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Intermittent suppressive posaconazole therapy is ineffective 
at mitigating cardiac and digestive tract pathologies in an 
experimental model of chronic Chagas disease
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ABSTRACT Infections with Trypanosoma cruzi cause Chagas disease, a chronic condition 
that can give rise to debilitating cardiac and/or gastrointestinal damage. However, 
it is unclear why only ~30% of individuals progress to symptomatic pathology, why 
this can take decades to become apparent, and why there is such a wide range of 
disease outcomes. Disease pathology is a long-term cumulative process resulting from 
collateral damage caused by inflammatory immune responses that continually eliminate 
transient parasite infections in the heart and/or gastrointestinal tract. The guiding 
principle behind anti-parasitic drug development is that a sterile cure is required to 
prevent progression to symptomatic pathology. Evidence suggests that the cumulative 
damage required to reach the symptomatic threshold is determined by a number of 
factors, including host and parasite genetics, which govern the intensity and location(s) 
of infection. Therefore, an alternative therapeutic strategy could involve long-term 
intermittent treatment, which may not confer sterile cure but is able to suppress the 
parasite burden to a level where the disease does not become symptomatic within the 
lifetime of the infected individual. To test this hypothesis, we used an experimental 
murine model that displays both cardiac and digestive tract pathologies. Mice were 
given intermittent treatment with posaconazole under conditions that initially reduced 
the parasite burden by >99% but did not confer sterile clearance. Our results show that 
this did not provide long-term protection against the key cardiac or gastrointestinal 
manifestations of Chagas disease, and that sterile cure should remain the single goal of 
the drug development community.

KEYWORDS Chagas disease, Trypanosoma cruzi, posaconazole, intermittent treatment, 
pathology

C hagas disease caused by the protozoan Trypanosoma cruzi poses a public health 
challenge across Latin America (1). In addition, due to migration, it is increas

ingly detected in non-endemic regions (2, 3). Parasite transmission occurs primarily 
via triatomine bug vectors, but other routes of infection, such as congenital transmis
sion, consumption of contaminated food and drink, organ transplantation, and blood 
transfusions, also pose significant risk (4–7). Following T. cruzi infection, individuals enter 
the acute stage, which typically lasts 2–8 weeks and is characterized by widespread 
parasite dissemination in blood and tissues. Symptoms at this stage are usually mild 
or non-specific, although outcomes can be fatal in some cases due to myocarditis 
or encephalopathy. Immune responses eventually control, but do not eliminate the 
infection, and most individuals then remain asymptomatic for life (8–10). Approximately 
30% of those infected ultimately develop chronic Chagas disease, although this can 
take decades to become symptomatic (11). T. cruzi infection results in chronic Chagas 
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cardiomyopathy (CCC) in 20–30% of cases, and ~10% lead to digestive Chagas disease 
(DCD), with the symptoms sometimes occurring in combination (12–14).

Several mechanisms have been postulated to explain the underlying causes of CCC, 
including direct parasite-mediated injury, parasite-induced inflammatory tissue damage, 
and autoimmune responses (15–18). The most widely accepted view is that pathology 
results from cumulative damage to heart tissue caused by pro-inflammatory immune 
responses driven by the presence of parasites. This in turn leads to fibrosis, cardiac 
hypertrophy, and cardiomyopathy, although disease progression follows a complex 
pathway that can also involve arrhythmias and thromboembolisms and is difficult to 
predict at an individual level (10, 19–21). During chronic T. cruzi infection, the parasite 
burden is extremely low and can be challenging to detect in some patients. In mur
ine models, the gastrointestinal (GI) tract, skin, and in some strains, skeletal muscle, 
act as permissive reservoirs where infection foci persist (22–25). Cardiac infections 
in the chronic stage appear to be periodic rather than persistent, with detectable 
infection ranging from 10 to 80% depending on the mouse-parasite strain combina
tion. Persistent cardiac infection is not required for the development of fibrosis (22, 
23). Rather, intermittent cardiac infection, perhaps a result of parasite trafficking from 
more immune-tolerant niches, seems to be sufficient. The resulting pro-inflammatory 
responses continually eliminate these periodic infections but often to the detriment of 
the surrounding tissue (19). Cardiac muscle and nervous tissue have low regenerative 
capacity, a feature that may explain the progressive nature of the pathology (26). The 
complex nature of Chagas disease has made it difficult to address the precise nature and 
progression of cardiac pathology in humans.

In the case of DCD, outcomes can include changes in motility, secretion, and 
absorption, particularly in the colon and esophagus (14, 27, 28). Irreversible denervation 
in the enteric nervous system has been proposed to lead to progressive dysfunction 
in gut motility involving difficulty in swallowing, slower GI transit, and feces retention, 
finally leading to megacolon or megaesophagus (29, 30). Recently, a murine model of 
DCD has been developed, in which a digestive transit delay and feces retention are
associated with chronic T. cruzi persistence in the colon (31). This model provides a 
platform for dissection of DCD pathogenesis (32).

For several decades, T. cruzi infections have been treated with the nitroheterocyclic 
drugs benznidazole and nifurtimox (33, 34). Despite their long-standing use, there are 
several issues that contribute to a high level of treatment failure (10–50%) (35, 36). These 
include treatment duration (60–90 days), toxicity that leads to patient non-compliance, 
and variable efficacy across the T. cruzi species. In addition, both of these pro-drugs are 
bio-activated within the parasite by the same mitochondrial nitroreductase (TcNTR-1), 
which could lead to cross-resistance (37, 38). To address these challenges, there is an 
international effort driven by large drug-development consortia to extend the range of 
therapeutic options. A promising candidate that emerged early in this process was the 
anti-fungal drug posaconazole, an inhibitor of T. cruzi sterol 14α-demethylase (CYP51), 
an enzyme involved in ergosterol biosynthesis (39, 40). Posaconazole exhibited in vitro 
antiparasitic activity in the low nanomolar range, displayed promising in vivo efficacy, 
had a good safety profile, and was already licensed for human use (41, 42). Unfortunately, 
it ultimately failed in clinical trials (35, 43), and more sensitive in vivo studies in mice 
revealed an inability to provide regular sterile cure (44).

There is abundant evidence from animal experiments that curative benznidazole 
treatment can block the development of cardiac pathology, particularly if delivered early 
in an infection (17, 45, 46). Similarly, in the case of murine DCD, curative treatment 
in the acute stage halts disease progression, reverses the gut motility defect, and 
leads to a recovery in the density of colonic myenteric neurons (31, 32). In contrast, 
although non-curative treatment results in initial improvement in GI tract symptoms, 
this is transient, with infection relapse leading to a return of pathology. Collectively, 
these experiments provide a strong rationale for the consensus that the presence of the 
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parasite is required to drive the immune-mediated tissue damage that results in Chagas 
disease pathology.

The target product profile for new Chagas disease drugs describes a candidate that 
provides parasitological cure during the asymptomatic chronic stage of the infection 
(47). This is in accordance with our current understanding of disease pathogenesis, 
which predicts that timely intervention should block further development of pathology 
(17, 32). The discovery of new drugs that conform to this profile has been demanding 
(48). Given the progressive nature of Chagas disease, an alternative treatment strategy 
could involve long-term intermittent administration of therapeutics that are able to 
reduce the parasite burden sufficiently to slow the acquisition of tissue damage, so 
that symptomatic pathology and organ dysfunction do not arise during the lifetime of 
the patient. To test this hypothesis, T. cruzi-infected mice were treated long-term with 
posaconazole under conditions in which the parasite burden was greatly reduced but 
not eliminated. The results strongly indicate that sterile cure is necessary to protect 
against the development of both cardiac and GI tract pathologies.

RESULTS

To determine if suppressive intermittent therapy could prevent or moderate the 
progression of Chagas disease pathology, posaconazole was selected because of its 
anti-parasitic profile (44) and low toxicity (41, 42). In addition, we had previously shown 
that this drug could reduce splenomegaly in mice chronically infected with T. cruzi, even 
when sterile cure was not achieved (44). We used female C3H/HeN mice infected with 
the bioluminescent T. cruzi JR-Luc strain (Materials and Methods). In this infection model, 
the acute stage parasite burden peaks 3–4 weeks post-infection (wpi) (23, 49), and mice 
develop chronic cardiac (17, 23, 50) and digestive (31, 32) pathologies.

The experimental outline is shown in Fig. 1. Beginning 21 days post-infection (dpi), 
mice were treated with posaconazole once daily for 12 days (20 mg/kg). By the end of 
this period, bioluminescence levels had been reduced by >99%, close to background 
levels (Fig. 2). One cohort of mice was given no further treatment (initial treatment 
group). The infection relapsed in all these mice, such that within 2–3 weeks of drug 
withdrawal, the parasite burden had returned to levels similar to those in non-treated 
control mice. There was then a reduction in parasite load, as the infection transitioned to 
the chronic stage (>11 wpi), with infection foci displaying a typically dynamic spatiotem
poral profile (Fig. 2). After the initial treatment, a second cohort of mice was treated at 
monthly intervals (monthly treated group) for 5 days at 20 mg/kg until the experimental 

FIG 1 Experimental outline. C3H/HeN mice were infected with the bioluminescent T. cruzi JR-Luc strain (DTU I). At 21 days post-infection (dpi), they were treated 

once daily with 20 mg/kg posaconazole for 12 days (Materials and Methods). One cohort of mice was given no further treatment. A second cohort was treated 

with posaconazole (20 mg/kg) for 5 days each month, and a third was treated 1 day each week until the experimental end-point at 31 weeks post-infection (wpi). 

All mice were subjected to necropsy and analysis at this point.
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FIG 2 In vivo assessment of intermittent posaconazole treatment of T. cruzi-infected mice. (A) C3H/HeN mice were infected with the bioluminescent T. cruzi 

JR-Luc strain and monitored regularly by in vivo imaging (ventral images shown). As outlined (Fig. 1), 21 dpi, mice were treated with posaconazole (20 mg/kg) 

once per day for 12 days. After this initial dosing, one group (n = 5) received no further treatment (initial). A second group (n = 5) was subsequently treated on 

five consecutive days each month (monthly), and a third group (n = 5) was treated weekly with a single dose of 20 mg/kg posaconazole (weekly). The heat map is 

on a log10 scale and indicates intensity of bioluminescence from low (blue) to high (red). (B) Graphs showing the total body bioluminescence (ventral and dorsal 

imaging) (photons/second; p/s) of treated and non-treated mice throughout the experiment. The gray vertical bars indicate treatment periods.
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end-point (31 wpi). With each mouse, monthly treatment resulted in a reduction in 
bioluminescence-inferred parasite burden to background levels, followed by a relapse. 
There was a tendency for the rebound in parasite burden to increase with time, such 
that later in the experimental schedule, it peaked at levels higher than in non-treated 
control mice (Fig. 2). In the third cohort, after the initial treatment period, mice were 
treated weekly with a single 20 mg/kg dose (weekly treatment group). With this regimen, 
parasites were barely detectable by in vivo imaging until 22 wpi, and as with the monthly 
dosing cohort, the extent of relapse then tended to increase, although this was not 
consistent (Fig. 2).

All mice were examined by ex vivo imaging at the experimental end-point (Materials 
and Methods; Fig. 3). This confirmed that all mice in the treatment groups were still 
infected. Bioluminescent foci were detectable in the GI tract and skin in all cases, whereas 
in other organs and tissues, including the heart, infection was more sporadic. At the
endpoint, the overall level of infection in mice that received only the initial 12-day dosing 
or received monthly intermittent treatment was similar to non-treated mice. Mice that 
received the single weekly dose had fewer detectable foci (Fig. 3), possibly reflecting that 
they had received their final posaconazole dose 3 days before the end-point at 31 wpi 
(Fig. 2). The limit of detection by ex vivo imaging is <12 parasites (24).

To determine if the trend of relapses becoming more pronounced over time was 
linked to acquired resistance (Fig. 2), 12 parasite clones were isolated from a range of 
mouse tissues (Materials and Methods). None of the clones displayed increased tolerance 
to posaconazole, as inferred from treatment of infected COLO-N680 cell cultures (Fig. S1).

All mice were assessed regularly throughout the experimental period for GI transit 
time delays as a marker for DCD after oral gavage with the red dye tracer carmine 
(Materials and Methods) (Fig. 4A, Fig. S2). As observed previously (31, 32), non-treated 
mice developed a delay during the acute stage, which peaked at 4.5 wpi. After partially 
subsiding, severity increased later in the chronic stage (24 wpi and beyond) (Fig. 4A). 
Non-curative posaconazole treatment (initial treatment group) led to a rapid reversal of 
the GI transit delay back to levels observed in the non-infected controls. However, the 
effect was temporary; the transit time reverted to that in non-treated mice by week 
12, with severity increasing further by the experimental end-point (30 wpi). A detailed 
temporal breakdown and statistical analysis of the transit delay data are provided in Fig. 
S2. In the cohort of mice that were given additional monthly treatment, the reversal 
of the transit delay was maintained until beyond week 18, but then reached a level 
similar to that of non-treated mice by week 24 (Fig. 4A; Fig. S2). Treated mice given 

FIG 3 End-point tissue and organ distribution of T. cruzi following various posaconazole treatment regimens. Two representative ex vivo images of tissues and 

organs harvested from mice in each cohort at the experimental end-point (31 wpi) (Materials and Methods). Tissues/organs were arranged as shown (inset, right). 

The heat map is on a log10 scale and indicates intensity of bioluminescence from low (blue) to high (red).
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FIG 4 Intermittent posaconazole treatment does not protect T. cruzi-infected mice from GI tract 

dysfunction. (A) Bar charts showing the impact of posaconazole treatment on GI transit time in C3H/HeN 

mice infected with the T. cruzi JR-Luc strain (non-infected mice, n = 4; non-treated mice, n = 6; each 

treatment group, n = 5). Transit times were established by monitoring the passage of the red dye tracer 

carmine (Materials and Methods). A 4 h (240 min) cut-off point for transit data acquisition was imposed 

for animal welfare reasons. Each dot represents a single mouse. Data are expressed as mean ± standard 

error of the mean (SEM). See Fig. S1 for details on statistical analysis. (B) Bar chart showing the number of 

fecal pellets in the colon post-mortem (Materials and Methods) of non-infected mice, infected non-treated 

mice, and infected mice treated with posaconazole (initial, monthly, and weekly), as outlined in Fig. 1 and 

2. Each dot represents a single mouse, with data expressed as mean ± SEM. Asterisks represent P-values 

for one-way analysis of variance, followed by Dunnett’s multiple comparison post-hoc test (*P < 0.05; **P 

< 0.01; ***P < 0.001). All infected groups showed a significant difference to the non-infected group. There 

was no significant difference (P > 0.05) between any of the treated groups and the non-treated group, as 

shown in the table.
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weekly doses of posaconazole followed the same trend. At 30 wpi, several mice from all 
infected groups displayed transit time delays beyond the 4 h cut-off period, implying the 
development of severe chronic DCD pathology (Fig. 4A).

At the experimental end-point, we also investigated the impact of the treatment 
regimens on the development of a constipation phenotype (31, 32) by assessing 
retention of fecal pellets in the colon after 2 h fasting. Pellet numbers in each of the 
treated cohorts were found to be more than twice those in colons from non-infected 
mice (Fig. 4B) and not statistically different from mice that were non-treated. In this 
infection model, we previously observed that non-curative benznidazole treatment 
during the acute stage leads to a transient improvement in GI tract motility and function 
(32), but during the chronic stage, the extent of pathology reverts to that in non-treated 
mice. Our results here show that this chronic stage outcome also occurs, even when 
suppressive intermittent treatment is administered at weekly or monthly intervals for the 
duration of the infection.

To evaluate the ability of suppressive posaconazole treatment to block the develop
ment of cardiac pathology, quantitative analysis of collagen content was used as an 
indicator of pathological myocardial fibrosis (Materials and Methods). In non-infected 
age-matched control mice, the collagen content was notably consistent (15 cardiac 
images examined per mouse) (Fig. 5), and three to four times lower (P = 0.01) than in 
non-treated infected mice. There was greater variation in the levels of fibrosis in infected 
mice, an observation that has been made previously (17) and which reflects the situation 
found in human infections. No significant difference in collagen content was observed 
between non-treated mice and those from the initial treatment group. Similarly, in the 
infected mice exposed to the weekly or monthly posaconazole treatment regimens, the 
extent of collagen deposition was not significantly different from the non-treated cohort, 
with no apparent benefit arising from the intermittent regimen.

DISCUSSION

Drug development strategies against T. cruzi infections are based on a perceived need 
to achieve sterile cure (47). An alternative strategy could be the long-term use of drugs, 
which might not eliminate the infection but is able to maintain the parasite burden 
below a threshold required to drive symptomatic pathology during the lifetime of the 
infected individual. A crucial requirement of such drugs would be an acceptable safety 
profile under long-term use, for example, similar to that of statins. To test this hypothesis, 
we selected posaconazole, a well-tolerated anti-fungal drug (41, 42) that reduces T. 
cruzi infections to very low levels but typically does not eliminate the parasite (35, 
43, 44). The initial treatment conditions (20 mg/kg for 12 days) reduced the parasite 
burden below the level of detection by in vivo imaging but was followed by relapse 
in all cases (Fig. 2 and 3). Monthly treatment resulted in the parasite burden being 
temporarily reduced to background levels, only for it to rebound, sometimes higher than 
in the non-treated control mice, when drug pressure was released (Fig. 2). Despite these 
relapses, the continued ability of treatment to knock down the parasite load suggested 
that long-term intermittent dosing did not result in the development of posaconazole
resistance. This was confirmed by assessing the posaconazole sensitivity of parasites 
rescued from infected mice at the experimental end-point (Fig. S1). Posaconazole is 
considered to be a trypanostatic drug, and activity against intracellular parasites in 
vitro reaches a plateau where increasing drug concentration no longer results in further 
growth inhibition (51). With T. cruzi JR-Luc, intracellular growth inhibition of the isolated 
parasite clones plateaued between 65 and 75% at all concentrations tested between 8 
and 500 nM (Fig. S1). Increases in the extent of recrudescence after multiple suppressive 
treatments (Fig. 2A) might, therefore, reflect a selective bottleneck that allows parasites 
with a slightly higher in vivo growth rate to dominate the population.

DCD is an enteric neuropathy that in the C3H/HeN:TcJR-Luc host:parasite model 
results in a GI transit delay that first becomes apparent during the acute stage of 
infection (32). This is then followed by partial recovery before further deterioration 
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sets in as mice progress through the chronic stage. Drug-induced functional restoration 
following curative treatment with benznidazole in the acute stage is associated with 
recovery of neuronal density in the myenteric plexus (32). In the current study, we also 
observed a biphasic curve in GI transit time during the course of non-treated infections 
(Fig. 4A). Non-curative suppressive treatment with posaconazole initiated during the 
acute stage (3 wpi) led to a rapid reversal of dysfunction, such that GI transit times 
returned to levels comparable with the non-infected control group. By week 12, however, 
the transit time in mice that had received only the initial posaconazole treatment 
returned to that in non-treated infected mice and then underwent further deterioration 
(Fig. 4A). Both the monthly and weekly intermittent treatment groups exhibited reversal 

FIG 5 Intermittent posaconazole treatment does not protect T. cruzi-infected mice from cardiac pathology. (A) Bar chart 

showing collagen content (blue area in Masson’s trichrome-stained sections) as a marker of cardiac fibrosis (Materials and 

Methods) in non-infected C3H/HeN mice (n = 4), mice infected with T. cruzi JR-Luc strain, non-treated (n = 6), and treated with 

posaconazole (n = 5 per treatment cohort). Each dot corresponds to a single mouse, with data expressed as mean ± standard 

error of the mean (SEM). Asterisks represent P-values for one-way analysis of variance using Dunnett’s multiple comparison 

post-hoc test (*P < 0.05), with a significant difference between the non-infected group and all infected groups. There was 

no significant difference (P > 0.05) between any of the treatment groups and the non-treated group. (B–F) Representative 

Masson’s trichrome-stained photomicrographs highlighting collagen (blue) in cardiac sections from posaconazole-treated and 

non-treated mice. Magnification 400×, scale bars = 100 µM. Bar charts show quantification of collagen content in individual 

mice from different groups, with each dot corresponding to the 15 randomly selected fields used for analysis and data 

expressed as mean ± SEM.
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of the acute stage GI transit delay and also displayed a lag in the onset of the chronic 
stage symptoms. However, by week 24, gut motility subsequently declined to levels 
exhibited in non-treated mice (Fig. 4A and Fig. S2). By the end point, GI transit in 
the monthly and weekly intermittent treatment groups was significantly impaired in 
comparison with the non-infected group (Fig. S2). In benznidazole-cured mice, there is 
no deterioration in GI transit time during the chronic stage, indicating that a durable 
restoration of GI function is possible if a prompt sterile cure is achieved (32).

The partial improvement in GI transit times in non-treated mice toward the end of 
the acute stage, followed by further decline later in the chronic stage, suggests that 
two different mechanisms may be driving the GI transit pathology. This has parallels 
with CCC, where pathology in the acute stage is associated with myocarditis, and in 
the chronic stage, with cumulative damage and maladaptive fibrotic tissue repair that 
leads to cardiomyopathy (10). In the chronic stage, several mice in all the infected 
groups displayed GI transit time delays that were beyond the 4 h cut-off (Fig. 4A), 
indicating the development of more severe DCD pathology than observed earlier in the 
infection. T. cruzi infection of the GI tract leads to cumulative neuron loss in the enteric 
nervous system, resulting in a progressive decline in gut motility, particularly associated 
with the colon (31). To further investigate the functional deterioration of peristalsis, 
end-point assessment of fecal retention in the colon was also carried out. This constipa
tion phenotype, similar to that in human DCD, revealed no significant improvement in 
mice that received non-curative treatment, compared to non-treated controls. All the 
treated groups showed a significant increase in fecal retention (Fig. 4B). Therefore, under 
the conditions tested, long-term suppressive posaconazole treatment does not lead to 
improvement in chronic DCD symptoms, as judged by GI transit delay or fecal retention.

In C3H/HeN mice chronically infected with the T. cruzi JR-Luc strain, the profile of 
organ/tissue parasite distribution is more disseminated than in other murine models, 
and up to 80% of mice display cardiac-localized infections when assessed by ex vivo 
imaging (23, 44). Mice display extensive cardiac fibrosis, a marker of CCC (22), irrespective 
of whether their hearts are infected at the point of analysis. Consistent with the DCD 
data, our results show that long-term non-curative intermittent posaconazole treatment 
also provides no significant protection against cardiac fibrosis at the experimental 
end-point (Fig. 5A). Therefore, despite suppression of the overall parasite burden, 
particularly with the weekly treatment regimen, there was no significant reduction in 
the severity of either GI tract or cardiac pathology. One possibility might be that the 
transient and fluctuating nature of recrudescence could impact the dynamics of the 
inflammatory immune response, such that this negates any beneficial outcome arising 
from a reduction in the overall parasite burden.

In summary, we have examined the impact of two intermittent posaconazole 
treatment regimens on three key aspects of chronic Chagas disease pathology (GI transit 
delay, fecal retention, and cardiac fibrosis). Our study demonstrates that these suppres
sive regimens do not prevent or alleviate long-term development of DCD or CCC, even 
when the parasite burden is considerably reduced. Although treatment with alternative 
regimens or therapeutics could reduce the parasite load further than described here, 
overall, these outcomes highlight that an ability to provide sterile cure should remain a 
pre-requisite of any anti-parasitic Chagas disease drug that is advanced to the clinic.

MATERIALS AND METHODS

Mouse husbandry, infections, and treatment

The T. cruzi JR strain (Discrete Typing Unit I; DTU I) modified to express the red-shifted 
luciferase gene, PpyRE9h (TcJR-Luc) (23, 52), was used in all experiments. Parasite growth 
and the generation of tissue culture trypomastigotes (TCTs) were as described previously 
(22). CB17-SCID mice purchased from Charles River (UK) were infected i.p. with 5 × 104 

TCTs in 0.2 mL PBS and used to derive blood trypomastigotes (BTs) via cardiac puncture. 
Female C3H/HeN mice were also purchased from Charles River (UK) and infected, aged 
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7–10 weeks, with 1 × 103 BTs from SCID mice. Mice from each study group (Fig. 1) were 
housed in pathogen-free ventilated cages on a 12 h light/dark cycle with food and water 
ad libitum. Posaconazole (Biosynth, Ltd.; 20 mg/kg) was administered orally via gavage 
with a flexible cannula in a vehicle of 5% DMSO (v/v) and 95% (0.5% hydroxypropyl 
methylcellulose and 0.4% Tween 80 in Milli-Q H2O). Non-treated mice were given vehicle 
only by oral gavage during the initial 12-day treatment period (Fig. 1). At the 31 week 
experimental end-point, all mice were euthanized by exsanguination under terminal 
anesthesia (dolethal, 60 mg/kg i.p.) and necropsied, with organs excised and imaged for 
bioluminescence. Specific organs were collected for further analysis (Fig. S1).

In vivo and ex vivo bioluminescence imaging

All mice were injected with 150 mg/kg d-luciferin i.p. and anesthetized after 5 min using 
2.5% (v/v) gaseous isoflurane in oxygen (52, 53). They were then imaged after a further 
5 min using the IVIS Spectrum System (Revvity, Hopkinton, MA, USA), with anesthesia 
maintained through individual nose cones. Ventral and dorsal images were captured 
using Living Image v4.7.3, with exposure times of between 30 s and 5 min depending 
on signal intensity. The threshold for in vivo imaging was set at 5 min exposure, large 
binning, using non-infected mice. Mice were then revived and returned to their cages.

To estimate parasite load during the course of infection, regions of interest (ROIs) 
using Living Image v4.7.3 were drawn around in vivo images of individual mice captured 
during bioluminescence imaging (53, 54). This was expressed as total flux (photons/sec
ond). Estimated detection threshold values for in vivo imaging were attained using ROI 
data from non-infected mice on set imaging days throughout the study.

Mice were fasted for 2 h prior to necropsy for fecal pellet analysis. For ex vivo imaging, 
150 mg/kg d-luciferin was i.p. injected, and mice were culled 5 min later by exsangui
nation under terminal anesthesia. The mice were perfused with 10 mL 0.3 mg/mL 
D-luciferin in PBS, and organs were excised and placed in a standardized arrangement on 
a Petri dish, along with the remaining carcass, and soaked in 0.3 mg/mL D-luciferin in PBS 
(53). Imaging of plated organs and carcass used 5 min exposure time and large binning.

Parasite recovery from mouse tissue

Excised organs were maintained in ice-cold Hanks' Balanced Salt Solution (HBSS) without 
calcium/magnesium until disaggregation. Tissues were minced into 3–4 mm pieces using 
sterile scalpels, washed 3× with PBS to remove blood/debris, transferred to a tube 
containing a freshly made collagenase solution (100 U/mL collagenase IV in HBSS), and 
incubated at 37°C for 2 h (55). The cell suspension was then filtered using a 200 µm 
cell strainer and centrifuged (300 g, 7 min). The pellet was resuspended in HBSS, and 
parasites were released using a 2 mL lysing matrix M (MP) in a Precellys 24 (Bertin) 
instrument, applying two cycles of 1 min at 5,000 speed. The suspension was then 
centrifuged (50 g, 5 min) to separate debris, and the supernatant was centrifuged 
(3,000 g, 5 min) to pellet the parasites. Parasites were then resuspended in epimastigote 
medium (56) and cultured in 48-well plates in a CO2 incubator at 28°C.

In vitro posaconazole sensitivity assay

To promote metacyclogenesis, TcJR-Luc epimastigotes were sub-cultured at 5 × 105/mL 
and incubated for 14 days until stationary phase (~15% of the parasites transform). Next, 
1–2 mL from the culture surface was transferred to an Eppendorf tube, and swimming 
metacyclic trypomastigotes were collected by centrifugation (3,000 g, 5 min). The 
pellet was resuspended in Minimum Essential Medium (MEM), supplemented with 5% 
heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL strepto
mycin, and added to a 60–70% confluent culture of COLO-N680 cells (a human esopha
geal squamous cell carcinoma line). This was maintained at 37°C in a CO2 incubator 
with regular medium changes every 2–3 days. At day 8 post-infection, TCTs in the cell 
supernatant were collected by centrifugation, resuspended in Dulbecco’s Modified Eagle 
Medium with high glucose (4 g/L), and counted.
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Intrinsic luciferase expression in TcJR-Luc was used to monitor intracellular parasite 
replication. COLO-N680 cells (human esophageal squamous cell carcinoma line) were 
seeded at 5 × 104 cells per well in 100 µL growth medium in white, clear-bottomed 
96-well microplates. After 8 h, cells were infected overnight with 5 × 105 TCTs/well. 
The following day, wells were washed 3× with PBS to remove non-internalized TCTs 
before adding 200 µL MEM supplemented with 2.5% FBS containing posaconazole at 
various concentrations. To assess activity, 8-point potency curves were generated by 
serial 2:1 dilution. At the experimental endpoint (96 h), wells were washed 1× with 
PBS and incubated for 30 min in 100 µL fresh medium. Subsequently, 100 µL reconsti
tuted Bright-Glo Luciferase Assay System reagent (Promega) was added, and plates 
were incubated at room temperature for 2 min in the dark to allow cell lysis. Biolumi
nescence was quantified in triplicate using BMG FLUOstar Omega, with measurements 
obtained by integration over 3 s/well. Dose-response curves were fitted after calculating 
growth inhibition percentages compared to untreated controls for each clone. The 95% 
confidence intervals were calculated using the sigmoidal dose-response variable slope 
function in GraphPad Prism 10 software. Data are presented as the average of two 
independent experiments.

GI transit time assay

200 µL 6% w/v Carmine red dye solution in 0.5% methyl cellulose mixed in distilled water 
was administered to individual mice by oral gavage. Mice were then returned to their 
cages for 75 min before being individually placed in separate containers. The time of 
the first red fecal pellet to be excreted was recorded. For animal welfare reasons, there 
was a maximum cut-off time of 4 h. Time from gavage to excretion of the first red pellet 
was recorded as the total intestinal transit time. For fecal pellet analysis, colons were 
separated from other tissues and externally cleaned with PBS. The fecal pellets were 
eased out of the colon lumen and counted (31, 32).

Histology and cardiac fibrosis

Mouse hearts were longitudinally bisected, placed in histology cassettes, and fixed with 
Glyo-fixx for 24 h at 4°C, then dehydrated in ethanol, cleared in xylene, and embedded in 
paraffin blocks at 56°C (53). Heart sections (5 µm) were cut using a microtome, mounted 
on glass slides, dried overnight, and stained with Masson’s trichrome. Quantification of 
collagen content was used as a marker for fibrosis, with 15 randomly selected fields per 
mouse used for analysis (17) and the investigator blinded to the groups. Using the binary 
processing prefilter function on the DFC420 light microscope (Leica Microsystems) and 
Leica Application Suite software v.4.2 for analysis, blue pixels were selected from the 
binary image for calculation of collagen fibers against the total area of cardiac muscle 
fibers staining red.

Statistics

The unit of analysis was classified as individual mice, with no blinding or randomization
used. Statistical differences between groups were calculated using ordinary one-way 
analysis of variance with Dunnett’s post-hoc correction for multiple comparisons from 
GraphPad Prism v.8, with differences of P < 0.05 considered significant.
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