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Two CYP51 inhibitors, posaconazole and the ravuconazole prodrug E1224, were recently tested in clinical trials for efficacy in
indeterminate Chagas disease. The results from these studies show that both drugs cleared parasites from the blood of infected
patients at the end of the treatment but that parasitemia rebounded over the following months. In the current study, we sought
to identify a dosing regimen of posaconazole that could permanently clear Trypanosoma cruzi from mice with experimental
Chagas disease. Infected mice were treated with posaconazole or benznidazole, an established Chagas disease drug, and parasito-
logical cure was defined as an absence of parasitemia recrudescence after immunosuppression. Twenty-day therapy with ben-
znidazole (10 to 100 mg/kg of body weight/day) resulted in a dose-dependent increase in antiparasitic activity, and the 100-
mg/kg regimen effected parasitological cure in all treated mice. In contrast, all mice remained infected after a 25-day treatment
with posaconazole at all tested doses (10 to 100 mg/kg/day). Further extension of posaconazole therapy to 40 days resulted in
only a marginal improvement of treatment outcome. We also observed similar differences in antiparasitic activity between ben-
znidazole and posaconazole in acute T. cruzi heart infections. While benznidazole induced rapid, dose-dependent reductions in
heart parasite burdens, the antiparasitic activity of posaconazole plateaued at low doses (3 to 10 mg/kg/day) despite increasing
drug exposure in plasma. These observations are in good agreement with the outcomes of recent phase 2 trials with posaconazole
and suggest that the efficacy models combined with the pharmacokinetic analysis employed here will be useful in predicting clin-

ical outcomes of new drug candidates.

pproximately 10 million people are infected with Trypano-
soma cruzi, the causative agent for Chagas disease, with ap-
proximately 40,000 new cases added annually (1). After the symp-
toms of acute infection wane, the parasite persists during a
symptom-free indeterminate phase of the disease, which can last
for several decades. About 20 to 40% of infected individuals de-
velop clinical symptoms of cardiac injury, and 15% eventually
progress to overt heart failure caused by left ventricular dysfunc-
tion (2). Treatment of Chagas disease relies on two antiparasitic
drugs, nifurtimox and benznidazole, which were introduced into
clinical use in the 1970s (3, 4). Both drugs suffer from multiple
shortcomings, including toxicity, long treatment time, and uncer-
tain efficacy in the chronic phase of Chagas disease (5, 6). Conse-
quently, new drugs with a more favorable profile are needed.
Recent drug development efforts for Chagas disease have fo-
cused on repurposing antifungal drugs that inhibit lanosterol de-
methylase (CYP51), an enzyme in the ergosterol biosynthesis
pathway (7). Antifungal CYP51 inhibitors, such as posaconazole
and ravuconazole, inhibit T. cruzi growth in vitro with nanomolar
50% effective concentrations (ECs,s), and both drugs effected
cure in mouse models of Chagas disease in several independent
studies (7). For example, a 20-day posaconazole treatment of mice
infected with the T. cruzi Y strain yielded a cure rate slightly supe-
rior to that of a benznidazole regimen (80% versus 70%, respec-
tively) (8). In another report, a 40-day posaconazole treatment of
mice infected with the T. cruzi CL strain effected a 90% cure rate,
compared to the 100% cure rate achieved with a 40-day regimen of
benznidazole (9). In both of these studies, cure was defined as an
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absence of parasitemia recrudescence after prolonged immuno-
suppression.

Despite these promising preclinical studies, recent phase 2
clinical trials in patients with intermediate-phase Chagas showed
that neither posaconazole nor E1224 (a prodrug of ravuconazole)
effected lasting parasitemia suppression, as determined by quan-
titative PCR, in a majority of patients (10, 11). In the same trials,
treatment with benznidazole translated into durable clearance of
parasitemia/PCR negativity in most patients. In one clinical trial
(CHAGASAZOL, ClinicalTrials.gov registration no. NCT01162967),
94% of patients treated with benznidazole according to protocol
remained PCR negative during 40 weeks of posttreatment follow-
up. Treatment with posaconazole resulted in parasitemia clear-
ance at the end of the treatment, but 80 to 90% of these patients
experienced parasitemia recrudescence during the follow-up
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phase. Very similar outcomes were observed in another trial
(E1224, ClinicalTrials.gov registration no. NCT01489228) that
compared the antiparasitic efficacies of benznidazole and E1224
(81% versus 31% of patients with sustained parasitemia suppres-
sion/PCR negativity according to the protocol for analysis). While
these studies clearly demonstrated that benznidazole is a better
anti-T. cruzi drug than posaconazole or E1224, it is important to
emphasize that PCR negativity in these trials should not be
equated with parasitological cure even in patients who experi-
enced sustained parasitemia suppression. The failure of CYP51
inhibitors in these clinical trials suggests that the preclinical in vivo
models used to evaluate anti-T. cruzi compounds have not pre-
dicted the performance of Chagas drug candidates in clinical set-
tings.

In this study, we reevaluated the activity of posaconazole and
benznidazole in a modified preclinical mouse efficacy model that
closely resembles one described previously (9). The key features of
this model include initiation of drug treatment after parasite rep-
lication is restrained by the adaptive immune system during the
late acute phase of infection, long-term immunosuppression of
mice after the end of treatment to allow for the expansion and
highly sensitive detection of any surviving parasites, and a defini-
tion of cure as an absence of parasitemia (PCR negativity)
throughout the course of immunosuppression. Mice infected with
T. cruzi for 35 days were treated for 20 days with benznidazole and
remained free of parasites after 1 month of immunosuppression.
However, parasitemia in posaconazole-treated mice rebounded
after immunosuppression even when posaconazole treatment was
prolonged to 40 days. These observations were corroborated by
treatment outcomes observed in an acute model of Chagas dis-
ease. During an acute infection, the efficacy of benznidazole im-
proved with escalating dose (10 to 100 mg/kg of body weight per
day). In contrast, the efficacy of posaconazole plateaued at low
doses (3 to 10 mg/kg per day) and was inferior to that of benznida-
zole. These data are in good agreement with the outcomes of the
posaconazole trial and suggest that the efficacy models described
here will be useful in predicting the clinical performance of new
Chagas drug candidates and dosing regimens.

MATERIALS AND METHODS

Ethics statement. All procedures involving mice were performed in ac-
cordance with AAALAC standards and were reviewed and approved by
the institutional animal care and use committee of the Novartis Institute
for Biomedical Research.

Study drugs and formulations. All chemicals were ordered from Sig-
ma-Aldrich unless stated otherwise. Benznidazole, posaconazole (APAC
Pharmaceutical), and cyclophosphamide were formulated in distilled wa-
ter containing 0.5% methylcellulose and 0.5% Tween 80. During a treat-
ment course, each mouse received 0.2 ml of drug suspension per dose by
oral gavage (per os [p.o.]).

Trypanosoma cruzi culture. NIH 3T3 fibroblast cells (ATCC) were
passaged biweekly and were maintained in RPMI 1640 medium (Life
Technologies) supplemented with 10% heat-inactivated fetal bovine se-
rum (HyClone) and 100 IU penicillin-100 wg/ml streptomycin (Hy-
Clone) at 37°C and 5% CO,. T. cruzi CL and Y strains were maintained in
tissue culture as an infection in NIH 3T3 fibroblast cells. Briefly, 3 X 107 T.
cruzi trypomastigotes were used to infect NTH 3T3 cells (6.25 X 10°), and
the infected 3T3 cells were then cultured until proliferating intracellular
amastigotes transformed back into trypomastigotes and were released
into the culture medium. During the infection, the tissue culture medium
was changed biweekly and a day prior to collection of T. cruzi trypomas-
tigotes for mouse efficacy studies. For mouse infections, tissue culture-
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derived trypomastigotes were washed with phosphate-buffered saline
containing 0.5 mM CaCl, and 0.5 mM MgCl, (PBS) and resuspended in
RPMI 1640 medium lacking heat-inactivated fetal bovine serum at a con-
centration of 10° trypomastigotes per ml.

Trypanosoma cruzi proliferation assay. Briefly, NIH 3T3 cells (resus-
pended in RPMI 1640 medium containing 5% fetal bovine serum supple-
mented with 100 IU penicillin-100 pg streptomycin per ml) were seeded
at 1,000 cells/well in microscopy-grade, clear bottom, 384-well plates
(Greiner) and incubated overnight at 37°C and 5% CO,. The next day,
NIH 3T3 cells were infected for 6 h with CL T. cruzi trypomastigotes at a
multiplicity of infection (MOI) of 10 at 37°C and 5% CO,. Following
infection, extracellular parasites were removed with RPMI 1640 medium
washes. After an overnight incubation (37°C and 5% CO,), compounds
(0.2% dimethyl sulfoxide [DMSO], final concentration) were added to
plate wells containing infected NIH 3T3 cells. Forty-eight hours later,
infected NIH 3T3 cells were fixed (4% paraformaldehyde in PBS), perme-
abilized (0.1% Triton X-100 in PBS), and stained using a 1:125,000 dilu-
tion (prepared in PBS) of SYBR green (Life Technologies). The plates were
then scanned using the Evotec Opera high-content screening system
(PerkinElmer), and amastigote proliferation was assessed by counting
parasites within the 3T3 cells using CellProfiler version 2.1.0 cell image
analysis software (12).

In vivo efficacy studies. (i) Mouse model of acute Chagas disease. To
measure antiparasitic activity during acute T. cruzi infection, C57BL/6
mice (Jackson Laboratories) were infected by intraperitoneal (i.p.) injec-
tion with 10° tissue culture-derived T. cruzi CL trypomastigotes. Treat-
ment was initiated on day 7 postinfection, and five mice per treatment
group were dosed p.o. with 10-, 30-, and 100-mg/kg once-per-day (q.d.)
regimens of benznidazole and posaconazole for 5 days. Both drugs were
formulated as described above. At the end of treatment, the mice were
euthanized, and T. cruzi parasites present in the hearts of treated mice
were quantified by qPCR. P values for the between-groups differences in
efficacies were calculated with a Student’s paired ¢ test with a two-tailed
distribution.

(ii) Mouse model of late acute Chagas disease. To determine whether
a drug regimen can effect parasitological cure in a model of late acute
Chagas disease, C57BL/6 mice were infected by i.p. injection with 10
tissue culture-derived T. cruzi CL or Y trypomastigotes. Thirty-five days
or more after infection, animals were dosed p.o. with various regimens of
benznidazole (10, 30, and 100 mg/kg q.d.) and posaconazole (10, 20, 30,
and 100 mg/kg q.d.). In experiments that included regimens of various
durations, the longest treatment regimen was initiated on day 35 postin-
fection. The regimens employing shorter durations were initiated later, so
that dosing of all treatment groups would end on the same day. Benznida-
zole regimens were administered for 10, 15, or 20 days, and posaconazole
regimens were administered for 20, 25, or 40 days. Both drugs were for-
mulated as described above. After completion of a treatment course,
blood from treated mice was collected from the orbital venous sinus, and
T. cruzi parasitemia was quantified by qPCR. Ten days following the end
of drug treatment, mice underwent four cycles of cyclophosphamide im-
munosuppression, with each cycle lasting 1 week. During each immuno-
suppression cycle, mice were dosed with 200 mg/kg of cyclophosphamide
p.o. on days 1 and 4, and blood samples were collected on day 5 from the
orbital venous sinus. T. cruzi parasitemia in blood samples was quantified
by gPCR. Cyclophosphamide was formulated as described above. P values
for the between-group differences were calculated with Fisher’s exact test
for categorical variables.

Pharmacokinetic studies. The pharmacokinetic (PK) properties of
posaconazole and benznidazole were determined in naive mice (n = 3)
after dosing these drugs at 5 mg/kg by the intravenous (i.v.) route and 20
mg/kg p.o. Blood samples were collected at 0.03, 0.33, 0.5, 1, 3, 10, and 24
h postdose. Plasma samples from mice treated with posaconazole and
benznidazole during acute T. cruzi infection were collected on the firstand
fifth day of dosing (five plasma samples per day and per regimen, at 0.5, 1,
3,7, 10, and 24 h postdose). Plasma drug quantification was performed by
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liquid chromatography-tandem mass spectrometry (LC-MS/MS) analy-
sis. Liquid chromatography was performed using an Agilent 1200 high-
performance liquid chromatography (HPLC) system (Agilent Technolo-
gies, Inc.) with a Waters Atlantis T3 (2.1 by 30 mm, 3-m particle size)
column. The HPLC system was coupled to an API 4000 Qtrap mass spec-
trometer (Applied Biosystems) for analyte detection and quantification.

Pharmacokinetic parameters were calculated with Phoenix, version
6.2 (Certara Pharsight), using a noncompartmental model as shown be-
low. Two sets of pharmacokinetic parameters were calculated. The first set
(Cinax, total ANA AUC,_,, (11 refers to the total compound concentration
present in the plasma, while the second set (C,,,.y. frec and AUC_,4 ee)
refers to the compound concentration in the plasma that is not bound to
the plasma proteins. The latter values were calculated from C, ., (o1 and
AUC_,4, tora1 Using the plasma protein binding values measured here for
benznidazole and posaconazole.

The total body clearance (CL) and the apparent volume of distribution
at steady state (V) for intravenous data were calculated with the follow-
ing equations: CL = dose;, /AUC, .. and V = (dose;, - AUMC,_..)/
(AUCOJQ)Z, where AUC,,_,, and AUMC, ., are the area under the con-
centration-time curve from time zero to infinity and the area under the
first-moment concentration-time curve from time zero to infinity, re-
spectively. The terminal elimination rate constant (k) was derived from
the slope of the log-linear line from at least the last three data points, and
the half-life (,,,) was calculated as follows: t,,, = —In(2)/k,.

The absolute oral bioavailability (F) was calculated using the following
equation, assuming a linear, proportional relationship between AUC,_.,
and the dose: F = (AUC, .. , ,/AUC, .. ;) X (dose;, /dose, , ).

Single-dose plasma concentration-time data from infected mice were
also fitted to a one-compartment model and used to predict drug levels
after multiple days of dosing.

Measurement of plasma protein binding. Protein binding in plasma
with 5 uM posaconazole or benznidazole was assayed using the Rapid
Equilibrium Device (RED) from Pierce. To 990 pl of blank plasma in a
96-well plate (Nalgene Nunc 96 DeepWell), 10 wl of 0.5 mM compound
stock solution in acetonitrile/DMSO (19:1) was added to create plasma
containing 5 uM compound. To each of the buffer wells of the RED plate,
350 wl of buffer and 200 pl of plasma containing 5 wM compound were
added. The RED plate was sealed with a transparent adhesive seal
(PerkinElmer Top Seal) and incubated at 37°C for 4 h while being vor-
texed at 120 rpm. Six hundred microliters of quench solution containing
500 nM Labetalol in acetonitrile/methanol (70:30) was placed in a desti-
nation plate. After incubation of the RED plate, 100 .l of plasma or buffer
from the assay plate was added to specific wells in the destination plate,
and 100 .l of either buffer or plasma was also added to those destination
wells, in order to create final solutions with matching matrices. Samples
were mixed well and stored at —20°C overnight. Prior to LC-MS/MS
analysis, the sample plate was mixed well and centrifuged, and the super-
natant transferred to a clean 96-well analysis plate.

Parasitemia quantification by real-time qPCR. Blood collected from
treated mice was used for extraction of total DNA using the High Pure
PCR template preparation kit (Roche). The amounts of T. cruzi satellite
DNA (195-bp fragment) in extracted DNA samples were quantified by
real-time qPCR TaqMan assay (Life Technologies) with the following set
of primers: AATTATGAATGGCGGGAGTCA (forward primer), CCAG
TGTGTGAACACGCAAAC (reverse primer), and AGACACTCTCTTTC
AATGTA (TagMan MGB probe, 5'-FAM [6-carboxyfluorescein]-labeled
reporter dye, nonfluorescent quencher). The amounts of mouse chromo-
somal DNA in extracted samples were quantified in parallel gPCRs using
a GADPH (glyceraldehyde-3-phosphate dehydrogenase) TagMan assay
with the following set of primers: GCCGCCATGTTGCAAAC (forward
primer), CGAGAGGAATGAGGTTAGTCACAA (reverse primer), and
ATGAATGAACCGCCGTTAT (TagMan MGB probe, 5'-FAM-labeled
reporter dye, nonfluorescent quencher). Each qPCR mixture (10 wl) in-
cluded 5 pl of TagMan Gene Expression master mix (Life Technologies),
0.5 pl of a 20X primer/probe mix (Life Technologies), and 4.5 pl (50 ng)
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of total DNA extracted from blood samples. PCRs were run on the Ap-
plied Biosystems 7900HT instrument. T. cruzi parasitemia was expressed
as the abundance of T. cruzi microsatellite DNA relative to the abundance
of mouse GAPDH DNA.

RESULTS

In vivo efficacy of benznidazole— effects of treatment duration
and dose escalation. To model T. cruzi infection during Chagas
disease, we employed a previously described mouse model with
minor modifications (9). C57BL/6 mice were infected with T.
cruzi trypomastigotes, and the infection was allowed to develop
for 35 days or longer. After 35 days of infection, T. cruzi para-
sitemia was controlled by the host immune system and remained
stable afterwards. Treatment failure was defined as a rebound in
parasitemia following immunosuppression of the mice (13, 14).

First, we set out to define the minimum duration of benznida-
zole treatment required to achieve parasitological cure after infec-
tion with the T. cruzi CL strain. We used a regimen of 100 mg/kg
q.d., which has previously been identified as a curative regimen in
a mouse Chagas disease model (15). Mice were treated for 10, 15,
or 20 days, and parasitemia was quantified via gPCR. As shown by
the results in Fig. 1A, all three therapy durations suppressed par-
asitemia below the limit of detection at the end of treatment.
However, after 4 weeks of cyclophosphamide immunosuppres-
sion, significant differences in the antiparasitic activities of the
three regimens became apparent. There was a rebound of para-
sitemia in all mice in the 10-day treatment group, but six of seven
of mice in the 15-day group showed sustained parasitemia sup-
pression with no detectable T. cruzi present at the end of the im-
munosuppression protocol. Further extension of benznidazole
treatment to 20 days effected lasting parasitemia suppression in all
eight treated mice (Fig. 1A). For comparison, all mice in the con-
trol group, which were dosed with the vehicle only, had para-
sitemia well above the limit of detection by qPCR at the end of
treatment. In the course of 4 weeks of immunosuppression, the
parasitemia increased approximately 10,000-fold, thus confirm-
ing unconstrained T. cruzi proliferation during immunosuppres-
sion and the high sensitivity of the protocol to detect parasites that
survived a treatment regimen (Fig. 1A). We concluded that 20
days of treatment with benznidazole is both sufficient and close to
the minimum duration required to achieve parasitological cure
for all mice in this model.

We further investigated the minimal dose of benznidazole
needed to effect parasitological cure with a 20-day dosing regi-
men. CL-infected C57BL/6 mice were treated with 10-mg/kg q.d.,
30-mg/kg q.d., and 100-mg/kg q.d. regimens of benznidazole (Fig.
1B). Our results indicated that only treatment with the 100-mg/kg
q.d. regimen translated into parasitological cure following immu-
nosuppression. Neither the 10-mg/kg nor 30-mg/kg benznidazole
dose effected lasting parasitemia suppression in a single mouse
within the respective treatment groups (Fig. 1B). With this knowl-
edge, the regimen of 100 mg/kg q.d. for 20 days was used as a point
of reference for comparison of the compound’s efficacy to that of
benznidazole.

In vivo efficacy of posaconazole— effects of treatment dura-
tion and dose escalation. Posaconazole was originally discovered
as an antifungal agent. The first report of posaconazole anti-T.
cruzi activity in a mouse model of Chagas disease explored dosing
regimens that ranged from 5 mg/kg q.d. to 25 mg/kg q.d. and were
administered for 43 days. The highest dose regimen produced a
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FIG1 Effects of benznidazole treatment duration and dose escalation on achievement of parasitological cure. (A) Mice (1 = 8 per treatment group) infected with
T. cruzi CL strain trypomastigotes for 35 to 50 days were administered drug vehicle or 100 mg/kg q.d. benznidazole for durations that ranged from 10 to 20 days,
asindicated in the key. Parasitemia in individual mice was measured immediately at the end of treatment (60 days after the infection for all treatment groups) and
then again after 4 weeks of immunosuppression. The results for mice with undetectable levels of parasitemia are shown in the plot as below the limit of detection.
For treatment groups in which the fraction of parasite-positive mice exceeded 50%, the mean parasitemia value is also shown (horizontal bars). One mouse in
the group that received 100 mg/kg q.d. benznidazole for 15 days was euthanized after the start of immunosuppression due to an apparently coincidental bacterial
infection that developed in this immunosuppressed mouse, and no result for this mouse is shown in the right-hand panel of the graph. (B) Mice (n = 5 per
treatment group) infected with T. cruzi CL strain trypomastigotes for 35 days were treated for 20 days with drug vehicle or 10, 30, or 100 mg/kg q.d. benznidazole.
The parasitemia levels in individual mice at the end of treatment (55 days after the infection for all treatment groups) and after 4 weeks of immunosuppression
are shown, together with the average parasitemia values (horizontal bars; when more than 50% of mice in a group were parasite positive). RU, relative units.

100% cure rate in a mouse model of acute Chagas disease. Parallel
testing of posaconazole at 15 mg/kg/day translated into a 50%
cure rate in a chronic mouse model (16). In subsequent studies, a
dose of 20 mg/kg q.d. was typically used to characterize the in vivo
anti-T. cruzi activity of posaconazole (9, 17). In our experiments,
such a regimen translated into a maximum plasma concentration
(Chnax, tota) 0f 5.9 uM and an AUC,,_,, 1y 0f 97 h - pM at steady
state. For comparison, the posaconazole regimen used in the cor-
responding Chagas trial (400 mg twice per day [18]) was reported
to translate into a C,, (o1 0f 2.3 pM and an AUC_,4 o Of 115
h - uM in patients (19).

Posaconazole treatment at 20 mg/kg q.d. was tested for 20 or 25
days, and all mice in both treated groups had undetectable para-
sitemia at the end of the treatment (Fig. 2A). However, almost all
treated mice, regardless of therapy duration, experienced para-
sitemia rebound after immunosuppression (Fig. 2A). Based on
this outcome, we conclude that the minimal duration of treatment
with the 20-mg/kg q.d. posaconazole regimen to achieve parasito-
logical cure of CL infection is greater than 25 days. To determine
whether posaconazole dose escalation could lead to parasitologi-
cal cure, we treated CL-infected C57BL/6 mice for 25 days with 10
mg/kg q.d., 30 mg/kg q.d., and 100 mg/kg q.d. of posaconazole.
We hypothesized that higher doses of posaconazole could lead to
greater inhibition of parasite CYP51 and improved rates of cure of
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infected mice. If so, this result would provide an encouraging ra-
tionale for the development of improved CYP51 inhibitors that
are currently being optimized for Chagas disease treatment (7,
20-26). As observed earlier, all posaconazole regimens suppressed
T. cruzi parasitemia below the detection limit at the end of treat-
ment. However, at the end of 4 weeks of posttreatment immuno-
suppression, all of the mice in all three treatment groups experi-
enced parasitemia recrudescence (Fig. 2B). Even taking into
account interim measures of parasitemia during the immunosup-
pression (data not shown), there was no indication that an in-
crease in posaconazole dose led to improved antiparasitic activity
within this dose range. In conclusion, escalation of the posacona-
zole dose up to 100 mg/kg q.d. did not have a noticeable effect on
antiparasitic activity.

We then asked whether the difference in in vivo efficacy be-
tween benznidazole and posaconazole observed with CL strain
infections would extend to another T. cruzi isolate, the Y strain
(Fig. 2C). This strain was previously described as partially ben-
znidazole resistant and could provide a different setting for com-
parison of in vivo efficacy of the two drugs (27, 28). Mice with
established T. cruzi'Y strain infection (35 to 55 days, depending on
the duration of therapy) were treated with benznidazole at 100
mg/kg q.d. for 20 days. Similar to the results for the T. cruzi CL
infection, all benznidazole-treated mice had undetectable para-
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FIG 2 Effects of posaconazole treatment duration and dose escalation on achievement of parasitological cure. (A) Mice (n = 8 per treatment group) infected with
T. cruzi CL strain trypomastigotes for 35 or 40 days were administered drug vehicle or 100 mg/kg q.d. benznidazole for 20 days or 20 mg/kg q.d. posaconazole for
20 or 25 days, as indicated in the key. Parasitemia in individual mice was measured as described in the legend to Fig. 1. (B) Mice (n = 8 per treatment group)
infected with T. cruzi CL strain trypomastigotes for 35 or 40 days were treated for 20 days with drug vehicle or 100 mg/kg q.d. benznidazole or for 25 days with
10, 30, and 100 mg/kg q.d. posaconazole. Parasitemia levels in individual mice are shown. The results for mice with undetectable levels of parasitemia are depicted
in the plot as below the limit of detection. (C) Mice (# = 8 per treatment group) infected with T. cruzi Y strain trypomastigotes for 35 or 55 days were treated for
20 days with drug vehicle or 100 mg/kg q.d. benznidazole or for 20 or 40 days with 20 mg/kg q.d. posaconazole. Parasitemia in individual mice was measured at
the end of treatment (75 days postinfection for all groups) and after 4 weeks of immunosuppression. Average parasitemia values (when more than 50% of mice
in a group were parasite positive) are indicated by horizontal bars in all panels. The P values shown relate the treatment outcomes (cure versus no cure) obtained
with the two posaconazole regimens to that effected by the benznidazole regimen.

sitemia at the end of treatment. After 4 weeks of immunosuppres- produced outcomes similar to those observed with T. cruzi CL
sion, seven of eight benznidazole-treated mice still remained par-  infections. At the end of treatment, all mice had parasitemia sup-
asitemia free (Fig. 2C). pressed below the limit of detection. However, all mice in the

Two treatment durations were tested with the posaconazole 20-day treatment group experienced parasitemia rebound after
20-mg/kg q.d. regimen, 20 and 40 days. Both treatment durations immunosuppression (P < 0.001 for the comparison of the results
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FIG 3 PK/PD relationship for benznidazole and posaconazole in hearts of acutely infected mice. (A) Mice (n = 4 per treatment group) infected with T cruzi CL
strain trypomastigotes for 7 days were subsequently treated for 5 days with the following: drug vehicle, 10 to 100 mg/kg q.d. benznidazole, or 1 to 100 mg/kg q.d.
posaconazole. Parasite burdens (following dose-response treatment) in hearts of infected mice are shown. The average parasitemia values (when more than 50%
of mice in a group were parasite positive) are indicated by horizontal bars. The P values shown relate heart parasite burden values obtained with individual
posaconazole regimens to that effected by 100 mg/kg q.d. benznidazole. (B and C) Plasma concentrations for posaconazole (10, 30, and 100 mg/kg) and
benznidazole (10, 30, and 100 mg/kg) are shown, along with the respective ECyq values as determined in the T. cruzi proliferation assay.

for the benznidazole and posaconazole groups). When posacona-
zole therapy was extended to 40 days, only two of eight mice had
sustained parasitemia clearance (P = 0.041) (Fig. 2C). Addition-
ally, as observed for T. cruzi CL infections, the T. cruzi Y strain
proliferated uncontrollably after immunosuppression of vehicle-
treated mice (approximately 100,000-fold increase in the para-
sitemia signal) (Fig. 2C).

In summary, we observed clear differences between the antip-
arasitic activities of benznidazole and posaconazole in both T.
cruzi CL and Y strains. Benznidazole treatment for 20 days at 100
mg/kg q.d. routinely resulted in no treatment failures. In contrast,
despite escalation of either dose or duration, all of the dosing
regimens that we tested for posaconazole led to treatment failure
in most or all mice.

Antiparasitic activities of benznidazole and posaconazole in
acutely infected hearts. We next asked if there was evidence for a
lower antiparasitic activity of posaconazole than of benznidazole
when using an experimental model that has a simpler readout
than whole-body parasitemia. For these experiments, we mea-
sured the T. cruzi CL strain burdens in the hearts of mice. To
further simplify the interpretation of drug efficacy data, we started
treatment only 7 days after infection and concluded the experi-
ment on day 11 postinfection. Within this time span, both T. cruzi
parasitemia and the heart burden increased at steady rates in the
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absence of antiparasitic drug treatment (see Fig. S1 in the supple-
mental material).

Five days of treatment with benznidazole at different doses (10
mg/kg q.d., 30 mg/kg q.d., and 100 mg/kg q.d.) effected rapid,
dose-dependent reductions in heart parasite burdens (Fig. 3A). At
the highest benznidazole dose of 100 mg/kg, mice had approxi-
mately 300-fold lower heart parasite burdens than mice treated
with vehicle. Posaconazole treatment effectively reduced heart
parasite loads by 95% to 99% at low doses (1 mg/kg q.d. and 10
mg/kg q.d.). However, dose escalation to 30 mg/kg q.d. or 100
mg/kg q.d. did not lead to any further reduction in parasite levels
(Fig. 3A). Notably, the mean residual heart parasite burdens in
mice treated with high posaconazole doses were significantly
higher than that observed with the 100-mg/kg q.d. benznidazole
regimen (approximately 3-fold higher; P < 0.05). We concluded
that while benznidazole can reduce the parasite burden in the
heart by 2 to 3 log in 5 days, posaconazole is less effective, and its
efficacy is not improved with higher doses. These data suggest
either saturable pharmacokinetics of posaconazole with an in-
creasing dose or saturable parasite killing at higher exposures of
posaconazole.

Pharmacokinetic/pharmacodynamic (PD) profiling of ben-
znidazole and posaconazole during acute infection. The phar-
macokinetic properties of benznidazole and posaconazole in na-
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TABLE 1 Pharmacokinetic parameters of benznidazole and
posaconazole in naive mice after administration of a single intravenous
or oral dose

Dose and route Value for:
of administration ~ PK parameter Benznidazole  Posaconazole
5 mg/kg i.v. CL (ml/min/kg) 17 1.4
V,, (liter/kg) 0.9 0.9
t,,, (h) 0.7 8.2
20 mg/kg p.o. AUC_,4 ot (- uM) 78 58
AUCy 44, free (h- M) 57 0.6
Cmax, total ('J‘M) 34 3.2
Crnax, free (LM) 25 0.04
Bioavailability (%) 100 17

ive mice after the administration of a single intravenous and oral
dose were determined (Table 1). Benznidazole exhibited low to
moderate clearance, a moderate volume of distribution, short
half-life, and complete bioavailability of the oral dose. In contrast,
posaconazole demonstrated very low clearance, moderate Vg,
long half-life, and poor bioavailability. These pharmacokinetic
properties yielded largely similar overall exposures (AUC_,, (otal)
of both drugs and 10-fold differences in maximum plasma con-
centrations (C for benznidazole and posaconazole at the

max, total)

same oral dose (AUC,_,, (o 78 Versus 58 h - uM, and C, .. oran
33.8 versus 3.4 pM). However, because of a large difference in
plasma protein binding between the two drugs (27.2% for ben-
znidazole versus 98.9% for posaconazole), the corresponding ex-
posures of free drug in plasma differed radically between the drugs
for AUCand C,,,,,. After an oral dose of 20 mg/kg of each drug, the
free plasma exposure (AUC,_,,, f..) and free maximum plasma
concentration (Cp,, gee) Of benznidazole were 95-fold and 625-
fold higher than those of posaconazole (AUC_,,, e 57 Versus 0.6
h-uM, and Cp,y free 25 versus 0.04 wM).

To address the possibility that, in the course of the efficacy
experiments, posaconazole exposure did not increase with in-
creasing dose, we measured a time course of plasma drug concen-
tration during the 5-day dosing regimen in the acute infection
model described above. In the case of benznidazole, we observed
changes in AUC|_,4, (ora a0d Cay (o Parameters that tracked
very closely with changes in the dose administered (Table 2). A
similar relationship was also observed for posaconazole. Increas-
ing the posaconazole dose from 10 mg/kg to 100 mg/kg resulted in

Benznidazole and Posaconazole in Mouse Chagas Disease

an approximately 6-fold increase in both AUC,_,, ., and
Crnax, total (Table 2). Therefore, we concluded that the plateau in
heart parasite burden reduction was not caused by a lack of in-
crease of posaconazole exposure with increasing dose.

We also examined the relationship between posaconazole’s in
vivo pharmacokinetic profile and its potency against intracellular
T. cruzi in vitro (ECy9 = 2.2 nM). Posaconazole is highly protein
bound in mouse plasma (98.9% of posaconazole is bound to
mouse plasma proteins, as determined in this study). The un-
bound posaconazole concentration is thus dramatically lower
than the total measured plasma concentration. Adjustment for
plasma protein binding revealed that the posaconazole unbound
plasma concentration remained above the ECyq throughout the
dosing period for the 30- and 100-mg/kg regimens (Fig. 3B). Ben-
znidazole binds to plasma proteins to a much smaller extent
(27%) than does posaconazole. However, it is also much less po-
tent in vitro (ECye = 5.4 wM). Plotting the benznidazole unbound
plasma concentration versus its ECy, revealed that the relation-
ship between benznidazole’s pharmacokinetic profile and its in
vitro antiparasitic potency is less favorable than that observed for
posaconazole (Fig. 3C).

In summary, it is unlikely that the limited posaconazole antip-
arasitic activity observed in vivo is the result of an inferior phar-
macokinetic profile or high plasma protein binding. Overall, we
were unable to identify an additional factor that could account for
the failure of posaconazole to clear parasites from T. cruzi-infected
mice with prolonged treatments or high doses. Instead, our data
are consistent with a saturable-killing phenomenon, whereby a
population of parasites that are relatively resistant to posacona-
zole remains in infected mice treated with high doses of the drug
or for extended durations.

DISCUSSION

Indeterminate and chronic forms of Chagas disease are character-
ized by low numbers of parasites that persist in specific tissues,
including the heart and digestive tract. The progression of the
disease into organ-specific syndromes (cardiomyopathy, megaco-
lon, and megaesophagus) correlates with the presence of parasites
in the affected organs (29, 30). According to the prevailing hy-
pothesis, parasitological cure could translate into clinical benefit
in patients suffering from intermediate-phase or symptomatic
chronic Chagas disease (29, 30). While verification of this hypoth-
esis is still ongoing (31), new antiparasitic drugs with activity
against T. cruzi are being pursued and evaluated for clinical effi-

TABLE 2 Pharmacokinetic parameters associated with 5 days of dosing of benznidazole and posaconazole in mice with acute T. cruzi infection

Drug and dose Multiple AUC 54, 101l AUC_,4, free Crnax, total Crnax, free Time above
(mg/kg q.d.) of dose (h- uM)" (h- M) (BM)* (uM) ECy (h)
Benznidazole

10 1% 51 (1X) 20 23 (1) 16 3

30 3% 140 (2.8X) 55 59 (2.6X) 43 4

100 10X 400 (7.9%) 160 120 (5.4%) 89 8
Posaconazole

10 1X 68 (1X) 0.75 4.4 (1X) 0.05 24

30 3X 230 (3.4X) 2.5 12 (2.7X) 0.13 24

100 10X 420 (6.1X) 4.6 19 (4.4X) 0.21 24

@ AUC,_,4 and C,,,, parameters listed were derived from fitted pharmacokinetic functions using total and unbound plasma concentrations on the fifth day of dosing. Numbers in
parentheses indicate multiples of the corresponding exposure parameter associated with the lowest dose.
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cacy (10, 11). Because radical parasitological cure in patients is
difficult to demonstrate, sustained suppression of parasitemia as
measured by quantitative PCR (PCR negativity) is currently used
as a surrogate for successful therapy or, more strictly, lack of treat-
ment failure (32). However, this readout does not allow conclu-
sive determination of radical parasitological cure in patients.

Recent clinical testing of posaconazole and the ravuconazole
prodrug E1224 in Chagas disease patients did not yield favorable
treatment outcomes despite predictions from preclinical in vivo
data (8, 9, 33-35). In both trials, the fraction of treated patients
who experienced long-term parasitemia suppression/PCR nega-
tivity (as determined by qPCR) was low and inferior to that
achieved with benznidazole. Any disconnect between the out-
comes of clinical trials and the performance of drugs in preclinical
in vivo Chagas disease models represents a significant hurdle for
the progression of future Chagas disease drugs into clinical testing.
In this context, several suggestions have been made on how to
improve the performance of CYP51 inhibitors in the clinic. These
include increasing the dose, extending treatment time beyond 60
days, and treating patients with a benznidazole-CYP51 drug com-
bination (8,9, 11).

In this study, we characterized and compared the antiparasitic
activities of benznidazole and posaconazole in a mouse model of
Chagas disease that incorporates two key features. First, drug
treatment is initiated only after allowing parasites to disseminate
for 5 weeks, thus approximating the late acute stage of disease. At
this point after infection, the rate of parasitemia increase is limited
by the adaptive immune system, as is the case in human indeter-
minate-stage disease. Second, the model employs a highly sensi-
tive parasite detection method that relies on exponential parasite
proliferation during 4 weeks of immunosuppression. We rou-
tinely observed 10,000- to 100,000-fold increases in parasite PCR
signals during the immunosuppression phase in control animals.
It is important to note that neither of these two features is novel
and that the mouse model described in this report closely resem-
bles in most of its aspects a mouse model reported previously (13).

Our results demonstrate that the in vivo antiparasitic activity of
posaconazole is inferior to that of benznidazole. A regimen of 100
mg/kg of benznidazole once a day for 20 days in a late acute infec-
tion model consistently effected parasitological cure, even after
immunosuppression. A 20-day treatment with 20 mg/kg of po-
saconazole once a day was effective in reducing parasitemia below
the detection level but failed to induce parasitological cure, as
revealed after immunosuppression. We also explored two com-
mon strategies that can lead to improved drug efficacy: extension
of treatment duration and increase in dose. Both of these failed to
induce parasitological cure in a majority of posaconazole-treated
mice. We did not observe any improvement in posaconazole an-
tiparasitic activity within a 10-, 30-, and 100-mg/kg q.d. dose
range, despite dose-dependent increases in drug exposure (AUC
and C,,,,,). In a separate experiment utilizing the T. cruzi Y strain,
an extension of posaconazole treatment up to 40 days cured only
25% of infected mice. These treatment outcomes point to the
presence of a subpopulation of T. cruzi parasites in infected mice
that do not respond to posaconazole treatment, even though a
majority of T. cruzi parasites are killed by the drug. If true, T. cruzi
infection could resemble some bacterial infections, such as tuber-
culosis, in which infected patients are known to harbor bacterial
subpopulations that do not respond to treatment with growth
inhibitor drugs (36). In the alternative scenario, the treatment-
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refractory T. cruzi cells would not have reduced sensitivity to po-
saconazole but would reside in a tissue(s) poorly penetrated by
posaconazole.

It is not clear what mechanism underlies the limited in vivo
efficacy of posaconazole. The maximal antiparasitic activity of po-
saconazole in the heart muscle of acutely infected mice is lower
than that of benznidazole (Fig. 3A), which might indicate a lower
rate of parasite killing by the CYP51 inhibitor or the presence of
parasites unresponsive to posaconazole. Interestingly, the inferior
in vivo efficacy of posaconazole observed in the acute model in this
study resembles the limited in vitro efficacy of CYP51 inhibitors
that was recently reported elsewhere (28). It remains to be deter-
mined whether a common mechanism underlies the in vitro (28)
and in vivo (this study) observations.

Similarly, it is not clear why the experiments reported here
produced outcomes that are different from those in previously
published experiments. Several factors could be in play. A major-
ity of studies that previously reported successful clearance of mu-
rine T. cruzi infections by posaconazole employed mice in early
acute phase, with treatment starting as early as 1 day after the
infection (8,9, 33, 34, 37, 38). It is possible that T. cruzi parasites in
longer-term infections respond differently to treatment with po-
saconazole than parasites in early acute infections. We are aware of
only one previous study that employed longer-term murine T.
cruzi infection for testing the efficacy of posaconazole in vivo (16).
In that study, treatment failure was not evaluated by using an
immunosuppression protocol, and it is possible that the sensitiv-
ity of parasite detection in that study was lower than in the current
study. Failure to perform immunosuppression after the treatment
also limits the sensitivity of three other studies from this list (33,
34, 38).

The mouse model of Chagas disease, together with the PK/PD
analysis described in this report, can significantly improve the
prioritization of preclinical drug candidates before advancing
them into clinical development. One limitation of the current
experimental design is that it cannot be extended to T. cruzi iso-
lates that do not produce detectable parasitemia during immuno-
suppression. In such cases, a more thorough analysis of tissues of
treated animals by PCR will be needed to demonstrate parasito-
logical cure. Our evaluation of benznidazole and posaconazole
clearly indicates that posaconazole is unable to effect parasitolog-
ical cure in a mouse model as a single agent, which is in line with
the clinical results. A trial with a combination arm of posacona-
zole and benznidazole is currently ongoing and might provide
some hope that posaconazole can contribute to the treatment of
Chagas disease.
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