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Trypanosoma cruzi is the protozoan parasite that causes Chagas’ disease, a frequently fatal illness affecting
the heart and gastrointestinal systems. An estimated 16 million to 18 million people in Latin America and
50,000 to 100,000 people in the United States are infected with this pathogen. Treatment options for T. cruzi
infections are suboptimal due to the toxicities and limited effectiveness of the available drugs. Azole antimi-
crobial agents have been discovered to have antitrypanosomal activity by inhibition of ergosterol synthesis. The
triazole itraconazole was recently shown to produce a parasitologic cure rate of 53% in chronically infected
patients (W. Apt et al.,, Am. J. Trop. Med. Hyg. 59:133-138, 1998), a result which may lead to more use of this
family of drugs for the treatment of 7. cruzi infections. In the experiments reported on here, resistance to azoles
was induced in vitro by serial passage of mammalian-stage parasites in the presence of fluconazole for 4
months. These parasites were cross resistant to the other azoles, ketoconazole, miconazole, and itraconazole.
They remained susceptible to benznidazole and amphotericin B. The azole-resistant phenotype was stable for
more than 2 months of in vitro serial passage without fluconazole. In addition, the parasites resisted treatment
in mice receiving ketoconazole. The rapid development of azole resistance in 7. cruzi in vitro suggests that
resistance to azole drugs has the potential to occur in patients and may pose an impediment to the progress

being made in the treatment of 7. cruzi infection.

An estimated 16 million to 18 million people in Latin Amer-
ica and 50,000 to 100,000 people in the United States are
infected with Trypanosoma cruzi (21, 47). This vector-borne
protozoan is the etiologic agent of Chagas’ disease, which
manifests as potentially fatal cardiomyopathy or dilations in
the digestive tract. Treatment options for Chagas’ disease are
limited due to the poor efficacies and toxicities of the available
drugs (11). Azole antimicrobial agents have been discovered to
have antitrypanosomal activity by inhibition of synthesis of
ergosterol, which is integral to the parasite cell membrane (14,
41). Azoles, which were developed as antifungal drugs, are
widely used clinically to treat mycotic infections. In fungi,
azoles inhibit the cytochrome P-450 enzyme lanosterol 14a-
demethylase, causing the accumulation of 14a-methylsterols
and the decreased production of ergosterol (20, 46). Micon-
azole and econazole were the first of these inhibitors tested in
T. cruzi and showed potent growth inhibition (13). Ketocon-
azole was shown to inhibit ergosterol synthesis in 7. cruzi
epimastigotes (44). Other studies showed that ketoconazole,
itraconazole, and fluconazole were active in inhibiting intra-
cellular multiplication of parasites and in protecting against
lethal infection in mice (14, 17, 24-27, 41, 42). Studies with
ketoconazole in patients with Chagas’ disease at doses used to
treat deep mycoses failed to induce cure, as demonstrated by
parasitologic and serologic tests (7). A clinical trial of itracon-
azole at 400 mg daily for 4 months led to parasitologic cures in
53% of patients with cardiomyopathic Chagas’ disease, al-
though a comparison to benznidazole was not done (3). Newer
azoles that are not yet clinically available have even greater
potency against 7. cruzi in vitro and in studies with animals
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(41). Specifically, D0870, a bistriazole derivative, prevented
death and induced parasitologic cure in 70 to 90% of mice with
both short- and long-term disease (43).

Microbial drug resistance is a tremendous clinical problem
that affects all classes of microorganisms. Resistance to azole
antimicrobial agents, specifically, has become an impediment
to the effective treatment of infections due to Candida and
Torulopsis species (20). This problem is particularly serious in
the population with AIDS, in whom it is estimated that >33%
of candida isolates are resistant to fluconazole (23). Poor clin-
ical outcome and in vitro resistance have been correlated (35).
In yeast several different mechanisms of azole resistance have
been discovered (20), the most common being efflux pumps
which extrude the drug from the intracellular space (36).

Drug resistance is a particularly important problem in
pathogenic protozoa. For example, Leishmania spp., which are
of the same phylogenetic order as 7. cruzi (Kinetoplastida),
develop resistance to first-line drugs (pentavalent antimonials)
in 5 to 70% of treated individuals from areas of endemicity
(39). Models used to study resistance in Leishmania show that
gene amplification occurs in association with resistance (5, 18,
32, 33, 39). Trypanosoma brucei, the agent of African sleeping
sickness, has become increasingly resistant to clinical drugs (4).
Resistance to melarsoprol and to the diamidines is well recog-
nized and is believed to be mediated by altered drug transport
(4). Malaria caused by drug-resistant Plasmodium falciparum
has become the leading health threat to populations in tropical
and subtropical regions (37). Resistance to antifolate drugs is
principally due to structural changes in the target enzymes
(16). The mechanism(s) for chloroquine resistance in Plasmo-
dium has yet to be delineated (6). Giardia lamblia and
Trichomonas vaginalis are other protozoan species known to
have clinically significant drug resistance (19, 40).

Drug resistance in 7. cruzi has also been reported. A variety
of T. cruzi strains were shown to be inherently resistant to the
widely used anti-7. cruzi drugs benznidazole and nifurtimox
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(15). In addition, strains VL-10 and Columbiana were found to
be inherently resistant to the azole D0870 (29). Irradiation
treatment of 7. cruzi resulted in resistance to the purine ana-
logue tubercidin (31). Resistance was determined to be sec-
ondary to defects in the transport of tubercidin. Of note is the
recent discovery that a multidrug resistance gene of the P-
glycoprotein family is present in 7. cruzi, although its function
or association with drug resistance has not been characterized
(12).

The present studies were undertaken to determine if 7. cruzi
would develop resistance to azole antibiotics in vitro and to
study the characteristics of the resistant parasites.

MATERIALS AND METHODS

Test compounds. Fluconazole (Diflucan) solution (2 mg/ml) in buffered saline
for parenteral administration was purchased from Pfizer (New York, N.Y.).
Itraconazole, ketoconazole, and miconazole (pure solids) were purchased from
Research Diagnostics, Inc. (Flanders, N.J.). Amphotericin B (Amphocin) for
injection was purchased from Adria (Columbus, Ohio). Benznidazole (Rocha-
gan) tablets (100 mg) from Roche (Rio de Janeiro, Brazil) were pulverized and
dissolved in water. Itraconazole, ketoconazole, and miconazole powders were
brought into solution with dimethyl sulfoxide and 1 N HCI and were then diluted
in water.

Parasites and culture procedures. The Tulahuen strain of 7. cruzi was pro-
vided by S. Reed (Infectious Diseases Research Institute, Seattle, Wash.). Try-
pomastigotes and amastigotes were grown on monolayers of mouse 3T3 fibro-
blasts in Dulbecco’s modified Eagle’s medium (BioWhittaker, Walkersville, Md.)
supplemented with either 10% heat-inactivated fetal calf serum (HyClone Lab-
oratories, Inc., Logan, Utah) or 10% heat-inactivated Cosmic Calf Serum (Hy-
Clone Laboratories, Inc.) plus glutamine, penicillin, and streptomycin as de-
scribed previously (45). Epimastigotes were grown in liver infusion tryptone
broth with 10% heat-inactivated fetal calf serum, penicillin, and streptomycin
(LIT medium) as described previously (45). The parasites used in these experi-
ments were clones that had been stably transfected with the Escherichia coli
B-galactosidase gene lacZ (8, 9). These genetically altered parasites were used
because the expression of B-galactosidase allowed easy quantification in subse-
quent experiments. This gene was integrated into the genome with linkage to the
calmodulin-ubiquitin locus (1). The B-galactosidase-expressing parasites were
unaltered in their in vitro growth characteristics and in vivo virulence (8). Try-
pomastigotes were converted to epimastigotes by inoculating approximately 10°
tissue culture-derived trypomastigotes into LIT medium (see above) and incu-
bating the flask at 28°C. Epimastigotes were converted to trypomastigotes by
inoculation of a flask containing a nonconfluent monolayer of 3T3 fibroblasts in
Dulbecco’s modified Eagle’s medium—-10% fetal calf serum with approximately
10° epimastigotes and incubation at 37°C.

Derivation of fluconazole-resistant T. cruzi. A 75-cm? tissue culture-treated
flask (Corning Costar Corp., Cambridge, Mass.) containing a nonconfluent
monolayer of 3T3 fibroblast cells was inoculated with 3 X 107 trypomastigotes.
Fluconazole was added to the culture medium at 2 pg/ml, and the medium was
replaced every 7 days. After 20 days it was evident that a small number of
parasites had burst from the infected cells, and these were transferred to a fresh
3T3 monolayer containing 5 ng of fluconazole per ml. After 15 days, the emerg-
ing parasites were passed to a flask containing fluconazole at 10 pg/ml. After 7
days, epimastigotes began to dominate the cultures. Because we have observed
that heat-inactivated Cosmic Calf Serum lyses epimastigotes at 37°C (unpub-
lished observations), we altered the medium to contain Cosmic Calf Serum
instead of fetal calf serum. The growth of epimastigotes was suppressed, and the
trypomastigotes that emerged from the infected cells were serially passaged an
additional six times in the presence of 10 ug of fluconazole per ml until there
arose a population with growth kinetics similar to that of the parent clone. The
fluconazole-resistant population was then cloned by limiting dilution.

Determinations of drug susceptibilities. Mammalian-stage parasites were
tested for their susceptibilities to drugs by previously described methods (8).
Briefly, trypomastigotes were inoculated onto monolayers of 3T3 fibroblasts in
96-well plates with dilutions of drug in quadruplicate. After 7 days, the B-galac-
tosidase-containing parasites were quantified by the addition of chlorophenol red
B-p-galactopyranoside (CPRG) (final concentration, 100 pM; Boehringer-
Mannheim, Indianapolis, Ind.) and 0.1% Nonidet P-40 (Sigma Chemical Co., St.
Louis, Mo.). Following a 4-h incubation at 37°C, the colorimetric reaction (yel-
low to red) was quantified with an enzyme-linked immunosorbent assay reader at
an optical density at 570 nm.

Mouse experiments. Six-week-old female BALB/c mice (B&K Universal,
Kent, Wash.) were infected by intraperitoneal injection of 7. cruzi trypomastig-
otes. Ketoconazole was suspended in water containing 0.2% Bacto Agar (Difco
Laboratories, Detroit, Mich.) to provide viscosity. Ketoconazole was adminis-
tered by oral gavage at 30 mg/kg of body weight in 200-pl volumes. Parasitemia
was quantified by examining 2 drops of tail blood under a coverslip at a magni-
fication of X400.
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Statistical methods. Comparisons in the mouse experiment were performed by
the unpaired ¢ test with Prism software (version 2.0) from GraphPad Software
Inc., San Diego, Calif.

RESULTS

Derivation of a fluconazole-resistant line of 7. cruzi in vitro.
T. cruzi Tulahuen (transfected with the B-galactosidase gene)
was grown in the presence of fluconazole at escalating drug
concentrations for 4 months. The concentration of fluconazole
causing 90% growth inhibition of the parent line was 10 uM (3
wg/ml). This increased to 100 uM (30 pg/ml) in the drug-
selected line, referred to as Fluc® (Fig. 1a). The concentrations
of fluconazole used were nontoxic to the host 3T3 fibroblast
cells. The Fluc' line was cloned by limiting dilution, and a
single clone was used for subsequent experiments.

Demonstration of cross-resistance to other azole antifungal
agents but not to unrelated drugs. The Fluc' 7. cruzi clone was
compared to the parent line for susceptibility to other azole
drugs, specifically, miconazole, ketoconazole, and itraconazole.
Each of these drugs was found to be more potent than flucon-
azole in vitro against 7. cruzi, but the resistance of the Fluc"
parasites to these other azole agents was maintained (Fig. 1b,
¢, and d). In fact, the 50% inhibitory concentration of keto-
conazole was approximately 100-fold greater for the Fluc' par-
asites than for the parent line, indicating even greater relative
resistance of the Fluc" parasites to this drug than to flucon-
azole. Susceptibility to compounds unrelated to azoles in struc-
ture and mode of antitrypanosomal action was also tested;
specifically, amphotericin B and benznidazole were examined
(Fig. le and f, respectively). There was no difference in the
growth inhibition caused by these drugs when the Fluc" para-
sites and the parent line were compared, indicating that cross-
resistance to azoles and to these other drugs did not occur. The
concentrations of drugs used were not toxic to the host 3T3
fibroblast cells.

Stability of the fluconazole-resistant phenotype out of drug
pressure. The fluconazole susceptibilities of the Fluc' T. cruzi
clone carried in tissue culture in the absence of fluconazole for
12 weeks were found to be unchanged in vitro compared to
those of Fluc' maintained in the presence of fluconazole (data
not shown). Similarly, when the Fluc" parasites were inoculated
into untreated mice and recovered in tissue culture after 2
weeks, the parasites maintained their fluconazole-resistant
phenotype (Fig. 2). In addition, Fluc" parasites were trans-
formed to the insect-stage epimastigotes by changing the cul-
ture conditions (in the absence of fluconazole) and were then
converted back to mammalian-stage parasites, and these, too,
continued to be fluconazole resistant (data not shown).

Azole drug resistance in vivo. The in vitro-derived azole-
resistant 7. cruzi (Fluc") clone was tested in mice for its resis-
tance to the azole ketoconazole. This azole was used in the
experiment because of the greater potency of ketoconazole
observed in vitro against this strain of 7. cruzi and because the
relative resistance of the Fluc" parasites compared to that of
the parent line was greatest for ketoconazole. In pilot experi-
ments, it was observed that the Fluc" clone was moderately
attenuated in its ability to produce parasitemia and death com-
pared to that of the parent line of Tulahuen strain parasites.
Thus, the experiment was designed so that two control groups
of mice received the parent line of parasites: one in which mice
were given the same inoculum (2 X 10°) of parasites as the
mice infected with the Fluc" parasites and one in which mice
were given a lower inoculum (1 X 10%) of the parent line so
that the parasitemia more closely paralleled the parasitemia
observed in the mice infected with the Fluc™ parasites. Mice
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FIG. 1. Drug susceptibilities of resistant and parent lines of 7. cruzi. Mammalian-stage parasites containing the E. coli B-galactosidase gene were allowed to infect
mouse 3T3 fibroblasts in microtiter plates in the presence of the indicated drug dilutions. At day 6, the growth of parasites was quantitated by the addition of the

substrate CPRG and reading of the results of the colorimetric reaction at an optical density at 570 nm on an enzyme-linked immunosorbent assay reader. The Fluc

T

line of T. cruzi, derived by long-term in vitro passage in the presence of fluconazole, was resistant to four different azole drugs in comparison to the parent line from
which it was derived (a to d). There was no cross-resistance to amphotericin B (e) or benznidazole (f).

were divided into groups that received ketoconazole or pla-
cebo; hence, there were a total six groups (five mice per
group). Mice infected with the parent line (2 X 10°) developed
a very high level of parasitemia (103 = 19 trypomastigotes/50
high-power fields on day 9) and died by day 10 postinoculation
(data not shown). The comparable mice receiving ketocon-
azole (30 mg/kg/day by oral gavage) developed low-level par-
asitemia (peak, 2.4 = 1.0 trypomastigotes/50 high-power fields
on day 11) and survived to 28 days, when the experiment was
terminated (data not shown). The data for mice infected with
the parent line of 7. cruzi (1 X 10*) and for the mice infected

with the Fluc” parasites (2 X 10°) are presented in Fig. 3. Mice
infected with the parent line and treated with placebo devel-
oped high-level parasitemia (peak, 30 = 10 parasites/50 high-
power fields on day 9) and were all dead before day 28,
whereas all except one of the mice infected with the parent line
and treated with ketoconazole had no detectable parasites on
day 9, and all mice in the latter group survived to the end of the
experiment (day 28) (differences in the levels of parasitemia
between the two groups were significant [P < 0.05] on days 7,
9, and 11). Mice infected with the Fluc" T. cruzi (2 X 10°) and
treated with placebo developed a relatively low level of para-
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FIG. 2. Stability of the fluconazole-resistant phenotype. A clone of the Fluc”
parasite line was inoculated into an untreated mouse and was then recovered
from blood after 2 weeks. After expansion in vitro (in the absence of flucon-
azole), the clone (A) was tested for its susceptibility to fluconazole. It was
compared to Fluc' parasites which were passaged continuously in vitro in the
presence of fluconazole (@) and to the parent line of 7. cruzi (m). The experi-
ment has been repeated with three separate mice with similar results.

sitemia; however, the same level of parasitemia was observed
in mice given these parasites and treated with ketoconazole
(Fig. 3) (P > 0.10 for days 7, 9, 11). This demonstrates that the
Fluc" parasites were resistant to ketoconazole treatment in
vivo. The parasitemia fell below detectable levels after day 11.

DISCUSSION

Azole antifungal drugs have excellent in vitro and in vivo
activities against 7. cruzi. Anecdotal reports of their efficacies
in the treatment of patients with Chagas’ disease and their
superior side effect profiles compared to those of the available
antitrypanosomal therapeutic agents have led to increased in-
terest in the use of azoles for the treatment of Chagas’ disease
in Latin America (14, 30, 38). A recent study showed 53%
parasitologic cure rates in patients with chronic Chagas’ dis-
ease treated with itraconazole (3), which may lead to more use
of this family of drugs to treat 7. cruzi infections. As has been
seen with fungi, the development of resistance to azole drugs in
the clinical setting is likely to occur as selection pressure be-
comes more widespread. The fact that these drugs require long
treatment courses (months) and in some cases are marginally
effective against 7. cruzi creates a situation in which resistance
is prone to develop.

The experiments reported here demonstrated that the resis-
tance of T. cruzi to one azole drug, fluconazole, developed
readily in vitro. The mammalian stages, as opposed to the
insect stage, of T. cruzi were studied to more closely approxi-
mate the in vivo situation in treated humans. A relatively small
starting inoculum of parasites (3 X 107) was used to generate
a resistant line by serial passage of the parasites in the presence
of increasing doses of fluconazole. The doses of fluconazole
used (beginning at 2 pg/ml and increasing to 10 wg/ml) were in
the range of the peak concentrations that are achieved in
human serum following the administration of standard doses
(i.e., 4 to 9 ng/ml) (28). Resistance to fluconazole by Candida
albicans has been generated in vitro by serial passage in the
presence of drug (2, 10). A comparable number of culture
passages (four to seven) in the presence of drug was necessary
to derive a resistant Candida line (10). Since resistance of
Candida to azole drugs frequently develops in patients receiv-
ing long-term azole therapy, it is very possible that the resis-
tance of T. cruzi to azoles will also develop in the clinical
setting.

The fluconazole-resistant 7. cruzi strains were determined to
be cross-resistant to three other azole antifungal drugs, specif-
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ically, ketoconazole, miconazole, and itraconazole. This sug-
gests a resistance mechanism that is not uniquely selective for
the molecular structure of fluconazole. The finding that the
azole-resistant parasites were not resistant to benznidazole
indicates selectivity in the drug resistance mechanism. Benz-
nidazole, which is chemically distinct from the azole antifungal
agents and which is not believed to act on sterol biosynthesis,
has been shown to arrest RNA and protein synthesis in 7. cruzi
(34). In addition, the azole-resistant parasites remained sus-
ceptible to amphotericin B. Since amphotericin B works by
direct interaction with ergosterol in the cell wall (at least in
fungi), the data suggest that the Fluc" T. cruzi strains contain
ergosterol in their membranes.

The azole-resistant phenotype of 7. cruzi was observed to be
stable in the absence of drug pressure. The parasite clone
propagated in medium without azole drug or passed through
untreated mice retained the same level of azole resistance as
the clone carried continuously in the presence of fluconazole.
From a mechanistic standpoint, this argues against the possi-
bility that amplification of an extrachromosomal element con-
fers resistance because such elements are typically lost in the
absence of drug pressure (22).

The resistance to ketoconazole observed in vivo demon-
strated that the factors responsible for resistance were ex-
pressed by the parasite in the mammalian host. In addition, the
experiment with mice demonstrated a level of drug resistance
by the parasites sufficient to be clinically relevant. The dose of
ketoconazole used to treat the mice (30 mg/kg) was consider-
ably higher than that typically used to treat humans (e.g., the
recommended pediatric dosage is 3.3 to 6.6 mg/kg/day). Thus,
even considering differences in the pharmacokinetics of keto-
conazole between the two species, the data suggest that it
would not be easy to achieve in humans drug levels that would
overcome the resistance. Because ketoconazole was the most
potent of the tested azoles against 7. cruzi Tulahuen (Fig. 2),
the use of other currently available azole drugs (i.e., flucon-
azole, itraconazole, or miconazole) would not likely overcome
the resistance of the parasites in vivo. It remains to be tested
whether the newer azoles undergoing clinical development,
such as D0870 (29), have sufficiently greater activity to ade-
quately treat infections caused by resistant 7. cruzi strains.

Azole-resistant 7. cruzi was moderately attenuated in its
ability to produce parasitemia in mice. Whether the factors

100.0-
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0.1

9 11
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FIG. 3. Infection of mice with azole-resistant 7. cruzi. Mice were infected
with either the parent clone (1 X 10* trypomastigotes) or the in vitro-derived
fluconazole-resistant clone of T. cruzi (2 X 10° trypomastigotes). Mice were
treated with either placebo or ketoconazole at 30 mg/kg by oral gavage for the
first 7 days of infection (four groups; n = 5 per group). The levels of parasitemia
were significantly different between the placebo-treated (F]) and ketoconazole-
treated () mice infected with the parent line on all 3 days (P < 0.05), whereas
the levels of parasitemia were not significantly different between the placebo-
treated (B) and ketoconazole-treated (m) mice infected with the azole-resistant
T. cruzi strain on all 3 days (P > 0.10). hpf, high-power field.
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responsible for resistance are also responsible for the altered
virulence is not known. Studies are under way to determine
whether the resistance of 7. cruzi develops in infected mice
undergoing azole treatment to determine (i) whether this phe-
nomenon can, in fact, occur in vivo and (ii) whether the re-
sulting resistant parasites develop the same cross-resistance
phenotype (and the same mechanism of resistance) as the in
vitro-derived azole-resistant parasites.

In summary, it was shown that mammalian-stage parasites
rapidly developed resistance to fluconazole in vitro, and cross-
resistance to other azole drugs but not to benznidazole or
amphotericin B was observed. The resistant phenotype was
stable out of the presence of drug pressure, and the parasites
resisted treatment with ketoconazole when they were tested in
vivo in mice. These findings suggest that 7. cruzi resistance to
azoles may occur clinically in humans, particularly because
therapies involve long courses to effect a cure. Resistance to
azole drugs has the potential to be an impediment to the
progress being made in the treatment of 7. cruzi infections.
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