of the
echinocandin B derivatives show good efficiency against the in vitro GS of A. fumigatus
and C. albicans (Hector and Bierer, 2011).

7.2. Pyridazinone derivatives

The identification of bioactive molecules in a high-throughput screen combined
with analyses of their mechanism of action allowed the identification of piperazinyl-
pyridazinones derivatives as a new class of compounds that inhibit the target GS
enzyme (Schering-Plough Corporation, Kenilworth, NJ, USA, now fused with MSD,
and Albany Molecular Research, Albany, NY, USA, Table 4). These small molecules
display both a comparable in vitro GS inhibition to that of echinocandins and a strong
correlation between of GS enzyme inhibition and in vivo antifungal effectiveness.
Furthermore, they induce a similar cell lysis to that of other traditional GS inhibitors. In
contrast to echinocandins, these compounds exhibit efficacy when orally administered
to mice infected with C. glabrata (Butts and Krysan, 2012; Hector and Bierer, 2011;
Walker et al., 2011).

7.3. Papulacandins



Papulacandins are naturally occurring glycolipid antifungals characterized by
containing a benzannulated spiroketal unit and were originally isolated by Ciba-Geigy
(Basel, Switzerland), now known as Novartis after its fusion with Sandoz (Table 4)
(Traxler et al., 1977). The unsaturated side chains of papulacandins are required for
their activity. Papulacandins inhibit the synthesis of (1-3)p-D-glucan by targeting the
GS enzyme, and are very active and specific against several yeasts, but less active
against molds and largely inactive against bacteria and protozoa (Baguley et al., 1979;
Font de Mora et al., 1990; Pérez et al., 1981; Traxler et al., 1977; Varona et al., 1983).
Comparison between echinocandins, enfumafungin and papulacandins has shown that
papulacandins are the most potent inhibitors of the in vitro GS activity, several orders of
magnitude more effective than other inhibitors (Martins et al., 2011). However, owing
to the limited activity of papulacandins observed in studies in animal models, neither
papulacandin B nor any of their analogs have been further improved (Vicente et al.,
2003). Some new papulacandin derivatives have been developed during the past years.
For example, several papulacandin D derivatives with moderate biological activity have
been synthetized by the modification of two partly unsaturated acyl chains linked to
sugars (van der Kaaden et al., 2012). New and already known papulacandins have been
identified by MSD through high-throughput separation approaches used to isolate
natural products effective as antifungals (Roemer et al., 2011). Also, a new
papulacandin class named pestiocandin has recently been described as being more
effective against multidrug-sensitive yeasts than against wild-type yeasts (Sakai et al.,
2018).

7.4. Poacic acid

Screening for diferulates isolated from lignocellulosic hydrolysates, exhibiting
antifungal activity, allowed the identification of poacic acid (diferulate, 8-5-DC) as a
new cell wall antifungal that targets the (1-3)B-D-glucan polysaccharide and inhibits
both in vivo synthesis of (1-3)B-D-glucan and in vitro GS activity (Table 4) (Piotrowski
et al., 2015). This natural product causes lysis of cells and is synergistic with
fluconazole and caspofungin. Poacic acid inhibits the cell growth of fungi S. cerevisiae,
Sclerotinia sclerotiorum, Alternaria solani and the oomycete Phytophthora sojae. A
sole application of poacic acid to leaves of soybean infected with S. sclerotiorum can

reduce the infection progression (Piotrowski et al., 2015). However, Candida species



display different sensitivity to poacic acid and therefore, the spectrum of activity against
disseminated candidiasis may differ (Lee, K.K. et al., 2018).

7.5. Other inhibitors of the GS enzyme

Other cyclic peptides have been proposed to inhibit the GS activity (Table 4)
(Hector and Bierer, 2011; Vicente et al., 2003). Aminocandin (Aventis Pharma) is a
new echinocandin with excellent in vitro and in vivo inhibitory activity against both
Aspergillus and Candida (Andes et al., 2003; Warn et al., 2005, 2010). This drug is
efficient at inhibiting the first step of biofilm formation by C. albicans (Cateau et al.,
2007). The echinocandin-related cryptocandin (HMV Corporation, Alpine, UT, USA)
exhibits an inhibitory activity against C. albicans and Trychophyton species (Strobel et
al., 1999). Arborcandins (Daiichi Sankyo, Tokyo, Japan) are other GS inhibitors which
are structurally different from echinocandins. These compounds exhibit potent
fungicidal activity against Candida species and fungistatic activity against A. fumigatus
(Ohyama et al., 2000). Similarly, aerothricin3/FR901469 (Chugai Pharmaceutical,
Tokyo, Japan and Basilea Pharmaceutica, Basel, Switzerland) is a macrocyclic
lipopeptidolactone comprised of ring of 12 amino acids and a 3-hydroxypalmitoyl
moiety that inhibits the GS activity. This compound is efficient against most Candida
species and all tested Aspergillus species. Fksl and Fks2 of S. cerevisiae exhibit
differential sensitivity to this inhibitor (Fujie et al., 2001; Kondoh et al., 2002). The
synthetic antifungal drug GSI578 is a piperazine propanol derived ([2,6-Difluoro-
phenyl)-carbamic acid 3-[4-benzothiazol-2-yl-piperazine-1-yl]-propyl ester; Chugai
Pharmaceutical) that also inhibits the GS activity and displays antifungal effect against
A. fumigatus and C. albicans (Kondoh et al., 2005). New modifications of several acids
(chlorogenic, quinic and caffeic acid) associated with an H2N-orn-4-(octyloxy) aniline
group inhibit partially the GS activity and display antifungal effect (Ma et al., 2010).
Finally, novel synthetic homoallylamines, tetrahydroquinolines, quinolines and
chalcones are inactive in vivo against Aspergillus and Candida species, but are
extremely active with dermatophytes, in particular Epidermophyton floccosum, and
show a remarkable in vitro inhibitory effect of both chitin synthase and GS activities
(Lépez et al., 2001; Urbina et al., 2000; Vargas et al., 2003). Macrocyclic lactone

glycolipids isolated from plant Convolvulaceous species have a structure resembling



that of papulacandins and show an in vitro GS inhibitory activity similar to that of
papulacandin (Castelli et al., 2002).

8. Novel inhibitors of (1-6)p-D-glucan and GPI synthesis

The main weakness of all GS inhibitors is their apparent inefficiency against
disseminated cryptococcosis. One theoretical explanation for the resistance observed in
C. neoformans is that the capsule of the fungus could block the entrance of inhibitors
and consequently the inhibition of the GS located in the plasma membrane. However,
this hypothesis seems improbable because the growth of both acapsular and
encapsulated strains is inhibited with a similar concentration of echinocandin
(Feldmesser et al., 2000). Another plausible hypothesis is that cell wall melanin could
obstruct echinocandins from reaching the GS in the plasma membrane of this fungus,
since a reduction in melanin increases susceptibility to GS antifungals (Coelho and
Casadevall, 2016). However, it is unknown whether the reduction of melanin is
accompanied by a reduction of other cell wall components, which could be equally
responsible for the obstruction of the access of antifungals to the GS. It is considered
that the cell wall of acapsular C. neoformans is enriched in glucose residues with (1-
6)B-D linkages. The (1-6)p-D-glucan is vital for the cell integrity of S. cerevisiae, which
contains a lower amount of this polysaccharide. Another hypothesis that may explain C.
neoformans resistance to specific GS antifungals is that since echinocandins do not
inhibit the synthesis of this (1-6)p-D-linked polymer, the supposed higher amount of (1-
6)B-D-glucan would protect cell integrity from the (1-3)p-D-glucan reduction caused by
GS-specific antifungals (Feldmesser et al., 2000; Gilbert et al., 2010; James et al.,
1990).

Thus, the discovery and improvement of new compounds that specifically inhibit
the (1-6)B-D-glucan synthesis could be critical for circumventing the resistance of C.
neoformans and other fungal species which are naturally resistant to GS inhibitors. In
addition, the (1-6)B-D-glucan is vital for the C. albicans virulence (Herrero et al., 2004;
Umeyama et al., 2006). The novel class of bicyclic heteroaryl ring derivatives (D75-
4590, D11-2040 and D21-6076; Daiichi Sankyo, Tokyo, Japan) target Kre6 to inhibit
the biosynthesis of (1-6)B-D-glucan (Table 4). These small molecules display in vivo
inhibitory efficacy both in cell cultures and in animal models against a broad-range of

Candida species (Hector and Bierer, 2011; Kitamura et al., 2009a; Kitamura et al.,



2009b; Kitamura et al., 2010; Takeshita et al., 2010). Unfortunately, like GS inhibitors,
bicyclic heteroaryl ring derivatives are ineffective against C. neoformans and molds.
D11-2040 presents a synergistic effect with caspofungin and fluconazole for C. albicans
growth inhibition and, interestingly, this inhibitor also induces a slight reduction in the
minimal inhibitory concentrations of itraconazole, amphotericin B and caspofungin in
A. fumigatus and C. neoformans (Hector and Bierer, 2011; Kitamura et al., 2009a;
Kitamura et al., 2009b; Kitamura et al., 2010; Takeshita et al., 2010).

GPI-linked proteins are mostly connected to the cell wall through the (1-6)B-D-
glucan chains. Recently, the novel inhibitor of GPI biosynthesis APX001A/E1210 (see
above and Table 3) has shown good inhibitory effectivity with C. neoformans, as well
as with a broad-spectrum of clinically important fungal pathogens (Miyazaki et al.,
2011; Pfaller et al., 2011b; Pfaller et al., 2011c; Shaw et al., 2018). Several synthetic
APXO001 derivatives also present activity against C. neoformans (Miyazaki et al., 2011;
Pfaller et al., 2011b; Pfaller et al., 2011c; Shaw et al., 2018). Screening for chemically
induced haploinsufficiency by using a library of C. albicans heterozygous deletion
mutants has allowed the identification of four molecules that inhibit GPI biosynthesis.
G365 and G884 target the acyltransferase Gwtl, whereas M743 and M720 target the
ethanolamine phosphotransferase Mcd4. These compounds display antifungal efficiency
against a wide-spectrum of pathogenic yeasts and molds. In a murine infection model,
M720 is active against systemic candidiasis and the combination of Gwtl and Mcd4
inhibitors induces a potent synergistic effect (reviewed by Mutz and Roemer, 2016). In
addition, the small molecule Gepinacin (Whitehead Institute for Biomedical Research,
Cambridge, MA, USA) is another inhibitor of Gwtl that exhibits broad-spectrum
antifungal activity (Table 4). Interestingly, GPI inhibitors cause cell wall B-glucans to
be exposed to the medium, stimulating the recognition of fungi by the immune system
of the host (Mann et al., 2015; McLellan et al., 2012).

9. Concluding remarks and future perspectives

In the 1990s the magnitude of fungal diversity was estimated at approximately 1.5
million species (Hawksworth, 2001), of which over 300 are human pathogens.
Aspergillus, Candida, Cryptococcus and Pneumocystis species are the main cause of
severe fungal diseases in humans. Over 1.6 million people die yearly due to severe

fungi-related diseases. Most mycoses developed in hospitals, particularly by



immunocompromised patients infected with HIV or those undergoing chemotherapy,
are still closely associated with high mortality rates. The situation is also aggravated
because of the emergence of mycoses due to resistant species of Candida, Aspergillus
and some Cryptococcus, which has dramatically reduced the number of available
therapeutic options (Denning, 2017; Editorial, 2017; Geddes-McAlister and Shapiro,
2018; LIFE, 2017). In order to alleviate this unfortunate situation, mycologists have
proposed three lines of attention that should be solved during the next few years (Brown
et al., 2012a; Brown et al., 2012b; Denning and Bromley, 2015; Editorial, 2017), of
which the current understanding of the interactions between the fungus-specific cell
wall and host cells will play a pivotal role.

First of all, the early diagnosis and therapeutic monitoring of mycoses through
improved and affordable methods are required for the effective early implementation of
antifungal treatments (Brown et al., 2012a; Brown et al., 2012b; Denning and Bromley,
2015; Editorial, 2017). The cell wall delivers most antigens used to diagnose human
mycoses. Antibodies raised against mannans of the outer cell wall layer are appealing
for the diagnosis of systemic candidiasis, aspergillosis and cryptococcosis. The (1-3)-
D-glucan has also emerged as a tool for diagnosis of mycoses in patients infected with
HIV (reviewed by Farhour et al., 2018; Gow et al., 2017; Ostrosky-Zeichner, 2012).
Since cell wall polysaccharides present in the serum or plasma of infected
immunocompromised patients correlate with fungal growth, several diagnostic methods
for testing the content of (1-3)B-D-glucan and/or mannan are currently undergoing
clinical trials for Pneumocystis (ClinicalTrials.gov identifier: NCT03613025), Candida
(ClinicalTrials.gov identifier: NCT03674359, NCT03468803, NCT03090334) and
Aspergillus (ClinicalTrials.gov identifier: NCT02104479, NCT01695499).

Secondly, safer, cheaper and more effective new antifungal drugs are needed to
treat infections of multidrug-resistant fungi (Brown et al., 2012a; Brown et al., 2012b;
Denning and Bromley, 2015; Editorial, 2017). Currently, three antifungals that target
the synthesis of essential polymers of the cell wall are undergoing clinical development.
The novel echinocandin CD101 and the enfumafungin derivative SCY-078 inhibit the
production of (1-3)B-D-glucan, while the pro-drug AXP001 impedes the cell wall
surface incorporation of GPI-linked proteins. These compounds exhibit a broad-
spectrum activity to treat the main invasive fungal infections and, importantly, they can
be orally administered and some of them even display improved chemical stability (see

above).



And finally, advances in our knowledge of the interactions involving fungal and
host cells have allowed the design and exploration of new panfungal vaccines and
immunotherapeutic  strategies, particularly — useful for the treatment of
immunocompromised individuals affected by mycoses (reviewed by Armstrong-James
et al., 2017; Armstrong-James and Harrison, 2012; Lionakis and Levitz, 2018). Since
innate recognition of (1-3)p-D-glucan, mannan, and chitin/chitosan on the fungal cell
wall can induce strong adaptive immune responses, these polysaccharides can be used
as adjuvants in the development of vaccines, which might protect against a broad-
spectrum of mycoses. In fact, the cell wall of heat-killed Saccharomyces is an effective
vaccine against Aspergillus, Coccidioides or Candida. Mannan or glucans alone also
delivered substantial protection (Stevens et al., 2011). A vaccine consisting of
conjugated-(1-3)p-D-glucan (laminarin) has revealed to be immunogenic and protective
in mice infected with Candida, Aspergillus or Cryptococcus species (Torosantucci et
al., 2005). Also, recombinant vaccines against C. albicans, based on epitopes of
mannose trisaccharides conjugated to cell wall-associated proteins, are able to induce
protection (Gow et al., 2017; lbrahim et al., 2013).

Immunocompromised individuals are usually unable to mount protective responses
after vaccination. Therefore, the efficiency of antibodies or T-cells to prevent and/or
treat mycoses has been examined. In models of systemic aspergillosis, candidiasis,
cryptococcosis and histoplasmosis, mice vaccinated with monoclonal antibodies against
surface-exposed epitopes become moderately protected from a subsequent lethal
infection (Armstrong-James et al., 2017). Radioimmunotherapy using a monoclonal
antibody directed against the glucuronoxylomannan of the C. neoformans capsule is
more efficient than amphotericin B in murine cryptococcosis (Bryan et al., 2010). T-
cells expressing chimeric antigens of the Dectin-1 receptor that recognize the cell wall
B-glucans lead to in vivo hyphal growth inhibition and cell damage of Aspergillus, both
in cell cultures and in animal models (Kumaresan et al., 2014).

In sum, because the cell wall is specifically indispensable for fungal cells to infect
mammalian hosts, it will continue to be a pivotal target for the design and discovery of
safer and more effective treatments for the prevention and remedy of invasive mycoses
in future years. The discovery of new drugs or immunotherapies directed against
conserved cell wall enzymes that are still unexplored as targets for antifungal therapy,
such as the essential (1-3)a-D-glucan synthases and (1-3)B-D-glucan remodeling

glucanosyltransferases, will help to expand the variety of available antifungals and to



provide new, more effective and wider-range drug combinations for treating new and

emerging multidrug-resistant fungal species.
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Table 1. Estimated burden of the main life-threatening fungal diseases

Disease (most common species)

Estimated number of affected

individuals per year

Estimated mortality rate

Aspergillosis (Aspergillus fumigatus®?)

Blastomycosis (Blastomyces dermatidis)
Candidiasis (Candida albicans* %)
Coccidioidomycosis (Coccidioides immitis)
Cryptococcosis (Cryptococcus neoformans* ®)
Histoplasmosis (Histoplasma capsulatum)

Paracoccidioidomycosis (Paracoccidioides

Invasive aspergillosis
>300,000%°

Chronic pulmonary aspergillosis
>3,000,000%°

~3,00034

Invasive candidiasis >750,000%
~25,000%4

>1,000,000*¢

~100,000%3

~4,000%4

~30% mortality if treated in HIC -in AIDS?
~50% non-AlIDS, in HIC?

~15-40% mortality in HIC?

~15% mortality in the developed world?
<2-68%"*

~40% mortality treated?

<1-70%*

15-70%*57

15-30%, if diagnosed and treated?

5-27%"

brasiliensis)
Pneumocystis pneumonia (Pneumocystis
jirovecii)

Sporaotrichosis (Sporothrix schenckii) >40,000?

~500,000 in AIDS and non-AIDS®#

20-80%*

No data

HIC: High-income countries; AIDS: Acquired Immunodeficiency Syndrome;
#Other Aspergillus isolates: A. flavus, A. niger, A. terreus, A. nidulans
*Other Candida isolates: C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, C. auris

*Other Cryptococcus isolates: C. gattii
Y(Sugui et al., 2014)

YGAFFI)

3(Bongomin et al., 2017)

4(Brown et al., 2012a)
5(Samarasinghe and Xu, 2018)

b(Park et al., 2009)

’(Bratton et al., 2012)

Table 2. Current commercial availability of echinocandin derivatives approved for therapeutic use

Compound, commercial name, owner company and chemical
structure

Auvailable commercial suppliers

Caspofungin (Cancidas®, Merck Sharp & Dohme, MSD).
H;N
\—Hﬁf OH

5} g
HO . 3
0 o
5 NH Y
HN N 0
: HN CH,
- oo H

RS AeaS

Abyntek Biopharma
http://buscador.abyntek.com/?term=caspofung

AMS Biotechnology
http://www.amsbio.com/search-results.aspx?value=caspofungin
BioVision

https://www.biovision.com/caspofungin-acetate.html

BOC Sciences

https://www.bocsci.com/search?q=caspofungin

EMELCA Bioscience
http://www.emelcabio.com/productdisplay/caspofungin-acetate
LifeSpan BioSciences
https://www.lIsbio.com/biochemicals/caspofungin-acetate-cas-
179463-17-3-1s-h3150/3150

MyBioSource
https://www.mybiosource.com/products.php?keywords=caspofu
ngin

Selleck Chemicals
http://www.selleckchem.com/products/caspofungin-acetate.html
Sigma-Aldrich (now fused to Merck)
https://www.sigmaaldrich.com/catalog/search?term=caspofungin
&interface=A
lI&N=0&mode=match%20partialmax&lang=es&region=ES&fo
cus=product

Tebu-bio

https://iwww.tebu-
bio.com/search/?contexte=&autocomplete=0&type_contexte=0
&search=caspofungin




Micafungin (Mycamine®, Astellas Pharma).

Anidulafungin (Eraxis® or Ecalta®, Pfizer).

Abyntek Biopharma
http://buscador.abyntek.com/?term=micafung

AMS Biotechnology
http://www.amsbio.com/search-results.aspx?value=micafungin
BioVision
https://iwww.biovision.com/micafungin-sodium.html

BOC Sciences

https://www.bocsci.com/search?q=micafungin

EMELCA Bioscience
http://www.emelcabio.com/productdisplay/micafungin-sodium
LifeSpan BioSciences (shipment within the USA only)
https://iwww.lshio.com/biochemicals/micafungin-sodium-salt-
cas-208538-73-2-1s-h8670/8670

MyBioSource
https://www.mybiosource.com/products.php?keywords=micafun
gin

Selleck Chemicals
http://www.selleckchem.com/products/micafungin-sodium.html
Tebu-bio

https://www.tebu-
bio.com/search/?contexte=&autocomplete=0&type_contexte=0
&search=micafungin

Abyntek Biopharma
http://buscador.abyntek.com/?term=anidulafung

BOC Sciences

https://www.bocsci.com/search?g=anidulafungin

LifeSpan BioSciences
https://www.lsbio.com/search?gq=anidulafungin&sid=098t97dm7

w
MyBioSource
https://www.mybiosource.com/prods/Inhibitor/Anidulafungin/da
tasheet.php?products_id=578661

Selleck Chemicals
http://www.selleckchem.com/products/anidulafungin-
1y303366.html

Sigma-Aldrich (now fused to Merck)
https://www.sigmaaldrich.com/catalog/product/sigma/smi2288?I
ang=es&region=ES

Tebu-bio

https://www.tebu-
bio.com/search/?contexte=&autocomplete=0&type_contexte=0
&search=anidulafungin




Table 3. Current cell wall antifungals in clinical development. Information was obtained from the website ClinicalTrials.gov
(https://www.clinicaltrials.gov/ct2/home) from the U.S. National Library of Medicine (National Institutes of Health, USA)

Compound, commercial name, owner company and . . Current state of clinical
- Mechanism of action
chemical structure development

CD101 (rezafungin, Cidara Therapeutics).

Phase 2. ID: NCT02734862
Candidemia, mycosis, fungal
infection, fungemia, invasive
candidiasis.

Inhibition of the synthesis of Actual study start date: July 2016.

(1-3)p-D-glucan . Phase 3. ID: NCT03667690

Candidemia, mycosis, fungal
infection, invasive candidiasis.
Estimated study start date: October
2018.

Phase 2. ID: NCT03672292

Invasive Pulmonary Aspergillosis

Estimated study start date: October
SCY-078 / MK338 (ibrexafungerp, Scynexis). 2018.

Phase 3. ID: NCT03363841
Candidiasis, invasive
candidemia.

Actual study start date: November
2017.

Inhibition of the synthesis of
(1-3)B-D-glucan .

Phase 3. NCT03059992

Invasive candidiasis,
mucocutaneous candidiasis.

Actual study start date: April 2017.

Nikkomycin Z (University of Arizona).

Phase 2. ID: NCT00614666
OH N, Inhibition of the synthesis of Coccidioidomycosis

o chitin. Terminated due to the lack of
funding and recruitment challenges.

APX001 / E1211 (Amplyx Pharmaceuticals).

Inhibition of acyltransferase Phase 2. ID: NCT03604705
Gwitl and thus of Candidemia.
glycosylphosphatidylinositol Estimated study start date: October

(GPI) synthesis. 2018.



https://www.clinicaltrials.gov/ct2/home

Table 4. Experimental cell wall antifungals under development

Compound, commercial name, owner company and chemical
structure

Mechanism of action

Pyridazinone derivatives (Schering-Plough Corporation and Albany
Molecular Research).

CO-O A

Papulacandins B (Ciba Geigy, now fused to Novartis).

Poacic acid (Wisconsin Alumni Research Foundation).
OH
MeO
=]
HO
@OME
OH

Aminocandin (IP960, HMR3270, NXL201; Aventis Pharma).

Cryptocandin (HMV Corporation).
OH

Arborcandins (A, B, C, D, E, F; Daiichi Sankyo).

Inhibition of the synthesis of (1-3)B-D-glucan.

Papulacandin family.
Inhibition of the synthesis of (1-3)B-D-glucan.

Inhibition of the synthesis of (1-3)B-D-glucan.

Echinocandin family.
Inhibition of the synthesis of (1-3)B-D-glucan.

Echinocandin family.
Inhibition of the synthesis of (1-3)B-D-glucan.

Inhibition of the synthesis of (1-3)B-D-glucan.
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Aerothricin 3/ FR901469 (Chugai Pharmaceutical and Basilea
Pharmaceutica).

5 Jvﬂy

Bicyclic heteroaryl ring derivatives (D75-4590, D11-2040, D21-6076;
Daiichi Sankyo).

N
Il

R
OH

Inhibition of the synthesis of (1-3)B-D-glucan.

Rs

X Inhibition of the synthesis of (1-6)B-D-glucan.
R, )R

R

Gepinacin (Whitehead Institute for Biomedical Research).

[o] OMe
)\,0\©,0JLNH’©/ Inhibition of acyltransferase Gwt1 and thus

glycosylphosphatidylinositol (GPI) synthesis.

Figure 1. Structure and composition of the cell wall in different fungal species.

The schemes show the main components of the cell wall in each fungal model. Most
cell walls have a common inner layer composed of an alkali-insoluble core of branched
(1-3)B-D-glucan, (1-6)p-D-glucan and chitin, with many species having also (1-3)a-D-
glucan and a few lacking chitin. In Aspergillus fumigatus and Aspergillus niger the (1-
3)a-D-glucan is located in different cell wall layers: in the inner wall core,
interconnected with chitin and f-glucan; and in the outer wall region interacting with
glycoproteins. The composition of the attached outer layer of glycoproteins is more
diverse between fungal species. In the yeasts Saccharomyces cerevisiae and Candida
albicans, this outer layer is enriched with mannosylated glycoproteins, while the
glycoproteins of filamentous A. fumigatus and fission yeast Schizosaccharomyces

pombe contain galactomannans instead of mannans. Basidiomycetous yeast



Cryptococcus neoformans has a differential external capsule structure that is composed
of glucuronoxylomannan and a lower amount of glucuronoxylomannogalactan. This
fungus also has a layer of melanin, whose exact localization is currently unknown. In
other fungi, such as dimorphic Histoplasma capsulatum and Blastomyces dermatitidis,
the layer of (1-3)a-D-glucan shields the efficient recognition of (1-3)p-D-glucan by the
immune system of the host (figure adapted from Erwig and Gow, 2016).

Figure 2. Targets of cell wall antifungals.

Illustration showing the cell wall enzymes and synthesized cell wall components
specifically inhibited by the available cell wall antifungals. A schematic representation
of the cell wall architecture is also shown. The synthesis of linear chains of both (1-3)p-
D-glucan and chitin starts in the plasma membrane by the corresponding (1-3)p-D-
glucan and chitin synthases. Then, cell wall remodeling glucanosyltransferases form
branched (1-3)B-D-glucan (green), which is cross-linked to (1-6)pB-D-glucan (red), to
chitin (blue) or to glycoproteins (black). Most glycoproteins are covalently attached to
(1-6)B-D-glucan via a glycosylphosphatidylinositol (GPI) anchor. Also proteins with
internal repeats (PIR) are covalently connected to branched (1-3)B-D-glucan through an
alkali-soluble bond. Commercial echinocandins (caspofungin, micafungin and
anidulafungin), drugs undergoing clinical trials (echinocandin CD101 and
enfumafungin derivative SCY-078) and other antifungal compounds under development
bind and inhibit the (1-3)B-D-glucan synthase (green), except poacic acid (asterisk) that
apparently binds to the (1-3)B-D-glucan polysaccharide but also inhibits the (1-3)B-D-
glucan synthase. Nikkomycin Z targets the synthesis of chitin by inhibiting the chitin
synthase (blue). The family of bicyclic heteroaryl ring derivatives blocks the synthesis
of (1-6)p-D-glucan (red). Finally, APX001 and gepinacin drugs target the
acyltransferase Gwtl in the endoplasmic reticulum (no depicted), blocking the synthesis
of GPI and the consequent attachment of essential GPI-linked proteins to the outer cell

wall layer (black).

Figure 3. Mechanisms of fungal resistance to echinocandins.

Scheme showing the adaptive mechanisms of echinocandin resistance via alteration of
the target enzyme (1-3)B-D-glucan synthase and/or activation of cellular stress
responses. Mutations in the three highly conserved hotspot regions of the FKS genes,

encoding the (1-3)B-D-glucan synthase catalytic subunit, increase target resistance to



echinocandin drugs (left). The exposure of cells to echinocandins damages the cell wall,
inducing multiple stress regulation pathways and the activation of compensatory
mechanisms that lead to the overproduction of cell wall chitin and the paradoxical effect
of fungal resistance adaptation to echinocandins (right). This adaptation can in last

instance also favor the development of spontaneous resistance mutations.
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