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Invasive fungal infections (IFIs) pose a serious clinical problem, but the antifungal arsenal 
is limited and has many disadvantages, such as drug resistance and toxicity. Hence, there 
is an urgent need to develop antifungal compounds that target novel target proteins of 
pathogenic fungi for treating IFIs. This review provides a comprehensive summary of the 
biological functions of novel promising target proteins for treating IFIs in pathogenic fungi 
and their inhibitors. Inhibitors of inositol phosphoramide (IPC) synthases (such as 
Aureobasidin A, Khafrefungin, Galbonolide A, and Pleofungin A) have potent antifungal 
activities by inhibiting sphingolipid synthesis. Disrupting glycosylphosphatidylinositol (GPI) 
biosynthesis by Jawsamycin (an inhibitor of Spt14), M720 (an inhibitor of Mcd4), and 
APX001A (an inhibitor of Gwt1) is a promising strategy for treating IFIs. Turbinmicin is a 
natural-compound inhibitor of Sec14 and has extraordinary antifungal efficacy, broad-
antifungal spectrum, low toxicity, and is a promising new compound for treating IFIs. 
CMLD013075 targets fungal heat shock protein 90 (Hsp90) and has remarkable antifungal 
efficacy. Olorofim, as an inhibitor of dihydrolactate dehydrogenase, is a breakthrough drug 
treatment for IFIs. These novel target proteins and their inhibitors may overcome the 
limitations of currently available antifungal drugs and improve patient outcomes in the 
treatment of IFIs.

Keywords: antifungal targets, inhibitors, invasive fungal infections, drug resistance, drug toxicity

INTRODUCTION

Invasive fungal infections (IFIs) pose a severe clinical problem that causes approximately one 
and a half million deaths annually (Lee et  al., 2021). Currently, there are only three frontline 
antifungal drugs for the treatment of IFIs: polyenes, echinocandins, and azoles, and each of 
them has disadvantages that limit their clinical application (Robbins et  al., 2016). For example, 
polyenes have severe side effects, such as nephrotoxicity, due to the structural similarity between 
their target ergosterol and mammalian membrane sterol cholesterol (Perfect, 2017); Whereas 
echinocandins have a limited antifungal spectrum, a requirement for intravenous administration, 
and high drug costs (Perlin, 2015), Azoles have only fungistatic effects which result in the 
emergence of azole resistance (Zavrel and White, 2015). Therefore, uncovering alternative antifungal 
targets is necessary to expand the currently limited arsenal of antifungal agents for treating IFIs.

We summarized nine promising antifungal target proteins and inhibitors for treating IFIs 
(Figure  1; Table  1). These target proteins meet the following criteria: (1) these proteins play a 
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crucial role in the growth, virulence, and drug sensitivity of 
pathogenic fungi; (2) targeting these proteins is a new promising 
strategy for treating IFIs; (3) inhibitors of these proteins have 
been developed and have characteristics of remarkable antifungal 
efficacy, broad-antifungal spectrum, and low toxicity. Proteins 
included in this review play an important role in many biological 
processes of pathogenic fungi, suggesting that inhibiting these 
biological functions are promising new antifungal strategies. 
Firstly, damaging fungal cell wall integrity is an effective antifungal 
strategy, including disrupting glycosylphosphatidylinositol (GPI) 
synthesis by inhibiting Gwt1 (Umemura et  al., 2003; Watanabe 
et  al., 2012), Spt14 (Schönbächler et  al., 1995; Fu et  al., 2020), 
and Mcd4 (Maneesri et al., 2005; Mann et al., 2015) and inhibiting 
chitin synthase (Gaughran et  al., 1994; Munro et  al., 2001) 
decreased chitin, which is an essential part of the carbohydrate 
skeleton of the fungal cell wall. Secondly, the destruction of 
cell membrane integrity and membrane network trafficking is 
a promising antifungal strategy, such as targeting inositol 
phosphoramide (IPC) synthases suppressed sphingolipid synthesis 
(Heidler and Radding, 1995; Hashida-Okado et  al., 1996) and 
inhibiting Sec14 blocked membrane trafficking from the Golgi 
network (Curwin et  al., 2009; Zhang et  al., 2020). Besides, heat 

shock protein 90 (Hsp90) plays an important role in pathogenic 
fungi’ survival, virulence, and drug resistance. Thus, impairing 
the function of Hsp90 contributes to treating IFIs by directly 
targeting Hsp90 (Whitesell et  al., 2019; Hohrman et  al., 2021) 
or preventing its acetylation by targeting histone deacetylase 2 
(Hos2; Pfaller et al., 2009; Zacchi et al., 2010). Finally, disrupting 
glycolysis (targeting Eno1; Ko et  al., 2013; Pitarch et  al., 2014) 
and pyrimidine biosynthesis (targeting dihydrolactate 
dehydrogenase (DHODH; Zameitat et  al., 2006; Oliver et  al., 
2016) are perspective antifungal strategies. Developing a new 
antifungal agent targeting new proteins helps expand the limited 
antifungal arsenal, curb the emergence of antifungal drug resistance, 
and improve patient outcomes in the treatment of IFIs.

GLYCOSYLPHOSPHATIDYLINOSITOL 
BIOSYNTHESIS

In fungi, GPI plays an integral role in anchoring proteins to the 
plasma and is thus critical to the fungal cell wall integrity (Yadav 
and Khan, 2018; Fu et  al., 2020). GPI biosynthesis starts from 
the cytoplasmic side of the endoplasmic reticulum (ER). That is, 

FIGURE 1 | Overview of antifungal target proteins and their inhibitors.
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TABLE 1 | Novel promising targets and their inhibitors for the treatment of IFIs.

Target proteins Target function Inhibitors Spectrum of activity Development stage

GPI biosynthesis
Spt14 Catalytic subunit of fungal 

UDP-glycosyltransferase, 
which is essential for GPI 
biosynthesis

Jawsamycin (FR-900848) Broad spectrum Preclinical

Mcd4 Transferring 
phosphoethanolamine 
groups (EtNP) during GPI 
biosynthesis

M743 (YW3548)  • Candida spp.
 • Aspergilus spp.

Preclinical

M720  • Candida spp.
 • Aspergilus spp.

Preclinical

Gwt1 Transferring fatty acyl 
chains to the inositol 
fraction of GPI precursors

BIQ  • Candida albicans
 • Microsporum spp.
 • Trichophyton spp.

Preclinical

APX001 Broad spectrum  • Phase I (NCT02957929-
completed, 
NCT02956499-
completed, 
NCT03333005-
completed, 
NCT04166669-
completed)

 • Phase II (NCT03604705-
completed, 
NCT04240886-planned)

Chitin biosynthesis
Chitin synthases Catalyzing the chitin 

extension chain, which 
plays an essential role in 
maintaining fungal cell wall 
integrity

Nikkomycin Z  • Candida albicans
 • Candida auris
 • Candida parapsilosis 

(combine with fluconazole)
 • Cryptococcus neoformans 

(combine with fluconazole)
 • A. fumigatu (combine with 

caspofungin)

 • Phase I (NCT00834184-
completed)

 • Phase II (NCT00614666-
terminated)

Sphingolipids Biosynthesis
Inositol phosphoramide (IPC) 
synthase

Catalyzing the transfer of 
the phosphoinositol head 
group of 
phosphatidylinositol to the 
C1-hydroxyl group of 
ceramide to produce IPC

Aureobasidin A Broad spectrum Preclinical
Khafrefungin  • Candida albicans

 • Cryptococcus neoformans
 • Saccharomyces cerevisiae

Preclinical

Galbonolide A  • Cryptococcus neoformans Preclinical
Pleofungin A  • Candida spp.

 • Cryptococcus neoformans
 • Aspergilus spp.

Preclinical

Proteins membrane trafficking
Sec14 Transferring the 

phosphatidylinositol, plays 
an important role in 
regulating the interface 
between lipid metabolism 
and membrane trafficking 
from the Golgi network

Turbinmicin Board spectrum Preclinical

Hsp90 function
Hsp90 Regulating the correct 

folding, transport, 
maturation, and 
degradation of client 
proteins

CMLD013075  • Candida albicans Preclinical
Mycograb C28Y  • Candida spp. Preclinical

Histone deacetylase 2 Removing lysine residues 
from core histones, which 
control gene transcription 
and expression

MGCD290 Board spectrum  • Phase II (NCT01497223-
completed)

Glycolysis

(Continued)
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N-acetylglucosamine (GlcNAc) is transferred from UDP-GlcNAc 
to phosphatidylinositol (PI), forming N-acetyl glucosaminyl 
phosphatidylinositol (GlcNAc-PI). This reaction is catalyzed by 
the GPI-GlcNAc transferase (GPI-GnT) complex comprising six 
core subunits. In the GPI-GnT complex, UDP-glycosyltransferase 
catalytic subunit (Spt14) acts as the catalytic subunit. GlcNAc-PI 
is then de-N-acetylated to glucosaminyl-phosphatidylinositol (GlcN-
PI). GlcN-PI is acylated by the acyl-Coa-dependent inositol 
acyltransferase (Gwt1), generating GlcN-(acyl)PI. First and second 
mannoses are then added sequentially to the GlcN-(acyl)PI by 
the GPI-α1,4-mannosyltransferase-I (Gpi14/Pbn1) and GPI-α1,6-
mannosyltransferase-II (Gpi18/Pga1), respectively, leading to the 
formation of Man–Man-GlcN-(acyl)PI intermediate. And then 
phosphoethanolamine group (EtNP) is transferred from Man–
Man-GlcN-(acyl)PI to the 2-position of first mannose by the 
GPI-phosphoethanolamine transferase-I (Mcd4) generating 
Man-(EtNP)Man-GlcN-(acyl)PI. Third and fourth mannose 
additions carry out by the GPI-α1,2-mannosyltransferase-III (Gpi10) 
and GPI-α1,2-mannosyltransferase-IV (Smp3), respectively, resulting 
in the formation of Man-Man-Man-(EtNP)Man-GlcN-(acyl)
PI. Phosphoethanolamine moieties are then added to the 6-position 
of third and second mannose, respectively, by the 
GPI-phosphoethanolamine transferase-III (Gpi13/Gpi11) and 
GPI-phosphoethanolamine transferase-II (Gpi7/Gpi11), resulting 
in the formation of complete GPI precursor, Man-(EtNP)Man-(EtNP)
Man-(EtNP)Man-GlcN-(acyl)PI (Figure 2; Yadav and Khan, 2018).

Spt14
The fungal UDP-glycosyltransferase catalytic subunit, also known 
as Spt14, encoded by the SPT14 gene (YPL175W) in 
Saccharomyces cerevisiae is essential for GPI biosynthesis. The 
homozygous deletion of the SPT14 gene resulted in defective 
GPI anchoring due to a defect in the synthesis of GlcNAc-PI, 

the first step of GPI synthesis (Yadav and Khan, 2018). The 
SPT14 gene (CR_04040C_A) is vital for Candida albicans 
because the loss of the SPT14 gene led to this pathogenic 
fungus being inviable (Nobile and Mitchell, 2005; Segal et  al., 
2018). In Aspergillus fumigatus, the loss of the afpig-a gene, 
the homolog of the SPT14 gene, resulted in complete blocking 
of the GPI synthesis and led to cell wall defect, abnormal 
hyphal growth, rapid growth conidial germination, and aberrant 
conidiation (Li et  al., 2007).

Jawsamycin (FR-900848) is a natural product containing 
oligomeric cyclopropyl (Figure  2). Genetic follow-up and 
unbiased resistance profiling studies pointed to the catalytic 
subunit Spt14 as the target of jawsamycin (Fu et  al., 2020). 
Although the S. cerevisiae Spt14 shares 40% identity with human 
homolog PIG-A (Table 2), jawsamycin selectively targets fungal 
Spt14 but not the human PIG-A (Fu et  al., 2020). Jawsamycin 
exhibited antifungal activity with broad-spectrum and potency 
against Fusarium species, Scedosporium species, and Mucorales 
fungi, including Rhizopus oryzae and Absidia corymbifera, and 
Mucor circinelloides (Fu et  al., 2020). It is worth noting that 
these fungal species are generally insensitive to current licensed 
antifungal agents (Yoshida et  al., 1990). Besides, jawsamycin 
has also demonstrated antifungal activity in a mouse model 
of invasive pulmonary mucormycosis caused by Rhyzopus 
delemar (Fu et  al., 2020). Notably, jawsamycin has low toxicity 
to mice at the tested doses (Fu et  al., 2020). In summary, 
jawsamycin, as an inhibitor of Spt14, is a promising antifungal 
agent with a broad-antifungal spectrum and low toxicity.

Gwt1
Gwt1 is a catalytic inositol acyltransferase that transfers fatty 
acyl chains to the inositol fraction of GPI precursors. Gwt1 
plays a crucial role in maintaining fungal cell wall integrity 

TABLE 1 | Continued

Target proteins Target function Inhibitors Spectrum of activity Development stage

Eno1 Regutating the glycolysis 
pathway, plays a vital role 
in adhesion, hyphae 
formation, susceptibility to 
antifungal drugs, and 
virulence

MAb R-5  • Aspergilus spp.  • Preclinical

Pyrimidine biosynthesis
Dihydrolactate dehydrogenase 
(DHODH)

Catalyzing the pyrimidine 
biosynthesis pathway

Olorofim (F901318)  • Aspergilus spp.
 • Scedosporium
 • Madurella mycetomatis
 • Fusarium spp.

 • Phase I (NCT03340597-
completed, 
NCT02142153-
completed, 
NCT02342574-
completed, 
NCT02394483-
completed, 
NCT02737371-
completed)

 • Phase II (NCT03583164-
recruiting)

 • Phase III (NCT05101187-
not yet recruiting)
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and enabling cell adhesion to mucosal surfaces. The newly 
isolated temperature-sensitive gwt1 (YJL091C) mutants are 
defective in cell wall biosynthesis, leading to the defect (Umemura 
et  al., 2003). Besides, the gwt1 mutant was delayed in the 
ER-Golgi transport of the GPI-anchored protein, Gas1, and 
drastically reduced the incorporation of radiolabeled inositol 
into proteins. This phenomenon may be  due to the defects 

of GPI transfer to protein and defective inositol acylation in 
GPI biosynthesis (Umemura et  al., 2003). In C. albicans, the 
GWT1/gwt1Δ mutant showed reduced growth rate, hyphal 
development, and virulence in mice. A gwt1∆/gwt1∆ null 
mutant was inviable, indicating that the GWT1 gene is essential 
for C. albicans (Watanabe et  al., 2012). Besides, Gwt1 shows 
a low degree of identity to the closest direct mammalian 
homolog (<30% amino acid sequence identity; Table 2), making 
it an excellent target for the design of novel antifungal agents 
(Umemura et  al., 2003; Yadav and Khan, 2018). However, 
elucidation of the 3D structure of the target is lacking because 
Gwt1 has an estimated 13 transmembrane structural domains 
(Sagane et  al., 2011).

APX001A (formerly E1210, Amplyx; Figure  2) is optimized 
from 1-[4-butylbenzyl] isoquinoline (BIQ; Tsukahara et  al., 
2003) and has strong selectivity for the fungal Gwt1 (Watanabe 
et  al., 2012). It has broad-spectrum antifungal activity with 
low MIC values against Candida tropicalis, Candida glabrata, 
C. glabrata, C. auris, and echinocandin-resistant C. glabrata 
(Miyazaki et al., 2011; Watanabe et al., 2012). In animal models, 
APX001A acts significantly effective against IFIs caused by the 
azoles-resistant C. albicans, C. tropicalis, Aspergillus flavus (in 
combination with voriconazole or caspofungin), and A. fumigatus. 
Besides, the prodrug APX001 was evaluated in an 
immunocompromised murine model of disseminated C. auris 

FIGURE 2 | Overview of GPI biosynthesis in yeast.

TABLE 2 | Comparison of amino acid consistency of target proteins between 
fungal and mammalian.

Target proteins
Fungal-
unique

Mammalian 
homolog

The proportion of 
amino acid 
sequence identity

Spt14 No PIG-A 40% (S. cerevisiae)
Gwt1 No PIG-W 30% (S. cerevisiae)
Mcd4 No PIG-N 36% (S. cerevisiae)
Chitin synthases Yes – –
Sec14 No SEC14-like protein 1 11% (S. cerevisiae)
IPC synthase Yes – –
Hsp90 No HSP 90-alpha 60% (S. cerevisiae)

HSP 90-beta 61% (S. cerevisiae)
Histone deacetylase 2 Yes – –
Eno1 No Alpha-enolase 63% (S. cerevisiae)
Dihydrolactate 
dehydrogenase

No Dihydroorotate 
dehydrogenase

30% (Aspergillus)
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infection. Significant efficacy was observed in all three APX001 
treatment groups versus 50% survival for the anidulafungin 
treatment group (Hata et al., 2011; Berkow and Lockhart, 2018; 
Pfaller et  al., 2019; Wiederhold et  al., 2019). There are four 
phases I  clinical trials to examine the safety and tolerability 
of APX001 (Table  1). A phase I  trial evaluated six single 
ascending dose (SAD) and four multiple ascending doses (MAD) 
cohorts, in which subjects were randomized in a 6:2 ratio to 
receive 3 h of intravenous infusions of APX001 or placebo 
(ClinicalTrials.gov Identifiers: NCT02956499). SAD cohorts 
received doses from 10 to 350  mg, whereas MAD cohorts 
received 50–600 mg once daily for 14 days. APX001 was well-
tolerated across all doses with no clinically significant adverse 
events observed, and there were no dose-limiting toxicities. 
Most of the adverse effects (AEs) were mild, transient, and 
required no treatment, with the most common AE being 
headache (Hodges et  al., 2017b). Another phase I  trial gauged 
the safety, pharmacokinetics, bioavailability, and food effects 
of orally administered fosmanogepix (ClinicalTrials.gov 
Identifiers: NCT02957929). Patients in this trial were randomized 
to single intravenous doses of 200 mg infused over 3 h followed 
by single oral dosing (tablet) of 100, 300, and 500 mg, each 
separated by a 14-day washout period. Subjects were also 
evaluated under fed and fasting conditions following a single 
oral dose of 400 mg. This phase I trial suggested that APX001A 
was well tolerated across all studied doses, with no clinically 
significant AEs observed (Hodges et  al., 2017a). A clinical 
phase II trial completed in 2021 evaluated the efficacy and 
safety of prodrug APX001 for the first-line treatment for 
candidemia, including suspected or confirmed antifungal-resistant 
candidemia in non-neutropenic patients (ClinicalTrials.gov 
Identifiers: NCT03604705). The results showed that, among 
the 20 participants, 80% of patients with eradicative mycological 
outcomes at the end of study treatment, one patient recurrent 
in follow-up 2 weeks after End of Antifungal Treatment (EOT), 
and none of the patients recurrent in follow-up  4 weeks after 
EOT. However, results also show that 95.2% of patients had 
reported adverse events such as gastrointestinal disorders, edema 
peripheral, and pyrexia. Besides, another clinical phase II trial 
evaluating APX001 in the treatment of IFIs caused by Aspergillus 
species or rare mycobacteria such as Scedosporium species, 
Fusarium species, and Mucorales is currently underway 
(ClinicalTrials.gov Identifiers: NCT04240886). These results 
suggest that disrupting GPI synthesis is a practical strategy 
for treating IFIs.

Mcd4
Mcd4 is a phosphoethanolamine transferase that plays a role 
in transferring phosphoethanolamine groups (EtNP) during 
GPI biosynthesis (Pittet and Conzelmann, 2007; Yadav and 
Khan, 2018). It is a transmembrane protein located within the 
ER (Gaynor et  al., 1999). Mcd4 is essential for synthesizing 
the GPI core structure of S. cerevisiae, and the MCD4 gene 
deletion mutant growth is slow (Maneesri et  al., 2005). The 
MCD4 gene deletion mutant showed a decrease in GPI cell 
wall protein levels, a decline in mannan levels, and an increase 

in alkali-insoluble β-1,6-glucan and chitin levels in the cell 
wall (Maneesri et  al., 2005). Similarly, the Mcd4 also plays a 
vital role in GPI synthesis in C. albicans. Repression of the 
MCD4 gene expression led to a decrease in growth and abnormal 
morphology in C. albicans (Hasegawa et  al., 2019). Besides, 
fungal Mcd4 has a low overall identity (36%) compared to 
human homolog PIG-N (Table  2).

M743 (YW3548; Figure  2) is an inhibitor of Mcd4 and 
has potent antifungal activity by inhibiting phosphoethanolamine-
modified mannose (Peter and Menon, 2007). It has antifungal 
activity against various pathogenic fungi, including C. albicans, 
C. parapsilosis, Candida glabrata, Candida krusei, C. lusitaniae, 
and A. fumigatus (Mann et  al., 2015). However, the stability 
of M743 is poor, and it is quickly inactivated by hydrolysis. 
Thus, the M743 esterase sensitive linkage was replaced with 
a carbamate linkage, yielding the compound M720 (Figure  2), 
which displayed highly favorable stability in mouse plasma 
without any loss in antifungal activity. Although M720 has 
cytotoxicity in various human cell lines, M720 remains highly 
selective to its cognate target in an animal model of candidiasis 
(Mann et  al., 2015). Besides, inhibitors of Gwt1 and Mcd4 
have sound synergistic antifungal effects (Mann et  al., 2015). 
These results suggested that disrupting GPI biosynthesis is 
beneficial to treating IFIs.

CHITIN SYNTHASE

Chitin synthases are members of the GT-2 glycosyltransferase 
family and catalyze the chitin extension chain, essential in 
maintaining fungal cell wall integrity. They contain multiple 
transmembrane structural domains and require divalent metal 
ions (usually Mg2+) to be  active (Dorfmueller et  al., 2014; 
Morozov and Likhoshway, 2016). Chitin synthases are present 
as isoenzymes in fungi; the number varies from three in 
S. cerevisiae, four in C. albicans to eight in A. fumigatus and 
Aspergillus nidulans (Yang and Zhang, 2019). Based on amino 
acid sequence similarities, seven chitin synthases have been 
identified. Four chitin synthases of C. albicans are two class 
I  enzymes (Chs2 and Chs8), one class II enzyme (Chs1), 
and one class IV (Chs3) enzyme. Chs1 synthesizes the primary 
septal chitin, contributes to general cell wall integrity, and 
is the only known chitin synthase essential for growth (Munro 
et  al., 2001). The class I  enzyme Chs2 is not critical for 
growth, and loss of Chs2 did not lead to significantly attenuated 
virulence of C. albicans in normal and immunosuppressed 
mice (Gow et  al., 1994). Similarly, lacking the other class 
I  enzyme, Chs8, did not affect growth rates, cellular 
morphologies, and chitin contents of C. albicans. However, 
the chitin content of the chs2Δ/∆chs8Δ/∆ double mutant 
decreased by more than 97% (Lenardon et  al., 2009). Chs3 
is required to synthesize the chitin rings found on the surface 
of yeast cells. Despite the homozygous deletion of the CHS3 
gene mutants having regular growth rates in vitro, the mutants 
are significantly less virulent than the parental strain in 
immunocompetent and immunosuppressed mice (Bulawa et al., 
1995). Characterization of each chitin synthase activity is 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov


Zhen et al. Novel Promising Antifungal Targets

Frontiers in Microbiology | www.frontiersin.org 7 June 2022 | Volume 13 | Article 911322

less understood in molds than in yeast because of the higher 
number of genes in filamentous fungi and the possibility of 
masking a mutation by over-or alternate expression of different 
CHS genes. Eight chitin synthases of A. fumigatus are one 
class I  enzyme (ChsA), one class II enzyme (ChsB), two 
class III enzymes (ChsC, ChsG), one class IV enzyme (ChsF), 
one class V (ChsE), one class VI (ChsH), and one class VII 
enzyme (ChsD; Yang and Zhang, 2019). In A. fumigatus chitin 
synthase family, chsG and chsE, play a role in the morphogenesis 
of this fungal species. An A. fumigatus strain lacking both 
chsG and chsE genes has reduced chitin synthase activity, 
has reduced colony radial growth rate, produces highly branched 
hyphae, and shows alterations in the shape and germination 
capacity of the conidia (Mellado et  al., 2003). It is worth 
noting that disruption of chitin synthesis is a potential strategy 
for the treatment of IFIs due to this synthesis being 
fungal-specific.

Nikkomycin Z (Figure  3A), a competitive inhibitor of 
chitin synthase, was first discovered by Bayer in the 1970s 
(Fiedler et  al., 1982). Nikkomycin Z inhibited Chs I  and Chs 
III, but not ChsII, of S. cerevisiae and inhibited all Chs 
isozymes of C. albicans (Gaughran et  al., 1994). Nikkomycin 
Z inhibited the growth of C. albicans but showed low antifungal 
activity against A. fumigatus (Fortwendel et  al., 2009). In 
addition, nikkomycin Z and caspofungin had synergistic 
antifungal activity against both A. fumigatus and C. albicans 
(Fiedler et  al., 1982; Walker et  al., 2008; Fortwendel et  al., 
2009). Similarly, nikkomycin Z enhanced the antifungal activities 
of fluconazole and itraconazole against C. albicans, 
C. parapsilosis, Cryptococcus neoformans, and Coccidioides 
immitis (Li and Rinaldi, 1999). A recent study demonstrated 
that Nikkomycin Z also had a tremendous antifungal activity 
against C. auris (Bentz et  al., 2021). Nikkomycin Z has 
completed INDA (Investigational New Drug Application) and 
clinical phase I  trials (ClinicalTrials.gov Identifiers: 
NCT00834184). It was absorbed after oral administration, 
reaching a maximum concentration in serum of 2.21 μg/ml 
at 2 h postdose. No severe or dose-related adverse events 
were observed and showed excellent safety in healthy humans 
(Nix et  al., 2009). A clinical phase II trial (ClinicalTrials.gov 
Identifiers: NCT00614666) to determine a safe dose in patients 
with pulmonary coccidioidomycosis was terminated early due 
to recruitment challenges and lack of funding, but a clinical 
phase II A trial is planned (Larwood, 2020).

INOSITOL PHOSPHORAMIDE SYNTHASE

In pathogenic fungi, sphingolipids consist of IPC and their 
mannosylated derivatives, are essential components of 
eukaryotic biological membranes (van der Rest et  al., 1995; 
Dickson, 1998). IPC synthase acts as an inositol phosphoryl 
transferase, catalyzing the transfer of a phosphoinositol head 
group from phosphatidylinositol to ceramide to produce IPC 
(Levine et  al., 2000). The AUR1 gene (YKL004W), which 
encodes IPC synthase, is essential for S. cerevisiae survival 
because the homozygous deletion of the AUR1 gene makes 

S. cerevisiae cells inviable (Heidler and Radding, 1995; Hashida-
Okado et  al., 1996; Giaever et  al., 2002). Similarly, in vivo 
transposon mutagenesis of the AUR1 gene (C5_01240W_A) 
led to the death of C. albicans (Segal et  al., 2018). Moreover, 
the heterozygous deletion of the AUR1 gene results in decreased 
virulence of C. albicans (Becker et al., 2010). In C. neoformans, 
the conditional repression of the IPC1 gene (encoding IPC 
synthase) resulted in reduced growth under acidic conditions 
(Luberto et al., 2001). The mutant with the aurA (a functional 
homolog of the S. cerevisiae AUR1 gene) open reading frame 
(ORF) was disrupted in A. nidulans was accompanied by 
growth defects in spores and germlings, which were unable 
to establish a normal polarity axis (Cheng et  al., 2001), 
suggesting that the aurA gene is essential for A. nidulans 
growth. Therefore, the IPC synthase is necessary for fungal 
growth and a potential antifungal target.

Aureobasidin A (AbA) is a natural molecular inhibitor of IPC 
synthase, which is a cyclic peptide comprised of a hydroxy acid 
and eight amino acids (Figure 4A; Kuroda et  al., 1999; Xu et  al., 
2007). AbA inhibits the IPC synthase at nanomolar concentrations 
and shows antifungal activity against Candida, Cryptococcus, and 
Aspergillus species with low toxicity (Takesako et al., 1993; Nagiec 
et  al., 1997; Teymuri et  al., 2021). Its antifungal activity for the 
most pathogenic fungi was superior to that of fluconazole and 
amphotericin B in vitro (Takesako et  al., 1993; Aeed Paul et  al., 
2009; Teymuri et al., 2021). Besides, AbA can inhibit filamentation 
and biofilm development of C. albicans (Tan and Tay, 2013; 
Munusamy et  al., 2018). Structure–activity relationship studies 
have demonstrated that modifying and exchanging the amino 
acid sequence of AbA can affect its pharmacological properties 
(Aeed Paul et  al., 2009) and, consequently, its antifungal activity. 
Among the lipophilic analogs replaced at positions 6 of AbA 
with L-glutamic acid, the compound with hexyl ester group 
(Figure  4B) showed the most potent antifungal activity against 
Candida species (Kurome et  al., 1998). Furthermore, functional 
phenylalanine residues in AbA by iridium-catalyzed borylation 
(Figure  4C) can improve the antifungal activity of AbA against 
A. fumigatus (Wuts et  al., 2015). Khafrefungin, as one of the 
AbA derivatives, is a 22-carbon linear polyketide esterified to 
the C-4 hydroxyl of an aldonic acid, including four chiral centers 
(Figure  4F; Wakabayashi et  al., 2001). The inhibitory effect of 
khafrefungin on IPC synthesis is due to the highly hydroxylated 
acidic polar headgroup on khafrefungin that resembles 
phosphoinositol (Mandala et  al., 1997; Nakamura et  al., 2003). 
Khafrefungin suppresses the growth of fungi such as S. cerevisiae, 
C. albicans, and C. neoformans at picomolar to nanomolar 
concentrations (Mandala et  al., 1997). Galbonolide A (rustmicin) 
is also one of the AbA derivatives and a 14-membered macrolide 
(Figure  4E) with fungicidal activity against clinically essential 
strains (Mandala et  al., 1998). It is incredibly potent against 
C. neoformans, inhibiting growth and sphingolipid synthesis at 
concentrations below 1 ng/ml (Mandala et  al., 1998). In addition 
to AbA derivatives, pleofungins A, B, C, and D have been found 
from a mycelial extract of Phoma sp. and have a potent inhibitory 
effect on IPC synthase. Pleofungin A is a 28-membered cyclic 
depsipeptide consisting of eight amino acids and two 
2-hydroxycarboxylic acids (Figure 4D), inhibiting the IPC synthase 
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of S. cerevisiae and A. fumigatus at the half inhibitory concentration 
(IC50) values of 16 and 1 ng/ml (Yano et  al., 2007). This inhibitor 
also suppressed the growth of C. albicans, C. neoformans, and 
A. fumigatus at minimum inhibitory concentration (MIC) values 
of 2, 0.3, and 0.5 μg/ml, respectively (Yano et  al., 2007). Taken 
together, the IPC synthase plays a pivotal role in fungal membrane 
synthesis and is a plausible target for the treatment of IFIs (Nagiec 
et  al., 1997; Nicola et  al., 2019). And, the inhibitors targeting 
IPC synthase are promising molecules for treating IFIs.

SEC14

Sec14, the major phosphatidylinositol-transfer protein (PITP), 
regulates lipid metabolism and membrane trafficking from the 
Golgi network. In the sec14 null mutant of S. cerevisiae, the 
secretion of reverse transcriptase has been dramatically blocked 
(Bankaitis et al., 1989). The SEC14 gene in C. albicans is essential 
for vegetative growth (Monteoliva et  al., 1996). Sec14 fold is 
structurally conserved, comprising about 280-residue two-lobed 

A B C

D

FIGURE 3 | (A) Structure of chitin synthase inhibitor Nikkomycin Z; (B) structure of Hsp90 inhibitor CMLD013075; (C) the docking model of CMLD013075 and 
Hsp90; and (D) the interaction of Hsp90 and Hos2.
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FIGURE 4 | Inhibitors of the IPC synthase. (A) Structure of Aureobasidin A; (B) structure of [L-Glu(OC6)6]-AbA; (C) functionalization of the phenylalanine residues in 
the compound by iridium-catalyzed borylation; (D) structure of Pleofungin A; (E) structure of galbonolide A; and (F) structure of khafrefungin.
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globular structure. The two lobes of Sec14 from S. cerevisiae 
are formed by four antiparallel β-strands, bordered by two long 
α-helices, and the larger lobe has a phospholipid-binding pocket. 
Its topological structure is similar to a fist, with four fingers 
close to the bound phospholipid. In contrast, the opposite thumb 
is a small N-terminal lobe, which can close the phospholipid-
binding pocket when Sec14p is bound to the ligand. In addition, 
the N-terminal portion of the conserved region is often annotated 
as a separate entity, called the CRAL_TRIO_N domain (PF03765). 
The phospholipid-binding pocket of Sec14 contains two molecules 
of octyl glucoside, which are essential for obtaining crystals 
(Saito et  al., 2007; Bankaitis et  al., 2010). Besides, Sec14 has a 
low degree of identity compared to human homolog SEC14-like 
protein 1 (11% amino acid sequence identity; Table  2), making 
it an excellent target for the design of novel antifungal agents.

Nitrophenyl[4-(2-methoxyphenyl)piperazin-1-yl] methanones 
(NPPMs) are small-molecule inhibitors of Sec14 (Figure  5B) 
and have antifungal activities in vitro and in vivo (Nile et  al., 
2014). A promising Sec14 inhibitor, turbinmicin, from a sea 
squirt microbiome constituent, Micromonospora species, had 
inspiring antifungal activity. Turbinmicin (Figure 5C) is a highly 
oxidized type II polyketide (Zhang et  al., 2020) that can dock 
into the phospholipid-binding pocket of Sec14 (Figure  5A). Its 
heptacyclic ring system overlaps the co-crystallized ligand positions 
of picolinamide (6F0E) and octyl glucoside. Its polyene tail 
extends into a hydrophobic cleft left vacant by the co-crystallized 
ligands, producing a predominant binding mode. This compound 
has a broad-antifungal spectrum, including C. albicans, C. auris, 
C. glabrata, C. tropicalis, A. fumigatus, Fusarium species, and 
Scedosporium species, and Rhizopus species (Zhang et  al., 2020). 
For most clinical isolates, the MIC of Turbinmicin was much 
lower than frontline antifungal drugs, such as azoles, polyenes, 
and echinocandins (Zhang et  al., 2020). Moreover, in the 
preliminary safety study of human red blood cells, when the 
concentration of Turbinmicin is 1,000 times MIC, it does not 
trigger hemolysis and has high safety (Zhang et al., 2020). Besides, 
fungicidal activity can be  observed at concentrations exceeding 
the MIC, much better than fluconazole. Turbinmicin can destroy 
the integrity of biofilm by destroying vesicle transport and 
subsequent assembly of the biofilm matrix. This property is also 
conducive to combining other antifungal drugs blocked by biofilm 
and cannot bind to the target and play an antifungal effect 
(Zhao et  al., 2020). Turbinmicin has extraordinary antifungal 

efficacy, broad-antifungal spectrum, disrupting biofilm integrity, 
and low toxicity, and is a promising new compound for treating IFIs.

HSP90

Hsp90 is an essential molecular chaperone in eukaryotes, regulating 
the correct folding, transport, maturation, and degradation of 
client proteins. Hsp90 can modulate azole resistance by acting 
on calcineurin and Mkc1 kinase in C. albicans (LaFayette et  al., 
2010). Besides, Hsp90 also regulates mycelium formation, which 
is critical for virulence. In addition, in C. albicans, Hsp90 depletion 
reduced matrix glucan levels, leading to decreased azoles resistance 
to biofilm (Robbins et al., 2011). Hsp90 affects multiple pathogens’ 
survival, virulence, and drug resistance and may serve as a 
novel strategy to combat the escalating threat posed by drug-
resistant fungi. Hsp90 has a conserved structure of homodimers. 
The N-terminal structural domain of Hsp90 is responsible for 
ATP binding, and the intermediate structural domain complements 
the nucleotide-binding site and binds client proteins. The 
C-terminal structural domain of Hsp90 is dimerization (Blacklock 
and Verkhivker, 2014). Although the crystal structure of fungal 
Hsp90 has been determined (Whitesell et  al., 2019), the highly 
conserved amino acid sequence of Hsp90  in eukaryotes limited 
inhibitors of Hsp90 for treating IFIs. Whitesell L and his colleagues 
found that although Hsp90 is highly conserved, the nucleotide-
binding domains (NBD) of Hsp90 are conformational flexibility. 
Encouraged by the conformational flexibility revealed by the 
NBD of C. albicans Hsp90, Whitesell L and his colleagues 
synthesized CMLD013075 (Figure  3B), which was more than 
25-fold binding selectivity for fungal Hsp90 (Figure 3C; Whitesell 
et  al., 2019; Huang et  al., 2020). Therefore, CMLD013075 had 
low toxicity to mammalian cell lines compared to other Hsp90 
inhibitors. CMLD013075 inhibited the growth of C. albicans 
and could enhance the antifungal effects of azole antifungals 
against resistant clinical isolates of C. albicans (Whitesell et  al., 
2019). CMLD013075, as a highly selective fungal Hsp90 inhibitor, 
is a successful example of the treatment of IFIs by inhibiting 
the function of fungal Hsp90.

Intracellular fungal Hsp90 can invade outside of fungal cells 
and become extracellular Hsp90 (eHsp90), located in the plasma, 
cell wall, and out of the fungal cells (Matthews and Burnie, 
1992). In A. fumigatus, eHsp90 plays a crucial role in maintaining 
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FIGURE 5 | (A) The docking model of Turbinmicin and Sec14; (B) structure of Sec14 inhibitors NPPMs; and (C) structure of Sec14 inhibitor Turbinmicin.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Zhen et al. Novel Promising Antifungal Targets

Frontiers in Microbiology | www.frontiersin.org 10 June 2022 | Volume 13 | Article 911322

cell wall integrity (Lamoth et al., 2012). Besides, fungal eHsp90 
can bind to various human serum proteins, rendering these 
proteins inoperative by affecting protein folding or interaction 
(Matthews and Burnie, 1992). Antibodies targeting eHsp90 
have antifungal activities (Matthews et  al., 2003), indicating 
that eHsp90 is a critical virulence factor of pathogenic fungi. 
Novartis mimicked endogenous antibodies and developed a 
recombinant monoclonal antibody, Mycograb, a 28 kDa human 
recombinant antibody fragment that binds to fungal Hsp90. 
Mycograb binds the middle domain of Hsp90, inhibiting 
communication between the terminal domains with client 
proteins (Bugli et  al., 2013). Mycograb and amphotericin B 
had synergistic antifungal activity against Candida species in 
vitro and in vivo (Matthews et  al., 2003). Besides, Mycograb 
enhanced the antifungal activity of fluconazole against Candida 
species in vitro (Nooney et  al., 2007). However, unfortunately, 
due to the autoaggregation of Mycograb, the Committee for 
Medicinal Products for Human Use (CHMP) refused the 
marketing authorization in 2007. To meet the approval of 
CHMP, Novartis modified the structure of Mycograb by replacing 
the cysteine at position 28 with tyrosine to obtain Mycograb 
C28Y, which overcame the problem of spontaneous aggregation 
(Bugli et  al., 2013). Unfortunately, unlike Mycograb, Mycograb 
C28Y does not synergize with amphotericin B in vivo (Louie 
et  al., 2011).

HISTONE DEACETYLASE 2

Histone deacetylases (HDACs) catalyze the removal of acetyl 
groups, leading to chromatin condensation (Thiagalingam et al., 
2003). Therefore, these enzymes play crucial roles in regulating 
gene expression as they modulate the accessibility of chromatin 
to transcriptional regulators and other regulating factors 
(Thiagalingam et al., 2003). In mammalian cells, it has become 
appreciated that Hsp90 is subject to complex regulation by 
posttranslational modification. Histone deacetylase 2 (Hos2) 
regulates Hsp90 deacetylation (Figure  3D), which is required 
for Hsp90 interaction with select cochaperones and stabilization 
of several Hsp90 client proteins (Scroggins et  al., 2007; Zacchi 
et al., 2010; Perfect, 2017; Van Daele et al., 2019). For example, 
C. albicans Hsp90 contains two acetylation sites, lysine 30 and 
lysine 271, which are not acetylated and will affect the function 
of Hsp90 (Li et  al., 2017). In S. cerevisiae and other yeast, 
Hos2 and Set3 are parts of a similar multiprotein complex 
(Set3C) that possesses histone deacetylase activity (Pijnappel 
et  al., 2001). In C. albicans, the deletions of essential subunits 
of Set3C display a hyper filamentous phenotype at elevated 
temperatures, specifically in the opaque phase (Hnisz et  al., 
2010). Besides, the set3Δ/Δ mutant and hos2Δ/Δ mutant cells 
also show strongly attenuated virulence in a murine model of 
systemic infection, which is associated with hyper filamentation 
in vivo (Hnisz et  al., 2010). In C. neoformans, the deletion of 
the HOS2 gene (CNAG_05563) resulted in growth defects at 
37°C and a temporary delay in melanin production (Liu et  al., 
2008). The hos2Δ strains display compromised secreted protease 
activities (Brandão et  al., 2018). The production of secreted 

proteases is an important virulence trait for C. neoformans, 
as they are involved in the growth and survival in the presence 
of antifungal drugs and the invasion of the central nervous 
system (Bien et  al., 2009; Vu et  al., 2014). Taken together, 
Hos2 has the potential to be  an antifungal target.

MGCD290 (developed by MethylGene, Inc., Montreal, 
Canada) is an inhibitor of fungal Hos2. In addition to inhibiting 
the deacetylation of histone proteins, MGCD290 also inhibits 
the deacetylation of nonhistone proteins such as Hsp90 (Pfaller 
et  al., 2015). Although MGCD290 only has modest activity 
against Candida species (Pfaller et  al., 2015), it has good 
synergistic antifungal activity with azoles against many multi-
drug resistance strains of Candida species in vitro (Pfaller 
et  al., 2009). Besides, MGCD290 enhanced the antifungal 
activity of echinocandins against the echinocandin-resistant 
Candida species. Therefore, MGCD290 can be  used as an 
adjuvant to enhance the antifungal activity of antifungal drugs 
against drug-resistance pathogenic fungi. However, MGCD290 
combined with fluconazole in clinical trials was not more 
effective in treating moderate to severe vaginal candidiasis 
than fluconazole alone (ClinicalTrials.gov identifier: 
NCT01497223; Perfect, 2017). There are various reasons for 
this outcome, including different pharmacokinetics, fungal 
burden at the site of infection, and the host’s immune response 
(Perfect, 2017). Antifungal activity of MGCD290 is required 
confirmation using further animal models of IFIs and ultimately 
in well-designed clinical trials.

ENOLASE

Disrupting glycolysis contributes to attenuated fungal virulence 
(Rutherford et  al., 2019). Enolase, also called 2-phospho-D-
glycerate hydrolase, is one of the central enzymes of glycolysis, 
catalyzing the dehydration of 2-phosphoglycerate to 
phosphoenolpyruvate (Sundstrom and Aliaga, 1994). Enolase 
(Eno1) has multifunction in fungi and plays a vital role in 
adhesion, hyphae formation, susceptibility to antifungal drugs, 
and virulence (Ko et  al., 2013). Eno1 is critical for C. albicans 
in the presence of fermentable carbon sources. The homozygous 
deletion of the ENO1 gene (eno1Δ/Δ) mutant showed higher 
susceptibility to antifungal drugs, a remarkable reduction in 
hyphal formation, and a noticeable decrease in pathogenicity 
in mice models with the wild-type strains (Ko et  al., 2013). 
A. fumigatus enolase (AfEno1) expressed at the fungal surface 
contributes to immune evasion and assists in virulence that 
can bind the human plasma complement proteins Factor H, 
FHL-1, C4BP, and plasminogen. Consequently, A. fumigatus 
can damage endothelial cell layers and tissue components 
(Dasari et  al., 2019). Besides, AfEno1 and C. albicans enolase 
(CaEno1) can bind to human plasminogen and then produce 
plasmin, subsequently improving the invasion and dissemination 
process during fungal infections (Funk et al., 2016). Furthermore, 
enolases are conserved among opportunistic pathogenic fungi 
such as C. albicans, A. fumigatus, and C. neoformans, so 
inhibitors of fungal enolases will have a broad-antifungal 
spectrum (Ko et  al., 2013).
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CaEno1 exists on the outermost layers of the cell wall and 
is a major antigenic determinant, and the sera of candidemia 
patients contain high titers Eno1 antibodies (Pitarch et al., 2014). 
Therefore, exploring monoclonal antibodies against fungal Eno1 
is a promising antifungal strategy (Pitarch et al., 2014). Recently, 
one monoclonal Eno1 antibody MAb R-5 (IgM), inhibited spore 
germination by 88.3% in A. fumigatus, 57.4% in Aspergillus 
flavus, and 30.6% in A. niger. It inhibited growth by 24.1%, 
13.3%, and 8.8% in A. fumigatus, A. flavus, and A. niger, 
respectively. Furthermore, Mab R-5 had a protective effect on 
BALB/c mice challenged intravenously with A. fumigatus spores. 
After being treated with Mab R-5, the colony-forming unit (CFU) 
of kidney tissue of A. fumigatus spores infected mice decreased 
significantly, and the mean survival time of infected mice was 
prolonged. These results indicate that MAb R-5 could be valuable 
in treating IFIs caused by Aspergillus species (Yadav and Shukla, 
2019). MAb R-5 inhibited spore germination by 88.3% in 
A. fumigatus, 57.4% in A. flavus, and 30.6% in A. niger. It 
inhibited growth by 24.1%, 13.3%, and 8.8% in A. fumigatus, 
A. flavus, and A. niger, respectively. In a prophylactic murine 
disease model, R-5 reduced A. fugmigatus fungal burden by 
85.9% and significantly increased survival (Yadav and Shukla, 
2019). The MTT reduction assay compared to the control with 
an irrelevant MAb also confirmed fungicidal activity of MAb 
R-5, where hyphal damage against A. fumigatus, A. flavus, and 
A. niger was found to be  24.1%, 13.3%, and 8.8%, respectively.

DIHYDROLACTATE DEHYDROGENASE

Dihydrolactate dehydrogenase (DHODH) contains flavin 
mononucleotide (FMN) and is the only oxidoreductase among 
the six enzymes catalyzing the pyrimidine biosynthesis. 
DHODHs can be  divided into two classes based on amino 
acid sequence similarity, subcellular location, and substrate 
preference. Furthermore, most pathogens have class II DHODH, 
which are monomeric proteins and bind to the inner membrane 
of mitochondria. Class II DHODH contains two structural 
domains: an N-terminal helix domain consisting of an α/β 
barrel fold and a C-terminal domain. The N-terminal extension 
of about 40 residues folds into two α-helices (αA and αB) 
connected by short loops and responsible for membrane 
attachment. An additional 20–50 residues exist before the 
helical structural domain in higher eukaryotes, targeting 
DHODH to the mitochondrial signal peptide. There are two 
α helices present in all class II enzymes that form a channel 
to the active site as a binding site for inhibitors of class II 
DHODH (Liu et al., 2000; Reis et al., 2017). DHODH catalyzes 
the fourth step in the pyrimidine biosynthesis pathway, the 
oxidation of dihydroorotate to orotate, and transfers electrons 
to coenzyme Q (Figure  6A; Jones, 1980). Pyrimidines are 
essential for DNA and RNA synthesis and form lipid and 
carbohydrate metabolism precursors. Therefore, DHODH is 
a potential antifungal target protein for treating IFIs (Zameitat 
et  al., 2006; Reis et  al., 2017; Boschi et  al., 2019). Indeed, 
mutants of A. fumigatus, C. albicans, and C. neoformans, 
disrupted in pyrimidine biosynthesis, have exhibited attenuated 

virulence in animal infection models, indicating that targeting 
pyrimidine synthesis is a promising antifungal strategy (D'Enfert 
et  al., 1996; Noble and Johnson, 2005; de Gontijo et  al., 
2014). For example, loss of DHODH resulted in a defect in 
cell wall integrity and increased sensitivity to cell wall-damaging 
agents and amphotericin B in C. neoformans (Banerjee 
et  al., 2016).

Olorofim (F901318; Figure  6C) is a reversible DHODH 
inhibitor and inhibits DHODH by binding to the N-terminal 
helical domain of DHODH in A. fumigatus (Figure  6B; Oliver 
et  al., 2016). The amino acid identity between A. fumigatus 
DHODH and human DHODH is low (30%; Table 2). Therefore, 
Olorofim can selectively inhibit the activity of fungal DHODH 
(Oliver et  al., 2016). Although the activity of olorofim against 
Candida species is weak, olorofim has potent antifungal activity 
against Aspergillus species, Scedosporium species, Madurella 
species, and Fusarium species (Oliver et al., 2016). Furthermore, 
olorofim has even activity against A. fumigatus isolates resistant 
to other antifungal agents in vitro and vivo (Du Pré et  al., 
2018). Olorofim displayed a strong antifungal efficacy in treating 
aspergillosis in mice caused by azole resistance Aspergillus 
species (Oliver et  al., 2016; Du Pré et  al., 2018).

In a clinical phase I  trial, healthy volunteers orally 
administrated olorofim once daily (360 mg) for 10 days and 
well-tolerated olorofim (ClinicalTrials.gov Identifiers: 
NCT02737371; Kennedy et  al., 2017b). This clinical phase 
I  trial showed that plasma concentration of olorofim exceeded 
the drug exposures required for efficacy in animal models of 
invasive aspergillosis. No severe AEs were reported, but two 
participants experienced nausea and diarrhea, and one 
experienced dizziness. In a double-blind, placebo-controlled, 
ascending single intravenous dose, sequential group study of 
40 healthy male volunteers (ClinicalTrials.gov Identifiers: 
NCT02142153), there were also no serious AEs reported, with 
a frequency of nonserious AEs as follows: musculoskeletal 
pain in 0/30 participants in the olorofim group vs. 1/10  in 
the placebo group; paresthesias or headache in 2/30  in the 
olorofim group vs. 0/10  in the placebo group; epistaxis in 
2/30  in the olorofim group vs. 1/10  in the placebo group; 
and eczema in 1/30 participants in the olorofim group vs. 
0/10  in the placebo group (Kennedy et  al., 2017a). Other 
two clinical phase I  trials of olorofim have also proved the 
high safety profile of intravenous and oral administration of 
olorofim (ClinicalTrials.gov Identifiers: NCT02342574, 
NCT02394483, and NCT03340597), which is currently in the 
clinical phase II B trials, is used to treat IFIs in patients 
with limited treatment options (ClinicalTrials.gov identifier: 
NCT03583164). Currently, a clinical phase III trial to evaluate 
the efficacy and safety of treatment with olorofim in patients 
with IFIs caused by Aspergillus species is planned (ClinicalTrials.
gov Identifier: NCT05101187). In November 2019, the FDA 
awarded olorofim the title of breakthrough drug treatment. 
Subsequently, it was awarded the orphan drug title for the 
treatment of invasive aspergillosis, Lomentospora/Scedosporium 
infection (March 2020), and coccidiosis (June 2020), and recently 
became a qualified drug for treating infectious diseases 
(June 2020).
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CONCLUSIONS AND PERSPECTIVES

The increasing prevalence of drug-resistance IFIs and the 
disadvantages of the current antifungal drugs demand new 
antifungal drugs (Prasad et  al., 2017). In summary, there are 
several ideas for developing novel antifungal drugs. One strategy 
is to high-throughput screen compound libraries, small molecule 
compounds, or natural compound libraries, obtain compounds 
with remarkable antifungal activity, and then identify their 
antifungal targets. AbA (targeting IPC synthase), Nikkomycin 
Z (targeting chitin synthase), Olorofim (targeting DHODH), 
and Turbinmicin (targeting Sec14) were found in this way. 
The second way is utilizing a chemical genomics-based screening 
platform to screen synthetic or natural product libraries and 
identify target-specific inhibitors with antifungal drug-like 
properties. M743, an inhibitor of Mcd4, was found in this 
way. Third, screened candidate compounds specifically target 
fungal-specific pathways, such as constructing and expressing 
the small Gaussia princeps luciferase gene fused to the 
GPI-anchoring signal of C. albicans cells. Jawsamycin, which 
targeted Spt14, was discovered using this method. Besides, 
we  can design inhibitors against a specific protein with low 
toxicity to mammalian cells, such as specific fungal Hsp90 
inhibitor CMLD013075 and Gwt1 inhibitor APX001A. The 
development of biopharmaceuticals is new antifungal therapy 
that can act as a counterpart in treating IFIs. Monoclonal 
antibodies, cytokine immunotherapy, vaccines, and antifungal 
peptides help treat IFIs (Stevens, 1998; Stevens et  al., 2000).

New targets for the treatment of IFIs are being developed, 
but the process has not been as smooth as expected. The following 
reasons cause this situation: (1) fungal cells are eukaryotic so 
that potential targets may be  conserved in the human host. 
Such conservation results in compounds having suitable antifungal 
activities in vitro but working poorly in vivo because the compounds 
have toxic side effects. (2) crystal structures of fungal proteins 
are limited, preventing efficient protein-targeted virtual drug 
screening and computer-aided drug design. (3) efficient large-
scale gene operation studies are challenging in fungi. More 
potential antifungal targets may be  found using CRISPR-Cas9-
based gene drive platforms (Shapiro et  al., 2018).
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