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Chagas disease affects more than 10 million people worldwide, and yet, as it has historically been known as a disease of the poor, it re-
mains highly neglected. Two currently available drugs exhibit severe toxicity and low effectiveness, especially in the chronic phase,
while new drug discovery has been halted for years as a result of a lack of interest from pharmaceutical companies. Although attempts
to repurpose the antifungal drugs posaconazole and ravuconazole (inhibitors of fungal sterol 14a-demethylase [CYP51]) are finally in
progress, development of cheaper and more efficient, preferably Trypanosoma cruzi-specific, chemotherapies would be highly advan-
tageous. We have recently reported that the experimental T. cruzi CYP51 inhibitor VNI cures with 100% survival and 100% parasito-
logical clearance both acute and chronic murine infections with the Tulahuen strain of T. cruzi. In this work, we further explored the
potential of VNI by assaying nitro-derivative-resistant T. cruzi strains, Y and Colombiana, in highly stringent protocols of acute infec-
tion. The data show high antiparasitic efficacy of VNI and its derivative (VNI/VNF) against both forms of T. cruzi that are relevant for
mammalian host infection (bloodstream and amastigotes), with the in vivo potency, at 25 mg/kg twice a day (b.i.d.), similar to that of
benznidazole (100 mg/kg/day). Transmission electron microscopy and reverse mutation tests were performed to explore cellular ultra-
structural and mutagenic aspects of VNI, respectively. No mutagenic potential could be seen by the Ames test at up to 3.5 p.M, and the
main ultrastructural damage induced by VNI in T. cruzi was related to Golgi apparatus and endoplasmic reticulum organization, with
membrane blebs presenting an autophagic phenotype. Thus, these preliminary studies confirm VNI as a very promising trypanocidal

drug candidate for Chagas disease therapy.

hagas disease (CD), a neglected lifelong malady caused by the

intracellular protozoan parasite Trypanosoma cruzi, is a noto-
rious health problem in Latin America and an emerging global
health issue, mainly due to immigration of infected individuals to
other continents (primarily to North America and Europe) but
also because of broadening of the insect vector distribution areas
(1). No vaccine is available, and the current therapy for the infec-
tion (nifurtimox [Nf] and benznidazole [Bz]) is largely insuffi-
cient, having undesirable side effects and limited efficacy espe-
cially in the later chronic stages (2). However, novel compounds
for CD do not attract the investment of most pharmaceutical
companies, especially due to large costs versus low economic prof-
its, exposing the importance of academic research and technolog-
ical development support for drug design and development of
new leads and hits for this as well as other neglected parasitic
illnesses that afflict millions of the poorest people worldwide. In
this vein, for over 3 decades inhibitors of sterol biosynthesis have
been considered potential antichagasic agents (3—6), because, sim-
ilar to the case for pathogenic fungi, sterol biosynthesis in T. cruzi
is vital. The pathway leads to formation of ergosterol-like prod-
ucts which are essential for parasite survival (viable membranes)
and differentiation (cell growth and division). Like fungi, T. cruzi
cannot replace these endogenous ergosterol derivatives with host
cholesterol or with its metabolites, thus justifying the idea of re-
purposing antifungal agents for treating CD (6).
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Currently, the vast majority of clinical and agricultural anti-
fungals are represented by azole derivatives (7). These drugs in-
hibit sterol 14a-demethylase (CYP51), a cytochrome P450 en-
zyme, which is required for the pathway to proceed beyond
squalene cyclization. This prevents accumulation of toxic methyl-
ated sterol precursors and provides essential membrane compo-
nents and regulatory molecules (8). The azole ring nitrogen coor-
dinates to the P450 heme iron, making it more complicated for the
enzyme to be activated by reduction, while the nonligated portion
of the inhibitor molecule forms multiple contacts with the amino
acid residues inside the CYP51 active site (9). Two antifungal
azoles (posaconazole and ravuconazole) have recently entered
clinical trials for CD (1), but the extremely high cost, adverse side
effects (posaconazole [10]), and lack of a curative effect (ravu-
conazole [11]) are important concerns that must be faced. More-
over, fungal CYP51s share less than 30% amino acid sequence
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TABLE 1 In vitro assays on T. cruzi®

ECs, 1M (SI)

CT Intracellular forms, Y
Compound BT, Y Y Colombiana EC5p, kM (SI) ECyy, pM
VNI 11+ 5A (18) 3.1+ 0.8 (67) 3.4 % 0.5 (59) 0.9 + 0.2 C (56) 38+5
VNI/VNF 32 £ 15B(6) ND ND 0.9 +0.2D (170) 7%5
Bz 13 £ 2 AB (>77) ND ND 2.8 = 1.9CD (>360) ND

“ The trypanocidal effect (ECs, values and selectivity index [SI]) were evaluated for bloodstream (BT) (Y strain) and tissue culture-derived (CT) (Y and Colombiana strains)
trypomastigotes incubated at 37°C for 24 h and on intracellular forms (Y strain, reduction of infection index) incubated for 48 h at 37°C. SIs were determined at 24 h of incubation
for BT and CT (ECs, = 200 wM) and at 48 h of incubation for intracellular forms (ECs, = 50 and 150 pM for VNI and VNI/VNF, respectively) (see Materials and Methods).
Values are means and standard deviations. The same letter is placed next to values for which statistical evaluation by ANOVA did not show statistical significance (P > 0.05). ND,

not done.

identity with the T. cruzi enzyme ortholog (12), which may be the
reason why antifungal drug repurposing is often not efficient
enough (13-15) and in turn suggests that novel, more potent,
pathogen-specific agents discovered using direct screening for the
protozoan CYP51 inhibition are highly desirable (16).

Recently, we have shown that one such inhibitor, VNI (17),
cures, with 100% survival and no observable side effects, both
acute and chronic models of T. cruzi infection (18). In these mod-
els, female BALB/c mice infected with the Tulahuen strain were
treated with 25 mg/kg of VNI, administered 24 h after infection,
twice a day (b.i.d.) by oral gavage for 30 daily consecutive doses.
PCR analysis after immunosuppression showed 100% parasito-
logical clearance in the blood and in all analyzed organs and tis-
sues (18). Low acute toxicity in vivo was found to be another
advantageous feature of VNI: after being given orally in dosages
up to 400 mg/kg, there were no alterations either in mouse weight
(body and organs) or in the biochemical blood analysis (19).
These biological analyses together with the low cost of synthesis
and favorable pharmacokinetics clearly suggest VNI as a highly
promising drug candidate for CD.

However, T. cruzi is not a homogeneous population (20) but
represents a pool of >70 different strains (www.dbbm.fiocruz.br
/TcruziDB/strain.html 01/02/2013) which circulate in domestic,
peridomiciliar, and sylvatic cycles involving humans, insect vec-
tors, and animal reservoirs (>100 species) of the parasite. In the
most recent classification (21), T. cruzi strains are distributed into
6 major phylogenetic groups (TclI to TcVI) on the basis of zy-
modemes and several genetic markers. Although no direct corre-
lation between disease severity and parasite lineage has yet been
established (22), it is well known that different T. cruzi strains vary
broadly in drug sensitivity. Among them, CL-Brener (TcVI),
whose complete genome sequencing was reported in 2005 (23),
and Tulahuen (also TcVI), whose CYP51 gene we cloned and have
been studying (24), are known to be drug sensitive, while there are
other strains of the parasite that display medium [e.g., Y (TcII)] or
high [e.g., Colombiana (TcI)] resistance to the current clinically
available nitroderivative compounds (Bz and Nf) (20, 25, 26).
Interestingly, this drug resistance appears to encompass antifun-
gal azoles, including posaconazole (14, 27).

In the present study, we have investigated effects of VNI in
highly stringent in vitro and in vivo protocols conducted with the
T. cruzi Y and Colombiana strains. Although, as revealed by im-
munosuppression, no complete parasitological clearance was
achieved under these conditions, our experimental data show that
VNI and its derivative VNI/VNF are very active against various
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drug-resistant T. cruzi strains, justifying further preclinical studies
that are under way.

MATERIALS AND METHODS

Compounds. Synthesis of VNI and its derivative VNI/VNF was per-
formed as reported previously (19). Benznidazole (Bz) (Laboratério
Farmacéutico do Estado de Pernambuco [LAFEPE], Brazil) was used as a
reference drug (28). For in vitro studies, stock solutions (5 mM) were
prepared in dimethyl sulfoxide (DMSO), and the fresh final solvent con-
centration never exceeded 0.6%, which is not toxic for either parasites or
mammalian cells. For in vivo studies, VNI was either (i) dissolved (as
specified in the figure legends) in DMSO (never exceeding 10%, which
does not cause any detectable mice toxicity [28]) and then diluted to the
final dose using distilled sterile water or (ii) dissolved in 10% DMSO plus
5% arabic gum as reported previously (18).

Mammalian cell cultures. For both drug toxicity and infection assays,
primary cultures of cardiac cells (CC) were obtained as reported (29). The
cultures were sustained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% horse serum, 5% fetal bovine serum (FBS), 2.5
mM CaCl,, 1 mM r-glutamine, and 2% chicken embryo extract. Cell
cultures were maintained at 37°C in an atmosphere of 5% CO, and air,
and assays were run at least three times in duplicate.

Parasites. The Y and Colombiana strains of T. cruzi were used
throughout the experiments. Bloodstream trypomastigotes (BT) were
harvested by heart puncture from T. cruzi-infected Swiss mice at the par-
asitemia peak day (29). Culture derived trypomastigotes (CT) were ob-
tained from supernatant of infected murine fibrosarcoma 1929 cell line
cultures, as reported previously (30). Intracellular amastigotes were eval-
uated after the infection of primary cultures of cardiac cells (29) or L929
cells (31) using the BT and CT forms of the parasite, respectively.

In vitro cytotoxicity assays. In order to rule out toxic effects of the
compounds against mammalian host cells, uninfected cardiac cells (CC)
were incubated for 24 and 48 h at 37°C in the presence or absence of each
compound diluted in DMEM. The CC morphology and spontaneous
contractibility were evaluated by light microscopy. The cell death rates
were measured by the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphen-
yl-2H-tetrazolium bromide] colorimetric assay (28). The absorbance
was measured as previously reported (28) with a spectrophotometer
(VersaMax tunable microplate reader; Molecular Devices), which allows
for the determination of the compound concentration that reduces 50%
of cellular viability (ECs,).

Trypanocidal analysis. BT and CT were incubated at 37°C for 24 h in
the presence of increasing nontoxic concentrations of the tested com-
pounds diluted in RPMI 1640 medium (Roswell Park Memorial Institute—
Sigma-Aldrich) supplemented with 5% fetal bovine serum. Death rates
were determined by light microscopy through direct quantification of the
number of live parasites using a Neubauer chamber, and the drug con-
centration that reduces 50% of the number of the treated parasites (EC5)
was calculated. For the analysis of the effect against intracellular amasti-
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gotes, after 24 h of parasite-host cell interaction (at a parasite/CC ratio of
10:1), the infected cultures were washed to remove unbound trypomas-
tigotes and then incubated for another 48 h with increasing but nontoxic
doses of the test compounds. CC were maintained at 37°C in an atmo-
sphere of 5% CO, and air and then the medium replaced every 24 h. Next,
untreated and treated infected CC were fixed and stained with Giemsa
solution, and the mean numbers of infected host cells and of parasites per
infected cell were scored as reported previously (28). Only characteristic
parasite nuclei and kinetoplasts were counted as surviving parasites, since
irregular structures could indicate parasites undergoing death. The drug
activity was estimated by calculating the infection index (II), which rep-
resents the mean value of the percentage of infected cells multiplied by the
average number of intracellular amastigotes per infected host cell (32).
Statistical analysis was performed by analysis of variance (ANOVA) as
reported previously (28).

All in vitro assays were run at least twice in duplicate.

TEM. Bloodstream trypomastigotes treated or not for 2 h at 37°C
with the EC, of the VNI (corresponding to 24 h of drug incubation)
were fixed for 60 min at 4°C with 2.5% glutaraldehyde and 2.5 mM
CaCl, in 0.1 M cacodylate buffer (pH 7.2) and postfixed for 1 h at 4°C
with 1% OsO,, 0.8% potassium ferricyanide, and 2.5 mM CaCl, using
this same buffer. The samples were then routinely processed for trans-
mission electron microscopy (TEM) (33) and examined in a Jeol elec-
tron microscope from the Oswaldo Cruz Institute Electron Micros-
copy Platform Unit.

Mouse infection and treatment schemes. Male Swiss mice were ob-
tained from the Funda¢do Oswaldo Cruz (FIOCRUZ) animal facilities
(CECAL/FIOCRUZ, Rio de Janeiro, Brazil). Mice were housed at a
maximum of 8 per cage and kept in a conventional room at 20 to 24°C
under a 12 h/12 h light/dark cycle. The animals were provided with
sterilized water and chow ad libitum. Infection was performed by in-
traperitoneal (i.p.) injection of 10* and 5 X 10° bloodstream trypo-
mastigotes for the Y and Colombiana strains, respectively. The animals
(18 to 21 g) were divided into the following groups (at least six per
group): uninfected (noninfected and nontreated), untreated (infected
with T. cruzi but treated only with vehicle), and treated (infected and
treated [receiving 0.2-ml oral daily doses] with 6 to 50 mg/kg b.i.d.).
VNI was given twice a day due to its pharmacokinetics (the compound
lifetime in mouse plasma is 16 h [18]). In parallel, infected mice were
orally treated with 100 mg/kg/day benznidazole once a day. All treat-
ments were started at the parasitemia onset (5 days postinfection [dpi]
for Y and 11 to 12 dpi for Colombiana), followed by (i) 5, (ii) 20, or
(iii) 26 consecutive daily doses.

Parasitemia, mortality rates, and ponderal curve analysis. Para-
sitemia was individually checked by direct microscopic counting of para-
sites in 5 pl of blood, as described before (34). At different time points,
body weight was evaluated. Mortality was checked daily until 130 days
posttreatment and expressed as percent cumulative mortality (CM) (28).

Cure assessment. Cure criteria were based on three parasitological
methods: (i) negative parasitemia as observed by light microscopy, (ii)
hemoculture assays, and (iii) PCR (31). Animals presenting negative re-
sults for all tests were considered cured. Parasitological cure assessment
was performed at least 30 days after compound administration; surviving
animals were subjected to immunosuppression with cyclophosphamide
(Genuxal) administered in three cycles with doses of 50 mg/kg/day. Each
cycle consisted of four consecutive days of cyclophosphamide administra-
tion, with 3-day intervals between cycles.

Parasitemia relapse was then followed for the next 3 weeks (35). Those
mice that maintained negative parasitemia levels were then euthanized
and about 1,000 pl of their blood collected for hemoculture and PCR

FIG 1 Ultrastructural aspects of bloodstream trypomastigotes of T. cruzi (Y
strain) subjected (D to I) or not (A to C) to VNI exposure. N, nuclei; M,
mitochondria, ER, endoplasmic reticulum, F, flagellum; G, Golgi apparatus.
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FIG 2 Ultrastructural aspects of bloodstream trypomastigotes of T. cruzi (Colombiana strain) subjected to VNI exposure. N, nuclei; M, mitochondria, ER,
endoplasmic reticulum, F, flagellum; G, Golgi apparatus.
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TABLE 2 Induction of His™" revertants in S. Typhimurium strains by VNI in a reverse mutation test without metabolic activation

Without S9 With S9
No. of His™ No. of His™
Strain VNI (nM) MI® revertants/plate” Survival (%)° MI revertants/plate Survival (%)
TA97 0 1.00 81.0 £ 44 100.0 1.00 192.0 = 22.7 100.0
0.06 1.08 87.7 £ 3.8 100.0 1.09 208.7 = 10.1 73.6
0.12 1.10 89.0 £ 13.9 100.0 1.05 200.7 £ 9.9 100.0
0.23 1.17 94.7 = 0.6 100.0 1.02 196.0 = 19.7 100.0
0.45 1.12 90.3 = 16.8 100.0 1.11 212.7 = 32.9 100.0
0.89 1.23 100.0 £ 5.2 100.0 1.10 210.7 = 43.1 100.0
TA98 0 1.00 24.0 £ 7.1 100.0 1.00 45.0 = 15.6 100.0
0.06 1.85 443 = 3.1 83.2 0.99 44,7 +17.2 100.0
0.12 1.14 273 *x7.2 100.0 0.84 38.0 £ 4.0 97.1
0.23 1.19 28.7 £ 9.1 70.9 0.87 39.3 £ 6.1 100.0
0.45 1.22 29.3 4.0 74.4 1.04 46.7 = 6.1 99.6
0.89 1.63 39.0 £ 44 80.3 1.02 46.0 = 12.5 99.3
TA100 0 1.00 178.0 = 28.6 100.0 1.00 84.0 £ 5.3 100.0
0.06 0.88 156.3 = 9.1 100.0 1.09 91.3 £ 11.0 56.4
0.12 0.81 144.3 £ 9.8 93.8 1.03 86.7 £ 6.4 70.5
0.23 0.86 153.3 = 14.2 100.0 1.18 99.3 £ 4.6 79.9
0.45 1.16 205.7 £ 11.0 100.0 1.28 107.3 £ 6.4 75.9
0.89 0.99 177.0 £ 23.3 100.0 0.96 80.7 = 18.5 62.8
TA102 0 1.00 346.7 = 40.1 100.0 1.00 405.0 = 33.0 100.0
0.06 0.77 266.3 = 18.0 100.0 1.00 403.3 = 14.8 74.2
0.12 1.20 414.7 = 37.0 100.0 0.75 303.3 = 33.3 90.3
0.23 0.90 311.0 = 28.6 100.0 0.73 294.0 = 53.8 86.2
0.45 1.11 386.0 = 30.0 100.0 0.79 3180+ 114 95.7
0.89 1.06 368.0 = 5.7 100.0 0.85 344.7 = 16.9 76.7

“ Mutagenic index (MI), number of His " revertants induced in the sample/number of spontaneous His™ revertants in the negative control (5% DMSO).

b Mean value = standard deviation from at least three experiments.

¢ Calculated in relation to the negative control. Bold numbers are statistically significant (P =< 0.005).

analysis (29). The DNA extraction and PCR protocols were adapted and
standardized for rodent samples as previously reported (28). Briefly, 500
pl blood was diluted 1:3 in guanidine solution (6 M guanidine HCI, 0.2 M
EDTA) and heated for 90 s in boiling water in order to cleave the parasite
kinetoplast DNA (kDNA) network. The PCR was performed using the
primers: 121 (5'AAATAATGTACGGG[T/G]GAGATGCATGA3') and
122 (5'GGTTCGATTGGGGTTGGTGTAATATA3'), which amplify a
330-bp sequence from the minicircle kinetoplast DNA (ca. 120,000 cop-
ies/parasite), as previously described (36). The PCR was carried out using
a GeneAmp PCR System 9700 (Applied Biosystems) as follows: one step at
94°C for 3 min (to activate the Taq Platinum DNA polymerase), 2 cycles at
98°C for 1 min and 64°C for 2 min, 38 cycles at 94°C for 1 min and 64°C for
1 min, and a final extension at 72°C for 10 min. The amplification prod-
ucts were detected by 1.5% agarose gel electrophoresis following staining
with ethidium bromide (5 mg/ml). For hemoculture, 200 pl of blood was
added to 5 ml liver infusion tryptose (LIT) medium and incubated at 28°C
for 30 days, with weekly examination by light microscopy to detect epi-
mastigote forms (28). Only samples with negative parasitemia and
hemoculture assay results were further screened by PCR analysis.

Ethics. All procedures were carried out in accordance with the guide-
lines established by the FIOCRUZ Committee of Ethics for the Use of
Animals (CEUA 0028/09).

CYP51 gene sequencing. Colombiana genomic DNA was obtained
from 10° epimastigote forms grown in liver infusion tryptose (LIT) me-
dium supplemented with 10% fetal calf serum with weekly passages (37),
using a commercial kit based on silica membrane technology (QIAamp
DNA Mini Kit; Qiagen, Valencia, CA). The parasites were rinsed in saline
buffer and then incubated in DNA lysis buffer. The protocol was carried
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outaccording to the manufacturer’s instructions, and the DNA was eluted
with 100 pl elution (AE) buffer. The DNA was stored at —20°C, and its
purity and concentration were determined usinga NanoDrop 2000c spec-
trophotometer (Thermo Scientific) at 260/280 and 260/320 nm. The
length of genomic DNA was determined by electrophoresis through a 1%
agarose gel.

Next, the CYP51 gene was PCR amplified using a FailSafe PCR Premix
Selection Kit (Epicentre). The upstream primer 5'-CGCCATATGTTCA
TTGAAGCCATTGTATTGG-3" contained a unique Ndel cloning site
(underlined) and corresponded to the Tulahuen T. cruzi CYP51 cDNA
from bp 1 to 25. The downstream primer 5'-CGCAAGCTTCAGTGATG
GTGATGCGAGGGCAATTTCTTCTTGCG-3' included a unique
HindlIII cloning site (underlined) followed by a stop codon (bold) and a
C-terminal 4-histidine tag (italics) and was complementary to the T. cruzi
CYP51 sequence from bp 1443 to 1423. The PCR mixture included 50 ng
genomic DNA, 1 uM each forward and reverse primers, and 0.5 .l Fail-
Safe PCR enzyme in a final volume of 25 ul. Twenty-five microliters of
FailSafe PCR 2 X Premix I was added, and amplification was carried out by
denaturation at 95°C for 2 min and then 28 cycles of denaturation at 95°C
for 60 s, annealing at 52°C for 30 s, and extension at 72°C for 140 s.
Terminal extension for 2 min at 72°C completed the reaction. The PCR
products were subcloned into pGEM-T Easy vector (Promega) and se-
quenced (T7 and SP6 primers) at Vanderbilt DNA Sequencing Core fa-
cility.

Salmonella enterica serovar Typhimurium reverse mutation test.
VNI was tested in reverse mutation tests (with and without metabolic
activation with S9) following the protocol proposed by Maron and Ames
(38), ICH Guidance for Industry S2 (R1) Genotoxicity Testing and Data
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FIG 3 Parasitemia (A) and percent cumulative mortality (B) in Swiss Webster male mice infected with 5 X 10? trypomastigote forms of T. cruzi (Colombiana strain)
and treated or not with VNI (p.o., b.i.d.) from dpi 12 to 16 at 6-, 12-, or 25-mg/kg doses or with 100 mg/kg Bz. VNI was diluted in 10% DMSO plus 5% arabic gum.

Interpretation for Pharmaceuticals Intended for Human Use (June 2012)
(U.S. Department of Health and Human Services, Food and Drug Admin-
istration [FDA], Center for Drug Evaluation and Research [CDER], and
Center for Biologics Evaluation and Research [CBER]), and OECD test
guideline 471 (39). Aliquots of 100 pl of S. Typhimurium strains TA97,
TA98, TA100, and TA102 (2 X 10® cells/ml) were preincubated (20 min,
37°C) with 100 pl of VNI (from 0.06 nM up to 3,550 nM) and 500 .l 0f 0.2
M sodium phosphate buffer (pH 7.4). After 20 min, 2 ml top agar (0.7%
agar, 0.6% NaCl, 50 pM r-histidine, 50 .l biotin, pH 7.4) at 45°C was
added to the test tubes, and the final mixtures were poured into petri
dishes with minimal agar (1.5% agar and Vogel-Bonner E medium con-
taining 2% glucose). These final mixtures were incubated at 37°C for 72 h,
and the His™ revertant colonies were counted. The mutagenic indexes
(MI) were calculated as the mean value obtained from each concentra-
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tion divided by the mean value of the negative control (DMSO, 5%).
For determination of the cytotoxic effects of VNI, the preincubation
assay mixture in the bacterial (reverse) mutation test was diluted in
0.9% (wt/vol) NaCl. This suspension contained 2 X10* cells/ml. An
aliquot of 100 wl of this suspension was plated on nutrient agar (0.8%
Bacto nutrient broth [Difco], 0.5% NacCl, and 1.5% agar). The plates
were then incubated at 37°C for 24 h, and survival fractions were
calculated as percent survival compared to that of the negative group.
All experiments were performed in triplicate and repeated twice. The
tested compound was considered mutagenic when (i) the number of
revertant colonies in the assay was at least twice the number of spon-
taneous revertants (MI = 2), (ii) analysis of variance (ANOVA) re-
vealed a significant response (P = 0.05), and (iii) a reproducible con-
centration-response curve (=0.01) was obtained.
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or not with VNI (via gavage, b.i.d.) from dpi 5 to 9 at 25 mg/kg or with Bz at 100 mg/kg as a reference drug. VNI was diluted in DMSO (10%).

Nucleotide sequence accession number. The cDNA and protein se-
quences for the CYP51 A and B genes have been deposited into the NCBI
GenBank database (http://www.ncbi.nih.gov/Genbank) under nucleotide
accession numbers KC330216 and KC330217, respectively.

RESULTS
In vitro analysis of VNI and its derivative VNI/VNF (19) showed

dose-dependent trypanocidal activities against bloodstream try-
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pomastigotes (BT) from strain Y, reaching EC5ys of 11 and 32 M
for VNI and VNI/VNF, respectively, after 24 h at 37°C (Table 1).
VNI also proved to be very effective against culture-derived try-
pomastigotes (CT), exhibiting EC5ys of ~3.0 uM for both the Y
and Colombiana strains (Table 1). The compounds were further
screened on the intracellular forms of Y strain T. cruzi-infected
cardiac cell cultures and demonstrated even higher activity against
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FIG 5 Parasitemia levels in Swiss Webster male mice infected with 5 X 107 trypomastigote forms of T. cruzi (Colombiana strain) and treated (p.o.) or not from dpi 11
to 30 with 10% DMSO, VNI (b.i.d. at 25-mg/kg and 50-mg/kg doses), or Bz at 100 mg/kg as a reference drug. Mortality rates until 81 dpi were 83% in untreated mice and
mice treated with 10% DMSO plus 5% arabic gum (5 out of 6) and 0% in VNI- and Bz-treated mice (0 out of 6). VNI was diluted in 10% DMSO plus 5% arabic gum.

the multiplying intracellular forms of the parasite (ECs, = 0.9 *
0.2 wM). Remarkably, against intracellular T. cruzi, VNI/VNF dis-
played a stronger effect than VNI, since it reduced 90% of cardiac
cell parasitism when only 7 wuM was used, while the EC,, for VNI
was 38 wM (Table 1). Next, toxicity aspects of these inhibitors on
mammalian cells were studied using cardiac cell cultures. Treat-
mentat 37°C for 24 h resulted in loss of cellular viability only when
high doses were employed, showing a 50% lethal concentration of
200 wM (Table 1). Incubation for 48 h with VNI and VNI/VNF
resulted in ECsys of 50 and 150 M, respectively, showing that
besides being more effective against intracellular parasites, VNI/
VNF is also less toxic to mammalian host cells, leading to a higher
selectivity index (SI) of 170 (Table 1).

Transmission electron microscopy (TEM) analysis was next
performed, and as expected, untreated parasites presented typical
morphology in regard to nuclei, endoplasmic reticulum, mito-
chondria, and kDNA (Fig. 1A to C). In contrast, after 2 h of incu-
bation with VNI, bloodstream trypomastigotes of the Y (Fig. 1C to
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I) and Colombiana (Fig. 2A and B) strains displayed an altered
morphology, and the most prominent features included well-de-
veloped endoplasmic reticulum profiles in very close proximity to
and surrounding different parasite organelles such as nuclei
(Fig. 1D [insets] and E, white arrows) and the Golgi apparatus
(Fig. 1F and G, white arrows). Also, blebs of the plasma membrane
could be seen (Fig. 1E, black arrow), in addition to an intense
disorganization and detachment of the nuclear envelop (Fig. 2B)
and dilated Golgi cisternae (Fig. 2A, black arrow), as well as swol-
len mitochondria (Fig. 2A [inset] and 1D [lower inset, asterisks])
with dilated and crista disorganization (Fig. 2A and B, insets). The
presence of numerous cytosolic concentric membrane structures
(Fig. 1D, H, and I, black arrows) was also frequently noticed in BT
exposed to VNI

In order to explore the potential mutagenic aspects of VNI, the
bacterial reverse mutation test (Ames test) was performed without
and with metabolic activation (S9). These tests are commonly
employed as an initial screen for genotoxic activity and, in partic-
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ular, for point mutation-inducing activity. Since those point mu-
tations are the cause of many human genetic diseases, the evidence
for these mutations represents a useful tool to predict DNA dam-
age in human cells. The strains used in the Ames test have several
features that make them more sensitive for the detection of mu-
tations, including responsive DNA sequences at the reversion
sites, increased cell permeability to large molecules, and elimina-
tion of DNA repair systems or enhancement of error-prone DNA
repair processes. Under the conditions used, VNI showed no mu-
tagenic potential (MI < 2) (Table 2) at all tested doses.

Next, due to the low mutagenic potential of VNI and its previ-
ously reported low acute toxicity (NOAEL [no observed adverse
effect level] values of 400 mg/kg as shown in reference 19) and
excellent activity against BT, CT, and intracellular forms and dif-
ferent strains of T. cruzi, exhibiting a high ST and an effect superior
to that of reference drug (Bz), this compound was subjected to in
vivo analysis using highly stringent protocols. These in vivo assays
were performed using Swiss male mice (which are less resistant to
T. cruziinfection than female mice [40]) inoculated with BT forms
from strains Y (10*) and Colombiana (5 X 10°) (29), employing
doses equal to or lower than the dosage used in the previous study
(25 mg/kgb.i.d.) (18) and shorter treatment periods (from 5 to 26
consecutive daily doses). In contrast to the previous VNI study
(18) and other, less stringent protocols for evaluating drug efficacy
in murine acute models of Chagas disease (14, 27) that start the
compound administration as early as 24 h after T. cruzi inocula-
tion, the present VNI treatment was started only at the onset of
parasitemia (5 and 11 to 12 days after infection for the Y and
Colombiana strains, respectively) to ensure that the parasite had
the chance to actively start proliferation within the tissues (28, 29).
Only those mice that presented positive parasitemia were used in
the following studies.

In the first scheme of treatment employing Colombiana acute
infection (scheme 1), VNI was administered for 5 daily consecu-
tive doses using 6 to 25 mg/kg twice a day by the oral route (p.o.),
totaling 12, 25, and 50 mg/kg/day (Fig. 3). Except for the lowest
dose (6 mg/kg), VNI considerably reduced the parasitemia and
protected (100%) against mortality induced by the parasite infec-
tion (Fig. 3A and B). As expected, 25 mg/kg VNI also reduced the
parasitemia in the experimental mouse model of T. cruzi acute
infection using strain Y: while infected but untreated mice pre-
sented high parasitemia levels, peaking at 8 dpi (Fig. 4A), VNI-
treated mice displayed low circulating parasitism (>80% de-
creased levels), resulting in 100% mouse survival (Fig. 4A and B).
Next, a second scheme of treatment was used, aiming to achieve a
complete suppression of T. cruzi infection. Colombiana-infected
animals were treated b.i.d. for 20 consecutive days using 25 and 50
mg/kg VNI (Fig. 5). Our data showed that both doses of VNI
suppressed the parasitemia levels as seen with administration of
100 mg/kg Bz (Fig. 5). Both doses also induced 100% animal sur-
vival, as Bz also did, while animals untreated or treated only with
the vehicle (DMSO plus arabic gum) displayed similar para-
sitemia levels, which caused >80% mortality (data not shown).
Since no significant difference was found using 25- and 50-mg/kg
doses, another set of analyses (scheme 3) was performed using 25
mg/kg VNI administered b.i.d. for 26 days, starting at parasitemia
onset (Fig. 6). Under these conditions, VNI not only completely
suppressed parasitemia but also protected against mouse ponderal
weight loss and against mortality triggered by T. cruzi infection,
leading to 100% survival and showing efficacy similar to that of
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FIG 6 Parasitemia (A), ponderal curve (B), and percent cumulative mortality
(C) in Swiss Webster male mice infected by 5 X 10> trypomastigote forms of T.
cruzi (Colombiana strain) and treated or not with VNI (p.o., b.i.d.) from dpi
11 to 36 at 25 mg/kg and with Bz at 100 mg/kg as a reference drug. VNI was
diluted in 10% DMSO plus 5% arabic gum.

100 mg/kg Bz (Fig. 6A to C). However, the analysis of parasitolog-
ical cure after immunosuppression demonstrated that no cure was
achieved in either Bz- or VNI-treated mice, since all groups re-
lapsed and most (5 out of 6) died during cyclophosphamide ad-
ministration (Table 3).

DISCUSSION

VNI (Fig. 7) was originally obtained from Novartis, from a
400-compound library of potential inhibitors for vitamin D-
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TABLE 3 Parasitological cure analysis of VNI and Bz-treated mice”

No. of surviving mice/no. No. of tested samples/no.

No. of of mice that relapsed after of negative hemocultures
Group doses Cy administration” after Cy administration®
Untreated 0 1/1 0/0
Bz, 100 mg/kg, p.o. 26 6/5 1/0
VNI, 25 mg/kg b.i.d., p.o. 26 6/5 1/0

“ Swiss Webster male mice were infected by 5 X 10° trypomastigote forms of T. cruzi (Colombiana strain) and treated or not with VNI (via gavage, b.i.d.) from dpi 11 to 36 at 25
mg/kg and with Bz at 100 mg/kg as a reference drug. VNI was diluted in 10% DMSO plus 5% arabic gum.
b After 45 days of treatment (at 81dpi), surviving mice (6/6 in both the VNI and Bz groups and 1/6 untreated animals) were subjected to 3 cycles of cyclophosphamide (Cy)

administration, and then the parasitemia was followed up to 121 dpi.

¢ Five animals each from the Bz and VNI groups died due to parasitemia relapse (up to 130 dpi).

metabolizing cytochromes P450 (41). Two compounds with
very similar structure (both carboxamide-containing B-phe-
nyl-imidazoles), SDZ-284692 (current name, VNI [17]) and
SDZ-285604 (current name, VNF [42]), have been identified as
the most potent T. cruzi CYP51 inhibitors upon testing of this
library in the reconstituted enzyme reaction against protozoan,
fungal, and human CYP51 orthologs. The inhibitory effects of
the compounds on the protozoan CYP51 activity correlated
well with their antiparasitic activity in T. cruzi cells (43), but no
in vivo experiments were done at that time due to insufficient
amounts of the compounds provided by Novartis. Subse-
quently, costructures of the protozoan CYP51s in complexes
with VNI (17) and VNF (42) have been determined, providing
an explanation both for the high potency of this novel inhibi-
tory scaffold and for the CYP51 enzyme susceptibility to inhi-
bition (12, 16). Surprisingly, since they are structurally highly
similar and both interact with the CYP51 heme iron via the
imidazole ring nitrogen (N3), inside the active site of the
enzyme VNI and VNF were found to acquire the opposite ori-
entations (Fig. 7). While the long three-ring arm of VNI pro-
trudes toward the substrate access channel entrance, the two-
ring arm of VNF occupies the deepest portion of the substrate
binding cavity. This finding served as the basis for the synthesis

FIG 7 Chemical structures of VNI and VNI/VNF. The VNI/VNF molecule
was obtained by adding a second aromatic ring to VNI and replacing two Cl
atoms with F (in order to maintain lower lipophilicity [log P = 5.4, versus
6.2 for the chlorinated analog]). The design was based on the costructures
of CYP51 with VNI (dark) and VNF (light), which both coordinate to the
heme iron but have the opposite orientation inside the CYP51 active site,
with the goal of filling the majority of the CYP51 binding cavity (sphere).

4160 aac.asm.org

of VNI/VNPF, the derivative which was designed to fill the ma-
jority of the CYP51 substrate binding cavity. This structural
modification was proven to strengthen the inhibitory effect of
this derivative on the CYP51 activity (19), and the analytical
use of VNI/VNF in the current study (Table 1) supports the
possibility of the compound having higher antiparasitic effi-
ciency as well.

Overall, cellular experiments revealed excellent antipara-
sitic effects of these CYP51 inhibitors against both forms of T.
cruzi that are relevant for human infection (trypomastigotes
and amastigotes) and high selectivity indexes. Transmission
electron microscopy (TEM) confirmed that VNI targets mem-
brane elements. Interestingly, in addition to the previously de-
scribed altered plasma membrane with blebs (44), we also ob-
served altered Golgi apparatus and endoplasmic reticulum
elements and nuclear envelope detachment. Altogether, these
alterations may be indicative of a morphological phenotype of
autophagy as demonstrated by reticulum and mitochondrion
profiles surrounding typical parasite organelles as well as the
occurrence of cytosolic concentric membrane structures simi-
lar to those reported for other natural and synthetic anti-T.
cruzi compounds (45, 46). The TEM data suggest that the en-
doplasmic reticulum may be the source of membranes for the
formation of preautophagosomal structures as reported previ-
ously (45). The autophagic process and respective specific in-
hibitors will be further studied in more detail in order to ex-
plore and better understand the cell death mechanisms and
intracellular components involved in the VNI trypanocidal ef-
fect.

Another aspect investigated was the potential of VNI to induce
mutagenicity as assayed by Ames tests. The bacterial reverse mu-
tation test detects point mutations restoring the functional capa-
bility of the bacteria to synthesize the essential amino acid histi-
dine. The revertant bacteria are detected by their ability to grow in
the absence of the amino acid, which is required by the parent test
strain (39). Our present data did not show a mutagenicity profile
of VNI until the concentration of 3,550 nM. However, although in
all tested bacterial assays no mutagenic aspects could be seen, the
potential of mutagenicity of VNI cannot be completely discarded,
since its high in vitro toxicity against these strains can mask mu-
tagenicity, which was not presently observed in any strain or at any
concentration tested. Once registration of pharmaceuticals re-
quires a comprehensive assessment of their genotoxic potential,
extensive follow-up testing to assess the in vivo mutagenic and
carcinogenic potentials would be warranted to assess the potential
risk for treatment of patients, unless justified by appropriate risk-
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TABLE 4 Sequence variations in CYP51s from different T. cruzi strains?

VNI as Potent CYP51 Inhibitor against T. cruzi

Amino acids DNA
No. of
differences
T. cruzistrain ~ CYP51 (protein accession no., database) % Identity ~ No. of differences (amino acid substitutions) % Identity  (no. silent)
CL-Brener A (XP_820210.1, GB) 100 0 (none) >99 2(2)
B (XP_821219.1, GB) 99 4 (G9A, D62E, A117S, E160K) 97 35 (31)
Colombiana A (KC330216, GB; CCP42464.1, EMBL) 98 8 (A117S, E160K, H196R, K203Q,b V2451, K314E,b 98 19 (11)
D405E, P480S")
B (KC330217, GB; CCP42465.1, EMBL) 98 7 (G9A, L13P," P32S," D62E, A117S, E160K A288S") 97 39 (32)
Sylvio Single, A-like (EKG07251.1, GB) 98 6 (G9C, A117S, E160K, H196R, V2451, D405E)
Marinkellei Single, B-like (EKF39305.1, GB) 95 24

@ CYP51 from the Tulahuen strain (GenBank [GB] protein accession number AAW47718.1) is used as a reference.

b Amino acid difference not found in other T. cruzi strains.

benefit analysis. Further studies are under way to explore this as-
pect in more detail.

Our recent study of VNI activity in mice infected with the
Tulahuen strain confirmed the efficiency of the compound in vivo,
using both acute and chronic models of T. cruzi infection (18). In
the present work we have further demonstrated that VNI is also
highly active against a variety of T. cruzi isolates, including not
only the drug-sensitive Tulahuen strain but also the medium and
highly drug-resistant Y and Colombiana strains. Even when used
in the highly stringent acute protocols, VNI was able to suppress
the parasitemia and protect against mortality (100% animal sur-
vival) in both the Y- and Colombiana-infected mice. The fact that
we did not reach the sterile parasitological cure in these experi-
ments does not diminish the VNI scaffold value but supports the
existence of differences in susceptibilities to CYP51 inhibitors in
various T. cruzi strains. In fact, amplification of the CYP51 gene
from the Colombiana genomic DNA revealed the presence of two
genes, with 8 and 7 amino acid differences from the CYP51 of the
Tulahuen strain (Table 4). Although none of the side chains of
these residues appears to be oriented inside the CYP51 substrate

binding cavity (Fig. 8), this finding suggests that Colombiana can
potentially have a CYP51-related lower susceptibility to azoles due
to higher CYP51 protein abundance (two genes) and/or indirect
involvement of some of the altered residues in CYP51 function,
such as modulation of catalytic activity via interaction with the
electron donor partner, efficiency of reduction, or flexibility. This
will be tested by expression of Colombiana CYP51s and structure/
function characterization in vitro. A deeper investigation regard-
ing possible enzyme specificities according to parasite stage (try-
pomastigotes and epimastigotes) may also be considered.
Concerning the lack of parasitological cure noticed with the Co-
lombiana strain, our next step will be to use longer treatment
schemes of VNI administration (60 days b.i.d.), as currently have
been used for most azoles (6) and suggested as a target product
profile of novel trypanocidal agents for CD (http://www.dndi.org
/diseases-projects/diseases/chagas/target-product-profile.html). Al-
ternative drug formulations (particularly cyclodextrin solutions,
which are generally used to increase bioavailability of lipophilic com-
pounds, including posaconazole [14, 27]) as well as VNI-Bz combi-
natorial therapy and comparative testing of the efficiencies of VNI

~ G\
D i NS
\ )

FIG 8 Mapping of amino acid substitutions in the CYP51 genes (A and B) from the Colombiana strain of T. cruzi. G9 and L13 are not present in the structure
[3k1o] because the N-terminal transmembrane peptide (31 amino acid residues in T. cruzi CYP51) was truncated for crystallization purposes; P480 is not seen

due to flexibility of the protein C terminus.
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and VNI/VNF in vivo are also forthcoming, and we believe that
CYP51 structure-based VNI scaffold optimization will produce a
drug candidate(s) sufficiently active against the entire diverse T. cruzi
population.
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