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Paracoccidioidomycosis is a neglected disease that causes economic and social impacts, mainly affecting people of
certain social segments, such as rural workers. The limitations of antifungals, such as toxicity, drug interactions, restricted
routes of administration, and the reduced bioavailability in target tissues, have become evident in clinical settings. These
factors, added to the fact that Paracoccidioidomycosis (PCM) therapy is a long process, lasting from months to years,
emphasize the need for the research and development of new molecules.
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| 1. Introduction

The infection caused by fungi of the genus Paracoccidioides was first described by Adolpho Lutz in 1908. In 1971, during
the meeting of several mycologists from Latin America in Medellin-Colombia, the term Paracoccidioidomycosis (PCM)
was made official to designate the systemic granulomatous infection caused by the thermodimorphic fungi of the genus
Paracoccidioides/2l, Several aspects of the infection remained unknown for a long period, including the taxonomic
classification of the pathogen and a more appropriate therapeutic approachl2l. Nowadays, however, the importance of this
disease in Latin America is recognized, with it being one of the main causes of deaths due to fungi infectionsl4l.

The eradication of the fungus in the tissues is slow and treatment might last from months to years of antifungal
administration. Paracoccidioides spp. are sensitive to various systemic antifungals, but the therapeutic options are limited
to antifungals that act on two main targets, plasma membrane and folic acid synthesis®®. Several new compounds with
antifungal properties have been proposed against PCM over the last decade. Thus, this review focus on studies that have
identified alternative compounds to the current treatment of PCM, as well as the strategies used for the development of
new antifungal drugs.

| 2. Treatment of Paracoccidioidomycosis: An Overview

Figure 1 shows the historical context that defines the treatment of PCM currently. The first alternative treatment emerged
in 1940, 32 years after the first reports of the disease by Lutz, using sulfapyridine, which is a sulfonamide derivativel®!.
Sulfonamides are recognized for their broad spectrum of antibiotic activity, interrupting the growth of microorganisms by
the competitive inhibition of the aminobenzoic acid (PABA) to the enzyme dihydropteroate synthase in the folate synthesis
pathway. The latter is an essential component in the synthesis of nucleic acids and proteins!l. Sulfa derivatives were
also used in the treatment of PCM according to the severity of the disease, including compounds of low, moderate, and
high excretion by the body®!.

1908 207
reported 1958 1973 1987 2005
’E,“aﬁ..?‘w Lutz icin B Cotri ! Braziit Guidotines
1940 197 1979 2000
Sulfapyridine  The disease was named at  Ketoconazole Terbinafine First Brazilian
Ilg: First Pan American n
ymposium on PCM N

Figure 1. Important events related to the treatment and establishment of a consensus on Paracoccidioidomycosis.

Treatment with amphotericin B (AmB) was introduced by Lacaz and Sampaio® in 1958. This drug was established as an
antifungal agent with a wide spectrum of action, acting mainly through the formation of complexes with ergosterol. These
are molecules present in the membranes of fungal cells and responsible for the formation of transmembrane channels
that allow the extravasation of cytoplasmic componentsi2. It is indicated for severe and disseminated forms. Despite its
effectiveness, AmB is also able to bind, to a lesser extent, to the cholesterol present in mammalian cells, producing



several toxic effects on the host during the course of treatment, including acute symptoms such as nausea, vomiting,
fever, hyper and hypotension, and hypoxia, in addition to chronic nephrotoxicity®@14 New formulations of AmB were
developed for incorporation into liposomes, resulting in a better tissue distribution and less toxicity2.

Another treatment option for PCM emerged with the introduction of cotrimoxazole (CMX) in 1973. This drug is a
synergistic association between sulfamethoxazole (a sulfonamide derivative) and trimethoprim, and is used in patients
with mild to moderate forms of PCM and neuroparacoccidioidomycosisi2l13I14] cMX acts by inhibiting the enzymes
involved in the synthesis of tetrahydrofolic acid, leading to the depletion of intracellular folate, which is essential for the
growth of the pathogenic organism2!,

The development of azole derivatives certainly supported the expansion of the arsenal of antifungals against PCM. These
compounds are the most common agents used in the treatment and prevention of a wide spectrum of mycoses,
preventing the biosynthesis of ergosterol by inhibiting the CYP450-dependent enzyme, lanosterol 14-a-demethylase
[16,17]. Two years after its publication in 1979, ketoconazole was introduced as an antifungal for the treatment of PCM
[18-20]. Despite the success of this drug in controlling mild and moderate forms of the disease, its use is no longer
recommended due to hepatotoxicity and adrenal insufficiency. Thus, ketoconazole was eventually replaced by the first
generation of triazoles, especially after the introduction of itraconazole (ITZ) in 19872€],

Some other alternative treatments have been proposed over the past two decades. A case report published in 2000
showed a patient who did not respond to the initial treatment with CMX but achieved clinical, mycological, and radiological
cures two years after the end of treatment with terbinafinelLZ. Terbinafine is an antifungal of the allylamine class that has a
similar mechanism of action to azole agents, blocking the ergosterol biosynthesis pathway by inhibiting the squalene
enzyme epoxidasel28l. A representative of the second-generation triazoles known as voriconazole has a similar efficacy to
ITZ, and is useful in the treatment of neuro-PCM due to the greater penetration of this drug into the central nervous
system compared to ITZE

The publication of the consensus on PCM in 2006 allowed the creation of guidelines to formalize the PCM clinical
treatment. Shikanai-Yasuda recommends the use of ITZ as the drug of choice for the treatment of mild and moderate
forms of PCM, followed by CMX and AmB, according to the severity of the disease. The consensus also points to the
possibility of using voriconazole, posaconazole, and isavuconazole to replace itraconazole, paying attention to costs,
clinical evidence, and drug interactions4],

Even after one hundred years of investigation into the disease, the therapeutic approaches face several issues. The main
problem to overcome concerns the long period of treatment required by the currently available antifungals, which
occasionally results in patients giving up therapy2d. Another issue is the possibility of Paracoccidioides developing
resistance against these antifungals. In Paracoccidioides spp., genes that were homologous to the cerebellar
degeneration-related protein (CDR1, CDR2) and multi-drug resistance (MDR1) of Candida albicans, the pleiotropic drug
resistance (PDR5) of Saccharomyces cerevisiae, and the ABC transporter genes of Aspergillus spp. were observed; all of
them were related to resistance against azoles/Zll. Thus, as the current treatment against PCM is mainly based on azole
derivatives, these genes may play a similar role in Paracoccidioides spp., with the possibility of developing resistant
isolates. In fact, the in vitro resistance of Paracoccidioides spp. was evidenced against azole derivatives 22. Cermefio et
al. carried out a sensitivity test of several species of Paracoccidioides spp. and observed the resistance against
caspofungin (94.7%), followed by 5-flucytosine (52.6%) and AmB (47.4%)23,

In addition to antifungal therapy, the treatment of possible sequelae of PCM such as pulmonary fibrosis and the
prevention of opportunistic diseases should also be considered. An additional therapy proposal for PCM aimed at
reducing pulmonary fibrosis is the combination of itraconazole-pentoxifylline. However, although the combination has
shown promising results in mice, there are still no reports on testing in humans.

3. New Anti-Paracoccidioides Compounds: Do We Already Have Any Ideal
Antifungals?

The ideal antifungal agent should have a broad activity; be selective for fungal targets; and have reduced adverse effects,
limited interactions, many administration routes, and low resistance. Thus, proteins belonging to the metabolic pathways
involved in amino acid metabolism, cell wall, ergosterol biosynthesis, response to oxidative stress, and alternative sources
of carbon are targets for antifungals and explored in the process of identifying new selective compounds. Such
parameters are essential for the survival of the pathogen and additionally those targets should be absent in humans [30].
Over the years, several techniques and approaches helped to search for promising antifungals (Figure 2).



Figure 2. Methodologies used in the search and evaluation of anti-paracoccidioidomycosis compounds. MIC (Minimal
Inhibitory Concentration), SAA (Synergistic Activity Assay), MFC (Minimal Fungicidal Activity), RSVS (Receptor shape-
based Virtual Screening), LSVS (Ligand shape-based Virtual Screening).

The ability of a compound to inhibit fungal growth is known as Minimum Inhibitory Concentration (MIC). MIC was first used
in a PCM study in 1982 to assess the in vitro effects of CMX against P. brasiliensis clinical isolates24. However, one of
the major problems is the lack of standardization in these tests, which is directly related to the variety of MIC protocols
found in the literature. Experimentally, tests that identify MIC values have been performed for several years through the
macrodilution technique or by counting colony-forming units. This technique was improved by converting these assays to
microdilution using 96-well microplates in 200322, |n addition, the proposition of using resazurin dye as a marker of
metabolic activity provided even greater practicality for those assays in 2013[28], Studies reported that certain variables,
such as culture medium and incubation time, have a major impact on the resultsi2d. Although there is a trend towards the
use of the RPMI-1640 culture medium, as recommended by the Clinical and Laboratory Standards Institute (CLSI)28, the
incubation time still remains undefined, ranging from 3 to 15 days of incubation22/3%,

The search for new antifungal candidates has been driven by synthetic, semi-synthetic, plant. and microorganism
compounds. In this review, we describe some of the compounds tested against Paracoccidioides spp., and additional
compounds are listed in Tables S1 and S2.

Potential compounds act as growth inhibitors against Paracoccidioides spp. in low concentrations (Table S1), such as
alkyl gallates (0.004-16 pg/mL), an N-Glycosylation inhibitorBH32l: the thiosemicarbazone lapachol, which acts on the
plasma membrane (0.01-0.1 uM)=3l: azasterol analogs (0.5-10 pM)E4 and hydrazone derivatives (0.1-5 pM) B2, as
inhibitors of ergosterol biosynthesis. These compounds are less potent when compared to azole derivatives, such as
itraconazole with a 0.003-0.05 uM MIC ; luliconazole, a topical antifungal repositioned against Paracoccidioides spp.
through in vitro assays and with an MIC ranging from 0.0005 to 0.0007 pM[&El: and butaconazole, which is used for the
local treatment of vulvovaginal candidiasis and also repositioned against Paracoccidioides spp. with an MIC of 0.001-
0.002 pM. Both compounds are inhibitors of the ergosterol biosynthesis, indicating that this molecular target is very
promising. Antimicrobial peptides have also been proposed as potent inhibitors of Paracoccidioides spp., such as
MK58911, a peptide analogue of mastoparan, which presented an MIC of 7.8 pg/mL against P. brasiliensis and 15.6
ug/mL against P. lutzii24d, Lactoferrin-derived peptides presented MIC values between 0.63 and 1.25 pg/mL[E8l,

The medicinal potential of plants as antifungals comes from their extracts, essential oils, and chemical constituents 2,
Several studies have reported compounds with antifungal properties against PCM, such as argentilactone derived from
Hyptis ovalifolia 49, oenothein B derived from Eugenia uniflora 4412 fatty acid methyl esters and compounds derived
from Annona cornifolia essential oils®3! hydroalcoholic extracts from the species Piper regnelli and Baccharis
dracunculifolia #4451 and curcumin from Curcuma longa®8l, Another natural compound is ajoene, derived from Allium
sativum, which exerts inhibitory effects against morphological transition and in yeast cells, with possible involvement in the
sulfhydryl metabolism of P. brasiliensis 24,

Exploring the universe of natural source compounds, microorganism-derived compounds were tested against
Paracoccidioides spp. (Table S2). The extracts and cytochalasin E isolated from Aspergillus felis presented an MIC of
31.2 pg/mL (3.6 uM) “8l. The extract of the endophytic fungus Fusarium sp. containing T2-toxin was able to inhibit clinical
strains of P. brasiliensis with an MIC ranging between 75 and 640 nM and the extract containing 8-n-butyrylneosolaniol
and 8-isobutyrylsolaniol had MIC values from 160 to 640 nM¥2l. Altenusin, isolated from the endophytic fungus Alternaria
sp., exhibited an MIC between 1.9 and 31.2 pg/mL B, Another important compound is farnesol, a C. albicans quorum
sensing molecule, which acts as a potent antifungal inhibiting the growth and dimorphism in pM concentrations!22l,
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