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New, Combined, and Reduced Dosing Treatment
Protocols Cure Trypanosoma cruzi Infection
in Mice
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The development of treatment protocols with reduced toxicity and equivalent or improved efficacy for Trypa-
nosoma cruzi infection is a priority. We tested the effectiveness of benznidazole (BZ), nifurtimox (NFX), other
prospective drugs in intermittent and combined treatment protocols to cure T. cruzi infection initiated with
susceptible and drug-resistant parasite strains. A 40-day course of BZ, NFX, or the oxaborale AN4169 cured
100% of mice, whereas posaconazole (POS), and NTLA-1 (a nitro-triazole) cured approximately 90% and 20%
of mice, respectively. Reducing the overall dosage of BZ or NFX by using an intermittent (once every 5 days)
schedule or combining 5 daily doses of POS with 7 intermittent doses of BZ also provided approximately 100%
cure. T. cruzi strains resistant to BZ were also found to be resistant to other drugs (POS), and extending the
time of treatment or combining drugs did not increase cure rates with these isolates. Thus, dosing schedules for
anti–T. cruzi compounds should be determined empirically, and compounds targeting different pathways may
be combined to yield effective therapies with reduced toxicity. This work also suggests that standard treatment
protocols using BZ and NFX may be significantly overdosing patients, perhaps contributing to the adverse
events.

Keywords. Chagas disease; Trypanosoma cruzi; benznidazole; intermittent treatment; drug discovery.

Chagas disease results from persistent infection with
the protozoan parasite Trypanosoma cruzi. It is one of
the world’s most neglected tropical diseases [1, 2] and is
the highest impact parasitic disease in Latin America.
Chemotherapy of this infection remains an enormous
challenge. Benznidazole (BZ) and nifurtimox (NFX),
the available drugs for the treatment of T. cruzi infec-
tion, are usually recommended in the acute phase or
short-term chronic phase of the infection. However,
although both drugs have proven positive impact on
chronic infection [3–7], they are not consistently used
in part because of their substantial side effects and
the difficulty of determining treatment outcomes in

chronically infected subjects [8–10]. Thus, there is an
urgent need to develop new compounds and treatment
options as well as better assays to determine treatment
outcomes and cure criteria.

Posaconazole (POS), a licensed antifungal triazole
derivative [11], and E1224, a ravuconazole prodrug [12],
both of which target ergosterol biosynthesis, are the
only new drugs developed in the last 40 years that have
moved into human clinical efficacy trials for T. cruzi
infection. In addition to the development of new anti–
T. cruzi compounds, there is also interest in improving
the efficacy of existing or new drugs by using combina-
tion therapies. This strategy, which has been used in
other infectious diseases, such as human immunodefi-
ciency virus [13], tuberculosis [14, 15], and malaria
[16], can not only strengthen the antipathogen effects
of a particular compound but also decrease the likeli-
hood of development of drug resistance [17]. Not all
human infections are cured by BZ treatment [18, 19],
and this variable outcome has been attributed to the
relative resistance of some T. cruzi strains to BZ [20].
In addition to being more effective, combined drug
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treatment for T. cruzi infection might allow for a reduced
dosing of compounds such as BZ, whose toxicity is thought to
be cumulative, and the shortening of the treatment periods.
Both toxicity and the long course of treatment are significant
impediments to wider use of BZ in the treatment of chronic T.
cruzi infection.

In the studies described here, we used an experimental
mouse model of T. cruzi infection to test the effectiveness of
several anti–T.cruzi compounds, as well as combined and inter-
mittent treatment strategies, to cure T. cruzi infection. In addi-
tion, we studied and rigorously validated the use of
immunological changes in the parasite-specific CD8+ T-cells
compartment as biomarkers of treatment efficacy and cure in
this infection.

METHODS

Mice, Parasites and Infections
C57BL/6 (Ly5.2+) mice were purchased from the National
Cancer Institute and maintained in the University of Georgia
animal facility under specific pathogen-free conditions. Tissue
culture trypomastigotes of the CL, Brazil, Montalbania, or Co-
lombiana strain of T. cruzi were obtained from passage through
Vero cells. Mice were infected intraperitoneally with 1000
tissue culture trypomastigotes of T. cruzi and killed by carbon
dioxide inhalation. This study was carried out in strict accor-
dance with the Public Health Service Policy on Humane Care
and Use of Laboratory Animals and Association for Assessment
and Accreditation of Laboratory Animal Care accreditation guide-
lines. The protocol was approved by the University of Georgia In-
stitutional Animal Care and Use Committee.

Treatments
Infected mice were treated according to the indicated schedules.
BZ was prepared by pulverization of tablets followed by suspen-
sion in distilled water. Mice received 100 mg/kg body weight
orally by gavage. POS was dissolved in an aqueous solution of
2% methylcellulose and 0.5% Tween 80 and delivered orally at
20 mg/kg/day. NTLA-1 (a nitro-triazole derivative; gift of
Maria Papadopulou, NorthShore University Health System)
was suspended in phosphate-buffered saline and given intra-
peritoneally at 2 mg/kg/day. Allopurinol (gift of Susana Laucel-
la, Instituto de Parasitologia Mario Fatala Chaben) was
prepared by pulverization of tablets followed by suspension in
distilled water and was given orally at 30 mg/kg/day. For the
animals receiving a combination of drugs, BZ + allopurinol or
BZ + POS, the 2 compounds were administered individually
separated by 30 minutes. NFX (kindly provided by Metronomx,
Houston, TX) was prepared by pulverization of tablets followed
by suspension in distilled water. Mice received 100 mg/kg
orally. AN1469 (kindly provided by Anacor Pharmaceuticals,
Inc, Palo Alto, CA) was suspended in 1% of sodium

carboxymethylcellulose with 0.1% Tween 80 and given orally at
20 mg/kg/day.

Assessment of Treatment Efficacy
Mice were immunosuppressed with cyclophosphamide (200
mg/kg/day) intraperitoneally at 2–3 day intervals for a total of 4
or 5 doses. After immunosuppression, parasitemias were quan-
tified as described previously [21]. The DNA preparation, gen-
eration of polymerase chain reaction (PCR) standards, and
detection of parasite tissue load by real-time PCR was carried
out as described previously [21, 22]. Skeletal muscle tissues
were collected at various time points and fixed in 10% buffered
formalin for the histopathological analysis as described previ-
ously [21]. For the hemoculture experiments, blood from im-
munosuppressed mice was collected and cultured in liver
infusion broth and tryptose medium [23], and the detection of
T. cruzi was assessed every week for 2 months.

T-Cell Phenotyping
Mouse peripheral blood was obtained by retro-orbital veni-
puncture, collected in sodium citrate solution, washed, and
stained as previously described [21]. Briefly, whole blood was
incubated with the tetramer-PE and the following labeled anti-
bodies: anti-CD62L APC, anti-CD8 EF450, and anti-CD127
PECy7. Cells were also stained with anti-CD4, anti-CD11b, and
anti-B220 for use as an exclusion channel. At least 500 000 cells
were acquired using a Cyan flow cytometer and analyzed with
FlowJo software. The MHC I tetramer TSKB20 (ANYKFTLV/
Kb) was synthesized at the Tetramer Core Facility at Emory
University.

Statistical Analysis
Statistical analysis was performed by analysis of variance and
unpaired t test using the GraphPad PRISM 5.0 software. Differ-
ences between 2 groups were considered significant at P < .05.

RESULTS

Immunophenotypic Markers as Surrogates for the Assessment
of Drug Efficacy and Cure
We have previously used immunosuppression with cyclophos-
phamide to demonstrate that treatment of T. cruzi–infected
mice with the antifungal POS or the nitrotriazole NTLA-1 sup-
presses parasitemia but failed to provide parasitological cure in
all treated mice [24]. Mice cured with BZ, NTLA-1, or POS ex-
hibited undetectable levels of parasite DNA in skeletal muscle
tissue and an absence of histological evidence of infection or
disease, whereas drug failure was indicated by relatively high
levels of parasite DNA in tissue, amastigote nests, and a signifi-
cant inflammation in the skeletal muscle after immunosuppres-
sion (Figure 1A–C and data not shown). BZ-induced cure also
results in a decrease in the frequency of T. cruzi–specific
(TSKB20 epitope–specific) CD8+ T cells as well as an altered T
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Figure 1. A shift to a TCM phenotype in the Trypanosoma cruzi–specific CD8+ T cells is diagnostic of cure in T. cruzi infection. A, Schematic representa-
tion of infection, treatment, and immunosuppression. B, T. cruzi DNA isolated from skeletal muscle tissues of untreated or treated mice and suppressed
with cyclophosphamide (15 days after suppression started) determined by quantitative real time polymerase chain reaction. C, Histological sections of the
skeletal muscle at 120 days postinfection of naive, untreated, benznidazole 40-day–, posaconazole–, and NTLA-1–treated mice that were cyclophospha-
mide suppressed. Scale bar represents 200 µm in the left and middle columns and in the upper panel of the right column. In the right column middle and
bottom row scale bar represents 20 µm. D and E, The MHC-peptide tetramer of the immunodominant TSKB20/Kb epitope was used to detect T. cruzi–
specific CD8+ T cells in the blood of untreated (filled squares) and treated mice (cured: open square; not cured: filled circles) during the evolution of the
infection (D ) and at 105 days postinfection before the immunosuppression (E ). Data in (D ) are shown as mean ± standard error of the mean. *P < .05 between
cured and not cured groups or cured and untreated groups. Numbers in (E ) indicate the percentage of tetramer+ cells among the CD8+ T-cells population.
F, Expression of classical memory (CD62L) and memory maintenance (CD127) markers in blood on the CD8+ T cells (naive) and on the CD8+ TSKB20-tetramer+

T cells from untreated and treated mice at 105 days postinfection. Data are representative of 2 independent experiments with 5–10 mice per group. Abbre-
viations: BZ, benznidazole; dpi, days postinfection; POS, posaconazole; T. cruzi, Trypanosoma cruzi.
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memory phenotype [21], so we asked whether changes in the
frequency or phenotype of T. cruzi–specific CD8+ T cells might
be diagnostic of treatment outcomes. For all 3 drug treatments,
the frequency of T. cruzi–specific TSKB20+ CD8+ T cells in
cured mice was consistently 2–2.5 fold lower as compared with
either untreated or treated, but not cured, mice (P < .05)
(Figure 1D and 1E). Additionally, the population of TSKB20-
specific CD8+ T cells in mice cured by BZ, POS, or NTLA-1
treatment were predominantly CD62Lhi and CD127hi, indica-
tive of a change from a TEM to a TCM phenotype after antigen
clearance (Figure 1F; P < .05), whereas TSKB20-specific CD8+

T cells in mice in which treatment with POS or NTLA-1 failed
to cure the infection exhibited a TE/TEM memory phenotype
(CD62Llo, CD127lo) similar to infected, untreated mice
(Figure 1F). These results support the use of T-cell phenotypic
markers on T. cruzi–specific T cells as surrogates for the assess-
ment of drug efficacy and cure in this infection.

Treatment Efficacy in Mice Infected With Drug-Resistant
Strains
The apparent failure of BZ and NFX to consistently cure
T. cruzi infection in humans has been associated with a relative
resistance of some of the T. cruzi isolates to these therapies [20,
25, 26]. The Colombiana strain has been characterized as BZ re-
sistant, based on a 20-day treatment course [20, 26] that we find
to be ineffective in curing the majority of infections with BZ-
sensitive T. cruzi strains [21, 24]. Therefore, we asked if a
40-day treatment regimen might cure infections with this
“drug-resistant” strain. Initiation of treatment at 15 days post-
infection results in a rapid reduction in parasites in the blood
to undetectable levels. However, one-third of the BZ-treated
mice showed a reoccurrence of parasites in blood at 150 days
postinfection (Figure 2A) and a further exacerbation after cy-
clophosphamide immunosuppression, whereas the remaining
treated mice appeared parasite-free after immunosuppression
(Figure 2B and 2C). Moreover, mice cured of the Colombiana in-
fection using BZ showed a reduced frequency of TSKB20-
tetramer CD8+ T cells, as well as a predominant TCM memory
phenotype (CD62Lhi and CD127hi) (Figure 2D and 2E; P < .05).

We also observed a relative resistance to BZ treatment in
mice infected with the Montalbania strain of T. cruzi, with ap-
proximately two-thirds of BZ-treated mice showing lower
numbers of TSKB20-tetramer+ CD8+ T cells as well as a higher
expression of CD127 in the TSKB20-tetramer+ CD8+ T cells
and no evidence of infection after the cyclophosphamide sup-
pression (Supplementary Figure 1A–E and data not shown).
Extending BZ treatment during Colombiana strain infection
for an additional 20 days (a total of 60 consecutive days) result-
ed in a similar outcome as the 40-day treatment (Supplementa-
ry Figure 2A–E and Figure 2). Additionally, treatment of mice
in the chronic phase of the Colombiana infection (120–160

days postinfection) suppressed parasitemias but failed to pro-
duce cure (Figure 3A–D).

Intermittent Treatment Protocols and Combination Therapies to
Cure T. cruzi Infection
The cumulative toxicity of BZ and NFX prevents completion of
treatment in a significant number of individuals [3].We thus ex-
plored whether shorter treatment regimens and the use of a
combinationofanti–T. cruzi compounds couldprovidecure.Two-
thirds of the mice infected with T. cruzi CL strain (BZ-sensitive)
and treated for only 10 days with a combination of BZ and POS
were cured (Figure 4A–C). This treatment protocol was as effec-
tive as a 20-day course of treatment with BZ alone and much
better than BZ treatment alone for 10 days (approximately 12%
of the mice cured) or the combination of BZ and allopurinol for
10 consecutive days (20% of the mice cured). Cured mice
showed the expected lower frequency and TCM memory pheno-
type (CD127hi) for CD8+ TSKB20-tetramer+ T cells (Figure 4D;
P < .05). However, combining BZ and POS treatment in mice in-
fected with a BZ-resistant strain of T. cruzi was not significantly
better in achieving cure than BZ alone (Figure 4E and 4F).

An alternative way to manage the cumulative toxicity of BZ
and NFX is to treat less frequently than the standard once per
day regimen. Mice infected with T. cruzi Brazil strain (a BZ-
sensitive strain) and treated with 9 doses of BZ at 5-day inter-
vals or a combination of initial daily treatments (5 or 10 days)
followed by treatment at 5-day intervals for a total of 40 days
(Supplementary Figure 3A–C) yielded between 45% and 75%
cure rates. Extending the intermittent treatment period to 60
days (Figure 5) increased the cure rate to levels approaching
that of daily 40-day treatment courses (95%–100%). Intermit-
tent treatment with NFX was also curative (Figure 6). However
this ability to achieve equivalent cure with daily and intermit-
tent dosing does not apply to all potential antitrypanosomal
compounds. AN4169, an oxaborole-containing compound
develop by Anacor Pharmaceuticals and with activity in vitro
against T. cruzi [27], cured 100% of the mice when adminis-
tered for 40 consecutive days, but the intermittent dosing pro-
tocol with AN4169 resulted in no cures (Figure 6).

Combining Intermittent and Multiple Drug Treatment Protocols
for Treatment of T. cruzi Infection
POS is thought to have fewer adverse effects relative to BZ, so
we next asked if the cumulative dosage of BZ can be further
reduced without loss of efficacy by preceding it with 5 daily
doses of POS (Figure 7A). All the mice treated with the POS5/
BZ7 protocol were cured based on the absence of parasites in
blood after immunosuppression (Figure 7B). In contrast, inter-
mittent treatment with POS alone provided only 1 cure among
15 treated mice (Figure 7A and 7B). Attempts to further reduce
the length of the intermittent treatment after the initial 5 con-
secutive days of POS treatment revealed that although a high
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Figure 2. Acute treatment with benznidazole (BZ) in mice infected with Trypanosoma cruzi Colombiana strain. A, Parasitemia profile in untreated (▪), or
BZ-treated (Δ) mice (treatment was carried out during 40 days from 15–55 days postinfection) infected with the BZ-resistant Colombiana strain of T. cruzi.
B, Parasitemias in untreated (▪) or treated (Δ) mice at 195 days postinfection, after administration of the immunosuppressant cyclophosphamide (days 180,
183, 186, 188, and 192). C, T. cruzi DNA isolated from skeletal muscle tissues of untreated or treated mice and suppressed with cyclophosphamide (15
days after suppression started) determined by quantitative real time polymerase chain reaction. Detection of T. cruzi–specific CD8+ T cells in the blood of
untreated and treated mice using the TSKB20-tetramer during the course of infection (D ) and at 180 days postinfection (before cyclophosphamide suppres-
sion) (E ). Data in (D) are shown as mean ± standard error of the mean. *P < .05 between cured and not cured groups or cured and untreated groups.
Numbers in (E ) indicate the percentage of tetramer+ cells among the CD8+ T-cells population (upper row). Expression of the classical memory (CD62L:
middle row) and memory maintenance (CD127: bottom row) markers in blood on the CD8+ T cells (naive) and on the CD8+ TSKB20-tetramer+ T cells from
untreated and treated mice at 180 days postinfection. Data are representative of 2 independent experiments with 6–8 mice per group. Abbreviation: BZ,
benznidazole.
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rate of cure (between 71%–81%) was achieved using 5 daily
doses of BZ followed by 5 intermittent doses of BZ on a 5 day
interval (BZ5/BZ5), 5 daily doses of POS followed by 5 inter-
mittent doses of BZ on a 5 day interval (POS5/BZ5), and 5
daily doses of BZ followed by 7 intermittent doses of BZ on a 5
day interval (BZ5/BZ7) protocols, a 100% cure rate was only ac-
complished when the mice were treated with the 5 daily doses
of posaconazole (POS) followed by 7 intermittent doses of
benznidazole (BZ) on a 5 day interval (POS5/BZ7) protocol
(Figure 7C and 7D). T. cruzi Colombiana strain–infected mice
treated with the POS5/BZ7 protocol displayed a similar rate of
cure as those treated with a 40-day regimen of either POS or BZ

or with a 40-day regimen of daily doses of both POS and BZ
(Figure 7E and 7F).

DISCUSSION

Treatment of T. cruzi infection relies on the use of 2 nitroderi-
vative compounds, benznidazole and nifurtimox, developed >4
decades ago [10]. Despite showing effectiveness in curing both
acute and chronic infections with T. cruzi [3–7], these drugs are
underused because of their high rate of side effects, long
courses of treatment, and unpredictable (and unmeasurable)
treatment outcomes. The difficulty in determining treatment

Figure 3. Chronic treatment with benznidazole (BZ) in mice infected with Trypanosoma cruzi Colombiana strain. A, Parasitemia profile in untreated (▪) or
BZ-treated (Δ) mice (treatment was carried out during 40 days from 120–160 days postinfection) infected with the BZ-resistant Colombiana strain of
T. cruzi. B, Parasitemias in untreated (▪) or treated (Δ) mice at 255 days postinfection, after administration of the immunosuppressant cyclophosphamide
(days 240, 243, 246, 248). C, T. cruzi DNA isolated from skeletal muscle tissues of untreated or treated mice and suppressed with cyclophosphamide (15
days after suppression started) determined by quantitative real time polymerase chain reaction. D, Detection of T. cruzi–specific CD8+ T cells in the blood
of untreated and treated mice using the TSKB20-tetramer at 240 days postinfection (before cyclophosphamide suppression). Numbers indicate the percent-
age of tetramer+ cells among the CD8+ T cells population (upper row). Expression of CD127 (bottom row) in blood on the CD8+ T cells (naive) and on the
CD8+ TSKB20-tetramer+ T cells from untreated and treated mice at 240 days postinfection. Data are representative of 2 independent experiments each
with 5–8 mice per group. Abbreviations: BZ, benznidazole; BZ-chr, chronically infected and treated with benznidazole.
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Figure 4. The combination of anti–Trypanosoma cruzi compounds synergize to clear T. cruzi infection. A, Schematic representation of infection, treat-
ment, and immunosuppression. B, Parasitemias in untreated and treated mice at 115 days postinfection, after administration of the immunosuppressant cy-
clophosphamide (days 100, 103, 106, 108, and 111). C, Histological sections of the skeletal muscle at 115 days postinfection of naive, untreated, and
benznidazole (BZ)–treated mice that were cyclophosphamide suppressed. Scale bar represents 200 µm. D, Detection of T. cruzi–specific CD8+ T cells in the
blood of untreated and treated mice using the TSKB20-tetramer at 100 days postinfection (before cyclophosphamide suppression) (upper row). Numbers in-
dicate the percentage of tetramer+ cells among the CD8+ T-cells population. Expression of CD127 (bottom row) in blood on the CD8+ T cells (naive) and on
the CD8+ TSKB20-tetramer+ T cells from untreated and treated mice at 100 days postinfection of naive, untreated, and BZ-treated mice that were cyclo-
phosphamide suppressed. Data are representative of 2 independent experiments with 5–10 mice per group. E, Parasitemias in mice infected with T. cruzi.
Colombiana strain, untreated, BZ-treated, and treated mice with a combination of BZ and posaconazole (treatment was carried out during 40 days from 15–
55 days postinfection) at 105, after administration of the immunosuppressant cyclophosphamide (days 90, 93, 96, 98, and 101). F, T. cruzi DNA from untreat-
ed or treated mice in (E ) suppressed with cyclophosphamide (15 days after suppression started) determined by quantitative real time polymerase chain
reaction. Data are representative of 2 independent experiments with 3–7 mice per group. Abbreviations: ALLO, allopurinol; BZ, benznidazole; dpi, days post-
infection; POS, posaconazole; T. cruzi, Trypanosoma cruzi.
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efficacy has been a long-standing problem [28] and has also
greatly impacted the design of treatment protocols using BZ
and NFX. The dosage level and daily frequency for administra-
tion of BZ are in keeping with the known pharmacokinetics in
humans [29, 30], but the length of treatment is highly variable
[10] and does not appear to be based upon rigorous evaluation
of cure, particularly with respect to chronic infections.

We undertook this study to further validate accurate methods
for determining treatment outcomes in T. cruzi infection and
to use these methods to evaluate the reliability of protocols that
are used in humans but that are not well supported experimen-
tally. The most surprising and encouraging result of this study is
the finding that T. cruzi infection can be cured in mice using a
treatment regimen that greatly decreased the total dose of BZ or
NFX. As few as 13 doses of BZ or NFX given at 5 day intervals,
or 9 doses of BZ if preceded by a 5 day course of POS treatment
performed equally as well as 40 daily doses of BZ or NFX. This
result was unexpected based upon the documented half-life of
BZ of 1–2 hours in mice [31, 32] and the presumption that the
effectiveness of BZ depended on sustaining a concentration
above the minimum inhibitory concentration [33]—hence the
reason for giving BZ twice daily in humans where its half-life is
approximately 12 hours [29]. This result is particularly signifi-
cant because some of the side effects of BZ treatment can be
eliminated with a reduction in the cumulative dose of BZ [10].

The effectiveness of the intermittent dosing regimen suggests
that BZ acts via a maximum concentration mechanism. Drugs
functioning through a maximum concentration mechanism
have extended postantibiotic effects—impacting pathogen
growth after complete removal of the compound [34].

It is noteworthy that POS and the oxaborale AN4169 failed to
cure any mice when given only once every 5 days, indicating that
the postantibiotic effects on T. cruzi are compound specific. Al-
though as yet untested, it is possible that even less frequent
dosing may be possible with BZ and NFX. Ongoing studies in
nonhuman primates with naturally acquired, chronic T. cruzi in-
fections will establish whether this reduced dosing regimen is
likely to translate into improved treatment protocols for humans.

A more discouraging finding is the failure of various treat-
ment regimens, including an extended course of treatment,
alternative compounds, and drug combinations, to cure infec-
tions with naturally drug-resistant isolates of T. cruzi. The Co-
lombiana strain is resistant not only to BZ but also to POS; the
combination of BZ and POS and extending the length of daily
treatments from 40 to 60 days did not improve the cure rate.
Even more concerning was the complete failure of BZ treat-
ment in mice with chronic Colombiana strain infections. Our
previous studies in mice had failed to identify an infection
length dependency on the efficacy of BZ in infections with the
relatively drug-sensitive CL strain [21]. Other investigators have
reported that BZ resistance occurs naturally in the absence of
drug exposure [35] and also fluctuates depending on host and

parasite passage conditions [37]. In our hands, the Colombiana
strain is no more resistant to BZ in vitro [24, 38] than the Brazil
strain, which is very susceptible to BZ-mediated cure in vivo.
All of these observations suggest that naturally occurring resis-
tance to BZ is not due to a genetic resistance to drug but is a
phenotypic, in vivo resistance to multiple compounds that
varies with the host species and becomes more evident with in-
creasing length of infection. One possibility is that this pheno-
typic resistance is related to the tissue distribution of parasites
and the inaccessibility to drug in certain cells or tissues. There
is clearly a stochastic nature to the success of drug treatment in
T. cruzi infection. Although a 40 day course of treatment of
mice infected with the CL strain cures 100%, treatment for only
20 days cures >50% and the occasional animal cures with only
10 days of treatment. Likewise, >50% of mice infected with
drug-resistance strains are cured if treated early in the infection,
but few are cured once the infection is well established. Success-
ful cure in humans is also variable and unpredictable. Alvarez
and colleagues recently reported that BZ treatment aborted at
approximately 10 days because of adverse effects achieved the
criteria of cure in 20% of patients [3]. Clearly a better under-
standing is needed of the biology of T. cruzi in vivo, the vari-
ability of tissue distribution of different isolates, and the
accessibility of these tissues to drugs.

POS not only failed on its own and in combination with BZ
to clear infections with the BZ-resistant Colombiana strain, it
also was modestly less effective in curing infections with BZ-
sensitive strains. This observation is consistent with the unpub-
lished reports of high failure rates of POS in humans and
nonhuman primates with established T. cruzi infections ( John
Vandeberg, CDDC 2012 Meeting https://sites.google.com/site/
chagasddc/ and Israel Molina, International Congress of Tropi-
cal Medicine http://ictmm2012.ioc.fiocruz.br/program_25_sept.
html). Interestingly, the combination of POS and BZ did have a
significant synergistic effect in the abbreviated 10-day treatment
protocol, improving cure rates from 12.5% to 66.7%, and with
POS as a pretreatment before a 7-dose intermittent treatment
with BZ. Cencig et al have also recently reported synergism
between BZ and POS in an abbreviated treatment protocol in
T. cruzi–infected mice [39]. This enhancing effect of POS could be
a result of the expected impact of POS on BZ metabolism.
Moreira da Silva and colleagues reported that itraconazole in-
creased the volume of distribution of BZ by 2.66-fold and pro-
longed its half-life in the plasma by >7-fold, to approximately 12
hours in mice [32]. Similar synergistic activity with BZ has been
reported for the related compound ketoconazole [40] and would
be expected of POS as well. Collectively, these results emphasize
the quality of the cure assays that are available for testing anti–
T. cruzi drugs, the multitude of variations in treatment protocols
that have yet to be explored, and the need to fully use these
models before proceeding to human trials with new compounds
or protocols.
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Figure 5. Thirteen doses of benznidazole (BZ) over 60 days in the acute or chronic phase of the infection cures Trypanosoma cruzi–infected mice. A, Sche-
matic representation of infection, acute treatment, and immunosuppression. B, Parasitemias in mice infected with T. cruzi, Brazil strain, untreated and treated
mice with 13 doses of BZ over the course of 60 days (15 to 75 days postinfection) at 135 days postinfection, after administration of the immunosuppressant
cyclophosphamide (days 120, 123, 126, 129, and 132). C, T. cruzi DNA isolated from skeletal muscle tissues of untreated or treated mice and suppressed with
cyclophosphamide (17 days after suppression started) determined by quantitative real time polymerase chain reaction. D, Schematic representation of infection,
chronic treatment, and immunosuppression. E, Parasitemias in mice infected with T. cruzi, Brazil strain, untreated and treated mice with 13 doses of BZ over
the course of 60 days (130–190 days postinfection) at 245 days postinfection, after administration of the immunosuppressant cyclophosphamide (days 230,
233, 237, 239, and 242). F, T. cruzi DNA isolated from skeletal muscle tissues of untreated or treated mice and suppressed with cyclophosphamide (15 days
after suppression started) determined by quantitative real time polymerase chain reaction. Data are representative of 10 mice per group. Abbreviations: AC,
acute; BZ, benznidazole; CHR, chronically infected; dpi, days postinfection; POS, posaconazole; T. cruzi, Trypanosoma cruzi.

158 • JID 2014:209 (1 January) • Bustamante et al



Figure 6. Forty-day consecutive treatment with AN4169 and nifurtimox or intermittent dosing with nifutimox cures mice infected with Trypanosoma
cruzi. A, Schematic representation of infection, treatment, and immunosuppression. B, Parasitemias in untreated and treated mice at 120 days postinfec-
tion, after administration of the immunosuppressant cyclophosphamide (days 100, 103, 106, 109, and 112). C, T. cruzi DNA isolated from skeletal muscle
tissues of untreated or treated mice and suppressed with cyclophosphamide (20 days after suppression started) determined by quantitative reverse-
transcription polymerase chain reaction. D, Detection of T. cruzi–specific CD8+ T cells in the blood of untreated and treated mice using the TSKB20-
tetramer at 90 days postinfection (before cyclophosphamide suppression). E, Expression of CD127 in blood on the CD8+ T cells (naive) and on the CD8+

TSKB20-tetramer+ T cells from untreated and treated mice at 90 days postinfection. Data are representative of 10–11 mice per group. Abbreviations: dpi,
days postinfection; NFX, nifurtimox; T. cruzi, Trypanosoma cruzi.
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Figure 7. Five consecutive doses of posaconazole (POS) followed by 7 intermittent doses of benznidazole (BZ) cures 100% of the mice infected with Try-
panosoma cruzi. A, Schematic representation of infection, treatment, and immunosuppression. B, Parasitemias in mice infected with T. cruzi, Brazil strain,
untreated and treated mice with 9 and 12 doses of POS and the combination of 5 doses of POS follow by 7 doses of BZ over the course of 40 days (15–55
days postinfection) at 135 days postinfection, after administration of the immunosuppressant cyclophosphamide (days 121, 123, 126, 128, and 130). C, Par-
asitemias in mice infected with T. cruzi, Brazil strain, untreated and treated mice with 5 consecutive doses of POS or BZ followed by 5 or 7 intermittent
doses of BZ over the course of 40 days (15–55 days postinfection) at 127 days postinfection, after administration of cyclophosphamide (days 110, 112, 115,
117, and 120). D, T. cruzi DNA isolated from skeletal muscle tissues of untreated or treated mice and suppressed with cyclophosphamide (17 days after
suppression started) determined by quantitative real time polymerase chain reaction. E, Schematic representation of infection, treatment, and immunosup-
pression in mice infected with T. cruzi Colombiana strain and treated with combination of BZ and POS on an intermittent and combined treatment regimen.
F, Parasitemias in mice infected with T. cruzi, Colombiana strain, untreated and treated mice with a combination of 5 doses of POS follow by 7 doses of BZ
over the course of 40 days (15–55 days postinfection) at 208 days postinfection, after administration of cyclophosphamide (days 190, 192, 1195, 198, and
200). Data are representative of 2 independent experiments with 8–10 mice per group. Abbreviations: BZ, benznidazole; dpi, days postinfection; POS, posa-
conazole; T. cruzi, Trypanosoma cruzi.
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This study also presents the first demonstration of the ability
of a new class of compounds, the oxaboroles, to provide sterile
cure of T. cruzi infection. Oxaboroles are a unique boron-
containing class of compounds with demonstrated antiparasitic
activity. Oxaborole SCYX-7158 is currently in phase 1 trials for
the treatment of human African trypanosomiasis, having ex-
hibited efficacy against both the acute and chronic central
nervous system stages of human African trypanosomiasis.
The trypanocidal activity of oxaboroles demonstrated in
T. brucei, excellent physicochemical and absorption, distribu-
tion, metabolism, and excretion profiles, including promising
in vitro and in vivo pharmacokinetic properties, sufficient
potency, and high permeability suggest that these are important
leads for new and effective orally administered treatments for
Chagas disease.

Lastly, this study provides additional support for the use of
immunological biomarkers as accurate assessors of treatment ef-
ficacy in T. cruzi infection by showing that changes in the pheno-
type of T. cruzi–specific T cells correlate with cure, irrespective of
the compound that is used, the treatment protocol, or the fre-
quency of cures achieved with that compound. Unfortunately,
inconsistent detection of T. cruzi–specific T cells [41, 42] limits
the translation of such assays of immunological biomarkers into
use for assessing treatment outcomes in humans. Other surro-
gate immunological markers have shown promise in assessing
treatment outcomes [43] and are likely to be more widely em-
ployed because definitive evidence of parasitological cure is im-
practical because of the insensitivity of even the best assays. If we
are to reliably assess in humans the effectiveness of new drugs
and improved treatment protocols that appear promising in
mice, then we are going to need to put much more effort into de-
veloping definitive tests of cure in humans and not just clearance
of detectable parasites from blood. Such tests are likely to depend
on immunological or other biomarkers.
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