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BACKGROUND Treatment of mycoses is often ineffective, usually prolonged, and has some side effects. These facts highlight the 
importance of discovering new molecules to treat fungal infections.

OBJECTIVES To search the Medicines for Malaria Venture COVID Box for drugs with antifungal activity.

METHODS Fourteen human pathogenic fungi were tested against the 160 drugs of this collection at 1.0 µM concentration. We 
evaluated the ability of the drugs to impair fungal growth, their fungicidal nature, and morphological changes caused to cells.

FINDINGS Thirty-four molecules (21.25%) presented antifungal activity. Seven are antifungal drugs and one is the agricultural 
fungicide cycloheximide. The other drugs with antifungal activity included antibiotics (n = 3), antimalarials (n = 4), antivirals 
(n = 2), antiparasitcs (n = 3), antitumor agents (n = 5), nervous system agents (n = 3), immunosuppressants (n = 3), antivomiting 
(n = 1), antiasthmatic (n = 1), and a genetic disorder agent (n = 1). Several of these drugs inhibited Histoplasma capsulatum and 
Paracoccidioides brasiliensis growth (15 and 20, respectively), while Fusarium solani was not affected by the drugs tested. Most 
drugs were fungistatic, but niclosamide presented fungicidal activity against the three dimorphic fungi tested. Cyclosporine 
affected morphology of Cryptococcus neoformans.

MAIN CONCLUSIONS These drugs represent new alternatives to the development of more accessible and effective therapies to 
treat human fungal infections.
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Fungal diseases may vary from superficial, skin my-
coses to invasive life-threatening infections.(1) The in-
cidence of fungal infections is increasing worldwide,(2) 
which is a result of the emergence of new fungal patho-
gens driven by climatic changes(3) or environmental dis-
turbances caused by human activities,(4) as well as the in-
creasing number of at-risk patients for these infections.
(5) Most patients with fungal infections live at poverty 
areas, which makes diagnosis difficult and therefore im-
pairs their real importance.(6)

The armamentarium of approved drugs available to 
treat fungal infections include, among other few drugs, 
the polyenes, azoles, flucytosine, and the echinocandins.
(7) The polyenes, which include amphotericin B, are avail-
able from more than 70 years and remain the main alter-
native to treat invasive and systemic infections. It binds to 
the ergosterol leading to the formation of pores in the fun-
gal membrane.(8) The azoles, which include fluconazole, 
itraconazole, and posaconazole, inhibit the 14α-sterol-
demethylase, altering the functionality of fungal mem-
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brane.(9) Flucytosine is an antimetabolite agent that dis-
rupts protein synthesis and must be used in combination 
with other antifungal drugs, due to the risk of acquired 
resistance.(10) The echinocandins were the last approved 
antifungal drug class that acts on the fungal cell-wall, in-
hibiting the biosynthesis of β-(1,3)-D-glucan.(11)

Despite the increasing burden of worldwide fungal 
infections, the therapeutic arsenal to combat them has not 
expanded at the same rate.(12) In addition, the emergence 
of several species of drug resistant fungi complicates 
the management of mycoses with the currently available 
antifungal drugs.(13) In last years, few substances were 
approved as new antifungals and less than a dozen of 
antifungal agents are in clinical phases of development.
(14) The process to develop new pharmaceutic substances 
is expensive and it can take up to 10 years for a drug 
to reach the pharmacies. Moreover, most of developed 
drugs never get approval for human use due to failures 
on any of the several phases of clinical studies.(15)

All these difficulties on the development of new drugs 
became evident with the emergence of the severe acute 
respiratory syndrome coronavirus 2 (SARS-COV-2), 
the agent of the ongoing coronavirus disease 2019 (CO-
VID-19) pandemic.(16) To overcome them, several repur-
posing studies for this disease were proposed.(17) Drug 
repurposing is a method of drug development where 
substances already studied for other diseases, and often 
approved by some regulatory agencies, are redirected to 
treat a new disease or other medical conditions.(18) In this 
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context, the Medicines for Malaria Venture (MMV) ini-
tiative developed a collection of candidate molecules for 
COVID-19 repurposing (https://www.mmv.org/mmv-
open/covid-box). MMV recommends a screening of the 
compounds at 1 µM and the confirmation of the activity 
of the compounds. For antifungal activity, minimal in-
hibitory and fungicidal concentrations, selectivity of the 
drug, and potential synergism with known antifungal 
drugs are usually tested.(19)

Hospitalised patients infected with COVID-19 are 
at-risk for invasive fungal infections.(20) Moreover, there 
are reports of patients co-infected with SARS-COV-2 
and some pulmonary endemic fungi(21,22) or fungal agents 
of nosocomial pneumonia.(23,24) Therefore, it would be 
advantageous the repurposing of drugs with potential 
SARS-COV-2 activity that are also effective against fungi 
that can complicate the evolution of COVID-19. The goal 
of this study was to search the MMV COVID Box for sub-
stances with antifungal activity against human pathogens 
and their effects on fungal growth and morphology.

MATERIALS AND METHODS

The Medicines for Malaria Venture COVID Box - The 
product development partnership Medicines for Malaria 
Venture (MMV, Geneva, Switzerland) kindly supplied 
the drug collection COVID Box. It comprises 160 dif-
ferent substances, either marketed drugs or compounds 
under research/clinical development, from 19 distinct 
drug classes, with recognised or predicted activity 
against SARS-CoV-2. The Supplementary data I depicts 
a full list of molecules present in this drug collection. 
MMV provides the COVID Box as two 96-well plates 
containing 10 μL/well of 10 mM compound solutions in 
dimethylsulfoxide (DMSO), except for the compound 
piperaquine, which is provided at 2 mM. Dilutions of the 
drugs were performed to a final drug concentration of 1 
mM using dimethylsulphoxide (Sigma-Aldrich, Co., St. 
Louis, MO, USA), as recommended by MMV. Columns 
1 and 12 of each plate were used for negative (culture 
medium only) and positive (culture medium and inocu-
lum) fungal growth controls, respectively. All plates 
were stored at −80ºC until their use in the experiments 
described below.

Fungal strains and growth conditions - Fourteen dif-
ferent fungal species were tested against the substanc-
es present in the COVID Box. They comprise yeasts, 
moulds, as well as dimorphic fungi from the three major 
fungal phyla that cause human infections. Table I pres-
ents the list of strains used in this study and the respec-
tive diseases that they cause. The filamentous fungi were 
maintained during the experiments through monthly 
subcultures on potato dextrose agar (Becton, Dickinson 
and Company, Sparks, NV, USA) at 25ºC. Yeasts were 
subcultured on Sabouraud dextrose agar (Becton, Dick-
inson and Company), 25ºC, at a weekly basis. The yeast 
form of the dimorphic fungi Histoplasma capsulatum, 
Paracoccidioides brasiliensis, and Sporothrix brasilien-
sis was obtained by weekly subcultures on the following 
media at 35ºC: ML-Gema agar [Mueller Hinton Broth 
(Difco), 2.1g; Agar, 1.0g; Dextrose, 2.0g; L-cysteine 

hydrochloride, 0.2g; Hen egg yolk, 15 mL], Fava-Neto 
[0.3% (w/v) proteose peptone (Isofar, Duque de Cax-
ias, RJ, Brazil); 1% (w/v) peptone (Titan Biotech Ltda., 
Rajasthan, India); 0.5% (w/v) beef extract (Liofilchem, 
Roseto degli Abruzzi, TE, Italy); 0.5% (w/v) sodium 
chloride (Sigma-Aldrich, Co.); 0.5% (w/v) yeast extract 
(Becton, Dickinson and Company, Sparks, MD, USA), 
4% (w/v) glucose (Neon Comercial Ltda., Suzano, SP, 
Brazil), 1.8% (w/v) agar (Becton, Dickinson and Com-
pany)], or Brain Heart Infusion (Becton, Dickinson and 
Company), respectively.

COVID Box screening for antifungal drugs - All 
compounds present in the MMV COVID Box were fur-
ther diluted as recommended by the manufacturer for 
the screening against the above-mentioned fungi. We 
used a methodology, based on the Brazilian Commit-
tee on Antimicrobial Susceptibility Testing (BrCAST) 
guidelines for antifungal susceptibility, standardised by 
our group to test another MMV drug collection.(19) In 
brief, compounds were tested at a final concentration 
of 2 μM in 100 μL of RPMI 1640 medium, with phe-
nol red, with L-glutamine, and without sodium bicar-
bonate (Sigma-Aldrich, Co), buffered with morpholine 
propanesulfonic acid (Vetec Química Fina Ltda, Rio de 
Janeiro, RJ, Brazil) at pH 7.0, and supplemented for a 
final 2% glucose (Neon Comercial Ltda). Diluted drugs 
were distributed in 96-well plates (Kasvi Ltda, São José 
dos Pinhais, PR, Brazil). For preparation of the fungal 
inoculum, the strains were grown as described above 
and then suspended in RPMI 1640 and vortexed, with 
the suspension adjusted to 1 × 106 cells/mL. This sus-
pension was further diluted 1:10 in RPMI 1640 and then 
100 μL of the fungal inoculum was added to each well 
containing the compounds, generating a final working 
inoculum density of 5 × 104 cells/mL, drug concentra-
tions of 1 µM, and a final DMSO concentration of 0.5% 
in each well, including controls. Plates were incubated 
at 35ºC for 12-96 h, depending on the fungal species 
tested. Plates were visually inspected daily and, when 
sufficient fungal growth was observed in the control 
wells, all wells without fungal growth were recorded. 
The screening was performed in triplicate, and only 
drugs that consistently inhibited fungal growth on all 
experiments were considered as hits.

Microscopic evaluation - Immediately after the iden-
tification of hit drugs as described above, 100 µL of each 
hit well was transferred to a microcentrifuge tube. Cen-
trifugation was conducted in an Eppendorf 5415C cen-
trifuge at 5,000 g for 10 minutes. Pellets were suspended 
in 10 µL lactophenol cotton blue (Sigma-Aldrich) and 
observed under a light microscope at 1,000 magnifica-
tion. The same procedure was repeated in control wells, 
without addition of drugs. Fungal morphology in hit 
wells was compared with the morphology of the fungus 
grown in control wells.

Fungicidal activity - To check whether the hit drugs 
only inhibited fungal growth or killed the fungi, imme-
diately after the identification of hit drugs as described 
above, 5 µL of each hit well were subcultured on Sab-
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ouraud dextrose agar and incubated at 25ºC until 21 days, 
when we checked for fungal growth in the plates. If the 
plates presented fungal growth, the hit drug was classi-
fied as fungistatic. If no fungal growth was detected, hit 
drugs were classified as fungicidal. This experiment was 
performed in triplicate, and only drugs that consistently 
killed the fungi in all tests were considered fungicidal.

Time kill assay - Selected drugs with fungicidal 
activity were used in this assay. Fungal inocula were 
prepared at 1 × 104 cells/mL in RPMI 1640, pH 7.0, as 
described above. Drugs were added at a 1 µM concen-
tration and cultures were incubated at 35ºC. Control 
conditions consisted in the same fungal inoculum in 
RPMI 1640 supplemented with 0.5% DMSO, the same 
concentration present in test cultures. Colony forming 
unit (CFU) counts were performed immediately after in-
oculum and drug mixture, as well as after 6, 24, 48, 72, 
and 96 h of incubation, through 10-fold serial dilutions 
in phosphate buffered saline of the fungal cultures sup-
plemented or not with the drugs tested. Time-kill curves 
were generated using the GraphPad Prism 8.4.2 soft-
ware and comparisons between control and test curves 
were performed using the Student t-test.

Literature investigation - Original, peer-reviewed ar-
ticles, published in English, Portuguese, or Spanish up 
to December 31st, 2020 were searched in the PubMed 
database (https://pubmed.ncbi.nlm.nih.gov/) to check 
whether the hit molecules detected in this study pre-
sented described antifungal activity against other fungal 
species not included here. The search strategy consisted 
in the combination of the trivial name of the hit drugs 
with the expressions “antifungal activity” or “fungus”. 
Known antifungal drugs used to treat patients with my-
coses were not included in this investigation. The re-

sulting articles were reviewed and papers without clear 
methodologies of drug repurposing approaches against 
fungi were excluded.

RESULTS

The MMV COVID Box has drugs presenting antifun-
gal activity - Among the 160 substances present in the 
MMV COVID Box, 34 were able to inhibit the growth 
of at least one of the studied fungi. Fig. 1 shows the 
distribution of drugs with antifungal activity accord-
ing to their original indication. Seven of these active 
substances are known antifungal drugs (ketoconazole, 
itraconazole, ravuconazole, terconazole, posaconazole, 
fluconazole, and anidulafungin) and one is the agricul-
tural fungicide cycloheximide. The other drugs present-
ing antifungal activity included three antibiotics; four 
antimalarials; two antivirals, one of them with anti-
HIV activity; three antiparasitc agents, five antitumor 
agents, two of them used to treat leukemia; three ner-
vous system agents with antipsychotic, antispasmodic, 
or anti-schizophrenia properties; three pharmaceutical 
immune agents with immunosuppressant properties; 
one gastrointestinal agent with antivomiting proper-
ties; one respiratory system agent with antiasthmatic 
properties; and one genetic disorder agent used to treat 
Hutchinson-Gilford progeria syndrome.

Different pathogenic fungi have distinct respons-
es against the MMV COVID Box drugs - Fig. 2 shows 
the susceptibility of the 14 studied fungi against the 
34 drugs that presented antifungal activity during the 
screening of the MMV COVID Box, according to their 
drug class. Briefly, the dimorphic endemic fungi H. cap-
sulatum and P. brasiliensis were the most susceptible 
fungi. They were inhibited by 15 and 20 different drugs, 

TABLE I
Fungal strains used in this study

Fungal species Strain number* Phyllum Morphology Disease

Aspergillus fumigatus ATCC 204305 Ascomycota Filamentous Aspergilosis
Candida haemulonii CFP 967 Ascomycota Yeast Candidiasis
Candida krusei ATCC 6258 Ascomycota Yeast Candidiasis
Candida parapsilosis ATCC 22019 Ascomycota Yeast Candidiasis
Cryptococcus neoformans ATCC 208821 (H99) Basidiomycota Yeast Cryptococcosis
Fonsecaea pedrosoi CFP 791 Ascomycota Filamentous Chromoblastomycosis
Fusarium solani ATCC 36031 Ascomycota Filamentous Hyalohyphomycosis
Histoplasma capsulatum ATCC 26032 (G217B) Ascomycota Dimorphic Histoplasmosis
Neoscytalidium dimidiatum CFP 803 Ascomycota Filamentous Cutaneous mycosis
Neoscytalidium hyalinum CFP 804 Ascomycota Filamentous Cutaneous mycosis
Paracoccidioides brasiliensis Pb18 Ascomycota Dimorphic Paracoccidioidomycosis
Rhizopus oryzae CFP 781 Zygomycota Filamentous Mucormycosis
Rhodotorula mucilaginosa CFP 898 Basidiomycota Yeast Rhodotorula fungemia
Sporothrix brasiliensis CBS 120339 Ascomycota Dimorphic Sporotrichosis

*: ATCC - American type culture collection; CBS: centraalbureau voor Schimmelcultures; CFP: coleção de fungos patogênicos.
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respectively. The yeast Candida krusei and the filamen-
tous dematiaceous fungus Fonsecaea pedrosoi were in-
hibited only by antifungal drugs. The filamentous fungi 
Fusarium solani was not inhibited by any of the studied 
substances at 1 µM, even the antifungal drugs presented 
in the studied collection.

Most of MMV COVID Box effective drugs are fungi-
static - Fig. 3 shows the hit drugs detected in the current 
study, together with their fungistatic, fungicidal or inac-
tive nature against the 14 human pathogenic fungi in-
cluded in this study. Niclosamide was fungicidal against 
the three dimorphic fungi tested. The three antibiotics 
with antifungal activity (salinomycin, anisomycin, and 
doxycycline) were effective only against P. brasiliensis, 
while the two antivirals detected as hits were only ac-

tive against H. capsulatum, both also presenting fungi-
static activity against this species. The antimalarial drug 
lumefantrine was fungistatic only against the mucormy-
cete Rhyzopus oryzae, while another antimalaric drug, 
N-Desethylamodiaquine, presented fungistatic activity 
against Neoscytalidium hyalinum, which was also the 
only fungus inhibited by the antiasthmatic drug cicle-
sonide. Different drugs, thiethylperazine and rapamycin, 
inhibited its closest relative Neoscytalidium dimidiatum. 
In fact, immunosuppressive drugs, especially rapamy-
cin, were fungistatic against most studied fungi.

Cyclosporine affects Cryptococcus neoformans mor-
phology - In general, the hit drugs did not affect fungal 
morphology, since morphologies in hit wells were simi-
lar to that observed in control wells for all drug/fungus 

Fig. 1: antifungal activity of drugs present in the Medicines for Malaria Venture COVID Box (MMV COVID Box), according to their original 
indication. Nineteen drug classes are present in the drug collection. Known antifungal drugs served as controls of antifungal activity. Bars 
represent the number of active and inactive drugs against any of the studied fungi.

Fig. 2: susceptibility of 14 human pathogenic fungi against the 34 drugs with antifungal activity during the screening of the Medicines for 
Malaria Venture COVID Box (MMV COVID Box), according to their drug class. Activity of known antifungal drugs were as expected for 
each fungal species.
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combinations, except for cyclosporine and C. neofor-
mans. In the presence of this immunosuppressant drug, 
C. neoformans loses its regular spherical morphology 
and presents with an irregular surface (Fig. 4).

Fungicidal drugs differentially affect the dimor-
phic fungi - To check whether the fungicidal effects of 
niclosamide were similar among the three dimorphic 
fungi, time kill curves of H. capsulatum, P. brasiliensis, 
and S. brasiliensis in the presence of this drug were con-
structed. After six hours of incubation with niclosamide, 
H. capsulatum and P. brasiliensis were completely 
killed by the drug, while for S. brasiliensis, fungal cells 
were slowly killed during 96 h of incubation with this 
drug (Fig. 5A). An additional time-kill curve of H. cap-
sulatum with midostaurin, another fungicidal hit drug 
against this fungus. Contrary to niclosamide, midostau-
rin-induced H. capsulatum killing was slow, taking 72 h 
to present complete fungal killing (Fig. 5B).

Reports of antifungal activity of hit molecules - A lit-
erature search revealed 68 studies (Supplementary data 
II) reporting antifungal activity for the non-antifungal 
drugs herein identified as hits. Among the 26 hit drugs 
with off-label antifungal activity detected in the present 
study, eight (30.8%) already were described as able to 
inhibit fungal growth: cyclosporine, tacrolimus, rapamy-
cin, doxycycline, salinomycin, niclosamide, lonafarnib, 
and oxyclozanide. Therefore, to the best of our knowl-
edge, 18 drugs are herein described as presenting anti-
fungal activity for the first time: anisomycin, halofan-
trine, ferroquine, N-desethylamodiaquine, lumefantrine, 
emetine, dapivirine, GSK 983, pexidartinib, JQ1, amuva-
tinib, midostaurin, ponatinib, thiethylperazine, SAX 187, 
drotaverine, fluspirilene, and ciclesonide. Fig. 6 shows 
the number of studies describing the susceptibility of 23 

groups/species of fungi against these drugs. Thirty-nine 
studies presented minimal inhibitory concentrations for 
these drugs against planktonic fungal cells (Table II). It 
is interesting to note that 46 studies (67.6%) report syn-
ergism between these candidate repurposed drugs and 
other molecules, mostly approved antifungal drugs used 
in the treatment of human patients.

DISCUSSION

The difficulties in the treatment of fungal infec-
tions with the current approved antifungal drugs,(13) the 
paucity of therapeutic options for patients with COV-
ID-19,(25) and several reports of SARS-COV-2 and hu-
man pathogenic fungi co-infections(23,24,26,27) make drug 
repurposing against both COVID-19 and mycoses an 
interesting approach. The strategy used in this study, a 
screening of a drug collection of drugs with supposed 
action against SARS-CoV-2, against a large collection 
of pathogenic fungi, lead to the discovery of 34 mol-
ecules that can be theoretically used to treat both infec-
tions. Eighteen of them were never described as active 
against pathogenic fungi.

The most susceptible fungi against the drugs present 
in the MMV COVID Box at 1 µM were P. brasiliensis 
and H. capsulatum. A higher susceptibility of P. brasil-
iensis compared with other fungal species was also 
observed when a panel of fungi was tested against the 
natural product curcumin.(28) Some drugs have been de-
scribed with antifungal activity against P. brasiliensis, 
including cyclosporin A.(29) This last drug also presented 
antifungal activity against this species in the present 
study. Currently, paracoccidioidomycosis, the infection 
caused by P. brasiliensis, can be treated with a repur-
posed drug, the antibiotic co-trimoxazole,(30) and in this 
study, three other antibiotics presented anti-P. brasilien-

Fig. 3: drugs with antifungal activity detected in the current study. The fungistatic (blue squares), fungicidal (red squares) or inactive nature 
(gray squares) of each drug against 14 human pathogenic fungi is presented. Known antifungal drugs served as controls of antifungal activity.
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sis activity. In fact, only this fungal species was affected 
by antibiotics presented in the MMV COVID Box. In 
addition, only H. capsulatum was susceptible to some 
antiviral drugs present in the MMV COVID Box. Inter-
estingly, the anti-Histoplasma activity of the antivirals 
saquinavir and ritonavir was previously described.(31)

A new group of at-risk patients for invasive fungal 
infections has emerged with the COVID-19 pandemia.
(20) In fact, co-infections with SARS-CoV-2 and human 
pathogenic fungi such as those of the genus Aspergil-
lus,(24) Candida,(26) Fusarium,(23) Rhyzopus,(27) among oth-
ers, are reported. Unfortunately, the drugs of the MMV 
COVID Box did not affect most of the fungi belonging 
to these genera in this study. Fusarium species, in partic-
ular, are intrinsically resistant to most antifungal drugs 
and commonly acquire resistance in the clinical setting.
(32) Therefore, the results of this study confirm the resis-
tance profile of this genus not only against traditional 
antifungals, but also against a large panel of bioactive 
drugs. Mucormycosis agents, including R. oryzae, are 
also inherent resistant to several antifungal drugs.(33) In 
this study, the antimalarial lumefantrine presented fun-

gistatic activity against R. oryzae. This is an aryl-amino 
alcohol that probably interferes with byproduct detoxi-
fication of heme degradation. Interestingly, this mucor-
mycete is inhibited by haemofungin, a compound that 
also interferes with heme metabolism.(34)

As demonstrated by our literature search, it is well 
known that Candida albicans is highly inhibited by a 
series of drugs presented in the MMV COVID Box. This 
was the reason why we choose other less studied Candida 
species to use in the experiments of this study. Candida 
krusei is intrinsically resistant to fluconazole,(35) while 
Candida haemulonii is a poorly studied, multidrug-re-
sistant emerging pathogen.(36) Candida parapsilosis, on 
the other hand, is traditionally susceptible to antifungal 
drugs, but present increasing rates of fluconazole resis-
tance in last decades.(37)

Except for the antifungal drugs present in the MMV 
COVID Box, only rapamycin was able to inhibit C. 
parapsilosis and C. haemulonii growth at the concen-
tration suggested by the manufacturer for the screening. 
This drug acts against Mucor circinelloides in a mecha-
nism dependent on the FKBP12-inhibition of the TOR 

Fig. 4: changes in Cryptococcus neoformans surface morphology caused by cyclosporine A. Drug-free control (A) and 1 µM cyclosporine (B) 
cultures were observed with lactophenol cotton blue in a light microscope. Bars: 10 µm.

Fig. 5: time-kill curves of selected drugs with off-label antifungal activity. Growth curves of Sporothrix brasiliensis with 1 µM niclosamide (A) 
and Histoplasma capsulatum with 1 µM midostaurin (B) are presented. *p < 0.05 relative to the drug-free control fungal culture.
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pathway.(38) The inhibition of this signaling pathway ap-
pears to be the mechanism of action of this drug and its 
analogs, such as cyclosporin A and tacrolimus, against 
Candida and Aspergillus.(39) Rapamycin, together with 
tacrolimus, was also able to inhibit Aspergillus fumiga-
tus in the present study. Both are immunosuppressive 
drugs, which are molecules with known in vitro antifun-
gal activity. However, the impairment these drugs cause 
in the host surpasses their antifungal activity, since pa-
tients that use these immunosuppressive drugs usually 
develop severe forms of fungal infections.(40) Therefore, 
they cannot be used systemically to treat fungal infec-
tions. Repurposing of immunosuppressive drugs to treat 
fungal infections must involve the use of topic formu-
lations to be used in sites where the immune response 
is not likely to have an impact on fungal pathogenesis, 
such as a rapamycin solution in a nail polish vehicle for 
Neoscytalidium onychomycosis, or the chemical modifi-
cation of these molecules, yielding compounds retaining 
antifungal activity but with little or no activity against 
the host immune system.

Most of the drugs with antifungal activity identified 
for the first time in this study present fungistatic activ-
ity. Azoles, the currently most used antifungal class to 
treat human fungal infections, acting on ergosterol bio-
synthesis,(9) are also fungistatic against most pathogenic 
fungi.(41) The lack of morphological changes caused by 
hit drugs with off-label antifungal activity in the fungi 
studied may indicate mechanisms of action not associ-
ated with cellular apoptosis, lysis or disruption, which 
is in accordance with the fungistatic nature of most hit 
drugs discussed before. In addition, fungi were able to 
grow when subcultured in drug-free media after incuba-
tion with most tested drugs, including the ones with new 
descriptions of antifungal activity.

Niclosamide was identified in this study as fungicid-
al against dimorphic fungi. The mechanisms of action of 
this drug against cancer, bacterial, viral, and metabolic 
diseases include uncoupling of oxidative phosphoryla-
tion and modulation of Wnt/β-catenin, NF-κB, STAT3, 
mTORC1, and Notch signaling pathways.(42) Niclosamide 
is an anti-helminthic drug with a short half-life and low 
bioavailability, which impairs their use to treat systemic 
infections such as histoplasmosis and paracoccidioido-
mycosis. However, due to its broad spectrum of activity 
against viruses, bacteria, and cancer cells, nanotech-
nology and pro-drug approaches are in development,(42) 
which may represent a new option to treat mycoses 
caused by endemic dimorphic fungi.

Other limitations related to the pharmacokinet-
ics, pharmacodynamics, or contraindications of drugs 
with antifungal activity presented in the COVID Box 
include low bioavailability (especially for niclosamide, 
drotaverine, and ciclesonide), reproductive toxicity (for 
midostaurin and lonafarnib), central nervous system 
toxicity (thiethylperazine), or pregnancy contraindica-
tion (especially for doxycycline, pexidartinib, and lona-
farnib). Chemical modification or nanotechnology ap-
proaches with these drugs are encouraged for possible 
future clinical trials against mycotic infections with 
these drugs.

It is interesting to note that some drugs present in 
the MMV COVID Box have published data reporting an 
antifungal activity that was not detected in the current 
study. These include cyclosporine and tacrolimus activ-
ity against C. krusei(43) and S. brasiliensis(44) as well as 
niclosamide activity against C. neoformans.(45) These 
differences may be related to different susceptibility 
profiles of the strains used, differences in drug concen-
trations in the assays, or differences in the methodology 

Fig. 6: literature reports of antifungal activity among the 26 drugs with off-label antifungal activity detected in this study. Eighteen drugs did not 
have reported off-label antifungal activity to date. Bars represent the number of published papers in the studied databases reporting in vitro or in vivo 
studies with eight drugs and several fungi.
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for drug repurposing screening. In addition, doxycycline 
synergistic activity with antifungal drugs was observed 
with Fusarium spp.,(46) C. krusei, and C. parapsilosis.(47) 
The mechanism of action of this synergistic effect ap-
pears to be related to an interference with iron homeo-
stasis.(48) Further studies of synergism between the drugs 
present in the MMV COVID Box and the currently used 
antifungal drugs may reveal new molecules with poten-
tial antifungal activity.

The number of strains of each species included in 
this study is indeed a limitation of the work. Since one 
strain of each species was tested, we cannot discard the 
possibility of individual strain susceptibility bias. This 

is particularly true for drugs presenting antifungal activ-
ity against a single fungal species, such as ciclesonide 
(active only against N. hyalinum) or fluspirilene (active 
only against H. capsulatum). Another limitation was the 
use of a single concentration of drugs for screening, as 
recommended by the manufacturer of the COVID Box. 
This may have led to the discard of some molecules with 
potential antifungal activity, since drug concentrations 
are critical to their fungicidal nature as well as to af-
fect fungal growth and morphology. Further pre-clinical 
studies involving testing of the antifungal activity of the 
herein described drugs with a large number of strains 
and at different concentrations are necessary.

TABLE II
Minimal inhibitory concentrations (MIC) of eight repurposed drugs against planktonic fungal cells

Drug Fungus

MIC range

µg/mL µM

Ciclosporin A

Aspergillus spp. 1.56 - 50 1.3 - 41.6
Candida spp. 6.25 - > 512 5.2 - > 426

Coccidioides immitis 1 0.83
Cryptococcus spp. 0.39 - 5 0.32 - 4.16

Mucorales < 1 - 16 < 0.83 - 13.3
Saccharomyces cerevisiae > 16 > 13.3

Sporothrix spp. 1 0.83

Doxycycline
Candida spp. > 200 > 450

Fusarium > 16 > 36
Pythium insidiosum 1 -16 2.25 - 36

Lonafarnib
Aspergillus spp. > 16 > 25

Exophiala dermatitidis > 16 > 25

Niclosamide Crytococcus 0.05 0.169

Oxyclozanide Candida spp. 13 - 34 32.4 - 84.7

Rapamycin

Aspergillus spp. 50 54.7
Candida spp. 0.02 - 0.2 0.02 - 0.21

Cryptococcus spp. 0.19 0.21
Mucorales < 1 - 100 < 1.1 - 109

Salinomycin Candida spp. > 100 > 133

Tacrolimus

Aspergillus spp. 0.02 - >256 0.025 - > 318
Candida spp. 10 - 512 12.4 - 637

Cryptococcus spp. <0.09 - 12.5 < 0.11 - 15.5
Dermatophytes > 8 > 9.95

Exophiala dermatitidis > 16 > 19.9
Malassezia spp. 16 - 32 19.9 - 39.8

Mucorales < 1 - 8 < 1.24 - 9.95
Saccharomyces cerevisiae 200 - >400 249 - > 498

Sporothrix spp. 1 - 2 1.24 - 2.49
Trichosporon asahii > 64 > 79.6
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In conclusion, this work has revealed new drugs with 
off-label antifungal activity to serve as alternatives to 
the development of more accessible and effective thera-
pies to treat human fungal infections. Unfortunately, we 
were not able to identify a drug with a broad-spectrum 
of action against several fungi. In the future, studies to 
enhance drug bioavailability, to reduce immunosuppres-
sive effect of drugs while maintaining their antifungal 
activity, and to combine drugs should be performed with 
the hit drugs identified in this study.

AUTHORS’ CONTRIBUTION

RA-P and SF conceived and designed the experiments; 
IAB, MLMR, MVAR, VAN and ARB-E performed the ex-
periments; RA-P, IAB, ARB-E and SF analysed the data; 
RA-P and SF - drafting the work and revising it critically for 
important intellectual content.

REFERENCES

1.	 Köhler JR, Casadevall A, Perfect J. The spectrum of fungi that in-
fects humans. Cold Spring Harb Perspect Med. 2014; 5: a019273.

2.	 Lockhart SR, Guarner J. Emerging and reemerging fungal infec-
tions. Semin Diagn Pathol. 2019; 36: 177-81.

3.	 Araújo GRS, Souza W, Frases S. The hidden pathogenic potential 
of environmental fungi. Future Microbiol. 2017; 12: 1533-40.

4.	 Téllez MD, Batista-Duharte A, Portuondo D, Quinello C, Bonne-
-Hernández R, Carlos IZ. Sporothrix schenckii complex biology: 
environment and fungal pathogenicity. Microbiology. 2014; 160: 
2352-65.

5.	 Friedman DZP, Schwartz IS. Emerging fungal infections: new pa-
tients, new patterns, and new pathogens. J Fungi. 2019; 5: 67.

6.	 Queiroz-Telles F, Fahal AH, Falci DR, Caceres DH, Chiller T, 
Pasqualotto AC. Neglected endemic mycoses. Lancet Infect Dis. 
2017; 17: e367-77.

7.	 Van Daele R, Spriet I, Wauters J, Maertens J, Mercier T, Van 
Hecke S, et al. Antifungal drugs: what brings the future? Med My-
col. 2019; 57: S328-43.

8.	 Carolus H, Pierson S, Lagrou K, Van Dijck P. Amphotericin B and 
other polyenes-discovery, clinical use, mode of action and drug 
resistance. J Fungi. 2020; 6: 321.

9.	 Nocua-Báez LC, Uribe-Jerez P, Tarazona-Guaranga L, Robles R, 
Cortés JA. Azoles de antes y ahora: una revisión. Rev Chilena 
Infectol. 2020; 37: 219-30.

10.	Vermes A, Guchelaar HJ, Dankert J. Flucytosine: a review of its 
pharmacology, clinical indications, pharmacokinetics, toxicity 
and drug interactions. J Antimicrob Chemother. 2020; 46: 171-9.

11.	Mroczyńska M, Brillowska-Dąbrowska A. Review on current sta-
tus of echinocandins use. Antibiotics. 2020; 9: 227.

12.	Nicola AM, Albuquerque P, Paes HC, Fernandes L, Costa FF, 
Kioshima ES, et al. Antifungal drugs: new insights in research & 
development. Pharmacol Ther. 2019; 195: 21-38.

13.	Beardsley J, Halliday CL, Chen SC-A, Sorrell TC. Responding to 
the emergence of antifungal drug resistance: perspectives from 
the bench and the bedside. Future Microbiol. 2018; 13: 1175-91.

14.	Gonzalez-Lara MF, Sifuentes-Osornio J, Ostrosky-Zeichner L. 
Drugs in clinical development for fungal infections. Drugs. 2017; 
77: 1505-18.

15.	Austin BA, Gadhia AD. New therapeutic uses for existing drugs. 
In: Posada de la Paz M, Taruscio D, Groft SC, editors. Rare dis-
eases epidemiology: update and overview. Springer International 
Publishing; 2017. p. 233-47.

16.	Ciotti M, Angeletti S, Minieri M, Giovannetti M, Benvenuto D, 
Pascarella S, et al. COVID-19 outbreak: an overview. Chemother-
apy. 2019; 64: 215-23.

17.	Singh TU, Parida S, Lingaraju MC, Kesavan M, Kumar D, Singh 
RK. Drug repurposing approach to fight COVID-19. Pharmacol 
Rep. 2020; 72: 1479-508.

18.	Breckenridge A, Jacob R. Overcoming the legal and regulatory 
barriers to drug repurposing. Nat Rev Drug Discov. 2019; 18: 1-2.

19.	Coelho RA, Joffe LS, Alves GM, Figueiredo-Carvalho MHG, Bri-
to-Santos F, Amaral ACF, et al. A screening of the MMV Pathogen 
Box® reveals new potential antifungal drugs against the etiologic 
agents of chromoblastomycosis. PLoS One. 2020; 15: e0229630.

20.	Segrelles-Calvo G, Araújo GRS, Frases S. Systemic mycoses: a 
potential alert for complications in COVID-19 patients. Future 
Microbiol. 2020; 15: 1405-13.

21.	Macedo PM, Freitas DFS, Varon AG, Lamas CC, Ferreira LCF, 
Freitas AD, et al. COVID-19 and acute juvenile paracoccidioido-
mycosis coinfection. PLoS Negl Trop Dis. 2020; 14: e0008559.

22.	Basso RP, Poester VR, Benelli JL, Stevens DA, Zogbi HE, Vas-
concellos ICS, et al. COVID-19-associated histoplasmosis in an 
AIDS patient. Mycopathologia. 2021; 186: 109-12.

23.	Poignon C, Blaize M, Vezinet C, Lampros A, Monsel A, Fekkar 
A. Invasive pulmonary fusariosis in an immunocompetent criti-
cally ill patient with severe COVID-19. Clin Microbiol Infect. 
2020; 26: 1582-4.

24.	Segrelles-Calvo G, Araújo GRS, Llopis-Pastor E, Carrillo J, Her-
nández-Hernández M, Rey L, et al. Prevalence of opportunistic in-
vasive aspergillosis in COVID-19 patients with severe pneumonia. 
Mycoses. 2021; 64: 144-51.

25.	Ungogo MA, Mohammed M, Umar BN, Bala AA, Khalid GM. 
Review of pharmacologic and immunologic agents in the manage-
ment of COVID-19. Biosaf Health. 2021; 3: 148-55.

26.	Arastehfar A, Carvalho A, Nguyen MH, Hedayati MT, Netea MG, 
Perlin DS, et al. COVID-19-associated candidiasis (CAC): an un-
derestimated complication in the absence of immunological pre-
dispositions? J Fungi. 2020; 6: 211.

27.	Zurl C, Hoenigl M, Schulz E, Hatzl S, Gorkiewicz G, Krause R, 
et al. Autopsy proven pulmonary mucormycosis due to Rhizopus 
microsporus in a critically ill COVID-19 patient with underlying 
hematological malignancy. J Fungi. 2021; 7: 88.

28.	Martins CVB, Silva DL, Neres ATM, Magalhães TFF, Watanabe 
GA, Modolo LV, et al. Curcumin as a promising antifungal of cli-
nical interest. J Antimicrob Chemother. 2009; 63: 337-9.

29.	Massuda TYC, Nagashima LA, Leonello PC, Kaminami MS, 
Mantovani MS, Sano A, et al. Cyclosporin A treatment and de-
creased fungal load/antigenemia in experimental murine paracoc-
cidioidomycosis. Mycopathologia. 2011; 171: 161-9.

30.	Shikanai-Yasuda MA, Mendes RP, Colombo AL, Queiroz-Telles 
F, Kono ASG, Paniago AMM, et al. Brazilian guidelines for the 
clinical management of paracoccidioidomycosis. Rev Soc Bras 
Med Trop. 2017; 50: 715-40.

31.	Brilhante RSN, Caetano ÉP, Riello GB, Guedes GMM, Castelo-
-Branco DSCM, Fechine MAB, et al. Antiretroviral drugs saqui-
navir and ritonavir reduce inhibitory concentration values of itra-
conazole against Histoplasma capsulatum strains in vitro. Braz J 
Infect Dis. 2016; 20: 155-9.

32.	Zhao B, He D, Wang L. Advances in Fusarium drug resistance 
research. J Glob Antimicrob Resist. 2021; 24: 215-9.

33.	Riley TT, Muzny CA, Swiatlo E, Legendre DP. Breaking the mold: 
a review of mucormycosis and current pharmacological treatment 
options. Ann Pharmacother. 2016; 50: 747-57.



Rodrigo Almeida-Paes et al.10|10

34.	Ben Yaakov D, Rivkin A, Mircus G, Albert N, Dietl A-M, Kova-
lerchick D, et al. Identification and characterization of haemofun-
gin, a novel antifungal compound that inhibits the final step of 
haem biosynthesis. J Antimicrob Chemother. 2016; 71: 946-52.

35.	Gómez-Gaviria M, Mora-Montes HM. Current aspects in the bi-
ology, pathogeny, and treatment of Candida krusei, a neglected 
fungal pathogen. Infect Drug Resist. 2020; 13: 1673-89.

36.	Lima SL, Francisco EC, Almeida Júnior JN, Santos DWCL, Car-
lesse F, Queiroz-Telles F, et al. Increasing prevalence of multidru-
g-resistant Candida haemulonii species complex among all yeast 
cultures collected by a reference laboratory over the past 11 years. 
J Fungi. 2020; 6: 110.

37.	Demirci-Duarte S, Arikan-Akdagli S, Gülmez D. Species dis-
tribution, azole resistance and related molecular mechanisms in 
invasive Candida parapsilosis complex isolates: increase in flu-
conazole resistance in 21 years. Mycoses. 2021; 64: 823-30.

38.	Bastidas RJ, Shertz CA, Lee SC, Heitman J, Cardenas ME. Ra-
pamycin exerts antifungal activity in vitro and in vivo against 
Mucor circinelloides via FKBP12-dependent inhibition of Tor. 
Eukaryot Cell. 2012; 11: 270-81.

39.	Chen SCA, Lewis RE, Kontoyiannis DP. Direct effects of non-
antifungal agents used in cancer chemotherapy and organ trans-
plantation on the development and virulence of Candida and As-
pergillus species. Virulence. 2011; 2: 280-95.

40.	Berktaş B, Taşkapan H, Bayindir T, Kayabas U, Yildirim IO. Mu-
cormycosis presented with facial pain in a renal transplant patient: 
a case report. Transplant Proc. 2019; 51: 2498-500.

41.	Prasad R, Shah AH, Rawal MK. Antifungals: mechanism of ac-
tion and drug resistance. Adv Exp Med Biol. 2016; 892: 327-49.

42.	Chen W, Mook RA, Premont RT, Wang J. Niclosamide: beyond an 
antihelminthic drug. Cell Signal. 2018; 41: 89-96.

43.	Onyewu C, Blankenship JR, Del Poeta M, Heitman J. Ergos-
terol biosynthesis inhibitors become fungicidal when combined 
with calcineurin inhibitors against Candida albicans, Candida 
glabrata, and Candida krusei. Antimicrob Agents Chemother. 
2003; 47: 956-64.

44.	Borba-Santos LP, Reis de Sá LF, Ramos JA, Rodrigues AM, Ca-
margo ZP, Rozental S, et al. Tacrolimus increases the effective-
ness of itraconazole and fluconazole against Sporothrix spp. Front 
Microbiol. 2017; 8: 1759.

45.	Dehdashti SJ, Abbott J, Nguyen D-T, McKew JC, Williamson PR, 
Zheng W. A high-throughput screening assay for assessing the 
viability of Cryptococcus neoformans under nutrient starvation 
conditions. Anal Bioanal Chem. 2013; 405: 6823-9.

46.	Venturini TP, Al-Hatmi AMS, Rossato L, Azevedo MI, Keller JT, 
Weiblen C, et al. Do antibacterial and antifungal combinations 
have better activity against clinically relevant Fusarium species? 
In vitro synergism. Int J Antimicrob Agents. 2018; 51: 784-8.

47.	El-Azizi M. Enhancement of the in vitro activity of amphotericin 
B against the biofilms of non-albicans Candida spp. by rifampicin 
and doxycycline. J Med Microbiol. 2007; 56: 645-9.

48.	Fiori A, Van Dijck P. Potent synergistic effect of doxycycline 
with fluconazole against Candida albicans is mediated by inter-
ference with iron homeostasis. Antimicrob Agents Chemother. 
2012; 56: 3785-96.


