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30270-010 Belo Horizonte, MG, Brazil3; and Laboratório de Quı́mica Biológica, Centro de Biofı́sica y Bioquı́mica,
Instituto Venezolano de Investigaciones Cientı́ficas, Apartado 21827, Caracas 1020A, Brazil4

Received 20 September 2006/Returned for modification 24 October 2006/Accepted 30 December 2006

We have investigated the influences of gamma interferon (IFN-�) and interleukin-12 (IL-12) on the efficacy
of posaconazole (POS) treatment of acute experimental infections with Trypanosoma cruzi; the standard drug,
benznidazole (BZ), was used as a positive control. Wild-type (WT) mice infected with T. cruzi and treated with
POS or BZ had no parasitemia, 100% survival, and cure rates of 86 to 89%. IFN-�-knockout (KO) mice infected
with T. cruzi and treated with BZ controlled the infection during treatment but relapsed after the drug pressure
ceased and had 0% survival, while those receiving POS better controlled the infection after the end of treatment
and had 70% survival (P < 0.0001 compared to the results for both untreated and BZ-treated animals).
IL-12-KO mice infected and treated with POS or BZ had intermediate results, displaying enhanced para-
sitemia, decreased survival (77 to 83%), and reduced cure rates (35 to 39%) compared with those of the WT
animals. Our results demonstrate that either IFN-� or IL-12 deficiency reduces the efficacy of POS or BZ in
this experimental model but also indicate that the anti-T. cruzi activity of POS is much less dependent on the
activity of IFN-� than that of BZ is.

Chagas’ disease, which is caused by the protozoan Trypano-
soma cruzi, affects approximately 18 million inhabitants in
Latin America (40). Substantial advances in measures that can
be used to control disease have been made, e.g., by combating
the triatomine vector with insecticides. Nevertheless, Chagas’
disease still remains a public health problem. Only two drugs
are clinically used for treatment of the disease, the nitroimid-
azole benznidazole (BZ) and the nitrofuran nifurtimox (NFX).
Both drugs possess limited efficacy during the acute phase
(76%) and the chronic phase (8%) (8). The presence of strains
naturally resistant to BZ and NFX (12) may be an important
factor that explains the low cure rates shown by some of the
treated patients with Chagas’ disease. However, little is known
about the influences of the host parameters related to thera-
peutic failure. One of the major factors that may interfere with
the efficacy of treatment of Chagas’ disease is the host immu-
nological response through cooperative action with the drug
(4, 24, 31).

The host immunological response has been implicated in
resistance to infection as a result of inhibition of parasite
replication and modulation of the onset of T. cruzi infection
(25, 27, 32). Interleukin-12 (IL-12) is an important cytokine of
the innate protective mechanism that stimulates gamma inter-
feron (IFN-�) production by natural killer cells. IFN-� is a

cytokine that activates macrophages, enhancing their trypano-
cidal activities by increasing the levels of phagocytosis and
nitric oxide production (14, 34). Moreover, these cytokines
play important roles in immunological response differentiation
(26). Mice treated with IL-12- and IFN-�-neutralizing antibod-
ies, as well as those with genetic deficiencies in such cytokines,
are more susceptible to T. cruzi infection, showing high para-
sitemia and mortality levels, compared to those of wild-type
(WT) mice (1, 18, 24). Importantly, chagasic patients infected
with human immunodeficiency virus, patients with autoim-
mune diseases, or patients receiving immunosuppressive ther-
apy posttransplantation present episodes of reactivation of the
T. cruzi infection (10, 16, 21, 22). Indeed, the occurrence of
meningoencephalitis, a rare though severe form of Chagas’
disease, was observed in those patients (13).

A cooperative effect between drugs and the host immune
system has been reported in the literature for parasitic diseases
such as avian malaria (30), murine schistosomiasis (11), and
canine visceral leishmaniasis (23). For Chagas’ disease, im-
mune system activation with recombinant IL-12 has been
shown to enhance drug efficacy during BZ chemotherapy in
experimental models (17). Likewise, the efficacy of BZ treat-
ment in IFN-�- and IL-12-knockout (KO) mice was shown to
be reduced compared to that in other mice of similar genetic
backgrounds but with intact immune systems (24). Further-
more, patients who were treated with BZ and NFX and cured
have been shown to have IFN-� levels higher than those in
patients who were treated but not cured (3).

Novel antifungal triazole derivatives, developed for the
treatment of invasive fungal infections, have arisen as alter-
native treatments for Chagas’ disease. They inhibit T. cruzi
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ergosterol synthesis, which is fundamental for parasite growth
and survival, and have pharmacokinetic properties suitable for
the treatment of this disseminated intracellular infection. Ex-
perimentally, several triazole derivatives have been tested, in-
cluding D0870 (19), posaconazole (POS) (20, 35), ravucon-
azole (39), albaconazole (15, 36), and TAK-187 (9, 38). In
particular, POS (Schering-Plough Research Institute) has pre-
viously been shown to have potent in vitro and in vivo activities,
inducing parasitological cure in mice with acute and chronic
infections, including those caused by T. cruzi BZ-resistant
strains (20). Therefore, POS has recently been proposed as a
rational candidate for clinical trials with Chagas’ disease pa-
tients (37). The present work was aimed at investigating the
influences of the proinflammatory cytokines IL-12 and IFN-�
on the effectiveness of POS in providing a cure for acute T.
cruzi infection in a murine model.

MATERIALS AND METHODS

Animals. C57BL/6 mice with KO for IL-12p40 (IL-12 KO) or IFN-� (IFN-�
KO), as well as C57BL/6 (WT) mice, obtained from the Departamento de
Imunologia, Faculdade de Medicina de Ribeirão Preto (FMRP/USP, São Paulo,
Brazil), were used in the present investigation. WT and KO male mice (age, 8 to
10 weeks) were infected with T. cruzi and kept under standard conditions with
experimental isolation barriers at the animal house of the Centro de Pesquisa
René Rachou in Belo Horizonte, state of Minas Gerais, Brazil. All the proce-
dures that involved the use of animals in this study followed the ethical principles
on the use of laboratory animals supplied by the Brazilian College of Animal
Experimentation-Cobea and the Manual on the Care and Use of Laboratory
Animals of the National Research Council (20a). Moreover, the study was com-
mitted to the principle of replacement, reduction, and refinement, the basic
objective of which is the use of alternative methods with the use of animals, as
well as the use of a technician whose aim is to diminish whenever possible the
suffering and the number of animals necessary to perform the project.

Mice infection and parasitemia curve. WT and KO mice were infected by
intraperitoneal injection of 5,000 blood trypomastigote forms of the Y strain of
T. cruzi (29), which had been kept in our laboratory by serial passage in Swiss-
Webster mice. The presence of infection was confirmed 4 days postinfection
(dpi) and was monitored to 60 dpi by examination of fresh blood collected from
the tails of the mice. Parasite numbers were estimated daily from 4 to 15 dpi and
thereafter every other day up to 60 dpi (5).

Treatment of infected mice. At 4 dpi, WT and KO mice were treated orally
with POS (20 mg/kg of body weight/day, divided into two daily doses) or BZ (100
mg/kg/day, given once a day) for 20 consecutive days. BZ was dissolved in water
containing arabic gum, and POS was dissolved in 2% methylcellulose and 0.5%
Tween 80. Nontreated, infected WT and KO mice were used as controls.

Hemoculture. Hemoculture was used as a parasitological cure indicator. At 60
dpi, mice with no parasitemia, as determined by the observation of blood under
an optical microscopy, were aseptically bled from the venous orbital sinus, and
0.5 ml of blood was collected from each mouse. Blood samples were distributed
into two tubes containing 5 ml of liver infusion tryptose medium (7). The tubes
were incubated for 30 to 60 days at 28°C and then microscopically examined for
parasite detection.

Statistical analysis. The means and standard deviations of the parasitemia
levels were calculated with Microsoft Excel software (for Windows). Compari-
sons between parasitemia graphs regarding either the POS-treated or the BZ-
treated mice were carried out by the Mann-Whitney test, a nonparametric
method, in that the data were asymmetric. Comparison of the cure rates for the
infected, treated mice was done by using the chi-square test and the Bonferroni
method with the software package Minitab (Minitab Inc., State College, PA).
Survival analysis was carried out by the nonparametric Kaplan-Meier method
and by the log rank and Peto-Peto-Wilcoxon tests, implemented with the Stat-
View 4.5 software package (Abacus Concepts, Berkeley, CA). Differences were
considered significant when P was �0.05.

RESULTS

C57BL/6 mice infected with T. cruzi are highly responsive to
posaconazole and benznidazole treatment. Figure 1A shows

the mean parasitemia levels for nontreated (control) WT mice
infected with the T. cruzi Y strain and WT mice infected with
the T. cruzi Y strain and treated with BZ and POS. The control
mice had patent parasitemia starting at 4 dpi; the peak was
reached at 9 dpi and the parasitemia became undetectable by
16 dpi. Thereafter, rare circulating parasites appeared inter-
mittently up to 60 dpi. POS- and BZ-treated mice showed
subpatent parasitemia throughout the whole observation pe-
riod. They were then submitted to hemoculture in order to
estimate cure rates. Ninety-one percent of the infected non-
treated WT mice were dead by 60 dpi (mean survival time,
21.2 � 1.1 days), while all treated animals survived the obser-
vation period (Table 1 and Fig. 2A). Parasitological cure rates,
determined by examination of fresh blood and hemoculture,
were 0% for WT nontreated mice and 86 to 89% for WT mice

FIG. 1. Parasitemia levels of WT (A), IFN-�-KO (B), and IL-
12-KO (C) mice infected with the Y strain of Trypanosoma cruzi.
Arrows indicate treatment period. �, death of the whole group mice;
*, rare parasites were found in blood samples from treated mice. The
results correspond to the averages of two independent experiments.
Note the change in the vertical scale for panel B. For more details, see
Material and Methods.
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treated with BZ or POS. There were significant differences in
the parasitemia, mortality, and cure rates between the POS-
and BZ-treated mice and nontreated mice (P � 0.05). No
significant differences were observed between the POS- and
BZ-treated mice.

IFN-�-KO mice have increased susceptibility to T. cruzi
infection and are significantly less responsive to benznidazole
than to posaconazole. T. cruzi-infected IFN-�-KO mice were
found to be highly susceptible to T. cruzi infection, with peak
parasitemia levels for the untreated animals being eightfold
higher than those for the WT animals (Fig. 1B), and had a
shortened mean survival time (13.5 � 0.3 days [P � 0.0001
compared with the results for the WT mice]). Treatment with
BZ and POS still kept parasitemia levels subpatent during the
treatment period (from 4 to 24 dpi). However, 2 days after the
end of BZ treatment there was a reactivation of the infection
and parasites appeared in the bloodstream, reaching a peak on
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FIG. 2. Survival levels of WT (A), IFN-� KO (B), and IL-12 KO

(C) mice infected with the Y strain of Trypanosoma cruzi. Arrows indicate
treatment period. For more details, see Material and Methods.
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day 11 after the end of treatment (Fig. 1B). Such reactivation
was intense and was associated with 100% mortality of those
animals by 48 dpi and a mean survival time of 42.1 � 0.8 days,
which was nevertheless significantly higher than that for the
untreated controls (P � 0.0001) (Table 1). In contrast, infected
IFN-�-KO mice treated with POS had only scarce circulating
parasites after the end of the treatment, and the parasitemia
was significantly lower than that found in BZ-treated animals
(P � 0.05). The first circulating parasites were observed in this
group on day 7 after the end of treatment and persisted inter-
mittently until day 36, but in 30% of these animals no circu-
lating parasites were detected through the whole observation
period of 60 days. Consistently, the cumulative mortality rate
at 60 dpi was just 30% for POS-treated animals (Fig. 2B), with
a mean survival time of 52.1 � 1.1 days (P � 0.0001 compared
with the results for both untreated control and BZ-treated
animals) (Table 1). The parasitological cure rates were 0% for
BZ-treated IFN-�-KO mice and 15% for POS-treated mice,
which were significantly lower than those observed for the WT
animals.

IL-12-KO mice have increased susceptibility to T. cruzi in-
fection but are responsive to both POS and BZ treatment.
Figure 1C shows that T. cruzi-infected and nontreated IL-
12-KO mice exhibited a peak parasitemia at 9 dpi. The peak
parasitemia was only slightly higher than that for the WT mice
(Fig. 1A) and was significantly lower than that observed for
IFN-� KO mice (Fig. 1B). The levels of parasitemia for T.
cruzi-infected IL-12-KO mice treated with either POS or BZ
were subpatent during the whole treatment period (Fig. 1C),
but low levels of circulating parasites appeared 14 days after
the end of treatment with both drugs and persisted intermit-
tently throughout the rest of the observation period. The cu-
mulative rates of mortality at 60 dpi were 100% for IL-12-KO
nontreated mice, 17% for BZ-treated mice, and 23% for POS-
treated mice (Fig. 2C), with mean survival times of 12.3 � 0.6,
59.6 � 0.6, and 59.2 � 0.6 days, respectively (Table 1). No
significant differences in survival were observed among the
IL-12-KO mice treated with either drug (P � 0.5), but both
treated groups had significantly higher rates of survival than
the untreated animals (P � 0.001). The cure rates for the
IL-12-KO infected mice were 0% for the nontreated mice,
39% for the BZ-treated mice, and 35% for the POS-treated
mice (Table 1); no significant differences in cure rates were
observed between the BZ- and POS-treated groups.

DISCUSSION

Previous investigations with humans and experimental mod-
els have demonstrated the importance of the host immune
system in the efficacy of chemotherapeutic treatments against
parasitic diseases (31, 4, 24). In the present work, we investi-
gated the effects of IFN-� and IL-12 deprivation on the anti-
parasitic activities of POS and BZ in a murine model of acute
Chagas’ disease. Our results demonstrate the substantial par-
ticipation of an intact immune system in the antiparasitic ac-
tivities of both drugs.

Nowadays, BZ is the only available drug used for the che-
motherapy of Chagas’ disease in Brazil. It provides up to 76%
cure rates in acute-phase infections but only an 8% cure rate
during the chronic phase of the disease (8). Previous work has

shown that the efficacy of BZ is markedly reduced in immu-
nosuppressed mice (33, 24). Although the mechanism of action
of BZ has not been clearly established yet, it apparently in-
volves reductive stress (37); however, the reduction of its ac-
tivity in immunosuppressed mice also points toward a direct
role of the host immune system in clearing the infection. The
possibility that POS will become an alternative for the treat-
ment of immunosuppressed individuals has been suggested
(20, 37). POS treatment of cyclophosphamide-immunosup-
pressed mice infected with BZ-susceptible and BZ-resistant T.
cruzi strains showed trypanocidal activity similar to that ob-
served in mice with intact immunological systems (20). Fur-
thermore, the cure rates achieved with POS were higher than
those obtained with BZ in the same experimental model.

The results of the present work confirm that both POS and
BZ are very effective in increasing the rate of survival and
inducing parasitological cure in WT mice with acute T. cruzi
infections, but it also showed that the antiparasitic activities of
both drugs are reduced in IFN-�-KO or IL-12-KO mice. How-
ever, the activity of POS was found to be significantly less
dependent on IFN-� than that of BZ was (Fig. 1B and 2B and
Table 1). Several investigations have emphasized the impor-
tance of IFN-� and IL-12 in natural resistance to T. cruzi
infection. They have also been implicated in the response to
BZ treatment in murine models (17, 24) and in humans (3).
IFN-� plays a major role in natural resistance to T. cruzi in-
fection by activating macrophages and driving T-helper-cell
differentiation during T. cruzi infection (6, 14, 26, 34). In this
work we found that infected nontreated IFN-�-KO mice are
much more susceptible to T. cruzi infection than WT mice,
confirming previous results (18). Although we observed that in
IFN-�-deficient animals both drugs were able to suppress par-
asite proliferation during the treatment interval, it reactivated
after the drug pressure ceased, indicating that the drugs had
trypanostatic rather than trypanocidal activities under these
conditions. Nevertheless, the observed reactivation of the in-
fection was more severe in BZ-treated animals than in those
that received POS, leading to a higher rate of survival of the
latter group. This could have been due to a more effective
reduction of the parasite load by POS or to different outcomes
of the combined effects of the drug’s action with the macro-
phage’s killing mechanisms. The reactivation of subpatent in-
fection in immunosuppressed Chagas’ disease patients has also
been reported to be a consequence of secondary diseases or
other clinical conditions that lead to immunosuppression, such
as human immunodeficiency virus infection, the immunosup-
pressive treatment administered to transplant patients, and
autoimmune diseases (13, 16).

IL-12-KO T. cruzi-infected mice were more resistant to T.
cruzi infection than IFN-�-KO ones: untreated IL-12-KO mice
had peak parasitemia levels comparable to those of WT ani-
mals, and the parasitemia reactivation after BZ or POS treat-
ment was much milder in IL-12-KO mice than in the IFN-
�-KO animals (Fig. 1C). Previous studies have reported that
IL-12 deficiency increases parasitemia and mortality rates in
acutely infected mice (2, 28). According to Silva et al. (28), T.
cruzi-infected IL-12p40-KO mice present an intense tissue par-
asitism, the absence of inflammatory infiltrates, and the defec-
tive production of IFN-� by splenocytes. In the present inves-
tigation, it was found that IL-12-KO infected mice, in contrast
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to the IFN-�-KO animals, were responsive to both POS and
BZ treatments, which led to high rates of survival in both
treated groups (Fig. 2C and Table 1); however, the cure rates
achieved in those animals were much lower than those ob-
served in WT animals, showing that IL-12 is probably essential
for clearance of the infection.

In conclusion, the present results suggest that the effective-
ness of POS and BZ for the treatment of T. cruzi infection
relies not only on the direct trypanocidal effect but also on a
cooperative effect with the host immune system, hereby em-
phasized by the essential roles of IL-12 and IFN-�. Impor-
tantly, we found that POS was more efficient, although not
totally independently, than BZ for the treatment of T. cruzi
infection in IFN-�-deficient mice.
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