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ABSTRACT Cryptococcosis therapy is often limited by toxicity problems, antifungal toler-
ance, and high costs. Studies approaching chalcogen compounds, especially those contain-
ing selenium, have shown promising antifungal activity against pathogenic species. This
work aimed to evaluate the in vitro and in vivo antifungal potential of organoselenium
compounds against Cryptococcus neoformans. The lead compound LQA_78 had an inhibi-
tory effect on C. neoformans planktonic cells and dispersed cells from mature biofilms at
similar concentrations. The fungal growth inhibition led to an increase in budding cells
arrested in the G2/M phase, but the compound did not significantly affect structural cell
wall components or chitinase activity, an enzyme that regulates the dynamics of the cell
wall. The compound also inhibited titan cell (Tc) and enlarged capsule yeast (NcC) growth
and reduced the body diameter and capsule thickness associated with increased capsular
permeability of both virulent morphotypes. LQA_78 also reduced fungal melanization
through laccase activity inhibition. The fungicidal activity was observed at higher concen-
trations (16 to 64 mg/mL) and may be associated with augmented plasma membrane per-
meability, ROS production, and loss of mitochondrial membrane potential. While LQA_78
is a nonhemolytic compound, its cytotoxic effects were cell type dependent, exhibiting no
toxicity on Galleria mellonella larvae at a dose #46.5 mg/kg. LQA_78 treatment of larvae
infected with C. neoformans effectively reduced the fungal burden and inhibited virulent
morphotype formation. To conclude, LQA_78 displays fungicidal action and inhibits viru-
lence factors of C. neoformans. Our results highlight the potential use of LQA_78 as a lead
molecule for developing novel pharmaceuticals for treating cryptococcosis.

KEYWORDS Cryptococcus, titan cell, capsule, antifungal, selenium, quinoline, Galleria
mellonella, virulence

The fungus Cryptococcus neoformans is a known etiological agent of cryptococcal men-
ingitis (CM), the severe form of cryptococcosis (1). The fungi often infect immunocom-

promised individuals (e.g., HIV/AIDS patients) vulnerable to cerebral dissemination by the
yeasts (2). It was previously estimated that 278,000 cases of cryptococcosis occur annually,
with 223,100 cases progressing to CM, which is associated with a high (181,100 deaths) mor-
tality rate (1), thus, becoming an emerging public health problem in several countries (3).

The pathogenesis of CM has been associated with several fungal virulence factors.
For example, components of the cell wall and polysaccharide capsule, melanin and
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enzyme production, the ability to adhere and form biofilms, and the morphogenesis of
regular (normal) cells into microcells and titan cells (Tc) contribute to brain infection
and fungal dissemination (4, 5).

Currently, anticryptococcal therapy is limited to three antifungal classes: polyenes (ampho-
tericin B and its lipid formulations), azoles (fluconazole), and pyrimidine analogs (5-flucytosine)
(6). In addition to the limited number of antifungals available, the fungi's genomic and physio-
logical plasticity, which leads to the emergence of resistance to traditional antifungals, is a
great challenge in treating cryptococcosis (7). Consequently, these two obstacles have ham-
pered therapeutic options and contributed to treatment failure (8). Therefore, there is an
urgent need for pharmacological alternatives for treating cryptococcosis.

Recently, compounds with a quinoline core were shown to exhibit antifungal activ-
ity (9), and selenium-based compounds were effective against different fungal patho-
genic species (10). However, the utility of these molecules as antifungals has been little
explored. The present study evaluated organoselenium compounds containing a quin-
oline core as potential antifungals, seeking to identify leader molecules that could lead
to new strategies for treating Cryptococcus-infected patients.

RESULTS
Screening for antifungal activity and selection of the lead molecule. Twenty-

seven compounds were screened for antifungal activity against three representative fungal
species of clinical importance (C. neoformans, C. albicans, and A. fumigatus) (Fig. 1A and Table
S1). Only 11 compounds inhibited C. neoformans and/or C. albicans with MIC of 50% (IC50)
values #64 mg/mL. While C. neoformans was more susceptible than C. albicans, none of the
compounds had an inhibitory effect on A. fumigatus (Table S1). Among them, compound 2
(here named LQA_78, Fig. 1B) displayed the greatest antifungal potential, inhibiting C. neofor-
mans (ICs = 4 to 8mg/mL) and C. albicans (ICs = 8 to 16mg/mL) with a substantial fungicidal
effect against both species (Table S1). In addition, none of the tested compounds caused he-
molysis, not even in the highest tested concentration (128mg/mL) (Table S1).

Due to its low inhibitory concentrations, observed fungicidal action, and lack of he-
molytic activity, compound LQA_78 was selected for subsequent in vitro and in vivo tri-
als against C. neoformans strains.

LQA_78 has inhibitory and fungicidal effects against Cryptococcus neoformans,
and its cytotoxicity is cell lineage dependent. Amphotericin B (AMB) was the most
effective antifungal against C. neoformans strains (n = 17), exhibiting the lowest IC values
and fungicidal action, while fluconazole (FLC) inhibited the fungal growth at 0.25 to 8mg/mL

FIG 1 Quinoline compounds. (A) Summary route of synthesis of quinoline compounds containing or
not the selenium atom (1–27). (B) Chemical structure of compound 2.
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(Table 1 and Table S2). According to the previously reported epidemiological cutoff values
(11), none of the C. neoformans clinical isolates were resistant to AMB or FLC.

Compound LQA_78 had an inhibitory effect at 1 to 32 mg/mL and fungicidal effect at 4
to 64 mg/mL against all C. neoformans strains, including the H99 adapted (A) strain, which
displayed higher FLC IC values compared to its counterpart H99 nonadapted (NA) strain
(Table 1 and Table S2). The combinations of LQA_78 with FLC or AMB revealed indifferent
interactions (FICI.0.5 and,4.0).

LQA_78 was also tested against four cell lineages. Its cytotoxicity effect was cell type de-
pendent, with a lower cytotoxic concentration of 50% (CC50) in fibroblasts, intermediary cy-
totoxicity on colorectal carcinoma cells and macrophages, and noncytotoxic effect on breast
adenocarcinoma cells (MCF-7), and consequent variable selectivity index (SI from 4.93 to
.12.50) (Table 2).

LQA_78 inhibits the fungal growth, arresting yeasts in the G2/M phase. C. neofor-
mans (H99[NA], H99[A], and L354 strains) treated with LQA_78 had a significant increase (30
to 50%) in budding yeasts compared to untreated yeasts (Fig. 2A–C and Fig. S1). Additionally,
LQA_78 induced a significant increase in the yeast population in the G2/M phase of the cell
cycle, consequently impairing cell separation (Fig. 2D).

The chitinase activity of C. neoformans was also evaluated. No difference was
observed between untreated and treated yeast cells. Accordingly, both manifested a
similar pattern of chitooligomer distribution (Fig. 2B, C, and E). Since chitooligomers
are the products of the enzymatic hydrolysis of chitin during bud separation, these
results are consistent with a similar detection of chitinase in untreated and drug-
treated cells.

LQA_78 inhibits dispersed cells frommature Cryptococcus neoformans biofilms.
LQA_78 inhibited the growth of dispersed cells from C. neoformans biofilms at similar
concentrations for planktonic cells (Table 3 and Table S2). However, it did not inhibit
the sessile cells from mature biofilms even at the highest tested concentration. In con-

TABLE 1 Susceptibility of Cryptococcus neoformans strains to the organoselenium
compound LQA_78 and the standard antifungals fluconazole and amphotericin Ba

Compounds

Concentrations (mg/mL)

IC50 IC90 MFC
Amphotericin B
Median 0.06 0.25 0.375
Range 0.016–0.25 0.03–0.5 0.03–1

Fluconazole
Median 2 4 8
Range 0.25–4 0.25–8 2–64

LQA_78
Median 8 16 32
Range 1–16 2–32 4–64

aIC50: lowest concentration that inhibits 50% of fungal growth; IC90: lowest concentration that inhibits 90% of
fungal growth; MFC: lowest concentration that kills.99.9% of yeasts. The assays were performed in duplicate
at least three times. The data represent the modal mean.

TABLE 2 Half maximal cytotoxic concentration (CC50) and 95% confidence interval (CI95%) of
LQA_78 on nontumoral fibroblasts (CCD18Co), colorectal carcinoma (HCT116), breast
adenocarcinoma (MCF-7), and macrophages (J774A.1)a

Cell lineages

Concentrations (mg/mL)

Selectivity index (SI)bCC50 CI 95%
CCD-18Co 2.97 1.54–5.76 ND
HCT116 39.48 15.24–159.29 4.93
MCF7 .100 ND .12.50
J774A.1 15.81 12.23–20.44 1.97
aND, not determined.
bCC50/IC50 median. The assays were performed, in triplicate, at least twice.
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trast, AMB had antibiofilm activity on both sessile and dispersed cells from mature C.
neoformans biofilms (Table 3).

LQA_78 is active toward Cryptococcus neoformans morphotypes and affects
the capsular permeability. The morphotypes of normal cells with enlarged capsule
thickness (NcC) and titan cells (Tc) obtained from normal cells (Nc) of the H99(NA), H99(A),
and L354 strains were susceptible to LQA_78 at concentrations close to those found for Nc
(Table 4). Interestingly, this compound was active against morphotypes of the H99(A) strain
that showed lower susceptibility to FLC (Table 4).

The LQA_78 treatment induced a significant decrease in cell body diameter and capsu-
lar thickness of NcC, Tc and Nc cells (Fig. 3A–I and Fig. S2A–D). The compound increased
the capsular permeability in the NcC, resulting in 60 to 70% cell labeling with the fluoro-
phore rhodamine isothiocyanate-dextran 70 kDa (Fig. 3J and K and Fig. S2E and F). On the

FIG 2 LQA_78 affects Cryptococcus neoformans H99 cell cycle. (A) Budding percentage in the yeasts treated with 4 mg/mL (IC50) and 8 mg/
mL (IC90). (B) Untreated and (C) treated yeasts observed by fluorescence microscopy highlighting budding-yeast and presence of chitin (blue
color) and chitooligomers (pink color indicated by white arrowheads). (D) Cell cycle evaluation by propidium iodide labeling. (E) Chitinase
activity. *, P , 0.05; and **, P , 0.01 compared with the untreated group of two independent experiments, in duplicate (A and E) and
triplicate (D) (one-way ANOVA with Dunnett's posttest).

TABLE 3 Antibiofilm activity of amphotericin B (AMB) and compound LQA_78 on sessile and
dispersed cells frommature biofilms of H99 nonadapted (NA), H99 adapted (A), and clinical
isolate (L354) of Cryptococcus neoformansa

Sessile cells Dispersed cells

Strains

AMB LQA_78 AMB LQA_78

BIC50 BIC90 BIC50 BIC90 BIC50 BIC90 BIC50 BIC90

H99 NA 0.06 0.25 .128 .128 0.016 0.016 8 .128
H99 A 0.25 0.5 .128 .128 0.016 0.016 1 .128
L354 4 16 .128 .128 0.03 0.06 8 32
aBICs: MICs that reduce the metabolic activity of sessile cells or inhibit the growth of dispersed cells by 50%
(BIC50) and 90% (BIC90). The concentration values are depicted inmg/mL. The assays were performed in triplicate
at least twice. The data represent the modal mean.
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other hand, encapsulated and untreated cells were less intensely stained because the dye
had difficulties crossing the capsule (12).

Effect of LQA_78 onmelanization and laccase activity. LQA_78 at inhibitory concen-
trations inhibited colony melanization of C. neoformans strains (Fig. 4A, D, and G). Furthermore,
no difference in the melanin amount was detected in the supernatant of the untreated and
treated yeasts using liquid medium (Fig. S3A–C).

Laccase activity was observed in both supernatant and yeasts of untreated C. neofor-
mans strains (H99[NA], H99[A]. and L354). LQA_78 inhibited the laccase activity by more
than 50% in the supernatant and yeasts at different incubation times (Fig. 4). We observed
an inhibitory effect of LQA_78 on the laccase activity of the H99(NA) (Fig. 4B and C) and
H99(A) (Fig. 4E and F) strains. This compound most prominently inhibited the L354 strain's
laccase activity at both concentrations (IC50 and IC90), which remained inhibited for up to
24 h of incubation in the supernatant and yeasts (Fig. 4H and I). These results were further
corroborated by colony bleaching of the L354 strain treated with LQA_78 (Fig. 4G), which
differed from the partial inhibition of melanin production observed in the H99(NA) and (A)
strains after LQA_78 treatment (Fig. 4A and D).

LQA_78 does not affect b-1,3-glucan, chitin, and chitosan content in the cell
wall of Cryptococcus neoformans. LQA_78, at inhibitory concentration, did not signifi-
cantly affect the cell wall components of C. neoformans. However, there was a slight
reduction in the chitin content and increase in b-1,3-glucan and chitosan amount of the
cell wall of LQA_78-treated yeasts compared to the untreated group (Fig. 5).

LQA_78 induces increased ROS production and Cryptococcus neoformans
plasma membrane leading to cell death. The time-kill curve assay was performed with
C. neoformans (H99[NA] and H99[A] strains) using different concentrations of LQA_78. At
2� IC50 and IC50 values, fungal growth was inhibited by about 90% and 50% after 24 h of
treatment compared with the untreated yeasts. At higher LQA_78 concentrations (i.e., 4�
and 8� IC50), induced cell death and no CFU were detected after 24 and 4 h of treatment,
respectively (Fig. 6A and Fig. S4A).

In this regard, a significant increase in DNA and protein content was observed
when yeasts from H99(NA) were treated with LQA_78 (Fig. S5A and B), while the
DNA and proteins content of the supernatant from H99(A) was not significantly dif-
ferent from the untreated yeasts (Fig. S4C and D). This cytoplasm extravasation was
associated with the increased plasma membrane permeability of the yeasts treated
with LQA_78 (4� IC50 and 8� IC50) since there was a significant increase in PI-posi-
tive cell percentage compared to the untreated group of both strains (Fig. 6B and
Fig. S4B).

TABLE 4 Susceptibility of Cryptococcus neoformansmorphotypes to organoselenium
LQA_78 and standard antifungals fluconazole (FLC) and amphotericin B (AMB)a

Strains/morphotypes

AMB FLC LQA_78

IC50 IC90 MFC IC50 IC90 MFC IC50 IC90 MFC
H99 NA
Nc 0.016 0.03 0.06 1 2 8 4 8 16
NcC 0.03 0.03 0.06 2 4 32 8 16 32
Tc 0.03 0.06 0.06 2 8 8 8 16 32

H99 A
Nc 0.016 0.03 0.06 4 8 64 4 8 16
NcC 0.06 0.125 0.25 32 64 .64 4 8 32
Tc 0.016 0.03 0.25 32 64 .64 8 16 32

L354
Nc 0.25 0.25 0.5 4 8 16 8 16 32
NcC 0.03 0.125 0.5 4 8 16 4 8 16
Tc 0.25 0.5 0.5 4 8 16 4 8 16

aIC50: lowest concentration that inhibits 50% of fungal growth; IC90: lowest concentration that inhibits 90% of
fungal growth; MFC: lowest concentration that kills.99.9% of yeasts. Nc, normal cells; NcC, enlarged capsule
yeasts; Tc, titan cells. The concentration values are expressed inmg/mL. The assays were performed in duplicate
at least three times. The data represent the modal mean.
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Furthermore, LQA_78 at concentrations .IC50 values induced a significant increase
in ROS production compared to the untreated group (Fig. 6C), and this effect may be
associated with the loss of mitochondrial membrane potential (Fig. 6D).

LQA_078 delays the lethality of Galleria mellonella larvae infected with
Cryptococcus neoformans by reducing the fungal burden and inhibiting capsule
enlargement and titan cell formation. The toxic effect of LQA_78 using an inverte-
brate model of G. mellonella was not observed at a dose of 46.5 mg/kg; however,
higher doses significantly reduced the larval survival (Fig. 7A).

FIG 3 Inhibitory effect of LQA_78 on virulence factors of Cryptococcus neoformans H99. (A–I) India ink staining and morphometry of
normal cells (Nc), normal cells with enlarged capsule (NcC), and titan cells (Tc). (J–K) Capsular permeability in NcC using rhodamine
isothiocyanate-dextran 70 kDa (RITC-70kDa). *, P , 0.05; **, P , 0.01; and ****, P , 0.0001 compared with the untreated group of two
independent experiments in duplicate (one-way ANOVA with Dunnett's posttest). n = 50 to 100 cells.
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Compared to the untreated group, AMB or LQA_78 delayed the lethality of C. neo-
formans in G. mellonella larvae. AMB (10 mg/kg) protected 30.6% of larvae 7 days after
infection (P, 0.001). Although 100% of the larvae treated with LQA_78 (20 and 40 mg/kg)
died 7 days postinfection, the compound afforded slight protection to the larvae at the be-
ginning of infection compared to the untreated group (P, 0.05) (Fig. 7B).

FIG 4 Inhibitory effect of LQA_78 on melanin production and laccase activity in Cryptococcus neoformans strains. The melanin was produced on agar after
48 h of incubation at 30°C (A, D, G) and the laccase activity in the supernatant (B, E, H) and in the yeasts (C, F, I) was evaluated at different incubation
times (0, 6, 12, and 24 h) at 30°C by measuring the optical density (OD) at 480 nm. (A–C) H99(NA), (D–F) H99(A), and (G–I) clinical isolate L354. *, P , 0.05;
**, P , 0.01; ***, P , 0.001; and ****, P , 0.0001 compared with the untreated group of two independent experiments, in triplicate (B–C, E–F, H–I) and
duplicate (A, D, G) (one-way ANOVA with Dunnett's posttest). Ca, Candida albicans.

FIG 5 Effect of the LQA_78 on cell wall components of Cryptococcus neoformans H99. (A) b-1,3-glucan quantification, (B) chitin
quantification, and (C) chitosan quantification. The assays were performed, in duplicate, in two independent experiments.
Student's t test was used to compare untreated and treated groups. wt, weight. a.u., arbitrary unit.
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LQA_78 at 20 mg/kg led to a significant reduction in the fungal burden (P , 0.05) (Fig.
7C), inhibiting Tc formation and reducing capsule thickness compared to the untreated
group (Fig. 7D and E). Furthermore, the compound significantly increased the number of
total hemocytes in the hemolymph of the larvae compared to the noninjected (NI) group
(P, 0.05). As expected, the number of hemocytes increased in the C. neoformans-infected
larvae (Fig. 7F). However, larvae infected with H99 and treated with LQA_78 displayed
reduced hemocyte counts (Fig. 7F), a phenomenon possibly associated with infection con-
trol by the compound.

DISCUSSION

Twenty-seven synthetic quinoline compounds were screened for in vitro antifungal ac-
tivity and red blood cell cytotoxicity. Eleven compounds exhibited an antifungal effect,
mainly against Cryptococcus, and none of these compounds showed hemolytic activity.
This observation is relevant because AMB, the first-choice drug for the induction CM treat-
ment, has a reported hemolytic activity of 50% at ;17 mg/mL (6, 13). Additionally, the
organoselenium-quinoline compound LQA_78 (compound 2) had notable inhibitory and
fungicidal effects against C. neoformans and C. albicans. Thus, it was selected as the lead
compound for conducting subsequent assays evaluating its anticryptococcal actions.

Although the antifungal activity of quinoline derivatives on yeasts and filamentous
fungi has been described (14) at concentrations similar to ours, the quinoline core
does not seem to be essential for the observed antifungal effect. Indeed, when the
most active compound, LQA_78, was compared with its structural analog 26 (without
Se and nonactive), the presence of the Se atom indicates that it is essential for antifun-
gal action (Table S1). The side chain directly linked to the quinoline core also seems im-
portant since the comparison between the structural analogs showed that those with
lower IC50 values and fungicidal activity had a halogenated group (bromine-2,

FIG 6 Fungicidal effect of LQA_78 on Cryptococcus neoformans H99. (A) The yeasts treated with several concentrations of LQA_78 (IC50 =
4 mg/mL) were analyzed by CFU counting to determine the time-kill curve. (B–D) The yeasts treated with fungicidal concentrations for
24 h were analyzed by flow cytometry using propidium iodide (PI) for membrane permeability detection (B), 2'7'dichlorofluorescin
diacetate (DCFH-DA) for ROS quantification (C), and rhodamine 123 (R123) for mitochondrial membrane potential assessment (D).
Hydrogen peroxide (H2O2) and amphotericin B (AMB) were used as controls for the assays. *, P , 0.05; **, P , 0.01; and ***, P , 0.001
compared with the untreated group (one-way ANOVA with Dunnett’s posttest). Two independent experiments of the time-kill curve (in
duplicate) and flow cytometry (in triplicate; 100,000 events/sample) were performed. a.u., arbitrary unit.
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chlorine-5, fluor-24, or iodine-25) (Table S1). Among these, the compound containing
Br (compound 2 or LQA_78) was the most effective in inhibiting the growth of C. neo-
formans and C. albicans and presented fungicidal activity.

Recent approaches using organoselenium compounds, e.g., ebselen (EbSe) and di-
phenyl diselenide ([PhSe]2), for studies of new antifungal agents against pathogenic
fungi, have been reported (10). Herein, the organoselenium LQA_78 inhibited the fun-
gal growth at concentrations ranging from 1 to 32 mg/mL against C. neoformans
(standard and clinical strains), leading to a significant increase in the budding forma-
tion and arresting yeasts in the G2/M phase of the cell cycle. It has been reported that
cell wall composition and integrity are important to the division/growth, morphogene-
sis, and virulence of C. neoformans yeasts (15). However, no significant alterations in
the cell wall components (chitin, chitosan, and b-1,3-glucan) were observed in the
yeasts treated with inhibitory LQA_78 concentrations. In addition, chitinases in C. neo-
formans are involved in bud separation (16), but the accumulation of budding yeasts
caused by LQA_78 was not associated with an interference with chitinase activity.

The antifungal activity of LQA_78 seems unaffected by the triazole-resistance mech-
anisms described in Cryptococcus, which are associated with the overexpression of
efflux pumps (AFR1, AFR2, MDR1, and PDR11) and ERG11 (17, 18). Indeed, C. neoformans

FIG 7 Toxicity and antifungal effect of LQA_78 on Galleria mellonella larval model. (A) LQA_78 toxicity by the survival curve analysis (n = 20 larvae/group).
(B) Efficacy of LQA_78 treatment on the larvae infected with yeasts of Cryptococcus neoformans H99 by the survival curve analysis (n = 20 larvae/group). (C)
CFU counting in the hemolymph 24 h postinfection (n = 5 larvae/group). (D–E) Titan cell formation and capsule thickness of yeasts in the hemolymph 24 h
postinfection. (F) Total hemocyte counting in the hemolymph after 24 h of infection and/or treatment (n = 5 larvae/group). Statistical analyses were
performed using Log-rank tests (Mantel-Cox) (A and B), t test (C and E), and one-way ANOVA with Dunnett's posttest (F). *, P , 0.05; **, P , 0.01; ***,
P , 0.001; and ****, P , 0.0001 compared with the PBS group (A) or with the untreated/NI group (B–F) of two independent experiments.
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H99(A), a tebuconazole-adapted strain, which expresses some of these resistance
mechanisms (19), was also susceptible to LQA_78 with IC and minimum fungicidal con-
centration (MFC) values equivalent to the values obtained for the H99(NA), a nona-
dapted strain. Studies evaluating other organoselenium compounds reported IC values
in the concentration range at or above those presented here (10, 20).

LQA_78 displayed substantial fungicidal action against C. neoformans. This effect may
be associated with increased plasma membrane permeability due to higher proteins and
DNA extravasation levels and more PI-labeled cells. The plasma membrane permeabiliza-
tion by ROS is a well-known mechanism for several fungicidal drugs, e.g., AMB and miltefo-
sine, since intracellular accumulation inflicts membrane damage and causes cell death (21,
22). Our work revealed that fungicidal concentrations of LQA_78 increased ROS levels and
significantly reduced the mitochondrial membrane potential in yeasts. Previous studies
reported that EbSe and (PhSe)2 act on the fungal redox system, depleting glutathione
(GSH), or inhibiting thioredoxin reductase (TrxR) through covalent interactions between the
Se atom and a cysteine residue in Cryptococcus and A. fumigatus, leading to augmented
ROS production and cell structure and lipid membrane damage (20, 23). Furthermore, efflux
pumps and ATPase of plasma membranes were reported as targets for chalcogenides com-
pounds that impair fungal growth and virulence (20, 24).

Inhibiting Cryptococcus virulence factors may be a strategy that contributes to the effec-
tiveness of antifungal therapies. In addition to the fungicidal effect, LQA_78 also inhibits
cells from biofilms, melanin production, capsule enlargement, and Cryptococcus morpho-
types. These factors represent fungal weapons that contribute to immune system escape
mechanisms, successful infection and spread to the host's central nervous system.

Concerning biofilms, they are associated with persistent infections, leading to high
fungal resistance to the host's immune mechanisms and antifungal therapy (25).
Although LQA_78 did not inhibit the sessile cells from mature C. neoformans biofilms,
it attenuated dispersed cell growth. This inhibition is extremely important in control-
ling the infection, preventing the formation and spread of new biofilm sites, and the
emergence of cells less susceptible to antifungals (26).

The melanin produced during the infection is another factor that reduces the Cryptococcus
susceptibility to traditional antifungals and immune response. This pigment is deposited on
the cell wall, a process that is strongly influenced by chitosan content, which is responsible for
retaining melanin (27). However, the yeasts treated with the LQA_78 did not show significant
changes in cell wall components (b-1,3-glucan, chitin, and chitosan), and we did not observe
any leak of melanin to the extracellular medium.

The presence the melanin in cell wall contributes to ROS sequestration and reducing
drug permeability (28). Interestingly, the organoselenium LQA_78, at inhibitory concentra-
tions, attenuated fungal melanization by inhibiting laccase production in the yeasts and su-
pernatant, resulting in suppressed enzyme activity for up to 24 h. This finding is due to the
pretreatment of C. neoformans yeasts with the compound using an induction medium for
laccase expression (glucose-free asparagine salt) (29). Among standard antifungals, only
voriconazole has been reported to reduce C. neoformansmelanin production (30).

Additionally, Tc formation and capsule enlargement are important for establishing
fungal infection and dissemination. The Tc are resistant to phagocytosis and oxidative
stress, which favor fungal survival in the lungs (31). Although this morphotype is re-
stricted to the lungs, its presence in the host is associated with the increased dissemi-
nation of normal cells and microcells to the central nervous system (32), mainly via a
Trojan horse mechanism (33).

The polysaccharide capsule is the main virulence factor of Cryptococcus because it
offers protection to the fungus against the host's defense system (5). In this regard,
thick capsules are less permeable than thin capsules resulting in increased resistance
to oxidative stress and antifungals (12, 34). Moreover, during the intracellular phase,
the capsule mitigates the microbicide response of macrophages (5, 12, 34). Here,
LQA_78 inhibited the Tc and NcC growth and increased the capsule permeability
impairing the fungal pathogenesis.

Organoselenium: a Fungicidal and Antivirulence Compound Antimicrobial Agents and Chemotherapy

March 2023 Volume 67 Issue 3 10.1128/aac.00759-22 10

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00759-22


The in vivo G. mellonella larval model results corroborated the in vitro data. At doses
considered safe (below 46.5 mg/kg), in addition to inhibiting Tc formation and reduc-
ing the capsule thickness of C. neoformans yeasts during infection, LQA 78 significantly
decreased the fungal burden. Interestingly, LQA_78 had an immunomodulatory effect,
stimulating the increase of total hemocytes in the hemolymph of the larva. This immu-
nomodulatory effect was also observed for other antifungals, such as caspofungin,
which increases hemocytes in larval hemolymph (35), and AMB, which stimulates the
production of cytokines and other immune system components (36). Although
LQA_78 displayed high cytotoxicity against four mammalian cell lineages, the antiviru-
lence effects, fungicidal and immunomodulatory actions of LQA_78 indicate that this
compound could be used as a lead molecule for the development of antifungal drugs
with improved safety and effectiveness for controlling C. neoformans infections.

In conclusion, the organoselenium LQA_78 inhibited C. neoformans growth, arresting
yeast in the G2/M phase, and displayed antivirulence effects, such as inhibiting dispersed
biofilm cells, Tc, and NcC, and melanin and capsule production. Additionally, LQA_78
exhibited fungicidal action, inducing ROS production, and consequently increasing plasma
membrane permeability. Using the larval model of G. mellonella, antifungal and immuno-
modulatory effects were observed. These promising results encourage us to set more am-
bitious goals to improve the LQA_78 compound. Subsequent iterations of this potential
lead compound could provide a glimpse into the future of cryptococcosis treatment.

MATERIALS ANDMETHODS
Microorganisms. Aspergillus fumigatus ATCC 16913, Candida albicans SC 5314, and Cryptococcus

neoformans H99 (called nonadapted [NA] strain) were used to screen 27 compounds containing a quino-
line core for antifungal activity. C. neoformans H99 adapted to tebuconazole (A strain), which displays
cross-resistant to clinical azole agents (17), was also employed. Additionally, C. neoformans CAP59 (H99 a
capsular mutant) (37) and 14 previously identified human clinical isolates (38) were used.

The fungi were kept in brain and heart infusion broth with 20% glycerol at 280°C and recovered on
Sabouraud dextrose agar (SDA, Becton, Dickinson, Sparks, MD, USA) at 35°C. Before each assay, fungi
were subcultured twice in the same medium for 48 to 72 h at 35°C.

Antifungal drugs. Fluconazole (FLC) and amphotericin B (AMB) (both from Sigma-Aldrich, St. Louis,
MO, USA) were dissolved in dimethyl sulfoxide (DMSO, Vetec, St. Louis, MO, USA) and stored at 220°C as
stock solutions at concentrations at least 100 times higher than the highest concentration used (e.g.,
2,560mg/mL FLC and 1,600mg/mL AMB) (39, 40).

Synthetic compounds. The 27 quinoline core compounds with and without selenium (Se) (1–27)
were synthesized as previously described (41) (Fig. 1). The powders and stock solutions in DMSO were
aliquoted and stored at 280°C. The final concentration of DMSO in the work solution was #5%.

Antifungal activity. The inhibitory effect of compounds was assessed on A. fumigatus ATCC 16913,
C. albicans SC5314, and C. neoformans H99(NA) using the broth microdilution technique (39, 40) to select
the most active molecule. The selected compound and standard antifungals were tested against H99(A),
CAP59, and clinical isolates of C. neoformans. The lowest concentrations that inhibit fungal growth by
50% and 90% (IC50 and IC90, respectively) were visually determined after incubation for 48 h at 35°C.
Candida parapsilosis ATCC 22019 was used as a quality control strain in the assay. The criteria of interpre-
tation for standard antifungals were based on (11).

Minimum fungicidal concentration (MFC), defined as the lowest concentration of the compound
able to reduce the cell viability by .99.9%, was also determined. Compounds were considered fungici-
dal if the MFC value was equal to or 4 times greater than the IC90 (42).

Checkerboard assay. Combining compound LQA_78 with FLC or AMB on C. neoformans H99 (NA and
A strains) was performed using the checkerboard technique (43). The interaction profile between LQA_78
and FLC or AMB was evaluated after calculating the Fractional Inhibitory Concentration Index (FICI) (44).

Hemolytic activity. A suspension of 4% sheep red blood cells (Newprovi, Pinhais, Paraná, Brazil)
(vol/vol, in a 5% sterile glucose solution) was treated with compounds that inhibit fungal growth at IC50

#16 mg/mL for 2 h in a water bath at 37°C. Negative (untreated) and positive (0.1% Triton X-100, Sigma-
Aldrich) controls were also included for hemolytic activity (HA) determination (45).

Compound 2 (or LQA_78) exhibited the lowest IC values, substantial fungicidal activity, and a low
hemolytic effect and was selected for further antifungal characterization against C. neoformans H99(NA),
H99(A), and L354 (clinical isolate).

Cytotoxicity assay. HCT116 (colon adenocarcinoma, ATCC 247), MCF7 (breast adenocarcinoma, ATCC
HTB-22) and CCD-18Co (nontumoral colon fibroblasts, ATCC CRL-1459) cells were obtained from the
American Type Culture Collection (ATCC). The macrophages J774A.1 were kindly provided by Niels Olsen
Saraiva Câmara (Institute of Biomedical Sciences, USP). Cell culture conditions were developed using the
Roswell Park Memorial Institute (RPMI) medium for HCT116, Dulbecco's modified Eagle's medium (DMEM) for
MCF7 and J774A.1, and Eagle's minimum essential medium (EMEM) for CCD-18Co, supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. For J774A.1 culture, the medium was supplemented
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with 2-mercaptoethanol (0.05 mM) (all reagents were purchased from Thermo Fisher Scientific, San Jose, CA,
USA). Cells were kept in a humidified atmosphere with 5% CO2 at 37°C.

A suspension of 6 � 103 cells/well was added to wells of 96-well plates, and the plates were incu-
bated for 24 h. Then, the cell monolayer was treated with LQA_78 (0.0064 to 100 mg/mL) for 72 h at
37°C and 5% CO2. Finally, cell viability was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, Thermo Fisher Scientific) reduction method to determine the cytotoxic concentra-
tion of the 50% (CC50) and 95% confidence interval (CI95%) by sigmoidal nonlinear regression (46). The
selectivity index (SI) of LQA_78 was determined by the CC50 and IC50 median ratio.

Effect on Cryptococcus neoformans budding. After the broth microdilution assay, yeasts of C. neo-
formans (H99[NA], H99[A], and L354) treated with IC50 and IC90 concentrations of LQA_78 were visualized
under a light microscope. Yeasts with and without budding were counted (100 to 250 cells from 1.0 to
2.5 � 106 CFU/mL) using a Neubauer chamber and compared to untreated yeasts.

Antifungal activity on mature Cryptococcus neoformans biofilms. The activity of LQA_78 or AMB
was evaluated on sessile and dispersed cells from mature biofilms. C. neoformans (H99[NA], H99[A], and
L354) were standardized to 1 � 107 CFU/mL in RPMI 1640 medium with 0.16 M MOPS. Then, 100 mL was
added to the wells of 96-well flat-bottom plates and incubated (without agitation) at 35°C for 48 h for
biofilm formation (47).

After incubation, the dispersed cells present in the supernatant were collected to assess the susceptibility
test to LQA_78 or AMB (39). The sessile cells were washed twice with PBS and treated with LQA_78 or AMB
for 48 h at 35°C (without agitation). Then, the wells were washed with PBS and the metabolic activity of the
biofilm cells was determined by the 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT, Sigma-Aldrich) reduction method (25). The lowest concentrations inhibiting 50% and 90% of fungal
growth (BIC50 and BIC90, respectively) of dispersed cells and metabolic activity of sessile cells from biofilms
were determined.

Antifungal activity on Cryptococcus neoformans morphotypes. The antifungal effect of LQA_78
was also assessed on two morphotypes of C. neoformans (H99[NA], H99[A], and L354), normal cells with
enlarged capsule thickness (NcC), and titan cells (Tc), using the broth microdilution assay. The IC and
MFC values were compared to normal cells (Nc).

The Nc cells were obtained after growth on SDA for 72 h at 37°C. Nc were then cultivated in an artifi-
cial cerebrospinal fluid (ACSF) for 72 h at 37°C, with agitation at 150 rpm to induce the capsule enlarge-
ment (i.e., NcC) (48).

Tc cells (diameter of the cell body $10 mm) were obtained by incubating Nc in yeast nitrogen base
(YNB) broth for 24 h at 37°C, with agitation at 150 rpm, adjusting the inoculum to 1 � 106 CFU/mL in PBS
plus 10% FBS and incubating in microaerophilia at 37°C for 72 h with under agitation at 150 rpm (49).

Light microscopy analysis of capsule thickness and cell body diameter of Cryptococcus neofor-
mans morphotypes. The cell morphotypes (Nc, NcC, and Tc) of C. neoformans (H99[NA], H99[A], and
L354) untreated and treated with IC50 and IC90 values of LQA_78 were visualized using India ink staining
under light microscopy, and the images were captured (EVOS FL, Thermo Fisher Scientific). For each
morphotype, 50 to 100 cells were analyzed using the ImageJ 1.49v program (https://imagej.nih.gov/ij).
The capsule thickness measurement was defined as the difference between the total cell diameter
(including capsule) and the cell body diameter (defined by the cell wall) (19).

Analysis of capsular permeability. The NcC cells (1 � 107 CFU/mL) of C. neoformans (H99[NA], H99[A],
and L354) in ACSF were treated with LQA_78 (IC50 and IC90) for 48h at 35°C. The untreated and treated yeasts
were washed twice in PBS, and a mix of rhodamine isothiocyanate dextran 70 kDa (RITC-70kDa, Sigma-
Aldrich), at 16mg/mL in ethanol, with India ink was added for visualization by light and fluorescence micros-
copy and determination of the percentage of labeled cells (12).

Inhibition of cryptococcal melanization. Minimum medium (15 mM dextrose, 10 mM MgSO4,
29.4 mM KH2PO4, 13 mM glycine, 3 mM thiamine-HCl, with or without 1.5% agar) was prepared with
1 mM L-3,4-dihydroxyphenylalanine (L-DOPA) (Sigma-Aldrich) to induce melanization in C. neoformans
(H99[NA], H99[A], and L354). LQA_78 (4 and 8 mg/mL) and 20 mL of the fungal inoculum (1 � 106 CFU/
mL) were added to the medium and incubated in a dark, humid chamber for 48 to 72 h at 35°C (50). C.
albicans SC5314 was used as the negative control for melanization. Additionally, the melanin in the su-
pernatant was detected by optical density measurement at 480 nm (29).

LQA_78 assessment on laccase activity. Yeasts of C. neoformans (H99[NA], H99[A], and L354) were
grown in 5 mL of yeast extract peptone dextrose (YEPD) at 30°C for 24 h. Then, the yeasts were collected
by centrifugation at 1,000 � g for 10 min and grown in 5 mL of asparagine salt (0.3% glucose, 0.1% L-as-
paragine, 0.05% MgSO4, 1% of solution 1 M Na2HPO4 [pH 6.5], 3 mM thiamine, 0.001% of solution 0.5 M
CuSO4) for 5 days for 30°C with agitation at 200 rpm. Yeasts were washed with 50 mM Na2HPO4 (pH 7.0)
and, subsequently, adjusted to 1 � 107 CFU/mL in glucose-free asparagine salt to induce laccase expres-
sion for 72 h at 30°C and with agitation at 200 rpm (untreated yeasts). In addition, the fungal inoculum
was treated with LQA_78 (IC50 and IC90) under the same conditions as untreated yeasts for further evalu-
ation of laccase activity in the supernatant and yeasts.

Laccase secretion in the supernatant was normalized by the number of total yeasts at the end of the
culture (laccase/yeast). Then, each sample was centrifuged (4,000 � g for 5 min), and 180 mL of the su-
pernatant and 20 mL of L-DOPA (10 mM) were added to the 96-well plate in triplicate. In addition, 450
mL of yeasts previously treated or not with LQA_78, at 1 � 107 CFU/mL in glucose-free asparagine salt,
were mixed with 50 mL of L-DOPA (10 mM) in wells of 24-well plates in duplicate. Volumes of 200 mL of
supernatant and 500 mL and fungal suspension were included as laccase activity blank and the same
volume of L-DOPA alone was used as a control. Finally, melanin production was evaluated at different
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incubation times (0, 6, 12, and 24 h) at 30°C by measuring the optical density (OD) at 480 nm. Laccase
activity was calculated using the following formula (29):

Laccase activity ðmmol=yeast numberÞ ¼ ODmean= 7:9� number yeast in the cultureð Þ

Time-kill curve. C. neoformans H99 (NA and A strains) were standardized to 5 � 104 CFU/mL,
exposed to different concentrations of LQA_78 (IC50 to 8� IC50) in RPMI 1640 medium buffered with 0.16
M MOPS and incubated at 35°C. After 1, 4, 8, 24, and 48 h of incubation, the yeasts were serially diluted
(1:10), plated on SDA, and incubated for 72 h at 35°C. The CFU were counted to construct the time-kill
curves (51).

Plasma membrane permeability. C. neoformans H99 (NA and A strains) were standardized to 1 � 107

CFU/mL and exposed to IC50 to 4� IC50 concentrations of LQA_78 diluted in PBS. Untreated yeasts were used
as the control for cell membrane integrity. After 1, 4, 8, and 24 h of incubation at 35°C, the supernatant was
collected by centrifugation for 8 min at 13,000 � g, and the absorption at 260 nm (DNA) and 280 nm (pro-
tein) was measured in a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).

Flow cytometry analyses. C. neoformans H99(NA) standardized to 1 � 107 CFU/mL was exposed to
LQA_78 (2� IC50 to 8� IC50), AMB (1 mg/mL), or H2O2 (50 mM), and diluted in PBS for 24 h at 35°C. Then,
the yeasts were collected, washed with cold PBS, adjusted to 1 � 106 CFU/mL, and labeled with 5 mg/
mL propidium iodide (PI, Invitrogen) (plasma membrane permeability), 5 mg/mL rhodamine 123 (Sigma-
Aldrich) (mitochondrial membrane potential), or 40 mg/mL 2979dichlorofluorescin diacetate (DCFH-DA,
Sigma-Aldrich) (ROS production) for 30 min and at room temperature in a dark chamber (22).

For analyses of the cell cycle and cell wall components, C. neoformans H99(NA) yeasts at 1 � 103

CFU/mL treated with LQA_78 for 48 h at 35°C were fixed with 4% formaldehyde for 30 min, washed in
cold PBS, and permeabilized with 0.1% Triton X-100 for 30 min at room temperature. Finally, the yeasts
were adjusted to 1 � 106 CFU/mL, washed with PBS and labeled with 5 mg/mL PI for 30 min in the dark
at room temperature for cell cycle analysis (14) or with calcofluor White M2R (25 mg/mL, Sigma-Aldrich)
and aniline blue (25 mg/mL, Sigma-Aldrich), for total quantification of chitin and b-1,3-glucan, respec-
tively (52).

A sampling of 10,000 to 100,000 events was analyzed by flow cytometry using a BD Accuri C6 instru-
ment (Becton, Dickinson, Sparks, MD, USA). The data were processed using the BD Accuri C6 software.

Cell wall chitosan measurement. To assess the chitosan content, we used the 3-methyl-2-benzo-
thiazolinone hydrazone (MBTH) chemical method (53). Briefly, C. neoformans H99(NA) yeasts at 1 � 103

CFU/mL treated or not with LQA_78 (IC50) for 48 h at 35°C in RPMI 1640 medium were harvested, washed
in PBS, frozen, and freeze-dried. The dry weight was determined, and the pellet was suspended in 10 mL
of 6% KOH and incubated in a water bath at 80°C for 60 min. Then, the samples were washed in ultra-
pure water, adjusted to a final concentration of 10 mg/mL and sonicated (5 cycles of 60 s). A 100-mL ali-
quot (equivalent to 1 mg dry weight) was used to chitosan assessment and mixed with 100 mL of 1 M
HCl with consecutive addition of 400 mL NaNO2 (2.5%) and incubated for 15 min/25°C. Posteriorly, 200
mL (12.5%) of ammonium sulfamate was added slowly and incubated for 5 min/25°C, followed by addi-
tion of 200 mL MBTH (0.25%) for 30 min at 37°C. Finally, 200 mL FeCl3 (0.5%) was added and incubated
for 5 min/37°C. The sample was centrifuged at 12,000 � g for 5 min and 200 mL of the supernatant was
transferred to a 96-well plate for measurement of absorbance at 650 nm. The calibration curve was pre-
pared using several concentrations of D-glucosamine hydrochloride ranging from 0 to 100 nM. The chi-
tosan content was expressed in nanomoles of glucosamine per milligram of dry weight of yeasts.

LQA_78 assessment on chitinase activity. To evaluate whether the effects of LQA_78 involved the
activity of chitinase, we first analyzed microscopically the distribution of chitin and chitooligomers (54).
C. neoformans H99(NA) yeasts at 106 CFU/mL in 10% Sabouraud dextrose broth in MOPS (pH 7.0) were
treated or not with LQA_78 (IC50) for 24 h at 37°C. After, the yeasts were fixed with 4% paraformaldehyde
and blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at 37°C. Chitin and chitooligomers
detection in the cell wall was performed using 25mM calcofluor white and 5mg/mL wheat germ aggluti-
nin-tetramethylrhodamine conjugate, respectively, for 30 min at 37°C, and the images were recorded
with LasAF software (Leica) and processed with ImageJ.

We also checked the surface-associated activity of chitinase in untreated or drug-treated cryptococci
(54). The yeasts were prepared as described above, but time points of 0 to 4 h of drug exposure were also
evaluated. For determination of enzyme activity, 106 yeasts were suspended in 180 mL of 6 mM the chiti-
nase substrate (4-methylumbelliferyl N-acetyl-b-D-glucosaminide) in phosphate-citrate buffer (40 mM so-
dium citrate, 88 mM sodium phosphate dibasic [pH 4.5]) and incubated for 1 h at 37°C. Then, the cells were
removed by centrifugation and the supernatants (160 mL) were collected and transferred to a new tube.
The reaction was stopped with 40mL of 0.1 M glycine buffer (pH 10), and enzyme activity was measured on
a fluorimeter (wavelength: 360 to 450 nm; Synergy H1 Hybrid Multi-Mode Reader, BioTek).

Toxicity and antifungal activity using the larval model of Galleria mellonella. G. mellonella larvae
(1.5 to 2.0 cm in length and body weight of 110 to 116 mg) were treated with 10 mL of the compound
(46.5 mg/kg, 69.8 mg/kg, or 93 mg/kg) using a Hamilton syringe to evaluate the toxic potential of LQA_78.
These results were compared with control larvae that only received vehicle (PBS group).

For determining antifungal activity, larvae were infected with 10mL of C. neoformans H99 yeasts (5 � 108

CFU/mL) in the left hemocoel. After 30 min, 10 mL of LQA_78 (20 mg/kg or 40 mg/kg) or AMB (10 mg/kg)
were injected into the right hemocoel, and PBS was injected into the infected larvae (untreated group).

The larvae (n = 20 per group) were incubated at 37°C for 7 days for both assays. The survivors and their
health status were assessed daily to construct the survival and morbidity curves, respectively (55, 56).
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Viability and morphological analysis of yeast in the Galleria mellonella hemolymph. Hemolymph
from untreated larvae and larvae treated with LQA_78 (20 mg/kg) for 24 h after yeast infection (n = 5
per group) was collected and added to a tube containing an equal volume of IPS (Insect Physiological
Saline) buffer (12). The hemolymph was serially diluted, plated on SDA, and incubated for 72 h at 35°C
for CFU counting. Additionally, as described above, the yeasts from hemolymph were observed using
India ink staining to assess cell diameter and capsular thickness.

Determination of total hemocytes in the Galleria mellonella hemolymph. The larvae were sepa-
rated into five groups (n = 5 animals/group): (i) noninjected (NI) group (i.e., noninfected and nontreated);
(ii) PBS, which received 10 mL of PBS twice; (iii) H99, which received 10 mL of C. neoformans H99 (5 � 108

CFU/mL) and 10 mL of PBS; (iv) LQA, that received 10 mL of 20 mg/kg LQA_78 and 10 mL of PBS; and (v)
H99LQA, that received 10 mL of C. neoformans H99 (5 � 108 CFU/mL) and 10 mL of 20 mg/kg LQA_78.
Thirty minutes elapsed between the injections in the right and left hemocoels. After 24 h, the larvae
hemolymph was collected as described above, and total hemocytes were counted in a Neubauer
chamber.

Statistical analysis. The data were analyzed using the GraphPad Prism v8.0 software (GraphPad
Software Inc., La Jolla, CA), and a 95% confidence level was considered significant.

Ethical approval. Ethical approval was not required for this study.
Data availability. All data will be made available from the corresponding author upon request.
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