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Chagasic heart disease develops in 30% of those infected with the protozoan parasite Trypanosoma cruzi, but can take decades to become symptomatic.
Because of this, it has been difﬁcult to assess the extent to which antiparasitic therapy can prevent the development of pathology. We sought to address this question
using experimental murine models, exploiting highly sensitive bioluminescent imaging to monitor curative efﬁcacy. Mice were inoculated with bioluminescent parasites
and then cured in either the acute or chronic stage of infection with benznidazole.
At the experimental endpoint (5 to 6 months postinfection), heart tissue was removed and assessed for inﬂammation and ﬁbrosis, two widely used markers of cardiac pathology. Infection of BALB/c and C3H/HeN mice with distinct T. cruzi lineages
resulted in greatly increased myocardial collagen content at a group level, indicative
of ﬁbrotic pathology. When mice were cured by benznidazole in the acute stage,
the development of pathology was completely blocked. However, if treatment was
delayed until the chronic stage, cardiac ﬁbrosis was observed in the BALB/c model,
although the protective effect was maintained in the case of C3H/HeN mice. These
experiments therefore demonstrate that curative benznidazole treatment early in
murine T. cruzi infections can prevent the development of cardiac ﬁbrosis. They also
show that treatment during the chronic stage can block pathology but the effectiveness varies between infection models. If these ﬁndings are extendable to humans, it
implies that widespread chemotherapeutic intervention targeted at early-stage infections could play a crucial role in reducing Chagas disease morbidity at a population
level.
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C

hagas disease results from infection with the protozoan parasite Trypanosoma cruzi,
and it is an important public health problem throughout Latin America (1, 2). A
total of 5 to 8 million people are infected, mainly in poor rural areas. Hematophagous
triatomine bugs are the principal route of transmission, although contaminated food
and drink, blood transfusion, and the congenital route are also important. As a result of
migration, many cases of Chagas disease are now being diagnosed outside regions
where it is endemic, particularly in the United States and Europe (3, 4).
T. cruzi is an obligate intracellular parasite and can infect most nucleated cells.
During the acute stage of the disease (2 to 8 weeks postinfection in humans), parasites
become widely disseminated in tissues and organs and can be detected in the
bloodstream. In the majority of cases, the acute stage results in a mild febrile illness.
Occasionally, particularly in children, the outcomes can be more serious, and sometimes fatal, due to myocarditis or meningoencephalitis. In most individuals, the infection is controlled by the adaptive immune response driven by CD8⫹ IFN-␥⫹ T cells (5,
6), and the disease then progresses to an asymptomatic chronic stage, which is
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characterized by an extremely low parasite burden. However, over time (sometimes
decades), 30% of those infected develop pathology, which can manifest as cardiomyopathy and sudden heart failure (7–9). In addition, about 10% develop digestive tract
megasyndromes, symptoms that sometimes overlap with the cardiac complications.
The nitroheterocyclic drugs benznidazole and nifurtimox have been used to treat
Chagas disease for more than 50 years (10, 11). However, they have a range of side
effects and require extended dosing (60 to 90 days) (12–14). As a result, compliance is
a problem and treatment failure is common. There is also potential for cross-resistance,
since both drugs require bioactivation within the parasite by the mitochondrial nitroreductase TcNTR-1 (15, 16). Despite these issues, clinical trials have demonstrated that
parasitological cure is achievable in both the acute and chronic stages (12, 13, 17, 18).
However, the capacity of curative drugs to prevent or alleviate cardiac pathology is
unresolved. Addressing this question is one of the major challenges in the Chagas
disease ﬁeld.
Cardiomyopathy in chronic Chagas disease is associated with inﬂammation, ﬁbrosis,
thromboembolism, ventricular arrhythmia, and progressive cardiac failure (19, 20). The
mechanisms that drive pathology have been the subject of vigorous debate focused on
the central question of whether parasite persistence is required. There has been a
long-standing hypothesis that autoimmunity has a crucial role. This is based on
numerous reports of cross-reactivity between epitopes in host and parasite proteins,
the rapid polyclonal expansion of B and T cells during the acute stage, including some
that are autoreactive (21, 22), and the inability to consistently detect parasites in
chagasic hearts. Resolving the importance of parasite persistence in humans is complex
because of the long period over which chronic pathology develops and the highly
diverse nature of the disease. Furthermore, factors such as host and parasite genetics
and immune status are also thought to have a crucial inﬂuence (23). Identifying the
underlying mechanisms responsible for pathology has major implications for the
management and treatment of chronic T. cruzi infections.
In the absence of robust experimental systems for investigating pathogenesis in
humans, predictive animal models have an important role in Chagas disease research.
Several mouse models are available that display symptoms analogous to those in
humans, particularly in terms of cardiac pathology. However, practical difﬁculties in
detecting the extremely low numbers of parasites in the chronic stage have complicated the establishment of a deﬁnitive link between curative treatment and the
prevention of clinical disease. Recently, highly sensitive in vivo bioluminescence imaging applicable to chronic murine infections has provided an improved framework for
addressing this question (24, 25). Studies have revealed that parasites are readily
detectable in most organs and tissues during the acute stage (24, 26). As the infection
proceeds, the adaptive immune response then reduces the parasite burden by up to 3
orders of magnitude, although the infection is not eliminated. The gastrointestinal (GI)
tract is the major parasite reservoir during the chronic stage, with infection of other
organs being sporadic and inﬂuenced by host and parasite genetics. These observations are consistent with a model in which the gut provides an immunotolerant niche
that permits long-term maintenance of the infection, with intermittent trafﬁcking of
parasites or parasite-infected cells to other sites (27). Crucially, cardiac damage in these
mice was detectable in the absence of locally persistent infection (24, 26). This implies
that episodic infections of the heart may give rise to localized immune responses that
clear the parasite, but which result in cumulative tissue damage.
There is now a general view that the presence of the parasite is required for the
development of chagasic heart disease (28). If correct, this suggests that curative drug
treatment should have a beneﬁcial outcome in terms of pathology. Several recent
reports focused on acute stage murine infections seem to support this (29–33). With
chronic-stage infections the data are less clear-cut (34), in part because it is difﬁcult to
conﬁrm parasitological cure, even with PCR-based methodologies. In humans, the
BENEFIT trial reported no obvious improvements in cardiomyopathy-related clinical
outcomes 5 years after chronic stage infections were treated with benznidazole (17).
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However, since patients for this study were selected on the basis of preexisting
cardiomyopathy, it has not been possible to extrapolate the ﬁndings to the majority of
chronically infected individuals, who are asymptomatic.
New information on the extent to which parasitological cure impacts on the
progression of heart pathology is crucial for informing the international effort aimed at
developing new drugs against Chagas disease. Here, we have exploited predictive
murine models and highly sensitive bioluminescence imaging to monitor curative
treatment at various stages of the disease cycle and to assess the outcomes in terms of
cardiac pathology.
RESULTS
Our aim was to investigate if treatment with curative doses of benznidazole prevented or alleviated the development of chagasic cardiac damage in mice by assessing
myocarditis and myocardial ﬁbrosis, widely used quantiﬁable markers of pathology. To
reﬂect the genetic diversity of T. cruzi, we selected strains JR (discrete typing unit [DTU]
I) and CL Brener (DTU VI), both of which were modiﬁed to express a red-shifted
luciferase (24, 26). Following inoculation into the peritoneal cavity, the limit of detection with this highly sensitive system is close to 100 parasites, and there is a strong
correlation between total body bioluminescence and parasite burden (24). Two infection combinations were investigated, strain JR in C3H/HeN mice (JR-C3H) and strain CL
Brener in BALB/c mice (CL-BALB/c). Previously, we have shown that chronic infections
in these models give rise to signiﬁcant pathological ﬁbrosis, which is particularly severe
in the case of the JR-C3H combination, although endpoint cardiac inﬂammation tends
to be mild or negligible (24, 26). To initiate infections, mice were inoculated intraperitoneally (i.p.) with 1 ⫻ 103 T. cruzi bloodstream trypomastigotes. At various time points
postinfection, they were treated with benznidazole at 100 mg/kg for 20 days (35), a
regimen that cures both acute and chronic infections (Fig. 1 and 2).
Curative benznidazole treatment of infected C3H mice was initiated during the
acute stage (day 14) or after transition to the chronic phase (day 73) (Fig. 1A). Mice were
then monitored by in vivo imaging until the experimental endpoint (days 150 to 153).
In nontreated mice, the infection reached a peak approximately 21 days postinfection.
This was followed by progressive reduction in the parasite burden until the infection
entered the chronic stage (days 50 to 60), when levels were up to three orders of
magnitude lower (Fig. 1B). The chronic stage is characterized by the presence of highly
dynamic bioluminescent foci that are detectable by in vivo imaging (26). When the
internal organs were examined by ex vivo imaging, bioluminescent foci were also
detectable in the colon and/or stomach in all cases and sporadically in other organs,
including the heart (Fig. 1C). In the JR-C3H model, infection foci were observed more
frequently in non-GI tract sites than was the case in other parasite/mouse strain
combinations (26), although there was no speciﬁc tropism for the heart.
To evaluate the capacity of curative treatment (Fig. 1B and C) to prevent pathology,
quantitative analysis of inﬂammation and ﬁbrosis was performed on cardiac muscle
obtained 150 to 153 days postinfection. There was a slight increase in myocardium
cellularity in nontreated infected C3H mice compared to age-matched noninfected,
nontreated controls, although this was just below the level of signiﬁcance (P ⫽ 0.13)
(Fig. 3A and B). No parasites were detected in any cardiac images from nontreated
animals (⬃360 examined), although bioluminescence signals suggested low-level infections in some mice (Fig. 1C). Exposure to benznidazole in the absence of infection
did not cause myocarditis (Fig. 3A). In mice cured in either the acute or chronic stage
of infection, cardiac inﬂammation was similar to that in the noninfected controls and
displayed no signiﬁcant correlation with ﬁbrosis at the level of individual mice (below).
We used collagen content as an indicator of pathological cardiac ﬁbrosis (see
Materials and Methods). Baseline levels in noninfected control mice displayed considerable uniformity, with no signiﬁcant differences between benznidazole-treated and
nontreated animals (Fig. 3C and D). In contrast, in nontreated infected mice, there was
remarkable variation, with differences of more than 5-fold in the extent of ﬁbrosis
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FIG 1 Benznidazole treatment in both the acute and chronic stage cures C3H/HeN mice infected with T. cruzi JR strain. (A) Outline of infection and treatment
schedule. Mice were treated with 100 mg/kg benznidazole once daily by the oral route for 20 days (Materials and Methods). (B) Representative ventral in vivo
images of treated (starting day 14 or 73) and nontreated mice at sequential time points postinfection. All images use the same log10-scale heat-map with
minimum and maximum radiance values as indicated. (C) Ex vivo bioluminescence images of organs and tissues taken at 152 days postinfection (dpi). Organs
arranged as shown (upper image).

within the cohort (24 mice, 15 cardiac images examined per individual). At a group
average level, cardiac collagen was more than 2-fold higher in the nontreated infected
mice than in the noninfected mice (P ⫽ 0.0006). However, within this group comparison, approximately half of the JR-infected mice exhibited no evidence of ﬁbrosis,
whereas the other half displayed major increases in collagen content (Fig. 3C). When
C3H mice that had been cured of T. cruzi infection with benznidazole were evaluated
at the experimental endpoint (day 150 to 153), the myocardial collagen content was
found to be considerably lower than in the noncured group (treatment initiation on day
14, P ⫽ 0.008; on day 73, P ⫽ 0.03) and not signiﬁcantly different from that in
noninfected mice (Fig. 3C and D). These data therefore suggest that in the JR-C3H
model, curative drug treatment in either the acute or chronic stage of infection can
prevent the development of cardiac ﬁbrosis.
When the CL-BALB/c parasite-mouse combination was used to further examine the
effect of curative drug-treatment (Fig. 2B and C) on chronic cardiac pathology, we
included additional treatment time points in the acute and chronic stages (Fig. 2A). In
this model, the acute-stage parasite burden peaks at day 14 postinfection, but the
subsequent proﬁle of parasite infection is otherwise generally similar to that in the
JR-C3H combination. In line with previous results (26), we observed that during BALB/c
chronic stage infections, CL Brener parasites were more tightly restricted to the GI tract
than was the case with JR infections of C3H mice (Fig. 1C and 2C). Histopathological
analysis of cardiac tissue from nontreated CL Brener-infected BALB/c mice (days 156 to
169 postinfection) revealed signiﬁcant diffuse cellular inﬁltration compared to that in
noninfected controls (Fig. 4A and B) (P ⫽ 0.005). Inﬂammatory inﬁltrates were comprised predominantly of mononuclear cells with lymphocytic morphology. Similarly, an
increase in inﬂammatory inﬁltration was observed in mice that had been cured with
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FIG 2 Benznidazole treatment in both the acute and chronic stage cures BALB/c mice infected with T. cruzi strain CL Brener. (A) Outline of infection and
treatment schedule. Mice were treated with 100 mg/kg benznidazole once daily by the oral route for 20 days (see Materials and Methods). (B) Representative
ventral in vivo images of treated (starting day 14, 66, or 110) and nontreated mice at sequential time points postinfection. (C) Ex vivo bioluminescence images
of organs and tissues taken at 169 days postinfection (dpi). Organs arranged as shown in Fig. 1C.

benznidazole during the acute stage (treatment starting day 14 or 22; P ⫽ 0.0004 and
P ⫽ 0.005, respectively). Mice that were cured during the chronic stage showed some
signs of myocarditis, but inﬁltrates were less intense and below the level of signiﬁcance
(treatment starting days 66 and 110; P ⫽ 0.26 and P ⫽ 0.44, respectively).
In nontreated BALB/c mice infected with CL Brener, we found a signiﬁcant increase in
ﬁbrosis compared to that of age-matched noninfected controls (Fig. 4C and D) (P ⫽ 0.007)
when cardiac sections were examined at the experimental endpoint. However, as with the
JR-C3H combination, there was considerable variation in the extent of ﬁbrosis following
infection and only a minor or negligible correlation with inﬂammation (Fig. 4E). In both
models, collagen deposits were diffusely distributed within the muscle ﬁbers and interstitial
spaces, although in the JR-C3H combination, ﬁbrosis was more often present as dense focal
deposits organized between muscle ﬁbers. This intense ﬁbrosis in the interstitial spaces
produced larger gaps between muscle ﬁbers. No differences in inﬂammation or ﬁbrosis
between atrial and ventricular regions of the heart were apparent. When cardiac sections
from mice cured in the acute stage (treatment starting day 14 or 22) were examined on
days 156 to 169, there was no evidence of ﬁbrosis, as the level of collagen was considerably
less than that in the nontreated cohort (Fig. 4C) (P ⫽ 0.0017 and P ⫽ 0.0002, respectively).
Levels were the same as those in the noninfected controls, a pattern similar to that in the
JR-C3H combination (Fig. 3C). However, in samples taken from mice treated in the chronic
stage, cumulative ﬁbrosis was apparent. The collagen content was signiﬁcantly greater in
mice where treatment was initiated on day 110 (P ⫽ 0.009), similar to that in noncured mice
(Fig. 4C). When treatment began on day 66, several of the mice exhibited ﬁbrosis at the
experimental endpoint, although this increased collagen content did not reach the level of
signiﬁcance at a group level (P ⫽ 0.30). Therefore, in the CL-BALB/c experimental model, the
timing of curative treatment during an infection is crucial for preventing cardiac pathology.
DISCUSSION
Chagas disease drug discovery programs are predicated on the assumption that
antiparasitic therapy can prevent or reduce the development of chronic pathology. The
target group for these drugs is the 5 to 8 million individuals in the asymptomatic
chronic phase of the disease, since the vast majority of acute-stage infections pass
undetected and patients with advanced symptoms are unlikely to beneﬁt (17). IncreasOctober 2018 Volume 62 Issue 10 e00832-18
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FIG 3 Curative benznidazole treatment of C3H/HeN mice infected with T. cruzi strain JR prevents the development of cardiac ﬁbrosis. Infected mice (see
Materials and Methods) were either nontreated (NT; n ⫽ 24), or treated (T) with benznidazole for 20 days, as outlined in the legend to Fig. 1, commencing day
14 postinfection (n ⫽ 10), or day 73 (n ⫽ 12). Groups of noninfected mice, either nontreated (NT; n ⫽ 16), or treated (T) (starting on day 14, n ⫽ 8, or on day
73, n ⫽ 8) were run in parallel. Cardiac tissue was harvested (day 150 to 153) and assessed for inﬂammation and ﬁbrosis (see Materials and Methods). (A)
Quantitative histopathological analysis of inﬂammation. The number of nuclei per 6 ⫻ 104 m2 was quantiﬁed as a cellular myocarditis index. Data are shown
as mean ⫾ standard deviation. Inﬂammation in nontreated infected mice was slightly but signiﬁcantly greater than that in noninfected controls or in drug cured
mice. (B) Representative myocardial sections stained with H&E and used to assess inﬂammation. (C) Quantiﬁcation of collagen content (blue area in Masson’s
trichrome-stained sections) as a marker of cardiac ﬁbrosis (see the text for more details and Materials and Methods for description of statistical procedures).
(D) Masson’s trichrome-stained photomicrographs demonstrating ﬁbrosis in mice heart sections. In panels B and D, the magniﬁcation is 400⫻. Bar, 30 m.

ing evidence suggests that parasite persistence is a prerequisite for cardiac pathology
(27, 28, 36, 37), providing a theoretical rationale for curative therapy. Despite this, it has
been problematic to conﬁrm beneﬁcial outcomes in humans (17). Predictive experimental models are therefore of particular importance. However, even in mice, studies
into the effectiveness of antiparasitic treatment have been confounded by a general
inability to monitor infections during the chronic stage and by difﬁculties in demonstrating sterile cure.
In the current work, we exploited highly sensitive bioluminescent imaging to
conﬁrm antiparasitic drug efﬁcacy (Fig. 1C and 2C). First, we assessed the capacity of
benznidazole to prevent pathology in the JR-C3H parasite-host combination. Previous
studies revealed considerable variation in the severity of cardiac ﬁbrosis during chronic
infections in this model (26). Large cohort sizes were therefore used to provide
statistical power. As expected, we found extensive differences in the level of collagen
October 2018 Volume 62 Issue 10 e00832-18
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FIG 4 Curative benznidazole therapy prevents the development of cardiac ﬁbrosis in BALB/c mice infected with T. cruzi CL Brener when treatment is initiated
in the acute stage but not when initiated in the chronic stage. Infected mice were either nontreated (NT; n ⫽ 19), or treated (T) with benznidazole for 20 days,
as outlined in the legend to Fig. 2, commencing day 14 postinfection (n ⫽ 10), day 22 (n ⫽ 12), day 66 (n ⫽ 12), or day 110 (n ⫽ 12). Groups of noninfected
mice, either nontreated (NT; n ⫽ 7), or treated (T) (starting on day 66, n ⫽ 4, or on day 110, n ⫽ 4) were run in parallel. Cardiac tissue was harvested and assessed
for inﬂammation and ﬁbrosis (see Materials and Methods). (A) Quantitative histopathological analysis of inﬂammation. The number of nuclei per 6 ⫻ 104 m2
was quantiﬁed as a myocarditis index. Data are shown as mean ⫾ standard deviation. (B) Representative myocardial sections stained with H&E demonstrating
inﬂammation. (C) Quantiﬁcation of collagen content (blue area in Masson’s trichrome-stained sections) as a marker of cardiac ﬁbrosis. (D) Masson’s
trichrome-stained photomicrographs demonstrating ﬁbrosis in mice heart sections. In panels B and D, the magniﬁcation is 400⫻. Bar, 30 m. (E) Pearson
correlation analysis of myocarditis against cardiac ﬁbrosis scores. Data are from samples obtained at 169 days postinfection from the groups shown in panels
A and C.

deposition in the heart muscle of infected nontreated mice (Fig. 3C and D). This
heterogeneity is typical of cardiac pathology in humans during chronic Chagas disease.
Intriguingly, curative treatment during both the acute and chronic stage of infection
completely blocked the development of ﬁbrosis. We then used the CL-BALB/c combination, and we included additional experimental time points to better assess the
protective effect. In this model, chronic infection also led to signiﬁcantly increased
ﬁbrosis in the untreated mice (Fig. 4C and D), and antiparasitic treatment during the
acute stage (starting days 14 or 22) prevented pathological collagen deposition in
cardiac muscle. However, if treatment was delayed until the chronic stage (starting day
110), high levels of ﬁbrosis were observed, similar in severity to those in nontreated
mice.
In murine models of chronic Chagas disease, the GI tract is the major site of parasite
persistence (25, 26), with sporadic infection of the heart and other organs (e.g., Fig. 1C
and 2C). The heart does not appear to be preferentially infected, and ﬁbrosis can
develop in the absence of cardiac-localized parasite persistence. We have proposed
that pathology arises from collateral damage resulting from immune responses triggered by long-term, intermittent reinvasion of the heart by parasites derived from more
permissive niches, which may include the GI tract (27). In both mice and humans, this
dynamic process could contribute to the heterogeneous and cumulative nature of
pathology, with the low regenerative capacity of cardiac muscle (38) accounting for the
organ-speciﬁc damage.
The major ﬁnding of our current study is that curative treatment can prevent cardiac
ﬁbrosis. In the case of the CL-BALB/c model, this requires treatment earlier in the
infection, whereas with the JR-C3H combination, treatment can be postponed until at
October 2018 Volume 62 Issue 10 e00832-18
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least day 73 without compromising the protective effect. This disparity could reﬂect
temporal variations in the infection proﬁle between the two models, the type of
localized immune response, parasite diversity, or a combination of all three. It would be
premature at this stage to extrapolate these differences and to deﬁne them as
representative of speciﬁc parasite lineages. In the case of myocarditis, there was not a
signiﬁcant association with infection in the JR-C3H model (Fig. 3). Although this was
more pronounced in the CL-BALB/c combination, there was no positive correlation
between endpoint inﬂammation and ﬁbrosis at the level of individual mice (Fig. 4E).
This is perhaps unsurprising given the episodic character of active heart parasitism and
snapshot nature of the endpoint analysis. We have observed this lack of association
previously and found that it is the inability to restrict infection to the gut during chronic
infections that best correlates with heart disease severity (26).
The ﬁndings reported here demonstrate that antiparasitic treatment can prevent
cardiac damage, and that T. cruzi persistence, even when not continuous in the heart,
is a major determinant of ﬁbrosis. Of particular signiﬁcance, is our ﬁnding in the
CL-BALB/c model that delays in administering curative treatment can have detrimental
effects on disease outcome, suggesting that pathology is cumulative in the presence of
infection. Our hypothesis is that pathology results from collateral damage caused by
the localized immune responses that eradicate the intermittent cardiac infections
during the chronic stage. The apparent stochastic nature of these infections may
contribute to the diversity of pathological outcomes, although other factors are almost
certainly involved. In this context, we tried to capture some of the potential variation
in disease outcome attributable to host:parasite strain differences by using the T. cruzi
CL Brener (DTU VI) and JR (DTU I) isolates, and the BALB/c and C3H/HeN mouse strains.
More detailed studies in this area are clearly warranted to further dissect the effect of
host and parasite diversity on disease pathology.
If the results reported here are applicable to humans, they strongly support a policy
of early treatment of individuals who are seropositive for T. cruzi, but asymptomatic.
This could prevent the time-dependent build-up of largely irreversible cardiac damage.
At present, up to 99% of asymptomatic people infected with T. cruzi are unaware of
their condition (39). Therefore, population-wide diagnostic programs should be considered a public health priority in areas where Chagas disease is endemic, particularly
as more effective drugs become available.
MATERIALS AND METHODS
Parasites. Bioluminescent T. cruzi strains (CL Brener and JR) that constitutively express the redshifted luciferase PpyRE9h (40) were generated and cultured as described previously (24, 26). Metacyclic
trypomastigotes were produced by transfer to supplemented Grace’s medium (41) and harvested after
4 to 7 days. Tissue culture trypomastigotes were obtained from infected L6 rat myoblasts (26).
Murine infections and bioluminescence imaging. Animal work was performed under United
Kingdom Home Ofﬁce project licenses (PPLs 70/6997 and 70/8207) and approved by the LSHTM Animal
Welfare and Ethical Review Board. Procedures were conducted in accordance with the United Kingdom
Animals (Scientiﬁc Procedures) Act 1986 (ASPA). BALB/c and C3H/HeN mice were purchased from Charles
River (UK), and CB17 SCID mice were bred in-house. Animals were maintained under speciﬁc pathogenfree conditions in individually ventilated cages. They experienced a 12-h light/dark cycle, with access to
food and water ad libitum. SCID mice were infected with 1 ⫻ 104 bloodstream trypomastigotes (BTs) in
0.2 ml phosphate-buffered saline (PBS) via i.p. injection. BALB/c and C3H female mice (aged 7 to 8 weeks)
were infected by i.p. injection of 1 ⫻ 103 BTs derived from SCID mouse blood. At experimental endpoints,
mice were sacriﬁced by exsanguination under terminal anesthesia.
For in vivo bioluminescence imaging, mice were injected with 150 mg/kg D-luciferin i.p., then
anesthetized using 2.5% (vol/vol) gaseous isoﬂurane (25). Five to 10 min after D-luciferin administration,
they were placed in an IVIS Lumina II system (Caliper Life Science), and images were acquired using
LivingImage v4.3. Exposure times varied between 30 s and 5 min, depending on signal intensity. After
imaging, mice were revived and returned to cages. For ex vivo imaging, mice were injected with
D-luciferin and sacriﬁced by exsanguination under terminal anesthesia 5 min later. They were then
perfused via the heart with 10 ml of 0.3 mg/ml D-luciferin in PBS. Organs and tissues were removed and
transferred to a petri dish in a standardized arrangement (Fig. 1C), soaked in 0.3 mg/ml D-luciferin in PBS,
and imaged using maximum detection settings (5 min exposure, large binning). The remaining animal
parts and carcass were checked for residual bioluminescent foci, also using maximum detection settings.
To estimate parasite burden in live mice, regions of interest (ROI) were drawn using LivingImage v4.3
to quantify bioluminescence as total ﬂux (photons/s), summed from dorsal and ventral images. The
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detection threshold for in vivo imaging was determined using control uninfected mice. To quantify
infection intensities in ex vivo tissues, individual ROIs were drawn to quantify bioluminescence expressed
as radiance (p/s/cm2/sr).
Drug treatment. Benznidazole was synthesized by Epichem Ltd. (Australia) and prepared for
administration at 10 mg/ml in 5% dimethyl sulfoxide (vol/vol)/95% hydroxypropyl methylcellulose
(HPMC) suspension vehicle (0.5% (wt/vol) hydroxypropyl methylcellulose, 0.5% (vol/vol) benzyl alcohol,
and 0.4% (vol/vol) Tween 80 in Milli-Q-water). Mice were treated at 100 mg/kg for 20 days by oral gavage
(35) (Fig. 1 for details).
Cardiac histomorphometric studies. Heart samples were ﬁxed in Glyo-Fixx for 24 h, dehydrated in
ethanol, cleared in Histo-Clear, and embedded in parafﬁn. Three-micron heart sections were stained with
hematoxylin and eosin (H&E) or Masson’s trichrome (MT). Images covering atrioventricular regions were
acquired with a camera (Leica DFC295) attached to a Leica DM3000 light-emitting diode (LED) microscope. Images were digitalized for histomorphometric analysis using the Leica Application Suite v4.5
software. The base of the heart and major vessels were excluded because of inherently high collagen
content. The number of images required for accurate representative quantiﬁcation of the whole
myocardium was determined by stability analysis of measurements based on a range of ﬁelds, from a
minimum of 5 to a maximum of 20. An index of inﬂammatory cells was assessed by quantifying a
standardized test area of 6 ⫻ 104 m2 per image, acquired with a 40⫻ objective. The number of
cells/image was determined from the average of 15 images/animal at ⫻400 magniﬁcation, randomly
chosen, with samples stained with H&E. An increase in the number of cells compared with uninfected
controls was considered indicative of inﬂammation. An index of collagen type I, the most abundant form,
which accounts for 90% of total collagen in mammals, was assessed by quantifying a standardized test
area of 6 ⫻ 104 m2 per image, acquired with a 40⫻ objective. The area in blue MT staining was
determined from an average of 15 randomly chosen images/animal, at ⫻400 magniﬁcation. Increased
collagen content compared with that of uninfected controls was considered indicative of cardiac ﬁbrosis.
Statistics. Individual animals were used as the unit of analysis unless otherwise stated. Statistical
differences between groups were evaluated using a Kruskal-Wallis test with Dunn’s post hoc correction
in GraphPad Prism v.7.03. Differences of P ⬍ 0.05 were considered signiﬁcant.

ACKNOWLEDGMENTS
This work was supported by the British Heart Foundation (grant PG/13/88/30556),
the Drugs for Neglected Diseases initiative (DNDi) through a grant from the Department
for International Development (DFID), United Kingdom, and an Australian Research
Council Linkage Project grant (grant LP140100560). M.D.L. was supported by a European Union Marie Curie Fellowship (625810). DNDi received ﬁnancial support from the
Federal Ministry of Education and Research (BMBF) through KfW, Germany, and from
Médecins sans Frontières (MSF) International.
We thank Eric Chatelain and other members of the DNDi Australian LO Consortium
for valuable discussion.
We declare no conﬂicts of interest relating to this article.

REFERENCES
1. Hashimoto K, Yoshioka K. 2012. Review: surveillance of Chagas disease.
Adv Parasitol 79:375– 428. https://doi.org/10.1016/B978-0-12-398457-9
.00006-8.
2. Bern C. 2015. Chagas’ Disease. N Engl J Med 373:456 – 466. https://doi
.org/10.1056/NEJMra1410150.
3. Bern C, Kjos S, Yabsley MJ, Montgomery SP. 2011. Trypanosoma cruzi and
Chagas’ disease in the United States. Clin Microbiol Rev 24:655– 681.
https://doi.org/10.1128/CMR.00005-11.
4. Requena-Méndez A, Aldasoro E, de Lazzari E, Sicuri E, Brown M, Moore
DA, Gascon J, Muñoz J. 2015. Prevalence of Chagas disease in LatinAmerican migrants living in Europe: a systematic review and metaanalysis. PLoS Negl Trop Dis 9:e0003540. https://doi.org/10.1371/journal
.pntd.0003540.
5. Cardillo F, de Pinho RT, Antas PR, Mengel J. 2015. Immunity and immune
modulation in Trypanosoma cruzi infection. Pathog Dis 73:ftv082. https://
doi.org/10.1093/femspd/ftv082.
6. Tarleton RL. 2015. CD8⫹ T cells in Trypanosoma cruzi infection. Semin
Immunopath 37:233–238. https://doi.org/10.1007/s00281-015-0481-9.
7. Ribeiro AL, Nunes MP, Teixeira MM, Rocha MO. 2012. Diagnosis and
management of Chagas disease and cardiomyopathy. Nat Rev Cardiol
9:576 –589. https://doi.org/10.1038/nrcardio.2012.109.
8. Cunha-Neto E., Chevillard C. 2014. Chagas disease cardiomyopathy: immunopathology and genetics. Mediators Inﬂamm 2014:683230. https://doi
.org/10.1155/2014/683230.
October 2018 Volume 62 Issue 10 e00832-18

9. Pérez-Molina JA, Molina I. 2018. Chagas disease. Lancet 391:82–94.
https://doi.org/10.1016/S0140-6736(17)31612-4.
10. Wilkinson SR, Kelly JM. 2009. Trypanocidal drugs: mechanisms, resistance and new targets. Exp Rev Mol Med 11:e31. https://doi.org/10
.1017/S1462399409001252.
11. Gaspar L, Moraes CB, Freitas-Junior LH, Ferrari S, Costantino L, Costi MP,
Coron RP, Smith TK, Siqueira-Neto JL, McKerrow JH, Cordeiro-da-Silva A.
2015. Current and future chemotherapy for Chagas disease. Curr Med
Chem 22:4293– 4312. https://doi.org/10.2174/0929867322666151
015120804.
12. Molina I, Gómez i Prat J, Salvador F, Treviño B, Sulleiro E, Serre N, Pou D,
Roure S, Cabezos J, Valerio L, Blanco-Grau A, Sánchez-Montalvá A, Vidal
X, Pahissa A. 2014. Randomized trial of posaconazole and benznidazole
for chronic Chagas disease. N Engl J Med 370:1899 –1908. https://doi
.org/10.1056/NEJMoa1313122.
13. Morillo CA, Waskin H, Sosa-Estani S, Del Carmen Bangher M, Cuneo C,
Milesi R, Mallagray M, Apt W, Beloscar J, Gascon J, Molina I, Echeverria LE,
Colombo H, Perez-Molina JA, Wyss F, Meeks B, Bonilla LR, Gao P, Wei B,
McCarthy M, Yusuf S; STOP-CHAGAS Investigators. 2017. Benznidazole
and posaconazole in eliminating parasites in asymptomatic T. cruzi
carriers: the STOP-CHAGAS trial. J Amer Coll Card 69:939 –947. https://
doi.org/10.1016/j.jacc.2016.12.023.
14. Aldasoro E, Posada E, Requena-Méndez A, Calvo-Cano A, Serret N, Casellas
A, Sanz S, Soy D, Pinazo MJ, Gascon J. 2018. What to expect and when:
aac.asm.org 9

Francisco et al.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

benznidazole toxicity in chronic Chagas’ disease treatment. J Antimicrob
Chemother 73:1060–1067. https://doi.org/10.1093/jac/dkx516.
Wilkinson SR, Taylor MC, Horn D, Kelly JM, Cheeseman I. 2008. A mechanism for cross-resistance to nifurtimox and benznidazole in trypanosomes. Proc Natl Acad Sci U S A 105:5022–5027. https://doi.org/10.1073/
pnas.0711014105.
Mejia AM, Hall BS, Taylor MC, Gómez-Palacio A, Wilkinson SR, TrianaChávez O, Kelly JM. 2012. Benznidazole-resistance in Trypanosoma cruzi
is a readily acquired trait that can arise independently in a single
population. J Infect Dis 206:220 –228. https://doi.org/10.1093/infdis/
jis331.
Morillo CA, Marin-Neto JA, Avezum A, Sosa-Estani S, Rassi A, Jr, Rosas F,
Villena E, Quiroz R, Bonilla R, Britto C, Guhl F, Velazquez E, Bonilla L,
Meeks B, Rao-Melacini P, Pogue J, Mattos A, Lazdins J, Rassi A, Connolly
SJ, Yusuf S; BENEFIT Investigators. 2015. Randomized trial of benznidazole for chronic Chagas’ cardiomyopathy. N Engl J Med 373:1295–1306.
https://doi.org/10.1056/NEJMoa1507574.
Torrico F, Gascon J, Ortiz L, Alonso-Vega C, Pinazo MJ, Schijman A,
Almeida IC, Alves F, Strub-Wourgaft N, Ribeiro I; E1224 Study Group.
2018. Treatment of adult chronic indeterminate Chagas disease with
benznidazole and three E1224 dosing regimens: a proof-of-concept,
randomised, placebo-controlled trial. Lancet Infect Dis 18:419 – 430.
https://doi.org/10.1016/S1473-3099(17)30538-8.
Rossi MA, Ramos SG, Bestetti RB. 2003. Chagas’ heart disease: clinicalpathological correlation. Front Biosci 8:e94 – e109. https://doi.org/10
.2741/948.
Carod-Artal FJ, Gascon J. 2018. Chagas disease and stroke. Lancet Neurol
9:533–542. https://doi.org/10.1016/S1474-4422(10)70042-9.
Iwai LK, Juliano MA, Juliano L, Kalil J, Cunha-Neto E. 2005. T-cell molecular mimicry in Chagas disease: identiﬁcation and partial structural
analysis of multiple cross-reactive epitopes between Trypanosoma cruzi
B13 and cardiac myosin heavy chain. J Autoimmun 24:111–117. https://
doi.org/10.1016/j.jaut.2005.01.006.
Bermejo DA, Amezcua Vesely MC, Khan M, Acosta Rodríguez EV, Montes
CL, Merino MC, Toellner KM, Mohr E, Taylor D, Cunningham AF, Gruppi
A. 2011. Trypanosoma cruzi infection induces a massive extrafollicular
and follicular splenic B-cell response which is a high source of nonparasite-speciﬁc antibodies. Immunology 132:123–133. https://doi.org/
10.1111/j.1365-2567.2010.03347.x.
Francisco AF, Jayawardhana S, Lewis MD, Taylor MC, Kelly JM. 2017.
Biological factors that impinge on Chagas disease drug development.
Parasitol 144:1871–1880. https://doi.org/10.1017/S0031182017001469.
Lewis MD, Fortes Francisco A, Taylor MC, Burrell-Saward H, McLatchie
AP, Miles MA, Kelly JM. 2014. Bioluminescence imaging of chronic
Trypanosoma cruzi infections reveals tissue-speciﬁc parasite dynamics
and heart disease in the absence of locally persistent infection. Cell
Microbiol 16:1285–1300. https://doi.org/10.1111/cmi.12297.
Lewis MD, Fortes Francisco A, Taylor MC, Kelly JM. 2015. A new experimental model for assessing drug efﬁcacy against Trypanosoma cruzi
infection based on highly sensitive in vivo imaging. J Biomolec Screen
20:36 – 43. https://doi.org/10.1177/1087057114552623.
Lewis MD, Fortes Francisco A, Taylor MC, Jayawardhana S, Kelly JM. 2016.
Host and parasite genetics shape a link between Trypanosoma cruzi
infection dynamics and chronic cardiomyopathy. Cell Microbiol 18:
1429 –1443. https://doi.org/10.1111/cmi.12584.
Lewis MD, Kelly JM. 2016. Putting Trypanosoma cruzi dynamics at the
heart of Chagas disease. Trends Parasitol 32:899 –911. https://doi.org/10
.1016/j.pt.2016.08.009.
Bonney KM, Engman DM. 2015. Autoimmune pathogenesis of Chagas

October 2018 Volume 62 Issue 10 e00832-18

Antimicrobial Agents and Chemotherapy

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

heart disease: looking back, looking ahead. Amer J Pathol 185:
1537–1547. https://doi.org/10.1016/j.ajpath.2014.12.023.
Davies C, Marino Cardozo R, Sánchez Negrette O, Mora MC, Chung MC,
Basombrío MA. 2010. Hydroxymethylnitrofurazone is active in a murine
model of Chagas’ disease. Antimicrob Agent Chemother 54:3584 –3589.
https://doi.org/10.1128/AAC.01451-09.
Molina-Berríos A, Campos-Estrada C, Lapier M, Duaso J, Kemmerling U,
Galanti N, Leiva M, Ferreira J, López-Muñoz R, Maya JD. 2013. Benznidazole prevents endothelial damage in an experimental model of Chagas
disease. Acta Trop 127:6 –13. https://doi.org/10.1016/j.actatropica.2013
.03.006.
Assíria Fontes Martins T, de Figueiredo Diniz L, Mazzeti AL, da Silva do
Nascimento ÁF, Caldas S, Caldas IS, de Andrade IM, Ribeiro I, Bahia MT.
2015. Benznidazole/itraconazole combination treatment enhances antiTrypanosoma cruzi activity in experimental Chagas disease. PLoS One
10:e0128707. https://doi.org/10.1371/journal.pone.0128707.
Gruendling AP, Massago M, Teston AP, Monteiro WM, Kaneshima EN,
Araújo SM, Gomes ML, Barbosa Md Toledo MJ. 2015. Impact of benznidazole on infection course in mice experimentally infected with
Trypanosoma cruzi I, II, and IV. Amer J Trop Med Hyg 92:1178 –1189.
https://doi.org/10.4269/ajtmh.13-0690.
Calvet CM, Choi JY, Thomas D, Suzuki B, Hirata K, Lostracco-Johnson S,
de Mesquita LB, Nogueira A, Meuser-Batista M, Silva TA, Siqueira-Neto JL,
Roush WR, de Souza Pereira MC, McKerrow JH, Podust LM. 2017.
4-aminopyridyl-based lead compounds targeting CYP51 prevent spontaneous parasite relapse in a chronic model and improve cardiac pathology in an acute model of Trypanosoma cruzi infection. PLoS Negl
Trop Dis 11:e0006132. https://doi.org/10.1371/journal.pntd.0006132.
Villar JC, Perez JG, Cortes OL, Riarte A, Pepper M, Marin-Neto JA, Guyatt
GH. 2014. Trypanocidal drugs for chronic asymptomatic Trypanosoma
cruzi infection. Cochrane Database Syst Rev 2014(5):CD003463. https://
doi.org/10.1002/14651858.CD003463.pub2.
Francisco AF, Jayawardhana S, Lewis MD, White KL, Shackleford DM,
Chen G, Saunders J, Osuna-Cabello M, Read KD, Charman SA, Chatelain
E, Kelly JM. 2016. Nitroheterocyclic drugs cure experimental Trypanosoma cruzi infections more effectively in the chronic stage than in the
acute stage. Sci Rep 6:35351. https://doi.org/10.1038/srep35351.
Jones EM, Colley DG, Tostes S, Lopes ER, Vnencak-Jones CL, McCurley TL.
1993. Ampliﬁcation of a Trypanosoma cruzi DNA sequence from inﬂammatory lesions in human chagasic cardiomyopathy. Am J Trop Med Hyg
48:348 –357. https://doi.org/10.4269/ajtmh.1993.48.348.
Tarleton RL. 2001. Parasite persistence in the aetiology of Chagas disease.
Int J Parasitol 31:549–553. https://doi.org/10.1016/S0020-7519(01)00158-8.
Porrello ER, Mahmoud AI, Simpson E, Hill JA, Richardson JA, Olson EN,
Sadek HA. 2011. Transient regenerative potential of the neonatal mouse
heart. Science 331:1078 –1080. https://doi.org/10.1126/science.1200708.
Ribeiro I, Sevcsik AM, Alves F, Diap G, Don R, Harhay MO, Chang S, Pecoul
B. 2009. New, improved treatments for Chagas disease: from the R&D
pipeline to the patients. PLoS Negl Trop Dis 3:e484. https://doi.org/10
.1371/journal.pntd.0000484.
Branchini BR, Ablamsky DM, Davis AL, Southworth TL, Butler B, Fan F,
Jathoul AP, Pule MA. 2010. Red-emitting luciferases for bioluminescence
reporter and imaging applications. Anal Biochem 396:290 –297. https://
doi.org/10.1016/j.ab.2009.09.009.
Isola EL, Lammel EM, Gonzalez Cappa SM. 1986. Trypanosoma cruzi:
differentiation after interaction of epimastigotes and Triatoma infestans
intestinal homogenate. Exp Parasitol 62:329 –335. https://doi.org/10
.1016/0014-4894(86)90039-1.

aac.asm.org 10

