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Reversible Cysteine Protease Inhibitors Show Promise for a Chagas
Disease Cure
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The cysteine protease cruzipain is essential for the viability, infectivity, and virulence of Trypanosoma cruzi, the causative agent
of Chagas disease. Thus, inhibitors of cruzipain are considered promising anti-T. cruzi chemotherapeutic agents. Reversible cru-
zipain inhibitors containing a nitrile “warhead” were prepared and demonstrated 50% inhibitory concentrations (IC,,s) as po-
tent as 1 nM in baculovirus-generated cruzipain enzyme assays. In epimastigote and intracellular amastigote in vitro assays, the
most potent compounds demonstrated antiparasitic behavior in the 5 to 10 pM IC,, range; however, trypomastigote production
from the amastigote form was ~90 to 95% inhibited at 2 pM. Two key compounds, Cz007 and Cz008, with IC,s of 1.1 and 1.8
nM, respectively, against the recombinant enzyme were tested in a murine model of acute T. cruzi infection, with oral dosing in
chow for 28 days at doses from 3 to 50 mg/kg of body weight. At 3 mg/kg of Cz007 and 3 mg/kg of Cz008, the blood parasitemia
areas under the concentration-time curves were 16% and 25% of the untreated group, respectively. At sacrifice, 24 days after im-

munosuppression with cyclophosphamide, parasite presence in blood, heart, and esophagus was evaluated. Based on negative
quantitative PCR results in all three tissues, cure rates in surviving animals were 90% for Cz007 at 3 mg/kg, 78% for Cz008 at 3
mg/kg, and 71% for benznidazole, the control compound, at 50 mg/kg.

ypanosoma cruzi is the causative agent of Chagas disease,

which is endemic from the southwest United States to Patago-
nia. Historically, Chagas disease was a disease of poor and rural
populations in Central and South America, where it was transmit-
ted primarily by triatomine insect vectors (e.g., Triatoma infestans,
Rhodnius prolixus) (1). Although vector-based transmission has
been controlled in several regions through massive public health
programs (2), T. cruzi can also be transmitted by transfusion,
transplantation, and contaminated foods and vertically from
mother to child. In many parts of the Americas where vector-
driven transmission has been controlled, transfusion has become
the major route of transmission (3). Furthermore, mother-to-
child transmission can maintain Chagas disease in populations
long after vectorial transmission has ceased. Although congenital
transmission is thought to occur in <5% of children born of pos-
itive mothers, family clustering and multigenerational transmis-
sion have been reported (4). Furthermore, due to international
migrations, Chagas disease is now considered an emerging disease
in several nonendemic areas in the world, including the United
States, Europe, Japan, and Australia, where nonvectorial trans-
mission of the parasite is becoming a serious public health
threat (5).

Chemotherapy options are limited, with only two trypanocidal
drugs available: nifurtimox and benznidazole. However, only
benznidazole is in common use, due to the risk of serious central
nervous system and peripheral neurotoxicity with nifurtimox (6).
Although some authorities feel that the risks of benznidazole-as-
sociated side effects have been overemphasized (7), this drug has
been reported to cause significant neurotoxicity (seizures), pe-
ripheral neurotoxicity, serious dermatologic conditions, leukope-
nia, and thrombocytopenia (7). Treatment in acute (<6 months
since infection) and congenital infection is generally effective
(>95% “cure”) (6). The efficacy rate is slightly lower in “early”
infection (i.e., 76% cure in children >6 months but <14 years of

February 2014 Volume 58 Number 2

Antimicrobial Agents and Chemotherapy p. 1167-1178

age), but there is no adequate treatment for Chagas disease once
the patient has entered the indeterminate or chronic phase of in-
fection (<6% cure) (8, 9). Thus, once the disease has entered the
chronic phase, the benefit of benznidazole treatment on parasite
load and clinical evolution is controversial (10), yet the majority of
people currently infected with 7. cruzi fall into this last category.
Chagas disease is receiving more attention in drug discovery and
drug development, and promising new therapies for Chagas dis-
ease have recently entered clinical trials, with several others in the
pipeline (10, 11, 12, 13).

The cysteine protease cruzipain, a member of the papain fam-
ily, is essential for the viability and virulence of T. cruzi, and thus
inhibitors of cruzipain are considered promising agents for Cha-
gas disease therapies (14, 15, 16, 17, 18, 19). Studies with irrevers-
ible cruzipain inhibitors have shown the biochemical impact of
inhibiting cruzipain on T. cruzi. In particular, prototype K777
(also known as K11777) has been efficacious in preclinical models
of T. cruzi infection, including immunocompetant and immuno-
deficient mice (20, 21) and dogs (22). An a-ketone irreversible
cruzipain inhibitor has also recently shown efficacy in a murine
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FIG 1 Structures of K777, odanacatib, and the nitrile-containing cruzipain inhibitors used in this study (20, 29, 30).

model (23). These studies show the potential of cruzipain inhibi-
tors as anti-T. cruzi therapies.

Cruzipain is closely related to the human cysteine protease family
of cathepsins. Recently, the discovery of reversible cathepsin K inhib-
itors containing a nitrile “warhead” have been reported (24). One of
these compounds, MK-0822 (odanacatib) Fig. 1), is currently in
phase III development for postmenopausal osteoporosis (25-27).
The structural similarities between cruzipain and cathepsin K sug-
gested that reversible cruzipain inhibitors could be successful an-
ti-T. cruzi agents (28), and a drug discovery effort was mounted to
identify nitrile-containing cruzipain inhibitors (29). This paper
describes the in vitro and in vivo efficacy data for the resulting
compounds and demonstrates that these reversible cruzipain in-
hibitors are orally bioavailable, well tolerated, and highly effica-
cious in a preclinical model of acute Chagas disease.

MATERIALS AND METHODS

General. Cruzipain inhibitors were synthesized at the Merck Frosst Can-
ada & Co. laboratories (Kirkland, Quebec, Canada) according to pub-
lished procedures (20, 29, 30). Reagents were obtained from standard
commercial sources unless specified below. The Brazil strain of T. cruzi
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was used (31) for all in vitro and in vivo studies. All animal studies were
reviewed and approved by the Merck Frosst and McGill University
IACUC committees.

Enzyme expression for screening. A recombinant cruzipain enzyme
preparation was generated in a baculovirus system by using a construct
from amino acids (aa) —104 to 212 (construct 334), which is identical to
the full-length cruzipain-1 sequence described by Eakin et al. and is herein
referred to as cruzipain-AC (32). It comprises the prodomain but not the
C terminus, and a 6-aa His tag was added. The supernatant produced after
72 h demonstrated enough activity to be used without further purifica-
tion.

Cruzipain enzyme activity. Approximately 900 proprietary cysteine
protease inhibitors (20, 29, 30) were screened by a 3-point titration at
0.06, 0.3, and 1.5 uM against cruzipain-AC. Definitive 50% inhibitory
concentrations (ICs,s) for selected compounds were determined by using
11-point serial dilutions (1/3) at final concentrations of 0.0085 to 500 wM,
or as appropriate. Two microliters of 50X dimethyl sulfoxide (DMSO)
stock solutions were added to 100 pl of cruzipain-AC (500 ng/ml) in the
assay buffer solution (50 mM NaOAc [pH 5.5], 5 mM dithiothreitol, and
10% [vol/vol] DMSO). The assay solutions were mixed for 5 to 10 son a
shaker plate and incubated for 15 min at room temperature. Ten micro-
liters of 20 WM Z-Phe-Arg-AMC buffer was added to the assay solutions.
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Hydrolysis of the coumarin leaving group (AMC) was followed by spec-
trofluorometry (excitation wavelength, 350 nm; emission wavelength,
460 nm) for 10 min. Percent inhibitions were calculated by fitting exper-
imental values to a standard mathematical model for dose-response
curves.

Cathepsin enzyme assays. Assays for human cathepsins B, F, K, L, S,
and V and mouse cathepsins B and S were performed as described previ-
ously (30, 33, 34).

In vitro effects of cruzipain inhibitors on epimastigotes. A [*H]thy-
midine incorporation assay was used to assess compound activity, and it
was performed in two ways; (i) parasites were treated with compounds for
48 h, the compounds were removed by washing, and the [*H]thymidine
assay was performed for 48 h; (ii) parasites were treated with the com-
pound for 48 h, the compound was removed by washing, fresh medium
wash was added, the parasites were incubated for an additional 4 days
(recovery experiment), and then the [*H]thymidine assay was performed
for 48 h. Specifically, the epimastigote form of T. cruzi (Brazil strain [31])
was grown in a 25-ml flask in 10 ml liver infusion tryptose (LIT) broth at
28°C with agitation at 80 rpm (orbital shaker; Forma Scientific, CA). The
LIT medium contained 20 g LIT broth (Difco Laboratories, Detroit, MI),
5 g tryptose (Difco), 4 g NaCl, 0.4 gKCl, 8 gNa,HPO,, and 2 g of dextrose
(Gibco, Burlington, ON, Canada) in 1 liter of distilled water (pH 7.4) and
was filter sterilized. Heat-inactivated 10% fetal bovine serum (FBS;
Wisent, Inc., St. Bruno, Quebec, Canada), 1% penicillin-streptomycin
(Wisent, Inc.), and 25 mg L21 hemin (Sigma, St. Louis, MO) were dis-
solved in 2.5 ml of water and 2.5 ml (50/50 [vol/vol]) of triethanolamine
(Sigma, Oakville, ON, Canada) and added to the LIT medium. Test com-
pounds at final concentrations of 0.1, 1, 10, and 100 wM were incubated
with 107 epimastigotes/ml in 24-well flat-bottom plates (Costar, Tewks-
bury, MA), and the final volume was 1 ml/well. The plates were incubated
in a shaker at 80 rpm (orbital shaker; Forma Scientific) for 48 h at 28°C.
Parasites were harvested in Eppendorf tubes and washed three times with
1 M phosphate-buffered saline (PBS; pH 7.4) by centrifugation at 850 X g
for 15 min at 4°C to remove the compounds. Epimastigote replication was
measured in a [*H]thymidine incorporation assay, in which epimastigotes
were seeded in duplicate into 96-well plates with LIT medium (final vol-
ume, 200 l), and 1 wCi per well of [*H]thymidine was added. Parasites
were incubated at 28°C for 48 h and were then subjected to one freeze-
thaw cycle before cellular DNA was harvested onto glass fiber filters.
[*H]thymidine incorporation was measured by using a beta counter (Mi-
crobeta, Wallac, Finland). The results are expressed as mean counts per
minute (cpm) of duplicate samples (35). For the 4-day recovery experi-
ment, after washing to remove the compound, the parasites were incu-
bated for 4 days in medium, as described above, prior to initiating the
[’H]thymidine incorporation assay.

Antiamastigote activity. Cytotoxicity of compounds was tested in
U937 cells (data not shown) and J774 cells (see the description of our
preliminary work with these cells in the supplemental material), and the
latter were selected for the antiamastigote activity assay. Trypomastigotes
were first prepared in a 10-day procedure involving infection of Vero cells
with epimastigotes at a 1:10 ratio on day 3, as described by Berrizbeitia et
al. (36). On day 10, trypomastigotes were harvested and used to infect the
J774 cells, which were seeded in 24-well microplates with round-bottom
coverslips. Trypomastigotes of the Brazil strain (31) were added at a par-
asite-to-cell ratio of 10:1 for 24 h at 37°C. Extracellular parasites were
removed by 3 washes with PBS, pH 7.2. The test compounds were diluted
in fresh medium at 2, 5, 10, and 20 uM and refreshed every 24 h for 72 h.
The experiment was done in triplicate. Coverslips were fixed and stained
with May Grunwald Giemsa stain (Sigma). The average number of
amastigotes per macrophage in 100 macrophages was determined by
light microscopy. For Cz005, some cytotoxicity was observed at 10 and
100 wM, and fewer than 100 macrophages were counted. The percent
antiamastigote activity was determined as follows: [1 — (number of
amastigotes/100 cells in treated group)/(number of amastigotes/100
cells in control group)] X 100.
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Antitrypomastigote activity. Viable trypomastigotes in the medium
were harvested at 72 h from the antiamastigote activity assay mixture
described above. Trypomastigotes were resuspended in trypan blue
solution (0.4%; Sigma), and live parasites were counted in a Neubauer
chamber.

Pharmacokinetic (PK) studies of cruzipain inhibitors. Male CD-1
mice weighing approximately 25 g were dosed orally by gavage with Cz007
(20 mg/kg) or Cz005 (10 mg/kg) as a suspension in 0.5% methocellulose
(10-ml/kg dose volume), respectively. Blood samples were collected from
the tail vein at 15 and 30 min and 1, 2, 4, 6, 8, and 24 h and placed into 0.1
M trisodium citrate buffer for analysis according to standard procedures
(37). Mice were dosed intravenously with Cz007 (5 mg/kg) or Cz005 (2
mg/kg) in 60% polyethylene glycol (5-ml/kg dose volume) by direct in-
jection into the jugular vein of conscious mice. Blood samples were taken
at 5and 30 min and 1, 2, 4, 6, 8, and 24 h and treated as described above.

Murine tolerability and tissue distribution studies for Cz007 and
Cz008. Tolerability studies were conducted using male CD-1 mice weigh-
ing ~35 g that were individually housed. Mice were exposed to a 12-h
light/dark cycle with lights on at 6 a.m. and were preconditioned with
blank chow for 10 days. Cz007 and Cz008 were then provided in chow
formulation (see below) for 5 days in preweighed food jars (product num-
ber 910018; Diets, Inc., Bethlehem, PA) that were changed daily, with
weighing, to determine food consumption. Mice were examined and
weighed daily. Ten microliters of blood for PK was collected by tail bleed
and placed into 0.1 M trisodium citrate buffer for analysis (37). Blood
samples collected at sacrifice were also assessed for clinical chemistry
markers (aspartate transaminase, alanine aminotransferase, lactate dehy-
drogenase, creatinine kinase, alkaline phosphatase, and total bilirubin).
Heart, esophagus, and liver were harvested at sacrifice for determination
of Cz007 and Cz008 concentrations.

Chow preparation with Cz007 and Cz008. Test articles were prepared
for dosing as a mixture in powdered chow (2018M; Harland Teklad). For
both Cz007 and Cz008, chow prepared at 22, 90, and 425 ppm was con-
sidered to provide doses of 3, 10, and 50 mg/kg, since the consumption of
5 g of food per 35-g mouse per day was established by weighing the food
jars during the 5-day tolerability study. After milling to a particle size of
<10 pM in a Fritsch mortar grinder pulverisette 2 (Fritsch GmbH, Ger-
many), the total amounts of drug needed for the studies were systemati-
cally mixed with chow by serial dilution as detailed in the supplemental
material.

Benznidazole dosing. Benznidazole was provided in water containing
0.0075% Tween 20 at a concentration of 0.25 mg/ml. Given a water con-
sumption rate of 5 ml/day per 25-g mouse, this corresponds to ~50 mg/
kg. Water consumption would be correspondingly higher for a larger
mouse.

Bioanalysis. Standard curves for each tissue type were prepared with
corresponding blank tissue homogenates. All compounds were analyzed
by quantitative liquid chromatography-mass spectrometry (LC-MS) by
using a SCIEX 2000 apparatus (Toronto, Canada) with positive ion elec-
tron spray ionization. LC separation was achieved by using a Luna C, g
3-pm (50- by 2-mm) LC column (Phenomenex) with a mobile-phase
gradient consisting of acetonitrile and 0.1% formic acid. Analysis of
Cz007 was done using a 3-min gradient of acetonitrile from 35 to 95%,
with MS ionization at +30 eV. For Cz005 and Cz008, a 2-min gradient of
acetonitrile from 10 to 95% acetonitrile was used with ionization at +40
eV. Benznidazole was analyzed on the same system with a gradient of 20 to
95% acetonitrile and ionization of +30 eV.

Parasite culture for inoculation. Epimastigotes were collected during
the logarithmic growth phase, as previously described, and washed three
times in 1 M PBS (pH 7.4) by centrifugation at 850 X g for 15 min at 4°C.
The trypomastigotes for infection were then prepared as previously de-
scribed (38) by infecting Vero cell monolayers (ATCC CCL-81) with the
epimastigotes, harvesting the supernatant after 7 days, purifying the try-
pomastigotes in a column, and counting them in a Neubauer chamber.
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TABLE 1 Experimental design of in vivo efficacy studies

Expt 1 Expt 2 (no.
(no. of mice) of mice)
Compound or Dose Endpoint  Endpoint  Endpoint
control (mg/kg) Infected? onday28 onday90 ondayll3
Cz007 3 Yes 10
10 Yes 10
50 Yes 10
50 5
Cz008 3 Yes 10
10 Yes 10 10 10
50 Yes 10 10
50 10 10
Benznidazole 50 Yes 10 10 10
Infected, untreated Yes 10 10 10
Mock infected, 5 5 5
untreated

In vivo murine efficacy studies. Two separate efficacy studies were
conducted, and the experimental designs of both are summarized in Table
1. Mice were housed 5 per cage and were inoculated intraperitoneally with
10* trypomastigotes of the Brazil strain (31) of T. cruzi. Treatment was
started 2 days postinfection. For parasitemia assessments, 10-ul blood
samples were taken from the tail vein, and parasitemia was determined by
manual counting using a Neubauer chamber. The limit of detection was 1
parasite in 20 microscopic fields, which corresponds to 2.5 X 10° parasites
per ml of blood (39). Mice were also evaluated for weight and body tem-
perature 3 times a week throughout the studies. Body temperatures were
measured using implantable programmable temperature transponders
(Bio Medic Data Systems, Inc., Seaford, DE).

In the first study (experiment 1), eight groups of 10 male CD-1 mice,
6 to 8 weeks old and weighing 37 g, were used. Only Cz008 was evaluated
in this first experiment, at doses of 10 and 50 mg/kg, from day 2 to day 28
in a food formulation, while benznidazole was provided in drinking wa-
ter, as described above. Control mice consisted of untreated infected mice,
untreated mock-infected mice, and Cz008 (50 mg/kg)-treated mock-in-
fected groups. One cohort of each treatment group was sacrificed at day 28
for an interim analysis, and the remaining animals were sacrificed at day
90. Blood levels of benznidazole and Cz008 were determined at day 28,
and qualitative PCR was determined in blood at day 90.

In the second murine efficacy study (experiment 2), the initial 30 days
were identical with respect to inoculation and monitoring. Mice were
treated for 28 days with Cz008 at 3 or 10 mg/kg, Cz007 at 3, 10, or 50
mg/kg, both dosed in chow, or benznidazole at 50 mg/kg, provided in
drinking water. Control mice consisted of untreated infected mice, un-
treated mock-infected mice, and Cz007 (50 mg/kg)-treated mock-in-
fected groups. At day 30, blood samples were taken by tail bleed (37) for
compound level determinations. From day 30 to the end of the study,
mice were treatment-free, receiving regular chow and drinking water. On
day 90, immunosuppression was induced by 200 mg/kg cyclophospha-
mide (Sigma) via intraperitoneal injection in 0.9% saline (40). Body
weight, temperature, and parasitemia were determined daily until sacri-
fice of all surviving animals by CO, asphyxiation at day 113. At sacrifice,
blood, heart, and esophagus were collected for real-time quantitative PCR
(qPCR) and were frozen at —20°C until analysis.

Qualitative PCR. From each animal, 200 pl of blood and 10 mg of
tissues were collected for DNA purification by use of a Qiagen minikit
(Germantown, MD) following the manufacturer’s instructions. PCR
primers used were TCZ-3, 5'-TGCACTCGGCTGATCGTTT-3’, and
TCZ-4,5"-ATTCCTCCAAGCAGCGGATA-3' (41). Each 50-pl reaction
mixture contained 2 U of Tag DNA polymerase (Promega, Madison, WI),
200 wM deoxynucleoside triphosphates (Promega, Madison, WI), 2 mM
MgCl,, 1 wM primers, and 20 pl of DNA sample.

1170 aac.asm.org

Quantitative PCR. DNA was extracted from blood, heart, and esoph-
agus by using a QIAamp DNA minikit from Qiagen. The primers used
were TCZ-3, 5'-TGCACTCGGCTGATCGTTT-3', and TCZ-4, 5'-ATTC
CTCCAAGCAGCGGATA-3" (41). Hybridization probes were designed
and purchased from TIB Molbiol, Berlin, Germany (T. cruzi LC640, 5'-L
C640-TGATGCAGCAGCCGCTCGAA-PH, and T. cruzi FL, 5'-CGAAA
CAAAAATTTGGACCACAAGT-FL). Real-time PCR and subsequent
melting curve analyses were performed on a Light Cycler 1.5 instrument
(Roche Diagnostics, Germany). The final volume for the master mix was
20 pl, and it contained 1 pM each primer, 0.4 pM probes, and 15 pl 1X
Hybprobe (Light Cycler; Roche, Germany). The limit of detection was 5
parasites/ml.

Data analysis. IC,,s for enzyme potency were calculated using stan-
dard 4-point-fit parameters (SoftmaxPro; Molecular Devices). Pharma-
cokinetics data were analyzed by using an in-house analysis software with
standard formulae for bioavailability, area under the concentration-time
curve (AUC), half-life, and volume of distribution. Parasite experimental
data were analyzed, and statistics were determined using unpaired ¢ tests
as calculated using GraphPad Prism version 5.

RESULTS

Chemistry and enzyme assays. As described by Beaulieu et al.
(29), the 900-compound library of nitrile-containing inhibitors
demonstrated a distinct structure-activity relationship (SAR)
against cruzipain-AC, and several analogs were found to have low,
nanomolar potency. Based on this SAR, new compounds were
specifically prepared to optimize for potency and pharmacoki-
netic properties. From these compounds, a small panel compris-
ing a weak (Cz003; 3.7 wM), a moderate (Cz001; 170 nM), and
two potent inhibitors (Cz002 and Cz005; 1 to 2 nM) were chosen
for in vitro testing against the parasite (Fig. 1 and Table 2). Of these
two potent compounds, Cz002 was neutral and Cz005 was basic.
All compounds were also assessed for their inhibition of key oft-
target human cathepsins, and in most cases, the compounds
showed little selectivity for cruzipain over the human cathepsins.
The irreversible and basic inhibitor K777, which was used as a
reference compound, had no selectivity over human cathepsins
either. Inhibitors Cz007 and Cz008, which were used for murine
in vivo efficacy studies, had IC5.s of 1 to 2 nM against cruzipain-
AC. Cz007 did not demonstrate any appreciable selectivity versus
human cathepsin enzymes. Cz008 had modest selectivity over
cathepsins B, F, L, and S but was a potent inhibitor of cathepsin K
(Table 2).

In vitro antiparasite assays. In the epimastigote assay using
[’H]thymidine incorporation as an indicator of anti-T. cruzi ac-
tivity, the rank order of compound potency was the same as that
observed versus the cruzipain-AC enzyme (Tables 2 and 3 and Fig.
2A). However, there was a systematic ~1,000-fold shift between
the enzyme potency and the whole-cell parasitic assay results (Ta-
ble 3) such that the potent neutral and basic inhibitors Cz002 and
Cz005 (1 to 2 nM), were active against the parasites, with IC5s of
1 to 10 wM. The less potent compounds, Cz001 and Cz003, did
not show substantial activity against whole cells.

A 4-day recovery experiment was designed to provide a robust
assessment of the reversible inhibitors. Standard assays use a read-
out which comprises 48 h of [*H]thymidine incorporation imme-
diately following compound treatment, which is appropriate for
irreversible inhibitors. Given that the cruzipain inhibitors used in
the current study are reversible, the standard assay might overstate
the effect of the inhibitor, since the off-rate is not taken into ac-
count. By removing the reversible inhibitor after 2 days of treat-
ment and allowing the parasites to recover prior to thymidine
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TABLE 2 Activities of compounds against cruzipain-AC and human cathepsin enzymes

Mean * SD*IC,, (n)

Compound Cruzipain-AC ~ CatB CatF CatK CatL CatS CatV  Reference
Cz003 (weak, neutral) 3,700 (2) I — 1+0.3(3) 5,990 + 1,380 (3) — —

Cz001 (moderate, neutral) 170 (2) — — <0.3(2) 2,253 (2) — —

Cz002 (potent, neutral) 1.2 (2) 692 =177 (3) 8 *2(3) 0.7 +0.7(2) 104 =52 (4) 40 = 12 (4) —

Cz005 (potent, basic) 2.4 (2) 12 = 4 (4) — <0.2 (7) 62 *+ 25 (5) 16 =2 (4) j—

K777 (irreversible) 3.5(2) 9(2) 3(2) 1.8 (2) <0.2 (3) <0.2 (2) —

Cz007 (potent, neutral) 1.1 (2) 9+2(9) 4+1(8) <0.5(1) 49 =19 (9) 1.6 £ 0.2 (8) (1) 29
Cz008¢ (potent, basic) 1.8 (2) 584 304 (4)  53=21(3) <0.0054(1) 109 = 11 (4) 414+ 141 (4) — 30
Odanacatib (cathepsin K) — 1,034 — 0.2 2,995 60 — 27

@ Each entry is the mean concentration * the standard deviation (with 7 in parentheses), unless otherwise indicated. Values may be slightly different than those reported by

Beaulieu et al. (29) and Black et al. (30) due to additional testing (higher 7 values).
b not tested.

€ Cz008 is the single diastereomer of Cz005 with the trifluoromethyl side chain stereochemistry resolved.

@ For a description of the low protein assay, see Black et al. (30).

incorporation, a better indication of the true potency of the inhib-
itors can be obtained. Low levels of thymidine incorporation after
the 4-day washout period suggested killing activity of the inhibi-
tors rather than a mechanism such as life cycle arrest, which is
likely to be reversible after compound removal. In this assay,
Cz002 and Cz005 gave apparent IC5,s of 1 to 10 wM (Fig. 2A and
B), and the moderate inhibitor, Cz001, showed some activity at
100 wM, whereas the inactive Cz003 showed no activity up to 100
M. The behavior and potency of the two potent reversible inhib-
itors, Cz002 and Cz005, were comparable to the those of the irre-
versible inhibitor K777, except that the epimastigotes treated with
Cz005 were round and showed no movement at the end of the
experiment, whereas those treated with Cz002 and K777 were
elongated and slow moving. This suggests that Cz005 had com-
pletely killed the parasites.

Prior to evaluating the compounds in the amastigote assay, the
absence of cytotoxicity in J774 cells was tested up to 100 wM. The
basic compounds, Cz005 and K777, showed some evidence of
toxicity at 100 wM, although they were well tolerated at 10 pM
(see the supplemental material). The reduction of intracellular
amastigote numbers was similar for Cz002, Cz005, and K777 at 5
M, and the ICss for all 3 were estimated to be between 5 and 10
puM (Fig. 3A and B and Table 3). The less potent compounds
Cz003 and Cz001 showed very little antiamastigote activity up to
20 M. The number of trypomastigotes released into the medium
was reduced by 97%, 89%, and 96% for Cz002, Cz005, and K777,
respectively, at 2 uM (Fig. 3C). The less potent compounds, Cz001
and Cz003, had IC;s of 10 to 20 uM for trypomastigote release.

In vivo dosing paradigms. For the in vivo efficacy studies,

benznidazole was selected as the comparator, since it is the current
standard of care in clinical treatment (5 mg/kg for 60 days). It was
administered to mice in drinking water to deliver a dose of ~50
mg/kg, since it had been reported that 100 mg/kg caused toxicity
in mice (42). In vivo efficacy studies were conducted with analogs
of the compounds used in the in vitro studies. Cz002 was found to
have a bioavailability of only 4%, making it unsuitable for in vivo
experiments. Cz007, which demonstrates similar cruzipain inhi-
bition (ICs,, 1.1 nM) and a bioavailability of 45%, was selected
instead. For in vivo experiments, the basic compound Cz005 was
replaced by its single diastereomer, Cz008, in which the trifluo-
romethyl side chain stereochemistry has the S configuration re-
quired for activity (Fig. 1). Although both Cz007 and Cz008 are
~45 to 50% orally bioavailable, they showed suboptimal pharma-
cokinetic properties after once-a-day oral gavage, due to their
short half-lives (Table 4). An effective and convenient regimen
was developed that involved formulation in chow. Since mice feed
regularly, they ingest a steady amount of test compound through a
large part of the 24-hour day, which maintains relatively constant
drug levels. Using formulated chow also reduces the technical
complexity of the study and reduces handling of the animals.

In 5-day feeding studies to test food consumption, tolerability,
and blood and tissue levels at doses of 3, 10, or 50 mg/kg for Cz007
and 10 or 50 mg/kg for Cz008, mice showed consistent food con-
sumption of ~5 g per day and no weight loss, indicating that there
was no test article taste aversion. Clinical chemistry results were
within normal ranges (data not shown), and no adverse effects
were observed, indicating good tolerability. Blood analysis at sac-
rifice indicated dose-dependent drug concentrations for both

TABLE 3 Potencies of compounds in the cruzipain-AC epimastigote, amastigote, and trypomastigote assay”

I1C50 (M)

Epimastigote 48 h +

Compound Cruzipain-AC Epimastigote 48 h 4-day recovery Amastigote 72 h Trypomastigote 72 h
Cz003 3.7 >100 >100 >20 ~10

Cz001 0.17 >100 ~100 >20 ~10

Cz002 0.0011 1-10 1-10 5-10 <2

Cz005” 0.0018 1-10 1-10 5-10 <2

K777 0.0035 10-100 ~10 ~10 <2

“ Parasite assay IC5,s were interpolated visually from the data shown in Fig. 2 and 3.

b Cz005 is a mixture of Cz008 and its diastereomer at the trifluoromethyl side chain position.
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Cz007 and Cz008, and all doses gave blood and tissue levels that
were at least 10-fold in excess of the ICs,s against cruzipain-AC
(Table 5). Cz007 and Cz008 concentrations measured in liver,
heart, and jejunum at the end of the dosing regimen indicated
dose-dependent concentrations in these tissues that were in gen-
eral greater than those observed in blood, consistent with the vol-
umes of distribution (Table 4).

In vivo efficacy study: experiment 1. The chosen inoculation
conditions produced a robust T. cruzi infection but did not cause
mortality (see the supplemental material). The AUC of para-
sitemia was 10% and 35% of the vehicle control for 10 and 50
mg/kg of Cz008, respectively (Fig. 4A and C and Table 6). The
AUC of parasitemia indicated that the 50-mg/kg Cz008 treatment
was comparable to the benznidazole results at 50 mg/kg (P =
0.56), whereas the 10-mg/kg Cz008 dose group showed a signifi-
cantly better response (P < 0.05), indicating an inverse dose-re-
sponse relationship (see Discussion). There was no recrudescence
of parasitemia after cessation of dosing. In this study, three mice
died, one in each of the untreated (at day 63), benznidazole (at day
70), and Cz008 at 50 mg/kg (at day 49) groups. Qualitative PCR of
blood at day 90 gave positive results for 5/9, 2/9, 1/10, and 2/9 mice
for the vehicle, benznidazole, 10-mg/kg Cz008, and 50-mg/kg

Cz008 groups, respectively. Day 28 average drug blood concentra-
tions were 4.3 uM for benznidazole, 120 nM for Cz008 at 10 mg/
kg, and 596 nM for Cz008 at 50 mg/kg. The mock-infected mice
treated with 50 mg/kg Cz008 had a drug blood concentration of
411 nM.

In vivo efficacy study: experiment 2. In experiment 2, both
Cz007 and Cz008 were evaluated, alow dose of 3 mg/kg was added
to the study design, cyclophosphamide treatment was introduced
at day 90 to suppress the immune system to allow recrudescence if
the animal had not been cured (40), and gPCR analyses of blood,
heart, and esophagus were conducted at sacrifice to establish par-
asite loads and cure. The AUCs of parasitemia showed that the 10-
and 50-mg/kg Cz007 treatments were as effective as benznidazole
at 50 mg/kg, since all AUCs were in the range of 44 to 46% of the
vehicle group (Fig. 4B and C and Table 6). Cz007 at 3 mg/kg and
Cz008 at both 3 and 10 mg/kg showed even greater efficacy, with
parasitemia AUCs ranging from 16 to 25% of the vehicle group.
These were all statistically lower than benznidazole at 50 mg/kg
(P < 0.0001 for each) and confirmed the inverse dose-response
observed in experiment 1. Mouse deaths were observed in nearly
all treatment groups, especially post-cyclophosphamide treat-
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—
£ g Al S
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FIG 3 Activities of key compounds against intracellular T. cruzi amastigotes. J774 cells were exposed to trypomastigotes, and after 48 h they were treated with
the test compounds, each 24 h for 72 h. (A) Average number of amastigotes per macrophage, determined using Geisma staining and visual counting. (B) The
calculated percentage of antiamastigote activity {[1 — (number of amastigotes/100 treated macrophages)/(number of amastigotes/100 untreated macrophages)] X
100}. (C) The number of trypomastigotes measured in the medium at 72 h based on trypan blue staining and counting in a Neubauer chamber. *, some toxicity
of J774 cells was observed with this treatment, since a total of 100 J774 cells could not be reached in the counting procedure.
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TABLE 4 Summary of pharmacokinetic parameters in CD-1 male mice for Cz007 and the diastereomeric mixture of Cz008 (Cz005)"

Dose Clearance
Compound Route Vehicle (mg/kg) Cpnax (O1M) Toax () AUC (nM - h) (ml/min/kg) t,, (h) V, (liter/kg) %F
Cz007 p.o. 0.5% Methocel 20 1,350 1.5 6,400
iv. 60% PEG 200 5 3,600 37 1.1 3.7 45
Cz005” p-o. 1% Methocel 10 500 2 6,600
iv. 60% PEG 200 2 2,700 25 4.3 7.0 51

@ Animal were evaluated in groups of 2 (for Cz007) or 3 (for Cz005). Mice weighed approximately 25 g. Abbreviations: p.o., per os; i.v., intravenous; PEG 200, polyethylene glycol

200; C,

‘max’

, maximum concentration of drug in blood; T,,,,,, time to maximum concentation of drug in blood; t,,,, half-life; V;, volume of distribution; %F, percent bioavailability.

b Cz005 is a mixture of Cz008 and its diastereomer at the trifluoromethyl side chain position.

ment, with the notable exception of the Cz007 3-mg/kg group (see
Table S1 and Fig. S2 in the supplemental material).

Blood samples collected on day 30 were analyzed for the test
articles (Fig. 4D). The average benznidazole blood concentration
was 1.5 wM (Fig. 4D). The Cz007 blood levels for the 3-, 10-, and
50-mg/kg infected groups were 16, 57, and 254 nM, respectively,
which were comparable to the 5-day tolerability study data of 37,
77, and 159 nM (Table 5). A mock-infected group dosed with 50
mg/kg Cz007 gave blood drug levels of 272 nM. For Cz008, the
final blood drug levels for the 3- and 10-mg/kg groups were <2
and 3 nM, respectively, much lower than had been observed in the
tolerability study and experiment 1, where blood concentrations
of 23 nM and 120 nM, respectively, had been measured for 10-
mg/kg dose groups.

Real-time qPCR from blood, heart, and esophagus demon-
strated a marked reduction in parasite burden for all treatment
groups in all tissues (Fig. 5). Prior to cyclophosphamide treatment
(day 90), parasites were detected in the blood of some mice of all
groups except for the Cz007 3-mg/kg group, in which none were
detected (Fig. 5A). At sacrifice on day 113, the Cz007 3-mg/kg
group still showed no detectable T. cruzi DNA in blood (Fig. 5B),
with no deaths. In the heart tissues (Fig. 5C), a substantial reduc-
tion of parasite burden (=3-log,, drop) was observed in all dose
groups relative to the vehicle control group. In the Cz007 3-mg/kg
dose group, only 1 of the 10 mice was positive, with a reading at the
limit of detection of 5 parasites/ml (=5-log, , drop). Finally, in the
esophagus, the findings were similar, with the Cz007 3-mg/kg
group having no mice test positive for T. cruzi (Fig. 5D).

In Table 7, a summary of results is provided to show the num-
bers of animals with negative QPCR results in all 3 tissues at sacri-
fice, which was defined as parasitological cure. Across the treat-
ment groups, the percentages of animals with cures ranged from
40 to 90%. The 3-mg/kg Cz007 dose group gave the best result,
with 90% cure and all animals surviving to sacrifice (in this group,

the only positive finding was a single mouse with a parasite signal
of 5 parasites/ml in the heart), followed by Cz008 at 3 mg/kg (70%
cure) and Cz007 at 50 mg/kg and Cz008 at 10 mg/kg (60% cure
each), while benznidazole at 50 mg/kg afforded only a 50% cure.
Of the mice that died between days 90 and 113, most had negative
parasitemia and qPCR results prior to cyclophosphamide treat-
ment (see Table S1 in the supplemental material). Since the ani-
mals were immunocompromised, death from an alternate infec-
tion cannot be ruled out.

DISCUSSION

The objective of this research was to establish whether reversible
and orally bioavailable cruzipain inhibitors, exemplified by Cz007
and Cz008, are active against T. cruzi. In vitro and in vivo testing
was conducted to establish whether these compounds are viable as
potential treatments for Chagas disease. Successful efficacy studies
with irreversible cruzipain inhibitors, such as K777 (20, 21, 22)
and an a-ketone (23), have established proof of concept. The way
is paved for second-generation compounds, such as reversible
cruzipain inhibitors, which are expected to offer both efficacy and
a superior toxicity profile, particularly if selectivity over human
cathepsins can be achieved (15, 24, 43). The nitrile group has
been characterized as an effective warhead for cysteine protease
inhibitors, since it forms a covalent, but reversible, thioimidate
complex with the enzyme active site sulfur. As an example,
studies with odanacatib, a nitrile-containing cathepsin K in-
hibitor, demonstrated an enzyme off-rate half-life of approxi-
mately 14 min (27). Odanacatib is in late-stage clinical studies
for postmenopausal osteoporosis (25, 26). It is generally well
tolerated and has pharmacokinetic properties that allow for
once-weekly dosing.

Odanacatib itself would not be expected to show potent cruz-
ipain-AC activity, because the cyclopropyl group at P1 is too small
to capitalize on binding in the S1 cruzipain enzyme pocket. The

TABLE 5 Concentrations of Cz007 and Cz008 in blood and tissues at sacrifice after dosing in chow for 5 days”

Concn (nm) in body compartment (mean = SD)

Compound Dose (mg/kg) Food (ppm)” Blood Liver Heart Jejunum
Cz007 3 22 15+ 8 754 = 238 23 £8 448 *+ 240
10 90 77 £ 33 4,534 * 1,863 149 = 94 2,712 = 1,184
50 425 159 = 40 5,984 = 1,071 266 = 52 5,978 = 3,310
Cz008 10 90 23 £ 6 1,985 = 706 420 + 228 1,955 * 590
50 425 46 *= 20 12,605 = 1.987 2.443 = 1,175 15,502 = 6,913

@ There were five mice per treatment group, and animals were housed one per cage.

b Test articles were mixed into powdered chow at concentrations (in ppm) predetermined to result in the target doses (in mg/kg).
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immunosuppression. (C) The total AUC of blood parasitemia from day 0 to sacrifice in both studies. (D) The blood levels (nM) of benznidazole and the two

cruzipain inhibitors on the last day of dosing in each experiment.

analogs Cz003 and Cz001, which also have a cyclopropyl at P1,
illustrate this SAR. However, based on the promise of odanacatib,
a cruzipain inhibitor project was initiated to explore analogs of
odanacatib as possible therapies for Chagas disease.

TABLE 6 Blood parasitemia AUCs in the murine in vivo efficacy
experiments

% parasitemia AUC relative to
vehicle control (mean * SD)

Dose
Treatment (mg/kg) Expt 1 Expt 2
Untreated 0 100 * 33 100 = 21
Benznidazole 50 32 £23 44 *9
Cz007 3 ND“ 16 +3
10 ND 44 * 10
50 ND 46 = 8
Cz008 3 ND 23+ 6
10 10 =2 25*7
50 35 = 30 ND

“ND, not determined.
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The rank order of potency observed in both the epimastigote
and amastigote assays correlated with the potencies observed in
the cruzipain enzyme assay, although there was a shift of 3 orders
of magnitude between the enzyme potency and the inhibitory ef-
fect on whole parasites (Table 3). This shift of enzyme potency and
antiparasite activity with cruzipain inhibitors has been reported
by others (44, 45, 46, 47, 48). The cause has not been elucidated
but may be due to limited drug penetration to the intracellular
parasites or a mechanism of action that is not adequately tested
under the conditions of the assay.

In addition to its involvement in infectivity, cruzipain is in-
volved in the life cycle of T. cruzi (49). Intracellular amastigote cell
number reduction ICs,s were in the 5 to 10 wM range, whereas the
trypomastigote production was ~90 to 95% inhibited at 2 pM.
This assay could not distinguish between viable and dead intracel-
lular amastigotes, and the highly reduced number of trypomastig-
otes could have been due to killing amastigotes or arrest of the life
cycle.

The compounds Cz007 and Cz008 were not tested against the
Brazil strain of T. cruzi due to constrained resources. However,
subsequent studies in the Cl Td Tom strain (40) have demon-
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FIG 5 qPCR data in various tissues from in vivo efficacy experiment 2. (A) Data for blood collected at day 90, prior to cyclophosphamide treatment. (B) Data for
blood collected at day 113, which was 24 days after cyclophosphamide treatment. (C and D) Heart and esophagus data, collected at sacrifice on day 113. In the
fractions, the numerator is the number of mice positive by gPCR and the denominator is the number of mice that survived in the dose group. For tissue samples
in which no parasites were detected (<5 parasites/ml), a value of 1 parasite/ml was plotted.

strated 1C5ys of 0.19, 0.17, and 0.76 pM for Cz007, Cz008, and
benznidazole, respectively (H. J. Park and R. L. Tarleton, unpub-
lished data).

In in vivo experiment 1 with the basic compound Cz008, the
lack of recrudescence after treatment cessation and 10 to 22%
positive PCR rate in the treatments groups (versus 55% in the
untreated group), although encouraging, were not considered
proof of cure, and an inverse dose response was suggested. These
data indicated the need for a follow-up study with lower doses and
a more convincing method for detection of residual parasite bur-
den. Thus, in experiment 2, in which both Cz007 and Cz008 were
evaluated, a lower dose of 3 mg/kg was added to the study design,
cyclophosphamide treatment was introduced at day 90, and qPCR
analyses of blood, heart, and esophagus were conducted to estab-
lish parasite burdens. This gave a more robust study from which
rigorous cure rates could be established.

For both compounds, measured drug blood concentrations at
the most efficacious doses were in the nanomolar range (Fig. 4D).
Based on the IC5,s observed in the whole-cell assays, these levels
are too low for direct antiparasitic activity. While a slow killing
mechanism may be possible at these lower concentrations due to
impairment of the parasite (20, 50), one could also invoke mech-
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anisms of action that are only possible in vivo, such as inhibition of
direct tissue and macrophage invasion (49, 51), reduction of par-
asite-evoked inflammatory edema that may enable persistent par-
asitism (52, 53, 54), and abrogation of host immune evasion (55,
56). These biological effects are believed to be the result of cruz-
ipain, which is tethered, secreted, or present in secluded sites of the
host-parasite interface (16, 17, 19, 28, 51, 53) and would be readily
accessible to cruzipain inhibitors in the blood compartment. The
1 to 2 nM ICss of these compounds versus cruzipain and their
nanomolar drug blood concentrations suggest that the efficacy
observed in vivo is significantly driven by inhibition of extracellu-
lar cruzipain. However, the high volumes of distribution of both
inhibitors, and particularly the basic compound Cz008, are re-
flected in their elevated tissue levels. For Cz008, the micromolar
levels of drug present in the heart tissue could have contributed
directly to antiparasitic activity. For Cz007, the heart drug concen-
trations were 10-fold lower than plasma drug concentrations, yet
heart parasites were virtually absent at the 3-mg/kg dose, support-
ing the hypothesis of extracellular cruzipain inhibition.

T. cruzi parasites have acidic reservosomes, where cruzipain is
implicated in protein processing and nutrient production. A basic
cruzipain inhibitor would be expected to concentrate in these res-
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TABLE 7 Summary of negative qPCR findings for blood, heart, and esophagus samples from efficacy experiment 2, along with survival rates pre-

and post-cyclophosphamide treatment

qPCR result for treatment group®

Cz007 Cz008 Uninfected,
Benznidazole Uninfected, Cz007 at 50
Measurement Vehicle 50 mg/kg 3 mg/kg 10mg/kg 50 mg/kg 3 mg/kg 10 mg/kg  untreated  mg/kg
Initial no. of mice 10 10 10 10 10 10 10 5 5
Negative qPCR result(s)
Day 90, blood 3/7 (43)  8/10 (80) 10/10 (100) 7/10(70)  8/10 (80)  9/10(90)  9/10(90)  5/5(100)  5/5(100)
Day 113, blood 1/6 (17)  6/7 (86) 10/10 (100) 6/7 (86) 8/9 (89) 9/9 (100) 7/8 (88) 5/5 (100) 5/5 (100)
Day 113, heart 0/6 (0) 5/7 (71) 9/10 (90) 4/7 (57) 6/9 (67) 8/9 (89) 6/8 (75) 5/5 (100) 5/5 (100)
Day113, esophagus 16 (17)  6/7 (86) 10/10 (100) 5/7 (71) 7/9 (78) 8/9 (89) 7/8 (88) 5/5(100)  5/5 (100)
All 4 measures 0/6 (0)  5/7(71) 9/10 (90)  4/7 (57) 6/9 (67) 7/9 (78) 6/8 (75) 5/5(100)  5/5 (100)
All 4 measures including all 0/10 (0)  5/10 (50) 9/10 (90) 4/10 (40) 6/10 (60) 7/10 (70) 6/10 (60) 5/5 (100) 5/5 (100)
mice
Survival pre-cyclophosphamide  7/10 (70) 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100) 10/10(100) 5/5(100) 5/5 (100)
Survival post-cyclophosphamide 6/7 (86)  7/10 (70) 10/10 (100) 7/10 (70)  9/10 (90)  9/10(90)  9/10(90)  5/5(100)  5/5(100)
Total survival 6/10 (60) 7/10 (70) 10/10 (100) 7/10 (70) 9/10 (90) 9/10 (90) 9/10 (90) 5/5 (100) 5/5 (100)

“The qPCR results were considered positive when =5 parasites/ml were detected. In the fractions, the numerator is the number of PCR-negative mice and the denominator is the

number of surviving mice; the corresponding percentage is shown in parentheses.

ervosomes, whereas as a neutral compound would not. If inhibi-
tion of the reservosome-localized cruzipain drives efficacy, a basic
inhibitor should show superior activity (28, 57). If the inhibition
of extracellular cruzipain inhibition drives efficacy, neutral and
basic inhibitors should show similar efficacies. Basic compounds
will accumulate in tissues rich in lysosomes (24), which may be
advantageous for anti-T. cruzi agents due to favorable distribution
to tissues that harbor the amastigotes, as well as concentration of
the compound in the parasite reservosomes (57). However, basic
cruzipain inhibitors would need to have exquisite selectivity pro-
files versus host cathepsins to be well tolerated (24, 43). Both neu-
tral and basic compounds were evaluated in this study, and no
clear differentiation was observed in either the in vitro or the in
vivo assays. In the in vivo model, both compounds were equally
effective at 3 mg/kg, with similar bioavailabilities. This finding is
consistent with the role of extracellular cruzipain as the main tar-
get for the efficacy of these compounds.

A curious inverse dose-response curve was observed in both
efficacy studies with both compounds. The poor selectivity of
Cz007 versus other cathepsins (Table 2) and likely lysosomal con-
centration of basic Cz008 may have led to off-target inhibition of
murine cathepsins. Potent IC;,s against mouse cathepsin B (Cat
B; 5.1 nM) and Cat S (<0.17 nM) were measured for Cz007.
Cathepsins S, L, F, and/or V, which are known to be responsible
for antigen processing (43), and their inhibition could have led to
an impaired immune response at the higher doses. Unfortunately,
attempts to demonstrate this in spleen tissues that were collected
at sacrifice using published procedures (33, 58) gave inconclusive
results (Wanda Cromlish, unpublished data). This immunosup-
pression hypothesis suggests that a cruzipain inhibitor that is
highly selective over cathepsins would be efficacious at low doses
in this mouse model and would exhibit a normal dose response. A
potent, nonbasic cruzipain inhibitor, Cz009, with an excellent se-
lectivity profile has recently been identified (29), and studies are in
progress.

In summary, Cz007 and Cz008 are the first reported orally
active, reversible cruzipain inhibitors capable of curing T. cruzi
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infection in an in vivo model. Both compounds were well tolerated
and worked most effectively at doses of 3 mg/kg. Cz007 gave a 90%
cure rate at 3 mg/kg with no animal deaths, even following immu-
nosuppression with cyclophosphamide. Efficacy occurred with
nanomolar drug blood levels, similar to their cruzipain-AC ICqgs.
The efficacy shown in these T. cruzi murine studies suggests that
nitrile-containing cruzipain inhibitors show promise as a viable
approach for a safe and effective treatment of Chagas disease.
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