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Cyclopalladated Compound 7a Induces Apoptosis- and Autophagy-
Like Mechanisms in Paracoccidioides and Is a Candidate for
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Paracoccidioidomycosis (PCM), caused by Paracoccidioides species, is the main cause of death due to systemic mycoses in Brazil
and other Latin American countries. Therapeutic options for PCM and other systemic mycoses are limited and time-consuming,
and there are high rates of noncompliance, relapses, toxic side effects, and sequelae. Previous work has shown that the cyclopal-
ladated 7a compound is effective in treating several kinds of cancer and parasitic Chagas disease without significant toxicity in
animals. Here we show that cyclopalladated 7a inhibited the in vitro growth of Paracoccidioides lutzii Pb01 and P. brasiliensis
isolates Pb18 (highly virulent), Pb2, Pb3, and Pb4 (less virulent) in a dose-response manner. Pb18 was the most resistant. Oppor-
tunistic Candida albicans and Cryptococcus neoformans were also sensitive. BALB/c mice showed significantly lighter lung fun-

gal burdens when treated twice a day for 20 days with a low cyclopalladated 7a dose of 30 pg/ml/day for 30 days after intratra-
cheal infection with Pb18. Electron microscopy images suggested that apoptosis- and autophagy-like mechanisms are involved
in the fungal killing mechanism of cyclopalladated 7a. Pb18 yeast cells incubated with the 7a compound showed remarkable
chromatin condensation, DNA degradation, superoxide anion production, and increased metacaspase activity suggestive of
apoptosis. Autophagy-related killing mechanisms were suggested by increased autophagic vacuole numbers and acidification, as
indicated by an increase in LysoTracker and monodansylcadaverine (MDC) staining in cyclopalladated 7a-treated Pb18 yeast
cells. Considering that cyclopalladated 7a is highly tolerated in vivo and affects yeast fungal growth through general apoptosis-
and autophagy-like mechanisms, it is a novel promising drug for the treatment of PCM and other mycoses.

Paracoccidioidomycosis (PCM) is a systemic granulomatous
mycosis caused by Paracoccidioides brasiliensis and Paracoccid-
ioides lutzii. It is geographically restricted to Central and South
America, with a high incidence in Brazil, Colombia, Venezuela,
and Argentina (1). PCM has the highest mortality rate among
systemic mycoses in Brazil, which has been estimated to be 1.45
per million inhabitants. It affects mainly males engaged in agricul-
tural activities because they inhale aerosols containing fungal
conidia while working the soil (1). P. brasiliensis and P. lutzii are
thermal dimorphic fungi that grow as yeast-like cells at 37°C and
as mycelia at mild temperatures below 26°C. Upon inhalation by
human hosts, conidia transform into multibudding yeast cells in
the pulmonary alveoli in response to the temperature increase.
The pathogenic yeast cells affect mainly the lungs, although dis-
seminated disease can also occur. PCM progression depends on
many factors but especially on the host immune response and
fungal virulence (2).

The incidence of mycoses, which vary from superficial and
cutaneous to systemic and invasive, has increased dramatically
in the past decades, especially in immunocompromised indi-
viduals. Mild and moderate forms of PCM are usually treated
with itraconazole or a combination of sulfamethoxazole and
trimethoprim. However, it has recently been shown that itra-
conazole induces an earlier clinical cure and is better tolerated
than sulfamethoxazole-trimethoprim (3, 4). For severe and dis-
seminated cases, amphotericin B deoxycholate is the drug of
choice, even considering its known adverse effects, especially
nephrotoxicity (5). Nanostructured formulations of drugs, such
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as liposomes and polymeric nanoparticles, have greatly improved
the pharmacological response by allowing slow and gradual drug
release, thus reducing toxicity (6). Less toxic amphotericin B
nanostructured lipid formulations are available but at high cost.
Despite the clinically available antifungal drugs, relapses and/or
sequelae (fibrosis) are still problems in PCM treatment (7). There-
fore, new strategies aiming at the immune therapy of experimental
PCM have been tested. The best-studied antigen for this purpose
is gp43 (8), but therapy with a recombinant hsp65 DNA has also
decreased fungal burdens and reduced fibrosis formation in a
PCM experimental murine model (9). The gp43 main T-cell
epitope is a 15-amino-acid-long peptide named P10 that potenti-
ates the effectiveness of fungicidal drugs like itraconazole and
sulfamethoxazole-trimethoprim by boosting a Thl-driven im-
mune response (10).
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FIG 1 Molecular structure of the cyclopalladated 7a compound [Pd,
(S(—=)C,,N-DMPA),(m-DPPE)]CL,

Recently, cyclopalladated complexes with biological activity
have been shown to be more stable and less toxic than other pal-
ladium-containing compounds (11). One of these compounds,
[Pd, (S(—)C,,N-DMPA),(m-DPPE)]Cl,, named 7a, was effective
at low concentrations in vitro and in vivo against different infec-
tious and noninfectious diseases reproduced in animal models.
More importantly, the compound was not toxic to animals when
100 pl of a 150-pg/ml solution was administered for 5 sequential
days (data not shown). Cyclopalladated 7a was effective in the
treatment of murine melanoma (12) and human melanoma, co-
lon, breast, and uterine cervix cancers; glioblastoma (13); leuke-
mia (14); and Chagas disease (15). In tumor cells, cyclopalladated
7a causes anoikis and apoptosis by dissipating the mitochondrial
membrane potential, thus activating effector caspases, causing
chromatin condensation and DNA degradation (13, 14). In
Trypanosoma cruzi, which causes Chagas disease, cyclopalladated
7a evokes an apoptosis-like cell death through mitochondrial dis-
ruption (15).

We show here that cyclopalladated 7a is effective against the
yeast phase of Paracoccidioides in vitro and in vivo. The mechanism
of action seems to involve both apoptosis- and autophagy-like
mechanisms. Our results suggest that cyclopalladated 7a is a
promising drug for the treatment of PCM and also potentially of
candidiasis and cryptococcosis.

MATERIALS AND METHODS

Fungal growth conditions. P. lutzii Pb01 and P. brasiliensis isolates Pb3,
Pb18, Pb2, and Pb4 were cultivated as previously described (16). Fungal
yeast cells were cultivated for 7 days at 36°C on modified YPD (0.5% yeast
extract, 0.5% casein peptone, 1.5% glucose, pH 6.5) slants and seeded into
50 ml of Ham’s F12 medium (Life Technologies, Grand Island, NY, USA)
supplemented with 1.5% glucose (F12/Glc) for preinoculum growth for 4
days while shaking at 36°C. The combined cells from four preinocula were
then transferred to fresh F12/Glc (200 ml) and cultivated for 2 days under
the same conditions. Viability (>95%) was estimated by trypan blue
staining. Candida albicans and Cryptococcus neoformans were maintained
at 36°C on modified YPD medium slants. For experimental purposes, they
were transferred to liquid medium and cultivated for 2 days in F12/Glc at
36°C while shaking.

Animals. BALB/c male mice (8 to 10 weeks old) were purchased from
CEDEME (Centro de Desenvolvimento de Modelos Experimentais,
UNIFESP) and maintained in a sterilized environment with 12-h light-
dark cycles. All of the animal experiments and procedures were done in
accordance with the ethical handling of laboratory animals and were ap-
proved by the UNIFESP Animal Experimentation Ethics Committee
(protocol 0366/07).

Cyclopalladated compound 7a. Palladacycle compound 7a was syn-
thesized from N,N-dimethyl-1-phenethylamine (DMPA) complexed
with the ligand 1,2-ethane-bis(diphenylphosphine) (DPPE) as previously
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described (12). For this work, a 1 mM stock solution of 7a was prepared
with 1% dimethyl sulfoxide in 50 mM phosphate buffer, and the drug was
further diluted to the appropriate concentration in phosphate-buffered
saline (PBS) (12).

in vitro yeast viability assay. Paracoccidioides, C. albicans, and C. neo-
formans yeast cells were counted in a Neubauer chamber, and 1.2 X 10*
cells were incubated overnight at 37°C with 1 ml of cyclopalladated 7a
(0.08 to 10 pg/ml) or PBS (negative control). An aliquot (200 pl) of the
suspension was plated onto brain heart infusion (BHI) medium (Difco,
Sparks, MD, USA) supplemented with 4% fetal calf serum and 5% spent
P. brasiliensis culture medium (17) for P. brasiliensis or modified YPD for
C. albicans and C. neoformans. The plates were incubated at 37°C, and C.
albicans, C. neoformans and P. brasiliensis CFU counts were recorded after
2, 4, and 14 days, respectively. We recorded the lowest concentrations
yielding 50 and 90% CFU count reductions. All of the experiments were
performed in triplicate.

Treatment of experimental PCM with cyclopalladated 7a. BALB/c
mice (nine per group) were intratracheally infected with Pb18 (1 X 10°
yeast cells), and after 30 days, when experimental PCM was established
(18), the animals were treated twice a day for 20 days with 100-pl intra-
peritoneal doses of cyclopalladated 7a (15 pg/ml/dose). PBS was used as a
negative control. After 60 days of infection, the lungs were collected, mac-
erated in PBS, and plated in supplemented BHI medium. Colony num-
bers were counted after 14 days of incubation at 37°C and recorded as the
number of CFU per gram of lung tissue.

Histopathological analysis. The lungs of PBS- and cyclopalladated
7a-treated BALB/c mice were excised, fixed in PBS-10% formalin, dehy-
drated, and embedded in paraffin. Five-micrometer sections of tissue
were stained with hematoxylin-eosin and Grocott stain, and lung lesions
were observed with an Olympus BX-51 microscope. For toxicological
analysis, 150 wg/ml cyclopalladated 7a (100 wl) was administered for 5
sequential days to three BALB/c mice, and sections of kidney, liver, heart,
lung, and spleen tissues were stained with hematoxylin-eosin and ana-
lyzed in comparison with control tissues.

Detection of DNA fragmentation. Terminal deoxynucleotidyltrans-
ferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) assays
were performed according to the manufacturer’s instructions (In Situ Cell
Death Detection kit, fluorescein; Roche Applied Science, Indianapolis,
IN, USA). Briefly, Pb18 yeast cells were incubated for 18 h at 37°C with
cyclopalladated 7a (1 wg/ml), washed, fixed in 2% formaldehyde, and
permeabilized with 0.1% Triton X-100 for 30 min at room temperature.
Fixed cells were stained with 4',6-diamidino-2-phenylindole (DAPI; 1
pg/ml) for 20 min and incubated with TdT in the reaction buffer with
dUTP-fluorescein at 37°C for 1 h. Cells were then washed in PBS, pre-
pared on glass slides with Vectashield mounting medium (Vector Labo-

TABLE 1 Effects of cyclopalladated 7a on the in vitro growth of C.
albicans, C. neoformans, and Paracoccidioides isolates”

Concn (pg/ml) required to

reduce CFU count by:

Isolate 50% 90%
C. albicans 0.35 0.55
C. neoformans 0.3 0.57
P. brasiliensis Pb3 0.43 0.74
P. brasiliensis Pb18 0.41 0.76
P. lutzii Pb01 0.21 0.45
P. brasiliensis Pb2 0.05 0.12
P. brasiliensis Pb4 0.04 0.1

“ Fungal yeast cells were incubated overnight at 37°C with cyclopalladated 7a at
different concentrations. CFU of C. albicans, C. neoformans, and P. brasiliensis were
counted after 2, 4, and 14 days, respectively. The lowest cyclopalladated 7a
concentrations that yielded 50 and 90% reductions in CFU counts relative to those of
PBS-treated controls were calculated.
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FIG 2 Cyclopalladated 7a affects the in vivo growth of virulent Pb18. BALB/c
mice infected with P. brasiliensis (Pb18) yeast cells for 30 days were treated for
20 days with cyclopalladated 7a. Numbers of CFU per gram of lung tissue were
determined 60 days after infection. The data represent the CFU counts of
individual mice, and the horizontal bars show the means * the standard de-
viations. Cyclopalladated 7a-treated mice were compared to PBS-treated con-
trols. **, statistically significant (P = 0.0031).

Control
(uninfected)

Pb18
Ta-treated

Pb 18
untreated

ratories, Inc., Burlingame, CA), sealed, and observed with an Olympus
BX-51 fluorescence microscope. Images were merged, and scale bars were
added with the ImageJ software. Negative-control cells were incubated
with PBS.

Chromatin condensation. Chromatin condensation was evaluated
following Hoechst 33342 staining. Pb18 yeast cells were incubated for 18 h
at 37°Cwith cyclopalladated 7a (1 pg/ml), washed in PBS, and fixed for 30
min at room temperature in 2% formaldehyde. Fixed cells were washed in
PBS and stained with 0.2 uM Hoechst 33342 (Invitrogen, Grand Island,
NY, USA) for 10 min. Cells were mounted on glass slides with Vectashield
(Vector Laboratories, Inc., Burlingame, CA), sealed, and observed with an
Olympus BX-51 fluorescence microscope. Scale bars were added with the
Image] software. Negative-control cells were incubated with PBS.

Metacaspase activity. Metacaspase activity was estimated with
CaspACE—fluorescein isothiocyanate (FITC)-VAD-FMK In Situ Marker
(Promega, Madison, WI, USA) according to the manufacturer’s instruc-
tions. Briefly, Pb18 yeast cells were incubated with cyclopalladated 7a (1
pg/ml) or PBS (negative control) for 18 h at 37°C and stained with
CaspACE-FITC-VAD-FMK (10 uM) for 30 min at 37°C. The cells were
then washed with PBS and fixed with 10% buffered formalin for 30 min at
room temperature. Positive-control cells were previously treated with 2

1000x 4000x

FIG 3 Lung histopathology analysis of cyclopalladated 7a-treated mice shows light fungal burdens. Hematoxylin-eosin-Grocott staining was used. BALB/c mice
infected with Pb18 yeast cells for 30 days were treated with cyclopalladated 7a. Treated lungs are shown (magnifications, X 1,000 and X4,000) in comparison with
untreated and uninfected lungs. Granulomas (magnification, X1,000) and yeast cells (magnification, X4,000) are indicated by arrows.
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FIG 4 TEM images suggest apoptosis- and autophagy-like events in Pb18 yeast cells treated with cyclopalladated 7a. Different P. brasiliensis yeast cell images are
shown before (a to ¢) and after (d to i) exposure to cyclopalladated 7a for 18 h. The vacuole (v), nucleus (n), mitochondrion (m), and cell membrane (cm) are

indicated. The arrows show cell membrane disruption.

mM H,0, at 37°C for 2 h. The samples were mounted on glass slides with
Vectashield (Vector Laboratories, Inc., Burlingame, CA), sealed, and ob-
served with an Olympus BX-51 fluorescence microscope. Scale bars were
added with the Image] software.

Superoxide anion measurement. Superoxide anion production was
measured with the dihydroethidium (DHE) assay according to the man-
ufacturer’s instructions (Invitrogen, Grand Island, NY, USA). Briefly,
Pb18 yeast cells were incubated with cyclopalladated 7a (1 pwg/ml) or PBS
(negative control) for 18 h at 37°C and incubated with 5 puM DHE at room
temperature for 30 min. The conversion of DHE to ethidium by oxidation
was detected by fluorescence microscopy. Scale bars were added with the
Image] software. Positive-control cells were previously treated with 2 mM
H,0, at 37°C for 2 h.

TEM. Pb18 yeast cells were incubated with cyclopalladated 7a (1 pg/
ml) or PBS (negative control) for 18 h at 37°C and fixed in a solution
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containing 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.2, at room temperature for 20 h. The cells were
washed in the same buffer for 10 min, fixed with 1% osmium tetroxide in
0.1 M cacodylate (pH 7.2) for 30 min, and washed in water for 10 min at
room temperature. Subsequently, the cells were incubated in an aqueous
solution of 0.4% uranyl acetate for 30 min and washed in water for 10 min.
After fixation, the cells were dehydrated in graded (70, 90, and 100%)
ethanol, quickly treated with propylene oxide, and embedded in Spurr
resin. Ultrathin sections were collected on grids and stained in alcoholic
1% uranyl acetate and in lead citrate prior to analysis by transmission
electron microscopy (TEM) with a 1200 EXII microscope (JEOL, Tokyo,
Japan).

Live-cell imaging for quantification of acidic vesicles. For lysosomal
quantification in live samples, Pb18 yeast cell walls were first stained with
calcofluor white (25 wM) for 30 min at room temperature. The cells were
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FIG 5 Cyclopalladated 7a induces chromatin condensation in P. brasiliensis. Pb18 yeast cells were treated with cyclopalladated 7a for 18 h, and chromatin
condensation (arrows) was analyzed by fluorescence microscopy after DNA staining with Hoechst 33342. Phase-contrast images of the same fields are shown.

Untreated cells are shown for comparison.

washed in PBS and allowed to adhere to a poly-L-lysine (Sigma-Aldrich,
St. Louis, MO, USA)-pretreated plate. Nonadherent yeast cells were
washed away with PBS. At that point, 5 uM LysoTracker Red (LTR)
DND-99 (Life Technologies, Grand Island, NY, USA) and cyclopalladated
7a (1 wg/ml) were added to the samples for live-cell imaging in a Leica
TCS SP5 confocal microscope coupled to microincubators set to 37°C.
Live-cell imaging was performed with Hi-Q4 multichamber dishes that
allowed 24-h acquisition of images of duplicate samples of cells treated
with cyclopalladated 7a or not treated. The time interval between image
acquisitions was set to 15 or 20 min. Four different microscopic fields of
each sample were recorded. Live-cell serial images were processed by
Imaris software (Bitplane) as follows on the basis of methods previously
established (19). Isosurfaces were constructed on the basis of the calco-
fluor signal, which allowed the assessment of several morphological pa-
rameters, such as volume, area, and relative fluorescence intensity. The
constructed isosurfaces may include several or individual yeast cells in
each microscopic field. To infer and compare the amount of acidic com-
partments displayed by yeast cells treated with cyclopalladated 7a or not
treated, the relative fluorescence intensity of the LysoTracker probe con-
tained within each calcofluor-derived isosurface was normalized per unit
of isosurface volume.

Live-cell imaging for quantification of autophagic vesicles. For
quantification of autophagic vesicles in live samples, we reproduced the
experiments detailed above with lysosomes and different fluorescent
compounds. Briefly, plates containing adherent Pb18 yeast cells were re-
corded as described for live-cell imaging in the presence of 20 wM mono-
dansylcadaverine (MDC) and cyclopalladated 7a (1 pg/ml). In the image-
processing steps, the isosurfaces were constructed from the CellTracker
Red CMTPX Dye (Life Technologies, Grand Island, NY, USA) signal and
the relative fluorescence intensity of MDC displayed by each isosurface
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was assessed. The relative fluorescence intensities of MDC were also nor-
malized per unit of isosurface volume.

Statistical analyses. The Student ¢ test and one-way analysis of vari-
ance were used for statistical analyses.

RESULTS
Cyclopalladated 7a inhibits Paracoccidioides isolate growth in
vitro. To evaluate the effect of cyclopalladated 7a (Fig. 1) on
pathogenic fungal yeast cells, we performed in vitro CFU assays
(Table 1) with P. lutzii Pb01 and P. brasiliensis isolate Pb18, Pb2,
Pb3, and Pb4 yeast cells. In the P. brasiliensis complex, Pb18 rep-
resents major phylogenetic group S1 and is highly virulent, while
Pb2, Pb3, and Pb4 represent cryptic group PS2 of less virulent
isolates (17, 20). Dose-response experiments showed that, under
the conditions used, the 7a compound was able to reduce the
growth of all of the fungal isolates tested by 50% at low concen-
trations varying from 0.04 (Pb4) to 0.41 (Pb18) pg/ml. We also
later tested the ability of cyclopalladated 7a to interfere with the
cell growth of the opportunistic species C. albicans and C. neofor-
mans with similar results (Table 1), suggesting that the compound
acts on a broad spectrum of pathogenic yeast cells.
Cyclopalladated 7a decreases P. brasiliensis loads in vivo. To
evaluate whether cyclopalladated 7a could decrease P. brasiliensis
fungal loads in experimental PCM, we infected BALB/c mice with
the most virulent isolate in our sample, i.e., Pb18. We then treated
the animals with the cyclopalladated 7a compound twice a day for
20 days. Treatment started after 30 days of infection, when chronic
PCM is stablished in BALB/c mice inoculated with Pb18 via the
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intratracheal route (18). We analyzed the lungs of the mice, which
are the target organs upon intratracheal inoculation. As shown in
Fig. 2, cyclopalladated 7a-treated mice had a significantly lower
mean number of CFU per gram of lung tissue (101,055) than
control mice (218,111). These results resemble those described in
the literature. Similar experiments with clinically available anti-
fungal drugs (fluconazole, ketoconazole, itraconazole, amphoter-
icin B, and sulfamethoxazole-trimethoprim) showed that there
was generally a 50% reduction in the number of CFU of Pb18 per
gram of treated mouse lung tissue (21), while amphotericin B
caused an about 60% reduction. Representative images of the lung
histopathology analysis results (Fig. 3) show that untreated ani-
mals had numerous granulomas filled with Pb18 yeast cells along
the whole tissue. In treated animals, yeast cells were rarely seen
and areas of fibrosis replaced the granulomas. Therefore, cyclo-
palladated 7a was able to decrease the lung fungal burdens and
tissue damage caused by the fungal infection. It is of note that we
used treatment doses that were much lower than toxic concentra-
tions, considering that administration of 150 wg/ml of cyclopalla-
dated 7a for 5 sequential days in BALB/c mice did not cause mor-
phological alterations in the kidney, liver, heart, lung, or spleen
tissue (data not shown). However, we have not tested further
treatment protocols that could be more efficacious. After the
above-described positive results, our focus became to understand
the mechanism of action of the 7a compound on fungal cells.

Cell damage caused by cyclopalladated 7a. We used TEM to
evaluate the type of damage caused by cyclopalladated 7a in P.
brasiliensis yeast cells. Note that cyclopalladated 7a-treated yeast
cells had organelle alterations suggestive of apoptosis-like and au-
tophagy processes (Fig. 4d to i). Abnormal membrane structures
inside vacuoles (Fig. 4d to h) also indicated a putative autophagy
process. Mitochondrial swelling (Fig. 4i) and chromatin conden-
sation (Fig. 4d, e, g, and h) suggested an apoptosis-like mecha-
nism. Cell membrane disruption (Fig. 4d, e, h, and i, arrows)
could also be seen. Considering these results, we further investi-
gated whether apoptosis and autophagy could be involved in the
mechanism of action of cyclopalladated 7a against Paracoccid-
ioides.

Cyclopalladated 7a-induced apoptosis-like mechanisms. In
order to evaluate whether an apoptosis-like mechanism is in-
volved in the effect of cyclopalladated 7a on P. brasiliensis, we first
investigated chromatin condensation. As shown in Fig. 5, incuba-
tion with cyclopalladated 7a induced remarkable chromatin con-
densation in comparison to control yeast cells, as shown by the
bright spots inside the nuclei that are absent from control cells.
Additionally, an intense DNA staining pattern was observed in the
cytoplasm of cyclopalladated 7a-treated yeast cells, suggesting nu-
cleic acid leakage caused by nuclear membrane disruption. Both
chromatin condensation and nuclear membrane degradation
were also observed in TEM images (Fig. 4).

DNA degradation is a classical apoptosis feature that has pre-
viously been caused by cyclopalladated 7a in other systems (12,
15). Thus, we evaluated the induction of DNA degradation in
Pb18-treated yeast cells by TUNEL. Figure 6 shows that, in con-
trast to untreated cells, cyclopalladated 7a-treated yeast cells
showed DNA breakage, evidenced by a green staining that colo-
calized with DAPI nuclear staining.

Considering that superoxide anion production during apop-
tosis has been well documented (22) and that we have observed
mitochondrial swelling by TEM (Fig. 4i), we estimated the pro-
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FIG 6 Cyclopalladated 7a induces DNA degradation in P. brasiliensis. Pb18
yeast cells were treated with cyclopalladated 7a for 18 h, and DNA degradation
was observed by TUNEL in a fluorescence microscope. Images of treated
(right) and control (left) cells obtained by phase-contrast microscopy, DAPI
nuclear staining, and TUNEL are shown. Merged images of TUNEL and DAPI
staining are also shown.

duction of O, anion in cyclopalladated 7a-treated cells and ob-
served that it was dramatically increased, in a way that the fluores-
cence was even brighter than that induced by the H,O,-treated
positive control (Fig. 7).

Apoptosis mechanisms in fungal cells are characterized by an
increase in metacaspase activity (23). We evaluated metacaspase
activity in P. brasiliensis yeast cells treated with cyclopalladated 7a
by staining with the CaspACE-FITC-VAD-FMK reagent and ob-
served a remarkable increase, which was even more intense than
that of the positive control induced with H,O, (Fig. 8). Together,
these results strongly suggested that an apoptosis-like mechanism
is involved in the P. brasiliensis killing mechanism of cyclopalla-
dated 7a.

Cyclopalladated 7a induces autophagy-like events. TEM im-
ages suggested that autophagy-related processes are involved in
the cyclopalladated 7a mechanism of action against Paracoccid-
ioides. The methods used to assess autophagy rely on fluorescent
tagging of acidic organelles with MDC or LTR (24). LTR stains
endosomes, autophagosomes, lysosomes, and autolysosomes be-
cause of their low internal pH. To determine the concentration of
LTR inside acidic lysosomes, we performed kinetic assays with a
confocal microscope to monitor the acidification of P. brasiliensis
organelles after contact with cyclopalladated 7a for 18 h (Fig. 9).
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FIG 7 Cyclopalladated 7a induces anion superoxide production in P. brasiliensis. Pb18 yeast cells were treated with cyclopalladated 7a or H,O, or left untreated
for 18 h and stained with DHE. Induction of anion superoxide production was analyzed by fluorescence microscopy. Phase-contrast images are also shown.

As shown in Fig. 9A, a statistically significant increase in LTR
fluorescence was observed in the cytoplasm during most of the
time points during exposure to cyclopalladated 7a in comparison
with controls (Fig. 9B). We then measured the proliferation of
acidic organelles after exposure to cyclopalladated 7a by labeling
with MDC, an autophagosomal marker. MDC is a weak amine
that accumulates inside acidic organelles. Fluorescence is en-
hanced in hydrophobic environments characteristic of autophagic
membranous organelles (25). In a kinetic assay, we used confocal
microscopy to measure the MDC labeling of cyclopalladated 7a-
treated yeast cells for 24 h (Fig. 10). MDC fluorescence was statis-
tically significantly higher in yeast cells incubated with cyclopalla-
dated 7a (Fig. 10A and B) than in controls. Together, the LTR and
MDC Kkinetic assay results corroborated TEM images and rein-
forced the idea that cyclopalladated 7a induces an autophagy-like
mechanism in P. brasiliensis.

DISCUSSION

In the present work, we showed that cyclopalladated 7a induces
Paracoccidioides yeast cell death by at least two distinct mecha-
nisms of action, specifically, apoptosis- and autophagy-like pro-
cesses. in vivo, it was effective in the treatment of chronic murine
PCM at low doses.

In tumor cells, cyclopalladated 7a dissipates the mitochondrial
membrane potential by interacting with protein thiol groups and
induces the translocation of Bax, a proapoptotic member of the
Bcl-2 protein family, from the cytosol to mitochondria. In addi-
tion, cyclopalladated 7a induces an increase in the cytosolic cal-
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cium concentration and significant decreases in the ATP levels,
activation of effector caspases, chromatin condensation, and DNA
degradation, which are all characteristic of apoptotic intrinsic
pathway activation (13). Mitochondrion-dependent apoptotic
cell death was also induced by cyclopalladated 7a in leukemia cells
(14), in which mitochondrial release of cytochrome ¢, caspase
activation, nuclear condensation, and DNA degradation were
observed. In T. cruzi, cyclopalladated 7a caused mitochondrial
disruption (15). The participation of mitochondrial damage-
initiating events that trigger apoptosis is well characterized in
the literature (26).

In P. brasiliensis yeast cells, cyclopalladated 7a evoked mito-
chondrial swelling, chromatin condensation, cell membrane dis-
ruption, and accumulation of abnormal membrane structures
inside vacuoles, besides chromatin condensation, an increase in
superoxide anion production, an increase in metacaspase activity,
and DNA degradation; all of these features corroborate the in-
volvement of an apoptosis-like mechanism. On the other hand,
cadaverin staining of autophagic acidic vacuoles suggested the in-
volvement of an autophagy-like process related to cyclopalladated
7a. It is not the first time that both apoptosis and autophagy have
been induced by the same compound. The simultaneous induc-
tion of these processes has been reported, e.g., for a curcumin
analog against hepatocellular carcinoma cells (27) and by conval-
latoxin, an angiogenesis inhibitor (28).

This is the first time programmed cell death has been shown to
occur in Paracoccidioides; however, it has already been described
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FIG 8 Cyclopalladated 7a induces metacaspase activity in P. brasiliensis. Pb18 yeast cells were treated with cyclopalladated 7a or H,O, (positive control) or left
untreated for 18 h and then stained with CaspACE-FITC-VAD-FMK. Metacaspase activity was analyzed by fluorescence microscopy. Phase-contrast images are

also shown.

in other unicellular organisms, including yeast cells and bacteria
(29, 30). An apoptosis-like phenotype characterized by DNA
condensation and fragmentation, generation of reactive oxygen
species, and phosphatidyl serine exposure was observed in
Saccharomyces cerevisiae (31, 32), Schizosaccharomyces pombe (33—
35), and C. albicans (36-38). Caspase-independent (39) and
caspase-dependent intrinsic apoptosis (40) can occur in S. cerevisiae.
Orthologs of the mammalian caspases, metacaspase Ycalp/Mcalp
in S. cerevisiae (41) and CaMcalp in C. albicans (42), have been
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described. In Paracoccidioides, we found a metacaspase ortholog
in each of the three genomes available: PABG_07743 in Pb3,
PADG_08236 in Pb18, and PAAG_07849 in PbO1.

Autophagic cell death has not been described in P. brasiliensis
and has rarely been reported in other fungal systems. In S. cerevi-
siae, loss of autophagy ATG genes enhanced viability (43, 44). In
the present work, we observed massive cytoplasmic vacuolization
in cyclopalladated 7a-treated P. brasiliensis that is characteristic of
autophagy (45).
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FIG 9 Cyclopalladated 7a induces vacuole acidification in P. brasiliensis. A LysoTracker kinetic assay was performed with live Pb18 yeast cells stained with
calcofluor white and LTR DND-99 incubated with cyclopalladated 7a. (A) Relative fluorescence intensity (FI) of the LysoTracker probe contained within each
calcofluor-derived isosurface normalized per unit of isosurface volume during the acquisition time. (B) Mean relative fluorescence intensity of the LysoTracker

probe in cyclopalladated 7a-treated yeast cells.
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FIG 10 Cyclopalladated 7a induces an increase in autophagic vacuoles in P. brasiliensis. MDC kinetic assays were performed with live P. brasiliensis yeast cells
stained with CellTracker Red CMTPx dye and MDC incubated with or without cyclopalladated 7a. (A) Relative fluorescence intensity (FI) of the MDC probe
contained within each CellTracker Red CMTPx dye-derived isosurface normalized per unit of isosurface volume during the acquisition time. (B) Mean relative
fluorescence intensity of the MDC probe in cyclopalladated 7a-treated yeast cells. Untreated cells were probed for comparison.

Although there are some therapeutic options available for
PCM treatment, which include sulfone derivatives, amphotericin
B, azoles, and terbinafine, the optimal treatment for patients with
severe and disseminated forms of the disease is amphotericin B,
despite its known toxic adverse effects, mainly nephrotoxicity (1).
During usually long antifungal therapies, tissue damage, fibrosis,
and impairment of organ functions are intensified (46), with high
rates of noncompliance, relapses, and sequelae. Although alterna-
tive therapeutic approaches have been described, such as DNA
vaccine (47) and nanostructured drug formulations (48), there is
still a need for new drugs that are able to decrease the treatment
time, toxic side effects, and sequelae.

We show here that cyclopalladated 7a is effective against P.
brasiliensis isolates in vitro and in vivo at low concentrations, with
low toxicity, and that it is able not only to decrease the P. brasil-
iensis fungal burden in the lungs of treated mice but also to dimin-
ish the lung tissue damage caused by the immune response to
fungal proliferation. Therefore, cyclopalladated 7a is a promising
drug to be studied further in human PCM and other mycoses,
considering that it also reduced in vitro CFU counts of C. albicans
and C. neoformans yeast cells.
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