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This Special Issue of Pharmaceuticals describes recent advances accomplished in the
field of antifungal development, especially the discovery of new drugs and drug repurpos-
ing. The subjects of the published articles include: new drugs from natural or synthetic
sources, design, synthesis, and antifungal evaluation of newly-synthesized compounds,
novel nanotechnology systems for drug delivery, drug repurposing for fungal control
and/or overcoming the multidrug-resistant fungi, repurposing antifungal drugs for antivi-
ral therapy, evaluation of differential antifungal efficacy of echinocandins, among others.

Infectious diseases caused by fungal pathogens, such as aspergillosis, candidiasis, or
cryptococcus, are recurring problems. Current antifungal interventions often exhibited very
limited efficacy in treating fungal infections, partly because the spectrum of the activity of
conventional systemic antifungal drugs is narrow while the development of new antifungal
drugs has become stagnant; azole and polyene drugs were introduced before 1980, whereas
the echinocandin drug CAS was approved for the clinical uses since 2000 [1]. Besides 5-
flucytosine (5FC), only three classes of antifungal drugs are used in clinical settings, namely,
azoles (fluconazole (FLU), itraconazole (ITR), voriconazole (VOR), posaconazole (POS),
isavuconazole (ISA)), polyenes (amphotericin B (AMB)), and echinocandins (caspofungin
(CAS), micafungin (MICA), anidulafungin (ANID)).

Regarding the antifungal spectrum, for example, the yeast pathogens Candida albicans,
Candida glabrata, Candida parapsilosis, and Candida tropicalis showed susceptibility to the
above-mentioned antifungal drugs (AMB, 5FC, FLU, ITR, VOR, POS, ISA, CAS, MICA,
and ANID), whereas the other two Candida species, namely, Candida krusei and Candida
lusitaniae, did not show sensitivity to FLU or AMB, respectively, indicating differential
susceptibilities of pathogens to the antifungal drugs exist depending on the types of fungi
treated or drugs administered [2–4].

Also, increased incidences of pathogen resistance to conventional antifungal inter-
ventions make fungal diseases a global human health concern. For instance, sequential
combination therapy is one of the strategies for effective control of fungi. However, prior
exposure of fungal pathogens, such as Candida species or Aspergillus fumigatus, to azole
drugs (FLU, ITR, or VOR) lowered the susceptibility of the fungal biofilms or germlings to
polyenes such as AMB [5,6]. It has been determined that azole drugs could potentiate fun-
gal tolerance to AMB via heat-shock protein 90 (Hsp90)-mediated oxidative stress defenses
in pathogens [7].

Azoles are also applied in crop fields as fungicides to control plant fungal pathogens;
for instance, more than 25% of current fungicide sales are azoles [8]. From the clinical per-
spective, increased application of agricultural fungicides provides environmental selection
pressure for the development of azole-resistant fungal pathogens such as A. fumigatus pos-
sessing the TR34/L98H mutation, which resulted in the recent placement of azole-resistant
A. fumigatus on the microorganism “watchlist (antibiotic resistance threat)” by the United
States Centers for Disease Control and Prevention (CDC) [9].
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Candidiasis is an infectious disease caused by the genus Candida which has been the
second-highest cause of superficial/mucosal human infections and the fourth highest cause
of bloodstream infections [10,11]. Candida species are opportunistic pathogens that change
from harmless/normal inhabitants to pathogenic depending on the fluctuations in the host
environment [11,12]. According to the CDC, around 95% of invasive infections by Candida
in the United States are caused by C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, and
C. krusei [13]. While C. albicans is the leading cause of candidemia, increasing numbers of
infections have been reported to be triggered by non-albicans species, which often exhibited
resistance to antifungal drugs [13]. For example, around 7% of Candida bloodstream isolates
examined at CDC showed resistance to FLU where >70% of the resistant isolates are the
non-albicans species C. glabrata or C. krusei [13]. Therefore, the non-albicans C. auris or other
Candida species have also been classified as an “urgent” or “serious” threat pathogens by
CDC [9], which exhibited severe human infections (oral, vaginal, bloodstream infections)
and multidrug resistance.

The toxicity triggered by conventional antifungal drugs also hampered the effective-
ness of antifungal therapy. For example, the polyene AMB was the first antifungal drug
introduced to clinical settings more than fifty years ago. However, AMB also triggered
varying toxicity to the hosts, such as infusion-related reactions, nephrotoxicity, etc. There-
fore, different types of formulations have been developed, for instance, lipid-associated
AMB formulations such as the AMB lipid complex (AMB-LC), liposomal AMB (L-AMB),
and colloidal dispersion of AMB (AMB-CD) [14,15].

In this Special Issue, thirteen works (seven original research articles, six reviews)
were published on the recent advances in antifungal development, providing current tools,
methods, strategies, or insights on antifungal therapy.

Sousa et al. [16] provided a summary of the state-of-the-art strategies for novel nan-
otechnology approaches for drug delivery systems and new drugs derived from natural
sources. The authors provided an overview of the new drug delivery systems (types of
nanoparticles) which are applicable for various antifungal agents such as azoles, ampho-
tericin B, nystatin, etc., the drug chemical group, the route of administration (oral, topical,
transdermal, etc.), and their dosage forms. The strategies not only counteract emerging
fungal infections but also overcome the increase in drug-resistant strains. Of note, sev-
eral mechanisms were discussed how nanoparticles overcome the development of fungal
resistance [16], which include: (1) The chemical characteristics and concurrent multiple
mechanisms caused by nitric oxide, chitosan, and metallic nanoparticles that destabilize
fungal cell structures, (2) Packaging multiple antimicrobial drugs within the same nanopar-
ticle, hence disrupting the resistance mechanisms, (3) Liposomes/dendrimers-based drug
formulation that overcomes decreased uptake and increased efflux of drugs, and (4) Tar-
geting antifungal drugs to the specific site of infection, enabling the localized release of
high doses of drugs while keeping the total concentrations of the drugs administered low.
The review [16] also focused on the identification of new natural antifungal compounds
from the marine environment; the approaches provide platforms to discover possible new
drug leads while highlighting the challenges of the translation of the identified natural
compounds into the clinical pipeline.

Bouz and Doležal [17] reviewed recent advances in antifungal drug development in
clinical settings. The review summarized novel antifungal agents in clinical development
including first-in-class agents, new chemical structures developed against established
molecular targets, modifications of formulation to marketed antifungal drugs, repurposing
of non-antifungal agents to treat fungal infections, and membrane interacting peptides
as antifungals, among others. Of note, the review described further the immunotherapy
using the antifungal antibodies MAb 2G8 and efungumab (mycograb) advancing into
clinical trials. MAb 2G8 targets laminarin (consisting mainly of β-glucans) and thus binds
to the cell walls of Candida albicans and Cryptococcus neoformans, inhibiting fungal growth
and capsule formation [18], whereas the new, humanized version of monoclonal MAb
2G8 precisely targets β-1,3 glucans of Candida spp. including Candida auris [19]. Novel
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antifungal targets are also discussed, such as heme biosynthesis and sphingolipid synthesis
which are unique fungal target pathways, thus enabling the designing of novel drugs and
overcoming the pathogen resistance to conventional antifungal interventions.

Recently, β-glucans, a subgroup of polysaccharides, have been implicated in medic-
inal applications, such as the treatment of diabetes and immunomodulation [20]. Since
β-glucans often exhibit very limited water solubility, the cationization, namely, the addi-
tion of a positive charge to the polymer structures using “glycidyl trimethyl ammonium
chloride (GTMAC)” has been a tool to enhance water solubility. Meanwhile, the interaction
between the positively charged polymers, namely, polycations, and a biological mem-
brane could be the cause of the toxicity exerted by the developed macromolecules, hence
it became a very attractive strategy to improve the antifungal activity of the candidate
polymers. In their research article, Kaminski et al. [21] investigated cationic derivatives
of natural β-glucan polymers that were synthesized by reacting the polysaccharides from
Saccharomyces boulardii (SB) and Cetraria islandica with GTMAC. In the study, three dif-
ferent polymer structures were obtained exhibiting selective antifungal activities against
Scopulariopsis brevicaulis, Aspergillus brasiliensis, and Fusarium solani. In an in vivo model
study of Aspergillus brasiliensis infection in Galleria mellonella (insect) using SB derivative,
positive antifungal results were also observed while toxicity assay via fibroblast 3T3-L1 cell
line revealed negligible toxicity of the compounds at various concentrations.

Using the fission yeast Schizosaccharomyces pombe (a model fungal system), Yagüe et al. [22]
determined that various echinocandin drugs induce differential effects in cytokinesis pro-
gression and cell integrity in fungi. S. pombe contains three β(1,3)-D-glucan synthases (GSs),
Bgs1, Bgs3, and Bgs4, which exert essential functions with non-overlapping roles involved
in maintaining cell integrity and morphogenesis. Results by Yagüe et al. demonstrated
that MICA exerts fungicidal activity by solely inhibiting Bgs4, whereas lethal doses of
other echinocandin drugs ANID and CAS trigger an early cytokinesis arrest during fungal
growth possibly by the concerted inhibition of several GSs.

Clotrimazole has been used for treating the yeast pathogen C. albicans and other fungi.
The antifungal mechanism of clotrimazole is to interfere with ergosterol biosynthesis via
the inhibition of the fungal cytochrome 14α-demethylase, which eventually triggers the
disruption of the structure/function of the fungal cell wall including cell wall leakage.
Since clotrimazole has been applied for treating vulvovaginal candidiasis for around
50 years, Mendling et al. [23], via analyzing thirty-seven randomized controlled studies,
tried to estimate the current effectiveness of topical clotrimazole under different disease
severity of populations infected. In patients with uncomplicated vulvovaginal candidiasis,
application of single intravaginal doses of 500 mg clotrimazole (vaginal tablets) resulted
in high cure rates, thus it was concluded that a single dose of clotrimazole 500 mg was
equally effective as multiple doses of lower clotrimazole strengths. Moreover, prolonged
treatment with the drug showed effectiveness in severe, recurrent infections and further
in pregnant women. Therefore, Mendling et al. concluded that, despite its long-term
usage, clotrimazole resistance in vaginal candidosis is scarce and hence, clotrimazole can
continuously be used for vaginal health in the future [23].

Cryptococcus neoformans is also an opportunistic yeast pathogen causing cryptococcus,
especially in the immune-compromised patients; around 73% of 223,100 annual cases of
cryptococcal meningitis are diagnosed in sub-Saharan Africa with a 75% mortality rate [24].
Since photodynamic treatment (PDT) is a method of curing aerobic microbes susceptible
to oxidative damage [25], Ogundeji et al. [24] investigated the photodynamic activity of
acetylsalicylic acid (ASA; aspirin) against respiring cryptococcal cells. Cryptococcal cells
were exposed to 0.5 or 1 mM of ASA with ultraviolet light (UVL) for 10 min, which resulted
in a significant reduction in the fungal growth compared to the non-treated control cells.
The treated cells exhibited: (a) a significant loss of mitochondrial membrane potential,
(b) cellular accumulation of toxic reactive oxygen species, (c) altered ultrastructural appear-
ance, and (d) limited expression levels of the capsular-associated gene, CAP64, leading to
an acapsular phenotype.
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Retinoids are chemical compounds derived from vitamin A or its structural analogs
including all-trans retinoic acid (ATRA; tretinoin), a vitamin A metabolite. Retinoids
possess a potent antimicrobial activity against a broad spectrum of pathogens, including
bacteria, fungi and viruses. In their review, Cosio et al. [26] evaluated/summarized the
results of thirty-nine in vitro/in vivo antifungal studies that demonstrated the antifungal
efficacy of retinoids against human opportunistic fungal pathogens, such as yeast fungi
(Candida spp., Rhodotorula mucilaginosa, Malassezia furfur) colonizing on the skin/mucosal
surfaces of humans, environmental molds (Aspergillus spp., Fonsecae monofora) and several
species of dermatophytes infecting humans and animals. The data from retinoid studies
indicated that vitamin A or ATRA lowers the incidence and severity of fungal diseases
via the immunoadjuvant properties of these compounds, where the antifungal efficacy,
tolerability, and safety profile of test compounds have been proven against localized and
systemic fungal infections [26].

In the study by Rodríguez-Villar et al. [27], a set of chemical compounds were syn-
thesized and their antifungal activities were examined against C. albicans, C. glabrata,
and C. tropicalis strains. They found that chemical derivatives containing “3-phenyl-
1H-indazole” moiety exhibited the highest, broad anticandidal activity. In particular,
N,N-diethylcarboxamide substituent showed the highest activity against C. albicans and
C. glabrata (both miconazole susceptible and resistant species). Collectively, results indi-
cated that the 3-phenyl-1H-indazole moiety can be a useful scaffold for the development of
new anticandidal drugs.

Azole fungicides bind to and inhibit lanosterol 14α-demethylase, which is a fungal
cytochrome P450 (CYP) enzyme involved in the ergosterol biosynthesis in fungal pathogens.
While azoles are considered the most successful class of drugs for fungal control, extensive
use of azole-class fungicides and prophylactic antifungal therapy resulted in the devel-
opment of fungal resistance to clinical azole drugs. In their review, Kane and Carter [28]
documented the enhancement of the potency of azole drugs with drug synergy, where
significant antifungal synergism between azoles (FLU, ITR, VOR, ISA, POS, Ketoconazole,
Miconazole) and known chemicals such as other antifungals (polyenes, echinocandins,
etc.), anti-bacterials, anti-parasitics, anti-virals, calcium inhibitors, statins, bisphospho-
nates, immunomodulators, psychoactives, calcineurine inhibitors, essential oil extracts,
etc., has been evaluated. Furthermore, azole synergy with novel compounds was also
presented where the synergism with heat shock protein 90 (Hsp90) inhibitors, isoquinolone,
phthalazine, natural metabolites berberine, piperidol, caffeic acid, guttiferone, the anti-
inflammatory celecoxib, and phenylpentanol β-glucan synthase inhibitor SCY-078, ion
chelator DIBI, target of rapamycin (TOR) inhibitor AZD8055, efflux modulators, as well as
novel antifungal chalcones effectively control fungal pathogens including azole resistant
C. albicans, C. glabrata and other Candida species. Considering no azole-based antifungal
combinations are currently applied to treat fungal infections, co-application of secondary
compounds exhibiting azole synergy, as shown above, could function as new fungal control
regimens. It was concluded that “azole synergy” with “secondary compounds” will be
a promising strategy for treating intrinsic/acquired resistance to the conventional drugs
exerted by certain fungal pathogens [28].

The wide distribution of feline sporotrichosis in Brazil has been problematic, requiring
new therapeutic alternatives [29]. In the in vitro and in silico analyses of new synthetic
derivatives against wild type and non-wild type Sporothrix brasiliensis, de Souza et al. [29]
demonstrated the antifungal efficacy of derivatives of three novel hydrazone and eleven
novel quinone using the broth microdilution method, where the minimum inhibitory and
fungicidal concentrations of test compounds ranged from 1 to >128 µg/mL. Particularly, the
three hydrazone derivatives were determined as promising antifungal candidates against
ITR-resistant S. brasiliensis, which is the most virulent and prevalent species causing feline
sporotrichosis [29].

In view of the difficulties to treat invasive fungal infections, the development of new,
alternative antifungal strategies that are efficient and appropriate measures are urgently
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needed. Antifungal drug repurposing is the repositioning process of already marketed
medicinal drugs developed for treating human diseases to cure fungal infections [30]. The
key merit of drug repurposing is that the mechanisms of action, cellular targets, or safety of
the marketed drugs are already known, thus enabling accelerated regulatory approval once
antifungal efficacy is determined. In their review, Peyclit et al. [31] provided a comprehen-
sive summary of current antifungal drugs, their mechanisms of resistance, as well as an
overview of the potent antifungal activity of non-traditional antifungal drugs. The review
also presented mechanisms of action and the synergistic drug/compound combinations
that enhance the efficacy of current antifungal interventions. Notably, drug repurposing for
treating the emerging multidrug resistant (MDR) fungus such as Candida auris, Aspergillus
or Cryptococcus species has been discussed, addressing the potential of antifungal drug
repurposing to cure the difficult human fungal pathogens [31].

Conversely, certain antifungal drugs have been repurposed to treat viral or amoe-
boidal infections. Schloer et al. in their review [32] postulated that repurposing marketed
antifungal drugs with well-known safety profiles can additionally target “host cell factors”
necessary for viral proliferation, such as virus entry, replication, etc. Hence, these host cell
factors could be a promising cellular target for the development of novel prophylaxis and
treatment approaches against viral infections. ITR is one of the azoles inhibiting fungal
ergosterol biosynthesis. Studies have shown that, in host cells, ITR directly interacts with
the endolysosomal cholesterol transporter “Niemann–Pick disease, type c1 (npc1)” protein.
A dysfunctional NPC1 interferes with the intracellular lipid transport, thus resulting in the
excessive accumulation of lipids such as cholesterol in the endolysosomal compartment [33].
Importantly, NPC1 is recently explored as an antiviral drug target that can be interfered
with ITR [34,35]. Other host cell factors to be interfered with ITR for the treatment of viral
infections includes oxysterolbinding protein 1 (OSBP) and OSBP-Related Proteins (ORP)
involved in lipid homeostasis [36], mammalian target of rapamycin (mTOR), hedgehog,
and Wnt signaling pathways that regulate apoptosis and/or counteracts stress-induced
autophagy [37,38], etc.

Acanthamoeba castellanii is a causative agent (amoebaoid) of Acanthamoeba keratitis
(AK), a serious eye infection resulting in an inflammation in the cornea, which could
trigger permanent visual impairment/blindness [39]. Isavuconazonium sulfate is an FDA-
approved antifungal drug for treating invasive fungal diseases such as aspergillosis and
mucormycosis. The prodrug isavuconazonium sulfate is metabolized further into the
active molecule ISA which previously exhibited amebicidal and cysticidal activity against
Acanthamoeba T4 strains. However, the activity of the prodrug isavuconazonium sulfate
against trophozoites and cysts was not determined. Shing et al. [39] recently demonstrated
that isavuconazonium also possessed potent amoebicidal activity at as low as 1.4 nM and
prevented excystation of cysts at as low as 136 µM, thus suggesting that, like ISA, the
prodrug isavuconazonium maintains activity against Acanthamoeba T4 strains, which could
be adapted for Acanthamoeba keratitis treatment.

In summary, the research articles and reviews presented in this Special Issue provide
useful information and insight for the development of new antifungal drugs or intervention
strategies. Identification of new, safe molecules, and cellular targets, as well as elucidation of
their antifungal mechanisms of action will further the effective control of fungal pathogens,
especially those resistant to current therapeutic agents.
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