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In this work, we investigated the in vivo activity of ravuconazole against the Y and Berenice-78 Trypanosoma
cruzi strains using acutely infected dogs as hosts. Ravuconazole was well tolerated, as no significant side effects
were observed during the treatment using 6.0 mg/kg twice a day (12 mg/kg/day) for up to 90 days. In all treated
animals, parasitemia was permanently suppressed by the first day of treatment, independently of the parasite
strain. Cultures of blood obtained posttreatment were negative for 90% of the animals, confirming that the
drug induced a marked reduction in the parasite load. The results of PCR tests for 7. cruzi in blood performed
1 month posttreatment were consistently negative for three of five and two of five animals infected with the Y
and Berenice-78 strains, respectively. All ravuconazole-treated dogs consistently had negative serological test
results during and until 30 days after treatment, regardless of the therapeutic scheme used. However, after the
end of treatment, an increase in specific antibody levels was observed in all treated animals, although the
antibody levels were always significantly lower than those of the nontreated control dogs. Despite being unable
to induce a parasitological cure, ravuconazole treatment led to significant reductions in the levels of gamma
interferon expression and lesions in cardiac tissues in animals infected with the Y strain, while the level of
interleukin-10 mRNA expression increased. We conclude that ravuconazole has potent suppressive but not
curative activity in the canine model of acute Chagas’ disease, probably due to its unfavorable pharmacokinetic
properties (half-life, 8.8 h). The longer half-life of ravuconazole in humans (4 to 8 days) makes it a promising

drug for assessment for use as chemotherapy in human Chagas’ disease.

Chagas’ disease, a century after its discovery, remains an
important health problem, being broadly dispersed in South
and Central America (9). About 15 million people are cur-
rently estimated to be infected with Trypanosoma cruzi in Mex-
ico and in Central American and South American countries,
while 28 million remain at risk of infection (30). Due to inter-
national migration, a significant number of infected individuals
now reside in countries where the disease is not endemic (9).

Recently, the success of programs to control the domiciliary
vector has led to a decrease in the incidence and prevalence of
Chagas’ disease in some regions of the continent (20). How-
ever, despite the substantial advances in the control of the
vectorial transmission of T. cruzi, little progress with the treat-
ment of infected people has been made (27).

The specific chemotherapy for Chagas’ disease, based on
nitroheterocyclic compounds, is unsatisfactory. The 2-nitro-
imidazole benznidazole (BZ; Rochagan and Rodanil; Roche)
and the S-nitrofuran nifurtimox (Lampit; Bayer) were empiri-
cally developed more than 3 decades ago. Several clinical trials
demonstrate that treatment with nifurtimox or benznidazole
has low efficacy against the prevalent long-term chronic form
of the disease, with cure rates varying from 0% to 19.1% (2, 6,
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15, 28). Furthermore, both drugs cause frequent side effects,
including anorexia, vomiting, peripheral polyneuropathy, and
allergic dermopathy (6).

Given these limitations, the development of new drugs and
evaluation of the efficacy of trypanocidal treatments in pre-
venting morbidity are major challenges for Chagas’ disease
control (23). Ergosterol biosynthesis inhibitors (EBIs) are
among the most promising anti-7. cruzi agents, as this parasite
has an essential requirement for endogenous sterols for sur-
vival and proliferation and cannot use the abundant supply of
cholesterol available in its mammalian hosts (23). Several steps
in the sterol biosynthesis pathway in 7. cruzi have been inves-
tigated as potential chemotherapeutic targets, both in vitro and
in experimental infections (4, 23, 25, 26) The most advanced
EBIs are azole compounds, comprising imidazole and triazole
derivatives, which inhibit the C-14 demethylation of lanosterol.
Novel triazole compounds, posaconazole (Schering Plough),
ravuconazole (RAV; Eisai Co. Ltd., Tokyo, Japan), TAK 187
(Takeda Chemical Company), and albaconazole (Uriach),
have in vitro MIC values against the clinically relevant intra-
cellular amastigotes in the range of low nanomolar levels,
being 30- to 100-fold lower than those of ketoconazole and
itraconazole (24, 27). Studies performed in vivo in murine or
dog models indicate that posaconazole, TAK-187, and alba-
conazole induced 50 to 100% parasitological cure rates in the
acute phase and 50 to 60% in the chronic phase, even if the
infecting 7. cruzi strains were partially or fully resistant to
benznidazole (11, 19, 23). Although ravuconazole has very
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potent anti-T. cruzi activity in vitro, its short terminal half-life in
mice (4.5 h) limited its activity in this experimental model (24).
On the other hand, the half-life of the compound in dogs is
longer (8.8 h; Eisai Co. Ltd., data on file), and this suggested
that it could have better activity against 7. cruzi in this animal
model.

In the present study, we made a head-to-head comparison of
the anti-7. cruzi activities of ravuconazole and benznidazole in
a dog model of acute Chagas’ disease described previously (11,
14), using 7. cruzi strains susceptible and resistant to EBIs (11).
The effect of drug treatment on the immune response of the
infected animals was also assessed.

MATERIALS AND METHODS

T. cruzi stocks. In this study, two strains were used: the Y strain (Trypanosoma
cruzi, lineage II [TclI]), isolated from an acute human case of Chagas’ disease,
and the Berenice-78 (Be-78) strain (TcII), isolated by xenodiagnosis in 1978 from
what was considered the first clinical case of the disease in Brazil of a patient with
an indeterminate form of the disease. We have previously shown that these
strains present distinct levels of EBI resistance in the canine model, with the Y
strain being EBI susceptible and the Berenice-78 strain being EBI resistant (11).

Experimental animals and infection. Thirty-five mongrel dogs (4 months old)
from the kennel at the Ouro Preto Federal University (UFOP), Minas Gerais
State, Brazil, were used in this study. All procedures and experimental protocols
were conducted in accordance with the guidelines issued by the Brazilian College
of Animal Experimentation (COBEA) and were approved by the Ethics Com-
mittee in Animal Research at UFOP (number 2005/47). The animals were fed
commercial dog food and were given water ad libitum. Prior to the study, the
animals were dewormed and vaccinated against several infectious diseases.
Thirty dogs were inoculated with 2.0 X 103 bloodstream trypomastigotes per kg
of body weight of the Y (15 animals) or Berenice-78 (15 animals) 7. cruzi strains.
Five age-matched noninfected dogs were used as negative controls.

Drugs. Ravuconazole ([R-(R*,R*)]-4-[2-[2-(2,4-difluorophenyl)-2-hydroxy-1-
metlyl-3-(1H-1,2,4-triazol-1-yl)propyl]-4-thiazolyl]benzonitrile) was provided by
Eisai Co. Ltd. Benznidazole (N-benzyl-2-nitro-1-imidazolacetamide) was synthe-
sized at Produtos Roche Q.F.S.A., Rio de Janeiro, Brazil).

Treatment scheme and experimental groups. The animals infected with each
T. cruzi strain were divided into three experimental groups: (i) five dogs were
treated with ravuconazole at 12 mg/kg twice a day (b.i.d.; i.e., every 12 h [q12h])
for 90 days; (ii) five dogs were treated with benznidazole, the reference drug, at
7.0 mg/kg b.i.d. (q12h) for 60 days; and (iii) five dogs were maintained as
nontreated controls. Another five animals were maintained as a noninfected and
nontreated control group. The treatment schemes were previously described by
Guedes et al. (11, 14). In all therapeutic schemes, oral treatment was started 12
to 22 days postinfection, immediately after the appearance of parasitemia, de-
tected by fresh blood examination.

Assessment of parasitological cure. To verify the occurrence of parasitological
cure, a battery of four independent tests was used: fresh blood examination,
hemoculture, PCR assay, and a serological enzyme-linked immunosorbent assay
(ELISA).

(i) Fresh blood examination. The parasitemia of the animals was examined
from the 10th day of infection until the parasites were no longer detectable by
collecting fresh blood from the marginal ear vein. The mortality rate was ex-
pressed as the cumulative percentage of dead animals.

(ii) Blood culture. Blood culture assays were performed at 1 and 6 months
posttreatment for treated and controls animals, as described by Chiari et al. (7).
Blood cultures were examined monthly for up to 120 days for the detection of
parasites.

(iii) PCR assay. Ten milliliters of blood from each animal was collected at 1
and 6 months posttreatment. The samples were immediately mixed with an equal
volume of 6 M guanidine HCI-0.2 M EDTA solution, maintained at room
temperature for 2 weeks, and boiled for 15 min to break the minicircles (3).
Three DNA extractions were performed using 40 pg of glycogen (Boehringer
Mannheim) to precipitate the DNA. The PCR conditions were the same as those
described by Gomes et al. (10), but 20 pmol each of primer S35 [5'-AAATAA
TGTACGGG (T/G)GAGATGCATGA-3'] and primer S36 (5'-GGGTTCGAT
TGGGGTTGGTGT-3") was used. Briefly, 2 pl of blood DNA template was
added to 10 mM Tris-HCI (pH 9.0); 75 mM KCI; 3.5 mM MgCl,; 0.1% Triton
X-100; 0.2 mM each dATP, dCTP, dGTP, and dTTP (Sigma Chemical Co.); 1.0
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U of Tag DNA polymerase (Promega); and water in a 20-pl reaction volume.
The reaction mixtures were overlaid with 30 ul of mineral oil and subjected to 35
amplification cycles in a research programmable thermal controller (MiniCy-
cler). The temperature profile was 95°C for 5 min for denaturation, 2 cycles for
annealing at 30°C for 2 min, followed by 33 cycles with the annealing tempera-
ture increased to 40°C, and a final extension at 72°C for 5 min. Five microliters
of the PCR products was analyzed by electrophoresis on a 6% polyacrylamide gel
and visualized by silver staining.

(iv) Serological profile. Serum samples were collected from the blood of all
dogs before and monthly after the parasite inoculation until 6 months posttreat-
ment. The serum samples were stored at —80°C, and ELISA tests were per-
formed as described by Voller et al. (29). Briefly, the ELISA plates were sensi-
tized with T. cruzi antigen prepared by alkaline extraction of the Y strain,
obtained at exponential growth in liver infusion-tryptose (LIT) medium. Sera
were added, and the antibody binding was detected by using peroxidase-labeled
anti-dog IgG. Total IgG or IgG1 and IgG?2 isotypes conjugated to horseradish
peroxidase (Bethyl Laboratories, Montgomery, AL) were used for the determi-
nation of antibody levels. The plates were read with a spectrophotometer with a
490-nm filter (model 3550; Bio-Rad Laboratories). The cutoff was determined
using the mean absorbance of 10 uninfected animals plus 2 standard deviations.

Histopathology and morphometric analysis. The animals were euthanized 6
months after the end of the treatment by injection with thionenbutal (Abbott,
Sao Paulo, Brazil) at 0.5 ml/kg of body weight (0.03 g/ml in 0.89% saline solu-
tion). A fragment of approximately 1.0 cm by 1.0 cm by 0.2 cm from the middle
of the right atrial wall of each dog was taken for histopathological analyses. The
tissue fragments were fixed in 10% buffered formalin solution, dehydrated,
cleared, and embedded in paraffin. The blocks were cut into 4-mm-thick sections
and stained with hematoxylin-eosin (H&E) for inflammation assessment or Mas-
son’s trichrome for fibrosis quantitative evaluation. Twenty fields from each
H&E- or Masson’s trichrome-stained section were randomly chosen at a X40
magnification, giving a total of 1.5 X 10° pm? of myocardium area analyzed.
Images were obtained through a Leica DM 5000 B microchamber (version 2.4.0
R1; Leica Application Suite, United Kingdom) and processed with Leica Qwin
(version 3) image analyzer software. The inflammatory process was evaluated by
use of a correlation index between the number of cell nuclei observed in the
myocardium muscles from noninfected and infected animals (16). The fibrosis
area was quantified using the image segmentation function. All pixels with blue
hues in the Masson’s trichrome-stained section were selected to build a binary
image, and the total area occupied by connective tissue in noninfected and
T. cruzi-infected dogs was subsequently calculated.

Semiquantitative analysis of IFN-y and IL-10 expression in heart tissue. RNA
was isolated from the right atrium of each dog by acidic guanidinium thiocya-
nate—phenol-chloroform extraction (RNAgentsTotal RNA isolation system;
Promega). One microgram of total RNA was treated with RQ1 RNase-free
DNase (Promega), before reverse transcription by the addition of 100 U Super-
Script IT RNaseH (Invitrogen), 10 mM deoxynucleotide triphosphates (dNTPs;
Invitrogen), 0.1 M dithiothreitol (DTT; Invitrogen), 1X RNase H-negative re-
verse transcriptase buffer (Invitrogen), 1 mg oligo(dT)12-18 primer (Invitrogen),
and 100 U RNaseOUT RNase inhibitor (Invitrogen) in a total volume of 20 pl.
The reaction proceeded for 1 h at 42°C. Two microliters of cDNA was used for
amplification in a 12-ml PCR mixture containing 2.5 mM dNTPs (Invitrogen), a
20 mM concentration of the 30 and 50 external primers, 1.5 mM MgCl,, 1X PCR
buffer, and 0.5 U Tag DNA polymerase (Invitrogen). The PCR conditions were
as follows: 94°C for 5 min, 94°C for 1 min, 57°C for 1 min, 72°C for 2 min (3 steps;
n cycles), 57°C for 1 min, and 72°C for 6 min (final extension). The primers used
(sense and antisense) the sequence from 5’ to 3’ (the number of cycles and the
expected product size of the PCR product are shown in brackets) and were
specific for the cytokines gamma interferon (IFN-y; primers CGGCCTAACTC
TCTGAAACG and CCTCCCTCTTACTGGTGCTG [38 cycles, 380 bp]) and
interleukin-10 (IL-10; AGCACCCTACTTGAGGACGA and GATGTCTGGG
TCGTGGTTCT [40 cycles, 249 bp]; Dialab, Brazil) and the constitutive gene
hypoxanthine phosphoribosyltransferase (HPRT; AAGCTTGCTGGTGAAA
AGGA and CAATGGGACTCCAGATGCTT [28 cycles, 219 bp]; Dialab). The
PCR products and molecular weight marker were run on 6% polyacrylamide gels
and stained with silver nitrate. The PCR products on the silver-stained gels were
quantified with a densitometer using the Quantity One program (The Discovery
Series, 1998; Bio-Rad Laboratories). The densitometric values for each cytokine
were divided by the average value for HPRT for the same sample.

Statistical analysis. The results of the serological assays, mRNA cytokine
expression in the right atrium, histological data, and weight gain were analyzed
by the nonparametric Newman-Keuls multiple comparison test. Differences were
considered significant if P was equal to or less than 0.05.
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FIG. 1. Weight gain (in kilograms) of animals infected with the Y
and Berenice-78 Trypanosoma cruzi strains and treated with RAV or
BZ compared with the weight gains of the infected untreated (infected
control [IC]) and noninfected control (NIC) groups 1 day (A) and 180
days (B) after the end of treatment. The weight gain was calculated
from the difference between the weights of the animals assessed on the
first and the last days of treatment.

RESULTS

RAV and BZ oral treatment was started 12 to 22 days
postinfection, immediately after the appearance of para-
sitemia, as detected by the examination of fresh blood. RAV
was well tolerated by the dogs, and no side effects were ob-
served during the treatment period. The data showed that 1
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day after the end of the drug treatment, no statistically signif-
icant difference in weight gain (P < 0.05) was found among
RAV-treated and nontreated animals (Fig. 1A). In contrast,
compared to the weight gain for the RAV-treated group, BZ
led to a reduced weight gain in the Berenice-78-infected ani-
mals and a significant weight loss among animals infected with
the Y strain (P < 0.01) (Fig. 1A). On the other hand, no weight
differences were observed 6 months after the treatment (P >
0.05) between the two treatment groups (Fig. 1B). These data
suggest that RAV has lower toxicity than BZ, the reference
drug.

All infected animals showed prepatent periods of 12 to 22
days, having similar initial parasitemia levels (2,500 to 5,000
trypomastigotes/0.1 ml of blood) (Fig. 2). Both drugs were very
effective in suppressing the proliferation of the Y and Be-78 T.
cruzi strains, as the parasitemia was permanently suppressed
after the first day posttreatment in all treated animals, with
100% survival in all cases. The control (untreated) animals
inoculated with the Y strain showed the highest parasitemia
levels, with peak values being 25,000 trypomastigotes/0.1 ml of
blood and the patent period being 12 to 13 days (Fig. 2A),
while Be-78 strain-infected animals had parasitemia level
peaks of 15,000 trypomastigotes/0.1 ml of blood and a patent
period of from 10 to 19 days (Fig. 2B).

The potent suppression of parasitemia induced by RAV
treatment was associated with negative results of blood culture
performed 30 days after treatment in 80 and 100% of the
animals infected with the Y and Berenice-78 strains, respec-
tively (Table 1). The results of the PCR assay (Table 1) per-
formed 1 month after treatment also showed a marked reduc-
tion of the parasite load: in animals inoculated with the Y or
Berenice-78 strain and treated with RAV, three of five and two
of five, respectively, had negative PCR results. An increase in
the numbers of positive results by blood culture and PCR
assays performed 6 months posttreatment was detected; this
result was verified in 60% (three of five) and 80% (four of five)
of the blood samples obtained from RAV-treated animals in-
fected with Y and Be-78, respectively. For the BZ-treated
animals, all blood culture and PCR tests were negative (Table
1), in agreement with the findings of previous studies (11, 13).
In contrast, 100% of the infected and nontreated animals
showed positive parasitological test results.

w

30000+

20000+

10000+

Parasites/0.1mL of blood

Days after inoculation

FIG. 2. Parasitemia curve for dogs inoculated with 2,000 blood trypomastigotes/kg of body weight of the Y (A) and Berenice-78 (B) T. cruzi

strains and left untreated.
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TABLE 1. Rates of positive results of blood culture and PCR tests
performed with the blood of dogs infected with the Y and
Berenice-78 T. cruzi strains performed 30 days after
RAYV and BZ treatment

No. of dogs with positive result/
total no. tested (%)

T. cruzi strain Drug
Blood PCR
culture
Y RAV 1/5 (20) 2/5 (40)
BZ 0/5 (0) 0/5 (0)
1ce 4/4° (100) 4/4° (100)
Berenice-78 RAV 0/5 (0) 3/5 (60)
BZ 0/5 (0) 0/5 (0)
IC 5/5 (100) 5/5 (100)

“1C, infected control.
> The mortality rate was 20% (one of five dogs) during the acute phase of the
infection for untreated animals.

We evaluated the influence of the specific treatment with
RAV and BZ on the humoral response kinetics during the
acute and chronic phases of the disease. The results of the
quantification of anti-T. cruzi IgG and isotypes IgG1 and IgG2
are shown in Fig. 3 and 4. The ELISA test revealed that all
infected and nontreated dogs showed similar profiles for IgG
and IgG2 antibodies (Fig. 3 and 4). The levels of this immu-
noglobulin increased until about the 90th day of infection and
stabilized afterwards until the end of the experiment. Remark-
ably, the distinct production of IgG1 subclasses was observed,
depending on the infecting strain: although IgG1 levels rose in
dogs infected with the Berenice-78 strain, for those infected
with the Y strain, the antibody levels were similar to those of
the noninfected controls (Fig. 3 and 4). Specific treatment with
RAV or BZ induced marked differences in the serological
response compared with that of the nontreated control: all
treated dogs showed negative serological test results during
and until 30 days after treatment (data not shown), regardless
of the therapeutic scheme used, confirming the potent suppres-
sive effects of RAV on parasite proliferation. However, after
the end of treatment an increase in the 7. cruzi total IgG- and
IgG2-specific antibody levels was observed in all RAV-treated
animals, although the antibody levels were always significantly
lower than those of the nontreated control dogs (P < 0.05)
(Fig. 3 and 4). On the other hand, the antibody levels detected
in serum samples from the BZ-treated animals were similar to
the ones detected in the RAV-treated dogs (P > 0.05) during
the treatment, but remained at those levels until the end of the
observation period (6 months after treatment; Fig. 3 and 4).

Taken together, the results of blood culture and PCR and
the IgG antibody levels indicate that RAV treatment is effi-
cient in reducing the parasitemia load in animals infected with
T. cruzi but does not lead to a complete parasitological cure in
any of the treated animals, while we confirmed our previous
findings that BZ has curative activity in this dog model of acute
Chagas’ disease (11, 13).

In order to evaluate the efficacy of early RAV treatment in
preventing the development of chronic lesions in dogs infected
with Y and Berenice-78 T. cruzi stocks, a quantitative analysis
of the inflammation and fibrosis in the right atrium of the
RAV- and BZ-treated, infected nontreated, and noninfected
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dogs was performed at the end of the observation period (6
months after the end of treatment). In animals infected with
the Y strain, RAV treatment led to a reduction of about 20%
of the inflammatory cells compared to the numbers in the
nontreated animals (Fig. 5C, E, and G). Additionally, the RAV
treatment induced a significant (P < 0.05) reduction in fibrotic
lesions (intrafascicular collagen deposition; Fig. 5D, I, and K)
compared with that in nontreated animals. Similar results were
observed for BZ (Fig. 5C, D, F, and J). On the other hand, in
animals infected with EBI-resistant strain Berenice-78, RAV
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FIG. 3. IgG, IgGl, and IgG2 antibody levels in sera of dogs inoculated
with 2,000 trypomastigotes per kg of body weight of the 7. cruzi Y strain
and treated with RAV at 12 mg/kg b.i.d. (q12h) for 90 days or BZ at 7
mg/kg b.i.d. (q12h) for 60 days compared with the levels in the infected
and untreated (infected control [IC]) and noninfected control (NIC)
groups. T1, 15 days after infection, before treatment; T2, 75 days of
infection or 60 days of treatment; T3, 255 (BZ-treated animals) and 285
(RAV-treated animals) days after infection or 180 days posttreatment.
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FIG. 4. IgG, IgG1, and IgG2 antibody levels in the sera of dogs
inoculated with 2,000 trypomastigotes per kg of body weight of the
Berenice-78 T. cruzi strain and treated with RAV at 12 mg/kg b.i.d.
(q12h) for 90 days or BZ at 7 mg/kg b.i.d. (q12h) for 60 days compared
with the levels in the infected and untreated (infected control [IC]) and
noninfected control (NIC) groups. T1, 15 days after infection or before
treatment; T2, 75 days of infection or 60 days of treatment; T3, 255
(BZ-treated animals) and 285 (RAV-treated animals) days of infection
or 180 days posttreatment. IgG cutoff, 0.338; IgG1 cutoff, 0.170; IgG2
cutoff, 0.315.

treatment was unable to reduce the intensity of the inflamma-
tory and fibrotic cardiac lesions, while BZ was able to provide
almost full protection (Fig. 6C, D, E, F, I, and J). We also
evaluated the IFN-y and IL-10 cytokine mRNA expression in
the cardiac tissues through semiquantitative reverse transcrip-
tion-PCR (RT-PCR), in order to correlate cardiac alterations
with cytokine profiles. In animals infected with the Y strain and
treated with RAV or BZ, we detected a significant reduction in
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the level of IFN-y mRNA expression and an increase in the
level of IL-10 mRNA expression in relation to the levels in
infected and nontreated dogs (P < 0.05) (Fig. 5A and B).
Again, a different pattern was observed in RAV-treated dogs
infected with the EBI-resistant Berenice-78 strain (Fig. 6A and
B), as these animals had cardiac tissue IFN-y and IL-10 cyto-
kine mRNA expression levels indistinguishable from those of
nontreated animals. In contrast, BZ-treated animals, which
had significantly lower numbers of cardiac lesions, also pre-
sented significantly lower levels of IFN-y mRNA expression in
the cardiac tissue (P < 0.05). These data indicate that the early
specific RAV treatment is effective in reducing the cardiac
lesions as well as altering the pattern of the immune response
in experimental Chagas’ disease, but its success in preventing
chronic cardiac alterations is 7. cruzi strain dependent.

DISCUSSION

Previous studies have demonstrated the potent in vitro
anti-7. cruzi activity of RAV, a specific inhibitor of sterol
C-14a-demethylase, although its in vivo action in murine mod-
els of acute and chronic Chagas’ disease was limited (24). The
MIC of this compound against intracellular amastigotes (1
nM) is 1,000 to 5,000 lower than the levels attainable in human
plasma with multiple oral dosing, and its terminal half-life in
humans is =120 h (1, 18).

In the present study, we used a canine model of infection
with one EBI-sensitive strain (strain Y) and one EBI-resistant
strain (strain Berenice-78) to establish the anti-T. cruzi efficacy
of RAV in controlling the parasite load and preventing cardiac
damage. We consider the dog to be an appropriate model for
such an evaluation for two reasons: first, the results for experi-
mentally infected dogs treated with BZ were similar to those
observed for human patients in terms of therapeutic effectiveness
and cure rates in both the acute and the chronic phases of the
disease (14); second, RAV has a longer terminal half-life in this
experimental animal (8.8 h) than in mice (4.5 h). Additionally,
RAV displays a large volume of distribution (1, 18), which, to-
gether with its high level of intrinsic anti-7. cruzi activity (24), is of
crucial importance for curative activity in vivo (27).

The benefit of the early RAV treatment was clearly demon-
strated by the rapid and permanent suppression of the patent
parasitemia, a fact confirmed by the results of the blood culture
and PCR assays. The specific treatment also induced marked
differences in the humoral immune response in relation to that
for the nontreated controls, as all treated dogs had negative
serological tests during and until 30 days after treatment, con-
firming the potent suppressive effects of RAV on parasite
proliferation. However, after the end of treatment, the in-
crease in the 7. cruzi I1gG- and IgG2-specific antibody levels
observed in all RAV-treated animals clearly indicated a lack of
parasitological cure. The surprising differences in the IgGl1
responses to the two T. cruzi strains confirmed similar findings
by Guedes et al. (13), who demonstrated that the levels of IgG1
antibodies in the sera of Y strain-infected animals untreated or
treated with BZ were indistinguishable from those in the non-
infected controls, suggesting that the IgG1 antibody titer might
not be the appropriate marker of cure after specific treatment
for T. cruzi infection (5).

Considering the hypothesis that the parasite triggers a chain
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FIG. 5. Effect of specific treatment on the intensity of lesions or cytokine expression in the heart tissue of dogs infected with Trypanosoma cruzi. Dogs
were inoculated with 2,000 trypomastigotes per kg of body weight of the Y strain and treated with RAV at 12 mg/kg b.i.d. (q12h) for 90 days or BZ at
7 mg/kg b.i.d. (q12h) for 60 days; infected and untreated (infected control [IC]) and noninfected control (NIC) groups were also evaluated. IFN-y (A) and
IL-10 (B) mRNA expression in the right atrium was evaluated by semiquantitative reverse transcription-PCR 180 days posttreatment. Morphometric and
histopatology analyses were performed with hematoxylin-eosin staining for inflammation quantification (C, E, F, G, and H) and Masson’s trichrome
staining for collagen quantification (D, L, J, K, and L). Magnifications, X40. a, b, and c, different letters indicate a significant difference (P < 0.05).

of immune alterations, our results are consistent with a marked
reduction in the parasite load during the treatment period.
This idea is consistent with the marked reduction of the inten-
sity of chronic cardiac lesions observed in animals infected with
the EBI-sensitive Y strain and treated with either RAV or BZ
(Fig. 5). Recent studies, using sensitive methodologies, have
clearly associated the presence of parasites with the inflamma-
tory processes that underlie the pathological processes associ-
ated with chronic Chagas’ disease (17, 22), and this fact, cou-

pled with the finding that 7. cruzi-specific CD8" and CD4* T
cells are consistently associated with inflammatory infiltrates
rich in Th1 cytokines, has led to the notion that parasite per-
sistence is a necessary and sufficient condition to generate and
sustain a Thl-biased inflammatory response in infected tissues
(8, 12). On the other hand, the specific RAV treatment was not
able to significantly reduce the intensity of the heart inflam-
mation and fibrotic area in animals inoculated with the EBI-
resistant Berenice-78 strain. These results can be explained by
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indicate significant differences (P < 0.05).

the known resistance of the Berenice-78 strain to azole drugs,
previously reported by Guedes et al. as a result of a study with
albaconazole (11). In any case, these findings indicate that an
effective antiparasitic treatment in the early stages of Chagas’
disease can lead to a profound reduction in the frequency and
severity of the parasite-induced chronic lesions, even if the
parasite load is not completely eliminated.

The next step of the study was devoted to evaluation of the
influence of the specific treatment on the pattern of cytokine
expression in the heart tissue. We observed that the IFN-y
mRNA and IL-10 mRNA levels in the right atrium of the
RAV- and BZ-treated dogs infected with the Y and Be-
renice-78 strain were related to cardiac damage. In the Y-
strain-infected RAV- or BZ-treated animals, a reduction of
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heart lesions was associated with low IFN-y mRNA and high
IL-10 mRNA levels, while high IFN-y mRNA and low IL-10
mRNA levels were detected in the heart tissue of the infected
and nontreated animals. A similar correlation was observed in
animals infected with the EBI-resistant Be-78 strain. These
findings support a link between the effectiveness of the specific
treatment in preventing the cardiac chronic lesions and the
quality of the immune response, and it is possible that a fine
balance of pro- and anti-inflammatory cytokines could be the
major key in controlling morbidity from Chagas’ disease fol-
lowing treatment. Additionally, it has been demonstrated that
BZ has a selective impact on the host immune response, as
demonstrated by its ability to deregulate cytokine and nitric
oxide synthesis (21). Our results show that the efficacy of RAV
treatment in preventing cardiac lesions is related to early mod-
ifications in the humoral and cellular immune responses.

In the present study, no RAV blood levels were measured,
but data on file from Eisai Co. Ltd. indicate that the maximum
concentration of drug in the plasma of beagle dogs dosed with
10 mg/kg is ca. 1 wg/ml, which is several orders of magnitude
higher than the MIC against the intracellular amastigote forms
(24). Thus, the lack of curative effects of RAV in the dog
model, despite its potent intrinsic anti-7. cruzi activity, is
most probably due to the relatively short (8.8-h) terminal
half-life of the compound, as was arguably the reason for the
similar results obtained with murine models (24). However,
the significantly longer half-life of RAV in humans (4 to 8
days; Eisai Co. Ltd., data on file) offers a promising opportu-
nity to assess the drug as chemotherapy for human Chagas’
disease. Based on these considerations, the Drugs for Ne-
glected Diseases Initiative (DNDi; Geneva, Switzerland) has
recently announced an agreement with the Eisai Co. for the
clinical development of E1224, a prodrug of RAV, for the
specific treatment of chronic human Chagas’ disease (http:
//www.dndi.org/press-releases/532-eisai-and-dndi-enter-into-a
-collaboration.html and http://www.dndi.org/press-releases/673
-new-agreement-to-tackle-chagas-disease.html).
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